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ABSTRACT

RAS genes are the most frequently mutated oncogenes across human cancers and
mutations in RAS lead to malignant transformation, tumor initiation and tumor
maintenance. Mutant KRAS is the most common and most aggressive isoform and
occurs in the deadliest cancers worldwide. One key feature of oncogenic KRAS
expression is the upregulation of reactive oxygen species (ROS). Moderate ROS levels
activate several cancer cell progressions and promote cellular transformation, whereas
increased ROS levels result in cell death. The exact mechanism how cells with
elevated ROS levels due to oncogenic KRAS expression escape cell death remains
still unknown.

Here, we identified in an isogenic cellular system that expression of oncogenic KRAS
compared to wild type renders cells more resistant to ferroptosis, a recently recognized
form of regulated cell death. In this study, we found that KRAS®'?P-expressing cells
exhibit basal higher general and lipid ROS levels and are protected from lipid
peroxidation upon ferroptosis induction. Moreover, our study revealed that KRAS-
mutant cells increase ferroptosis suppressor protein 1 (FSP1) expression to protect
cells from lipid peroxidation. In particular, we discovered that FSP1 is upregulated upon
NRF2 activation. Additionally, we ascertained that FSP1 is enhanced as a
consequence of KRAS mediated activation of mitogen-activated protein kinase
(MAPK) pathway. Strikingly, for the first time we showed that elevated FSP1
expression in KRASWT cells in vitro promotes cellular transformation in soft agar assays
and spheroid growth in spheroid assays. Furthermore, our study revealed that FSP1
overexpression in KRASWT tumors accelerates tumor onset — in the absence of
oncogenic KRAS®'?P — jn vivo. Additionally, this study demonstrated that only
pharmacological induction of ferroptosis in combination with FSP1 inhibition decreases
pancreatic organoids derived from LsL-KRASC'?D expressing mouse models.
Interestingly, we determined that in cancer types with high KRAS mutational
frequencies such as non-small cell lung cancer (NSCLC), colorectal cancer (CRC) and
pancreatic ductal adenocarcinoma (PDAC) FSP1 expression is increased compared
to the respective original tissue. Moreover, FSP1 upregulation correlates with NRF2
expression in PDAC patient datasets.

Taken together, our work contributes to the understanding of oncogenic KRAS induced

ferroptosis resistance and FSP1 regulated ferroptosis protection. Hence, we propose
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that KRAS mutant cells upregulate FSP1 to overcome ferroptosis during cellular
transformation and tumor establishment. Therefore, we suggest considering FSP1
suppression in combination with ferroptosis inhibition as a clinical therapy option to
treat cancer patients harboring a KRAS-mutation.



ZUSAMMENFASSUNG IX

ZUSAMMENFASSUNG

RAS-Gene sind die am haufigsten mutierten Onkogene bei menschlichen
Krebserkrankungen und RAS-Mutationen fuhren zu bosartiger Transformation,
Tumorentstehung und Tumorerhaltung. Mutiertes KRAS ist die haufigste und
aggressivste Isoform und kommt bei den tddlichsten Krebsarten weltweit vor. Ein
Hauptmerkmal der onkogenen KRAS-Expression ist die Hochregulierung von
reaktiven Sauerstoffspezies (ROS). Moderate ROS-Konzentrationen aktivieren
mehrere Krebszellen und fordern die Zelltransformation, wahrend erhohte ROS-
Konzentrationen zum Zelltod fuhren. Der genaue Mechanismus, wie Zellen mit
erhohten ROS-Werten aufgrund einer onkogenen KRAS-Expression dem Zelltod
entgehen, ist noch unbekannt.

Wir haben in einem isogenen Zellsystem festgestellt, dass die Expression von
onkogenem KRAS im Vergleich zum Wildtyp die Zellen resistenter gegen Ferroptose
macht, eine kdrzlich anerkannte Form des regulierten Zelltods. In dieser Studie fanden
wir heraus, dass KRAS®'?P-exprimierende Zellen basal héhere allgemeine und Lipid-
ROS-Werte aufweisen und bei Ferroptose-Induktion vor Lipidperoxidation geschutzt
sind. AuRerdem zeigte unsere Studie, dass KRAS-mutierte Zellen die Expression des
Ferroptose-Suppressor Proteins 1 (FSP1) erhohen, um die Zellen vor
Lipidperoxidation zu schutzen. Wir entdeckten, dass FSP1 bei NRF2-Aktivierung
hochreguliert wird. Daruber hinaus konnten wir feststellen, dass FSP1 durch die
KRAS-vermittelte Aktivierung des Mitogen-aktivierten Proteinkinase (MAPK)-
Signalwegs verstarkt wird. Bemerkenswert ist, dass wir zum ersten Mal zeigen
konnten, dass eine erhohte FSP1-Expression in KRAS“'-Zellen in vitro die
Zelltransformation in Soft-Agar-Experimenten und das Spharoidwachstum in
Spharoid-Experimenten fordert. Darlber hinaus zeigte unsere Studie, dass die
Uberexpression von FSP1 in KRASWT-Tumoren das Auftreten von Tumoren — in
Abwesenheit von onkogenem KRAS®'?P — jn vivo beschleunigt. Weiterhin konnte in
dieser Studie gezeigt werden, dass nur die pharmakologische Induktion der Ferroptose
in Kombination mit der FSP1-Inhibition die Pankreasorganoide aus LsL-KRAS®'2P.
exprimierenden Mausmodellen reduziert. Wir haben interessanterweise festgestellt,
dass bei Krebsarten mit hoher KRAS-Mutationshaufigkeit wie dem nicht-kleinzelligen
Lungenkrebs (NSCLC), dem kolorektalen Karzinom (CRC) und dem duktalen
Adenokarzinom der Bauchspeicheldriuse (PDAC) die FSP1-Expression im Vergleich
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zum jeweiligen Ausgangsgewebe erhoht ist. AuRerdem korreliert die Hochregulierung
von FSP1 mit der NRF2-Expression in PDAC-Patientendatensatzen.

Insgesamt tragt unsere Arbeit somit zum Verstandnis der onkogenen KRAS-
induzierten Ferroptose-Resistenz und des durch FSP1 regulierten Ferroptose-
Schutzes bei. Wir gehen davon aus, dass KRAS-mutierte Zellen FSP1 hochregulieren,
um die Ferroptose wahrend der Zelltransformation und der Tumorbildung zu
uberwinden. Daher schlagen wir vor, die Unterdrickung von FSP1 in Kombination mit
der Ferroptosehemmung als klinische Therapieoption zur Behandlung von

Krebspatienten und Krebspatientinnen mit einer KRAS-Mutation in Betracht zu ziehen.
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1 INTRODUCTION

1.1 CELL DEATH

Cell death is a critical and active process in multicellular organisms. Controlling cell
death is crucial to maintain tissue homeostasis, to eliminate potentially harmful cells
and to regulate development [1], [2]. Abnormal cell death plays a major role in several
human diseases including cancer, autoimmune diseases, organ failure,
neurodegeneration and infection [2]-[5].

There are two different ways by which cells can undergo cell death: accidental cell
death (ACD) and regulated cell death (RCD). ACD can be triggered by physical,
chemical or mechanical stimuli to the cell and RCD is characterized by a complex
molecular machinery [6]. RCD can be pharmacologically or genetically modulated [6]
and activated when intracellular or extracellular perturbations of the microenvironment
are unrecoverable and cellular homeostasis restoration fails after stress response [7].
Based on macroscopic morphological alterations, historically three major different
forms of RCD have been described: type | cell death (apoptosis), type Il cell death
(autophagy) and type lll cell death (necrosis) [8], [9]. Over the past years multiple novel
cell death modalities have been classified and characterized through distinct
morphologies caused by different mechanisms [6]. In Figure 1 several different types
of regulated cell death are pictured. Two of the most common and well-studied RCD
types are apoptosis and necroptosis. Apoptosis and Necroptosis can be triggered
either by extracellular stimuli or within a signaling cascade in the cell. Apoptosis is
enabled by caspases activation, while necroptosis is activated via caspases
suppression [10]. However, in the following chapters, this work will focus on another

type of regulated cell death called ferroptosis.
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Figure 1: Different types of regulated cell deaths (RCDs)

Schematic illustration of different types of regulated cell death, which are mediated by specific
intra- or extracellular molecular triggers and characterized by unique cell responses and
conducts. ADCD: autophagy-dependent cell death, ICD: immunogenic cell death, NET:
neutrophil extracellular trap, LDCD: lysosome-dependent cell death, MPT: mitochondrial
permeability transition. Adapted from Galluzzi et al. 2018 [6]. Scheme was drawn by using
licensed biorender.com.

1.2 FERROPTOSIS

(ADOPTED FROM BEBBER, MULLER ET AL. 2020)
Ferroptosis is an iron and lipid peroxidation dependent type of regulated cell death
(RCD). This type of cell death is characterized by increased levels of lipid reactive
oxygen species (ROS) and its dependency on intracellular iron, which gives ferroptosis
its name [11].
Ferroptosis was first discovered in 2003 in a synthetic lethal chemical screening for
genotype-selective antitumor agents in which a novel compound named erastin (for

eradicator of RAS and ST-expressing cells) was described to target rat sarcoma
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(RAS)-mutant cells and lead to a non-apoptotic form of cell death [12]. Later, it was
described that ferroptosis is an oxidative related iron-dependent type of cell death by
Yagoda et al. and Yang and Stockwell, who ascertained small molecules erastin and
RAS-selective lethal 3 (RSL3) to induce oxidative species resulting in a non-apoptotic
cell death in cells harboring oncogenic RAS [13], [14]. In contrast to other types of RCD
such as apoptosis or necroptosis, ferroptosis is independent from caspases and

receptor-interacting protein kinase (RIPK) activities [6].

1.2.1 INDUCTION OF FERROPTOSIS

Ferroptosis requires redox-active iron. lron is an essential nutrient and comes in two
different forms: heme iron and non-heme iron. Non-heme iron (Fe3*) is binding to
transferrin and then transported into the cell through the membrane protein transferrin
receptor (TFRC/CD71). Endosomal six-transmembrane epithelial antigen of prostate
3 (STEAP3) reduces Fe®* to Fe?*in endosomes and releases it into a labile iron pool
(LIP) in the cytoplasm through a divalent metal transporter 1 (DMT1) [15], [16].
Interestingly, DMT1 has been shown to be upregulated upon ferroptosis-induction [17].
Once divalent iron (Fe?*) is in the cytoplasm the Fenton reaction catalyzes hydroxyl
radicals (HO-) when Fe?* and hydrogen peroxides (H20) react, resulting in damage
of cellular DNA, proteins or lipids [16], [18]. Therefore, one major hallmark of
ferroptosis is iron which donates electrons to generate ROS leading to lipid
peroxidation and the initiation of cell death [19]. Of note, ferroptosis can be inhibited
by iron chelator deferoxamine (DFO) or genetic inhibition of cellular iron uptake [11].

Besides intracellular iron accumulation another hallmark of ferroptosis is lipid
peroxidation. Lipid peroxidation destabilizes the lipid bilayer, which leads to oxidative
damage of the biomembrane or other lipoproteins [20]. The main targets of lipid
peroxidation are the polyunsaturated fatty-acid-containing phospholipids (PUFA-PLSs)
[21]. It has been identified that arachidonic acid (AA)- and adrenic acid (AdA)-
containing phosphatidylethanolamine (PE) species were the top lipid targets of lipid
peroxidation during ferroptosis [22]. Peroxidation of PUFAs in membranes results in
lethal lipid radicals generated from toxic lipid hydroperoxides, which induce ferroptosis
[23]. PUFA-PLs are oxidized in two different ways: non-enzymatically and
enzymatically. In the non-enzymatical free-radical chain reaction hydroxyl radicals
(HO-) generated from Fenton reactions can react directly with PUFAs and thereby
trigger lipid ROS production [24]. The enzymatic way is more complex: Ferroptosis
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induction is activated via the accumulation of oxygenated PUFAs arachidonic acid -
containing PE (AA-PE) - specifically AA-OOH-PE - and its elongated version adrenoyl
(AdA-PE). The formation of AA-OOH-PE requires three enzymes: acyl-CoA
synthetase long chain family member 4 (ACSL4), lysophosphatidylcholine
acyltransferase 3 (LPCAT3) and lipoxygenases (LOXs) [16], [22], [25]. More precisely
the AA-OOH-PEs is produced via the ACSL4-catalyzed formation of AA and AdA with
Coenzyme A (CoA) into acyl-CoA, followed by the LPCAT3-controlled esterification of
AA-CoA into AA-PE and completed by the LOX-oxidized form of AA-PE into AA-OOH-
PE [22], [25]. Interestingly, ACSL4 was described as one of the first essential
regulatory proteins in the ferroptotic cell death process [26]. Moreover, it has been
found that ACSL4 and LPCAT3 were significantly enriched in ferroptosis-sensitive cells
[26]-[28]. Taken together these findings demonstrate that peroxidation of PUFAs is an

essential process in the ferroptosis pathway.

)
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Figure 2: Ferroptosis pathway

Schematic illustration of the ferroptosis pathway. Ferroptosis is characterized by the iron-
dependent lipid peroxidation. Main peroxidation targets are polyunsaturated fatty-acids
(PUFAs)-containing phospholipids. Peroxidation (-OOH) of phosphatidylethanolamine (PE)-
PUFAs (PE-PUFA-OOH) mediates membrane destabilization and rupture, which induce
ferroptosis [23]. PE-PUFA-OOH are generated from PUFA-arachidonic acid and -adrenic acid
(PUFA-AA/AdA), which acyl-CoA synthetase long chain family member 4 (ACSL4) catalyzes
into Coenzyme A (PUFA-CoA). Next, esterification of PUFA-CoA into PE-PUFA is controlled
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by lysophosphatidylcholine acyltransferase 3 (LPCAT3). In a final step, lipoxygenase (LOX)
oxidizes PE-PUFAs into PE-PUFA-OQOH [22], [25]. Lipid peroxidation can be triggered by the
intracellular iron accumulation [19]. Through the membrane protein transferrin receptor (TFRC)
none-heme iron (Fe") is transported into the cell. In an endosome, six-transmembrane
epithelial antigen of prostate 3 (STEAP3) reduces Fe®" to Fe?* and releases Fe?* through a
divalent metal transporter 1 (DMT1) into a labile iron pool (LIP) in the cytoplasm [15], [16].
Once divalent iron (Fe*") is in the cytoplasm the Fenton reaction catalyzes hydroxyl radicals
(HO-) when Fe?* and hydrogen peroxides (H.0,) react, resulting in lipid peroxidation [16], [18].
Glutathione peroxidase 4 (GPX4) can prevent cells from lipid ROS. By using glutathione (GSH)
as a redox equivalent GPX4 reduces lipid hydroperoxides (PE-PUFA-OOH) to their
corresponding lipid alcohols (PE-PUFA-OH) and thereby protecting cells from lipid
peroxidation [29], [30]. Oxidized glutathione disulfide (GSSG) is recycled by glutathione-
disulfide reductase (GSR) and nicotinamide adenine dinucleotide phosphate
hydrogen/hydrogen (NADPH/H+) back into GSH [30]. GSH is synthesized by GSH synthetase
(GSS) and glutamate-cysteine ligase (GCL). GSH synthesis is dependent on the availability of
cysteine, glutamate and glycine [22], [31]. Cysteine is reduced from cystine, which is shuttled
into the cell via the glutamate-cysteine antiporter system Xc- (System Xc-). System Xc- is an
amino acid antiporter and consists of two subunits: the functional unit SLC7A11 (solute carrier
family 7 member 11) and the regulatory subunit SLC3A2 (solute carrier family 3 member 2),
which exchange extracellular cystine into and intracellular glutamate out of the cell [32]—[34].
Another way to protect cells from ferroptosis is the ferroptosis suppressor protein 1 (FSP1),
which reduces ubiquinone to ubiquinol by using NAD(P)H. Ubiquinol mediates as a lipophilic
radical trapping antioxidant (RTA) by trapping lipid peroxyl radicals thereby preventing lipid
peroxidation [35], [36]. Ubiquinone is produced by the mevalonate pathway. For the
mevalonate pathway the synthesis of 3-hydroxy-3-methylglutaryl-CoA (HMG)-CoA from
acetyl-CoA through acetoacetyl-CoA is required to catalyze mevalonate (MVA), which is
essential for the mevalonate pathway to generate ubiquinone [37], [38]. Scheme was drawn
by using licensed biorender.com.

1.2.2 REGULATORS OF FERROPTOSIS
1.2.2.1 FSP1 (FERROPTOSIS SUPPRESSOR PROTEIN 1)

One key regulator, which protects cells from lipid ROS, is apoptosis inducing factor
mitochondria associated 2 (AIFM2). AIFM2 was newly identified as an anti-ferroptotic
gene and therefore renamed into ferroptosis suppressor protein 1 (FSP1). AIFM2 was
described as a flavoprotein, which was believed to trigger caspase-independent
apoptosis because of its sequence similarity to apoptosis-inducing factor mitochondria-
associated 1 (AIFM1), another initially postulated pro-apoptotic gene [39]. However,
recently in 2019, FSP1 was discovered as a ferroptosis protective gene. It was shown
in two separate studies that FSP1 can compensate loss of GPX4 activity and is
independent on ACSL4 expression and oxidizable fatty acids. In one study they
identified FSP1 in a screen for genes in ferroptosis resistant cells complementing
GPX4 loss and in another study they found FSP1 as a potent ferroptosis resistance
factor in a CRISPR-Cas9 knockout screen for synthetic lethality with GPX4 inhibition
using small molecule inhibitor RSL3 [35], [36].
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FSP1 contains a short N-terminal hydrophobic sequence and a canonical flavin
adenine dinucleotide (FAD)-dependent oxidoreductase domain [36]. Both studies
revealed that N-terminal myristylation recruits FSP1 to the plasma membrane, where
it functions as an oxidoreductase to reduce ubiquinone (also known as coenzyme Q10
(CoQ10)) to ubiquinol [35], [36]. Ubiquinone is produced by the mevalonate pathway.
For the mevalonate pathway the synthesis of 3-hydroxy-3-methylglutaryl (HMG)-CoA
from acetyl-CoA through acetoacetyl-CoA is required to catalyze mevalonate (MVA).
MVA is essential for the mevalonate pathway, which is an important anabolic pathway
synthesizing different metabolites such as ubiquinone [37], [38]. Ubiquinone exists in
three redox states: fully oxidized (ubiquinone), partially reduced (semiquinone or
ubisemiquinone), and fully reduced (ubiquinol). Ubiquinol functions as a lipophilic
radical trapping antioxidant (RTA) by trapping lipid peroxyl radicals that mediate lipid
peroxidation [35], [36]. FSP1 uses nicotinamide adenine dinucleotide (phosphate)
hydrogen (NAD(P)H) in vitro for the reduction of CoQ10 [40]. Interestingly, it was
shown that FSP1 expression correlates with ferroptosis resistance in hundreds of
cancer cell lines. Specifically, it was demonstrated that FSP1 mediates resistance to
ferroptosis in lung cancer cell lines and in mouse tumor xenografts. These data
suggest that cancer cells upregulate FSP1 as a strategy to escape ferroptosis cell
death [35], [36]. Of note, deletion of NAD(P)H quinone oxidoreductase 1 (NQO1), a
quinone/CoQ oxidoreductase, did not affect sensitivity to RSL3, but FSP1 and NQO1
knockout cells (FSP1X9/NQO1X®) were more sensitive than FSP1KO cells. These
findings reinforce the data that FSP1 alone is capable to suppress ferroptosis [36]. In
another just recently published study, it was investigated that dihydroorotate
dehydrogenase (DHODH) inhibitors including brequinar used at higher concentrations
also inhibit FSP1 and thereby sensitize cancer cells to ferroptosis [41]. Moreover, the
same group just published another study in which they discovered that vitamin K, fully
reduced by FSP1, functions as an anti-ferroptotic player [42]. The FSP1-mediated
reduction of vitamin K results in a form, which operates as a potent RTA and inhibits

(phospho)lipid peroxidation, and thereby protect cells from ferroptosis [42].

1.2.2.2 GPX4 AND SYSTEM XC-

Another important regulator to inhibit and block lipid peroxidation is glutathione
peroxidases 4 (GPX4). GPX4 is a selenoprotein and a member of the glutathione
peroxidases (GPXs). Interestingly, inhibition of GPX4 using small molecule
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compounds such as RSL3 or Molecular Libraries 162 and 210 (ML210 and ML162)
results in ferroptosis induction [11], [30], [43], [44]. By using glutathione (GSH) as a
redox equivalent, GPX4 reduces lipid hydroperoxides (PE-PUFA-OOH), also called
lipid ROS, to their corresponding lipid alcohols (PE-PUFA-OH) thereby protecting cells
from lipid peroxidation [29], [30]. After reduction of hydroperoxides by GPX4, oxidized
glutathione disulfide (GSSG) is recycled by glutathione-disulfide reductase (GSR)
using NADPH/H+ [30]. GSH, one of the most abundant cellular antioxidants, is
synthesized by GSH synthetase (GSS) and glutamate-cysteine ligase (GCL). Of note,
buthionine sulfoximine (BSO) binding to GCL pharmacologically inhibits GSH
biosynthesis and results in ferroptosis [11], [45]. GSH synthesis is dependent on the
availability of cysteine, glutamate and glycine [22], [31]. Cysteine is reduced from
cystine, which is shuttled into the cell via the glutamate-cysteine antiporter system Xc-
(System Xc-). System Xc- is an amino acid antiporter and consists of two subunits: the
functional unit SLC7A11 (solute carrier family 7 member 11) and the regulatory subunit
SLC3A2 (solute carrier family 3 member 2), which imports extracellular cystine in
exchange of intracellular glutamate export [32]-[34]. Therefore, system Xc- is another
important regulator of ferroptosis. Interestingly, inhibition of SLC7A11 (xCT) by the
small molecule erastin results in cystine depletion, followed by reduced GSH levels

and decreased GPX4 activity, which leads to ferroptosis [46].

1.2.2.3 ANTIOXIDANT DEFENSE SYSTEMS OF FERROPTOSIS

Moreover, it was shown that xCT inhibition induces mitochondrial fragmentation,
mitochondrial ROS production, loss of the mitochondrial membrane potential (MMP)
and adenosine triphosphate (ATP) depletion [13], [16], [45], [47]-[49]. These findings
demonstrate that mitochondrial metabolism plays a major role in ferroptosis.
Additionally, it is known that mitochondria depletion in vitro or oxidative
phosphorylation (OXPHOS) inhibition rescued cells from cystine depletion or erastin-
induced ferroptosis [47]. Mitochondria generate adenosine triphosphate (ATP) through
the metabolic pathway OXPHOS. During this mitochondrial process ROS are
produced, which can cause aberrant oxidation of proteins, lipids and DNA [50].
Therefore, cells have evolved different antioxidant defense systems to survive. One
defense system is converting two superoxides, which are generated during OXPHOS,
into water (H20) and hydrogen peroxide (H202) by the superoxide dismutase (SOD)
[51]. To further protect the cell, H202 is reduced to water (H20) by different antioxidant
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enzymes such as GPXs or peroxireductases (PRDXs) [52]. Another antioxidant
defense system to guard cells from oxidative stress caused by lipid peroxidation is the
activation of the key regulator of the antioxidant response — Nuclear factor erythroid 2-
related factor 2 (NRF2) [53].

