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“Life is pleasant. Death is peaceful. It's the transition that's troublesome.”
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1 Introduction
1.1 Cancer incidence and mortality

In 2020, 19.3 million patients were diagnosed with cancer. Death from cancer is
globally the second leading cause of deaths after ischemic heart diseases. According
to the GLOBOCAN database, breast, lung and colorectum cancers were the most
frequently diagnosed tumor entities in the general population. With regard to mortality,
lung, colorectum and liver cancers accounted for more than one third of cancer related
deaths worldwide (Fig. 1.1).
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Figure 1.1 Worldwide cancer incidence and mortality for the 10 most common cancers in 2020
in men and women. The most often diagnosed cancer entities were female breast, lung and colorectum

cancer. Lung, colorectum and liver cancer account for one third of cancer mortality [1]

Although treatment of cancer has greatly improved over the last decades, almost
10 million people died from cancer in 2020 [1]. The conventional therapies have been
refined, but they often fail to cure cancer due to high resistance of tumor cells and
severe effects on normal tissue. In addition, a partial remission in response to therapy
frequently results in tumor recurrence afterwards with increased resistance of mutated
cells to the therapy applied [2]. Hence, the search for new pharmacological agents with
a more efficient and more specific anti-cancer activity is ongoing with the goal to
advance the rate of complete and durable clinical response in patients.
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1.2 Radiotherapy

1.2.1 Application of radiotherapy in cancer treatment

Along with chemotherapy and surgery, radiotherapy is one of the standard treatment
options for cancer patients. Approximately 50% of all cancer patients receive
radiotherapy during their course of illness. Usually, radiotherapy is applied adjuvant to
kill cancer cells which remained in the body after surgical removal, or neoadjuvant to
shrink the tumor volume before surgery [3]. Radiotherapy is either administered alone
or in combination with chemotherapeutic drugs to increase the anti-neoplastic effect.
The use of each modality mainly depends on the cancer cell histology, anatomic
location, stage of the tumor and patient’s fitness [4]. The most common application
technique for treating cancer with radiation is fractionated radiation therapy, in which
the intended dose of radiation is applied in multiple fractions over several weeks. A
commonly used regimen consist of 5 fractions per week of 1 - 3 Gy daily doses to reach
a total dose of 60 — 70 Gy depending on the tumor entity [210]. The advantage of this
procedure is mainly based on three factors: firstly, repair of sublethal injury in healthy
cells between fractions, resulting in lowered normal tissue toxicity. Secondly, the
redistribution of the cell cycle of surviving tumor cells, since the highest sensitivity to
radiation is given in M and late G2 phase, while cells in late S phase are highly
resistant. Thirdly, the reoxygenation of hypoxic cancer cells, since radiation kills a
greater proportion of aerated cells, while hypoxic cells are highly resistant. The
accumulation of a hypoxic cell population after irradiation can be avoided by application
of radiotherapy in multiple fractions, allowing reoxygenation of hypoxic cells before
receiving the next radiation dose [5]. Consequently, the therapeutic window — the
range, in which the irradiation dose could safely be applied due to different sensitivity
of normal and tumor tissue — is increased. Therefore, the fractionated-dose
radiotherapy has become the standard application procedure targeting the tumor
tissue.

The most frequently applied form of radiation in cancer therapy is ionizing radiation
(IR), which is defined as the energy required to eject electrons from the orbit of an
atom, causing that atom to become charged or ionized. lonizing radiation is applied as
electromagnetic waves or particles. In radiotherapy, the most common energy sources
are electromagnetic particles called photons such as X-rays or y-rays, which are both
indirectly ionizing. Their absorption results in the production of fast recoil electrons that
in turn are able to ionize other atoms and produce damage in biologic material [6].

Thus, X-rays and y-rays do not differ in the way they act, but in the way they are
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generated. X-rays are produced by linear accelerators, such as X-ray tubes. These are
electrical devices in which electrons are emitted from the cathode and accelerated in
the direction of an anode. When the highly energetic electron hits the anode — which
is usually made of tungsten, molybdenum or copper — they transfer their kinetic energy
to atoms of the anode while deaccelerating, thereby creating photons, among which
the braking radiation (X-rays) is used to irradiate tumors. In the present study, low
linear-energy-transfer with X-rays was employed to irradiate tumor cells. In contrast,
y-rays are generated by the decay of radioactive isotopes (e.g., cobalt-60, caesium,
radium) [3, 6]. Moreover, radiation beams can also originate from electrons, protons
or heavy ions which are generated by specific cyclotrons [3, 7].

Radiotherapy is commonly applied using the described external beam radiation
therapy (EBRT), but sometimes brachytherapy is used. Brachytherapy allows a
radiation treatment from inside the body by deposing radioactive material very close or
inside the tumor tissue. Most often, it is used to treat rare pediatric cancers and has

the advantage of using a higher total dose while treating a smaller area than EBRT [8].

1.2.2 Mechanisms of IR-induced cytotoxicity
On the cellular level, IR affects biomolecules by direct and indirect actions. When
radiation is absorbed by biological material, the produced recolil electron can directly
ionize a critical target in the cell, such as DNA, proteins or lipids. Alternatively, the
electron interacts with other cellular atoms or molecules to produce free radicals that
in turn damage targeted structures (Fig. 1.2) [9, 11, 155]. This effect is termed indirect
action and occurs mainly by radiolysis of water, the major constituent of cells (~ 80%).
During radiolysis, water undergoes a breakdown into ionized water (H20*) and
hydrated electrons (eag). Subsequently, free radicals such as the highly reactive
hydroxyl radicals (‘OH) or superoxide anions (O2") are generated, which damage
cellular macromolecules by oxidation [10, 11]. Using X-rays during irradiation, about
two thirds of the cellular damage is attributed to the indirect action [6]. The importance
of reactive oxygen species (ROS), such as hydroxyl radicals or superoxide anions, in
radiation-induced cytotoxicity becomes apparent in cancer cells, irradiated in an
oxygen deprived environment, in which IR-induced ROS production is decreased and

cancer cell survival therefore improved [12, 13].
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Figure 1.2 The direct and indirect action of ionizing radiation. Direct action: The produced recoil
electron directly ionizes a critical target in the cell, such as DNA. Indirect action: The secondary electron
interacts with other intracellular molecules, most likely water, to produce free radicals such as the highly

reactive hydroxyl radical ((OH) or super oxide anions (O2") that in turn induce cellular damages [14].

Although IR is capable of damaging all cellular biomolecules, DNA damage,
particularly double strand breaks (DSB) are considered to be the major lesion
responsible for the anti-neoplastic effect [15]. DSBs are highly deleterious for fast
proliferating tumor cells, since they can cause mutations (point mutations, deletions,
translocations) as well as lethal chromosome or chromatid aberrations [211]. An early
cellular response to DNA damage is the induction of cell cycle arrest in G1/S or G2/M
phase to allow processing of lesions and prevent entering S and M phase with
damaged DNA [155]. In order to enable repair factors access to the site of damage,
phosphorylation of the H2A histone family member X (yH2A.X) occurs in response to
DSBs. Thus, detection of yH2A.X has become a well-established method to analyze
chromatin modifications linked to DNA DSBs and repair [16]. The main mechanisms
by which DSBs are eliminated include the error-free homologous recombination repair
(HRR), the error-prone non-homologous end-joining (NHEJ) and as a backup
alternative NHEJ. The fast-occurring error-prone NHEJ is active throughout the cell


https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6357097_cancers-11-00112-g001.jpg
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cycle, while the error-free HRR and the error-prone alternative NHEJ are cell-cycle
dependent. Alternative NHEJ operates with a higher efficiency in G2 phase, while HRR
is only available in late S and G2 phase and depends on the availability of an
undamaged sister chromatid [212, 213]. Due to oncogene-induced replication stress
and acquired defects in DNA repair pathways, cancer cells have a higher DSB burden
than healthy cells. This, most likely, contributes to specificity of radiation-induced
cytotoxicity to cancer cells [17].

Radiotherapy aims to induce cellular damage that exceeds the repair capacity of tumor
cells, resulting in replicative or reproductive death. The most frequent mechanism
leading to cell death is mitotic catastrophe, a delayed-mitosis-linked cell death
occurring from DNA damage or malfunctions in the mitotic machinery. In response to
radiation it is caused by damaged chromosomes while cells attempt to divide [6]. Death
occurs in the first or subsequent divisions following irradiation when sufficient genetic

damage and chromosomal aberrations are accumulated [18].

1.3 Hypoxia limits radiation-induced cytotoxicity
1.3.1 Tumor hypoxia physiology

Tumor hypoxia is defined by reduced concentrations of oxygen relative to the
physiological oxygenation level of the respective tissue. Hypoxia commonly occurs in
approximately 50 — 60% of human solid tumors as a consequence of the fast
expanding tumor tissue and an abnormal vascular network [19]. Hypoxia is highly
dynamic with respect to its intensity and duration. Typically, hypoxia is classified in two

main types: acute and chronic hypoxia [24, 214].

Chronic hypoxia occurs as a result of expanding tumor tissue around blood vessels
and affects cancer cells that spread beyond the diffusion distance of oxygen in
biological material [19]. Cells exposed to chronic hypoxia can remain viable for hours
to days [20]. To escape from cell death and enable reoxygenation, cells exposed to
persistently low oxygen levels induce angiogenesis, the formation of new capillaries
from pre-existing vessels. Angiogenic signaling, such as the release of the vascular
endothelial growth factor (VEGF), is initiated by stabilization of the hypoxia-inducible
factors (HIF) [21, 215]. HIFs are a family of transcription factors, whereof HIF1 is the
most studied one. HIF1 is composed of two subunits — HIF1a and HIF13 — of which
HIF1a levels are regulated by hydroxylation of two prolyl residues, catalyzed by

oxygen-sensing prolyl hydroxylase domain proteins (PHD). Under normoxic
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conditions, HIF1a hydroxylation results in binding of the von Hippel-Lindau protein
(VHL) and subsequent ubiquitination and proteasomal degradation [21]. Under
conditions of low oxygen availability, hydroxylation is markedly reduced, resulting in
HIF1a stabilization and dimerization with HIF13. The heterodimer binds to DNA, driving
transcription of HIF1-inducible genes [216]. In addition to angiogenic signaling, the
transcription factor also promotes cell detachment, migration and invasion by
downregulation of adhesion proteins such as cadherins and induction of matrix
degrading enzymes [19, 215, 217]. Moreover, HIF1 regulates metabolic adaption to
low oxygen availability, by induction of glucose transporters and glycolytic enzymes.
Collectively, HIF1 transcriptionally regulates a wide array of genes promoting survival

and adaption to unfavorable oxygen conditions [217, 218].

In contrast to chronic hypoxia, acute hypoxia emerges spontaneously for instance due
to a limited perfusion caused by occluded blood vessels [22]. Cancer cells are
frequently exposed to acute, perfusion-limited hypoxia, since tumors are characterized
by a chaotic architecture of the vascular network, consisting of immature and
malformed vessels that contribute to an inadequate blood flow [23]. Transient closing
or blockage of malformed vessels results in dynamically changing perfusion of the
surrounding tissue [22]. Changing oxygen concentrations result repetitively in transient
hypoxic phases followed by reoxygenation, also termed as cycling hypoxia [219].
Research of the past decades revealed that acute and cycling hypoxia leads to a more
aggressive phenotype than chronic hypoxia [24]. This is mainly based on the clonal
selection of death resistant cancer cells that have adapted to unfavorable and
changing oxygen conditions. Cells exposed to hypoxia can become resistant to
apoptosis at multiple levels. A previous publication revealed that hypoxia hinders the
translocation of the pro-apoptotic protein Bax to mitochondrial membrane, thereby
preventing induction of the intrinsic apoptosis pathway. In addition, hypoxia-dependent
inhibition of apoptosis could be related to an increased expression of the anti-apoptotic
inhibitor of apoptosis protein 2 (IAP-2), which inhibits activated caspases [25].

Altogether, hypoxia drives malignant progression and is therefore a prognostic factor
for poor survival. Since hypoxia contributes to resistance towards radiotherapy and
several chemotherapeutic drugs, it is considered a major obstacle in treatment of

locally advanced solid tumors [13, 26, 27].
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1.3.2 Mechanism of hypoxia-dependent radioresistance
The efficacy of IR to induce permanent and irreparable oxidative damage is strongly
influenced by the intracellular oxygen availability. In normoxic conditions, IR-induced
DNA radicals react with molecular oxygen to form peroxy radicals, considered as
permanent damage leading to strand breaks (Fig. 1.3). In hypoxia, the lack of oxygen
hampers the formation of peroxy radicals and, thus, reduction of DNA radicals. As a
consequence, less DNA strand breaks are produced, thereby lowering radiation-
induced cytotoxicity in hypoxia [14, 28]. The reduced efficacy to induce DNA breaks in
a hypoxic environment results in a 2 — 3-fold increased radiation dose required for
equal cell killing as in normoxia [27, 28]. This dose ratio is known as the oxygen

enhancement ratio (OER).
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Figure 1.3 Oxygen-dependent fixation of radiation-induced DNA damage. In normoxia, molecular
oxygen reacts with IR-induced DNA radicals, creating permanent peroxy radicals and strand breaks. In
hypoxia, the lack of oxygen enables repair of DNA radicals. As a consequence, generation of strand
breaks and subsequent cell death decrease. The oxygen enhancement ratio (OER) or hypoxic
radioresistance can be represented by the ratio of the dose required in hypoxic condition divided by the

dose required in aerobic conditions for equivalent eradication of cancer cells [14].
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1.4 ROS and the antioxidative system
1.4.1 ROS and oxidative damages

ROS are inevitable by-products of aerobic metabolism. They include for instance
superoxide anions (O2-), singlet oxygen (*O2), the highly reactive hydroxyl radical (OH)
or the highly diffusible hydrogen peroxide (H202). At low levels, ROS can act as second
messengers and activate signalling pathways that regulate cell survival, proliferation
and metabolic processes. On the contrary, increased ROS stress can cause oxidative
injuries and cell death [29, 30]. Hence, the maintenance of an appropriate ROS level
is of central importance for cellular function.

Mitochondria are considered as the major source of intracellular ROS production.
Specifically, the mitochondrial complexes | and Il of the electron transport chain (ETC)
contribute to approximately 45% of intracellular ROS production through one-electron
reduction of molecular oxygen, resulting in generation of superoxide anions [31]. The
generated superoxide anions are subsequently converted into the highly diffusible
second messenger H202 through superoxide dismutase (SOD) followed by catalase-
and glutathione peroxidase-dependent detoxification [32]. Alternatively, Fenton
reactions catalyze the production of highly reactive hydroxyl and hydroperoxyl radicals
[33]. Other endogenous ROS sources are for instance NADPH oxidases, B-oxidation
of fatty acids in peroxisomes or the process of oxidative protein folding in the

endoplasmatic reticulum (ER) [34].

Exposure of cells to high ROS levels can cause oxidative damage to biomolecules
[35]. The highly reactive sulfhydryl groups of proteins, particularly of methionine and
cysteine residues, are especially prone to modifications during oxidative insult [35, 36].
While site-specific thiol oxidation serves as a sensor for the regulation of protein
function in some cases, the majority of proteins may lose their function by unspecific
oxidation events [37]. ROS-induced thiol modifications include the reversible formation
of sulfenic acids (R-SOH), which can either interact with a second cysteine resulting in
intramolecular or intermolecular protein disulfides, or react with thiol reductants such
as glutathione (GSH) to become S-glutathionylated (R-SSG) (Fig. 1.4). Reduction of
these reversible modifications is catalyzed by glutaredoxins (Grx) or thioredoxin
reductases (Trx). Alternatively, sulfenic acids may be further oxidized to sulfinic
(R-SO2H) and sulfonic acids (R-SO3H), both of which represent irreversible
modifications [35, 37]. Undesirable thiol (over)oxidation by severe oxidative stress can

impair cellular processes and cell viability [38].
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Figure 1.4 ROS-induced cysteine modifications. The initial products of ROS-induced thiol oxidation
are highly reactive sulfenic acids that can form intramolecular or intermolecular protein disulfides or
react with glutathione (GSH) to become S-glutathionylated (R-SSG). These modifications are reversible.
The reduction is catalyzed by glutaredoxins (Grx) or thioredoxin reductases (Trx). Under severe
oxidative conditions, sulfenic acids may be further oxidized to sulfinic and sulfonic acids, both

representing irreversible modifications [35].

ROS can also oxidize lipids. A major contributor to the initiation of lipid peroxidation is
the cytosolic liable iron pool. Via Fenton reaction, unbound iron ions generate highly
reactive hydroxyl and peroxyl radicals that interact with lipids [33]. Most often,
polyunsaturated fatty acids (PUFAS) are affected. This reaction leads to formation of
carbon-centered lipid radicals (L°) that propagate lipid peroxidation via a chain reaction
(Fig.1.5). During propagation, L* molecules instantly react with oxygen to lipid peroxide
radicals (LOO"). These radicals react with hydrogen from other lipid molecules to form
lipid hydroperoxides (LOOH) thereby generating new L- molecules [39]. This
propagation process continues until its termination by reaction of LOO" with antioxidant
molecules. The originated primary peroxidation product LOOH can be repaired by
glutathione peroxidase 4 (GPx4). Provided with a cationic surface near the catalytic
center to interact with polar heads of phospholipids, GPx4 is the unique enzyme
capable of reducing the hydroperoxide group (R-OOH) of membrane-forming
phospholipids [40]. Alternatively, LOOH can be converted into toxic and mutagenic
secondary peroxidation products, such as 4-hydroxynonenal (4HNE) and
malondialdehyde (MDA), both of which covalently react with nucleic acids,

phospholipids or proteins, resulting in further irreversible modifications [41].
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Conclusively, excessive oxidation of lipids can cause severe cellular damage and

induce cell death, particularly iron-dependent ferroptosis [42].
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Figure 1.5 Three steps of non-enzymatic lipid peroxidation. In the first step lipid radicals are
generated by redox active iron (initiation). In the second step, radicals abstract hydrogen from other
lipids leading to formation of new radicals (propagation). Propagation continues until termination by

antioxidants or reaction with another radical [42].

Since all intracellular molecules are susceptible to oxidative stress, DNA can also be
a target for ROS. The diversity of oxidative DNA lesions is large and includes a vast
array of base modifications, abasic sites or deoxyribose damage and could even result
in single or double strand breaks. Most of the created DNA lesions are repaired by
base excision repair (BER) or nucleotide excision repair (NER) [43]. Due to this
efficient, error-free repair machinery, oxidation of nuclear DNA results rarely in
mutations. Less is known about repair mechanisms of mitochondrial DNA (mtDNA),
but the proximity to the ROS producing ETC makes mtDNA specifically prone to
oxidative modifications. Oxidative lesions are detected more often in mtDNA than in
nuclear DNA [44]. Consequently, unrepaired lesion can result in mtDNA mutations

which, in turn, may facilitate neoplastic transformation.

The degree of intrinsic oxidative stress depends on the dynamic balance between ROS
generation and elimination. To keep ROS levels at non-toxic concentrations, cells
harbor a battery of antioxidative defence mechanisms. These systems are commonly
divided in two groups: non-enzymatic and enzymatic antioxidants. Small molecules,
such as GSH, flavonoids, vitamins A, C and E count among non-enzymatic
antioxidants, while enzymatic antioxidants include for instance superoxide-dismutase

(SOD), catalase, peroxiredoxins (PRX) or glutathione peroxidases (GPx) [29, 30].
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1.4.2 The antioxidative glutathione system
GSH, a tripeptide composed of glutamate, cysteine and glycine is considered the most
abundant intracellular antioxidant. Its major function is the detoxification of xenobiotic
compounds and electrophiles by spontaneous conjugation. Alternatively, the
detoxification process can be enzymatically catalyzed by GPx proteins and
glutathione-S-transferase (GST). Most of the intracellular glutathione is utilized by GPx
to neutralize ROS, generated during cell metabolism [45-47]. The enzyme family of
GPx proteins consists of eight sequentially numbered isoenzymes located in the
cytosol and mitochondria with unique roles but similar mechanism [30]. During
detoxification process, the reduced form of glutathione (GSH) becomes oxidized,
thereby linking two molecules via disulfide bridge (GSSG). This reaction can be
reversed by glutathione reductases in the presence of NADPH (Fig. 1.6) [46]. In cells,
the ratio between the reduced and oxidized form (GSH/GSSGQG) is usually greater than
100 but decreases under conditions of oxidative stress [29]. The high abundancy of
GSH, together with the ability to scavenge ROS and repair oxidative damage at lipids
and proteins, emphasizes the high relevance of this system in the maintenance of

intracellular redox homeostasis.
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Figure 1.6 The glutathione redox cycle. Peroxides produced endogenously by cellular metabolism or

Glutathione J

\

by exogenous oxidants are detoxified by members of the enzyme family of glutathione peroxidases
(GPx). Thereby, two molecules glutathione form a disulfide bridge creating oxidized glutathione
(GSSG). Subsequently, GSSG is reduced by glutathione reductases (GR), which use NADPH as a

source of reducing equivalents.
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Glutathione biosynthesis involves a two-step and ATP-dependent enzymatic reaction
that starts with the conjugation of cysteine and glutamate by y-glutamate-cysteine
ligase (GCL). This enzyme is composed of two subunits; one catalytic (GCLC) and one
modifier subunit (GCLM). In the second step, glutathione synthetase catalyzes the
reaction of y-glutamyl-cysteine with glycine. Together with the intracellular cysteine
availability, this step is rate-limiting in glutathione biosynthesis [48]. Cysteine can be
provided by one-carbon metabolism as homocysteine. However, the major source of
intracellular cysteine is the uptake of extracellular cystine, the oxidized dimeric form of
cysteine [49]. Cystine is imported by the sodium independent, chloride dependent
cystine—glutamate antiporter in the plasma membrane, also known as system Xc or
xCT (Fig. 1.7) [50].
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Figure 1.7 Structure and function of the cystine—glutamate antiporter xCT. XCT is a heterodimer
consisting of the light chain subunit SLC7A11 and the heavy chain subunit SLC3A2. In exchange of
glutamate, cystine is imported into the cell and subsequently reduced to cysteine by NADPH. Cysteine

can be used for biosynthesis of glutathione, a tripeptide composed glutamate, cysteine and glycine [51].

XCT is located at the cell surface and consists of a light chain subunit SLC7A11 with
12 transmembrane domains and a heavy chain subunit SLC3A2, that are linked

together by disulfide bridges. The light chain SLC7A11 primarily mediates the import
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of extracellular cystine. In exchange for glutamate at an obligatory molar ratio of 1:1,
cystine is imported into the cell, where it is converted into cysteine in a NADPH-
dependent reaction [51-53]. XCT as well as several other proteins of the glutathione
system are transcriptionally regulated by the antioxidative Kelch-like ECH-associated
protein 1 (Keapl)/ Nuclear factor erythroid 2-related factor 2 (Nrf2) pathway [54].

1.4.3 The antioxidative Keapl/ Nrf2-pathway
In the past decades, researchers uncovered the Keapl/Nrf2 pathway as an important
defense mechanism against oxidative and electrophilic stress and, thus, this pathway
attracted increasing interest. Meanwhile, it is considered as leading regulator of the
antioxidant response [55]. Nrf2 activates the transcription of a wide range of
cytoprotective genes, including proteins of the glutathione synthesis pathway,
antioxidant proteins involved in oxidative damage repair, as well as drug-metabolizing
enzymes and xenobiotic transporters [55-57]. In the basal state, Keapl interacts with
Nrf2 and the Cul3-containing E3 ubiquitin ligase, resulting in ubiquitination and
proteasome-dependent degradation of the complex (Fig. 1.8) [58]. Under conditions of
oxidative and xenobiotic stress, Keapl functions as a sensor protein. Thereby, critical
cysteine residues in Keapl are modified through electrophilic reaction, resulting in
conformational change of this protein. Subsequently, Nrf2 dissociates from the
complex and translocates into the nucleus, where it binds to antioxidant response
elements to activate transcription of effector genes [59, 60]. Because of its
safeguarding role against toxic and carcinogenic compounds, Nrf2 is commonly
considered as a major regulator of cell survival, protecting cells from aging,
(photo-)oxidative stress, diabetes, neurodegenerative and cardiovascular diseases as

well as inflammation and cancer [57, 61].
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Figure 1.8 Regulation of the antioxidant Keap1/Nrf2 pathway. In the cytosol, Keapl usually interacts
with Nrf2 and the Cul3-containing E3 ubiquitin ligase, resulting in Nrf2 ubiquitylation and proteasomal
degradation. In response to oxidative stress, critically cysteine residues of Keapl become oxidized,
resulting in dissociation of Nrf2 from the complex and translocation into the nucleus. Nrf2 activates

transcription of genes involved in antioxidant response and detoxification [62].

1.4.4 ROS and the antioxidative defense promote a
tumorigenic phenotype in cancer cells

Previous publications have demonstrated that malignant cells are in general under
increased oxidative stress compared to their heathy counterparts. This feature can be
ascribed to oncogenic transformation as well as metabolic- and microenvironment-
associated adaption processes [63-66]. Several oncogenes such as K-RAS and
c-MYC drive intracellular ROS production [67-69]. In addition, tumor cells have a higher
mtDNA mutation frequency [70], which is accompanied by an increased metabolic
activity to support anabolic processes involved in proliferation and growth [71]. Thus,
mitochondria produce large amounts of ROS, which accelerates the accumulation of
oxidative injuries and genetic instability [66]. Moreover, tumor hypoxia can additionally
facilitate cellular ROS production. [72].

