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Abstract

Maintaining cellular redox balance is vital for cell survival and tissue homoeostasis
since imbalanced production of reactive oxygen species (ROS) may lead to oxidative
stress and cell death. Oxidative stress has been linked to several disorders; however,
underlying molecular mechanisms are still not fully understood. Erythrocytes are
especially highly sensitive to ROS accumulation due to their physiological function in
oxygen transport. Previous studies have shown that oxidative stress in erythroid cells
often results in shortened life span of red blood cells and in hemolysis. Glutathione
peroxidase 4 (GPx4), one of the most important ROS scavenging selenoproteins, is
a unique antioxidant enzyme that can directly reduce phospholipid hydroperoxide
in mammalian cells. Using mice with a hematopoietic specific deletion of GPx4, it
is demonstrated that GPx4 is essential for reticulocyte maturation. Loss of GPx4
in erythroid cells results in ROS accumulation and lipid peroxidation leading to
impaired reticulocyte maturation and subsequently to anemia. Additional deficiency
of vitamin E leads to further elevation of anemia proposing that vitamin E plays a
critical role to compensate impaired erythropoiesis in the absence of GPx4. Moreover,
autophagy, which is potentially a counteracting mechanism to oxidative stress, is
impaired due to GPx4 depletion. Also, caspase 8, one of the main regulatory elements
of cell death execution, is inhibited due to glutathionylation. In combination with
impaired autophagy and functional inhibition of caspase 8, GPx4 ablation triggers
RIP1/RIP3 dependent necroptosis. Inhibition of necroptosis normalizes reticulocyte
maturation and reverts anemia. Interestingly, necroptosis occurs independent of
upstream activators such as TNFa and FasL. The model proposes a novel receptor-
independent pathway for the initiation of necroptosis that is initiated through the
enhanced accumulation of ROS and formation of lipid peroxides as activators of
RIP1/RIP3. Collectively, these results suggest that ROS and lipid peroxidation
impair autophagy, functionally inhibit caspase 8 and induce necroptosis. Moreover,
the data reveal the critical role of GPx4 and vitamin E in erythropoiesis.
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Zusammenfassung

Das Uberleben von Zellen und Homdostase in Geweben setzt ein austariertes
zellulares Redox-Gleichgewicht voraus, weil unbalanzierte Produktion von reakti-
ven Sauerstoff-Verbindungen (reactive oxygen species, ROS) zu oxidativem Stress
und Zelltod fithrt. Viele Studien haben die Verbindung von ROS zu einer Viel-
zahl von Storungen etabliert, doch grundlegende molekulare Mechanismen sind nur
unzureichend charakterisiert. Aufgrund ihrer physiologischen Funktion als Sauers-
tofftransporter sind insbesondere Erythrozyten besonders anfillig gegeniiber einer
Akkumulation von ROS. Bisherige Arbeiten haben gezeigt, dass oxidativer Stress
in Erythrozyten deren Lebensdauer verkiirzt und zur Hamolyse fithrt. GPx4, eines
der wichtigsten ROS-abbauenden Selenoproteasen, ist ein einzigartiges Enzym, das
direkt Phospholipid-Hyperperoxide in Saugetier-Zellen abbauen kann. Hier zeigen
wir in einer transgenen Mauslinie mit GPx4-Deletion in hdmatopoetischen Zellen,
dass GPx4 essentiell fiir die Ausreifung von Retikulozyten ist. In GPx4-defizienten
erythroiden Zellen akkumulieren ROS und Lipidperoxide, die die Ausreifung von
Retikulozyten storen und folglich zu Anémie fithren. Die Andmie ist in Abwesenheit
von Vitamin E starker ausgepragt, was die Rolle von Vitamin E in der Kompensa-
tion der gestorten Hamatopoese unter GPx4-Defizienz unterstreicht. Dariiberhinaus
ist Autophagie, ein Prozess um oxidativem Stress entgegenzuwirken, durch GPx4-
Verlust gestort. Des Weiteren ist Caspase 8, einer der Hauptregulatoren im Ab-
lauf von Zelltod, durch Glutathionylierung inhibiert. In Kombination mit gestorter
Autophagie und funktioneller Inhibierung von Caspase 8 16st die Deletion von GPx4
eine RIP1/RIP3-abhéngige Nektroptose aus. Nekroptose-Inhibition normalisiert die
Reifung von Retikulozyten und verhindert Anémie. Interessanterweise lauft Nekrop-
tose unabhingig von vorgeschalteten Aktivatioren wie TNFa und FasL ab. Dieses
Modell stellt einen neuen Rezeptor-unabhéangigen Signalweg zur Initiation von Nek-
roptose vor, in dem verstarkte Akkumulation von ROS und Lipidperoxiden zur Ak-
tivierung von RIP1/RIP3 fithren. Zusammenfassend zeigen diese Ergebnisse, dass
ROS und Lipidperoxide Autophagie und die Funktion von Caspase 8 storen und
Nekroptose induzieren. Dariiberhinaus zeigen die Daten die Bedeutung von GPx4
und Vitamin E in der Erythropoese auf.
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Chapter 1

Introduction

1.1 ROS, oxidative stress, antioxidant defense

ROS are formed as normal products of aerobic metabolism but can as well be pro-
duced at elevated rates under pathological conditions. ROS refers to chemically
reactive molecules derived from oxygen, including highly reactive species, such as
the hydroxyl radical, and some less reactive molecules, as superoxide and hydrogen
peroxide.

ROS can be produced within cells by multiple enzymes that use molecular oxygen
as substrate. They were first studied for their essential role in the host defense.
When phagocytes are activated, they produce high amounts of ROS to kill intruding
bacteria [1, 2, 3].

To maintain the redox state of tissues, biological systems keep a balance between
the production and manifestation of oxygen radicals, to detoxify reactive intermedi-

ates and to repair the resulting damage (Figure 1.1).

1.1.1 Oxidative stress

Oxidative stress is defined as the imbalance in cellular redox in favor of the oxidants.
Increased oxidative stress plays a crucial role in a variety of pathological conditions
including cancer, degenerative diseases, and aging [4]. Due to their high reactivity,
ROS are prone to cause damage to most biomolecules and are therefore potentially
toxic, mutagenic or carcinogenic. They can readily react with most biomolecules,

starting a chain reaction of free radical formation. In order to eliminate the unpaired

1
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Figure 1.1: ROS and antioxidant defense systems. Cellular ROS levels are main-
tained via several enzymatic and non-enzymatic antioxidants. Excessive ROS lead
to oxidative stress causing damage to lipids, proteins and nucleic acids, finally causing
cell death. On the other hand, inadequate ROS interfere with regulation of cellular
mechanisms, such as immune defense and proliferation.

electrons to stop this chain reaction, the newly formed radical reacts either with
another free radical or with a free radical scavenger. In the absence of reducing
agents, an imbalanced production of ROS can potentially harm biomolecules, such

as nucleic acids, lipids and proteins.

DNA ROS have been shown to be mutagenic by causing chemical modifications
to DNA [5]. A number of DNA alterations have been associated with redox im-
balance such as cleavage of DNA, DNA-protein cross-links or oxidation of purines.
There is compelling evidence that oxidative stress causes premutagenic lesions gener-
ating a diverse range of adducts in DNA. Several repair mechanisms take part in the
elimination of such lesions. One of the major mutagenic base lesions generated by
oxygen radicals is 8-Hydroxyguanine (8oxodG), which preferentially pairs with ade-
nine instead of cytosine and thus generates transversion mutations after replication

6].



Lipids Free radical-mediated lipid oxidation, termed lipid peroxidation has been
implicated in various diseases such as cardiovascular diseases, causing formation of
atherosclerotic plaques by the oxidation of low density lipoproteins [7, 8]. Fatty acids
are sensitive to oxidation especially due to the presence of polyunsaturated residues
[9]. Excessive ROS cause lipid peroxidation by targeting fatty acids [5, 10]. Im-
balanced lipid peroxidation is a deleterious process leading to disruption of biomem-
branes, thus to cellular dysfunction. Accumulation of reactive lipid molecules specif-
ically modifies cysteinyl thiols and modulate protective cell signaling pathways. On
the other hand, regulated lipid peroxidation has multiple functions in cell signal-
ing dependent on the site and mechanism of oxidation [11]. Various antioxidants,
such as vitamin E, vitamin C, and enzymes as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) take part in the regulation of lipid peroxidation
to prevent membrane oxidation or to minimize the damage by eliminating cytotoxic

molecules [5].

Proteins ROS have been shown to react with several amino acid residues, gener-
ating modified proteins, leading to loss or gain of function for enzymes or proteins,
thus to alterations in cell signaling pathways [12, 10]. Oxidation of proteins can
lead to several modifications, including; hydroxylation of aromatic groups and of
aliphatic amino acid side chains, nitration of aromatic amino acid residues, nitro-
sylation of sulfhydryl groups, sulfoxidation of methionine residues, chlorination of
aromatic groups, conversion of some amino acid residues to carbonyl derivatives,
cleavage of the polypeptide chain and formation of cross-linked protein aggregates
[13]. Among the most susceptible amino acids are sulfur or selenium containing
residues [14] and cysteine (Cys) residues with their sensitivity to glutathionylation
[15]. Oxidation of Cys thiol groups leads to sulfenic acid formation and extensive ex-
posure to oxidants cause sulfinic or sulfonic acid formation [16]. The level of oxidized
proteins increases with aging and also in a number of age related diseases, includ-
ing amyotrophic lateral sclerosis, Alzheimer’s disease, respiratory distress syndrome,

muscular dystrophy, cataractogenesis, rheumatoid arthritis, progeria, Werner’s syn-



drome, atherosclerosis, diabetes, Parkinson’s disease, essential hypertension, cystic
fibrosis, and ulcerative colitis [17, 18, 19]. The steady-state level of oxidatively
modified proteins is dependent on a multitude of factors that influence the rates of
ROS generation, the ability of cells to scavenge ROS, and also the levels and activi-
ties of the proteasome and other proteases that catalyze the degradation of oxidized
proteins [13].

S-Glutathionylation is a reversible posttranslational modification of Cys residues
by the addition of glutathione (GSH) via formation of disulfides [15]. It is a regu-
latory mechanism under normal conditions; however, its increase in response to ox-
idative/nitrosative stress interferes with cellular signaling pathways. It is associated
with post-translational regulation of a variety of regulatory, structural and metabolic
proteins taking part in signaling or metabolic pathways. Oxidative stress through
the imbalance in glutathione disulfide (GSSG)/GSH ratio leads to irreversible glu-
tathionylation of proteins causing functional inhibition. S-glutathionylation is sug-
gested to be a protective measure to protect active site cysteines against irreversible
oxidation, such as, formation of sulfinic/sulfonic acid and inactivation [20, 21].
However, recent studies demonstrated inactivation of apoptotic pathways due to

glutathionylation of caspases including caspase-1 [22] and caspase-3 [23].
Oxidative stress and cell death

An increase in ROS production or a defect in ROS scavenging can disrupt redox
homoeostasis, leading to an overall increase of intracellular ROS levels and finally
to oxidative stress. Cellular ROS can determine the fate of cells, in general, ROS at
low levels act as signaling molecules that promote cell proliferation and cell survival,
however, uncontrolled increase in ROS can cause cell death. Alterations in redox
homoeostasis can promote cell death or cell survival, depending on the magnitude of
the stimuli and genetic stability of the cells [24] (Figure 1.2). In addition, oxidative
stress via inactivation of regulatory elements can determine the death execution
mechanism. The role of ROS and oxidative stress in the context of different types of

cell death is further discussed in Section 1.3.
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Figure 1.2: ROS and antioxidant defense systems. Cellular ROS levels are maintained
via several enzymatic and non-enzymatic antioxidant defense systems. FExcessive
ROS lead to oxidative stress causing damage to lipids, proteins and nucleic acids,
finally causing cell death. On the other hand, inadequate ROS interfere with cellular
metabolisms and may lead to impaired immune defense and cell proliferation.

1.1.2 Cellular redox regulation

The delicate balance between ROS generation and elimination is maintained by sev-
eral mechanisms, and a dysfunction of any of these mechanisms could lead to alter-
ations in cellular redox state. Cells are equipped with enzymatic and non-enzymatic

antioxidant systems to eliminate ROS and maintain redox homoeostasis (Figure 1.1).

Non-enzymatic antioxidants

Three non-enzymatic antioxidants of particular importance are: Vitamin E, vitamin

C and glutathione.

Vitamin E Vitamin E encompasses a group of potent, lipid-soluble antioxidants.
a-tocopherol, the most abundant form of vitamin E in nature, is the major lipid-
soluble antioxidant, and plays a vital role in protecting membranes from oxidative
damage [25]. It is a potent peroxyl radical scavenger and a chain-breaking antiox-
idant that prevents the propagation of free radicals in membranes and in plasma
lipoproteins [26]. The hydroxyl group of tocopherol reacts with the peroxyl radical
to form the corresponding lipid hydroperoxide and the tocopheryl radical. The to-



copheryl radical reacts with vitamin C or other hydrogen donors to convert vitamin

E to its reduced state [27].

Vitamin C Vitamin C (or ascorbic acid) is an electron donor and therefore a
reducing agent. It is a water-soluble antioxidant that can reduce radicals from a
variety of sources [28]. Ascorbic acid acts by donating two electrons from a double
bond between the second and third carbons of the 6-carbon molecule [29]. The
species formed after the loss of one electron is a free radical, ascorbyl radical [30, 28].
Once formed, ascorbyl radical can be reduced back to ascorbic acid by enzymatic
pathways or by reduction of glutathione [30]. Interestingly, vitamin C also functions

as a pro-oxidant under certain circumstances [31, 32].

Glutathione GSH is an important water soluble antioxidant and an essential co-
factor for antioxidant enzymes due to its high electron donating capacity linked with
its sulfhydryl group [33]. The oxidized form of glutathione is a sulfur linked com-
pound known as GSSG. Reacting with radicals oxidizes glutathione, which is reduced
in a redox cycle involving glutathione reductase and the electron acceptor nicoti-
namide adenine dinucleotide phosphate (NADPH) [33, 34]. The GSSG/GSH ratio
can be used as an indicator of oxidative stress and when not balanced causes toxicity
for the cells [35]. GSH depletion has been shown to cause cell death [36, 37, 38].
Although initial studies suggested that GSH depletion was only a by-product of
oxidative stress generated during cell death, recent discoveries suggest that GSH
depletion and post-translational modifications of proteins through glutathionylation
are critical regulators of apoptosis [39]. In addition, recent data suggested that glu-
tathionylation of caspases inhibits apoptotic pathways and alters immune responses

[22, 23].
Antioxidant enzymes

The main enzymatic antioxidants consists of 5 enzyme families; SODs, catalases,

thioredoxins, peroxiredoxins and glutathione peroxidases.



Superoxide dismutases SODs are enzymes that play a pivotal role in metaboliz-
ing superoxide anion radicals derived from extracellular stimulants and by-products
of oxygen metabolism through the electron transport chain in mitochondria [40].
SODs employ Fe, Mn, Ni, Cu or Zn ions for activity [41, 42]. The family is com-
posed of several enzymes with the ability to convert superoxide to dioxygen and
hydrogen peroxide, with consumption of hydrogen ion. In mammals there are three
isoforms of SODs: the cytoplasmic Cu/ZnSOD (SOD1), the mitochondrial MnSOD
(SOD2), and the extracellular Cu/ZnSOD (SOD3) [43]. SOD depletion has been
linked to several diseases including amyotrophic lateral sclerosis (ALS) [44, 45] and

hemolytic anemia as a result of oxidative stress [46, 47].

Catalases Catalases of many organisms are mainly heme-containing enzymes [48].
In mammalian cells they are mostly localized in peroxisomes, where they catalyze
the conversion of hydrogen peroxide to water and molecular oxygen [49, 50]. In
mammalian tissues, catalase activity is highest in liver and erythrocytes, relatively
high in kidney and adipose tissue, intermediate in lung and pancreas, and very low
in heart and brain [50]. Catalase protects hemoglobin by removing over half of
the hydrogen peroxide generated in normal human erythrocytes, which are exposed
to substantial oxygen concentrations [51]. It has been implicated as an important
factor in inflammation [52], mutagenesis [53], tumorigenesis [54] and in prevention
of apoptosis [55]. Catalase and glutathione peroxidase are believed to be the most

active systems in detoxification of hydrogen peroxide in human erythrocytes [51].

Thioredoxins The thioredoxin (Trx) system consists of the two types of antiox-
idant oxidoreductase enzymes; Trx and thioredoxin reductase (TrxR), both being
ubiquitous in mammalian and prokaryotic cells [56]. TrxR catalyzes the reduction
of the active site disulfide in Trx using NADPH and flavin adenine dinucleotide
(FAD). Mammalian TrxR with its highly reactive active site composed of a seleno-
cysteine (Sec) residue has a high reductive capacity and can act on several substrates

in addition to Trx [49]. Reduced Trx is a general protein disulfide reductant [49]. In



mammals, extracellular forms of Trx also have cytokine-like effects [56]. There are
a number of clinical conditions involving Trx such as acute ischaemic heart disease

and hepatocellular carcinoma [57, 58, 59, 60].