1.2.2.4 NRF2 (THE MASTER FACTOR FOR ANTIOXIDANT RESPONSE IN
FERROPTOSIS)

Nuclear factor erythroid 2-related factor (NRF2), also known as NFE2L2, is induced
upon oxidative or electrophilic stress in the cell and transcriptionally activates an
antioxidant defense program including anti-ferroptotic genes. Under basal condition
NRF2 is kept in the cytoplasm by a kelch-like ECH-associated protein 1-cullin3-ring
box protein 1 (KEAP1-CUL3-RBX1), an E3 ubiquitin ligase complex. KEAP1 facilitates
the NRF2 ubiquitination by CUL3. After NRF2 is ubiquitinated it is transported to the
proteasome and degraded [54], [55]. However, increased oxidative stress conditions
disrupt the KEAP1-CUL3 ubiquitination system of NRF2, which leads to increased
levels of newly translated NRF2 in the cytoplasm. Also, mutations of KEAP1, CUL3 or
NRF2 can prevent NRF2 ubiquitination [54]. NRF2 translocates to the nucleus, where
it heterodimerizes with small musculoaponeurotic fibrosarcoma oncogene homolog
(Maf), which leads to transcription of antioxidant response element (ARE)-containing
genes [56], [57]. AREs induce the expression of antioxidant and metabolic genes such
as SLC7A11, GPX4, glutamate-cysteine ligase catalytic subunit (GCLC) and
glutamate-cysteine ligase modifier subunit (GCLM) [54], [58]. GCLC and GCLM are
two subunits of the GCL, an enzyme which plays a major role in the GSH synthesis
[59]. Moreover, NQO1 and Heme oxygenase-1 (HMOX1, HO-1) are target genes of
NRF2. NQO1 catalyzes the reduction and detoxification of highly reactive quinones,
which lead to oxidative stress, to hydroquinones [60]. Interestingly, NQO1 has a
preference for short-chain acceptor quinones such as ubiquinone [61]. HO-1 cleaves
heme into antioxidant biliverdin, carbon monoxide and iron [62]. Of note, an increased
labile iron pool (LIP) (Fe?*) due to excessive activation of HO-1 enhances ferroptosis
[63], [64]. Also, inhibition or silencing of HO-1 induced by withaferin A, erastin and BAY
11-7085 leads to resistance to ferroptosis [63]-[65].

Controversially to these findings it was published that knockdown of NQO1 and HO-1
in hepatocellular carcinoma cells (HCC) promotes ferroptosis when treated with

ferroptosis inducers erastin and sorafenib [66]. It seems that excessive upregulation of
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HO-1 has a cytotoxic effect while a moderate upregulation could have a cytoprotective
effect [67]. Nevertheless, HO-1 and its effect on ferroptosis needs to be further
investigated. Interestingly, there are other genes known to be transcriptionally
activated by NRF2 such as FSP1, which seem to expand the role of NRF2 in regulating
oxidoreductases [68]. Moreover, recently it has been discovered, that the CoQ-FSP1
axis is a key downstream effector and transcriptional target of the KEAP1-NRF2
pathway [69]. This study indicates that mutation or deficiency of KEAP1 in lung cancer
cells mediates ferroptosis- and radiation-resistance due to upregulation of FSP1
through NRF2 [69]. Additionally, pharmacological inhibition of FSP1 and ferroptosis
sensitizes lung cancer cells or patient-derived xenograft tumors to radiation [69]. These
findings highlight the need of novel therapeutic strategies which target ferroptosis in
KEAP1 mutant lung cancers. Of note, mutations in the KEAP1-NRF2 complex occur
in almost 23% of lung adenocarcinomas (LUAD) and 34% of squamous cell
carcinomas [70], [71]. High levels of NRF2 lead to a shorter overall survival with poor

prognosis and to resistance of most available standard-of-care therapies [72].
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Figure 3: KEAP1-NRF2 pathway

Schematic illustration of the KEAP1-NRF2 pathway. Nuclear factor erythroid 2-related factor 2
(NRF2) is kept in the cytoplasm by a kelch-like ECH-associated protein 1-cullin3-ring box
protein 1 (KEAP1-CUL3-RBX1), an E3 ubiquitin ligase complex. Under basal conditions NRF2
is ubiquitinated by CUL3, while KEAP1 facilitates the reaction. After NRF2 is ubiquitinated it is
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transported to the proteasome, where it degrades [54], [55]. Under oxidative stress conditions
the ubiquitination of NRF2 is impaired due to disrupted KEAP1-CUL3 complex. NRF2 levels
increase in the cytoplasm and translocate to the nucleus. Once in the nucleus NRF2 forms a
heterodimer with small Maf proteins and binds to antioxidant response elements (ARE). AREs
initiate the expression of antioxidant proteins such as solute carrier family 7 member 11
(SLC7A11), glutathione peroxidase 4 (GPX4), glutamate-cysteine ligase catalytic subunit
(GCLC), NAD(P)H quinone oxidoreductase 1 (NQO1), Heme oxygenase-1 (HO-1) and
ferroptosis suppressor protein 1 (FSP1), to protect the cell from oxidative stress [54], [58], [73].
Scheme was drawn by using licensed biorender.com.

1.2.3 CHEMICAL FERROPTOSIS INDUCERS

There are currently four different chemical strategies to induce ferroptosis. The main
two groups contain compounds inhibiting the system Xc-/GSH/GPX4 axis and are
referred to as Class | ferroptosis-inducing compounds (FIN I) and Class |l ferroptosis-
inducing compounds (FIN 1) [14], [30]. Class | FINs block system Xc- thereby
preventing cystine import into the cell leading to GSH depletion. Due to the ensuing
drop in GPX4 activity, this leads to increased lipid ROS levels resulting in ferroptotic
cell death. Compounds such as erastin (and analogs as for instance imidazole ketone
erastin (IKE)), glutamate, the tyrosine kinase inhibitor sorafenib (e.g. BAY 43-9006),
and the antirheumatic drug sulfasalazine are system Xc- inhibitors [11], [46]. Of note,
erastin also functions through the mitochondrial voltage-dependent anion channel
(VDAC). Consequently, VDAC2 and VDAC3 knockdown results in erastin resistance
[23]. Class Il FINs such as (1S,3R)-RSL3, ML162, ML210, altretamine and other
diverse pharmacological inhibitors (DPIs) inactivate GPX4 directly through covalently
binding of its active selenocysteine site and thereby inhibiting its enzymatic activity
resulting in ferroptosis [21], [30]. Another small molecule FIN56 induces ferroptosis via
two different pathways: it promotes degradation of GPX4 and reduces the abundance
of CoQ10 via the mevalonate pathway [74]. It is unknown how GPX4 degradation is
promoted, but the enzymatic activity of acetyl-CoA carboxylase (ACC) plays a role in
this pathway [74]. The fourth group inhibits GPX4 indirectly by directly oxidizing iron
and stimulating lipid peroxidation and thereby leading to ferroptosis [75], [76].
Moreover, several other reagents can induce ferroptosis via different ways. Depletion
of GSH can be induced by inhibition of GCL via BSO which results in ferroptotic death
[30]. Additionally, cystine starvation leads to GSH depletion triggering ferroptosis. In
pancreatic cancer cells artesunate may induce ferroptosis [77]. Furthermore, cisplatin
can induce ferroptosis and apoptosis in several tissues [78], [79]. Moreover, recently

iIFSP1 has been discovered to trigger ferroptosis in RSL3 resistant cells [36].
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Although Class | FINs have been used in vivo in cancer cells to induce ferroptosis,
there is a need of analog developments with greater potency [17], [30], [80]. Class Il
FINs so far show no effects in vivo, which demonstrate necessity of further

investigation of potential ferroptosis inducers in vivo for cancer treatments.

1.2.4 FERROPTOSIS INHIBITORS

Several compounds capable of specifically blocking ferroptotic cell death exist. These
include iron chelators, which suppress the Fenton reaction by chelating iron from the
labile iron pools (LIPs), preventing thereby lipid peroxidation [81]. Iron chelators are
deferoxamine, ciclopirox or deferiprone [82]. Other compounds such as vitamin E,
trolox, deuterated polyunsaturated fatty acids (D-PUFAs), butylated hydroxytoluene,
Ferrostatin-1 (Fer-1) and Liproxstatin-1 block lipid peroxidation directly [23]. Fer-1 is
one main ferroptosis inhibitor whose activity was described to function via direct
scavenging of lipid ROS [11].

Moreover, as mentioned before ubiquinol generated by FSP1 seems to inhibit
ferroptosis and functions as an endogenous radical trapping agent functionally
equivalent to the described small-molecule lipophilic radical scavengers Fer-1 and
Liproxstatin-1 [11]. Furthermore, it was shown that the metabolic derivates
tetrahydrobiopterin / dihydrobiopterin (BH4/BH2) of GTP cyclohydrolase-1 (GCH1)
also suppress ferroptosis by depleting phospholipids with two PUFA tails [83].
Additionally, it was discovered that BH4 acts as a potent RTA, which can protect cells
alone and in synergy with vitamin E from lipid peroxidation [84]. Another study just
recently revealed, that hydropersulfides scavenge free radicals and thereby prevent

cells from lipid peroxidation and ferroptosis [85].

1.2.5 RELEVANCE OF FERROPTOSIS IN VIVO

xCT plays an important role in the ferroptosis pathway by importing cystine, which is
needed for the GSH synthesis to protect cells from lipid ROS. xCT is highly expressed
in neurons and brushes border membranes of the kidney and duodenum as well as in
the thyroid gland [34], [86].

It was shown that xCT-deficient mice show increased cystine concentration
extracellular and decreased GSH levels intracellular in comparison to wild type (WT)

mice. However, in vitro, cellular cysteine levels in embryonic fibroblasts derived from
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knockout (KO) mice were similar compared to cells derived from WT mice. Moreover,
these isolated mouse embryonic fibroblasts (MEFs) from xCT KO mice die in cell
culture and only survive when 2-mercaptoethanol or N-acetyl cysteine (NAC) is
supplemented, both serve as alternative cystine sources. These data suggest that in
vitro in 2 D culture cells compensate the cysteine synthesis via the transsulfuration
pathway [86]. The transsulfuration pathway metabolizes methionine to homocysteine
and cystathionine beta-synthase (CBS) further processes it to cystathionine. CBS is
acted on by cystathionine y-lyase (CSE) to generate cystathionine to cysteine [33],
[87]. In Cbs deleted mice elevated levels of homocysteine in plasma lead to
homocystinuria which results in death of the mice after 5 weeks [88], [89]. Interestingly,
a newly discovered CBS inhibitor induces ferroptosis in different cancer cell lines [90].
Another key regulator of ferroptosis is GPX4. It has been reported that GPX4 is
necessary for embryogenesis since GPX4 KO mice die in utero at E7.5 [91]. Mice die
at the same embryonic development when harboring a mutation in the enzymatically
active selenocysteine of Gpx4, whereas a heterozygous loss of selenocysteine in Gxp4
leads to defect spermatogenesis in born mice [92], [93]. Also, it was shown that Gxp4
is essential for mitochondria integrity due to the fact that whole-body inducible Gpx4
knockout mice exhibited increased mitochondrial damage and decreased activity of
the electron transport chain members complex | and IV [94]. Moreover, Gpx4 is
important for tissue homeostasis and survival of adult mice since Gpx4 KO mice lost
body weight and died within two weeks after [29], [94].

GSH is necessary for GPX4 to prevent cells from lipid peroxides. GSH is produced
during GSH synthesis, where GCL is needed to form GSH precursor y-
glutamylcysteine. GCL consists of two subunits: the catalytic subunit GCLC and the
regulatory subunit GCLM [59]. Deletion of Gclc, which leads to blockade of Gsh
synthesis, is embryonically lethal at E8.5. Furthermore, Gclc knockout in embryos
results in increased cell death assayed by TUNEL staining and gastrulation failure [95],
[96]. Interestingly, Gclm KO compared to WT leads to normal development but less
GSH production in mice [97]. Also, deletion in glutathione synthetase (GSS), which
generates GSH, results in death of the mice at E.7.5, whereas heterozygous mice
survive [98]. These data reinforce how important GSH-synthesis as well as GCLC are
for embryonic development. To sum up, these findings support that ferroptosis

protection plays a crucial role in embryonic development and tissue homeostasis.
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1.2.6 GENETIC EVIDENCE FOR FERROPTOSIS IN CANCER

It was demonstrated that GSH, driven by GCLM, is required for cancer initiation. Harris
et al. 2015 showed that in different mice models of mammary tumors, lymphomas,
thymomas and sarcomas loss of Gclm impaired tumor initiation and progression.
Interestingly, the same results were observed when PyMT-Gclm+/+ mice, which
exhibited mammary tumors, were treated prior to cancer onset with BSO, an inhibitor
of GSH synthesis. Of note, when mice were treated with BSO upon mammary tumor
onset, tumor burden was unchanged. These results indicate that at later stages of
tumor progression there must be an alternative antioxidant mechanism to protect
malignant tumors from ROS levels due to the fact that BSO fails to impact tumor growth
[99]. Moreover, upregulation of GCLM across multiple human tumor types and data
showing high GCLM mRNA expression in human tumors results in lower relapse-free
survival and overall survival of the patients [99]. Furthermore, specific deletion of xCT
in tumor cells impairs tumor growth in murine cancer models, caused by defective
cystine uptake, which initiates decreased GSH levels and accumulation of ROS [100].
However, although it was shown that cysteine depletion in a PDAC xenograft model
had little effect on tumor growth [101], whole body xCT deletion in a PDAC genetically
engineered mouse model induced ferroptosis and was sufficient to reduce tumor
growth [102]. These results assume that deletion of xCT could be an effective cancer
treatment. Moreover, depletion of Gpx4 in the pancreas of an oncogenic Kras-driven
murine model resulted in macrophage infiltration and activation by stimulating
transmembrane protein 173/stimulator of interferon genes (TMEM173/STING)-
dependent DNA sensor pathway. Furthermore, Gpx4 depletion promoted Kras-driven
tumorigenesis in PDAC [103]. In contrast, treatment with Liproxstatin-1 suppressed
Kras-driven pancreatic tumorigenesis in mice [103]. These findings propose that Gpx4
depletion accelerates tumorigenesis upon ROS upregulation or oxidative damage.
Recently, in subcutaneous tumor studies it was shown that GPX4 KO tumors also
significantly impair tumor size, while GPX4X°/FSP1KO tumors, where ferroptosis was

inhibited with Fer1, reduced tumor growth [36].

1.2.7 INFLUENCE OF RAS ON FERROPTOSIS SENSITIVITY

Ferroptosis was firstly named in 2012, when erastin and RSL3 were discovered to

induce an iron-dependent form of non-apoptotic cell death [11]. Not known at that time
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ferroptosis was firstly described in 2003 in a synthetic lethality screen for small
molecules targeting Harvey rat sarcoma viral oncogene homolog (HRAS)®'?V-mutant
human foreskin fibroblasts (BJeLR), in which erastin was found to initiate cell death
and therefore named for eradicator of RAS and ST-expressing cells (erastin) [12].
Moreover, in 2008 two other compounds RSL3 and RSLS5 were detected in a synthetic
lethal screening to increase lethality in cells expressing oncogenic RAS. It was shown
that HRAS®'2?V cells upregulate TFRC and downregulate ferritin, which enriches the
cellular iron pool [14]. Additionally, lung carcinoma cell line (Calu-1) harboring a Kirsten
sarcoma viral oncogene homolog (KRAS)®'?¢ mutation were more sensitive to erastin
treatment then cells expressing two different short hairpin RNAs (shRNAs) targeting
KRAS. Furthermore, A-673 cells, with an activating BRAFY6%F but no KRAS mutation
become more resistant to erastin treatment after BRAF shRNA induction [13].

To investigate ferroptosis sensitivity in the context of the mutational status of RAS in
cancer cells, 117 cancer cell lines from different tissues were treated with erastin. From
117 different cancer cell lines 38 were harboring oncogenic RAS mutations. It was
determined that independent of the mutational RAS status, the tissue origin was the
stronger predictor for ferroptosis sensitivity. In this study it was shown, that diffuse
large B-cell ymphoma (DLBCL) cell lines were revealed as the most sensitive cell lines
to ferroptosis induction via erastin treatment [30].

Furthermore, it was described that human mammary epithelial (HME) cells expressing
mutant epithelial growth factor receptor (EGFR) and BRAF mutant cells are sensitive
to ferroptosis by mitogen-activated protein kinase (MAPK) signaling activation via
cystine deprivation leading to hydrogen peroxides. Moreover, it was shown that
ferroptosis induced by cystine deprivation inhibits tumor growth in vivo in an EGFR
mutant non-small cell lung cancer (NSCLC) xenograft model [104].

Activated RAS is known to upregulate superoxide and hydrogen peroxide production.
Regarding these findings, cells expressing neuroblastoma RAS viral oncogene
homolog (NRAS)€'2P and HRAS®'?V mediate an oxidative stress response via the p38
MAPK activation and ROS production [105]. Moreover, ROS production was
stimulated by activation of NADPH-oxidases (NOX), which is regulated by the
phosphoinositide-3-kinase/Ras-related C3 botulinum toxin substrate 1 (PI3K/Rac1)
and RAF/MEK/ERK pathways in NIH-3T3 cells expressing HRAS®™V. Also,
pretreatment with antioxidant N-acetylcysteine (NAC) or a NADPH oxidase inhibitor
(diphenyleneiodonium (DPI)) decreased DNA repair capacity in these cells [106], [107].
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Interestingly, activation of NADPH oxidase 1 (NOX1) through oncogenic KRAS
increases ROS generation. NOX1 induces cellular and causes malignant
transformation [108]. Additionally, it was shown that tumor suppressor inactivation of
p16 and KRAS activation through KRAS®'?V upregulates NADPH oxidase 4 (NOX4)
[109]. Since oncogenic KRAS elevates ROS-generating NOX activity and GSH
biosynthesis, targeting of NOX and GPX4 with a combination treatment of DPI and
BSO resulted in lethality of cancer cells harboring oncogenic RAS mutations [110].
These data suggest that oncogenic RAS isoforms regulate lipid peroxidation and
ferroptosis through ROS generation, which may support cellular transformation in vitro.
Still, it remains unknown how oncogenic RAS handles tumor initiation in vivo after ROS
induction.

ROS plays a pivotal role in biological processes. Interestingly, different ROS
concentrations influence tumor microenvironment, cancer progression, metastasis and
survival. To date it is known that moderate ROS levels activate several cancer cell
progression and growth cascades such as mitogen-activated protein
kinase/extracellular signal-regulated protein kinases 1/2 (MAPK/ERK1/2), p38, c-Jun
N-terminal kinase (JNK), and phosphoinositide-3-kinase/protein kinase B (PI3K/AKT),
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), matrix
metalloproteinases (MMPs) and vascular endothelial growth factor (VEGF) [111].
However, high levels of ROS can induce apoptosis [112], [113]. Therefore, it is
important for tumor cells to deal with high ROS levels to survive. One way to
accommodate with increased ROS levels is activation of the NRF2-antioxidant
response element signaling pathway [114]. Notably, it is known that NRF2 is activated
upon expression of KRAS®'2P, BRAFV619E and MY CERT? oncogenes, which leads to an
antioxidant defense and thereby lower intracellular ROS levels and enhancing
tumorigenesis [115], [116].

Knowing that oncogenic RAS increases ROS levels, it is still controversially discussed
how sensitive or resistant cells expressing oncogenic RAS are to lipid ROS and
thereby ferroptosis. As mentioned before it was shown that mutant RAS cells are
sensitive to erastin or RSL3 treatment [11]. Intriguingly, it was demonstrated that
independent of the KRAS status, artesunate (ART) was inducing an iron and ROS-
dependent cell death in pancreatic ductal adenocarcinoma (PDAC) cell lines [77].
Moreover, another study discovered that erastin treatment enhanced sensitivity of
acute myeloid leukemia (AML) cells harboring a NRAS®6'- mutation (HL-60), but not
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in other cell lines expressing NRAS®'?P or KRASA'8D or even RAS wild type [117].
These data suggest that not only oncogenic RAS, but also other genetic or non-genetic
factors may influence ferroptosis sensitivity. Of note, rhabdomyosarcoma cells
(RMS13) expressing either NRAS®2V, HRASC'?Y or KRASC'?Y were indeed more
resistant to ferroptosis induction via erastin or RSL3 treatment then cells expressing
empty vector, suggesting oncogenic RAS may also protect cells from ferroptosis [118].
Furthermore, it has recently been published that oncogenic KRAS®'?V cells upregulate
XCT to protect cells from H202-induced cell death and that xCT supports RAS-induced
transformation and tumorigenicity [119]. Interestingly, cells expressing homozygous
KRASC12D/G12D exhibit a metabolic rewiring in which they increase among other things
glutathione biosynthesis, assuming these cells are more resistant to ferroptosis,
because they are better protected from lipid ROS [120]. In this study they also show
that these cells upregulate glucose-derived metabolites for the TCA cycle, which lead
to glutathione-mediated detoxification. Correspondingly, it is known that the
mitochondrial tricarboxylic acid (TCA) cycle plays an important role in ferroptosis [47].
Also, other studies demonstrate that in KRAS-driven cancers metabolic changes in

glycolysis or glutaminolysis can increase and thereby affect the TCA cycle [121].

1.3 INFLUENCE OF CELL DENSITY ON FERROPTOSIS
RESISTANCE

Apart from oncogenic RAS- and ROS-ferroptosis dependency, it was unexpectedly
discovered that HCT116 cells become more resistant to ferroptosis when seeded in
higher density. The protooncogenic transcriptional co-activator yes-associated protein
1 (YAP1/YAP) transcriptionally upregulates ACLS4 and TFRC, two ferroptosis
modulators, which usually promote ferroptosis. When cells seeded in high confluence
YAP is inhibited, resulting in ferroptosis resistance of these cells [122]. In general, the
Hippo-YAP pathway is involved in several biological functions such as cell proliferation,
differentiation and organ size control [123], [124]. Mechanistically, this pathway is
characterized by cell-cell contacts mediated by E-cadherin, activating the Hippo
phosphorylation signaling pathway by inactivating YAP and its paralog WW domain
containing transcription regulator 1 (WWTR1,also called TAZ) through mammalian
Ste20-like kinases 1/2 (MST1/2) and large tumor suppressor 1/2 (LATS1/2) [123].
When Hippo pathway is off due to low density, YAP/TAZ can shuttle into the nucleus
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and act as a transcription co-regulator leading to upregulation of ACSL4 and TFRC
resulting in ferroptosis sensitivity [125]. Furthermore, Mishima et al. just recently
reiterated how important cell density is in ferroptosis studies [41]. These data should
be considered when testing ferroptosis sensitivity in different cells.

Low Cell Density High Cell Density
/‘\ /_\ /\ /\ ) @ @ @ r

Hippo OFF Hippo ON

MST1/2

* MOB1) v
LATS1/2

X |
.

/ja CH — ¢

Degraded

CD / e
@ | 53|

Transcription ON Transcription OFF

Ferroptosis sensitivity Ferroptosis resistance

Figure 4: Hippo-YAP pathway

Schematic illustration of the Hippo-YAP pathway. This pathway is characterized by cell-cell
contacts mediated by E-cadherin, activating the Hippo phosphorylation signaling pathway by
inactivating yes-associated protein 1 (YAP) and its paralog WW domain containing
transcription regulator 1 (TAZ) through mammalian Ste20-like kinases 1/2 (MST1/2) and large
tumor suppressor 1/2 (LATS1/2) [123]. When Hippo pathway is off due to low density,
YAP/TAZ can shuttle into the nucleus and act as a transcription co-regulator leading to
upregulation of ACSL4 and TFRC resulting in ferroptosis sensitivity [125]. Therefore, adherent
cells seeded in low density are ferroptosis sensitive while adherent cells seeded in high density
are ferroptosis resistant. Scheme was drawn by using licensed biorender.com.