ROS play a dual role in tumor cells. On one hand, excessive ROS production further
enhances genetic instability and activates molecular pathways that promote tumor

growth and malignant progression. On other hand, increased oxidative stress can



1 Introduction 22

induce cell death when the damage exceeds the antioxidative and repair capacity of
the cell (Fig. 1.9) [73-75]. In order to keep ROS levels below the cytotoxic threshold
and prevent cell death, tumor cells constantly activate antioxidative defense
mechanisms [64, 66, 76]. Highlightening the dark side of antioxidants, several
researchers recently suggested not to consider antioxidants as tumor suppressors any
longer [76, 77]. Blocking protective pathways that allow tumor survival and boosting
ROS production at the same time, might increase tumor cell death in response to

therapy and proof beneficial to cancer patients.
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Figure 1.9 Balance between ROS generation and ROS elimination promotes tumorigenesis.
Oncogenes, mitochondrial mutations, hypoxia and the loss of tumor suppressors increase ROS
production and contribute to malignancy. Higher expression of antioxidant proteins in tumor cells prevent

increased ROS generation and cell death induction in response to oxidative damage [78].

1.5. Anti-malaria drugs as novel tool in cancer
treatment

1.5.1 Artemisinin and its derivatives in malaria therapy
The anti-malaria drug artemisinin is a sesquiterpene trioxane lactone that was first
isolated from the sweet wormwood (Artemisia annua L). In traditional Chinese
medicine, this herb has been used for thousands of years to treat chills and fever [79].
Artemisinin is reduced into the active metabolite dihydroartemisinin (DHA),
representing the starting compound for the development of first-generation derivatives
including artemether and artesunate (Fig. 1.10 a). Collectively, artemisinins represent
a new class of antimalarial therapeutics which are effective even against chloroquine-

resistant Plasmodium falciparum, the pathogen causing malaria. These drugs are toxic
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to the parasites at nanomolar concentrations, while acting more efficiently and less
toxic than chloroquine [80, 81]. Nowadays, artemisinin and its derivatives represent
the first-line medication in malaria treatment. They are usually administered orally or
parenterally to treat both, Plasmodium falciparum-induced uncomplicated and
Plasmodium vivax-induced complicated malaria. In order to reduce the likelihood of
developing drug resistance, artemisinin combination therapies (ACT) have been
recommended by the World Health Organization (WHO). ACT combines artemisinin-
based compounds with drugs from a different class, such as chloroquine [81]. During
the course of clinical application, a low toxicity and a high tolerability was recorded in
millions of patients. Administration of artemisinins at high doses caused neurotoxicity
in animal models and in vitro studies using neuronal cells [82-84]. In humans however,
ACT-linked conspicuous changes in the neurological system could not be detected so
far [85].
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Figure 1.10 Chemical structure and proposed mechanism of activation of artemisinin and its
derivatives. (a) The endoperoxide bond is highlighted in red. Structural differences between derivatives
are highlighted in blue. (b) In the proposed mode of action, artemisinins undergo reductive activation in
the presence of free heme/Fe?* ions at either O1 or O2 positions. Activation results in ROS production

and rearrangement into carbon-centered free radicals [86].
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Although the effectivity of artemisinin and the related derivatives is well-established
and well-examined in malaria patients, the precise mode of action of these drugs is still
discussed. It is generally accepted that the highly reactive endoperoxide ring within
these compounds is required for the anti-malaria response [81, 87, 88]. Likely, the
peroxide bond (O-O) is cleaved in the acidic food vacuole of the parasite through
interaction with heme [Fe(ll)] during digestion of hemoglobin (Fig. 1.10 b) [89]. This
iron-dependent reductive activation results in generation of reactive carbocations and
ROS that may interact with biomolecules of the parasite. The produced radicals
damage cellular membranes and oxidize proteins, resulting in alkylation and inhibition
of nucleic acid synthesis [81, 90]. To-date, the precise chemical interaction between
the essential endoperoxides of artemisinins and the parasite targets remain obscure.
It is unclear, whether there is a single important target or multiple targets in
Plasmodium [91]. Beyond that, research of the past decades investigating artemisinin
and the related derivatives suggest a much broader field of possible applications,
including the treatment of several parasitic and viral infectious diseases as well as

inflammation and cancer [92].

1.5.2 Dihydroartemisinin (DHA) in cancer treatment
DHA, the active metabolite of artemisinin, contains a hydroxyl group that greatly
improves its pharmacodynamic properties. Compared to artemisinin, this derivative
displays an improved water solubility, an enhanced absorption and a wider distribution
profile in patients, resulting in a 10-fold higher bioavailability. Moreover, DHA shows a
4 — 8 times stronger antimalaria activity with an improved tolerability in malaria patients
[93, 94]. Due to its low toxicity and known safety, DHA has received increasing
attention in cancer treatment. The anti-neoplastic activity of DHA was demonstrated in
many different tumor entities including brain, lung, breast, prostate, colorectal and
ovarian cancers [94]. The observed anti-neoplastic effects can be attributed to many
different molecular mechanisms, including induction of cell cycle arrest, apoptosis and
ferroptosis, inhibition of angiogenesis and metastasis, induction of autophagy and ER
stress [95-98]. The observed anti-cancer activity of DHA and artemisinin requires ROS
production and oxidative stress with subsequent oxidative damage to macromolecules
and organelles. The severity and localization of DHA-induced oxidative damage is
highly heterogenous, hindering the elucidation of the exact mechanism. Most likely,
DHA-induced cytotoxicity is based on multiple mechanisms that are dose- and

time-dependent and influenced by the genetic background of the targeted cell. In
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previous in vitro studies, researchers detected synergistic effects when combining
DHA with clinical cancer therapies, including chemotherapeutic drugs (e.g., paclitaxel,
gemcitabine, doxorubicin) and drugs targeting specific proteins (gefitinib, ABT-263),
but also radiotherapy [93]. However, clinical anti-cancer trials are scarce so far. One
study could demonstrate that DHA administered in non-toxic concentrations improved
the clinical symptoms in patients with advanced cervical cancer [99]. Using artesunate
to treat patients with metastatic breast cancer, a phase | study detected a good safety
profile [100]. In patients with colorectal cancer, a high tolerability and anti-proliferative
properties of artesunate resulting in decreased tumor recurrence were observed [101].
However, the current pharmacokinetic properties restrict the application of higher
doses and thus, a more efficient anti-cancer treatment. Artemisinins have a poor water
solubility, short plasma half-life and low bioavailability upon oral administration that limit
the clinical application in cancer therapies. In order to address this issue, new
compound formulations with structural modifications or drug carrier and delivery
systems are currently under investigation [94]. In addition, it remains to clarify whether
combination therapies with DHA could reduce the toxic side effects of standard
therapies in cancer patients. To accelerate the clinical application of DHA as a
sensitizing drug in cancer therapy, the molecular mechanism of this drug must be
completely elucidated, drug delivery systems improved and possible combination

therapies tested.

1.6 Cell death mechanisms in response to
artemisinin and its derivatives

1.6.1 Apoptosis
Apoptosis is a tightly regulated cell death program with characteristic morphological
and molecular features. It is an important process in embryonic development and
contributes to tissue homeostasis throughout life [102]. Morphologically apoptosis is
characterized by cell shrinkage, nuclear DNA condensation and fragmentation as well
as membrane blebbing [103, 104]. Biochemically, apoptosis can be distinguished from
other cell death programs by activation of caspases, a family of cysteine proteases that
cleave peptide bounds c-terminal of an aspartate residue. The caspase family consists
of enzymes related to apoptosis as well as enzymes involved in cytokine maturation.
The former are generally divided in two classes: initiator caspases, which include for

instance caspase-8, -9 and -10, and effector caspases including caspase-3, -6 and -7.
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Synthesized as catalytically inactive zymogens, initiator caspases become activated
after recruitment to multimeric protein complexes formed in response to apoptotic
signal due to proximity, while effector caspases are cleaved by initiator caspases.
Activation of an effector caspase results in proteolytic cleavage of cellular
biomolecules, ultimately resulting in apoptotic cell morphology [105, 106].

Apoptosis can be initiated either through the extrinsic death-receptor pathway or the
intrinsic mitochondrial pathway, depending on the origin of the stimuli (Fig. 1.11). The
extrinsic pathway is activated by binding of extracellular death ligands of the tumor
necrosis factor (TNF) family to death receptors at the plasma membrane. The clustered
ligand/receptor complex forms together with adaptor proteins such as Fas-associated
protein with death domain (FADD) the death-inducing signaling complex (DISC) to
recruit and activate the pathway-specific initiator caspase-8, which, in turn, activates
effector caspases [18]. The mitochondrial apoptosis pathway is initiated in response to
intrinsic stresses such as DNA damage, oncogenes, free radicals, hypoxia or survival
factor deprivation. Such death stimuli induce pro-apoptotic signaling by mitochondrial
outer membrane permeabilization (MOMP), allowing cytochrome c release from the
mitochondrial intermembrane space into the cytosol. Together with the apoptotic
protease activating factor 1 (APAF1l) and the inactive initiator caspase-9,
cytochrome ¢ forms a complex known as the apoptosome. Complex formation results
in recruitment and activation of the initiator caspase-9 followed by the activation of

effector caspases [103].

The mitochondrial apoptosis pathway is tightly controlled by the B-cell lymphoma 2
(Bcl-2) family of proteins, which regulate mitochondrial permeability. Depending on its
function and homology, the Bcl-2 family members can be divided into pro-apoptotic
and anti-apoptotic proteins. The latter consists of Bcl-2, Bcl-xL, Bcl-w and Mcl-1 among
others, containing at least three of the four homologues domains (BH1-4), while the
former can be further subdivided into pore-forming proteins (Bax, Bak, Bok) consisting
of BH1-3 and the BH3-only proteins (BID, Bad, Bim, Noxa and Puma), which possess
only one homologues domain [103]. BH3-only proteins interact directly with Bax or Bak,
thus activating these pro-apoptotic proteins. Alternatively, BH3-only proteins interact
with anti-apoptotic Bcl-2 family members, thereby neutralizing their function and
releasing pro-apoptotic Bax and Bak from the inhibitory complex with the anti-apoptotic

proteins. Upon activation, pro-apoptotic proteins Bax and Bak form pores in the
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mitochondrial outer membrane through which cytochrome c is released into the
cytosol, where it facilitates caspase activation [107].
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Figure 1.11 The extrinsic and intrinsic apoptosis pathway. 1) Intracellular death stimuli activate
BH3-only proteins that facilitate pore formation of Bax and Bak in the mitochondrial outer membrane
enabeling mitochondrial outer membrane permeabilization (MOMP) and cytochrome C release. into the
cytosol, where, together with APAF1 and dATP, it forms the heptameric complex called apoptosome.
Initiator caspase-9 is recruited and activated at the apoptosome and subsequently activates effector
caspases in a cascade. 2) Binding of extracellular death ligands of the tumor necrosis factor family to
death receptors activates the extrinsic pathway. The adaptor protein FADD translocates to the
membrane, where it forms the death-inducing signaling complex (DISC) together with the activated and
oligomerized death receptors. Upon recruitment to DICS, initiator caspase-8 is activated, resulting in
sequential activation of effector caspases. In addition, caspase-8 is able to cleave pro-apoptotic BH3-
only protein BID. The generated truncated BID (tBID) is able to bind to and activate pro-apoptotic Bax

and Bak, thus linking extrinsic and intrinsic apoptosis pathway [108].

Impaired apoptosis induction is considered as one of the major hallmarks of human
cancers [109] and strongly contributes to therapy resistance [104, 110]. Cancer cells

have evolved several strategies to escape from apoptosis. Overexpression of
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anti-apoptotic proteins or decreased expression or dysfunction of pro-apoptotic
proteins is often observed in human tumors [110]. Moreover, increased expression of
inhibitors of apoptosis, for example X-linked inhibitor of apoptosis (XIAP), interferes
with caspase activation by direct binding to activated caspases [111]. Presently,
different compounds targeting extrinsic and intrinsic apoptosis pathway are under
investigation with promising potential, but only few drugs were tested in clinical trials

and approved for the treatment of cancer so far [112].

1.6.2 Autophagy
Autophagy is a highly conserved cellular mechanism to remove damaged or
dispensable biomolecules or organelles by “self’-digestion. Autophagic processes
distinguish between macroautophagy, microautophagy and chaperone-mediated
autophagy. Of these three forms, macroautophagy is the best examined process [113].
Basically, autophagy is a protective process in response to microenvironmental stress
such as starvation, hypoxia, heat stress or oxidative stress, allowing the cell to recycle
cytoplasmic material and survive while adapting to environmental changes [18].

Autophagy is dysregulated in several human diseases including cancer [114].

Approximately 30 autophagy-related proteins have been characterized in yeast, and
many mammalian homologs have been identified [113]. Generally, autophagy is
induced by mammalian target of rapamycin complex 1 (mMTORC1)-dependent or
-independent pathways and starts with the formation of lipid-based membranes, so
called phagophores (Fig. 1.12). In this process, autophagy reporter proteins such as
the microtubule-associated protein 1A/1B-light chain 3 (LC3) are recruited to the
forming phagophore. To this end, the cytosolic LC3I is lipidated to generate a LC3-
phosphatidylethanolamine conjugate (LC3Il). LC3Il facilitates formation of
autophagosomal membranes by engulfment of substrates targeted for degradation
[115]. Once the mature autophagosome fuses with the lysosome, the substrates are
degraded by hydrolases. After decomposition of substrates, the generated products
can be recycled into cell metabolism [116, 117]. LC3II formation has been widely
accepted as marker of autophagy induction [115].

Despite its protective qualities, emerging evidence indicates that autophagy is a crucial
cell death process, in which the cell digests its contents until death (autophagy-
associated cell death). However, it is still unclear which mechanisms promote

autophagy’s protective and which promote its damaging role [118].
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Figure 1.12 Autolysosome formation in autophagy. mTORC1-dependent and -independent
pathways initiate phagophore formation. LC3Il is recruited to the phagophore and facilitates the
engulfment of autophagy substrates during autophagosome biogenesis. The autophagosome fuses with
alysosome. The acidic environment in autolysosome allows the decomposition of autophagy substrates
[119].

1.6.3 Ferroptosis
Ferroptosis, a recently identified form of regulated cell death (RCD), is morphologically
and mechanistically distinct from other RCDs such as apoptosis or autophagy-
associated cell death. In particular, ferroptosis is characterized by an iron-dependent
lipid peroxidation in response to accumulation of intracellular ROS. Under moderate
ROS-stress, GPx4 counteracts oxidation of lipids using glutathione as a substrate in
this detoxifying process [120-124]. Hence, decreased GPx4 activity or lowered
glutathione levels in cells may result in ferroptosis [125]. The first compound
discovered as an inducer of ferroptosis was the small molecule erastin. This compound
triggers cell death by inhibition of the cystine-glutamate antiporter, leading to
intracellular cysteine depletion and subsequently, decrease of glutathione levels.
Lowered intracellular glutathione concentrations mitigate the antioxidant defence and
thus, facilitate lipid peroxidation [120]. Meanwhile, numerous ferroptosis-inducing
compounds have been identified, acting by diverse mechanisms (Fig. 1.13). Among
these compounds are the GPx4 inhibitor RSL3, buthionine sulfoximine (BSO) which
blocks GCL or agents which increase the intracellular iron abundance [122]. Inhibitors
of ferroptosis include iron chelators such as deferoxamine (DFO) and lipophilic, radical

trapping antioxidants such as vitamin E or ferrostatin [126].
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Figure 1.13 Inducers and inhibitors of ferroptosis. Lipid peroxidation triggers ferroptosis and can be
induced by interfering in the glutathione biosynthesis pathway, inhibition of GPx4, or an increase in
intracellular, redox-active iron. Inhibitors of ferroptosis include iron-chelating agents or lipophilic, radical
trapping antioxidants that prevent lipid peroxidation [126].

Morphologically, ferroptosis is characterized by a loss of plasma membrane integrity
accompanied by oncosis. The nuclei remain unaffected without chromatin
condensation. Shrinking mitochondria with condensed membrane densities, reduced
cristae and outer membrane rupture are other morphological changes during
ferroptosis [121, 127, 128]. Despite the distinct alterations in mitochondrial
morphology, their role of this organelle in ferroptosis is still under debate. The initial
publication demonstrated that mitochondria are dispensable for ferroptosis induction
[120]. In contrast, recent studies suggest that mitochondrial metabolism, including the
mitochondrial tricarboxylic acid (TCA) cycle, the ETC, lipid metabolism and amino acid
metabolism can regulate ferroptotic cell death [121, 125, 129]. Moreover, changes in
iron homeostasis with altered generation of ROS production and lipid peroxidation
have previously been linked to ferroptosis. As a key organelle regulating iron sulphur
cluster assembly and insertion of heme groups into proteins, the involvement of

mitochondria in the regulation of ferroptosis is evident [129].
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1.7 Aims

A crucial factor contributing to radioresistance is hypoxia, a characteristic feature of
most solid tumors [13, 26, 27]. A hypoxic environment limits ROS formation in cells
after exposure to ionizing radiation [14, 28]. An improved antioxidative defense of
tumor cells is another factor limiting efficacy of radiotherapy by interfering with ROS
production and improving the removal of oxidative damage [12, 130, 131]. On the
contrary, cellular antioxidative capacities are limited in tumor cells, constituting a
specific vulnerability of transformed cells compared to normal cells [64, 66]. In the
present study, we intended to boost ROS production using the prooxidative anti-

malaria drug DHA.

The first aim of this study was the analysis of DHA-induced cellular damage and DHA-
induced cell death in normoxia. Since oxidative stress may also result in the activation
of protective mechanism, we intended to examine the activation of the pro-survival
pathway by the transcription factor Nrf2. The lung adenocarcinoma cell line NCI-H460
and the colorectal cancer cell line HCT116 were chosen as experimental models

because of their different response to DHA.

The second objective addressed the question whether additional treatment with the
ROS-promoting drug DHA could improve the efficacy of radiotherapy by boosting ROS
production. Since the prooxidative compound could activate protective pathways, it
was possible that an additional treatment with DHA would even limit IR-induced
cytotoxicity. While analyzing the feasibility of a combined therapy with DHA and IR, we
also examined different treatment schedules to determine the most effective treatment
strategy. In addition, the most effective application strategy was applied in a hypoxic

environment to test whether DHA could overcome hypoxia-induced radioresistance.

The third aim of the present study intended to shed more light on the mechanism of
DHA-induced cytotoxicity. Previous work in our laboratory suggested that apoptosis
played a prominent role in DHA-induced cytotoxicity in colorectal cancer cells treated
in hypoxia [132]. Thus, HCT116 colorectal cancer cells, that were either proficient or
deficient in apoptosis induction through the intrinsic pathway, were chosen as
experimental model. The dependency of the intrinsic apoptosis pathway in response
to DHA-induced cytotoxicity was investigated in short- and long-term assays in

normoxic as well as hypoxic conditions.
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2 Material and Methods
2.1 Materials

2.1.1 General chemicals

Table 2.1 Utilized chemicals

Chemical Manufacturer
Acetic acid Sigma-Aldrich, St. Louis, MO, USA
Acrylamide (30%) Roth, Karlsruhe, Germany

Ammonium persulfate (APS, 10%) Roth, Karlsruhe, Germany

Aprotinin Roth, Karlsruhe, Germany

a-tocopherol Sigma-Aldrich, St. Louis, MO, USA

BODIPY 581/591 C11 Thermo Fisher Scientific, Waltham, MA,

USA

Bovine Serum albumin (BSA) (I\\ii\;vaarr}Slland Biolabs, Frankfurt am Main,
Bromphenol blue Roth, Karlsruhe, Germany
B-Mercaptoethanol Roth, Karlsruhe, Germany

CHAPS Sigma-Aldrich, St. Louis, MO, USA
Citric acid Merck KGaA, Darmstadt, Germany
Coomassie Brilliant Blue Sigma-Aldrich, St. Louis, MO, USA
Crystal violet Roth, Karlsruhe, Germany
Deferoxamine Sigma-Aldrich, St. Louis, MO, USA
D-glucose Sigma-Aldrich, St. Louis, MO, USA
Dihydroethidium (DHE) Sigma-Aldrich, St. Louis, MO, USA
Dimethyl sulfoxide (DMSO) Sigma-Aldrich, St. Louis, MO, USA

ECL Western Blotting Detection

Reagents Prime (Amersham) Sigma-Aldrich, St. Louis, MO, USA

ECL Western Blotting Detection

i -Aldrich, St. Louis, M A
Reagents Select (Amersham) Sigma-Aldrich, St. Louis, MO, US

EDTA (Ethylendiaminetetraacetic

. Sigma-Aldrich, St. Louis, MO, USA
acid)
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Ethanol (100%)

UME Apotheke, Essen, Germany

FACS Clean Dickinson, Franklin Lakes, NJ, USA
FACS Flow Dickinson, Franklin Lakes, NJ, USA
FACS Rinse Dickinson, Franklin Lakes, NJ, USA

Fetal calve serum (FCS)

Biochrom AG, Berlin, Germany

Formaldehyde

Roth, Karlsruhe, Germany

Glutaraldehyde

Roth, Karlsruhe, Germany

Glycerol Roth, Karlsruhe, Germany
Glycine Merck KGaA, Darmstadt, Germany
Thermo Fisher Scientific, Waltham,
HEPES MA. USA
Hoechst 33342 Thermo Fisher Scientific, Waltham, MA,
USA
Isopropanol Sigma-Aldrich, St. Louis, MO, USA
Leupeptin Roth Karlsruhe, Germany
L-glutamine Sigma-Aldrich, St. Louis, MO, USA
Methanol Roth, Karlsruhe, Germany
Thermo Fisher Scientific, Waltham
i ™ ! !
MitoSox"™ Red MA. USA
ML385 Selleckchem, Minchen, Germany

Page Ruler, pre-stained protein

ladder

Thermo Fisher Scientific, Waltham,
MA, USA

Paraformaldehyde (PFA)

Biochrom AG, Berlin, Germany

Pepstatin

Roth, Karlsruhe, Germany

Phenylmethanesulfonyl fluoride

Sigma-Aldrich, St. Louis, MO, USA

Phosphate buffered saline (PBS)

Gibco Life Technologies, Thermo Fisher
Scientific, Waltham, MA, USA

Propidium iodide (PI)

Sigma-Aldrich, St. Louis, MO, USA

Sodium citrate

Merck KGaA, Darmstadt, Germany
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Sodium chloride (NaCl)

Roth, Karlsruhe, Germany

Sodium dodecyle sulfate (SDS)

Roth, Karlsruhe, Germany

Sodium fluoride (NaF)

Sigma-Aldrich, St. Louis, MO, USA

Sodium orthovanadate (NasVOa)

Sigma-Aldrich, St. Louis, MO, USA

Sodium pyruvate

Sigma-Aldrich, St. Louis, MO, USA

Tetramethylethylenediamin
(TEMED)

Roth, Karlsruhe, Germany

Tris (Tris-
hydroxymethylaminomethane)

Roth, Karlsruhe, Germany

Triton X100

Sigma-Aldrich, St. Louis, MO, USA

Trypan blue

Sigma-Aldrich, St. Louis, MO, USA

Trypsin-EDTA (0.05%)

Biochrom AG, Berlin, Germany

Tween20

Sigma-Aldrich, St. Louis, MO, USA

2.1.2 Kits

Table 2.2 Utilized commercial kits

Chemical

Manufacturer

DC Protein Assay

BIO-RAD, Hercules, CA, USA

EdU Assay

Life technologies, Carlsbad, Ca, USA

Glutathione assay kit

Sigma-Aldrich, St. Louis, MO, USA

gPCR MasterMix for SYBR Green

Thermo Fisher Scientific Waltham, MA,
USA

QuantiTect Reverse Transcription
Kit

Eurogentec, Seraing, Belgium

RNeasy Mini Kit

Qiagen, Venlo, Netherlands

Seahorse XF Mito Stress Test Kit

Agilent Technologies, Santa Clara, CA,
USA
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2.1.3 Antibodies

Table 2.3 Antibodies applied for immunofluorescence staining (IF), Western blot (WB) analysis

and flow cytometry (FC)

Antibody Origin Dilution Manufacturer
Anti-mouse (HRP- Cell Signaling Technologies
. 1.2 WB
conjugated) goat 000 (WB) Danvers, MA, USA
Anti-rabbit ) Cell Signaling Technologies
(HRP-conjugated) goat 1:2000 (WB) Danvers, MA, USA
. . . . 1:500 (IF) Merck KGaA, Darmstadt,

Anti-sulfenic acid rabbit 1.1000 (WB) Germany

. _ Cell Signaling Technologies
Bak rabbit 1:1000 (WB) Danvers, MA. USA

. _ Cell Signaling Technologies
Bax (D2E11) rabbit 1:1000 (WB) Danvers, MA. USA
B-actin mouse  1:20000 (WB) Sigma-Aldrich St. Louis, MO,

