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Zusammenfassung XV

Zusammenfassung

Die Behandlung des kleinzelligen Bronchialkarzinoms (SCLC) blieb in den letzten 30
Jahren eine grol3e klinische Herausforderung mit nur wenigen neuen Behandlungsstra-
tegien. Nach anfanglich erfolgreicher Chemotherapie kommt es fast immer zu Ruckféallen
des SCLC mit intratumoraler neuroendokriner (NE) Subtyp-Heterogenitat als Ergebnis
unterschiedlicher Herkunftszellen und Subtyp-Plastizitdt. SCLC wird durch den Verlust
der Tumorsuppressor-Gene TP53 und RB1 sowie durch eine hohe Tumormutationslast
(TML) definiert, was auf einen selektiven Druck zur Inaktivierung von Zelltod-Signalwe-
gen vor der Therapie hindeutet. Eine umfassende Analyse der Verfiigbarkeit von Zelltod-
Signalwegen bei SCLC wurde jedoch bisher noch nicht durchgefihrt. In dieser Studie
zeigen wir durch systematische Charakterisierung der Verfugbarkeit von regulierten Zell-
tod-Signalwegen in RNA-Sequenzierungsdaten humaner, therapienaiver SCLC-Patien-
tengewebe eine Inaktivierung von extrinsischen Apoptose- und Nekroptose-Signalweg-
Komponenten und eine hohe Expression von Ferroptose-protektiven Genen. Ferroptose
ist eine kirzlich beschriebene Form des regulierten Zelltods, die durch eine eisenabhan-
gige Akkumulation von todlichen Lipidperoxiden induziert wird, was zu einer Destabili-
sierung und somit zu Schaden der Lipiddoppelschicht fihrt. In dieser Studie haben wir
festgestellt, dass non-NE-SCLC-Zellen der Maus und des Menschen, die durch eine
niedrige Achaete-Scute Homolog 1 (ASCL1)-Expression gekennzeichnet sind, beson-
ders empfindlich fir Ferroptose sind, wahrend NE-SCLC-Zellen hingegen sehr anfallig
fur die Hemmung des Thioredoxin (TRX)-Signalwegs sind. Non-NE-SCLC sind durch
eine Erhdhung des oxidiertes Lipidomspiegels sehr anfallig flr eine genetische oder
pharmakologische Induktion von Ferroptose. Wir zeigen, dass Ferroptose-Resistenz in
SCLC durch NE-Differenzierung und Expression des NE-Linien-definierenden Transkrip-
tionsfaktors ASCL1 gekennzeichnet ist. ASCL1 unterdrickt die Glutathion-Synthese im
NE-SCLC-Subtyp, der eine Abhangigkeit vom Thioredoxin (TRX)-Antioxidans-Weg er-
wirbt. In Co-Kulturen, die intratumorale non-NE/NE-Heterogenitat replizieren, totet Ferr-
optose-Induktion die non-NE-Populationen, wahrend die NE-Zellpopulationen durch
Hemmung des TRX-Wegs eliminiert wird. Wenn nur einer der beiden Redox-Signalwege
inhibiert wird, besteht die Moglichkeit, dass durch NE/non-NE-Plastizitdt SCLC Zellen
der Behandlung entgehen. Nur durch kombinierte Ferroptose-Induktion und Hemmung
des TRX-Signalwegs werden etablierte non-NE- und NE-Tumore in SCLC-Xenotrans-
plantaten und Mausmodellen erfolgreich behandelt. Zusammengefasst zeigen diese Er-
gebnisse, dass durch gezielte Kombinationstherapien die NE/non-NE-Heterogenitat und
Plastizitat des SCLC behandelt werden kann.
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Abstract

Small cell lung cancer (SCLC) treatment has remained a major clinical challenge with
very few newly approved treatment strategies in the last 30 years. After initial chemo-
therapy response SCLC almost invariably relapses presenting with intratumoural neuro-
endocrine (NE) subtype heterogeneity as a result of different cells-of-origin and subtype
plasticity. SCLC is defined by loss of function mutations in tumour suppressor genes
TP53 and RB1 as well as a significant tumour mutational burden (TMB), suggesting se-
lective pressure to inactivate cell death pathways prior to therapy. However, a compre-
hensive analysis of cell death pathway availability in SCLC has not been pursued yet. In
this study, through systematic characterisation of regulated cell death pathway availabil-
ity in RNA-sequencing data of human treatment-naive SCLC patient tissue, we find
broad inactivation of the extrinsic apoptosis and necroptosis pathway components and
high expression of genes preventing from ferroptosis. Ferroptosis is a recently described
form of regulated cell death induced by iron-dependent accumulation of fatal lipid-perox-
ides resulting in destabilisation of the lipid bilayer and membrane rupture. In this study,
we identified that non-NE mouse and human SCLC cells marked by low Achaete-Scute
Homolog 1 (ASCL1) expression are uniquely primed for ferroptosis, while NE SCLC cells
instead are highly vulnerable to thioredoxin (TRX) pathway inhibition. Non-NE SCLC
presents with an elevated oxygenated lipidome and is selectively vulnerable to genetic
or pharmacological induction of ferroptosis. We identified NE-differentiation marked by
the NE lineage-defining transcription factor ASCL1 expression to determine ferroptosis
resistance. ASCL1 suppresses glutathione synthesis in the NE SCLC subtype which ac-
quires addiction to the thioredoxin (TRX) anti-oxidant pathway. Co-cultures replicating
non-NE/NE intratumoural heterogeneity selectively deplete non-NE populations upon
ferroptosis induction, while only TRX pathway inhibition eliminates NE cell populations.
Importantly, single redox-pathway targeting induces NE/non-NE plasticity enabling treat-
ment escape in SCLC. Hence, combined ferroptosis induction and inhibition of the TRX
pathway kills established non-NE and NE tumours in xenografts, genetically engineered
mouse models of SCLC and patient-derived treatment-naive and refractory NE SCLC
models. In SCLC but not lung adenocarcinoma, combined low expression of GPX4 and
TRX reductase 1 (TXNRD1) identified a patient subset with significantly improved overall
survival. Taken together, these findings reveal that informed cell death pathway mining
in treatment-naive SCLC can identify rational combination therapies which address

SCLC NE/non-NE heterogeneity and plasticity under treatment.
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1 Introduction

1.1 Programmed cell death

Cells die via two different types of cell death, accidental cell death (ACD), an uncontrolled
process induced instantaneously by very harsh environmental factors and programmed
cell death (PCD) *. PCD is an important, regulated mechanism controlling physiological
processes such as development, immunity and tissue homeostasis 3. PCD can be trig-
gered by intracellular or extracellular perturbations surpassing stress response mecha-
nisms which subsequently activate a “programmed” molecular cascade in cells ultimately
resulting in cell death *. Originally, PCD is divided into three main types based on their
morphological features namely 1) apoptosis (plasma membrane blebbing), 2) autophagy
(cellular vacuolisation) and 3) necrosis (no characteristic features of 1 and 2), but to date,
many novel signalling pathways that coordinate regulated cell death have been de-
scribed 2°.

Over the past decades, the role of cell death in human diseases has been studied, in-
cluding immunological disorders, organ failure, neurodegeneration and cancer. One of
the most important hallmarks of cancer is the efficient evasion of PCD °. Hence, targeting
key molecules of cell death pathways was reported to inhibit cancer growth by inducing
PCD "-'°. Moreover, the recent advent of immunotherapy has exploited the fact that also
immune effector cells can be re-activated to effectively trigger PCD in tumour cells .
Herein, binding of death ligands expressed by immune effector cells to their cognate

receptor on tumour cells induces extrinsic apoptosis and/or necroptotic cell death 23,

1.1.1 Intrinsic apoptosis

The first described and best characterised PCD to date is apoptosis '*. In contrast to
necrosis, apoptosis results in membrane blebbing and controlled cellular degradation *°.
Apoptosis can be induced extrinsically by the binding of death ligands to their cognate
receptors and intrinsically by intracellular triggers such as DNA damage or stress signals
'®. These cell damage signals can be sensed and further enhanced by various control
mechanisms such as tumour protein p53 (TP53) '®'7. Stress signals further result in an
activation of pro-apoptotic factors BCL2 binding component 3 (BBC3; best known as
p53-upregulated modulator of apoptosis, PUMA) '8, phorbol-12-myristate-13-acetatein-
duced protein 1 (PMAIP1; also known as NOXA) " and BCL2 like 11 (BCL2L11; also

known as BCL2-interacting mediator of cell death, BIM) % and BH3 interacting domain
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death agonist (BID) 2" over anti-apoptotic BCL-2 family members, such as B-cell-lym-
phoma-2 (BCL-2) %, BCL2 like 1 (BCL2L1, also known as BCL-XL ?*) and MCL1, BCL2
family apoptosis regulator (MCL-1) resulting in induction of apoptosis via the mitochon-
dria ?*. This ultimately leads to multimerisation of BCL-2 family members BCL-2 associ-
ated X protein (BAX) and BCL-2 homogenous antagonist/killer (BAK) in the mitochon-
drial outer membrane 2°?’. This allows for irreversible mitochondria outer membrane
permeabilisation (MOMP) through BAX/BAK pores #2°. Cytochrome C released from
mitochondria caused by MOMP binds apoptosis promoting factor 1 (APAF1) and pro-
caspase 9 in the cytosol and they assemble forming the apoptosome (oligomerisation of
cytochrome C/APAF1 complexes) *°. The apoptosome then activates the intrinsic
caspase (CASP) cascade consisting of initiator CASP8/9/10 and effector CASP3/6/7)
driving cleavage of a variety of cellular protein substrates ultimately resulting in DNA

fragmentation and apoptosis *'.

1.1.2 Extrinsic apoptosis

Extrinsic apoptosis is initiated upon binding of death ligands belonging to the tumour
necrosis factor (TNF) superfamily (TNF-related apoptosis-inducing ligand (TRAIL)) or
CD95L to their respective death receptors on the cell surface belonging to the TNF re-
ceptor superfamily (Fas or CD95) '**2. Binding of ligands to their cognate receptors re-
sults in either direct recruitment of Fas-associated protein with death domain (FADD) to
membrane complexes or in the formation of intracellular secondary complexes driving
death-inducing signalling complex (DISC) assembly by recruiting procaspase 8 *. In
type 1 cells, which are predominantly thymocytes and mature lymphocytes, the initiator
CASPS8 is activated via ubiquitination by cullin 3 and then activates effector caspases
(mainly CASP3) resulting in DNA fragmentation and apoptosis preventing uncontrolled
membrane rupture and cell content release *. In type 2 cells, most prominently hepato-
cytes, pancreatic 3 cells and the majority of cancer cells, effector caspase (CASP3) ac-
tivation is inhibited by X-linked inhibitor of apoptosis (XIAP) **%. Instead, CASPS8 cleaves
BID, which translocates to mitochondria in its truncated form (tBID) and activates pro-
apoptotic protein BAX and BAK to cause MOMP *. MOMP induces the release of second
mitochondria-derived activator of caspase (SMAC) from mitochondria, a natural antago-
nist for XIAP, which thereby counteracts CASP3 inhibition *. Cytochrome c released
from mitochondria binds the adaptor molecule APAF1 to assemble the apoptosome in-

ducing apoptosis as described in 1.1.1 *.
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Figure 1 Extrinsic and intrinsic apoptosis pathways.

Extrinsic apoptosis is induced upon death ligand binding to their cognate receptors (TNF receptor su-
perfamily). In type 1 extrinsic apoptosis this is followed by FADD recruitment to the receptor. FADD in
turn recruits procaspase 8 which is then activated to caspase 8 (CASP8). CASP8 further activates
effector caspases 3 and 7 (CASP3/7) inducing apoptosis. In type 2 cells, x-linked inhibitor of apoptosis
(XIAP) inhibits cleavage of CASP3 by CASP8. This can be circumvented by XIAP binding of the natural
XIAP-agonist second mitochondria-derived activator of caspase (SMAC). SMAC is released from mi-
tochondria upon mitochondrial outer membrane permeabilisation (MOMP). CASP8 cleaves the BH3-
interacting domain death agonist (BID) into tBID, which then translocates to mitochondria activating
BCL-2 associated X protein (BAX) and Bcl-2 homologous antagonist/killer (BAK). BAX and BAK are
responsible to induce MOMP which is accompanied by cytochrome c release from mitochondria which
binds apoptotic protease activating factor 1 (APAF-1) in the cytosol. APAF-1, cytochrome c and pro-
caspase 9 assemble the apoptosome resulting in activation of caspase 9 (CASP9) activating execu-
tioner caspases 3 and 7 resulting in apoptosis. Intrinsic apoptosis is induced upon cellular stress, such
as DNA damage, which can be sensed by tumour-suppressor protein p53 (TP53) resulting in activation
of pro-apoptotic factors BCL2 binding component 3 (BBC3; best known as p53-upregulated modulator
of apoptosis, PUMA), phorbol-12-myristate-13-acetateinduced protein 1 (PMAIP1; also known as
NOXA) and BCL2 like 11 (BCL2L11; also known as BCL2-interacting mediator of cell death, BIM) and
BH3 interacting domain death agonist (BID) over anti-apoptotic BCL-2 family members, such as BCL-
2, BCL2 like 1 (BCL2LA1, also known as BCL-XL) and MCL1, BCL2 family apoptosis regulator (MCL-
1). Activation of BCL-2 associated X protein (BAX) and BCL-2 homogenous antagonist/killer (BAK) is
followed by irreversible mitochondria outer membrane permeabilisation (MOMP). Cytochrome C re-
leased by MOMP binds apoptosis promoting factor 1 (APAF1) and they assemble the apoptosome.
The apoptosome then activates the caspase (CASP) cascade consisting of initiator CASP8/9/10 and
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effector CASP3/7 ultimately resulting in DNA fragmentation and apoptosis. The scheme was drawn

using fully licensed biorender.com.

1.1.3 Necroptosis

In contrast to apoptotic cell death, necrotic PCDs such as necroptosis phenotypically
result in membrane rupture accompanied by release of cellular content to the extracellu-
lar space *"*. Necroptosis is critically dependent on receptor interacting serine/threonine
kinase (RIPK3) and mixed lineage kinase domain like pseudokinase (MLKL) '**”. Upon
extra- or intracellular stimulation detected by death receptors including TNFR, complex
1 is formed at the membrane *. Complex | is a multiprotein complex consisting of TNFR-
associated death domain (TRADD), ubiquitinated RIPK1, cellular inhibitor of apoptosis
protein 1/ 2 (clAP) and TNF receptor-associated factor (TRAF) 2 and TRAF5 *. In a
CASP8-deficient scenario or upon SMAC-mediated inhibition of clAPs, necroptosis is
induced and RIPK1 is activated by deubiquitination by cylindromatosis (CYLD) *°. RIPK1
activates RIPK3 which is not only activated by RIPK1 but also by other RHIM-domain
containing proteins like Z-DNA-binding protein 1 (ZBP1) #'42, RIPK3 catalyses the phos-
phorylation of MLKL forming the necrosome (also named complex Ill) which triggers

membrane permeabilisation and thereby necroptosis **.

\\\ death ligand

TNF receptor

NECROPTOSIS

Figure 2 Necroptosis pathway.
Upon binding of death ligands to their cognate receptor, complex 1 is formed consisting of TNFR-
associated death domain (TRADD), ubiquitinated receptor interacting serine/threonine kinase (RIPK)1,
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cellular inhibitor of apoptosis protein 1/ 2 (clAP) and TNF receptor-associated factor (TRAF) 2 and
TRAF5. In a caspase 8 (CASP8) deficient scenario or upon SMAC mediated inhibition of clAPs, RIPK1
is deubiquitinated by cylindromatosis (CYLD) and activated. RIPK1 activates RIPK3. RIPK3 in turn
catalyses the phosphorylation of MLKL. Together they form the necrosome which triggers membrane

permeabilisation and induces necroptosis. The scheme was drawn using fully licensed biorender.com.

1.1.4 Ferroptosis (adapted from Bebber et al., Cancers, 2020)

Although not named at the time, ferroptosis was first discovered as part of a synthetic
lethality screen for small-molecules selectively targeting rat sarcoma (RAS)-mutant cells
“_The small molecules eradicator of RAS and ST-expressing cells (erastin) *° and RAS-
selective lethal 3 (RSL3) *¢ were first described to induce a RAS-specific oxidative type
of cell death independently of caspases with a necrotic phenotype.

The name-giving hallmark of ferroptosis is the requirement of divalent iron (Fe?*) as che-
lation of iron by deferoxamine (DFO) rescues experimental induction of ferroptosis *’.
Constitutive cellular iron import is mediated by transferrin which binds free ferric iron
(Fe®"), the formed complex binds the transferrin receptor (TFR1/CD71) and is then shut-
tled into the cell via endocytosis. Consequently, transferrin was shown to be required for
MEF cells to undergo ferroptosis *®. Yet, our laboratory has recently shown that dynamin
1 and 2-mediated endocytosis of transferrin receptor is dispensable for ferroptosis in-
duced in non-small cell lung cancer cell lines *°. Once Fe** is imported, endosomal six-
transmembrane epithelial antigen of prostate 3 (STEAP3) catalyses the reduction to di-
valent Fe?* and releases it to the cellular labile iron pool by divalent metal transporter 1
(DMT1) *°. Interestingly, DMT1 has been shown to be up-regulated upon ferroptosis-
induction %'. Furthermore, depletion of Nitrogen-Fixing Bacteria S-Like Protein (NFS1)
sensitises lung adenocarcinoma to ferroptosis 2. NFS1 is a cysteine desulfurase har-
vesting sulfur from cysteine essential for biosynthesis of iron-sulfur cluster (ISC). ISCs
serve as protein cofactors for many cellular proteins predominantly involved in oxidative
phosphorylation (OXPHOS). Upon suppression of NFS1 causing inhibition of ISC bio-
synthesis the iron responsive protein 1 (IRP1) is activated and stabilises TFR1 mRNA
and promoting iron uptake and intracellular release > which can then sensitise cancer

cells to ferroptosis *2.

The other important hallmark of ferroptosis is the characteristic accumulation of reactive
oxygen species (ROS) especially membrane lipid peroxides *’. Lipid peroxides were re-
cently modelled to destabilise the lipid bilayer resulting in disintegration of cellular mem-
branes %, Using lipidomics, arachidonic acid (AA)- and adrenic acid (AdA)-containing
phospholipids, specifically phosphatidylethanolamine (PE) species were identified as the
main in vivo lipid products of ferroptosis . Moreover, recently ether-linked phospholipids

have been identified as specific lipid peroxidation targets during ferroptosis *’. Lipid
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peroxidation can take place spontaneously in the presence of free redox active Fe?* to
promote a Fenton reaction generating hydroxyl radicals (HO-) from hydrogen peroxide
(H202) %8. These radicals then react directly with polyunsaturated fatty acids (PUFAS) in
membrane phospholipids. Alternatively, divalent iron can serve as a cofactor for lipoxy-
genase (LOX) to catalyse PUFA peroxidation enzymatically *°. Lipid peroxidation within
membranes can then trigger a chain reaction of lipid ROS attacking proximal PUFAs.
PUFAs are especially sensitive to lipid peroxidation due to highly reactive hydrogen at-
oms within methylene bridges ®*®’. Interestingly, 4-hydrononenal (4-HNE) and malondial-
dehyde (MDA) are aldehyde secondary products of lipid peroxidation which combined
with TFR1/CD71 and cyclooxygenase 2 (COX2) upregulation °? can serve as ferroptosis

markers in tissues .

The main source of ROS in cells is OXPHOS %. OXPHOS generates cellular energy in
the form of adenosine triphosphate (ATP) at the expense of atmospheric oxygen. Here,
protein complexes belonging to the electron transport chain are located in the inner mi-
tochondrial membrane where they transport electrons derived from nicotinamide adenine
dinucleotide (NADH) via redox reduction to the terminal electron acceptor oxygen (O2)
which is thereby reduced to water (H20). NADH is one of the major products of the tri-
carboxylic acid (TCA) cycle within the mitochondrial lumen driven by metabolites as Ac-
etyl-CoA from glycolysis and B-oxidation ®*. During electron transport, a small proportion
of electrons leak out of the transport chain at complex | and Ill and react with oxygen
molecules to generate highly reactive superoxide (O-2) ®°. Superoxides can be trans-
ported into the cytosol using the mitochondrial permeability transition pore (mPTP) in the
outer mitochondrial membrane. Thereby, OXPHOS is a major source of reactive oxygen
species (ROS) in aerobic cells which initiated the need to adapt and evolve a complex

cellular anti-oxidant defence system.

To cater to this need, superoxide dismutases (SOD) localised either in the cytoplasm
(SOD1) or in the mitochondrial matrix (SOD2) catalyse the dismutation of O-"zinto slightly
less reactive hydrogen peroxide (H20;) ®°. To further protect cells from H.O,-oxydative
damage, it is reduced to water (H20) by cellular antioxidant enzymes such as catalases,
glutathione peroxidases (GPXs) or peroxireductases (PRDXs) ¢
idant defence proteins such as SLC7A11, GCLC, GCLM and GPX4 are transcriptionally
induced by the master antioxidant transcription factor nuclear factor erythroid 2-related
factor 2 (NRF2, also called NFE2L2) ®". NRF2 is activated upon oxidative-stress induced

degradation of its negative regulator kelch-associated protein 1 (KEAPT), translocates

. The majority of antiox-

to the nucleus and induces the expression of antioxidant response element (ARE)-con-
taining antioxidant genes %%, Yet, high levels of ROS can overwhelm the cellular anti-

oxidant defence system resulting in oxidative stress in the form of free radicals directly
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oxidising cysteines within proteins, lipids and DNA. This process is fuelled by redox-
active metals. Hence, limiting availability of free divalent redox-active metals via keeping
them sequestered within metal-binding proteins is part of the cellular antioxidant defence

machinery "°.