1.4 RAS GTPASES

Two of the three RAS genes were originally identified as cellular counterparts of the
viral oncogenes of cellular transformation through the retroviruses Harvey and Kirsten

sarcoma in rodents [126]. After Kirsten rat sarcoma virus (KRAS) and Harvey Rat
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sarcoma virus (HRAS) in 1983 another human transforming oncogene was discovered
and found to be a member of the RAS gene family. It was named neuroblastoma RAS
viral (v-ras) oncogene homolog (NRAS), because it was initially detected in human
neuroblastoma cell lines [127], [128]. Since then, there has been an intense focus on
studying the biology, biochemistry and structure of these three RAS oncogenes.
KRAS, HRAS and NRAS encode for four different 21 kDA long RAS proteins, in which
KRAS has two isoforms that arise from alternative exon 4 splicing (KRAS4A and
KRAS4B respectively), in which KRAS4B is the predominantly splicing variant [129],
[130]. RAS protein family members belong to small GTPases which bind to guanosine
triphosphate (GTP) and guanosine diphosphate (GDP). RAS GTPases cycle between
two conformations: the inactive GDP-bound conformation, called switched-off, and the
active GTP-bound conformation, called switch-on. Conversion from the inactive GDP-
bound state to the active GTP-bound state is mediated by guanine nucleotide
exchange-factors (GEFs). The switch back to inactive RAS is promoted by GTPase-
activating proteins (GAPs), which catalyze GTP hydrolysis [131]. Cycling between the
two states ON and OFF controls key cellular processes. Once switched on, RAS
GTPases activate a spectrum of downstream signaling effectors which regulate cellular

growth, proliferation, survival and differentiation [132], [133].

1.4.1 RAS STRUCTURE

RAS contains two domains, the C-terminal and the G domain, and exists of six beta
strands and five alpha helices. The C-terminal consists of 24-25 residues and is
characterized by a membrane targeting region (CAAX-COOH, also known as CAAX
box) and a hypervariable region (HVR). The CAAX motif is required for
posttranslational lipid modifications and controls subcellular localization. The HVR
dictates membrane localization and is responsible for downstream signaling pathway
activations facilitated by prenylation and palmitoylation of cysteine residues.

The G domain approximately consists of 170 residues and binds to guanosine
nucleotides. It consists of five G motifs (G1-G5). G1, also called P-loop (GxxxxGKS/T),
is a glycine-rich phosphate-binding loop, which wraps around the phosphates of
GDP/GTP. G2, called “Switch I”, contains a threonine on position 35, which is crucial
for terminal phosphate (y-phosphate) binding of GTP and also contacts the divalent
magnesium ion bound in the active site. The G3 motif, also called “Switch II”, consists

of a DxxGQ motif, where glutamine (Q) activates a catalytic water molecule for
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hydrolysis of GTP to GDP and the aspartate (D) is essential for guanine versus adenine
binding. G4 is the NT/KxD motif, which specifically interacts with guanine. Also, the G5
motif provides a specificity for guanine due to the interaction of alanine in the SAK
consensus sequence. Switch | and Switch Il are the main responsible parts of the G-
domain, which lead to conformational change of the GDP to GTP cycle and therefore
to effector binding [130], [134]-[137].

1.4.2 DOWNSTREAM SIGNALING PATHWAYS OF RAS

RAS GTPases regulate several cellular processes such as cell division, proliferation,
migration and cellular differentiation through direct interactions with various effectors
[132], [133]. Different stimuli, such as receptor-tyrosine kinases (RTKs) or G protein—
coupled receptors (GPCRs) can activate RAS proteins. RAS activation occurs when
growth factors bind to their receptor tyrosine kinases (RTKs) (e.g. epidermal growth
factor (EGF) binding to epidermal growth factor receptor (EGFR)) and initiate
dimerization and autophosphorylation of the receptor. Upon growth factor stimulation,
SOS interacts with GRB2 and is recruited to the plasma membrane. The SH2 domain
of GRB2 binds to phosphotyrosine residues of the autophosphorylated receptors.
Once SOS is translocated to the plasma membrane it initiates the GDP/GTP exchange
on RAS, which leads to further downstream effector signaling pathway activation [138],
[139]. More than ten proteins with distinct functions including e.g., RAF, PI3K,
RALGDS, TIAM, PLCe have been identified as RAS effectors [140], [141].

Two of the main RAS downstream effectors are the RAF/MEK/ERK cascade and the
PI3K/AKT pathway. The RAS/RAF/MEK/ERK signaling pathway (also known as the
MAPK/ERK pathway) controls key cellular functions such as proliferation,
differentiation, angiogenesis, migration and survival. RAS stimulates the protein kinase
activity of RAF family kinases, which consists of 3 different RAF kinases, A-RAF, B-
RAF and c-RAF (also called RAF-1) [142]. The RAF family kinases were described as
one of the first oncoproteins almost 40 years ago [143]. Once RAS is activated, RAF
dimerizes and changes conformationally, which leads to phosphorylation of its
activation sites and dephosphorylation of its deactivation sites [144]. The activation site
of RAF phosphorylates and activates two MAPKs, called MEK1 and MEK2. MEK1 and
MEK2 in turn phosphorylate and activate ERK1 and ERK2, two extracellular signal-
regulated kinases (ERKSs) or classical MAP kinases. Once activated, ERK translocates

to the nucleus where it controls and activates several cell cycle proteins and
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transcription factors [145]. Another well-known downstream effector pathway of RAS
is the PIBK/AKT signaling cascade. It is also involved in several cellular events such
as cell growth, proliferation, differentiation, protein synthesis, metabolism and survival
[146]. Four different classes of intracellular lipid PI3Ks exist, which can also be
activated via RTKs or GPCRs. PI3K phosphorylates phosphoinositides leading to
formation of phosphatidylinositol 3,4,5-triphosphate (PIP3) [145]. PIP3 is a secondary
messenger which recruits pyruvate dehydrogenase kinase 1 (PDK1) and
serine/threonine protein kinase B (PKB/AKT) to the plasma membrane and thereby
activates AKT. AKT comprises three subtypes: AKT1, AKT2, AKT3, which further
phosphorylate several substrates such as mammalian target of rapamycin (mTOR),
forkhead box O (FOXO) or NF-kB. Therefore, activated AKT plays a major role in cell
proliferation, apoptosis, glucose metabolism, transcription and cell migration.
Interestingly, the lipid phosphatase PTEN can negatively regulate the PI3K/AKT
pathway by dephosphorylating PIP3 and converting it into phosphatidylinositol 4,5-
bisphosphate (PIP2) [145], [147].

Due to the important role of RAS signaling pathways in cellular processes, gene
mutations in RAS signaling players such as receptor tyrosine kinases (e.g. EGFR),
RAS regulators (e.g., GAP, GEF) and RAS effectors (e.g., PI3Ka, BRAF) have an
immense effect in human cancers. Therefore, therapies should target and inhibit these

signaling cascades.
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Figure 5: RAS effector pathways

Schematic illustration of the RAS effector pathway. RAS activation can occur through different
stimulations. One example is when growth factors bind to their receptor tyrosine kinases
(RTKs) and thereby initiate dimerization and autophosphorylation of the receptor. Through the
SH2 domain GRB2 binds to the phosphotyrosine residues of the autophosphorylated
receptors. With its SH3 domain GRB2 is interacting with SOS. SOS is recruited from the
cytosol to the plasma membrane and initiates the GDP/GTP exchange on RAS. Once RAS is
bound to GTP it activates further downstream effector signaling pathways [138], [139]. Some
of these RAS effectors are e.g., RALGDS, PI3K, RAF, PLCe and TIAM, which control and
regulate cellular processes such as survival, proliferation and transcription [140], [141].
Scheme was drawn by using licensed biorender.com.

1.4.3 RAS MUTATIONS IN HUMAN CANCER

40 years ago, in 1982, the first mutationally activated RAS gene was identified in
human cancer [126]. Since then, there has been an intense focus on studying RAS
mutations and validating mutant RAS as a key driver for malignant transformation and
tumor initiation and maintenance. Overall, RAS is the most commonly mutated
oncogene in all human cancers, with KRAS being the most frequently mutated isoform.
RAS mutations occur in the deadliest cancers worldwide, which are predominantly

lung, pancreatic and colon cancer. As a consequence, there is an urgent need of
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elusive “anti-RAS” therapy for cancer treatment, since RAS mutations exist so
frequently [133], [145].

The frequency and distribution of RAS mutations varies due to the fact that for analysis
different databases with distinct patient numbers are used, including diverse cancer
types and divergent RAS isoforms. Prior et al. cross-referenced in 2020 all major
published cancer mutation databases, with the two largest ones being Catalogue of
Somatic Mutations in Cancer (COSMIC) and The Cancer Genome Atlas (TCGA), to
define general mutation frequencies of RAS isoforms from different cancer types. They
determined that almost 3.4 million (19%) of cancer patients per year worldwide
harboring a RAS mutation [148]. Due to high discrepancy of the different databases,
data based on the COSMIC databank will be used in the following to give an overview
of the different frequencies of KRAS, NRAS and HRAS in various cancer types.
Overall, in all human cancers the most prevalent mutations do occur in KRAS (~23%),
followed by mutations in NRAS (~8%) and mutations are less found in HRAS (~3%)
[133]. Moreover, KRAS is commonly mutated in 85%, NRAS is less commonly mutated
in 11% and HRAS, being rarely mutated in 4% of all RAS driven cancers [129].

RAS

B KRAS
NRAS
B HRAS

85 %

Figure 6: RAS isoforms and mutation occurrence in all human cancers

KRAS is commonly mutated in 85%, NRAS in 11% and HRAS is barely mutated in 4% of all
RAS driven cancers. Data is analyzed from COSMIC. Data was adapted from Hobbs et al.
2016 [129].

Interestingly, KRAS mutations have the highest incidence in pancreatic cancer (57%).
Also, in malignancies of the large intestine (35%), biliary tract (28%), small intestine
(17%), lung (16%) and endometrium (15%) KRAS mutations do occur [133]. NRAS
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mutations commonly appear in malignant melanomas (17%) as well as in malignancies
of hematopoietic and lymphoid tissue (10%) and thyroid cancer (7%) [133]. HRAS
mutations have been found prevalently in salivary gland tumors (15%) and in cervical
tissue, as well as in the upper aero-digestive tract and urinary tract (all 9%) [133].
Although RAS mutations are widely distributed all over the gene, there is a so called
“hotspot” for commonly occurring mutations in three amino acid residues, which are
G12, G13 and Q61 and representing 98% of all RAS mutations [129]. Gain-of-function
single base missense mutations in these hotspots lead to intrinsic GTP activity of RAS
proteins, since GAP is impaired to promote hydrolysis of GTP, resulting in constantly
activation of further downstream signaling. Therefore, RAS mutations lead to
uncontrolled activation of cellular processes consequent in tumorigenesis and cancer
[133], [149].

Interestingly, the frequency of every RAS gene mutation also occurs differently in each
of the three hotspots. G = A transitions at the second base of codon 12 or 13 resulting
in G12D or G13D mutations, whereas G - T transversions at the same spot resulting
in G12V mutations [150]. G12 mutations appear in 83% of KRAS isoforms, followed by
14% of G13 mutations and only 2% of Q61 mutations. In contrast, in NRAS isoforms
Q61 is the most mutated hotspot. Surprisingly, HRAS has no predominant mutated
hotspot and G12, G13 and Q61 mutations do occur in the same frequency [129]. G12D
is the predominant substitution of codon G12 in KRAS (41%) and NRAS (52%). In
HRAS it is G12V (65%). For codon G13, G13D is the most common mutation in KRAS
(89%), followed by NRAS (53%), but only less mutated in HRAS (13%). In contrast, in
HRAS G13R (49%) is the favored substitution. For Q61 codon mutations, Q61R is the
predominant version in NRAS (80%) and HRAS (41%), whereas Q61K is the preferred
substitution in KRAS (39%), but rare in NRAS (2%) and HRAS (17%) [133].
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Figure 7: Diagrams of hotspot mutations in RAS oncogenes

a Schematic diagram of G12 mutations in KRAS, NRAS and HRAS. b Schematic diagram of
G13 mutations in KRAS, NRAS and HRAS. ¢ Schematic diagram of Q61 mutations in KRAS,
NRAS and HRAS. Shown are various oncogenic somatic mutations identified in various human
cancers. Data was analyzed from COSMIC. Data is adapted from Murugan et al. 2019 [133].

Moreover, RAS isoforms exhibit significantly different base mutations in specific
cancers. For instance, in PDAC G12 is the favored hotspot mutation area in KRAS,
where the G = A transition at the second base of codon 12 resulting in G12D is the
most frequent mutation in this cancer type [129]. Suspensefully, in lung cancer the G
- T transversion at the first base in the codon leading to a G12C mutation is
predominantly seen in smoker cancer patients, while patients who never smoked more
often exhibit a G > A transition mutation [151]. In contrast, in melanoma the
predominant mutations are NRAS Q61, whereas NRAS G12 mutations are more
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common in acute myeloid leukemia. Additionally, G13 mutations are relatively often
mutated in colorectal adenocarcinoma (CRC) [129], [150], [152].

These patterns assume that each different RAS mutation has a different outcome on
the oncogenic functions. It needs to be further investigated, which factors play a key
role in preferences of mutation patterns occurring in different cancer types [150].
However, there is evidence that each particular mutation of the hotspots (G12, G13,
Q61) has different oncogenic effects and functional consequences on the tumor
outcome, which means that anti-RAS therapy needs to address several approaches to

target RAS mutant cancers [129].

1.4.4 TARGETING RAS / ANTI-RAS THERAPY

RAS-driven cancers comprise the majority of all human cancers. RAS hyperactivation
is observed in the deadliest types of cancer, such as PDACs, LUAD, colorectal
myelomas and endometrial carcinomas [145]. KRAS mutations predominantly occur in
pancreatic, colorectal and LUAD cancers and the clinical outcome of KRAS-driven
cancers is really poor [133]. Interestingly, in leukemia or melanomas NRAS and HRAS
mutations are more common [145].

In the past years there has been a big effort to develop new therapeutic approaches
to indirectly or directly target RAS. One approach to target RAS is to inhibit the SOS-
mediated RAS activation catalyzed by RAS-GEF with targeted small compounds [153],
[154]. Also, small molecules to inhibit the RAS GTP interaction with its effectors such
as RAF and PI3K have been identified [155]. Another approach for an anti-RAS
therapy are farnesyltransferase inhibitors (FTI), which target the RAS CAAX moitif to
prevent membrane association of RAS [156]. Moreover, several compounds exist to
inhibit downstream signaling pathway regulators such as RAF or PI3K [157], [158].
Furthermore, it is possible to silence KRAS expression with RNA interference siRNA
(RNAI) [159], [160]. Interestingly, cancer vaccines, which induce immunogenicity in
patients, have been developed to treat KRAS-driven cancers [161]. However, although
RAS is often designated as the “undruggable”, potential anti-RAS drugs were recently
developed: the G12C-inhibitors. These inhibitors, such as ARS-1620 and the newer
molecules sotorasib (AMG-510) and adagrasib (MRTX849), bind to the thiol of mutant
cysteine in KRAS®'2C and therefore prevent SOS1-RAF-GEF interaction, which inhibits
KRAS activation [162]-[165]. However, these inhibitors only target cancer patients

harboring KRAS®'2C mutations. Moreover, another small molecule was discovered,
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which covalently targets the KRASC'?S mutation. Irreversible binding of the small
molecule leads to an acylation of the noncatalytic serine in KRAS®'2S resulting in
oncogenic signaling suppression [166]. Surprisingly, more recently, MRTX1133, a
potent, selective and non-covalent KRAS®'?P inhibitor has been developed. It inhibits
KRASC'2D sjgnal transduction and leads to tumor regression in KRAS®'2P-mutant cell-
line-derived and patient-derived xenograft models [167]. Due to the fact that KRASC'2D
is the most prevalent KRAS mutant in all human cancers, this therapy gives hope for
treating more cancer patients resulting in a better clinical outcome.

With the arrival of the new precise personalized targeted therapies, there is optimism

that the “undruggable” RAS might be rendered druggable.

1.5 KRAS-MEDIATED REWIRING OF CELL DEATH

Another therapeutic approach to target KRAS-mutated cancers could be the inhibition
of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and other
TRAIL-receptors (TRAIL-Rs). Essentially, TRAIL is known to induce apoptosis, a form
of programmed cell death, and to kill tumor cells in vivo [168], [169]. Moreover,
activation of death receptors on tumor cells can suppress metastasis formation [170]—
[173]. Therefore, death receptor-stimulating agents have been developed as anti-
tumor therapeutics [174]. However, many cancer cell lines are resistant to TRAIL-
induced apoptosis and it is known that TRAIL and CD95, another death receptor, can
also stimulate cell proliferation, survival and invasion in tumors [175]-[180]. In addition,
TRAIL can also activate several signaling pathways such as the MAPKs JNK, p38 and
ERK [181], [182]. Surprisingly, it has been shown that in KRAS-mutated colorectal
cancer (CRC) cell lines oncogenic KRAS and its effector RAF1 influence TRAIL and
CD95, which stimulate the invasion of colorectal tumor cells and liver metastases [183].
Moreover, another study revealed that endogenous TRAIL/TRAIL-Rs induce cancer
progression, invasion, and metastasis in KRAS-mutated cancers, thereby leading to
apoptosis resistance [184]. Therefore, inhibition of the interaction of TRAIL/TRAIL-Rs
could be a therapeutic approach to treat patients harboring KRAS-mutations. However,
since TRAIL-R signaling in KRAS mutant cancers results in apoptosis resistance, the
induction of another type of cell death could be investigated to overcome resistance

mechanism of oncogenic KRAS.
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1.6 AIM OF THIS STUDY

KRAS is the most frequently mutated oncogene in the deadliest cancers worldwide
including PDAC and LUAD [129]. Mutations in KRAS lead to constitutively activated
downstream effector pathway signaling, which results in uncontrolled cell division,
proliferation, migration, cellular differentiation and resistance to cell death [133].
Although RAS has been immensely studied for almost 40 years and molecular
therapies to target mutant RAS have reached the clinic, there is still an urgent need to
improve knowledge about how oncogenic forms of KRAS rewire cell death. Moreover,
it is established that KRAS-mediated tumorigenesis is ROS dependent and cells
expressing mutant KRAS deal with higher ROS levels [105], [108]. Additionally, it was
shown that cells expressing oncogenic KRAS upregulate NRF2 — the antioxidant
machinery — to induce ROS detoxification [115] . Controversially, it is known that high
ROS levels will result in apoptosis [113] and high lipid ROS levels will lead to
ferroptosis [19]. Therefore, it still needs to be further investigated how KRAS mutant
cells cope with high ROS levels and how they deal with lipid ROS induced cell death.

Therefore, the following aims of this study were determined:

1. Characterization of various independent isogenic cellular models expressing
near-endogenous levels of oncogenic or wild type (WT) KRAS in regard to
ferroptosis sensitivity/resistance in vitro

2. |dentification of the resistance mechanism in cells expressing mutant KRAS in
vitro

3. Validation of the resistance mechanism and its regulation through oncogenic
KRAS in vitro

4. Investigation of the impact of the resistance mechanism on cellular

transformation in 2D vs 3D in vitro assays and on tumor initiation in vivo

Taken together, these aims were designed to shed light into ferroptotic cell death

resistance mechanisms in KRAS-mutated cancer cells.
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Oncogenic KRAS is the key driver oncogene for several of the most aggressive human cancers. One key feature of oncogenic KRAS
expression is an early increase in cellular reactive oxygen species (ROS) which promotes cellular transformation if cells manage to
escape cell death, mechanisms of which remain incompletely understood. Here, we identify that expression of oncogenic as
compared to WT KRAS in isogenic cellular systems renders cells more resistant to ferroptosis, a recently described type of regulated
necrosis. Mechanistically, we find that cells with mutant KRAS show a specific lack of ferroptosis-induced lipid peroxidation.
Interestingly, KRAS-mutant cells upregulate expression of ferroptosis suppressor protein 1 (FSP1). Indeed, elevated levels of FSP1 in
KRAS-mutant cells are responsible for mediating ferroptosis resistance and FSP1 is upregulated as a consequence of MAPK and
NRF2 pathway activation downstream of KRAS. Strikingly, FSP1 activity promotes cellular transformation in soft agar and its
overexpression is sufficient to promote spheroid growth in 3D in KRAS WT cells. Moreover, FSP1 expression and its activity in
ferroptosis inhibition accelerates tumor onset of KRAS WT cells in the absence of oncogenic KRAS in vivo. Consequently, we find
that pharmacological induction of ferroptosis in pancreatic organoids derived from the LsL-KRAS®'2P expressing mouse model is
only effective in combination with FSP1 inhibition. Lastly, FSP1 is upregulated in non-small cell lung cancer (NSCLC), colorectal
cancer (CRC) and pancreatic ductal adenocarcinoma (PDAC) as compared to the respective normal tissue of origin and correlates
with NRF2 expression in PDAC patient datasets. Based on these data, we propose that KRAS-mutant cells must navigate a
ferroptosis checkpoint by upregulating FSP1 during tumor establishment. Consequently, ferroptosis-inducing therapy should be

combined with FSP1 inhibitors for efficient therapy of KRAS-mutant cancers.

Cell Death & Differentiation; https://doi.org/10.1038/541418-022-01096-8

INTRODUCTION

The Ras proto-oncogenes (HRAS, NRAS and KRAS) are amongst the
most frequently mutated genes across human cancers [1-3]. KRAS
in particular is mutated in lung and pancreatic ductal adenocarci-
noma (PDAC) as well as colorectal cancer. Point mutations within
KRAS favor its active, GTP-bound state [2, 3]. Thereby, oncogenic
forms of KRAS constitutively signal through the mitogen-activated
protein (MAPK) pathway, PI3K and Rac1 signaling pathways
endowing them with a variety of advantages including evasion
of extrinsic apoptosis [4, 5. It is established that KRAS-mediated
cellular transformation requires the generation of reactive oxygen
species (ROS) through elevated expression of NADPH oxidase 1
(Nox1) [6]. Yet, it is poorly understood how cells expressing
mutated KRAS can mitigate the problem of ROS-induced cell
death. We recently showed that cells expressing oncogenic KRAS
upregulate the cystine/glutamate antiporter xCT (SLC7A11) upon
hydrogen peroxide stimulation to promote cellular transformation

[7]. Interestingly, xCT has been shown to protect cells from
ferroptosis, an iron-dependent type of regulated necrosis exe-
cuted by the accumulation of lipid ROS [8]. Cells are protected
from ferroptosis by glutathione peroxidase 4 (GPX4) [9] which
depends on glutathione (GSH) as an electron donor to reduce lipid
hydroperoxides. GSH synthesis is coupled to the availability of
intracellular cysteine which can be generated from cystine
imported via xCT [10]. In addition, recent studies indicate that
the Coenzyme Q10 (COQ10) oxidoreductase ferroptosis suppres-
sor protein 1 (FSP1, formerly AIFM2) protects cells from ferroptosis
through the generation of the lipid radical-trapping agent
ubiquinol [11, 12]. Although ferroptosis has been suggested to
represent a vulnerability in HRAS-mutant cells [13], GPX4 deletion
in pancreatic intraepithelial neoplasia (PanINs) in genetically
engineered mouse models driven by KRAS®'?P did not effectively
kill PanINs [14] strongly suggesting KRAS®"?P-driven PaniINs to be
protected from ferroptosis through unknown mechanisms.
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Here, through the use of various independent isogenic cellular
models expressing near-endogenous levels of oncogenic or wild
type (WT) KRAS, we demonstrate that oncogenic forms of KRAS
render cells more resistant to ferroptosis through NRF2-mediated
FSP1 upregulation in vitro and during tumor initiation in vivo.