Peroxiredoxins Peroxiredoxins (Prx; thioredoxin peroxidases) are capable of di-
rectly reducing peroxides such as hydrogen peroxide and different alkyl hydroperox-
ides [61]. Prxs are also efficient peroxynitrite reductases [62, 63]. They share a com-
mon reactive Cys residue in the N-terminal region and use thioredoxin or glutathione
as the electron donor [64]. There are 13 known members of peroxiredoxins and six
subclasses are expressed in mammalians [61, 65, 66]. The oxidized Prx formed in
the catalytic cycle in mammalian cells can be reduced by Trx [61]. Peroxiredoxins
have been shown to inhibit apoptosis induced by p53 [67] and by hydrogen per-
oxide (H20O5) [68]. Recent evidence suggests that they regulate peroxide-mediated

signaling cascades [64].

Glutathione peroxidases GPxs catalyze the reduction of hydrogen peroxide and
organic hydroperoxides to water or corresponding alcohols using water or reduced
GSH as an electron donor. The activity of GPx was first described in 1957, and its
function was hypothesized to be protection of red blood cells against hemolysis by
oxidation (later called GPx1) [69]. GPxs are believed to be the major components
of the human antioxidant defense.

In humans, there are seven known members of the family, five of which are sele-
noenzymes and the other two containing Cys instead of Sec. The GPx family includes
the following members: the ubiquitously expressed cytosolic GPx (cGPx/GPx1)
[70], a gastrointestinal specific enzyme which is exclusively expressed in gastroin-
testinal tract in rodents but also in liver in humans (GI-GPx/GPx2) [71, 72|, a
secreted protein found in plasma (pGPx/GPx3) [73], a ubiquitously expressed en-
zyme that acts on oxidized lipids, phospholipid hydroperoxide glutathione peroxidase
(PHGPx/GPx4) [74, 75, 73], a sperm nuclei specific enzyme (snGPx4) [76], and a

newly discovered glutathione peroxidase located in olfactory epithelium and embry-



onic tissues (GPx6) [76]. The nonseleno variants include the GPx5 with restricted
expression to the epididymis [77] and the ubiquitously expressed nonselenocysteine
(NPGPx/GPx7) [78]. These enzymes differ in their tissue distributions and their
substrate specificity for peroxide degradation [79]. The common feature of seleno
GPxs is the conserved catalytic triad containing Sec, Gln, and Trp, which act through
oxidation and reduction of Sec during the catalytic cycle. GPx1,2 and 3 act as ho-
motetrameric proteins, whereas GPx4 functions as a monomeric enzyme.

GPx1 is a ubiquitous cytosolic enzyme and can reduce hydrogen peroxide and
some organic hydroperoxides including cholesterol and long-chain fatty acid perox-
ides, but not fatty acid hydroperoxide in phospholipids [80]. It uses restrictively
glutathione as reducing substrate, thus GPx1 activity is often discussed in parallel
with glutathione reductase activity, which maintains a constant supply of GSH from
GSSG for enzyme activity [79]. Studies with genetically modified mice provided
information on the physiologic functions of GPx1 [81, 82]. Mice deficient in the
cellular GPx1 are healthy and fertile without increased oxidative stress or sensitivity
to hyperoxia suggesting that GPx1 plays a limited role during normal development
and under physiological conditions [83]. However, GPx1 was found to be the ma-
jor mediator of the protective effects of selenium in mice subjected to paraquat and
H,0, induced oxidative stress [84, 85].

GPx2 is found in the cytosol and functions as a tetramer. It has a high sequence
identity and similar substrate specificity with GPx1 [72]. GPx2 knockout mice also
develop normally, however, the absence of both GPx1 and GPx2 resulted in growth
retardation and colitis, which led to ileal tumor formation [72, 86]. Interestingly,
Gpx2, but not Gpx1, was sufficient in rescuing these phenotypes, suggesting a specific
role of GPx2 in protecting the gastrointestinal tract against inflammation and cancer
development [86]. GPx2 is predicted to have a vital function based on the high
stability of its mRNA under selenium-limiting conditions and the rapid production

of the GPx2 protein during selenium repletion compared to other selenoproteins [87].



1.1.3 GPx4

An interesting characteristic of mammalian selenoproteins is the so-called selenium
hierarchy, which determines whether or not a selenoprotein is expressed under sele-
nium deficiency and GPx4 has a very high rank within this hierarchy based on its
stable expression even when selenium is rare, indicating a strong dependence on this
selenoprotein [88].

GPx4 was originally identified as an inhibitor of lipid peroxidation in pig livers
with peroxidative activity on phosphatidylcholine in liposomes and biomembranes
in the presence of GSH [89, 90] and later detected in human tumor cell lines [91].
Although the active site of GPx4 is highly similar to the other enzymes in the family,
the overall sequence similarity is lower than 50% [92].

In addition to being a major antioxidant enzyme, GPx4 is especially important
since it has been implicated in the regulation of various processes including sperm
maturation [93], gene expression [94], development [95, 96|, eicosanoid biosynthesis
[97], chromatin condensation [98], DNA damage [99] and cell survival or cell death
in several studies [100, 101, 102, 103, 104, 95]. Moreover, GPx4 deletion is lethal

during embryogenesis [95, 96].
Biochemical and cellular functions of GPx4

GPx4 is a peculiar member of the GPx family due to a couple of reasons. For
instance, whereas the other GPx enzymes function in tetrameric forms, GPx4 was
found to be a monomeric enzyme [91] containing a single Sec [90]. GPx4 shares the
structural preconditions for its enzymatic activity with the other GPx isoforms with
a broad affinity toward its substrate hydroperoxides and its reducing equivalents.
In contrast to other GPx isoforms, the active site of GPx4 does not contain an
exposed surface loop providing the hydrophobic surface to be accessible allowing close
associations with membranes and lipoproteins [105]. In addition to reducing small
hydrophilic peroxides such as hydrogen peroxide, GPx4, with its unique structural
advantage, can act on more complex substrates such as phospholipids or cholesterol

hydroperoxides incorporated into membranes or lipoproteins [90, 106, 107]. As an
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enzymatic antioxidant, it is capable of reducing a large array of hydroperoxy lipids
including peroxidized phospholipids and cholesterol esters [107]. More importantly,
GPx4 is the only enzyme in the family whose deletion is lethal during embryogenesis
[95, 96].

GPx4 uses GSH as reducing agent when it is sufficient. In the case of GSH limi-
tation GPx4 has the capacity to accept thiol groups in proteins as reducing agents,
for instance, in developing sperm cells [108]. GPx4 is crucial during development
owing to the Cys residues on its protein surface, which are critical for its catalytic
cycle and have been implicated in its ability to form extensive enzymatically inactive
protein polymers in addition to the thioloxidase activity that induces protein cross-
links [108, 109, 110]. GPx4 is expressed at low levels in most mammalian cells, but
at high levels in the testis [87]. Low testicular levels of GPx4 have been related to
male infertility [111], but these alterations could not be linked to naturally occurring
mutations in the GPx4 gene [112].

The human GPx4 gene is located on chromosome 19, and three different GPx4
variants (cytosolic isoform (c-GPx4), mitochondrial isoform (m-GPx4), and nuclear
isoform (n-GPx4)) originate from this gene [87, 95] (Figure 1.4). The three differ-
ent isoenzymes exhibit similar enzymatic properties but they can be distinguished
by their specific N-terminal sequences that are determined by alternative usage of
three translational initiation sites [100, 113, 114, 115]. These different N-terminal
localization signals determine subcellular localization of the enzyme [87, 95].

The catalytic Sec residue at position 46 in GPx4 is believed to be important for
its function based on the observation that Sec to Cys conversion leads to strongly
impaired activity [116]. Kinetic analysis of the GPx4 reaction suggested a redox cycle
consisting of three elementary reactions (Figure 1.3). In the first step, hydroperoxy
substrate oxidizes selenol, which yields the selenic acid derivative. In the second
step, the oxidized enzyme reacts with a thiol group, mostly with reduced glutathione,
leading to seleno-disulfide bond. The last step is the reduction of the enzyme using
a second glutathione molecule, yielding one oxidized glutathione disulfide molecule.

A defect in this cycle causes an imbalance in the critical cellular GSSG/GSH ratio.
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Figure 1.3: Catalytic cycle of GPx4. The catalytic cycle consists of three consecutive
elementary reactions. The first step involves oxidation of the dissociated selenol by
the hydroperoxy substrate, yielding a selenic acid derivative. In the second step, the
oxidized enzyme reacts with a thiol group, mostly a reduced glutathione. The last
step of the catalytic cycle involves regeneration of the reduced enzyme by a second
glutathione molecule yielding one oxidized glutathione disulfide molecule.

GPx4 as a regulator of cell survival

Beyond its antioxidant activity GPx4 is implicated as a regulator of cell survival
protecting cells from various apoptotic triggers and cell death. For instance, over-
expression of GPx4 is shown to be protective against hydroperoxide-mediated injury
in different studies [102, 117, 100]. GPx4 expression also rescued cell death due to
oxidative stress in Burkitt lymphoma cells at low cell density [118]. over-expression
of mitochondrial, but not cytosolic form suppressed hypoglycemia-induced apoptosis
in RBL-2H3 cells by preventing the cytochrome ¢ (cyt c) release from mitochondria
[119, 101]. On the other hand, Schneider et al. showed that deletion of mitochondrial
GPx4 causes male infertility but does not interfere with embryogenesis and postna-
tal development in a study with mice lacking specifically the mitochondrial isoform
[120]. Furthermore, the study comparing the roles of the GPx4 isoforms demon-
strated that the short form of GPx4 lacking the N-terminal mitochondrial signal is
present in somatic tissue mitochondria and is essential for survival in mice, whereas

the long form is important for male fertility [121].
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GPx4 over-expression has been reported to suppress cell death in several different
studies. over-expression of GPx4 prevented oxidant-induced toxicity leading to apop-
tosis in rabbit aortic smooth muscle cells [122]. In a study with human breast cancer
cells (MCF-7), GPx4 provides significant protection against singlet oxygen-generated
lipid peroxidation and remarkably increases cell survival [123]. Hurst et. al showed
that GPx4 over-expressing breast tumor epithelial cell line is highly protected against
cholesterol hydroperoxide-induced lethality [124]. Nomura et. al demonstrated that
over-expression of mitochondrial GPx4 but not non-mitochondrial forms prevented
apoptosis via reversing the release of cyt ¢ from mitochondria and the activation of
caspase-3 upon exposure to 2-deoxyglucose and also etoposide, staurosporine, UV ir-
radiation, cycloheximide, and actinomycin D [101]. Another study, using transgenic
mice either overexpressing GPx4 or deficient in GPx4, demonstrated the protective
effects of the enzyme against cyt ¢ from mitochondria [125].

The major phenotypes of GPx4 deficiency are extensive membrane oxidation and
cell death [103, 126]. Interestingly, neuronal degeneration in GPx4 deficient cells
does not involve caspase activation, but instead leads to the activation of apoptosis

inducing factor (AIF)-dependent pathway [103].

GPx4 in development

In addition to its antioxidant and antiapoptotic features, GPx4 is shown to be
vital during development and its deletion is lethal during embryogenesis [95, 96].

During different stages of development in tissues, the transcriptional regulation
of different GPx4 isoforms seems to have importance indicated by their tight and
distinct regulation of expression. Interestingly, GPx4 has a unique cellular distribu-
tion in brain and during development is expressed in principal neurons of the brain
[83, 127]. During early stages of embryonic development (E6.5-E15.5), m-GPx4
and c-GPx4 are expressed in similar profiles, however, in later developmental stages
(E16.5) and after birth, the concentration of the m-GPx4 decreases, whereas c-GPx4

mRNA remains unchanged [104]. It has been implicated as a structural protein in
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sperm maturation based on its ability to use protein thiol groups of neighbouring
proteins as substrate when under glutathione limitation [93, 120]. During late sper-
matogenesis the predominantly expressed form is the nuclear isoform, which is not
detected in most other cells and tissues [115]. However, surprisingly mice carrying a
targeted deletion of only the nuclear variant of GPx4 using advantage of its unique
promoter, do not show any lethality unlike the full knockout animals, ruling out any
significant contribution of the nuclear form of GPx4 to mouse development. Besides
their full viability, males were fully fertile without any morphological alterations in
the sperms despite the high expression of nuclear form in the sperms. On the other
hand, the cells isolated from these mice show delayed chromatin condensation and
this observation has been related to the sulfhydryl oxidase activity of n-GPx4 [98].
Whereas deletion of the nuclear form is compatible with spermatogenesis, deletion

of the mitochondrial form causes abolished spermatogenesis [120].

GPx4 in cell signaling

The major phenotypes of GPx4 deficiency are extensive membrane oxidation and
cell death [103, 126]. GPx4 has been shown to inhibit arachidonic acid-metabolising
enzymes such as lipooxygenase (Lox) and cyclooxygenase (Cox). These enzymes
require a certain hydroperoxide state for their enzymatic activity, which depends on
cytoplasmic GPx4 activity on the regulation of the cellular redox balance by reducing
lipid hydroperoxides [128, 129, 130, 97, 131, 132]. It was shown that down-regulation
of GPx4 due to selenium depletion leads to an increase in Lox activity [97]. In
another study with a human carcinoma cell line, knock-down of GPx4 is shown to be
leading to upregulation of Lox and Cox1 [132]. On the other hand, over-expression
of GPx4 is shown to impair arachidonic acid metabolism [131]. Recently, GPx4 has
been shown to have role in tumor angiogenesis via suppressing lipid peroxidation
derived from 12/15-Lipoxygenase (12/15-Lox) activity or cyclooxygenase-2 (Cox2)
possibly via modulation of ROS sensitive tyrosine kinase signaling pathways [133,

134, 135)].
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GPx4 has previously been shown to modulate the activity of transcription factors
including nuclear factor kappa B (NFxB) and Nrf2 [136, 137, 138, 139]. Wenk et al.
showed that cells overexpressing GPx4 exhibited impaired NFxB activation, elevated
phosphorylation and nuclear translocation of p65 and as a consequence reduced inter-
leukin 6 (IL6) release concluding that lipid peroxides initiate the NFxB-mediated in-
duction of IL6, which results in the induction of MMP-1, a matrix metalloproteinase
frequently upregulated during invasion and metastasis of various tumors [139]. The
impact of GPx4 expression on NFxB activity in embryonic development has not yet
been investigated, however impaired NFxB activation has been shown to cause em-
bryonic lethality due to increased apoptosis of the liver parenchyma and impaired
embryonic hematopoiesis [140].

In addition to being the major antioxidant to eliminate destructive lipid perox-
ides, GPx4 also reduces thymidine peroxides, suggesting a possible role for GPx4 in

the repair of DNA damage [99].

Regulation of expression

Three different mRNA species have been shown to be transcribed from the GPx4
gene [75, 141, 74, 142]. In mice exon 3 contains the Sec codon and exon 7 encodes
the cis-acting Sec insertion sequence [143]. Figure 1.4 illustrates the structural
orientation of GPx4 gene. Transcripts, which start from the most upstream tran-
scription initiation site of the gene in exon 1, contain translational start sites for
the mitochondrial and the cytosolic GPx4 [141]. This start site is dominantly used
in spermatogenic cells, but the mechanisms that induce transcription from this site
remain largely unknown. A second transcription initiation site is located in exon 1la
corresponding to ubiquitously expressed mRNA in most mammalian cell types that
contains the translational start site only for the cytosolic isoform. The corresponding
regulatory region represents the promoter of a housekeeping gene, that is a classical
TATA-box under the control of general transcription factors [144]. The third tran-
scription initiation site is located upstream of exon 1b and generates mRNA species

coding for the nuclear GPx4 [142]. Transcription from this site is regulated by the
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cAMP-response element modulators [76].

All three isoforms of GPx4 are found in early mouse embryos and at later stages
GPx4 expression is detected in most developing organs in particular the limbs [104,
145]. Whereas the mRNA levels for the cytosolic GPx4 remain mostly constant
throughout embryonic development, expression profiles of mitochondrial and nuclear
isoforms appear to be under stage-dependent control with similar expression kinetics,
namely, reduction in expression at later stages of embryonic development compared
to the early stages [104].

To explore the role of GPx4 during embryonic development, targeted constitutive
GPx4 knockout mice were generated [95, 96]. In contrast to the other enzymes in the
GPx family, GPx4 knockout was lethal during midgestation suggesting that GPx4
enzymatic activity is vital at this embryonic stage [95, 96, 105]. The developing
brain appears to be the dominant site for GPx4 expression in embryonic mice and
rats and the suppression of expression leads to abnormal development of mid and
hindbrain structures [104, 127].

During the development, one of the key functions of GPx4, namely its anti-
apoptotic activity, seems to be the determining factor for GPx4 expression regulation.
In developing embryos, GPx4 expression correlates with areas of reduced apoptosis
in developing limbs [146]. Also, impaired GPx4 expression in developing embryos
resulted in increased DNA fragmentation as an indicator of increased apoptotic cell
death [104, 95]. These data suggest that the local and stage dependent expression
of GPx4 during development is mainly determined by its anti-apoptotic function.

Mice carrying a targeted deletion of only the nuclear variant of GPx4 taking
advantage of its unique promoter, do not show any lethality unlike the full knock-
out animals, ruling out any significant contribution of the nuclear form of GPx4 to
mouse development. Besides their full viability, males were fully fertile without any
morphological alterations in the sperms despite the high expression of nuclear form
in the sperms [98].

The molecular mechanisms controlling the complex isoform-specific expression

patterns of GPx4 in different tissues are not fully understood. Several promoter
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sites and transcription factors revealing a complex network of functional interactions
have been identified so far using mostly reporter gene assays and most of them are
confirmed to be conserved between human and mice [144, 147, 148]. Main regulatory
sites identified are illustrated in Figure 1.4.