Acyl-CoA synthetase long-chain family member 4 (ACSL4) was identified as a first cel-
lular protein genetically required for ferroptosis by generating the lipid target pool for
peroxidation ""2. ACSL4 mediates esterification of AA and AdA with CoA forming Acyl-
CoA which can then undergo either catabolic fatty acid oxidation (3-oxidation) or anabolic
PUFA biosynthesis ">"*. In a similar manner, lysophosphatidylcholine acyltransferase 3
(LPCAT3) contributes to ferroptosis by incorporation of Acyl-AA into phospholipids of
cellular membranes thereby providing the pool of PUFAs targeted by peroxidation 727>7¢,
Recently, important peroxisomal genes have been identified in a genome-wide CRISPR-
Cas9 suppressor screen to contribute to ferroptosis °’. Polyunsaturated ether-linked
phospholipids (PUFA-ePLs) synthesised in the peroxisome and endoplasmatic reticulum
(ER) are specifically peroxidised during ferroptosis *. Together, these findings demon-
strate that PUFA synthesis and peroxidation are essential prerequisites for cells to die

via ferroptosis.

Counteracting this axis of lethal lipid peroxidation in cells, glutathione peroxidase 4
(GPX4), the only GPX family member capable of reducing lipid hydroperoxides (L-OOH)
to their respective lipid alcohols (L-OH) and thereby prevent ferroptosis 2. In humans,
eight GPX family members exist, GPX1-4 and GPX6 are selenoproteins containing a
redox-active selenocysteine residue 7. GPXs act as antioxidant enzymes capable of re-
ducing different ROS species in cells 2. Importantly, inhibition of GPX4 using the small
molecule inhibitor RSL3, ML210 or ML162 led to efficient induction of ferroptosis 47627879,
GPX4 requires glutathione (GSH) as a redox equivalent to reduce lipid hydroperoxides.
GSH, a thiol-containing tripeptide consisting of glycine, glutamate and cysteine is the

most abundant cellular non-protein antioxidant &

. GSH synthesis is coupled to the avail-
ability of intracellular cysteine generated from cystine imported from the extracellular
space via the sodium-independent cystine/glutamate antiporter System xc-. System xc-
is a heterodimer consisting of a heavy (4F2, gene name: solute carrier family 3 member
2 (SLC3A2)) and a light chain (xCT, gene name: solute carrier family 7 member 11
(SLC7A11)) ®. Interestingly, SLC7A11, the subunit decisive for specific amino acid anti-
port was shown to be a molecular target of erastin and the resulting cystine depletion
was responsible for the induction of ferroptosis 2%, Moreover, depletion of cysteine from

cell culture media can induce ferroptosis, avoiding the use of pharmacological inhibitors
48



Introduction 8

Furthermore, Wang et al. described in 2020, that immunotherapy activated CD8" T cells
sensitise cancer cells for ferroptosis. IFN-y released by CD8" T cells mediates decreased
expression of SLC3A2 and SLC7A11 in target cells which leads to impaired cysteine
import and thereby reduced GSH levels. This resulted in higher levels of lipid peroxida-
tion promoting ferroptosis in target cells 3.

An alternative source for intracellular cysteine used for GSH synthesis can be the trans-
sulfuration pathway in certain cells potentially compensating for cystine-deprivation .
Here, homocysteine is generated from methionine in an ATP-dependent manner by the
cystathionine beta-synthase (CBS) and converted into cysteine, which is catalysed by
the cystathionine y-lyase (CSE) ®. Interestingly, a newly developed CBS inhibitor has
been identified to induce ferroptosis in different cancer cell lines ®. During GSH synthe-
sis, glutamate and cysteine are ligated by the glutamate-cysteine ligase (GCL) forming
the GSH precursor y-glutamylcysteine. GCL is a heterodimer consisting of the catalytic
subunit Glutamate-Cysteine Ligase Catalytic Subunit (GCLC) and the regulatory subunit
Glutamate-Cysteine Ligase Modifier Subunit (GCLM) . One ferroptosis inducer, which
is applicable for in vitro and in vivo treatment to date is buthionine sulfoximine (BSO).
BSO binds GCL and thereby inhibits GSH synthesis indirectly inhibiting reduction of lipid
peroxides through GPX4.

Recently, the ferroptosis suppressor protein 1 (FSP1, also called apoptosis-inducing fac-
tor mitochondrial 2 (AIFM2)) as another ferroptosis regulating factor has been identified
in a synthetic lethal CRISPR-Cas9 knockout (KO) screen in RSL3 treated cancer cells °
and a cDNA overexpression screen complementing for GPX4 loss %. Doll et al. and Ber-
suker et al. report that FSP1 is recruited to the plasma membrane by N-terminal myristoy-
lation, where it acts as an oxidoreductase reducing ubiquinone (=Coenzyme Q10) to the
lipophilic radical scavenger ubiquinol limiting plasma membrane lipid peroxidation in the
absence of GPX4. Hence, ubiquinol generated by FSP1 acts similar to the described
small-molecule lipophilic radical scavenger Ferrostatin-1 (Fer-1) and liproxstatin-1 inhib-
iting ferroptosis "', Other antioxidants such as alpha-tocopherol, butylated hydroxytol-
uene and R-carotene have also been shown to suppress erastin-induced cell death *°.
Imbalance in the levels of iron, cysteine and GSH in cells are decisive for the execution
of ferroptotic cell death. Since its discovery in 2012, many genes have been identified to
be involved in ferroptosis regulation, however the exact molecular mechanism of ferrop-

tosis and its execution remains to be fully elucidated.
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Figure 3 Schematic view of the ferroptosis pathway.

Ferroptosis is induced upon aberrant build-up of lipid reactive oxygen species (ROS) leading to perox-
idation (-OOH) of polyunsaturated fatty acids (PUFAs). Main peroxidation target PUFAs are arachi-
donic acid (AA) phosphatidylethanolamine (PE) lipid species within cellular membranes leading to
membrane destabilisation and rupture. Lipid peroxidation can be triggered by cytosolic redox active
iron (Fe2+) shuttled into cells bound to transferrin via transferrin receptor (TFRC) endocytosis and
endosomal release mediated by divalent metal transporter 1 (DMT1). In the presence of H,O,, Fe?*
catalyses hydroxyl radical (HO-) generation in a Fenton reaction, which sets of a radical lipid peroxida-

tion chain reaction. Lipoxygenase (LOX) can equally catalyse lipid peroxidation using Fe?*. Acyl-CoA
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synthetase long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3
(LPCATS3) generate the pool of AA-containing target lipids. Glutathione peroxidase 4 (GPX4), in turn,
hydrolyses lipid peroxides converting them into their respective non-toxic lipid alcohols (-OH). GPX4
requires glutathione (GSH) as a cofactor which upon its oxidation (GSSG) by GPX4 is reduced to GSH
by glutathione reductase (GR). GSH synthesis depends on glutamate cysteine ligase (GCL) and glu-
tathione synthetase (GSS) as well as on intracellular cystine shuttled into the cell in exchange for
glutamate mediated by system xc- (SLC3A2 and SCL7A11/xCT). Independently of GSH, ferroptosis
suppressor protein 1 (FSP1) generates ubiquinol from ubiquinone which acts as a lipophilic radical
trapping agent within membranes thereby protecting from ferroptosis. Oxidative phosphorylation
(OXPHOS) and the tricarboxylic acid (TCA) cycle have both been described to be required for ferrop-
tosis triggered by cystine-depletion or system xc- but not GPX4 inhibition. Taken from Bebber et al.,
2020 Cancers .

1.1.4.1 Thioredoxin redox system

To maintain cell integrity and metabolic competence of cells, maintenance of a reduced
intracytoplasmic environment is required. This can be achieved through different antiox-
idant systems. Controlled oxidation and reduction of proteins is involved in cellular path-

ways important for proliferation, differentiation and cell death %%,

In addition to the GSH-based antioxidant redox system, the thioredoxin-based antioxi-
dant redox system can take over antioxidant defence in cells %. In contrast to the GSH-
based system, here, reduced thioredoxin (TXN, protein name: TRX) serves as a redox
equivalent for peroxiredoxins (PRDXs) to reduce reactive oxygen species (ROS) and
lipid peroxides %. TRX is a small protein with two redox-active cysteine residues at its
active centre either presenting as a dithiol (TRX-SH) in the reduced state or a disulphide
(TRX-S,) in the oxidised state (see Figure 4) *. An important group of redox regulatory
selenoproteins, the thiol-containing thioredoxin reductases (TXNRD, protein name:
TRXR) regenerate reduced TRX at the expense of nicotinamide adenine dinucleotide
phosphate (NADPH) independently of GSH 3%, In mammals three isoforms are ex-
pressed, cytoplasmic thioredoxin reductase 1 (TXNRD1), mitochondrial TXNRDZ2 and
spermatospecific TXNRD3 *%*. The thioredoxin interacting protein 1 (TXNIP) acts as a
negative regulator of TRX by binding to the reduced form . TXNIP is upregulated during
aging in human cells and Drosophila melanogaster leading to accumulation of ROS and

oxidative DNA damage *.

The thioredoxin system is essential for embryogenesis. Txnrd1 KO mice die during early
embryonic development at E9.5 and display severe growth retardation and impairment
in proliferation, yet normal heart development with functional cardiomyocytes %%, Mice
lacking mitochondrial Txnrd2 also die during embryogenesis (E13.5) displaying severe

t 101

anaemia and defective heart developmen indicating that the two isoforms have non-

redundant functions. Given the important role for TXNRD1 and -2 in embryonic
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development, it is not surprising that cytosolic TRX1 and mitochondrial TRX2 are also
essential for normal embryogenesis 9%, Txn1" deficiency is lethal at E6.5 %2 and Txn2"
" mice die at E12.5 showing extensive cell death and exencephaly '®. Interestingly,
mouse embryos start oxidative phosphorylation around E12.5 leading to the production
of reactive oxygen species ',

A commonly used inhibitor of TXNRD1 and TXNRD2 is Auranofin, a thiol-reactive gold-
containing compound that has been used for the treatment of rheumatoid arthritis "%,
The role of the thioredoxin system in the ferroptosis pathway has been repeatedly dis-
cussed %1% |nterestingly, PRDXs, selenium-independent antioxidant enzymes are ca-
pable of using TRX or GSH as a redox equivalent and can protect cells from ferroptosis.
PRDXs are classified by harbouring one (PRDX6) or two (PRDX1-5) conserved cysteine
residues at the active site. PRDX1-5 use mainly TRX as a redox equivalent whereas
PRDX6 mainly uses GSH as an electron donor '’. PRDX1 protects corneal endothelial
cells from ferroptosis '® and PRDXS5 inhibits ROS accumulation in erastin treated human
liver cancer cells '®. PRDX6 has a crucial function in membrane repair due to its hydrop-
eroxidase activity reducing lipid hydroperoxides to alcohol. Furthermore, Ca?*-independ-
ent phospholipase activity of PRDX6 enables hydrolysis of hydroperoxides at their sn-2
fatty acyl ester bond into peroxidised PUFA and lysophospholipid (LPC) '"'%_ Lu et al
described in 2019 that PRDX6 protects cells from ferroptosis '®. Moreover, KO of
TXNRD1 rescues ferroptosis induced by ML210-mediated GPX4 inhibition 8.

Although these studies might indicate a role of the thioredoxin redox system in suppress-
ing ferroptotic cell death, it remains elusive if the thioredoxin pathway plays an influential
part in limiting lipid peroxidation leading to ferroptosis or fulfils a role merely in buffering

the general ROS burden of a cell.
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Figure 4 Schematic overview of the thioredoxin pathway.



Introduction 12

Peroxiredoxins (PRDXs) reduce reactive oxygen species (ROS) species (lipid peroxides: L-OOH, hy-
drogen peroxide: H>O,) using reduced thioredoxin (TRX) as a redox equivalent which is regenerated
by thioredoxin reductase (TXNRD) on the expense of NADPH. Thioredoxin interacting protein 1
(TXNIP) negatively regulates the thioredoxin system by binding reduced TRX. The scheme was drawn

using fully licensed biorender.com.

1.1.4.2 Cancer metabolism and ferroptosis

Malignant cellular transformation is often initiated upon mutational activation of a driver
oncogene accompanied by inactivation of a tumour suppressor gene together allowing
for uncontrolled proliferation at the cost of increased ATP consumption ®. Increased en-
ergy consumption requires higher levels of OXPHOS which, in turn, produces higher
levels of ROS. Paradoxically, although OXPHOS is the most efficient way to generate
ATP, many cancer cells have undergone metabolic reprogramming wherein they mainly
generate ATP from cytosolic aerobic glycolysis coupled to lactate fermentation. This
long-term metabolic change was famously discovered by Warburg and Cori in the 1920s
and has been suggested as a cancer cell means to evade toxic levels of ROS production
109110 However, switching to the Warburg metabolic state requires higher glucose levels
and higher metabolism making tumour cells heavily reliant on the antioxidant machinery
and possibly more susceptible to increases in oxidative stress ''°. This has sparked the
discovery of the Crabtree effect describing the short-term effect of glucose-induced sup-
pression of cellular respiration thereby allowing cancer cells to reduce ROS-producing
OXPHOS in response to glucose availability "".

ROS plays a controversial role in cancer: On the one hand, high levels of ROS are fre-
quently observed in cancer cells and associated with cancer initiation and oncogenic
transformation by transcriptional induction of proto-oncogenes like Fos proto-oncogene
(c-FOS), Jun proto-oncogene (c-JUN) and MYC proto-oncogene, basic helix-loop-helix
(bHLH) transcription factor (MYC) 2. Furthermore, many oncogenes like Harvey rat sar-
coma viral oncogene homolog (HRAS), Kirsten rat sarcoma viral oncogene homolog
(KRAS) and MYC indeed elevate cellular ROS levels arguing against the assumption
that ROS mainly originates from OXPHOS "*"'°_ Moreover, ROS released by cells in
inflamed tissue are mutagenic for surrounding tumour cells making tumours overall more
malignant ®''®. Increased levels of ROS have been reported to in fact promote prolifera-
tion and survival pathways, such as the phosphoinositide 3 kinase (PI3K) pathway via
oxidative inactivation of PTEN and subsequent activation of protein kiase B (AKT) "'"1'8,
On the other hand, studies describe that depletion of the ROS scavenger GSH and sub-
sequent increase in ROS levels protect from tumour initiation but not from tumour pro-
gression "'°_ It is therefore likely that ROS levels in tumours need to be present at just

the right level to be tolerated or even advantageous. This is supported by the finding that
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endogenous expression of oncogenic KRAS induces the antioxidant transcription factor
NRF2 thereby reducing ROS levels and enhancing tumorigenesis '%°. Interestingly, the
same study showed that exogenous expression of high levels of oncogenic KRAS rather
suppressed activation of NRF2 which led to very high cellular ROS levels. High onco-
genic RAS expression, in turn, is known to trigger cellular senescence '?'. Furthermore,
it has recently been shown that fibroblasts expressing oncogenic KRASG12V are pro-
tected from H202-induced cell death by up-regulating SLC7A11, which allows for KRAS-

induced tumour growth in vivo '?.

In light of these findings, it is not surprising that recent findings hint at a pivotal role of

123127 Interestingly, ferroptosis has been described to

ferroptosis in cancer cell biology
be involved in the tumour suppressing function of TP53 by suppressing the expression
of SLC7A11 on transcriptional level and thereby sensitising cells to ferroptosis '%. More-
over, cytosolic accumulation of TP53 mutants typically found in cancer was shown to
bind and thereby sequester NRF2, preventing nuclear translocation of NRF2 and induc-

tion of its target genes including SLC7A11 "%,

In contrast to the above-mentioned studies, in human colorectal cancer (CRC) cells, p53
was shown to promote SLC7A11 expression '?°. Furthermore, the same study showed
that loss of p53 inhibits accumulation of dipeptidyl-peptidase-4 (DPP4) in the nucleus,
which results in enhanced plasma-membrane associated DPP4-dependent lipid peroxi-
dation via ROS-generating NADPH oxidase (NOX) enzymes resulting in ferroptosis '%°.
Thereby, loss of p53 may equally sensitise cells to ferroptosis in certain contexts. Inter-
estingly, knockdown of the tumour suppressor gene retinoblastoma-associated protein
1 (RB1) in hepatocellular carcinoma (HCC) sensitises cells to ferroptosis induction using

sorafenib %8,

Although these studies propose that there is a relationship between tumour suppression
and ferroptosis sensitivity, so far, there is no genetic evidence that p53 expression di-
rectly induces ferroptosis and thereby mediates tumour suppression in vivo. Future stud-
ies will have to unravel whether ferroptosis can suppress tumour growth and to what

extent it is part of the constitutive p53-mediated tumour-suppressive machinery.

Interestingly, depletion or inhibition of SLC7A11 was shown to kill pancreatic and lung
adenocarcinoma representing a novel therapeutic vulnerability in these cancers 213,
Considering that components of the ferroptosis pathway are often aberrantly expressed

in cancer cells 32131132

, manipulation of the molecular mechanisms in the ferroptosis
pathway might be exploited in cancer therapy. However, the two main ferroptosis induc-
ers used in vitro, RSL3 and erastin, are not suitable for in vivo application due to low
water solubility and renal toxicity ®2'3*, but a number of Food and Drug Administration

(FDA)-approved drugs have been identified to induce ferroptosis in different cancer cell
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lines and entities 8126134135 Several efforts are under way to chemically optimise erastin
for in vivo application, including exosome packaging and administration of metabolically

stable derivates 47:62133.136

As many cancer cells often present with downregulation of tumour suppressor genes
and important pathway components of caspase-dependent PCDs to evade cell death

6137 ferroptosis has recently attracted attention as a potential strategy to kill cancer cells.

1.2 Lung Cancer

Lung Cancer is one of the leading causes of cancer-related deaths worldwide '381%_ In

2020, lung cancer was the second most diagnosed cancer after breast cancer in general
and the leading cause of malignant cancer-related deaths in male patients . In the
female population, lung cancer was the second leading cause of cancer-related death

after breast cancer '°,

The most common risk factor for lung carcinomas is tobacco smoking, only 10-15% of
diagnosed lung carcinoma cases occur in never-smokers '*'. Based on clinical and his-
tological features, lung carcinomas can be separated into two major groups, small cell
lung cancer (SCLC) and non-small cell lung cancer (NSCLC), which account for 15%
and 85% of diagnosed cases, respectively 2. NSCLC comprises 85% of lung cancer
cases and is characterised by a more heterogeneous phenotype divided into three main
groups adenocarcinomas arising from small airway epithelial, type Il alveolar cells (50%)
43 squamous cell carcinomas arising from squamous cells in bronchial tubes (30%) and
other subtypes (20%) "414°,

In lung adenocarcinoma (LUAD), the identification of driver mutations, such as KRAS in
up to 30% and epidermal growth factor receptor (EGFR) in up to 15% of cases led to the
development of specific targeted therapies next to chemotherapy 4%, Tyrosine-kinase
inhibitors (TKIs) are now used as first-line therapy for NSCLC with activating EGFR mu-
tations or rearrangements in anaplastic lymphoma kinase (ALK), ROS proto-oncogene
1 (ROS1), and rearranged during transfection (RET) genes "'. In SCLC, however, such

clear targeted approaches have been lacking.

1.2.1 Small Cell Lung Cancer (SCLC)

SCLC is the most aggressive form of lung cancer and affects approximately 200,000
people worldwide every year '*®'9. SCLC comprises about 15% of all lung cancer cases
and is characterised by small cells originating mostly from neuroendocrine (NE) precur-

sor cells within the lung with very high tumour mutational burden (TMB) '°-1%2,
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SCLC cells are phenotypically described as “a malignant epithelial tumour consisting of
small cells with scant cytoplasm, ill-defined cell borders, finely granular nuclear chroma-

tin, and absent or inconspicuous nucleoli” '

. Itis staged into limited stage and extensive
stage disease, according to the Veterans Administration Lung Study Group system '*,
A considerable fraction of patients (60-70%) is diagnosed at the extensive stage disease,
due to rapid growth, early metastatic spread and lack of early detection methods '931%,
These patients have a median survival of 7-13 months and an overall five-year survival
rate of only 2% '°31%°, Patients diagnosed at the limited stage disease have a median

survival of 23 months and the proportion surviving five years is 12-17% %%,

Another characteristic of SCLC is the early onset of metastatic spread as SCLC is one
of the most metastatic cancer types '*°. SCLC typically forms bulky primary tumours in
the chest accompanied by mediastinal lymph node metastases '*’. The most common
additional metastatic sites are bone (19-38%), liver (17-34%), adrenal glands (5-31%),
bone marrow (17-23%), brain (0-14%), lymph nodes (7-25%), and soft tissues (3-11%)
157,158.