USA

Cleaved caspase-3 . ) Cell Signaling Technologies
(Asp175) rabbit 11000 (WB) 1, ers. MA, USA

. _ Cell Signaling Technologies
Keapl rabbit 1:1000 (WB) Danvers, MA. USA

: _ MBL International Corporation,
LC3B rabbit 1:200 (FC) Woburn, MA. USA

. ) Cell Signaling Technologies,
Nrf2 rabbit 1:1000 (WB) Danvers. MA. USA
N2 rabbit  1:500 (IF) Abcam, Cambridge, United

Kingdom

. _ Cell Signaling Technologies
PARP (46D11) rabbit 1:2000 (WB) Danvers, MA. USA

. _ Cell Signaling Technologies
pH2A.X rabbit 1:1000 (WB) Danvers, MA. USA

. Il Signaling Technologi
SLC7A11 rabbit  1:1000 (wB) ol Signaling Technologies

Danvers, MA, USA
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2.1.4 Media and commercial buffers

Table 2.4 Utilized media and commercial buffers

Medium/Buffer Manufacturer
PBS Life technologies, Carlsbad, Ca, USA
RPMI 1640 Life technologies, Carlsbad, Ca, USA

Seahorse XF Base Medium Agilent Technologies, Santa Clara, CA,

USA
Seahorse XF Calibrant Agilent Technologies, Santa Clara, CA,
USA
2.1.5 gRT-PCR primers
All primers were produced by Eurofins.
Table 2.5 gRT-PCR primer sequences
Primer Sequence (5’-3’)
GAPDH forward ATG CAG TGG CAGTGACCTTT
reverse GGC AAC AAA GAT CGG AAC TG
SLC7ALL forward TGC ACC ACC AACTGC TTAGC
reverse GGC ATG GAC TGT GGT CAT GAG

2.1.6 Buffers and solutions

Table 2.6 Composition of staining solutions for flow cytometric analyses

Staining solution Components Concentration
Linid peroxidation BODIPY 581/591 C11 1 uM
PIcp in RPMI
DHE 5uM
DHE in PBS
EdU 10 uM
EdU in RPMI
Sodium citrate 0.1% (w/v)
Nicoletti Triton X-100 0.1% (v/v)
Propidium iodide 50 pug/mL
in PBS
: Propidium iodide 10 pg/mL
PI exclusion in PBS
tetramethylrhodamine ethyl 25nM
TMRE ester

in PBS
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Table 2.7 Composition of staining solutions for cell survival assays
Solution Components Concentration
Coomassie brilliant 0.05% (w/v)
blue
Coomassie brilliant blue Methanol 20% (v/v)
Acetic acid 7.5% (VIv)
in A. bidest
. Crystal violet 0.1% (wi/v)
r | viol .
Crystal violet in PBS
Table 2.8 Composition of media for Seahorse XF cellular bioenergetic assay
Assay Components Concentration
Seahorse XF Base
Medium
Mito stress test Pyruvate 1mM
L-glutamine 2mM
D-glucose 10 mM
Table 2.9 Composition of buffers and solutions for protein analysis
Buffer/Solution Components Amount/Concentration
HEPES (pH 7.5) 50 mM
sodium chloride 150 mM
Triton X-100 1% (viv)
EDTA 1mM
sodium pyrophosphate 10 mM
sodium fluoride 10 mM
Lysis buffer sodium orthovanadate 2 mM
phenylmethanesulfonyl 100 mM
fluoride
Aprotinin 5 pyg/mL
Leupeptin 5 ug/mL
Pepstatin A 3 ug/mL

in H20
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4x SDS sample buffer

Glycerol

Tris-HCI (pH 6.8)
SDS

Bromphenol blue
B-mercaptoethanol

40% (v/iv)
240 mM
8% (w/v)
0.04% (w/v)
10% (v/v)

in H20
H20 3.4 mL
Acrylamid (30%) 7.5 mL
15% SDS PAGE resolving  Tris-HCI (1.5 M, pH 8.8) 3.8 mL
gel (for 1 gel) SDS (10%) 0.150 mL
APS (10%) 0.150 mL
TEMED 0.006 mL
H20 4.9 mL
Acrylamid (30%) 6 mL
12% SDS PAGE resolving  Tris-HCI (1.5 M, pH 8.8) 3.8 mL
gel (for 1 gel) SDS (10%) 0.150 mL
APS (10%) 0.150 mL
TEMED 0.006 mL
H20 59mL
Acrylamid (30%) 5mL
5% SDS PAGE stacking Tris-HCI (1.5 M, pH 8.8) 3.8 mL
gel (for 1 gel) SDS (10%) 0.150 mL
APS (10%) 0.150 mL
TEMED 0.006 mL
H20 3.4 mL
Acrylamid (30%) 0.83 mL
. Tris-HCI (1 M, pH 6.8) 0.63 mL
10x SDS running buffer SDS (10%) 0.05 mL
APS (10%) 0.05 mL
TEMED 0.005 mL
Tris- HCI 250 mM
Glycine 192 mM
10x Transfer buffer SDS 1% (wiv)
in H20; adjusted to pH 8.3
Tris 0.5M
NaCl 15M
10x TBS-T Tween-20 1% (viv)
Adjusted to pH 7.4
Non-fat dry milk 5% (w/v)

Blocking solution

in 1x TBS-T
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2.1.7 Consumables

Table 2.10 Consumable material

Chemical

Manufacturer

Cell culture 6-well plates

Eppendorf AG, Hamburg, Germany

384-well gPCR plates

4titude, Wotton, United Kingdom

Cell culture 12-/96-well plates

TPP AG, Transadingen, Switzerland

Cell culture dishes (10 cm)

Sarstedt AG&Co, Numbrecht, Germany

Cell culture flasks (T75/ T175 cm2)

Sarstedt AG&Co, Numbrecht, Germany

Combitips advanced®

Eppendorf AG, Hamburg, Germany

Cover slides

Engelbrecht GmbH, Edermiinde, Germany

Cryo tubes

Roth, Karlsruhe, Germany

Flow cytometry tubes

BD Falcon, Franklin Lakes, NJ, USA

Filter CellTrics 30 ym

Sysmex Partec GmbH, Gorlitz, Germany

GasPak™ Anaerobe Pouch System

BD Diagnostics, Franklin Lakes, NJ, USA

Microscope slides Superfrost Plus

Thermo Scientific, Waltham, MA, USA

Objective slides

Engelbrecht GmbH, Edermiinde, Germany

Pasteur pipettes

Brand, Wertheim, Germany

Pipette tips

Starlab, Hamburg, Germany

PVDF membrane

Roth, Karlsruhe, Germany

gPCR seal

4titude, Wotton, United Kingdom

Reaction tubes

Sarstedt AG&Co, Numbrecht, Germany

Seahorse XF96 cell culture
microplates

Agilent Technologies, Santa Clara, CA,
USA

Seahorse XF96 sensor cartridges

Agilent Technologies, Santa Clara, CA,
USA

Serological pipettes

Sarstedt AG&Co, Nimbrecht, Germany

Whatman paper

Roth, Karlsruhe, Germany
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2.1.8 Technical equipment
Table 2.11 Applied technical equipment

Device

Manufacturer

AriaMx Real-Time PCR System

Agilent Technologies, Santa Clara, CA,
USA

Blotting chamber Trans-Blot®

Bio Rad GmbH, Munich, Germany

Calibur Flow Cytometer

BD Biosciences, Franklin Lakes, USA

Cell culture incubator C200

Labotect, Rosdorf, Germany

Cell scraper

Sarstedt AG&Co, Nuimbrecht

Centrifuge 5417 R

Eppendorf

Centrifuge Biofuge® pico

Heraeus Instruments

Centrifuge Megafuge™ 1.0R

Heraeus Instruments

Chemiluminescence imaging system
Fusion Solo

PeQLab GmbH, Erlangen, Germany

FUSION Solo

VILBER LOURMAT Deutschland
GmbH, Eberhardzell, Germany

GelCount™ colony counter

Oxford Optronix, Oxford, UK

Incubator (37° C/60° C)

Astel Jouan, Thermo Fisher Scientific
Inc., Waltham, MA, USA

Inverses light microscope DM IL

Leica Microsystems GmbH, Wetzlar,
Germany

Inverses microscope DM IRB

Leica Microsystems GmbH, Wetzlar,
Germany

Invivo2 400 hypoxia chamber

Ruskinn Technology , Bridgend, United
Kingdom

Laminar-flow bench

BDK Luft und Reinraumtechnik GmbH,
Sonnenbuhl-Genkingen, Germany

Magnetic stirrer RH basic 2

IKA-Werke GmbH, Staufen, Germany

Microplate reader, Synergy H1

BioTek, Winooski, VT, USA

Mr. Frosty Freezing Container

Thermo Fisher Scientific Inc., Waltham,
MA, USA

Nanodrop ND-1000 Spectrophotometer

PeQLab GmbH, Erlangen, Germany

pH electrode edge

Hanna Instruments, Woonsocket, RI,
USA
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Pipetboy acu 2

Integra, Zizers, Swiss

Pipette Eppendorf Research Plus

Eppendorf AG, Hamburg, Germany

Power supply PowerPac HC

Bio-Rad GmbH, Minchen, Germany

Protein electrophoresis system

Biometra, Gottingen, Germany

Seahorse XFe 96 Analyzer

Agilent Technologies, Santa Clara, CA,
USA

ThermoMixer® comfort

Eppendorf AG, Hamburg, Germany

Vortexer Reax 2000

Heidolph, Schwabach, Germany

Water bath

GFL, Burgwedel, Germany

X-Rad 320 irradiator

Precision X-Ray Inc., Brandford, CT,

USA
2.1.9 Software
Table 2.12 Applied software and tools
Software Manufacturer
AriaMx Agilent Technologies, Santa Clara, CA, USA
BLAST 2.2 National Center for Biotechnology Information
(NCBI)
FlowJo FlowJo, LLC, Ashland, OR, USA
Fusion Vilber Lourmat, Eberhardzell, Germany

GelCount™ 14

Oxford Optronix, Milton, United Kingdom

GraphPad Prism 7

GraphPad Software Inc., La Jolla, CA, USA

Image J

Wayne Rasband, NIH,Bethesda, MD, USA

KC4™

BioTek Instruments

Microsoft office

Microsoft Corporation, Redmont, WA, USA

Primer-BLAST

National Center for Biotechnology Information
(NCBI)

Wave Desktop 2.6

Agilent Technologies, Santa Clara, CA, USA

Zen

Carl Zeiss AG, Oberkochen, Germany
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2.2 Cell lines and cultivation
NCI-H460 lung adenocarcinoma cells were obtained from ATCC (Bethesda, USA).

NCI-H460 MitoTimer cells expressing the oxidation sensitive fluorescent protein
targeted to mitochondrial matrix were generated by stable transfection using a vector
as described before [133]. HCT116 wild type (wt) cells and HCT116 Bax”’-Baks" cells
were kindly provided from P.T. Daniel (Berlin, Germany). Protein expression of Bax
and Bak was verified by Western blot analysis. The phenotype of all cell lines was
checked regularly before data acquisition using light microscopy and cell identity was
verified by short tandem repeat analysis. Cells were routinely tested for mycoplasma

contamination.

Cells were maintained and grown in a humified incubator at 37 °C and 5% CO: in
RPMI1640 medium supplemented with 10% (v/v) fetal calf serum (FCS). Hypoxic cells
were incubated at 37 °C, 0.2% O2 and 5% COz2 in a humidified hypoxia work station.
Cells were split at a confluence of 70 — 80% and cultured for a maximum of 20
passages. During passaging, cells were washed with PBS to remove FCS-containing
medium before detachment with Trypsin-EDTA at 37 °C. Cells were seeded in fresh
medium at appropriate dilutions in 75 cm? cell culture flasks. For seeding of specific
cell numbers, cell suspension was diluted with trypan blue (5:1), a membrane
impermeable dye, that stains only cells with damaged membranes, in order to
distinguish alive and dead cells. Cells were counted using a Neubauer counting
chamber.

For conservation, cells were centrifuged for 5 minutes at 1400 rpm and resuspended
in freezing medium containing 20% FCS and 10% DMSO at 10° cells/ml. The cell
suspension was transferred to cryo tubes and subsequently frozen at -80 °C. The next
day, cryo tubes were transferred to liquid nitrogen for long time storage. For
recultivation, cells were briefly thawed in a water bath at 37 °C and immediately
transferred to cell culture flasks with complete medium. After 6 — 8 h, medium was

replaced by the appropriate culture medium.
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2.3 Irradiation and drug treatment

Irradiation and drug treatment occurred one day after plating. Prior to any treatment,
medium was removed and replaced by fresh culture medium. Cells were treated with
DHA at concentrations between 6.25 and 50 pM. Controls were incubated with the
solvent DMSO at respective concentration. For combined treatments with DFO
(50 uM), a-tocopherol (10 pM), ML385 (12.5-50 uM), erastin (10 uM), chloroquine
(20 uM) or N-acetylcysteine (2 mM), cells were incubated with the respective inhibitor
1 h prior to treatment with DHA. Cells were irradiated with a X-ray machine operated
at 320 kV, and 12.5 mA in presence of a 1.65-mm aluminum filter. Irradiation was
carried out at a distance of 50 cm and a dose rate of ~3.7 Gy/min. Cells were irradiated
with a total dose of 2 Gy at room temperature and returned to the incubator immediately
after exposure to IR. For treatment in hypoxia, cells, medium and other solutions were
transferred to the hypoxia chamber 2 h before treatment starts to enable equilibration.
To irradiate cells in a hypoxic environment, cell culture plates were pouched in air-tight

plastic bags.

2.4 Flow cytometry

In this study, flow cytometry was used to analyze lipid peroxidation, ROS production in
mitochondria and in whole cell, cell death induction, apoptosis induction, cell cycle
distribution, mitochondrial membrane potential (MMP) dissipation and autophagy
induction. In all assays, cell culture medium and supernatants from washing steps were
collected to include also detached cells in analysis. Cells were harvested by Trypsin-
EDTA incubation and spun down by centrifugation for 5 minutes at 1400 rpm. Cell
pellets were resuspended in 200 pl of the corresponding dye solution or PBS. Flow
cytometric measurements were performed with FACS Calibur cytometer and analyzed
with Flowjo software. The first step of analysis aimed to identify and gate the population
while excluding the debris.

2.4.1 Lipid peroxidation
Lipid peroxidation was detected using the lipid peroxidation sensor BODIPY 581/591
C11. The lipophilic dye indicates lipid peroxidation by shifting the fluorescence from
red to green upon oxidation. The dye was applied at a concentration of 1 uM one hour
prior to drug treatment. At indicated time points, cells were analyzed by flow cytometry
using channel FL-1 and FL-3 to determine green and red fluorescence intensity (Fl),

respectively. The ratio of mean fluorescence intensity was calculated (mean green
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Fl/mean red FI). An increased green fluorescence and decreased red fluorescence

indicates lipid peroxidation.

2.4.2 Total ROS production

Total cellular ROS production was analyzed using the membrane permeable,
oxidation-sensitive dye dihydroethidium (DHE). Oxidation by superoxide results in
formation of 2-hydroxyethidium. Non-specific oxidation occurring from other sources of
ROS results in formation of ethidium. Total fluorescence of both oxidation products
was analyzed in channel FL-2. For this purpose, cells were stained with 5 uM DHE for
15 min at 37°C and washed with PBS. The percentage of DHE-positive and DHE-
negative cells was determined. To block ROS formation, cells were pre-treated with
2 mM N-acetyl cysteine (NAC).

2.4.3 Mitochondrial ROS production using MitoSox
Mitochondrial ROS production was analyzed using MitoSox™ Red. The fluorogenic
dye is a derivative of DHE provided with a cationic triphenylphosphonium substituent
to specifically target mitochondria. Oxidation of MitoSox™ Red by superoxide results
in its hydroxylation, generating 2-hydroxyethidium. Emission of the oxidized dye
product was detected in channel FL-2. For this purpose, cells were stained with 5 uM
MitoSox™ Red/PBS for 30 min at 37°C. For further analysis, mean fluorescence

intensities were calculated.

2.4.4 Mitochondrial ROS production using MitoTimer
Mitochondrial ROS production was analyzed using NCI-H460 cells expressing the
oxidation sensitive MitoTimer. The fluorescent protein indicates ROS production at the
mitochondria by shifting the fluorescence from green to red upon oxidation. At
indicated time points, cells were harvested as described above and subsequently
resuspended in PBS for analysis. The mean fluorescence intensity was detected using
channel FL-1 (green) and FL-3 (red). An increased red fluorescence and decreased
green fluorescence indicates enhanced mitochondrial ROS production (mean
red FI/mean green FI).

2.4.5 Propidium iodide (PI) exclusion assay
Cell death was quantified by Pl exclusion assay. This method is based on the DNA-
intercalating, membrane-impermeable dye propidium iodide which accumulates only

in dead cells. Cell death was detected 48 h following treatment with DHA. To this end,
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cells were collected and stained with 10 ug/ml PI/PBS for 30 min in the dark. PI-positive

(dead) cells were determined by flow cytometry using channel FL-2 (Fig. 2.1).
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Figure 2.1 Representative dot plot gating dead cells. Viable cells with intact membranes are depicted

by low fluorescence intensity and dead cells by high fluorescence intensity.

2.4.6 Determination of apoptosis induction
Nicoletti et al. published a method to analyze cell cycle distribution and apoptotic cells
within a population using flow cytometry [134]. Similar to the PI exclusion assay, this
method is based on the DNA-intercalating dye propidium iodide. By addition of the
detergent Triton X-100 and citrate to PBS, cell membranes become permeable for Pl
enabling the dye to enter all cells and intercalate with DNA. Pl intercalation is
proportional to DNA content. After flow cytometric analysis in channel FL-2, results are
portrayed in a histogram according to the fluorescence intensity (Fig. 2.2). The
histogram is characterized by two sharp peaks for cells in GO/G1 phase and for diploid
cells in G2/M phase. The fluorescent signal between the two peaks indicates cells in
S-phase. Apoptotic cells are visualized by sub-G1 peak as a result of DNA
fragmentation, which is a late occurring event during apoptosis. For analysis of DNA
fragmentation, cells were incubated for 30 minutes in the dark in PBS containing 0.1%

sodium citrate, 0.05% Triton X- 100 and 50 pg/ml propidium iodide.
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Figure 2.2 Representative histogram analyzing cells with fragmented DNA (sub G1 population).
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2.4.7 Analysis of mitochondrial membrane potential with
TMRE staining

In cells with an intact proton gradient and mitochondrial membrane potential (A¥Ym),
the cationic and lipophilic fluorescent dye tetramethylrhodaminethylester (TMRE)
accumulates at the inner mitochondrial membrane [135]. Therefore, TMRE
accumulation can be used to assess the number of viable cells with an intact
mitochondrial membrane potential (high AWm). In contrast, dead cells are
characterized by dissipation of the mitochondrial membrane potential (low AY¥m)
resulting in a decreased fluorescence signal (Fig. 2.3). To determine cells with
dissipated membrane potential, cells were incubated for 30 minutes at 37° C with
25 nM TMRE in PBS. TMRE fluorescence was analyzed in channel FL-2. Cells with
low TMRE intensity were considered dead.
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Figure 2.3 Representative dot plot gating dead cells. Cells with intact mitochondria have a high A¥m,
depicted by a high fluorescence intensity following TMRE-staining. In dying cells with damaged

mitochondria A¥m is dissipated, depicted by a weaker fluorescence intensity.

2.4.8 Analysis of proliferation and cell cycle distribution with
EdU/PI staining

Proliferation was analyzed using a Click-iIT EdU FACS Kit, which is based on the
detection of the incorporated thymidine analog EdU into newly synthesized DNA. The
assay uses click chemistry to detect incorporated 5-ethynyl-2’-deoxyuridine (EdU) by
coupling a fluorophore to the thymidine analog. The reaction is based on a copper
catalyzed interaction between an alkyne located at the ethyl moiety of EdU and picolyl
azide, which is coupled to Alexa Fluor 488 dye. The assay was performed according
to the manufacturers protocol. Cells were incubated for 30 min with 10 pM EdU in cell

culture medium. Subsequently, cells were harvested, fixed and permeabilized with the
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provided fixative and saponin-based permeabilization solution according to
manufacturer’s protocol. After click labeling wit Alexa Fluor 488, cells were additionally
stained with 10 pg/ml PI/PBS for 30 min in the dark for cell cycle analysis. Cells were
analyzed by flow cytometry using channel FL-1 for Alexa Fluor 488 and FL-2 for PI
(Fig.2.4).
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Figure 2.4 Representative dot plot for analysis of EdU incorporation and cell cycle analysis after
double staining with EdU-Alexa Fluor 488 and PI.

T

2.4.9 Analysis of autophagy induction
Autophagy induction was quantified by flow cytometric analysis of autophagosome-
associated LC3BII. Before detection of LC3BII, cytoplasmic LC3BI was extracted from
the cell using saponin extraction buffer [136]. In contrast, the lipidated LC3BII is
inserted into membranes of autophagosomes and, therefore, cannot be washed out
with saponin extraction buffer. Consequently, saponin extraction of LC3BI allows the
quantification of intracellular LC3BII levels, using antibody against endogenous LC3B.
Saponin extraction was conducted by incubation of harvested cells with 0.05%
saponin/PBS for 5 min. Afterwards, cells were incubated with 1 pg/ml mouse-anti LC3B
antibody for 30 min. After washing with PBS, cells were incubated for further 30 min
with Alexa 488™-coupled anti-mouse antibody. Fluorescence was detected in channel

FL-1. For further analysis, mean fluorescence intensities were used.
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2.5 Microscopic analysis

2.5.1 Immunofluorescence staining
Cells were placed on coverslips in multi-well plates and treated the next day. At
indicated time points after treatment, cells were washed with PBS and fixed for
10 minutes with 4% PFA/PBS at room temperature. In order to detect intracellular
proteins, cells were permeabilized for 10 minutes with 0,2% Triton X-100/PBS. After
further washing steps, coverslips were incubated for 1 h at room temperature or
overnight at 4 °C with 2% goat serum in PBS to block unspecific binding sites. The
blocking buffer was removed and cells were incubated for 1 h at room temperature
with the respective primary antibody diluted in blocking buffer. After three further
washing steps, cells were incubated in the dark for 1 h at room temperature with the
corresponding secondary antibody, diluted 1:400 in PBS and supplemented with
3 UM Hoechst 33342 (2'-[4-Ethoxyphenyl]-5-[4-Methyl-1-Piperazinyl]-2,5'-bi-1H-
Benzimidazol-Trihydrochlorid-Trihydrat). For detection of sulfenic acids, cells were
treated with 10 mM dimedone 2 h prior to cell fixation. Fixation and permeabilization of
dimedone-labeled cells were carried out by incubation with ice-cold methanol for 3 min
on ice to circumvent interaction of dimedone with aldehyde. Incubation with the
respective antibodies and Hoechst staining were conducted as described above. After
the final washing steps, cells on coverslips were mounted inversely onto microscope
glass slides using DAKO mounting medium. Finally, slides were dried at least one night
at 4 °C before microscopic analysis. Analysis of the samples was conducted using a
Zeiss Axiovert 200 fluorescence microscope with ApoTome and ZEN imaging

software.

2.5.2 Staining of apoptotic cells with Hoechst 33342 and

propidium iodide
To distinguish between apoptotic and non-apoptotic, necrotic cell death, cells were
stained with the two DNA-binding dyes Hoechst 33342 and propidium iodide. The
membrane-permeable blue fluorescence dye Hoechst 33342 enters every cell, while
the red fluorescence dye Pl accumulates in dead cells only. Apoptotic cells are
characterized by condensed nuclear DNA. During the initial phase of apoptosis, the
plasma membrane remains intact and condensed DNA in nuclei appears blue, while
cells loose membrane barrier function in the last phase, allowing Pl accumulation in

the nuclei (red nuclei with condensed DNA). Necrotic cells possess a normal nuclei
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morphology but accumulate PI (red nuclei without DNA condensation), while viable
cells do not accumulate PI (blue nuclei without DNA condensation).

Cells were seeded on 12-well plates and treated the next day in normoxia or hypoxia.
After 48 h, cells were stained with 3 pM Hoechst 33342 and 50 pg/ml PI for 15 min in
the dark before taking images using a fluorescence microscope with Hg 50 W lamp

and a broadband emission filter.

2.5.3 Lipid peroxidation
Lipid peroxidation was visualized using the fluorescent probe BODIPY 581/591 C11.
Cells were plated on coverslips and incubated with 1 uM BODIPY 1 h prior to drug
treatment. At indicated time points, cells were washed with PBS, fixed with 4% PFA for
10 min and stained with 3 uM Hoechst 33342 for 15 min. After further washing steps,
coverslips were inversely mounted onto glass slides with DAKO mounting medium.
Slides were examined with a Zeiss Axiovert 200 fluorescence microscope using

respective filters, ApoTome and ZEN imaging software.

