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ABSTRACT (EN)

Tumours are heterogeneous and consist of multiple populations of cells. The population of
cells with tumour-initiating capability is known as cancer stem cells (CSC). Cells with
increased stemness properties and elevated resistance to anti-cancer treatment have been
shown to be highly affected upon decline of mitochondrial respiration, linking the concept
of CSCs to deregulated bioenergetics. Consistently, functional electron transport chain
(ETC) is crucial in tumorigenesis. Expression of HER2 oncogene, associated with
resistance to treatment in breast cancer, has been connected with regulation of
mitochondrial function. We therefore investigated the possibility that manipulation of
mitochondrial bioenergetics via disruption of ETC eliminates the conventional therapy-
resistant populations of tumour, such as CSCs and HER2M9" cells.

We demonstrate that HER2"9" cells and tumours have increased complex I-driven
respiration and increased assembly of respiratory supercomplexes (SC). These cells are
highly sensitive to MitoTam, a novel mitochondria-targeted derivative of tamoxifen, acting
as a Cl inhibitor and SC disruptor. MitoTam was able to overcome resistance to tamoxifen,
and to reduce the metastatic potential of HER2"9" cells. Higher sensitivity of HER2M9" cells
to MitoTam is dependent on the mitochondrial fraction of HER2. Another ETC disrupting
anti-cancer agent MitoVES efficiently eliminates breast CSCs and, via suppression of
tryptophan uptake machinery in CSC, exposes CSCs to the immune system.

In summary, we show that mitochondrially targeted agents directed at ETC act by
several mechanisms that in combination are able to overcome resistance of breast cancer to

therapy.
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ABSTRACT (C2)

Nédory jsou heterogenni a sestavaji z n€kolika bunécnych populaci. Populace bunék, se
schopnosti iniciovat nddor je znamé jako rakovinné kmenové builkky (RKB). Rakovinné
buniky s kmenovymi vlastnostmi a se zvySenou rezistenci k protirakovinné 1€cbé€, jsou
nejvice postizeny pii zasahu do mitochondrialni respirace, coz koncept RKB spojuje
s deregulovanou bioenergetikou. V souladu stim bylo prokazano, Ze funk¢ni elektron
transportni fetézec (ETC) je nezbytny pro vznik nadoru. Exprese onkogenu HER2
vrakovin€ prsu je spojovana srezistenci k1éébé a byla téz spojena s regulaci
mitochondrialni funkce. Proto jsme zkoumali moznost, zda manipulaci s mitochondrialni
bioenergetikou prostfednictvim naruSeni ETC je mozZzné eliminovat bunétné populace
rezistentni vici zavedené 1€¢bé, jako jsou RKB a buiky exprimujici HER2.

Zjistili jsme, Ze bunky a nadory s vysokou expresi HER2 vykazuji zvySenou
respiraci pres komplex I a maji vice respiracnich superkomplexti (SK). Tyto buiiky jsou
citlivé k latce MitoTam (mitochondrialné cileny derivat tamoxifenu), ktera ptsobi jako
inhibitor komplexu | a narusuje SK. MitoTam ptekonava rezistenci k tamoxifenu a snizuje
metastaticky potencial bun€k svysokou expresi HER2. ZvySend citlivost bunck
exprimujicich HER2 k latce MitoTam je zavisla na mitochondridlni frakci HER2. Dalsi
protirakovinna latka narusujici ETC, MitoVES, u¢inné eliminuje RKB rakoviny prsu a
prostiednictvim potlaceni pfijmu tryptofanu v RKB, vede K vystaveni RKB imunitnimu
systému.

V zavéru muzeme konstatovat, ze mitochondridlné cilené latky ovlivitujici ETC
pusobi pomoci nékolika mechanismt, jez jsou v kombinaci schopné piekonat rezistenci

rakoviny prsu k terapii.



Klicova slova

Rakovina prsu, rakovinné kmenové bunky, dychaci fetézec, HERZ2, respiracni

superkomplexy, reaktivni slouceniny kysliku.
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LIST OF ABBREVIATIONS

a-TOS a-tocopheryl succinate
ABCG2 ATP-binding cassette sub-family G member 2

ALDH1 aldehyde dehydrogenase 1

ANT adenine nucleotide translocase

ATP adenosine triphosphate

ADP adenosine diphosphate

BAX Bcl-2-associated X protein

BAK Bcl-2 homologous antagonist Killer
CoQ coenzyme Q

CSC cancer stem cell

Cytc cytochrome ¢

EGFR epidermal growth factor receptor

ER oestrogen receptor

EpCAM epithelial cell adhesion molecule

ESA epithelial-specific antigen

FADD FAS-associated death domain protein
HER?2 human epidermal growth factor receptor 2
IDO1 indoleamine-2,3-dioxygenase 1

IMM inner mitochondrial membrane

IMS inter membrane space

MEK mitogen-activated protein kinase kinase
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MitoTam
MitoVES
MnSOD
MtDNA
MTOR
OMM
OXPHOS
PARP
PDX
PI3K
PTEN
PR

SC

SDH
SQR
TCA
TNF
TPP*

TRAIL

mitochondrially targeted tamoxifen
mitochondrially targeted vitamin E succinate
manganese superoxide dismutase
mitochondrial DNA

mammalian target of rapamycin
outer mitochondrial membrane
oxidative phosphorylation

poly ADP ribose polymerase
patient derived xenograft
phosphatidylinositol-3-kinase
phosphatase and tensin homologue
progesterone receptor
supercomplex

succinate dehydrogenase

succinate ubiquinone reductase
tricarboxylic acid cycle

tumour necrosis factor

triphenyl phosphonium cation

TNF-related apoptosis inducing ligand
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1. INTRODUCTION

Despite considerable advances in molecular oncology, cancer remains a disease with high
level of mortality. Breast cancer, a prevailing type of neoplasia in women, accounts for one
third of all estimated new cancer diagnoses and is the second most prevalent cause of
expected cancer deaths in the coming years (Siegel et al., 2016). The reasons for high
number of fatalities in breast cancer are its metastatic potential and common development

of resistance to treatment (DeSantis et al., 2014). The major subtypes of breast cancer

according to gene expression profiling are shown in Table 1.

Table 1. Major molecular subtypes of breast cancer.

Molecular subtype Gene expression profile

Outcome and therapy

Luminal A ER* and/or PR*, HER2"

ER* and/or PR*, HER2* or

Endocrine  therapy  (tamoxifen,
aromatase inhibitors). Prognosis is

better for luminal A than for luminal

Luminal B
high Ki67 B subtype.
Anti-HER2 monoclonal antibody
trastuzumab (Herceptin),
HER2 ER’, PR, HER2"
pertuzumab. HER?2 inhibitor
lapatinib. Poor prognosis.
Platinum-based chemotherapy,
Basal-like ER, PR, HER2

PARP inhibitors. Poor prognosis.

Adapted from Schnitt (2010)
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Certain subtypes of breast cancer are very hard to manage. Besides the basal-like subtype,
where the lack of targetable markers makes the prognosis rather grim, HER2 oncogene
overexpression is a common complicating factor for therapy. HER2-positive cancers are
treated with anti-HER2 monoclonal antibody (trastuzumab), and/or tyrosine kinase
inhibitors (such as lapatinib), that brought a considerable improvement in the therapy of
this pathology. However, resistance to trastuzumab, either acquired or de novo, is common,
and as many as 50% of patients develop resistance after 5 years of treatment. Luminal A
and B subtypes, characterized by high expression of oestrogen receptor (ER), are
commonly treated with ER antagonists, such as tamoxifen or aromatase inhibitors. Also in
this case, HER2 overexpression is a complicating factor for therapy, causing resistance to

tamoxifen treatment.
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1.1.HER2/ERBB2

HER2 (ERBB2/neu) is a receptor tyrosine kinase from the family of epidermal growth
factor receptors, together with EGFR (ERBB1), HER3 (ERBB3) and HER4 (ERBB4)
(Hynes and Lane, 2005). HER? is a trans-membrane protein that lacks a specific ligand and
remains in a constitutively active conformation. In heterodimers with other EGFR family
members, HER2 serves as an enhancer of signalling. HER2 is an upstream component of
several pathways including those of SRC kinases, STAT3 transcription factor,
PISBK/AKT/mTOR and RAS/RAF/MEK/ERK. Through these pathways HER2 regulates
various cellular functions including cell growth and survival, proliferation, migration, and
resistance to apoptosis.

Under physiological conditions and with proper regulation, HER2 has a role in the
development of breast tissue. HERZ2 is also necessary for proliferation of cardiomyoblasts
in the neonate and for maintenance of heart integrity (D'Uva et al., 2015). This relates to the
major side effect of anti-HER2 antibody treatment, which is a cardiotoxicity (Cardinale et
al., 2010; Keefe, 2002). Pathological hyper-activation of HER2 and its downstream
signalling partners, however, often leads to cancer initiation. Therefore, improved

modalities of treatment effective in HER2-high cases are needed.
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1.2. Tumour heterogeneity

It is widely accepted that tumours consist of heterogeneous populations of cells. The
complexity is even higher when tumour microenvironment, consisting of various non-
malignant cell types such as immune cells, endothelial cells and cancer-associated
fibroblasts, is taken into account. The intra-tumour heterogeneity can be seen from several

perspectives.

1.2.1. Genomic heterogeneity

By sequencing multiple regions of renal carcinoma and its metastases, Gerlinger et al.
(2012) showed that different mutations are present in distinct sites of the same tumour.
Gene signatures of both ‘good’ and ‘poor’ prognosis were found in these various sites
indicatory of co-existence of multiple dominant clones. Based on that, authors proposed the
branched evolution model of a growing tumour, as opposed to the traditionally accepted
linear evolution model, where the successful driver mutation arises within a single clone,
which completely replaces the original, less advantageous clone. The branched evolution
pattern was also found in chronic lymphocytic leukaemia (Schuh et al., 2012) as well as in
other solid tumours, such as ovarian (Khalique et al., 2007) and pancreatic cancer
(Campbell et al., 2010). In breast cancer, alterations of ER and HER2 status have been
demonstrated during multiple consecutive relapses of the disease (Lindstrom et al., 2012).
This underlines the relevance of such a phenomenon in clinical practice and points to a
need for multiple biopsies for both first diagnosis and a re-evaluation after relapse of the

disease. Targeted treatment can select for up-regulation of an adjacent oncogenic pathway
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leading to therapeutic resistance developed during the course of treatment. Such feature of
tumours complicates the efficacy of targeted therapeutics and may at least partially explain
why targeted treatments so often fails to protect against relapse of a disease in a long term.
Therefore, alternative, broader modes of treatment are needed to complement targeted
therapy.

Although this area, based on whole genome sequencing of tumours and personalized
treatment, is undoubtedly one of the important topics in the field, its complexity is beyond

the scope of this thesis.

1.2.2. Cancer stem cells

Almost a decade ago, cancer stem cells (CSC, also called tumour-initiating cells) attracted
the attention of investigators. CSCs were defined as a relatively rare sub-population (<1%)
of a tumour, expressing specific cell-surface markers with the enhanced ability to form a
tumour after limiting dilution transplantation, usually into immune-deficient mice. CSCs
therefore represent a minor population of tumorigenic cells as opposed to the major
population forming the bulk of the tumour. CSC presence was first identified in acute
myeloid leukaemia in 1994 (Lapidot et al., 1994), and the paradigm was soon applied also
to solid tumours. The defining markers of CSC population have been suggested for many
tumour types, e.g. CD44*/CD24" (Al-Hajj et al., 2003) or ALDH1M9" (Ginestier et al.,
2007) for breast cancer, CD44/CD117* for ovarian cancer (Zhang et al., 2008), CD133"
for lung cancer (Eramo et al., 2008), CD44*/CD24*/ESA* for pancreatic cancer (Li et al.,
2007), CD44%/a2B1M9"/CD133* for prostate cancer (Collins et al., 2005) or

CD24*/ABCG2M" for malignant mesothelioma (Pasdar et al., 2015). However, no
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universal or broadly applicable marker has been found, and in some cases conflicting
results were published with several, often non-overlapping, populations claimed as CSCs.
For example, in breast cancer, the widely used CD44*/CD24" population does not possess
CSC properties in ER-negative and triple-negative tumours (Meyer et al., 2010). Ginestier
et al. (2007) showed that the two most commonly used populations of CSCs in breast
cancer, the CD44*/CD24" and ALDH"9" subsets, barely overlap within the same specimen.
Similarly, in colorectal cancer, CD133* and EpCAMMI"CD44* sub-populations of CSCs
did not overlap (Dalerba et al., 2007).

The CD133 marker, first discovered as a surface marker of hematopoietic stem cells
(Miraglia et al., 1997), was proposed as a marker of a broad range of tumours such as brain
(Singh et al., 2003), colorectal (Ricci-Vitiani et al., 2007) and breast tumours (Wright et al.,
2008). However, others reported that CD133-negative population shows the same
tumorigenic potential as its CD133-positive counterpart, and that it exerts even greater
potential to metastasize (Shmelkov et al., 2008; Stewart et al., 2011). Although CD133 was
shown to participate in the CSC characteristics (Zobalova et al., 2008; Zobalova et al.,
2011), its usefulness as a universal CSC marker is unclear.

The phenotypic heterogeneity revealed between CSCs isolated from the same tumour
type may suggest a co-existence of multiple clones of CSCs but at the same time it may be
an argument against the CSC hypothesis (Quintana et al., 2010). In addition to challenges
with identification of CSCs, experimental manipulation with this population is rather
complicated. CSCs can be enriched by fluorescence- or magnetic-activated cell sorting for
a marker of choice, but the resulting population reverts the relative expression patterns of
the markers back to the situation before enrichment when placed into serum-containing

media for further study (Zobalova et al., 2008). More promising approach, allowing long-
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term maintenance of CSCs in culture, is based on a method originally developed for the
cultivation of stem cells of neural origin in the form of spheroids (Singh et al., 2003;
Uchida et al., 2000). For this, cancer cells are seeded in serum-free conditions, which does
not allow them to adhere, and are supplemented with growth factors. Cells that survive and
proliferate under such conditions are considered a model of CSCs. In our research we
evaluated this approach by microarray analysis, which confirmed the enrichment of
stemness-related genes in resulting population of spheres of breast, prostate and
mesothelioma origin (Stapelberg et al., 2014).

It is to be noted however, that spheres of tumour cells may not represent homogenous
structures. Rather, they may contain cells in various states of differentiation, with variable
expression levels of differentiation markers (Smart et al., 2013). Therefore, caution is
needed when CSCs are evaluated experimentally. Simultaneous analysis of multiple CSC
markers or the broad expression patterns may provide more robust identification (Li et al.,
2011; Silva et al., 2011; Stapelberg et al., 2014) of the CSC fraction. Furthermore, studies
in immune-deficient mice may suffer from a bias due to the lack of natural immune stimuli,
excluding the formation of pre-tumorigenic niche (Stewart et al., 2011). The percentage of
CSCs in tumour cell population may also be largely underestimated due to the residual
immune reaction against the xenograft in most widely used nude mice (Quintana et al.,
2010). And finally, many published studies were based exclusively on cancer cell line
material, where the expression patterns may differ substantially when compared to the
freshly isolated tumour samples.

In summary, the research on CSCs struggles due to the lack of specific markers and
experimental methods to precisely define and separate this sub-population of tumour cells,

preventing a broader implementation of these results into the clinic. The author of this
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thesis believes that definition of CSCs based mainly on the surface markers remains a topic

of considerable controversy.

1.2.3. Metabolic heterogeneity

Recently, a research of oxidative phosphorylation (OXPHOS) utilization in slow-dividing
population of tumour cells shed a new light at the CSCs area. Rather than classification
according to the surface markers, tumour cells have been differentiated according to their
metabolic needs. Several studies document that cells in the tumour, which show the
stemness properties, are the ones most affected upon decline of mitochondrial respiration
(Lonardo et al., 2013; Roesch et al., 2013; Viale et al., 2014). This is consistent with a
notion that quiescent cells employ OXPHOS to a higher degree than the rapidly
proliferating cells, which rely more on glycolysis (Vander Heiden et al., 2009). Tumours
therefore consist of at least two populations of cells, the slowly proliferating cells with
stemness properties and tumorigenic potential, which are dependent on OXPHOS, and the
rapidly proliferating bulk of the tumour, mostly employing aerobic glycolysis (Sancho et
al., 2015).

Such heterogeneity may seriously complicate the treatment of cancer by traditional
approaches targeting rapidly proliferating cells of the bulk tumour, sparing the CSCs at the

same time and allowing them to successfully establish second line tumours.
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1.3.Mitochondria and cancer

Until recently, tumours have been considered defective in mitochondrial respiration and the
role of mitochondria in cancer was largely neglected. This notion stemmed from the work
of a German physiologist, Otto Warburg. Almost a century ago Warburg observed that
even in conditions of oxygen access, proliferating tumour cells convert majority of their
glucose into lactate in a process called ‘aerobic glycolysis’, instead of the full conversion
into CO> in oxidative phosphorylation that yields many more molecules of ATP per
molecule of glucose than glycolysis (Warburg, 1925). This paradoxical phenomenon has
been successfully exploited in the clinic for tumour imaging as *®F-deoxyglucose positron
emission tomography (FDG-PET, Figure 1). Warburg later proposed a theory that
dysfunctional mitochondria stand at the origin of tumorigenesis (Warburg, 1956). This
notion together with the discovery of oncogenes and tumour suppressors diverted, for a

long time, the main focus of cancer biology away from mitochondria.
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Pre-therapy Post-therapy

Figure 1. FDG-PET imaging. Merged picture of FDG-PET and computer tomography shows a
decreased metabolism of glucose by malignant sarcoma tumour after FDG infusion in patient.
While tumour (T) is clearly positive for FDG before therapy (left), it shows no uptake of FDG after
4 weeks of therapy (right). The excess FDG is excreted by urine, therefore kidney (K) and bladder
(B) are also stained. Adapted from Vander Heiden et al. (2009).

It is now clear that, in contrast to Warburg’s theory, mitochondrial function in most cancers
is not compromised (Zu and Guppy, 2004). Instead, in proliferating tumour cells the
observed increase in aerobic glycolysis is based on high biosynthetic demands associated
with the rapid growth and related modulation of cell’s metabolism (Ward and Thompson,
2012).

While aerobic glycolysis is a very inefficient process in terms of ATP vyield, it is able
to produce ATP at a much faster rate than respiration (Koppenol et al., 2011; Pfeiffer et al.,
2001). This could be important in situations where glucose supply is abundant and energy
demand for fast proliferating cells is high. Nevertheless, along with aerobic glycolysis,

most cancer cells maintain active mitochondrial respiration, implicating that these two main
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sources of energy are not simply interchangeable (Zu and Guppy, 2004). Respiration is
essential for cell proliferation, and recent research indicates that the main reason for
sustained respiration in rapidly proliferating cells is the need for biosynthesis of aspartate
and pyrimidine nucleotides (Birsoy et al., 2015; Sullivan et al., 2015), not ATP generation.
This illustrates, that mitochondria in cancer are not irrelevant bystanders, but appear to be
central to the metabolic management.

Consistently, a growing body of evidence shows that functional OXPHOS is essential
for tumour initiation, progression and metastasis (Tan et al., 2015; Weinberg et al., 2010),
and a reliance on OXPHOS is considered as one of the major characteristics of the
treatment-resistant population of cancer cells (Roesch et al., 2013; Viale et al., 2014; Zhang
et al., 2014). An example of functional dependence of cancer cells on OXPHOS is a recent
study of Tan et al (2015). They used tumour cells depleted of mitochondrial DNA
(MtDNA), the so called p° cells, which lack mitochondrially encoded subunits of OXPHOS
and are therefore unable to engage in mitochondrial respiration. These cells were only
capable of tumour formation in syngeneic mice once repopulated with functional
mitochondria transferred from a surrounding tissue of the host (Tan et al., 2015). Another
study showed the essential role of OXPHOS in tumorigenesis using a model of TFAM
deficiency (mitochondrial transcription factor A), a protein required to maintain, replicate
and transcribe mtDNA. The loss of TFAM protein abolished the tumorigenicity in an
oncogenic Kras-driven mouse model (Weinberg et al., 2010).

These results underscore the need for re-evaluation of the role of mitochondria in
cancer and for updating the Warburg’s fundamental observations based on the recent, new

discoveries (Pavlova and Thompson, 2016; Ward and Thompson, 2012).
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1.3.1. Oxidative phosphorylation

Embedded in the inner mitochondrial membrane (IMM), the oxidative phosphorylation
(OXPHOS) system plays a prominent role in the energy metabolism of the cell. The
OXPHOS system, consisting of five multi-subunit complexes and two mobile carriers,

couples respiration to ATP synthesis (Figure 2).

I
+
= i
+
I
+
Intermembrane
space

+
NAD Succinate Fumarate

TCA cycle

~—

Figure 2. The OXPHOS system. Thick arrows indicate the direction of proton pumping by ClI,
ClHll and CIV. The resulting proton gradient is used by CV to generate ATP. Electrons transferred
through the ETC originate at Cl, which oxidises NADH from the TCA cycle, or at Cll, which
directly converts succinate to fumarate. Electrons are then transferred, via CIll and two mobile
carriers UbQ and cyt c, to CIV, where they reduce molecular oxygen to form water. Adapted from
Rohlena et al. (2013).

Electrons retrieved from nutrient compounds are transferred through a chain of
oxidoreductase reactions leading to the reduction of the final electron acceptor, molecular
oxygen, to water. Complexes | (Cl, NADH:ubiquinone oxidoreductase), Il (CIII,
ubiquinol:ferricytochrome C oxidoreductase) and IV (CIV, cytochrome ¢ oxidoreductase)

act as proton pumps, using the redox energy to transfer protons across the IMM. This
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generates proton gradient resulting in electro-chemical potential across the IMM. Complex
V (F1Fo-ATP synthase) uses this membrane potential to catalyse condensation of ADP and
inorganic phosphate into ATP.

From a genetic point of view, the OXPHOS system is under unique control of two
distinct genomes, the nuclear and the mitochondrial genome. All complexes, with the
exception of complex Il (CII, succinate:ubiquinone oxidoreductase) consist of protein
subunits encoded by nuclear as well as mitochondrial genes (Table 2). The precise
regulation of biogenesis and interaction between the two genomes is therefore essential to
avoid biochemical and metabolic aberrations. Mutations in OXPHOS complexes and its
assembly factors are implicated in many hereditary and degenerative disorders (Koopman

etal., 2012).

Table 2. Subunit composition of OXPHOS complexes.

OXPHOS Molecular Total number  Mitochondrial

complex weight of subunits encoded subunits Citation

Zickermann et al.
Complex | ~1 MDa 44 7 (ND1-6, ND4L) (2015),

Balsa et al. (2012)
Complex 1l ~140 kDa 4 0 Sun et al. (2005)
Complex 11l ~240 kDa 11 1 (cytochrome b) Iwata et al. (1998)

Balsa et al. (2012),
Complex IV ~200 kDa 14 3 (COl, coll, calll

Tsukihara et al. (1996)
ComplexVV  ~600 kDa 17 2 (ATP6, ATP8) Meyer et al. (2007)
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Complex 1 is the first and largest enzyme of the respiratory chain. It consists of 44 different
subunits (45 subunits in total), and forms an L-shaped structure with combined mass of ~1
MDa. The complex is organized in four functional modules (Figure 3). The N module
oxidizes NADH, the Q module reduces ubiquinone, and the proximal (Pp) and distal (Pp)
pump modules translocate protons across the IMM (Vinothkumar et al., 2014; Zickermann
et al., 2015). CI transfers two electrons provided by oxidation of NADH to flavin
mononucleotide (FMN), the primary electron acceptor of CI. Electrons are then conveyed
through redox centres (eight iron-sulphur [FeS] clusters) to the final acceptor ubiquinone
(UbQ, also known as coenzyme Q), reducing it to ubigiunol (UbQH>). This process is
coupled to the transport of four protons across the IMM, from the negative matrix side to
the positive intermembrane space side (Figure 4). Transfer of protons via ClI accounts for

approximately 40% of the proton-motive force generation for the ATP synthesis.
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Figure 3. The structure of Cl. The view from peripheral arm (A) and at 90° rotation (B). N
module, Q module, and proximal and distal pump modules are shown. Adapted from Zickermann et
al. (2015).
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Figure 4. Proton translocation by Cl. Electrons are transferred from NADH oxidation site to
ubiquinone, where they are reduced (showed in red). Black arrows depict position of three potential
proton translocation sites, forth putative proton pathway is showed in dashed arrow. Adapted from
Wirth et al. (2016).

Cll is the second entry point for electrons into the ETC. CII has a dual role in
mitochondria. It is not only a part of the OXPHOS system, but also a key enzyme in the
tricarboxylic acid cycle (TCA). By employing the succinate dehydrogenase (SDH) activity
it catalyses oxidation of succinate to fumarate. Within the ClII, then electrons are transferred
from succinate through flavin adenine dinucleotide (FAD) and three [Fe-S] clusters to
ubiquinone (Sun et al., 2005). This is coupled with the reduction of ubiquinone to ubiquinol
in the ETC, which is known as the succinate ubiquinone reductase (SQR) activity
(Cecchini, 2003).

Ubiquinol produced from CI and CII is oxidized by CIII, where the electrons from
ubiquinol are transferred to cytochrome ¢ (cyt c). Electrons from cyt ¢ are subsequently

transferred to CIV, and finally reduce oxygen into two molecules of H>O. CIV then
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generates the trans-membrane proton gradient, used by CV as a proton-motive force to
generate ATP.

The complexity of the OXPHOS system demands for higher structural organization of
the individual complexes, and this topic has been a matter of a lively debate for years.
Initial concept, the so called oxysome model, was proposed by Chance and Williams
(1955). The OXPHOS system in this model was envisioned as a rigid higher-order
assembly holding together to maximize its catalytic activity.

This original model was later replaced by the random collision or fluid model
postulated by Hackenbrock et al. (1986). In this model, the individual complexes were
viewed as independent entities laterally diffusing between the IMM, communicating via the
two mobile electron carrier molecules UbQ and cyt c. Transfer of electrons within the
individual OXPHOS complexes would occur randomly at the moment of their collision.

The fluid model was generally accepted until 2000 when Schagger and Pfeiffer showed
the experimental evidence for the existence of higher-order assemblies of OXPHQOS. Those
structures were called supercomplexes (SCs), and although reminiscent of the oxysome
structures proposed by Chance and Williams, SCs differed substantially as they did not
contain CV. Schagger and Pfeiffer formulated the solid model which allowed for more
efficient transfer of electrons than the previous random collision model (Schagger and
Pfeiffer, 2000).

When the solid model was proposed, the scientific community split into two fractions,
the defenders of the solid model versus the defenders of the fluid model. The main
argument against the solid model was based on the doubt whether SCs are genuinely
present in an in vivo system, or whether they are an artefact of sample processing,

especially due to the use of detergents. Experimentally, the presence of SCs was detected
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using very mild solubilisation, solely by the detergent digitonin. Individual SCs were
resolved under non-denaturing conditions by blue native electrophoresis (Schagger et al.,
1994). Proteins from the individual bands were then extracted from the gel and analysed by
electrophoresis under denaturing conditions, processed for mass spectrometric analysis or
subjected to functional assays.

The functional consequences of the organization into SCs were first confirmed in
Paracoccus denitrificans (Stroh et al., 2004). SC assembly comprising CI, ClII and CIV
referred to as the respirasome, since it represents the minimal unit needed to perform
complete respiration from NADH to oxygen. Later, functional respirasome was reported
also in mammalian cells, and detergents other than digitonin, such as triton X-100, were
shown to preserve SC composition (Acin-Perez et al., 2008), supporting the integrity of
SCs. Now it is widely accepted that SCs serve as functional assemblies of respiratory
complexes that enable channelling of substrates during OXPHOS, prevent competition with
other enzymes, optimize sequestration of reactive intermediates (see below) and stabilize
individual OXPHOS complexes, especially Cl (Acin-Perez et al., 2004; Stroh et al., 2004).
It is of note that in mammalian mitochondria, CI almost exclusively associates with
respirasome consisting of monomeric CI, dimeric ClIl and up to four units of CIV
(Schagger, 2002).

The solid model as it stands was not able to fully describe all the experimental data,
and therefore other models have been proposed. The plasticity model by the group of J.
Enriquez (Acin-Perez and Enriquez, 2014; Acin-Perez et al., 2008) stress the need for
dynamic re-arrangement of OXPHOS to achieve an optimum performance in the changing
environment in response to stress or nutrient availability. Using metabolic labelling of

mtDNA-encoded proteins, the authors found a delay between formation of individual
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complexes and their incorporation into an SC. They observed not only SC comprising of
CI/CHI/CIV but also assemblies made from CI/CIIl and CII/CIV, as well as free
complexes. Based on these results, the authors established a model of dynamic balance
distribution between free respiratory complexes and SCs. According to the plasticity model,
the solid and fluid models represent extreme phases of the highly dynamic OXPHOS
organization.

This hypothesis was questioned by the group of C. Ugalde (Moreno-Lastres et al.,
2012). In their study they employed doxycycline, a reversible inhibitor of mitochondrial
translation, for simulating the course of re-assembly of complexes and formation of SCs. In
their model, the authors document the existence of a ‘pre-respirasome’. Cl, according to
this hypothesis, is only partially assembled, and completed only by association with the
pre-assembled pre-respirasome complex of CIHI/CIV. By this the authors preclude the
existence of free complexes and explicitly provide support to the solid model.

In summary, the structural organization of the OXPHQOS system and dynamics of SC
assembly remains a field of active investigation. The discrepancy between the two latest
concepts of SC assembly details may be, however, a matter of different experimental set
up. For the plasticity model the authors used functionally respiring cells, as opposed to the
Ugalde’s research employing cells with dysfunctional respiration after withdrawal of
mitochondria-encoded subunits. Despite the considerable ongoing debate on the principles
of OXPHOS system organization, the role of higher molecular assembly of OXPHOS in
cancer and its utilization for potential cancer therapy are starting to emerge (Rohlenova et
al., 2016b).

In addition to the supramolecular organization of the OXPHOS system, another layer

of complexity is provided by the dynamic nature of mitochondrial network and the sub-
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compartmentalization of the organelle. Mitochondria consist of the outer mitochondria
membrane (OMM) and the inner membrane which encloses the matrix compartment, and
the inter-membrane space. The IMM is further sub-compartmentalized into the inner
boundary membrane facing the OMM, and the cristae separated by cristae junctions. While
the cristae part of the IMM is considered to be the prime site of OXPHOS localization, it is
preserved even during fusion/fission events. The overall IMM morphology and the
formation of sub-compartments within the IMM is dictated by CV, which is apparent from
the recently published structure of the ATP synthase dimer (Hahn et al., 2016). CV is
organised in rows of dimers along the cristae vesicles forming tubular cristae structures
(Davies et al., 2012). Interestingly, individual OXPHOS complexes differ in mobility and
localization within the IMM. CII, localized in close proximity to cristae junction, moves
very rapidly, in contrast to other complexes, whose mobility within IMM is relatively slow
(Wilkens et al., 2013). CIl and CV form another type of supramolecular assembly. This so
called ATP synthasome consists of CV associated with adenine nucleotide translocase
(ANT) (Wittig and Schagger, 2008) and CII (Acin-Perez et al., 2008; Kovarova et al.,

2013), but the exact nature and function of this assembly remains to be elucidated.

1.3.2. Reactive oxygen species (ROS)

In addition to the central role in cellular bioenergetics, mitochondria are major producers of
reactive oxygen species.

Under physiological conditions, ROS act as second messengers, participating in
regulation of various cellular functions such as growth, survival and proliferation

(Holmstrom and Finkel, 2014; Sundaresan et al., 1995), hypoxia adaptation (Chandel et al.,
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2000) and differentiation (Tormos et al., 2011; Zhang et al., 2011). Under pathological
conditions, ROS contribute to initiation of the cancerous phenotype (Weinberg et al., 2010)
and to metastasis (Ishikawa et al., 2008). The effect is facilitated by oxidation of proteins
and lipids, which changes the phosphorylation pattern of important oncoproteins, such as
those from mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase
(ERK), or the PIBK/AKT pathway (Martindale and Holbrook, 2002). AKT (protein kinase
B) was shown to be activated by oxidative stress (Higaki et al., 2008), and the negative
regulator of P13K/AKT pathway, the PTEN phosphatase, is inactivated by hydrogen
peroxide, leading to further enhancement of PI3K/AKT signalling (Lee et al., 2002). Low
doses of ROS stimulate cell proliferation in cancer cells (Okoh et al., 2015), metastatic
properties, independence on extracellular matrix and genomic instability (Fruehauf and
Meyskens, 2007; Chiarugi and Fiaschi, 2007). On the other hand, cancer cells possess
elevated basal ROS levels which makes them vulnerable to therapies that further increase
the ROS stress (Nogueira et al., 2008; Toyokuni et al., 1995).

Eleven distinct sites associated with substrate and oxidative phosphorylation have been
shown to produce ROS by the leak of electrons from donor redox centres to molecular
oxygen within mitochondria. From these, sites at Cl and CIII are considered the major
sources of ROS, although CII has also been implicated (Adam-Vizi and Chinopoulos,
2006; Brand, 2016; Kluckova et al., 2015; Moreno-Sanchez et al., 2013; Siebels and Drose,
2013). Inhibition of respiratory complexes has been shown to trigger excessive ROS
generation (Dong et al., 2011a; Kluckova et al., 2015; Quinlan et al., 2013; St-Pierre et al.,
2002). The rate of electron leakage depends primarily on the relative position within the
electron flow where the inhibitor binds. If the inhibitor acts predominantly at a downstream

site in the ETC, then most of the up-steam redox sites will become reduced leading to
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increased electron leak. On the other hand, inhibitor acting upstream would lead to the
oxidation of the redox sites that are more downstream in the ETC and decreased electron
leak. Similarly, increase in the respiration rate may cause increased ROS production, in a
case when increase in respiration is driven by higher substrate supply. Increased respiratory
rate, however, would lead to a decrease of ROS production when driven by the ATP
demand, i.e. the ETC redox centres become more oxidized (Brand, 2016).

When a particular site leaks one electron, it generates superoxide, two electrons that
leak then generate hydrogen peroxide. Although certain sites generate exclusively
superoxide, many others may generate both superoxide and hydrogen peroxide. Since
superoxide is negatively charged, it cannot freely cross the mitochondrial membrane, but it
can potentially pass through anion channels (Han et al., 2003). The majority of superoxide
is converted by manganese superoxide dismutase (MnSOD) to hydrogen peroxide. In
contrast to superoxide, hydrogen peroxide can move to the cytosol via free diffusion, and it
can also be transported via aquaporin channels (Bienert et al., 2007). Agents may therefore
be designed to stimulate ROS production from the ETC, which may be applicable for anti-

cancer therapy.

1.3.3 Mitochondria in cell death induction

Mitochondria play a dual role in the fate of a cell. They are the source of energy under
aerobic conditions, maintaining life, but they also promote death by inducing apoptosis.
Apoptosis, a form of controlled cell death program dependent on ATP, is essential during
development. It serves as a defence mechanism against pathogens, and is one of the

important barriers against tumorigenesis.
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Mitochondria act as points of convergence of many apoptosis-inducing signals,
containing key regulators of apoptosis. According to the site of induction, apoptosis is
divided into intrinsic and extrinsic pathways, both of which converge on activating the
executioner caspase-3 and -7. The extrinsic pathway is initiated at the extracellular death
receptors by binding of death ligands (FASL, TRAIL or TNF). This leads to the formation
of complex of adaptor proteins, such as FAS-associated death domain protein (FADD),
which binds the initiator caspase-8. Activated caspase-8 then cleaves executioner caspase-3
and -7.

The intrinsic apoptotic pathway is initiated as a response to the apoptotic stimuli
coming from inside of the cell, and involves the induction of mitochondrial outer
membrane permeabilization (MOMP). The induction of MOMP is a highly regulated
process, which leads to a release of pro-apoptotic proteins from the IMS. The release of the
cyt ¢ protein into the cytosol is one of the first events in apoptosis initiation (Liu et al.,
1996). The release of second mitochondrial activator of caspases, the SMAC/DIABLO
neutralizes the 1AP (‘inhibitors of apoptosis proteins’) family of caspase inhibitors. Cyt ¢
binds the apoptotic protease-activating factor-1 (APAF1). APAF1 oligomerizes and forms
the apoptosome. The apoptosome then recruits the initiator caspase-9, which in turn
activates the executioner caspase-3 and -7.