MATERIALS AND METHODS

Cell lines

The panel of “Rasless” mouse embryonic fibroblasts (MEFs) reconstituted
with various oncogenic KRAS mutations (RPZ26216, RPZ25854, RPZ26198,
RPZ26186, RPZ26425, RPZ26299, RPZ26295) was generated and kindly
provided by the RAS Initiative at the Frederick National Laboratory for
Cancer Research (FNLCR), US. Independently, Rasless MEFs were also
obtained from M. Barbacid to generate KRAS point mutants from bulk
sorting without deletion of the endogenous floxed KRAS allele. All MEFs
were grown in Dulbecco’s modified Eagle’s (DMEM) + GlutaMAX™ medium
(Gibco) with 4 pug/ml of blasticidin. NIH-3T3 cells expressing KRAS®'?" were
generated and described previously [7]. NIH-3T3 stably expressing 40HT-
inducible HRAS®™Y and freshly isolated KRAS®'?’-inducible mouse
embryonic fibroblasts (MEFs) were cultured in DMEM (Gibco) supplied
with 1% L-Glutamine (Sigma) and 1% Sodium Pyruvate (Sigma). Human
pancreatic duct epithelial cells (HPDE) were kindly provided by A. Trauzold
(University of Kiel) and cultured in 75% RPMI 1640/ medium in presence of
25% keratinocyte growth medium 2 (PromoCell). The human non-small cell
lung cancer (NSCLC) cell line A549 and mouse Lewis lung carcinoma cell
line (3LL) were kindly provided by Prof. Julian Downward and cultured in
RPMI 1640 medium (Gibco). HEK-293T cells were cultured in DMEM
medium (Gibco). All media were supplemented with 10% fetal calf serum
(FCS) (Sigma Aldrich) and 1000 U/mL of both penicillin and streptomycin
(Pen/Strep) (Sigma Aldrich). All cells were kept at 37 °C with 5% CO, and
tested for mycoplasma at regular intervals (mycoplasma barcodes, Eurofins
Genomics).

Reagents

Blasticidin (AppliChem GmbH), RSL3 (Selleckchem), ML210 (Tocris), ML162
(Caymann), Erastin (Biomol), Sulfasalazine (SAS) (MedChemExpress),
Imidazole Ketone Erastin (IKE) (Sellekchem), Ferrostatin-1 (Sigma Aldrich),
Liproxstatin-1 (Biozol), Necrostatin-1s (Abcam), ZVAD (ENZO), iFSP1 (Cay-
man Chemicals), Tert-butylhydroquinone (TBHQ) (Sellekchem), AMG510
(MedChemExpress), ARS1620 (Chemgood), PD184352 (Sigma Aldrich),
MK2206 (Sellekchem), DRAQ7 (Biolegend), BODIPY C11 (Invitrogen),
H2DCFDA (Invitrogen), Dharmafect | (Dharmacon), Puromycin (Sigma),
Doxycycline hydrochloride (Alfa Aesar), 4-hydroxy-tamoxifen (40HT)
(Sigma), Polybrene (Merck), CaCl2 (Sigma Aldrich), HBS (Sigma Aldrich),
propidium iodide (Sigma).

Antibodies

Ras (clone RAS10, #05-516; Millipore, 1:1000), GPX4 (Abcam, ab41787,
1:2,000), xCT (Abcam, ab37185, 1:2000), B-Actin (Sigma, A1978, 1:10,000),
GAPDH (Cell Signaling, #97166, 1:2000), FSP1 (previously described [11],
kindly provided by M. Conrad, undiluted hybridoma supernatant), p44/42
MAPK (Erk1/2) (Cell Signaling, #9102 1:1000), phospho-p44/42 MAPK (Erk1/
2) (Thr202/Tyr204) (Cell Signaling, #4370, 1:1000), HRP-conjugated
secondary antibodies: goat-anti-mouse-HRP (Linaris GmBH, 20400-1 mg,
1:10,000), goat-anti-rabbit-HRP (Linaris GmBH, 20402-1 mg, 1:10,000), goat-
anti-rat-HRP (Sigma, A9037-1 ml, 1:10,000).

Plasmids

The packaging plasmids pCMV-VSV-G (#8454), pCMV-VSV-G (#8454),
PMDLg/pRRE (#12251) were obtained from Addgene, P442-empty vector
and P442-PLI-AIFM2-WT was kindly provided by J. P. Friedmann-Angeli,
pLKO.1-empty vector and pLKO.1-shFSP1 were purchased from Merck
(NM_153779/TRCN0000112139/pLKO.1). pCW-Puro-KRAS®'?® to generate
doxycycline KRAS®'*’-inducible HPDE cells was cloned from pCW
(addgene #50661 [15]) by replacing the existing Cas9 gene by human
KRAS®'2° cDNA.

siRNA transfections

Two hundred microliters Opti-MEM (Gibco) and 1.5 uL Dharmafect Reagent
| (Dharmacon) were mixed and incubated for 5-10min at room
temperature. 2.2 uL of siRNA (Stock 20 mM) (Dharmacon) were added to
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the mixture and incubated for another 30 min at room temperature. After
incubation, 200 pL of the mixture was added to each well (6-well) plate and
cells were plated on top. Knockdowns were incubated for 48-72h, as
indicated.

Cell viability assays
For this assay, 5000 or 10,000 (for iFSP1 + RSL3 viability assays) cells were
plated per 96-well plate 24h before treatment. Cell viability was
determined by Cell Titer Blue assay according to the manufacturer’s
instructions (Promega).

Cell death assays (flow cytometry)

One day before treatment 45,000 cells (clonal and bulk-sorted MEFs),
55,000 cells (cells expressing either P442-empty vector or P442-PLI-AIFM2-
WT) or 50,000 cells (3LLs) were plated in each well of a 24-well plate. For
FSP1 siRNA knockdown, 40,000 cells were seeded 48 h before treatment.
To determine cell death, adherent and detached cells were harvested and
stained with propidium iodide (PI) (1 ug/ml) (Sigma Aldrich) in PBS
(Thermo Fisher) supplemented with 2% FBS. Pl-positive cells were
quantified by flow cytometry using an LSR-FACS Fortessa (BD Bioscience)
and FlowJo software (BD Bioscience).

Live cell imaging (IncuCyte)

Five thousand, 7500 or 10,000 cells per 96-well plate, 55,000 cells per 24-
well plate or 300,000 cells per 6-well plate were seeded 24 h in advance,
respectively. For KEAP1 siRNA knockdown, 20,000 cells were seeded in a
24-well plate on top of the transfection mix and incubated for 48 h
followed by treatments for 24 h. Upon treatment, (Ferrostatin-1 [1 or 5 uM],
RSL3 [0.1 uM or 1 puM], iFSP1 [10 uM], Erastin [0.37 uM], Sulfasalazine (SAS)
[0.17 mM], Imidazole Ketone Erastin (IKE) [1.11 uM], ML210 [0.37 uM],
ML162 [1.11 uM], TBHQ [25 nM]) cells were imaged using the 10x objective
within the IncuCyte live cell imager (Sartorius). For dead cell quantification,
100 nM DRAQ7 (Thermofisher) were added to each well. For lipid ROS
determination, cells were stained with 5puM BODIPY C11. Cells were
imaged for indicated timepoints every 2 h. Analysis for confluence, DRAQ7-
positive (dead) or BODIPY C11-positive cells was performed using the
Software IncuCyte 2021A (Sartorius).

Quantitative PCR

For KRASWT and KRAS®'2® comparison, 300,000 cells were seeded per well
in a 6-well plate and RNA was extracted 24 h later. For MEK and AKT
inhibition treatment experiments 200,000 cells were seeded in a 6-well
plate one day in advance followed by treatments for 48 h. For TBHQ
treatment experiments, 150,000 of KRAS™T cells were seeded in a 6-well
plate a day in advance followed by treatment for 24 h. For KEAP1
knockdowns, 200,000 of KRASWT cells were seeded in a 6-well plate on top
of the transfection mix and incubated for 72 h. For LsL-KRAS®'?P-inducible
MEFs, 200,000 cells were seeded in 1 pg/ml 40HT in a 6-well plate and
incubated for 4 or 5 days. For doxycycline-inducible KRAS®'2° HPDE cells,
450,000 cells were seeded in 0.5 ug/mL doxycycline in a 6-well plate and
incubated for 72 h. For 40HT-inducible HRAS®'2Y NIH-3T3 cell, 35,000 cells
were seeded for 72 h in a 6-well plate and 100 nM 40HT was added and
incubated for another 48 h.

For total RNA isolation, the NucleoSpin RNA kit (740955.5, Macherey-
Nagel) was used according to the manufacturer’s instructions. Next,
isolated RNA was reverse transcribed into cDNA using the LunaScript RT
SuperMix Kit (E3010L, NEB). For quantitative PCR, 5 pl of Power SYBR
GREEN PCR Master Mix (4368702, Thermo Fisher) was mixed with 2 ul of
nuclease-free water (NEB), 1l (10 uM) of primer mix (forward and
reverse primers) (see Supplementary Table 1 for primers used) and 2 pl
of cDNA (5 pg/pl). Real-time gPCR was performed in triplicate or in
quadruplicate on the Quant Studio5 gRT PCR cycler and results were
normalized to the expression of the house-keeping gene indicated.
Actin, Rplp0, Rpl13a or 18S were used as house-keeping gene controls as
indicated.

Lipid ROS quantification (flow cytometry)

Thirty-five thousand cells per well were plated in a 24-well plate 24h
before treatment. Lipid ROS levels were quantified by BODIPY C11
(Invitrogen) staining. To this end, cells were stained using 5uM BODIPY
C11 during the last 30 min of treatment incubation. Mean fluorescence
intensity (MFI) was determined by flow cytometry using an LSR-FACS
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Fortessa (BD Bioscience) and FlowJo software (BD Bioscience). Flow
cytometry data were collected from at least 5000 cells.

General ROS quantification (flow cytometry)

Fifty-five thousand cells per well were plated in a 24-well plate 24 h before
treatment. Cells were incubated with 20 uM H2DCFDF (Invitrogen) per well
to stain cellular ROS. Mean fluorescence intensity (MFI) was determined by
flow cytometry using an LSR-FACS Fortessa (BD Bioscience) and FlowJo
software (BD Bioscience). Flow cytometry data were collected from at least
5000 cells.

NADPH Assay

Twenty thousand cells per 96-well plate were seeded in advance. NADP/
NADPH was determined by NADP/NADPH-Glo™ Detection Reagent assay
according to the manufacturer’s instructions (Promega).

Lipidomics to determine oxidized lipids and levels of total
phospholipids

Mass spectrometry experiments to determine total phospholipids and
oxidized lipids were performed as described previously [16]. In brief, levels
of oxidized phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
species were determined by Liquid Chromatography coupled to Electro-
spray lonization Tandem Mass Spectrometry (LC-ESI-MS/MS). Oxidized PC
and PE species were quantified by normalizing their peak areas to those of
the internal standards. Glycerophospholipids (PC and PE, including ether-
linked species) in cells were analyzed by Nano-Electrospray lonization
Tandem Mass Spectrometry (Nano-ESI-MS/MS) with direct infusion of the
lipid extract (Shotgun Lipidomics). The protein content of the homogenate
was routinely determined using bicinchoninic acid. Endogenous glycer-
ophospholipids were quantified by referring their peak areas to those of
the internal standards. The calculated glycerophospholipid amounts were
normalized to the protein content of the cell homogenate.

Western blotting

For KRAS™T and KRAS®'2 300,000 cells were seeded one day in advance in
a 6-well plate before cells were treated for another 5h with or without
RSL3. For FSP1 knockdowns, 75,000 cells were seeded in a 6-well plate on
top of the transfection mix and incubated for 72h. For KRASYT and
KRAS®'?P cells expressing either empty Vector or FSP1-WT 300,000 cells
were seeded in a 6-well plate for 24 h. For LsL-KRAS®'?°-inducible MEFs,
cells were incubated for 72 h with or without 1 ug/ml 40HT before 250,000
cells were seeded into a 6-well plate for indicted timepoints. For MEKi and
AKTi treatment experiments 150,000 cells were seeded one day in advance
in a 6-well plate before cells were treated for 72 h. Cell lysates were
prepared in lysis buffer (30 mM Tris-HCl [pH 7.4], 120 mM NaCl, 2 mM EDTA,
2mM KCl, 1% Triton X-100, 1x COMPLETE protease-inhibitor and
phosphatase- inhibitor cocktail). Lysate concentrations were adjusted to
equal protein concentrations using the bicinchoninic acid (BCA) protein
assay (Biorad). Equal amounts of protein were mixed with a final
concentration of 1x reducing sample buffer (Invitrogen) and 200 mM
DTT (VWR). Samples were heated to 95 °C for 10 min, separated via gel
electrophoresis and transferred to nitrocellulose membranes (Biorad).
Membranes were blocked in PBS with 0.1% Tween 20 (PBST) (VWR) with
5% (w/v) dried milk powder (AppliChem) for at least 30 min and incubated
with primary antibodies over night. After washing with PBST, membranes
were incubated with horse radish peroxidase (HRP)-coupled secondary
antibodies (Biotium) diluted 1:10,000 for at least 1 h at room temperature.
After another washing step, bound antibodies were detected using
chemiluminescent Amersham ECL Prime Western Blotting Detection
Reagent (Cytiva) or SuperSignal™ West Femto Maximum Sensitivity
Substrate (Thermo Fisher). X-ray films CL-XPosure™ (Thermo Fisher) or
the FUSION Solo S system and software (Vilber) were used to develop the
membranes.

RNA sequencing

For RNA sequencing, 70,000 cells per well (6-well plate) of either KRAS"" or
KRAS®'?® were seeded 24 h in advance. The next day, cells were washed
with PBS and RNA was isolated using the NucleoSpin RNA kit (740955.5,
Macherey-Nagel) according to the manufacturer’s instructions. cDNA
libraries amplified from the 3’ UTR were generated from total RNA using
the Lexogen QuantSeq kit (Lexogen, Austria) according to the standard
protocol and sequenced with a 50-bp single-end protocol on lllumina
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HiSeq4000 sequencer (lllumina, USA). The raw-sequencing data was
aligned to the respective mouse reference genomes and quantified prior
to differential expression analyses. Raw FPKM values of each transcript
were transformed by log, (FPKM + 0.01). Data processing and statistical
analyses were performed using Microsoft Excel (Microsoft, USA) and
Instant Clue software [17] which performed a hierarchical clustering to
classify the experiments and generate a heatmap for the visualization of
different RNA expression.

Generation of FSP1-overexpressing cells

To generate stable cells overexpressing FSP1, viral particles were produced
in HEK-293T cells. HEK-293T cells were plated in a 6-well plate the day
before transfection. For 6 x 6 wells of a 6-well plate 5 ug of each packaging
plasmid and 10 pg of transfer vector plasmid were mixed together. Fifty
microliters of 250 mM CaCl, and 444 ul H,O were added to the plasmid
mixture and mixed well by pipetting. For the formation of calcium-
phosphate-DNA co-precipitate, the plasmid transfection mix (~500 pl) was
carefully dropped into 500 pl of 2x HBS buffer under constant vortexing.
The precipitate was incubated for 20 min at room temperature and added
dropwise into freshly replaced media without Pen/Strep. After 6-8 h of
transfection medium was aspirated, and fresh normal medium was added.
The following two days, virus-containing supernatant was harvested and
filtered with 0.45 um sterile syringe filter. Fresh medium was always added
again on the cells. Virus harvest was centrifuged, and supernatant was
collected and stored at —80°C. For transduction of the KRASY' and
KRAS®™2P cells viral supernatant was added to wells containing cells with
6 pg/ml polybrene and centrifuged for 45 min at 2500 rpm at 30 °C. Cells
were incubated afterwards at 37 °C and 5% CO, until they were confluent
and selected for positively-transfected cells using Puromycin (KRAS™T 1 g/
ml and KRAS®'2® 2.5 ug/ml) for 7 days.

Generation of stable FSP1 knockdown cells

For stable transduction of FSP1 knockdown cells, lentiviral supernatant
with an shFSP1 transfer plasmid was produced as described above and
KRASS'?P cells were transduced with the virus. After selection with
Puromycin (2.5 ug/ml) for 7 days, knockdown was validated using qPCR.

Generation of LsL-KRAS®'*°-inducible MEFs

Mouse embryonic fibroblasts (MEFs) were generated from E13.5 mouse
embryos by standard Jacks lab procedure (https://jacks-lab.mit.edu/
protocols/making_mefs). ~ MEFs  with  positive  genotypes for
4-hydroxytamoxifen (4OHT)-inducible Cre (primer: #1 GCG GTC TGG CAG
TAA AAA CTA TC, #2 GTG AAA CAG CAT TGC TGT CAC TT) and LsL-KRas®'?®
(primer: #1 gtc ttt ccc cag cac agt gc, #2 ctc ttg cct acg cca cca gct ¢; #3 age
tag cca cca tgg ctt gag taa gtc tgc a) were used for the experiments. To
obtain Cre expression cells were treated with 1 pg/ml 40HT.

Generation of HRAS®'?V-inducible NIH-3T3

NIH-3T3 stably expressing 40HT-inducible HRAS®'?Ygenerated as pre-
viously described [18]. Activation of Ras was induced by exposure of cells
to 100 nM 40HT, with 40HT-supplemented medium being refreshed every
two days.

Generation of KRASS'2P-

epithelial cells (HPDE)

Lentiviral particles were produced in HEK-293T cells transfected with
packaging plasmids pCMV-VSV-6, pMDLg and pRSV-Rev as well as 10 pg
PCW-Puro-KRAS®'? (a newly cloned pCW (addgene #50661 [15]) back-
bone replacing the existing Cas9 by human KRAS®'?® cDNA) using a 1:1
mixture of 2x HBS and 250 mM CaCl2 in DMEM F12 medium with 10% FCS,
1% Pen/Strep and 1% Glutamine. After overnight incubation, medium was
replaced for HPDE medium (see above), and medium containing viral
particles was subsequently harvested after 48 h. HPDE cells were infected
in a 6-well plate at 30% confluency by replacing the medium by viral
supernatant after adding polybrene at a final concentration of 8 pg/mL.
After 3 days, medium was replaced by selection medium containing
0.5 ug/mL puromycin. For KRASS'?® induction, HPDE cells were treated
with 0.5 pg/ml doxycycline for 72 h.

inducible human pancreatic duct

Spheroid assays
To generate spheroid cultures, 5000 cells per 96-well were plated in a 96
ultra-low attachment multi-well plate (Corning) in 100 pl media containing
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4 % Matrigel (Corning). After 24h 2x iFSP1 [10 uM or 20 uM], 2x Fer1
[2.5 uM] or 2x Liproxstatin-1 [0.3 uM] treatment in 100 pyl media was added
to the cells and incubated for 9 (A549) or 14 days (MEFs). Pictures of the
spheroids were taken with the BZ-X800E microscope (Keyence). Spheroid
assay and organoid assay colony area and brightness were analyzed using
the BZ-H4M/Measurement Application Software (Keyence).
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Fig. 1 Expression of oncogenic KRAS renders cells resistant to ferroptotic cell death. a Rasless MEFs expressing the indicated variants of
either KRAS WT or mutants were treated either with DMSO, RSL3 [100 nM] alone or in combination with Ferrostatin-1 (Fer-1) [5 uM] for 24 h.
Cell death was determined by propidium iodide (Pl) uptake and flow cytometry. 0 % Pl-Incorporation is gated to control untreated. b Protein
extracts were obtained from cells as in (a) and expression of the indicated proteins was detected by Western blotting. ¢ Parental Rasless MEFs
were infected with viral supernatants containing the indicated stable expression plasmids. FACS dot plots before and after sorting for
GFP + cells are shown. d Bulk-sorted cells as in (c) were treated as in (a) but including Necrostatin-1s (Nec1) [10 uM] and zVAD [20 uM]. 0 % PI-
Incorporation is gated to untreated control. e Cells as in (c) were treated with RSL3 [1 uM] and DRAQ7 [100 nM] was added to all wells to
visualize dead cells. Images were acquired at x10 magnification every 2 h using the IncuCyte S3 bioimaging platform. f Representative phase
contrast overlays are shown from cells treated as in (e). Data are means + SEM of three independent experiments in each individual cell line or
representative images were applicable. Two-way ANOVA + Tukey’s multiple comparison test (a, d), two-tailed t-test at end timepoint (e),

f**p < 0.0001. Uncropped blots are provided as Original Data file.

|

twice a week with 1 mL of corresponding DMSO or iFSP1 treated medium
onto the top layer. Colonies were allowed to form over the course of 18 to
30 days, following which they were imaged and quantified using ImageJ.

Tumor xenograft studies

Mice were maintained on a 12-h light/dark cycle with water and food ad
libitum throughout the duration of the p\gvc_)rject. Mouse embryonic fibroblast
(MEF) cell lines (5 x 10° cells either KRAS"T e.V., KRASYT FSP1-WT, KRAS®'2P
eV. or KRAS®'?P shFSP1) were injected in 200 pl PBS into both flanks of
8-10 weeks old male NMRI-Foxn1 nu/nu mice (Janvier). Mice were not
randomized. A group size of at least 10 tumors per condition was assumed
to achieve significantly different results (p = 0.05) with a power of 80%. For
that, cells were harvested from plates using trypsin and washed five times
with PBS to remove residual FCS. Mice injected with KRAS"" e.V. or KRASYT
FSP1-WT were assigned to either vehicle or Liproxstatin-1 treatment
groups once tumors reached a minimum size of 2.5 x 2.5 mm. For two
consecutive weeks, mice were injected 5 x per week either with vehicle
(PBS with 1% DMSO) or Liproxstatin-1 (10 mg/kg). Tumor size was tracked
by caliper measurements and volume was calculated as (length x width x
width)/2. People performing tumor measurements and calculating tumor
volume were blinded to the group allocation. Mice were sacrificed at the
end of the treatment and fresh-frozen tumor tissue was used for further
analysis.

Protein extraction from fresh-frozen tumors

For protein isolation, 20-30 mg of fresh-frozen tumor tissue were mixed in
a peglab vial with the adequate number of ceramic beads and 500 pl IP-
lysis buffer (30 mM Tris-HCI, 120 mM NaCl, 2mM EDTA, 2mM KCl, 1%
Triton-X-100, pH 7.4, Protease and Phosphatase inhibitor (Roche)). For lysis,
samples were homogenized for 2 x 30s using the Precellys 24-dual
homogenisator (Peqlab). Samples were centrifuged at 14,000 RPM for
20 min at 4 °C and then further used for western blotting.

Isolation and treatment of murine pancreatic organoids

The pancreas was isolated from PDX1-Cre KRAS ©'?° mice, washed with
cold mouse wash medium (DMEM high glucose + Pen/Strep + 1% FCS)
and cut into 1-2mm pieces using scalpels. Pancreatic pieces were
transferred into 50 ml falcons containing 10 ml of mouse digestion
medium (200 ml Mouse wash medium + 25mg Collagenase P; Sigma-
Aldrich #C9407 + 25 mg Dispase II; Thermo Fisher #17105041) and shaken
at 130 rpm at 37 °C for 20 min. The supernatant was transferred to a Petri
dish containing 10 ml of mouse washing medium to obtain the first wash
fraction. Ten milliliters of mouse digestion medium were added to the
remaining pancreatic pieces. Cycles of shaking at 130 rpm at 37°C for
10 min were repeated until wash fractions with mainly pancreatic ducts
and almost no acinar cells were observed. Wash fractions enriched with
ducts were combined and spun down at 1200 rpm for 5 min. The obtained
duct pellet was resuspended in 200 pl of ice-cold Matrigel (Growth Factor
Reduced, Phenol Red Free; Corning #356231) and a 30 pul dome was seeded
into the middle of a well in a prewarmed 24-well plate. Ducts were
consecutively diluted in Matrigel to obtain a cellular density with the most
favorable conditions for organoids growth. The plate containing domes
was placed into the cell culture incubator for 10-15 min for the Matrigel to
set before 500l of PancreaCult™ Organoid Growth Medium (Mouse)
(Stemcell #06040) was added. The organoids were maintained in cell
culture with splitting once a week and twice-weekly medium change. For
organoids treatments, single cells from 5 days old PDX1-Cre KRAS ©'2°
organoids were isolated according to Boj et al. [19] and Huch et al. [20] and
seeded at 200 cells in 100 pl medium/well in a 96-well plate covered in
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Matrigel:DPBS (1:1). Organoids from single cells were left to grow for
6 days, then treated with 50 pl of PancreaCult medium containing the
indicated treatments for 2 days before microscopic pictures were taken
using the BZ-X800E microscope (Keyence).