Given that biopsies are rarely taken from metastases of SCLC patients, the extraordinar-
ily high number of circulating tumour cells (CTCs) provides a tool for analysis of meta-

static factors as well as to identify expression of marker genes %16,

The vast majority of SCLC patients are past or current heavy smokers. However, ap-
proximately 2% of patients are never-smokers '°%'52163 The risk of developing SCLC
increases by 12% per year of smoking, compared to 6% per year in the development of
adenocarcinomas "%,

In succession to longstanding tobacco exposure, SCLC cells have a highly increased
mutational load '®. The mutational burden of SCLC is approximately 7.4 protein-chang-
ing mutations per million base pairs, making it the cancer entity with second highest TMB
after that of melanoma "°*'51%¢_|n rare cases of never-smokers, oncogenesis is mainly

associated with exposure to environmental tobacco smoke (ETS) or residential radon
162,167,168

After initial high response rates of up to 80% to chemotherapy, consisting of platinum-
based therapy (cisplatin or carboplatin) in combination with a topoisomerase Il inhibitor
(etoposide), most patients develop relapse '*°. At extensive stage and limited stage dis-
ease, SCLC relapse rates average approximately 100% and 80% within one year after
treatment, respectively, highlighting the urgent need for new treatment strategies '>*¢°.
One additional FDA-approved agent used as standard second line therapy for recurrent

SCLC is the topoisomerase | inhibitor Topotecan, achieving response rates of 8-20% '"*-
172
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Due to the fact that high TMB is a marker of potential immunotherapy response '", clin-
ical trials involving immune checkpoint blockade have recently been initiated for SCLC
recently "*'°. As a consequence of neoplastic transformation, neoantigens presented
on the major histocompatibility complex (MHC) | on antigen presenting cells (APCs) are
recognised by the T cell receptor (TCR) on CD8* cytotoxic T cells '". This leads to an
activation of T cells and further results in immunological elimination of transformed cells
presenting antigens on their surface. Ligation of the immune checkpoint receptor pro-
grammed cell death protein 1 (PD-1) and programmed death ligand 1 PD-L1 provides a
negative modulatory signal to T cell activation that should prevent overstimulation of im-
mune responses "8 Many cancer tissues are able to express PD-L1 and thereby

evade immune surveillance 7218,

Nivolumab, a PD-1 immune checkpoint inhibitor binding to PD-1 and thereby disrupting
the interaction with PD-L1 and PD-L2 '®', was approved for third-line treatment by the
FDA in 2018 but does not improve survival significantly '"°. In 2019, Atezolizumab, a PD-
L1 immune checkpoint inhibitor has been approved by the European Medicines Agency
(EMA) as first-line therapy combined with chemotherapy in SCLC patients with extensive
stage disease. Yet, this regime only improved median survival by about two months '
suggesting that despite high TMB SCLC may be difficult to kill by immune effector cells.
Taken together, the overall five-year survival rate for SCLC is dramatically low and within
the last 30 years the only novel treatment method approved with checkpoint inhibitors in
2018 and 2019 improved median survival only by about two months '°. For this reason,
SCLC is yet described to be a “recalcitrant neo-plasm with limited therapeutic options”
82 This highlights the necessity of novel approaches to better understand the biology of

SCLC, in order to find features of this disease, which can be targeted therapeutically.

1.2.1.1 Genomic profile of SCLC

In contrast to NSCLC, the majority of SCLC cases do not harbour specific targetable
driver mutations. However, whole genome sequencing identified biallelic functional loss
of the tumour suppressor genes RB7 and TP53 is present in almost 100% of all SCLC
cases at the genetic level but this genetic constellation has not been successfully tar-
geted to date 153166183184 Thys there is an urgent need to identify other therapeutically
relevant vulnerabilities next to deletions in TP53 and RB1. This is hampered by the rare
possibility to obtain samples from SCLC tumours because patients are most often diag-
nosed at extensive stage disease and hence treated by chemotherapy rather than sur-
gical resection '*®. Furthermore, samples of recurrent SCLC tumours are rarely resected.
Consequentially, cohorts for genome analysis in SCLC consist of rather small sample

numbers.
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Genetically engineered mouse models (GEMM) provide a useful tool to investigate the
cellular and molecular mechanisms underlying SCLC development and biology. The
Rb1/p53 (RP) mouse model for SCLC carries conditional floxed alleles for Rb1 and for
Trp53 which are deleted upon intratracheal instillation of adenoviral particles expressing
the Cre recombinase (Adeno-Cre) and develop tumours which histopathologically re-
semble SCLC "',

In recent studies, the genomic profile of SCLC tumours has been investigated more pre-
cisely and the accumulation of certain genomic alterations has been described such as
in the MYC amplification, mutations in phosphatase and tensin homolog (PTEN), or tu-
mour protein p73 (TP73) rearrangements. The MYC family members MYC, MYCN proto-
oncogene, bHLH transcription factor (MYCN) and MYCL proto-oncogene, bHLH tran-
scription factor (MYCL) encode for transcription factors and participate in many growth-
promoting pathways '®°. Particularly, MYC is known to act as a proto-oncogene in a va-
riety of human cancers '®. In a study from Peifer et al. in 2012, single nucleotide poly-
morphism (SNP) array analyses on 63 human SCLC tumours was performed identifying
focal amplifications in MYCL (5/63 cases), MYCN (4/63 cases) and MYC (1/63 cases)
1% In further studies, MYC family members are described to be amplified in approxi-
mately 16-20% of SCLCs, in most cases they were described to be amplified in a mutu-

ally exclusive manner 8788,

Furthermore, mutations in the tumour suppressor gene PTEN are reported to play a role
in the development of SCLC ' In 6% of 34 analysed human SCLC cell lines and
10% of primary tumour samples, PTEN was found to be impaired by point mutations,
small fragment deletions, and homozygous deletions '®*'%°_ |n the RP mouse model for
SCLC carrying inactivated Trp53 and Rb1, the additional inactivation of one allele of Pten
led to accelerated SCLC with frequent metastasis to the liver '®. This could be confirmed
by Peifer et al. in 2012, reporting that in 3 of 29 analysed exomes, mutations in PTEN
were identified, impairing the phosphatase activity and thereby activating the PI3-kinase
pathway .

George et al. recently described somatic genomic rearrangements of the tumour sup-
pressor gene TP73 in their comprehensive genomic profiling study of 110 human SCLC
samples. These somatic rearrangements resulted in an oncogenic version TP73Aex2/3
creating a N-terminally truncated TP73 protein which has a dominant negative effect on
wildtype p73 and p53 &,

Epigenetic regulators, such as the histone acetyl transferase gene CREB binding protein
(CREBBP) and other histone modifying enzymes, such as E1A binding protein p300
(EP300) were described to be deleted or carry loss-of-function mutations in SCLC 66191,

Further, high expression of the histone methyltransferase enhancer of zeste homolog 2
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(EZH2) was identified in SCLC %2, EZH2 expression has been associated with increased
chemoresistance by silencing schlafen family member 11 (SLFN17) and immune eva-
sion by MHC | silencing '3. Targeting EZH2 pharmacologically resulted in reduced tu-
mour growth in SCLC PDX models 2.

Another alteration, the amplification of the gene nuclear factor I/B (NFIB), was identified
by next generation sequencing in the RP mouse model and human SCLC cell lines '*.
Furthermore, elevated NFIB levels have been associated with increased metastatic po-

195-

tential in mouse and human models >, The transcription factor NFIB has been de-

scribed to promote metastasis in SCLC by increasing chromatin accessibility and induc-

tion of genes involved in neuronal differentiation and cell migration and adhesion '9°1%,

Interestingly in terms of cell death regulation, the pro-apoptotic protein BCL-2 has been
shown to be upregulated in a fraction of SCLC patients '92%°_ Venetoclax, a BCL-2 in-
hibitor, reduces growth in BCL-2 expressing SCLC cell systems in vitro and xenograft
models in vivo %°".

However, it has been reported repeatedly, that CASPS8, an essential component of the
extrinsic apoptosis pathway is epigenetically silenced by promoter methylation in SCLC
cell lines 292203 Also other components such CASP10 and CD95 have been observed to

be lost in many SCLC cell lines, indicating a strategy for immune escape 2%

In general, loss of RB1 and TP53 in SCLC tumour samples were frequently confirmed in
multiple studies '832052% Byt aside from these two genes, only few genes have been
reported to be altered recurrently and to date none of them provides an amenable ther-

apeutic target for most SCLC patients.

1.2.1.2 Cell of origin and SCLC subtypes

Historically, SCLC has been treated as a rather uniform cancer entity without targetable
driver mutations and irrespective of SCLC subtype. Due to the fact, that SCLC is not
driven by oncogenes, subtypes are categorised by NE status. SCLC tumours predomi-
nantly consist of NE cells which mainly arise from pulmonary NE cells (PNECs) 2%,
PNECs are characterised by NE marker expression, such as achaete-scute family bHLH
transcription factor 1 (ASCL1), synaptophysin (SYP), neural cell adhesion molecule

(NCAM1) and chromogranin A (CHGA) 2%,

The pro-neural bHLH transcription factor ASCL1 is essential for the development of NE
cells in lung and other tissues. Borges et al showed that Asc/7-/- mice specifically ablate
NE cells in the lung 2*°. Knockdown of ASCL1 with RNA interference results in growth
inhibition and induction of cell death in SCLC cell lines (3'*?"". Jiang et al showed that
knockdown of ASCL1 impairs the tumour initiating capacity of ASCL1 high expressing

subpopulation isolated from a xenograft model, indicating the role of ASCL1 in
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maintaining tumorigenicity in SCLC 2", In vivo experiments using the Trp53flox/flox,
Rb1flox/flox and p130flox/flox (TCKO) mouse model further confirmed the requirement
of ASCL1 for the formation of NE tumour formation in the lung (Borromeo et al., 2016).
In 2019, Rudin et al. defined four different subtypes expressing four different distinguish-
ing transcription factors: NE ASCL71 (SCLC-A) and neurogenic differentiation factor 1
(NEUROD1) (SCLC-N), non-NE POU class 2 homeobox 3 (POU2F3) (SCLC-P) and
yes-associated protein 1 (YAP1) (SCLC-Y) (see Figure 5) 2'2,

Non-NE SCLC cells were characterised by expression of the NE differentiation repressor
RE1 Silencing Transcription Factor (REST1, also called NRSF) #'32'* the negative reg-
ulator of ASCL1 and mesenchymal markers, such as CD44 and vimentin (VIM) 2. The

SCLC-P subtype arises from rare chemosensory tuft cells in the pulmonary epithelium
215

The SCLC-A subtype was further divided into SCLC-A and SCLC-A2 according to low
or high expression levels of hairy and enhancer of split-1 (HES1), respectively ?'°. An-
other less NE subtype with high expression of the Atonal BHLH Transcription Factor 1
(ATOH1) has been identified recently based on CTC-derived explant models (CDX) '®'.
Recently, expression of an inflamed gene signature was proposed to define another dis-
tinct less NE subtype with elevated immunotherapy sensitivity 2'”. However, an exclu-
sively YAP1-expressing SCLC-Y subtype could not be confirmed in this study which is

in line with previous histochemical analysis #'"2'®,

Classification into these subtypes is further accompanied by other expression patterns.
The SCLC-A subtype is associated with high MYCL expression whereas the other sub-
types express increased levels of MYC rendering them more sensitive to Aurora kinase
inhibitors (see Figure 5) 18188219 |nterestingly, Ireland et al. describe the role of MYC
expression in subtype plasticity as MY C expression can lead to dedifferentiation of PNEC
cell of origin from SCLC-A subtype to SCLC-N to SCLC-Y via Notch activation 2%°.

The Notch signalling pathway is a highly conserved cell signalling pathway and plays an
important role in cell-to-cell communication, neuronal development, cell proliferation and
cell differentiation #2222, The Notch signalling pathway is activated by ligation of Notch
receptor and its ligands (Delta Like Canonical Notch Ligand (DLL) 1, DLL3, DLL4, Jag-
ged-1 and Jagged-2) resulting in Notch intracellular domain (NICD) release ??2. NICD
then translocates into the nucleus and cooperates with other transcription factors to di-
rect the expression of its target genes such as HES1. Notch signalling is involved in both,
tumour suppressive and pro-tumorigenic events ?22. Non-NE SCLC cells present with
increased Notch signalling are slowly growing but at the same time also more chemo-
resistant and provide trophic support to NE SCLC cells ?2. In vivo experiments with com-

bination of Notch blockage and chemotherapy showed a suppression of tumour growth
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and delay in relapse ??. However, the mechanism of Notch signalling in mediating

chemoresistance is still to be explored in detail.

Interestingly, SCLC NE subtype classification has recently been linked to immune gene
signature expression #?4?%_ NE cells (SCLC-A and SCLC-N) repress expression of im-
mune signature genes especially major MHC |, while MHC | was described to be re-
expressed on non-NE chemoresistant relapsed cells (see Figure 5) %2#??°. Repression
of MHC | in SCLC is epigenetically mediated and could be reversed by EZH2 inhibition

225 MHC | could serve as a biomarker for immune responsiveness in SCLC 224225,

In conclusion, SCLC is a cancer entity presenting with intratumoural heterogeneity com-

bined with subtype plasticity and consequentially challenging to treat 220223225226,

Further identification of molecular subtypes and their distinct cellular programmes may
help identify novel therapeutic targets and respective markers. An important aspect of
new therapeutic strategies is to target not only heterogenous subtypes within SCLC tu-
mours but also direct targeting of transdifferentiation between the subtypes to prevent

escape mechanisms.

RB1 loss
TP53 loss
neuroendocrine non-neuroendocrine

SCLC-A2 SCLC-N SCLC-P SCLC-Y

NEUROD1 POU2F3  YAP1

MYCL high MYC high

NOTCH signalling
low immune gene signature expression MHC | expression

Figure 5 Schematic overview of SCLC subtypes.

SCLC is characterised by biallelic RB1 and TP53 loss and is divided into neuroendocrine (NE) and
non-NE subtypes. NE subtypes are marked by expression of ASCL1 (SCLC-A) and NEUROD1 (SCLC-
N) which present with low immune gene signature expression. Non-NE subtypes express POU2F3
(SCLC-P), YAP1 (SCLC-Y) and ATOH1. Non-NE show increased expression of REST1 and Notch
signalling components. SCLC-N and non-NE subtypes are further characterised by high MYC expres-
sion whereas SCLC-A expresses high levels of MYCL. Major histocompatibility complex (MHC) | ex-
pression is distinctive for non-NE subtypes. SCLC-A2, a variant of SCLC-A is further characterised by
HES1 expression. The scheme was drawn using fully licensed biorender.com.

1.2.1.3 The RP mouse model of SCLC

In work undertaken for this thesis, the well-established RP mouse model for SCLC de-
veloped by Meuwissen et al., 2003 with a C57BL/6 genetic background was used °".

Here, the tumour suppressor genes Rb1 and Trp53 are conditionally deleted, using the
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Cre-loxP system. The RP mouse model carries conditional alleles for Rb7 (floxed exon
19) and for Trp53 (floxed exons 2-10) as presented in Figure 6. These are specifically
homozygously deleted in the lung epithelium upon intratracheal instillation of replication-
deficient Adeno-Cre, which cleaves at loxP sites. The RP mice develop multiple neo-
plasias within six to nine months after inhalation. The formed tumours invade the sur-
rounding lung parenchyma and metastasise to the known metastatic sites mimicking hu-
man SCLC (see Figure 6). These tumours resemble very closely the histopathological

and immunological phenotype of human SCLC "7,

loxP loxP

Aden;Cre RbIA/A _E
- ' loxP loxP
g st YA

6 months & N .

Figure 6 Schematic overview of the SCLC mouse model.

The RP genetically modified mouse model for small cell lung cancer (SCLC) carries homozygous con-
ditional alleles for Rb1 with loxP sites flanking exon 19 and Trp53 with loxP sites flanking exon 2 to 10.
Upon intratracheal inhalation of replication-deficient adenoviral particles expressing Cre recombinase
(Adeno-Cre), loxP sites are cleaved by Cre recombinase and Rb1 and Trp53 are deleted. After six
months infected cells form neoplasia resembling human SCLC. The scheme was drawn using fully

licensed biorender.com.

1.3  Aim of the study

SCLC is one of the most aggressive forms of cancer with dramatically low survival rates
and only very few newly approved treatment strategies in the last 30 years 49227 After
initial chemotherapy response SCLC almost invariably relapses within a year '*°. SCLC
often presents with inter- and intratumoural NE subtype heterogeneity as a result of tu-
morigenesis from different cells-of-origin and subtype plasticity 2'2. Recent evidence sug-

gests that MYC-mediated activation of Notch signalling and promotion of a non-NE
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cellular state can cause intratumoural heterogeneity in SCLC 8220223 Fyrthermore,
standard-of-care chemotherapy exacerbates intratumoural heterogeneity suggesting
that targeting SCLC plasticity rather than isolated molecular subtypes might be a prom-
ising treatment path 22, SCLC is defined by the loss of functioning TP53 and RB1 as
well as a significant TMB '®®, a marker of potential immunotherapy response ", yet clin-
ical trials using immune checkpoint blockade for SCLC underperformed given the high
TMB ""*'7%_ High TMB may boost constitutive immune editing prior to therapy and hence
select against expression of PCD pathway components %%, In addition, CASP8, the es-
sential apical effector enzyme in the extrinsic apoptosis pathway, has been discovered
to be epigenetically silenced in SCLC cell lines "*"2%, Ferroptosis is a recently identified
form of cell death, independent from caspases and the necrosome 4"2°, One important
hallmark of ferroptosis is the characteristic iron-dependent accumulation of peroxidised
membrane lipids, leading to destabilisation of the lipid bilayer *"%. This fatal accumula-
tion of ROS is counteracted by GPX4, which constitutively reduces accumulating lipid

peroxides thereby protecting cells from ferroptosis 2.

Despite recent advances in understanding SCLC pathogenesis and identification of dis-
tinct subtypes, a comprehensive analysis of cell death pathway availability in SCLC has

not been pursued yet. Therefore, the following study aims were defined:

1. Systemic analysis of the availability of cell death pathways in RNA-sequencing
(RNA-seq) data of treatment-naive SCLC patient tissue to identify therapeutically
targetable vulnerabilities.

2. Characterisation of identified cell death vulnerabilities to elucidate the mecha-
nisms of sensitivity and resistance in SCLC.

3. Identification of markers for sensitivity and resistance in SCLC NE subtypes to
possibly target subtype heterogeneity.

4. Validation of identified vulnerabilities in different SCLC mouse models in vivo.

Together, the aim of this study is to provide a deeper understanding of NE subtype biol-
ogy and how heterogeneity can be targeted to contribute to new SCLC treatment ave-

nues.
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2 Results

2.1 Treatment naive SCLC presents with inactivation of important
regulated cell death pathways

At time of diagnosis, SCLC tumours are already very aggressive and exhibit a high TMB
152,165,166 ' A5 @ high TMB is correlated with improved immunotherapy response '3, im-
mune checkpoint inhibition has recently been approved for SCLC treatment but clinical
efficacy did not meet expectations '"*'7°, A widely-neglected fact is that high TMB is likely
to promote constitutive immune editing prior to treatment and thereby may favour loss of

PCD pathway component expression.

Interestingly, treatment-naive SCLC is characterised by loss of the two tumour suppres-
sor genes TP53 and RB1 responsible for cell cycle control and intrinsic apoptosis
(George et al., 2015), which further suggests selective pressure to inactivate cell death

pathways prior to therapy.

Additionally, CASP8, an essential caspase for the execution of extrinsic apoptosis which
is triggered by TNF superfamily ligands expressed by immune effector cells '3, has been

shown to be epigenetically silenced in SCLC cell lines 37202204

suggesting this to be a
strategy of immune escape in SCLC. Inactive CASP8 expression would disable the ca-
pacity to induce extrinsic apoptosis (see Figure 1). However, genetic downregulation of
CASPS8 or its inhibition can enable unrestricted activation of the necroptosis pathway, a

non-apoptotic form of cell death driven by RIPK1 and RIPK3 237233 (

see Figure 2). Im-
portantly, the availability of the necroptosis pathway in SCLC tissue has remained unex-
plored. In addition, it was shown that immune checkpoint blockade and radiotherapy
sensitise cancer cells to the recently described type of regulated necrosis called ferrop-
tosis, a cell death which is completely independent of caspases (see Figure 3) 84234,
Therefore, ferroptosis might also be a cell death pathway triggered by tumour-immune
cell interaction and selection. Yet, which of these pathways remain available in treat-

ment-naive SCLC is unknown.

To examine cell death pathway availability in treatment-naive SCLC, RNA-seq data of

important genes involved were analysed in a treatment-naive SCLC patient cohort '8

and compared with RNA-seq data of normal lung tissue samples of SCLC patients #°.
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2.1.1 Treatment-naive SCLC presents with inactivation of the extrinsic
apoptosis pathway

To analyse gene expression of cell death pathway components log2-transformed FPKM-
normalised RNA-seq data of SCLC primary patient tissue was compared to normal lungs
tissue. For computation an R script was used including the R packages gplots, RColor-
Brewer and data.table. This analysis revealed a strong downregulation of relevant genes
involved in the extrinsic apoptosis pathway, such as the two receptor proteins TRAIL
(gene name: TNFSF10), and CD95L (gene name: FASLG) " (Figure 7A). Furthermore,
CASP8 downregulation could be confirmed in the analysis (Figure 7A). Whereas some
essential extrinsic apoptosis genes such as the adaptor protein FADD were slightly up-
regulated in SCLC tissue, potentially facilitating non-apoptotic gene induction 23¢2% the
downstream essential effector CASP8 was strongly downregulated in approximately
80% of SCLC specimens (Figure 7B). This suggests the extrinsic apoptosis pathway to
be incapacitated prior to therapy. The analysis further confirmed overexpression of the
anti-apoptotic protein BCL-2 in SCLC tissue in comparison to normal lung tissue as pre-

viously described 199200,

Accordingly, a representative panel of prior and post-therapy derived human SCLC cell

lines (n=7) '®23 was almost uniformly resistant to stimulation with Isoleucine-zipper (iz)-
TRAIL used to trigger extrinsic apoptosis. However, iz-TRAIL treatment effectively de-
creased cell viability in a TRAIL-sensitive control NSCLC cell H460 determined by the

cell viability dye Cell Titer Blue (Figure 7C).
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Figure 7 Extrinsic and intrinsic apoptosis pathways are downregulated in treatment-naive
SCLC.