2.6 Protein analysis

2.6.1 Protein purification

Cells were seeded in 10 cm cell culture dishes and treated the next day. 24 h after
treatment, the medium was removed and washes with PBS. The following steps were
carried out on ice to prevent degradation of proteins. For whole cell protein extraction,
cells were shortly incubated with 100 — 200 pl lysis buffer and subsequently scratched
from the dishes using a cell scraper. The lysates were incubated on ice for 30 minutes.
Following incubation, lysates were centrifuged at 13.000 rpm for 15 minutes at 4 °C
and the supernatants containing the solubilized proteins were collected. Determination
of protein concentration was carried out using DC Protein Assay kit following the
manufacturer’s protocol. Protein concentrations were calculated according to a bovine
serum albumin (BSA) standard curve. Lysates within a sample set were adjusted to
the same concentration with lysis buffer and complemented with an appropriate
volume of 4x SDS sample buffer containing 10% 2-mercaptoethanol. For protein
denaturization, samples were incubated at 95 °C for 10 minutes and subsequently
stored at -20 °C.

To detect oxidized proteins by Western blot, sulfenic acids need to be labeled with
dimedone before protein purification. Therefore, cells were incubated with 10 mM

dimedone 2 h prior to cell lysis, which was then performed as described above.
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2.6.2 SDS PAGE and Western blot analysis
Proteins were separated by sodiumdodecyl-sulfate polyacrylamide gel electrophoresis
(SDS PAGE) under reducing condition using polyacrylamide gels at 12% or 15%.
Samples and a pre-stained protein sample standard (PageRuler™) were loaded onto
gels and proteins were separated overnight until sufficiently separated at 40 V using
1x SDS running buffer. In order to transfer proteins onto methanol-activated PVDF
membranes, a tank transfer system was used at 1.5 A for 1.5 h in 1x transfer buffer.
Afterwards, membranes were incubated for 1 h in blocking solution containing 5% non-
fat milk at room temperature to block unoccupied binding sites. Primary antibodies
were diluted in 1x TBS-T buffer containing 5% BSA. Anti-sulfenic acid antibody for
detection of oxidized proteins was diluted in 1x TBS-T containing 5% non-fat milk.
Membranes were incubated with the respective antibodies at 4 °C overnight. After
three washing steps with 1x TBS-T buffer, membranes were incubated for 1 h at room
temperature with the appropriate secondary antibody, diluted 1:2000 in 1x TBS-T
buffer containing 5% non-fat milk. Following three further washing steps with
1x TBS-T buffer, detection of the protein bands was conducted following incubation
with ECL Prime or Select detection reagent using chemiluminescence imager Fusion
Solo and Fusion software. Densitometric quantification of protein levels was performed
using ImageJ software. Normalization of densitometric results was carried out to
B-actin before second normalization to respective non-treated controls. All Western
blot experiments were repeated at least twice in independent experiments until

otherwise stated.

2.7 Analysis of cellular bioenergetics

2.7.1 Seahorse XF Extracellular Flux Analyzer
The Seahorse XF technology was developed to conduct an automatic analysis of
cellular energy metabolism in real-time. The device allows label-free analysis of
metabolic changes after drug treatment and comparison of bioenergetic phenotypes.
The technology is based on the measurement of the oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) of viable cells in a multi-well plate, indicating
mitochondrial respiration and glycolysis, respectively. The key parameters of these two
main energy-generating pathways, the OCR and ECAR, are detected simultaneous by
changes of dissolved oxygen and free proton concentrations by solid state sensors

residing 200 um above the cell monolayer. During performance of metabolic assays,
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specific inhibitors, stimulators or substrates that interfere with oxidative
phosphorylation and glycolysis are sequentially injected through built-in ports at
intervals of approximately 5 — 8 minutes to analyze changes in cellular metabolism in
real-time. Analysis of the capability of cells to respond to inhibition of metabolic
pathways, enables estimation of cellular fitness and energetic flexibility.

2.7.2 Seahorse XF mito stress test

In this study, the Seahorse XFe 96 analyzer was used to evaluate DHA-induced effects
on mitochondrial function. Cells were seeded at 7.500 cells/well in 100 pl complete
medium on XF96 micro-plates to reach an optimal cell density of 60 — 80% at the time
point of measurement. The next day, cells were treated with DHA in normoxia or
hypoxia. 6 — 8 replicates for each cell line and condition were analyzed at the same
time. 24 h after treatment, medium was exchanged by 180 pl XF base medium per well
containing 1 mM pyruvate, 2 mM glutamine and 10 mM glucose. Plates were incubated
for 1 h at 37 °C under CO2-free conditions. Mitochondrial function was examined using
Seahorse XF mito stress test kit with respective inhibitors of oxidative respiration and
performed according to the manufacturers protocol.

The method is based on analysis of oxygen and proton concentrations following
sequential injection of inhibitors, targeting distinct components of the ETC (Fig. 2.5).
Initially, the device measures the basal OCR before injecting the first inhibitor.
Afterwards, Oligomycin inhibiting ATP synthase (complex V) is injected at a final
concentration of 1 uM. The occurring decrease of the OCR indicates the amount of

oxygen consumed for mitochondrial ATP generation and is calculated as follows:
ATP pI’OdUCtiOI’] = basal OCR before oligomycin — minimum OCR after oligomycin

Subsequently, Fluoro-carbonyl cyanide phenylhydrazon (FCCP) is injected into the
wells. For NCI-H460 cells a final concentration of 2 uM was used, while HCT116 cells
were treated with 1.5 pM FCCP. FCCP depolarizes the mitochondrial membrane
resulting in an uninhibited electron flow through the ETC and forces maximal oxygen
consumption by complex IV. This indicates the maximal respiratory capacity of the cells
and reveals the distinct utilization of mitochondrial respiration under basal conditions.

Thus, the spare respiratory capacity is calculated as follows:
Spare respiratory capacity = maximal respiration — basal respiration

To evaluate the mitochondrial proton leak and subtract oxygen consumption of non-

mitochondrial respiration, rotenone, an inhibitor of complex | and antimycin, an inhibitor
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of complex Il are injected together. Both inhibitors were used at final concentrations
of 0.5 uM to completely shut down the ETC and mitochondrial oxygen consumption.
The detected remaining oxygen consumption after injection can be allocated to non-

mitochondrial respiration. The proton leak at mitochondria can be calculated as follows:

Proton leak = minimum OCR agter oligomycin — NON-mitochondrial respiration
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Figure 2.5 Seahorse XF mito stress test modulators and their impact on key parameters of
mitochondrial respiration. (A) Rotenone and antimycin A inhibit complexes | and 111, oligomycin inhibits
ATP synthase (complex V) and FCCP uncouples oxygen consumption from ATP production. (B) Key
parameters of mitochondrial function. Basal respiration is measured prior to inhibitor injection. ATP
production, maximal respiration, and non-mitochondrial respiration, are assessed by detecting changes
of the OCR in response to compound injection. Moreover, these parameters reveal proton leak and
spare respiratory capacity [137].

Since OCR sensitively depends on the number of cells per well, normalization with
Hoechst 33342 was performed to determine the DNA content and estimate the actual
cell number in each well. At the end of the measurement, Hoechst was injected into
each well at a final concentration of 10 pg/ml. After incubation of 10 minutes,
fluorescence was measured at an excitation wavelength of 360 nm and an emission
wavelength of 465 nm using an ELISA reader. OCR data were normalized to DNA

content before further analysis using Wave 2.4 software.
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2.8 Determination of intracellular glutathione levels

GSH is an important antioxidant and its intracellular concentration is an indicator for
the antioxidative capacity. Glutathione exists in two different forms: the reduced
sulthydryl (GSH) and the oxidized from, glutathione disulfide (GSSG). In this study, a
glutathione assay kit was used to determine the total amount of intracellular
glutathione. The method is based on the continuous catalytic reduction of glutathione
with 5,5'-dithiobis-(2-nitrobenzoic) acid (DTNB) to produce the chromophore TNB. In
order to detect total glutathione levels, oxidized glutathione is reduced by glutathione
reductase and NADPH. The product, TNB, is measured photometrically at 412 nm.

The assay was performed according to the manufacturers protocol. Cells were seeded
in 75 cm? flasks and treated the following day as indicated in normoxia or hypoxia.
24 h later, cells were harvested and 5 x 10° cells of each sample collected and washed
with PBS. Cell pellets were suspended in 90 pl 5% 5-sulfosalicylic acid solution to
deproteinize samples during cell lysis. Cell membranes were disrupted by two short
freezing/thawing cycles in liquid nitrogen and a 37 °C water bath to release glutathione
from the cell. Subsequently, samples were placed on ice for 10 minutes to allow
complete deproteinization. After centrifugation, supernatants were collected and if
necessary, stored at -80 °C until further processing. For glutathione analysis, 10 pl of
the samples were added in a 96-well microplate and incubated for 5 min at room
temperature with 150 pl potassium phosphate buffer (95 mM) containing DTNB
(0.03 mg/ ml) and glutathione reductase (0.115 units/ ml) in order to recycle the
oxidized GSSG to GSH. For the standard curve, 10 ul GSH solution at appropriate
concentration was added in respective well. Directly after adding 50 pl NADPH solution
to a final concentration of 50 pM, the optical density (OD) was determined
photometrically at 412 nm every minute for 5 minutes. Total glutathione concentrations

were calculated according to the calculated standard curve.

2.9 Colony formation assay

The colony formation assay (CFA) analyzes reproductive cell death by detecting cells,
that have retained the ability to undergo unlimited cell division before and after
treatment. To analyze clonogenic survival after drug treatment or ionizing radiation in
normoxia and severe hypoxia, cells were seeded in triplicates at various
concentrations (HCT116: 200 — 12800, NCI-H460: 200 — 6400 cells per well) on 6-well
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plates. The next day, cells were preincubated with the Nrf2 inhibitor ML385 1 h before

treatment with DHA. For combined treatment with IR, cells were irradiated with 2 Gy
and treated with DHA or the respective solvent volume immediately after irradiation.
Alternatively, cells were irradiated with 2 Gy 24 h before treatment with DHA or vice
versa. For treatment under hypoxic conditions, cells were exposed to hypoxia 2 h
before treatment. 24 h after incubation in hypoxia, cells were replaced to normoxia to
allow growth of single cell colonies. After 8 — 10 days, medium was removed and cells
were fixed for 10 minutes with 3.7% paraformaldehyde and permeabilized with 70%
ethanol for another 10 minutes. Subsequently, cells were stained with 0.05%
Coomassie Brilliant Blue for at least 1 h and rinsed with water before drying. Colonies
(>50 cells/colony) were counted using the GelCount™ colony counter and respective
software. Finally, the plating efficiency (PE) was calculated according to the colony
number and seeded cells in non-treated controls:

PE (%) = (counted colonies control / seeded cell number control) x 100

To determine the survival fraction (SF), the ratio of counted colonies to seeded cells in
each treatment condition was calculated and normalized to respective non-treated

controls:
SF (%) = (counted colonies treatment / Seeded cell number teatment) X PE

Survival curves were performed using Excel software by plotting DHA concentration

(linear) versus surviving fractions (logarithmic).

2.10 Crystal violet assay

The crystal violet assay is commonly used to determine cell survival upon drug
treatment by staining of viable, attached cells. Dying cells detach and are removed
during initial washing steps.

HCT116 wt and HCT116 Bax’Baks" cells were seeded in 96-well plates and treated
with DHA the next day in normoxia or hypoxia. After 48 h, cells were washed with PBS,
fixed with 1% glutaraldehyde for 15 min and stained with 0.1% crystal violet for 25 min.
To remove the unbound dye, cells were washed with PBS. After that, cells were treated
with 0.2% Triton X-10/PBS to solubilize the bound crystal violet dye. Subsequently,
Absorption was measured photometrically at a wavelength of 540 nm using an ELISA
reader. The optical density at 540 nm is proportional to the number of attached cells.
The effect of DHA treatment was calculated by normalization to values of solvent-
treated controls (O uM DHA).
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2.11 Quantitative real time PCR
2.11.1 Principle and utilization of gRT-PCR

Conventional polymerase chain reaction (PCR) allows the amplification of specific
DNA sequences using primers that are complementary to the sequence of interest.
Primers are extended by DNA polymerase to generate copies, so-called amplicons,
which double with every cycle. The quantitative real time polymerase chain reaction
(QRT-PCR) was performed employing SYBR® Green dye which is fluorescent when
intercalating with double stranded DNA. At the end of each cycle, the fluorescence
intensity is detected. With every cycle, the fluorescence signal increases as a function
of the target gene’s initial amount.

In this work, the SLC7A11 gene expression was analyzed. Simultaneously, a reference
gene (here: GAPDH) was amplified. To this end, the isolated mRNA was transcribed
into cDNA before amplification by gRT-PCR.

For relative quantification, the cycle Ct was identified, at which the fluorescent signal
raised above the threshold in the linear range. ACt values were calculated for each
probe (ACt = Ct(SLC7A11)- Ct(GAPDH)). The changes in SLC7A11 gene expression
after treatment were calculated by the 2ACt method (2ACt = ACt(treated probe) -
ACt(solvent-treated probe)).

2.11.2 RNA isolation and cDNA synthesis
Cells were seeded on 6-well plates and treated with DHA with or without ML385 for
12 hours the next day. After incubation, cells were harvested and washed with PBS.
RNA isolation was performed using RNeasy® Mini Kit according to the manufacturer’s
protocol. All steps were carried out on ice to avoid RNA degradation. RNA
concentration in samples was determined using Nanodrop™. If necessary, eluates
were stored at -80 °C until further processing. Synthesis of cDNA was conducted with
the QuantiTect® Reverse Transcription Kit using 1 pug purified RNA according to the

manufacturer’s protocol. cDNA was stored at -20 °C.

2.11.3 Primer design
Primers were designed using NCBl's online tool Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast). Cross-reactivity was excluded by
Blast 2.2 database comparison. Primers were designed in an intron with a size of

22 base pairs. PCR products were 150 — 250 base pairs in size with a GC content of
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50 — 60% and annealing temperature of 59 — 61 °C. Primers were manufactured by

Eurofins.

2.11.4 qRT PCR
The reaction mixtures for gRT PCR were prepared with gPCR MasterMix for SYBR®

Green | according to the manufacturer’s protocol (Table 2.13).

Table 2.13 Composition of gRT-PCR mater mix

Component Volume
2X reaction buffer 5ul
Primer forward (10 pM) 0.2 pl
Primer reverse (10 uM) 0.2 pl
SYBR® Green | 0.3 ul
ddH20 2.3 ul

8 uL reaction mixture and 2 pL (= 2 ng) cDNA were added per well in a 96-well g°PCR
plate. qRT-PCR was performed using the Agilent AriaMx Real-Time PCR system
according to cycling conditions shown in Table 2.14.

Table 2.14 gRT-PCR cycling conditions

Step Temperature Time Cycles
Urgml-!\l-GchosHase (UNG) 50 °C 2 min 1
activation

DNA Polymerase activation o :

UNG inactivation 95°C 10/ min 1
Denaturation 95 °C 15s 50
Annealing and extension 60 °C 1 min

Melting curve analysis 60-95°C +0.5°Cevery3s

Samples containing cDNA and controls containing water were run in triplicates.

Normalized target gene expression was calculated with the 2ACt method [138].
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2.12 Analysis of patient data

The prevalence of Keapl mutations in different tumors was analyzed by performing a
pancancer study. To this end, accessible data at the cbioportal platform
(http:// www.cbioportal.org/) was used by filtering studies for indicated tumor entities
performed by “The Cancer Genome Atlas” (TCGA) project.

Survival analysis of patients undergoing radiotherapy was performed using data
accessible at the KM Plotter platform (http://kmplot.com/analysis/). Patients with lung
cancer were divided in two groups according to the median expression of the
respective gene. Overall survival of the low expressing cohort was compared to the

high expressing cohort.

2.13 Statistics

At least three independent experiments were performed, unless otherwise stated. Data
represent mean values + standard deviation (SD). The results were subjected to
statistical analysis using GraphPad Prism 7 software. Statistical significance was
calculated by t-test or for multiple comparison using ANOVA followed by Bonferroni
post-hoc test. A p-value < 0.05 was considered significant. Significance levels are

indicated with asterisk as follows: * p < 0.05; ** p <0.01; *** p <0.001; **** p £0.0001.


http://kmplot.com/analysis/

3 Results 58

3 Results

3.1 DHA induces iron-dependent oxidative damages
at lipids and proteins and affects mitochondrial
function

In the first set of experiments, DHA-induced damage at lipids, proteins and
mitochondria were analyzed. Oxidation of lipids was measured by flow cytometry and
imaged by fluorescence microscopy using the lipophilic oxidation sensor BODIPY
581/591 C11. The fluorescent probe indicates oxidation of lipids by a shift from red to
green fluorescence (Fig.3.1 A). Treatment of NCI-H460 lung adenocarcinoma and
HCT116 colorectal cancer cells with DHA for 24 h potently induced lipid peroxidation
in both cell lines. DHA-induced lipid peroxidation was slightly but insignificantly higher
in HCT116 (3.8-fold) compared to NCI-H460 cells (2.6-fold) (Fig. 3.1 A). Pretreatment
with 50 uM Deferoxamine (DFO), an iron-chelating compound, abrogated DHA-
induced lipid peroxidation, confirming the drugs dependency on redox-active iron for
its activation. These observations were further affirmed by fluorescence microscopy
(Fig. 3.1 B). Upon treatment with DHA, green fluorescence of the lipophilic oxidation
sensor BODIPY 581/591 C11 increased. This is visualized in a shift from yellow to
green in merged images. Treatment with DFO resulted in formation of droplet-like
structures, in which BODIPY 581/591 C11 accumulates, and prevented DHA-induced

increase in green fluorescence.
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Figure 3.1 DHA increases iron-dependent lipid peroxidation in NCI-H460 and HCT116 cells. Cells
were treated for 24 h with DHA (0 pM, 25 uM) alone or in combination with 50 yM of the iron-chelating
agent DFO, which was added 1 h prior to DHA treatment. Lipid peroxidation was detected using the
lipophilic oxidation sensor BODIPY 581/591 C11. (A) The ratio of oxidized (green)/reduced (red) dye
was detected by flow cytometry measuring mean fluorescence intensity (Fl). (B) Representative
fluorescence images of BODIPY-C11 oxidation were depicted. Scale bar, 10 um. Co-treatment with
DFO prevents DHA-induced lipid peroxidation in NCI-H460 and HCT116 cells. (A): Means + SD (n=3).
** p <.01; ** p <.001 (ANOVA with Bonferroni post-hoc test). Significance was calculated to vehicle-

treated (0 yuM DHA) respective controls until otherwise indicated by bars.

Oxidation of proteins particularly occurs at reactive thiol groups of cysteines, which are
especially prone to modifications during oxidative stress [139]. Changes in the
intracellular thiol redox status were analyzed by Western blot using a specific antibody
that detects sulfenic acids, the initial oxidation product (Fig.3.2 A). Non-treated
HCT116 cells displayed higher basal protein oxidation in whole cell lysates compared

to non-treated NCI-H460 cells. Treatment with DHA for 24 h increased sulfenic acid
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formation in both cell lines but was more pronounced in HCT116 than in NCI-H460

cells. In both cell lines, protein oxidation was decreased by co-treatment with DFO,
further confirming the relevance of iron for activation of DHA and the following oxidative
damage.

Next, the intracellular localization of sulfenic acid formation was analyzed by
fluorescence microscopy using NCI-H460 MitoTimer cells, which express the ROS-
sensitive fluorescent protein targeted to mitochondrial matrix (Fig. 3.2 B). Fluorescence
intensity of sulfenic acids (red) was increased following DHA treatment. The
co-localization with the MitoTimer (green), indicated by yellow staining in merged

images, revealed that DHA induces protein oxidation at mitochondrial proteins.
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Figure 3.2 DHA increases iron-dependent protein thiol oxidation in NCI-H460 and HCT116 cells.
(A) Cells were treated for 24 h with DHA (0 uM, 12.5 uM, 25 uM) alone or in combination with 50 uM of
the iron-chelating agent DFO. Dimedone-labeled sulfenic acids were detected by Western blot. Left
panel shows steady-state protein oxidation in non-treated tumor cells. Densitometric analysis was
performed by comparing probes blotted on the same membrane. Results are stated below the respective
probes. Data shows representative blots of two independent experiments. (B) NCI-H460 cells
expressing MitoTimer were treated for 24 h with DHA (0 pM, 25 uM) and subsequently fixed for analysis
by fluorescence microscopy. Images show co-localization of oxidized thiol groups with MitoTimer. Scale

bar, 10 um.
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These results indicate an oxidative damage inflicted at mitochondria. In turn, damaged
mitochondria are associated with an increased ROS production [140]. For this reason,
we analyzed mitochondrial ROS production in NCI-H460 cells expressing the
oxidation-sensitive MitoTimer by flow cytometry and fluorescence microscopy.
Treatment with 12.5 — 50 uM DHA for 48 h induced a fluorescence shift from green
(reduced) to red (oxidized), indicating increased mitochondrial ROS production
(Fig. 3.3 A). In addition, treatment with DHA caused mitochondrial fragmentation
observed by fluorescence microscopy. An altered morphology implies changes in
mitochondrial function [141].

To examine mitochondrial function, we performed a mitochondrial stress test using the
Seahorse XF analyzer. The basal respiration and mitochondrial ATP production in non-
treated NCI-H460 cells was three and two times higher, respectively, than in non-
treated HCT116 cells (Fig. 3.3 B). In both cell lines, treatment with low doses of DHA
(6.25 —12.5 uM) for 24 h was already sufficient to dramatically decrease mitochondrial
respiration and ATP production. In HCT116 cells this effect was even more
pronounced than in NCI-H460 cells (Fig. 3.3 C).
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Figure 3.3 DHA increases mitochondrial ROS production and abrogates mitochondrial function
in NCI-H460 and HCT116 cells. (A) NCI-H460 MitoTimer cells were treated with DHA (0 uM, 12.5 uM,
25 uM, 50 uM) for 48 h. The ratio of oxidized (red)/reduced (green) MitoTimer was detected by flow
cytometry measuring mean fluorescence intensity (FI). Data shows representative fluorescence images
of NCI-H460 cells expressing MitoTimer 48 h after treatment with DHA (0 uM, 25 uM). Scale bar,
10 um. (B, C) Mitochondrial function in NCI-H460 and HCT116 cells was examined 24 h after treatment
with DHA (0 uM, 6.25 uM, 12.5 uM) using the seahorse analyzer. Upper graphs show DHA-induced
decline of the basal respiration and lower graphs DHA-induced inhibition of ATP production, both
depicted by decreased oxygen consumption rate (OCR). (C) Values were normalized to non-treated
cells. DHA-induced abrogation of mitochondrial function was more pronounced in HCT116 than NCI-
H460 cells. (A, B, C): Means # SD (n=3). **, p < .01; ***, p <.001 (1-way ANOVA with Bonferroni post-

hoc test). Significance was calculated to vehicle-freated (0 uM DHA) respective controls until otherwise
indicated by bars.
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3.2 Prooxidative drug DHA activates the Keap1/Nrf2
pathway
DHA-induced lipid peroxidation (Fig. 3.1), the generation of sulfenic acids (Fig. 3.2 A)

and abrogation of mitochondrial function (3.3 C) were more pronounced in HCT116
cells. These results suggest a higher susceptibility to oxidative stress-induced
cytotoxicity in the colorectal cancer cell line HCT116 compared to the lung cancer cell
line NCI-H460. To prove this assumption, cell death following treatment with DHA was
analyzed by flow cytometry using propidium iodide exclusion assay (Fig. 3.4 A).
HCT116 and NCI-H460 cells were treated with 12.5, 25 and 50 uM DHA for 48 h.
HCT116 cells reacted more sensitive towards DHA-induced cell death. Treatment with
the lowest DHA dose of 12.5 uM was sufficient to eradicate 20% of HCT116 cells, while
it had no effect on NCI-H460 cells. Higher concentrations of DHA (25 and 50 uM)
induced cell death in almost half as much NCI-H460 cells as HCT116 cells. More than
50% of HCT116 cells were eradicated using the highest concentration of 50 uM DHA.
Based on the low sensitivity of NCI-H460 cells to DHA-induced cell death, we
hypothesized that these cells have a better antioxidative defense than HCT116 cells,
thus alleviating oxidative stress in response to DHA more efficiently than the colorectal

cancer cells.