Caspases act as major proteases responsible for the cleavage of numerous cellular
proteins. In addition, the cell exposes phosphatidylserine on the outer side of the plasma
membrane and its DNA is fragmented and degraded by endonuclease G released from the
IMS; these features are utilized for experimental detection of apoptosis by flow cytometry
and TUNEL assays, respectively. MOMP is tightly controlled by anti-apoptotic members of

the B cell lymphoma 2 (BCL-2) family of proteins, and is recognized as a ‘point of no
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return’ even in the situation when caspases are de-activated, as it leads to the decline of
mitochondrial function caused by dissipation of AWm, perturbations in OXPHOS and the
ensuing production of ROS (Ricci et al., 2004). Both extrinsic and intrinsic pathways of
apoptosis are schematically depicted in Figure 5. Details on apoptotic cell death have
recently been reviewed (Bhola and Letai, 2016; Galluzzi et al., 2015; Tait and Green,

2012).
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Figure 5. Intrinsic and extrinsic pathways of apoptosis. (A) Intrinsic apoptotic stimuli activate
BH3-only proteins leading to activation of BAX and BAK, and MOMP induction. Normally,
MOMP is prevented by binding of the BCL2 proteins to BAX and BAK. Following MOMP, cyt ¢
and other proteins are released to cytoplasm leading to formation of apoptosome, activation of
caspases, and apoptosis. SMAC and OMI activate caspases by inactivating the X-linked inhibitor of
apoptosis protein. (B) The extrinsic apoptotic pathway is initiated upon binding of death ligands to
the extracellular death receptors. Subsequently, the adaptor protein FADD and caspase-8 are
recruited, resulting in activation of caspase-8 which cleaves and activates executioner caspases. In
some cell types, truncated product of BH3-interacting domain death agonist (BID), tBID, is
required for the induction of extrinsic apoptotic pathway. Adapted from Tait and Green (2010).
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Of all the protein players participating in the execution and regulation of apoptosis, the
BCL-2 family of proteins is probably the most complex and important. The family
members can be divided into three groups. (i) The pro-apoptotic effectors (BAX and BAK)
which oligomerize at the OMM, forming a channel that eventually leads to MOMP
formation, (ii) the anti-apoptotic guardians (e.g. BCL-2, BCL-X., MCL-1) and (iii) the pro-
apoptotic BH3-only proteins (e.g. BAD, BID, PUMA, NOXA). Members of the anti-
apoptotic group, bind and neutralize the BH3-only proteins and BAX and BAK effectors,
preventing their oligomerization. Excess of BH-3 only proteins, however, can activate
BAK and BAX even in the presence of the anti-apoptotic members of the family.

BCL-2 is overexpressed in ~75% of breast cancer cases, particularly in ER-positive
tumours (Dawson et al., 2010; Vaillant et al., 2013). Accordingly, the small molecule
inhibitors of BCL-2 and/or other members BCL-X. and MCL-1, the BH3-mimetics (such
as ABT-737, ABT-199) are tested for use as a combinatorial therapy. Although high
expression of BCL-2 in tumours has been correlated with better clinical outcome in some
studies, BCL-2 has been shown to be expressed in CSCs (Madjd et al., 2009) and ~50% of
circulating tumour cells were found positive for BCL-2 (Smerage et al., 2013). Moreover,
BCL-2 overexpression was found in HER2-positive tumour cells resistant to trastuzumab
(Wang et al., 2011). BCL2 is an ER-responsive gene, which may be a reason for these
contradictory findings, as high BCL-2 could reflect an intact oestrogen signalling pathway
(Perillo et al., 2000).

ROS derived from both CI and ClI (Kluckova et al., 2015; Lemarie et al., 2011) have
been implicated in cell death induction. In case of ClI, NDUFSL1 subunit has been shown to
be directly cleaved by effector caspase 3, leading to excessive ROS generation (Ricci et al.,

2004).The mechanism of cell death induced by ROS, although not entirely clear, includes
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oxidative damage to DNA. Mitochondrial DNA lacks introns and is therefore prone to
DNA damage, at the same time damage in mtDNA-encoded genes causes perturbations in
OXPHOS and further ROS. In the nucleus, DNA damage activates poly-ADP-ribose
polymerase (PARP) as a repair mechanism. Activated PARP depletes the NAD* pool in the
cell, leading to bioenergetic stress and cell death (Schriewer et al., 2013). Moreover, ROS
in mitochondria interact with VDAC, ANT and cyclophilin D, the constituents of the
permeability transition pore, leading to increased permeability for cyt ¢ and perturbations in
AWm,i, which will eventually attract the BAX and BAK proteins to the membrane
(Tsujimoto and Shimizu, 2007). Large decrease of cyt ¢ in mitochondria then leads to
further increase in ROS production (Chen and Lesnefsky, 2006). Cyt ¢ was also shown to
interact with mitochondrial phospholipid cardiolipin (CL). The high affinity interaction
complex of CL and cyt c acts as a potent oxidant. Moreover, interaction with CL withdraw

cyt ¢ from its function in ETC (Bayir and Kagan, 2008; Yanamala et al., 2014).

1.3.4 Mitochondrially targeted anti-cancer compounds

Given the pivotal role of mitochondria in ROS generation as well as cell death induction,
these organelles may be a promising target for anti-cancer agents. Agents acting directly on
mitochondria have been termed mitocans, and their classification has been proposed in
Neuzil et al. (2013). It can be expected that accumulation of mitocans in mitochondria
would increase their efficacy. Due to the highly negative charge at the IMM that creates an
electrostatic and pH gradient, the IMM potential (AWm,), molecules can be targeted to
mitochondria via conjugation with lipophilic delocalized cations (Murphy, 2008). One of

the best-studied of these cations is the triphenyl phosphonium (TPP*), which accumulates
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in the mitochondrial matrix up to the several hundred fold due to -140 to -180 mV AWm,i.
The mitochondrial accumulation is further aided by a 10 fold ‘pre-concentration’ of TPP*-
tagged compounds in the cytosol of the cells (compared to the extracellular compartment),
based on negative membrane potential across the plasma membrane, usually between -30
and -60 mV. Once in mitochondria, the TPP* compounds localize into the mitochondrial
matrix, with TPP* at the interphase of the IMM and matrix and the linker with the tagged
molecule positioned within the IMM (Smith et al., 2003).

Pioneers of TPP* based mitochondrial targeting, M. Murphy and R. Smith, employed
the method for the development of series of mitochondrially targeted antioxidants/redox-
active agents. One of them, the mitochondrially targeted ubiquinone, mitoquinone (MitoQ),
was successfully tested in a clinical study of hepatitis C-induced liver disease (Gane et al.,
2010). Its efficacy was also examined in experimental animal models of neurodegenerative
diseases (Orsucci et al., 2011), ischemia-reperfusion injury (Adlam et al., 2005) or diabetes
(Chacko et al., 2010), where excessive ROS are involved in the pathologies.

In contrast to mitochondrially targeted antioxidants, different mitochondrially targeted
compounds could exert strong pro-oxidant properties. Several compounds were modified
by tagging with TPP*, resulting in pro-oxidants with anti-cancer properties superior to
those of the parental, untargeted compounds. From these, mitochondrially targeted vitamin
E succinate (MitoVES) is a prototypic compound, developed in the laboratory of J. Neuzil.
MitoVES is derived from the redox-silent analogue of vitamin E, a-tocopheryl succinate
(a-TOS), and it exhibits greatly increased anti-cancer properties in comparison to a-TOS.
MitoVES was shown to act as an anti-cancer agent via inhibition of Cll-related activity and
by the ensuing production of ROS (Dong et al., 2011a; Dong et al., 2011b; Kluckova et al.,

2015).
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The anti-cancer efficacy of TPP*-modified compounds is dependent on several aspects:
(i) Hydrophobicity of the attached compound, which determines the effectivity and rate of
its transport across the lipid bilayer. (ii) The length of a carbon chain linker and its spatial
properties are instrumental for a compound to reach the active sites of the interacting
molecules within the IMM, the longer carbon chain being also more hydrophobic. (iii)
Cancer cell mitochondria possess higher negative AWmi compared to that of normal cells
(Bonnet et al., 2007; Modica-Napolitano and Aprille, 1987), which ensures accumulation of
the anti-cancer compound preferentially in the tumour, and lowers possible negative side
effects.

The transport of TPP*-tagged anti-cancer compounds to mitochondria of cancer cell is
driven by the AWm; and does not employ any other ‘transporter machinery’, which may
undergo mutational changes during the course of a treatment. In this way a mitochondrially
targeted compound may overcome resistance developed towards an untargeted compound.
This was documented for MitoVES, which was effective in A549 lung cancer cells made
resistant to the parental untargeted compound, a-TOS. The authors showed that the reason
for acquired resistance to a-TOS was due to up-regulation of the ABCA1 transporter. In
that case MitoVES, which is targeted directly to mitochondria, bypasses the protein, by
means of which it will ‘escape’ being excluded from the cell. Therefore, the efficacy of
MitoVES was not compromised even in the situation of ABCAL overexpression

(Prochazka et al., 2013).
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1.3.5 Mitochondrially localised HER2

Canonically, the mitochondrial proteome comprises ~1.200 proteins. The vast majority of
these proteins are encoded by nuclear DNA. They are imported into mitochondria after
translation, based on the presence of the mitochondrial targeting sequence, usually located
at the N-terminus of a nascent polypeptide (Neupert and Herrmann, 2007; Wallace, 2012).
Besides the canonical mitochondrial import, proteins comprising non-canonical inner
mitochondrial targeting sequences have been found in mitochondria, including a number of
important oncogenes. Those proteins are not included in the classical catalogues of
mitochondrial proteins, such as mitocarta (Calvo et al., 2016). The reason may be that in
normal cells, from which these lists are derived, expression of oncogenes is negligible.
Therefore, the whole extent of this phenomenon is largely unknown. However, it has
already brought an additional complexity to the well-known signalling pathways by
introducing a new determinant, the precise localization within the cell compartments.
Mitochondrially localized oncogenes have been to date implicated in regulation of multiple
processes such as bioenergetics and sensitivity/resistance to cell death. Localized in close
proximity to the OXPHOS machinery and cell death inducers in mitochondria, it is feasible
to speculate that these oncogenes could be relevant in tumorigenesis and are therefore of
interest for cancer research.

In the epidermal growth factor family of receptors almost all members have been
reported in mitochondria, with the only exception being HER3. HER4 (ERBB4) is not
considered an oncogene, and some reports document its tumour suppressor function. The
intracellular domain of HER4 (41CD) has been found in mitochondria and in the nucleus,

where it serves as an ER-o co-activator. Tamoxifen treatment disrupts binding to ER-a,
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leading to translocation of the 4ICD to mitochondria, where it acts as an effector of
tamoxifen induced cell death as a pro-apoptotic BH3-only protein (Naresh et al., 2008;
Vidal et al., 2005).

EGFR (ERBB1) was found to reside in the IMM (Demory et al., 2009). Mitochondrial
EGFR interacts with prohibitin-2 and participates in mitochondrial fusion (Bollu et al.,
2014). EGFR in mitochondria was reported to phosphorylate Cox2 subunit of CIV (Boerner
et al., 2004; Demory et al., 2009). This inhibits the CIV activity and leads to decrease in
cellular ATP. Interestingly, in this study the overexpression of non-mitochondrial EGFR
had an opposite, stimulatory effect on cellular ATP (Demory et al., 2009). This documents
that mitochondrial fractions of proteins might have unique roles which may lead to
completely different outcomes when compared to the plasma membrane fraction.

HER2 (ERBB2) has also been reported in mitochondria of HER2-overexpressing
cancer cells, connected to the regulation of mitochondrial bioenergetics and resistance to
trastuzumab treatment (Ding et al., 2012). Like EGFR, mitochondrial HER2 was localized
at the IMM (Rohlenova et al., 2016b). CIV has been implicated as an interaction partner of
HER2 (Ding et al., 2012). Our data indicates a role for mitochondrial HER2 in respiratory
SC assembly (Rohlenova et al., 2016b). In contrast to Ding et al. (2012), we have
consistently observed a stimulatory effect of mitochondrial HER2 on respiration, especially
via Cl. Nonetheless, the interaction with CI may not be conflicting with previously reported
CIV interaction, as both CI and CIV participate in the formation of respirasome. As
mitochondrial HER2 has been shown to shift the resistance/sensitivity pattern to cancer
therapy as well as regulate bioenergetics, it may represent a so far unexploited target for

cancer therapy.
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The precise mechanism of mitochondrial import is not well-known for majority of these
oncoproteins found in the organelle. Clathrin-mediated endocytosis has been implicated in
case of EGFR, and an inner mitochondrial targeting sequence was detected in both EGFR
and HER2. This corresponds to a part of the transmembrane domain and juxta-membrane
region (Demory et al., 2009; Ding et al., 2012). Moreover, HER2 has been shown to
employ the mitochondrial HSP70 chaperon import machinery.

In summary, the specific mitochondrial role of kinases canonically present at plasma

membrane represents an intriguing, so far underexplored area of cancer research.
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2. AIMS

The aim of this research was to find new approaches to overcome the resistance of breast
cancer cells to therapy by targeting mitochondria. This was pursued by studying two
different causes of the resistant phenotype. First the cancer stem cells, which possess
characteristics that enable them to survive traditional therapy. Second, cancer cells
expressing the HER2 oncogene, which confers resistance and poor prognosis. Various
mitochondrial parameters and sensitivity/resistance were studied in these models.

Ultimately, the efficacy of mitochondrially targeted treatment was investigated.

Specific aims of this thesis were:

- To validate an in vitro model of cancer stem cells using sphere culture under serum-
free conditions, and to test mitochondrially targeted vitamin E succinate (MitoVES) as an
experimental compound specifically eliminating CSCs.

- To characterize the mechanism of action of mitochondrially targeted tamoxifen
(MitoTam) in HER2-positive breast cancer.

- To evaluate the effect of mitochondrial HER2 on OXPHOS and the mitochondrial

function.
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3. LIST OF METHODS

Below is a list of methods used by the author while preparing the publications included in

the thesis.

Cell culture
- Cancer cell lines
- Sphere culture
Cell fractionation
- Isolation of mitochondrial, nuclear and cytosolic fractions
Cloning
Preparation of cellular sublines
- Transfection with expressing vectors
- RNA interference (ShRNA, siRNA)
Quantitative real-time PCR
Electrophoretic methods and western blotting
- SDS-PAGE
- Blue native-PAGE
Microscopy
- Fluorescent microscopy
- Confocal microscopy
- Live-cell imaging

- STED microscopy
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Image analysis using ImageJ and Hyugens software
Flow cytometry
- Detection of cell death
- Fluorescent probes (ROS, glucose uptake, A¥m,i)
- Immunodetection
Respiration measurement
- Oroboros oxygraph measurement
Mice work
- Xenografts of tumour cells
- Intra-peritoneal and sub-cutaneous administrations

- Detection of metastases
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4. PUBLICATIONS

The presented thesis consists of a total of six publications: three original research articles,
two review articles and one book chapter. During her PhD studies, the author of this thesis
was involved also in another study concerning the role of microRNA126 in autophagy
induction in mesothelioma cancer cells. This study, however, only partially matches with

the presented research project and therefore was not included in the thesis.

Below is a summary of the thesis constituent publications with stated contributions of

the author, followed by all publications in extenso.

4.1.List of publications

4.1.1. Rohlenova K, Sachaphibulkij K, Stursa J, Bezework-Geleta A, Blecha J, Endaya
B, Werner L, Cerny J, Zobalova R, Goodwin J, Spacek T, Pesdar EA, Yan B, Nguyen MN,
Vondrusova M, Sobol M, Jezek P, Hozak P, Truksa J, Rohlena J, Dong LF, Neuzil J.
Selective disruption of respiratory supercomplexes as a new strategy to suppress
Her2M9h breast cancer. Antioxid Redox Sign. 2016 Jul 8.

Impact factor at the time of publishing = 7.1

In this study we demonstrate that breast cancer cells overexpressing HER2 oncogene
comprise higher level of respiration through mitochondrial complex | and increasingly
organized respiratory supercomplexes. We demonstrate that this feature is targetable by a

novel inhibitor of respiration based on tamoxifen tagged with triphenylphosphonium
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(MitoTam). MitoTam is highly effective in killing of HER2M"9" breast cancer cells, which
are otherwise resistant to tamoxifen. We show that MitoTam acts by generation of ROS and
disruption of supercomplexes specifically in HER2"9" background, and the susceptibility is
connected with mitochondrial fraction of HER2 protein. MitoTam passed official pre-

clinical testing and will continue to phase I clinical trial.

Contribution to the publication: Study design. Experimental part (confocal microscopy,

time-lapse confocal microscopy, STED microscopy, apoptosis measurements, ROS
measurements, AWm; measurements, glucose uptake measurements, RNA interference,
stable and transient transfections and selection of sublines, western blotting, SDS-PAGE,
BN-PAGE, mice experiments, detection of metastases, cell culture, culture and treatment of

mammospheres). Data analysis, manuscript writing.

4.1.2. Rohlenova K, Neuzil J, Rohlena J. The role of Her2 and other oncogenes of the
PI3K/AKT pathway in mitochondria. Biol Chem. 2016 Jul 1;397:607-15.

Impact factor at the time of publishing = 3.3

Recently a number of important cytoplasmic and plasma membrane proteins have been
reported to translocate to mitochondria. Among these, many oncoproteins and tumour
suppressors were found in the organelle. This may have functional consequences for cancer
treatment, as mitochondria are central to cellular metabolism and cell death induction. In
this review, we summarized the current knowledge about the function of mitochondrially

localized HER2, and of other mitochondria-localised oncoproteins signalling via the
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PIBK/AKT pathway, and discuss the evidence for/ and against their localisation on the

organelle.

Contribution to the publication: The review is partially based on our results published in

Rohlenova et al (2016b). Manuscript design and writing.

4.1.3. Yan B, Stantic M, Zobalova R, Bezawork-Geleta A, Stapelberg M, Stursa J,
Prokopova K, Dong LF, Neuzil J. Mitochondrially targeted vitamin E succinate
efficiently kills breast tumour-initiating cells in a complex I1-dependent manner. BMC
Cancer. 2015 May 15:401.

Impact factor at the time of publishing = 3.4

In this study we document that mitochondrially targeted vitamin E succinate (MitoVES) is
efficient in Killing breast CSCs, which are believed to be a reason for high level of
resistance to established cancer therapy. Using RNA interference approach and homologues
of MitoVES differing in the length of the aliphatic chain, we showed that mitochondrial
complex 1l is a target of MitoVES in CSCs. This research establishes novel link between
mitochondrial complex Il and killing of CSCs. Based on this we propose a combinatorial
therapy of MitoVES with established agents targeting fast proliferating cells as a strategy to

treat breast cancer and minimize a risk of relapse.

Contribution to the publication: Experimental part (cell culture, sphere culture, apoptosis

measurements, qPCR), revision of the manuscript.
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4.1.4. Stapelberg M, Zobalova R, Nguyen MN, Walker T, Stantic M, Goodwin J, Pasdar
EA, Thai T, Prokopova K, Yan B, Hall S, de Pennington N, Thomas SR, Grant G, Stursa
J, Bajzikova M, Meedeniya ACB, Truksa J, Ralph SJ , Ansorge O, Dong LF, Neuzil J.
Indoleamine-2,3-dioxygenase elevated in tumor-initiating cells is suppressed by
mitocans. Free Radic Biol Med. 2013 Oct 18;67C:41-50.

Impact factor at the time of publishing = 5.7

In this study we validated the sphere culture of three cancer cell lines of breast, prostate and
mesothelioma origin as a plausible model of CSCs. Using microarray analysis we
confirmed increased expression of genes related to stemness in spheres of all three cell
lines. Moreover, we were first to detect Trp metabolism pathway significantly up-regulated
in sphere cells originating from the cell lines and primary biopsies. We found that
indoleamine-2,3-dioxygenase-1 (IDO1), the rate-limiting enzyme, as well as constituents of
Trp uptake system are up-regulated in spheres. This phenomenon may play an important
role in escape of CSCs from immune surveillance. Surprisingly, analogues of vitamin E, a-
tocopheryl succinate and especially mitochondrially-targeted derivate MitoVES,

suppressed IDO1 in CSCs, pointing to its translational potential.

Contribution to the publication: Experimental part (cell culture, sphere culture, qPCR,

verification of the results in an independent microarray analysis), revision of the

manuscript.
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4.1.5. Zobalova R, Prokopova K, Stantic M, Stapelberg M, Dong L, Ralph S, Akporiaye
E, Neuzil J. The potential role of CD133 in immune surveillance and apoptosis: A
mitochondrial connection? Antioxid Redox Signal. 2011 Dec 15;15(12):2989-3002.

Impact factor at the time of publishing = 8.5

In this review we summarized a recent knowledge about the role of the CSC marker CD133
in the acquisition of stemness properties and escape of CSCs from immune surveillance. As
we reported earlier, CD133"9" Jurkat T lymphoma cells possess high expression of anti-
apoptotic FLICE-inhibitory protein (FLIP), which makes them resistant to apoptosis-
mediated by TNF-related apoptosis-inducing ligand (TRAIL). According to our results and
those of others, CD133 protein may thus be considered as a marker which selects cells
resistant to increased stress conditions in the tumour and helps to evade the immune

surveillance.

Contribution to the publication: From experimental part behind this review (cell culture,

sphere culture, validation of stem-like characteristics of sphere cells, RT-PCR, flow

cytometry). Manuscript writing.

4.1.6. Zobalova R, Stantic M, Stapelberg M, Prokopova K, Dong LF, Truksa J, Neuzil J.

Drugs that kill cancer stem-like cells. 2011. In Cancer Stem Cells, ed. Stanley Shostak, p.

361-377, InTech, Rijeka, Croatia. Book chapter.
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In this book chapter we reviewed cancer therapy approaches focused on CSCs, the resistant
sub-population of the tumour. To date not many compounds exist with known effect

towards CSCs; this is of high importance for finding effective ways to treat cancer and

avoiding relapses.

Contribution to the publication: From experimental part behind this book chapter (cell

culture, sphere culture, validation of stem-like characteristics of sphere cells, RT-PCR, flow

cytometry). Manuscript writing.
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Rohlenova et al.: Targeting respiration in Her2"o" breast cancer

ABSTRACT

AIMS: Expression of the HER2 oncogene in breast cancer is associated with resistance to
treatment, and Her2 may regulate bioenergetics. Therefore, we investigated whether
disruption of the electron transport chain is a viable strategy to eliminate Her2"9" disease.
RESULTS: We demonstrate that Her2"9" cells and tumors have increased assembly of
respiratory supercomplexes and increased complex I-driven respiration in vitro and in vivo.
They are also highly sensitive to MitoTam, a novel mitochondrial-targeted derivative of
tamoxifen. Unlike tamoxifen, MitoTam efficiently suppresses experimental Her2M9" tumors
without systemic toxicity. Mechanistically, MitoTam inhibits complex I-driven respiration
and disrupts respiratory supercomplexes in Her2"9" background in vitro and in vivo, leading
to elevated reactive oxygen species production and cell death. Intriguingly, higher sensitivity
of Her2"9" cells to MitoTam is dependent on the mitochondrial fraction of Her2.
INNOVATION: Oncogenes such as HER2 can restructure electron transport chain, creating a
previously unrecognized therapeutic vulnerability exploitable by supercomplex-disrupting
agents such as MitoTam.

CONLUSION: We propose that the electron transport chain is a suitable therapeutic target in

Her2"9" disease.

Key words: Electron transport chain, supercomplexes, tamoxifen, complex I, Her2.
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INTRODUCTION

Functional electron transport chain (ETC) is essential for tumorigenesis (51,57). At the same
time, ETC is important in normal cells by providing milieu permitting biosynthesis of
aspartate and pyrimidine nucleotides, and for ATP generation (3,47,50). Classical
pharmacological ETC inhibitors such as rotenone, antimycin A or potassium cyanate have
systemic toxicity, while available non-toxic ETC inhibitors such as the anti-diabetic drug
metformin are not potent enough and show little benefit for cancer patients in a number of
clinical trials (18,23,35). Therefore effective agents that would selectively target ETC in
specific subsets of cancer cells are sorely needed.

ETC resides in the cristae region of the inner mitochondrial membrane (IMM). It
comprises four respiratory complexes (termed CI-CIV) that further assemble into higher
molecular structures called supercomplexes (SCs), increasing ETC efficiency and regulating
substrate utilization (1,21). ETC generates electrochemical gradient across the IMM referred
to as the IMM potential (AWm,). This is essential for ATP production by mitochondrial ATP
synthase, and also allows cargo delivery into mitochondria using cations such as the
triphenylphosphonium (TPP™) group (28), which can therefore be used to bring ETC
inhibitors close to their molecular targets (9). The level of ETC organization in various
subsets of cancer cell, while largely unexplored, could be associated with differences in
sensitivity to ETC inhibition.

Breast cancer is the prevailing type of neoplasia in women, and certain sub-types like
Her2M9" breast carcinomas are difficult to treat (5,6,42). Her2 (also known as ErbB2) is a
receptor tyrosine kinase that may regulate metabolism, for example the pentose phosphate
pathway (43). It has been suggested that a fraction of Her2 translocates into mitochondria,
where it can affect bioenergetics (7). Tamoxifen, a mixed agonist/antagonist of the estrogen

receptor, is used as the first line therapy in hormone-sensitive breast cancer but is inefficient
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in the Her2"9" disease. It was reported that tamoxifen inhibits mitochondrial complex I (CI),
albeit at supra-pharmacological doses (25). This inspired us to design, synthetize and test
tamoxifen tagged with the TPP* group, with expected accumulation adjacent to Cl enhancing
its effects on mitochondria.

Here we show that mitochondrially targeted tamoxifen (MitoTam) is far more efficient
in Killing breast cancer cells than the parental compound. In stark contrast to tamoxifen,
MitoTam is highly effective towards cells and tumors with high level of Her2. This is linked
to the elevated CI and increased SC assembly selectively disrupted by MitoTam, leading to
enhanced ROS production and cell death. Interestingly, the sensitivity of Her2"9" cells to
MitoTam depends on the presence of Her2 in mitochondria at the IMM/matrix interface. We
found that in a pre-clinical model MitoTam almost completely cured Her2"'9" breast
carcinomas without deleterious side-effects, supporting the potential use of this novel ETC-

targeted agent against Her2"'9" breast cancer highly recalcitrant to therapy (5).
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RESULTS

Tagging tamoxifen with TPP™ leads to mitochondrial targeting and increased cell death.
Tamoxifen, a low-affinity inhibitor of Cl (25), was modified by the attachment of a TPP*
group, which ensures mitochondrial accumulation based on the electro-chemical gradient
across the IMM. This TPP*-modified tamoxifen, MitoTam (Fig. 1A), was labelled with
fluorescein yielding MitoTam-F for intracellular visualization (Fig. S1). Fig. 1B shows that
upon addition to MCF7 cells MitoTam-F accumulates in the mitochondria which become
doughnut-shaped and lose MitoTracker FarRed florescence. The enlarged color-balanced
image of the intermediate state prior to the complete loss of red fluorescence shows green
staining of internal structures of mitochondria, indicating that the accumulation of the drug at
the IMM likely interferes with mitochondrial function. Fig. 1C documents that MitoTam is
more efficient in killing MCF7 cells than tamoxifen. We estimated the I1Cso value of
MitoTam and tamoxifen for a number of breast cancer cell lines and found that, in all cases, it
was at least one order of magnitude lower for the TPP*-tagged variant. On the other hand,
ICso values for non-cancerous cell lines were more than one order of magnitude higher than
for cancer cell lines, indicating a pharmaceutical window of opportunity (Table 1). As
expected for a compound originating from an estrogen receptor antagonist, MitoTam was
found more efficient in killing the ER-positive MCF7 cells than their triple-negative
counterparts, MDA-MB-231 cells (Fig. 1D). MitoTam also eliminated Her2"9" ER-negative
SKBR3 and MDA-MB-453 cells with high efficacy (Fig. 1E). Importantly, when the TPP*
group of MitoTam was disabled by the removal of its positive charge, the efficiency of the
resulting compound (Tam-DPPO, for structure see Fig. S1) was greatly reduced (Fig. 1F).
Similarly, the TPP targeting group alone (Fig. S1) had little effect (Fig. 1G). This illustrates
the importance of mitochondrial targeting of the tamoxifen moiety for increased biological

activity.
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We next tested the effect of MitoTam on tamoxifen-resistant cells using MCF7 cells
made resistant to tamoxifen by long-term exposure to escalating doses of the agent (TAM-R
cells) (Fig. 1H). Fig. 11 documents that TAM-R cells were slightly more susceptible to
MitoTam. On the other hand, Tam-DPPO that lacks the delocalized cationic group was less
efficient towards TAM-R cells than to parental MCF7 cells (Fig. 1J). We also attempted to
prepare MitoTam-resistant MCF7 cells in a similar manner as we did for TAM. However, we
were not able to obtain any surviving population upon long term culture (>6 months),
suggesting that resistance to MitoTam may not develop, similarly as we documented before
for MitoVES (33). Collectively, these data indicate that MitoTam exhibits superior structure-

dependent killing activity that is not compromised in cells resistant to the parental compound.

MitoTam effectively kills cells with high levels of Her2 and efficiently suppresses Her2Mo"
breast carcinomas. Breast cancer with high level of expression of the oncogene HER2 is
particularly difficult to manage. Therefore, we next investigated the effect of MitoTam on
Her2M9" breast cancer cells prepared by genetic manipulation. For this we used MCF7 cells
with relatively low level of Her2 and Her2-null MDA-MB-231 cells that were both
transfected with a Her2 plasmid to achieve Her2 expression levels similar to those found in
natural Her2"9" breast cancer cell lines (Fig. 2A). We also knocked down Her2 using shRNA
in MCF7 cells, further reducing its level (Fig. 2A). As expected, MCF7 Her2"9" cells were
more resistant to tamoxifen than the parental cells (Fig. 2B). In stark contrast, Her2"9" MCF7
and MDA-MB-231 cells were more susceptible to MitoTam than parental or Her2"" cells
(Fig. 2C-E), while this preference was absent for Tam-DPPO (Fig. 2F). Consistently with the
higher level of cell death induction, MitoTam treatment resulted in a stronger activation of
the apoptotic pathway in MCF7 Her2"9" cells compared to mock MCF7 cells (Fig. 2G).

Western blotting (WB) revealed accelerated cleavage of pro-caspase-9 and Parp1/2 in
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Her2M9" cells as well as an increase of pro-apoptotic Bax and decrease of the anti-apoptotic
Bcl-2 protein. Interestingly, the level of Her2 decreased in MCF7 Her2"9" cells upon
exposure to MitoTam. In a colony-forming assay, tamoxifen was proficient in suppressing
formation of colonies in MCF7 and MCF7 mock cultures (Fig. 2H), while MitoTam was
more efficient in MCF7 Her2"'9" cultures, corroborating anti-cancer efficacy of MitoTam
against Her2"9" preast cancer. Finally, MitoTam showed an additive effect with inhibitors of
Her2 signaling in Her2"9" but not in parental MCF7 cells (Fig. 21,J), indicating that
MitoTam targets sites or pathways distinct from the canonical Her2 signaling. In summary,
these results show that high Her2 expression is associated with increased sensitivity to
MitoTam.

To see whether Her2 sensitizes breast tumors to MitoTam in vivo, we used the FVB/N
c-neu mouse strain subcutaneously (s.c.) injected with NeuTL cells derived from spontaneous
Her2"9" preast carcinoma (13). Fig. 3A (and Fig. S2A with representative images) documents
a strong effect of MitoTam (0.54 umol/mouse/dose), inhibiting growth of syngeneic tumors
by ~80%, while tamoxifen (applied at 2.69 umol/mouse/dose, i.e. at ~5-times higher dose
than MitoTam) was much less efficient.

We next tested another tumor model, in which Balb/c nude mice were s.c. injected with
MCF7 mock or MCF7 Her2"9" cells. Tamoxifen, which had a modest effect on parental
MCF7 mock tumors (2 umol/mouse/dose), was even less efficient in suppressing Her2""
carcinomas, where it did not prevent reaching the ethical endpoint (Fig. 3B and Fig. S2C, D).
On the other hand, MitoTam at 8-times lower dose (0.25 umol/mouse/dose) prevented
reaching the ethical endpoint in all situations (Fig. S2C, D). It slowed down the growth of the
MCF7 mock tumors (featuring relatively low level of Her2) and, after two doses, tumor
progression stopped (Fig. 3B). Most importantly, MitoTam suppressed Her2"9" carcinomas

such that their volume decreased 3-fold from the original size with complete disappearance in

61



Rohlenova et al.: Targeting respiration in Her2"e" breast cancer

two of the treated animals (Fig. 3B, and Fig. S2B with representative images). These animals
stayed tumor-free for 8 months following cessation of MitoTam administration, indicating
complete eradication of the Her2"9" breast carcinomas in these particular cases.
Immunohistochemistry (IHC) analysis of control and treated tumors document increased
TUNEL-positive cells in particular in Her2"9" tumors (Fig. 3C). This is supported by WB
showing high level of pro-caspase-9 cleavage in MitoTam-treated Her2"9" tumors, increased
Bax and decreased Bcl-2 protein levels. WB also documents high level of the Her2 protein in
Her2M9" tumors and its decrease upon MitoTam treatment (Fig. 3D).

MitoTam effectively suppressed tumors induced by mammary expression of the HER2
transgene in FVB/N c-neu mice (13) (Fig. 3E, S2E), demonstrating effectiveness in a more
natural situation where a tumor appears in its native environment, without the initial presence
of homogenous Her2M"9" cell population. MitoTam also reduced invasiveness in a zone
exclusion assay (Fig. S3A), and was effective in a Her2"9" mammosphere model (Fig. S3B)
that generates cells with cancer stem-like properties resistant to conventional therapy (12,49).
In addition, MitoTam, but not Tamoxifen, interfered with sphere formation in this situation
(Fig. S3C,D). Importantly, MitoTam suppressed not only the primary tumor growth (Fig. 3F,
Fig. S2F) but also the metastatic burden in blood, lung and liver (Fig. 3G) in the experimental
4T1 model of Her2"9" metastatic breast carcinoma in Balb/c mice.

Collectively, these data clearly demonstrate that MitoTam efficiently suppresses growth

and progression of Her2"9" carcinomas.

MitoTam induces ROS, dissipates mitochondrial potential (4 ¥h,i), and suppresses
mitochondrial respiration via complex I. Since MitoTam showed efficacy superior to that of
tamoxifen, in particular in suppressing Her2"9" tumors, we further investigated its mode of

action. We first tested its effect on generation of ROS, as mitochondrial targeting can
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improve the efficacy of ROS generation (9,10,37). Clearly, MitoTam induced ROS within a
short period of treatment, while no ROS was induced with tamoxifen even at much higher
doses. The effect of MitoTam was more profound for Her2"9" cells (Fig. 4A) when
mitochondrial ROS-specific probe (MitoSOX) was used. This was linked to cell death
induction, since the ROS scavenger N-acetyl cysteine (NAC) suppressed the killing activity
of the agent (Fig. 4B). We next tested the effect of MitoTam on AWn,i. Using confocal
microscopy and flow cytometry with TMRM probe, we found that MitoTam was very
efficient in AWm, dissipation, while tamoxifen had no effect (Fig. 4C, D). AWm, is important
for ROS generation in response to MitoTam and in cell death induction by the agent, as pre-
treatment with the uncoupler FCCP suppressed both events (Fig. 4E, F). Interestingly, MCF7
Her2'°" cells showed higher basal A¥m;,, although this was not followed by increased activity
of MitoTam. Finally, we show that MitoTam, in contrast to tamoxifen, decreased AWm,i
almost to the same level as FCCP (Fig. 4G). These data support the notion that ROS
generation is mediating the killing activity of MitoTam and that this is more profound in
Her2M9" cells,

Since MitoTam is targeted to mitochondria (more specifically, to the interface of the
IMM and matrix), we tested its effect on mitochondrial respiration. Using high-resolution
respirometry, we found that MitoTam suppressed Cl-dependent respiration more efficiently
than Cll-dependent respiration and that this effect was stronger for MitoTam than for
tamoxifen (Fig. 5A,B Table 2). In addition, MitoTam inhibited NADH-cytochrome ¢ (ClI-
CII), but not succinate-cytochrome ¢ (CII-CI1I) oxidoreductase activity in MCF7 cells (Fig.
5C,D), suggesting that Cl is the likely target. To support a role of CI in the anti-cancer
activity of MitoTam, we used Chinese hamster lung fibroblast cells with functional and
mutant CI (46) transformed with H-Ras (8). Interestingly, the Cl-dysfunctional B10n.ras cells

(Fig. 5E) were more resistant to MitoTam than the parental B1n.ras cells (Fig. 5F). We next
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tested MCF7 cells and their Her2M"9" counterparts for respiration, and found that the latter
respired more, in particular via ClI (Fig. 5G). In addition, the CI-CIII activity was higher in
mitochondria from Her2"9" cells (Fig. 5C). We also found that MitoTam suppressed
respiration of Her2"9" cells more profoundly than that of parental MCF7 cells (Fig. 5G). In
this case we used a different set-up than that used in Fig. 5A, B. Rather than titrating cells
placed in the respirometer chamber with MitoTam, they were cultured with the agent for 1 h,
after which respiration was assessed.