A, B RNA-seq expression data in FPKM (fragments per kilobase of exon model per million reads
mapped) from normal lung 2* (n=22) and chemo-naive SCLC patient samples '® (n=67) were log2
transformed (+0.01) and plotted for relative expression of genes involved in extrinsic apoptosis. boxplot
center line, mean; box limits, upper and lower quartile; whiskers min. to max. Heatmap colour code
indicates expression levels between each sample and the average of each gene, dendrogram shows
distance between sample populations. C The indicated seven human SCLC cell lines (n=7) and
NSCLC line (H460) were treated with human izTRAIL for 24 h, cell viability was determined by Cell
Titer Blue, n(H82)=6, n(L88)=4, n(H524)=4, n(H889)=4, n(L303)=3, n(H526)=3, n(H69)=5, n(H460)=3.
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Data are means +/- SEM of three independent experiments wherever not indicated otherwise. Two-
tailed unpaired t tests, ****p<0.0001. R script for analysis (A) was adapted from Emily Thomas. Viability
assay (C) was contributed by Emily Thomas. Figure adapted from Bebber et al., 2021, Nature Com-

munications.

2.1.2 Treatment-naive SCLC presents with inactivation of the necroptosis

pathway

Under conditions of genetic or chemical inhibition of CASP8 or destabilisation of complex
| through deubiquitination of RIPK1 by CYLD, TNFR1 ligation can also activate the for-

mation of the necrosome, a multiprotein complex leading to necroptosis (see Figure 2)
37,40,239

Therefore, expression of necroptosis pathway components was analysed next as de-
scribed and revealed a downregulation of relevant genes such as RIPK3 and MLKL (Fig-
ure 8A). While RIPK3 was only slightly downregulated, expression of the downstream
essential necroptosis effector MLKL #*°-**? was strongly downregulated in SCLC tissue

compared to normal lung tissue (Figure 8B).

As expected based on this observation, tested SCLC cell lines were resistant to treat-
ment with a combination commonly used to induce necroptosis, namely of TNF (T), the
pan-caspase inhibitor z-VAD-fmk (Z) and the SMAC mimetic (S) compound Birinapant,
an inhibitor of clAP1/2 (=TZS) (Figure 8C). In contrast, MEFs used as a positive control,
readily underwent necroptosis upon TZS stimulation (Figure 8C). Cell death was deter-
mined by propidium iodide (PI) incorporation into dead cells with damaged cell mem-
brane and quantified by flow cytometry (Figure 8D). Importantly, TZS-induced cell death
was blocked by co-treatment with the RIPK1 inhibitor Necrostatin-1 (Nec-1) thereby con-

firming the specific induction of necroptotic cell death in MEFs (Figure 8C).

These results might suggest that strong selective pressure already incapacitates both,

the extrinsic apoptosis and necroptosis pathways in SCLC prior to diagnosis and therapy.
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Figure 8 The necroptosis pathway is downregulated in treatment-naive SCLC.

A, B RNA-seq expression data in FPKM (fragments per kilobase of exon model per million reads
mapped) from normal lung 2% (n=22) and chemo-naive SCLC patient samples '® (n=67) were log2
transformed (+0.01) and plotted for relative expression of genes involved in necroptosis. boxplot center
line, mean; box limits, upper and lower quartile; whiskers min. to max. Heatmap colour code indicates
expression levels between each sample and the average of each gene, dendrogram shows distance
between sample populations. C Cells were treated with TNF (T) [10 ng/ml], zZVAD (Z) [20 uM], SMAC
mimetic (S) Birinapant [1 uM] in combination with Nec-1 [10 uM] for 24 h, cell death was quantified by
propidium iodide (PI) uptake and flow cytometry. D Flow cytometry gating strategy to quantify % pro-
pidium lodide (PI) positive cells. Representative plots out of three independent experiments are shown.
FSC-H, forward scatter-heights, SSC-A, side scatter-area, SSC-W, side scatter-width. Data are means
+/- SEM of three independent experiments wherever not indicated otherwise. Two-way ANOVA +
Tukey’s multiple comparison test (C) and two-tailed unpaired t tests for all others, ****p<0.0001, ns
p>0.05. R script for analysis (A) was adapted from Emily Thomas. Viability assay (C) was contributed
by Emily Thomas. Figure adapted from Bebber et al., 2021, Nature Communications.

2.2 SCLC presents with high vulnerability for ferroptosis

2.21 Treatment-naive SCLC presents with upregulation of ferroptosis

protective genes

Ferroptosis is an iron-dependent form of regulated necrosis, which is independent of the
molecular machinery driving apoptosis or necroptosis (see Figure 3) 792243 Recently, it

was shown that immune checkpoint blockade sensitises cancer cells to ferroptosis
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redefining it as a potential cell death pathway triggered by tumour-immune cell interaction
and selection ®

Therefore, to assess the availability of the ferroptosis pathway, expression of ferroptosis
genes in SCLC patient samples was analysed as described. While some genes protect-
ing from ferroptosis such as NFS1 °2 and AIFM2 (=FSP1) 8% were decreased in SCLC
tissue in comparison to normal lung tissue (Figure 9A), an important gene protecting
from ferroptosis, SLC7A11 *" was strongly upregulated in SCLC and only expressed at
very low levels in normal lung (Figure 9A). SLC7A11 is the crucial subunit of system xc-
, a glutamate/cysteine antiporter important for cystine import and thereby linked to GSH
synthesis. Also, GPX4 ', a ferroptosis-protective gene acting downstream of SLC7A11,
was highly expressed in SCLC and normal lung suggesting an increased dependency
on escaping ferroptosis (Figure 9A).

Moreover, protein expression of both, SLC7A11 and GPX4 could be validated by West-
ern Blot analysis in human SCLC cell lines (Figure 9C).

Based on the observation that SLC7A11 expression was elevated in SCLC tumour tis-
sue, next, cytotoxicity of SLC7A11 inhibition was assessed in SCLC cell lines. Treatment
of human SCLC cell lines with erastin, an SLC7A11 inhibitor, indeed demonstrated dose-
dependent cytotoxicity determined by Cell Titer Blue assays, which was less pronounced
in the tested NSCLC cell lines (Figure 9D).
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Figure 9 Ferroptosis pathway components are upregulated in treatment-naive SCLC.

A, B RNA-seq expression data in FPKM (fragments per kilobase of exon model per million reads

mapped) from normal lung %% (n=22) and chemo-naive SCLC patient samples '® (n=67) were log2
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transformed (+0.01) and plotted for relative expression of genes involved in ferroptosis. boxplot center
line, mean; box limits, upper and lower quartile; whiskers min. to max. Heatmap colour code indicates
expression levels between each sample and the average of each gene, dendrogram shows distance
between sample populations. C Western Blot of ferroptosis pathway component expression in repre-
sentative human SCLC cell lines indicated. Representative Western Blots are shown. D Cells were
treated with erastin at indicated concentrations for 24 h, cell viability was determined by Cell Titer Blue.
Data are means +/- SEM of three independent experiments if not indicated otherwise. Two-tailed un-
paired t tests, ****p<0.0001, ns p>0.05. R script for analysis (A) was adapted from Emily Thomas.
Viability assay and Western Blot (C, D) were contributed by Emily Thomas. Figure adapted from Beb-
ber et al., 2021, Nature Communications.

2.2.2 SCLC is more sensitive to ferroptosis induction than NSCLC

In line with our observation that SCLC cell lines seemed to be more sensitive to erastin
than the NSCLC cell lines tested, SCLC lines from a panel of 117 human cancer cell
lines 52 also showed increased erastin sensitivity (Figure 10A). Furthermore, data from
101 human NSCLC cell lines and 33 human SCLC cell lines #**** tested for sensitivity
to ML162, which is a GPX4 small molecule inhibitor ”® confirmed increased ferroptosis
sensitivity of SCLC over NSCLC cell lines (Figure 10B).

Next, murine cell lines derived from GEMMs for SCLC (RP) "*" and NSCLC (KP) ?*® both
on the C57BL/6 strain background were tested for their respective sensitivity to RSL3,
another small molecule inhibitor of GPX4 known to trigger ferroptosis ®2. Again, a higher
cytotoxicity in SCLC as compared to NSCLC cells measured by Cell Titer Blue could be
observed (Figure 10C).

While Western Blot analysis revealed comparable protein levels of GPX4, xCT
(=SLC7A11) and ACSL4 between SCLC and NSCLC cells, interestingly, transferrin re-
ceptor (CD71) expression was elevated in all SCLC cell lines as compared to two out of
three NSCLC lines (Figure 10D). Furthermore, expression of FSP1 (=AIFM2), recently

demonstrated to render cells more resistant to ferroptosis 8%

, was elevated specifically
in NSCLC (Figure 10D) cells on protein level (Figure 10D). Moreover, RNA-seq data of
human NSCLC and SCLC cell lines plotted for FSP1 log2-transformed (transcripts per

million (TPM)-normalised expression 24

confirmed increased FSP1 expression in
NSCLC over SCLC cells (Figure 10E). Together this suggests that elevated TFRC/CD71
expression combined with low FSP1 expression may specifically prime SCLC for ferrop-

tosis induction.
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Figure 10 SCLC cells are more susceptible to ferroptosis induction than NSCLC cells.

A Erastin-treated human SCLC (n=10) and KRAS wild type NSCLC cells (n=15) were plotted for area
under the curve (AUC). Source data can be found in Yang et al. ®2. B ML162-treated human NSCLC
(n=101) and SCLC (n=33) cells were plotted for area under the curve (AUC). Source data were ob-

247 and can be found in Rees et al. and Seashore-Ludlow et al. 2*4%5. C The

tained from depmap
indicated three murine SCLC (black; n=6) and five NSCLC (red; n=5) cell lines were treated as indi-
cated with RSL3 for 24 h, cell viability was determined by Cell Titer Blue. D Western Blot of ferroptosis
pathway component expression in representative three murine SCLC cell lines (RP) and three murine
NSCLC (KP). Representative Western Blots are shown. E NSCLC and SCLC cell lines were plotted
for FSP1 expression as log2 of transcript per million (TPM)+1 24, Data are means +/- SEM of three or
more independent experiments for each cell line wherever not indicated otherwise. Representative
blots are shown. Two-tailed unpaired t test, **** p<0.0001. Figure adapted from Bebber et al., 2021,

Nature Communications.

Collectively, we found that SCLC presents with resistance to cell death (extrinsic apop-
tosis, necroptosis) prior to treatment. While extrinsic apoptosis and necroptosis escape
was rather defined by downregulation of important agonists, ferroptosis escape in SCLC
involved the upregulation of protective and targetable proteins. Hence, ferroptosis induc-

tion was further analysed aiming to mechanistically validate its role in SCLC.



Results 30

2.2.3 Human and mouse SCLC cell lines are vulnerable to ferroptotic cell death

To validate whether SCLC was generally vulnerable to ferroptotic cell death, murine
SCLC cells were stimulated with the GPX4 small molecule inhibitor RSL3 in absence
and presence of the lipophilic radical scavenger Fer-1 which is known to specifically

block ferroptosis *’.

Indeed, a clonogenic survival assay of adherent murine SCLC lines using crystal violet
showed that RSL3 and erastin effectively decreased survival (Figure 11A). This could be
fully rescued with co-treatment of Fer-1 in the case of RSL3 treatment and partially re-

stored in the case of erastin which induces ferroptosis by depletion of GSH (Figure 11A).

Moreover, in human suspension SCLC cells, cell death induced by erastin or the GPX4
small molecule inhibitor RSL3 “¢ could be rescued by co-incubation with Fer-1 (Figure
11B, C). Co-treatment with the iron-scavenger DFO equally rescued cell death induced
by erastin or RSL3 in human SCLC cells (Figure 11D, E). Using the fluorescent probe
Calcein-AM in a fluorescence-activated cell sorting (FACS) assay, which allows for rela-
tive quantification of the intracellular labile iron pool through the principle of fluorescent
quenching %*®, DFO mediated depletion of iron which led to reduced fluorescent quench-
ing could be further confirmed (Figure 11F). Finally, cell death induced by erastin or RSL3
in more murine SCLC cell lines could also be restored by co-incubation with Fer-1 (Figure
11G, H).

Collectively, these data indicate that RSL3 and erastin induce lipid ROS- and iron-de-

pendent cell death in human and murine SCLC cells.
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Figure 11 Human and mouse SCLC cell lines are sensitive to ferroptosis induction.

A The indicated murine SCLC lines (n=3) were treated either with DMSO, RSL3 [1 pM], erastin [10
MM] alone or in combination with Ferrostatin-1 (Fer-1) [5 uM] for 24 h. Cells were washed, cultured for
5 days for recovery and stained with crystal violet. B, C, D, E Human H82 SCLC cells were treated as
indicated: erastin [10 uM] +/- Fer-1 [5 uM] +/- Deferoxamine (DFO) [100 uM], RSL3 [1 pM] +/- Fer-1
+/- DFO for 24 h. Cell death was determined by propidium iodide (PI) uptake and flow cytometry. F
RP181.5 sticker cells were treated with erastin [10 uM] +/- DFO [100 uM], for 3 h. Labile iron pools
were quantified by Calcein-AM staining and flow cytometry. FC (fold change) MFI (mean fluorescence
intensity), n=3 biological replicates. G, H The indicated murine SCLC cells were treated as indicated
+/- Fer-1 [5 uM] for 24 h and quantified as in (B, C, D, E), n=3 biological replicates. Data are means
+/- SEM of three independent experiments in each individual cell line or representative images or his-
tograms were applicable. One-way ANOVA + Tukey’s multiple comparison test (B-E) Two-way ANOVA
+ Tukey’s multiple comparison test, **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05. FACS assay (H)
was contributed by Emily Thomas. Figure adapted from Bebber et al., 2021, Nature Communications.

2.2.4 Gpx4 expression is sufficient to protect SCLC cells from ferroptosis

GPX4 plays a central role in protecting cells from ferroptosis by directly reducing harmful

lipid peroxides to their respective harmless lipid alcohol 2. While GPX4 protects cells
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from ferroptosis in a variety of cells, GPX4 deletion is not sufficient to induce ferroptosis
in lung adenocarcinoma cells 8. To examine whether GPX4 is sufficient to protect SCLC
from ferroptosis, CRISPR/Cas9-mediated KO SCLC cell lines were generated using
three different GPX4-targeting single guide (sg) RNAs. Western Blot analysis confirmed
GPX4 KO on protein level in the presence of Fer-1 (Figure 12A). These KO cells could
only be generated and cultured in the presence of Fer-1 in the media, which supports
that GPX4 is critical for survival of these cells. Upon Fer-1 withdrawal, GPX4 KO cells
underwent cell death which was measured by Pl incorporation (Figure 12B, C). In addi-
tion, GPX4 KO SCLC cells presented with lipid ROS accumulation upon Fer-1 withdrawal
measured by FACS analysis using the fluorescent dye BODIPY C11, indicating again
the induction of ferroptotic cell death ?** (Figure 12D, E, F).

In conclusion, these data support a requirement for lipid radicals in cell death execution
upon pharmacological induction of ferroptosis and identify GPX4 as the central player

sufficient to prevent lipid peroxidation and ferroptosis in SCLC.
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Figure 12 GPX4 expression is sufficient to protect SCLC from ferroptosis.
A Protein extracts lines were obtained from indicated cell lines cultured in the presence of Fer-1 [5
uUM]. Representative Western Blot is shown B, C RP252.7 and RP285.5 murine SCLC cells stably
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expressing Cas9 and the indicated control or sgRNAs targeting GPX4 were cultured with or without
Ferrostatin-1 (Fer-1) for 24 h. Cell death was quantified by propidium iodide (PI) uptake and flow cy-
tometry. D, E, F RP252.7 and RP285.5 murine SCLC cells as in (A, B) were cultured in the presence
or absence of Fer-1 [5 uM] for 5 h and stained for lipid ROS accumulation using BODIPY C11. Cells
were analysed by flow cytometry and mean fluorescent intensity (MFI) was quantified. Cells were an-
alysed by flow cytometry. Grey=control cell lines, violet=sgRNA, -Fer-1, turquoise=sgRNA, +Fer-1.
Data are means +/- SEM of three independent experiments in each individual cell line or representative
Western Blot images or histograms were applicable. One-way ANOVA + Tukey’s multiple comparison
test (B, C) Two-way ANOVA + Tukey’s multiple comparison test **** p<0.0001, ** p<0.01, * p<0.05.
Figure adapted from Bebber et al., 2021, Nature Communications.

2.3 SCLC cell lines are segregated by ferroptosis response

When testing a larger panel of human SCLC cell lines for response to ferroptotic stimuli
it was revealed that they divided into subsets of responders (black) and non-responders
(grey) equally upon stimulation with erastin and RSL3 (Figure 13A, B). Furthermore,
upon GPX4 inhibition in representative cell lines from each subset, responders (H82)
accumulated lipid ROS but non-responders (H2171) failed to accumulate lipid ROS using
BODIPY C11 for FACS analysis (Figure 13C, D). However, human non-responders were
still capable to accumulate total ROS upon RSL3-induced ferroptosis measured by the
fluorescent dye H2DCFDA for FACS analysis (Figure 13E).

Moreover, while responders showed decreased levels of GSH upon SLC7A11 inhibition
by erastin, non-responders did not reveal a difference in GSH level upon erastin treat-
ment measured using the fluorescent dye monochlorobimane (MCB) for FACS analysis
(Figure 13F).

In conclusion, a panel of human SCLC cell lines divided into ferroptosis non-responders
and responders, equally separated by erastin and RSL3 treatment. Furthermore, ferrop-
tosis induction failed to accumulate lipid ROS in non-responders as well as a reduction
in GSH levels.
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Figure 13 SCLC cell lines segregate by ferroptosis response.

A, B Eight human SCLC cell lines were treated as indicated for 24 h, cell viability was determined by
Cell Titer Blue. C The indicated human SCLC cells were treated with DMSO, RSL3 [100 nM] or
RSL3/Fer-1 [5 uM] for 5 h and stained for lipid ROS accumulation using BODIPY C11. D, F the indi-
cated human SCLC cells lines were treated with DMSO, RSL3 [1 uM] or RSL3/Fer-1 [5 yM] for 5 h and
stained for lipid ROS accumulation using BODIPY C11 and for general ROS accumulation using
H2DCFDA. Fold change (FC) mean fluorescence intensity (MFI) was quantified, n=4 biological repli-
cates. E the indicated cell lines were treated with erastin [10 uM] or erastin/Fer-1 [5 uM] and stained
for GSH levels using MCB. Cells were analysed by flow cytometry. Grey=DMSO treated, violet=RSL3
or erastin treated, turquoise=RSL3 or erastin/Fer-1 treated. Data are means +/- SEM of three inde-
pendent experiments in each individual cell line or histograms were applicable. One-way ANOVA +
Tukey’s multiple comparison test, *** p<0.001, ** p<0.01, * p<0.05, ns>0.05. Viability assays (A, B)
were contributed by Emily Thomas and Zhiyi Chen. Figure adapted from Bebber et al., 2021, Nature

Communications.
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2.4 SCLC ferroptosis response and neuroendocrine subtypes

SCLC is not a uniform disease but consists of several molecular subtypes characterised

by the expression of NE differentiation markers, which differ in cell signalling #2*24°

, cell
of origin 2'° or arise as a consequence of intratumoural plasticity '®?%. Hence, next it
was assessed whether ferroptosis sensitivity was a common feature of all molecular sub-
types of SCLC. To test a variety of SCLC subtypes, a larger panel of human (n=8) SCLC

lines representative of different SCLC molecular subtypes was used 2'.

241 SCLC ferroptosis response separates neuroendocrine subtypes

To identify markers of ferroptosis sensitivity and resistance in SCLC, differential expres-
sion analysis of RNA-seq data in human SCLC cells '®® was performed comparing three
ferroptosis responder and five non-responder cell lines. Analysis of log2-transformed
FPKM-normalised of RNA-seq data of the 50 most differentially expressed genes re-
vealed increased expression of the important transcription factor for neuroendocrine dif-
ferentiation ASCL1 in non-responders (Figure 14A). For computation an R script was

used including the R packages gplots and RColorBrewer.

Interestingly, expression levels of the important ferroptosis genes such as SLC7A11,
GPX4, ACSL4, TFRC and FSP1 did not differ substantially between non-responders and
responders (Figure 14B). However, non-responders showed increased expression of
ASCL1, responders instead expressed elevated mRNA levels of REST1 (also called
neuron-restrictive silencing factor NRSF) (Figure 14B). Western Blot analysis of a sen-
sitive and resistant cell line confirmed similar expression level of GPX4 and an increased
expression of REST1 together with decreased expression of ASCL1 in responders (Fig-
ure 14C).

Consistently, gene set enrichment analysis (GSEA) analysis confirmed that a gene set
representing upregulated ASCL1 target genes %*° was enriched in non-responders while
a REST1 signature gene set was enriched in ferroptosis sensitive cells (Figure 14D).
While ASCL1 is known to promote NE differentiation, REST1 suppresses NE differenti-
ation in SCLC 232" Moreover, RNA-seq data of human SCLC cell lines plotted for area
under the curve (AUC) data of a drug sensitivity screen for the GPX4 small molecule
ML210 separated by high and low ASCL1 expression ?*’ revealed a correlation of high
ASCL1 expression and low ML210 sensitivity (Figure 14E).
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Figure 14 SCLC neuroendocrine subtypes segregate by ferroptosis response.