A commonly activated mechanism in response to oxidative stress is the Keap1/Nrf2
pathway. Upon dissociation of Keapl from Nrf2, Nrf2 translocates to the nucleus and
activates the transcription of antioxidant and detoxification genes [59, 60]. To analyze
this pathway, we examined Nrf2 localization by fluorescence microscopy (Fig. 3.4 B).
In HCT116 cells, Nrf2 localization is mainly cytosolic. Treatment with 25 uM DHA for
4 h induced Nrf2 translocation into the nucleus. This effect was prevented by
co-treatment with the lipophilic antioxidant a-tocopherol. In contrast to HCT116 cells,
Nrf2 was detected predominantly in the nucleus of non-treated NCI-H460 cells. As a
result, only minimal additional accumulation in the nucleus could be observed upon
DHA treatment. Western blot analysis revealed high basal Nrf2 levels in NCI-H460
cells, which scarcely increased 24 h after treatment with DHA (Fig 3.4 C). In contrast,
the basal Nrf2 levels were low in HCT116 cells, but increased after treatment with DHA.
Coincidentally, protein levels of Keapl, the cytosolic protein promoting Nrf2
ubiquitylation and degradation, decreased in these cells upon treatment with DHA. In
NCI-H460 cells, Keapl levels were constantly low and hardly affected by DHA. Iron
depletion by DFO decreased the basal Nrf2 protein level in NCI-H460 cells, suggesting
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an iron-dependent regulation of Nrf2 level. In HCT116 cells, iron depletion prevented
DHA-induced upregulation of Nrf2 and decline of Keapl, revealing that Nrf2
upregulation is a consequence of iron-dependent DHA activation. Compared to
HCT116 cells, non-treated NCI-H460 cells were characterized by higher basal Nrf2
and lower Keapl levels. These results, together with the marked nuclear localization
of Nrf2, suggest a constant activation of the Keapl1/Nrf2 pathway in NCI-H460 cells,
while Nrf2 becomes activated upon treatment with DHA in HCT116 cells.
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Figure 3.4 DHA-induced cell death and activation of the antioxidative Keapl1/Nrf2 pathway is
induced efficiently in Keapl wildtype HCT116 compared to Keapl mutant NCI-H460 cells. (A) Cell
death was analyzed 48 h after treatment with DHA (0 uM, 12.5 uM, 25 uM, 50 uM) by flow cytometry
using PI exclusion assay. DHA-induced cell death was more efficient in HCT116 than in NCI-H460 cells.
Means # SD (n=3). *, p < .0.5; **, p < .01; *** p <.001 (ANOVA with Bonferroni post-test). Significance
was calculated to vehicle-treated (0 uM) respective controls until otherwise indicated by bars.
(B) Localization of Nrf2 was detected by immunofluorescence 4 h after DHA treatment (0 uM, 25 uM).
HCT116 cells were co-treated with the antioxidant a-tocopherol (10 uM) to abrogate ROS-induced
nuclear translocation of Nrf2. (C) Protein expression of Nrf2 and Keapl were detected 24 h after
treatment with DHA (0 pM, 12.5 uM, 25 uM) by Western blot. Co-incubation with DFO (50 uM) prevented
DHA-induced Nrf2-expression. Data shows representative blots from at least two independent

experiments. Probes from both cell lines were detected on the same membrane.
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In accordance with these findings, other researchers described a Keapl mutation
located to the Nrf2 binding domain in NCI-H460 cells [142]. This raised the question
whether Keapl is more often mutated in lung cancers compared to other tumor entities.
To examine Keapl mutations in various tumors, accessible data from “The Cancer
Genome Atlas” (TCGA) project was screened to perform a pancancer study (Fig. 3.5).
Lung adenocarcinoma and lung squamous carcinoma (18% and 11%, respectively)
contain the highest Keapl mutation frequency, while Keapl mutations occurred less
frequent in colorectal cancer (1-2%) and other tumor types. This study emphasizes

the medical relevance of Keapl mutations in human lung cancers.
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Figure 3.5 Keapl mutations occur most frequently in lung cancers. Pancancer analysis using data
from “The Cancer Genome Atlas” (TCGA) project at cbioportal (http://www.cbio portal.org/) reveals the

highest Keapl mutation frequency in lung cancers but a low mutation frequency in colorectal cancer.

3.3 Prooxidative drug DHA increases SCL7A11
expression and glutathione levels

To further examine activation of the Keapl/Nrf2 pathway and the downstream
mechanisms, expression of the Nrf2 target gene SLC7A11 was analyzed. SLC7All is
a subunit of the cystine/glutamate antiporter (xCT) promoting intracellular cystine
import. Upon its conversion to cysteine, it fosters glutathione biosynthesis, thereby
increasing the antioxidative capacity [51, 53]. Analysis by qRT-PCR revealed an
approximately six times higher basal SLC7A11 mRNA expression in NCI-H460 than
in HCT116 cells (Fig. 3.6 A left). Treatment with DHA (12.5 and 25 yM) induced a mild
though significant (1.5- to 2-fold) upregulation of SLC7A11l gene expression in
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NCI-H460 cells but clearly increased mRNA levels (6-fold) in HCT116 cells. Nrf2

inhibition with 50 uM ML385 completely prevented DHA-induced upregulation of
SLC7A11 mRNA expression in NCI-H460 cells and partially in HCT116 cells
(Fig. 3.6 A). ML385 is a small molecule that binds to Nrf2 and blocks its interaction with
the DNA binding sequence, thereby preventing target gene expression [143]. In
accordance with the SLC7A11 mRNA levels, Western blot analysis depicted a four
times higher SLC7A11 protein expression in NCI-H460 compared to HCT116 cells

(Fig. 3.6 B left). In addition, DHA-induced protein expression was prevented in NCI-
H460 cells and decreased in HCT116 cells by co-treatment with ML385 (Fig 3.6 B).
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Figure 3.6 DHA-induced Nrf2 activation increases SLC7A11 expression in NCI-H460 and HCT116
cells. (A) SLC7A11 mRNA expression was quantified by RT-gPCR and normalized to GAPDH. Basal
levels of SLC7A11 mRNA expression are higher in NCI-H460 compared to HCT116 cells (left graph).
Means # SD (n=3). *, p < .0.5 (paired t-test). Gene expression of SLC7Al1l was detected 12 h after
treatment with DHA (0 uM,12.5 uM, 25 uM). DHA-induced SLC7A11 expression was decreased by
co-incubation with 50 uM ML385. Means + SD (n=3). *, p < .0.5; **, p < .01; *** p < .001 (ANOVA with
Bonferroni post-test). Significance was calculated to vehicle-treated (0 uM DHA) respective controls until
otherwise indicated by bars. (B) Left panel: SLC7A11 protein expression was detected by Western blot
and normalized to -actin. Basal levels of SLC7A11 protein expression are approximately 4x higher in
NCI-H460 compared to HCT116 cells. Right panel: Cells were treated with DHA (0 uM, 12.5 pM,
25 uM) for 24 h. DHA-induced SLC7A11 protein expression was partially decreased by ML385 (50 uM)
in HCT116 cells, but completely abrogated in NCI-H460 cells. Data shows one representative blot of

three independent experiments. Probes from both cell lines were detected on the same membrane.
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Following these observations, a biochemical analysis of glutathione concentration was
performed to examine, whether DHA-induced upregulation of SLC7All affects
intracellular glutathione levels (Fig. 3.7). Corresponding to the elevated SLC7A11
expression in NCI-H460 cells, basal glutathione levels were four times higher (20.39 *
3.13 nmol/10° cells) than in HCT116 cells (5.69 + 0.97 nmol/1 10° cells). Treatment
with 25 uM DHA did not affect glutathione levels in NCI-H460 cells, but significantly
increased glutathione levels (2.5-fold) in HCT116 cells. Co-treatment with the Nrf2
inhibitor ML385 completely abrogated DHA-induced increase of glutathione
concentration in HCT116 cells. This data indicates Nrf2-dependent elevation of

intracellular glutathione levels in colorectal cancer cells caused by DHA.
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Figure 3.7 DHA-induced Nrf2 activation elevates glutathione levels in HCT116 cells. Glutathione
levels were analyzed in cell lysates of NCI-H460 and HCT116 cells using a glutathione assay kit. Cells
were treated for 24 h with DHA (0 uM, 25 uM) alone or in combination with Nrf2 inhibitor ML385
(50 uM). Blocking Nrf2 activity prevented DHA-induced increase of intracellular glutathione
concentration in HCT116 cells. Means # SD (n=3). *** p < .001 (ANOVA with Bonferroni post-test).
Significance was calculated to vehicle-treated (0 uM) respective controls until otherwise indicated by

bars.

3.4 Activation of the Nrf2/Keap1 pathway limits DHA-
induced cytotoxicity

Glutathione is the most abundant antioxidant in living organisms and holds a major role
in ROS homeostasis and detoxification of ROS-inducing xenobiotics [45]. Thus, high
glutathione levels might improve cell survival in response to DHA-induced oxidative
damages and cell death. Vice versa, blocking the Nrf2-dependent increase of
intracellular glutathione levels might enhance DHA-induced cytotoxicity. To prove this
hypothesis, cell death was analyzed by flow cytometry 48 h after treatment with DHA
in presence or absence of the Nrf2 inhibitor ML385 (50 uM) or erastin (10 uM), an
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inhibitor of the xCT transporter. In HCT116 cells, that were more susceptible towards
DHA-induced cytotoxicity than NCI-H460 cells, co-treatment with ML385 further
enhanced cell death induction. In NCI-H460 cells, additional inhibition of Nrf2 was
ineffective (Fig. 3.8 A). Interestingly, co-treatment with erastin significantly increased
DHA-induced cell death in both, NCI-H460 and HCT116 cells (Fig. 3.8 B). These
results demonstrate, that, within the first 48 h, the direct inhibition of cysteine import by
erastin affects glutathione levels and cell death in NCI-H460 cells more efficiently than
inhibition of SLC7A11 transcription. In HCT116 cells, both inhibitors improved cell
death induction with comparable efficiency.
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Figure 3.8 Targeting cysteine uptake sensitizes cancer cells to DHA-induced shot-term cell
death. NCI-H460 and HCT116 cells were treated with DHA (0 pM, 12.5 uM, 25 uM) for 48 h. Cell death
was analyzed by flow cytometry using Pl exclusion assay. (A) Cells were incubated with 50 uM ML385
1 h prior to DHA treatment. Inhibition of Nrf2 further increased DHA-induced cell death in HCT116 but
not in NCI-H460 cells. (B) Cells were incubated with 10 uM erastin 1 h prior to DHA treatment.
Co-treatment with erastin increased DHA-induced cell death in both cell lines. (A, B): Means +SD (n=3).
* p <.05; **, p<.01; *** p <.001 (ANOVA with Bonferroni post-hoc test). Significance was calculated
to vehicle-treated (0 uM DHA) respective controls until otherwise indicated by bars.

Due to the cytotoxic impact of ML385 and DHA in long-term experiments, both
compounds were used at lower concentrations than in short-term experiments. To
analyze long-term survival of tumor cells, a colony formation assay was performed.
Single treatment with 12.5 pyM of the Nrf2 inhibitor ML385 significantly lowered long-
term survival in both, NCI-H460 and HCT116 cells (Fig. 3.9 A). Single treatment with
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DHA, using 6.25 and 12.5 uM, decreased the clonogenic survival in both cell lines, but
more efficiently in HCT116 than in NCI-H460 cells (Fig. 3.9 B). Additional treatment
with the Nrf2 inhibitor ML385 further reduced the surviving fraction. Taken together,
these results reveal that blocking Nrf2/Keap1 pathway clearly improves the anti-cancer
activity of DHA, irrespective of Keapl mutation.
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Figure 3.9 Targeting the Keap1/Nrf2 pathway sensitizes cancer cells to DHA-induced long-term
cytotoxicity. Clonogenic capacity of tumor cells was evaluated by colony formation assay.
(A) Treatment with 12.5 uM ML385 over 9 days decreased the survival fraction (SF) of NCI-H460 and
HCT116 cells. Values of ML385 treated cells were normalized to the plating efficiency of cells treated
with solvent control (DMSQ). (B) Cells were treated with DHA (0 uM, 6.25 uM, 12.5 uM) for 9 days.
Co-treatment with 12.5 uM ML385 further improved DHA-induced eradication of clonogenic NCI-H460
and HCT116 cells. Values of DHA-treated cells were normalized to respective solvent-treated controls.
Images show representative wells of a colony formation assay. (A, B): Means #SD (n=3). **p < .01, ***,
p <.001; **** p < .0001 (ANOVA with Bonferroni post-hoc test).

3.5 Combinatory therapy with ionizing radiation and
DHA

So far, the results disclosed that DHA-induced cytotoxicity is limited by the
antioxidative Keapl/Nrf2 pathway, independently of Keapl mutations. The cytotoxicity
of ionizing radiation also depends on ROS production and on the ability of tumor cells
to prevent and repair ROS-induced oxidative damage [144, 145]. Using multi-variant
analysis and the Kaplan-Meier Plotter, the outcome of radiotherapy in lung cancer
patients was correlated with expression levels of genes regulated by the Keapl/Nrf2

pathway [146]. Expression levels of Keapl, Nrf2 and the two enzymes of the
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glutathione biosynthesis pathway, CTH and GCLC, did not influence the median
survival of patients receiving radiotherapy (Fig. 3.10 A, B, D, E). However, in patients
with low expression of the Nrf2-target gene SLC7A11, radiotherapy significantly

improved the clinical outcome with a median survival of 52 months compared to 26

months in the high expression cohort (Fig. 3.10 C).
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Figure 3.10 Survival of lung cancer patients receiving radiotherapy correlates with Nrf2 target
gene SLC7A11. Survival analysis was performed using data accessible at the KM-Plotter platform
(http://kmplot.com/analysis/). Gene expression of Keapl (A), Nrf2 (B) as well as the Nrf2 target genes
GCLC (D) and CTH (E) did not influence survival after radiotherapy. However, lung cancer patients

undergoing radiotherapy survive longer when expressing low levels of SLC7A11 (C).

Next, we addressed the question whether treatment with DHA can improve
radiotherapy. Thus, we analyzed long-term survival in response to IR and DHA alone
or in combination. In the combined therapy, DHA was applied immediately after
irradiation (Fig. 3.11). In both cell lines, irradiation with 2 Gy revealed a similar
efficiency with a decrease of clonogenic survival by about 50%. To obtain a

comparable toxicity with DHA, treatment at a concentration of 6.25 uM was enough in
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HCT116 cells, while 12.5 uyM DHA was required in NCI-H460 cells. The combinatory

therapy reduced clonogenic survival in both cell lines more efficiently than any single

treatment.
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Figure 3.11 DHA improves the efficacy of radiation in NCI-H460 and HCT116 cells. Clonogenic
survival of NCI-H460 and HCT116 cells treated with DHA (0 uM, 6.25 uM, 12.5 uM) or in combination
with IR (2 Gy) was evaluated by colony formation assay. Cells were irradiated and subsequently treated
with DHA. The combined treatment decreased surviving fractions (SF) of both tumor cell lines more
efficient than either single treatment. Images show representative wells of a colony formation assay.
Means # SD (n=3). *, p < .05; **, p < .01; ** p < .001; *»***#### n < 0001; Significance was calculated
to DMSO-freated (0 uM DHA) respective controls until otherwise indicated by bars. ## indicates

significance to single treatment with IR.

The previous results disclosed an activation of the antioxidative stress response after
treatment with DHA, accompanied by an upregulation of SLC7A11 expression and a
marked increase of intracellular glutathione levels in HCT116 cells. Based on these
observations, we suspected that activation of the protective pathway by DHA could
alleviate radiation-induced cytotoxicity. Therefore, we repeated long-term survival
experiments with two distinct treatment schedules. In the first group, both cancer cell
lines were irradiated with 2 Gy 24 h before adding DHA. In the second group, tumor
cells received DHA treatment 24 h before irradiation with 2 Gy (Fig 3.12 A). In NCI-

H460 cells both treatment approaches were similar effective and more toxic than
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irradiation alone (Fig. 3.12 B, left graph). Accordingly, the treatment schedule did not
influence the outcome of the combined therapy. In contrast, in HCT116 cells, the
treatment schedule determined the efficacy of the combinatory therapy (Fig. 3.12 B,
right graph). When HCT116 cells were irradiated before DHA application, the
combined treatment was more toxic than single dose irradiation with 2 Gy. Conversely,
when DHA treatment occurred 24 h before irradiation, the combined treatment was
equally effective than irradiation alone. Hence, the additional cytotoxicity of the
combined therapy was abolished. These results demonstrate an anti-neoplastic effect
of DHA and a beneficial impact of the combined therapy with ionizing radiation,
irrespective of Keapl mutations. However, the treatment schedule needs to be
considered carefully, particularly in cells that activate the protective Keapl/Nrf2

pathway.
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Figure 3.12 Treatment schedule of combinatory therapy determines efficacy in HCT116 cells.
Colony formation assay of NCI-H460 and HCT116 cells treated with IR (2 Gy) alone or in combination
with DHA (0 uM, 6.25 uM, 12.5 uM) (A) Treatment schedule of the combinatory therapy was modified:
In the first variation, cells were irradiated with 2 Gy 24 h before treatment with DHA (upper panel). In the
second variation, cells were treated with DHA 24 h prior to irradiation with 2 Gy (lower panel).
(B) Clonogenic survival of NCI-H460 and HCT116 cells treated according to the treatment schedule
shown in A. Alterations in treatment schedule did not influence surviving fraction (SF) of NCI-H460 cells
but determined efficacy in HCT116 cells. Means # SD (n=3). *, p < .05; **, p < .01; *** p < .001;
Significance was calculated to DMSO-treated (0 uM DHA) respective controls until otherwise indicated

by bars.
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3.6 Combined treatment of DHA and IR overcomes
hypoxia-induced radioresistance

The previous results have demonstrated that a combined treatment of DHA and
radiation can improve the efficacy of radiotherapy in normoxic conditions. However,
most solid tumors are characterized by hypoxic regions that limit the cytotoxicity of
radiotherapy and other ROS-dependent therapies. This phenomenon is based on the
failure to produce permanent and irreparable oxidative damages in absence of
molecular oxygen, that would provoke deleterious cellular damage, particularly DNA
DSBs in presence of oxygen [14, 27]. Interestingly, certain publications disclosed an
even more pronounced anti-neoplastic impact of artemisinin and the related derivatives
in hypoxic than in normoxic conditions, especially when used at lower concentrations
[132, 147-150]. In the following experiments, we therefore analyzed the cytotoxicity of
a combined therapy of IR and DHA in hypoxia to prove whether additional application
of DHA could improve the outcome of radiotherapy in conditions of low oxygen
availability. Thus, we analyzed the clonogenic survival of tumor cells irradiated with
2 Gy and subsequently treated with DHA in severe hypoxia (0.2% O2). 24 h after
treatment, cells were replaced to normoxia to allow growth of single cell colonies. The
results disclose that irradiation in hypoxic conditions is less efficient compared to
irradiation in normoxia (Fig. 3.13). Hypoxia-induced radioresistance was more
pronounced in NCI-H460 cells than in HCT116 cells. In both cell lines, IR-induced
radioresistance could be overcome by co-treatment with DHA. For this effect, DHA
concentration as low as 6.25 pM were sufficient. Moreover, the combinatory therapy
was even slightly more efficient in hypoxia compared to normoxia. These results
demonstrate that hypoxia-mediated radioresistance could be overcome in a combined

therapy with the ROS-producing anti-malaria drug DHA.
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Figure 3.13 DHA improves the efficacy of radiotherapy more efficiently in hypoxia than in
normoxia. Clonogenic survival of NCI-H460 and HCT116 cells treated with IR (2 Gy) alone or in
combination with DHA (0 uM, 6.25 uM, 12.5 uM) in normoxia or hypoxia was evaluated by colony
formation assay. Cells treated in hypoxia were replaced to normoxia after 24 h to allow formation of
colonies. In both conditions and both cell lines, the combined therapy decreased surviving fractions (SF)
more efficient than radiation alone. Hypoxia-induced radioresistance was overcome in combination with
DHA. Means # SD (n=3). *, p < .05; ***, p <.0001; Significance was calculated to DMSO-treated (0 uM

DHA) respective controls until otherwise indicated by bars.

3.7 Pro-apoptotic proteins Bax and Bak decrease
DHA-induced clonogenic survival in normoxia but
are dispensable in hypoxia

The previous results have demonstrated that a combined treatment of DHA and IR can
improve the efficacy of radiotherapy in normoxic and hypoxic conditions. In the
following experiments, we therefore examined DHA-induced cytotoxicity in short-term
and long-term experiments under both conditions, in normoxia (20% oxygen) and
severe hypoxia (0.2% oxygen). In preceding experiments in our laboratory, Ontikatze
et al. detected apoptosis induction in colorectal cancer cells [132]. Since the intrinsic
apoptosis pathway is often deregulated in cancer [151, 152], we compared the impact
of DHA on HCT116 colon cancer cells that are either proficient or deficient in apoptosis
induction through the intrinsic pathway. HCT116 cells with deficient intrinsic apoptosis
pathway were generated by knock-out of the pro-apoptotic Bcl-2 family protein Bax
and knock-down of the pro-apoptotic protein Bak. Fig. 3.14 A shows the verification of
the Bax knockout and Bak knockdown in HCT116 Bax”’Baks" cells by Western blot. To
analyze long-term survival, a colony formation assay was carried out with HCT116 wild
type (wt) and HCT116 Bax”’-Baks" cells and treated with DHA in normoxic and hypoxic

conditions. While treatment in normoxia occurred the whole time in presence of 20%
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oxygen, treatment in hypoxia was performed for 24 h before returning to normoxic
conditions to allow formation of colonies. In HCT116 wt cells, DHA treatment was
slightly but insignificantly more efficient in hypoxia compared to normoxia (Fig 3.14 B).
HCT116 Bax’Baks" cells treated in normoxia were less sensitive to DHA than HCT116
wt cells, but DHA was similar effective in hypoxia in both cell lines. These results
indicate, that intrinsic apoptosis is a crucial mechanism in cells treated under normoxic

conditions, but becomes dispensable under oxygen-deprived conditions.
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Figure 3.14 DHA-induced cytotoxicity in apoptosis-proficient HCT116 cells and with deficient
intrinsic apoptosis pathway. (A) Protein expression of Bax and Bak in HCT116 wild type (wt) and
HCT116 Bax’Baks" cells was detected by Western blot. (B) Long term survival of cells treated with
different doses of DHA (0 uM, 2.5 uM, 5 uM, 10 uM, 20 uM) in normoxia or hypoxia was determined by
colony formation assay. Cells treated in hypoxic conditions were replaced 24 h later to normoxia to allow
formation of colonies. DHA was similar efficient when cells were treated in normoxia but in hypoxia,
HCT116 Bax’Baks" cells showed an increased resistance to DHA compared to HCT116 wt cells.
(C) Cell viability was analyzed by crystal violet assay following treatment with DHA (0 uM, 12.5 uM,
25 pM) for 72 h in normoxia or hypoxia. 72 h following treatment, both cell lines respond to DHA more
sensitive in normoxia than in hypoxia. (D) Analysis by crystal violet assay revealed similar OD540 values
for both cell lines 24 h after plating. OD540 values doubled after incubation for another 24 h in normoxia
but hardly increased in hypoxia, suggesting cell proliferation in normoxia, while proliferation was
impaired in hypoxia. (A) Data shows representative Western blots. (B-D): Means # SD (n=3). *, p < .05;

** p<.01; ** p <.001 (ANOVA with Bonferroni post-hoc test)
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In contrast, short-term treatment for 48 h in normoxia or hypoxia revealed a similar
decrease of the cell viability in both cell lines. DHA was more efficient when cells were
treated under normoxic than hypoxic conditions (Fig. 3.14 C). Here, the cell viability
was determined photometrically by the OD540 following crystal violet staining. To
consider differences in the proliferation rates of non-treated cells in normoxia and
hypoxia, the influence of oxygen availability on cell proliferation was also detected
(Fig. 3.14 D). Therefore, cells were exposed for 24 and 48 h to normoxia and hypoxia
respectively, and the absolute OD540 values were measured. Within 24 h, the values
almost doubled in both cell lines under normoxic conditions. In hypoxia no considerable

increase was detected, indicating that proliferation is obstructed by oxygen deprivation.

3.8 DHA induces cell cycle arrest in HCT116 Bax™
Baks" cells

To further analyze the impact of DHA on cell proliferation, an EdU incorporation assay
was performed 24 h after treatment with DHA (Fig. 3.15). In HCT116 wt cells, DHA
decreased the number of proliferating cells more efficient in hypoxia, as depicted by
the percentage of cells in S-phase (Fig. 3.15 A and B). In contrast, in
HCT116 Bax’Baks" cells, DHA-induced inhibition of cell proliferation was similar
efficient in both conditions. Concurrently, an increase of cells in G1 and G2 phase was
observed after DHA treatment in normoxia, while incubation with DHA in hypoxia
increased particularly the number of cells in G1 phase (Fig. 3.15 C). To further verify
the observed impact of DHA on cell cycle progression, protein expression of the cell
cycle inhibitors p21WAFLCipl and p27XP1 was detected (Fig. 3.15 E). Both cell cycle
inhibitors block the progression from G1 to S phase. Treatment with DHA in hypoxia
resulted in an increase of the protein levels in HCT116 Bax’-Baks" cells but not in the
control counterparts. The results disclose that cell proliferation is inhibited by DHA in
HCT116 Bax’-Baks" cells and indicates that the cell cycle inhibitors p21WAF/Cipl gnd

p27KIP1 contributed to this effect, especially when treatment occurred in hypoxia.
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Figure 3.15 DHA induces cell cycle arrest preferentially in HCT116 Bax”’Baks" cells. Cells were
treated with DHA (0 puM, 12.5 pM, 25 pM) in normoxia or hypoxia. After 24 h EdU incorporation and

intercalating propidium iodide (PI1) was detected by flow cytometry (A-D). (A) Data shows representative

dot plots of EdU incorporation. Squares tag cells in S phase. (B) Bars show cells in S phase, (C) in G2/M

phase and (D) in G1 phase. DHA prevents proliferation more efficient in HCT116 Bax’Baks" cells.

(E) Protein expression of cell cycle inhibitors was detected by Western blot. Levels of p27%iPl and

p21Waft/Ciel yere increased only in HCT116 Bax”-Baks" cells following 24 h DHA treatment in hypoxia.