Analysis software and bioinformatic analysis

Heatmaps visualizing ferroptosis and KEGG pathway component expres-
sion were generated using Instant Clue software [17]. FACS data were
analyzed and quantified using the FlowJo 10.4.2 software. Cell Titer Blue
viability assays and gPCR results were analyzed using Excel. Lipidomics
measurements were analyzed by MultiQuant 3.0.2 software (SCIEX).
IncuCyte experiments were analyzed by using the Software IncuCyte
2021A. Soft Agar colonies were imaged and quantified using ImagelJ.
Spheroid assay and organoid assay colony area and brightness were
analyzed using the BZ-H4M/Measurement Application Software (Keyence).
Figures were assembled and data plotted and analyzed using GraphPad
Prism 7 for Mac OS X.

Quantification, statistical analysis and reproducibility
GraphPad Prism 7 software (GraphPad Software Inc.) was used for Mac OS
X to execute statistical analysis. For comparison between two conditions
two-tailed t-tests were performed and for comparison between multiple
samples two-way ANOVA and Tukey's post test for multiple comparisons
were used. All data are presented as mean+SEM of at least three
independent biological replicates. From at least three independent
experiments all means are calculated and plotted. Biological replicates
gave comparable results, and no technical or biological replicates were
excluded. In the respective figure legends statistical tests are declared. The
following p value cut-offs were used for all tests: ***p<0.0001,
**¥p < 0.001, **p < 0.01, *p < 0.05, "*p > 0.05. Representative western blots
are shown.

RESULTS

Endogenous-level expression of oncogenic KRAS protects
from ferroptosis

In order to interrogate the influence of oncogenic KRAS
expression in genetically defined isogenic cellular systems, we
made use of N- and HRAS-deficient mouse embryonic fibroblasts
(MEFs) containing a LoxP-flanked KRAS gene as well as tamoxifen-
inducible Cre recombinase. After induction of Cre recombinase-
which renders these cells “Rasless” [21]- cells were reconstituted
with comparable expression levels of either wild type KRAS 4B or
commonly mutated forms of KRAS 4B (hereafter referred to as
KRAS; cell line panel available from the Ras initiative at the NIH
national cancer institute, US). Strikingly, when treating this cell line
panel with the GPX4 small molecule inhibitor RSL3, both WT KRAS-
expressing clones were killed within 24 h of treatment whilst all
cells expressing oncogenic variants of KRAS were more resistant
(Fig. 1a). Moreover, co-treatment with the ferroptosis-selective
antioxidant ferrostatin-1 (Fer-1) [8], blocked cell death induced in
KRAS WT cells confirming the induction of ferroptosis (Fig. 1a).
Importantly, this phenotype was not caused by varying levels in
KRAS or expression of GPX4, as all cell lines expressed comparable
levels of both proteins (Fig. 1b). Moreover, treatment with other
class Il ferroptosis-inducing compounds (FINs) which directly
inhibit GPX4 equally led to a more drastic loss of viability in KRAS
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Fig. 2 Expression of oncogenic KRAS protects cells from ferroptosis-associated lipid ROS accumulation. a Rasless MEFs expressing the
indicated variant of KRAS were treated either with DMSO, RSL3 [100 nM] alone or in combination with Ferrostatin-1 (Fer-1) [5 uM] for 5 h and
stained for lipid ROS accumulation using BODIPY C11. Cells were analyzed by flow cytometry. Negative 1%ates were placed based on DMSO
controls. b Representative histograms from cells in (a) are shown. c Rasless MEFs expressing WT or KRAS®™P were treated with RSL3 [100 nM]
and stained using BODIPY C11. Images were acquired every 2 h using the IncuCyte S3 bioimaging platform. Representative red, green and
overlay fluorescent images (100x) are shown at Oh and 6h after treatment. d Heatmap showing the representation of mono-oxidized
phospholipid species (PE phosphatidylethanolamine; PC phosphatidylcholine) in KRAS WT as compared to KRAS®'?P-expressing cells treated
with either DMSO or RSL3 [100 nM] for 5h and then subjected to lipidomics. Samples for each condition (n=5) were averaged and
normalized to the cell number (2.5 x 10). Each lipid species was normalized to levels detected in the respective DMSO control. Data are
means + SEM of three independent experiments in each individual cell line or representative images or histograms were applicable. Two-way

ANOVA + Tukey’s multiple comparison test (a), ****p < 0.0001.

WT cells as compared to oncogenic KRAS while for class | FINs no
significant difference could be observed (Supplementary Fig. 1a).
In addition, loss of cell confluence induced by RSL3 as well as cell
death was consistently less pronounced over time also in live cell
imaging kinetic experiments in a representative KRASC'2P-
mutated MEF line (Supplementary Fig. 1b, c). As these MEFs are
generated from single cellular clones, we independently gener-
ated Rasless MEFs from bulk-sorted populations to exclude clonal
effects. These express near endogenous levels of FLAG-tagged
KRAS behind GFP and an internal ribosomal entry site (IRES) and
were enriched via bulk sorting of GFP* cells (Fig. 1c). Importantly,
expression of oncogenic KRAS®'?® but not KRAS WT equally
rendered cells more resistant to ferroptotic cell death in bulk-
sorted MEFs (Fig. 1d). Of note, ferrostatin-1 but not the caspase
inhibitor zZVAD or the RIPK1 inhibitor nec-1s could block cell death
induced by RSL3 indicating ferroptotic cell death. Moreover, WT
KRAS-expressing cells also died more rapidly upon RSL3 treatment
than KRAS-mutant cells (Fig. 1e, f). In order to determine whether
direct signaling from oncogenic KRAS is responsible for increased
ferroptosis resistance we made use of the fact that effective small
molecule inhibitors against KRAS®'?C have recently been devel-
oped [22-25]. Indeed, treating either KRAS®'*“-expressing MEFs or
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the established Lewis lung carcinoma cell line (3LL) - in which
NRAS was knocked out (deltaNRAS86) leaving them only with an
activating point mutation in KRAS®'%® [26] - with the KRASS'*¢
inhibitor AMG510 sensitized these cells to ferroptosis (Supple-
mentary Fig. 1d, e). Taken together, we find that expression of
near-endogenous levels of oncogenic KRAS renders cells more
resistant to ferroptotic cell death in various isogenic cellular and
experimental setting.

KRAS-mutated cells are protected from ferroptosis-induced
lipid peroxidation

A major hallmark of ferroptosis is a lipid ROS-dependent lipid
peroxidation chain reaction [27] which oxidizes phosphatidyletha-
nolamine (PE) and phosphatidylcholine (PC) species containing
arachidonic (AA) and adrenic acid (AdA) [28, 29]. Since we
observed that cells expressing various forms of mutated KRAS
were more resistant to ferroptosis than KRAS WT cells, we next
determined the extent of lipid ROS accumulation. Indeed, both WT
KRAS clones readily accumulated lipid ROS 5 h after stimulation
with RSL3 while all KRAS mutants tested did not show lipid ROS
accumulation at this time (Fi(?. 2a, b). Bulk-sorted MEFs expressing
flag-tagged mutant KRAS®'?® but not WT KRAS, similarly
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presented with decreased lipid ROS accumulation upon inhibition
of GPX4 (Supplementary Fig. 2a). Moreover, KRAS-mutated cells
also showed a decrease in the accumulation of oxidized BODIPY
C11 indicative of the presence of lipid ROS in time-lapse imaging
(Fig. 2¢). These data suggested that oncogenic KRAS limits the
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propagation of lipid ROS and thereby acute lipid peroxidation
upon induction of ferroptosis. As the extent of lipid peroxidation
during ferroptosis is coupled to cellular amounts of AA-containing
polyunsaturated fatty acid (PUFA) PE and PC species including
ether-linked PUFAs [30], we first measured basal levels of
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Fig.3 FSP1 is upregulated in KRAS®'2P-expressing cells and mediates ferroptosis resistance. a KRAS WT or KRAS®'?P-expressing cells were
subjected to RNA—sequencian. False discovery rate (FDR) [—Log'®] is shown for KEGG pathways significantly enriched within the top 1000
genes uBreguIated in KRAS®'?P cells. b Hierarchical clustering of fold change (FPKM + 0.01) of ferroptosis KEGG +genes in KRAS WT and
KRASC®'2P-expressing cells. ¢ Levels of FSP1 mRNA were quantified by gPCR in Rasless MEFs expressing WT or KRAS®'?P d Indicated cells were
treated with RSL3 [100 nM] for 5 h and subjected to Western blotting. e, f The indicated cells were subjected to FSP1 or control knockdowns
for 48 h and subsequently treated with RSL3 [100 nM] for 24 h. Cell death was determined by flow cytometry and propidium iodide (PI)
incorporation. 0 % Pl-Incorporation is gated to untreated control. Western blots of representative control lysates are shown. g, h WT and
KRAS®'?P cells stably overexpressing FSP1 were generated and cells were treated with RSL3 [100nM] alone or in combination with
Ferrostatin-1 (Fer-1) [5 uM] for 24 h. Cell death was determined by propidium iodide (Pl) uptake and flow cytometry. 0 % PI-Incorporation is
gated to control untreated. Western blots of representative control lysates are shown. Data are means+SEM of three independent
experiments in each individual cell line or representative images or histograms were applicable. Two-tailed t-test (c), Two-way

ANOVA + Tukey’s multiple comparison test (e, g), ****p < 0.0001, *p < 0.05. Uncropped blots are provided as Original Data file.
o
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diacylglycerol (DAG) and ether-linked PE and PC PUFAs in KRAS
WT as compared to mutant cells using mass spectrometry. While
levels of most PUFA species were comparable, a few PC species
were elevated in KRAS WT cells (Supplementary Fig. 2b-e). Next,
we determined the levels of phospholipid oxidation upon
ferroptosis induction in Rasless MEFs expressing either KRAS WT
or KRAS®™?® by mass spectrometry. Although we observed
elevated basal lipid ROS in KRAS-mutated cells (Supplementary
Fig. 2f) -likely as a result of elevated basal levels of total ROS due
to oncogene expression (Supplementary Fig. 2g) - specific
induction of lipid peroxidation upon GPX4 inhibition was absent
in KRAS-mutated cells (Fig. 2d). Interestingly, total ROS was
nevertheless readily induced in KRAS-mutated cells by GPX4
inhibition (Supplementary Fig. 2g) suggesting the protection from
ROS to be specific towards lipid ROS. Together, these data
establish that mutant KRAS endows cells with superior capacity to
protect cells from a ferroptosis-specific increase in lipid
peroxidation.

Elevated levels of FSP1 protect KRAS-mutated cells from
ferroptosis

In order to determine the mechanism by which KRAS-mutated
cells might buffer acute lipid peroxidation, we performed
comparative 3’ RNA sequencing of KRAS WT and KRASS'?P-
mutated MEFs. Interestingly, when analyzing the top 1000
upregulated genes in KRAS-mutated cells for functional associa-
tion networks using STRING, we obtained a significant enrichment
of the ferroptosis pathway along with several other metabolic
pathways (Fig. 3a). As the list of genes annotated in the KEGG
ferroptosis pathway does not contain more recently discovered
regulators of ferroptosis, we manually extended this list (KEGG+)
and analyzed expression of these genes in our comparative
dataset. Strikingly, AIFM2 mRNA, recently renamed as ferroptosis
suppressor protein 1 (FSP1) due to its ferroptosis protective
activity [11, 12], was upregulated in KRAS-mutated cells within a
cluster of genes (Fig. 3b). Within several ferroptosis regulatory
genes of the dataset, FSP1 was upregulated significantly
(Supplementary Fig. 3a). Moreover, FSP1T mRNA upregulation in
KRAS-mutated cells could also be confirmed by quantitative real-
time PCR (qPCR) (Fig. 3c). Importantly, FSP1 was basally
upregulated also on protein level in KRAS-mutated cells and,
unlike xCT, a recently identified target gene further upregulated
upon H202 [7], was not further increased upon stimulation with
RSL3 (Fig. 3d). As FSP1 has been shown to render cells more
resistant to ferroptosis, we next tested whether its elevated
expression in KRAS-mutated cells was responsible for mediating
increased ferroptosis resistance of KRAS-mutated cells. Indeed,
FSP1 suppression was sufficient to sensitize KRAS-mutated cells to
ferroptosis (Fig. 3e, f). Vice versa, overexpression of FSP1 was
sufficient to render KRAS WT cells as resistant to ferroptosis as
KRAS-mutated control cells (Fig. 3g, h). As FSP1 is an NADH
ubiquinone oxidoreductase, FSP1 activity requires NADPH as an
electron source [11, 12]. Therefore, we also tested whether basal
levels of the FSP1 cofactor NADPH would differ in KRAS-mutated
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as compared to WT cells and thereby contribute to differential
activity, yet this was not the case (Supplementary Fig. 3b). To next
determine whether FSP1 activity may also protect KRAS-mutated
cells from ferroptosis, we employed a recently developed small
molecule inhibitor against FSP1 [11]. Strikingly, co-incubation with
this inhibitor (iFSP1) reverted ferroptosis resistance endowed by
oncogenic KRAS expression (Supplementary Fig. 3¢, d). Of note,
iFSP1 also slightly sensitized KRAS WT cells, yet due to the fact
WT cells were already very sensitive, the relative sensitization
observed was much stronger for KRAS-mutated cells. Thus, KRAS-
mutated cells display increased ferroptosis resistance due to
elevated levels of FSP1.

Oncogenic KRAS upregulates FSP1 via NRF2 and the MAPK
pathway

To thoroughly test a direct mechanistic link of oncogenic KRAS
and FSP1 induction, we generated primary MEFs with inducible
expression of KRASS'?P from its endogenous locus similar to an
established approach [31] (LsL-KRAS®'?’-inducible MEFs). As
expected, induction of KRASC'2P by 4-hydroxytamoxifen (4OHT)
treatment led to enhanced basal phosphorylation of ERK which
was further increased upon refeeding with FCS (Fig. 4a). Moreover,
KRASS'2P induction readily elevated expression of the established
MAPK target gene dual specificity phosphatase 6 (DUSP6) along
with the antioxidant transcription factor nuclear factor erythroid
2-related factor 2 (NRF2) and its bona fide target genes glutamate-
cysteine ligase catalytic subunit (GCLC) and heme oxigenase-1
(HO-1) (Fig. 4b). Strikingly, induction of KRAS®'?® was indeed
sufficient to also directly induce FSP1 expression (Fig. 4b). In order
to validate direct induction of FSP1 by oncogenic RAS, we
validated this finding in human pancreatic duct epithelial cells
(HPDE) with doxycycline-inducible expression of KRAS®'?® and
HRAS®"?Y-inducible NIH-3T3 cells (Supplementary Fig. 4a, b). Given
that oncogenic KRAS is known to induce NRF2 [31] and FSP1 was
very recently shown to be a direct transcriptional target of NRF2
[32] in NSCLC mutated in the NRF2 inhibitor kelch-like ECH-
associated protein 1 (KEAP1), we next tested whether activating
endogenous NRF2 would be sufficient in our cells to induce FSP1.
Strikingly, silencing of KEAP1 readily induced FSP1 along with
NRF2 target genes (Fig. 4c). Moreover, KEAP1 knockdown
rendered KRAS WT cells resistant to ferroptosis, which could
partially be reverted by iFSP1 treatment (Fig. 4d).

Furthermore, treatment with the chemical NRF2 activator tert-
butylhydrochinone (TBHQ) equally induced NRF2 target genes
along with FSP1 (Fig. 4e). While silencing of NRF2 was toxic to
MEFs (a toxicity blockable by Fer-1), we mined publicly available
datasets from the KRAS-mutated NSCLC cell line A549 in which
NRF2 was knocked down (Fig. 4f) [33]. Indeed, upon NRF2 silen-
cing, FSP1 expression was also significantly decreased (Fig. 4g)
confirming NRF2-mediated FSP1 regulation to be present in KRAS-
mutated cells. These data suggest that oncogenic KRAS-induced
NRF2 directly leads to elevated transcription of FSP1 thereby
protecting them from ferroptosis. To also determine which other
major KRAS effector pathway may upregulate FSP1, KRAS-mutated
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Fig. 4 FSP1 is upregulated in KRAS®'?P-expressing cells in an NRF2-dependent manner. a LsL-KRAS®'?°-inducible MEFs were treated for
72 h with or without tamoxifen (4OHT) [1 pg/ml] in 2% FCS before cells were starved overnight in 0.1% FCS and then refed with 2% FCS for
the indicated timepoints. Cells were lyzed and subjected to protein analysis by Western blotting. b Levels of DUSP6, FSP1, NRF2, GCLC and
HO-1 cDNA were quantified by qPCR in LsL-KRAS®"?P-inducible MEFs after 96 h or 120 h of tamoxifen (4OHT) treatment. Fold change relative
to controls is shown. Means from MEF lines from 4-5 different embryos are shown. c Levels of KEAP1, FSP1, NRF2, GCLC and HO-1 cDNA were
quantified by qPCR in Rasless MEFs expressing KRAS WT + KEAP1 knockdowns for 72 h. Fold change relative to controls is shown. d siKEAP1
KRAS WT cells were treated after 48 h knockdown with DMSO, RSL3 [100 nM], £iFSP1 [10 uM], Fer-1 [1 uM] for another 24 h. DRAQ7 [100 nM]
was added to all wells to visualize dead cells. Images were acquired at x10 magnification every 2 h using the IncuCyte S3 bioimaging platform.
e Levels of NRF2, FSP1, GCLC and HO-1 cDNA were quantified by qPCR in Rasless MEFs expressing KRAS WT after cells were treated for 24 h
with TBHQ [25 nM]. Fold change relative to controls is shown. f log2 mRNA expression data of A549 cells transfected with either siRNAs
targeting NRF2 or GFP [33]. NRF2 mRNA expression is shown. g data as in f were analyzed for FSP1 (AIFM2) mRNA expression. Data are
means + SEM of three independent experiments in each individual cell line or representative images were applicable. Two-tailed t-test (b, c, e,
f, g), Two-way ANOVA + Tukey’s multiple comparison test (d), ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Uncropped blots are provided
as Original Data file.
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cells were treated with the MEK inhibitor PD184352 to block the
MAPK arm downstream of KRAS as well as the AKT inhibitor
MK2206. Interestingly, FSP1T mRNA was reduced only under MEK
but not AKT inhibition indicating that MAPK pathway activation is
responsible for elevated FSP1 levels in KRAS-mutated cells
(Supplementary Fig. 4c). Of note, MEK inhibition in WT cells did
not significantly regulate FSP1 mRNA despite effectively blunting
expression of the established MAPK pathway target gene DUSP6
indicating preferential regulation in KRAS-mutated cells (Supple-
mentary Fig. 4d). In support of this, MEK inhibition resulted in
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dose-dependent reduction in FSP1 protein levels along with
decreased phosphorylation of ERK (Supplementary Fig. 4e).
Furthermore, gene-set enrichment analysis of genes co-
expressed with FSP1 in the lung adenocarcinoma (LUAD) TCGA
dataset were significantly enriched for the MAPK pathway as
indicated by enrichment of the RAF and MEK pathways
(Supplementary Fig. 4f). Of note, NRF2 has been reported to be
phosphorylated and activated by MAPK signaling [34]. Therefore,
we also measured expression of the NRF2 target gene GCLC under
MEK as compared to AKT inhibition. Indeed, GCLC was reduced by
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Fig. 5 FSP1 aids cellular transformation and promotes tumor onset in vivo. a NIH-3T3 KRAS®'?" cells were treated either with DMSO, iFSP1
[10 pM, 20 uM], Fer-1 [5 uM] or both and subjected to soft agar assays for 18 days. Colony images were quantified using ImageJ. b The human
NSCLC cell line A549 was treated as indicated and subjected to growth in soft agar for 30 days. Image analysis was done as in (a). ¢ Indicated
cells were grown in Matrigel for spheroid formation under the indicated treatment for 14 days. Images were quantified using the BZ-H4M/
Measurement Application Software (Keyence). d A549 cells were subjected to spheroid assay growth for 9 days and treated either with DMSO,
iFSP1 [10 uM], Fer-1 [2,5 uM] or both. Images were quantified using the BZ-H4M/Measurement Application Software (Keyence). ¢ 8-weeks old
male nude mice were injected with 5 x 10° cells of the indicated cell lines (G12D e.V. (empty Vector) n=11; G12D shFSP1 n=12; WT e.V.
n =24 + Vehicle; WT e.V. + Liproxstatin-1 n=10; WT FSP1 n =24 + Vehicle; WT FSP1 + Liproxstatin-1 n = 10) into both flanks. Mice were
injected 5x per week either with vehicle (PBS with 1% DMSO) or Liproxstatin-1 (10 mg/kg). Time until palpable tumors (min. 2 x 2 mm) were
detected is depicted (tumor onset). Representative ex vivo tumors were analyzed for FSP1 expression. f Pancreatic organoids were treated
with DMSO, RSL3 [100 nM] or iFSP1 [10 uM] alone or in combination with Ferrostatin-1 (Fer-1) [5 uM] for 48 h. Images were quantified using the
BZ-H4M/Measurement Application Software (Keyence). Data are means + SEM of at least three independent experiments in each individual
cell line or representative images were applicable. Two-way ANOVA (a, b, ¢, d), log-rank test (e), two-tailed t-test (f), ****p < 0.0001, ***p < 0.001,

**p < 0.01, *p < 0.05.
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inhibition of MEK but not AKT (Supplementary Fig. 4g). Taken
together, our data propose that FSP1 is upregulated in KRAS-
mutated cells as a direct result of MAPK and NRF2 pathway
activation.