A RNA-seq data '8 of human SCLC lines (sensitive n=3 cell lines, H524, NCIH82, H526; resistant n=5
cell lines, NCIH889, NCIH1092, CORL88, H1836, H2171) were analysed for differential expression
between responders and non-responders, heatmap represents hierarchical clustering of FPKM
(log2+0.01) of the 50 most differentially expressed genes. Heatmap colour code indicates expression
levels between each sample and the average of each gene, dendrogram shows distance between
sample populations. B ASCL1 and REST1 expression (FPKM (log2+0.01) comparing three sensitive
and five resistant cells is plotted, boxplot center line, mean; box limits, upper and lower quartile; whisk-
ers min. to max. Two-way ANOVA + Tukey’s multiple comparison test, ****p<0.0001, ***p<0.001,
ns>0.05. C Protein extracts were obtained from sensitive cells (H82) and resistant cells (H2171). Rep-
resentative Western Blot is shown. D Gene set enrichment analysis (GSEA) of a ranked list of differ-
entially expressed genes from human ferroptosis sensitive and resistant cells (A) was performed for
ASCL1 targets (Enrichment score (ES)=0.62, p<0.01) and REST1 targets (ES=-0.42, p<0.01) 2":252 E
Area under the curve (AUC) ML210 drug response in ASCL1 high (n=14) and ASCL1 low (n=13) ex-
pressing human SCLC cell lines ?*” and can be found in Rees et al. and Seashore-Ludlow et al. 244245,
Bioinformatic analysis (A) was contributed by Dr. Armin Khonsari. Figure adapted from Bebber et al.,

2021, Nature Communications.
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2.4.2 Mouse SCLC cell lines segregate by ferroptosis response

Interestingly, mouse SCLC cells can spontaneously transdifferentiate from non-NE state
marked by REST1 expression to an NE state marked by ASCL1 expression, a transition
phenotypically manifested by adherent growth (“sticker’) and growth in suspension
(“floater”), respectively 2°¢223_ Hence, murine SCLC cell lines from three different tumour-
bearing RP-mice (RP181, RP246 and BYC5) were generated next and validated for iso-
genic spontaneous transition between the stickers and floaters state in these cells (Fig-
ure 15A). Isogenic spontaneous NE differentiation could be validated by Western Blot
analysis revealing distinct protein expression of non-NE markers, such as REST1 (in
RP181.5 and RP246.7), YAP1 and VIM in sticker cells and protein expression of NE
markers, such as ASCL1 and SYP in floater cells (Figure 15B).

Confirming the observations made in human SCLC cell lines, all isogenic NE floater cells
were indeed more resistant to ferroptotic stimulation with RSL3 or erastin, while non-NE
sticker cells were highly sensitive analysed using IncuCyte real-time live cell imaging
(Figure 15C, D). Furthermore, floater unlike sticker cells showed impaired accumulation
of lipid ROS and total ROS upon GPX4 inhibition monitored by BODIPY C11 and
H2DCFDA staining and analysed by FACS (Figure 15 E, F). Importantly, ferroptosis sen-
sitivity or resistance was not determined by cell adherent or non-adherent states, as all

human responder and non-responder cell lines grow in suspension (Figure 13A, B).
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Figure 15 Murine SCLC neuroendocrine subtypes segregate by ferroptosis response.
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A Representative images of 181.5 sticker and floater cells out of at least three independent biological
experiments, scale bar=400 um. B Protein extracts were obtained from three different sticker and
floater cell lines. Western Blot of SCLC NE subtype marker expression in the indicated manually sep-
arated stickers and floaters lines (n=3). C, D Manually separated stickers and floaters lines (n=3) were
treated with RSL3 [1 uM] (B) and erastin [10 uM] (C) for 24 h, DRAQ7 [0.1 uM] was added to all wells
and cell death was quantified using IncuCyte real-time live cell imaging. E, F indicated murine SCLC
cells were treated with RSL3 [1 uM] and RSL3/Fer-1 [5 uM] for 6 h. Total ROS was determined by
H2DCFDA staining. Fold change (FC) mean fluorescence intensity (MFI) was quantified, n=3 biological
replicates. Data are means +/- SEM of three or more independent experiments or representative im-
ages if not indicated otherwise. Data are means +/- SEM of three or more independent experiments or
representative Western Blots or images where applicable. One-way ANOVA + Tukey’s multiple com-
parison test, ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05. Figure adapted from Bebber et al., 2021,

Nature Communications.

2.4.3 Neuroendocrine subtypes do not segregate by chemotherapy response

To test whether division of tested cell lines into responders and non-responders was
unique to ferroptosis, cell lines were tested for chemotherapy response using the stand-
ard-of-care cytostatics cisplatin and etoposide '*°. Stimulation with increasing concentra-
tions of cisplatin and etoposide did not show the same segregated response pattern as
for ferroptosis treatment but all tested human cell lines responded equally (Figure 16A,
B). Moreover, tested murine sticker and floater cells responded equally to cisplatin or
etoposide treatment (Figure 16C, D).
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Figure 16 SCLC neuroendocrine subtypes do not segregate by chemotherapy response.

A, B The indicated five human SCLC lines were treated with indicated rising concentrations of cisplatin
(A) or etoposide (B) for 72 h, cell viability was determined by Cell Titer Blue. For each cell line n=3
biological replicates. C, D RP 181.5 sticker and floater were treated with indicated rising concentrations
of cisplatin (C) or etoposide (D) for 72 h, cell viability was determined by Cell Titer Blue. For each cell
line n=3 biological replicates. Data are means +/- SEM of three or more independent experiments.
Figure adapted from Bebber et al., 2021, Nature Communications.

2.4.4 Cells with acquired ferroptosis resistance are more sensitive to

chemotherapy

To test whether cells with acquired ferroptosis develop collateral sensitivity or resistance
to chemotherapy, SCLC cells were treated with rising concentrations of RSL3 for three
months to render them resistant (Figure 17A). Strikingly, ferroptosis resistant cells were
indeed more sensitive to cisplatin (Figure 17B). Interestingly, a slight decrease in Acsl4
expression could be observed in RSL3-resistant made cells but expression levels of
other important ferroptosis pathway components and NE markers were comparable be-

tween parental and RSL3 resistant cells (Figure 17C).
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Figure 17 RSL3 resistant made cell lines are more sensitive to cisplatin treatment.

A, B the indicated murine SCLC cell lines were treated as indicated with rising concentrations of RSL3
(A) or cisplatin (B) for 24h and 72 h respectively, cell viability was determined by Cell Titer Blue. For
each cell line n=3 biological replicates. C Protein extracts from indicated RSL3-resistant (R) and pa-
rental cell lines were obtained and subjected to Western Blot analysis. Data are means +/- SEM of
three or more independent experiments or representative Western Blots are shown.

245 MYC and YAP1 overexpression increases ferroptosis sensitivity

Recently, a role of MYC expression in subtype plasticity has been described. MYC ex-
pression can lead to dedifferentiation from NE ASCL1 expressing subtype (SCLC-A) via
NEUROD1 expressing subtype (SCLC-N) to the non-NE YAP1 expressing subtype
(SCLC-Y) over time 8220,
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To further examine the role of NE differentiation in ferroptosis response segregation in a
genetically-defined experimental set-up, mouse SCLC cells (RP) were compared to cells
derived from the RPM GEMM, here expression of constitutively active cMyc T58A in
which threonine 58 has been exchanged by alanine in addition to Rb1 and Tp53 KO
leads to largely non-NE differentiated tumours '®°. Strikingly, RPM cells were more sen-
sitive to ferroptosis induced by erastin and RSL3 treatment than RP cells monitored by
Cell Titer Blue cell viability assay (Figure 18A, B). Western Blot analysis could indeed
confirm slightly increased expression of the non-NE markers REST1 and VIM but did not
reveal a difference in YAP1 expression (Figure 18A, B, C). Additionally, confirming that
different ferroptosis sensitivity does not stem from cell adhesion or suspension state, RP

and RPM cells all grow under adherent conditions.

Interestingly, it was shown that cMyc T58A expression promotes Ne to non-NE differen-
tiation in SCLC by upregulating the non-NE marker YAP1 in the RPM mouse model %%.
Additionally, YAP1 was recently shown to promote ferroptosis sensitivity of cells cultured
at low confluence 2°*2%, Therefore, non-NE sticker cell were transduced with a constitu-
tively active mutant of YAP1 in which all five serines haven been mutated to alanines
(YAP1 5SA) 2°°2% tg test whether YAP1 was sufficient to render cells even more ferrop-
tosis sensitive. Indeed, sticker cells overexpressing YAP1 5SA displayed an increased
ferroptosis sensitivity accompanied by slightly increased REST1 expression (Figure 18D,

E, F).

Taken together, this suggests that ferroptosis sensitivity further increases along with dif-

ferentiation from NE to non-NE cellular states.
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Figure 18 Non-ne SCLC cells are more sensitive to ferroptosis.

A, B The indicated mouse RP and RPM (RPM mouse model) cell lines were treated with increasing
concentrations of RSL3 (A) or erastin (B) for 24 h, cell viability was determined by Cell Titer Blue. C
Cells as in (A) were analysed for protein expression by Western Blotting. D, E 181.5 stickers express-
ing either vector control or YAP1 5SA-YFP were treated with RSL3 [1 uM] or erastin [10 uM] for 24 h
DRAQ7 [0.1 uM] was added to all wells to visualise dead cells (red colour in image). Images were
acquired every 2 h using the IncuCyte S3 bioimaging platform, n=4 biological replicates. Images shown
are acquired after 10 h. Scale bar = 200 um. Representative images out of four independent biological
replicates are shown. F Cells as in (D, E) were analysed for protein expression by Western Blotting.
Representative Western Blot images are shown. Data are means +/- SEM of three or more independ-
ent experiments or representative images if not indicated otherwise. Two-tailed unpaired ¢ tests,
****p<0.0001. Figure adapted from Bebber et al., 2021, Nature Communications.

Due to the fact, that SCLC subtypes are not only characterised by ASCL1 and REST1,
expression of all described NE subtype markers ASCL1, NEUROD1, YAP-1, POU2F3,
REST1, ATOH1 and NE subtype-related markers, such as MYC, MYCL, HES1 (see Fig-
ure 5) %" was analysed and compared using RNA-seq data murine and human cells.
This analysis confirmed that human non-responders belong to the SCLC-A subtype ex-
pressing high levels of ASCL1 and very low levels of REST1 (Figure 19A). All three hu-
man responder cell lines express increased REST1 levels and belong either to the
SCLC-N subtype expressing NEUROD1 (H82, H524) or the SCLC-P subtype expressing
POU2F3 (H526). None of the tested human SCLC cell lines belongs to the SCLC-Y sub-

type.
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Murine non-responder floater cells (181.5) and a mixed population of sticker and floater
cells (246.7) were characterised by high Ascl1 expression (Figure 19B). Murine re-
sponder sticker cells were characterised by increased Rest1 and Yap1 expression and
low Ascl1 expression which could also be confirmed on protein level (see Figure 13B).
All murine cell lines presented with low Neurod1 and low Pou2f3 expression. The newly
identified non-NE marker ATOH1 "®" was expressed generally at very low levels in all
human and murine cell lines analysed.

In conclusion, ferroptosis responders and non-responders are mainly characterised by
high ASCL1 and high REST1 expression, respectively. While NEUROD1 and HES1 ex-
pression does not correlate with ferroptosis sensitivity in human SCLC cells and ex-
pressed only at very low levels in murine SCLC cells, non-NE markers POU2F3 and

YAP1 were expressed at higher levels in responders.

While Myc and Mycl expression levels segregate murine responders and non-respond-
ers, this segregation could not be confirmed in human responders and non-responders.
Taken together, this analysis revealed that human and murine responders and non-re-
sponders show a clear segregation of responders and non-responders by high ASCL1
and REST1 expression, respectively, but do not show identical expression patterns of all

described NE and non-NE markers.
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Figure 19 NE marker expression in human and mouse SCLC cell lines.
A, B RNA-sequencing of indicated human (A) and murine (B) SCLC cell lines. FPKM data were log2
transformed (+0.01) and plotted for expression of non-NE/NE marker genes. Heatmap colour code

indicates expression levels.
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2.5 Ferroptosis responders are characterised by a ferroptosis-prone
lipidome

The accumulation of peroxidised membrane lipids is the crucial hallmark of ferroptosis
which allows for membrane pore formation and destabilisation of the lipid bilayer %%
Within the plasma membrane, PUFAs are especially sensitive to lipid peroxidation 2.
Within this PUFA pool, AA- and AdA-containing PE species were identified as ferropto-
sis-specific peroxidation targets which are by orders of magnitude less peroxidised dur-
ing other types of PCD %°%®. Recently, ether-linked phospholipids synthesised in peroxi-
some and ER were identified to be specifically peroxidised during ferroptosis and thereby

contribute to the lipid peroxide pool and drive ferroptosis (Zou et al., 2020).

ACSL4 was identified as one of the first proteins genetically required for cells to undergo
ferroptosis 2. ACSL4 mediates esterification of AA and AdA with CoA forming Acyl-CoA
which can then be used for anabolic PUFA biosynthesis thereby generating the lipid pe-
roxidation target pool. Similarly, LPCAT3 contributes to ferroptosis by incorporation of

AA into phospholipids of cellular membranes "27>7¢,

2.51 Ferroptosis sensitive SCLC presents with increased fatty acid metabolism

To analyse gene expression of ferroptosis regulators log2-transformed TPM-normalised
RNA-seq data of RP 181.5 sticker to floater cells was compared. For computation an R
script was used including the R packages gplots and RColorBrewer. While expression
patterns of the important ferroptosis regulators GPX4, SLC7A11, FSP1 (=AIFM2), and
TFRC/CD71 could not explain increased ferroptosis sensitivity of non-NE stickers,
ACSL4 and LPCAT3 were indeed expressed at slightly elevated levels (Figure 20A).
Furthermore, GSEA analysis revealed an enrichment of a fatty acid metabolism gene set
including genes, such as ACSL4 and the important fatty acid synthesis enzyme fatty acid
synthase (FASN) % in ferroptosis sensitive human SCLC cells (Figure 20B). Expression
data of an NIH SCLC cell line panel independently confirmed an inverse correlation of
ASCL1 and ACSL4 expression (Figure 20C).

Together these data indicated increased availability of phospholipids as targets of lipid

peroxidation during ferroptosis in non-NE SCLC.
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Figure 20 non-NE SCLC presents with increased levels of ACSL4 and upregulated lipid metab-
olism.

A 181.5 sticker and floater cells were subjected to RNA-sequencing. TPM data were log2 transformed
(+0.01) and plotted for relative expression of genes involved in ferroptosis. Heatmap colour code indi-
cates expression levels between each sample and the average of each gene, dendrogram shows dis-
tance between sample populations. B Gene set enrichment analysis (GSEA) of a ranked list of differ-
entially expressed genes from human ferroptosis sensitive and resistant cells was performed for fatty
acid metabolism genes (Enrichment score (ES)=-0.578, p<0.001 25252, C The NIH SCLC cell line panel
(n=48 cell lines) was segregated by ASCL1 expression (high=log2 (FPKM +0,01)> 3) (low=log2 FPKM
+0,01< 3) and ACSL4 mRNA expression is plotted. Two-tailed unpaired { tests. * p<0.05 Cell line panel
expression data are available at Expression Atlas https://www.ebi.ac.uk/gxa/home.

2.5.2 Ferroptosis sensitive SCLC presents with increased basal levels of

peroxidised lipids

To further analyse differences in lipid metabolism in SCLC NE subtypes the oxidised
lipidome was analysed in isogenic sticker and floater cells upon RSL3-induced ferropto-
sis using Liquid Chromatography coupled to Electrospray lonisation Tandem Mass Spec-
trometry (LC-ESI-MS/MS). Comparison of the amounts of phospholipid peroxidation
products such as oxidised PUFA-PE species revealed already highly increased basal
levels in sticker cells compared to floater cells (Figure 21A). Cells were treated with RSL3
for a sublethal period which further increased amount oxidised phospholipids in sticker
cells but not in floater cells (Figure 21A). Due to the fact, that already basal levels of
oxidised PUFA species were strongly increased in sticker as compared to floater cells, it
was tempting to hypothesise that non-NE/NE transdifferentiation may affect the metab-
olism of PUFA-containing phospholipids. To examine this, Nano-Electrospray lonisation
Tandem Mass Spectrometry (Nano-ESI-MS/MS) of total amounts of unoxidised phos-
pholipids in extracted lipids from stickers and floaters was performed and revealed that
the majority of diacylglycerol (DAG) PUFA levels detected were either comparable or

elevated in ferroptosis resistant floaters (Figure 21B, C).
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Next, mass spectrometry analysis of ether-linked PUFA species was performed and in-
deed revealed upregulation of ether-linked PE and phosphatidylcholine (PC) species
(Figure 21D, E).
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Figure 21 non-NE/NE SCLC subtypes undergo lipid metabolism remodelling.

A Heatmap showing the representation of mono-oxidised phospholipid species (PE, phosphatidyleth-
anolamine; PC, phosphatidylcholine) in RP181.5 sticker cells as compared to RP181.5 floater cells
treated with either DMSO or RSL3 [1 uM] for 5 h and then subjected to lipidomics. Samples for each
condition (n=5) were averaged and normalised to the cell number (2.5x10°). Each lipid species was
normalised to levels detected in floaters +DMSO. One representative out of two independent experi-
ments is shown. Heatmap colour code indicates normalised lipid species levels of each sample. B, C,
D, E 181.5 sticker and floater cells (n=5 samples) were analysed for basal diacylglycerol (DAG) and
ether-linked lipids by mass spectrometry. Lipid content was normalised to cell number and infused
protein for each condition and replicate. Individual PUFAs (4 double bonds or more) are plotted. Data
are means +/- SEM of three independent experiments. Two-tailed unpaired t tests (E) Two-way
ANOVA + Tukey’s multiple comparison test, ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05. Figure
adapted from Bebber et al., 2021, Nature Communications.

2.5.3 Ferroptosis sensitive SCLC presents with increased ether-linked

phospholipid synthesis

To validate whether ferroptosis sensitive non-NE SCLC is characterised by increased
ether-linked phospholipid synthesis, mMRNA expression of enzymes involved in their spe-
cific synthesis (Figure 22A) was performed in three pairs of isogenic non-NE sticker com-
pared to NE-floater cells. Synthesis of ether-linked phospholipids is initiated in peroxi-
somes, here fatty acyl-CoA reductase 1 (FAR1), glyceronephosphate O-acyltransferase

(GNPAT) and alkylglycerone phosphate synthase (AGPS) synthesise the ether lipid
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precursor 1-O-alkyl-glycerol-3-phosphate (AGP), which is then acylated at the sn-2 po-
sition in the ER ?®'. Although the exact mechanism of ether-linked phospholipid synthesis
in the ER is not fully elucidated yet, depletion of the ER-resident enzymes 1-Acylglycerol-
3-Phosphate O-Acyltransferase (AGPAT) and plasmanylethanolamine desaturase 1

262,263

(PEDS1) were identified to cause reduced ether-linked phospholipid synthesis

Interestingly, expression of several enzymes involved in ether-linked phospholipids was
overall elevated in murine non-NE SCLC sticker cells analysed by qRT-PCR (Figure
22B). Furthermore, Lpcat3 and Acsl4, two enzymes specifically involved in AA and Ada
containing phospholipid synthesis were upregulated in all three sticker cell lines (Figure
22B). Since ether-linked PUFAs and their synthesis were recently shown to promote
ferroptosis sensitivity *’, next it was assessed whether knockdown of responsible en-
zymes would render sticker cells more resistant to ferroptosis. Indeed, upon siRNA me-
diated silencing of Agpat2 or Agpat3, non-NE 181.5 and 246.7 SCLC sticker cells were

less sensitive to ferroptosis (Figure 22C, D, E, F).

Together these data showed that lipid metabolism remodelling during non-NE/NE trans-

differentiation contributes to their ferroptosis sensitivity and resistance, respectively.



Results 47

A 9000000000000000000000 B
0000000000006 000000000
§ § 5 §
S S R d ¥
gPCR
PEDS1
® sticker
AGPAT3 0.020
® . floater
0.015 $

|
AGP

1-acyl-DHAP — Fatty alcohol

phospholipid & 7}" 0\'1‘ 5@ s e\b‘ Q@
L R N s

relative expression (2*-ACT)
o
2
o

[ ] .
Acy-COADHAP  Acyk-CoA AAAdA phospholipid
®  etherlinked PUFA phospholipid
v.
C £
,l)’b
'
2 1200
= [ —o— 181.5 mock siRNA e
g + Agpat2
. 1000+ -= 181.5 Agpat2 siRNA .
2 5001 ] - 181.5 Agpat3 siRNA B-Actin
c 4 4 4 4
3 600 [ T 13 o
o + =T T
S 4004 Agpat3
2
Qo
200
° R-Actin
¢ =T
S U K G S b0 DS Y RP 181.5 ST
time (hours)
&
E F e?‘ é@‘
g- %)
& @
o i
&
2 1400- ' |
8 —e— 246.7 mock siRNA 43 kDaﬂ Agpat2
£ 1200 TTT . 34 kDa —
% 1000 -m- 246.7 Agpat2 siRNA
;- 800 1 -+ 246.7 Agpat3 SiRNA 43 kDa_.. B-Actin
3 -
8 6004 55 kDa —
5 i+ - Agpat3
3 4004 43 kDa—
8 200 55 kDa—| 1 _
b B-Actin
S 0 43 kDa— .
©
NIRRT PR RP 246.7 ST

time (hours)

Figure 22 Non-NE SCLC subtype presents with increased ether-lipid synthesis.