In addition to transcriptional regulation, post-transcriptional modifications such
as alternative splicing also play role in the regulation of GPx4 on the basis of different

signaling stimuli or developmental stages [129, 149, 76, 150, 151].
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Figure 1.4: Structure of the GPx4 gene, encoding isoenzymes of GPx4. GPx4 gene
is illustrated with the mRNA variants and the corresponding promoter regions. Im-
portant regulatory elements are shown with regard to the promoter regions.

1.2 Erythropoiesis

More than 5 liters of blood circulate in an average human adult body. Blood deliv-
ers immune cells to the potential sites of infection and contains platelets that can
form a plug in a damaged blood vessel to prevent blood loss. Most importantly it
carries oxygen and nutrients to living cells and takes away the waste products via

erythrocytes [152].
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Every second, 2-3 million red blood cell (RBC) are produced in the bone marrow
(BM) and released into the circulation. They are the most common cell type in
the blood (4-6 million cells in cubic millimeter blood). With a diameter of 6-8
pm, RBCs have the ability to squeeze in through the smallest blood vessels. They
circulate around the body for up to 120 days in humans and 60 days in mice [153].
The old or damaged RBCs are removed from the circulation by macrophages in the
spleen and liver [152]. The mature RBC lacks a nucleus, allowing the cell to store
more hemoglobin, consequently enabling more oxygen transport [152].

The term erythropoiesis is used to describe the process of RBC formation or
production, by which the hematopoietic stem cells differentiate into mature, non-
nucleated erythrocytes (Figure 1.5). The process works via a physiological feedback
loop through the hormone erythropoietin (EPO). EPO is produced mainly in the
kidney in response to hypoxic stress. After its release into the circulation EPO
binds to EPO receptors on the erythrocyte progenitor cells and stimulates the RBC
production in BM. An increase in RBC mass, in turn, relieves the hypoxia and
decreases EPO production [154, 155].

The EPO gene is known to consist of five exons, with important regulatory ele-
ments downstream of the gene. The critical element for the regulation of the EPO
gene during hypoxia is the 3" enhancer that is the binding site for hypoxia-inducible
factor 1 (HIF1) [156, 154]. Adaptation to hypoxia has a considerable clinical im-
portance, as it influences the pathophysiology of common diseases such as anemia,
polycythemia, tissue ischemia and cancer [157, 158, 154].

The rate of RBC production increases dramatically in response to clinical or
physiologic stimuli that threaten tissue oxygenation, via enhanced proliferation of

erythroid progenitors [159].

1.2.1 Anemia

Anemia is defined as a state in which the quality or quantity of circulating RBCs are
below normal. Blood hemoglobin (Hb) concentration is used as a key indicator of

anemia since it can be measured directly [160]. The degree of anemia may be scaled
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Figure 1.5: Erythropoiesis regulation. The development of erythrocytes in the bone
marrow is regulated by the hormone erythropoietin that stimulates the differen-
tiation of myeloid progenitor cells into erythroid precursors. Beginning with the
proerythroblasts there are intermediate stages before the formation of enucleated
reticulocytes. These cells are released into the circulation where they mature into
functional erythrocytes. Before the maturation the cells express transferrin receptor
CD71, which is important for the iron regulation. The maturation to erythrocytes
results in loss of CD71 expression. TER119, which is associated with Glycophorin
A, is a common marker for erythroid cells from the early erythroblasts to mature
erythrocyte stages of development.

as mild, moderate, and severe anemia based on Hb levels. The National Cancer
Institute and others have agreed on the following classification for anemia: mild, Hb
10 g/dL to normal limits; moderate, Hb 8.0 to 10.0 g/dL; severe, Hb 6.5 to 7.9 g/dL;
and life-threatening, Hb less than 6.5 g/dL [160].

The body tries to counterbalance the effects of anemia by several mechanisms:
first, the red cells of anemic patients generate increased amounts of phosphoglyc-
erate, which leads to a decrease in oxygen affinity to Hb and increase in oxygen
dissociation [160]. Second, increased cardiac output can compensate for the pe-
ripheral oxygen deficiency [160]. Also, the increase in the respiratory rate improves
blood oxygenation [160]. In addition, blood is shifted from nonvital donor organs
to oxygen-sensitive recipient organs such as muscle, heart, kidneys, and central ner-
vous system [160]. Increased oxygen supply of vital organs also can be achieved by

reduction of pH in tissues and capillary blood leading to more efficient unloading of
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oxygen from Hb [160]. Furthermore; the rate of red cell production may increase as
a response to compensatory EPO release [160].

Interestingly, GSH deficiency has been shown to cause a compensated hemolytic
anaemia [161]. This phenotype is claimed to be related to the essential function of

GSH in maintaining the cell membrane integrity.

Indicators of anemia in complete blood count

RBC RBC count shows the total number of RBCs in dL of blood. Low RBC count

is the main indicator of anemia.

Hb The test measures the amount of Hb in blood and is a good indicator for the
ability of blood to carry oxygen throughout the body. Low hemoglobin levels might
indicate anemia. The average level for mice is 15.6-16.2 g/dL [162].

HCT Hematocrit (HCT) test, also called packed cell volume test, measures the
amount of volume red blood cells take up in the blood. The value is given as a
percentage of red blood cells in a volume of blood. The average normal levels for
mice are between 48.1-51.1 % [162].

The normal values for wild type B6 mice of RBC, Hb, HCT and reticulocytes are
listed in Table 1.1.

RBC indices (MCV, MCH and MCHC) There are three main red blood cell
indices: mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),
and mean corpuscular hemoglobin concentration (MCHC). MCV shows the size of
the red blood cells. MCH value is the amount of hemoglobin in an average red blood
cell. MCHC measures the concentration of hemoglobin in an average red blood
cell. These numbers help in the diagnosis of different types of anemia. Red cell
distribution width (RDW) is another parameter that can be used for diagnosis. This
shows whether the cells differ in size or shape. The average normal levels for mice

are: MCV, 47.6-48.4 fL, MCH, 15.6-16.0 pg and MCHC, 32.6-33.1 g/dL [162].
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Table 1.1: Blood count values for C57BL/6J mice

Female Male
Mean | SD Mean | SD
RBC (10%/uL) | 10.2 +0.584 | 10.3 +0.548
Hb (g/dL) 16 +1.22 | 16 +1.21
HCT (%) 49.8 +£3.99 | 50.3 +3.68
Ret (10%/L) 449 +272 427 +120

Data from http://phenome.jax.org.

1.2.2 Role of ROS in RBC development and anemia

Recent evidence suggests that oxidative stress contributes significantly to the regula-
tion of hematopoietic cell homoeostasis. Especially the RBC and hematopoietic stem
cells are highly sensitive to ROS accumulation. Potential DNA damage due to ROS
accumulation causes alterations in hematopoietic stem cell cycle. These abnormal-
ities may lead to accelerated aging of hematopoietic stem cells or to hematopoietic
malignancies [163]. In erythrocytes, imbalanced ROS accumulation often leads to
hemolysis and shortened life span [163].

Regulation of oxidative stress is particularly important to erythropoiesis [163].
Erythroid precursors synthesize and accumulate hemoglobin as they mature. In ad-
dition, insertion of iron to heme in mitochondria of erythroid precursors requires
oxidation reactions [163, 164]. In most cells, the major source of ROS is the mito-
chondrion [165]. However in mature red cells, lacking mitochondria, the major source
of ROS is the oxygen carrier protein Hb, which undergoes autoxidation to produce
superoxide [164]. Circulating erythrocytes are highly prone to oxidative damage
since they carry oxygen bound to hemoglobin and for this reason ROS regulation in
RBCs has particular importance.

It has been shown in several studies that compromised protection from ROS,
for instance due to enzymatic deficiencies in intracellular reductive molecules or in
molecules that protect globin, results in diseases of RBCs, associated mainly with

shortened life span and with hemolysis, leading to anemia [166, 167, 168, 169]. In
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some cases increased proliferation and differentiation of erythroid progenitors can
compensate for the loss of erythroid cells and might lead to splenomegaly. In order
to avoid such anomalies, erythroid cells rely on several antioxidant enzymes that
protect the cells against oxygen radicals such as GPx1, as proved to be important
using a deficient mouse model by Johnson et al. [163, 170]. Additional studies
showed that several antioxidant mechanisms are involved in the homoeostasis of
erythrocytes such as; superoxide dismutases, catalase and glutathione peroxidases,
and nonenzymatic scavengers such as glutathione, Prx, ascorbic acid, and carotenoids

[171, 172, 173, 174, 175, 166].

1.3 Mechanisms of cell death

Cell death is a fundamental cellular response that has a crucial role in tissue ho-
moeostasis by eliminating unwanted cells. Programmed cell death is the general
name of genetically regulated cell death. In addition to apoptosis, autophagic cell
death and necroptosis are also categorized as the alternative mechanisms of cell death.
Moreover, there are some other mechanisms that are distinct from the typical forms,
such as; epidermis specific cornification, mitotic catastrophe occurring after a failed
mitosis, anoikis-associated cell death due to loss of the attachment, poly ADP-ribose
polymerase (PARP)1 and AIF dependent parthanatos, caspase-1 dependent pyrop-
tosis and caspase 1 independent pyronecrosis [176, 177]. Recently, ferroptotic death
is defined as a morphologically, biochemically, and genetically distinct mechanism of
cell death, which is based on the iron-dependent, oxidative death [178]. Different

forms of cell death are summarized in Table 1.2.

1.3.1 Apoptosis

Apoptosis is the first described form of regulated cell death based on some prin-
ciple morphological features [179]. Key features of apoptosis include cleavage of
cytoskeletal proteins by proteases, reduction of cellular volume, chromatin conden-
sation, nuclear fragmentation, and the formation of plasma-membrane blebs. Unlike

necrosis, plasma membrane integrity is preserved until late in the process of apoptosis
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Table 1.2: Features of different forms of programmed cell death

Apoptosis Non-Apoptotic
Cell blebbing Autophagosomes Organelle swollen
Morphology | Chromatin condensation Autolysosomes Early cytoplasmic membrane rupture
Cell shrinkage
Biochemical Caspase activation mTOR suppression | TNFR1 activation PARP activation
features Atg activation ATP depletion
HMGBI1release
Key Mitochondria Lysosomes Cell membrane Nuclei
organelles Autophagosomes
Key Caspases Atgs RIP1 PARP
Regulators Bcl-2 family mTOR RIP3 AMPK
11T PtdIns3K JNK
Main Cell death ligands Starvation Cell death ligands | DNA damage agents
inducers DNA damage agents mTOR inhibitors
Caspase inhibitors ‘Wortmannin necrostatin PARP inhibitors
Chemical 3-MA
inhibitors Chloroquine
(180, 176].

Several pathways have been identified in the regulation of apoptotic cell death.
The two major pathways are death receptor mediated signaling and mitochondria
mediated signaling (also called intrinsic pathway). Binding of death ligands such
as TNF, FASL (also known as CD95L) or TNF-related apoptosis-inducing ligand
(TRAIL) to the death receptors (TNF receptor family) recruits the adaptor pro-
tein FAS-associated death domain (FADD). FADD in turn recruits caspase 8, which
ultimately activates caspase-3 as the executioner of apoptosis [181, 182, 183, 180].

Interplay between proapoptotic and antiapoptotic members of the pro-apoptotic
B cell lymphoma 2 (Bcl2) family controls the mitochondrial apoptotic pathway [184].
Initiators of the pathway include intracellular reactive oxygen species, DNA damage
and the unfolded protein response. The basic mitochondrial pathway of apoptosis in
vertebrates begins with the permeabilization of the mitochondrial outer membrane
by proapoptotic members of the Bel2 family, resulting in a release of proteins such
as cytochrome c from the mitochondria to cytosol [185, 186] . Cytochrome c release
triggers recruitment of caspase-9 to form the apoptosome. Activated caspase-9 than

cleaves and activates the executioner caspases [187, 188, 189)].
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The inability of caspase inhibitors to completely protect cells from death lead

researchers to identify caspase-independent programmed cell death mechanisms.

1.3.2 Autophagy

Autophagy (from Greek, self-eating) is a highly regulated cellular process that me-
diates the degradation of intracellular components, single macromolecules and or-
ganelles inside lysosomes [190, 191]. Autophagy was first described by Christian
de Duve in 1963 as a lysosome-mediated degradation process for non-essential or
damaged cellular elements [192, 193, 194]. Physiologically, it preserves the balance
between organelle biogenesis, protein synthesis and their clearance [195].

There are three classes of autophagy described based on how protein substrates

are localized to the lysosome for degradation:

Macroautophagy Macroautophagy (generally referred to as autophagy) is a multi-
step process, involving the formation of double-membrane vesicles known as au-
tophagosomes. Autophagosomes mature and fuse with lysosomes to degrade their
contents in the acidic environment mediated by acidic hydrolases. More than 30
autophagy proteins (Atgs), which are conserved from yeast to mammals, participate

in autophagy at different steps throughout the process [196, 197].

Microautophagy Microautophagy is a process in which lysosomes directly wrap
around cytosolic constituents and ingest cargo by membrane involution [198, 199,

200).

Chaperone-mediated autophagy Chaperone-mediated autophagy (CMA) tar-
gets chaperones to proteins that contain a motif biochemically related to the pen-
tapeptide KFERQ. The chaperone/protein complex then binds to lysosome-associated
membrane protein-2A (LAMP-2A) receptors on the lysosomal membrane, and translo-
cates the target proteins into the lysosomes for degradation [201, 202].

The data from the mouse studies revealed Atgh, Atg7 and beclin-1 as essential

elements for autophagy. Autophagy starts with the stepwise engulfment of cytoplas-
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mic material by the phagophore, which sequesters material in double-membraned
vesicles named autophagosomes or autophagic vacuoles. In most cases, the first
regulatory process involves the mTOR kinase, which inhibits autophagy by phos-
phorylating Atgl3. This phosphorylation attenuates the Atgl kinase activity upon
dissociation of Atgl3 from Atgl and Atgl7. When mTOR is inhibited, reassociation
of dephosphorylated Atgl3 with Atgl stimulates its catalytic activity and induces
autophagy:.

Vesicle nucleation involves the activation of mammalian Vps34, class III phos-
phatidylinositol 3 kinase (PI3K). Vps34 activation depends on the formation of a
multiprotein complex, which includes beclin-1.

Vesicle elongation process is regulated by two ubiquitin-like conjugation systems.
One pathway involves the covalent conjugation of Atgl2 to Atgh with the help of the
E1-like enzyme Atg7 and the E2-like enzyme Atgl0. The second pathway involves the
conjugation of phosphatidylethanolamine to LC3 (Atg8 homolog) by the sequential
action of the protease Atg4, the El-like enzyme Atg7 and the E2-like enzyme Atg3.
Lipid conjugation leads to the conversion of the soluble form of LC3 (LC3-I) to the
autophagic-vesicle-associated form (LC3-II). Autophagosomes undergo maturation
by fusion with lysosomes to create autolysosomes. In the autolysosomes, the inner
membrane as well as the luminal content of the autophagic vacuoles are degraded
by lysosomal enzymes acting exclusively in this acidic compartment [196, 190, 191].
Schematic illustration of regulation of autophagy is shown in Figure 1.6.

Defining the stages of autophagy and its progress in a tissue or cell is important
for understanding its function and regulation. There are several methods for the de-
tection and analysis of autophagy. Ultrastructural analysis by Electron microscopy
(EM) of autophagosomes is one of the most classical approaches for the detection of
autophagy based on its unique morphological characteristics [196, 193]. Another
widely used tool for detection of autophagy is monitoring the post-translational
modifications of LC3. LC3-1 and LC3-IT can be distinguished by their difference
in mobility on gel electrophoresis. LC3-II insertion into the autophagosomal mem-

brane is a consistent key step in autophagosomal formation, and its level reflects the
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relative amount of autophagosomes in the cell [203, 196, 204].
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Figure 1.6: Molecular mechanisms of autophagy. Autophagy starts with the en-
gulfment of cytoplasmic material by the phagophore, which sequesters material in
double-membraned vesicles named autophagosomes. The first regulatory process in-
volves the mTOR signaling, which inhibits autophagy by phosphorylating Atgl3.
This phosphorylation leads to the dissociation of Atgl3 from a protein complex that
contains Atgl kinase and Atgl7, and thus attenuates the Atgl kinase activity. When
mTOR is inhibited, reassociation of dephosphorylated Atgl3 with Atgl stimulates
autophagy. Among the initial steps of vesicle nucleation is the activation of mam-
malian Vps34, a class III PI3K. Vps34 activation depends on the formation of a
multiprotein complex in which beclin-1, UVRAG, Vps15. Bcl2 and Bel-XL act as
main regulators. Two ubiquitin-like conjugation systems are part of the vesicle elon-
gation process. One pathway involves the covalent conjugation of Atgl2 to Atgh,
with the help of the El-like enzyme Atg7 and the E2-like enzyme Atgl0. The sec-
ond pathway involves the conjugation of PE to LC3 by the sequential action of the
protease Atg4, the El-like enzyme Atg7 and the E2-like enzyme Atg3, leading to
the conversion of the soluble form of LC3 (LC3-I) to the autophagic vesicle associ-
ated form (LC3-IT). Autophagosomes undergo maturation by fusion with lysosomes
to create autolysosomes. In the autolysosomes, the inner membrane as well as the
luminal content of the autophagic vacuoles are degraded by lysosomal enzymes that
act optimally within this acidic compartment.