Data shows representative Western blots. (B, C, D): Means # SD (n=3). *, p < .05; **, p < .01;
*** p <.001 (ANOVA with Bonferroni post-hoc test).
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3.9 DHA-induced short-term cytotoxicity requires
pro-apoptotic Bax and Bak

In the next set of experiments, DHA-induced cell death was analyzed. HCT116 wt and
HCT116 Bax’-Baks" cells were treated with 12.5 and 25 uM DHA for 48 h in normoxia
or hypoxia. Apoptosis induction was monitored by analysis of morphological changes
using brightfield and fluorescence microscopy. DNA fragmentation, a hallmark of
apoptosis, was quantified by flow cytometry analyzing the sub-G1 fraction, while
activation of caspases was examined by Western blot, detecting cleavage of
caspase-3 and of the caspase-3 substrate PARP (Fig. 3.16). Microscopic analysis
demonstrates DHA-induced DNA condensation and formation of apoptotic bodies in
HCT116 wt cells treated in normoxia (Fig. 3.16 A). In hypoxia, apoptotic cells were less
frequent. In HCT116 Bax”-Baks" cells, DNA condensation and apoptotic bodies were
scarce upon treatment in normoxia, while these features were completely absent after
treatment in hypoxia. Interestingly, we observed detachment of HCT116 Bax”-Baks"
cells after treatment with DHA in normoxia. In addition, the overall cell density was
lower in DHA-treated HCT116 Bax”-Baks" cells compared to non-treated control cells,
particularly when treatment was applied in normoxia. Quantification of DNA
fragmentation by flow cytometry revealed a dose-dependent increase in apoptosis
induction in HCT116 wt cells (Fig. 3.16 B). In normoxia, apoptosis was induced in more
than 25% HCT116 wt cells after treatment with 12.5 uM DHA and almost 50% after
treatment with 25 uM DHA. In hypoxia, apoptosis induction was less effective, reaching
only 10 and 15%, respectively. In HCT116 Bax”’-Baks" cells treated with DHA in
normoxia, the apoptosis rate was further reduced to approximately 10%. In HCT116
Bax”’-Baks" cells treated with DHA in hypoxia, apoptosis was hardly detectable.
Correspondingly, Western blot analysis revealed a pronounced caspase-3 cleavage
and cleavage of its substrate PARP in HCT116 wt cells treated with DHA in normoxia.
Caspase-3 and PARP cleavage were reduced in HCT116 wt cells treated with DHA in
hypoxia (Fig. 3.16 C). As expected, in HCT116 Bax”-Baks" cells that were incapable of
inducing the intrinsic apoptosis pathway, no caspase-3 or PARP cleavage could be

detected.
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Figure 3.16 DHA-induced apoptosis is reduced in hypoxia and abrogated in HCT116 Bax’Baks"
cells. Cells were treated with DHA (0 uM, 12.5 pM, 25 uM) for 48 h in normoxia or hypoxia. (A) DNA
condensation was detected by Hoechst3342/Pl-staining to distinguish between apoptotic and non-
apoptotic cell death. Images were taken using fluorescence microscopy (left panel) and phase-contrast
brightfield microscopy (right panel). Arrows point at apoptotic cells. Representative images are shown.
Bars indicate 10 um. (B) Apoptosis was quantified by flow cytometry, analyzing DNA fragmentation (sub-
G1 cells) 48 h after treatment with DHA. DHA induced apoptosis particularly in HCT116 wt cells treated
in normoxia. Means # SD (n=3). *, p <.05; **, p <.01; *** p < .001 (ANOVA with Bonferroni post-hoc
test). (C) Apoptosis was analyzed by Western blot, detecting cleavage of caspase-3 and the caspase-3
substrate PARP 24 h after DHA treatment. Data shows representative Western blots.

In addition, total cell death upon treatment with DHA was analyzed by Pl exclusion
assay and by detecting the dissipation of the mitochondrial membrane potential

(AWm low) (Fig. 3.17). In contrast to apoptosis induction, DHA induced death in
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HCT116 wt cells with similar efficiency in normoxia and hypoxia (Fig. 3.17 A and B).
Cell death induction in HCT116 Bax’Baks" cells upon treatment with DHA in normoxia
was considerably lower than in HCT116 wt cells. In hypoxia, cell death of HCT116
Bax’-Bak®" cells was completely abrogated.

In conclusion, the results disclose that insufficient expression of pro-apoptotic Bax and
Bak protects cells from DHA-induced cell death in the first 48 h after treatment with
DHA. In HCT116 wt cells, apoptosis was the prevalent mechanism of DHA-induced
cytotoxicity in normoxia, while oxygen deprivation shifts the cells towards a caspase-
independent form of cell death. However, both modes of cell death obviously depend

on expression of the Bcl-2 family proteins Bax and Bak.

A HCT116 wt HCT116 Bax’-Baks"
= 100- ** =< 100-
= * *¥ = Il ) normoxia
2 304 2 go- .
9 * o []] ] hypoxia
o 60- o 604
= =
o 404 S 40- .
8 8 .
. 204 i 204
: : 1
D__i_L‘ 04— | =
0 12.5 25 0 12.5 25
uM DHA uM DHA
B HCT116 wt HCT116 Bax'-Baksh
~—~ 1007 *k¥ ~—~ 1001
dedkedk :
% vk % Il ) normoxia
o 807 Fedkk o 807 [ 1] ] hypoxia
= 60- = 60 o
5 40 _% 40- i
* k¥
9% 20 9% 20 *hEk g
= = -
0- 0
0 12.5 25 0 12.5 25
uM DHA uM DHA

Figure 3.17 Loss of Bax and Bak abrogates DHA-induced cell death in normoxia and hypoxia.
Cells were treated with DHA (0 uM, 12.5 uM, 25 pM) for 48 h in normoxia or hypoxia. (A) Total cell death
was analyzed by flow cytometry using propidium iodide (PI) exclusion assay and (B) by detecting cells
with dissipated mitochondrial membrane potential (A¥m low). DHA induced cell death with similar
efficiency in HCT116 wt cells in normoxia and hypoxia, but was inefficient in HCT116 Bax’Baks" cells.
(A, B): Means #SD (n=3). *, p < .05; **, p <.01; *** p <.001 (ANOVA with Bonferroni post-hoc test).



3 Results 81

3.10 Autophagy contributes to DHA-induced cell
death in HCT116 wt cells in normoxia but not in
hypoxia

Proteins of the Bcl-2 family regulate apoptosis execution, but are also involved in
autophagy [153]. A widely accepted marker for autophagy induction is accumulation of
LC3BII, the lipidated form of LC3BI [115]. We detected both forms of LC3B upon
treatment with DHA by Western blot and quantified LC3BII by flow cytometry. Under
basal conditions, we observed that loss of Bax and concurrent diminished Bak
expression resulted in less LC3BII and increased LC3BI levels, indicating decreased
autophagy in HCT116 Bax’-Bak®" cells compared to HCT116 wt cells (Fig. 3.18 A).
Treatment with DHA for 24 h increased in the lipidated LC3BII, indicating autophagy
induction. Autophagy induction was more efficient in HCT116 Bax”’-Baks" cells than in
HCT116 wt cells (Fig. 3.18 B). In both cell lines, the increase was more pronounced in
normoxia than in hypoxia. Since execution of autophagy is indicated by decreasing
p62 levels, p62 protein was additionally detected by Western blot. We observed
decreased p62 levels in response to DHA treatment in hypoxia, irrespective of Bax/Bak
expression. Quantification of membrane-bound LC3BII levels was performed by flow
cytometry following washout of cytosolic LC3BI (Fig. 3.18 C and D). Treatment with
DHA for 24 h in normoxia significantly increased LC3BII insertion into membranes in
HCT116 wt and HCT116 Bax’Bak®" cells. Consistent with the previous results, this
effect was more pronounced in HCT116 Bax’Baks"than HCT116 wt cells and more
effective in normoxia than in hypoxia. In this assay, 20 uM chloroquine (CQ) was used
as a positive control and resulted in a marked LC3BIl accumulation. CQ disrupts the
fusion of autophagosomes with lysosomes, thereby inhibiting the autophagic flux. To
examine the impact of autophagy on DHA-induced cytotoxicity, cell death was
quantified by flow cytometry using PI exclusion assay following co-treatment with CQ
(Fig. 3.18 E). Treatment with 20 uM CQ did not affect cell survival but it significantly
diminished DHA-induced cell death in HCT116 wt cells when treated in normoxia.
When treatment occurred in hypoxia, co-treatment with CQ had no impact on DHA-
induced cell death. These results demonstrate that autophagy induction contributes to
DHA-induced cytotoxicity in normoxia but is dispensable in hypoxia. Since previous
results have shown that DHA-induced cell death depends on Bax/Bak expression,

inhibition of autophagy did not influence cell viability in HCT116 Bax’-Baks" cells.
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Figure 3.18 DHA-induced autophagy contributes to cell death induction in normoxia in HCT116
wt cells. (A) Basal protein expression of LC3BI and LC3BIl in non-treated HCT116 wt and
HCT116 Bax’Baksh cells in normoxia, detected by Western blot. Loss of Bax and Bak decreases
autophagy induction under steady-state conditions. (B) Western blots analysis demonstrates increased
LC3BII levels after treatment with DHA (0 pM, 12.5 uM, 25 uM) for 24 h in normoxia and less effective
increase in hypoxia, indicating autophagy induction. DHA-induced execution of autophagy (decrease of
p62 levels) was detected exclusively after treatment with DHA in hypoxia in both cell lines.
(C, D) Quantification of membrane bound LC3BII after wash out of cytosolic LC3BI by flow cytometry
24 h after treatment with DHA (0 uM, 12.5 pM, 25 puM) in normoxia or hypoxia confirms the results in
Western blot. In control experiment, cells were treated with CQ (20 pM) to interrupt autophagic flux and
accumulate LC3BII. (C) shows representative histograms and (D) the mean fluorescence intensity of
LC3BII. (E) Cell death following co-treatment with CQ was analyzed by flow cytometry using Pl exclusion
assay. Co-treatment with CQ reduced DHA-induced cell death in HCT116 wt cells. (D, E): Means # SD
(n=3). *, p < .05; **, p <.01; ** p < .001 (ANOVA with Bonferroni post-hoc test).
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3.11 DHA increases ROS production

Previous publications linked DHA-induced cytotoxicity to intracellular ROS production

[132]. For this reason, we first analyzed general ROS production in HCT116 wt and
HCT Bax”’Bak®" cells treated in normoxia and hypoxia by flow cytometry using DHE
dye (Fig. 3.19 A). In both cell lines, DHA induced a dose-dependent increase in
DHE-positive cells, but the increase was more pronounced in HCT116 wt compared to
HCT Bax’Baks" cells. DHA-induced ROS production was significantly higher in
normoxic than in hypoxic conditions and could be diminished by co-treatment with the
antioxidant N-acetylcyteine (NAC). Moreover, DHA-induced ROS production
correlated with yH2A. X (p-H2A.X) levels, a marker for activation of DNA double strand
break repair pathway (Fig. 3.19 B).
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Figure 3.19 DHA-induced ROS production in normoxic and hypoxic HCT116 wt and HCT116
Bax’Baks" cells. Cells were treated with DHA (0 uM, 12.5 puM, 25 uM) in normoxia or hypoxia for 24 h.
(A) Intracellular ROS production was analyzed by flow cytometry using the ROS-sensitive dye DHE. In
normoxia, DHA increased ROS levels more efficient than in hypoxia. DHA-induced ROS production was
more pronounced in HCT116 wt cells than in Bax’-Baksh cells. Co-treatment with 2 mM of the antioxidant
N-acetylcysteine (NAC) reduced DHA-induced ROS production. (B) Protein expression of
phosphorylated H2A.X (p-H2A.X) was analyzed by Western blot. Induction of p-H2A.X levels, indicating
activation of DNA double strand break repair, correlated with DHA-induced ROS production. (A): Means
#SD (n=3). *, p < .05; ** p < .01; ** p < .001 (ANOVA with Bonferroni post-hoc test).
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In previous experiments, we detected increased mitochondrial ROS production in NCI-
H460 lung cancer cells expressing MitoTimer upon treatment with DHA in normoxia.
Mitochondrial ROS production was accompanied by mitochondrial fragmentation and
abrogation of mitochondrial function (Fig. 3.20). In addition to normoxia, we aimed to
detect mitochondrial ROS production also in hypoxia in HCT116 wt and HCT116
Bax”-Baks" colorectal cancer cells. To analyze mitochondrial ROS production, we used
MitoSOX™ Red, a dye that reacts specifically with superoxide anions largely produced
at mitochondria (Fig. 3.20 A and B). The mean fluorescence intensity of MitoSOX™
Red dye increased following treatment with DHA, indicating mitochondrial superoxide
anion production. Surprisingly, DHA-induced superoxide anion production was similar
in HCT116 wt and HCT116 Bax’Bak®" cells. In both cell lines, mitochondrial ROS
production was lower when cells were treated in hypoxia. In conclusion, the data
suggests mitochondrial ROS production is not the underlying cause for the differences
in total ROS production between HCT116 wt and HCT116 Bax’Baks" cells in response
to DHA.

Since an increased mitochondrial ROS production is indicative for mitochondrial
damage, we analyzed mitochondrial respiration and ATP production 24 h after
treatment with DHA in normoxia and hypoxia (Fig. 3.20 D and E). In normoxia, no
differences in basal oxygen consumption rate and ATP production were observed
between HCT116 wt and HCT116 Bax’Baks" cells (Fig. 3.20 C). Both, basal oxygen
consumption and ATP production significantly decreased after exposing the cells to
hypoxia for 24 h. Hypoxia-induced decrease of mitochondrial function was even more
pronounced in HCT116 wt cells than in HCT116 Bax”-Baks" cells. Treatment with low
dose of DHA (6.25 — 25 uM) significantly reduced mitochondrial respiration and ATP
production in both cell lines, but was more efficient in HCT116 wt than in HCT116
Bax”-Baks" cells (Fig. 3.20 D and E). In hypoxia, DHA scarcely influenced mitochondrial
reparation and ATP production in HCT116 Bax”-Baks" cells, but further decreased the
already low levels in HCT116 wt cells. Taken together, the results suggest an
adaptation process in response to oxygen deprivation by shutting down mitochondrial
function, which was more effective in HCT116 wt cells than in HCT116 Bax’-Baks"
cells. In addition, DHA-induced inhibition of mitochondrial function was more efficient
in HCT116 wt cells than in HCT116 Bax”-Baks" cells.
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Figure 3.20 DHA-induced mitochondrial ROS production and abrogation of mitochondrial
respiration in normoxic and hypoxic HCT116 wt and HCT116 Bax”Baks" cells. (A, B) 24 h after
treatment with DHA (0 pM, 12,5 uM, 25 pM) in normoxia and hypoxia, mitochondrial ROS production
was analyzed by flow cytometry after staining cells with MitoSOX. (A) shows representative histograms
and (B) the mean fluorescence intensity. DHA-induced ROS production is more pronounced in normoxia
compared to hypoxia. (C) Basal mitochondrial respiration and ATP production were detected with the
Seahorse analyzer employing mitochondrial stress test. Oxygen deprivation downregulates
mitochondrial respiration more efficiently in HCT116 wt than in HCT116 Bax’Baks®" cells. (D, E) Oxygen
consumption was analyzed employing mitochondrial stress test 24 h after treatment with DHA with DHA
(6,25 pM, 12,5 pM, 25 pM) in normoxia (Nx) and hypoxia (Hx). (D) Basal respiration and ATP production
were reduced more efficiently in HCT116 wt than in HCT116 Bax”Baks" cells following treatment with
DHA in normoxia. (E) The already low basal respiration and ATP production were further decreased in
HCT116 wt cell after treatment with DHA in hypoxia, while oxygen consumption was hardly affected in
HCT116 Bax’Baksh cells following treatment in same conditions. (B, C, D): Means # SD (n=3).
* p <.05; **, p<.01; *** p <.001 (ANOVA with Bonferroni post-hoc test).
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3.12 DHA-induced lipid peroxidation is more severe
In hypoxia than in normoxia

We have demonstrated that treatment with DHA in normoxia induced oxidative
damage to biomolecules, such as proteins and lipids, and organelles, such as
mitochondria (Fig. 3.1, 3.2 and 3.3). Since previous experiments demonstrated an
increased cytosolic and mitochondrial ROS production after treatment with DHA in
normoxia and hypoxia, we intended to analyze the oxidative damage in both, HCT116
wt and Bax”’Baks" cells under normoxic and hypoxic conditions. Thus, lipid
peroxidation was analyzed by flow cytometry and fluorescence microscopy using the
lipophilic oxidation sensor BODIPY 581/591 C11 (Fig. 3.21 A and B). Treatment with
25 uM DHA for 24 h induced lipid peroxidation in HCT116 wt and HCT116 Bax’Baks"
cells. Interestingly, this effect was significantly more pronounced in hypoxia compared
to normoxia (Fig. 3.21 A). Co-treatment with 50 uM of the iron chelating agent DFO
completely abrogated DHA-induced lipid peroxidation in normoxia, but only partially
decreased it in hypoxia. No differences between HCT116 wt and HCT116 Bax”’Baks"
cells could be observed. Analysis by florescence microscopy revealed alterations in
the localization of the oxidation sensor following exposure to hypoxia or incubation with
DHA (Fig. 3.21 B). DHA treatment and oxygen deprivation resulted in accumulation of
the oxidation sensor in lipophilic, droplet-like compartments. However, DHA facilitated
lipid peroxidation in the plasma membrane of HCT116 wt and HCT116 Bax”-Baks" cells
irrespective of the oxygen concentration. The latter effect was decreased by iron
depletion using DFO.
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Figure 3.21 DHA-induced lipid peroxidation is higher in hypoxic than in normoxic cells. Cells
were treated with DHA (0 pM, 12.5 puM, 25 uM) for 24 h in normoxia or hypoxia. Lipid peroxidation was
analyzed using the lipophilic oxidation sensor BODIPY 581/591 C11. (A) The ratio of oxidized
(green)/reduced (red) dye was detected by flow cytometry measuring mean fluorescence intensity.
Co-treatment with the iron-chelating compound deferoxamine (DFO) prevents DHA-induced lipid
peroxidation in normoxia and partially lowers DHA-induced lipid peroxidation in hypoxia.
(B) Representative images acquired by fluorescence microscopy are shown. (A): Means + SD (n=3).
*** p <.001 (ANOVA with Bonferroni post-hoc test).
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The previous results have demonstrated that DHA-induced cytotoxicity is limited by
activation of the antioxidative Keapl/Nrf2 pathway, accompanied by increased
glutathione levels in HCT116 wt cells. Therefore, intracellular glutathione
concentrations were also detected in HCT116 Bax”’-Baks" cells 24 h after treatment
with DHA in normoxia and hypoxia (Fig. 3.22). In normoxia, the basal glutathione levels
were slightly but insignificantly higher in HCT116 Bax’Bak®" cells compared to
HCT116 wt cells. Treatment with 25 uM DHA increased the levels to a similar extend
in both cell lines. Oxygen deprivation for 24 h decreased glutathione concentrations by
around 50% in HCT116 wt and HCT116 Bax”’-Baks" cells. Treatment with DHA in
hypoxia did not affect intracellular glutathione levels. In summary, the results revealed
that DHA induces lipid peroxidation more efficiently in hypoxia than in normoxia. The
lower glutathione levels are likely responsible for increased lipid peroxidation in
hypoxia. The observed effect on lipid peroxidation is independent of Bax and Bak.

*kk *k*%

2507 f 1
‘Q 2007 B normoxia
é 1501 |:| hypoxia
f **
8 100 * HCT116 Bax/-Baks"
g . normoxia

509 .
= |:| hypoxia

O -

ODHA 25DHA ODHA 25DHA

Figure 3.22 Incubation in hypoxialowers glutathione levels and abrogates DHA-induced increase
of glutathione levels observed in normoxia. Intracellular glutathione concentration was analyzed
biochemically. DHA induced an increase of glutathione levels exclusively in normoxia. Exposure to
hypoxia decreased basal glutathione levels. Means # SD (n=3). *, p < .05; ***, p < .001 (ANOVA with

Bonferroni post-hoc test).
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3.13 DHA induced a delayed ferroptosis-like death in
HCT116 Bax”Baks" cells following treatment with
DHA in hypoxia

The previous results demonstrated that treatment with DHA for 48 h only a marginally
induced cell death in HCT116 Bax’Bak®" cells, but DHA-induced cell death at later

time points has not been examined yet. This was analyzed in the next sets of

experiments. HCT116 Bax”-Baks" cells were treated for 2 days with DHA in hypoxia
and afterwards removed to normoxia for 7 days. HCT116 Bax”-Baks" cells treated with
DHA in normoxia for 9 days served as a control. Microscopic analysis revealed
decreased cell density after treatment with 25 puM DHA in normoxia compared to non-
treated cells (Fig 3.23 A). In contrast, when HCT116 Bax”’Baks" cells were treated in
hypoxia for the first 2 days, cell density was even lower and an excessive cell
detachment was observed. This observation was confirmed by flow cytometric analysis
detecting cell death with Pl exclusion assay (PI-positive cells) and apoptosis by DNA
fragmentation (sub-G1 fraction). After treatment with DHA in hypoxia, cell death was
induced in 70 — 90% of HCT116 Bax”-Baks" cells, while cell death was only slightly and
insignificantly elevated 9 days after treatment with DHA in normoxia (Fig. 3.23 B).
Detection of DNA fragmentation revealed that only a minor part of DHA-induced cell
death in hypoxia of approximately 20% could be linked to apoptosis (Fig. 3.23 C).
Moreover, co-treatment with CQ did not affect cell death in HCT116 Bax”-Baksh cells
treated with DHA in hypoxia, indicating that autophagic cell death was not involved in
DHA-induced cytotoxicity under oxygen deprived conditions (Fig. 3.23 D). To sum up,
the data demonstrates that insufficient expression of Bax and Bak prevented cell death
induction after treatment with DHA in normoxia, but did not prevent the delayed cell

death after initial treatment with DHA in hypoxia.
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Figure 3.23 DHA induces delayed cell death in HCT116 Bax’Baks" cells treated in hypoxia.
HCT116 Bax’Baks" cells were treated with DHA (0 puM, 12.5 pM, 25 puM) in normoxic or hypoxic
conditions for 9 days. Cells treated in hypoxia were returned to normoxia after 2 days and cultivated for
another 7 days. Cell death was analyzed by phase-contrast microscopy (A) and by flow cytometry using
propidium iodide (PI) exclusion assay (B and D). (A, B) Treatment with DHA in hypoxia induced massive
cell death. (C) Apoptosis was analyzed by flow cytometry detecting DNA fragmentation (sub-G1
fraction). Only a minor part of DHA-induced cell death can be attributed to apoptosis. (D) Co-treatment
with 20 pM chloroquine (CQ) did not affect DHA-induced delayed cell death. (A): Data show
representative images. Bar indicates 20 pM. (B-D): Means # SD (n=3). ***, p < .001 (ANOVA with
Bonferroni post-hoc test).
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4 Discussion

4.1 The anti-malaria drug DHA in a combinatory
therapy with ionizing radiation

Radiotherapy and surgery are common approaches in the treatment of lung and
colorectal cancers. Radiation is either applied adjuvant to increase eradication of
cancer cells that remained in tissue after surgery, or neoadjuvant to shrink tumor
volume before surgery [154]. Cytotoxicity of ionizing radiation is based on a direct
induction of DNA double strand breaks (DSB) and on indirectly induced oxidative
damage of cellular biomolecules resulting from increased ROS production [155]. The
importance of ROS production in IR-induced cytotoxicity becomes evident in tumor
cells with activated antioxidant pathways, in which efficacy of radiotherapy is limited
[131, 145]. In order to improve the anti-neoplastic effect of IR, radiotherapy is
commonly combined with chemotherapeutic drugs, immunotherapy or molecular-
targeting therapies. Enhanced normal tissue toxicity limits the doses applied in these
anti-neoplastic therapies. Moreover, great costs and inaccessibility to these therapies,
which is common in less developed countries, restrict the combat against cancer [3].
In order to evade the monetary and safety problems and improve radiotherapy, the
present study intends to boost ROS production with DHA, a cheap drug with a high

tolerability, that is already approved for treatment of malaria.

4.1.1 DHA induces iron-dependent oxidative damages
The first experiments of the present study were performed to improve our
understanding of the anti-neoplastic effects induced by DHA. To examine the impact
of the ROS-producing anti-malaria drug in different tumor entities, oxidative damage
was detected in NCI-H460 lung adenocarcinoma and HCT116 colon cancer cells. In
both cell lines, DHA damaged lipids and proteins by oxidation, depending on
intracellular iron availability. These findings are in line with the postulated iron-
dependent activation of DHA in the malaria parasite and recent observations, which
linked iron-dependent ROS production with induction of ferroptosis in different cancer
cells [86, 89, 156-158]. Iron-dependent DHA activation may not only result in ROS
production, but also in direct interaction of the produced DHA radicals with reactive
groups of cellular biomolecules. Unfortunately, less is known about such modifications.
Further research is needed to resolve whether they are more difficult to repair than
oxidative damage, to which extend they contribute to cell death and whether
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preferential targets exist. Beside induction of ferroptosis, previous publications also
detected other forms of cell death, such as apoptosis, necrosis and autophagy-
associated cell death [132, 159, 160]. The severity of oxidative damage and the type
of cell death induced by DHA most likely depend on the applied concentration, the
molecular background of the targeted cell and the microenvironment.