A In the peroxisome, ether-linked phospholipid synthesis begins with synthesis of fatty alcohol from
Acyl-CoA DHAP mediated by glyceronephosphate O-acyltransferase (GNPAT) or directly from Acyl-
CoA mediated by fatty acyl-CoA reductase 1 (FAR1). Fatty alcohol is converted into the ether lipid
precursor 1-O-alkyl-glycerol-3-phosphate (AGP) by alkylglycerone phosphate synthase (AGPS). In the
endoplasmatic reticulum (ER), AGP is then acylated at the sn-2 position enzymes under involvement
of the enzymes 1-Acylglycerol-3-Phosphate O-Acyltransferase (AGPAT) and plasmanylethanolamine
desaturase 1 (PEDS1) but the exact mechanism is not yet fully elucidated. Scheme was created with
Biorender.com and adapted from Tang and Kroemer, 2020 2%°. B RNA was isolated from three sticker
floater cell lines (RP181.5; RP246.7; BYC5.1), respective cDNA was transcribed and gPCR performed
for the indicated transcripts. C, E RP181.5 (C) and RP246.7 (E) sticker cells were subjected to the
indicated siRNA-mediated knockdown of Agpat2 and Agpat3 for 72 h and then treated with RSL3 [1
pM] for an additional 24 h. DRAQ7 [0.1 uM] was added to all wells to visualise dead cells. Images were
acquired every 2 h using the IncuCyte S3 bioimaging platform. For each condition n=3 biological rep-
licates. Dead cells/image are normalised to cell confluence at the beginning of RSL3 treatment. D, F
Representative Western Blots of cells as in (C, E) are shown. Data are means +/- SEM of three
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independent experiments or representative images where applicable. One-way ANOVA + Tukey’s mul-
tiple comparison test, ** p<0.01, * p<0.05, ns>0.05. Scheme was drawn with fully licensed Bioren-

der.com. Figure adapted from Bebber et al., 2021, Nature Communications.

2.5.4 SCLC patient data confirm altered lipid metabolism in ASCL1-low patients

To determine the levels of expression of ether-linked phospholipid synthesis pathway
components in non-NE SCLC in treatment naive patients, RNA expression data were
firstly analysed for ASCL 1 expression, revealing a fraction of ten ASCL 1-low expressing
patients (Figure 23). In these patients, low ASCL1 expression indeed correlated with
increased expression of GNPAT, ACSL4 and, slightly increased AGPAT3 expression
(Figure 23).

Taken together, we have shown that increased lipid metabolism and upregulation of
ether lipid metabolism is a hallmark of non-NE SCLC and thereby promotes ferroptosis
sensitivity. Moreover, non-NE to NE transdifferentiation involves downregulation of
ether-linked phospholipid synthesis resulting in a lipidome which is less prone for lipid

peroxidation.
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Figure 23 ASCL1'°" SCLC express higher levels of lipid ether metabolism genes.

RNA-seq expression data in FPKM (fragments per kilobase of exon model per million reads mapped)
from normal lung %® (n=22) and chemo-naive SCLC patient samples ' (n=67) were log2 transformed
(+0.01) and plotted for relative expression of the indicated genes. Heatmap colour code indicates ex-
pression levels between each sample and the average of each gene, dendrogram shows distance
between sample populations. Figure adapted from Bebber et al., 2021, Nature Communications.
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2.6 SCLC subtypes divide by two distinct redox pathway dependencies

2.6.1 Non-NE SCLC is dependent on the GSH-based anti-oxidant redox pathway

ASCL1-low expressing human and murine SCLC cells were identified to be ferroptosis
sensitive due to upregulated lipid metabolism and specifically increased ether lipid syn-
thesis, whereas ASCL1-high expressing SCLC cells were highly resistant. To now inves-
tigate why ASCL1-high SCLC can cope with ferroptotic stimulation, concentrations of the
maijor cellular antioxidant GSH and its oxidised form GSSG were examined in these cells
using a GSH/GSSG kit and by FACS analysis using a fluorescent dye as specific read-
outs. Contrary to expectations, human and murine ASCL1-high ferroptosis-resistant
SCLC cells in fact presented with lower basal levels of GSH whilst levels of reduced
GSSG were comparable with those in ferroptosis-sensitive cells (Figure 24A, B). These
observations indicated GSH synthesis to be specifically repressed in ASCL1-high ex-
pressing NE SCLC cells but not its recovery. In line with this, doxycycline (dox) inducible
overexpression of ASCL1 in two murine non-NE SCLC cell lines (RP285.5, RP252.7)
resulted in decreased expression of GCLC an essential enzyme for GSH synthesis (Fig-

ure 24C) and consequentially in decreased cellular amounts of GSH (Figure 24D).

However, inducible overexpression of ASCL1 in non-NE SCLC sticker cells was insuffi-
cient to induce an NE differentiated floater phenotype in line with prior observations in
SCLC non-NE/NE transition %2, Therefore, inducible ASCL1-expression in sticker cells

was also insufficient to render cells more resistant to ferroptosis induction (Figure 24E).

In conclusion, ASCL1 expression status can serve as a marker of ferroptosis resistance
in fully NE differentiated SCLC cell lines, but its induced expression is insufficient to drive

NE switch in the cellular system as well as ferroptosis resistance.
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Figure 24 SCLC-A cells presents with low GSH levels.

A Cellular GSH concentrations were quantified by GSH/GSSG Glo Assay (Promega) in the indicated
cell lines, n(H82, 181.5 stickers, 181.5 floaters)=4, n(H2171)=3 biological replicates. B cellular GSH
levels were determined by monochlorobimane (MCB) staining and flow cytometry (MFI- mean fluores-
cent intensity) in the indicated murine SCLC cell lines, n=3 biological replicates. C the indicated
ASCL1-inducible cell lines were treated as indicated for 24 h. Representative Western Blots are shown.
D cellular GSH levels were determined by MCB staining and flow cytometry (MFI- mean fluorescent
intensity) in the indicated murine SCLC cell lines upon 24h of doxycycline induction, n=4 biological
replicates. E RP285.5 cells were pre-treated with 0.1 and 1 yM Doxycycline for 48 h and treated with
RSL3 as indicated for 24 h, cell viability was determined by Cell Titer Blue, n=3 biological replicates.
Data are means +/- SEM of three or more independent experiments or representative Western Blots
where applicable. One-way ANOVA + Tukey’s multiple comparison test, ****p<0.0001, ** p<0.01, *
p<0.05, ns>0.05. Figure adapted from Bebber et al., 2021, Nature Communications.

At the same time, inducible as well as fully established ASCL1 expression in NE SCLC
cells decreased cellular GSH levels and thereby cellular redox potential. Still, all fully NE
differentiated SCLC cells tested were more resistant to ferroptosis induced by RSL3 and
erastin (see Figure 15C, D). Further confirming independence of human and murine
ASCL1-high expressing NE SCLC cell lines on GSH levels, they were resistant to fer-
roptosis induced by the GCLC inhibitor BSO (Figure 25A, B) albeit clearly reduced GSH
levels while ASCL1-low expressing SCLC cells were sensitive (Figure 25C). Importantly,
BSO treatment induced lipid ROS accumulation which could be blocked by co-incubation

with Fer-1 in murine non-NE SCLC (Figure 25D). Furthermore, ferroptosis could be
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induced in ASCL1-low expressing sticker cells but not in ASCL1-high floater cells upon

cystine starvation resulting in GSH depletion which was rescued with Fer-1 (Figure 25E).

Together, these data suggested that the initial decrease in GSH levels and thereby anti-
oxidant defence upon ASCL1 expression must drive a switch to usage of a compensatory
anti-oxidant defence system which is entirely independent of GSH in ASCL1-expressing
NE SCLC cells.

A B
BSO
-m- 181.5 sticker
—o— 246.7 sticker
140+ -+ 5.1 sticker
1204 -e- H82 181.5 floater
= 100- = H526 246.7 floater
o~
= H2171
2> 801 5.1 floater
£ H1836
S 604
8
> 404
204
0 T ,\l \l T '\l T T L
N %) N 250
ST
N Ny time (hours)
BSO [mM]
Cc D E
. Sensiti Loy [ o 1815 sticker
Resistant ensitive = g 80 —_ u 1815 floater
= c
H2171 H82 = o
= s 60
’ | N s
% A | unstained E 5 40
=| 5 £
9 H,0 @ z 20
s — - -] 0
N (}S\‘cﬁzq,&‘:é'\ o“\p*:z‘ié'\
mMcB * *

d ;;\6

of

Figure 25 ASCL1-low expressing SCLC cells are sensitive to GSH depletion.

A The indicated human SCLC cell lines were treated with indicated concentrations of BSO for 24 h,
cell viability was determined by Cell Titer Blue, n=3 biological replicates. B The indicated murine SCLC
cell lines were treated with BSO [10 mM] for 48 h in the presence of DRAQ7 [0.1 uM] to visualise dead
cells. Images were acquired every 2 h using the IncuCyte S3 bioimaging platform. For each cell line
n=3 biological replicates. C The indicated human cell lines were treated for 8 h with BSO [10 mM] and
stained for GSH levels using MCB. Cells were analysed by flow cytometry. Grey=untreated, blue=BSO
treated. D The indicated sticker cells were treated with DMSO, BSO [10 mM] +/- Fer-1 [5 uM] for 5 h
and stained for lipid ROS accumulation using BODIPY C11 and analysed by flow cytometry; mean
fluorescent intensity (MFI) was quantified, n=3 biological replicates. E 181.5 sticker and floater cells
were cultured in normal (Ctrl) or cystine-free medium (-Cys) +/- Fer-1 [5 uM] for 24 h, cell death was
quantified by propidium iodide (Pl) uptake and flow cytometry, n=3 biological replicates. Data are
means +/- SEM of three or more independent experiments. One-way ANOVA + Tukey’s multiple com-
parison test, ****p<0.0001, ** p<0.01, * p<0.05, ns>0.05. Figure adapted from Bebber et al., 2021,
Nature Communications.
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2.6.2 Neuroendocrine SCLC is characterised by TRX pathway addiction

Besides the GSH-based antioxidant redox system, the thioredoxin-based antioxidant re-
dox system can take over antioxidant defence in cells and compensate for GSH-defi-
ciency and vice versa %9 Here, reduced TRX serves as a redox equivalent for
PRDXs to reduce ROS species and lipid peroxides *3. The TXNRDs reduce TRX at the
expense of NADPH which can then function as a redox equivalent to reduce other oxi-
dised cellular substrates. %%4%_ TXNIP limits TRX availability for antioxidant defence by
binding reduced TRX (Figure 26A).

Based on the result, that ASCL1 expression suppresses GCLC in NE SCLC, it was
tempting to hypothesise that anti-oxidant defence in NE SCLC may be dependent on the
alternative TRX pathway. Thus, expression of important proteins of the TRX pathway
was examined in human ASCL1-low expressing non-NE compared to ASCL1-high ex-
pressing NE cells as well as murine sticker with floater cells. Western Blot analysis re-
vealed that TRXR1/TRXR2 were upregulated in human ASCL1-high SCLC cells and
slightly upregulated in murine ASCL1-high SCLC cells, as well as expression of TXNIP,
the negative regulator of TRX, was consistently increased in human and murine ASCL1-
high cells suggesting an increased activity of the TRX-pathway for antioxidant defence
(Figure 26B, C).

Indeed, treatment with the commonly used inhibitor of TXNRD1 and TXNRD2 Auranofin,
a thiol-reactive gold-containing compound clinically used for treatment of rheumatoid ar-
thritis ', led to a quicker time-dependent loss of fully-reduced TRX in ASCL1-high as
compared to ASCL1-low SCLC cells in redox shift assays supporting increased sensitiv-
ity of the TRX pathway in ASCL1-high expressing NE SCLC (Figure 26D, E).
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Figure 26 SCLC-A cells present with increased TRX pathway activity.

A Schematic view of genes involved in the TRX antioxidant pathway. B, C human (B) and murine (C)
cells were lysed and TRX pathway component expression was detected by Western Blot. Representa-
tive Western Blots are shown. D Indicated cells were treated with Auranofin [1 yM] for the indicated
times and subjected to redox shift assays. Densitometrical quantification of TRX redox forms is shown.
E 1.5x10° (H82) and 1x10° (H2171) cells were treated with Auranofin [1 uM] for the indicated times,
cells were lysed with 8% (w/v) TCA. TRX shift was analysed by Western Blot. Representative Western
Blots are shown. Data are means +/- SEM of three independent experiments or representative images
out of at least three independent experiments are shown. Two-way ANOVA + Tukey’s multiple com-
parison test, *** p<0.001, * p<0.05, ns>0.05. Redox shift assays (D, E) were contributed by Dr.
Michaela Hohne. Scheme was drawn with fully licensed Biorender.com. Figure adapted from Bebber

et al., 2021, Nature Communications.

Strikingly, human and murine SCLC cells treated with Auranofin revealed that NE SCLC
cell lines are selectively sensitive to Auranofin-induced cell death while non-NE SCLC
were resistant (Figure 27A, B). Stimulation with two other structurally distinct inhibitors
of TRXR1 (PX-12 and D9) confirmed sensitivity to TRX antioxidant pathway inhibition
(Figure 27C, D). Furthermore, Western Blot analysis could confirm increased expression
of Trx1 and Trxr1 in all floater cells as compared to sticker cells (Figure 27E).

In conclusion, results show that ASCL1-high expressing NE SCLC cells are selectively
dependent on the TRX anti-oxidant pathway while ASCL1-low expressing SCLC cells

are sensitive to ferroptosis.
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Figure 27 Neuroendocrine SCLC presents with TRX pathway addiction.

A Indicated cells were treated with Auranofin for 24 h, cell viability was determined by Cell Titer Blue.
B The indicated sticker and floater isogenic cell lines (n=3) were cultured separately and treated with
Auranofin [1 yM] for 24 h in the presence of DRAQ7 [0.1 uM] to visualise dead cells. Images were
acquired every 2 h using the IncuCyte S3 bioimaging platform. For each cell line n=3 biological repli-
cates. C, D 181.5 stickers and floaters were cultured separately and treated as indicated for 48 h. Cell
viability was determined by Cell Titer Blue, n=3 biological replicates. Data are means +/- SEM of three
or more independent experiments. One-way ANOVA + Tukey’s multiple comparison test, ****p<0.0001,
* p<0.05, ns>0.05. Figure adapted from Bebber et al., 2021, Nature Communications.

2.6.3 TXNRD1 inhibition does not induce ferroptotic cell

To determine, which type of cell death was induced by TRX pathway inhibition, sticker
and floater cells were stimulated with BSO and Auranofin, respectively and co-incubated
with different cell death inhibitors. BSO-induced cell death could be rescued by co-incu-
bation with Fer-1, DFO and by co-incubation with the general antioxidant N-acetylcyste-
ine (NAC) described to partially rescue ferroptosis ", but not by co-incubation with the
pan-caspase inhibitor zZVAD or the RIPK1 inhibitor Necrostatin-1s (Nec-1s), specifically
confirming ferroptotic cell death to be induced by BSO (Figure 28). Auranofin-induced
cell death in floater cells was ROS induced and could be partially rescued by NAC co-
incubation, but could not be rescued by Fer-1, DFO, zVAD and Nec-1s (Figure 28).
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RP 181.5 sticker
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Figure 28 Auranofin induced cell death is not rescued with Fer-1 co-incubation.

RP181.5 sticker and floater cells were treated with DMSO, BSO [10 mM] or Auranofin [1 yM] in com-
bination with Fer-1 [1 uM], DFO [100 uM], NAC [3 mM], zZVAD [20 uM] or Nec-1s [10 uM] for 24 h.
DRAQ7 [0.1 yM] (red colour in image) was added to all wells to visualise dead cells. Images were
acquired every 5 h using the IncuCyte S3 bioimaging platform. Scale bar=200 um. Representative

images out of three independent experiments are shown.

2.7 SCLC subtype plasticity is defined by redox pathway compensation

SCLC tumours are known to present with intratumoural NE subtype heterogeneity
208,223.249 \which can stem from differences in their cell of origin, cell signalling but also
plasticity between subtypes '¥22°. Hence, next it was examined how induction of either
ferroptosis or TRX pathway inhibition would affect subtype heterogeneity. To create an
in vitro scenario of NE intratumoural heterogeneity, manually separated sticker cells were
used, utilising the fact that they already contain a subpopulation of cells in the process
of NE transdifferentiation with high expression of ASCL1 resulting in an isogenic mixed
ASCL1-high/ASCL-low culture. Interestingly, while a morphologically distinct subpopula-
tion of SCLC cells with a suspension-like shape and a bright nuclear ASCL1 staining
could be observed in DMSO-treated cells, this population was selectively depleted upon
Auranofin treatment which did not affect the total numbers of ASCL1-low expressing
sticker cells as visualised by DAPI (Figure 29). Induction of ferroptosis using BSO, albeit
reducing the amount of ASCL1-low expressing cells indicated by DAPI staining, led to a
strong relative enrichment in ASCL1-high expressing cells (Figure 29).



Results 56

ASCL1 DAPI MERGE

Figure 29 Single treatment regime selectively depletes ASCL1-low or ASCL1-high population.
RP181.5 sticker cells were treated with either DMSO (ctrl), Auranofin [500 nM] or BSO [500 pM] for
96 h and then fixed and stained for ASCL1 (red) and counterstained with the DNA-stain DAPI (blue).

Scale bar = 100 ym. Representative images out of three independent experiments are shown. Figure

CTRL

AURANOFIN

BSO

adapted from Bebber et al., 2021, Nature Communications.

Interestingly, when analysing mixed sticker and floater cell populations by FACS analysis
and gating on live cells, a proportion of these sticker cells transdifferentiated under BSO
treatment to the NE SCLC subtype marked by acquired ASCL1 expression (Figure 30).
In a manually separated floater cell population instead ASCL1 expression was lost in
13.2% of live cells under Auranofin treatment revealing a proportion of non-NE/NE plas-
ticity to depend on cellular redox signalling in SCLC (Figure 30).

Together, these observations suggest that in heterogeneous non-NE/NE SCLC tumours,
ferroptosis treatment may select for ASCL1-high NE cells over time while, vice versa,
TRX pathway inhibition might enrich tumours for ASCL1-low SCLC cells. Moreover, sin-
gle pathway targeted treatment may induce non-NE/NE plasticity which might promote

escape of SCLC subtypes by transdifferentiation.
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Figure 30 Single treatment regime promotes subtype plasticity.

Manually separated stickers and floaters were treated with either DMSO, BSO [10 mM] or Auranofin
[1 uM] for 24 h. Cells were gated on live cells and analysed for ASCL1 expression by flow cytometry.
FSC-H, forward scatter-heights. Representative FACS data out of three independent experiments are
shown. FACS experiment in this figure was contributed by Dr. Ariadne Androulidaki. Figure adapted
from Bebber et al., 2021, Nature Communications.

To prevent single therapy induced selection and subtype plasticity, ferroptosis inducing
treatment combined with TRX-pathway inhibition was examined. In fact, combined BSO
and Auranofin treatment (combo) induced synergistic cell death in both subtypes in hu-
man and murine SCLC cells (Figure 31A, B). Cell death induced by a combination of
sublethal doses of Auranofin with BSO (combo), could not be rescued by single Fer-1 or
NAC co-incubation but by combined Fer-1 and NAC treatment (Figure 31B, C). This in-
dicated that combo-induced cell death was partially dependent on ferroptosis upon lipid
ROS generation (Fer-1 rescued) and partially dependent on general ROS generation
(NAC rescued).

To confirm specificity of the combo treatment, siRNA mediated knockdown experiments
of the drug targets of BSO (Gclc), and Auranofin (Trxr1 and Trxr2) were performed. In-
deed, only combined targeting of all three genes induced synergistic cell death induction
in sticker and floater cells while knockdown targeting only one of the genes resulted in
low cell death rates (Figure 31D, E). In general, knockdown efficiency achieved in sus-
pension cells (floater) was in general lower than in adherent cells (sticker) (Figure 31E).
Accordingly, knockdown targeting Sic7a11 alone was insufficient to kill non-NE SCLC,
while co-stimulation with Auranofin slightly reduced cell viability (Figure 31F, G). To-
gether, these data revealed highly synergistic effects of combo treatment in all SCLC

subtypes and indicated a very rapid redox pathway plasticity in these cells enabling
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escape from ROS-induced stress within the 48 h knockdown experiments via use of the

alternative TRX pathway for anti-oxidant defence.
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Figure 31 BSO/Auranofin-induced cell death is partially ferroptotic and partially dependent on
ROS.