Under basal cellular conditions, the balance between protein synthesis and degra-
dation contributes to the maintenance of cellular homoeostasis and guarantees con-
tinuous renewal of proteome and organelles [205]. Failure of the autophagic system

results in marked accumulation of abnormal proteins and defective organelles, which
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leads to functional failure, and often to cell death [190]. Autophagy is also essen-
tial for cellular adaptation to environmental changes and in the cellular response to
extracellular and intracellular stressors, which explains its involvement in processes
such as cellular growth, differentiation, development, and host defense.

Among various biological functions of autophagy, its dual role in cell death and
cell survival is subjected to further investigation. On one hand, autophagy has been
described as an important cell survival mechanism, especially in cells under stress
conditions [206, 207]. On the other hand, it can lead to the cell death in which
autophagy itself serves as the executer of the cell death machinery [208]. So far,
although autophagic cell death and its physiological relevance in development have
mainly been established in lower eukaryotes and invertebrates such as Dictyostelium
discoideum and Drosophila melanogaster, it has never been shown to be the cause of

death in mammalian cells under physiologically relevant conditions [208, 191].

ROS and autophagy

Current findings implicate ROS in the regulation of autophagy through a variety
of stimulating factors depending on cell types [209, 210, 211, 212]. Conversely,
autophagy can also suppress ROS accumulation. The crosstalk between autophagy,
redox signaling and ROS is not well understood. It is suggested that accumulation
of toxic proteins and the decrease in mitochondrial function lead to further oxidative
stress when the autophagic process is disrupted [213, 195]. Dysregulated redox
signaling or mitochondrial dysfunction can also influence autophagic activities mainly
through ROS accumulation and the substantial by-products [195].

Under oxidative stress, large amounts of ROS oxidize proteins and alter their
functions. These oxidized proteins may form aggregates and become toxic to cells.
Autophagy is an effective mechanism for degradation of these oxidized proteins
[214, 215, 216]. CMA has been shown to degrade oxidized protein substrates [214].
Oxidative stress is also shown to induce autophagy-mediated degradation of oxidized

proteins in Arabidopsis [216].
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1.3.3 Necroptosis

Necroptosis refers to a specific form of caspase-independent, non-apoptotic or necrotic
cell death that is mediated by cell death ligands tumor necrosis factor oo (TNFa«),
FasL (CD95) and TRAIL via cell death receptors and a unique downstream signal-
ing pathway through the activity of the kinases receptor-interacting protein 1 (RIP1)
and receptor-interacting protein 3 (RIP3) [217, 218, 219]. It was first described in
murine fibrosarcoma 1929 cells treated with TNFa [220] and subsequently found in
many other cell types [221, 219]. The schematic illustration of the execution of the
pathway is shown in Figure 1.7.

Upon ligand binding, TNFR1 undergoes a conformational change that allows
the cytosolic portion of the receptor to recruit TNFR complex I, which includes
TRADD, RIP1, cIAPs, TRAF2 and TRAF5. cIAP-mediated ubiquitylation of RIP1
leads to recruitment of transforming growth factor § activated kinase 1 (TAK1),
TAK1-binding proteins TAB2 and TAB3, which activate the canonical NFxB path-
way. Conversely, deubiquitylation of RIP1 triggers caspase dependent or caspase
independent cell death. Normally, caspase 8 triggers apoptosis by activating the
classical caspase cascade. It also cleaves, and hence inactivates, RIP1 and RIP3.
If caspase 8 is inhibited, phosphorylation of RIP1 and RIP3 results in necroptosis
(Figure 1.7).

After the first description and designation of the name necroptosis by Degretev
et al. to the particular type of programmed necrosis [222], it was characterized as
a unique pathway of cell death that depends on the activity of the kinases RIP1
[223] and RIP3 [224, 225, 226]. So far, the described mechanisms of necroptosis
requires TNFR1 signaling upon binding of cell death ligands TNFa, FasL and TRAIL
and a unique downstream pathway that involves the activation of RIP1/RIP3 in
the case where caspases are inhibited or cannot be activated effectively [224, 219].
caspase 8 plays a critical role in modulating the molecular switch between apoptosis
or necroptosis in response to TNFR1 activation [227, 228].

To date, several molecules and pathways have been implicated as effectors of
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necroptosis including; PARP1 [229], AIF [230], ROS [231, 232], NADPH oxidase
1 (NOX1) [233], pro-apoptotic Bcl2 family members [234] and many others.

Identification of a potent small-molecule inhibitor of necroptosis, necrostatin 1
(nec-1), which targets RIP1, provided an important tool for the study of necroptosis
[222, 235]. Nec-1 is a small molecule that allosterically blocks the kinase activity of
RIP1. It inhibits necroptosis without affecting RIP1-mediated activation of NFxB,
mitogen-activated protein kinase p38 and JNKI.

The study by Xu et al. in HT-22 cells suggest that glutamate-induced glutathione
depletion leads to necroptotic cell death based on its inhibition with nec-1 [236].

ROS and necroptosis

Mitochondrial energy metabolism was linked to execution of necrosis first in the
early 1990s in L929 cells [231]. Mitochondrial ROS production as well as genera-
tion of lipid peroxides were shown to be essential prerequisites for execution of most
cases of TNF-dependent necrosis [221, 219]. Although ROS production is not es-
sential for all instances of TNF-induced necrosis, the kinase activity of RIP may link
TNFRI1 signaling, mitochondrial bioenergetics and ROS production [224, 219]. Non-
mitochondrial ROS production by the plasma membrane NADPH oxidase NOX1
also contributes to TNF-induced necrotic cell death [233]. TNF can stimulate ROS
formation by favoring JNK1-dependent degradation of the ubiquitous iron-binding
protein ferritin leading to an increase in redox-active iron [237]. To date, ROS are
identified as downstream mediators of TNF-induced necroptosis.

Recently, GPx family was identified as an effector in genome-wide siRNA screen
for regulators of necroptosis together with several other gene sets however the ex-
act mechanism of their involvement is not known [234]. Recently identified cell
death mechanism, ferroptosis is characterized by oncogenic RAS-selective lethal small
molecule erastin triggered iron-dependent cell death [178]. Despite its similarities
with necroptosis, the failure of its inhibition with nec-1 led to the distinction of this

pathway.
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Figure 1.7: TNFR1 elicited signaling pathways. Upon TNF binding, TNFR1 under-
goes a conformational change, allowing for the intracellular assembly of the TNFR
complex I, which includes TRADD, RIP1, cIAPs, TRAF2 and TRAF5. cIAP-
mediated ubiquitylation of RIP1 leads to activation of canonical NFxB pathway.
Conversely, deubiquitylation of RIP1 exerts lethal functions, which can be executed
by two distinct types of cell death; caspase dependent or caspase independent. The
internalization of TNFR1 is accompanied by a change in its binding partners that
leads to the cytosolic assembly the complex, consisting of TRADD, FADD, caspase
8, RIP1 and RIP3. Normally, caspase 8 triggers apoptosis by activating the classical
caspase cascade. It also cleaves, and hence inactivates, RIP1 and RIP3. If caspase
8 is inhibited, phosphorylated RIP1 and RIP3 engage the effector mechanisms of
necroptosis.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Mouse models
Mzxz1 Cre

The Cre recombinase is expressed under the control of the Mx1 promoter, an interferon-
responsive promoter silent in healthy mice, but can be induced to high levels of
transcription by administration of interferon alpha, interferon beta, or synthetic

double-stranded RNA [238].

Rosa26-CreER™?

A knock-in mouse line harboring the CreER?? coding region under the control of
the ROSA26 locus was created [239]. Cre recombinase expression is induced by
tamoxifen administration. Analysis revealed ubiquitous recombination in the embryo

and efficient recombination in peripheral and hematopoietic tissues.
GPx4/V T

Mice harboring a loxP flanked (floxed, fl) GPx4 allele were achieved by loxP sites
inserted to exons 5 to 7 of the gene [103]. Flp-mediated removal of the neo gene
was achieved by breeding floxed GPx4 mice with mice expressing Flp recombinase.
Germline transmissions of the loxP flanked GPx4 allele in mice allow conditional

knock-out in the presence of Cre recombinase.
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12/15-lipoxygenase knockout mice

Insertion of neomycin resistance cassettes with the help of a targeting vector con-
structed from genomic fragment containing exons 1-8 with the disruption of exon 3

led to 12/15-Lox deficient mice (strain name: B6.12952-Alox15tm1Fun/J) [240].
Atgr!h

Atg7 conditional knockout mice were obtained via the targeting vector designed to
conditionally disrupt exon 14, which is encoding the essential residue for activation

of the substrates, by Cre-loxP technology [241].

RIP3-deficient mice

Exons 1 to 3, encoding amino acids 1 to 158 of mouse RIP3, were replaced with a
PGK-neo selection cassette flanked by loxP sites and obtained ES cell clones with a

disrupted allele were injected into blastocysts to generate chimeric mice [242].

2.1.2 Chemicals, solutions and equipment

For the detailed list of chemicals and reagents that have been used, refer to Ap-

pendix A.1, A.2.

2.2 Methods

2.2.1 Animal experiments

Animal facility

All mice were grown and treated in a pathogen free animal facility according to

German national and EU regulations.
Genotyping

For the genotyping primers and protocols refer to Appendix A.4.
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Induction of Mx1 promoter

Mx1 promoter was induced by a single i.p. injection of 250 ul 1 mg/ml polyinosinic:

polycytidylic acid (poly I:C) dissolved in PBS.
Blood withdrawal and blood count

For blood count or flow cytometry analysis, blood was collected from the facial
vein. The mouse was anesthetized with isoflorane, the facial vein above the freckle
was pricked with a lancet and the blood was collected in a 1.2 ml KoEDTA blood
collection tube (Sarstedt).

For the complete blood count, the blood collected in EDTA was diluted 1:3-1:4
and analyzed with Sysmex XT-2000i using the complete blood count differential with
reticulocytes (CBC-Ret) protocol.

Serum separation

For serum analysis blood was collected directly in microcentrifuge tubes without
EDTA, incubated 20 minutes at room temperature (RT) for complete clotting and
centrifuged 10 minutes at 2000 g. The serum was transferred to a clean tube and

stored at -20°C.

Biotin labeling to determine the survival of peripheral erythrocytes and
reticulocytes

To determine the survival of erythrocytes and reticulocytes, the cells were labeled
with biotin [243]. For biotin labeling experiments mice were injected daily for 3 days
with biotin-nhs (1mg/day i.v.; Calbiochem, 203118) starting on the day of poly I:.C
administration (day 0). 100 pl blood was collected weekly starting from day 0 and

subjected for flow cytometry analysis.

Bone marrow transplantation

Preparation of the bone marrow: After sacrificing the mice, the bone marrow
from femur and tibia was flushed with sterile PBS (Invitrogen) using a 25 G nee-

dle, under sterile conditions. The cells were homogenized by pipetting and passed
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through a 100 pm cell strainer. The whole marrow was subjected to MACS (Mil-
tenyi) purification according to the manufacturers’ instructions for the separation of
the T cells, using FITC-anti-CD3 antibody (eBiosciences) and anti-FITC magnetic
beads (Miltenyi). The CD3 negative cells were dissolved in PBS at a density of 107

cells/ml.

Irradiation and transplantation: The recipient mice were subjected to whole
body v-irradiation of 9 Gy and injected i.v. with 1-2 x 10° cells. The transplanted
animals were kept on broad spectrum antibiotic water (1.4 mg/ml Ciprobay (Bayer))

for two weeks.

2.2.2 Cell isolation and primary cell culture

Isolation of splenocytes

After sacrificing the animals, the spleen was removed using sterile forceps and scis-
sors and placed into a petri dish in sterile PBS. The spleen was homogenized in
between two glass slides. The cell suspension was homogenized better by pipetting
for complete dissociation and was passed through a 100 um cell strainer. The cells

were centrifuged at 800 g for 5 minutes and resuspended in appropriate buffer.

Isolation of bone marrow cells

After sacrificing the mice, the bone marrow from femur and tibia was flushed with
sterile PBS (Invitrogen) using 25 G needle, under sterile conditions. The cells were
homogenized by pipetting, passed through a 100 pm cell strainer, centrifuged at 800

g for 5 minutes and resuspended in appropriate buffer.

2.2.3 Colony formation assay

Bone marrow cells were cultured in methylcellulose semisolid media with or with-
out a-tocopherol, nec-1 and nec-1i. O-dianisidine-positive erythroid colonies were

counted after 6-8 days.
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2.2.4 Culture experiments of fibroblasts

Primary mouse embryonic fibroblasts with floxed GPx4 alleles were isolated from
conditional GPx4 knockout embryos at E12.5 [103]. Cells were stably transfected
with MERCreMER (MER, mutated-estrogen receptor). MERCreMER is retained
in the cytosol by forming a complex with heat-shock protein 90 [244]. Only upon
addition of 4-Hydroxytamoxifen (4-OHT) to the culture medium MERCreMER is
released from the inhibitory complex and translocates to the nucleus where Cre-
mediated recombination takes place.

The fibroblasts were cultured under standard conditions in Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO) supplemented with 10% FCS (Biochrom) and 1%
penicillin/streptomycin (GIBCO). Deletion of GPx4 was induced with 1 uM 4-OHT
(Sigma) in 70% ethanol at a cell density of 2500 cells/cm?. Refer to Appendix A.1

for the detailed list of reagents used.
Cell counts

The cells were harvested with Trypsin/EDTA and counted with a hemacytometer in
the presence of 1% trypan blue. Trypan blue negative cells were considered as viable

cells.

siRNA mediated transfection

siRNA smart pools were purchased from Thermo Scientific Dharmacon (for detailed
information refer to Appendix A.3). Fibroblasts were seeded at 40% density 16
hours before transfection and starved for 2 hours before the transfection in OPTI-
MEM (GIBCO). The transfection was performed using lipofectamine (Invitrogen) in
the presence of 200 M siRNA and the cells were kept in transfection medium (OP-
TIMEM+Lipofectamine+siRNA) for 4 hours. The medium was changed to DMEM/
10%FCS/ 1% penicillin/streptomycin and the GPx4 deletion was induced 24 hours

after the transfection.
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Inhibitor treatments

All inhibitors were applied at the time of 4-OHT application. Nec-1 and inactive
compound (Calbiochem) were dissolved in DMSO and used at 2.5-25 ¢M. Human
recombinant TNFa (R&D systems) was used at 100 ng/ml, TAK1 inhibitor 5Z-7-
Oxozeaenol (Sigma) was used at 1 uM, caspase inhibitor 1 (zZVAD) (Calbiochem) was
used at 10 uM, TNF antagonist enbrel was used at 10 nM-1 uM, PARP inhibitor

Olaparib (Selleckchem) was used at 50 nM concentration.

2.2.5 Flow cytometry

Surface marker staining

For flow cytometry analysis the cells were washed with FACS buffer (2% FCS/2 mM
EDTA/PBS). Before the surface marker stainings, the cells were blocked for unspe-
cific binding for 10 minutes with CD16/CD32 blocking antibody (BDbiosciences)
diluted in FACS buffer 1:100. The cells were washed twice with FACS buffer with
centrifugation at 1500 rpm for 5 minutes. The cells were stained with the fluorophore
conjugated antibodies (0.1-0.2 ug/10° cells). The cells were washed twice with PBS
and used directly for flow cytometry analysis. In the case where promidium iodide
(PI) staining was done, PI was added directly on the cells just before counting.
For the detailed list of antibodies used for flow cytometry analysis please refer to

Appendix A.2.1.
Measurement of ROS accumulation

Redox sensitive fluorescent probe 5-6- chloromethyl-2’,7’- dichlorodihydrofluorescein
diacetate, acetyl ester, CM-HoDCFDA (DCF) (Invitrogen) was used to measure the
cellular ROS. 10° cells were labeled for 30 minutes at 37°C with 1 yM DCF in 50
ul RPMI. For the HyO treated cells the medium contained 100 nM H5O,. After
the incubation, the cells were washed with FACS buffer and stained for appropriate

surface markers and PI as described in Section 2.2.5.
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Measurement of lipid peroxidation

Cellular lipid peroxidation was detected via BODIPY 581/591 C11 (BODIPY). 10°
cells were incubated with 2 uM BODIPY for 60 minutes at 37°C in 100 ul RPMI.
After the incubation, the cells were washed with FACS buffer and stained for appro-

priate surface markers and PI as described in Section 2.2.5.

Annexin V staining

After surface marker staining (Section 2.2.5), the cells were resuspended in Annexin
V buffer containing Annexin V antibody. The cells were subjected to flow cytometry

after 15 minutes of incubation at room temperature.

BrdU incorporation analysis

Mice were injected i.p. with BrdU solution (100 mg/kg) in sterile PBS (APC BrdU
Flow Kit, BDPharmingen) 2 hours prior to sacrifice. Splenocytes were isolated as
described in Section 2.2.2. The cells were stained for surface markers as described
in Section 2.2.5. BrdU staining was performed according to the manufacturer’s in-
structions. In summary; the cells were fixed and permeabilized with BD Cytofix/
Cytoperm Buffer, treated with 300 pug/ml DNase for 1 hour at 37°C to expose in-
corporated BrdU, stained with a fluorescent antibody against BrdU and subjected

to flow cytometry analysis.

Reticulocyte maturation analysis

Reticulocyte maturation was monitored by staining total peripheral blood cells with
a-CD71, o-TER119, the DNA-binding dye thiazol orange (2 ug/ml) (Biomol) and
Mitotracker Deep Red (Invitrogen) that stains mitochondria.