The in vitro results were recapitulated by assessing in vivo effects of MitoTam (c.f. Fig.
3B). Tumors derived from Her2M"9" cells had unchanged leak respiration, but increased
maximal respiratory capacity (Fig. 5H) and higher Cl-dependent respiration (Fig. 51), which
was strongly suppressed in response to MitoTam treatment of the animals, while ClI-
dependent respiration was unchanged (Fig. 51). These effects were tumor-specific, as there
was no difference in respiration and no effect of MitoTam in the liver tissue from the same
animals (Fig. 5J).

Concerning glycolysis, neither glucose uptake (Fig.5K), nor lactate production (Fig. 5L)
and ATP levels (Fig. 5M) were affected differentially in parental and Her2"9" cells by
MitoTam. This suggests that alteration in glycolytic compensation is not responsible for
increased sensitivity of Her2"'9" cells to MitoTam.

Collectively, these data document that MitoTam suppresses respiration via Cl both in
cultured cells in vitro and in breast carcinomas in vivo, resulting in ROS generation and cell

death.

MitoTam disrupts respiratory supercomplexes elevated in Her2"9" cells and tumors. The

increased respiration of Her2M"9" cells via CI might be related to a more efficient assembly of

respiratory complexes (RCs). We therefore evaluated MCF7 Her2"9" and MCF7 mock cells
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for expression of components of mitochondrial RCs using WB. Of these, subunits of Cl and,
to some extend those of CIlI and CIV, were more expressed (Fig. 6A). The level of
respiratory SCs including the respirasome, an SC composed of CI, Clll and CIV (1,2), was
also increased in MCF7 Her2M9" cells, as determined by native blue gel electrophoresis
(NBGE) (Fig. 6B, D). Interestingly, treatment of MCF7 Her2"9" cells with MitoTam
disrupted the SC (Fig. 6C, E) in the Her2"9" background. To see if MCF7 and their Her2Mo"
counterparts maintain these features also in vivo, we analyzed tumors from control and
MitoTam-treated mice. NBGE analysis documents that tumors derived from MCF7 Her2Mo"
cells contain higher level of SCs than tumors derived from parental cells and that the
respirasome was disrupted by MitoTam treatment in the Her2"'9" situation (Fig. 6F, H). This
effect was not secondary to the suppression of individual protein subunits of ETC complexes,
as no change in expression of these subunits was detected by WB after SDS-PAGE in tumors
from MitoTam-treated and control mice (Fig. 6G). These data suggests that MitoTam directly
disrupts respiration via Cl and the respirasome, an effect that is much more prominent in
Her2-high cells.

To gain insight into the interaction of MitoTam with CI, we performed molecular
modelling of MitoTam association with CI, using the recently published crystal structure of
Yarrowia lipolytica Cl resolved at 3.6-3.9 A (60). Among the 20 poses with predicted highest
binding affinity, we identified 3 preferred binding regions: inside the ubiquinone (UbQ)-
binding pocket, at its entrance, and at the surface of the transmembrane region of the Pp
module. The internal poses share the same binding cavity as well as orientation of the
tamoxifen moiety with the predicted position of UbQ (Fig. 7), while the external poses are in
close proximity to the cavity’s entrance. This suggests that MitoTam could affect UbQ
interaction with CI and in this way stimulate ROS generation, consistent with observed

experimental results.
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Her2 is localized at the inner mitochondrial membrane. The Her2 protein was recently shown
to localize also into mitochondria using GFP-tagged Her2 fragments and biochemical means
(7), but this unexpected report has not been confirmed. We therefore studied localization of
Her2 in our cellular models using several approaches. STED confocal microscopy of MCF7
Her2M9" cells revealed co-localization of a fraction of the Her2 protein with the IMM protein
ATP synthase. As expected, Her2 was also detected in the cytoplasm and on the plasma
membrane (Fig. 8A). This is consistent with WB of fractionated cells, showing high levels of
Her2 in mitochondria in MCF7 Her2"9" cells as well as in a number of other breast cancer
cell lines (Fig. 8B). We then performed immuno-gold transmission electron microscopy (1G-
TEM). Fig. 8C reveals that MCF7 Her2"9" cells contain more Her2 than their parental
counterparts at the IMM (light blue arrow-heads) and that some Her2 signal is also associated
with stress fibers in the cytoplasm (green arrow-heads). The super-resolution Biplane
FPALM/dSTORM technique (Fig. 8D) documents that in MCF7 Her2"9" cells Her2 is
primarily associated with the outer surface of the mitochondrial matrix mtHsp70-stained
region, highly indicative of localization at the IMM. This was further documented by WB
analysis of sub-mitochondrial fractions, where Her2 was detected in intact mitochondria and
isolated mitoplasts but not in the intermembrane space (IMS) and outer mitochondrial
membrane (OMM) fractions (Fig. 8E). Moreover, using the ‘protease protection’ assay, Her2
remained unchanged upon addition of trypsin to intact mitochondria isolated from MCF7
Her2 M9" cells while the OMM marker VDAC was almost completely digested; both proteins
were sensitive to trypsin treatment in mitochondria solubilized with Triton-X100 (Fig. 8F).
We also fractionated MCF7 and MCF7 Her2"9" cell-derived tumors treated with

MitoTam and assessed them for Her2 (Fig. 8G). Consistently with cultured cells, Her2 was
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present primarily in the mitochondrial fraction of Her2"9" tumors. Collectively, these findings

confirm mitochondrial localization of Her2 and document its presence at the IMM.

Mitochondrial Her2 determines susceptibility to MitoTam. We speculated that the fraction of
Her2 in mitochondria may promote the increased sensitivity of Her2"9" MCF7 cells to
MitoTam. According to a recent report, mtHsp70 is needed for mitochondrial localization of
Her2 (7), and we also detected Her2-mtHsp70 interaction using immunoprecipitation (Fig.
9A). We knocked down mtHsp70 in MCF7 cells by siRNA (Fig. 9B), and this reduced
MitoTam-induced cell death selectively in MCF7 Her2M"9" cells while having no effect in
mock-transfected or Her2'*¥ cells, completely abrogating the increased sensitivity of Her2"'9h
cells to MitoTam (Fig. 9C). Cells transfected with mtHsp70 siRNA showed lower levels of
Her2, mtHsp70 and NDUFA9 in whole cell lysate (Fig. 9D) and, in particular, in the
mitochondrial fraction (Fig. 9E). NBGE also documents reduced SC levels in mtHsp70
knockdown cells using an antibody to a Cl and CIII subunits, while no effect on CII was
observed (Fig. 9F). To evaluate the involvement of mitochondrial Her2 in the susceptibility
of Her2"9" cells to MitoTam, we used a set of modified Her2 constructs with increased or
decreased ability to translocate to mitochondria. Upon transient transfection in MCF7 cells
the construct comprising Her2 tagged with the mitochondrial targeting sequence of Cox8
(MTS) made the cells more susceptible to MitoTam than the construct where the inner MTS
of Her2, described earlier (7) was deleted (AMTS) (Fig. 9G). The insert in Fig. 9G shows
different levels of mitochondrial Her2 expression in MTS- and AMTS-transfected cells, while
the total Her2 expression was similar in wild-type, MTS and AMTS cells (Fig. 9H). These
results strongly indicate that the mitochondrial Her2 pool determines the sensitivity of MCF7

cells to MitoTam.
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DISCUSSION

Despite considerable advances in molecular oncology, cancer remains one of the leading
causes of premature death (44). Breast cancer is the most frequent carcinoma in females,
responsible for a high number of fatalities, and some sub-types are very hard to manage (6).
Tamoxifen is commonly used as a first-line therapy of estrogen receptor (ER)-positive breast
cancer. However, almost 50% of patients develop resistance caused by multiple molecular
reasons. One of these is the overexpression of the HER2/neu (also referred to as ERBB2)
oncogene (45). Taking the high percentage of relapsed patients and possible side effects into
consideration (5,6), there is a demand for new generation of efficient drugs.

Based on the above, we designed and synthesized MitoTam, a tamoxifen derivative
where the original tamoxifen moiety is conjugated to the mitochondria-targeting TPP* group
(cf Fig. 1A). As predicted, this caused substantial accumulation of the modified compound at
the matrix/IMM interface and led to a number of striking functional consequences. We found
that MitoTam i) kills a variety of breast cancer cells with a much higher efficacy than
tamoxifen; ii) in stark contrast to tamoxifen, is more efficient in killing Her2"9" than Her2'"
cells; iii) very efficiently suppresses experimental Her2"9" breast carcinomas; iv) acts by
suppression of Cl-dependent respiration and disruption of respiratory SCs, which is
particularly apparent in the Her2"9" background; v) relies on the presence of mitochondrial
fraction of Her2 protein for high efficacy in Her2"9" cells/tumors.

TPP*-tagging of tamoxifen makes it ideally suited for interaction with the ETC located
at the matrix/IMM interface. We have shown recently that TPP* modification accentuates the
propensity of medium affinity CllI inhibitors to generate ROS (9,17). In the current study we
detected substantial ROS generation upon MitoTam treatment, whereas very little or no ROS
were induced by tamoxifen. ROS were functionally relevant, as application of antioxidants

protected from MitoTam-induced cell death. Given the previously published report that
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tamoxifen at supra-pharmacological concentrations inhibits ClI (25), we considered the
possibility that TPP*-driven accumulation of the inhibitor in the vicinity of the ETC might
result in accelerated CI inhibition. Indeed, MitoTam avidly and instantaneously suppressed
Cl-dependent respiration and CI-ClI1 oxidoreductase activity in cultured cells and in tumors
(but not in the liver demonstrating selectivity), while its effect on ClI-driven respiration or
CII-ClII oxidoreductase activity was low. In addition, cell death induced by MitoTam was
significantly reduced in a cellular model of CI deficiency, and molecular modelling suggested
that MitoTam interacts within the UbQ-binding cavity of CI. Importantly, such interaction
would induce ROS in CI functioning in the forward manner expected to occur in intact cells
(19,52), explaining the experimental observations. Even though we cannot completely
discount a contribution of downstream ETC components such as Clll and CIV to MitoTam-
induced ROS formation and cell death, based on the available evidence we propose that Cl is
the molecular target of MitoTam in mitochondria.

In contrast to tamoxifen, MitoTam proved very efficient in eliminating Her2"9" breast
cancer cells and tumors in multiple Her2"9" models. In some instances, MitoTam application
in mice led to complete regression of Her2"9" tumors (c.f. Fig. 3), with no detectable relapse
over the 8 month period after cessation of treatment. In addition, MitoTam suppressed
invasiveness and metastasis formation, in line with reports that elevated oxidative stress
reduces metastases (32,59). Her2 overexpression sensitized both MCF7 and MDA-MB-231
cell lines to MitoTam, even though these cell lines differ in their estrogen receptor status.
This indicates that the Her2-associated sensitivity is independent of estrogen signaling.
Interestingly, we discovered that Her2M9" cells and tumors express more Cl and that they
have higher level of SCs including the respirasome (1,21,24,51), and that Her2"9" cells and
tumors feature higher oxygen consumption with CI substrates. In addition, we found that

MitoTam treatment of Her2M9" cells and mice bearing Her2"9" tumors disrupted ETC SCs,
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which was much less apparent in cells with low Her2. MitoTam also induced more
mitochondrial ROS in Her2"9" cells. Taken together, with more Cl available, Her2"9" cells
may have higher capacity to generate ROS upon Cl inhibition. This effect might be further
amplified in a positive feed-back loop by the MitoTam-mediated disruption of ETC SCs. This
is consistent with the notion that SCs are viewed as conduits facilitating passage of reduced
electron carriers such as UbQ within the ETC (21,24) and prevent premature escape of
electrons, limiting ROS formation. Hence, disruption of SCs, possibly by direct MitoTam
binding or by initial ROS produced from CI, could amplify the overall rate of ROS
generation specifically in Her2"9" background and push the Her2"9" cells over the threshold
to cell death.

The results discussed above raise the possibility that Her2 overexpression could directly
sensitize mitochondria to MitoTam. Several oncogenes have been reported in mitochondria
(40), and one study recently suggested that a fraction of cellular Her2 also translocates into
that organelle and stimulates glycolysis (7). We detect Her2 in mitochondria in our
experimental breast cancer in vitro and in vivo models using several independent techniques,
and document that a significant portion of the cellular Her2 is localized at the cristae region
of the IMM. In contrast to Ding et al (7), we consistently find increased respiration in
Her2"9" cells and tumors, in line with increased SC assembly. Two pieces of evidence
indicate that the mitochondrial fraction of Her2 is functionally relevant for the sensitization to
MitoTam. First, the knockdown of mtHSP70, which mediates mitochondrial Her2 import (7),
de-sensitized Her2"9" cells to MitoTam, while no effect was observed in parental cells.
Second, overexpression of Her2 constructs with increased and decreased ability to localize
into mitochondria increased and decreased, respectively, sensitivity to MitoTam. The reason
why mitochondrial Her2 sensitizes to MitoTam is not entirely clear, but is very likely

connected to the IMM localization of Her2 in the proximity of ETC. The reduction of
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mitochondrial Her2 upon mtHSP70 knock down reduced the SCs including the respirasome,
and Ding and colleagues reported Her2 interaction with complex IV of ETC (7). Because the
assembly of the respirasome occurs only in the presence of Clll and CIV (21,26,51), Her2
could affect this process by facilitating respirasome assembly at the level of CIV, even
though our data suggest that MitoTam interacts directly with CI.

In summary, we show that mitochondrial targeting of tamoxifen enhances its efficacy
and broadens its applicability by imparting an additional biological activity directed at the
ETC. This introduces MitoTam into the family of mitocans, anti-cancer agents acting directly
on mitochondria, as first shown for the selective agent a-tocopheryl succinate (29,30)
targeting CII (8,11). The role of CI in cancer is undoubtedly complex and context-dependent
(15,41), but its pharmacological modulation might represent an effective approach to cancer
therapy as demonstrated in this report. A novel finding that oncogenes such as HER2 might
modulate the supramolecular organization of ETC and in this way determine the amount of
ROS produced upon CI inhibition strengthens the paradigm of ETC targeting as a relevant
approach for selective suppression of cancer (20,38,39,54,58). Interestingly, various
treatment-resistant and metastatic subpopulations of cancer cells show a high dependence on
mitochondrial respiratory function, even though the information about ETC supramolecular
organization into SCs in this context is limited (14,22,36,51,55). Accordingly, ETC-targeting
agents such as MitoTam might provide means to eradicate these resistant populations, as
documented in this report by the efficient suppression of the hard-to-manage Her2"9" preast
carcinomas. MitoTam already passed the preclinical testing where it showed a very favorable

toxicity profile and continues to phase I clinical trials.
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INNOVATION

Despite the promise of targeted therapeutics, Her2"9" breast cancer is still difficult to control.
Here we show that Her2"9" cells and tumors have increased respiratory supercomplex
assembly, which can be selectively disrupted in vitro and in vivo by MitoTam, a
mitochondrially-targeted tamoxifen. This results in substantial reactive oxygen species
generation in Her2"9" background and efficient induction of apoptotic cell death. Hence,
disruption of respiratory supercomplexes in specific subsets of cancer cells represents a
viable therapeutic strategy that avoids toxicity associated with conventional electron transport
chain inhibitors. MitoTam has now passed preclinical testing and proceeds to phase I clinical

trial.
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MATERIALS AND METHODS

Reagents. All reagents were from Sigma Aldrich (St. Louis, MO, USA), unless stated
otherwise.

Cell culture. Human breast cancer cell lines MCF7 and MDA-MB-453 were obtained
from the ATCC. BT474, MDA-MB-231, MDA-MB-436, SK-BR-3 and T47D human breast
cancer cell lines were from J. A. Lopez (Griffith University, Australia). The mouse NeuTL
breast cancer cell line was originally derived from spontaneous breast carcinomas of FVB/N
c-neu mice (13). The cells were cultured in DMEM (Lonza, Basel, Switzerland) with 10%
FBS, 1% antibiotics in a 5% CO3, 37°C incubator. The 6-thioguanine resistant mouse 4T1
cell line, from ATCC was maintained in RPMI1640 (Lonza). Tamoxifen-resistant MCF7
cells were prepared by cultivation of MCF7 cells in the presence of escalating doses of
tamoxifen for over one year. Chinese hamster lung fibroblasts B1 and B10 were from Prof. .
Scheffler (46). Human foreskin fibroblasts A014578, rat cardioblasts H9c2 and human
immortalized endothelial EAhy926 cells were from the ATCC. All cell lines were
authenticated. Mammospheres were generated and cultured as described (49).

Primary Antibodies. The primary antibodies used were: Her2 (OP-15, Calbiochem, San
Diego, CA, USA or Ab-1221/1222, Sigma Aldrich), mtHsp70 (MA3-028, Thermo Scientific,
Waltham, MA, USA), Actin-HRP (5125, Cell Signaling, Danvers, MA, USA), Caspase-9
(9501, Cell Signaling), Procaspase-9 (9508, Cell Signaling), Parp 1/2 (sc7150, Santa Cruz,
Dallas, TX, USA), Bax (2772, Cell Signaling), Bcl-2 (sc7382, Santa Cruz), Hsp60 (4870,
Cell Signaling), NDUFA9 (459100, Life Technologies), NDUFS3 (459103, Life
Technologies), NDUFV1 (ab5535, Abcam, Cambridge, UK), SDHA(ab14715, Abcam),
SDHA (ab14715, Abcam), SDHB (ab14714, Abcam), Corel (459140, Life Technologies),
Cox5a (453120, Life Technologies), CoxIV (4844, Cell Signaling), Atpp (14730, Abcam; or

kind gift from J. Houstek, Institute of Physiology CAS, used for imaging), mt-ND1 (74257,
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Abcam), Cyt ¢ (sc13156, Santa Cruz), SOD1 (sc-11407, Santa Cruz), VDAC (4866, Cell
Signaling), B-tubulin-HRP (ab40742, Abcam).

DNA constructs and cell transfections. MCF7 cells with silenced expression of HER2
oncogene were prepared by stable transfection with sShRNA vectors (KH00209N, SA
Biosciences, Frederick, MD, USA). Full length human Her2 construct was produced by PCR
amplification of cDNA isolated from MDA-MB-453 cells using proofreading PFU DNA
polymerase (Fermentas, Waltham, MA, USA) and primers 5°'-ATA AAG CTA GCC TCG
AGC ACC ATG GAG CTG GCG G-3¢ (forward) and 5°-ATA AAT CTA GAG AAT TCT
CAC ACT GGC ACG TCC AGA C-3‘(reverse). The PCR product was gel-purified, digested
with Xhol/Xbal (Takara, Mountain View, CA, USA), re-purified and ligated between the
Xhol and Xbal sites of pEF/IRES/Puro plasmid. MCF7 and MDA-MB-231 cells
overexpressing Her2 were prepared by electroporation. Empty vectors were used as a control
(mock transfection). Stable clones were selected by puromycin and verified by WB. Transient
transfections with modified Her2-containing vectors were done using Lipofectamine 3000
(Thermo Scientific). To obtain the Her2-MTS construct, Cox8-derived mitochondrial
targeting sequence was PCR-amplified from the pTagGFP2-mito vector (Evrogen, Moscow,
Russia) using primers 5°-ATA AAG CTA GCC ACC ATG TCC GTC CTG ACG CCG
CTG-3’ (forward) and 5’-ATA AAC TCG AGC TTG GAT CCC CCA ACG AAT G-3°
(reverse), gel-purified, digested by Nhel/Xhol fast digestion enzymes (Thermo Scientific), re-
purified and ligated between the Nhel and Xhol sites in front of the full-length HER2 cDNA
in the pEF/IRES/Puro plasmid. The Her2-AMTS construct was prepared by deletion of the
internal mitochondria-targeting sequence reported by Ding et al (7) from the full length
HER2 cDNA in the pEF/IRES/Puro plasmid by inverse PCR using Q5 high fidelity DNA
polymerase in the presence of a GC enhancer (New England Biolabs, Ipswich, MA, USA).

The PCR product was agarose gel-purified and self-ligated by T4 ligase (Thermo Scientific).
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Primers for the inverse PCR reaction were phosphorylated by T4 oligonucleotide kinase
(Thermo Scientific) prior to use, and their sequences were 5°-CTG CAG GAA ACG GAG
CTG GTG GAG-3° and 5°-GCA TGC GCC CTC CTC ATC TGG-3°. All constructs were
verified by DNA sequencing. MCF7 cells with GFP-labelled mitochondria were prepared by
stable transfection with pTagGFP2-mito vector using Fugene transfection reagent (Promega,
Madison, WI, USA). Transfections with siRNAs, where indicated in the figure legends, were
performed using DharmaFect 1 reagent (Thermo Scientific). SIRNAs for mtHsp70
(SASI_Hs01_00216924) and universal non-silencing control siRNA were purchased from
Sigma Aldrich.

Cell death and viability assays. Cell death was quantified by using the annexin V-
FITC/propidium iodide (PI) method and assessed by flow cytometry (FACSCalibur or
FACSCanto, Becton Dickinson, Franklin Lakes, NJ, USA). Proliferation was estimated using
the crystal violet staining. Cell death in the mammosphere model was assessed by propidium
iodide (5 ng/ml, 5 min) staining and visualized by wide-field fluorescent microscopy (Nikon
Ti-E, 10x lense).

Detection of ROS levels and mitochondrial inner membrane potential. The levels of
ROS were evaluated using 2°,7’-dichlordihydrofluorescein diacetate (DCF) or MitoSOX
(Life Technologies, Carlsbad, CA, USA). Mitochondrial inner membrane potential was
detected using tetramethylrhodamine methyl ester (TMRM). Cells were incubated with both
probes under normal culture conditions for the times indicated followed by evaluation using
flow cytometry (50 nM TMRM, 5 uM DCF, 0.5 uM MitoSOX) or time-lapse confocal
microscopy (10 nM TMRM).

Glucose uptake, lactate production and ATP measurements. Glucose uptake was
measured after 24 h incubation in low glucose DMEM and 15 min pre-incubation with 50

uM 2-nitrobenzodeoxyglucose (2-NBDG; Life Technologies) by flow cytometry. For lactate
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production and ATP measurements, the cells were seeded in a 96 well format (10* per well)
and the assays were performed as described (51).

Assessment of respiration of cells and tissue. Routine respiration and respiration via ClI
and CIl was assessed using the high-resolution Oxygraph-2k respirometer (O2k; Oroboros
Instruments, Innsbruck, Austria) according to the standard procedure (16,31). For ClI- and
CllI-dependent respiration, digitonin-permeabilized cells suspended in mitochondrial
respiration medium MiRO5 were used in all experiments. The total oxygen concentration and
consumption were monitored in the presence of specific inhibitors and substrates of CI
(rotenone or glutamate/malate, respectively) or Cll (malonate or succinate, respectively) in
the presence of increasing concentrations of tamoxifen or MitoTam. Tissue respiration was
assessed in an analogous manner using freshly excised tumor or liver homogenized in a
dedicated tissue shredder. Respiration was monitored within 1 h after mice were sacrificed to
avoid deterioration of the tissue.

Enzymatic assays. Isolated mitochondria were used after freeze-thaw treatment and
hypotonic lysis. For NADH-cytochrome ¢ oxidoreductase (CI-CIII) activity, 20 pug of
mitochondria were incubated with 50 mM Tris (pH 8.0), 1 MM KCN and 2.5 mg/ml BSA and
1 mM NADH at 30°C. Reaction (1 ml volume) was started by the addition of 40 uM
cytochrome c, absorbance at 550 nm was followed for 90 s, and rotenone (5 pg/ml) was
added for another 90 s. Rotenone insensitive rate was subtracted. Succinate-cytochrome c
(C1I-CI11) oxidoreductase activity was measured similarly, only NADH was replaced by 10
mM succinate, and rotenone by 3 uM antimycin. Citrate synthase was measured as described
(48), but the reaction was scaled down into a 96 well plate format (200 ul volume).

Cellular and sub-cellular fractionation. Cells were washed twice with PBS, harvested
by scrapping and suspended in STE buffer (250 mM sucrose, 10 mM Tris, 1 mM EDTA)

containing protease inhibitors. Suspension was homogenized on ice using a glass-Teflon
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homogenizer, mitochondrial fraction was isolated by differential centrifugation as detailed
before (51). For preparation of mitoplasts, isolated mitochondria were re-centrifuged at
10,000 x g, the pellet re-suspended in the hypotonic buffer (10 mM MOPS-KOH, pH 7.2, 1
mM EDTA) and incubated on ice for 30 min with occasional pipetting. The efficiency of the
swelling reaction was confirmed by WB for selected IMM, IMS and matrix proteins with
parallel reaction of intact mitochondria incubated in the SEM buffer (10 mM MOPS-KOH,
pH 7.2, 250 mM sucrose, 1 mM EDTA).

Protease protection assay. To determine mitochondrial residence of Her2, crude
mitochondria were pelleted via centrifugation (10,000 x g, 10 min, 4°C), re-suspended to 0.5
mg/ml in the SEM buffer and treated with 50 pg/ml trypsin in the presence or absence of 1%
Triton X-100. The protease was inhibited by addition of 1 mg/ml soybean trypsin inhibitor at
indicated times and the sample was processed for WB analysis.

Electrophoresis and western blot analysis. SDS-PAGE, native blue gel electrophoresis
(NBGE) and western blot (WB) analysis were performed according to standard protocols as
detailed elsewhere (51).

TUNEL assay. Excised tumors were mounted into paraffin blocks and sectioned. Tissue
slices were de-paraffinized and rehydrated. Apoptosis was detected using Click-iT TUNEL
AlexaFluor 488 assay (Invitrogen, Carlsbad, CA, USA) according to manufacturer’s
instructions.

Animal studies. Balb-c nu/nu mice were implanted with a slow-release estradiol pellet
(60-day release of 12 ug per day; Innovative Research of America, Sarasota, FL, USA) and
injected sub-cutaneously (s.c.) with MCF7 mock or MCF7 Her2"9" cells at 2x10°
cells/animal. When tumors reached the volume of 30-50 mm? (quantified by ultrasound

imaging, USI), mice were treated with either tamoxifen (2 umol/mouse/dose), MitoTam (0.25

pmol/mouse/dose) or solvent control (4% ethanol in corn oil, 100 pl per dose) given
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intraperitoneally (i.p.) twice per week. FVB/N c-neu mice were s.c. injected with syngeneic
NeuT] cells (13) at 2x10° cells/animal and treated as above with tamoxifen (2.69
umol/mouse/dose) or MitoTam (0.54 umol/mouse/dose). Tumor volume was monitored by
the USI instrument Vevo770 (VisualSonics, Toronto, Canada). For spontaneous Her2Mo"
tumor treatment, FVB/N c-neu mice that developed tumors (450 mm? on average) were
treated with MitoTam (0.54 umol/mouse/dose) or solvent as above. For metastasis
measurements, Balb/c mice were s.c. injected with 1x10° 4T1 cells. After 1 week (when
tumors reached on average 100 mm?®), MitoTam (0.25 umol/mouse/dose) or solvent were
administered as above for two weeks. The mice were sacrificed, blood, lungs and liver were
collected, single cells suspension was prepared and the metastatic cells were selected with 6-
thioguanine for 10 days as described (34). The number of 6-thioguanine-resistant colonies
was counted and expressed on per-organ bases. Animal weight was regularly monitored.
Individual experimental groups contained at least 5 mice. All experiments were approved by
the Czech academy of Sciences or Griffith University Ethics Committee and performed
according to the Czech or the Australian and New Zealand Council guidelines for the Care
and Use of Animals in Research and Teaching.

Zone exclusion assay. 7x10* cells were seeded into glass-bottom microscopy plates
using 2 well silicone inserts (Ibidi, Martinsried, Germany). 3 days after seeding the inserts
were removed, and MitoTam (0.5 uM) or solvent control were added. The plates were
inspected by Nikon Ti-E wide field microscope using a 10x lens at the time of insert removal,
and after 24 and 48 hours.

Time-lapse confocal microscopy. Cells were seeded on glass bottom microscopy dishes
coated with poly-L-lysine. Images were recorded the third day after seeding using 63x oil
immersion lens of the SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany)

equipped with a heated CO- incubator as described in detail before (53). Time-lapse images
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were recorded every 5 min with the first image taken 5 min before adding the drug. The
maximal projection of 2 um z-stack is shown.

STED microscopy. Cells were grown on cover-slips coated with poly-L-lysine , fixed
with 4% paraformaldehyde the third day after seeding, permeabilized with 0.05 % Triton X-
100, 0.05 % Tween-20 in PBS, blocked with 5% FBS and incubated with primary antibodies
against ATPP and Her2 (OP-15, Calbiochem) and secondary antibodies conjugated with
Alexa Fluor 488 or Alexa Fluor 555 (Life Technologies). The cover-slips were mounted in a
glycerol medium containing N-propyl gallate, and single focal plane images were recorded
with 100x oil immersion lens of SP8 confocal microscope equipped with STED module with
660 nm depletion laser (Leica Microsystems) and white laser.

Double channel BiplaneFPALM/dSTORM. Cells were grown on glass cover-slips
coated with poly-L-lysine. Immunocytochemistry of Her2 and mtHSP70 proteins was
performed using respective primary antibodies and secondary antibodies conjugated with
Alexa Fluor 647 and Cy3b (Life Technologies). Samples were mounted in the ASSTORM
buffer (10% glucose, 50 mM cysteamine, 169 units of glucose oxidase, 1.4 units of catalase;
all in 10 mM NaCl, 50 mM Tris-HCI, pH 8.0). Images were obtained using the
BiplaneFPALM instrument (Vutara, Salt Lake City, UT, USA) equipped with 60x water
immersion objective.

Immunogold transmission electron microscopy (IG-TEM). Cells were grown on cover-
slips and fixed with 3% paraformaldehyde, 0.1% glutaraldehyde in Sorensen's buffer (SB; pH
7.2-7.4). After washing in the SB buffer, cells were dehydrated in ethanol series and
embedded in LR white resin by a standard procedure. Ultrathin sections (70-90 nm) mounted
on gilded copper grids, blocked with 10% NGS in PBS with 0.1% Tween 20, 1% BSA, pH
7.4, were incubated with primary antibody against Her2 diluted 1:50 (mouse monoclonal

IgG, OP-15) and then with secondary antibody diluted 1:30 (goat anti-mouse conjugated with
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12 nm colloidal gold particles, Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). Observations and acquisition were done using the FEI Morgagni 268 transmission
electron microscope operated at 80 kV (Fei Morgagni, Hillsboro, OR, USA). The images
were captured with Mega View Il CCD camera (Olympus, Tokyo, Japan). Multiple sections
of at least three independent immunogold labelling experiments were analyzed.

Molecular modelling. The pre-released crystal structure of yeast complex | from
Yarrowia lipolytica (PDB ID 4wz7) was kindly provided by the authors (60). The geometry
of MitoTam was optimized using the DFT-D method (4). MitoTam was then allowed to
sample docking poses in a box (90x90x90 grid points, 1.0 A spacing) covering the lower part
of the peripheral arm (Q module) and the transmembrane P module of the membrane arm.
The Python Molecular Viewer (PMV 1.5. genetic algorithm steps each were collected
employing AutoDock version 4.2 (27). The program 3V (56) was used to identify internal
cavities connecting the iron-sulfur clusters with the ubiquinone-binding site in the crystal
structure.

Synthesis of tamoxifen derivatives. The synthesis of MitoTam and the derivatives used
in this study (Fig. S1) will be described in a separate publication (J.S. et al., under
preparation).

Statistical analysis. Data were analyzed in GraphPad Prism 5.04 software (GraphPad
Software, La Jolla, CA, USA) using unpaired Student’s t-test analysis or two-way ANNOVA
for comparisons of more than two parameters. Data shown are mean values + S.E.M. of at
least three independent experiments (unless stated otherwise). A statistical difference of

p<0.05 was considered significant.
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LIST OF ABBREVIATIONS

AWnm,i — mitochondrial inner membrane potential

CI, Cll, CHI, CIV, CV — respiratory complex I, I, 111, 1V, V
ETC — electron transport chain

FCCP — carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
IMM — inner mitochondrial membrane

IMS — intermembrane space

MitoTam- mitochondrially-targeted tamoxifen

NAC - N-acetyl cysteine

NBGE — native blue gel electrophoresis

OMM - outer mitochondrial membrane

RC — respiratory complex

ROS - reactive oxygen species

SC — respiratory supercomplex

Tam-DPPO — Diphenylphosphine oxide tamoxifen

TMRM - tetramethylrhodamine methyl ester

TPP™ - triphenylphosphonium

UbQ — ubiquinone

WB — western blotting
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Table 1. ICso values for killing of breast cancer cell lines and non-malignant cells with
tamoxifen and MitoTam.
Cell line” ICso (tamoxifen)t 1Cso (MitoTam)

BT474 29.8 2.4
MCF7 15.2 1.25
MCF7 Her2"igh 21.6 0.65
MCF7 Her2'ow 14.1 1.45
MDA-MB-231 35.8 6.2
MDA-MB-436 12.6 34
MDA-MB-453 17.5 25
SK-BR-3 28.3 35
T47D 17.3 34
NeuTL 35.6 45
EAhy926° 40.3 10.9
A014578 n.d.} 55.9
H9c2 n.d.} 48 .4

“Cells were treated at ~60% confluence.

"The 1Cso values were derived from viability curves using the crystal violet staining and are
expressed in umol/I.

*n.d., not determined.

SEAhyY926 cells were evaluated for the effect of MitoTam after reaching complete
confluence.
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Table 2. Inhibition of respiration via complex I and complex II.

Complex ICso (tamoxifen)” 1Cso (MitoTam)
Cl 30 11.5
Cl 47.2 30.6

“ICso values were estimated from the inhibition of respiration of MCF7 cells grown to 60-
70% confluence in the Oxygraph using the CI (glutamate/malate) and CIlI substrates
(succinate) under increasing concentration of tamoxifen or MitoTam.
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FIGURE LEGENDS

Figure 1. MitoTam associates with mitochondria and efficiently kills breast cancer cells. (A)
Structures of tamoxifen and tamoxifen tagged with the TPP+ group (MitoTam). (B) MCF7
cells were pre-loaded with MitoTracker FarRed, exposed to FITC labelled MitoTam (5 uM)
and inspected by time-lapse confocal microscopy for the times shown. The last panel presents
the magnified and color-balanced view of the region highlighted at 40 minutes time point.

Size bar = 5 pum. (C) MCF7 cells were exposed to tamoxifen and MitoTam at the

concentrations (uM) and times shown, and cell death was evaluated using the annexin V-
FITC/PI method using flow cytometry. (D) MCF7 and MDA-MB-231 cells were exposed to
MitoTam for 24 h at the concentrations shown and cell death was evaluated by annexin V/PL.
(E) MCF7, MDA-MB-453 and SKBR3 cells were exposed to MitoTam for 20 h at the
concentrations shown and cell death was evaluated by annexin V/PI staining. (F) MCF7 cells
were exposed to MitoTam, Tam-DPPO and tamoxifen or (G) MitoTam and C11-TPP for 24 h
and cell death was evaluated by annexin V/PI staining. (H) Parental and tamoxifen-resistant
MCEF7 cells (MCF7 and TAM-R cells, respectively) were exposed to tamoxifen, (I) MitoTam
or (J) Tam-DPPO for 24 h at the concentrations shown and cell death was evaluated by
annexin V/PI staining. Images in (B) are representative of 3 independent experiments; data in
all other panels are mean values (n>3) = SEM. The symbol ‘*’ indicates statistically
significant difference (p<0.05). (To see this illustration in color the reader is referred to the

web version of this article at www.liebertonline.com/ars).

Figure 2. MitoTam is more efficient in killing Her2high cells than their Her210W counterparts.
(A) MCFT7 parental, Her2low (shRNA-transfected), mock (empty plasmid-transfected) and

Her2high cells (Her2 plasmid-transfected), and MDA-MB-231 parental, mock and Her2high
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cells were assessed for the Her2 protein in whole cell lysate using WB with actin as a loading

control. MCF7, MCF7 Her2loW and MCF7 Her2high cells were exposed to (B) tamoxifen or

(C) MitoTam at the concentrations shown for 16 h and cell viability assessed using the crystal
violet method. (D) MCF7, MCF7 Her210w and MCF7 Her2high cells and (E) MDA-MB-231,

MDA-MB-231 mock and MDA-MB-231 Her2"" cells were exposed to MitoTam at the
concentrations shown for 24 h and cell death was evaluated using annexin V/PI staining. (F)
MCF7, MCF7 Her2"*" and MCF7 Her2high cells were exposed to TAM-DPPO at the
concentrations shown for 24 h and cell was death evaluated using annexin V/PI staining. (G)
MCF7 mock and MCF7 Her2"™" cells were exposed to 2.5 uM MitoTam for the times shown
and the levels of procaspase-9, caspase-9, Parp 1/2 (both the intact and cleaved forms,
indicated by arrows), Bax , Bcl2 and Her2, with actin as loading control were estimated by
WB. (H) MCF7, MCF7 mock and MCF7 Her2"" cells were seeded in Petri dishes in soft
agar, cultured for 14 days after 16-h treatment with 20 uM tamoxifen or 2.5 uM MitoTam
and stained with crystal violet to visualize individual colonies. (I) MCF7 and (J) MCF7
Her2"eh cells were exposed to 2.5 uM MitoTam or solvent control in the presence of lapatinib
(0.5 uM) or mubritinib (0.5 uM) for 24 h and cell death was evaluated. Images in (A), (G)
and (H) are representative of three independent experiments. Data in all other panels are

mean values (n>3) + S.E.M. The symbol ‘*’ indicates statistically significant differences

(p<0.05).