FSP1 aids KRAS-mediated cellular transformation and
promotes tumor onset in vivo

One hallmark of oncogenic KRAS is its capacity to mediate cellular
transformation. Therefore, we hypothesized that FSP1 activity may
aid cellular transformation capacitg/ of KRAS-mutated cells. Indeed,
3T3 cells transformed by KRAS®'?Y expression presented with
decreased colony formation in soft agar in the presence of iFSP1.
Yet, this activity of FSP1 was not due to ferroptosis protection as
co-treatment with Fer-1 did not rescue decreased colony
formation (Fig. 5a). Moreover, human KRAS-mutated A549 cells
equally showed decreased soft agar colony formation in the
presence of iFSP1 (Fig. 5b) suggesting that elevated FSP1
expression additionally may promote cellular transformation of
KRAS-mutated cells independently of ferroptosis protection.
Recently, in 3D Matrigel-based spheroid assays, ferroptosis was
shown to occur in spheroid centers thereby limiting their growth
[35]. Therefore, we next tested the extent of spheroid formation in
KRAS-mutated as compared to WT cells in this experimental
system. As expected, KRAS-mutated cells formed spheroids much
more efficiently than KRAS WT cells although a few colonies could
be detected likely due to some extent of spontaneous transforma-
tion enabling continuous proliferation of KRAS WT MEFs (Fig. 5¢).
Here, overexpression of FSP1 was sufficient to allow for spheroid
growth in KRAS WT cells to a similar extent as KRAS-mutant cells.
While FSP1 overexpression in KRAS-mutant cells led to a slight
decrease in colony formation, importantly, iFSP1 incubation
readily reverted spheroid formation enabled by FSP1 overexpres-
sion in both cases (Fig. 5c). Moreover, iFSP1 also significantly
impacted spheroid formation of human A549 cells yet again, this
activity was not caused by protecting from ferroptosis (Fig. 5d,
Supplementary Fig. 5a). Thereby, our data support the concept
that cellular transformation endowed by KRAS may at least in part
depend upon FSP1 expression and activity, yet this activity is
independent of its role in ferroptosis protection. Next, we aimed
to test whether FSP1 expression was sufficient to impact tumor
initiation. To this end, we transplanted mice with KRAS WT cells
with either control or FSP1 overexpression in comparison to KRAS-
mutant control and cells with short hairpin RNA (shRNA)-mediated
FSP1 silencing (Supplementary Fig. 5b). As expected, KRAS-
mutated cells presented with earlier tumor onset than KRAS
WT cells. Yet strikingly, FSP1 expression was sufficient in KRAS
WT cells to significantly accelerate tumor onset and increase
tumor incidence closer to the rates of KRAS-mutant tumors
(Fig. 5e). Moreover, treatment of mice bearing KRAS WT tumors
with the ferroptosis-selective inhibitor Liproxstatin-1 accelerated
tumor onset to similar levels as FSP1 overexpression suggesting
ferroptosis to be indeed responsible for suppression of tumor
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initiation capacity of WT cells in vivo. Importantly, Liproxstatin-1
treatment of FSP1-overexpressing WT tumors did not result in
additional promotion of tumor onset indicating FSP1 to promote
KRAS WT tumor initiation by protecting from ferroptosis.
Interestingly, and, similar to our findings in spheroid assays,
tumor volumes of tumors arising also increased when expressing
exogenous FSP1, yet this increase was independent of ferroptosis
protection as Liproxstatin-1 treatment did not affect tumor
volumes (Supplementary Fig. 5c). Vice versa, FSP1 silencing in
KRAS-mutated tumors delayed tumor onset albeit not to the levels
of KRAS WT tumors. Therefore, oncogenic KRAS partially promotes
its early tumor onset through FSP1-mediated ferroptosis protec-
tion. Moreover, FSP1 expression alone is sufficient to promote
tumor initiation in the absence of oncogenic KRAS by suppressing
ferroptosis in vivo.

Oncogenic mutations in KRAS are most frequently observed in
patients with pancreatic ductal adenocarcinoma (PDAC). Yet, most
small molecules inducing ferroptosis do not display pharmacoki-
netics and solubilities suitable for in vivo use yet. Therefore, we
next generated organoids from mice developing pancreatic
intraepithelial neoplasia (PanINs) as a result of KRAS'?P expres-
sion from the endogenous promotor [36] and treated them either
with RSL3 alone or in combination with iFSP1. Strikingly, RSL3
treatment alone was insufficient to induce ferroptosis in
pancreatic organoids but the combination with iFSP1 led to
effective killing of pancreatic organoids expressing KRAS®'?P
(Fig. 5f). Based on these data, we propose that breaking ferroptosis
resistance through the use of FSP1 inhibitors might be a
particularly potent treatment strategy against KRAS-driven
cancers.

FSP1 expression is upregulated in KRAS-mutated cancers and
correlates with poor outcome in PDAC patients

In order to test whether FSP1 expression may be upregulated in
KRAS-driven cancer, we probed publicly available tumor (TCGA)
and normal (GTEX) datasets for FSP1 expression in colorectal
cancer, lung adenocarcinoma and pancreatic adenocarcinoma in
comparison to their respective normal tissue of origin using
Gene Expression Profiling Interactive Analysis (GEPIA). Interest-
ingly, FSP1 was significantly overexpressed in all three tumor
types as compared to the respective normal tissues (Fig. 6a).
While in pancreatic cancer the vast majority of patients present
with activating KRAS mutations and a KRAS WT group is
therefore difficult to obtain, in non-small cell lung cancer
(NSCLC) about half of the patients are usually WT. Strikingly,
when dividing an NSCLC dataset (GSE31852) by KRAS-mutation
status, FSP1 expression was significantly upregulated in KRAS-
mutated patient material (Fig. 6b). Moreover, in two indepen-
dent PDAC datasets [37, 38] with included adjacent normal
tissue, FSP1 expression was significantly upregulated in PDAC
over normal pancreas and FSP1 mRNA correlated with NRF2
mRNA within these two datasets (Fig. 6c-f). Moreover, we
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performed gene-set enrichment analysis (GSEA) on transcription
factor motifs of genes co-expressed with FSP1 within the TCGA
PDAC dataset. Strikingly, NRF2 was amongst the top 10 enriched
motifs (Fig. 6g) suggesting FSP1 upregulation in PDAC patients
to be a result of NRF2-mediated transcription. Lastly, high FSP1
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expression in PDAC patients showed a strong trend towards
drastically shortened relapse-free survival (Fig. 6h).

Taken together, our data establish that endogenous levels of
oncogenic KRAS expression render cells more resistant to
ferroptosis by upregulating FSP1 through the NRF2 and MAPK
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Fig. 6 FSP1 is upregulated in KRAS-mutated cancers and correlates with poor relapse-free survival. a Log*transformed RPKM expression
data for FSP1 (AIFM2) for the indicated TCGA tumor (COAD-colon adenocarcinoma; LUAD-lung adenocarcinoma; PAAD-pancreatic
adenocarcinoma) or GTEX normal control datasets are plotted. b NSCLC expression data (GSE31852) were split into two groups by KRAS-
mutation status (KRAS-mutated n = 24, KRAS WT n = 100) and analyzed for log? FSP1 expression. ¢, d PDAC expression data from Janky et al.
[38] tumor n =118, normal n = 13 were analyzed for log2 FSP1 expression in tumor as compared to adjacent normal as well as co-expression
of FSP1 with NRF2 within tumor tissue. e, f PDAC expression data from Pei et al. [37] tumor n = 36, normal n =15 were analyzed as in ¢, d.
g Genes significantly co-expressed with FSP1 (r> 0.3, FDR < 0.01) within the PDAC TCGA dataset were analyzed for transcription factor binding
motifs by gene-set enrichment (GSEA) and -log10-transformed false discovery rates (FDR) of significantly enriched motifs are plotted. h Kaplan
Meier survival of relapse-free survival in PDAC patients n = 69 according to FSP1 expression high versus low split by median is shown. Data
were analyzed by and downloaded from KM plotter [58]. Whiskers are shown from min to max. Two-tailed t test (a, b, ¢, e) and log-rank test

E‘)’ ***¥¥p < 0.0001, **p <0.01.
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pathway allowing for a superior capacity to buffer acute lipid
peroxidation during tumor initiation. Hence, only combined
targeting of GPX4 and FSP1 is effective at killing KRAS-driven
pancreatic organoids and FSP1 is upregulated in human KRAS-
driven cancers. Based on these data, we propose that pro-
ferroptotic therapy for KRAS-driven cancers should include
inhibition of FSP1 in order to achieve efficient tumor cell killing.

DISCUSSION

In the present study, we identify that expression of near-
endogenous levels of oncogenic KRAS renders cells more resistant
to ferroptosis through elevated expression of FSP1. Of note, in
earlier studies overexpression of oncogenic HRAS in fibroblasts as
compared to cells expressing empty vector led to a sensitization
to erastin-induced cell death [13, 39], later found to be ferroptotic
due to erastin-mediated targeting of xCT [10]. What might seem as
a discrepancy might in fact represent two distinct stages of
cellular transformation. Upon acute overexpression of an onco-
genic RAS variant, cellular levels of ROS are known to be
upregulated due to NOX1 induction [6]. Moreover, in line with
an earlier study by Yang et al. [40] we observed that a cluster of
genes involved in iron uptake (TFRC, STEAP3) was in fact
upregulated in KRAS-mutated cells (Fig. 3b), possibly to feed an
increased requirement for iron in the mitochondrial respiratory
chain. This may suggest that RAS expression would fuel lipid
peroxidation due to elevated basal ROS which is also what was
observed by Yang et al. 2008. Yet, chronic elevated levels of ROS
are known to activate NRF2. In fact, endogenous expression levels
as opposed to overexpression of oncogenic KRAS were shown to
effectively induce NRF2 activation [31]. Along these lines, a recent
study found that NRF1 and NRF2 protect cells from ferroptosis
through distinct and independent mechanisms [41]. Moreover,
NRF2 was recently shown to induce FSP1 transcription via NRF2 in
KEAP1-mutant NSCLC [32]. In keeping with these results, we now
find that cells expressing oncogenic KRAS directly induce FSP1
expression through MAPK-NRF2 pathway activation. Of note, class
| FINs, which lead to GSH depletion, did not show a significant
difference between KRAS-mutated and -WT cells. This observation
may suggest that GSH depletion triggers general ROS accumula-
tion which in turn activates NRF2 and via this route may
upregulate FSP1 also in WT cells thereby neutralizing the
difference in killing. Hence, we propose a model wherein effective
activation of NRF2-mediated transcription might be decisive for
whether oncogenic KRAS expression renders cells more or less
sensitive to ferroptosis.

An interesting possibility is that the Nonsense-Mediated Decay
(NMD) pathway might contribute to the regulation of FSP1T mRNA.
NMD can regulate a number of perfectly functional transcripts
many of which usually have an abnormally long 3’UTR. Indeed,
FSP1 murine transcript variants contain several NMD-inducing
features including an abnormally long 3'UTR in one of them.
Interestingly, FSP1 mRNA was found to be upregulated in murine
embryonic stem cells upon NMD inhibition [42], and oncogenic
KRAS might inhibit NMD via several non-exclusive mechanisms.

Cell Death & Differentiation

For instance, KRAS®'2P is known to activate P38 MAPK [43-45] and
p38 MAPK has been shown to inhibit NMD [46]. Additionally, ER
stress is well-known to inhibit NMD [47] and has been observed in
KRAS®'?P_expressing cells [48]. It is therefore tempting to
speculate whether cells expressing oncogenic KRAS may inhibit
NMD which in turn could result in FSPT mRNA stabilization.

Expression of oncogenic KRAS creates selective metabolic
addiction to nucleotide synthesis via the pentose phosphate
pathway (PPP) [49]. Interestingly, high cellular levels of NADPH,
the product of the PPP, were identified as markers of resistance to
ferroptosis [50]. NADPH in turn is an important electron donor for
a variety of cellular enzymes including FSP1. Consequently, high-
level exogenous overexpression of FSP1, as obtained in our
experiments, may impact cellular NADPH levels and, with that, be
problematic for metabolic NADPH addiction of KRAS-mutant cells
[49]. In line with this, FSP1 overexpression in KRAS-mutant cells
decreased their capacity to form spheroids. Moreover, inhibition of
the PPP was shown to reduce soft agar colony formation of
transformed 3T3 MEFs [51]. In favor of another ferroptosis-
independent function for FSP1 expression in cancer, we found
that tumor volume growth in WT cells in vivo was promoted by
FSP1 expression but not Liproxstatin-1 treatment. This growth
promotion may be facilitated by FSP1- generated NAD+ which
was shown to promote glycolysis [52], a mode of energy
generation advantageous for hypoxic tumors.

Interestingly, two recent studies identified GTP cyclohydrolase-1
(GCH1) and its products tetrahydrobiopterin /dihydrobiopterin
(BH4/BH;) to act as potent cellular antioxidants protecting from
ferroptosis in the absence of GPX4 [53, 54]. Yet, cells not
expressing GCH1 seem to solely depend upon FSP1 for the
generation of endogenous radical-trapping agents, a fact used for
screening for novel FSP1 inhibitors [55]. Of note, GCH1 mRNA
expression was barely detectable in our cellular systems and also
not influenced by KRAS-mutation status in contrast to FSP1 (data
not shown).

In a genetically engineered mouse model of KRAS-driven PDAC,
inducible whole-body deletion of xCT led to significant tumor
regression [56]. However interestingly, cancer-associated fibro-
blast (CAF)-restricted deletion of xCT in the very same mouse
model was sufficient to achieve a strong anti-tumor effect [57].
These data together with the fact that GPX4 deletion within
PanINs was insufficient to trigger ferroptosis in pancreatic cancer
[14], support the idea that KRAS-mutated cells have evolved an
additional layer of protection against ferroptotic cell death. Our
data propose that elevated FSP1 expression in KRAS-mutated cells
is, at least in part, responsible for this protection. Based on these
considerations, we propose that combined induction of ferropto-
sis and FSP1 inhibition should be considered for therapeutic
strategies developed against KRAS-mutated cancers.
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article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http:/
creativecommons.org/licenses/by/4.0/.
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2.2 SUPPLEMENTARY INFORMATION
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Supplementary Fig. 1: Oncogenic KRAS activity renders cells resistant to ferroptosis. a
KRAS WT or KRAS®'?P_expressing MEFs were treated with either erastin [0.37 uM], SAS [
0.17 mM], IKE [1.11 yM], RSL3 [120 nM], ML210 [0.37 pM] or ML162 [1.11 uM] for 24 h.
DRAQ7 [100 nM] was added to visualize dead cells. Dead cells were analyzed by using the
IncuCyte quantification software. Images were acquired at 10x magnification every 2 h using
the IncuCyte S3 bioimaging platform. b, ¢ KRAS WT or KRAS®'*°-expressing MEFs were
treated with or without RSL3 [100 nM] for 48 h and confluence was determined by analyzing
phase contrast using the IncuCyte quantification software or DRAQ7 [100 nM] (¢) was added
to wells to visualize dead cells. Images were acquired at 10x magnification every 4 h using the
IncuCyte S3 bioimaging platform. d KRAS WT or KRAS®'*-expressing MEFs were treated
with RSL3 [50 nM], AMG510 [500 nM] and Fer1 [2.5 uM] alone or in combination for 24 h. Cell
viability was determined by Cell Titer blue. % viability is calculated relative to untreated KRAS
WT MEFs (100%). e 3LL cells were treated with RSL3 [100 nM], AMG510 [10 uM], ARS1620
[10 uM] and Fer1 [5 uM] alone or in combination for 24 h. Cell death was determined by
propidium iodide (PI) uptake and flow cytometry. Gates are set on PI+ cells in control untreated
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cells. Data are means +/- SEM of three independent experiments in each individual cell line.
Two-way ANOVA + Tukey’s multiple comparison test (a, d, e), two-tailed t-test of end timepoint

(e), *™** p<0.0001, ** p<0.01, * p<0.05.
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Supplementary Fig. 2: Comparative lipidomics in KRAS WT and KRAS®'?"-expressing
cells. a Bulk-sorted MEFs expressing KRAS"™ or KRAS®'?" were treated either with DMSO,
RSL3 [100 nM] alone or in combination with Ferrostatin-1 (Fer-1) [5 uM] for 5 h and stained for
lipid ROS accumulation using BODIPY C11. Cells were analyzed by flow cytometry. Negative
gates were placed based on DMSO controls. b - e KRAS" -expressing cells (n =5 samples)
as compared to KRAS®'?P_expressing cells (n=5 samples) were analyzed for basal
diacylglycerol (DAG) and ether-linked lipids by mass spectrometry. Lipid content was
normalized to infused protein for each condition and replicate. Individual PUFAs (4 double
bonds or more) are plotted. f Data showing the representation of mono-oxidized phospholipid
species (PE phosphatidylethanolamine; PC phosphatidylcholine) in KRAS wild type as
compared to KRAS®'?P-expressing cells treated with either DMSO or RSL3 [100 nM] for 5h
and then subjected to lipidomics. Samples for each condition (n=5) were averaged and
normalized to the cell number (2.5x10°). nmoles lipid/mg protein lysate is shown. g Rasless
MEFs expressing KRAS wild type or KRAS®'?P were treated either with DMSO, RSL3 [100 nM]
alone or in combination with Ferrostatin-1 (Fer-1) [5 pM] for 5 h and stained for ROS
accumulation using H2DCFDA. Cells were analyzed by flow cytometry. Negative gates were
placed based on DMSO controls. Data are means +/- SEM of three independent experiments
in each individual cell line. Two-way ANOVA + Tukey’s multiple comparison test, *** p<0.001,
** p<0.01, * p<0.05.
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Supplementary Fig. 3: RNA expression of ferroptosis regulators. a RNA-seq expression
data in FPKM (fragments per kilobase of exon model per million reads mapped) from KRAS
WT and KRAS®'?P-expressing cells were log2 transformed (+0.01) and plotted for relative
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expression of genes involved in ferroptosis. b Ratio of total oxidized and reduced nicotinamide
adenine dinucleotide phosphates (NADP+ and NADPH, respectively) was measured in lysates
from 20,000 cells of either KRAS WT or KRAS®'?P-expressing cells using the NADP/NADPH-
Glo™ kit (Promega). ¢ KRAS WT or KRAS®'?P-expressing cells were treated with RSL3 [100
nM] alone or in combination with rising concentrations of iFSP1. Cell viability was determined
by Cell Titer blue. % viability is calculated relative to untreated KRAS WT MEFs (100%). d Cell
death of cells treated as in (¢) was determined by flow cytometry and propidium iodide (PI)
incorporation. Gates are set on Pl+ cells in control untreated cells. Data are means +/- SEM
of three independent experiments in each individual cell line. Two-tailed t-tests (a), Two-way
ANOVA + Tukey’s multiple comparison test (¢, d), **** p<0.0001, * p<0.05.
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Supplementary Fig. 4:MEK activity elevates FSP1 mRNA levels. a Levels of the indicated
cDNAs were quantified by gPCR in KRAS®'?°-inducible HPDE cells after 72 h of doxycycline
[0.5 pg/ml] treatment. Fold change relative to controls is shown. b Levels of the indicated
cDNAs were quantified by gPCR in HRAS®'?V-inducible NIH-3T3 cells after 48 h of tamoxifen
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(40HT) treatment [100 nM]. Fold change relative to controls is shown. ¢ Levels of FSP1 cDNA
were quantified by qPCR in Rasless MEFs expressing WT or KRAS®'? treated with either
DMSO, iMEK (PD184352) [5 uM] or iAKT (MK2206) [5 uM] for 48 h. Fold change relative to
DMSO KRAS WT controls is shown. d Levels of DUSP6 cDNA were determined in cells treated
as in (c). e KRAS®'?P_expressing cells were treated with the indicated concentrations of IMEK
(PD184352) for 72 h, lyzed and subjected to protein analysis by Western blotting. f Genes
significantly co-expressed with FSP1 within the LUAD TCGA dataset were analyzed by gene-
set enrichment (GSEA) and -log'’-transformed false discovery rates (FDR) of significantly
enriched gene sets are plotted. g Levels of GCLC cDNA were determined in cells treated as
in (c). Data are means +/- SEM of at least two independent experiments in each individual cell
line. Two-tailed t-test, *** p<0.001, ** p<0.01, * p<0.05.

a Spheroid Assay b
3x10°- 0.0003-
2108 ... T S =
8
& o c 0.0002-
£ 2x10° 2
= a 5|
© 9
Q o
6.
< 10 " 8 0.0001 S
ob s
=
- @©
500000 <
o
0- 0.0000-
. N
&@\ G)Q\.égf Q@a- 0@ éﬁQ
() N WV ,\‘L 2
O S o
QIS XV
SRS ¢
N
C
400- y *kkk
ree
=
:-'E‘ m
3004
E
o v
E o
© 200+ m
>
5 A24 Y97 e kRrAsVTew.
o ... ° A © KRASWTe.V. + Liproxstatin
E0f © .—% o A B KRASWTFSP1-WT
= (] 0o =™ 0@; AAA © KRASYTFSP1-WT + Liproxstatin
% [ EEE A v v A KRASG12D gV, pLKO.1
0 ﬁ' oo ETg Vv V KRAS®12P shFSP1
KY Q& & O A
¢ & & & O &
W2 o {oQ o A~QV oF
,{9 \>Q N \'>Q 5 (::“b
A.x Qy? yx é{» v.@
@0‘ *' N v.% {g~
S 2 &
¥ &<
€ S
&

Supplementary Fig. 5: Spheroid growth and FSP1 silencing controls. a A549 cells were
subjected to spheroid assay growth for 4 days and treated as indicated. Images were quantified
using the BZ-H4M/Measurement Application Software (Keyence). b Levels of FSP1 cDNA
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were quantified by qPCR in Rasless MEFs expressing either KRAS®'?P pLKO.1 empty Vector

or KRAS®'?P pLKO.1 shFSP1 stable expression plasmids. ¢ 8-weeks old male nude mice were
injected with 5 x 10° cells of the indicated cell lines (G12D e.V. (empty Vector) n=11; G12D
shFSP1 n=12; WT e.V. n=24 + Vehicle; WT e.V. + Liproxstatin-1 n=10; WT FSP1 n=24 +
Vehicle; WT FSP1 + Liproxstatin-1 n=10) into both flanks. Mice were injected 5x per week
either with vehicle [PBS with 1% DMSQ] or Liproxstatin-1 [10 mg/kg]. Tumor length and width
were measured by caliper at day 26 and volume was calculated as (length x width x width)/2.
Data are means +/- SEM of three independent experiments in each individual cell line. Two-
way ANOVA + Tukey’s multiple comparison test (a, ¢), two-tailed t-test (b), **** p<0.0001, ***
p<0.001.

Supplementary Table 1: qPCR mouse primers

Primer mouse Sequence

mouse FSP1 FWD | TGCCTCGCAATGAGTATCGG
mouse FSP1 REV | GCCAGCCTACTCTCTGCAAAT
mouse DUSP6 FWD | ATAGATACGCTCAGACCCGTG
mouse DUSP6 REV | ATCAGCAGAAGCCGTTCGTT
mouse NRF2 FWD | GCTGCTCGGACTAGCCATTG
mouse NRF2 REV | TCAAATCCATGTCCTGCTGGG
mouse GCLC FWD | GGACAAACCCCAACCATCC
mouse GCLC REV | GTTGAACTCAGACATCGTTCCT
mouse HO-1 FWD | GCCGAGAATGCTGAGTTCATG
mouse HO-1 REV TGGTACAAGGAAGCCATCACC
mouse Rpl13a FWD | AGCCTACCAGAAAGTTTGCTTAC
mouse Rpl13a REV | GCTTCTTCTTCCGATAGTGCATC
mouse Rplp0 FWD | TAAAGACTGGAGACAAGGTG
mouse Rplp0 REV | GTGTACTCAGTCTCCACAGA
mouse Actin FWD GGCTGTATTCCCCTCCATCG
mouse Actin REV CCAGTTGGTAACAATGCCATGT

Supplementary Table 2: qPCR human primers

Primer human Sequence

human FSP1 FWD | GACTCCTTCCACCACAATGTGG

human FSP1 REV | CAGCACCATCTGGTTCTTCAGG

human DUSP6 FWD

GCAATACTTTGGGTTGGTTTC

human DUSP6 REV

AACTCTCCCTTCTTCACAATC

human NRF2 FWD

CCAACTACTCCCAGGTTGCC
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human NRF2 REV | AGTGACTGAAACGTAGCCGAA
human HO-1 FWD | ACCTTCCCCAACATTGCCAG

human HO-1 REV

CAACTCCTCAAAGAGCTGGATG

human 18S FWD

GCAGAATCCACGCCAGTACAAG

human 18S REV

GCTTGTTGTCCAGACCATTGGC
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3 RESULTS

To investigate ferroptosis resistance in another cellular system, bulk-sorted mouse
embryonic fibroblasts (MEFs) expressing endogenous levels of KRAS wild type (WT)
and additionally exogenous levels of different KRAS mutations (KRASWT/GFP
KRASWT/WT, KRASWT/G12A, KRASWT/G1ZC, KRASWT/G12D, KRASWT/G12R, KRASWT/G128,
KRASWT/G12V, KRASWT/G13C, KRASWT/G13D, KRASWT/Q61H and KRA8WT/061L) were
treated with either 0.1 yM or 1 uM RSL3 and cell death was determined by propidium
iodide (PI) uptake.