A 181.5 stickers and floaters were subjected to the indicated cross titrations for 48 h and cell viability
was determined by Cell Titer Blue. For each cell line n=3 biological replicates. C The indicated human
SCLC cell lines were treated with the indicated combinations of BSO [10 mM], Auranofin (AUR) [1 uM],
N-Acetyl Cysteine (NAC) [3 mM], Ferrostatin-1 (Fer-1) [5 uM] for 24 h. Cell death was quantified by
propidium iodide (PI) uptake and flow cytometry. For each cell line n=3 biological replicates. D the
indicated murine SCLC cell lines were either left untreated (ctrl), or treated as indicated: BSO [10 mM],
Auranofin (AUR) [1 uM], Deferoxamine (DFO) [100 uM], N-Acetyl Cysteine (NAC) [3 mM], Fer-1 [5 uM]
for 24 h. Cell viability was determined by Cell Titer Blue. For each cell line n=3 biological replicates. E
181.5 stickers and floaters were subjected to siRNA-mediated knockdown targeting the indicated
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genes for 72 h. Spontaneous cell death was quantified by propidium iodide (Pl) uptake and flow cy-
tometry. For each cell line n=3 biological replicates. F Representative cells as in (E) were subjected to
Western Blot analysis. Representative Western Blots are shown. G RP252.7 cells were subjected to
siRNA-mediated knockdown targeting the indicated gene for 72 h. Cell viability was determined by Cell
Titer Blue. For each condition n=3 biological replicates. H representative cells as in (h) were subjected
to Western Blot analysis. Representative Western Blots are shown. Data are means +/- SEM of three
independent experiments or representative FACS plots where applicable. One-way ANOVA + Tukey’s
multiple comparison test, ****p<0.0001, ** p<0.01, * p<0.05. Knockdown experiments (D-G) were con-
tributed by Jenny Stroh and Zhiyi Chen. Figure adapted from Bebber et al., 2021, Nature Communica-

tions.

2.8 Invivo treatment response

Since ferroptosis has been implicated in different types of cancer, several efforts are
presently underway to develop selective GPX4 inhibitors with increased bioavailability
for clinical use, however these have yet to fulfil pharmacokinetic requirements %224,
Therefore, the clinically progressed GCLC inhibitor BSO was used to assess in vivo lipid
ROS-dependent ferroptosis response (Figure 24, 25). Moreover, to repurpose a clinically
applied TRX pathway inhibitor for the treatment of SCLC, Auranofin was used for in vivo

treatment to allow for a more rapid clinical translation.

2.8.1 Combined inhibition of GCL and TXNRD1 reduces SCLC tumour growth in

vivo

As combined treatment using BSO and Auranofin has not yet been described in litera-
ture, first an applicable non-toxic dose had to be determined. However, the combination
of the published single maximal tolerated treatment doses (20 mM BSO ?*°, 10 mg/kg
Auranofin ?®°) led to severe toxicity after 3 days of treatment (Figure 32A). Therefore,
doses were decreased to reduce toxicity resulting in a well-tolerated combination of 5
mM BSO and 2.5 mg/kg Auranofin three times a week (7.5 mg/kg/week) monitored by

daily weight measurement (Figure 32B).
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Figure 32 Dose titration.
A Treatment scheme of tested treatments. B Weights of mice were monitored over the treatment

course.

To now test SCLC in vivo sensitivity, human representative ferroptosis responder cells
(H82) and non-responder cells (H2171) were subcutaneously injected into both flanks of
immunodeficient NMRI-Foxn1 nu/nu mice as a xenograft model. Upon detection of pal-
pable tumours, mice were randomised by tumour volume into two treatment groups re-
ceiving either vehicle or the combination of Auranofin and BSO (combo) to avoid subtype
plasticity for two consecutive weeks monitoring toxicity by daily weight control (Figure 33
A-D).

Strikingly, a very clear and significant response was observed in established human
ASCL1-low responder cells and ASCL1-high non-responder cells xenograft tumours in
vivo (Figure 33E, F). Confirming ferroptosis induction in vivo, histological analysis of
combo-treated tumours of both subtypes revealed an increase of the end product of lipid
ROS generation malondialdehyde (MDA) which was recently validated as a specific in

vivo ferroptosis marker %’ (Figure 33G).
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Figure 33 Combined ferroptosis induction and TRX pathway inhibition demonstrates broad
anti-tumour activity in human SCLC xenograft model in vivo.

A, B 8-weeks old male nude mice were injected s. c. with 1.5x10° H82 (n=20 tumours) or H2171 (n=8
tumours) cells into flanks. Once measurable, tumours were randomised for the indicated treatment
groups, n(H82 vehicle)=9, n(H82 combo)=11, n(H2171 vehicle)=4, n(H2171 combo)=4 biologically in-
dependent tumour samples. C, D Weights were monitored daily to control for toxicity effects. E, F 8-
weeks old male nude mice were injected with 1.5x10® H82 (E) and H2171 (F) cells into flanks. Once
palpable, tumours were treated either with vehicle (H82, n=9; H2171 n=4) or combined BSO [5 mM] in
the drinking water and Auranofin 3x per week i.p. [2.5 mg/kg] (H82, n=11, H2171 n=4) for two consec-
utive weeks. Fold change of initial tumour size is shown. Boxplot center line, mean; box limits, upper
and lower quartile; whiskers min. to max. G Sections from paraffin-embedded tumours of vehicle or
combo-treated mice (E, F) were stained by H&E or for MDA. Representative images are shown, scale
bar=200 ym. Significance was tested by two-way ANOVA + Tukey’s multiple comparison test,
****p<0.0001, * p<0.05. Figure adapted from Bebber et al., 2021, Nature Communications.
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To better mimic non-NE/NE intratumoural heterogeneity in SCLC patients, murine non-
NE sticker and NE floater cells containing 50% ASCL1- cells and 50% ASCL1+ cells
were co-transplanted subcutaneously into both flanks of immunodeficient NMRI-Foxn1
nu/nu mice (Figure 34A). Upon palpable tumour detection, mice were randomised ac-
cording to the tumour volume into four treatment groups receiving either vehicle, BSO,
Auranofin or combo for two consecutive weeks and toxicity was monitored by weighing
(Figure 34B-D).

Notably, only combo treatment achieved a significant anti-tumour response, whereas
both single treatments slowed early tumour growth, this trend was reversed in later as-
sessments, implying that NE/non/NE plasticity under single arm therapy might compen-
sate for SCLC tumour growth in vivo (Figure 34E). Indeed, immunohistochemical ASCL1
stainings of tumours after therapy that were manually quantified by H score quantification
as described in 4.2.10.3 2% revealed that ASCL1 histology scores of vehicle and
combo-treated tumours were comparable in bigger and smaller tumours, respectively
(Figure 34F). Unlike BSO-treated tumours, which only showed a trend toward enrichment
of ASCL1+ cells, Auranofin-treated tumours had a considerably lower ASCL1 score (Fig-
ure 34G).

As a result, only combined treatment can effectively overcome non-NE/NE plasticity in
heterogeneous SCLC under single drug treatment, resulting in a considerable anti-tu-
mour effect. Since we found SCLC NE subtypes to be addicted to mutually exclusive
antioxidant pathways, SCLC might be a particularly vulnerable entity for this combination

treatment strategy.
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Figure 34 Combined ferroptosis induction and TRX pathway inhibition demonstrates broad
anti-tumour activity murine in a SCLC allograft model for subtype heterogeneity in vivo.

A 181.5 stickers and floaters were mixed 50:50 and percentage of ASCL1+ cells was validated by flow
cytometry before subcutaneous injection. B 8-weeks old male nude mice were injected with 1.5x10°
RP181.5 mixed sticker/floater cells as shown in (Figure 34A) into flanks. Upon detection of palpable

tumours, mice were randomised into four different treatment groups as indicated (A) and treated as
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described in B for two consecutive weeks. C Scheme of different treatment groups. D Mouse weights
were monitored during treatment. E 8-weeks old male nude mice were injected with 50:50 mixed 181.5
stickers and floaters (B) at a total of 1.5x108 cells into both flanks. Once palpable, tumours were treated
either with vehicle (n=14), Auranofin [2.5 mg/kg] (n=10) 3x per week i.p., BSO [5 mM] (n=10) in the
drinking water or the combination (combo) (n=14) for two consecutive weeks. Fold change of initial
tumour size is shown. Boxplot center line, mean; box limits, upper and lower quartile; whiskers min. to
max. F Sections from paraffin-embedded tumours stained for ASCL1. Representative images are
shown, scale bar=100 ym. G ASCL1 H-score was quantified, n(vehicle)=14, n(BSO)=9, n(Aura)=10,
n(combo)=14. Significance was tested by two-tailed unpaired t-test (E, G), ****p<0.0001, * p<0.05,
ns>0.05. H score analysis (H, G) was contributed by Prof. Dr. Silvia von Karstedt. Figure adapted from
Bebber et al., 2021, Nature Communications.

To further validate efficacy of combo treatment in an immune-competent autochthonous
mouse model, an established GEMM for SCLC was used *'. In these mice, SCLC de-
velops as a consequence of Rb1 and Trp53 co-deletion (RP-mice) upon lung-specific
inhalation of Adeno-Cre within 6 months (Figure 36A). Moreover, intratumoural hetero-
geneity is observed in SCLC tumours in this GEMM as they contain both ASCL1-high
and ASCL1-low cells *'?%, Once a tumour with a mean volume of 15-30 mm® was de-
tected by MRI analysis, mice were randomised into two treatment groups and treated
with vehicle or combo for two consecutive weeks (Figure 35B). During time of treatment,
weights were assessed daily to monitor changes indicating toxicity (Figure 35C).
Whereas, tumour growth in all vehicle control mice progressed, tumour growth in 4 out
of 7 mice receiving combo treatment significantly regressed within two weeks monitored

by MRI analysis while weights remained stable (Figure 35D, E).
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Figure 35 Combined ferroptosis induction and TRX pathway inhibition demonstrates broad
anti-tumour activity in a SCLC GEMM in vivo.

A 8-12-week-old RP mice were inhaled intratracheally with 2.5x10” plaque-forming units (PFU) Adeno-
Cre virus to initiate SCLC development. B Tumour bearing RP-mice were randomised into two treat-
ment groups (vehicle, combo) upon tumour development. C Mouse weights were monitored during
treatment. D Tumour-bearing RP-mice were treated either with vehicle (n=8) or combined BSO [5 mM]
in the drinking water and Auranofin 3x per week i.p. [2.5 mg/kg] (n=7) for two consecutive weeks. Fold
change in tumour volumes was determined by quantifying initial tumour volume from MRI scans as
compared to tumour volume at the end of the treatment cycle using Horos software. E Representative
MRI images pre and post treatment of mice as in (D). Scheme was drawn with fully licensed Bioren-

der.com. Figure adapted from Bebber et al., 2021, Nature Communications. 2%,

2.9 Combined inhibition of GCL and TXNRD1 kills chemo-naive and
relapse SCLC CDXs ex vivo

Since CTCs and CTC-derived xenotransplants (CDXs) from SCLC patients have proven
to be a reliable tool for accurately predicting patient response to chemotherapy 6027
CDXs from a treatment-naive and a post-chemotherapy relapse SCLC patient were used
to investigate a potential response to combo therapy in this human SCLC patient model

system (Figure 36A, B).
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In line with both CDX lines expressing the NE marker ASCL1, they were sensitive to
Auranofin treatment and combo treatment but not BSO-induced ferroptosis. Tested pe-
ripheral blood monocytes (PBMCs) though were relatively resistant to stimulation with
BSO, Auranofin and the combination (Figure 36C) confirming prior data on resistance to

erastin-induced ferroptosis in PBCMs 2"

and suggesting potentially low levels of toxicity.
Importantly, combo treatment induced similar efficacy in chemotherapy-naive and re-
lapse CDXs (Figure 36C) indicating that response to combo treatment is not influenced

by prior treatments or relapse state.
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Figure 36 Combined inhibition of GCL and TXNRD1 kills chemo-naive and relapse SCLC CDXs
ex vivo.

A Isolation scheme of human CDXs. B Cellular morphology of human CDXs, scale bar=400 ym. C
Two CDXs or two healthy donor PBMCs were treated with DMSO, BSO [PBMCs, 500 uM; CDXs, 50
pMM], Auranofin [250 nM] or BSO [PBMCs, 500 uM; CDXs, 50 uM] /Auranofin [250 nM] for 24 h, cell
viability was quantified by Cell Titer Blue (CDXs) or flow cytometric quantification of propidium iodide
(Pl)-negative cells (PBMCs). Scheme was drawn with fully licensed Biorender.com. Figure adapted
from Bebber et al., 2021, Nature Communications.

210 Low expression of GPX4 and TXNRD1 is a marker for improved
outcome in SCLC patients

To determine whether expression of genes crucial for protection from ferroptosis (GPX4)
or cell death induced by TRX-pathway inhibition (TXNRD1) can serve as a prognostic
marker in SCLC patients, overall survival data of patients who had undergone surgical
resection '8 was analysed. Strikingly, low GPX4 as well as low TXNRD1 expression,
independently correlated with improved overall patient survival (Figure 37A, B). Further-
more, when genetically mimicking the tested combination treatment, by analysing com-
bined low expression of both GPX4 and TXNRD1, a small group of SCLC patients was
identified with drastically improved median survival time of 43.5 months as compared to
16 months median survival in patients with high GPX4 and TXNRD1 expression (Figure
37C). The expression of TXNRD1 and GPX4 in these patients did not correlate with
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chemotherapy or radiation treatment these patients received post-surgery and diag-
nosed stage IV patients were excluded from the analysis to avoid survival bias originating
from advanced tumour stage at diagnosis and stage Il patients were equally present in
both groups (n=4 in high/high; n=3 in low/low) &,

To test whether, the prognostic use of these markers was unique to SCLC patients, sur-
vival data of LUAD patients were analysed but did not significantly segregate by low
GPX4, TXNRD1 or combined GPX4 and TXNRD1 expression (Figure 37D-F). This fur-
ther suggests low combined GPX4 and TXNRD1 expression to be a specific prognostic
marker of drastically improved overall survival in SCLC.
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Figure 37 Low expression of GPX4 and TXNRD1 serves as prognostic marker set for improved
survival in SCLC patients.

A Kaplan-Meier survival curves for SCLC patients (n=77) '8 containing low (low 1/3 n=25, median
survival 33 months) or high (high 2/3 n=52, median survival 22.5 months) expression of GPX4 mRNA.
B As in (A) expression of TXNRD1 mRNA was correlated using the same cut-off (low=1/3, median
survival 38 months; high 2/3, median survival 22.5 months). C Kaplan-Meier survival curves for SCLC
patients with combined low or high GPX4 and TXNRD1 mRNA expression (low/low n=10, median
survival 43.5 months; high/high n=16, median survival 16 months). Two-sided log-rank (Mantel Cox)
test (A-C), * p<0.05. D Kaplan-Meier survival curves for LUAD patients from TCGA (n=503) contain-
ing low (low 1/3 n=167, median survival 48.5 months) or high (high 2/3 n=336, median survival 51
months) expression of GPX4 mRNA. E as in D, expression of TXNRD1 mRNA was correlated using
the same cut-off (low=1/3, median survival 50.5 months; high 2/3, median survival 45.2 months). F
Kaplan-Meier survival curves for LUAD patients from TCGA with combined low or high GPX4 and
TXNRD1 mRNA expression (low/low n=49, median survival 42.2 months; high/high n=218, median
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survival 45.2 months). Bioinformatic analysis data (D, E, F) were contributed by Dr. Filippo Beleggia.

Figure adapted from Bebber et al., 2021, Nature Communications.

In summary, data obtained in this study show for the first time that treatment-naive SCLC
exhibits signs of selection against extrinsic apoptosis and necroptosis and upregulates
SLC7A11, a gene protecting from ferroptosis. While the ASCL1-low expressing non-NE
SCLC subtype was identified to be exquisitely ferroptosis sensitive and to present with
increased lipid metabolism and a ferroptosis-prone lipidome, we find the ASCL1-high
expressing NE SCLC subtype to be resistant to ferroptosis but selectively vulnerable to
TRX pathway inhibition. Thereby, this study identified that SCLC ASCL1-low and high
expressing subtypes mechanistically segregate by ferroptosis sensitivity or resistance.
Importantly, heterogeneous SCLC cultures selectively deplete non-NE or NE subpopu-
lations upon single pathway targeting and demonstrate plasticity under treatment. Due
to subtype heterogeneity and plasticity of SCLC, combining ferroptosis induction with
TRX pathway inhibition demonstrates high therapeutic efficacy in SCLC xenografts, al-
lografts, GEMMs, patient-derived CDXs and moreover serves as prognostic marker set
in SCLC patients identifying a subset with drastically improved prognosis. These data
propose that combining ferroptosis induction with TRX pathway inhibition may specifi-
cally tackle the problem of intratumoural NE/non-NE heterogeneity and plasticity in
SCLC.

2.11 Data contribution

In this thesis, other researchers have contributed by generating/analysing some of the
data presented in the results section. The contributions of external researchers (Emily
Thomas (CECAD/von Karstedt laboratory), Zhiyi Chen (CECAD/von Karstedt labora-
tory), Jenny Stroh (CECAD/von Karstedt laboratory), Dr. Michaela Héhne (Biochemistry
Department/Riemer laboratory), Dr. Armin Khonsari (Translational Genomics/Sos labor-
atory), Dr. Filippo Beleggia (CECAD/Reinhardt laboratory), Prof. Dr. Silvia von Karstedt)
were clarified in the figure legends of the respective figure. Jenny Stroh contributed with

experimental repeats and technical assistance.
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3 Discussion

In this study, it has been identified for the first time, through systematic analysis of cell
death pathway availabilities in treatment-naive SCLC, that ASCL1-low expressing non-
NE SCLC is vulnerable to ferroptosis through subtype-specific lipidome remodelling.
ASCL1-high expressing NE SCLC, on the other hand, could be identified as ferroptosis
resistant and instead acquires selective addiction to the TRX anti-oxidant pathway. In
experimental settings of non- NE/NE intratumoural heterogeneity, non-NE or NE popu-
lations were selectively depleted by ferroptosis or TRX pathway inhibition, respectively.
Moreover, subtype plasticity observed under single redox-pathway targeting was pre-
vented by combined treatment of ferroptosis induction and TRX-pathway inhibition which
targets established non-NE and NE tumours in xenografts, genetically engineered
mouse models of SCLC, patient-derived cells and identifies a patient subset with drasti-

cally improved overall survival.

3.1 Cell death pathways in SCLC

SCLC is one of the most aggressive cancer entities and accounts for 15% of all lung
cancer cases worldwide %'%°_ Although up to 80% of SCLC patients initially respond to
standard-of-care chemotherapy, most patients develop relapse within one year after
treatment 9% In the last 30 years, only few new treatment methods were approved
with minor effects on median survival resulting in very low overall five-year survival rate
for SCLC of 5-7% and emphasising the need to identify novel vulnerabilities in the biology
of SCLC 9173,

Evasion of regulated cell death is one of the most important hallmarks of cancer ¢. SCLC
is genetically defined by biallelic loss of the two tumour suppressor genes TP53 and RB1
193.183 '\which are responsible for cell cycle control and can thereby induce cell cycle arrest
or intrinsic apoptosis upon cellular stress such as DNA-damage 2’2 Loss of TP53 and

RB1 suggests that the intrinsic apoptosis pathway might be disabled in SCLC tumours.

In addition, CASP8, the essential apical effector enzyme in the extrinsic apoptosis path-
way, has been shown to be downregulated in SCLC through methylation likely making
these cells resistant against apoptosis induction through the extrinsic and intrinsic path-
way ¥"24 Thereby, SCLC provides a highly interesting disease model system for the
investigation of alternative, necrosis-like regulated cell death pathways.

A comprehensive analysis of cell death pathway availability in SCLC is lacking to date.

In this study, through systematic characterisation of regulated cell death pathway
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availability in RNA-seq data of human treatment-naive SCLC patient tissue, downregu-
lation of essential extrinsic apoptosis genes including CASP8 could be confirmed. As in
the absence of CASP8 necroptosis is enabled, data were also analysed for expression
of the crucial necroptosis genes. Strikingly, RIPK3 and MLKL expression was downreg-
ulated in SCLC but not in normal lung tissue, incapacitating SCLC for extrinsic apoptosis
as well as necroptosis. These data hint that SCLC undergoes stringent selection against
PCD pathways already at diagnosis. Consistently, SCLC is known to present with high
TMB "%*'% therefore, selection pressure may stem from CD8* T cells trying to target

tumour cells with high TMB 17322,

Interestingly, the NE status of SCLC cells has recently been linked to the expression of
immune gene signatures #?#?%°, Immune signature genes, particularly MHC |, are sup-
pressed in NE SCLC cells via methylation which could be reversed by EZH2 inhibition
2% indicating immune evasion, however MHC | proteins have been found to be re-ex-

pressed on non-NE chemoresistant relapsed SCLC cells.

Importantly, in this study, key components involved in preventing a newly discovered
form of regulated cell death termed ferroptosis (SLC7A11 and GPX4), were identified to
be highly expressed in SCLC suggesting an increased dependency on preventing fer-
roptosis *’. Interestingly, TP53, which is mostly absent in SCLC, suppresses the expres-
sion of SLC7A11 28 Moreover, the tumour suppressor gene RB1, which is widely
absent in SCLC '8, was associated with ferroptosis sensitivity as its knockdown in HCC
sensitises cells to ferroptosis induction using sorafenib 22,

Ferroptosis is a recently described form of regulated cell death characterised by an iron-
dependent accumulation of fatal lipid-peroxides resulting in destabilisation of the lipid
bilayer and membrane rupture independent of caspases and the necrosome but rather

induced upon inhibition of ferroptosis antagonists 492273,

Importantly, we found SCLC cell lines to be more prone to ferroptosis induction than
NSCLC cell lines, this observation correlated with increased expression of the ferroptosis
regulator FSP1 8% ijn NSCLC cell lines, suggesting them to be more protected from

ferroptosis. Together, this indicated a specific ferroptosis vulnerability in SCLC.