Flow cytometry analysis

The cells were counted with FACScalibur (BDbiosciences) or with Galios flow cy-
tometer (Beckman Coulter) and the data was analyzed using the analysis software

FlowJo.
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2.2.6 Histology

Tissue preparation

After sacrificing the animals, the tissues were collected and fixed overnight in 4%
paraformaldehyde (PFA) at 4°C. The following day, fixed samples were dehydrated
in Leica dehydrator using the program in Table 2.1. After dehydration the tissues
were embedded in paraffin and stored at RT. For the histological stainings, 2-4 pum
sections were cut with a microtome and fixed on glass slides. Just before the histo-

logical stainings, the sections were deparaffinized and rehydrated using the protocol

described in Table 2.2.

Table 2.1: Tissue dehydration program

Reagent Time (minutes)
70% ethanol | 45
86% ethanol | 45
96% ethanol | 45
96% ethanol | 60
100% ethanol | 60
100% ethanol | 60
100% ethanol | 60

xylene 45
xylene 70
xylene 75

paraffin wax | 60

paraffin wax | 60

paraffin wax | 60

Immunohistochemistry

For immunohistochemistry stainings, after the sections were deparaffinized and rehy-
drated (Table 2.2) two different permeabilization protocols were followed: for surface
marker stainings the tissues were incubated in 0.3% Triton/PBS 10-20 minutes at RT
and for all nuclear or cytoplasmic stainings the sections were microwaved in antigen

unmasking solution (VectorLab) for 20 minutes, cooled down to RT and washed with
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Table 2.2: Deparaffinization and rehydration protocol

Reagent Time (minutes)

xylene

xylene

100% ethanol
100% ethanol
96% ethanol
96% ethanol
80% ethanol
80% ethanol
70% ethanol
70% ethanol
50% ethanol
50% ethanol
PBS

GUIN NN IN|IN[N|N|N|N|DND| Ot Ot

Table 2.3: Section dehydration protocol

Reagent Time (minutes)
50% ethanol
70% ethanol
80% ethanol
96% ethanol
100% ethanol

xylene

U N[NNI NN

ot

xylene
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PBS. In order to block endogeneous peroxidases the sections were incubated in 3%
H50,/PBS solution for 5 minutes. To avoid unspecific binding of the antibody the
sections were blocked with 3% BSA/PBS+streaptavidin (VectorLab) for 30 minutes
at RT. After blocking, the primary antibody was applied in 3% BSA/PBS+biotin
(VectorLab) in variable conditions (Appendix A.2.3). The sections were intensively
washed with PBS for 15-30 minutes and incubated with the appropriate biotin con-
jugated secondary antibody for 30 minutes at RT. After being washed twice with
PBS for 5 minutes each, the slides were incubated for 30 minutes at RT with ABC
complex containing avidin DH and biotinylated horseradish peroxidase H reagents
(VectorLab). For the color reaction DAB kit (VectorLab) was used that consist of
3,3’-diaminobenzidine, the reaction buffer and peroxide, all mixed fresh just before
starting the reaction. The reaction was stopped with distilled water after the vi-
sualization of the color reaction under microscope. The sections were stained with
hematoxylin for 1 minute for counter staining. After washing 3 times with distilled
water the sections were dehydrated according to the protocol in Table 2.3, air dried

completely and covered with mounting medium (VectorLab) and a cover slide.
Immunohistofluorescence

For immunofluorescent stainings, after the sections were deparaffinized and rehy-
drated (Table 2.2) two different permeabilization protocols were followed: for surface
marker stainings the tissues were incubated in 0.3% Triton/PBS 10-20 minutes at
RT and for all nuclear or cytoplasmic stainings the sections were microwaved in anti-
gen unmasking solution (VectorLab) for 20 minutes, cooled down to RT and washed
with PBS. To avoid unspecific binding of the antibody the sections were blocked
with 3% BSA/PBS for 30 minutes at RT. After blocking, the primary antibody was
applied in 3% BSA/PBS in variable conditions (Appendix A.2.3). In some cases
fluorophore-conjugated primary antibodies were used and in other cases, the sections
were intensively washed with PBS for 15-30 minutes and incubated with the appro-
priate fluorophore-conjugated secondary antibodies for 30 minutes at RT. After being

washed twice with PBS, the sections were shortly dried and covered with DAPI con-
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taining conservation medium (ProLong Gold, Invitrogen) enabling counter staining
of the cell nucleus via binding with the DNA. The sections were either directly used

for imaging or stored at 4°C in dark.

TUNEL assay

TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay was used to label
apoptotic cells. The staining was carried out with the commercial kit ApoAlert DNA-
Fragmentation Assay (Clontech) using the protocol for PFA-fixed, paraffin embedded
samples. After the sections were deparaffinized and rehydrated (Table 2.2), they were
incubated with 0.85% NaCl solution for 5 minutes at RT. The sections were washed
with PBS twice and fixed with 4%PFA /PBS for 15 minutes at RT. The washing step
was repeated and the sections were permeabilized in 20 pug/ml proteinase K/PBS.
After washing again the sections were equilibrated in equilibration buffer for 15
minutes at RT just before the reaction mixture was applied. The reaction was carried
out in a reaction mixture containing; 30 ul equilibration buffer, 3 ul nucleotide mix,
0.33 pl TdT enzyme per section at 37°C in dark for 60 minutes. The reaction was
terminated by 15 minutes incubation in 2X SSC buffer. The sections were rinsed
with PBS and covered with DAPI containing conservation medium (ProLong Gold,
Invitrogen) and coverslide. The sections were either directly used for imaging or

stored at 4°C in dark.

2.2.7 RNA analysis
RNA isolation

RNA isolation was performed using RNeasy Mini Kit (Qiagen) in an RNase free
environment. The cells were directly lysed in RTL buffer including 1% (- mercap-
toethanol via pipetting vigorously and tissues using tissue homogenizer. For complete
homogenization the lysate was applied to Qiashredder column (Qiagen). The rest
of the protocol was carried out according to the manufacturers’ instructions and the
RNA was eluted with 20-50 ul RNase free water. The concentration and purity of
RNA was determined and the RNA was either directly used for cDNA synthesis or
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stored at -80°C.

cDNA synthesis

1-3 ug RNA was subjected to reverse transcription. The reaction was performed in
a final volume of 15-20 ul. First, the 1 ug RNA, 2.5 uM OligodT (Invitrogen) and
0.5mM dNTP-mix (Invitrogen) were incubated at 65°C for 5 minutes for denatura-
tion. The mixture was cooled down on ice for 2 minutes and mixed with 1X reaction
buffer (Invitrogen), 5 mM dithiothreitol (DTT), 0.5 U RNaseOUT (Invitrogen) and
10 U Superscript II reverse transcriptase (Invitrogen) per 1 ug of RNA. The reaction
was performed for 60 minutes at 50°C. The reaction was stopped by 1:4-1:10 dilution
with distilled water and the cDNA was stored at -20°C.

Quantitative PCR

For quantitative PCR analysis gene specific primers were designed for the gene of
interest (Table 2.5). For the reaction mix in a total volume of 20 pl, 0.5-1 ul
of cDNA, 1X SYBR-Green MasterMix, 2 mM forward primer and 2 mM reverse
primer were used. The reaction was carried out in StepOnePlus Real Time PCR
system (Applied Biosystems) using the conditions in Table 2.4. The expression levels
were normalized based on the levels of the housekeeping gene Cyclophilin (Relative
expression= 2(CThousekecping=CTiargetgene)) ~ Primers used for quantitative PCR analysis

were listed in (Table 2.5).

Table 2.4: Quantitative PCR, Program

Temperature (°C) | Time (seconds)
50 60
95 600

8

< |9 30

B4

(&}

S | 60 60
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Table 2.5: Quantitative PCR primers

Target Gene | Primer Forward (5°-3) Primer Reverse (5-3’)
p62 CCTCAGCCCTCTAGGCATTG | CTGTGCCTGTGCTGGAACT
cyclophilin | ATGGTCAACCCCACCGTGT | TTCTGCTGTCTTTGGAACTTTGTC

2.2.8 Western blot

Protein preparation

Tissue and cell lysis The cells or tissues were lysed in ice cold lysis buffer (Table
2.6) via mechanical disruption using micro-pistill. For complete lysis the homoge-
nized samples were incubated on ice for 20 minutes. The lysates were centrifuged at
13000 rpm for 10 minutes to precipitate the cell debris and the supernatant contain-

ing the total protein was either used directly or stored at -80°C.

Table 2.6: Protein lysis buffer

50 mM tris (pH 7,5) (Roth)

250 mM NaCl (Sigma)

30 mM EDTA (Fluka)

30 mM EGTA (Sigma)

25 mM sodiumpyrophosphate (Sigma)
1% triton-X 100 (Sigma)

0,5% NP40 (Sigma)

10% glycerol (Merck)

1 mM DTT (Sigma)

50 mM p-glycerophosphate (Sigma)

25 mM sodium fluoride (Sigma)

5 mM sodium orthovanadate (Sigma)
2 nM PMSF (Sigma)
1 tablet of complete-protease inhibitor cocktail (Roche)/50 ml

Protein content measurement Protein concentrations were determined spec-
trophotometrically at a wavelength of 595 nm by Bradford protein assay (Biorad)

using BSA to obtain a standard curve.
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Before applying the proteins to SDS-PAGE, the protein samples were normalized
based on the concentration and diluted in Laemmli buffer (Table 2.7) and boiled 5

minutes at 95°C.

Table 2.7: 5x Laemmli buffer

200 mM Tris-HC1 (pH 6,8)

40% (v/v) glycerol

8% (w/v) SDS

0,01% (w/v) bromphenole blue (Sigma)
5% (v/v) B-mercaptoethanol (Sigma)

SDS-PAGE

10 ml 8-15% SDS resolving gels were prepared with 2.51 ml resolving gel buffer (0.5
M Tris-HCI (Sigma) pH: 6.8, 0.4 % SDS (w/v) (Fluka)), 2-3.75 ml 40% Acrylamide
(Merck), 50 pl 10% APS (Sigma), 5 pul TEMED (Sigma) and distilled water. 5
ml 5% stacking gel was prepared with 1.25 ml stacking gel buffer (1.5 M Tris-HCl
(Sigma) pH: 8.8, 0.4 % SDS (w/v)), 0.64 ml 40% Acrylamide (Merck), 25 pl 10% APS
(Sigma), 2.5 ul TEMED (Sigma) and distilled water. The gels were polymerized, and
run at 20-30 mA for 1-2 hours.

Immunoblotting

After the gel electrophoresis, the gel was washed in transfer buffer (Table 2.8) and
put together with the methanol activated PVDF membrane in between 2 Whatman
papers and 2 sponges on both sides all moistened with transfer buffer. The proteins
were blotted on the membrane 1-2 hours by applying 350 mA current in a wet transfer
chamber (Biorad) in transfer buffer.

The membrane was blocked with 3% skim milk/PBS-0.1%Tween20 (PBS-T) for
30-60 minutes at RT and then rinsed with PBS-T. The membrane was incubated with
the appropriate antibodies (for the list and conditions of the antibodies see Appendix

A.2.2). The membrane was washed with PBS-T for 30-40 minutes refreshing the
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buffer every 5-10 minutes and incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody for 30 minutes RT in 3 % skim milk/PBS-T.
The membrane was washed again for 30-40 minutes with PBS-T, and briefly dried
on Whatman paper. The chemiluminescence reaction was obtained by 5 minutes
incubation with ECL solution Super Signal West Pico (Thermo Scientific). The
signal was detected on hypersensitive X-ray film (Thermo Scientific) after it was

developed in hyper-processor (Amersham Bioscience).

Table 2.8: Transfer Buffer

0.95 M glycine
25 mM Tris base
20% (v/v) Methanol

2.2.9 Immunoprecipitation

Immunoprecipitation experiments were performed using antibodies against caspase
8 (rabbit polyclonal produced by Vandenabeele Lab) and FADD (Santa Cruz, M-19,
sc-6036) with 30 minutes of antibody binding to the Protein A sepharose beads (GE
Healthcare) followed by overnight incubation with protein lysates in lysis buffer. Af-
ter extensive washing the beads were boiled in Laemmli buffer at 95°C for 5 minutes.

The elution was subjected to immunoblot analysis.

2.2.10 Glutathionylation assay

The cells were labeled with BioGEE (Invitrogen) for one hour in DMEM at 37°C.
The cells were lysed in BioGEE lysis buffer containing (50 mM tris (pH 7,5), 250 mM
NaCl, 30 mM EDTA, 30 mM EGTA, 25 mM sodiumpyrophosphate, 1 % triton-X
100, 0,5 % NP40, 10 % glycerol. Biotinylated proteins were precipitated from cell
lysates with streptavidin agarose beads (Thermo scientific) for 20 minutes and were
eluted with BioGEE lysis buffer containing 10 mM DTT. Samples were boiled for 5

minutes at 95°CC and subjected to immunoblot analysis.
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2.2.11 GSH measurement

GSH measurements were done using Glutathione Assay Kit IT (Calbiochem) accord-
ing to the manufacturer’s instructions. After preparing the cell lysates the samples
were subjected to two different measurements with or without 2-vinylpyridine for
the detection of GSSG and total GSH, respectively, using corresponding standards.
Absorbance at 405 nm was detected and the concentrations were calculated based

on the standards.

2.2.12 ELISA

Blood serum samples or cell culture supernatants stored in -20°C were used for
enzyme-linked immunosorbent assay (ELISA). For the list of ELISA kits used refer
to Appendix A.1. In summary, the ELISA plates coated with capture antibody were
blocked for 1 hour at RT, washed extensively, incubated 2 hours with the samples
and standards diluted in the dilution buffer. The plates were washed again and
incubated with the detection antibody, streptavidin and substrate mix. The color

reactions were detected spectrophotometrically using a plate reader at 450 nm.
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Chapter 3

Results

Maintaining cellular redox balance is of vital importance for cell survival and tissue
homoeostasis since imbalanced production of ROS may lead to oxidative stress and
cell death. Although oxidative stress has been linked to several disorders, the un-
derlying molecular mechanisms are still not fully understood. Erythrocytes are par-
ticularly highly sensitive to ROS accumulation due to their physiological function in
oxygen transport. GPx4, one of the most important ROS scavenging selenoproteins,
is a unique antioxidant enzyme that can directly reduce phospholipid hydroperoxide
in mammalian cells. In this study, using mice with a hematopoietic specific deletion
of GPx4, it is shown that GPx4 is essential for reticulocyte maturation.

To functionally examine the role of ROS accumulation and lipid peroxidation
and their effects on cellular homoeostasis in the absence of GPx4 in the erythroid
lineage, floxed GPx4 mice (GPx47/f!) were crossed to Mx1-Cre transgenic mice [245]
to generate Mx1-Cre/GPx4/!//! (hereafter referred to as GPx4?). Deletion of GPx4
in hematopoietic cells was induced by a single intraperitoneal (i.p.) poly I:C (250ug)

injection.

3.1 Anemia in the absence of GPx4

To verify the deletion of GPx4, whole protein lysates from CD71"/TER119" bone
marrow erythroblasts as well as peripheral erythrocytes were analysed by Western
blot 4 weeks after the induction. Absence of GPx4 in erythroid cells is shown in

Figure 3.1. The deletion is stably effective within one week after the induction.
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Figure 3.1: GPx4 deletion in erythroid cells. Immunoblot analysis of GPx4 in
peripheral erythrocytes (TER119") and bone marrow BM erythroid progenitors
(CD71*/TER119™).

Within four weeks after the poly I:C administration, loss of GPx4 in hematopoi-
etic cells lead to anemia that can be seen by the moderate yet significant decrease
in red blood cell counts, hemoglobin levels and hematocrit values (Figure 3.2 A-C).
In contrast, reticulocyte counts were highly increased indicating a compensatory in-
crease of erythropoiesis (Figure 3.2 D). In parallel, serum EPO levels and the spleen
weights were significantly increased (Figure 3.2 E-F). BrdU immunohistochemistry
points out high proliferation rate in the spleen (Figure 3.2 G-H). Flow cytometry
analysis show elevated proliferation rates of TER119" erythroid cells in the spleens
of GPx4® mice (Figure 3.2 I). Taken together the data support the notion that
anemia induced in the absence of GPx4 is largely compensated by extramedullary

erythropoiesis.

3.2 ROS accumulation and lipid peroxidation in
red blood cells

Since GPx4 is an antioxidant enzyme that is especially important for the reduction of
lipids, lipid peroxidation and ROS accumulation were measured in GPx4® erythroid
cells. Figure 3.3 A shows increased levels of lipid peroxidation in unchallenged pe-

ripheral TER119% erythrocytes of GPx4® animals, measured by redox-sensitive dye
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Figure 3.2: Loss of GPx4 in hematopoietic cells induces anemia that is compen-
sated by increased erythropoiesis. Red blood cell counts (A), hemoglobin (B) and
hematocrit (C) levels were decreased in GPx4” mice. Number of reticulocytes was
increased (D). Data are mean + SE; n>12; * p<0.05 ** p<0.01, *** p<0.001 by
t-test. Elevated serum EPO levels (E) and enlarged spleens (F) in GPx4” mice.
Data are mean + SE; n>5; * p< 0.05 by t-test. Immunohistochemical analysis
of splenic BrdU incorporation as a marker of proliferation (G-H). Quantification of
splenic BrdU'/TER119" cells determined by flow cytometry (I). Data are mean =+
SE; n>3; *** p < 0.001 by t-test. All analysis performed 4 weeks after the induction
of deletion.
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BODIPY 581/591, which shifts its fluorescence from red to green upon oxidation.
Figure 3.3 B shows the corresponding elevated levels of ROS, measured via redox-
sensitive fluorescent dye CM-Hy-DCFDA. The data indicate significant elevation of
cellular ROS accumulation and lipid peroxidation in peripheral TER119" erythro-
cytes in the absence of GPx4.
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Figure 3.3: Lipid peroxidation and accumulation of ROS in red blood cells. (A)
Measurement of lipid peroxidation in unchallenged peripheral TER119%" erythrocytes
using redox-sensitive dye BODIPY 581/591. Data are mean + SE; n>7; * p < 0.05 by
t-test. (B) Measurement of ROS accumulation in unchallenged peripheral TER119%
erythrocytes using redox-sensitive dye CM-Hyo-DCFDA. n>7; * p < 0.05 by t-test.