Only MEFs expressing KRASWTG12D were resistant to RSL3 treatment at a
concentration of 0.1 yM (Figure 8a). At a higher concentration (1 yM RSL3) also
KRASWT/G12D mytant cells showed an increased sensitivity to ferroptosis. To further
determine whether RSL3 treatment induces ferroptotic cell death and to exclude any
other type of cell death such as apoptosis or necroptosis, bulk-sorted MEFs expressing
different exogenous KRAS mutations were treated with 0.5 yM RSL3 in combination
with either Ferrostatin-1 (Fer1), pan-caspase inhibitor (z-VAD) or RIPK1 inhibitor
Necrostatin-1 (Nec1). Only Fer-1, which specifically inhibits ferroptosis, could rescue
cell death which confirmed that RSL3 induces ferroptosis in bulk-sorted MEFs
expressing exogenous levels of wild type or mutant KRAS (Figure 8b).

Moreover, GPX4, a key player to protect cells from ferroptosis, reduces lipid
peroxidation by using GSH as a co-factor. When GPX4 is blocked by e.g. RSL3, it is
unable to protect cells from ferroptotic cell death [29]. To study whether different GSH
levels of different KRAS mutant cells were responsible for varying ferroptosis
sensitivity, and to evaluate whether KRASWT/¢12D cells contain higher GSH levels and
are therefore more resistant to ferroptosis, GSH levels were determined by using the
fluorescent dye monochlorobimane (MCB) for FACS analysis. In contrast to this
assumption, cells expressing oncogenic KRAS®'?P showed lower GSH levels
compared to cells expressing other oncogenic mutations, indicating that resistance of
KRASWT/G12D mytant cells to RSL3 induced ferroptosis cannot be caused by elevated
levels of GSH (Figure 8c).
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Figure 8: Cells expressing KRAS®'?" are the most resistant to ferroptosis induction

a Bulk-sorted MEFs expressing indicated variants of either KRAS WT or mutants were treated
either with DMSO or RSL3 [0.1 uM or 1.0 uM] for 24 h. Cell death was determined by propidium
iodide (PIl) uptake and flow cytometry. 0% PI-Incorporation is gated to control untreated. b
Bulk-sorted MEFs were treated either with DMSO, RSL3 [0.5 uM] alone or in combination with
either Ferrostatin-1 (Fer1) [5 pM], Necrostatin-1s (Nec1) [10 pyM] or zVAD [20 uM]. 0% PI-
Incorporation is gated to untreated control. ¢ Cellular GSH levels were determined by
monochlorobimane (MCB) staining and flow cytometry (MFI- mean fluorescent intensity) in the
indicated bulk-sorted MEFs expressing indicated variants of either KRAS WT or mutants upon
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24 h. Data are means +/- SEM of three independent experiments in each individual cell line.
Two-way ANOVA + Tukey’s multiple comparison test, **** p<0.0001, ** p<0.01, * p<0.05.

To next resolve ferroptosis resistance of KRAS-mutated cells over time in cells
expressing different oncogenic KRAS mutations, bulk-sorted MEFs were treated for 72
hours with 0.1 yM RSL3 and therefore seeded 24 hours before treatment in low density
(10-20% confluence). As expected, untreated KRASWTWT cells showed significantly
lower cell confluence after 72 hours compared to KRASWTG12D.expressing cells
suggestive of increased proliferation of KRAS-mutated cells (Figure 9c). These results
should be considered in the following experiments since it is known that ferroptosis
resistance is cell density dependent [125], [185]. However, upon 72 hours of 0.1 yM
RSL3 treatment, KRASWT/612D cells showed 100% confluence whereas all other cell
lines expressing different KRAS mutations were sensitive to ferroptosis induction and
reached a lower cell confluence after treatment (Figure 9b, 9d). Therefore, our results
confirm that cells expressing KRASWT/G12D compared to cells expressing other KRAS
mutations are the most resistant to ferroptosis induction. The experiments were

analyzed using IncuCyte real-time live cell imaging.
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Figure 9: Expression of oncogenic KRAS®'?® protects cells from cell growth inhibition
during ferroptosis induction

a, b Bulk-sorted MEFs expressing indicated variants of either KRAS WT or mutants were
treated with or without RSL3 [0.1 uM] for 72 h and confluence was determined by analyzing
phase contrast using the IncuCyte quantification software. Images were acquired at 10x
magnification every 4 h using the IncuCyte S3 bioimaging platform. ¢, d Representative data
of cellsisin (a, b) at timepoint 72 h. Data are means +/- SEM of three independent experiments
in each individual cell line. Two-way ANOVA + Tukey’s multiple comparison test, ** p<0.01, *
p<0.05.
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To further validate ferroptosis resistance of KRAS-mutated cells in different cell lines,
also human cancer cell lines expressing KRAS mutations were tested for ferroptosis
response. To this end, the human pancreatic cancer cell lines BxPC3, which expresses
KRAS WT, and L36pl, which harbors a KRAS®'?P mutation [186], were treated with
either RSL3 or erastin. Indeed, L36pl cells, expressing an oncogenic KRAS mutation,
were more resistant to ferroptosis induced by RSL3 or erastin treatment compared to
the human pancreatic cancer cell line BxPC3, which lacks a KRAS mutation (Figure
10a, 10Db). Although these two cell lines are from distinct origins and therefore
comparative results have to be taken with a grain of salt, these results further support
our findings made in isogenic cellular systems (Muller et al. 2022) and therefore
indicate that oncogenic KRAS®'2P renders cells more resistant to ferroptosis. Cell
death was determined by Pl uptake.
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Figure 10: KRAS®'?"-mutated human pancreatic cancer cell lines are more resistant to

ferroptosis induction

a, b BxPC3 and L36pl cells were treated with indicated concentrations of RSL3 (a) or erastin

(b) for 24 h. Cell death was determined by propidium iodide (Pl) uptake and flow cytometry.

0% Pl-Incorporation is gated to control untreated. Data are means +/- SEM of three

independent experiments in each individual cell line. Two-way ANOVA + Tukey’s multiple

comparison test, **** p<0.0001, *** p<0.001.

KRAS G12C inhibitors such as ARS1620 and AMG510 have been reported to
selectively inactivate mutated KRAS®'2C [164]. In our published work we showed that
KRAS®'2C inhibition renders cells more sensitive to ferroptosis induction (Miller et al.
2022 Supplementary Figure 1d, e). To further validate these data, “Rasless” MEFs
expressing either KRASWT or KRAS®'?C were treated with ARS1620 and AMG510.
Indeed, treatment with ARS1620 in combination with RSL3 also decreased cell viability
in KRAS®'2C-expressing cells (Figure 11a). Furthermore, ferroptosis induction by RSL3
in combination with KRAS inhibition by AMG510 also rendered cells more sensitive to
cell death (Figure 11b). These data reinforce the hypothesis, that constitutively active
mutant KRAS leads to increased ferroptosis resistance. Based upon our own
observations (Mdller et al. 2022 Figure 1a; Supplementary Figure 3d) KRASWT-
expressing cells die upon RSL3 induction by up to 75%-80%. Surprisingly, in Figure
11b cell death in KRASYWT cells was less effective when treated with 0.1 uM RSL3
alone. Knowing that higher cell confluence leads to ferroptosis resistance [125], [187],
we hypothesized that these data discrepancies might be explained by increased cell
confluence of KRASWT cells upon RSL3 treatment.
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Figure 11: G12C-inhibition enhances sensitivity to ferroptosis induction

a KRAS"T or KRAS®'?-expressing MEFs were treated with RSL3 [0.05 pM], ARS1620 [0.5
MM] and Fer1 [2.5 uM] alone or in combination for 24 h. Cell viability was determined by Cell
Titer Blue. % viability is calculated relative to untreated KRAS"T MEFs (100%). b KRAS"T or
KRAS®'?°-expressing MEFs were treated with RSL3 [0.1 yM], AMG510 [1 uM] and Fer1 [5
MM] alone or in combination for 24 h. Cell death was determined by propidium iodide (PI)
uptake and flow cytometry. Gates are set on PI+ cells in control untreated cells. Data are
means +/- SEM of three independent experiments in each individual cell line. Two-way ANOVA
+ Tukey’s multiple comparison test, **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.
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It is known that ferroptosis is density dependent and that cells grown in high density
are more resistant to ferroptosis than cells grown in low density [125], [187]. To test
this hypothesis, cells were seeded in three different seeding densities (low 25,000,
middle 55,000 and high 120,000/cells per 24-well) 24 hours before treatment with or
without RSL3. Indeed, we could confirm that upon low density KRAS®'2P cells became
as sensitive to ferroptosis as KRAST cells, while cells seeded in high density resulted
in less ferroptotic cell death upon ferroptosis induction also in KRASWT cells (Figure
12). Interestingly, although confluence levels of KRASWT and KRAS®'2P cells seeded
in middle density were comparable at timepoint 0 hours, KRAS®'?P-expressing cells
did not die upon RSL3 induced ferroptosis whereas KRAS"T-expressing cells in the
same density were sensitive to ferroptosis (Figure 12a, c). Additionally, cell death was
fully rescued in cells expressing KRAS®'2P seeded in high density when treated with
RSL3, while in cells expressing KRASWT dead cells were detectable in every density
upon RSL3 treatment (Figure 12b, d). These data suggest that cells expressing
oncogenic KRAS®'2P are protected from ferroptosis when seeded in middle densities
through a ferroptosis defense mechanism that is regulated density independent while
in addition, increasing density will render cells ferroptosis resistant. Cells were seeded
one day prior treatment. The data was analyzed by using the IncuCyte real-time live

cell imaging.
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Figure 12: Ferroptosis resistance is density dependent

a, b KRAS"-expressing MEFs were treated with or without RSL3 [0.1 uM] in low, middle or
high densities for 48 h. Confluence was determined by analyzing phase contrast using the
IncuCyte quantification software or DRAQ7 [0.1 uM] was added to wells (b) to visualize dead
cells. Images were acquired at 10x magnification every 4 h using the IncuCyte S3 bioimaging
platform. ¢, d KRAS®'?P-expressing MEFs were treated as in (a) and (b). LD = low density,
MD = middle density, HD = high density. Data are means +/- SEM of three independent
experiments in each individual cell line. Two-way ANOVA + Tukey’s multiple comparison test,
**** p<0.0001.

Since in this study we could confirm that cell density influences ferroptosis sensitivity
and resistance, it was important to determine at which cell confluence ferroptosis
sensitivity was altered comparing KRAS WT and KRAS mutant cells. Therefore,
KRAS"T and KRAS®'?P-expressing cells were seeded the day before treatment in four
different densities in the range of low (25,000 cells/24-well) to middle (565,000 cells/24-
well) density from the previous experiments (Figure 12). Interestingly, we could
determine the exact density in which KRAS®'?P-expressing cells turned from
ferroptosis resistant to sensitive, which was at a cell confluence of 35,000 to 45,000
cells per 24-well plate (Figure 13d). Moreover, although KRASWT and KRASG'2D-
expressing cells showed similar levels of confluence over time (Figure 13a, c), KRASWT
cells were sensitive to ferroptosis induction at any density while KRAS®'?P cells
switched from ferroptosis resistant to sensitive at a density between 35,000 to 45,000
cells per 24-well (Figure 13b, d). However, in future studies it needs to be further
investigated which cellular process exactly renders cells more resistant at a specific

cell density and which metabolic switch KRAS®'2P mutant cells overcome to survive
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ferroptotic cell death. The data was analyzed using the IncuCyte real-time live cell
imaging.
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Figure 13: KRAS®'?® protects cells from ferroptosis in middle density

a, b KRAS"-expressing MEFs were untreated (a) or treated with (b) RSL3 [0.1 uM] in different
densities for 48 h and confluence was determined by analyzing phase contrast using the
IncuCyte quantification software. Images were acquired at 10x magnification every 4 h using
the IncuCyte S3 bioimaging platform. ¢, d KRAS®'?°-expressing MEFs were treated as in (a)
and (b). Data are means +/- SEM of three independent experiments in each individual cell line.
Two-way ANOVA + Tukey’s multiple comparison test, **** p<0.0001, *** p<0.001, ** p<0.01, *
p<0.05.

To test whether the observed enhanced ferroptosis resistance upon increased cell
density correlates with expression of FSP1, the molecular determinant of ferroptosis
resistance of KRAS-mutated cells (Muller et al. 2022), FSP1 mRNA and protein levels
were determined from cells seeded in different densities.

Strikingly, we found that KRASWT cells elevated FSP1 mRNA expression upon
increased cell density, which could explain ferroptosis resistance of KRASWT cells
when seeded and treated in high density (Figure 14a). Interestingly, we could observe
that in KRAS®'?P-expressing cells already basal levels of FSP1 mRNA were elevated
in comparison to KRASWT-expressing cells, explaining ferroptosis resistance in lower
densities (Figure 14a). Moreover, on protein levels we could confirm that KRASYWT cells
increase FSP1 levels upon enhanced cell density, while KRAS®'?P cells already
express high levels of FSP1 in lower densities (Figure 14c). These results reveal that

FSP1 mRNA elevates upon enhanced density in KRAS WT cells offering a potential
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explanation for increasing ferroptosis resistance in KRAS WT cells upon enhanced
density.

In our published work, we could show that FSP1 expression is regulated by NRF2
activation (Muller et al. 2022 Figure 4c, d, e, f, g). NRF2 is a transcription factor which
induces expression of the antioxidant molecular machinery. This includes antioxidant
response element (ARE)-containing genes, which induce the expression of genes such
as SLC7A11, GPX4, GCLC, GCLM, HO-1, NQO1 and also FSP1 [54], [58], [69], [188].
Therefore, to test whether the conditional density regulated FSP1 elevation is also
NRF2-dependent, mRNA levels of NRF2 and its target genes Gclc and Ho-1 were
measured in KRASYWT cells grown in different densities. However, NRF2 mRNA levels
were not upregulated in cells seeded for longer periods (72 h), which have an
increased cell confluence, compared to cells seeded short-term (24 h) showing lower
densities (Figure 14b). Although Ho-1, one target gene of NRF2, was upregulated over
time, this could not be confirmed in Gclc, which is also a target gene of NRF2.
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Figure 14: FSP1 upregulation is density dependent

a Levels of FSP1 cDNA were quantified after 24 h by gPCR in Rasless MEFs expressing
KRAS™T or KRAS®'?® seeded in low or high density. b Levels of FSP1, Gclc, NRF2 and Ho-1
cDNA were quantified after 24 h and 72 h by qPCR in Rasless MEFs expressing KRAS"". ¢
Indicated cells were seeded for 24 h in three different densities. Cells were lyzed and subjected
to protein analysis by Western blotting. Data are means +/- SEM of three independent
experiments in each individual cell line. Western blots of representative control lysates are
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shown. Two-way ANOVA + Tukey’s multiple comparison test, two-tailed t-test, ** p<0.01, *
p<0.05.

One metabolic characteristic effect of oncogenic RAS is the upregulation of general
ROS [108], [109], [189], [190]. Moreover, ROS is a major activator of NRF2 activation.
Therefore, we also tested whether cell density may influence cellular ROS levels. ROS
levels were stained with the fluorescent dye H2DCFDA and cells were analyzed by
flow cytometry. Indeed, we could confirm that cells expressing KRAS®'2P accumulate
higher ROS levels not only on basal levels but also upon ferroptosis induction (Figure
15a). Interestingly though, ROS levels decreased with increasing cell density in
KRASYT as well as in KRAS®'™?P cells. Based upon these data, we conclude that
density-mediated regulation of FSP1 is NRF2-independent.

Taken together, our observations reveal FSP1 upregulation with increasing density.
Therefore, in all subsequent experiments cell numbers were controlled and it was
ensured that in experiments studying FSP1, FSP1 was not upregulated in KRASWT or

KRASC12D cells due to increased confluence.
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Figure 15: General ROS accumulation is density dependent

a Rasless MEFs expressing KRAS WT or KRAS®'?® were seeded in different densities for 24
h, treated after either with DMSO, RSL3 [0.1 pyM] alone or in combination with Ferrostatin-1
(Fer-1) [5 uM] for 5 h and stained for ROS accumulation using H2DCFDA. Cells were analyzed
by flow cytometry. Negative gates were placed based on DMSO controls. Data are means +/-
SEM of three independent experiments in each individual cell line. Two-way ANOVA + Tukey’s
multiple comparison test, **** p<0.0001, *** p<0.001, * p<0.05.

In our study the FSP1 inhibitor iFSP1 was first tested in different concentrations to
exclude toxicity in cell death assays. We could observe that even in high
concentrations iFSP1 did not induce cell death in KRASWT and KRAS®'2P cells (Figure

16a). FSP1 is an oxidoreductase reducing ubiquinone (CoQ10) to ubiquinol and
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thereby protecting cells from lipid peroxidation [35], [36]. To determine whether its
protective effect comes from the enzymatic activity of FSP1 or from its starting product
ubiquinone (CoQ10), ferroptosis sensitivity was tested on cells by adding additional
other analogues of CoQ10 such as mitochondrially-targeted MitoQ or chemical CoQ10
itself upon ferroptosis induction. Of note, MitoQ is a synthetic analogue of CoQ10 which
has been developed to prevent cells from oxidative stress and lipid ROS and functions
as a mitochondria-targeted antioxidant [191], [192].

KRASYT and KRAS®'?P-expressing cells were treated with either MitoQ (Figure 16b)
or CoQ10 (Figure 16¢) in combination with or without RSL3 and iFSP1, to study
ferroptosis resistance upon addition of CoQ10. We could observe that MitoQ rescued
cell death completely in cells treated with either RSL3 alone or in combination with
iIFSP1, assuming that MitoQ treatment functions as an antioxidant, which protects cells
from ferroptosis although FSP1 is inhibited using iIFSP1 (Figure 16b). Moreover,
CoQ10 treatment also slightly rescued ferroptotic cell death upon RSL3 induction in
combination with iIFSP1 in KRAS®'2P cells (Figure 16c). In KRASWT cells the strong
protective effect from treatment with MitoQ upon ferroptosis induction and FSP1
inhibition could not be observed when cells were treated with CoQ10. However, these
data show that the generation of ubiquinol by FSP1 is important to prevent cells from
ferroptosis. Cell death was determined by Pl uptake.
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Figure 16: Analogues of CoQ10 protect cells from ferroptosis

a KRAS"" or KRAS®'?P-expressing MEFs were treated with indicated concentrations of iFSP1.
b KRAS"T or KRAS®'?P-expressing MEFs were treated with RSL3 [0.1 uM], MitoQ [1 yM] and
iFSP1 [33.3 uM] alone or in combination for 24 h. Cell death was determined by propidium
iodide (PI) uptake and flow cytometry. Gates are set on Pl+ cells in control untreated cells. ¢
KRASYT or KRAS®'?P_expressing MEFs were treated with RSL3 [0.1 uM], CoQ10 [10 yM] and
iFSP1 [33.3 uM] alone or in combination for 24 h. Cell death was determined by propidium
iodide (PI) uptake and flow cytometry. Gates are set on Pl+ cells in control untreated cells.
Data are means +/- SEM of three independent experiments in each individual cell line. Two-
way ANOVA + Tukey’s multiple comparison test, **** p<0.0001, *** p<0.001.

We found that FSP1 expression is regulated by NRF2 activation (Muller et al. 2022
Figure 4c, d, e). Therefore, we investigated whether silencing of KEAP1, which under
basal conditions facilitates NRF2 ubiquitination resulting in NRF2 degradation, is
sufficient to protect cells from ferroptosis induction. Our data reveals that indeed,
KEAP1 silencing renders KRAS"T cells more resistant to ferroptosis as well as to
ferroptosis induction combined with FSP1 inhibition (Figure 17a). Moreover, 24 hours
pretreatment with the chemical NRF2 activator tert-butylhydrochinone (TBHQ)
completely rescued cell death upon RSL3 induction in KRASWT cells (Figure 17b).
These data confirm the hypothesis, that oncogenic KRAS upregulates FSP1 via the
NRF2 pathway and thereby protecting cells from ferroptosis. The data was analyzed

using the IncuCyte real-time live cell imaging.
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Figure 17: NRF2 upregulation via siKEAP1 knockdown or TBHQ treatment protects cells
from ferroptosis

a sikEAP1 KRAS"T cells were treated after 48 h knockdown with DMSO, RSL3 [0.1 uM], +/-
iFSP1 [10 uM] and +/- Fer-1 [1 uM] for another 24 h. Confluence was determined by analyzing
phase contrast using the IncuCyte quantification software. Images were acquired at 10x
magnification every 2 h using the IncuCyte S3 bioimaging platform. b KRAS"T cells were
treated after 24 h incubation with or without TBHQ [25 uM] for another 24 h with DMSO, RSL3
[0.1 uM] and +/- Fer-1 [1 uM]. DRAQ7 [0.1 uM] was added to all wells to visualize dead cells.
Images were acquired at 10x magnification every 2 h using the IncuCyte S3 bioimaging
platform. Data are means +/- SEM of at least two independent experiments in each individual
cell line. Two-way ANOVA + Tukey’s multiple comparison test, **** p<0.0001, *** p<0.001.

Since in this study we showed that overexpression of FSP1 was sufficient to allow
spheroid growth of KRASWT cells (Miiller et al. 2022 Figure 5c), we further investigated
how ferroptosis inhibition by using Fer1 affected spheroid growth. Surprisingly,
spheroid growth was massively reduced in KRASWT and KRAS®'?P cells
overexpressing FSP1 but not in KRAS®'?P-expressing cells, indicating that FSP1
expression affects spheroid growth independently of ferroptosis inhibition as also
pointed out in our published work (Figure 18a). However, controversially to these
results our study could show different effects of ferroptosis inhibition by using either
Fer1 or the ferroptosis selective inhibitor Liproxstatin-1 on spheroids growing from
A549 cells (Muller et al. 2022 Figure 5d; Supplementary Figure 5a). We could observe
that ferroptosis inhibition did not decrease spheroid growth. Moreover, our study could
reveal that ferroptosis inhibition in vivo by treating mice with Liproxstatin-1 accelerated
tumor onset to a similar level as mice harboring FSP1 overexpressing WT tumors.
Therefore, our results indicate that spheroid growth promoted by FSP1 overexpression
is independent of ferroptosis protection and the effect of ferroptosis inhibition by Fer1
treatment in cells overexpressing FSP1 needs to be further investigated.