Figure 3. MitoTam efficiently suppresses Her2high breast carcinomas. (A) FVB/N c-neu mice

s.c. injected with syngeneic NeuTL cells (2X106 cells per animal) were treated twice a week
with tamoxifen (2.69 pmol/mouse/dose) or MitoTam (0.54 pmol/mouse/dose) dissolved in 4

% EtOH in corn oil, 100 pl per dose, and tumor volume evaluated by USI. (B) Balb-c nu/nu
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mice were implanted with a slow-release estradiol pellet and injected s.c. with 2x10° MCF7
mock or MCF7 Her2high cells per animal. As soon as USI-detectable tumors appeared (~50
mm3), the mice were treated with 1.p. injection with 100 pl of tamoxifen (2
pmol/mouse/dose) or MitoTam (0.25 pmol/mouse/dose) dissolved in 4% EtOH in corn oil on
days 3 and 7 of every week, and tumor volume was visualized and evaluated using USI. (C)
Control and MitoTam-treated MCF7 mock and MCF7 Her2high cell derived tumors, excised at
the end of the experiment, were fixed, paraffin-embedded and stained using the TUNEL
technique. The arrows indicate TUNEL-positive cells. Size bar = 50 um. (D) Control and
treated tumors as shown in panel B were lysed and evaluated for the level of pro-caspase-9
and caspase-9, Bax, Bcl-2 and Her2 with actin as loading control using WB. (E) FVB/N c-
neu mice with spontaneous tumors were treated twice a week with MitoTam (0.54

pmol/mouse/dose) or solvent control, and tumor volume was evaluated. (F) Balb/c mice were

s.c. injected with syngeneic 4T1 cells (IXIO6 cells per animal) and treated with MitoTam
(0.25 umol/mouse/dose) or solvent control twice a week, and tumor volume was evaluated.
(G) Blood, lung and liver harvested from animals in (F) were homogenized and subjected to
selection in the presence of 6-thioguanine for 10 days and colonies were counted. Data in (A)
and (B) are mean values (n=6) + S.E.M, in (E) and (F) are mean values (n>5) = S.E.M. The
symbols “*’, “**> and ‘#’ indicates statistically significant differences (p<0.05). (To see this
illustration in color the reader is referred to the web version of this article at

www.liebertonline.com/ars).

Figure 4. MitoTam induces generation of ROS and dissipation of AY_ ;.. (A) MCF7, MCF7

Her2"*" and MCF7 Her2"" cells exposed to 5 puM MitoTam and 15 uM tamoxifen were

assessed for ROS using DCF or MitoSOX. (B) Cells were pre-treated with 10 uM NAC,
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exposed to 2.5 uM MitoTam for 24 h and evaluated for viability. (C) MCF7 Her2high cells
were stably transfected with mtGFP, pre-loaded with TMRM and exposed to 5 uM MitoTam,
followed by time-lapse confocal microscopy. Size bar = 5 um. (D) Cell lines exposed to 5

uM MitoTam and 15 uM tamoxifen were assessed for A, ; using TMRM. (E) MCF7 cells

exposed to 10 uM MitoTam or 30 uM tamoxifen in the absence or presence of 10 uM FCCP
were assessed for ROS using DCF (60-min treatment) or (F) cell death (4-h treatment). (G)
MCEF7 cells, control or exposed to 10 uM MitoTam or 30 uM tamoxifen for 60 min, were

evaluated for A¥ ; in the absence or presence of 10 uM FCCP. The symbol “*” indicates

statistically significant differences (p<0.05) between MCF7 Her2high and MCF7/MCF7

HerZIOw cells/tumors (A, D), cells treated in the absence and presence of NAC (B) or
MitoTam (G). The symbol ‘**’ indicates statistically significant difference in the absence and
presence of FCCP (G). (To see this illustration in color the reader is referred to the web

version of this article at www.liebertonline.com/ars).

Figure 5. Respiration is elevated in Her2"e" cells and tumors and is efficiently suppressed by

MitoTam. MCF7 cells respiration (106 cells/ml) was evaluated in the presence of CI
(glutamate/malate) and CII substrate (succinate) with titrated (A) MitoTam or (B) tamoxifen.
(C) NADH-cytochrome ¢ (CI-CIII) and (D) succinate-cytochrome c (CII-CIII)
oxidoreductase activity was measured in mitochondria isolated from MCF7 and MCF7

Her2"eh cells and corrected for citrate synthase. (E) Bl . and B10,, ;. cells were evaluated

Ra
for routine, leak and ETS respiration and respiration via CI and CII, and (F) for cell death
upon exposure to MitoTam for 12 h. (G) MCF7 and MCF7 Her2high cells were treated with
2.5 uM MitoTam for 1 h, harvested and evaluated for respiration via CI and CII. (H) MCF7

mock and MCF7 Her2high tumors were evaluated for ETC and leak respiration and (I) CI and
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CII respiration. (J) Liver from the same control and MitoTam-treated mice as in (I) were
evaluated for CI and CII respiration. (K) Glucose uptake in MCF7 and MCF7 Her2"¢" cells
was measured after 1 h incubation with MitoTam (2 uM and 5 uM) or solvent control. (L)
Lactate production and (M) ATP level and were measured in MCF7 and MCF7 Her2"€" cells
after incubation with MitoTam (5 uM) for the times indicated. The symbols ‘*’ and **’

indicate statistically significant differences (p<0.05).

Figure 6. Increased supercomplex assembly in Her2high cells and tumors is disrupted by

MitoTam. (A)Whole cell lysate from MCF7 mock and MCF7 Her2high cells was assessed for
the expression of subunits of CI, CII, CIII, CIV and CV as shown, using SDS-PAGE
followed by WB, with actin as loading control. (B) Mitochondrial fraction was probed for
respiratory complexes and SCs by WB following NBGE with the following antibodies: CI,

NDUFAQ9; CII, SDHA; CIII, Core [; CIV, Cox5a; CV, ATP; Hsp60 was used as loading

control. (C)MCF7 mock and MCF7 Her2high cells were exposed to 2.5 uM MitoTam for the
time periods indicated, and isolated mitochondrial fractions were evaluated for the CI
complex and SC by WB following NBGE. (D) Densitometric evaluation of NBGE blots
shown in (B). (E) Densitometric evaluation of NBGE blots shown in (C). (F) Control and
MitoTam-treated tumors derived from MCF7 mock and MCF7 Her2"™" cells were evaluated
for complexes and SCs as described above for panel B. (G) Control and MitoTam-treated
tumors derived from MCF7 mock and MCF7 Her2"®" cells were homogenized and evaluated
for subunits of mitochondrial complexes by WB following SDS-PAGE with actin as loading
control. (H) Densitometric evaluation of NBGE blots shown in (G).Images in (A, B, C, F
and G) are representative of 3 independent experiments. Data in (D, E and H) are mean

values = S.E.M from 3 independent experiments.
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Figure 7. Molecular modeling of MitoTam interaction with complex 1. Left: Molecular
structure of complex I with indicated N, Q, PD and PP modules. The broken red line indicates
movement of electrons from the catalytic center of CI to their acceptor, UbQ. Right: The
structure of CI is showed using its lateral views with the boxed area containing the cavity into
which MitoTam can bind. The boxed area is enlarged, indicating two most probable positions
of MitoTam inside the cavity, with the potential effect on electron flow. (To see this
illustration in color the reader is referred to the web version of this article at

www.liebertonline.com/ars).

Figure 8. Her?2 is localized at the inner mitochondrial membrane. (A) MCF7 Her2high cells
stained using anti-ATPf IgG followed by Alexa Fluor 488 stained secondary IgG and anti-
Her2 IgG followed by Alexa Fluor 555 secondary IgG were inspected by STED confocal
microscopy. White arrows show co-localization of anti-ATPf and anti-Her2 signals. Size bar
=5 um. (B) Breast cancer cell lines as shown were fractionated into the cytosolic + plasma
membrane fraction and the mitochondrial fraction, and assessed for the level of Her2 by WB
following SDS-PAGE. Mitochondrial marker COXIV, and cytosolic markers SOD1 and actin
were used as loading controls. (C) MCF7 and MCF7 Her2high cells were assessed for
localization of Her2 using IG-TEM. The light blue arrow-heads show position of gold
particles associated with Her2 in mitochondria, the green ones outside mitochondria, often
pointing to stress fibers. Size bar = 0.5 um. The two images on the right hand side are
enlarged boxed regions in the middle images. (D) MCF7 Her2"™" cells were subjected to
double-staining with anti-Her2 IgG followed by Alexa Fluor 647 stained secondary IgG and
anti-mtHsp70 IgG followed by Cy3b stained secondary IgG and inspected using the super-

resolution PALM microscopy. The left and bottom images are enlarged boxed images in the
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top right hand micrograph. Size bar = 10 um. (E) MCF7 Her2"™ cell lysate , their cytosolic +
plasma membrane fraction (C+PMF), mitochondria, mitoplasts and inter-membrane space +
outer membrane (IMS+OMM) fraction were assessed for Her2 using WB after SDS-PAGE

with actin, NDUFA9, VDAC, Cyt ¢ and SDHA as loading controls and preparation markers.

(F) Mitochondrial fraction of MCF7 Her2high cells was exposed to trypsin in the absence or
presence of Triton X-100 for the periods indicated, at which time the preparations were

assessed for Her2 by WB following SDS-PAGE. VDAC, ATPB, NDUFS3, COXIV and Cyt ¢

were used as markers of different mitochondrial compartments. (G) Cytosolic + plasma

membrane fraction and mitochondria of MCF7 mock or MCF7 Her2high tumors, excised from
either control or MitoTam-exposed mice, were evaluated for Her2 by WB following SDS-
PAGE with COXIV and actin as fraction markers and loading controls. All images represent
at least three independent experiments. (To see this illustration in color the reader is referred

to the web version of this article at www.liebertonline.com/ars).

Figure 9. Mitochondrial fraction of Her2 determines sensitivity to MitoTam. (A)
Mitochondrial fractions of MCF7 Her2"9" and BT474 cells were immunoprecipitated with
anti-Her2 IgG and the immunoprecipitate, input and flow-through inspected for Her2 and
mtHsp70 by WB after SDS-PAGE. (B) MCF7 Her2"9" cells transfected with mtHSP70
siRNA or NS siRNA were assessed for Her2 using gPCR. (C) MCF7, MCF7 Her2'°" and
MCF7 Her2"9" cells were transfected with siRNA against mtHSP70 or with NS siRNA, left
to recover for 24 h and then exposed to 2 pM MitoTam for 24 h and assessed for cell death.
(D) MCF7 Her2M9" cells were transfected with mtHSP70 siRNA or NS siRNA and the whole
cell lysates were assessed for Her2, NDUFA9 and mtHSP70 by WB, Actin was used as a
loading control. (E) MCF7 Her2"9" cells were transfected with mtHSP70 siRNA or NS

siRNA, and cytoplasmic and mitochondrial fractions were assessed for Her2 and NDUFA9
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by WB. VDAC and tubulin-a were used as a loading controls. (F) MCF7 Her2high cells were
transfected with mtHSP70 siRNA or NS siRNA, and the solubilized mitochondria were
assessed for NDUFA9, SDHA (probed after NDUFAS9 using the same membrane) and
UQCRC2 by WB after NBGE. VDAC was used as a loading control. (G) MCF7 cells
transiently transfected with empty vector, wild-type Her2, Her2-MTS or Her2-AMTS, were
exposed to 2 uM MitoTam for 24 h and assessed for cell death. Insert shows the protein level
of Her2 in mitochondrial fraction in MTS- and AMTS-transfected cells. SDHB was used as a
loading control. (H) Whole cell lysates of transiently transfected cells shows an even level of
Her2. Actin and VDAC were used as loading controls. The symbol “*’ indicates statistically
significant difference between cells transfected with NS and mtHSP70 siRNA (B), between
MCF7, MCF7 Her2"9" and MCF7 Her2'*" cells transfected with NS or mtHsp70 and MCF7
Her2"9" cells transfected with NS and mtHsp70 cells (C), and MCF7 cells transfected with
wt, MTS or AMTS plasmids (G). Images in panels A, D, E, F, G and H are representatives of

at least three independent experiments.
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Abstract: Altered metabolism and resistance to cell death
are typical hallmarks of cancer phenotype. Mitochondria are
organelles central to cellular metabolism as well as to cell
death induction. Hyperactivation of pro-survival and pro-
proliferative pathways such as PI3K/AKT leads to cancer initi-
ation, which affects mitochondria. Growing body of evidence
indicates that oncogenes such as HER2, EGFR and RAS, as
well as the downstream members of the PI3K/AKT signaling
pathway, directly regulate mitochondria by translocating to
the organelle. Here we discuss evidence of this scenario and
consider mechanisms for direct regulation of mitochondrial
function. Being in close proximity to mitochondrial bioen-
ergetics machinery as well as to the regulators/executors of
programed cell death, oncogenes in mitochondria may be
ideally placed to perform this task. This represents a thus far
under-explored area, which may be relevant to better under-
standing of cancer initiation, progression and treatment.

Keywords: cancer; EGFR; HER2; mitochondria; PI3K/AKT;
RAS.

Introduction: mitochondria,
oncogenic signaling and cancer

Cancer is a complex, multifactorial disease. This com-
plexity derives from diverse genetic and environmental
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cues often unique to a given cancer subtype, site of origin
and target organs of metastatic dissemination. Neverthe-
less, certain unifying features typical for cancer behav-
ior can be defined (Hanahan and Weinberg, 2011). These
‘hallmarks of cancer’ broadly cover the cancer-associated
phenotypes, irrespective of the underlying genetic cause,
and include phenomena such as deregulation of the cell
cycle, unlimited proliferation, resistance to cell death and
invasive behavior. Accumulating evidence indicates that
one of these hallmarks is cancer-associated adaptation
of cellular metabolism (Pavlova and Thompson, 2016).
This is not an entirely new idea (reviewed in Koppenol
et al., 2011), but the interpretation of this phenomenon
has recently been revised. Today, the altered metabolism
of cancer cells is considered a consequence of increased
capacity of these cells to proliferate and survive in nutri-
ent-poor conditions. With respect to the former, it is
assumed that increased glycolytic rates allow for efficient
activity of essential biosynthetic routes branching off the
main glycolytic pathway (Vander Heiden et al., 2009).
Concerning the latter, cancer cells maintain functional
oxidative phosphorylation within mitochondria to retain
metabolic flexibility, use opportunistic substrates such
as pyruvate and acetate to support their metabolic activ-
ity, and can utilize external sources of proteins to main-
tain biomass (Commisso et al., 2013; Cardaci et al., 2015;
Lussey-Lepoutre et al., 2015; Schug et al., 2015; Tan et al.,
2015).

The metabolic adaptations described above are intri-
cately connected with deregulated oncogenic signal-
ing typical for cancer cells. One of the major signaling
pathways relevant in cancer is the PI3K-AKT pathway
(Engelman, 2009), schematically depicted in Figure 1.
Activation of this pathway is linked to increased prolif-
eration and glycolysis as well as resistance to cell death.
The core of the pathway consists of two kinases, phos-
phatidylinositol tris-phosphate kinase (PI3K) and AKT,
also known as protein kinase B. Through a series of
phosphorylations, the pathway ultimately regulates the
mTORC1 and mTORC2 complexes, signaling hubs that
control cell growth and biomass utilization (Betz and
Hall, 2013). Conversely, the activity of the core PK3K-AKT
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Figure 1: Schematic representation of the PI3K/AKT pathway.
Signaling events are depicted by open arrows, the filled arrow
indicates the feedback activation of AKT by mTORC2. Members of
the pathway that have been observed to translocate to mitochondria
are indicated by yellow and the non-translocating members by white
letters. The yellow lines indicate mitochondrial translocation.

pathway is regulated by a number of upstream signaling
components often deregulated in cancer. These include
members of the receptor tyrosine kinases (RTK) such
as HER2 (ERBB2) and epithelial growth factor recep-
tor (EGFR, aka ERBB1), and GTPases of the RAS family,
which are frequently mutated in cancer (Hynes and Lane,
2005; Pylayeva-Gupta et al., 2011).

Cellular metabolism is to a large degree organized
around mitochondria (Wallace, 2012). In addition, these
unique organelles also perform other important functions
such as participating in cell death induction (Galluzzi
etal., 2012). The inside of a mitochondrion (the mitochon-
drial matrix) is separated from the rest of the cell by a
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double membrane (Scheffler, 2008). The inner mitochon-
drial membrane (IMM) is relatively impermeable, and the
activity of the electro transport chain (ETC) residing in
this membrane creates an electrostatic and pH gradient
(referred to as the mitochondrial inner transmembrane
potential) propelling the mitochondrial ATP synthase to
produce ATP. The outer mitochondrial membrane (OMM),
by contrast, is relatively permeable for small molecules.
The space enclosed between the inner and outer mem-
brane is referred to as the inter-membrane space. In prin-
ciple, this double barrier allows compartmentalization
of metabolic and signaling events inside the mitochon-
drion, separating to a large degree the action inside mito-
chondria from what is happening elsewhere in the cell.
Given the importance of metabolic adaptation to cancer
progression and the central role of mitochondria therein
(Frezza, 2014), it is conceivable that oncogenic compo-
nents of the PI3K-AKT signaling pathway influence the
mitochondrial behavior directly by translocating into the
organelle.

Over the past decade, the number of mitochon-
drial proteins increased as certain cytosolic and plasma
membrane proteins were also found in the organelle.
This brought a new level of complexity to the canoni-
cal view of protein signaling pathways by introducing
another determinant, the precise localization of pro-
teins into cellular sub-compartments. A number of well-
known oncogenes have been detected in mitochondria
(Table 1, Figure 1). They have been shown to regulate
multiple processes such as mitochondrial bioenerget-
ics or sensitivity/resistance to cell death induction. As
such, they could be relevant for the molecular mecha-
nisms of tumorigenesis and cancer progression, and
should be considered in the context of cancer manage-
ment. Below, we review the current knowledge about
the presence of HER2 and other oncogenes signaling
via the PI3K-AKT pathway in mitochondria including its
functional consequences.

Table 1: Overview of mitochondrial localization for RTKs and RAS proteins.

Family Member Mitochondrial sub-compartment References
RTK EGFR IMM Boerner et al., 2004; Demory et al., 2009; Bollu et al., 2014
HER2 IMM Ding et al., 2012; Rohlenova et al., submitted
HER3 No report
HER4 Not specified Vidal et al., 2005; Naresh et al., 2006
AKT IMM, OMM, Matrix Bijur and Jope, 2003; Yang et al., 2013; Iskandar et al., 2016
RAS KRAS OMM/IMM Wolfman et al., 2006; Bivona et al., 2006; Hu et al., 2012;
Iskandar et al., 2016
NRAS IMM, OMM Wolfman et al., 2006
HRAS Not specified Rimessietal., 2014
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HER2/ERBB2

HER2 (ERBB2) is a receptor tyrosine kinase from the epider-
mal growth factor family of receptors, along with EGFR/
ERBB1, HER3/ERBB2 and HER4/ERBB4 (Hynes and Lane,
2005). This trans-membrane protein acts as an up-stream
component for several pathways including SRC kinases,
STAT3 transcription factors, PI3K/AKT/mTOR and RAS/
RAF/MEK/ERK signaling. HER2-related pathways regulate
various cellular functions including cell growth and sur-
vival, proliferation and migration and resistance to apop-
tosis. Therefore, hyper-activation of these pathways often
leads to cancer initiation. HER2 overexpression is found
in ~20% of breast cancer patients and is associated with
poor prognosis (Slamon et al., 1987). Currently, therapeu-
tic strategies for HER2-overexpressing cancers involve
the use of specific kinase inhibitors (e.g. lapatinib) and
monoclonal antibodies (e.g. trastuzumab/herceptin, per-
tuzumab). These approaches, despite providing substan-
tial benefit to patients, suffer from frequent instances of
de novo or acquired resistance involving alternative sign-
aling routes (so called ‘bypass track’ type resistance), or
up-regulation of anti-apoptotic proteins or cell cycle regu-
lators (Niederst and Engelman, 2013; Arteaga and Engel-
man, 2014).

The presence of a fraction of the HER2 oncogene in
mitochondria has been reported, and was linked to the
regulation of mitochondrial bioenergetics and resistance
to treatment (Ding et al., 2012). Mitochondrial HER2 was
shown to localize to the IMM both by electron micros-
copy and by biochemical means. Positioned at IMM,
HER2 would reside in a close proximity to components
of oxidative phosphorylation, and the interaction of
mitochondrial HER2 with complex IV (CIV) of the elec-
tron transport chain (ETC) was proposed (Ding et al.,
2012). Mitochondrial HER2 in this study was connected to
increased resistance to trastuzumab treatment, and the
authors suggested that HER2 in mitochondria is shielded
from this antibody. The role for HER2 in the regulation of
CIV has also been suggested in another report, where in
unstimulated cells HER2 expression inversely correlated
with COX2 levels (Sun et al., 2002). This study consid-
ered only plasma membrane HER2, pointing to transcrip-
tional regulation; this may differ in its activity from that
of the mitochondrial fraction of HER2. Our own data also
strongly point to the presence of HER2 in mitochondria,
which was documented by several independent tech-
niques. These data imply mitochondrial HER2 in the
regulation of mitochondrial bioenergetics, particularly at
the level of respiratory supercomplexes (SCs). These mac-
romolecular structures are formed by the association of
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respiratory complexes I, III and IV (CI, CIII and CIV) of
the ETC, and they are believed to increase the efficacy of
electron flow and to minimize formation of ROS during
OXPHOS (Acin-Perez et al., 2008; Lapuente-Brun et al.,
2013; Maranzana et al., 2013; Tan et al., 2015). In contrast
to the above mentioned report, we found that HER2 cor-
relates with increased level of SC assembly and increased
protein levels of individual subunits of respiratory CI,
CIII and CIV. This has functional consequences, as HER-
2hieh cells and ex vivo tumors exert increased respiration
via CI compared to HER2"¥ cells and tumors (Rohlenova
et al., submitted). Importantly, there are practical impli-
cations for treatment of HER2"#" cancers, as we observed
increased sensitivity towards a CI inhibitor, mitochondri-
ally-targeted tamoxifen (MitoTam), in HER2Ms? cells and
tumors, stemming from the capacity of this compound to
selectively disrupt the SC and to induce ROS in HER2"sh
cells. Accordingly, mitochondrial HER2-related re-struc-
turing of the ETC and mitochondrial bioenergetics dic-
tates altered sensitivity/resistance to therapy. As we have
shown in case of MitoTam, this change is targetable by
drugs acting as OXPHOS inhibitors.

Epithelial growth factor receptor,
EGFR/ERBB1

Similar to HER2, EGFR was shown to localize to IMM
(Demory et al., 2009; Bollu et al., 2014). Mitochondrial
EGEFR interacts with the mitochondrial protein prohibi-
tin2 (PHB2). PHB2 then stabilizes the optic atrophy-1
protein (OPA1) and promotes mitochondrial fusion
(Bollu et al., 2014). EGFR in mitochondria was shown to
phosphorylate the COX2 subunit of CIV (Boerner et al.,
2004; Demory et al., 2009), which is the complex also
implicated in the interaction with HER2 (Ding et al.,
2012). After stimulation by EGF, mitochondrial EGFR
causes inhibition of CIV activity, leading to a decrease in
cellular ATP. The effect is transient as after attenuation of
EGF stimulation, ATP returned to normal levels. Signal-
ing pathways downstream of EGFR may also be involved.
For example, c-SRC has been shown to translocate to
mitochondria at the same time as EGFR, where it also
phosphorylates COX2. Interestingly, an opposite, stim-
ulatory effect on cellular ATP levels was shown when
non-mitochondrial EGFR was overexpressed (Demory
etal., 2009). Therefore, by spatial distribution in cellular
sub-compartments, a single protein may be involved in
various signaling pathways leading to completely differ-
ent outcomes.
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HER3/ERBB3 and HER4/ERBB4

Contrary to other EGFR family members, HER4 is not con-
sidered an oncogene; it was reported to be selectively lost
in aggressive cancers. Some reports show tumor suppres-
sor functions of HER4, and the loss of HER4 has been con-
nected with resistance to tamoxifen. Intracellular domain
of HER4 (4ICD), which acts as a pro-apoptotic BH3-only
protein, translocates to the nucleus, where it serves as a
potent estrogen receptor-o. (ER-o) co-activator. Tamox-
ifen, a selective estrogen receptor modulator, disrupts
4ICD/ERa binding, with ensuing translocation of 4ICD to
mitochondria (Vidal et al., 2005; Naresh et al., 2006; Gallo
et al., 2013), where it acts as an effector of tamoxifen-
induced cell death (Naresh et al., 2008).

Interestingly, to the best of our knowledge, mitochon-
drial localization of HER3 has not been documented. This
is rather intriguing, as HER3 serves as an important het-
erodimerization partner of HER2 and EGFR (Lee-Hoeflich
et al., 2008) and all members of EGFR family are structur-
ally similar.

RAS oncogenes

RAS proteins, frequently mutated in cancer, serve as trans-
ducers and amplifiers of growth signals relayed towards
the MAPK/ERK and PI3K/AKT pathways. The RAS family
consists of four highly homologous members, HRAS,
NRAS, KRAS4A and KRAS4B, the last two being splice
variants of the KRAS gene (Pylayeva-Gupta et al., 2011).
Their activity is regulated by cycling between the ‘on’ GTP-
bound and ‘off” GDP-bound state, and their cancer-associ-
ated mutations lock them in the active, GTP-bound state.
An interaction with PI3K is required for KRAS to initiate
and maintain tumors, suggesting that PI3K/AKT pathway
represents an essential route for RAS-mediated oncogen-
esis (Gupta et al., 2007; Castellano et al., 2013). Mutated
RAS proteins affect proliferation, cell death resistance and
metabolism, and there are number of reports describing
RAS family members in mitochondria. It was found that
a distinct fraction of RAS proteins translocates into mito-
chondria in an IL2-dependent T cell line, where it interacts
with the OMM-resident anti-apoptotic protein BCL2. Mito-
chondrial localization of RAS family members, except for
HRAS, depends on isoprenylation, a post-translational
modification essential for tethering at the plasma mem-
brane and activity of the proteins (Rebollo et al., 1999).
Mitochondrial localization of NRAS was later confirmed in
an independent report (Matallanas et al., 2003), and was
also described in association with BCL2 in a murine model
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of acute myelogenous leukemia, MRP8[BCL-2/NRASD12]
mice. The authors speculated that this protects these
particular leukemic cells from apoptosis (Omidvar et al.,
2007). Another study then pinpointed NRAS mitochondrial
localization into both IMM and OMM, while KRAS4B was
found only in the outer membrane (Wolfman et al., 2006).
Interestingly, targeted delivery of NRAS into mitochondria
could alleviate mitochondrial defects observed in NRAS
null mouse embryonic fibroblasts (Wolfman et al., 2006).

Little is known about the mechanism of NRAS and
HRAS targeting to mitochondria. In contrast, the mecha-
nism for the translocation of KRAS4B has been described.
This oncoprotein dissociates from the plasma membrane
and moves to mitochondria in response to phosphoryla-
tion of its C-terminal polybasic region by protein kinase C
(PKC). At the OMM, it binds to BCL-XL, another anti-apop-
totic protein. Association with BCL-XL triggers apoptosis;
translocation of KRAS to the OMM induced by the PKC
agonist bryostatin-1 limits the growth of KRAS-dependent
tumors in mice (Bivona et al., 2006). This translocation
mechanism is specific to KRAS, as other RAS homologues
lack the polybasic region amenable to PKC-mediated
phosphorylation. In addition, KRAS®?' translocation
into mitochondria in HEK293 cells was shown to reduce
the mitochondrial membrane potential and oxygen con-
sumption via CI, gradually leading to the establishment
of typical cancer phenotype of reduced mitochondrial
respiration and elevated glycolysis (Hu et al., 2012). Using
the inducible KRAS system, these authors proposed that
KRAS translocation into mitochondria is the initial event
that is responsible for bioenergetics alteration associated
with KRAS expression. Based on a protease protection
assay they placed KRAS into the IMM, and speculated
that it might directly interact with CI. The reduction of
mitochondrial membrane potential was eliminated by
the application of the PKC inhibitor H-7, implicating a
functional relevance of this kinase in the translocation of
KRAS into mitochondria. Finally, HRAS®®?¥ was reported to
localize into mitochondria and mitochondria-associated
membranes, affecting calcium homeostasis in a caveolin-
1-dependent manner (Rimessi et al., 2014).

In summary, basically all RAS homologues have been
detected in mitochondria, with best evidence available for
NRAS and KRAS4B. Precise mitochondrial location of RAS
homologues is a matter of debate. The effect of mitochon-
drial RAS on bioenergetics is complex; endogenous NRAS
was necessary to maintain mitochondrial morphology
and function, while the overerpression of KRAS®? com-
promised it. Similarly, mitochondrial NRAS in association
with BCL2 reduced susceptibility to cell death, while the
mitochondrial KRAS4B complexed with BCL-XL increased
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it. In addition, pharmacological hyper-activation of
mutant KRAS resulted in its mitochondrial translocation,
ROS generation and cell death (Iskandar et al., 2016).

The core PI3K/AKT/mTOR pathway

The signaling input from the proteins described above
comes together at the core PI3K/AKT signaling pathway.
While there is ample evidence for the role of this pathway
in the regulation of metabolism and cell death (Deprez
et al., 1997; Kennedy et al., 1997, 1999; Barthel et al., 1999;
Cerniglia et al., 2015), much less is known about the
possible mitochondrial localization of its members. For
example, we could not find any report describing mito-
chondrial localization of PI3K. While the downstream
target mTOR is not considered a mitochondrial protein,
it is known that its precise intracellular localization is
important for mTOR activation and function (Betz and
Hall, 2013). Contrary to mTORC1 localized in the cytosol,
on lysosomes and on peroxisomes, mTORC2 has been
reported in mitochondria and endoplasmic reticulum at
mitochondria-associated membranes. It was speculated
that here, mTORC2 may directly interact with its sub-
strate AKT (Betz et al., 2013), which was also found in
this compartment. Because the subcellular localization
of mTORC1/2 complexes has been extensively reviewed
before (Betz and Hall, 2013), we will focus on AKT, for
which ample evidence exists for its mitochondrial locali-
zation and its functional significance.

The role for the serin/threonin kinase AKT in the reg-
ulation of cellular metabolism has been well described.
AKT stimulates ATP production via glycolysis (Elstrom
et al., 2004) as well as via OXPHOS (Gottlob et al., 2001;
Nogueira et al., 2008; Goo et al., 2012), and serves as a reg-
ulator of both glycolytic and oxidative energy metabolism.
It has been established that AKT decreases the sensitiv-
ity to cell death by stimulating the association of hexoki-
nase II (HKII) with VDAC at the OMM (Gottlob et al., 2001;
Majewski et al., 2004a,b). With respect to mitochondrial
localization of AKT itself, it has been detected within
OMM, IMM and mitochondrial matrix, which indicates rel-
atively fast shuttling between sub-organellar structures.
AKT accumulates in mitochondria rapidly after activation
by mTORC2 phosphorylation at Ser473 (Sarbassov et al.,
2005) in a mitochondrial membrane potential-dependent
manner (Bijur and Jope, 2003), and participates in regu-
lation of cell death and mitochondrial bioenergetics. In
mitochondria, AKT is further phosphorylated at Thr308
by PDK1 (Alessi et al., 1997), with ensuing translocation to
the nucleus and support of proliferation (Antico Arciuch
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et al., 2009). Whether AKT proceeds to the nucleus or
remains in mitochondria depends on the concentration
of H,0,. At low H,0,, AKT translocates to the nucleus and
triggers a pro-proliferative program. At high H,0,, AKT
is retained in mitochondria and participates in apopto-
sis induction (Antico Arciuch et al., 2009). Similarly, it
has been reported that AKT and KRAS translocate into
mitochondria upon pharmacological hyper-activation of
mutant KRAS, stimulating ROS generation and cell death
(Iskandar et al., 2016). Incidentally, it has been reported
that AKT sensitizes to ROS-induced cell death by increas-
ing oxygen consumption and related production of ROS
(Nogueira et al., 2008), even though the mitochondrial
fraction of AKT has not been addressed in that study.
Mitochondrial AKT also negatively phosphorylates GSK-33
at Ser9. This protects from cell death, because the unin-
hibited GSK-33 would otherwise phosphorylate VDAC,
prevent HKII binding and increase sensitivity to cell death
(Bijur and Jope, 2003; Pastorino et al., 2005). HKII itself
contains a phosphorylation site at T473, which is ame-
nable to phosphorylation by mitochondrial AKT (Miy-
amoto et al., 2008; Roberts et al., 2013). This stabilizes
HKII association with VDAC and protects form cell death.
Furthermore, GSK-3f stimulates phosphorylation of the
anti-apoptotic protein MCL-1, leading to its degradation.
Therefore, by inhibition of GSK-3f, mitochondrial AKT
maintains MCL-1 stability and exerts an additional anti-
apoptotic effect (Maurer et al., 2006). Finally, it has been
shown that overexpression of mitochondria-targeted AKT
protects from cell death (Su et al., 2012).

With respect to bioenergetics, the B-subunit of ATP
synthase was identified as another AKT interaction
partner in mitochondria. Upon phosphorylation by AKT,
the activity of ATP synthase is increased (Yang et al.,
2013). However, in this case, AKT substrate consensus
motif in ATP synthase has not been found. Similarly, mito-
chondrial AKT may stimulate respiratory activity indi-
rectly through the above mentioned inhibition of GSK-3f3,
which phosphorylates and inactivates the pyruvate dehy-
drogenase complex. In this way, mitochondrial AKT may
stimulate the synthesis of acetyl-coenzyme A, a tricarbox-
ylic acid cycle substrate (Hoshi et al., 1996). In summary,
it appears that mitochondrial AKT may stimulate OXPHOS
and ATP production in addition to its complex pro- and
anti-apoptotic activity.

Mechanism of mitochondrial import

The mechanism of mitochondrial import is not well
defined for most of the above mentioned proteins.
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Clathrin-mediated endocytosis has been shown critical
for mitochondrial import of EGFR (Demory et al., 2009).
The authors also detected inner mitochondrial targeting
sequence between residues 622 and 666 of EGFR, which
corresponds to the combined trans-membrane domain
(residues 622-644) and juxta-membrane hydrophobic
region (residues 645-666) of the receptor. In addition,
EGFR co-immunoprecipitated with TOM40, an OMM
import protein (Demory et al., 2009). For HER2, a similar
scenario of mitochondria translocation has been sug-
gested. Ding et al. (2012) proposed an inner mitochon-
drial targeting sequence between residues 623 and 689
of HER2, which again corresponds to the trans-mem-
brane plus juxta-membrane domain regions. HER2 was
detected by immune-gold electron microscopy staining
on cytoskeletal structures, suggesting the involvement of
endocytosis (Rohlenova et al, submitted). Mitochondrial
HSP70 chaperon is required for HER2 import (Ding et al.,
2012) implicating the TIM23 IMM translocase complex,
which needs mitochondrial HSP70 for proper function
(Schneider et al., 1994). AKT was shown to translocate to
mitochondria upon phosphorylation by mTORC2 (Bijur
and Jope, 2003), and KRAS translocates to mitochon-
dria upon phosphorylation by PKC (Bivona et al., 2006).
Plasma membrane may therefore be a possible source
of the mitochondrial fraction of these proteins. Other
routes, such as de novo protein import cannot be ruled
out at present, but the fast kinetics of mitochondrial
enrichment (found for EGFR) make this scenario less
likely (Demory et al., 2009). The mechanistic details of
translocation into mitochondria from the plasma mem-
brane are poorly understood. Even though it appears that
the canonical TOM/TIM mitochondrial import machin-
ery could be involved, it is unclear whether phosphoryl-
ated proteins can be handled in this way. In addition,
most studies into the mechanism of TOM/TIM-mediated
mitochondrial import have been done in yeast (Dudek
et al., 2013), where RTKs discussed in this review are not
present. Additional studies are therefore needed to clarify
this issue.