Previous studies have shown that compromised protection from ROS in red blood
cells is usually associated with shortened life span and with hemolysis [166, 167, 168,
169]. To determine whether increased lipid peroxidation and ROS formation in pe-
ripheral erythrocytes trigger their premature death, the half-life of biotin labelled
peripheral CD71~/TER119" erythrocytes and CD71" /TER119% reticulocytes was
determined using flow cytometric analysis performed weekly (Figure 3.4 A-B). The
data show that the life span of GPx4® cells was unaltered while the number of pe-
ripheral reticulocytes steadily increased within 4 weeks after the induction of deletion
(Figure 3.4 C). The data indicate that the anemia is caused due to an interruption
of erythrocyte maturation, rather than shortened life span of erythroid cells.

To exclude potential interferon-mediated effects on hematopoietic stem cells and

erythroid progenitor cells [246, 247], adoptive transfer experiments using bone mar-
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Figure 3.4: Survival of peripheral erythrocytes and reticulocytes. (A,B) Survival of
biotin labelled peripheral TER119" erythrocytes (A) and CD717/TER119% retic-
ulocytes (B). Data are mean £ SE; n>6. (C) Increased number of peripheral
CD71"/TER119% reticulocytes in GPx4” mice within 4 weeks after poly I:C ad-
ministration. Data are mean + SE; n>5; * p < 0.05, ** p < 0.01 by t-test.

row derived from tamoxifen-inducible Rosa26- CreERT2/GPx4//f mice were per-
formed [239]. The defect in reticulocyte maturation was confirmed by the flow cy-
tometric analysis of peripheral cells in GPx4” BM transplanted animals. Figure 3.5
shows increased accumulation of immature reticulocytes in the periphery based on
thiazol orange and mitotracker deep red staining in the CD71"9" /TER119* popula-

tion in GPx42 mice.

3.3 Vitamin E is essential for the increased ery-
thropoiesis in GPx4” mice

Based on the observation that the absence of GPx4 is compromising erythrocyte mat-
uration, in vitro colony formation of GPx4” BM cells was tested. In vitro erythroid
colony formation in methyl cellulose semisolid media was almost completely abol-
ished in GPx4® BM indicated by o-dianisidine positive colony counts (Figure 3.6).
Seiler et al. previously showed that in fibroblasts and neurons the cell death due
to the absence of GPx4 was rescued by a-tocopherol, the most abundant form of

vitamin E [103]. Figure 3.6 shows that formation of GPx4? erythroid colonies was
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Figure 3.5: Impaired reticulocyte maturation in the absence of GPx4. Flow cyto-
metric analysis of peripheral cells from BM transplanted animals indicating a shift
to highly immature reticulocytes in GPx4® animals. Green population represents
TER1197/CD71"9" cells, blue population comprises TER119"/CD71%% cells and
purple population contains TER1197/CD71~ cells. Data are representative of at
least three animals per group. Flow cytometry analysis performed by Helmholtz
Center collaborators.

also completely restored in the presence of a-tocopherol in the medium indicating a
compensatory role of vitamin E in the absence of GPx4.

Based on the in witro findings of its compensatory role, the role of vitamin E
is investigated in wvivo. Regular animal chow has a high vitamin E content (55
mg/kg). In order to examine whether this accounts for the observed compensation
of anemia in vivo, an experimental approach with a special diet lacking vitamin E
was followed. Also, to exclude potential interferon-mediated effects on hematopoietic
stem cells and erythroid progenitor cells [246, 247], adoptive transfer experiments
using bone marrow derived from tamoxifen-inducible Rosa26- CreERT2/GPx4/!//!
mice were performed [239]. Eight weeks after the transplantation, mice received
tamoxifen citrate (TAM) containing diet for 3 weeks to induce GPx4 deletion [248].
Afterwards, they received either a normal vitamin rich diet (ND) or a diet specifically
lacking vitamin E (vitE®) for additional 3 weeks (Figure 3.7 A).

Mice kept on vitE® diet suffer from severe anemia, indicated by dramatically low
RBC counts, hemoglobin and hematocrit levels (Figure 3.7 B-D). Furthermore, the

spleen size and serum EPO levels were highly increased compared to the animals fed
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Figure 3.6: In vitro erythroid colony formation is abolished in GPx4” BM. Formation
of o-dianisidine-positive erythroid colonies from bone marrow in methyl cellulose
semisolid media. Red colony formation of GPx4” bone marrow cells was rescued by
addition of a-tocopherol to the medium. Data are mean + SE; n>4; *** p < 0.001
by t-test. Assay performed by Helmholtz Center collaborators.

with ND (Figure 3.7 F-G). Most importantly, dietary vitamin E-depletion caused a
significant decrease in reticulocyte numbers indicating the involvement of vitamin E
in the increased erythropoiesis observed in GPx42 mice (Figure 3.7 E). Consequently,
when mice were maintained on a vitE® diet, the anemia progressed and all GPx44
animals had to be sacrificed within 5 weeks following in the induction of GPx4
deletion. The data support the idea that vitamin E is essential for the compensation
of anemia in the absence of GPx4. Notably, all red blood parameters were completely
normal in wild type mice kept on a vitamin E-depleted diet for three months. The

data indicate that vitamin E depletion further elevates anemia in GPx4® mice.

3.4 Autophagic flux is inhibited in the absence of
GPx4

Erythroid cells undergo enucleation and the removal of organelles during differen-
tiation. Previous studies have shown that autophagy is required for elimination of
mitochondria during erythrocyte maturation and impaired autophagy is associated

with anemia development [249, 250]. Mortensen et al. recently showed that mice
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Figure 3.7: Vitamin E is essential for the increased erythropoiesis in GPx4* mice (A)
Schematic overview of treatment: bone marrow from Rosa26-CreERT2/GPx4/!/7!
mice was transplanted (BMT) into wildtype recipients and deletion was induced
by tamoxifen citrate (TAM). Then mice were kept either on normal diet (ND) or
vitamin E-depleted diet (vitE?). (B-E) Red blood cell number (B), hemoglobin (C)
and hematocrit (D) levels and reticulocyte counts (E) in GPx4® mice kept on vitE®
diet compared to ND for three weeks. Data are mean £+ SE; n>10; *** p < 0.001,
*p < 0.05 by t-test. (F, G) Enlarged spleens (F) and elevated serum EPO levels
(G) in transplanted mice when kept on vitE® diet compared to ND for three weeks.
Data are mean + SE; n>6; *** p < 0.001, ** p < 0.001 by t-test. Transplantation
experiments were performed by Naidu Vegi at the Helmholtz Center Munich.
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lacking the essential autophagy gene Atg7 in the hematopoietic cells develop severe
anemia [249]. Therefore, whether GPx4 deletion leads to impaired autophagy in
the erythroid precursor cells was tested. LC3 conversion is a commonly used marker
of autophagic activation [196]. p62 is another marker that is used for the lyso-
somal degradation of autophagosomes and accumulation of p62 is associated with
defective autophagy [251]. Quantitavive PCR analysis of p62 indicated an upregu-
lation in GPx4% reticulocytes in the peripheral blood (Figure 3.8 A). Figure 3.8 B
indicates activation of autophagy in CD717 cells isolated from the blood of GPx44
animals characterized by enhanced LC3-II conversion. However, higher amounts of
p62 protein observed in those cells indicates impaired lysosomal degradation (Fig-
ure 3.8 B). On the other hand, p62 relative expression was significantly increased in
GPx42 reticulocytes (Figure 3.8 A). The elevated numbers and extended presence
of autophagosomes in GPx4® reticulocytes were confirmed by EM (Figure 3.8 D-
G) and the number of autophagosomes per cell area was quantified in mature and
immature reticulocytes (Figure 3.8 C). It is known that autophagy can be either a
cytoprotective response or another mechanism of cell death when cell survival cannot
be achieved [208, 252, 253]. Taken together, the data indicate that loss of GPx4
induces autophagy based on the presence of early autophagic markers, however, au-

tohagic flux is inhibited.

3.4.1 Genetic inhibition of autophagy does not revert ane-
mia in vivo

In parallel with the inhibition of autophagic degradation in the absence of GPx4,
genetic inhibition of Atg7, the essential gene for autophagy, via crossing the GPx44
animals with ATG7/Y/" animals to obtain a double knockout, proved that inhibition
of autophagy does not rescue the anemic phenotype of GPx4” animals indicated by
the blood parameters (Figure 3.9).

Collectively, these data suggest that GPx4 ablation triggers initiation of au-
tophagy possibly as a counteracting mechanism against oxidative stress, however,

since autophagic flux is inhibited due to loss of GPx4, autophagy is not directly
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Figure 3.8: Autophagy is impaired in GPx4® mice. (A) Quantitative PCR results
show upregulation of p62 in GPx4? peripheral CD717 cells. (B) Immunoblot anal-
ysis of LC3 in blood CD71% cells reveal increased conversion to LC3-1I in in GPx44
peripheral CD71% cells. (C) Quantification of autophagosomes per cell area deter-
mined by EM (C). Data are mean + SE; n>4; * p < 0.05 by t-test. (D-G) Elevated
numbers and persistence of autophagosomes (white arrows) determined by EM in the
blood from GPx42 mice (D, E) compared to control animals (F,G). R: reticulocytes;
Mi: mitochondria. Data are representative of at least four animals per group. EM
analysis was performed by Dr. Michaela Aichler.
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involved in the survival of the cells, nor in cell death execution. On the other hand,
malfunction of this potential countervailing mechanism might promote cell death

through further elevation of ROS and reactive lipid species.
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Figure 3.9: Inhibition of autophagy does not revert anemia in vivo. Red blood cell
counts (A), hemoglobin (B) and hematocrit (C) values, reticulocyte counts (D). Data
are mean + SE; n>5; * p<0.05 ** p<0.01, *** p<0.001 by t-test.

3.5 Anemia occurring in the absence of GPx4 is
not dependent on 12/15-Lox

Seiler et al. have demonstrated that cell death due to the absence of GPx4 re-
quires functional 12/15-Lox since specific inhibitors of 12/15-Lox efficiently pro-
tected GPx4-deficient cells from cell death. Therefore, GPx4® mice were crossed
with 12/15-Lox///! animals to obtain a double knockout in order to test whether
12/15-Lox deficiency would revert anemia. However, absence of 12/15-Lox did not
affect anemia observed in GPx4® mice (Figure 3.10) indicating that the impaired

erythropoiesis in GPx4? is not dependent on the function of 12/15-Lox.
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Figure 3.10: Anemia occurring in the absence of GPx4 is not dependent on 12/15-
Lox. Red blood cell counts (A), hemoglobin (B) and hematocrit (C) reticulocyte
counts (D). (E) Spleen size in GPx4?/12/15-Lox® mice. Data are mean 4 SE;

n>12; * p<0.05 ** p<0.01, *** p<0.001 by t-test.
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3.6 GPx4-deficiency does not induce apoptosis in
erythroid progenitors

Seiler et. al previously showed that GPx4-deficient fibroblasts undergo apoptosis-
independent cell death [103]. Using flow cytometric analysis of Annexin V staining
on the cell surface as a marker for apoptosis, it was verified that erythroid precursor
cells in GPx4® mice do not activate apoptotic cell death (Figure 3.11). Similar to
GPx4-deficient fibroblasts, GPx4” erythroid precursors did not undergo apoptosis
indicated by unaltered annexin V on the surface of bone marrow or peripheral CD71"
cells (Figure 3.11 B, C). Data indicate that the cell death in erythroid progenitors

upon deletion of GPx4 is not executed via apoptosis.
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Figure 3.11: GPx4-deficiency does not induce apoptosis in erythroid progenitors.
(A) Flow cytometric analysis of annexin V and CD71 in bone marrow (BM) and
peripheral blood. (B, C) Quantification of annexin V*/CD717 cells in bone marrow
(B) and peripheral blood (C). Data are mean £+ SE; n>3; ns: not significant.
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3.7 Caspase 8 is functionally inhibited due to glu-
tathionylation

Inhibition of caspases is associated with defective apoptosis resulting in activation
of alternative cell death execution mechanisms [228] and caspase 8 is one of the
main determinants of such alterations [254]. For detailed molecular analysis, we
took advantage of murine embryonic fibroblasts harboring two loxP-flanked GPx4
alleles in addition to stably expressing 4-OHT inducible MerCreMer (Pfal cells), in
which cell death is induced within 48 hours after 4-OHT administration [103]. Since
siRNA mediated knock down of caspase 8 did not accelerate the cell death of GPx44
in fibroblasts (Figure 3.12), the functionality of caspase 8 in the absence of GPx4

was tested.

@B scr scr Casp8KkP

Figure 3.12: Necroptosis in the absence of GPx4 is not dependent on caspase 8.
(A) Survival of 4-OHT treated Pfal cells was not affected by caspase 8 knockdown
(casp8XP). Data are mean + SE; n>4. (B) Immunoblot analysis of caspase 8 in
Pfal cells transfected with scrambled (scr) siRNA or caspase 8 siRNA pool.

Figure 3.13 A shows that whereas caspase 8 cleavage was achieved in response
to TNF« treatment in the presence of TAK1 inhibitor, it was partially inhibited in
GPx42 cells. In a recent study with SODI-deficient macrophages, caspase 1 was
shown to be inhibited due to reversible oxidation and glutathionylation of the redox-
sensitive cysteine residues and this inhibition was reversed in the presence of the

reducing agent DTT [22]. Similarly, in GPx42 fibroblasts, caspase 8 was shown
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to be glutathionylated based on the incorporation of biotinylated glutathione ethyl
ester (BioGEE), which is a cell-permenant, biotinylated glutathione analog for the
detection of glutathionylation (Figure 3.13 D) consistent with the increased levels
of oxidized glutathione (Figure 3.13 B-C). Presence of DTT in the culture medium
did not only restore the cleavage of caspase 8 but also reversed the cell death in
GPx4? cells (Figure 3.13 E-F). Moreover, glutathionylation of caspase 8 due to
increased oxidized glutathione was also observed for peripheral blood cells of GPx4%
animals (Figure 3.14). Taken together the data indicate that caspase 8 is functionally
inhibited due to glutathionylation in the absence of GPxA4.