Since only in KRASWT and KRASC'?P cells overexpressing FSP1 treatment of Fer1

decreased spheroid growth, these data suggest that KRAS mutant cells metabolically
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change overtime and increase FSP1 levels, while overexpression of FSP1 for a short
period could not adapt to this metabolic rewiring. Spheroid growth was quantified by
using the BZ-H4M/Measurement Application Software (Keyence).
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Figure 18: Ferroptosis inhibition suppresses spheroid growth

a Indicated cells were grown in Matrigel for spheroid formation under the indicated treatment
for 14 days. Images were quantified using the BZ-H4M/Measurement Application Software
(Keyence). Data are means +/- SEM of at least four independent experiments in each
individual cell line. Two-way ANOVA + Tukey’s multiple comparison test, *** p<0.001, **
p<0.01.
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4 DISCUSSION

In this present study, we investigated how oncogenic KRAS protects cells from
ferroptosis via upregulation of FSP1. Furthermore, we identified that KRAS-mutated
cells limit the propagation of lipid ROS and thereby defend cells from acute lipid
peroxidation upon ferroptosis induction. Importantly, we demonstrated that FSP1
expression is regulated by the MAPK-NRF2-pathway and increases upon activation in
KRAS-mutated cells. Additionally, we showed that FSP1 overexpression in KRASWT
cells mediated cellular transformation in vitro. Interestingly, FSP1 overexpression
promoted tumor onset in wild type mice in vivo suggesting FSP1 protects KRASWT
tumors from ferroptotic cell death. Moreover, only combined treatment of ferroptosis
induction and FSP1 inhibition in pancreatic organoids expressing KRAS®'?P could
significantly induce organoid killing, indicating that ferroptosis resistance can be
reversed by inducing ferroptosis in combination with inhibition of FSP1. Finally, we
evaluated that FSP1 expression is upregulated in KRAS-driven cancers and correlates
with poor outcome in pancreatic ductal adenocarcinoma (PDAC) patients. Lastly, in
line with other studies, this work additionally validated that ferroptosis resistance in

vitro is cell density dependent.

4.1 FERROPTOSIS RESISTANCE IN KRAS-MUTATED CELLS

RAS is the most common mutated oncogene worldwide, with KRAS being the most
frequent RAS variant. RAS-GTPases regulate several cellular processes and its
activation leads to downstream effector pathway stimulation resulting in proliferation,
differentiation, angiogenesis, migration and survival [133].

Predominantly in pancreatic, lung and colon cancer RAS and especially KRAS
mutations occur frequently and as of today, only very few anti-RAS therapies have
reached the clinic to specifically target and inhibit mutated RAS to treat cancer patients
[145]. Therefore, further investigation of specific vulnerabilities of tumors expressing
oncogenic KRAS variants in order to induce cell death is warranted.

Ferroptosis is one type of regulated cell death and it is characterized by iron-dependent
lipid peroxidation [11]. In this study, we investigated ferroptosis sensitivity of cells
expressing oncogenic KRAS, since studies on this topic have been controversially

discussed in the past. It has been shown that fibroblasts, which overexpress oncogenic
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HRASC®'2V show enhanced ferroptosis sensitivity upon erastin induction compared to
control cells [12]. Additionally, ferroptosis induction via erastin treatment resulted in
higher sensitivity of a lung carcinoma cell line (Calu-1) harboring a KRAS®'2¢ mutation
compared to cells expressing two different short hairpin RNAs (shRNAs) targeting
KRAS [12], [13]. Controversially, in a study with 117 different cancer cell lines it has
been demonstrated that ferroptosis sensitivity was RAS mutation independent [30].
Moreover, rhabdomyosarcoma cells (RMS13) expressing either NRASC®'2Y HRASG12V
or KRASC®'?V treated with erastin or RSL3 showed ferroptosis resistance compared to
control cells [118]. Another study recently reported that KRAS®'2V cells upregulate xCT
and are thereby protected from ferroptosis [119]. In this study, we could confirm that
oncogenic KRAS renders cells more resistant to ferroptosis in cells which overexpress
exogenous levels of KRAS mutations and endogenous KRAS wild type levels, as well
as in cells which overexpress near endogenous levels of KRAS mutations (Muller et
al. 2022 Figure 1a, d, c; Supplementary Figure 1b, c; Figure 8a, b). Furthermore, we
showed that KRAS®'?P protected human pancreatic cancer cells (L3.6pl KRASG12D)
from ferroptosis induction compared to a pancreatic cancer cell line lacking a KRAS
mutation (BxPC3 KRAST) (Figure 10). Moreover, we validated that KRAS®'?P is the
most resistant type out of several different KRAS mutations occurring in the hotspot
areas G12, G13 and Q61 (Figure 8a, b, Figure 9). As mentioned before the frequency
of RAS gene mutations is different in every hotspot and also in each isoform. In KRAS,
G12D is the most frequent substitution occurring in 41% of all cases [129]. However,
there is evidence that each different RAS mutation has distinct effects on the cell. Why
specifically KRASC'?D is the most frequent and most ferroptosis resistant mutation

remains elusive.

4.2 ONCOGENIC KRAS-MEDIATED PROTECTION OF LIPID
PEROXIDATION

It is known that expression of oncogenic RAS increases intracellular ROS levels
through metabolic changes and modified cellular signaling. One strategy of RAS,
specifically KRAS, to promote ROS production is via the upregulation of subunits of
the NADPH oxidase complex (NOX1/4), which generate superoxide anions (O2-¢)
[108], [109], [189], [190]. Moderate ROS levels enhance tumor development and

progression, but strongly increased ROS levels can result in senescence or cell death
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[193]. Hence, oxidative stress either promotes or sensitizes RAS driven cancers to
ferroptosis. Therefore, cells expressing oncogenic RAS, which leads to increased ROS
accumulation, must have a ROS scavenging mechanism to protect and defend
themselves from lipid peroxidation [194]. These studies offer an explanation why in our
system KRAS-mutated cells revealed elevated basal levels of lipid and general ROS
(Muller et al. 2022 Figure 2d; Supplementary Figure 2; Figure 15a). In our study we
observed that cells expressing KRASC'?P mutation did not increase lipid ROS
accumulation upon ferroptosis induction (Muller et al. 2022 Figure 2d; Supplementary
Figure 2a, f), which suggests that oncogenic KRAS inhibits lipid ROS propagation
through an antioxidant defense mechanism and thereby protect cells from ferroptosis

explaining ferroptosis resistance of these cells.

4.3 FSP1 AS AN ANTIOXIDANT DEFENSE MECHANISM

In this study we identified FSP1 as the defense mechanism of cells expressing
oncogenic KRAS to protect cells from lipid ROS and ferroptotic cell death. The elevated
expression of FSP1 functions as an oxidoreductase to reduce ubiquinone to ubiquinol,
which operates as a lipophilic RTA and captures lipid peroxyl radicals leading to lipid
peroxidation [35], [36]. Of note, FSP1 needs NAD(P)H to mediate ubiquinone to
ubiquinol reduction [40]. Other studies revealed that FSP1 expression correlates with
ferroptosis resistance in different cancer cell lines [35], [36]. In line with these data, our
study confirms that FSP1 expression renders KRAS mutant cells more resistant to
ferroptosis induction (Muller et al. 2022 Figure 3 e, g). We showed that oncogenic
KRAS leads to an upregulation of FSP1 which protects KRAS-mutated cells from
ferroptosis (Figure 14).

It is known that oncogenic KRAS reprograms metabolic pathways and maintains
nucleotide biosynthesis via the non-oxidative pentose phosphate pathway (PPP) [195].
Oncogenic KRAS controls these metabolic changes by activating the MAPK signaling
pathway [195]. One product of the PPP is NAD(P)H [196]. Interestingly, high cellular
levels of NAD(P)H result in ferroptosis resistance [197]. Additionally, as mentioned
before, NAD(P)H is an important electron donor for FSP1 to reduce ubiquinol to
ubiquinone. Therefore, it is possible that overexpression of FSP1, regulated by
oncogenic KRAS, may influence NADPH/NADP+ levels and thereby influence the
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KRAS-dependent metabolic NAD(P)H addiction. In our study we showed that FSP1
overexpression in KRAS-mutated cells decreased their spheroid growth even though
FSP1 overexpression in KRASWT cells resulted in increased spheroid formation (Miller
et al. 2022 Figure 5c). One explanation could be that overexpression of FSP1 results
in inhibition of the PPP and its NAD(P)H consumption could reduce the capacity to
form spheroids. In line with this, it has been demonstrated that inhibition of the PPP

reduces soft agar colony formation in NIH-3T3 cells [198].

Moreover, we demonstrated in our study that FSP1 overexpression in xenograft
experiments increases tumor volume in KRASYT cells in vivo (Muller et al. 2022 Figure
5e). Surprisingly, Liproxstatin-1 treatment, which also inhibits ferroptosis, did not
enhance tumor volume (Muller et al. 2022 Supplementary Figure 5c). Therefore, these
data indicate that FSP1 not only functions as a ferroptosis inhibitor but also has a
ferroptosis-independent effect to induce cellular transformation and influence tumor
onset. It has been shown that FSP1 regenerates NAD+ to support glycolysis [199].
Under hypoxic conditions, tumors use glycolysis as the predominant energy fuel [200],
which could explain the ferroptosis-independent mechanism of FSP1 to promote tumor
volume. Counter-intuitively, ferroptosis inhibition with Fer1 treatment significantly
reduced spheroid formation in KRASWT and KRAS®'?P cells overexpressing FSP1
(Figure 18). These results need to be further validated, since we did not determine the
same effects in spheroid assays from A549 cells treated with Fer1 or Liproxstatin-1
(Muller et al. 2022 Figure 5d; Supplementary Figure 5a). Indeed, treatment with
ferroptosis inhibitors increased spheroid growth of A549 cells, but as mentioned before
these effects could not be observed in our in vivo experiment.

However, these results further indicate that FSP1 can also function ferroptosis-
independently. Another explanation could be that FSP1 rewires metabolic changes
over time in KRAS-mutated cells and is not directly affecting KRASWT cells which
overexpress FSP1 short-term. In line with this, it is important to mention that KRAS-
mutant cells are metabolically addicted to NAD(P) while KRASWT cells are not [195].
As mentioned before, KRAS®'?P cells which additionally overexpress FSP1 could
struggle with the metabolic changes and therefore reduce spheroid growth even upon
ferroptosis inhibition with Fer1. Nevertheless, these results need to be further studied

and explained.
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Since we observed FSP1 mRNA upregulation in our KRAS-mutated cells (Muller et al.
2022 Figure 3c; Figure 14), another possible regulation of FSP1 mRNA could be the
Nonsense-Mediated Decay (NMD) pathway. This mRNA-controlled pathway is among
others characterized by the regulation of transcripts which have an abnormally long 3’
untranslated region (UTR) and transcripts which contain a premature termination
codon (PTC), occurring in alternative upstream open reading frames (UORF) [201],
[202]. We ascertained that FSP1 murine transcript variants reveal an abnormally long
3'UTR in one protein-coding variant and an uORF in three variants. Interestingly, in
murine embryonic stem cells FSP1 mRNA was upregulated upon UPF1 knockdown
mediated NMD inhibition [203]. Moreover, it has been investigated that p38 MAPK
inhibits NMD [204] and it is known that KRAS®'2D activates p38 MAPK [205]-[207].
Additionally, KRAS-driven lung tumors showed increased ER stress, which is also well
known to inhibit NMD [208], [209]. Therefore, these studies could indicate that FSP1
mRNA stability and protein upregulation could be mediated via NMD inhibition in
KRAS-mutated cells.

Of note, another mechanism to protect cells from ferroptosis independent of the
GPX4/GSH system has been identified recently. The GCH1-BH4-phospholipid axis
acts as a potent cellular antioxidant defense system by producing BH4 antioxidants
and enhancing ubiquinol, thereby leading to ferroptosis resistance [83], [84]. Therefore,
GCH1-missing cells are used for novel FSP1 inhibitor screenings to identify cells,
which are dependent on FSP1 [210]. However, our RNA sequencing data showed that
GCH1 mRNA expression was barely detectable and not increased in KRAS mutant
cells (data not shown), indicating that FSP1 expression in our cellular system was not

regulated or mediated by the GCH1-BH4-phospholipid axis.
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Figure 19: The KRAS-NRF2-FSP1-axis

Schematic illustration of the KRAS-NRF2-FSP1 axis. Cells expressing oncogenic KRASC'2P
increase general ROS and lipid ROS levels and thereby activating the antioxidant machinery
NRF2. Upon oxidative stress NRF2 shuttles into the nucleus and thereby activates an
antioxidant defense program including anti-ferroptotic genes such as FSP1. Activation of NRF2
via the compound tert-butylhydroquinone (TBHQ) or silencing of KEAP1 with siRNA further
increases FSP1 levels. Additionally, mutant KRAS activates continuously further downstream
signaling pathways such as RAF, MEK1/2 and ERK1/2, which also enhance FSP1 levels.
Therefore, inhibition of MEK by the inhibitor PD184352 decreases FSP1 levels. Scheme was
drawn by using licensed biorender.com.

—
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4.4 UPREGULATION OF FSP1 VIA NRF2 AND THE MAPK PATHWAY
IN KRAS-MUTATED CELLS

Besides upregulated mRNA levels of FSP1 in cells expressing KRAS®'?® we could
also observe an upregulated cluster of genes involved in the iron metabolism network
such as TRFC and STEAP3 (Muller et al. 2022 Figure 3b). In line with our data, Yang
and Stockwell, discovered in 2008 that oncogenic RAS signaling affects iron
metabolism by regulating expression levels of e.g. TRFC and thereby enhances the
cellular iron pool [14]. Moreover, it was shown that oncogenic HRAS alters metabolic
iron and increases the LIP [211]. Therefore, we suggest that in our oncogenic KRAS
cell system upregulation of TRFC and STEAP3 influences iron metabolism and

enhances LIP which increase basal ROS levels. As mentioned previously, it is known
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that oncogenic RAS increases ROS levels and thereby inducing an antioxidant
machinery such as NRF2 to protect cells from oxidative stress. Therefore, it was not
surprising that NRF2 mRNA levels were also upregulated in our RNA sequencing data
of KRAS®'?P-mutated cells (Miiller et al. 2022 Figure 3b). In line with our data, DeNicola
et al., published that oncogene expression such as KRAS®'?® increases the
transcription of NRF2 and thereby reduces intracellular ROS levels. They also showed
that enhanced NRF2 activity promotes tumorigenesis [115]. Moreover, it has recently
been shown that hyperactive NRF2 facilitates spheroid formation via regulation of
proliferation and ferroptosis [212]. Of note, another study just recently revealed that
nuclear factor erythroid-2—related factor 1, NRF1/NFE2L1, also regulates oxidative
stress pathways and enhances ferroptosis resistance, independent of NRF2, through
GPX4 expression [213]. More importantly for our study, it has recently been shown that
ferroptosis resistance is mediated by FSP1 upregulation via NRF2 activation in
KEAP1-mutant cancer cells [69]. In line with this, we could demonstrate that FSP1
upregulation in cells expressing oncogenic KRAS is NRF2 dependent by silencing of
KEAP1 or NRF2 activation via TBHQ treatment (Muller et al. 2022 Figure 4c, e).

Furthermore, we could observe that FSP1 expression is mediated by the MAPK
pathway, since inhibition of MEK resulted in reduced FSP1 mRNA levels (Muller et al.
2022 Supplementary Figure 4c). Of note, AKT pathway inhibition did not affect FSP1
mMRNA or protein levels. Importantly, we intentionally used PD184352 to inhibit MEK,
since it is known that the MEK inhibitor U0126 is a direct ROS scavenger and blocks
ferroptotic cell death independently of MEK inhibition, which could have influenced our
results [15], [214], [215]. Interestingly, our study revealed that MAPK pathway inhibition
only reduced FSP1 mRNA levels in KRAS-mutated cells, but not in KRASWT cells
(Muller et al. 2022 Supplementary Figure 4c). Therefore, these results suggest that
oncogenic KRAS constantly activates its effector pathway MAPK, which upregulates
FSP1 via the NRF2 pathway, assuming that inhibition of MAPK, and thereby FSP1
downregulation, does only affect cells expressing oncogenic KRAS and not KRAS wild

type cells.

Of note, it has been demonstrated that oncogenic RAS stabilizes PD-L1 mRNA via the
MEK pathway. MEK signaling inhibits tristetraprolin (TTP), which negatively regulates
PD-L1 expression through AU-rich elements in the 3' UTR [205]. Since MAPK pathway
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is involved in mRNA stability as well as in downstream effector signaling of RAS, it

needs to be further investigated, how exactly FSP1 regulation is mediated.

4.5 FSP1 EXPRESSION IN KRAS-MUTATED CANCERS

Importantly, we could investigate that elevated FSP1 expression mediates cellular
transformation in soft agar and spheroid assays in vitro (Muller et al. 2022 Figure 5c).
Furthermore, we determined that FSP1 upregulation leads to the capacity to initiate
tumors in MEF cells, resulting in an earlier tumor onset in KRAS"WT cells in the absence
of oncogenic KRAS in vivo (Muller et al. 2022 Figure 5e). Interestingly, Sharbeen et
al., recently discovered that stable xCT knockdown reduces tumor growth and
metastatic spread in PDAC cells and cancer-associated fibroblasts (CAFs). They also
found that PDAC-derived CAFs are highly dependent on xCT, which regulates cystine
uptake and GSH synthesis and inhibition of it results in increased sensitivity to
oxidative stress [216]. However, xCT specific ablation in transgenic mouse PDAC
tumors did not affect tumor growth, suggesting that KRAS-mutated cells develop a
GSH synthesis independent regulation to protect cells from lipid peroxidation and
ferroptosis [216]. Moreover, GPX4 deletion in PDAC cells did not induce ferroptosis,
but promoted KRAS-driven pancreatic tumorigenesis [103]. These data support the
idea that KRAS-mutated cells have evolved an additional layer of protection against
ferroptotic cell death. Therefore, we hypothesize that FSP1 could be the other
ferroptosis protection regulator.

Of note, in line with the data that xCT-inhibition in PDAC resulted in increased
ferroptosis sensitivity, whereas GPX4-inhibition in PDAC led to ferroptosis resistance,
we observed, that KRAS-mutated cells were more sensitive to treatment with class |
FINs compared to class Il FINs (Muller et al. 2022 Supplementary Figure 1a). Class |
FINs inhibit GPX4 indirectly through GSH depletion, whereas class Il FINs inactivate
GPX4 directly. Treatments with these compounds inhibit the Xc-/GSH/GPX4 axis
thereby resulting in ferroptosis [30]. One reason why KRAS-mutated cells were more
sensitive to treatment with class | FINs could be that cells expressing oncogenic KRAS
upregulate xCT [119]. Since class | FINs such as erastin or IKE target and inhibit xCT
directly, treatment of these compounds could result in a more drastically GSH depletion
leading to enhanced ferroptotic cell death. Alternatively, cell density could play a role

in class | FIN sensitivity of KRAS®'?P-expressing cells in our cell system. Another
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possible explanation could be that class | FINs also target FSP1, while class |l FINs
do not, which would explain the difference in sensitivity of the two different FIN classes.
Therefore, it needs to be further evaluated why cells, which upregulate FSP1 through
oncogenic KRAS, react differently to class | and class Il FIN treatments.

Taken together, our data reveals that elevated FSP1 expression in KRAS-mutated
cells protects cells from ferroptosis induction. Based on these results, we suggest that
combination treatment of targeting ferroptosis and FSP1 could be a strategic

opportunity for cancer patients harboring KRAS mutations.

Of note, Harris et al. 2015 showed in a mice model which exhibited mammary tumors,
that BSO treatment influenced tumor onset of mammary tumors when treated prior
cancer development. Interestingly, when mice were treated with BSO upon mammary
tumor onset, tumor burden was unchanged [99]. While these data indicate that there
must be an alternative antioxidant mechanism to protect malignant tumors from ROS
levels due to the fact that BSO fails to impact tumor growth at later stages of tumor

progression, we assume that FSP1 could be the main reason for these results.

4.6 FERROPTOSIS RESISTANCE IS DENSITY DEPENDENT

Moreover, it is important to mention that ferroptosis is known to be density dependent.
We could demonstrate, that ferroptosis sensitivity in KRAS®'2P-expressing cells as well
as ferroptosis resistance in KRAS"T-expressing cells was influenced by cell density
(Figure 12, Figure 13).

Already in 2013, without connecting it to ferroptosis, it has been shown that cell density
regulates sensitivity to system Xc- inhibition [217]. Interestingly, GPX4-KO-MEFs
seeded in 2D died after 48 hours whereas the same cells seeded in 3D (embedded in
BD Matrigel) were able to form tumor spheroids [218]. Recently, certain papers have
been published highlighting the Hippo-YAP pathway as the main player in the density-
dependent resistance mechanism in ferroptosis [125], [185], [219], [220]. The role of
the Hippo-YAP pathway in ferroptosis was discovered when cells grown in high density
were more resistant to ferroptosis than cells grown in low density [125], [187]. In
general, the Hippo-YAP pathway is involved in several biological functions such as cell
proliferation, differentiation and organ size control [123], [124]. Mechanistically, this

pathway is characterized by cell-cell contacts mediated by E-cadherin, activating the
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Hippo phosphorylation signaling pathway [123]. When Hippo pathway is inactive due
to low density, YAP shuttles into the nucleus and acts as an transcription co-regulator
leading to upregulation of ACSL4 and TFRC resulting in ferroptosis sensitivity [125]. It
is important to mention that the role of the Hippo-YAP pathway seems to only apply to
adherent cells [221], [222]. However, in our study we only investigated adherent cells.
Surprisingly, in our studies we could ascertain that FSP1 mRNA and protein levels
increased upon higher cell confluence (Figure 14). Additionally, in another study it was
recently shown that cell density plays a major role on ferroptosis resistance when FSP1
is inhibited [41].Therefore, it is indicated that FSP1 upregulation is another crucial
mechanism for density dependent ferroptosis resistance in addition to the Hippo-YAP
signaling pathway. How FSP1 is upregulated in the context of higher cell-cell-contact,
whether YAP is also regulating FSP1 and which signaling pathway is necessary for the

FSP1 enhancement needs to be further investigated.



CONCLUDING REMARKS AND FUTURE PERSPEKTIVE 77

5 CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

In conclusion, we could identify that cells expressing oncogenic KRAS are more
resistant to ferroptosis compared to cells which express KRAS wild type. Moreover,
we could validate that KRASC'?P is the most resistant clone to ferroptosis in our tested
cell line panel with different oncogenic KRAS mutations occurring in the hotspot areas
G12, G13 and Q61. Additionally, we could show that cells expressing KRAS®'?P were
more protected from lipid peroxidation and already revealed higher basal lipid ROS
and general ROS levels. We could observe that FSP1 is upregulated in cells
expressing KRASC'™?P and thereby protecting cells from lipid peroxidation and
ferroptosis. We could validate and confirm that upregulation of FSP1 is mediated by
the NRF2 antioxidant machinery, which is enhanced in KRAS®'2P mutant cells due to
higher lipid ROS and general ROS levels. Moreover, in our study we could identify the
MAPK pathway as another regulator of FSP1.

Strikingly, our study reveals for the first time that elevated FSP1 levels mediate cellular
transformation and spheroid growth in vitro, independently from its ferroptosis
protective regulation. Additionally, we could show that FSP1 overexpression in
KRASYT tumors resulted in an earlier tumor onset. Since ferroptosis inhibition with
Liproxstatin-1 treatment did not affect tumor onset, we hypothesize that FSP1 acts
independently of ferroptosis in tumorigenesis. How exactly FSP1 functions
independently of ferroptosis needs to be further investigated in future studies.

Interestingly, our data indicates that in KRAS®'2D expressing pancreatic organoids
combination treatment of ferroptosis and FSP1 inhibition significantly induced
organoids killing. Since different cancer cells expressing oncogenic RAS are resistant
to ferroptosis, ferroptosis induction combined with FSP1 inhibition could circumvent
ferroptosis resistance. Our data therefore proposes to consider ferroptosis induction in
combination with FSP1 inhibition in clinical therapies, which could be a novel

therapeutic vulnerability to target cancers in patients harboring RAS mutations.

Of note, our studies reinforce the impact of cell density on ferroptosis. We could show

that dependent on cell density cells expressing KRASWT increased resistance upon
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higher density and cells expressing KRASC'?P decreased resistance upon lower
density. Therefore, we recommend considering proper cell density validations for

specific adherent cell lines when studying ferroptosis resistance.
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