The mitochondrial import of proteins is likely a reg-
ulated process. EGFR, AKT and KRAS translocation into
mitochondria is induced by specific stimuli, and can
occur in a coordinated manner. For example, mutant
oncogenic KRAS along with AKT have been reported to
enter mitochondria upon KRAS hyper-activation by a
compound selective for the mutated form of RAS, leading
to ROS production and ROS-induced cell death (Iskandar
et al., 2016). Even though the mechanism of translocation
has not been defined in this case, it suggests that it can be
actively induced by pharmacological intervention.
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The question arises whether the distinct lipid envi-
ronment of mitochondria can accommodate the plasma
membrane proteins that often reside in lipid rafts. The
IMM contains a substantial percentage of the lipid car-
diolipin and lacks cholesterol, enriched in the lipid rafts
of the plasma membrane. However, proteins that tend to
be recruited into rafts on the plasma membrane, such as
caspase eight during apoptosis induction, can translocate
to mitochondria and bind to raft-like structures formed
by cardiolipin in the OMM (Gonzalvez et al., 2008; Sorice
et al., 2009). Cardiolipin contains four acyl chains, most
of them highly unsaturated, and could therefore represent
an interaction partner capable of substituting cholesterol
within both IMM and OMM for proteins naturally local-
izing into lipid rafts. Similar phenomenon was reported
in Escherichia coli membranes, where cardiolipin concen-
trates in regions of high curvature and selectively recruits
specific proteins (Renner and Weibel, 2011). Therefore, in
our opinion the absence of cholesterol is not necessarily
incompatible with the translocation of plasma membrane
proteins into mitochondria.

Conclusions and perspectives

The oncogenes of the PI3K/AKT pathway in mitochondria
play a complex role. Both metabolic parameters and sen-
sitivity to cell death are affected by their presence, but the
reported findings are sometime difficult to interpret. This
may be related to different tissues, cell lines and samples
investigated. The studies may also be confusing by not
differentiating between the mitochondrial fraction of
the studied protein and signaling events initiated by that
protein at other cellular compartments. Furthermore, the
presence in mitochondria should be verified by several
independent techniques, which is sometimes not the
case. For these reasons, to define the specific role of the
mitochondrial fraction of a given protein may be challeng-
ing, and its effect may easily be over- or underestimated.
Naturally, one may wonder whether complete sign-
aling cascades of these receptor/adaptor proteins may
be initiated and transmitted within mitochondria. We
think that this is an unlikely scenario, because we believe
that essential signaling partners for both RTKs and RAS
are absent in these organelles. RTKs in mitochondria
lack HER3 to initiate signaling events (Lee-Hoeflich
et al., 2008), and little is known about the multiple RAS
adaptor proteins and other partners in mitochondria.
In addition, there are no reports on mitochondrial loca-
tion of PI3K. Hence, it appears more likely that RTKs and
RAS proteins translocate to mitochondria in their active,
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phosphorylated form, even though, as discussed ahove,
the mechanism of this transport is unknown at present.
The exception to the rule may be the mTORC2-AKT interac-
tion at the mitochondria-endoplasmic reticulum contact
sites, where several members of this signaling route have
been located together (Betz et al., 2013).

It is not surprising that the proteins discussed here
are not present in the catalogues of canonical mitochon-
drial proteins such as the mitocarta (Calvo et al., 2016).
These classifications are derived from normal healthy
tissue, where expression of oncogenes is negligible.
Mitochondrial composition of cancer cells and tissue
is not well classified/understood, and functional sig-
nificance of these oncogenes in mitochondria cannot be
easily obtained from available genomics data. It is possi-
ble, therefore, that oncogenes in mitochondria could be
enriched in populations of cancer cells that are resistant to
treatment, where they may promote metabolic plasticity
by modulating OXPHOS and responses to the pro-apoptotic
stimuli. For example, it was suggested for HER2 that it can
be shielded in mitochondria from the effect of targeted
drugs (Ding et al., 2012). The same mitochondrial locali-
zation might make the cell susceptible to mitochondrial
targeted agents such as MitoTam (Rohlenova et al, submit-
ted) or MitoVES (Dong et al., 2011b; Yan et al., 2015) that
increase mitochondrial ROS (Dong et al., 2011a; Rohlena
et al., 2011; Kluckova et al., 2015). As such, oncogenes in
mitochondria may alter responses to specific modes of
anti-cancer therapy, which is also interesting from a trans-
lational point of view.
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Abstract

efficacy against TICs.

Mitochondria, Breast cancer

Background: Accumulating evidence suggests that breast cancer involves tumour-initiating cells (TICs), which play
a role in initiation, metastasis, therapeutic resistance and relapse of the disease. Emerging drugs that target TICs
are becoming a focus of contemporary research. Mitocans, a group of compounds that induce apoptosis of cancer
cells by destabilising their mitochondria, are showing their potential in killing TICs. In this project, we investigated
mitochondrially targeted vitamin E succinate (MitoVES), a recently developed mitocan, for its in vitro and in vivo

Methods: The mammosphere model of breast TICs was established by culturing murine NeuTL and human
MCF?7 cells as spheres. This model was verified by stem cell marker expression, tumour initiation capacity and
chemotherapeutic resistance. Cell susceptibility to MitoVES was assessed and the cell death pathway investigated.
In vivo efficacy was studied by grafting NeuTL TICs to form syngeneic tumours.

Results: Mammospheres derived from NeuTL and MCF7 breast cancer cells were enriched in the level of stemness,
and the sphere cells featured altered mitochondrial function. Sphere cultures were resistant to several established
anti-cancer agents while they were susceptible to MitoVES. Killing of mammospheres was suppressed when the
mitochondrial complex II, the molecular target of MitoVES, was knocked down. Importantly, MitoVES inhibited
progression of syngeneic HER2"" tumours derived from breast TICs by inducing apoptosis in tumour cells.

Conclusions: These results demonstrate that using mammospheres, a plausible model for studying TICs, drugs that
target mitochondria efficiently kill breast tumour-initiating cells.

Keywords: Tumour-initiating cells, Mitochondrially targeted vitamin E succinate, Complex Il, Mitochondrial potential,

Background

Breast cancer, a neoplastic disease with high level of in-
cidence and mortality, is the prevalent cancer in females
[1, 2]. One reason for high rate of breast cancer, its meta-
static potential and, in many cases, resistance to therapy,
is the presence of tumour-initiating cells (TICs) [3, 4] that
represent a small tumour subpopulation with the ability to
self-renew and drive tumour growth [5, 6]. Recent re-
search provides strong evidence for the contribution of
TICs to tumour (re-) initiation and progression [7-12].

* Correspondence: |.dong@griffith.edu.au; j.neuzil@griffith.edu.au
School of Medical Science, Griffith University, Southport, Qld, 4222, Australia
Full list of author information is available at the end of the article

( BioMed Central

Therefore, specific therapies targeted at TICs may sup-
press tumour (re-) growth, perhaps even eliminating the
pathology [13, 14]. Development of anti-TIC approaches
is an emerging focus of research, and a group of com-
pounds with anti-cancer properties acting by destabilising
mitochondria, ‘mitocans, appear to be efficient against
TICs [15].

Mitocans define small compounds that induce apop-
tosis of malignant cells via targeting mitochondria. They
are classified into several categories according to their
molecular target [16]. Mitocans from the vitamin E (VE)
group, epitomised by a-tocopheryl succinate (a-TOS),
affect the mitochondrial complex II (CII) by interfering

© 2015 Yan et al, licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
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with the function of ubiquinone (UbQ), resulting in leak-
age of electrons and generation of reactive oxygen species
(ROS), which trigger selective apoptosis in cancer cells
[17, 18]. To promote its selective mitochondrial uptake
driven by mitochondrial potential (AV,,;), we tagged a-
TOS with the delocalised cation triphenylphosphonium
(TPP") to prepare mitochondrially targeted vitamin E suc-
cinate (MitoVES). This agent preferentially associates with
mitochondria of cancer cells and kills malignant cells
more efficiently than the parental compound [19, 20].

Selectivity of agents like MitoVES for malignant cells
is based on the relatively high AWY,; of cancer cells [21].
Recent reports document that TICs have higher AV ,;
than differentiated cancer cells [22]. Therefore we de-
cided to establish a model of breast cancer TICs and test
the anti-cancer efficacy of MitoVES.

Methods

Cell culture and sphere preparation

Breast cancer NeuTL cells derived from tumours of
transgenic FVB/N c¢-neu mice [23] and human MCF7
cells obtained from the ATCC were cultured in DMEM
with 10 % FBS and antibiotics. Spheres were prepared by
seeding cells at the density of 10°/ml of ‘sphere medium’
composed of DMEM-F12 plus cell proliferation supple-
ment (Neurocult), 10 ng/ml mouse or human recombin-
ant EGF, 5 ng/ml recombinant FGF (R&D Systems), and
2 mM L-glutamine.

Quantitative RT-PCR (qPCR)

Total RNA from cells or tissues was extracted using the
RNeasy kit (Qiagen). The Revertaid First-Strand Synthe-
sis System plus random hexamer primers (Thermo Fi-
scher Scientific) were used to transcribe total RNA into
c¢DNA. Using specific primers, genes of interest were
evaluated with 2xSYBR Green (Qiagen) by means of the
Eco qPCR System (Illumina). Target genes were normal-
ised to GAPDH, and change in gene expression deter-
mined using the AACt method (see Additional file 1 for
primer sequences).

Cell cycle analysis

Adherent or sphere cells were fixed in 70 % ethanol
overnight at -20 °C, pelleted and re-suspended in the
staining solution (50 pg/ml propidium iodide, 100 pg/ml
RNase A, 0.1 % Triton X-100). After 40 min incubation
at 37 °C, samples were accessed with the Fortessa flow
cytometer (BectonDickonson) and data analysed using
the FlowJo software (TreeStar).

Evaluation of mitochondrial membrane potential (A¥,, ),
reactive oxygen species (ROS), cell death and viability
Standard flow cytometric methods were applied utilising
the following fluorescent probes. AW¥,; was estimated
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with tetramethylrhodamine methyl ester (TMRM), and
ROS were evaluated using dichlorofluorescein diacetate
(DCF) or MitoSOX. Apoptosis was evaluated using annexin
V-FITC/propidium iodide. Viability was assessed using the
MTT assay.

Succinate dehydrogenase (SDH) and succinate quinone
reductase (SQR) activity assays

For SDH activity, cells were seeded in 96 well plates at
10,000 cells per well and allowed to recuperate over-
night. They were then incubated with 20 mM succinate
for 1 h before 10 ul MTT reagent (5 mg/ml) was added
to each well, followed by 4-h incubation at 37 °C and 5 %
CO,. Media was then removed and formazan dissolved in
DMSO, and absorbance was measured at 570 nm [19, 20].
For SQR activity, 40 pg of protein lysate extracted before
the assay (Cell Lysis Buffer, Cell Signaling) were added to
1 ml of the SQR assay buffer (10 mM KH,PO,, pH 7.8,
2 mM EDTA, 1 mg/ml BSA, 80 uM DCPIP, 4 puM rote-
none, 0.2 mM ATP and 10 mM succinate) and incubated
at 30 °C for 10 min. Decylubiquinone was added to a final
concentration of 80 puM, and absorbance assessed each
minute for 30 min at 600 nm [19, 20].

High-resolution respirometry

Oxygen consumption was assessed using the Oxygraph-
2 k high-resolution respirometer (Oroboros). Intact cell
respiration was evaluated with cells suspended in the
RPMI medium without serum. Oxygen consumption
was evaluated for cellular routine respiration, oligomycin-
inhibited leak respiration, FCCP-stimulated uncoupled
respiration (ETS) and rotenone/antimycin-inhibited re-
sidual respiration (ROX). Respiration via mitochondrial
complexes was evaluated using saponin-permeabilised
cells or shredded tumour tissue, suspended in the mitochon-
drial respiration medium MiR06. Oxygen consumption was
evaluated for routine respiration, Cl-linked respiration, (CI +
ClII)-linked respiration, maximum uncoupled respiration,
ClI-linked uncoupled respiration as well as residual oxy-
gen consumption [24].

Western blotting (WB)

Cells and homogenised tumour tissue were lysed, and
total protein (30 pg) resolved by SDS-PAGE and trans-
ferred to PVDF membranes, which were probed with
following antibodies: EpCAM, erbB2 (both from Sigma-
Aldrich), caspase-9, caspase-8, cleaved caspase-3, VDAC,
COX IV, SDHA (all from Cell Signaling), CD44, HSP60,
actin (all from Abcam), CD133, PARP-1/2 (both from
Santa Cruz), and SDHC (Novus Biologicals). ECL western
blotting substrate (Thermo Scientific) and ChemiDoc™
XRS+ System (BioRad) were used to visualise and evaluate
the blots.
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Native blue Gel eletrophoresis

Mitochondria were isolated following a standard proto-
col, and protein concentration assessed using the BCA
assay. NativePAGE Novex Bis-Tris (4-16 % gradient)
gels (Life Technologies) were used for electrophoresis of
digitonin-solublised mitochondria. After electrophor-
esis, gels were incubated in the SDS-PAGE 1 x running
buffer for 5 min, and the protein transferred to a PVDF
membrane probed with specific antibodies against mito-
chondrial complex I (CI) (NUDFA9), CII (SDHA and
SDHB), complex III (Corel), complex IV (COX Va) and
complex V (ATPasep) (all antibodies from Cell Signal-
ing). HSP60 was used as loading control.

Preparation of SDHC knock-down cells

MCEF?7 cells were transfected with non-silencing (N.S.) or
SDHC shRNA (both SABiosciences) using the FuGENE
HD reagent as per standard protocol. Selected clones were
tested for SDHC mRNA and protein, and the clone with
lowest level of SDHC used in experiments.

Tumour formation and MitoVES treatment

Tumours were established in female FVB/N c-neu mice
(~2 months old) by subcutaneous grafting of NeuTL ad-
herent or sphere cells at 3x10° per animal. Mice were regu-
larly checked by the Vevo770 ultrasound imaging (USI)
apparatus equipped with a 30-pum resolution scan-head
(VisualSonics). As soon as tumours reached ~50 mm?, ani-
mals were treated by intraperitoneal (ip.) injection of
MitoVES (25 nmol per gram of body weight) in corn oil
containing 4 % ethanol every 3-4 d. Control mice were
injected with the same volume (100 pl) of the excipient.
Tumour progression was assessed by USI, which enables
3D reconstruction of tumours and precise quantifica-
tion of their volume. Tumours were harvested, fixed in
and paraffin-embedded. The blocks were cut into 1 pm
sections stained with H&E or incubated with primary
antibody and biotinylated secondary antibody. The ABC
kit (Vector Laboratories) was used to amplify the signal.
Mayer’s haematoxylin was used for counterstaining the
nuclei. All animal experiments were performed accord-
ing to the guidelines of the Australian and New Zealand
Council for the Care and Use of Animals in Research and
Teaching and were approved by the Griffith University
Animal Ethics Committee.

Statistical analysis

All data are mean values of at least three independent ex-
periments + S.D. The unpaired Student’s t test or one-way
ANOVA were used to assess statistical significance. Differ-
ences with p <0.05 were regarded as significant. Images
are representative of three independent experiments.
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Results

NeuTL and MCF7 spheres are enriched in TICs

To establish an in vitro model to study breast TICs, we
grew NeuTL and MCEF7 cells under condition that pro-
motes sphere generation (Fig. 1 A, B). Both cell lines
formed mammospheres within 3-5 days, reaching ~50 pm
in diameter. To verify spheres as a model of breast
TICs, mRNA level of a series of ‘stemness’ markers
was assessed. As can be seen in Fig. 1 C, NeuTIL
spheres had higher expression of CD44, ALDH, EpCAM,
CD61, CD133, CD49 and CD29f, and lower expression of
CD24, compared to their adherent counterparts. MCF7
spheres featured higher level of CD44, CD133, OCT4,
ABCG2, ESA and c-Kit, and lower level of CD24
(Fig. 1 D).

To assess their tumour-propagating efficacy, sphere
and adherent cells were grafted into FVB/N c-neu mice.
As shown in Fig. 1 E, NeuTL spheres initiated USI-
detectable tumours within ~1 week, while there was a 2-
week delay for adherent cells. Adherent cell-derived tu-
mours progressed at about half the rate of the sphere-
derived ones, with an increase by 100 mm® in 1.4 and
2.7 days, respectively. Morphologically, the two types of
tumours were similar, as documented by H&E staining
(Fig. 1 F). As assessed by WB and IHC (Fig. 1 G), the re-
ceptor tyrosine kinase erbB2 was highly and similarly
expressed in both tumour types.

Breast TICs are resistant to chemotherapeutic drugs but
sensitive to MitoVES

Figure 2 A documents that NeuTL spheres are more re-
sistant to doxorubicin and paclitaxel compared to their
adherent counterparts, consistent with their TIC nature.
a-TOS killed adherent and sphere NeuTL and MCF7
cells with similar efficacy, while MitoVES was more
efficient in killing sphere cells (Fig. 2 A, B). The ICs,
values were higher for killing sphere cells by doxorubi-
cin and paclitaxel, while they were significantly lower
for MitoVES (Table 1). As the MTT assay used for cell
viability partially relies on the oxidative capacity of
mitochondria, the above results of a-TOS and MitoVES
may be affected to some extent. Therefore further cell
death assessment was carried on by flow cytometry
using PI and Annexin IV staining. We can see that
MitoVES also induced more cell death by apoptosis in
sphere vs. adherent cells, while a-TOS was inefficient
(Fig. 2 C-E). At 2 uM, MitoVES was more efficient in in-
ducing apoptosis in MCF7 sphere cells that 10 pM
parthenolide. While MitoVES at 2 uM was not very effi-
cient in causing apoptosis in adherent NeuTL cells, it
arrested their cell cycle (Fig. 2 F). The apoptotic nature
of cell death induced in sphere cells by MitoVES is doc-
umented in Fig. 2 G. Apart from apoptotic proteins acti-
vated by MitoVES treatment, there were also certain
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Fig. 1 NeuTL and MCF7 spheres are a plausible model of TICs. Neu TL cells were cultured in serum-containing and sphere medium (A) and
assessed for selected stemness genes by qPCR (C). MCF7 cells were cultured in adherent and ‘sphere’ medium (B) and assessed for selected
stemness genes by gPCR (D). (E) NeuTL adherent and sphere cells were grafted s.c. in FVB/N c-neu mice (10° cells per animal) and tumour
volume assessed using USI. The images on the right are representative USI scans of tumours taken on the given days (indicated by arrows in
the graph on the left). (F) Sections of tumours were stained by H&E for morphology, also showing regions of low and more differentiated
cancer cells. (G) Tumour sections were evaluated for the level of erbB2 using WB and IHC. In all cases, the level of stemness genes in sphere cells
was related to that in their adherent counterparts, set as 1. Data are mean values = S.D. (n = 3). The symbol *" indicates statistically significant
differences in the level of MRNA in adherent and sphere cells with p < 0.05. Images in panels A, B, E, F and G are representative of three
independent experiments

amounts of cleaved Caspase-8 and cleaved Caspase-9 Increased killing of breast TICs by MitoVES involves
documented in the control group, which may be due to  mitochondria

a small population of cells undergoing apoptosis among  MitoVES was more efficient in ROS generation in
the whole cell culture. sphere than adherent cells, in particular when assessed
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(See figure on previous page.)

representative of three independent experiments

Fig. 2 Breast TICs are resistant to chemotherapeutic drugs but sensitive to MitoVES. Adherent and sphere NeuTL (A) and MCF7 cells (B) were
exposed to different concentrations of the agents for 24 h and viability assessed by the MTT assay. (C) NeuTL adherent and sphere cells were
exposed to 50 uM a-TOS or 2 uM MitoVES for 24 h and inspected by light microscopy. Adherent or sphere NeuTL (D) or MCF7 cells (E) were exposed
to a-TOS (50 uM), MitoVES (2 uM) or parthenolide (PTL; 10 uM) for 12 h and apoptosis evaluated using the annexin /Pl method. (F) Adherent NeuTL
cells were exposed to 2 uM MitoVES for 24 h and evaluated for cell cycle distribution. (G) NeuTL sphere and adherent cells were exposed to 5 uM
MitoVES for 12 h and full length and cleaved PARP, caspase-9 (C9), caspase-3 (C3) and caspase-8 assessed using WB with actin as loading
control. The level of full length and cleaved proteins was evaluated by densitometry and related to actin. Data are mean values + S.D. (n = 3).
The symbol *"in panels A, B, D-F indicates statistically significant differences for adherent and sphere cells with p < 0.05. The symbol *" in
panel G indicates statistically significant differences in the expression of the full length and cleaved protein with p < 0.05. Images in panel C are

with DCF (Fig. 3 A, B). MitoVES also more efficiently
suppressed respiration in sphere compared to adherent
cells (Fig. 3 C). That the two types of cells do not differ
in mitochondrial mass was confirmed by WB (Fig. 3 D).
Both NeuTL and MCEF7 spheres showed considerably
higher AY,,; potential than their adherent conterparts
(Fig. 3 E-G). Important role of AW, ; in apoptosis induc-
tion by MitoVES follows from an experiment, in which
the mitochondrial uncoupler FCCP inhibited MitoVES-
induced killing in NeuTL and MCEF7 spheres (Fig. 3 H, I).
The higher AW¥,,; in sphere cells may enrich more
MitoVES into their mitochondrial, which contribute to
the high susceptibility of spheres upon MitoVES treat-
ment in comparison with their adherent counterparts.
Moreover, it is also found that NeuTL sphere cells have
higher expression of mitochondrial complexes (unpub-
lished data), some of which function as the molecular tar-
gets of MitoVES.

MitoVES affects mitochondrial complexes of breast TICs
We tested the contribution of CI and CII to respiration
of breast cancer cells and whether this is affected by
MitoVES. As shown in Fig. 4 A & B, oxygen consumption
was inhibited more at the level of CII, the target of the
agent. This was observed for both coupled and uncoupled
state of respiration. Native blue gel electrophoresis using a
mild detergent followed by WB was employed to assess
the change of mitochondrial respiratory complexes and
supercomplexes upon MitoVES treatment. Some de-
crease in the level of supercomplexes in cells treated
with MitoVES was observed after 2 and 4 h of exposure
to the drug (Fig. 4 C).

MitoVES efficiently suppresses tumour growth

Adherent and sphere NeuTL cells were subcutaneously
injected in FVB/N c-neu mice to form syngeneic tu-
mours, after which MitoVES was administrated. As re-
vealed by USI, MitoVES efficiently suppressed growth of
tumours derived from both types of cells, such that after
7-8 injections, the tumour volume was lower by ~80 %
in the treated vs. control mice (Fig. 5 A, B). MitoVES sup-
pressed tumour growth by way of inducing apoptosis, as
documented by IHC using an antibody to cleaved caspase-
3 (Fig. 5 C, D). Assessment of respiration revealed that
MitoVES suppressed both CI- and ClI-dependent respir-
ation of tumours (Fig. 5 E, F).

MitoVES kills breast TICs in a complex II-dependent
manner

Whether MitoVES induces apoptosis in breast TICs via
CII has not been tested. We therefore knocked down the
SDHC subunit of CII in MCF7 cells and found that
SDHC'Y MCF7 cells form spheres with low level of
SDHC, while SDHA is unaffected (Fig. 6 B). SDH activity
of CII, residing in SDHA, was only marginally affected,
while SQR activity of CII that requires intact SDHC was
suppressed (Fig. 6C). SDHC'® MCF7 spheres feature high
level of stemness, as documented by several TIC markers
(Fig. 6D). Treatment of MCF7 sphere cells with MitoVES
homologues differing in the length of the aliphatic chain
linking the tocopheryl succinyl group TPP* group re-
vealed that the short-chain homologues are inefficient in
ROS generation and apoptosis induction (Fig. 6 E, F),
pointing to CII as a target. SDHC'® MCEF7 spheres
showed higher viability in the presence of MitoVES than

Table 1 IC;; values (uM) for adherent and sphere cells exposed to various anti-cancer agents

Cell line Doxorubicin Paclitaxel a-TOS MitoVES
ADH SPH ADH SPH ADH SPH ADH SPH
NeuTL 045 +0.07% 144+0.17 0.26 +0.06 >10 53+45 58+6.3 19+031 1.1+£0.25
MCF7 ndP nd. nd. nd. 248+22 286+19 452+0.29 1.2+025
MCF7 SDHC" nd. nd. nd. nd. nd. nd. nd. 82+13

?ICsp values were calculated form the killing curves of the various adherent and sphere cell cultures exposed to the agents for 24 h. The killing curves were

constructed using the MTT assay
Pn.d.: not determined
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Fig. 3 Mitochondria play a role in high TIC killing activity of MitoVES. NeuTL adherent and sphere cells were exposed to 2 uM MitoVES for the
times shown and ROS evaluated by flow cytometry using DCF (A) or MitoSOX (B), and expressed as relative mean fluorescence intensity (MFI).

The histograms on the right are representative of individual readings. (C) Adherent and sphere NeuTL cells were assessed for routine respiration
in the absence or presence of MitoVES at the concentrations shown (uM). (D) Adherent and sphere NeuTL cells were probed by WB for the levels
of mitochondrial markers with actin as loading control. Adherent and sphere NeuTL (E) and MCF7 cells (F) were evaluated for AY,,; using TMRM

were labelled with Hoechst to visualise nuclei and TMRM to documen

independent experiments

and flow cytometry. The histogram in panel E on the right is an example of a reading for NeuTL cells. (G) Adherent and sphere NeuTL cells

MCF7 (I) cells were exposed to 2 uM MitoVES for 24 h in the absence or presence of 10 uM FCCP and apoptosis evaluated. The histogram in
panel H on the right is an example of reading for NeuTL cells. Data are mean values = S.D. (n = 3). The symbol *"in panels A-C, E and F indicates
statistically significant differences for adherent and sphere cells with p < 0.05. The symbol *" in panels H and I indicates statistically significant
differences in apoptosis induced in the presence and absence of FCCP with p < 0.05. Images in panels C and D are representative of three

t A¥,,;, and inspected by confocal microscopy. Sphere NeuTL (H) and

MCEF7 spheres (Fig. 6G) with the ICsq value ~4-fold
higher (Table 1). SDHC'®" spheres were also more resistant
to MitoVES-induced apoptosis than their parental counter-
parts (Fig. 6H). Finally, thenoyltrifluoroacetate (TTFA), an
agent binding to CII's UbQ site, prevented apoptosis in-
duced by MitoVES.

Discussion

In this communication we describe a sphere model of
breast TICs that was adapted from research on neural
stem cells isolated from the CNS [25, 26] and that is
now accepted as a model for TIC studies in tissue cul-
ture [27-29]. The increased level of stemness in NeuTL
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permeablised with saponin and evaluated for respiration at the presence of substrates specific for Cl and ClI using the protocal indicated in more
detail in Materials and Methods. The abbreviations in the top left line graph are: L, leak; Cl, complex [; Cll, complex II; ETS, electron transfer system
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as derived from results shown in panel A is documented in control cells and cells exposed to 10 uM MitoVES for 2 and 4 h. (C) The mitochondrial
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native blue gel electrophoresis as detailed in Materials and Methods. Specific subunits of individual complexes were detected using the antibodies as
shown. HSP60 was used as a loading control. The symbol *"in panels indicates statistically significant differences (p < 0.05) for the respiration after cells
were exposed to MitoVES

and MCF7 spheres documented by expression of specific
markers [7, 30-34] is consistent with our recent results
using microarray chip approach [35]. Additional evidence
for the plausibility of spheres as a TIC model is docu-
mented by their higher tumour-initiating/propagating
efficacy [7]. Furthermore, the ‘sphere’ TICs were found re-
sistant to established, first line breast cancer therapeutics,
which more efficiently killed adherent breast cancer cells,
in line with the notion of general recalcitrant nature of
TICs [12, 36, 37].

However, we found that breast TICs are killed more
efficiently by the mitocan MitoVES that by pathenolide,
an agent that was shown to cause death of TICs [38, 39].
MitoVES accumulates in mitochondria on the basis of
high AY,,; due to the presence of the TPP" group [10,
11, 40], and this is consistent with the notion of higher
A¥,,; in stem cells [41]. MitoVES inhibits the respir-
ation of breast TICs via mitochondrial CI and, even
more, CII, causing the generation of ROS, which leads to
apoptosis of these cells. The assembly of mitochondrial
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Fig. 5 MitoVES suppresses tumour progression. NeuTL adherent (A) and sphere cells (B) were grafted s.c. in FVB/N c-neu mice (10° cells per
animal) and tumour volume assessed in control and MitoVES-treated animals using USI. The images on the right are representative USI scans

of tumours taken on the given days (indicated by arrows in the graph on the left), the images on the right also show representative tumours
excised from mice at the end of the experiment. Tumours derived from adherent (C) and sphere NeuTL cells (D) were paraffin-embedded,
sectioned and probed by IHC for cleaved caspase-3. Tumour tissue was shredded and oxygen consumption evaluated using oxygraph. The respiration
via mitochondrial complexes was assessed and calculated (E, F). Data are mean values + S.D. (n = 3). The symbol *"in panels A and B indicates
statistically significant differences in the volume of control and MitoVES-treated tumours with p < 0.05. Images in panels C and D are representative of
three independent experiments. The symbol *in panel F and G indicates statistically significant differences in the respiration levels of control and

MitoVES-treated tumours with p < 0.05
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supercomplexes was inhibited, to some extent, as well.
MitoVES also suppressed progression of tumours derived
from both adherent and sphere cells, with similar efficacy.
The likely reason for this is that, when grafted, TICs dif-
ferentiate within the tumour microenvironment into
fast-proliferating tumour cells [28]. In tumour tissue, in-
hibition of cell respiration and induction of apoptosis
were also documented. Using the syngeneic FVB/N c-neu
mouse model, the drug effect against erbB2™€" breast
tumour was investigated under conditions of functional
immune system.

Of interest is the mechanism by which MitoVES kills
breast TICs. Our previous data document that the

mitochondrially targeted agent, similarly as the untar-
geted a-TOS, acts via interacting with the UbQ site of
CII [17-20]. That MitoVES acts also by targeting the
UbQ site in CII of breast TICs was first indicated by ex-
periments, in which shorter homologues of full length
MitoVES (11 carbons in the aliphatic chain linking the
tocopheryl succinyl and TPP" groups) were correspond-
ingly less efficient in ROS generation and apoptosis
induction. Our recent molecular modelling indicates
that this linker has to be of certain length so that the
biologically active moiety of MitoVES can reach the
UbQ site of CII buried in the inner mitochondrial mem-
brane; the reason being that the TPP" group anchors the
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positively charged end of the molecule at the matrix face
of the inner mitochondrial membrane [19, 20]. Import-
antly, spheres derived from MCF7 cells with knocked
down SDHC, lacking the UbQ site, were resistant to

MitoVES treatment. Further, we show that the presence of
TTFA, a small molecule that is known to bind to CII’s
UbQ site [42], prevented the killing activity of MitoVES in
sphere cells. Collectively, our data convincingly document
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that MitoVES targets the UbQ site in CII to efficiently kill
breast TICs, and are consistent with the notion of CII as
an intriguing, novel target for anti-cancer agents [43]. Im-
portantly, subunits of CII only rarely mutate, such that
their mutational frequency is high in neoplasias like famil-
ial paraganglioma, but only one in one million breast can-
cer patients features a CII mutation [44].

Thus, we document a high killing activity of MitoVES
towards breast cancer TICs that are resistant to several
established anti-cancer agents. While our findings are of
translational significance, we also, for the first time, docu-
ment a link between mitochondrial complex II and killing
of tumour-initiating cells. The combination therapy of
MitoVES which effectively kills breast TICs and estab-
lished anti-cancer drugs targeting highly proliferating cells
may lead to a better tumour suppression results, which
will be further investigated in our future research.

Conclusions

In this project, mammosphere models for studying breast
TICs were established and verified. These cells featured al-
tered mitochondrial function. A mitochondrially targeted
anti-cancer compound, mitocan, epitomised by mitochond-
rially targeted vitamin E succinate (MitoVES), was found
very efficient in killing TICs, which has a potential transla-
tional relevance. Additional studies are needed to explore
the clinical value of our study for using MitoVES as an
agent that can potentially eradicate cancer stem-like cells
alone or in combination with other anti-cancer drugs.

Additional file

[ Additional file 1: Primers used for qPCR analyses. }
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ABSTRACT

Tumor-initiating cells (TICs) often survive therapy and give rise to second-line tumors. We tested the
plausibility of sphere cultures as models of TICs. Microarray data and microRNA data analysis confirmed
the validity of spheres as models of TICs for breast and prostate cancer as well as mesothelioma cell lines.
Microarray data analysis revealed the Trp pathway as the only pathway upregulated significantly in all
types of studied TICs, with increased levels of indoleamine-2,3-dioxygenase-1 (IDO1), the rate-limiting
enzyme of Trp metabolism along the kynurenine pathway. All types of TICs also expressed higher levels
of the Trp uptake system consisting of CD98 and LAT1 with functional consequences. IDO1 expression
was regulated via both transcriptional and posttranscriptional mechanisms, depending on the cancer
type. Serial transplantation of TICs in mice resulted in gradually increased IDO1. Mitocans, represented by
a-tocopheryl succinate and mitochondrially targeted vitamin E succinate (MitoVES), suppressed IDO1 in
TICs. MitoVES suppressed IDO1 in TICs with functional mitochondrial complex II, involving transcrip-
tional and posttranscriptional mechanisms. IDO1 increase and its suppression by VE analogues were
replicated in TICs from primary human glioblastomas. Our work indicates that IDO1 is increased in TICs
and that mitocans suppress the protein.

© 2013 Elsevier Inc. All rights reserved.

Despite advances in cancer research, neoplastic disease is on
the rise [ 1], one reason being the nature of the tumor environment
[2], including the existence of a subpopulation of tumor-initiating
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cells (TICs)? and their resistance to therapy [3,4]. TICs are “dor-
mant” cells that feature a high level of “stemness” and the
propensity to survive for long periods in their niche to give rise
to second-line tumors/metastases [5,6]. Therefore, TICs ought to be
able to escape tumor surveillance, a process that is not well
understood thus far [7], albeit having been relatively well defined
for “normal” (non-stem-like) cancer cells [8,9], termed as the
“three E’s” (elimination, equilibrium, escape) of tumor immune
surveillance [10].

The mechanism for how TICs can escape tumor surveillance may
be deduced from what is known about non-stem-like cancer cells
[7-9]. The most important denominator of immune tolerance for
tumor cells are T lymphocytes that have tumor-killing or -protecting
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Fig. 1. Microarray analysis documents Trp metabolism increase in TICs. (A) Representative images of adherent and sphere MCF7, IstMes2, and LNCaP cells. (B) PCA of the
adherent and sphere cultures of MCF7, IstMes2, and LNCaP cells. (C) GSEA for the Trp pathway in the adherent and sphere cells. (D) LEGs of the Trp pathway; red refers to

high and blue to low expression. Detailed description of the analysis is under Mate

activity depending on their type in the tumor microenvironment
[11,12]. One way by which cancer cells escape the immune system
is to increase Trp metabolism mediated by the rate-limiting
enzyme indolamine-2,3-dioxygenase (IDO) [13,14]. This results in
the depletion of this essential amino acid from the tumor inter-
stitium, which suppresses cytotoxic T cells and results in naive T
cells maturing into Treg cells [15,16]. Thus, suppression of IDO1
using small molecules has an anti-tumor effect, because it makes
cancer cells more susceptible to killing by cells of the immune
system [17-19].

rials and methods. Scale bar 50 micrometers (um).

Escape from tumor surveillance is inherent to TICs and presents
a problem for therapy [20-23]. One reason is that during the
development and maturation of TICs in the context of the immune
system, the cells develop resistance to killing via the death
receptor pathway [7,8]. It is also possible that TICs feature higher
levels of Trp metabolism to minimize their vulnerability to the
immune system, although this paradigm has not been well
characterized thus far [23,24].

In this communication, we report that TICs derived from three
different cancer cell lines and from primary glioblastoma
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multiforme (GBM) patient biopsies feature higher levels of
increased IDO1 expression, using sphere cultures of established
and primary cell lines as a model system for stem cell studies, in
line with the literature [25,26]. Furthermore, we show that
increase in IDO1 can be reversed by agents from the group of
mitocans, small molecules with anti-cancer properties acting on
mitochondria [27].

Materials and methods
Cell culture

MCF7 and LNCaP cells were obtained from the ATCC and
[stMes2 cells from a mesothelioma patient (Torino University
Hospital, Italy; epithelial histotype). Primary GBM cells were
isolated from biopsies obtained from two patients (B30 and B31;
Department of Neurosurgery, John Radcliffe Hospital, Oxford, UK).
MCF7, IstMes2, B30, and B31 cells were grown in the Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% fetal
bovine serum (FBS), 1% antimycotics and antibiotics, and main-
tained at 37 °C and 5% CO,. LNCaP cells were maintained under the
same conditions in RPMI 1640 medium supplemented with 10%
FBS, 1% antimycotics and antibiotics. MCF7, IstMes2, and LNCaP
spheres were cultured in DMEM-F12 medium, with added Neu-
rocult Neural Stem Cell Proliferation Supplement (Stem Cell
Technologies), 20 ng/ml rhEGF, 10 ng/ml rhFGF (both Sigma), and
1% antibiotics, and maintained at 37 °C and 5% CO,. Adherent and
sphere cells were treated with 5puM mitochondrially targeted
vitamin E succinate (MitoVES) [28] or 50 uM «-tocopheryl succi-
nate (a-TOS; Sigma), both dissolved in ethanol, for 3 and 6 h,
unless specified otherwise.