3.8 RIP1/RIP3-dependent necroptosis is respon-
sible for cell death in GPx4-deficient fibrob-
lasts and erythroid progenitor cells

As mentioned above in Section 3.6, neither GPx4-deficient fibroblasts nor GPx44
bone marrow /peripheral CD717" cells undergo apoptotic cell death [103]. Inhibition
of caspases results in necroptosis as the cell death execution mechanism [228] and
caspase 8 is the main determinant of apoptosis-necrosis switch [254]. Functional
inhibition of caspase 8 due to glutathionylation (Section 3.7) explains the inactivation
of apoptosis in the loss of GPx4. Autophagy is also ruled out as the mechanism
of cell death (Section 3.4). Recently, necroptosis was described as an alternative
form of regulated cell death that is based on the activity of RIP1/RIP3 kinases
and independent of caspase activation [219, 222, 223, 224, 225]. Therefore, it was
tested whether necroptosis is the underlying mechanism of the cell death in GPx4%
cells. Figure 3.15 A shows that the protein levels of RIP1 and RIP3 were elevated in
GPx4-deficient fibroblasts indicating that GPx4 deletion leads to the stabilization of
RIP1/RIP3 complex. Moreover, addition of nec-1, specific RIP1 kinase inhibitor, to
the medium reverses the elevated protein levels of the RIP1/RIP3 (Figure 3.15 A).
In addition to that, immunoprecipitation for caspase 8 pulls down increased levels of

RIP1 in Pfal cells treated with 4-OHT for 36 hours compared to untreated as well as
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Figure 3.13: Caspase 8 is functionally inhibited due to glutathionylation in wvitro.
(A) Western blot showing reduced cleavage of caspase upon stimulation with TNF«
and TAK1 inhibitor 5Z-7-Oxozeaenol in GPx4? cells compared to controls. (B, C)
Concentration of oxidized glutathione (GSSG) (B) and ratio of reduced to oxidized
glutathione (C) in supernatants of Pfal cells untreated or treated with 4-OHT for 36
hours. (D) Detection of glutathionylated caspase 8 in Pfal cells untreated or treated
with 4-OHT for 36 hours. Cells were loaded with biotinylated glutathione ethyl
ester (BioGEE) and immunoblot analysis was performed after pull-down (PD) via
streptavidin (strep) and with total lysate. (E, F) Addition of 25 uM DTT reverses
the inhibition of caspase 8 indicated by the western blot (E) and rescues cell death
(F). Data are mean + SE; n>6. ** p<0.01, *** p<0.001 by t-test
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Figure 3.14: Caspase 8 is functionally inhibited due glutathionylation in vivo. (A, B)
Concentration of oxidized glutathione (GSSG) (A) and ratio of reduced to oxidized
glutathione (B) in peripheral blood of GPx4® animals and controls. Data are mean
+ SE; n>6. * p<0.05, *** p<0.001 by t-test. (C) Detection of glutathionylated
caspase 8 in in peripheral blood of GPx4” animals and controls. Cells were loaded
with biotinylated glutathione ethyl ester (BioGEE) and immunoblot analysis was
performed after pull-down (PD) via streptavidin (strep) and with total lysate.

in TNFa treated cells compared to TAK1 inhibitor and zVAD (Figure 3.15 B) More
importantly, nec-1 but not its inactive derivative nec-1i, completely rescued the cell
death in GPx4-deficient fibroblasts starting from the concentration of 10 yM in a
dose dependent manner (Figure 3.15 C). Furthermore, siRNA mediated knock down
of RIP1 or RIP3 increases the survival of GPx4-deficient fibroblasts (Figure 3.15 D,

It was tested whether inhibition of necroptosis would also have an affect on almost
completely abolished in vitro erythroid colony formation of GPx4” BM cells. Similar
to the fibroblasts, addition of nec-1 into the culture medium increases the colony
formation of GPx4% cells to a significant extent (Figure 3.15 F). The data provide
evidence that GPx4 deficiency induces necroptosis in fibroblasts and necroptosis is
the underlying mechanism of cell death based on the observations that both chemical

and biological inhibition of the pathway significantly increase cell survival.
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Figure 3.15: RIP1/RIP3-dependent necroptosis is responsible for cell death in GPx4-
deficient fibroblasts and erythroid progenitor cells. (A) Immunoprecipitation (IP)
and immunoblot analysis of RIP1 and RIP3 in Pfal cells untreated or treated with
4-OHT for 48 hours with or without nec-1 (10 xM). (B) Immunoprecipitation for
caspase 8 showing increased levels of RIP1 in Pfal cells treated with 4-OHT for 18
hours and 36 hours compared to untreated as well as in TNF« treated cells compared
to TAK1 inhibitor and zVAD. (C) nec-1 in the culture medium increases the survival
of Pfal cells 48 hours after 4-OHT administration. (D) Immunoblot analysis of RIP1
and RIP3 in Pfal cells transfected with scrambled (scr) siRNA, RIP1 or RIP3 siRNA
pools. (E) RIP1 or RIP3 knock down increases survival of Pfal cells 48 hours after 4-
OHT administration. Data are mean + SE; n>6; ** p<0.01 by t-test. (F) Formation
of erythroid o-dianisidine-positive GPx4% colonies was significantly improved in the
presence of nec-1 (10 uM). Data are mean + SE; n>3; *** p<0.001 by t-test.
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3.8.1 Inhibition of necroptosis rescues anemia

The data from the in vitro experiments suggested necroptosis as the underlying mech-
anism of cell death observed in the absence of GPx4. Therefore, whether inhibition
of necroptosis would reverse anemia observed in GPx4” mice was tested by nec-1
treatment in vivo. For the experiments, the animals have been treated 3 times a week
with either nec-1 (2 mg/kg) or nec-1i (1.89 mg/kg) two weeks after the induction
of GPx4 knockout. Within 2 weeks of treatment, all red blood cell parameters were
normalized for the GPx4® mice treated with nec-1 but not for the animals treated
with the inactive compound (Figure 3.16).

More importantly, genetic inhibition of necroptosis using RIP3 deficient mice
[242] rescues anemia in GPx4” animals confirming the data obtained with the nec-1
treatment. Figure 3.17 shows that the blood count values were normalized in RIP34
mice 4 weeks after the induction of GPx4 deletion. Collectively, the data support the
notion that necroptosis is responsible for the cell death observed in GPx4* erythroid
progenitor cells that is leading to an interruption of erythrocyte maturation, and

subsequently to anemia.

3.8.2 ROS levels and lipid peroxidation are not affected by
nec-1

Since nec-1 administration showed profound effects on the phenotype observed in
the absense of GPx4, it was tested whether it acts as an antioxidant and reverse
the observed ROS accumulation and lipid peroxidation. Flow cytometric analysis
reveal that nec-1 does not affect accumulation of lipid peroxides or ROS in GPx4%
fibroblasts (Figure 3.18). Data indicate that nec-1 inhibits the cell death triggered in
the absence of GPx4 without reducing the elevated lipid peroxidation and ROS levels,
suggesting lipid peroxidation and ROS per se are not sufficient to induce cell death

but rather act as upstream signaling activators of RIP1/RIP3 induced necropotosis.
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Figure 3.16: Nec-1 treatment reverts anemia in GPx4” mice. GPx4® mice have been
treated with nec-1 (2 mg/kg) or nec-1i (1.89 mg/kg) for two weeks starting from two
weeks after the induction of GPx4 deletion. (A) Weekly flow cytometric analysis of
peripheral CD71" /TER119% showing normalization in nec-1 treated animals. Data
are mean + SE; n>5; * p < 0.05 by t-test. (B-E) Normalization of red blood cell
number (B), hemoglobin level (C), hematocrit values (D) and number of reticulocytes
(E) in nec-1 treated animals after 2 weeks of treatment. Data are mean + SE; n>5;

*p < 0.05 by t-test.
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Figure 3.18: Nec-1 does not reverse ROS levels or lipid peroxidation. Unaltered
lipid peroxidation or ROS accumulation in Pfal cells untreated or treated with 4-
OHT for 48 hours in the presence of nec-1 (10 uM) as assessed by flow cytometric
analysis of BODIPY 581/591 and CM-H2-DCFDA staining. This ezperiment has

been performed by Marcus Conrad and Josef Mysliwietz at the Helmholtz Center
Munich.
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3.8.3 Necrosome formed in the absence of GPx4 is indepen-
dent of FADD recruitment

The best described necrosome complex involves FADD in addition to RIP1, RIP3
and caspase 8. However, immunoprecipitation using anti-FADD antibody indicated
that FADD is not recruited to RIP1/Casp8 complex in Pfal cells (Figure 3.19).
Data suggest that the necrosome formed in the absence of GPx4 differs from the

conventional necrosome complex.
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Figure 3.19: Necrosome formed in the absence of GPx4 is independent of FADD
recruitment. Immunoprecipitation analysis indicating that there is no recruitment
of FADD to RIP1 in Pfal cells untreated or treated with 4-OHT for 48 hours. Positive
control confirms enhanced recruitment in Pfal cells upon TNF« stimulation in the
presence of zZVAD and TAK inhibitor 5Z-7-Oxozeaenol (Taki) which potently induces
TNFa-dependent necroptosis.

3.8.4 Necroptosis in the absence of GPx4 is not dependent
on TNFa or CD95L

To date, the best characterized pathways for the activation of necroptosis involve
Fas and TNF signaling upstream of RIP1/RIP3 kinases [221, 219]. Evidence is
provided that loss of GPx4 leads to RIP1/RIP3 dependent necroptosis through lipid
peroxidation and ROS accumulation. Whether TNF« is involved in the cell death
triggered by GPx4 loss was tested by inhibition of TNF signaling.

To functionally examine the role of TNF signaling, GPx4* fibroblasts were cul-
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tured in the presence of a specific TNF antagonist (enbrel, etanercept). As shown in

Figure 3.20 A, inhibition of TNF signaling did not have any affect on cell death.
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Figure 3.20: Necroptosis in the absence of GPx4 is not dependent on TNFa. Survival
of 4-OHT treated Pfal cells cannot be rescued in the presence of TNF antagonist
(enbrel, etanercept). Data are mean + SE; n>4.

Involvement of TNFa and CD95L was also checked in vivo. GPx4” mice were
treated either with enbrel or a neutralizing antibody against CD95L for 2 weeks
starting from 2 weeks after the induction of deletion. However, as shown in Fig-
ure 3.21 the anemia and the compensatory reticulocytosis observed in those animals
remain unaffected.

Both in vitro and in vivo experiments rule out the possible involvement of the
TNFa and CD95L in necroptosis triggered by GPx4 loss. These observations provide
basis for a novel pathway for the induction of necroptosis triggered directly by ROS

and lipid peroxidation independent of so far described upstream regulators.

3.9 Despite the DNA damage, inhibition of PARP
does not rescue cell death of GPx4-deficient
fibroblasts and the anemia in GPx42 mice

Finally, whether activation of PARP plays a role in the cell death induced upon loss
of GPx4 was tested. PARP is a nuclear enzyme activated in response to DNA damage

and may lead to PARP-mediated cell death that is known to be caspase-independent
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Figure 3.21: TNFa or CD95 neutralization do not rescue anemia in vivo. GPx4%
mice were treated for 2 weeks with enbrel (5 mg/kg) or a-CD95L neutralizing anti-
body (50 pg) starting 2 weeks after the induction of deletion. (A-D) Red blood cells
parameters; red blood cells (A), hemoglobin (B), hematocrit (C) and reticulocytes
(D) were not affected. Data are mean = SE; n>5. (E) The number of peripheral
CD71% /TER119% cells remains unaffected. Data are mean + SE; n>5. (F) Control
experiments for the efficiency of enbrel treatment. Serum IL6 level was detected by
ELISA 4 hours after LPS (5 ug/kg) treatment applied 4 hours after a single enbrel
injection. Data are mean + SE; n>2; * p<0.05 by t-test. (G-I) Control experi-
ments for the efficiency of a-CD95L neutralizing antibody. (G-H) TUNEL assay in
the spleens of the mice treated with a-CD95L neutralizing antibody (H) or PBS
(G) upon treatment with soluble CD95L (1 ug/kg). (I) Quantification of TUNEL
positive cells. Data are mean + SE; n>2; *** p<0.001 by t-test.
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and considered as a type of necrotic cell death [255, 256]. To investigate the role of
PARP in the absence of GPx4, specific inhibitor of PARP, Olaparib, was used on fi-
broblasts. Despite elevated DNA damage in GPx4% cells (Figure 3.22 A-E) indicated
by increased levels of phospho-H2A.X (pH2A.X), inhibition of PARP did not rescue
the cell death (Figure 3.22 F). Xu et al. demonstarted that PARP mediated cell
death requires tumor necrosis factor receptor-associated factor 2 (TRAF2) [257],
therefore, it was checked whether siRNA mediated knockdown of TRAF2 would
have any effect on cell survival. Consistent with the inhibition of PARP, successful
knockdown of TRAF2 also did not affect the survival of GPx4-deficient fibroblasts
(Figure 3.22 G,H).

In addition to the in wvitro data, inhibition of PARP in vivo and its effects on
erythropoiesis in GPx4” mice were tested since there was significantly more phospho-
H2A X positive cells in the spleens of knockout animals (Figure 3.23 A-C). In con-
sistence with the fibroblasts, inhibition of PARP also did not reverse the observed
anemia and increased reticulocytosis in GPx4® mice (Figure 3.23 A-C).

Taken altogether, despite a remarkable phospho-H2A.X in the absence of GPx4,

observed cell death and anemia are not dependent on PARP activation.
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Figure 3.22: Inhibition of PARP does not rescue cell death of GPx4* fibroblasts de-
spite presence of marked DNA damage. (A-E) Immunofluorescent staining demon-
strates significant increase in phospho-H2A.X positive nuclei in GPx4-deficient fi-
broblasts (C, D) compared to controls (A, B). (E) Quantification of phospho-H2A.X
(pH2A.X) positive cells. Data are mean + SE; n>50; *** p<0.001 by t-test. (F)
Survival of 4-OHT treated Pfal cells was not affected by the PARP inhibitor Ola-
parib (50 nM). Data are mean + SE; n>6; ns: not significant. (G) Immunoblot
analysis of TRAF2 in Pfal cells transfected with scrambled (scr) siRNA or TRAF2
siRNA pool. (H) Consistent with the PARP inhibition TRAF2 knockdown did not
affect the survival of GPx4-deficient fibroblasts. Data are mean + SE; n>6; ns: not
significant.
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Figure 3.23: Inhibition of PARP does not rescue the anemia in GPx4® mice de-
spite the presence of marked DNA damage in the spleen. (A-C) Immunohistochem-
ical analysis of phospho-H2A.X in spleen demonstrating significant DNA damage in
GPx4? mice (B) compared to controls (A). (C) Quantification of phospho-H2A.X
positive cells. Data are mean & SE; n>5; *** p<0.001 by t-test. (D-H) GPx4%
mice were treated for 2 weeks with olaparib (5 mg/kg) or DMSO 2 weeks after the
induction of deletion. (D) The number of peripheral CD717/TER119%" cells was
not decreased upon olaparib treatment. Data are mean + SE; n>5 ** p<0.01 by
t-test. (E-H) Red blood cell parameters; red blood cells (E), hemoglobin (F), hema-
tocrit (G) and reticulocytes (H) were not affected. Data are mean + SE; n>5; ns:
not significant. (I-K) Proof of olaparib efficiency in vivo. (I-J) Immunohistochem-
ical analysis of phospho-H2A.X in spleen of the animals treated with a single dose
of (J) olaparib or DMSO (I) upon 6 gy 7-irradiation 4 hours after the treatment.
The animals were sacrificed 4 hours after the irradiation. (H) Quantification of the
phospho-H2A . X staining. Data are mean + SE; n>2; *** p<0.001 by t-test.
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Chapter 4

Discussion

GPx4, with its unique characteristics and high hierarchy within mammalian selono-
proteins, is a major antioxidant, implicated in the regulation of several cellular pro-
cesses including cell survival and cell death [94, 100, 101, 103, 104, 95]. The fact that
its deletion is lethal during embryogenesis [95, 96] emphasizes the functional signif-
icance of GPx4 among all redox regulation enzymes. Even though the importance
of GPx4 was underlined in many clinical concepts, its detailed mode of action is not
clearly defined. Therefore, the study presented here provides valuable information,
proposing a detailed model for the action of GPx4 in cellular homoeostasis, which is
supported by both in vivo and in vitro models. Based on the anemia observed in its

absence, GPx4 is proved to be especially important for RBCs.

4.1 GPx4 deletion impairs cellular redox balance
leading to accumulation of ROS and lipid per-
oxidation

The study confirms the expected elevation of ROS accumulation and lipid peroxi-
dation in the absence of GPx4, one of the most important antioxidant enzymes, in
RBCs as well as in murine embryonic fibroblasts. Due to their high reactivity, ROS
cause damage to most biomolecules and are therefore potentially toxic, mutagenic or
carcinogenic. Since an imbalanced cellular redox state can alter cellular homoeosta-
sis, not, surprisingly, several cellular mechanisms are affected in the absence of GPx4.

Based on the results of in vivo and in vitro experiments, the data strongly suggest
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that GPx4, via suppressing ROS accumulation and lipid peroxidation, maintains

cellular homoeostasis and protects cells from cell death.

4.1.1 Oxidative stress in RBCs causes anemia

Given the particular importance of ROS in RBCs, the role of GPx4, a unique antiox-
idant enzyme, has been investigated in this study using mouse models with GPx4
deletion in the hematopoietic system. The data enlighten crucial roles of GPx4 in the
homoeostasis of red blood cell lineage based on the anemia observed in GPx4* mice.
It has been shown in several studies that compromised protection from ROS results
in diseases of red blood cells, often in anemia [166, 167, 168, 169]. Most of these
studies suggested associations between accumulation of ROS and reduced survival
of RBCs. The data obtained from the GPx4 deficient mice indicated that the ROS
accumulation and lipid peroxidation lead to impaired maturation of reticulocytes,
however, do not directly affect the life span of circulating erythrocytes (Figure 3.4)
supporting previously known significance of GPx4 in differentiation and development

(95, 96).

4.1.2 Vitamin E acts as a ROS scavenger in the absence of
GPx4

The study pointed out the crucial role of vitamin E as a ROS scavenger in the absence
of GPx4. Vitamin E supplementation reverts in wvitro erythroid colony formation,
which is completely abolished in GPx4® BM (Figure 3.6). Furthermore, the cell
death in fibroblasts under GPx4 depletion was rescued by vitamin E [103]. Most
strikingly, anemia observed in GPx4“ mice is highly pronounced under vitamin E
deficiency indicating that absence of vitamin E further elevates impaired maturation
of reticulocytes and hinders the compensatory increase of erythropoiesis in GPx44
mice (Figure 3.7). Given the role of vitamin E as a ROS scavenger, the data propose
that the ROS accumulation under GPx4 depletion is partially suppressed in the
presence of vitamin E. Therefore, it is not surprising that the downstream events,

such as, cell death and impaired reticulocyte maturation are partially or completely
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reversed by vitamin E by the maintenance of the cellular redox balance. Significantly
less pronounced effects of vitamin E depletion on the red cell parameters in the
presence of GPx4 prove that GPx4 and vitamin E are both important regulators of
ROS accumulation and lipid peroxidation and compensate one another to a certain
extent. The model proposed here clearly emphasize the clinical significance of dietary

vitamin E.