The results obtained in the present study suppose that mitochondrial damage plays a
major role in DHA-induced cytotoxicity, since DHA provoked a severe oxidation of thiol
groups in mitochondrial proteins. Unfortunately, methanol was required for fixation of
dimedone labeled cells, which fosters a wash out of cytosolic proteins. Hence, it cannot
be excluded that DHA inflicts oxidative damage on cytosolic macromolecules.

The distinct oxidation of mitochondrial proteins in response to DHA was accompanied
by a massive mitochondrial ROS production, indicating mitochondrial damage.
Damaged mitochondria can produce even more ROS via the ETC than healthy
mitochondria [140]. The continuing ROS stress could facilitate oxidation of the
mitochondria-specific phospholipid cardiolipin which binds cytochrome c. Cardiolipin
oxidation results in cytochrome c dissociation and subsequent induction of the
cytochrome c peroxidase activity. Peroxidase activity can further propagate cardiolipin
oxidation, resulting in execution of apoptosis through mitochondrial membrane
permeabilization and cytochrome c release [161]. In addition to mitochondrial protein
oxidation and ROS production, an increased mitochondrial fragmentation was
observed by fluorescence microscopy. Mitochondrial fusion and fission occur
constantly in the cell. These changes allow mitochondria to exchange content and
adapt their metabolism to changing environmental conditions [162, 163].
Consequently, the morphological changes of mitochondria are indispensable for cell
survival and growth. In addition, a recent observation detected a cytoprotective role of
mitochondrial fission by regulating plasma membrane repair pathways [164]. On the
contrary, excessive fragmentation of mitochondria is frequently associated with
mitochondrial dysfunction and cell death [165]. In the present study, DHA-induced
mitochondrial protein oxidation and fragmentation resulted in a hampered respiration
and abrogated ATP-production in lung and colorectal cancer cells, indicating a massive

mitochondrial damage.
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4.1.2 Antioxidant Keap1/Nrf2 pathway limits DHA-induced

cytotoxicity
4.1.2.1 Keapl mutation protects against DHA-induced short-term cytotoxicity
DHA efficiently damaged biomolecules in an oxygen-dependent fashion, but the level
of protein oxidation and the impairment of mitochondrial function were more
pronounced in HCT116 cells than in NCI-H460 cells. Simultaneously with the
mitochondrial changes, DHA induced short-term cell death more efficiently in HCT116
than in NCI-H460 cells. We hypothesized that the lower susceptibility of NCI-H460 cells
to the prooxidative drug is attributed to an improved antioxidative defense. A recent
publication identified a constant activation of the Keapl/Nrf2 pathway, a major
regulator of the oxidative stress response in this lung adenocarcinoma cell line [142].
In healthy unstressed cells, the cytosolic protein Keapl facilitates degradation of the
transcription factor Nrf2. Oxidative stress causes dissociation of Nrf2 from the
degrading protein complex, followed by nuclear translocation of the transcription factor
Nrf2 and expression of antioxidant and detoxification genes [59, 60]. Among these
target genes is SLC7A11, a subunit of the glutamate-cystine antiporter providing the
cell with cysteine, the rate limiting amino acid in glutathione biosynthesis [48, 54].
In the present study, we detected a nuclear localization of Nrf2 in non-treated NCI-
H460 cells, which was accompanied by low basal Keapl protein levels and high
expression levels of the target gene SLC7A11 as well as high intracellular glutathione
concentrations. The identified mutation in the Nrf2 binding domain of Keapl in NCI-
H460 lung cancer cells [142] could disrupt the interaction of Keapl with Nrf2, allowing
the transcription factor to permanently accumulate in the nucleus and activate
transcription of genes involved in cystine import and glutathione synthesis.
Accordingly, high SLC7A11 and glutathione levels detected in NCI-H460 cells are most
likely a result of a constant activation of this pathway, resulting in an improved
antioxidant defense. As a consequence, NCI-H460 cells respond less sensitive to DHA
with less oxidative damage and lower cell death rates than HCT116 cells.
Other researchers linked mutations in Keapl to lung cancer progression and a poor
patient survival [142, 143, 166]. The clinical relevance of this protective pathway in
lung tumors was demonstrated by our pancancer study, which identified lung cancer
as the tumor entity with the most frequent alterations in Keapl gene. In addition,
previous publications revealed Nrf2-dependent resistance towards chemo- and

radiotherapy in several lung cancer cell lines [131, 167]. These findings emphasize the
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Keapl/Nrf2 pathway as a potential target in the treatment of lung cancer with

chemotherapeutic drugs as well as ionizing radiation.

4.1.2.2 DHA-induced activation of Keap1/Nrf2 pathway limits short-term cytotoxicity
In contrast to Keapl mutant NCI-H460 cells, Keapl wildtype HCT116 cells reacted
more sensitive towards DHA-induced cell death. The lower basal glutathione levels in
association with increased oxidative damage upon treatment with DHA demonstrate a
less efficient oxidative defense in HCT116 than NCI-H460 cells. The cytosolic
localization of Nrf2 and the high expression levels of Keapl corroborated the inactive
status of this pathway in HCT116 cells under unstressed control conditions. This was
further confirmed by steady glutathione levels upon single treatment with the Nrf2
inhibitor ML385. In the lung carcinoma cell line with constantly activated Keapl/Nrf2
pathway, high basal glutathione levels were only marginally affected by Nrf2 inhibition
and were still almost three times higher than in HCT116 cells. In contrast, high protein
expression of SLC7A11 in NCI-H460 cells was decreased by Nrf2 inhibition but was
still conclusively higher than in non-treated HCT116 cells. The ability of the Nrf2
inhibitor to decrease SLC7A11 protein levels but its failure to lower glutathione levels
seems to be contradictory on the first sight. It is likely, however, that SLC7A11 protein
is less stable and more quickly degraded than glutathione. In this case, a longer
exposure to ML385 would also significantly drop glutathione levels.

In NCI-H460 cells, treatment with DHA increased SLC7Al11l gene expression and
protein levels in a Nrf2-dependent manner. However, intracellular glutathione levels
were not affected. These results suggest a further activation of the Keapl/Nrf2
pathway in NCI-H460 cells by DHA and indicate that other factors than the cysteine
availability restrict an additional increase of already high glutathione concentrations. In
accordance with the unchanged glutathione levels upon Nrf2 inhibition in NCI-H460
cells, cell death was also not affected in response to co-treatment with DHA and the
Nrf2-inhibitor in the first 48 h. In contrast, treatment with DHA dramatically increased
glutathione levels in HCT116 cells in a Nrf2-dependent fashion, indicating an activation
of the protective Keapl/Nrf2 pathway. This conclusion was supported by decreased
Keapl protein levels, Nrf2 nuclear translocation and increased expression of the Nrf2
target gene SLC7A11. Accordingly, inhibition of Nrf2 prevented DHA-induced increase
of glutathione levels and further enhanced DHA-induced cell death in HCT116 cells.
These observations reveal that DHA-induced activation of the Keapl/Nrf2 pathway

limits the cytotoxicity of the prooxidative drug in Keapl wildtype HCT116 cells.
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Interestingly, cotreatment with erastin enhanced DHA-induced cell death after 48 h in
both cell lines. Erastin directly blocks xCT transporter and cystine import [168]. Thus,
erastin exerts a direct and faster impact on glutathione levels than the inhibition of Nrf2-
regulated transcription of SLC7A11 using ML385. These results imply a subsequent
erastin-induced decrease of cytoprotective glutathione concentrations, thereby
enhancing DHA-induced cell death in both, Keap1 wildtype HCT116 and Keapl mutant
NCI-H460 cells.

4.1.2.3 Inhibition of Keap1/Nrf2 pathway increases DHA-induced long-term
cytotoxicity irrespective of Keapl mutation

Although concentrations of 12.5 uM DHA failed to induce short-term cell death in NCI-
H460 lung cancer cells, long-term exposure to DHA significantly reduced the
clonogenic survival. As stated above, we hypothesized that Nrf2 inhibition takes longer
than 48 h to lower the constantly upregulated antioxidant defense and sensitize NCI-
H460 cells to ROS-induced cytotoxicity. Longer exposure to the Nrf2 inhibitor ML385
together with DHA should further decrease NCI-H460 cell survival. Indeed, we
observed a significant DHA-induced decline of the surviving fraction by concurrent Nrf2
inhibition in both, HCT116 and NCI-H460 cells, supporting this line of argumentation.
In accordance with these findings, other researchers detected an enhanced
cytotoxicity in lung cancer cells with Keapl mutations when combining ML385 with
carboplatin [143]. In addition, a further publication revealed Nrf2 as a resistance factor
regulating cis-platin resistance in HCT116 colorectal cancer cells [169]. Taken
together, the results obtained in the present study corroborate previous findings and
clearly reveal that inhibition of Nrf2 improves the outcome of anti-cancer therapies,
irrespective of Keapl mutations.

4.1.3 DHA improves efficacy of radiotherapy

4.1.3.1 Combined therapy of DHA and IR is more efficient than single treatments

Resistance of tumor cells to ionizing radiation is a central obstacle in cancer therapy.
Previous publications have demonstrated that activation of the antioxidant defense via
Nrf2 confers resistance towards ROS-based therapies, due to an improved
neutralization of drug- and radiation-induced ROS production [77, 131, 166, 167, 170]
[131, 171]. Conversely, depletion of Nrf2 restored drug sensitivity and increased
susceptibility to ionizing radiation in therapy resistant cancer cells [77, 131, 167, 172].

A wide range of tumors overexpresses Nrf2 and its target genes, which is often
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correlated with a poor clinical outcome in patients [54]. In this study, analyzing the
survival of patients with lung carcinoma undergoing radiotherapy, we detected
SLC7A11 as a key molecule of the Keapl/Nrf2 pathway influencing the response to
radiotherapy. In patients with a high SLC7A11 expression, radiotherapy correlated with
a poor survival. Unfortunately, no data was available to examine the survival of patients
with colorectal cancer after receiving radiotherapy. Collectively, the results of previous
publications and our patient data analysis reveal that an activation of the antioxidative
defense limits radiation-induced cytotoxicity and highlights the importance of ROS in
conferring radiation-induced cytotoxicity.

Therefore, the present study aimed to improve the therapeutic efficacy of IR by further
boosting ROS production with DHA. This strategy is based on the proposed threshold
concept for cancer therapy [173], which implicates that an excessive amount of ROS
triggers cell death by exhausting the cellular antioxidative capacity of cancer cells. In
addition, it is suggested that the amount of ROS needed to exceed the toxic threshold
is lower in tumor cells compared to normal cells, due to higher steady state ROS levels
in malignant cells. Thus, therapies based on the combination of ROS-producing agents
or depletion of the antioxidative capacity might constitute a strategy to specifically
eradicate cancer cells without damaging normal tissue. This hypothesis was confirmed
in a study, in which melanoma cells and fibroblasts were treated with the ROS-
producing chemotherapeutic drug doxorubicin in combination with redox-active cerium
oxide nanoparticles [174]. The researchers revealed an increased ROS production and
a synergistic cytotoxicity in tumor cells, while fibroblasts were not affected. In addition,
Yi et al. combined the ROS-producing therapeutic agent arsenic trioxide with the ROS-
generating natural anthraquinone derivative emodin [175]. The cytotoxicity of arsenic
trioxide was selectively enhanced in malignant cells, but not in fibroblasts, by emodin-
induced ROS production. In the present study, concurrent application of DHA and IR
revealed an increased efficacy of radiotherapy by additional application of the ROS-
generating drug DHA in HCT116 colon cancer cells with wild type Keapl and in lung
cancer cells with a constitutively activated protective Keapl/Nrf2 pathway. A
synergistic anti-cancer activity of radiotherapy and DHA was previously described in
non-small cell lung cancer and glioma cells [176-178], but in colorectal cancer it has
not been tested so far.

Another strategy to elevate intracellular ROS levels and exceed the toxic threshold is
an interference with the antioxidant system. Previous publications described an

improved response to radiotherapy by lowering glutathione levels via inhibition of xCT
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or glutaminolysis [12, 130]. Conversely, enhanced glutathione levels could be
correlated with cancer progression and resistance to anticancer therapy [46, 54] . The
results of this study revealed Nrf2-dependent increase of glutathione levels in response
to the prooxidative drug DHA in HCT116 colorectal cancer cells with wildtype Keap1l.
Previous publications also described an activation of the antioxidative Keapl/Nrf2
pathway in a ROS-dependent manner by radiotherapy [171, 179]. Therefore, we
expected that activation of this protective pathway by DHA or IR could limit the
response to the combinatory therapy when treatments were applied sequentially. This
is of particular interest, since radiotherapy is usually applied in fractionated doses [5].
Particularly, we presumed a Nrf2-dependent protection by DHA and IR in HCT116
colorectal cancer cells with wildtype Keapl. Protective effects were not expected in
NCI-H460 cells, due to the constitutive activation of this pathway and constantly high
glutathione levels. Our results revealed that treatment with DHA 24 h before irradiation
abrogated the additional effect of the combinatory therapy in HCT116 colorectal cancer
cells that respond to DHA. Most likely, the Keapl/Nrf2 pathway activated by DHA
provides protection against additional radiotherapy. We suggest that Nrf2-activated
and cysteine-dependent elevation of intracellular glutathione levels induced by DHA,
neutralize subsequent IR-induced ROS production, thereby preventing the cytotoxic,
oxidative boost. Surprisingly, in Keapl wildtype HCT116 cells treatment with DHA
24 h after irradiation did not abrogate the additional effect, although researchers
described a radiation-induced activation of the Keapl/Nrf2 pathway [171, 179].
Supposably, IR activates the antioxidant Keap1/Nrf2 pathway less efficient than the
prooxidative drug DHA in HCT116 cells, resulting in a minor protection by radiotherapy
against the DHA-forced oxidative boost. Due to the failure to increase glutathione
levels in NCI-H460 cells in response to treatment with DHA and — probably - to
irradiation, the efficacy of the combinatory therapy was not changed by modulation of
the treatment regimen.

Taken together, the results of the present study disclose an improved efficacy of IR in
a combined therapy that is based on excessive ROS production, irrespective of Keapl
mutations. However, the treatment regimen needs to be considered and requires
optimization to achieve a synergistic effect and the best possible outcome in a

combined therapy when treating cancer cells with an inducible Keap1/Nrf2 pathway.
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4.1.3.2 DHA overcomes hypoxia-induced radioresistance

The efficacy of radiotherapy is strongly restricted in an oxygen-deficient environment.
The low oxygen availability results in decreased ROS production and impedes the
induction of irreparable DNA strand breaks, responsible for cell death. The limited
success of chemo- and radiotherapy, which exert cytotoxicity through ROS production,
is a central issue in the treatment of hypoxic tumors [14, 26]. Treatment of hypoxic
tumors with the prooxidant drug DHA might increase ROS production and improve the
efficacy of radiotherapy.

So far, most studies on DHA and other artemisinin derivatives were conducted in a
normoxic environment [96, 97, 156, 158-160, 180-182]. Only few experiments were
carried out in hypoxia, but the few published analysis point towards an even better anti-
neoplastic function in hypoxic than in normoxic conditions, particularly when DHA was
used at low concentrations [132, 147-150]. The promising effect of DHA on hypoxic
colon cancer cells was also detected in former experiments conducted in our lab [132].
However, the combinatory effect of DHA and radiation in a hypoxic environment has
not been tested yet. This study revealed that combining radiation with DHA completely
overcomes hypoxia-mediated radioresistance in Keapl wildtype HCT116 as well as
Keapl mutant NCI-H460 cells. In both cell lines, the additive effect of IR and DHA was
even more pronounced in hypoxia than in normoxia. Based on these observations, the
present study intended to elucidate more detailed the mechanisms behind DHA-

induced cytotoxicity in normoxia and hypoxia.

4.2 Mechanism of DHA-induced cytotoxicity in
normoxia and hypoxia

Although many researchers observed an anti-neoplastic effect of DHA and other
artemisinin derivatives on several cancer cell lines, the precise mechanism underlying
DHA-mediated cytotoxicity remains largely elusive. This applies even more to the
DHA-activated pathways in hypoxia, since experimental data in an oxygen-deficient
microenvironment is rare [132, 148-150]. Most groups analyzed DHA-induced
cytotoxicity in normoxia and focused on the first 24 h to 48 h after treatment, in which
apoptosis was the most often observed type of cell death induced by DHA in a wide
array of tumor cells [94, 97, 132, 159, 160, 176, 180, 183]. In addition, ferroptosis and
autophagy-associated cell death were observed [158, 160, 184, 185]. When used at
lower concentrations, DHA efficiently induced cell cycle arrest, decreased cancer cell
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proliferation and, moreover, inhibited migration and invasion [94, 96, 180-183]. Certain
publications linked DHA-induced effects to an iron-dependent ROS production [148,
156, 158, 178]. In preceding experiments in our laboratory, Ontikatze et al. detected
apoptosis induction in HCT116 colorectal cancer cells after application of lower DHA
concentrations (< 25 uM), while treatment with higher DHA concentrations (> 50 uM)
resulted in necrosis-like cell death [132]. The publication also described decreased
clonogenic survival of HCT116 cells treated with DHA in normoxia and severe hypoxia.
In addition, previous results of the present study revealed that combining DHA with IR
overcomes hypoxia-mediated radioresistance. Based on these findings, the present
study aimed to shed more light on the mechanisms of DHA-induced short-term and
long-term cytotoxicity in normoxia and severe hypoxia. Therefore, DHA-induced cell
death and the clonogenic survival were examined in HCT116 cells (HCT116 wt) with
an intact intrinsic apoptosis pathway and compared to the effect in HCT116 Bax”’Baks"
cells with an impaired intrinsic apoptosis pathway due to Bax knock-out and Bak knock-

down.

4.2.1 DHA-induced cytotoxicity in normoxia
In compliance with previous observations [132], HCT116 wt cells underwent apoptosis
following treatment with DHA at concentrations up to 25 pM in normoxia. In addition,
the results of the present study revealed that autophagy-associated cell death
contributes to DHA-induced cytotoxicity in HCT116 wt cells treated in normoxia.
Moreover, pro-apoptotic proteins Bax and Bak regulated DHA-induced short- and long-
term cytotoxicity in normoxia, since an impaired expression of Bax and Bak largely
prevented DHA-induced cell death and decrease of the clonogenic survival. Therefore,
the results clearly demonstrate the importance of the pro-apoptotic proteins Bax and

Bak for DHA-induced short- and long-term cytotoxicity in normoxia.

The here present work additionally demonstrated that treatment with DHA in normoxia
caused oxidative damage to lipids and proteins in an iron-dependent manner. Analysis
upon treatment with DHA in HCT116 Bax’-Baks" cells revealed a similar severity of
DHA-induced iron-dependent lipid peroxidation as detected in HCT116 wt cells.
Moreover, DHA increased intracellular glutathione levels in both HCT116 cell lines
equally and independent of Bax and Bak expression. Elevated glutathione levels upon
treatment with DHA in HCT116 Bax”’Baks" cells are likely a consequence of DHA-

induced activation of the protective Keapl/Nrf2 pathway, as previously detected in
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HCT116 wt cells [186]. Presumably, the antioxidative defense pathway is not
influenced by an inefficient expression of the anti-apoptotic proteins Bax and Bak.
However, subsequent analysis of cellular ROS production revealed a dose-dependent
increase in HCT116 wt cells but a minor increase in HCT116 Bax’Baks" cells.
Moreover, ROS levels correlated with DHA-induced DNA DSB repair, which was more
pronounced in HCT116 wt cells. Unfortunately, it remains obscure how the anti-
apoptotic proteins Bax and Bak contribute to cellular ROS production. We hypothesize
that the diminished autophagy induction under basal conditions in Bax/Bak-deficient
cells lowered degradation of the iron storage protein ferritin. This autophagic process
is termed ferritinophagy and results in the release of redox-active iron into the cytosol
[187]. Thus, a lowered autophagic flux might result in a decreased cytosolic iron pool,
a reduced initial DHA activation and subsequent lowered ROS production within the
first 24 h of treatment. A previous publication by Yang et al. disclosed the importance
of ferritin degradation in artesunate-induced cell death. Knockdown of the adaptor
protein for ferritin degradation inhibited ferritinophagy and prevented artesunate-
induced cytotoxicity [188].

In the previous section of this study, we demonstrated that DHA facilitated oxidation of
mitochondrial proteins and increased mitochondrial ROS production in NCI-H460
MitoTimer cells. It was suggested that mitochondrial ROS production is a consequence
of DHA-induced oxidative damage, since damaged mitochondria produce even more
ROS, particularly superoxide anions, than healthy mitochondria [140]. Usually,
superoxide dismutase quickly converts superoxide anions into the highly diffusible
H202, followed by enzymatically catalyzed detoxification [32]. Thus, mitochondrial
damage can result in excessive production of H202, thereby increasing cytosolic ROS
levels. However, no differences in mitochondrial ROS production between HCT116 wt
and HCT116 Bax”’-Baks" cells were overserved, suggesting a similar damage induction
at mitochondria independent of Bax and Bak expression.

In addition to mitochondrial ROS production, previous results of this study revealed a
DHA-induced decrease of mitochondrial function in NCI-H460 and HCT116 wt cells. A
previous publication described a major role of Bax in the regulation of cellular
bioenergetics in HCT116 cells and linked Bax deficiency to reduced energy production
via aerobic respiration [189]. Assuming that Bax-deficient cells are less dependent on
energy supply via oxidative phosphorylation than Bax-expressing control cells, we
expected that the adverse impact of DHA on mitochondrial function would have a minor
role in HCT116 Bax’Baks" cells. Thus, HCT116 Bax”’Baks" cells should have a
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survival advantage over HCT116 wt cells. However, the present study neither detected
differences in mitochondrial basal respiration, nor in ATP production between non-
treated HCT116 wt and HCT116 Bax”Bak®" cells in normoxic conditions. Treatment
with DHA, however, exerted a marked inhibitory effect on mitochondrial function in both
cell lines, but the intensity was more severe in HCT116 wt than in HCT116 Bax’Baks"
cells. These data demonstrated that an impaired expression of the pro-apoptotic
factors Bax and Bak partially prevented DHA-induced inhibition of mitochondrial
respiration and ATP production. Presumably, a less severe inhibition of mitochondrial
function upon DHA treatment provided HCT116 Bax’-Bak®" cells with a survival
advantage over wild type cells and contributed to an improved long-term survival in

normoxia.

Collectively, the intensity of DHA-induced cellular ROS production, DNA damage and
abrogation of mitochondrial function were marginally lower in HCT116 Bax”-Baks" cells
than in HCT116 wildtype cells. Concurrently, DHA efficiently induced cell cycle arrest
in G2/M phase in cells with impaired Bax and Bak expression. We assume that
HCT116 Bax’Baks" cells induce cell cycle arrest instead of cell death in response to
DHA, which allows HCT116 Bax’Bak®" cells to repair DHA-induced oxidative damage,
resulting in enhanced long-term survival.

Taken together, the here obtained results revealed apoptosis as the prevalent form of
DHA-induced cell death in HCT116 colorectal cancer cells treated in normoxia and
identified the pro-apoptotic proteins Bax and Bak as factors conferring DHA-induced

short- and long-term cytotoxicity in normoxia.

4.2.2 DHA-induced cytotoxicity in hypoxia
In HCT116 wt cells, DHA-induced short- and long-term cytotoxicity were similar
efficient under normoxic and hypoxic conditions. In normoxia short-term cytotoxicity
based on induction of apoptosis and autophagy, while cell death did not rely anymore
on apoptosis and autophagy in an oxygen-deficient environment. Since an apoptosis-
independent type of cell death was detected in HCT116 wt cells treated in hypoxia, we
assumed that DHA induced cell death in a similar fashion and with comparable
effectivity in HCT116 Bax”’-Baks" cells. Surprisingly, HCT116 Bax’Baks" cells remained
insensitive to DHA-induced cytotoxicity in hypoxia in the first 48 h after treatment.

These results point towards an apoptosis-independent but Bax and Bak-dependent
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form of cell death in HCT116 wt cells in the first 48 h after treatment with DHA in
hypoxic conditions.

Although HCT116 Bax”’-Baks" cells reacted refractory to DHA-induced cell death in the
first phase after treatment with DHA in hypoxia, they efficiently induced cell cycle arrest
24 h after treatment. Moreover, the clonogenic survival of HCT116 Bax’Bak®" cells
was efficiently decreased upon treatment with DHA for 24 h in hypoxia with following
incubation in normoxia. The cytotoxic effect of DHA on HCT116 Bax’Bak®" cells was
comparable to that on HCT116 wt cells, indicating activation of a Bax/Bak-independent
cytotoxic mechanism in a hypoxic environment. Further analysis of cell death induction
by DHA after treatment in hypoxia followed by reoxygenation revealed that DHA
efficiently induced cell death in HCT116 Bax”’-Baks" cells nine days later, while the
cytotoxic effect remained negligible upon treatment in normoxia. Thus, sensitivity to
DHA-induced long-term cytotoxicity in a hypoxic environment was independent of Bax
and Bak expression. Moreover, this delayed cell death was also independent of

autophagy.