Gene microarray analysis

Preprocessing, normalization, and principal components analysis
(PCA)

The first component of the microarray analysis used the soft-
ware package BeadStudio to extract the raw expression data.
Preprocessing of microarray data was then done using the R
software package Linear Models for Microarray Data (LIMMA) [29].
The “normexp” function was used for control background correc-
tion, quantile normalization, and log, transformation of the raw
data [30].

To assess global expression in adherent cells and spheres, we
used PCA in the ArrayTrack software environment [31]. PCA uses
a mathematical algorithm that reduces the dimensionality of
the microarray data while retaining the variation in the data.
It reduces the dimensionality by identifying directions, called
principal components, along which the variation in the data is
maximal [32]. The global gene expression of adherent cells and
spheres can then be plotted, making it possible to visually assess
similarities and differences between samples.

Gene set enrichment analysis (GSEA)

GSEA was used to assess for stemness in spheres compared to
adherent cells. Hematopoietic (HSC), embryonal (ESC) and neural
(NSC) stem cell gene sets were derived from an overlap of stemness
genes characterized in several microarray studies [33-35] (Fig. 1).
To determine the enrichment of HSC, ESC, and NSC gene sets in
spheres, all genes expressed on the microarrays were analyzed
using GSEA [36]. GSEA was used to assess for stemness by
determining whether HSC, ESC, and NSC gene sets were signifi-
cantly enriched in spheres compared to adherent cells. GSEA was
also used to characterize metabolic and signaling pathways
enriched in spheres. Pathway analysis of the expression data was

performed using the GSEA implemented in the GSEA Java desktop
application version 2.0 and MSigDB (Molecular Signature Data-
base) version 2.0. Pathways derived from the MSigDB on the GSEA
Web site were used to assess enrichment in both adherent cells
and spheres. GSEA was performed using a total of 880 gene sets
containing genes whose products are involved in specific meta-
bolic and signaling pathways. For this study the top 10 up- and
downregulated pathways in spheres with a significant enrichment
score (p < 0.05) and false discovery rate (FDR) (q < 0.05) were
considered for further interpretation.

The statistical significance (p value) of each gene set was
estimated by wusing phenotype-based permutation analysis
using 1000 random permutations. We accepted gene sets with a
significant enrichment score (ES) (p < 0.05) adjusted for multiple
comparisons using the FDR of ¢ < 0.05 or very close to ¢ < 0.05
for further interpretation. The FDR is a quantity that describes, for
a set of tests that are called significant at or above a given level,
what proportions are likely to be false positives [37]. Each of the
enriched gene sets contained leading edge genes (LEGs). These
genes contribute most to the enrichment score of the gene set and
therefore are likely to participate in a biological response. We used
the default setting signal-to-noise metric ranking in GSEA to rank
genes. In this case, LEGs of enriched gene sets are those whose
expression correlates with a given phenotype assignment, hence
upregulation if ES > 0 and downregulation if ES < 0. The
strength of GSEA and its application to microarray data is that
multiple genes belonging to particular gene sets, which are
defined based on prior biological knowledge (e.g., genes encoding
products in a metabolic pathway, located in the same cytogenetic
band, or sharing the same GO category), rather than individual
genes, are used to assess for coordinate gene expression between
two conditions of interest, bridging microarray data with biologi-
cal significance.

MicroRNA target prediction and quantitative RT-PCR (qPCR)

MiRNA target predictions for IDO1 were generated using
microRNA.org (http://www.microrna.org). Briefly, target predic-
tions are performed using the miRanda algorithm, which matches
complementarity between miRNAs and a candidate mRNA
sequence. The miRNA target sites predicted by miRanda are scored
for likelihood of mRNA downregulation using a mirSVR score.
We accepted only < iR targets with a mirSVR score of less than — 1.0,
as scores closer to 0 have a much lower probability of meaningful
downregulation of a candidate mRNA. Furthermore, to filter out less-
conserved predicted target sites, we used only predicted miRNAs
with the highest PhastCons conservation score. The miRNA/IDO1
alignments for these miRNAs derived from microRNA.org are shown
in Supplementary Fig. S3A.

Total RNA for miRNA arrays was obtained from MCF7, LNCaP,
[stMes2, and GBM adherent cells, spheres, and treated spheres
using the miRNeasy Mini Kit (Qiagen). The purified miRNA was
reverse transcribed using the RT2 miRNA First Strand Kit (Qiagen).
Human miRNome RT2 miRNA PCR arrays were then used to detect
the expression of miRNA target predictions for IDO1 using the RT2
SYBR Green ROX gqPCR master mix (Qiagen) on an ABI 7900 real-
time PCR instrument.

gPCR

RNA was obtained from MCF7, LNCaP, IstMes2, and primary
GBM adherent cells, spheres, and treated spheres using the RNeasy
Mini Kit. The SuperScript III First-Strand Synthesis System along
with random hexamer primers (Life Technologies) were used to
reverse transcribe total RNA into cDNA. Custom primers specific
for stemness and Trp metabolism genes from the microarray data
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were designed using the PCR simulation program Primer3 (White-
head Institute for Biomedical Research) and the NCBI Primer
Design. BLASTN searches confirmed the total gene specificity of
the nucleotide sequences chosen for the primers. Primers were
then assessed with 2 x Platinum SYBR Green qPCR SuperMix-UDG
(Life Technologies) using the Eco qPCR System (Illumina). Each
experiment was repeated three times using three biological
replicates for each adherent cell, sphere, and «-TOS- and
MitoVES-treated sphere groups. Data obtained from the three
replicate values were pooled. For each qPCR experiment, the
adherent and sphere groups were normalized to the housekeeping
gene GAPDH. The change in gene expression was determined
using the AAC; method [38]. For statistical analysis unpaired
Student’s t test was used with p < 0.05 compared to the adherent
cells being regarded as significant.

Chromatin immunoprecipitation (ChIP) assay

MCF7, IstMes2, LNCaP, and primary GBM adherent cells,
spheres, and MitoVES-treated spheres were washed with
phosphate-buffered saline (PBS) and cross-linked for 10 min at
room temperature in 1% formaldehyde. Cross-linking was stopped
by adding 1.25 M glycine to the final concentration of 125 mM.
Cells were then centrifuged at 300 g for 10 min at 4 °C and washed
in cold PBS. ChIP was performed using the MAGnify Chromatin
Immunoprecipitation System (Life Technologies) according to the
manufacturer's protocol. Briefly, for each immunoprecipitation,
106 cells were lysed, releasing chromatin from the nuclei. Chro-
matin was then sheared to 200-500 bp fragments by sonication
using a UP50H ultrasonic processor (Hielscher) for 25 cycles at 10-
s intervals with 40% amplitude. The sheared, cross-linked protein-
DNA fragments were then immunoprecipitated with RNA poly-
merase 2 (RNAPOL2) CTD phospho Ser5 IgG (Active Motif) and
non-specific rabbit IgG (Life Technologies) conjugated to Dyna-
beads Protein A/G. The cross-linking was then reversed, and DNA
associated with RNAPOL2 CTD phospho-Ser5 IgG and nonspecific
rabbit IgG was isolated by DNA purification using magnetic beads.
Finally, isolated DNA was analyzed by qPCR using a standard
program with 35 cycles. The following primers were used: GAPDH,
forward 5'-TGCACCACCAACTGCTTAGC-3’, reverse 5-GGCATGGAC
TGTGGTCATGAG-3’; IDO1 transcription start site (TSS), forward 5'-
GCACCAGAGGAGCAGACTACAA-3, reverse 3'-CAAAGCCCACTTCTT-
CATCAATATG-5"; IDO1 exon 6, Qiagen manufactured human IDO1
primer Cat. No. 330001 (Qiagen); IDO1 exon 9, forward 5'-
AGGCGGAGCTTGCAGTGA-3’, reverse 5'-ACGGAGTCCCGCTCTTTA
GC-3'. “Fold” enrichment was calculated as the level of the signal
over the background. With this method, signals from the ChIP
reactions were first divided by signals from the negative rabbit IgG
control. This then represented the ChIP signal as the fold increase
in the signal relative to the background signal. The ChIP signals
were normalized to the housekeeping gene GAPDH using the
AAC; method.

Enzyme-linked immunosorbent assay (ELISA)

The level of the IDO protein in MCF7, LNCaP, IstMes2, and
primary GBM adherent cells, spheres, and o-TOS- and MitoVES-
treated spheres was assessed using the ELISA kit for human IDO
(E91547Hu; Uscn Life Science). Briefly, cells were lysed using
whole-cell lysis buffer (9803; Cell Signaling), incubated in a pre-
coated 96-well plate for 2 h at 37 °C, and incubated further with
Detection Reagent A for 1 h at 37 °C. The wells were then washed
and incubated with Detection Reagent B for 30 min at 37 °C,
followed by incubation with the TMB substrate solution for
15-20 min at 37 °C. The reaction was stopped using the Stop solution

and the samples were immediately evaluated at 450 nm using a
Tecan Infiniti microplate reader.

Western blotting (WB)

MCF7, LNCaP, IstMes2, and primary GBM cells, spheres, and o~
TOS- and MitoVES-treated spheres were lysed using whole-cell
lysis buffer (9803; Cell Signaling). Cell lysates were separated by
SDS-PAGE and transferred to a nitrocellulose membrane, which
was incubated with anti-IDO1 IgG (ab55305; Abcam) and anti-
LAT1 IgG (5347; Cell Signaling). Anti-actin IgG (clone 1-19; Santa
Cruz Biotechnology) was used as a loading control. The blots were
developed using the ECL kit (Pierce).

Immunocytostaining and flow cytometry

MCF7, LNCaP, IstMes2, and primary GBM adherent cells and
spheres were harvested, washed with PBS, and incubated for
30 min at room temperature with neutral-buffered formalin
(3.7% paraformaldehyde in PBS, pH 7.4). They were then incubated
with anti-CD98 FITC-conjugated IgG1 (clone MEM-108; Exbio) for
60 min on ice. Finally, the cells were assessed by flow cytometry
(FACSCalibur; Becton-Dickinson) for populations with high or low
fluorescence.

Succinate quinone reductase (SQR) activity assay

The SQR activity of the mitochondrial complex II (CII) was
assessed as detailed elsewhere [28] using parental MCF7 cells and
MCF7 cells with dysfunctional CII due to low succinate dehydro-
genase C (SDHC) (prepared by SDHC RNA interference, RNAi).

Trp uptake assay and HPLC analysis

Corresponding sphere and adherent cells were trypsinized and
resuspended in Hanks’ balanced salt solution, and 2.5 x 10%cells
in 1 ml of buffer were seeded into individual tubes. The assay was
initiated by the addition of a radiolabeled Trp cocktail such that
the final concentration of radiolabeled .-Trp was 50 nM (1 uCi/ml)
and of unlabeled 1-Trp was 10 uM. Cells were then incubated for
2-5min at 37 °C, followed by rapid washing with ice-cold PBS.
The cell pellets were lysed with 100% ethanol, the cell lysate was
mixed with the scintillation fluid, and the level of radioactive L-Trp
present was determined by liquid scintillation counting. 1-[5->H
(N)]Trp with specific activity of 17.9 Ci/mmol was purchased from
PerkinElmer.

The level of Trp in the medium conditioned with adherent and
sphere cells was assessed by HPLC as follows. Adherent or sphere
cells (10° cells per well) were seeded in six-well plates in 3 ml
of medium. At 0 or 24 h, 100 ul of the medium was mixed with
400 pl of an acetonitrile/2-mercaptoethanol (10 ml/20 ul) mixture,
vortexed, and centrifuged at 12,000 g at 4 °C for 10 min. The super-
natant was analyzed by HPLC using the Shimadzu Prominence system
equipped with two pumps, a fluorescence detector, and a Phenom-
enex Gemini-NX C18 (3pm, 150 x 4.6 mm) column. Mobile
phase A consisted of a 0.1% glacial acetic acid solution in water, mobile
phase B consisted of 100% acetonitrile. An isocratic method using 10%
solvent B at 30 °C with a flow rate of 1 ml/min was employed for the
elution of Trp. Fluorescence of Trp was monitored at excitation of
285 nm and emission of 360 nm.

Cell viability and reactive oxygen species (ROS) assays
Cell viability was evaluated by the crystal violet method using

the standard protocol. In brief, cells were seeded in six-well plates
at 10° cells per well and treated with MitoVES (5 pM) and «-TOS
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(50 uM) for 3 and 6 h. The cells were washed and stained with
0.05% crystal violet for 1 h at room temperature. Absorbance at
595 nm was determined using the Tecan Infinity plate reader.

ROS levels were estimated using the MitoSOX probe as follows.
Adherent and sphere cells were seeded at 2 x 10° cells per well in
12-well plates and incubated with MitoVES (5 uM) and o-TOS
(50 uM) for 30, 60, and 120 min. The cells were harvested,
incubated with 10 pM MitoSOX red for 15 min at 37 °C in the
dark, and analyzed by flow cytometry (BD LSR Fortessa II).
Unstained and untreated samples were used as controls for each
condition.

Animal experiments

To prepare tumors, IstMes2 spheres were injected into Balb/c
nude mice at 5 x 10 cells per animal suspended in 50% Matrigel
in sterile saline. After the tumors reached ~100 mm? as detected
by ultrasound imaging (USI; VisualSonics) [39], the mice were
sacrificed and tumors excised. They were dissociated into single-
cell suspensions, which were used to grow the cells in culture as
adherent cells of the first generation of tumors (G1). These cells
were converted into the sphere phenotype (see above) and the
sphere cells injected into nude mice to form the second generation
of tumors (G2). This was repeated two more times to obtain in
total four generations of cells, which were then used in the
experiments. Animal studies were performed according to the
guidelines of the Australian and New Zealand Council for the Care
and Use of Animals in Research and Teaching and were approved
by the local animal ethics committee.

Statistical analysis

Experimental data are presented as the mean + SD. Compar-
isons between groups were performed using the Mann-Whitney U
test for unpaired samples and Kruskal-Wallis analysis for multiple
comparisons. Statistical calculations were performed using the
SPSS statistical package, version 12.0F. Statistical differences of at
least p < 0.05 were considered statistically significant.

Results
Validation of spheres as a TIC model

We prepared spheres from breast cancer (MCF7), mesothe-
lioma (IstMes2), and prostate cancer cell lines (LNCaP) (Fig. 1A).
The adherent and corresponding sphere cells were subjected to
microarray analysis using the Illumina HumanHT-12 BeadChip. All
microarray data are available at Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/) with Accession No. GSE41980. PCA
revealed two separate populations of the adherent and sphere
cells for the three lines (Fig. 1B). GSEA based on enrichment of
stemness gene sets for NSCs, ESCs, and HSCs verified the increased
stemness of sphere cells [33-35]. This is shown in Supplementary
Fig. S1A, which also depicts the LEGs. Increased expression of
selected LEGs was confirmed by qPCR (Supplementary Fig. S1B).

IDO is upregulated in TICs derived from cell lines and primary biopsies

GSEA of 639 pathways derived from the Molecular Signature
Database revealed that the only pathway enhanced in all three
types of TICs is Trp metabolism, as shown by the GSEA enrichment
plots and LEGs (Fig. 1C and D). The rate-limiting enzyme of Trp
metabolism is IDO, which converts L-Trp into N’-formyl kynure-
nine [40]. We tested the adherent and sphere cells for the levels of
both isotypes of IDO, IDO1 and IDO2. Fig. 2A documents that IDO1
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Fig. 2. IDO1 is increased in TICs. MCF7, IstMes2, LNCaP, B30, and B31 adherent and
sphere cells were assessed for IDO1 and IDO2 mRNA expression by (A) qPCR,
(B) total IDO protein level by ELISA, and (C) IDO1 protein level by WB (A, adherent;
S, sphere). (D) Trp was assessed using HPLC in medium conditioned by 24 h
cultivation of adherent and sphere cells and is shown relative to its level in the
fresh medium (Trp concentration in the adherent cell medium was 8.5 + 0.1 and
7.6 + 0.5 ug/ml). The data are derived from three independent experiments and
are represented as mean values + SD in the sphere cells relative to their adherent
counterpart. *Statistically different data for the adherent and corresponding sphere
cells. The images are representative of at least three independent experiments.

IstMes LNCaP B30 B31

mRNA was increased approximately four- to sevenfold in spheres
compared to their adherent counterparts for the three cell types,
whereas there was little or no change in the level of IDO2 mRNA.
This was confirmed at the level of total IDO protein by ELISA and
the IDO1 protein by WB (Fig. 2B and C).

Increase in IDO1 should result in the depletion of Trp from the
compartment surrounding the cells. To see whether this is the case
for TICs, we tested the effect of culturing adherent and sphere cells
on the level of Trp in the medium. Fig. 2D clearly documents a
decrease in Trp in the medium with sphere cells by ~3 pg/ml in
24 h, whereas the decrease for the adherent cells was only about
1-1.5 pg/ml.

To determine whether this paradigm also occurs in primary
cancer cells, biopsies from two GBM patients (B30 and B31) were
analyzed. The histology of the GBM sections is shown in
Supplementary Fig. S2. Adherent cells from the biopsies were
prepared and these were converted to gliomaspheres, which
showed increased expression of several markers of stemness
(Supplementary Fig. S2). Fig. 2 documents that the resulting
GBM TICs also displayed increased levels of IDO1 but not IDO2,
consistent with the results found for the sphere cells derived from
the other cancer cell lines.
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Fig. 3. Expression of IDO1 in TICs is regulated by transcriptional and posttranscriptional mechanisms. (A) Sphere cells were tested for binding of RNAPOL2 to the IDO1 TSS
and exon 6/9. (B) MiR155 and MiR760 were evaluated by qPCR in sphere cells. In all cases the ratios of the levels in sphere and adherent cells are shown. The data are derived
from three independent experiments and are represented as mean values + SD. *Statistically different data for the adherent and corresponding sphere cells.

Increase in IDO1 is regulated at the transcriptional
and posttranscriptional levels

We next examined the modulation of increased IDO1 levels in
sphere cells. To determine whether the increase in IDO1 was
regulated at the transcriptional level, binding of RNAPOL2 to the
TSS as well as to exons 6 and 9 (shared in all IDO1 spliced variants)
of the IDO1 gene was analyzed by the ChIP assay. Fig. 3A docu-
ments an ~2-fold increase in binding of RNAPOL2 to the IDO1 TSS
and both exons for MCF7 cells, whereas the increase was ~ 1.4-fold
for LNCaP cells, and hardly any increase was observed for IstMes2
cells. GBM spheres showed an ~2-fold increase in binding of
RNAPOL2 to the IDO1 TSS and exons 6 and 9. Possible posttran-
scriptional regulation of IDO1 involving miRNA was also examined,
because analysis of the 3'UTR of the IDO1 mRNA revealed putative
binding sites for several miRNAs. These are shown in Supplementary
Fig. S3, which also documents expression of miRNAs obtained from
miRNA array analysis and qPCR of the cancer cell lines as
adherent populations or corresponding spheres. Supplementary
Fig. S3C reveals that the activator of the epithelial-mesenchymal
transition (EMT), ZEB1, was increased in MCF7, IstMes2, and
LNCaP spheres, which was accompanied by regulation of the
stemness miRNAs, MiR371, MiR200c, MiR203, and MiR183 [41].
Of the putative miRNAs with a binding site in the IDO1 mRNA 3’
UTR, MiR155 was the one whose levels were most reduced in
IstMes2, LNCaP, B30, and B31 spheres, whereas MiR760 was
lower only in IstMes2 spheres. No change was observed for
MiR155 in MCF7 cells or for MiR760 in MCF7 cells and GBM
spheres (Fig. 3B). Therefore, it seems that the major regulatory
mechanism causing increased expression of IDO1 varies in the
different types of cancer cells.

Trp uptake is enhanced in TICs

Because Trp is an essential amino acid, its increased metabo-
lism in TICs would be compensated for by enhancing its uptake by
the cells. Hence, the level of expression of the light-chain subunit
of the Trp-uptake system LAT1 and its heavy chain CD98 [42] was
examined. Microarray data revealed increased expression of both
genes in the spheres of all cell types studied (not shown), and this
was in most cases confirmed by qPCR (Fig. 4A). In addition, LAT1
and CD98 were also increased at the protein level (Fig. 4B and C).
Whether this was reflected by more efficient uptake of Trp by the
sphere cells was examined, and we found that in all types of TICs
examined, Trp uptake was enhanced by about two- to threefold
(Fig. 4D).
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Fig. 4. TICs increase Trp uptake. MCF7, IstMes2, LNCaP, B30, and B31 sphere cells
were assessed for (A) LAT1 and CD98 mRNA by gPCR, (B) LAT1 protein by WB,
(C) CD98 protein by flow cytometry, and (D) Trp uptake using [*H]Trp. The data are
derived from three independent experiments and are represented as mean values
+ SD. *Statistically different data for the adherent and corresponding sphere cells.
The images are representative of at least three independent experiments.

Serial transplantation of TICs increases IDO1 level

We next tested whether the levels of IDO1 increase in tumors
derived from IstMes2 TICs. Nude mice were injected with the
sphere cells and tumors allowed to form. The carcinomas were
then used for the preparation of cancer cells that were converted
into spheres and these were again grafted into the animals. In this
way, four generations (G1 to G4) of tumors were obtained. Fig. 5
(inset) shows that with each generation, the lag time from grafting
the cells until the time of first tumor appearance shortened
considerably. Correspondingly, the IDO1T mRNA levels increased,
such that in G4 it was approximately eightfold higher than in G1,
whereas only little change was observed for IDO2 mRNA (Fig. 5).
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Fig. 5. IDO1 increases in serial tumor transplantations. IstMes2 spheres were
injected into nude mice in 50% Matrigel, the resulting tumor (generation 1; G1) was
excised at about 100 mm®, and the derived tumor cells were cultured and
subsequently converted to spheres, which were then injected into nude mice to
obtain the G2 tumor. This process was repeated two more times. In each generation
of tumors, IDO1 and IDO2 mRNA was assessed by qPCR. The inset documents the
shortening lag time for the appearance of USI-detectable tumors in the individual
generations. The data are derived from three independent experiments and are
represented as mean values + SD. *Statistically different data obtained for
individual generations compared with G1 data.

This indicates that with each transplantation of the TICs in nude
mice the cells are selected, and this may translate into facilitating
escape from immune surveillance, given that nude mice contain
interferon, NK cells [43], and NKT cells [44].

Mitocans suppress IDO1 in TICs

Two related mitocans, a-TOS and MitoVES (cf. Fig. 6A for
structures) were evaluated for their effects on IDO expression.
Fig. 6B documents a strong decrease in the levels of IDO1T mRNA
expressed in sphere cells exposed to either 50 uM «-TOS or 5 pM
MitoVES for 3 and 6 h. A corresponding decrease, albeit less
profound, was found at the level of total IDO and IDO1 protein
(Fig. 6C and D). The two mitocans did not significantly affect the
levels of IDO2 mRNA in MCF7, IstMes2, or LNCaP spheres
(Supplementary Fig. S4). Because MitoVES induces apoptosis in
cancer cells and generates ROS [28,39,45,46], we tested its effect
on the adherent and sphere cells. Supplementary Figs. S5A and
S5B indicate that at the levels and times at which MitoVES
considerably suppresses IDO1, there was only a low level of
toxicity of the agents toward the cells, whereas MitoVES and
o-TOS caused a substantial ROS generation already at short
periods of time in the sphere cells.

MitoVES suppresses IDO1 at the transcriptional and
posttranscriptional levels and by targeting mitochondrial CII

We next studied the effect of the more efficient of the two
mitocans, MitoVES, on the binding of RNAPOL2 and on the level of
MiR155 and MiR760 in sphere cells. Fig. 7A reveals that the drug
suppressed binding of RNAPOL2 in all the cell lines, with the
strongest effect in MCF7 spheres. Furthermore, MitoVES pro-
foundly increased MiR155 expression in IstMes2, B30, and B31
spheres and increased MiR760 in IstMest2 and LNCaP spheres. No
effect on either miRNA was found for MCF7 spheres (Fig. 7B).

MitoVES acts by targeting the mitochondrial CII to exert its
proapoptotic and anti-cancer effects [28,39]. To test whether CII
was also relaying the effects of MitoVES to modify the IDO1 level,
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Fig. 6. Mitocans suppress IDO1 in sphere cells. (A) Structures of «-TOS and
MitoVES. MCF7, IstMes2, LNCaP, B30, and B31 spheres were exposed for 3 and
6 h to a-TOS (50 uM) or MitoVES (5 pM) and assessed for (B) IDO1 mRNA by qPCR,
(C) total IDO protein by ELISA, and (D) IDO1 protein by WB (lanes 1, control; 2, a-
TOS 3 h; 3, «-TOS 6 h; 4, MitoVES 3 h; 5, MitoVES 6 h). The data are derived from
three independent experiments and are represented as mean values + SD.
*Statistically different data for the treated and control cells. The images are
representative of at least three independent experiments.

MCF7 cells with decreased expression of SDHC, one of the four
subunits of CII, were prepared using RNAIi. Fig. 8A shows that
SDHC-targeted shRNA transfection significantly decreased the
level of SDHC but not that of the SDHA subunit of CII; it also
considerably suppressed the SQR activity of CII (Fig. 8A). Fig. 8B
documents that, unlike in the parental or nonsilencing control
shRNA-transfected MCF7 cells, SDHC-silenced cells were resistant
to the effects of MitoVES on IDO1 expression. Silencing of SDHC
itself did not affect the level of IDO1 in the spheres
(Supplementary Fig. S5C). Thus, CII seems to transmit the effect
of MitoVES on IDO1 levels.

Discussion

An accepted model for the enrichment of cultured cells with
TICs is based on growing cancer cells in an anchorage-independent
manner, whereby they form spheres [25,26,47]. The three different
MCF7, IstMes2, and LNCaP cell lines grew well in culture as both
adherent and sphere cells. From gene sets derived for GSEA from
published sources [31-33], the microarray data enabled us to
validate our sphere cultures as a plausible model of TICs. Using
GSEA of metabolic pathways, we identified a number of pathways
that were upregulated in two of the three different types of TICs,
but the only pathway activated in all three TIC types was Trp
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Fig. 8. Functional CII is important for MitoVES suppression of IDO1. (A) Parental
(par), NS shRNA-treated, and SDHC shRNA-treated (low) MCF7 cells were assessed
for the SDHC/SDHA protein by WB and for SQR activity using a spectrophotometric
assay. (B) Parental, NS shRNA-treated, and SDHC shRNA-treated MCF7 cells were
exposed to 5 uM MitoVES for 6 h and IDO1 mRNA was assessed by qPCR. The inset
documents the level of IDO1T mRNA in the parental (column 1) and SDHC shRNA-
transfected MCF7 cells (column 2). The data are derived from three independent
experiments and are represented as mean values + SD. *Statistically different data
for parental cells and cells transfected with NS shRNA and for cells with low SDHC.
The images are representative of at least three independent experiments.

metabolism. This is an intriguing finding, because it is suggestive
of an important role of Trp metabolism in TICs, with functional
consequences, as previously reported for cancer cells [13-15,48].
We believe that this is the first time that the Trp pathway is shown
to be upregulated in TICs.

IDO is the rate-limiting enzyme in the Trp catabolic pathway [14].
Microarray data showed the increase in IDO1 expression in all
three types of spheres, and this was also confirmed on the mRNA
and protein levels by qPCR and WB, respectively. Furthermore, we
observed that the TICs deplete Trp in the surrounding environ-
ment with faster kinetics than found for the corresponding
adherent cells. Because these data were acquired using cultured
cell lines, we also tested whether a similar increase occurred in
primary tumor samples. We used cells derived from biopsies from
GBM patients that were converted into spheres, which were
validated for stemness using a set of markers (CD133, CD24, and
ABCG2) routinely used for glioblastoma-initiating cells [49]. Pri-
mary gliomaspheres derived from biopsies from two patients
confirmed the results with the cell lines, documenting that the
increase in IDO expression is a feature of TICs from a variety of
sources of different tumor types exemplified both by established
cell lines and by primary tissue. We did not observe any dis-
cernible change in IDO2 in these spheres. This is consistent with
the notion that IDO1 is more important for tumor cell escape and
also a preferred target for several inhibitors acting as anti-tumor

agents, at least one of the IDO2 alleles being often lost in cancer
patients [48,50].

IDO1 is known to be regulated transcriptionally, the best
described pathway involving the IFNy signaling pathway involving
STAT1 and IRF1 [51,52]. Recently, the importance of regulation at
the level of miRNA has also been proposed [53]. To understand
how IDO1 is regulated in TICs, we first performed the IDO1 gene
promoter analysis for putative binding sites of transcription factors
(TFs). Supplementary Fig. S3D documents sites for several TFs,
including two sites for IRF1. At this stage, we tested for transcrip-
tional regulation of IDO1 by assessing binding of RNAPOL2 to the
TSS and exons 6 and 9 of the IDO1 gene and found that the binding
was stronger in MCF7 spheres, whereas it did not increase in
LNCaP spheres and gliomaspheres.

Trp is an essential amino acid such that its increased metabo-
lism by TICs is expected to be compensated for by its enhanced
uptake. There are several systems responsible for Trp uptake, of
which the neutral amino acid transporter system L is ubiquitous [42].
It is a dimer consisting of the light chain LAT1 (encoded by
SLC7A5) and the heavy chain CD98 (SLC7A8) [54]. Accordingly,
our model TICs exert an increase in both proteins in most cases.
Functionally, all types of TICs showed higher uptake of Trp,
consistent with the increased levels of IDO1. The increased uptake
of Trp and IDO activity has been reported [54]. It is plausible to
expect that the increased uptake of Trp lowers its level in the
tumor microenvironment with functional consequences.

We have established a model of serial transplantation of
mesothelioma TICs derived from the IstMes2 cells. Intriguingly,
we observed that with each cycle of transplantation of sphere cells
into nude mice, the lag time from sphere cell grafting to tumor
appearance shortened from the initial ~50 days for G1 to <1
week for G4. Further, we observed that the level of IDO1 increased
almost 10-fold over the four generations. This is a very interesting
finding, because an increase in a particular gene such as IDO1 has
not been reported under these conditions thus far. Conversely, it
has been shown for several types of TICs that serial transplantation
results in the formation of tumors of similar phenotype and
genotype [55,56]. Conceivably, this finding endows IDO1 with
considerable pathological importance. Thus, serial transplantation
of TICs not only armors the cells with a more aggressive phenotype
but also makes them potentially more resistant to the effect of the
cells of the immune system.

Suppression of IDO1 is considered to promote the killing of
cancer cells by the cells of the immune system, and small
molecules have been designed that inhibit IDO at the level of its
activity or transcription [17-19,50,57]. We tested whether two
mitocans with specific anti-cancer activity, ®-TOS and MitoVES
[28,39,45,46], lowered IDO in our TIC models. Both agents
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suppressed IDO1 at the mRNA and protein levels at different time
points and at doses that do not induce apoptosis. No inhibitory
effect on IDO2 was observed. Further, we tested the effect of
dysfunctional CII, the target of a-TOS and MitoVES for their
apoptogenic activity [28,39,45], on the suppression of IDO1 and
found the SDHC'®Y cells to be resistant to the effect of MitoVES on
IDO1, clearly documenting the role of CII in the process. IDO
is regulated by the cellular redox status [51,58]. Therefore, it is
possible that MitoVES and «-TOS, reported to generate rapid
oxidative stress in cancer cells [28,39] as shown also here, in
particular for the sphere cultures, acts by deregulation of IDO
homeostasis, linking ROS generation in the spheres via CII as the
molecular target for MitoVES [28,39] and IDO1 levels. Further
research is needed to confirm this molecular mechanism of action
of the mitocan.

It seems that the increase in IDO1 during the shift from the
adherent to the sphere phenotype and its suppression by mitocans
are regulated at the level of transcription as well as by miRNAs. We
found that MitoVES suppressed binding of RNAPOL2 to the IDO1
TSS and exons 6 and 9 in all types of spheres except for those of
MCF7 cells. MitoVES also increased the levels of MiR155 in IstMes2
spheres and gliomaspheres and MiR760 in LNCaP spheres. This
suggests cell-type-specific effects of the mitocan on transcriptional
and posttranscriptional modulation of the expression of IDOT.
The transcriptional regulation is consistent with the published
data [51,52]. A possible posttranscriptional regulation of IDO1 has
been proposed, as reported for MiR181a [53]. Moreover, MiR155
has been shown to regulate the CD4" and Treg responses [59].
A potential cross talk between TFs and miRNAs is indicated by a
recent report showing that the TF ZEB1, known to regulate the
EMT, suppresses the stemness-inhibiting miRNAs [38], which is
consistent with our findings, i.e., documenting that ZEB1 is
increased in all types of model TICs (Supplementary Fig. S3C).
We are now investigating the precise mechanism for inducing
IDO1 expression in TICs as well as for its suppression by mitocans.

In conclusion, we report on an intriguing finding, i.e., that
model TICs derived from several unrelated cancer cell lines as well
as primary GBM biopsies upregulate their expression of IDO1, the
rate-limiting enzyme of Trp metabolism along the kynurenine
pathway. This may result in a long-term escape of TICs from
immune surveillance [60] and promote their survival to form
second-line tumors. Further, mitocans suppress IDO1 levels in
TICs, thereby removing their defense to make them more vulner-
able to the immune cells, a paradigm that is a subject of our
ongoing studies. We believe that this is the first report of its kind
and that it has a considerable translational potential [61].
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Abstract

Significance: Recent research has shown that tumors contain a small subpopulation of stem-like cells that are
more resistant to therapy and that are likely to produce second-line tumors. Recent Advances: Cancer stem-like
cells (CSCs) have been characterized by a variety of markers, including, for a number of types of cancer, high
expression of the plasma membrane protein CD133, which is also indicative of the increase of stemness of
cultured cancer cells growing as spheres. Critical Issues: While the function of this protein has not yet been
clearly defined, it may have a role in the stem-like phenotype of CSCs that cause (re-)initiation of tumors as well
as their propagation. We hypothesize that CD133 selects for CSC survival against not only immunosurveillance
mechanisms but also stress-induced apoptosis. Future Directions: High level of expression of CD133 may be a
useful marker of more aggressive tumors that are recalcitrant toward established therapies. Compelling pre-
liminary data indicate that drugs targeting mitochondria may be utilized as a novel, efficient cancer therapeutic

modality. Antioxid. Redox Signal. 15, 2989-3002.

Introduction

CARCINOGENESIS RESULTS from accumulation of muta-
tional and genetic changes that alter normal cell growth
control and proapoptotic/survival pathways. The newly
formed malignant cells are morphologically distinct: they are
able to evade apoptosis; proliferate out of control; invade the
surrounding tissue; induce angiogenesis; and eventually
metastasize (48). During the early stages of carcinogenesis, a
variety of intrinsic tumor suppressor mechanisms are ready to
trigger apoptosis, repair, or senescence if cellular proliferation
and division become abnormal (108). Apoptosis can be trig-
gered in response to a variety of signals induced by cell stress
and injury, with mitochondria as key intracellular mediators
(21), or in response to ligation of cell-surface death receptors,
such as Fas or the tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) (88).

Not all malignant cells are destroyed during the early
stages of carcinogenesis. Transformed cells that escape the
intrinsic cellular controls for abortive suicide are then sub-
jected to extrinsic tumor suppressor mechanisms. Thus, the
immune system functions as an extrinsic tumor suppressor by

detecting and eliminating malignant cells on the basis of tu-
mor-specific antigens (108, 112). Cancer immune surveillance,
whereby the immune system identifies cancerous and/or
precancerous cells and eliminates them before they can cause
harm, is now known as the elimination phase of a broader
process that has been termed cancer immunoediting (27, 28).
This process is based on the concept that the immune system
not only protects the host against cancer formation but also
promotes cancer development, and the “three Es” of cancer
immunoediting comprise the elimination phase (cancer im-
munosurveillance), equilibrium phase, and escape phase (29).

In the elimination phase, both the innate and adaptive arms
of the immune system work together to detect and eliminate
cancer cells that have developed as a result of failed intrinsic
tumor suppressor mechanisms (107). The initial stage mainly
engages the innate immune system, including macrophages
and natural killer (NK) cells that may recognize developing
tumors via receptor-mediated recognition processes, some of
which involve tumor antigen presentation (108). The tumor-
activated immune cells then utilize cytotoxic effector mecha-
nisms to kill and eliminate the transformed cells (or cells
undergoing malignant transformation). The immune cells
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also secrete interferons (IFNs), which control tumor growth
and amplify the immune response (108). Initially, IFN-y thatis
released at the tumor site induces production of chemokines,
which recruit cells like macrophages that produce interleukin-
12 and NK cells producing more IFN-y at the tumor site
(). IFN-y-activated macrophages can induce cancer cell death
by releasing products such as reactive oxygen species (ROS)
(98). Activated NK cells induce apoptosis in cancer cells by
triggering TRAIL- or perforin-dependent pathways (50, 106,
113).