4.2 Impaired autophagy in the absence of GPx4

It is shown that in the absence of GPx4, the resulting ROS and lipid peroxidation,
interfering with the cellular redox regulation and homoeostasis, are triggering the
activation of autophagy. Enhanced autophagy initiation in GPx4 deficient cells, is
implied to be a survival mechanism activated to eliminate damaged cellular compo-
nents. In the absence of GPx4, autophagy is shown to be initiated based on the
early markers such as conversion of LC3, however, the process seems to be impaired
and not finalized, based on p62 accumulation (Figure 3.8). Since, ROS is known to
cause damage to all kinds of macromolecules in the cells and consequently causing
alterations and defects in cellular mechanisms, it is not surprising to observe that
among other pathways, autophagic machinery is affected by the cellular redox im-
balance. LC3 conversion, which is used as a marker for autophagic vesicle formation,
is established successfully, suggesting that the alterations are in the later stages of
the process. The data suggest a possible defect in autophagy during fusion, vesicle
elongation or degradation steps in GPx4 deficient systems based on the fact that the
autophagy is progressed until the fusion of the autophagosomes with the lysosomes.
Anemia associated with the impaired autophagy in the absence of GPx4 supports
the findings in the study by Mortensen et. al. supporting the essential role of au-
tophagy during erythropoiesis using a mouse model lacking the essential autophagy
gene Atg7 [249].

It has been suggested by Scherz-Shouval et al. that ROS is essential for the ox-

idative regulation of autophagy via inactivation of Atg4 at the site of autophagosome
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formation that is promoting autophagy [212]. The presence of ROS can be benefi-
cial for the cells in the initiation of autophagy at low doses and could support cell
survival with the successive elimination of damaged cellular compartments. On the
other hand, a defect in the process can give rise to higher doses of cellular ROS since
autophagic degradation cannot be achieved. ROS accumulation provokes further
damage and finally triggers cell death.

Remarkably, autophagy provides capacity for cell regeneration and restoration of
proliferation and this recovery process is strongly impaired by defects in autophagy
[258, 259]. Thus autophagy deficient cells are not only unable to tolerate metabolic
stress but are also defective in the recovery process leading to elevation of stress, and
to accumulation of damaged molecules and organelles.

Combined impairment of autophagy and apoptosis promotes necrotic cell death
as shown previously in studies with apoptosis deficient tumor cells [258]. Therefore,
impaired autophagy, observed in GPx4 deficient cells, might be a possible trigger
for the activation of alternative cell death mechanisms. It is hypothesized that im-
paired autophagy is another way to account for the marked RIP1/RIP3 dependent
necroptosis.

Whether the successful implementation of autophagy in GPx4 deficient cells
would have achieved cell survival via elimination of damaged material or would have
led to autophagic cell death is currently unknown and should be further investigated

by means of description of the affected crucial elements of the pathway.

4.3 Loss of GPx4 leads to necroptosis

4.3.1 Inhibition of caspase dependent cell death in GPx4
deficient cells

In the GPx4 deficient models used in this study, the observed cell death is shown
to be caspase independent as was previously suggested by Seiler et al. [103]. Not
surprisingly, caspase 8, one of the main regulators of the cell fate, is found to be

functionally inactivated in GPx4 deficient cells due to glutathionylation of the en-
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zyme (Section 3.7). The functional inactivation of caspase 8 explains the activation
of necroptosis as an alternative cell death mechanism in the absence of GPx4. A
similar phenomenon was observed for caspase-1 inactivation in a study with SOD1-
deficient macrophages [22].

Whereas reversible glutathionylation is an important regulatory mechanism for
protection of proteins against oxidative stress, guiding correct protein folding, reg-
ulating protein activity, and modulating proteins based on redox signalling under
normal conditions, irreversible glutathionylation might alter pathways, which reg-
ulate cell survival. Previous studies demonstrated that glutathione depletion or
indirect depletion of glutathione as a consequence of a decrease in GSH/GSSH ratio
plays a role in the regulation of cell death, including TNFR regulated mechanisms
[260, 261, 22]. In the absence of GPx4, caspase 8 dependent apoptotic pathways are
inhibited possibly due to imbalanced GSH/GSSH ratio (Section 3.7). It is highly
possible that other apoptosis regulators are also affected by irreversible glutathiony-
lation, yet, inhibition of caspase 8 has particular importance due to its key regulatory
role for the decision of apoptotic or necroptotic cell death execution.

In light of the finding that treatment with DTT, a reducing agent targeting S-
glutathionylation, reversed the observed cell death in fibroblasts (Figure 3.13), it is
highly reasonable to assume that in addition to caspase 8, other molecules, especially
the regulators of cell survival can be suffering from uncontrolled glutathionylation.
One possible pathway affected is the NFxB pathway, a very important signalling
pathway involved in the cellular responses to a wide variety of factors including ox-
idative stress. Previous studies reported that glutathionylation and deglutathiony-
lation have been suggested to play important roles in the regulation of NFxB signal-
ing [262, 263]. In addition to NFxB and caspase-1, other elements with particular
importance on the cell survival, have been previously reported to be regulated by
glutathionylation such as; caspase-3 [23], p53 [264], MEKK1 [265] and many others
(reviewed in [15]). Whether the glutathionylation occurring in the absence of GPx4
also has impact on one or more of these elements is subject for further investigation.

Possible effects of GPx4 deletion on the glutathionylation of those candidate path-
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ways might provide information for defining the mechanistic role of GPx4 in other

diseases such as neurodegenerative diseases or cancer.

4.3.2 Necroptosis as a cell death mechanism in the absence
of GPx4

It is an important point for the proposed model in this study that ROS and lipid
hydroperoxides act as upstream regulators of necroptosis independent of TNFa and
FasL. Even though ROS have been implicated in previous studies as a mediator of
TNF« induced necrosis in 1929 cells [231, 266, 233], it was considered as downstream
effector of necroptosis. Alternatively, emerging ROS and lipid peroxidation in GPx4
deficient cells constitute the upstream signaling of RIP1/RIP3 dependent necroptosis.
This hypothesis is strongly supported based on several facts. The cell death observed
in GPx4 deficient cells is not dependent on any of the known upstream activators of
necroptosis such as TNFR or Fas (Section 3.8.4). Despite the presence of marked
DNA damage, inhibition of PARP does not rescue cell death, ruling out PARP as
an activator. The death complex harboring RIP1 and RIP3 formed in the absence
of GPx4 does not involve the recruitment of FADD, which is described as a member
of the conventional necrosome (Section 3.8.3). Although, nec-1 successfully inhibits
the cell death, lipid peroxidation and ROS accumulation is not inhibited in GPx44
cells, positioning ROS and lipid peroxidation upstream of RIP1/RIP3 dependent cell
death.

Primary mechanisms of cell death involve apoptosis, autophagy and necrosis.
Given the previous discussions about the inactivation of caspase 8 and impaired au-
tophagy in GPx42 cells, necrotic cell death was the presumable execution mechanism
for the elimination of cells suffering from high doses of ROS accumulation and this
is strongly supported by genetic and pharmacological evidence provided in the study
(Section 3.8).

Taken together the results postulate a novel receptor-independent pathway for the
intracellular initiation of necroptosis through the enhanced accumulation of ROS for-

mation and lipid peroxides as upstream signaling components leading to activation of
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RIP1/RIP3. Protein modification is induced either directly by ROS or indirectly by
reaction with secondary products of oxidative stress. Whether there are particularly
important lipid metabolites or ROS regulated elements, acting as secondary messen-
ger molecules in the absence of GPx4, remains for further investigation. Reactive
lipid derivatives have been implicated in apoptosis initiation governed by mitochon-
dria with their high reactivity with nucleophiles such as the amino acids cysteine,
lysine and histidine [267]. Several reactive lipid species have been implicated in
pathological conditions involving cell death [268] therefore, identification of possi-
ble specific lipid derivatives arising in the absence of GPx4 might provide valuable
information for understanding mechanistic events underlying indicated diseases.

It is known that oxidative stress causes an increase in redox active iron. Iron
ions have been shown to exert a strong influence on the toxicity of reactive oxygen
species [231]. Recently, ferroptosis is described as a unique iron-dependent form
of nonapoptotic cell death, triggered by the lethal oncogenic Ras-selective small
molecule erastin in cancer cells in an iron-dependent fashion [178]. The authors de-
scribe that ferroptosis is dependent on intracellular iron, but not other metals, and
is morphologically, biochemically, and genetically distinct from apoptosis, necrosis,
and autophagy and clearly, cannot be inhibited by nec-1 but with a potent inhibitor
of ferroptosis ferrostatin-1. Despite its differences, ferroptosis might share common
mechanisms with the cell death observed under GPx4 deficiency based on the com-

mon phenotype with glutamate induced cell death of neuronal cells [236].
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Chapter 5

Conclusion

ROS are formed as normal by-products of aerobic metabolism. When kept un-
der control they take part in the regulation of cellular pathways, however, elevated
rates may lead to pathophysiological conditions. Hence, maintaining cellular redox
balance is of vital importance for cell survival and tissue homoeostasis since imbal-
anced production of ROS may lead to oxidative stress and cell death. In particular,
erythrocytes are highly sensitive to ROS accumulation due to their physiological
function in oxygen transport and several antioxidant mechanisms take part in the
regulation of ROS in this lineage. GPx4, one of the most important ROS scavenging
selenoproteins, is a unique antioxidant enzyme that can directly reduce phospholipid
hydroperoxide in mammalian cells, yet, its specific function in RBCs has not been
investigated to date.

Taking advantage of mice with hematopoietic specific deletion of GPx4, GPx4 is
shown to be essential for reticulocyte maturation. Loss of GPx4 in erythroid cells
results in ROS accumulation and lipid peroxidation leading to impaired reticulocyte
maturation and subsequently to anemia. Anemia is compensated to a certain extent,
as indicated by the high reticulocyte counts and serum EPO levels. Additional
depletion of vitamin E strongly elevates the anemia and attenuates compensatory
erythropoiesis indicating the crucial role of vitamin E as a ROS scavenger in the
absence of GPx4.

Moreover, the data provide evidence that the autophagic flux is impaired in the

absence of GPx4. Imbalanced ROS accumulation triggers initiation of autophagy,
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which acts as a reliable detoxification mechanism. Absence of GPx4, however, in-
hibits autophagic flux and therefore excludes autophagy as a counteracting mecha-
nism.

The use of an in vitro model of murine embryonic fibroblasts provided insights
for the mechanism of cell death in GPx4® cells. The scheme depicted in Figure 5.1
illustrates the cellular homoeostasis controlled by GPx4 and vitamin E and the cell
death mechanism activated in their absence, supported by both in vitro and in vivo
findings. The model suggests that GPx4 and vitamin E act as ROS scavengers to
control the cellular redox state and they can compensate each other to a certain
extent. Accumulation of ROS and lipid peroxidation in the absence of GPx4 and
vitamin E inhibit autophagic flux, which is a potential counteracting mechanism for
elimination of oxidized cellular material. Additionally, caspase 8, one of the main
regulatory elements of cell death execution, is inhibited due to glutathionylation.
Therefore, inhibition of both autophagy and caspase dependent cell death mecha-
nisms constitute the basis for the induction of the alternative cell death mechanism,
namely RIP1/RIP3 dependent necroptosis. The cell death observed in the absence
of GPx4, shares common features with the recently described necroptosis and can
also be inhibited with the specific necroptosis inhibitor nec-1, however, its activation
is independent of the previously described upstream TNFR signaling. The model
proposes a novel receptor-independent pathway for the initiation of necroptosis that
is initiated intracellularly through enhanced accumulation of ROS and formation of
lipid peroxides as upstream signaling components leading to activation of RIP1/RIP3
(Figure 5.1 B, C).

This study provides findings of clinical importance that will contribute to deci-
phering the underlying mechanisms of diseases and pathological conditions associated

with GPx4 as well as other antioxidant enzymes.
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Figure 5.1: Summary of the proposed model explaining the cellular role of GPx4.
(A-B) The model presented here suggest that GPx4 and vitamin E act as ROS scav-
engers and control the cellular redox state. In the absence of GPx4, autophagic flux,
which would have been a counteracting mechanism for elimination of oxidized cellu-
lar material is inhibited. Also, caspase 8, one of the main regulatory elements of cell
death execution, is inhibited due to glutathionylation. Inhibition of both caspase de-
pendent cell death mechanisms and autophagy constitutes the basis for the execution
of the alternative cell death mechanism, namely RIP1/RIP3 dependent necroptosis.
Although the cell death observed in the absence of GPx4, shares common features
with the recently described necroptosis, the pathway, which is activated, differs in the
regulatory phase. (C-D) The model proposes a novel receptor-independent pathway
for the initiation of necroptosis that is regulated intracellularly trough the enhanced
accumulation of ROS and formation of lipid peroxides as upstream signaling compo-
nents leading to activation of RIP1/RIP3.
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Appendix A

Appendix

A.1 Chemicals, Reagents and Kits

Chemical Company Catalog No.
5Z-7-Oxozeaenol Sigma 09890
Annexin V BD Pharmingen 550464
anti-CD178 BD Pharmingen 555291
Antigen Unmasking Solution Vector Lab H-3300
Anti-FITC MicroBeads Miltenyi 130-048-701
Anti-PE MicroBeads Miltenyi 130-048-801
APO Alert (Tunel) Clontech 630107
Avidin/Biotin Blocking Kit Vector Lab SP-2001
Bodipy C11 Invitrogen, USA D3861
BrdU detection kit eBioscience 17-5071-41
Caspase inhibitor 1 (zVAD) Calbiochem 627610
CM-H2DCFDA Invitrogen, USA C6827
Ciprobay 500mg Bayer

DAPI Invitrogen P36931
DTT Sigma 43815
dNTP Mix Invitrogen 18427-088
Fas (Soluble) Recombinant BD Pharmingen 554336
Mitotracker Deep Red Invitrogen M22426
Mouse EPO Elisa Kit R&D Systems DY959
Mouse IL-6 Elisa Kit R&D Systems DY406
Olaparib (AZD2281) Selleckchem S1060
Oligo (dT) Primer Invitrogen AMbT730G
poly I.C Sigma P1530
QIAshredder Kit Qiagen 79656
Recombinant Human TNF« R&D Systems 210-TA-001MG/CF
RNaseOUT Invitrogen 10777-019
RNeasy Mini Kit Qiagen 74104
Streptovivin/Biotin Blocking Kit Vector Lab SP-2001
SuperScriptIl Reverse Transcriptase Invitrogen 18064-014
SuperSignal West Femto Substrate Thermo Scientific 34095
SuperSignal West Pico Substrate Thermo Scientific 34080
SYBR Green Master (Rox) Roche 79656
Thiazol orange Biomol ABD-17518
VectaMount Mounting Medium Vector Lab H-5000
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VECTASTAIN Elite ABC Kit Vector Lab PK-6100

A.2 Antibodies

A.2.1 Flow cytometry antibodies

Target Company Catalog Number Conditions
CD16/CD32 BD Pharmingen 553142 1:100
CD3 BD Pharmingen 555274 1:200
CD71 BD Pharmingen 553266 1:200
TER119 BD Pharmingen 561071 1:100

A.2.2 Western blot antibodies

Target Company Catalog Conditions
Number

B-actin Sigma A4700 1:2000 3% Skim milk 4°C ON
caspase 8 Abnova MAB3429 1:1000 4% Skim milk 4°C ON
GPx4 raised against  [103] 3% BSA 4°C ON

PQVIEKDLPCYL
LC3B Cell Signaling 2775 1:1000 3% BSA 4°C ON
p62 Progen GP62-C 1:1000 3% Skim milk 4°C ON
RIP1 BD Pharmingen 610459 1:1000 4% Skim milk 4°C ON
RIP3 Abcam AB62344 1:1000 4% Skim milk 4°C ON
TRAF2 Cell Signaling 4724 1:1000 4% Skim milk 4°C ON

A.2.3 Antibodies used for histology

Target Company Catalog Conditions
Number
BRDU AbDSerotec MCA2060 1:400 3% BSA 4°C ON
Phospho-Histone H2A.X Cell Signaling 2577 1:200 3% BSA 4°C ON
A.3 siRNA

Target Company Catalog Number

caspase 8 Thermo Scientific L-043044- 00

RIP1 Thermo Scientific L-040150-00

RIP3 Thermo Scientific D-049919-04

TRAF2 Thermo Scientific 1-042814-01

A.4 Genotyping
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Table A.6: 12/15-Lox Genotyping PCR

Primers (5’-3) Temperature(°C) | Time(second) | Cycle
CTGAATGAACTGCAGGACGA 94 30 35
CGTGGTTGAAGACTCTCAAGG | 73 60
CGAAATCGCTGGTCTACAGG 72 60
Table A.7: ATG7 Genotyping PCR
Primers (5’-37) Temperature(°C) | Time(second) | Cycle
TGGCTGCTACTTCTGCAATGATGT | 94 30 35
CAGGACAGAGACCATCAGCTCCAC | 62 60
TTGCCAACATCCCTGGATAC 72 60
TGGCACCCACTGACCAATAG
Table A.8: Cre Genotyping PCR
Primers (5’-3) Temperature(°C) | Time(second) | Cycle
ACCTGAAGATGTTCGCGATTATCT | 94 30 35
ACCGTCAGTACGTGAGATATCTT 58 30
72 30
Table A.9: GPx4 Genotyping PCR
Primers (5’-3’) Temperature®C | Time | Cycle
ACTCCCCGTGGAACTGTGAGCTTTGTGC | 94 30 40
GGATCTAAGGATCACAGAGCTGAGGCTGC | 68 30
72 90
Table A.10: RIP3 Genotyping PCR
Primers (5’-3) Temperature(°C) | Time(second) | Cycle
CGCTTTAGAAGCCTTCAGGTTGAC | 94 30 30
GCCTGCCCAATCAGCAACTC 60 30

CCAAGAGGCCACTTGTGTAGCG

72

60
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