The absence of molecular oxygen attenuated DHA-induced ROS production in
HCT116 wt cells and completely abolished DHA-induced ROS production in HCT116
Bax’-Baks" cells. As observed in normoxia, cellular ROS levels correlated with DHA-
induced DNA DSB repair. Moreover, compared to normoxia, the basal as well as DHA-
induced mitochondrial ROS production was lower in hypoxia. Most likely, this is a
consequence of the decreased energy production via oxidative phosphorylation in
hypoxic conditions [190]. Exposure to hypoxia for 24 h significantly decreased
mitochondrial function in both cell lines. Interestingly, hypoxia-induced reduction of the
basal respiration and ATP production were less pronounced in HCT116 Bax”’Baks"
cells compared to HCT116 wt cells. This indicates that an impaired expression of the
pro-apoptotic proteins Bax and Bak facilitates adaptation to low oxygen availability.
Moreover, treatment with DHA did not affect ATP production in HCT116 Bax’Baksh
cells but further decreased ATP levels in wild type cells treated in hypoxia. Hence, an
impaired expression of the pro-apoptotic factors Bax and Bak mitigates DHA-induced
abrogation of mitochondrial function in normoxia and hypoxia.

Decreased ATP levels in hypoxia might limit the antioxidant capacity by decreasing
glutathione levels, since glutathione biosynthesis depends on the availability of ATP
[48]. The lowered glutathione levels detected in HCT116 wt and HCT116 Bax”-Baks"

cells confirm this assumption, revealing a lowered antioxidant capacity in hypoxia,
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independent of Bax and Bak expression. Compared to normoxia, treatment with DHA
in hypoxia had no impact on intracellular glutathione levels. In the previous section of
the study a DHA-induced increase of glutathione levels in HCT116 wt cells was
detected when treatment occurred in normoxia. This effect was ascribed to an
activation of the antioxidant Keapl/Nrf2 pathway by ROS [186]. Supposably, the
lowered DHA-induced ROS production upon treatment in hypoxia failed to activate this
protective pathway, resulting in constantly low glutathione levels and a higher
susceptibility to oxidative damages. A higher susceptibility to oxidative damage was
confirmed by markedly increased levels of oxidized lipids, when cells were treated in a
hypoxic environment. DHA-induced lipid peroxidation was similar efficient in HCT116
wt and HCT116 Bax’Baks" cells, but cotreatment with an iron-chelator marginally
lowered lipid peroxidation in hypoxia, in contrast to a complete prevention in normoxia.
The failure to avert DHA-induced lipid peroxidation by iron depletion in hypoxia could
be attributed to different intracellular iron levels in normoxic and hypoxic cells. Hypoxia-
induced HIFla activation increases iron accumulation via upregulation of transferrin
receptor 1 (TfR1) and heme oxygenase 1 (HO-1), an enzyme which degrades heme,
resulting in an increase in cytosolic iron [191, 192]. Iron-dependent DHA activation
generates highly reactive DHA radicals that could directly interact with cellular
biomolecules to create adducts [86], which, probably, are more difficult to repair. An
excessive iron-dependent generation of DHA radicals in a hypoxic environment could
explain the elevated lipid peroxidation in association with a lowered total ROS
production upon treatment with DHA in hypoxia compared to normoxia. Consequently,
increased cytosolic iron levels and decreased glutathione levels in hypoxic cells could
facilitate long lasting damage to lipids upon treatment with DHA, independent of Bax
and Bak expression. Thus, we conclude that DHA induced a delayed, ferroptosis-like
cell death in hypoxic HCT116 cells.

Finally, the results suggest that DHA-induced oxidative damage results in subsequent
cell cycle arrest in HCT116 Bax”-Bak®" cells instead of cell death induction as observed
in wild type cells. Low glutathione levels in hypoxia might limit the repair of the inflicted
damage even after return to normoxic conditions, thereby promoting induction of a
delayed cell death. In contrast, an activated oxidative stress response and enhanced
glutathione levels in normoxia could explain the improved cell survival of HCT116

Bax”-Baks" cells compared to hypoxia.
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Taken together, this study identified apoptosis and autophagy-associated cell death as
the major pathways contributing to DHA-induced cytotoxicity of HCT116 colon cancer
cells in normoxia. Moreover, we established pro-apoptotic proteins Bax and Bak as
factors regulating sensitivity to DHA in normoxic HCT116 cells. In hypoxia, sensitivity
to DHA was independent of Bax and Bak expression. Collectively, the present study
established DHA as a hypoxia-active drug with radiosensitizing properties. These two
qualities of DHA could improve the clinical outcome of lung and colorectal cancer
patients. Thus, the application of DHA in cancer therapy seems to be particularly
suitable for the treatment of highly aggressive hypoxic tumors with a low apoptosis rate

or an activated antioxidative stress response.

4.3 Prospect on the applicability and limitations of
DHA in cancer therapy

Previous publications and the present study could demonstrate that DHA and the
related derivatives exert anti-neoplastic effects and are favorable candidates for anti-
cancer therapy, since these compounds are reasonably cost-efficient with a good
safety profile and already approved for medical use in malaria. The selectivity of
artemisinin and its derivatives to preferably eradicate the malaria parasite Plasmodium
and, moreover, cancer cells might be attributed to the iron-dependent activation of
these compounds [81, 85, 86, 156]. It is supposed that, digestion of hemoglobin results
in an increased amount of redox-active iron in the acidic food vacuole of Plasmodium,
thereby conferring an efficient drug activation and toxicity in the parasite [89]. An
altered iron metabolism is a hallmark of cancer cells and was detected in a wide array
of tumor cells and tissue samples [193]. Moreover, we speculate that particularly
hypoxic cells are provided with an increased amount of iron, since HIF1a activation
induces upregulation of the transferrin receptor 1, facilitating iron uptake [192]. Thus,
the iron-dependency of DHA reflects a beneficial feature for targeting normoxic and
even hypoxic cancer cells.

In clinical studies, plasma concentrations in malaria patients reached up to 0.71 pug/mi
DHA (approximately 2.5 pM) [194], while the concentrations used for in vitro
experiments in this study are much higher. Within the normal dosage in malaria
therapy, only a small number of patients undergo a mild and transient reduction in
reticulocytes [194]. Increasing the dosage in cancer therapy might implicate the

occurrence of anemia. Therefore, DHA-treated cancer patients would require a
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continuous control of blood values. Unfortunately, clinical studies applying DHA or the
related derivatives in cancer therapy are scarce. The few ones available indicate a
good tolerability with concurrent anti-cancer activity using moderately higher
administration doses than these in malaria therapy [99-101]. However, the clinical
application in cancer therapy is limited by the pharmacokinetic properties of artemisinin
and the related derivatives. The poor water solubility, short plasma half-life and low
bioavailability upon oral administration most likely hinder to achieve an appropriate
drug concentration at the targeted tumor tissue. In order to address this issue,
researchers develop new compounds with structural modifications or drug carrier and
delivery systems [94]. Recent publications reported an enhanced antitumor activity in
diverse cancer cell lines using mitochondria-targeted artemisinin derivatives [195]. A
further promising approach is the use of pharmacophore hybridization products, such
as DHA-coumarin hybrids or artemisinin-chemotherapeutic agent conjugates, that
provoked a much higher anti-cancer activity than either agent alone [196, 197]. The
development of nano-formulations such as liposomes [198, 199], nanospheres [200],
nanocapsules [201] or nanoparticles [202] increased the efficacy and distinctly
improved the bioavailability of the drugs. An improved water solubility, blood circulation
half-life and anti-cancer activity was reported for instance using a polyethylene glycol-
DHA conjugate in non-small cell lung cancer xenograft models [203]. Moreover, a
tumor-targeted distribution could be achieved using magnetic nanoliposomes and
artemisinin-loaded transferrin-conjugated nanostructured lipid carriers, that revealed a
greater therapeutic efficacy and a decreased likelihood for neurotoxicity compared to
conventional artemisinin [199, 204]. Even though these new drug formulations appear
promising, clinical studies are needed to approve the applicability in cancer therapy. In
addition, studies on combined treatments with conventional therapies are needed to
evaluate possible combination strategies.

The present study revealed that combining DHA with IR improves the efficacy of
radiotherapy and moreover, overcomes hypoxia-mediated radioresistance. Thus, we
could demonstrate that combining ROS-based therapies is an effective anti-cancer
strategy. At the same time, we revealed an activation of the protective antioxidative
Keapl/Nrf2 pathway in response to DHA, that could limit the efficacy of the
combinatory therapy in Keapl wildtype cancer cells. Although our results demonstrate
that inhibition of Nrf2 increased the anti-neoplastic impact of DHA, we cannot
recommend the use of an Nrf2-inhibitor to further maximize the synergistic effect of

DHA and IR. This estimation is based on a previous publication which indicated an
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increased radiation-induced pulmonary fibrosis and revealed a reduced life span of
Nrf2-deficient mice following thoracic irradiation [205]. These observations
demonstrated that activation of the antioxidative Keapl/Nrf2 pathway is crucial in
normal cells for protection against radiation-induced cytotoxicity and indicate, that
inhibition of Nrf2 is probably not suitable for combinatory therapies with IR. Instead, we
suppose an optimization of the treatment regimen when combining radiotherapy with
ROS-producing drugs such as DHA. We observed the most efficient anti-cancer
activity by concurrent administration of IR and DHA and thus, propose a treatment
schedule in which DHA is administered directly after radiotherapy. Since radiotherapy
is usually applied at 5 fractions per week, occurring Monday to Friday [5], we suggest
DHA administration immediately after the last dose fraction on Friday to avoid a
protective effect by DHA-induced Keapl/Nrf2 pathway activation. In addition, the
results of this study revealed a strong anti-cancer activity of a combined treatment in
cancer cells with a constantly upregulated antioxidative defense. Thus, IR-induced
upregulation of the antioxidative system by a fractionated regimen would probably not
limit the anti-neoplastic impact of the combined therapy. We expect that application of
DHA following the last dose fraction of the week induced an oxidative boost that
exceeds the repair capacity of tumor cells, irrespective of Keapl mutations, thereby
increasing radiation-induced cytotoxicity.

In addition, DHA could reduce the toxic side effects of radiotherapy. Other researchers
described a protective effect of DHA on inflammatory cardiovascular diseases by
suppressing inflammation in bleomycin-induced pulmonary fibrosis in mice and rats
[206-208]. Since the risk of cardiovascular disease and lung fibrosis increases after
thorax irradiation during radiotherapy [209], patients might profit from an additional
health benefit by averting radiation-induced lung fibrosis when combining radiotherapy
with DHA.

Taken together, the research of the past decades and our recent findings provide
evidence on DHA as a promising anti-cancer drug. DHA is particularly able to revers
therapy resistance when combined with chemotherapeutics or radiotherapy. However,
further research, especially clinical trials, are needed to validate the applicability of

DHA and the new developed formulations in cancer therapy.
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5 Summary

The efficacy of radiotherapy depends on DNA damage induced either directly by IR or,
most of all, indirectly in response to oxidative stress via ROS production. Massive ROS
stress can either induce cell death or activate protective mechanisms such as the
Keapl1/Nrf2 pathway, improving the antioxidative defense and limiting IR-induced lethal
damage. Moreover, hypoxic areas in tumor tissues restrict the efficacy of radiotherapy.
Reduced ROS production and a lowered induction of irreparable, oxidative damage in
an oxygen-deficient environment is a reason for this limitation. The present study
aimed to improve the efficacy of radiotherapy in normoxia and hypoxia by inducing an
additional and cytotoxic ROS boost with the prooxidative anti-malaria drug DHA. Due
to its anti-neoplastic effects, low toxicity and known safety, DHA has received
increasing attention in cancer research.

Initially, the oxidative response was analyzed in the colorectal cancer cell line HCT116
and the lung cancer cell line NCI-H460 treated with DHA in normoxia. DHA efficiently
induced iron-dependent oxidative damage to lipids, proteins and mitochondria. At the
same time, DHA activated the protective Keap1/Nrf2 pathway in HCT116 cells, while,
in NCI-H460 cells, Nrf2 was already constitutively activated due to a Keapl mutation.
An activated Keapl/Nrf2 pathway is related to resistance towards chemo- and
radiotherapy. However, the results of the present thesis revealed that a concurrent
combined treatment of IR and DHA markedly improved radiotherapy, independent of
Keapl mutations. In HCT116 cells responding to DHA with an activation of the
protective Keapl/Nrf2 pathway, the treatment regimen can limit the combinatory effect
when DHA is applied prior to IR. An application of the prooxidative drug after IR was
more toxic than either treatment alone in the colon cancer cell line. The cytotoxic
impact evoked by the combinatory therapy was even more efficient when cells were
treated under hypoxic conditions. The results revealed, that hypoxia-mediated
radioresistance was overcome when combining IR with DHA. Thus, the present study
demonstrates that combining ROS-based therapies is an effective anti-cancer
strategy.

In order to improve our understanding on the mechanisms behind DHA-induced
cytotoxicity in normoxia and hypoxia, short-term cell death and long-term survival were
analyzed in HCT116 wild type (wt) cells and in HCT116 Bax’Baks" cells with a
defective intrinsic apoptosis pathway. The results revealed apoptosis and autophagy-
associated cell death as the prevalent mechanisms contributing to DHA-induced cell

death of HCT116 colon cancer cells treated in normoxia. Our data identified the pro-
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apoptotic proteins Bax and Bak as factors regulating sensitivity to DHA in normoxic
conditions. In addition, in HCT116 Bax’Baks" cells, treatment with DHA in normoxia
initially induced cell cycle arrest, which most likely allows repair of DHA-induced
oxidative damage, resulting in an improved long-term survival. In hypoxia, sensitivity
to DHA was independent of Bax and Bak expression. While DHA induced cell death
shortly after treatment with DHA in hypoxic HCT116 wt cells, treatment with DHA in
hypoxia initially induced cell cycle arrest in HCT116 Bax’Bak®" cells, followed by a
delayed ferroptosis-like cell death. Lower glutathione levels correlated with a higher
lipid peroxidation in hypoxic HCT116 Bax”’-Baks" cells. Moreover, incubation in hypoxia
resulted in reduced oxidative phosphorylation after returning to normoxia, providing the
cells with reduced energy production. This effect was less pronounced in HCT116
Bax’-Baks" than in HCT116 wt cells, providing HCT116 Bax”’-Baks" cells with a better
energy supply via oxidative phosphorylation than HCT116 wt cells after return to
normoxia.

In summary, we identified a) DHA-induced activation of Keap1/Nrf2 pathway leading
to improved antioxidant defense and b) the pro-apoptotic proteins Bax and Bak as
critical factors regulating sensitivity to DHA in HCT116 colon cancer cells in normoxia,
while impaired Nrf2 activation and reduced glutathione levels improved the cytotoxic
response to DHA in hypoxia despite less ROS production and independent of Bax and

Bak expression.
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6 Zusammenfassung

Die Wirksamkeit der Strahlentherapie basiert einerseits auf der direkten Induktion von
DNA-Schaden durch ionisierende Strahlung, anderseits aber vor allem auf der
Generierung von oxidativem Stress durch ROS. Hohe ROS-Level induzieren entweder
den Zelltod oder protektive Mechanismen, wie den Keapl/Nrf2-Signalweg, der die
antioxidative Abwehr aktiviert, die wiederum den strahleninduzierten Schaden
begrenzt. Dartber hinaus ist die Hypoxie in Tumoren ein weiterer Einflussfaktor, der
die Wirksamkeit der Strahlentherapie deutlich einschrankt. In Hypoxie werden weniger
ROS produziert, und die Induktion von irreparablen Schéaden ist aufgrund des Mangels
an molekularem Sauerstoff begrenzt. Die vorliegende Studie zielt darauf ab die
Wirksamkeit der Bestrahlung in Normoxie und Hypoxie zu verbessern, indem ein
zusatzlicher, zytotoxischer ROS-Anstieg mithilfe des prooxidativen Malaria-
medikaments DHA erzeugt werden soll. Aufgrund seiner antineoplastischen Wirkung,
geringen Toxizitat und der guten Vertraglichkeit gewann das Antimalariamittel DHA
auch in der Krebsforschung an Bedeutung.

Zunachst wurde das oxidative Potential von DHA in der Kolorektalkarzinom-Zelllinie
HCT116 und der Lungenkarzinom-Zelllinie NCI-H460 untersucht. DHA induzierte
eisenabhéngig oxidative Schaden an Lipiden, Proteinen und den Mitochondrien.
Gleichzeitig aktivierte DHA den protektiven Keap1/Nrf2-Signalweg in HCT116-Zellen,
wohingegen dieser Signalweg in NCI-H460 Zellen aufgrund einer Keapl-Mutation
bereits konstitutiv aktiviert war. Eine Aktivierung des Keapl/Nrf2-Signalwegs wird mit
Chemo- und Strahlenresistenz in Zusammenhang gebracht. Dennoch belegen die
Ergebnisse der vorliegenden Arbeit, dass eine Kombinationstherapie aus ionisierender
Strahlung und DHA die Wirksamkeit der Strahlentherapie, unabhangig von einer
Keapl-Mutation, deutlich verbessern kann. In HCT116 Zellen, in denen DHA den
protektiven Keapl/Nrf2-Signalweg aktiviert, kann die Behandlungsabfolge die
Wirksamkeit der Kombinationstherapie limitieren, sofern DHA vor der Bestrahlung
appliziert wird. Es empfiehlt sich daher die Applikation von DHA direkt nach der
Bestrahlung vorzunehmen, um so einen oxidativen und zytotoxischen ROS-Anstieg zu
induzieren. Dartber hinaus war die zytotoxische Wirkung der Kombinationstherapie
unter hypoxischen Bedingungen noch stérker ausgepragt. Die Ergebnisse konnten
sogar eine Uberwindung der Hypoxie-vermittelten Strahlenresistenz durch die
Kombinationsbehandlung mit DHA belegen. Folglich zeigt die vorliegende Arbeit
deutlich, dass die Kombination von ROS-basierten Therapien eine potentielle Strategie

in der Bekampfung von Krebs ist.
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Um die zugrundeliegenden Mechanismen der DHA-induzierten Zytotoxizitat in
Normoxie und Hypoxie besser zu verstehen, wurde der Zelltod sowie das
Langzeitiberleben von HCT116 Wildtyp (wt)-Zellen und HCT116 Bax’-Baks" Zellen mit
defektem intrinsischen Apoptoseweg untersucht. Die Ergebnisse haben Apoptose und
Autophagie-assoziierten Zelltod als primare Mechanismen der DHA-induzierten
Zytotoxizitat in Normoxie offengelegt. Aus den Daten wird deutlich, dass die pro-
apoptotischen Proteine Bax und Bak die Sensitivitat gegentber der DHA-Behandlung
unter normoxischen Bedingungen beeinflussen. Die DHA-induzierte Beeintrachtigung
der mitochondrialen Funktion war in HCT116 Bax’Baks" Zellen weniger stark
ausgepragt als in HCT116 wt Zellen. Darlber hinaus induzierte DHA zunachst einen
Zellzyklusarrest in HCT116 Bax”-Baks"-Zellen, der den Zellen vermutlich die Reparatur
von DHA-induzierten oxidativen Schaden erméglicht und somit zu einem verbesserten
Langzeitiiberleben beitragt. In Hypoxie wurde die Sensitivitdt gegentiber DHA durch
die pro-apoptotischen Proteine Bax und Bak nicht beeinflusst. Wahrend DHA in
hypoxischen HCT116 wt-Zellen bereits zu einem frihen Zeitpunkt den Zelltod
induzierte, wurde in hypoxischen HCT116 Bax’Baks"-Zellen zunachst der
Zellzyklusarrest eigeleitet und zu einem spateren Zeitpunkt ein verzogerter Zelltod
induziert. In Hypoxie wurden niedrigere Konzentrationen des anti-oxidativ wirkenden
Glutathion detektiert als in Normoxie, die mit einer starkeren Lipidperoxidation
korrelierten. Abschlieend wird daher ein verzdgerter, ferroptoseartiger Zelltod durch
die DHA-Behandlung in Hypoxie angenommen.

Zusammenfassend wurden a) der durch DHA aktivierte Keapl/Nrf2-Signalweg als
auch b) die pro-apoptotischen Proteine Bax und Bak als Faktoren identifiziert, die die
Sensitivitat der kolorektalen Karzinomzelllinie HCT116 gegenuber DHA in Normoxie
regulieren. In Hypoxie wird Nrf2 nicht aktiviert und sorgt zusammen mit den niedrigeren
Glutathion-level flr eine gute Zytotoxizitdt bei geringerer ROS-Produktion und

unabhangig von Bax- und Bak-Expression.
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yH2A.X Phosphorylated H2A histone family member X
AWYm Mitochondrial membrane potential
‘OH hydroxyl radical

102 singlet oxygen

4HNE 4-hydroxynonenal

ACT Artemisinin combination therapies
ANOVA Analysis of variance

APAF1 Apoptotic protease activating factor 1
APS Ammonium persulfate

ATCC American Type Culture Collection
ATP Adenosine triphosphate

Bak Bcl-2 homologous antagonist/killer
Bax Bcl-2 associated X protein

Bcl-2 B-cell lymphoma 2

BER Base excision repair

BH3 Bcl-2 homology domain 3

BSA Bovine serum albumin

BSO Buthionine sulfoximine

cDNA Complementary deoxyribonucleic acid
CFA Colony formation assay

CO2 Carbon dioxide

CQ Chloroquine

Ct Cycle threshold

DFO Deferoxamine

DHA Dihydroartemisinin

DISC Death-inducing signaling complex
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DSB Double strand break

DTNB Dithiobis-(2-nitrobenzoic) acid
EBRT External beam radiation therapy

ECAR Extracellular acidification rate
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EDTA
EdU
ELISA
ER
ETC
FADD
FCCP
FCS
FI
FSC
GAPDH
GCL
GCLC
GCLM
GPx
Grx
GSH
GSSG
GST
H20*
H20:2
HEPES
HIF
HRR
Hx
IAP-2
IR
Keapl
L-

LC3
LC3lI
LOO-
LOOH
MDA
MMP

Ethylendiaminetetraacetic acid
5-ethynyl-2"-deoxyuridine

Enzyme-linked immunosorbent assay
Endoplasmic reticulum

Electron transport chain

Fas-associated protein with death domain
Fluoro-carbonyl cyanide phenylhydrazone
Fetal calf serum

Fluorescence intensity

Forward scattering
Glycerinaldehyd-3-phosphat-Dehydrogenase
Glutamate-Cysteine Ligase
Glutamate-Cysteine Ligase Catalytic Subunit
Glutamate-Cysteine Ligase Modifier Subunit
Glutathione peroxidase

Glutaredoxin

Glutathione

Glutathione disulfide
Glutathione-S-transferase

lonized water

Hydrogen peroxide
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
hypoxia-inducible factor

Homologous recombination repair

Hypoxia

Inhibitor of apoptosis protein 2

lonizing radiation

Kelch Like ECH Associated Protein 1

Lipid radicals

Microtubule-associated protein 1A/1B-light chain 3
LC3-phosphatidylethanolamine conjugate
Lipid peroxide radicals

Lipid hydroperoxides

Malondialdehyde

Mitochondrial membrane potential
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MOMP
MRNA
MtDNA
MmTOR
NAC
NaCl
NADPH
NER
NHEJ
Nrf2
NX

OER
PAGE
PBS
PCR

PE

PFA
PHD

P|

PUFA
PVDF
gRT-PCR
R-OOH
RCD
ROS
rpm
R-SSG
SD

SDS

SF
SLC7A11

Mitochondrial outer membrane permeabilization
Messenger ribonucleic acid

Mitochondrial deoxyribonucleic acid
Mammalian target of rapamycin complex 1
N-acetylcyteine

Sodium chloride

Nicotinamide adenine dinucleotide phosphate
Nucleotide excision repair
Non-homologous end-joining

Nuclear factor erythroid 2-related factor 2
Normoxia

Oxygen

superoxide anion

Oxygen consumption rate

Optical density

Oxygen enhancement ratio
Polyacrylamide gel electrophoresis
Phosphate-buffered saline

Polymerase chain reaction

Plating efficiency

Para-formaldehyde

Prolyl hydroxylase domain

Propidium iodide

Polyunsaturated fatty acid

Polyvinylidene fluoride

Quantitative real time polymerase chain reaction
Hydroperoxide group

Regulated cell death

Reactive oxygen species

Rounds per minute

S-glutathionylated

Standard deviation

Sodium dodecyl sulfate

Survival fraction

Solute Carrier Family 7 Member 11



8 Appendix

131

SOD
SSC
TBS-T
TCA
TCGA
TEMED
TfR1
TMRE
TNF
Tris
Trx
VEGF
VHL
WHO
XCT
XIAP

Superoxide dismutase

Sideward scattering

Tris-buffered saline with Tween-20 (0.2%)
Tricarboxylic acid

The Cancer Genome Atlas
Tetramethylethylenediamine
Transferrin receptor 1
Tetramethylrhodaminethylester
Tumor necrosis factor
Tris(hydroxymethyl)aminomethane
Thioredoxin reductase

Vascular endothelial growth factor
Von Hippel-Lindau

World Health Organization
Cystine—glutamate antiporter

X-linked inhibitor of apoptosis
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