The tumor necrosis factor family member TRAIL is one of
the major mediators of antitumor immunity. TRAIL is pre-
dominantly expressed by immune cells, particularly of the
myeloid lineage, where it is either present on the cell surface
as a membrane protein or is secreted in a soluble form to
induce apoptosis by binding to cognate death receptors on
target (tumor) cells (63, 118). In contrast to other mediators,
TRAIL induces apoptosis in various cancer cell types, being
generally nontoxic toward normal cells (38). Cancer cell re-
sistance to TRAIL-mediated cell death may be due to up-
regulation of the antiapoptotic FLICE-inhibitory protein
(FLIP) (40, 55, 123, 132).

ROS are formed as a natural by-product of normal oxygen
metabolism. Increase in the level of ROS creates oxidative
stress, which causes cell damage with ensuing cell death by
way of activating various signaling pathways that, in many
cases, converge at apoptosis induction (15, 67). While the
signaling mechanisms have not been completely unraveled,
mitochondria play a key role in the oxidative stress-induced
apoptotic pathways (72). Mitochondria, organelles vital for
cellular energy homeostasis, produce ROS in the mitochon-
drial respiratory chain (13). Recent studies have showed that
ROS generation involves complex II of the respiratory chain
(1, 71), rendering it very important for apoptosis induction
and the ensuing death of cancer cells (3, 23, 25, 75). We have
recently designed novel anticancer drugs from the family of
mitocans (81, 83) that specifically target mitochondria (the
mitochondrial complex II) and that are much more efficient
than the corresponding mitochondrial-untargeted com-
pounds, while preserving selectivity for cancer cells (23, 25).
These anticancer drugs showed very high efficacy against fast
proliferating breast cancer cells as well as their cancer stem-
like counterparts, which in our study were represented by
spheroid cultures, that is, multicellular structures with stem
cell-like characteristics (see below).

If the transformed cells are not fully destroyed during the
elimination phase, they then enter into a temporary state of
equilibrium with the immune system (28, 29). Here, cancer
cells can either remain dormant or continue to evolve by ac-
cumulating additional changes, which would allow them to
escape detection by the immune system (108, 112).

Taken together, the immune system is for the most part very
effective in suppressing cellular transformation and cancer
growth via the diverse extrinsic mechanisms as described
above such that cancer, on average, occurs less than once in a
lifetime. This is the case even though many cells in the body
exist as potential targets for significant mutational and genetic
changes. Nevertheless, cancers do arise in immunocompetent
individuals, suggesting that clonally derived populations of
cells are able to escape the immune system. These cells that
emerge from the selective pressures of the immune system are
resistant to immune-induced killing due to reduced immuno-
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genicity. Moreover, such cells are often also resistant to many of
the currently used anticancer therapies.

The Significance of Emerging Cancer Stem-Like Cells

In the past decade or so, the cancer stem cell hypothesis has
been experiencing a resurgence. Various studies have sug-
gested that stem cells may play a vital role in carcinogenesis
because cancer stem-like cells (CSCs) (also referred to as tu-
mor-initiating cells) share many crucial characteristics with
normal stem cells that have the capacity to repopulate whole
tissues (104, 123). These features include the ability to self-
renew and differentiate, high levels of telomerase activity,
greater capacity for DNA repair, activation of antiapoptotic
pathways, and increased membrane transporter activity in-
cluding the ATP-binding cassette drug transporters (provid-
ing for an increased level of drug resistance). In addition,
CSCs are able to migrate and metastasize, hence forming
secondary tumors that are, as a rule, refractory to established
therapeutic modalities (2, 92, 104, 123).

To date, CSCs have been identified in a range of different
cancers, including leukemias (8, 62), multiple myeloma (86),
neoplasias of the nervous system (90, 104), colorectal, prostate
or hepatocellular carcinomas (18, 94, 127), breast cancer (4),
melanoma (32), and osteosarcoma (41). Within these tumors
the CSCs represent only a small subpopulation, sometimes
referred to as the side-population because these cells can ac-
tively exclude fluorescent DNA-staining dyes (53). The main
problem with CSCs is that, similar to normal stem cells, they
share properties that render them relatively resistant to cur-
rent cancer therapies such as chemotherapy and radiation
therapy, thereby promoting their survival. For these reasons
they present a considerable problem in cancer management
(6, 36, 47).

A variety of markers have been used to characterize CSCs
(Table 1). In particular, these include CD133 and CD44 surface
proteins and several intrinsic markers (e.g., Oct-4 or ALDH1).
Overexpression of CD44 has been found in the CSC popula-
tion in breast (4), prostate (18), and pancreatic cancer (64). The
CD44 protein is involved in cell-cell and cell-matrix interac-
tions, and CD44 " breast cancer cells exert more pronounced
transforming growth factor-f signaling (102).

CD133 (Fig. 1), also known as prominin-1 (20, 74), is
emerging as an important marker of CSCs identified in many
different studies (73, 77, 85, 94, 104, 110, 124). CD133 is highly
expressed by a variety of tumor types, including medullo-

TABLE 1. EXxXAMPLES OF MARKERS FOR DIFFERENT
Tyres oF TUMORS

Tumor type CSC markers References
Brain Musashi-17, nestin™, CD133* 105
Breast CD44*, CD24* /1%, 4,42,124
ALDH1", CD133"
Colon CD133" 84, 94
Hepatocellular CD133* 110
Leukemia CD34*, CD38", CD44* 11
Melanoma CD20*, CD133*, ABCG2* 32,77
Pancreatic CD133", ABCG2* 85
Prostate CD44", a8, CD133* 18, 73, 87

CSC, cancer stem-like cells.
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CD133 AND CANCER STEM-LIKE CELLS

FIG. 1. The proposed structure of

CD133 (Prominin-1) showing the gly- NH
cosylation sites. (Adapted and modified 2
from refs. 20, 33, 34, 69, 74, 122.) (To see
this illustration in color the reader is re-
ferred to the web version of this article at
www. liebertonline.com/ars).

NOORI00MNONINI VPRI

cytoplasm

blastoma (104), glioblastoma (96), colorectal (84), prostate
(18), and breast carcinomas (124), as well as mesothelio-
mas (J.N. et al., unpublished). Given its high level of ex-
pression, CD133 has received considerable attention. For
example, it has been shown that CD133™ cells purified from
cultured cancer cells or tumors and transplanted into im-
munocompromized NOD/SCID mice give rise to carcinomas
phenotypically similar to the primary tumors from which
they were derived (84, 94, 127). In addition, whereas as many
as 107 cultured hepatocarcinoma cells were required to form
tumors in NOD/SCID mice, only 10° or less CD133* cells
were required to form tumors (127). Similar results have been
obtained using breast CSCs (124). Shmelkov and colleagues
have recently demonstrated that CD133 " cells can also form
tumors in NOD/SCID mice. However, in this study they also
showed that CD133" cancer cells have much greater meta-
static potential than their CD133~ counterparts (103). Even if
CD133 may not always be a bona fide marker of CSCs, it has a
role for suggesting an increase of the level of stemness of cell
cultures grown as spheres or, in other words, as a marker of
enrichment of sphere cultures in CSCs. Table 2 documents
some of the reports proposing a role of CD133 in tumorigenic
properties of cancer cells as well as those opposing this notion.

TABLE 2. REPORTS DOCUMENTING THE TUMORIGENIC
PrOPERTIES OF CD133" CELLS AND THOSE
OrrosiNG THIS VIEW

0000%0000000%0 0\ 1R AN N

Type of tumor Positive Negative
Brain tumors 105
Gliomas, glioblastomas 57, 65, 96
Medduloblastomas 104
Breast tumors 124
Colorectal tumors 35, 84, 94 22,103
Endometrial cancer 80
Gallbladder carcinomas 101
Hepatocellular carcinoma 59, 110, 127 97
Melanomas 77
Mesotheliomas J.N. et al., unpublished
Non-small-cell lung 117
carcinomas
Oral squamous cell 128
carcinomas
Pancreatic cancer 85
Prostate cancer 18, 73 89
Ovarian cancer 44
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CD133, Avoidance of Immunosurveillance,
and Resistance to Stress-Induced Apoptosis

In this review, we hypothesize that CSCs, escaping elimi-
nation by the immune system, are sculpted to efficiently form
tumors. This is based on the immunoediting theory and the
cancer stem cell theory as well as related studies supporting
these paradigms as described in the previous sections. As a
result, surviving transformed cells are likely to be selected to
exert enhanced levels of stemness. It is also possible that
during immunoediting, the pressure of the forces of the im-
mune system causes modifications in cancer cells such that they
acquire cancer stem cell-like characteristics, which enable them
to survive. This would suggest that CSCs feature low levels of
antigen-presenting capacity as well as low levels of NK ligands.
In this regard, Wu and colleagues investigated the immuno-
genicity of CD133™ cells in two human astrocytoma and two
glioblastoma multiformae samples by flow cytometry and re-
vealed that the majority of CD133" cells do not express
detectable major histocompatibility (MHC) Class I or NK cell-
activating ligands (125). While MHC Class I expression is re-
quired for CD8* T cell-mediated cytotoxicity, the converse is
true for NK cells, which recognize and attack cells lacking
MHC class I ligands (61, 121). Although CD133" cells do not
express MHC Class I ligands, which would make them sus-
ceptible to NK-mediated cytotoxicity, the absence of NK cell-
activating ligands on CD133™ cells could contribute to their
escape from immune surveillance by these innate immune cells.

Accordingly, studies on embryonic stem (ES) cell immu-
nogenicity revealed that ES cells are immune-privileged as
well and are readily transplanted across MHC barriers with-
out or with only minimal immunosuppression (26, 31, 59).
Hence, it would appear that CSCs share properties similar to
stem cells, including ES cells. It is, therefore, also possible that
the immune system fails to recognize these cells as a potential
threat since their malignant status remains undetected.

CSCs and the Role of CD133

CD133 expression is not just restricted to CSCs in that, for
example, both CD133" and CD133~ metastatic colon cancer
cells are equally capable of initiating tumors (103). It would
appear more likely that CD133 expression represents a tran-
sient state that CSCs are capable of undergoing. Thus, the
CD133" population in the normal intestinal crypt is part of a
larger stem cell/transit amplifying progenitor compartment
that is susceptible to neoplastic transformation after which
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CD133 expression reduces to a small percentage of cancer
cells (131). Notwithstanding, whether CD133 expression is
essential for the emergence of tumors remains unclear.

Thus far, the exact role of CD133 in CSCs has not been
resolved. However, CD133 family molecules show a highly
restricted localization on plasma membrane protrusions of
epithelial and other cell types (hence the name “prominin-1”),
where they are associated with cholesterol-rich lipid rafts, in-
dicating a role in the organization of plasma membrane to-
pology (19, 20, 76, 95, 122). The inclusion in cholesterol lipid
rafts, which are important for cell growth signaling, is consis-
tent with the association of CD133 with important stem cell
growth signaling pathways. As well as being a stem cell marker
(74), CD133 has been proposed to be involved in several sig-
naling pathways (76, 115), including the Notch pathway (30,
111) and the related sonic HEDGEHOG/GLI pathway (17),
which are of significant importance in normal stem cell as well
as CSC proliferation and self-renewal. A role for CD133 in
signal transduction is consistent with the observations that the
protein is phosphorylated on cytoplasmic tyrosine residues 828
and 852 of CD133 in human cancer cells by Src and Fyn tyro-
sine kinases (10). Recently, a link between the Notch pathway
and CD133 has been corroborated by findings that blocking
the Notch pathway (using an inhibitor of y-secretase) pro-
moted down-regulation of CD133, which then resulted in
prevention of such cells to form spheres and tumors in im-
munocompromized animals (30, 111). Moreover, we have ob-
served that CD133-positive mesothelioma cells, grown as
mesospheres, are also typified by increased Notch expression.
We also found higher expression of CD47 in mesospheres (J.N.
et al., unpublished), a marker of resistance of cancer cells to be
phagocytosed by macrophages that may protect CSCs from the
immune system (14, 56), further suggesting a link between
CD133 expression and the propensity of such cells to evade the
immune surveillance.

CD133 is likely also involved in adaptive changes in cel-
lular bioenergetic metabolism, providing the CSCs with in-
creased survival advantages. Thus, CD133 expression is
greatly increased in the presence of high glucose, whose up-
take is facilitated by CD133 (130). It has now been documented
that CD133 also represents a state of hypoxic induction in CSCs
and may be indicative of a side population of stem cells,
thereby transient in nature depending on the prevailing mi-
croenvironment and conditions these cells are exposed to and
influenced by (68, 109). Consistent with this role, CD133-
expressing CSC populations have been commonly observed to
show greater proliferative potential than their CD133"~ coun-
terparts (7, 125). Further, increased exposure to hypoxia results
in stabilization of the hypoxia-inducible factor-1o. (HIF-10) and
is linked to the increase in the level of CD133 (43, 70, 109).
Hypoxia-induced activation of HIF-1o and the increase in the
expression of CD133 requires activation of the kinase Akt.
Another piece of evidence linking CD133 to Akt signaling
comes from a recent article by Takenobu et al. (114), who
showed that knocking down CD133 in neuroblastoma cells
deregulated the Akt as well as mitogen-activated protein
(MAP) kinase pathway and, interestingly, resulted in much
slower growth of tumors in nude mice than found for the pa-
rental cells. In these studies, CD133 was also found to enhance
the survival of the neuroblastoma cells in spheres, further
linking CD133 to the stemness phenotype. Since Akt is a central
regulator of the survival pathways, promoting survival and
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FIG. 2. DPossible link between resistance of cancer stem-like
cells (CSCs) to apoptosis and the level of CD133. Within the
hypoxic microenvironment of pretumorous mass or carcinoma,
HIF-1a becomes stabilized, which is linked to increased expres-
sion of CD133. This process requires the activation of the central
prosurvival kinase Akt, which is responsive, generally, to mi-
togenic signaling. Akt itself suppresses the activity /activation of
the proapoptotic pathways via phosphorylating the Bcl-2 family
protein Bad, caspase-9, and members of the family of the fork-
head (FKHD) transcription factors, such as FoxO1 that is in-
volved in transcriptional activation of the Bcl-2 family member
Noxa (120). Akt also activates several important prosurvival
pathways, involving the transcription factor NF-xB, the Mdm2
protein suppressing the function of p53, and the molecular target
of rapamycin (mTOR). mTOR positively controls the function of
hypoxia-inducible factor-1o (HIF-1¢), further promoting the ex-
pression of CD133. Although not completely understood at
present, these notions provide a possible explanation of the as-
sociation of CD133 with the prosurvival /antiapoptotic status of
CD133-positive cancer cells (adapted from ref. 68). (To see this
illustration in color the reader is referred to the web version of
this article at www liebertonline.com/ars).

proliferation while suppressing apoptosis, we propose an
emerging picture linking the high level of CD133 and increased
resistance to apoptosis (Fig. 2). Further, the increased activity of
HIF-1o and higher expression of CD133 connects this pheno-
type to the mitochondrial bioenergetics, since HIF-1 is known
as a regulator of a variety of mitochondrial bioenergetics
pathways as well as a sensor of oxygen (93, 99).

As indicated above, high levels of CD133 expression have
been associated with resistance of CSCs to apoptosis (6,17, 36,
37). This is directly supported by the observation that down-
regulation of CD133 sensitizes cancer cells to apoptosis (17).
Analysis of CD133" and CD133~ glioma cell lines prepared
from primary human glioblastoma cells identified a number
of genes differentially expressed in the two subpopulations
(65). The analysis showed that the antiapoptotic proteins Bcl-
2, Bcl-x;, FLIP, and members of the inhibitors of apoptosis
family of proteins (c-IAP1, c-IAP2, XIAP, and survivin) were
highly up-regulated in CD133" cells, whereas the expression
of the proapoptotic protein Bax was slightly down-regulated
when compared to their CD133™ counterparts. Of all the up-
regulated genes, FLIP exerted the highest expression with up
to 300-fold increase in the CD133™ cells when compared to the
CD133" cells (Table 3). This is of great interest, since FLIP (as
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CD133 AND CANCER STEM-LIKE CELLS

TABLE 3. EXAMPLES OF DIFFERENTIALLY EXPRESSED
APOPTOSIS-ASSOCIATED GENES IN CD133% anDp CD133~
GL10BLASTOMA CELLS (ADAPTED FROM REF. 65)

Fold change between

Gene name CD133" and CD133~ cells
FLIP 294+26

cIAP1 39+3.5

XIAP 21.9+22

Bel-2 13.9+1

Bel-x;. 5.6+.4

cIAP2 3+£0.3

Survivin 1.6+0.1

Bax 0.33+£0.03

discussed above) is an inhibitor of death receptor-induced ap-
optosis (55, 116). Its increased expression could be a consequence
of acquisition of the malignant phenotype of cells, requiring an
advantage to survive the tumor immune surveillance.

Further support for the survival-promoting effects of
CD133 on CSCs stems from studies where CD133" cells
were also found to be resistant to cytotoxic chemothera-
peutic drugs, including etoposide, paclitaxel, temozolomide,
and carboplatin, whereas their autologous CD133"~ coun-
terparts were susceptible to these agents (65). Despite the
new insights into CSCs, the reasons for their resilience to
therapy are not well understood. However, recent research has
indicated possible molecular determinants underlying this re-
sistance (119). Several studies have shown that CSCs, epito-
mized in this case by CD133" cells, exhibit increased
expression of antiapoptotic proteins (FLIP, Bcl-2, Bel-x;, and
the IAP family members) and a low level of expression of
proapoptotic proteins (including Bax) (57, 65, 100). We re-
ported that CD133"8" subpopulations of cancer cells (including
both Jurkat T lymphoma and breast cancer cells) possess high

2993

levels of the antiapoptotic protein FLIP relative to their
CD133"" counterparts, which makes them resistant to TRAIL-
mediated apoptosis (132). By contrast, we found that CD133'™
cells were more susceptible to killing by TRAIL. This result can
be reconciled with the notion that TRAIL-induced apoptosis is
one of the key mechanisms by which the immune system
eliminates transforming cells. In addition, the TRAIL-depen-
dent apoptotic cascade primarily affects malignant cells and, as
a rule, has only marginal effects, if any, on normal (nonma-
lignant) cells (63). However, this is not the case for CSCs (or at
least for CD133"8" cancer cells), as we have demonstrated.
Nevertheless, down-regulation of FLIP in CD133high Jurkat
T lymphoma or breast cancer cells caused their sensitization to
apoptosis induced by TRAIL in both cell types (132). This
finding is further corroborated by results of another report
documenting that down-regulation of FLIP in TRAIL-resistant
melanoma cells was sufficient to make these cells susceptible to
the apoptogen (40).

In a separate study on CSCs, we observed that stress in the
form of nutrient deprivation, cell crowding, or hypoxia re-
sults in apoptosis induction (J.N. et al., unpublished). Inter-
estingly, the surviving population showed an increased
expression of CD133 in agreement with similar findings of
others (43). We also observed that exposure of cancer cells
growing in monolayer cultures to the same stresses results in
rapid up-regulation of CD133 such that the resulting cells
were also protected from apoptosis for extended periods of
time. These processes, involving differential expression of
CD133, may signify more general properties of CSCs, since
we observed similar findings with diverse cancer cells, in-
cluding Jurkat T lymphoma, breast cancer, and mesotheli-
oma cell lines (J.N. ef al., unpublished). This suggests that
either the cells that survive already display the phenotype of
CSCs or that the pressure of the stressful environment favors
cancer cell populations acquiring increased cancer stem cell-
like properties to survive. This latter possibility has been re-
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FIG. 3. Breast cancer stem-like cells are susceptible to mitochondrially targeted vitamin E succinate (MitoVES). MCF7 cells
were grown as adherent cells (ADH) or spheres (SPH) (A) and assessed for the expression of several CSC markers, including CD133
(both isotypes), CD44, CD24, Jagged-1, and Notch-1 (B). The adherent and sphere cells were exposed to a-tocopheryl succinate (o-
TOS), its mitochondrially targeted analog (MitoVES), or pathenolide (PTL) at the concentrations (uM) and times shown, and
assessed for apoptosis induction (C). (To see this illustration in color the reader is referred to the web version of this article at

www liebertonline.com/ars).
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components analysis projections are represented in a two-dimensional (left) and a three-dimensional (right) manner. (B) Gene
set enrichment analysis plots show enrichment of (i) embryonic stem cell (p=0.044, false discovery rate [FDR]=0.046), (ii)
neuronal stem cell (p=0.001, FDR=0.006), and (iii) hematopoietic stem cell (p=0.075, FDR =0.085) gene sets in mamosphere
but not adherent cultures. Each vertical line on the enrichment plot represents a probe in the corresponding gene set. The left
to right position of vertical lines indicates the relative position genes from ESC, NSC, and HSC gene sets within the rank-
ordered list of the 37,805 probes present on the HumanHT-12 BeadChip. The first probe on the left represents the most
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cently supported by the studies of Griguer and colleagues, who
showed that CD133 expression was up-regulated in response
to stress by hypoxia or by mitochondrial respiratory inhibition
using rotenone (43). This finding can be reconciled with the
reported high level stabilization of HIF-1o. under normoxic
conditions in CD34" and CD133" hematopoietic stem
cells, probably via increased levels of (mitochondrial) ROS
generation, suggesting that the cells are undergoing adaptation
to promote their enhanced survival propensity (91).

Hence, cancer cell selection by the immune system or pre-
vailing conditions (e.g., oxidative or hypoxic stress) leads to
their acquisition of increased level of stemness, epitomized by
elevated CD133 expression, being more difficult to efficiently
eliminate using current therapies. These cells are also capable
of forming second-line tumors, clonally derived from the re-
sistant CD133™ CSCs, and such carcinomas are expected to be
much more difficult to treat.

Where to from Here?

As stated above, CD133 may be either a factor that selects
cancer cells (possibly with high levels of stemness) for sur-
vival, or readily increases when cancer cells are challenged
by stressful/unfavorable selection pressures leading to in-
creased CD133 expression associated with greater resistance
of cancer cell subpopulations to the stress (in very broad
terms). It is unclear at this stage, though, whether there is a
causal (or, better, functional) link between the level of CD133
and resistance of cancer cells to stress, most likely involving
mitochondria. Based on the evidence presented here, we
more strongly favor a role for expression of CD133 in the
induction of apoptosis-regulating genes such that CSCs ex-
hibit greater likelihood of survival. We also believe it more
plausible that malignant cells develop resistance during
immunoediting to escape immunosurveillance first, and
then CSCs with initially low levels of CD133 emerge that
rapidly increases when the cells are challenged by the en-

TaBLE 4. ExamrLES OF COMPOUNDS
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suing unfavorable or stressful growth conditions. However,
although unlikely, current data cannot completely rule out a
concomitant increase of CD133 and acquisition of a resistant
phenotype.

It is unlikely that the selection of CSCs that survive the
challenge (including immunosurveillance or, later on, stress)
is a random, uncoordinated process. However, the molecular
basis is not known whereby CSCs are selected for survival,
and one would reason that CD133 is not the only key element
that dictates the very early cellular responses to the selection
pressure(s). Understanding how cells are selected is not only
of fundamental importance for our understanding of those
events occurring within cancer cell populations, but it also has
far-reaching implications for clinical applications to antican-
cer therapy. Thus, we propose that CD133 remains a valid
marker for predicting subpopulation of cancer cells that will
show enhanced survival to immune and other stressful chal-
lenges. This is supported, for example, by findings that
CD133" cells isolated from tumors show much greater resis-
tance to apoptosis than their CD133 ™ counterparts (12, 16, 65).
Approaches that focus on targeting CD133, such as therapy
resulting in its down-regulation and the consequential en-
hanced susceptibility of these cells to apoptosis, both medi-
ated via the death receptor and mitochondrial mechanisms
(17), are warranted.

Gene therapy is, scientifically, a very elegant, although
challenging approach. Silencing of the expression of the
CD133 gene in experimental animals, such as transgenic
mice with spontaneously generated tumors, may prove su-
perior in preventing selection of CD133" cancer cell resis-
tance to apoptosis during the process of immunoediting. On
the practical level, however, this can be difficult to achieve
due to potential effects on other bystander cells that are not
the desired target. Such approaches ought to be first tested in
animals with experimental tumors, such as transgenic, im-
munocompetent mice with spontaneously arising tumors. In
these models, stable transfection with a plasmid or a viral

THAT KiLL CANCER STEM-LIKE CELLS

Name Structure Type of tumor Mechanism of action Reference
Parthenolide ; Leukemia Inhibition of NFxB 46, 49, 58
= Breast cancer
Prostate cancer
I 1
. . JLeME st . .
Salinomycin g "o Breast cancer Potassium ionophore 45
gt T
Metformin 'fHH 4 Breast cancer Effect on energy metabolism 52
Lapatinib ...F/qj‘];:?‘ Breast cancer Dual inhibitor of receptor 60
~G °’\© tyrosine kinases
MitoVES DWQP—Q Breast cancer, Generation of ROS by J.N. et al., unpublished
O mesothelioma targeting complex II

MitoVES, mitochondrially targeted vitamin E succinate; ROS, reactive oxygen species.
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vector carrying CD133 shRNA targeted to the tumor-prone
tissue could be tested. This approach, if successful, will
provide direct evidence for the pathophysiological role of
CD133 and indicate a possibility of gene therapy to eliminate
malignant CD133* cells.

Another way for dealing with CD133" cancer cells is to
design pharmacological agents that would kill such cells
with high efficacy and selectivity without affecting normal
cells. To date, only several compounds have been published
and shown to possess these features, a prime example being
parthenolide (PTL), a drug isolated from the plant feverfew
with NF«B inhibitory activity (51). PTL was found to be
relatively efficient in killing leukemia stem cells (46, 49) and,
also, breast CSCs represented by mammospheres (MS) de-

’ Tumor cells

ZOBALOVA ET AL.

rived from breast cancer cell lines (129). The latter include
MS derived from the human breast cancer cell line MCF7,
which were resistant to a range of established anticancer
agents. We observed similar susceptibility of MCF7 cell-
derived MS to PTL in our laboratory, and have also found
that these MS exhibited high level of expression of both
isotypes of CD133 relative to their adherent counterparts
(J.N. et al., unpublished). High-throughput screening using
CD44M8"/CD24'" cells uncovered salinomycin as an effi-
cient agent that exerted selective toxicity toward breast
CSCs, although a relationship to the level of CD133 has not
been documented (45).

We have recently designed novel anticancer drugs from
the family of mitocans (81-83), epitomized by the mi-

FIG. 5. CD133 selects cancer
cells for resistance to apopto-
sis. We propose two scenarios
describing the origin of the re-
sistant, CD133" cancer (stem-
like) cells in tumors. Scenario 1
involves the role of the immune
system, which, via the process of
immunoediting, selects cells that
are resistant to immune surveil-
lance or escape being intercepted
and eliminated by the immune

cenario 2

Anti-cancer drugs

Oxidative stress

Hypoxia/Nutrient
deprivation

Scenario 1 S
"“-
e
Normal — o= = )
T =l=
=6 = ]
Transformed ‘aaE T Upregulati
)= >
B CD1

genes and increase in

system. These cells form a tumor
with low number of CD133™"
cancer cells. Upon challenge of
the tumor with anticancer drugs,

on of anti-apoptotic

33+ expression

—

Immunoediting

)
A
¥

%
<

%
<

e

/N
s

Apoptosis

the CD133" cells are killed via
apoptosis, unless they can re-
spond rapidly by up-regulating
CD133 and antiapoptotic genes
(plus, most likely, down-regu-
lating proapoptotic genes). The
CD133" cells survive and the
resulting tumor will be highly
enriched in these apoptosis-re-
sistant cells. Scenario 2 is very
similar to Scenario 1. However, it

Tumor with
increased number
of CD133 * cells

| Anti-cancer

Apoptosis

o

l

Tumor with
CD133+* cells

Anti-cancer

l drugs

Apopto

w
it

(CD133- cells)

ldrugs

b

Resistant tumor with

sis many CD133+* cells

Resistant tumor with surve

Apoptosis
many CD133+ cells

(CD133- cells)

Resis

>

, Tumor cell

Tumor cell
surviving immune

NKT, NK, CD4+,
CDB8*, y3 T cells

@ Macrophage

illance

tumortigtlcmsm w Apoptotic cell

150

is based on results obtained lar-
gely with cell lines. Accordingly,
tumor cells, when under the
pressure of oxidative stress, an-
ticancer drugs or hypoxia (most
likely in combination with nu-
trient deprivation), rapidly up-
regulate expression of CD133 in
a subpopulation of the cells, and
this is associated with differen-
tial regulation of apoptosis-
modulating genes. Therefore, in
the forthcoming therapy, the in-
tervention causes killing of non-
resistant cells, whereas the
resistant (CD133 %) cells survive
and constitute the majority of
cells within the resulting tumor,
highly recalcitrant to anticancer
agents (adapted from ref. 108).
(To see this illustration in color
the reader is referred to the web
version of this article at www
liebertonline.com/ars).
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tochondrially targeted vitamin E succinate. These agents
specifically target mitochondria and are much more efficient
than the corresponding mitochondrial-untargeted parental
compounds, while preserving selectivity for cancer cells (24).
Mitochondrially targeted compounds exert very high effi-
cacy not only against fast proliferating cancer cells, but also
against their cancer stem-like counterparts typified by high
levels of CD133 expression and grown as spheres (Figs. 3 and
4) (J.N. et al., unpublished). Therefore, mitocans show sub-
stantial promise to be developed into anticancer drugs that
can efficiently kill the recalcitrant CD133™ cells, and we are
currently investigating the molecular mechanism of sus-
ceptibility of CSCs to certain mitocans, with a special focus
on mitochondrially targeted vitamin E succinate. A repre-
sentative list of compounds that have been suggested to kill
CSCs, often with increased level of expression of CD133, is
shown in Table 4, with some of these agents acting at the
level of mitochondria.

Even though CD133 seems to be the most important
marker of wide interest at the moment for many CSC types,
there is a possibility that other CSC markers may play sig-
nificant roles in carcinogenesis and in the evasion of the
immune system. Nevertheless, we believe that the escape
mechanisms of cells presenting CD133 or CD44 and other
markers should be very similar if not the same as that of the
cancer cells (CSCs) that we have discussed here as being
capable of evading the immune surveillance. Targeting of
these CSCs [found, e.g., in breast cancer (4), prostate cancer
(18), and pancreatic cancer (64)] should also be the same as
for CSCs that express the CD133 marker. Since not much is
known about the function of CD44, in particular its role in
CSCs, CD44 might not be the best target. However, targeting
CSCs with pharmacological agents should have a similar
affect (31). For example, in a recent study, we found that
mitocans (23, 81, 83) showed a considerable efficacy against
CD44" CSCs represented by MS (J.N. et al., unpublished).
Therefore, this approach also appears promising for CSCs
that are characterized by markers other than CD133 (78).
Collectively, while CD133 appears the most wide-spread
marker of CSCs and a potential target for therapeutic ap-
proach (or, rather, targeting mitochondria of CD133-positive
cells), other markers should not be excluded.

Conclusions and Future Perspectives

We present here a hypothesis according to which the
surface receptor CD133 selects cancer cells to survive
immunosurveillance as well as stress-induced apoptotic
challenges. This hypothesis is two-pronged (Fig. 5): (i) Pre-
cancerous cells are under immunosurveillance, and the cells
that emerge from the process of immunoediting are resistant
to killing by apoptotic inducers, many of which are estab-
lished anticancer agents. This population of CSCs shows high
level of CD133 expression. (i) Within cancer cells (including
cancer cell lines), there are subpopulations (or a subpopula-
tion) that, upon being challenged with inducers of apoptosis
(stress, anticancer agents, efc), will rapidly increase CD133
expression and, associated with this, up-regulation of anti-
apoptotic and down-regulation of proapoptotic genes.

Regardless of whether CD133 is functionally linked to
resistance of cancer cells to apoptosis or is co-upregulated in
cancer cells with a more pronounced stemness phenotype,
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typified by the propensity to escape killing by apoptosis,
high levels of CD133 expression may be considered a marker
of more aggressive and more resistant tumors (126). To
overcome such resistance, new methodological approaches
need to be developed. One approach that appears plausible,
given the initial results, is mitochondrial targeting. A class
of novel agents is being developed that act on mitochon-
dria and that are modified so that they accumulate in these -
organelles. These agents, tagged with cationic group (9), are
being proved as more efficient in killing cancer cells than their
untagged counterparts (9, 24). Whether such compounds are
efficient in killing CSCs represented by CD133"¢" populations,
as indicated by our initial results (either alone or in combination
with other agents), is yet to be fully documented, although our
pilot data are encouraging.

One plausible approach to efficient tumor therapy can be
documented by the following example. We have used mi-
croarray analysis to characterize the stemness of several
types of cancer cells grown as spheres, including breast and
prostate cancer as well as malignant mesotheliomas, all with
increased level of CD133 in the sphere phenotype (J.N. et al.,
unpublished). This resulted in the confirmation of increased
stemness in all three types of cancer. We found that of the
upregulated pathways the three types of CSCs shared the
tryptophan metabolism (represented by increased expres-
sion of indoleamine-2,3-dioxygenase, IDO). This finding
would imply that CSCs deplete their neighborhood of
tryptophan. In this manner, they may protect themselves
from being killed by cells of the immune system (66, 79).
Thus, inhibitors of IDO are being tested as anticancer agents
(39, 54). We dare speculate that a highly efficient way to kill
CSCs with high levels of CD133 may be accomplished by a
combinatorial treatment of such cells with agents like mi-
tochondrially targeted compounds (mitocans) and inhibitors
of IDO. In other words, a drug that has high propensity of
killing cancer cells by targeting their mitochondria in com-
bination with agents that may enhance the tumor immune
surveillance may present the magic bullet of optimal anti-
cancer therapeutic modality, hitting the Achilles” heel of
cancer.
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1. Introduction

The hallmarks of cancer include processes like self-sufficiency for growth signals,
insensitivity to growth-inhibitory (anti-growth) signals, evasion of programmed cell death
(apoptosis), unlimited replicative potential, sustained angiogenesis, and tissue invasion and
metastasis (Hanahan & Weinberg, 2000). Recent research dictates that these definitions,
while valid, ought to be enriched. That is, we should also consider tumours as a
heterogeneous ‘collection of cancer cells” with a hierarchy. This “hierarchical hypothesis’ tells
us that tumours contain a minute (sometimes very small) sub-set of cells with distinct
properties from the bulk of the tumour mass (D’ Amour & Gage, 2002; Visvader & Lindeman,
2008; Visvader, 2009). These cells feature certain characteristics inherent to stem cells,
including the capacity of self-renewal, asymmetric division and differentiation. They have also
a very high propensity to form tumours. Therefore these cells are referred to as cancer stem
cells (CSC) or cancer stem-like cells or, better, tumour-initiating cells (TICs). The terminology,
while not too important, may be misleading though, since the term ‘cancer stem cells” implies
that we are dealing with true stem cells, which is not possible to reconcile with at this stage,
perhaps even more so, since the origin of CSCs is not exactly known.

Recent evidence, rather circumstantial, indicates that CSCs may have developed during the
stage of tumour immunoediting (Dunn et al., 2002, 2004a). According to this concept, the
immune system is actively involved in tumour initiation as well as progression, and this
became known as the principle of ‘three Es’, involving the phases of ‘elimination’,
‘equilibrium’ and ‘escape’ (Dunn et al., 2004b). The elimination phase of the process of
immunoediting is responsible for the detection and elimination of cells that became
malignant, usually due to the failure of their tumour suppressor mechanisms (Smyth et al.,
2002). The selection of such CSCs is depicted schematically in Figure 1. Here, certain cells,
possibly with slightly different properties than the bulk of the cell population, survive the
pressure of the immune system, while most of the cells are eliminated by the cells of the
immune system such as the cytotoxic T lymphocytes (CTLs) (Schreiber et al., 1983; Bancroft
et al., 1991; Smyth et al., 2001; Takeda et al., 2001; Hayakawa et al., 2002). These cells then give
rise to a tumour. Upon therapeutic intervention, many cells of the tumour are induced into
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apoptosis and die, while some survive and give rise to ‘second-line’ tumours with acquired
resistance to the ‘first-line” treatment, vastly complicating further therapy and making the
prognosis very grim (Neuzil et al., 2007; Visvader & Lindeman, 2008; Alison et al., 2010;
McDermott & Wicha, 2010).

==
===

Normal Transformed Immunoediting Apoptosis

Apoptosis

Tumour with CSCs

@ Normal cell NKT,NK, CD4+,
CD8*,y5 Tcells
Tumourcell

survivingimmune @ Macrophage
surveillance

’ CsCs w Apoptotic cell

Resistant second
line tumour cells

Resistant tumour
with CSCs

Fig. 1. Possible selection of CSCs during cancer cell immunoediting and their contribution to
the resistance of tumours to therapy. During the process of malignant conversion, several
cells that carry mutations escape the elimination phase of the process of immunoediting,
which involves a variety of cells of the immune system, such as natural killer cells, natural
killer T cells, cytotoxic T cells or macrophages. These ‘selected” cells form a tumour with
relatively low number of CSCs. Upon challenge of the tumour with anti-cancer drugs,
majority of the cells are killed via apoptosis, while the CSCs survive. They then start
differentiating and proliferating to give rise to ‘second-line” tumours with higher resistance
to therapy, making them very hard to eliminate. The percentage of CSCs in the “second-line’
tumours is similar to that in the primary tumour.

2. Identification of cancer stem-like cells

CSCs have been, thus far, identified in a great number of tumours. Thus, CSCs have been
described in multiple myelomas (Park et al., 1971) and in leukemias (Lapidot et al., 1994;
Bhatia et al., 1998), after which they were also discovered in the neoplastic diseases of the
nervous system (Singh et al., 2003; Piccirillo et al., 2006), colon cancer (Ricci-Vitiani et al.,
2007), prostate cancer (Collins et al., 2005), hepatocarcinomas (Yin et al., 2007), breast cancer
(Al-Hajj et al., 2003), melanomas (Fang et al., 2005; Schatton et al., 2008) and osteosarcomas
(Gibbs et al., 2005), and we have recently identified CSCs in the context of malignant
mesotheliomas (Neuzil ef al., unpublished data).
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One of the most vexing problems in the study of CSCs is their identification. A number of
markers of CSCs or the combination thereof, varying, more-or-less, from cancer type to
cancer type, have been described. Of the ‘markers” used to define CSCs, many are cell
surface proteins that endow the sub-set of CSCs with specific properties, and some have
been involved in functional differences of CSCs when compared to the fast-proliferating,
more differentiated cancer cells. However, different markers or their combinations have
been proposed to characterize CSCs even within the same type of tumour. For example,
breast cancer CSCs have been typified by the genotype CD44+/CD24-/ ALDH (Ginestier et
al., 2007; Charafe-Jauffret et al., 2009). We found breast cancer CSCs also upregulating
CD133, while the CD24 status varies (Neuzil et al., unpublished data). Similarly, ovarian
carcinoma stem cells have been described as CD44+/CD117* (Zhang et al., 2008) or CD133*
(Baba et al., 2009).

Probably the most frequently used markers of CSCs are the surface proteins CD24, CD44,
CD47, CD133, the level of expression of aldehyde dehydrogenase (ALDH), and the presence
of the so-called ‘side-population’. These markers have been used to characterize CSCs from
a variety of tumour types, although the use of some of these markers has been challenged.
This controversy has been proposed, for example, for the probably most frequently used
CSC marker CD133, with Shmelkov et al. (2008) having reported that metastatic colon cancer
cells exert comparable tumour-initiating capacity regardless of the CD133 status.

While the glycoprotein CD24 has been shown to be downregulated in CSCs of some types of
breast cancer, CD44 appears to be consistently upregulated in breast cancer CSCs (Al-Hajj et
al., 2003; Ginestier et al., 2007, Charafe-Jauffret et al., 2009) as well as CSCs of prostate
(Collins et al., 2005), pancreatic (Patrawala et al., 2006; Li et al., 2007), ovarian (Zhang et al.,
2008; Alvero et al., 2009), colorectal (Du et al., 2008) and liver cancer (Yang et al., 2008). CD44
has been earlier identified as a receptor for hyaluronic acid, whose engagement may result
in the activation of TGF signalling, promoting the pro-survival, anti-apoptotic pathways
(Shipitsin et al., 2007).

Over the last few years, CD133 has been utilized most frequently as a marker of CSCs
(Corbeil et al., 2001; Miraglia et al., 2007; Neuzil et al., 2007; Tang et al., 2007). The types of
tumours that are typified by CSCs that exert high level of CD133 include such diverse
neoplasias as breast cancer, colon cancer, tumours of the nervous system, etc. It is rather
surprising that not too much is known about the function of the protein. CD133, also known
as prominin-1, was first discovered in hematopoietic stem cells (Corbeil et al., 2001; Miraglia
et al., 2007). It was shown that CD133* cells have the propensity to form tumours in
NOD/SCID mice even when low numbers of such cells were xenografted (Ricci-Vitiani et
al., 2007; Yin et al., 2007; O’Brian et al., 2007; Wright et al., 2008). Even though Shmelkov et al.
(2008) reported that in their hands, CD133- cells are also capable of tumour initiation in
immunocompromised mice, they showed that CD133* colon cancer cells exert much greater
metastatic potential than their CD133- counterparts. Thus, regardless the reports doubting
the usefulness of CD133 as a stem cell marker, prominin-1 can be used as a marker for the
increase in the ‘stemness’ of the cell subpopulation, in particular in combination with other
markers, such as CD44 and CD24.

A considerable problem in studying CSCs is, besides their identification, their maintenance
in culture. For example, we studied CD133* Jurkat cells from ‘mixed’ pre-separation
population of the cells following their separation by immunomagnetic sorting, and found
that the CD133high sub-population (over 60% CD133 positivity) reverted to the ‘mixed’
population phenotype with some 20% CD133-positive cells within several days after placing
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the sorted cells to the serum-containing medium (Zobalova et al., 2009). This gives only a
relatively short time window for subsequent studies, and the results obtained with such
cells are difficult to interpret.

Probably the best option for studying CSCs of solid tumours in vitro is maintaining cancer
cells in spheres, growing them under conditions that prevent their adhesion. The basic
feature of such conditions is the absence of serum and supplementation of the medium with
growth factors, including FGF2 and EGF (Vescovi et al., 2006). Keeping cells in such a
medium maintains their stem-like properties for extended periods of time, and we have
found that such conditions result in sphere cell phenotype for breast and prostate cancer as
well as mesotheliomas (Neuzil et al., unpublished data). Using microarray analysis
approach, we confirmed an overall increase in the ‘stemness signature” of such cultures, i.e.
enrichment in markers of several types of stem cells, including the hematopoietic,
embryonic and neural stem cell gene sets (Ramalho-Santos et al., 2002; Ivanova et al., 2002;
Fortunel et al., 2003). This approach also makes it possible to characterise in a global as well
as more focused manner the features of CSCs, including the pathways that become
activated. For example, we found that for breast and prostate cancer as well as
mesothelioma spheres, the tryptophan pathway was the most activated of all pathways
whose activation was common to the three types of CSCs, indicating a mechanism how such
cells may survive for prolonged periods of time in the niche (Neuzil et al., unpublished
data). This also suggests that inhibitors of indoleamine-2,3-dioxygenase (IDO), a key
enzyme in the conversion of tryptophan to N-formyl kynurenin, may be useful for
promoting killing of CSCs (see below).

3. Compounds that kill cancer stem-like cells

Numerous studies have documented resistance of CSCs to established therapeutic
modalities, including radiation therapy as well as chemotherapy. The reasons are multiple
and include altered expression of genes that are important for initiation, progression and
execution of apoptosis, activation of the survival pathways, and upregulation of trans-
membrane proteins that promote survival as well as activation of the DNA repair
machinery. Increased resistance has been shown for many types of CSCs, including
leukemic (Essers & Trumpp, 2010), brain (Bao et al., 2006; Liu et al., 2006; Hambardzumyan
et al., 2006; Dirks 2010), pancreatic (Lonardo et al., 2010), breast (McDermott & Wicha, 2010),
melanoma (Frank et al., 2003, 2005) as well as colon CSCs (Boman & Huang, 2008).

Liu et al. (2006) found that CD133* glioblastoma cells isolated from primary tumours were
highly enriched in the products of genes that provide cells with survival advantage, which
includes the anti-apoptotic genes Bcl-2, Bcl-xi, four members of the IAP family (c-IAP2,
XIAP, NIAP and survivin) and, most notably the protein FLIP, while the expression of the
apoptosis-promoting Bax was decreased. The caspase-8 inhibitor FLIP was upregulated up
to 300-fold, pointing to its importance. The pattern of genes over-expressed in the CSCs
suggests that the cells are well protected from induction and execution of both the intrinsic
apoptosis mechanism (Bcl-2, Bcl-x1) as well as against the extrinsic pathway (FLIP).
Moreover, the IAP family proteins inhibit the possible activation of multiple caspases. We
found that CD133high cells, both Jurkat and MCF7, featured high level of expression of FLIP.
This conferred their resistance to the immunological inducer of apoptosis TRAIL, which
could be overcome by knocking down the FLIP protein using siRNA (Zobalova ef al., 2008).
Several types of CSCs have been reported to upregulate ABC pumps that make them
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resistant to various chemotherapeutics. For example, ABCG5 has been shown to be
upregulated in melanoma CSCs (Frank et al., 2003, 2005). Cells with high level of expression
of members of the ABC pumps are classified as the so-called ‘side-population’, and these
cells have been shown to possess a high re-populating activity when injected into
NOD/SCID mice (Bhatia et al., 1998).

Finding efficient modalities to kill CSCs is undoubtedly of paramount importance and is a
focus of intensive research. Thus far, the results are not particularly encouraging, although
several potentially promising agents have been described (Table I). The first and probably
best characterized is the sesquiterpene lactone parthenolide, a natural product isolated from
medicinal plants including Tanacetum parthenium (feverfew) that has been initially found to
inhibit the transcription factor NFkB (Bork et al., 1997), by way of inhibiting activation of the
inhibitory components of the transcription factor (Hehner et al., 1998). However, it has been
suggested that induction of apoptosis by parthenolide may be independent of inhibition of
NF«B activation (Anderson & Bejcek, 2008). Since parthenolide proved efficient in
suppressing the proliferation and inducing apoptosis of leukemia stem cells (Guzman et al.,
2005a,b, 2007), a number of sesquiterpene lactones have been synthesized and tested as anti-
cancer drugs (Ghantous et al.,, 2010). Parthenolide as a compound efficient in killing
leukemia stem cells was confirmed using high-throughput, in silico screening (Hassane et al.,
2008). The drug is now in Phase I clinical trial for several types of leukemia
(http:/ /www.globenewswire.com/newsroom/news.html?d=158480). Recently, breast CSCs
as well as prostate CSCs have been reported as targets for parthenolide (Liu et al., 2008;
Zhou et al., 2008; Kawasaki et al., 2009).

The mechanism(s) by which parthenolide kills CSCs is still obscure. Guzman et al. (2005b,
2007) reported that an analogue of parthenolide, dimethylamino-parthenolide, was very
efficient in killing primary leukemic stem cells, which was replicated in pre-clinical models.
It was found that induction of apoptosis in leukemia CSCs included generation of reactive
oxygen species (ROS), inhibition of NF«B activation and activation of p53. An effect on
NF«B was also proposed for inhibition of breast cancer CSCs by parthenolide as well as by
other known inducers of the transcription factor, including pyrrolidinedithiocarbamate,
using the mammosphere model of CSCs (Zhou et al., 2008). In prostate CSCs, parthenolide
has been shown to exert also other activities than inhibition of NFkB or generation of ROS,
which include inhibition of a variety of non-receptor and receptor tyrosine kinases as well as
a number of transcription factors, such as C/EBPo, FRA-1, HOXA-4, c-Myb, Snail, SP1, etc.
(Kawasaki et al., 2009). Of considerable clinical interest is combination of parthenolide with
established anti-cancer agents. To this effect, Liu ef al. (2008) reported that the combination
of long-circulating (stealth) liposomes carrying parthenolide with those containing
vinorelbine fully inhibited xenografts derived in immunocompromised mice from MCF7
cells. In cultured MCEF7 cells sorted for the ‘side-population” with high tumour-initiating
potential, the combination of the two drugs exerted a very good anti-proliferative effect.
High-throughput in silico screening has been used recently in a search for compounds that
would efficiently kill breast CSCs. This resulted in discovery of the well known agent
salinomycin as an anti-CSC drug (Gupta et al., 2009), with a potential clinical application
(Rowan, 2009). This agent was some 100-fold more efficient in lowering the proportion of
CSCs in the cancer cell population than the established anti-cancer agent paclitaxel. Analysis
of breast tumour xenografts in mice treated with salinomycin reveled that the agent
promoted differentiation of the tumour cells and down-regulation of the breast CSC marker
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Table I. Small molecules killing cancer stem-like cells.

genes. A follow-up publication documented that salinomycin induces apoptosis in resistant
cells, such as those expressing high levels of Bcl-2 and p-glycoprotein (Fuchs et al., 2009).
Similar findings were also reported by Riccioni ef al. (2010). Multidrug resistance, mediated
by the ABC transporter proteins, was overcome by salinomycin in leukemic stem-like cells,
inducing the resilient cells into apoptosis (Fuchs et al., 2010). Salinomycin, a potassium
ionophore, is a product of the bacterium Streptomyces albus (Miyazaki et al., 1974), and has
been used for a long time in poultry industry. A potential problem with the clinical
application of the agent is its relatively high toxicity (Li et al., 2010) that may jeopardize its
use in human medicine, quelling somewhat the enthusiasm for the future use of the agent.
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Metformin is an oral anti-diabetic drug from the biguanide class, which has been used
clinically as an efficient first-line agent against type 2 diabetes (Crandall et al., 2008).
Recently this drug was reported to target breast CSCs and, when combined with
doxorubicin, prevent growth of tumours as well as their remission (Hirsch et al., 2009).
Another study documented that metformin could efficiently inhibit proliferation of breast
CSCs refractory to the HER2-targeting agent Herceptin (trastuzumab) as well as their self
renewal (Vazquez-Martin et al., 2010a). Since metformin acts by interfering with the energy
metabolism of cells, it may inhibit self-maintenance of mitotically competent cells acting as a
caloric restriction mimetic (Martin-Castillo et al., 2010; Vazquez-Martin et al., 2010b; Nguyen
et al., 2010).

A considerable problem in cancer management is encountered in the case of HER2-high
breast cancer (Slamon et al., 1989). To this effect, the agent lapatinib has been applied as a
drug of choice for Herceptin-resistant, metastatic breast cancer cells (Burris et al., 2005). This
dual receptor tyrosine kinase inhibitor (suppressing the activation of HER2/erbB2 and
EGFR) has been suggested to suppress the growth of CSCs in the context of HER2-high
breast and lung tumours (Magnifico et al., 2009; Korkaya and Wicha, 2009; Diaz et al., 2010).
Several of the above agents reported to suppress tumour growth and, in some cases, prolong
the remission-free period in experimental animals, act by inducing generation of ROS. In
this context, we have been studying a class of anti-cancer drugs from the group of vitamin E
analogues, epitomized by the redox-silent a-tocopheryl succinate (a-TOS) (Figure 2B)
(Neuzil et al.,, 2001, Weber et al., 2002). This agent acts by targeting the mitochondrial
complex II (CII), whereby causing generation of high levels of ROS, which then induce
apoptosis by destabilizing the mitochondrial outer membrane (Dong et al., 2008, 2009), by
promoting the formation of the Bak channel in mitochondria (Prochazka et al., 2010; Valis et
al., in press). To enhance the activity of the vitamin E analogue, we modified the agent by its
tagging with the positively charged triphenylphosphonium (TPP*) group, as suggested for a
variety of redox-active compounds (Smith & Murphy, 2005; Biassutto ef al., 2010), generating
mitochondrially targeted vitamin E succinate (MitoVES) (Figure 2B). As indicated in Figure
2A, such TPP*-modified compounds move across most biological membranes. Upon
crossing the mitochondrial inner membrane (MIM) with the negative potential on the matrix
face, the agent is trapped and gradually accumulates in this compartment so that its local
concentration is considerably increased. In the case of MitoVES, with its target CII within
the MIM, such approach can be expected to maximize its biological activity. Indeed, we
found that MitoVES was 1-2 log more efficient in killing cancer cells than the untargeted
counterpart (a-TOS), which was paralleled by an effect on experimental cancer, including
colon cancer and HER2-high breast cancer (Dong et al., 2011). We have recently found that
MitoVES is very efficient in apoptosis induction in a breast cancer CSC model represented
by mammospheres, which feature cells with enhanced level of stemness and which can be
characterized as CD44high/CD133high/CD24low / Jagged-1hish (Figure 3A,B). In fact, MitoVES
was more efficient in killing the mammosphere cells than did the untargeted o-TOS and
than parthenolide, probably thus far the best characterized agent toxic to CSCs (Figure 3C)
(Neuzil et al., unpublished data). While the mechanism is not clear at this stage and much
more work needs to be done, agents like MitoVES may present a substantial promise for the
development of compounds that will efficiently eradicate not only the bulk of the tumour
cells but, more importantly, also the highly recalcitrant CSCs, whereby minimizing the
probability of tumour remission.

www.intechopen.com

163



368 Cancer Stem Cells Theories and Practice

A XW

XW XS~~P 0

MitoVES @

Fig. 2. Principle of mitochondrial targeting. A. Addition of a cationic, triphenylphosphonium
(TPP+) group to hydrophobic compounds, with the charge on the phosphorus delocalised on
the flanking phenyl groups, causes their relatively free movement across biological
membranes. Once in the mitochondrial matrix with the negative potential on the matrix face of
the mitochondrial inner membrane (MIM), the TPP* group anchors the compound at the
matrix-MIM interface, with increased concentration of the agent in this compartment. This is
important for enhancing the bioactivity of agents, whose target is in the proximity of the
interface. B. The structures are shown of the untargeted o-tocopheryl succinate (a-TOS) and
the mitochondrially targeted vitamin E succinate (MitoVES).
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Fig. 3. MitoVES is efficient in killing mammosphere cells. A. The breast cancer cells (line
MCEF?7) were cultured as adherent cells (MCF7) or as mammospheres (MS). B. Flow
cytometric analysis characterized the adherent MCF7 cells as CD24higsh/ CD44lew / CD133low,
while the MS cells were CD24low / CDA44high / CD133hish, We also found MCF7 cells low in
expression of the stemness marker Jagged-1, which was increased in the MS cultures. Both
CD133 isotypes were analysed here. C. The adherent MCF7 cells (top panel) and their
mammosphere counterparts (lower panel) were exposed to 50 uM a-tocopheryl succinate
(TOS), 10 uM parthenolide (PTL) or 5 pM mitochondrially targeted vitamin E succinate,
MitoVES (MVES), for the time periods indicated and the cells analysed for apoptosis level.

4. Conclusions

Cancer is now number one reason for the demise of human patients, having surpassed the
number of deaths linked to cardiovascular diseases (Twombly, 2005), and the trend appears
rather grim (Jemal ef al., 2010). A factor contributing to this negative outlook is undoubtedly
the hierarchical structure of tumours with a subset of cells with tumour-initiating properties.
These cells share some features with stem cells, while they are tumour cells in that they are
malignant. Experiments, in which CSCs were isolated from xenografts and used to give rise
to a tumour in a serial manner, documented that, although more-or-less pure CSCs were
used to initiate the tumour, the percentage of cells with stem-like properties were kept very
similar in each subsequent experimental animal. This suggests that tumours are endowed
with a level of plasticity and “memory’, which dictates that cells are always present in the
tumour whose role is to make sure that the total population of cancer cells will not be
eradicated. This ‘memory’, however, also includes additional mutations such that the
‘second-line” tumours, derived from the CSCs that survived the therapeutic intervention, is
resistant to the ‘first-line’ treatment, which considerably jeopardizes any therapeutic
modalities applicable to such patients.

While every tumour has different properties, cancer cells also share many features. This may
well be true also for CSCs from different types of tumours. Finding such common traits may
help discover the Achilles” heel of CSCs and, subsequently, devise efficient therapeutic
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Fig. 4. Mlicroarray data characterise mammospheres as a phenotype with increased
stemness. A. Principle components analysis (PCA) of adherent (ADH) and mammosphere
(SPH) MCF?7 cell cultures shows that each phenotype clusters together. PCA projections are
represented in 2D (left) and 3D (right) manner. B. Gene set enrichment analysis (GSEA)
plots show enrichment of (i) embryonic stem cell (ESC) (p = 0.044, FDR = 0.046), (ii) neuronal
stem cell (NSC) (p = 0.001, FDR = 0.006) and (iii) hematopoietic stem cell (HSC) (p = 0.075,
FDR = 0.085) gene sets in mamosphere but not adherent cultures. Each vertical line on the
enrichment plot represents a probe in the corresponding gene set. The left to right position
of vertical lines indicates the relative position genes from ESC, NSC and HSC gene sets
within the rank-ordered list of the 37,805 probes present on the HumanHT-12 BeadChip.
The first probe on the left represents the most upregulated probe in adherent samples and
the last on the right represents the most upregulated probe in the sphere-forming samples.
Probes in the middle are not differentially expressed.
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approaches. There are studies that attempted to characterize the global difference of gene
expression in fast-proliferating tumour cells and the corresponding CSCs, and such studies
have been useful for confirming the stemness features of the cells (Ivanova et al., 2002;
Ramalho-Santoz et al., 2002; Fortunel et al., 2003) or to characterize specific properties of
CSCs (Birnie et al., 2008).

We have attempted to use microarray analysis to characterize the stemness of several types
of cancer cells grown as spheres, including breast and prostate cancer as well as malignant
mesotheliomas (Figure 4) (Neuzil et al., unpublished data). Using this approach, we
identified increased stemness in all three types of cancer. Moreover, the tools of
bioinformatics allow us to search for features that are shared by the different types of model
CSC cultures. We found that the three types of CSCs share certain pathways, including
glycolysis and oxidative phosphorylation, which suggests that the use of agents like
MitoVES (c.f. Figure 3) may be a way how to kill such cells. Further and probably most
intriguingly, we found that of all the shared pathways that are upregulated in the three
types of CSCs, tryptophan metabolism (represented by increased expression of IDO) is the
most activated pathway. This is a highly interesting result, which suggests that CSCs are
endowed with activity that results in lowering the level of tryptophan in their
‘neighborhood’. Depletion of tryptophan (especially due to upregulation of IDO) is one way
how cancer cells may protect themselves from the immune surveillance, providing the
cancer cells with both passive and active defense mechanisms (Munn & Melor, 2008; Lob et
al., 2009), and inhibitors of IDO, such as brassinin or 1-methyl tryptophan, are being
considered as anti-cancer drugs (Gaspari et al., 2006; Hou et al., 2007).

It is therefore very tempting to speculate that a highly efficient way to eradicate tumour
cells, including the fast-proliferating ones and the resistant CSCs, may be the combination of
agents like MitoVES that would kill the bulk of the tumour cells, while the IDO inhibitor
would allow for the cells of the immune system to attack the remaining tumour cells, likely
those with higher level of ‘stemness’. Although a lot of work remains to be done, we
propose that such a strategy may be potentially developed and applied in the clinic to
minimize the probability of cancer relapse.
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5. DISSCUSSION

Utilization of mitochondria as a target for anti-cancer treatment has been neglected for a
long time. However, in light of recent development in the fields of mitochondrial
bioenergetics, the role of reactive oxygen species and apoptosis induction by mitochondria,
these organelles are emerging as the prime target for novel therapeutic strategies. Based on
the considerable heterogeneity within cancer cells of a tumour, it is becoming increasingly
clear that targeting of a single gene or a signalling pathway is unlikely to bring a benefit on
a large scale. Mitochondria in this context represent an intriguing option for cancer therapy
for several reasons. (i) Mitochondria represent a stable target, functional in vast majority of
cancers (Ralph et al., 2010). (ii) Mitochondria in cancer cells differ from mitochondria in
normal cells (Koppenol et al., 2011). (iii) Mitochondria are reservoirs for apoptosis-
promoting molecules, such as cyt ¢ and caspase proteases, important for induction and
execution of cell death (Galluzzi et al., 2012).

Tamoxifen is the first-line therapy of ER-positive breast cancer. However, as many as
50% of patients develop resistance to treatment. One of the common reasons for this
resistance is overexpression of the HER2 oncogene. The main mode of tamoxifen action is
its anti-ER activity. In addition, tamoxifen has been shown to act as an inhibitor of CI of
the ETC, although at supra-pharmacological doses (Moreira et al., 2006).

Based on the above considerations, we designed a mitochondrially targeted derivative
of tamoxifen, MitoTam, by tagging the parental molecule with the TPP* group. As
expected, this caused accumulation of the modified tamoxifen in mitochondria, specifically

at the IMM. Mitochondrial localization of tamoxifen had striking functional consequences.
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(i) The anti-cancer efficacy of the drug was increased by at least an order of magnitude. At
the therapeutic doses, MitoTam did not cause toxic side-effects. (ii) The efficacy was
particularly high for the HER2"9" subtype, which is resistant to tamoxifen. (iii) The main
molecular targets identified were Cl-dependent respiration and the respiratory
supercomplexes.

We have detected a substantial generation of ROS after MitoTam treatment, whereas
tamoxifen did not induce ROS production. These ROS were functionally relevant, as N-
acetyl cysteine (NAC) ROS scavenger treatment protected from MitoTam-induced cell
death. MitoTam treatment suppressed Cl-dependent respiration and CI-ClIl enzymatic
activity, whereas its effect on Cll-dependent respiration and CII-CIIl activity was
negligible. Moreover, molecular modelling approach suggested the interaction of MitoTam
with the ubiquinone-binding pocket of CI. In such position, MitoTam would interfere with
electron flow through CI, leading to excessive ROS generation, in line with the
experimental observations. A similar mode of action was shown earlier for MitoVES,
which interacts with ubiquinone-binding site of CIl (Dong et al., 2011a; Kluckova et al.,
2015). Such interaction is strongly dependent on the length of the carbon chain linker
connecting the TPP* moiety and the functional group (Truksa et al., 2015).

MitoTam was particularly efficient in eliminating HER2"9" breast cancer cells and
tumours, in stark contrast to the parental compound. We showed that HER2"9" cells and
tumours express more CI, engage in increased respiration through CI and have more
assembled respiratory SCs. Overexpression of HER2 sensitized cells to MitoTam
regardless of its ER status, as both ER-dependent MCF7 cells and ER-independent MDA-
MB-231 cells became sensitive after HER2 overexpression. Therefore, the enhancement of

ClI respiration and the level of SCs is a plausible reason for HER2"9" cell sensitivity.
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MitoTam treatment disrupted SCs more prominently in the HER2"9" sjtuation, and
HER2"9" cells generated more mitochondrial ROS after MitoTam exposure. This is
consistent with the notion that SCs enhance the effectivity of electron flow through
respiratory complexes and facilitate a barrier against electron leakage. Therefore, higher
SCs in HER2M9" cells give support to enhanced respiration, which has fatal consequences in
case of their disruption by MitoTam.

The results discussed above indicate that HER2 overexpression directly sensitized
mitochondria to MitoTam. Several oncogenes have been reported to localize to
mitochondria at some stage (Rohlenova et al., 2016a). Recently, Ding et al. (2012) reported
existence of a mitochondrial fraction of HER2 and suggested its involvement in the
enhancement of glycolysis. We have confirmed mitochondrial presence of HER2 in HER2-
overexpressing cells in independent models. Using electron and super-resolution
microscopy as well as biochemical approaches, we showed that HER2 in mitochondria is
localized at the IMM. We have tested various aspects of glycolysis, as it would be feasible
that if glycolysis was not induced as a compensatory mechanism upon decline of
OXPHOS, it could also account for the sensitivity of HER2"9 cells to MitoTam.
Nevertheless, although we observed an increase in glucose uptake and lactate production in
response to MitoTam treatment, we have not found significant differences between
HER2"9" and HER2'°V cells. In addition, MitoTam treatment did not reduce ATP levels in
any of the sublines. This indicates that glycolytic compensation cannot explain the
increased sensitivity of HER2MI" cells to MitoTam. In contrast, we consistently found
increased respiration in HER2M9" cells and tumours. Localized at the IMM, mitochondrial
HER2 is ideally placed to engage in interaction with the ETC. In our system, we indeed

observed increased respiration and SC assembly when mitochondrial HER2 was present, in
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contrast to Ding et al, who focused mainly on changes in glycolysis. It should be noted that
we also observed some increase in glycolysis when HERZ is high. To provide evidence that
mitochondrial HER2 sensitizes HER2"9" cells to MitoTam, we used two independent
approaches. First, using siRNA against mtHSP70, a protein implicated in transport of
HER2 to mitochondria (Ding et al.,, 2012), we were able to decrease the level of
mitochondrial HER2. Silencing of mtHSP70 de-sensitized HER2"9" cells to MitoTam, but
did not affect the sensitivity of HER2'Y cells. Second, we prepared a set of HER2
constructs with increased and decreased ability to translocate into mitochondria and,
consistently, increased mitochondrial localization was clearly connected with increased
sensitivity to the drug and vice versa.

Both MitoTam and MitoVES are drugs targeting mitochondrial bioenergetics. As such,
these drugs are able to control the metabolic heterogeneity of a tumour. It was repeatedly
shown that the aggressive, resistant populations of tumour cells feature increased
mitochondrial respiration. In our study, the aggressive HER2"9" preast cancer cells also
displayed increased respiration and higher level of respiratory SCs, which made them
susceptible to MitoTam, while resistant to tamoxifen.

CSCs are recognized as one of the possible reasons of tumour resistance. We and
others (Yan et al., 2015; Ye et al., 2011) have shown that CSCs possess higher AWn,i than
the bulk tumour cells. In our study CSCs derived from mouse NeuTL breast cancer cells,
although resistant to established therapeutics paclitaxel and doxorubicin were sensitive to
MitoVES (Yan et al., 2015). MitoVES not only eliminated the CSC population via
apoptosis induction, but the treatment also affected the tumour microenvironment. In CSCs
derived from cancer cell lines as well as from patient tumour samples, we found up-

regulated the tryptophan degradation pathway including indoleamine-2,3-dioxygenase 1

179



(IDO1), its rate-limiting enzyme. Depletion of tryptophan, as a result of increased uptake,
and the accumulation of its metabolites is recognized as one of the mechanisms of cancer
cell escape from the immune surveillance, as it leads to the inhibition of cytotoxic T cells
and favours a switch to regulatory T cells (Liu et al., 2009). Nonetheless, MitoVES
treatment suppressed IDO1 at the mMRNA and protein levels. The effect was apparent using
sub-apoptotic doses of MitoVES, and is likely connected with the increased oxidative stress
as MitoVES was not effective in cells with dysfunctional CII, its molecular target, and
IDO1 has been shown to be regulated by redox status (Thomas et al., 2001). This suggests
an additional mechanism how ETC-directed compounds such as MitoVES deal with CSCs,
via inducing their increased exposure to the immune system (Stapelberg et al., 2014).

According to the CSC theory, CSCs stand at the origin of tumour metastases, and we
detected significantly decreased number of metastatic cells in the lung and of circulating
tumour cells in mice with experimental mammary carcinoma treated with MitoTam. In an
in vitro sphere model of CSCs, pre-incubation of cells with MitoTam, but not with
tamoxifen, completely precluded the sphere formation (Rohlenova et al.,, 2016b).
Therefore, both MitoTam and MitoVES are efficient against CSCs derived from various
cell lines. The notion of CSCs, as a resistant sub-population of tumour with diverted
metabolic needs perhaps describes them more accurately than classification according to
the surface markers, as was presented in the Introduction. As such, CSCs and other
‘OXPHOS-addicted’ resistant sub-populations are introduced as a plausible target for the
mitochondrially targeted agents presented herein.

To summarize, functional OXPHOS is essential for tumour initiation, while treatment-
resistant populations of cancer cells are increasingly viewed as ‘OXPHOS-addicted’.

Classical inhibitors such as rotenone (CI inhibitor), antimycin A (CIII inhibitor) or
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potassium cyanate (CIV inhibitor) show systemic toxicity and are therefore unsuitable for
therapy. On the other hand, the efficacy of known non-toxic inhibitors, such as the anti-
diabetic drug metformin, did not bring as yet substantial benefit for cancer patients (Kordes
et al., 2015; Reni et al., 2016). Therefore, there is an eminent need for effective agents,
which would selectively target OXPHOS in cancer cells. Such a need may be fulfilled by
the mitochondrially targeted compounds, epitomized by MitoVES and MitoTam. It is of
note that the same principle of TPP* modification of an existing anti-cancer drug has
recently also been applied to metformin in our laboratory (Boukalova et al., submitted), as
well as by others (Cheng et al., 2016), showing auspicious results. This indicates that the
phenomenon of targeting ETC-directed anti-cancer drug to mitochondria, where they are in
close proximity to their molecular targets, represents a promising approach, which may
improve therapy of some hard-to-treat cancer types in the future.

The research in agents such as MitoTam or MitoVES has been hampered by the lack of
suitable in vivo models more closely approximating the situation in a human tumour.
Fortunately, the recent development of patient-derived xenografts (PDX) represents better
option for testing the efficacy of novel cancer therapeutics than traditional testing of human
cancer cell lines xenografts. Although it is important to keep in mind that PDX are still a
model of an extremely complex disease, the variability of different patient samples and its
maintenance in the form of tumours in an in vivo microenvironment have a potential to
deliver responses much closer to the clinical situation. PDX sample can be implanted either
subcutaneously or orthotopically, in the case of breast cancer PDXs directly into the mice
mammary fat pad, into a natural microenvironment. This strategy may help to design
personalized therapy for individual patients, such as testing of different treatment regimes.

Moreover, with PDXs, it would be possible to test not only biomarkers, but also the
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functional properties of a tumour, such as its respiratory activity. Overall, complex PDX
models would more closely recapitulate the extremely heterogeneous nature of cancer,
including the molecular landscape and resistance/sensitivity status which may help develop
new strategies of treatment without inducing resistance to therapy.

Future plans based on the research summarized in this thesis will address the efficacy
of MitoTam in PDX models of breast cancer. We plan to extend our focus from HER2M"
breast cancer also to the triple-negative breast cancer subtype. This subtype has clinically
extremely poor prognosis, with no targeted treatment available for patients diagnosed with
this pathology. Interestingly, in contrast to other subtypes including HER2"9" breast cancer
samples, when implanted as a PDX, triple negative tumour samples show very high success
rates of implantation. According to our preliminary data, although HER2"9" cells are
exceptionally sensitive to MitoTam, the agent efficiently suppresses also HER2-negative
cells and it may therefore represent a novel therapeutic option for this hard-to-treat disease.

Another research line, derived from the presented research will address the
mitochondrial fraction of HER2. The presence of HER2 in mitochondria was published in
2012 in a single report (Ding et al., 2012). In our work, we document, that mitochondrial
HER2 is linked with the increased susceptibility of HER2M9" cells to MitoTam (Rohlenova
et al., 2016a; Rohlenova et al., 2016b). However, the precise function of this tyrosine
kinase in mitochondria and its interaction partners remain to be elucidated. These questions

are the main focus of the next publication planned by the author of this thesis.
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6. CONCLUSIONS

This PhD project aimed to introduce new means to overcome resistance of breast cancer to
therapy. Cells possessing stemness properties are recognized as one of the reasons for
resistance to traditional therapy, and as a source of metastatic dissemination. Recently,
these cells as well as other resistant sub-populations have been shown to comprise specific
metabolic characteristics, such as high dependency on OXPHOS. In this thesis | document
that these features are targetable by anti-cancer agents acting at mitochondrial ETC.

We established an in vitro model of mammary CSCs, the mammosphere culture in
serum-free condition. We demonstrated that this model generates cell population with
stemness properties and uncovered one of the molecular mechanisms, by which CSCs hide
from the immune system by up-regulating the system of tryptophan uptake. Using
MitoVES, an experimental anti-cancer agent developed in our laboratory in the past, we
were able not only to eliminate CSCs with high efficacy, but also to suppress the Trp
degradation machinery. Hence, we showed a potential mechanism for CSCs exposure to the
immune system.

The main task of the author of the presented thesis was to characterise the newly
synthesized agent, the TPP* targeted tamoxifen, referred to as MitoTam. Mitochondrial
targeting of tamoxifen enhanced its anti-cancer efficacy and broadened the spectrum of its
applicability, as MitoTam is, unlike the parental compound, highly effective in HER2
overexpressing cells. The efficacy of MitoTam was confirmed in vivo using several mouse
models, and, importantly, the drug proved to be well tolerated when administered to

experimental animals.
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We were successful to uncover the molecular mechanism of MitoTam’s action. The
respiratory complex | and its supercomplex assembly were identified as the principal
targets. The efficacy of MitoTam is based on the induction of ROS production by inhibition
of Cl and, as a feedback loop, more ROS are produced because of the disruption of SCs.
Moreover, we were able to uncover the basis for the unexpected sensitivity of HER2M9"
cells to MitoTam, which are otherwise resistant to tamoxifen. We showed that this
phenomenon is dependent on the presence of a fraction of the HER2 protein in
mitochondria.

MitoTam passed the official pre-clinical testing and a clinical trial is planned to start
later in 2016/early 2017. This gives the agent a very high translational status. Thus, we
present here a novel anti-cancer therapeutic; we were able not only to describe its basic
scientific aspects, but also to successfully bring the drug to potential clinical use.

Coming back to the title of this thesis, “Targeting mitochondria to overcome the
resistance of breast cancer to therapy”, we show that mitochondrially-targeted agents
directed at the ETC act by several distinct mechanisms that, in cooperation, provide the
means to effectively overcome this resistance. By exploring these mechanisms we have
contributed not only to the expansion of basic scientific knowledge, but also put forward a
novel approach to breast cancer therapy potentially applicable in the clinical settings.

Together, the aims of the presented research, as stated above, have been met.
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