3.2 Ferroptosis sensitivity in ASCL1-low non-NE SCLC

To date, SCLC has been treated as a fairly uniform cancer entity with no targetable driver
mutations and irrespective of subtypes. SCLC tumours predominantly consist of NE cells
arising from PNECs marked by ASCL1 expression 272 However, SCLC tumours often

present with inter- and intratumoural subtype heterogeneity characterised by expression
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of the molecular markers ASCL1, NEUROD1, YAP1 and POU2F3 208212.223.226228 | jy)-
man SCLC patient tissue the SCLC-A subtype comprises ~70% of tumours accompanied
by MYCL amplification or elevated expression and ~30% of SCLC-N (11%), SCLC-P
(16%), SCLC-Y (2%) accompanied by MYC amplification or overexpression ?'2. This tu-
mour heterogeneity is further promoted by standard-of-care chemotherapy in SCLC %%
highlighting clinical importance of elucidating subtype biology. Recent studies have sug-

gested therapeutic vulnerabilities in different SCLC subtypes 18%219275-278

In our study, the ASCL1-low expressing mostly non-NE SCLC subtype was identified to
be exquisitely sensitive to ferroptosis. Ferroptosis induction using small-molecule inhibi-
tors (RSL3, erastin) and CRISPR-Cas9-mediated GPX4 KO resulted in a lipid ROS and
iron-dependent cell death in human and murine SCLC cell lines with low ASCL1 expres-
sion and elevated REST1 expression. We identified ferroptosis responders to be ASCL1-
low/REST1-high expressing SCLC cells belonging to the SCLC-Y (RP181.5 sticker,
RP246.7 sticker, BYCS5.1 sticker, RP285.5, RP252.7), the SCLC-P (H526) or the SCLC-
N subtype (H524, H82). While in the human SCLC cell lines YAP1 expression was less
frequently observed than in murine SCLC cell lines, tested murine cell lines derived from
the RP mouse model mostly represented the ASCL1-high expressing NE cells or YAP1-

high expressing non-NE cells.

We identified NE-differentiation marked by ASCL1 expression to determine ferroptosis
resistance. ASCL1-low expressing cells present with elevated levels of the important
ferroptosis promoting enzymes ACSL4 and LPCAT3 on protein and mRNA level, which
generate AA-CoA for lysophospholipid acylation and thereby the PUFA lipid target pool
for lipid peroxidation. ACSL4 and LPCAT3 are essential ferroptosis enzymes, as KO
experiments have demonstrated in several studies %*72™*"% Using mass spectrometry
analysis, we also found that PUFA-containing ether lipid species were enriched in
ASCL1-low SCLC while the majority of PUFA-containing DAG phospholipids were not
elevated. Furthermore, expression of ether lipid synthesis enzymes, such as AGPS and
AGPAT2 was elevated in non-NE SCLC. Intriguingly, it was recently identified, that ether-
linked phospholipids synthesised in peroxisome and ER are specifically peroxidised dur-
ing ferroptosis and thereby contribute to the lipid peroxide pool and drive ferroptosis (Zou
etal., 2020). Moreover, we could show that suppression of ether lipid synthesis enzymes
rendered non-NE cells more ferroptosis resistant. Together, these data suggested that
a ferroptosis promoting function of ACSL4 and LPCAT3 in non-NE SCLC may stem from
incorporation of AA-CoA into ether lysolipids. Interestingly, LPCAT3 has been shown to
be able to use lyso-ether lipids as substrates for acylation by AA-CoA %° thereby pro-
moting phospholipid recovery via the Lands cycle ?®. The Lands cycle is a conserved

process remodelling phospholipids within cellular membranes by controlling the release
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and incorporation of PUFAs such as AA %', Based on our findings, we hypothesise that
upregulated ether lipid synthesis in non-NE SCLC feeds into the ferroptosis vulnerable
membrane lipid pool generated and re-generated by ACSL4 and LPCATS3, resulting in a

“ferroptosis-prone” membrane enriched for ether-linked PUFAs (Figure 38).

Interestingly, NE to non-NE subtype differentiation in SCLC is associated with chemo-
therapy resistance upon relapse #2>?2*, Metabolic remodelling is one of the hallmarks of
cancer and changes in lipid metabolism have been described to fuel cancer progression
and proliferation ®. Moreover, ACSL4 has been reported to increase chemoresistance in
breast cancer by regulating ATP binding cassette (ABC) transporter expression 222 im-
plying that acquired metabolic changes in NE to non-NE plasticity could play a role in
chemotherapy resistance of non-NE SCLC. In SCLC, increased low-density lipoprotein
receptor (LDLR) expression prominently involved in cholesterol import 2% has been
shown to be correlated with poor prognosis in SCLC patients 2%, LDLR expression is
correlated with increased lipid metabolism and accumulation of lipid droplets (LDs) which
is frequently observed combined with chemoresistance, hinting that metabolic changes
in NE to non-NE differentiation may further fuel chemotherapy resistance 2>2*’. How-
ever, the exact mechanism by which increased lipid metabolism might support chemo-
resistance in non-NE SCLC remains to be further elucidated. Based on our finding that
non-NE SCLC is particularly susceptible to ferroptosis as a result of elevated ether lipid
synthesis, ferroptosis induction could serve as alternative treatment strategy specifically

targeting non-NE chemoresistant tumours upon relapse.

Although ferroptosis sensitivity did not correlate with chemotherapy sensitivity in our
tested SCLC cell line panel, intriguingly, we could show that SCLC cells with acquired
ferroptosis resistance in fact presented with decreased cell viability upon cisplatin treat-
ment accompanied by a slight decrease in ACSL4 protein levels, further indicating a role

of lipid metabolism in ferroptosis and possibly chemotherapy response in SCLC.

Interestingly, non-NE SCLC cells are characterised by a mesenchymal phenotype and
expression profile 2%, Of note, it was shown by Hangauer et al., that so called cancer
persister cells with a high mesenchymal state, were selectively sensitised to the induction
of ferroptosis '?’. Furthermore, a signature of EMT was predictive of ferroptosis sensitivity
126 Moreover, remodelling of the plasma membrane during EMT leads to an increase in
biosynthesis of PUFAs which are the main target of lipid peroxidation, the fatal event in
the execution of ferroptosis 2%, In line with this, we identified non-NE SCLC to be exquis-
itely ferroptosis sensitive and to express EMT signature genes such as VIM. Moreover,
GSEA analysis revealed enrichment of an EMT gene set in human ferroptosis sensitive

cells (Figure 41A). Furthermore, Notch signalling has repeatedly been shown to promote
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expression of an EMT signature in various cancers ?°. In SCLC, non-NE cells present
with increased Notch signalling via activation of REST1 and are slowly growing but at
the same time also more chemoresistant and provide trophic support to NE SCLC cells
22 |n our experiments, expression of constitutively active cMyc T58A in RPM derived
murine cell lines was sufficient to sensitise SCLC cells to ferroptosis. Notch pathway
activation by cMyc might be responsible for this. Therefore, it is tempting to speculate
whether Notch pathway activation and a consequent EMT could make these intrinsically

chemotherapy resistant cells vulnerable to ferroptosis induction.

Recently, it was shown that expression of cMyc T58A expression drives subtype plastic-
ity from SCLC-A subtype to SCLC-N to SCLC-Y marked by YAP1 expression via Notch
activation 2. Interestingly, YAP1 was recently shown to promote ferroptosis sensitivity
of cells cultured at low confluence 2. Overexpression of constitutively active YAP1 5SA
further sensitised murine non-NE SCLC cells to ferroptosis induction in our experiments,
suggesting a ferroptosis promoting role during non-NE differentiation. However, the per-
centage of SCLC-Y subtype in human samples is really low and whether YAP1 is a tran-
scriptional driver in SCLC or a subtype-specific correlate has not been determined. The

existence of a SCLC-Y subtype remains a controversial topic in the field 28,

It will be important to further investigate how Notch signalling and EMT might influence
the lipidome of non-NE SCLC and its effect on chemotherapy response and potentially

metastasis formation.

MYC signalling has also been described to promote GSH synthesis by transcriptional
activation of the GCL . In line with this, we identified ASCL1-low expressing SCLC to
present with increased GSH levels. Moreover, GSEA analysis revealed enrichment of
MYC target genes in ferroptosis sensitive human cell lines (Figure 41B, C). Therefore,
MY C activation during NE to non-NE transdifferentiation might induce metabolic rewiring

and increased dependency on the GSH pathway for antioxidant defence.

Interestingly, MYC expressing ASCL1-low expressing SCLC subtypes (SCLC-N, -Y, -P)
have been identified to be vulnerable to arginine depletion ?’°. Additionally, GSEA anal-
ysis revealed enrichment of arginine and proline metabolism genes in ferroptosis sensi-
tive human cell lines (Figure 41D). Supplementation with L-Arginine induces GSH syn-
thesis and activation of the antioxidant-transcription factor NRF2 21 Therefore, an inter-
esting hypothesis to test would be whether depletion of arginine further sensitises
ASCL1-low SCLC cells to ferroptotic cell death.



Discussion 74

Hence, further studies should unravel the impact of MYC signalling in GSH synthesis
and lipid metabolism in the non-NE SCLC subtype to better understand the biology of

heterogenous tumours allowing for plasticity and treatment escape.

Furthermore, the mevalonate and lipid synthesis pathway controlled by mitogen-acti-
vated protein kinase 5/extracellular signal-regulated kinase 5 (MEK5/ERK5) was recently
shown to be required for optimal survival and expansion of SCLC cell lines in vitro and
in vivo ?°2, Of note, the mevalonate pathway plays a crucial role in the ferroptosis pathway
being involved in the synthesis of coenzyme Q10, which is reduced to ubiquinol by the
newly identified factor FSP1 and acts as a radical trapping agent preventing ferroptosis
899 Given our finding that ASCL1-low expressing non-NE SCLC presents with elevated
ACSL4 expression and a ferroptosis-prone lipidome, it is tempting to speculate whether
targeting of MEK5/ERKS5 or the mevalonate pathway might sensitise non-NE SCLC to

ferroptosis.

Moreover, the mevalonate pathway regulates selenoprotein synthesis 2°2*, Amongst
the small group of selenoproteins are the important redox-active proteins GPX4 and
TXNRD1 2%, Hence, inhibiting MEK5-ERKS5 kinase axis might hamper antioxidant de-
fence and increase sensitivity to ROS-induced cell death and might thereby prevent op-

timal growth and expansion in SCLC irrespective of subtypes.
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Figure 38 ASCL1-low non-NE SCLC is characterised by ferroptosis sensitivity due to a ferrop-
tosis-prone lipidome.

Heterogenous SCLC tumours contain non-neuroendocrine (non-NE) and neuroendocrine (NE) cells.
Cell membranes of ASCL1-low expressing non-NE cells are characterised by a high arachidonic acid
(AA) and adrenic acid (AdA) phospholipid and ether-linked polyunsaturated fatty acid (PUFA) phos-
pholipid content prone to be peroxidised during ferroptosis. Acyl-CoA synthetase long-chain family
member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) are crucial for the syn-
thesis of AA and AdA containing phospholipids and alkylglycerone phosphate synthase (AGPS) and
1-acylglycerol-3-phosphate O-acyltransferase 3 (AGPAT3) catalyse ether phospholipid synthesis from
Acyl-Coenzyme A (Acyl-CoA) and are highly expressed in non-NE SCLC cells. Peroxidation of mem-
brane lipids is counteracted by glutathione peroxidase 4 (GPX4) reducing lipid peroxides (L-OOH) to
their respective lipid alcohol (L-OH) while oxidising glutathione (GSH) to glutathione disulfide (GSSG)
thereby preventing ferroptosis. The scheme was drawn using fully licensed Biorender.com. Figure
adapted from Bebber and von Karstedt 2021, Molecular and Cellular Oncology.

3.3 TRX pathway dependency in ASCL1-high NE SCLC

Of note, our study could show that NE SCLC did not present with elevated ether lipid
synthesis and was resistant to ferroptosis. Instead, by performing redox shift assays and
Western Blot analysis, we identified an increased activity of the TRX pathway for antiox-
idant defence in ASCL1-high expressing NE SCLC cells whereas they are independent
on GSH. Accordingly, Auranofin, a thioredoxin reductase inhibitor, which is already clin-
ically approved for the treatment of rheumatoid arthritis, was highly and selectively active
against ASCL1-high NE SCLC cells. Consequently, we identified a novel treatment vul-
nerability of the NE ASCL1 positive SCLC subtype (Figure 39).

The fact that we identified both SCLC subtypes investigated to be vulnerable to two dis-
tinct types of anti-oxidant defence suggests that SCLC might experience elevated oxida-
tive stress through elevated generation of ROS species. The lung is an organ specialised
in handling oxygen. Within lungs, oxygen handling is further compartmentalised through
alveoli at the end of bronchi which are essential for respiration. Hence, the lung specifi-
cally requires a sensitive network regulating the amount of oxygen uptake and sensing
cellular oxygen load. This is regulated by PNECs, which are located at bronchial branch
points either as single cells or in neuroepithelial bodies (NEBs) 2*°. PNECs are the main
cell-of-origin for SCLC 2%, Interestingly, under normoxia, at the molecular level, mem-
branous NOX in PNECs generate ROS from extracellular O, and thereby keep K* chan-
nels in an oxidised open state 2. Upon hypoxia, ROS levels decrease and cysteine-
residues of K* channels sense the changed redox-state and switch to a closed confor-
mation causing membrane depolarisation and activation of voltage-gated Ca®* channels

causing Ca®" influx which in turn triggers exocytosis of neurotransmitter as serotonin and
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neuropeptides such as SYP %72%_ Neurotransmitters released by PNECs are then
sensed by nearby neurons which in turn induce an elevated respiratory reflex response
to reload oxygen levels by increasing the breathing frequency 2°°*%. This inert function
in regulating oxygen uptake indicates a high activity of redox-regulatory systems in
PNECs and may hint why SCLC stemming from this cell type may be particularly de-

pendent on antioxidant defence.

NOXs are one of the main sources for ROS production in cells next to OXPHOS ', By
oxidizing intracellular NADPH to NADP™ and the transfer of electrons through mem-
branes they reduce molecular oxygen and generate the superoxide anion as a primary
product and H,O, as the end product **'.

High levels of ROS can cause cellular damage and oxidative stress causing cell death
392 Yet, balanced levels of ROS can serve as signalling molecules involved in regulation
of processes, such as proliferation and differentiation *%33%_ Several studies describe the
role of ROS in neural development and neurogenesis, specifically the role of NOX2 in
regulating ROS levels 3% Changes in ROS levels induce changes in the redox state
of proteins and thereby control proliferation and differentiation by cell signalling and tran-
scriptional regulation 3%, In early phases of neuronal differentiation oxidising species ac-

cumulate, but terminally differentiated neural cells maintain a reductive environment 3%’

ASCL1 expression does not only drive NE differentiation in SCLC cells but also has an
important function in neuronal reprogramming 3°33%°. GSEA analysis revealed that gene
sets for neuronal differentiation are enriched in human ferroptosis resistant SCLC cell
lines (Figure 41E, F). During neuronal differentiation, cells have to overcome a period of
enhanced sensitivity to ferroptosis upon ASCL1 expression to fully transdifferentiate into
neurons '°. Moreover, Gascon et al. described that supplementation with antioxidants
as well as overexpression of BCL-2 decreased ROS levels and promoted neuronal mat-
uration '°. This indicates that cells must acquire ferroptosis resistance through selection
and adaption rather than through direct ASCL1-mediated ferroptosis resistance to toler-
ate ASCL1 expression induced ferroptosis sensitivity. In support of this idea, ASCL1-
high expressing SCLC has been described to present with increased levels of BCL-2
200311312 '1n our study, we identified that overexpression of ASCL1 alone in murine non-
NE SCLC cells was neither sufficient to render cells more ferroptosis resistant nor to
induce transition from sticker to floater cell state. Therefore, it is tempting to speculate
whether combined overexpression of ASCL1 and BCL-2 in non-NE SCLC cells would
induce full transdifferentiation into the SCLC-A subtype and render cells ferroptosis re-

sistant.
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Upon genetic deletion of GCLC, TXNRD1 can compensate anti-oxidant defence in cells
9 Vice versa, TXNRD1 deficiency is compensated by upregulation of GSH synthesis
pathway enzymes %. In our study, we identified that acute overexpression of ASCL1 in
non-NE SCLC cells does not render cells ferroptosis resistant, but all ferroptosis resistant
cell lines present with high ASCL1 expression and decreased GSH levels. Moreover,
acute ASCL1 expression caused decreased GCLC expression which resulted in lower
GSH levels in these cells. We propose that this reduced cellular redox potential through
decreased GSH levels imposed by ASCL1 expression may force NE SCLC into a selec-
tive dependency on the TRX antioxidant pathway, as the TRX system and the GSH-

based system can compensate for each other %1°,

We identified selective addiction to the TRX-pathway to be a mechanistic feature of the
NE SCLC subtype that shows similarities to neuronal differentiation. TRX upregulation
is frequently observed in different cancer entities 3'**', Hence, it will be interesting to

determine whether this principle extends to other NE cancers.

Another source of high ROS levels in cancer cells is due to increased cell proliferation
and increased OXPHOS, a process recently shown to promote ferroptosis *'°. Interest-
ingly, increased MY C expression in SCLC has been shown to elevate cellular OXPHOS
and glycolytic metabolism, resulting in increased ROS generation 3'6. While MYC ampli-
fication is very uncommon in NSCLC (about 5%), it has been detected in 20% of SCLC
cases '°®. Increased MYC activity has repeatedly been described to correlate in ASCL1-
low expressing SCLC subtypes 29?7537 Recently, it has been shown that, MYC expres-
185,220

sion promotes differentiation of a non-NE phenotype in SCLC mouse models

providing an explanation for why non-NE SCLC experiences oxidative stress from ROS.

Importantly, we discovered that NE SCLC relies on the TRX pathway for anti-oxidant
defence, implying that increased ROS is a concern in this subtype as well. Intriguingly,
OXPHOS was shown to be upregulation during neuronal differentiation *'83'°. Moreover,
MYC and MYCN are decreased during neuronal differentiation indicating again their in-
volvement in differentiation 3'°. Although NE differentiation in SCLC is not identical with
neuronal differentiation, they share several transcriptional processes including those in-
itiated by the neuronal transcription factor ASCL1. Together this shows that transcrip-
tional programs elevating OXPHOS and ROS levels are found in both non-NE and NE
SCLC subtypes.

Thus, it is of major interest to decipher the delicate role of ROS signalling and its under-

lying metabolic changes in non-NE/NE transdifferentiation causing heterogeneity in
SCLC tumours.
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Figure 39 ASCL1-high NE SCLC is characterised by TRX pathway dependency.

NE SCLC cells present with a lipidome less prone to ferroptosis-induced lipid peroxidation and are
highly dependent on the thioredoxin (TRX) redox pathway. Here, reactive oxygen (ROS) species such
as hydrogen peroxide (H20;) as well as lipid peroxides are reduced respectively by peroxiredoxins
(PRDX) using TRX as a redox equivalent, which is restored by thioredoxin reductases (TRXRD). Inhi-
bition of the thioredoxin pathways results in ROS-dependent cell death in NE SCLC. The scheme was
drawn using fully licensed Biorender.com. Figure adapted from Bebber and von Karstedt 2021, Molec-
ular and Cellular Oncology.

3.4 Combined ferroptosis induction and TRX pathway inhibition targets

SCLC subtype plasticity

Non-NE cells in SCLC tumours can arise from the same cell-of-origin as NE cells, imply-
ing a high degree of plasticity in SCLC tumours 2. Importantly, we discovered that
ASCL1-marked non-NE/NE subtype plasticity is driven by compensation between both
the GSH- and TRX-based redox pathways, revealing their combined targeting as a plas-
ticity-directed vulnerability. We also identified that under single redox pathway targeting,
non-NE and NE SCLC subpopulations can transdifferentiate and so escape treatment,

whereas dual targeting precludes this plasticity (Figure 40).

Our data indicate that non-NE/NE transdifferentiation involves ROS signalling at a cer-
tain level but both subtypes are sensitive to antioxidant pathway inhibition and subse-
quent excessive generation of ROS species. Our observations in isogenic cell lines

shows that spontaneous transdifferentiation between NE subtypes in 2D cell culture is
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promoted by an increased cell density. Several studies link increased cell density with a
decrease in ROS levels %322, Moreover, several studies identified an increase in fer-
roptosis resistance in vitro in high cell density in cell culture (Wu et al., 2019; W.-H. Yang
et al., 2019, own observation unpublished). Therefore, it is tempting to speculate that
spontaneous transdifferentiation might be enabled by a short decrease in ROS levels but

further studies are needed to further establish this theory.

While dual targeting of the TRX and GSH synthesis pathways has previously been iden-

119323 ‘more research is

tified as a synergistic killing strategy against a variety of cancers
needed to determine what the nature of the synergy is in regard to plasticity and cellular
redox compensation and which patient groups may benefit from this treatment in clinical

trials.

Our study findings propose that while part of the synergy in tumours without plasticity
may come from compensatory overexpression of the other redox pathway, exquisite
treatment response in SCLC to combined GSH- and TRX-pathway targeting may stem
from preventing treatment escape through transdifferentiation induced by higher ROS.
Thereby, a proportion of the synergy might be caused by subpopulation coping with the
applied oxidative stress by NE transdifferentiation and upregulating the respective com-

pensatory redox-pathway rather than intracellular compensation mechanism.

Our data from isogenic non-NE/NE cell lines demonstrate that, following ASCL1-medi-
ated reduction of GSH synthesis, SCLC cells may spontaneously switch from a GSH-
dependent non-NE state to use of the TRX anti-oxidant pathway. This SCLC-specific
trait of NE/non-NE plasticity could explain why the in vivo combination of BSO with
Auranofin and Carboplatin has only shown limited efficacy in lung cancer without
NE/non-NE plasticity 2. Low expression of both GPX4 and TXNRD1 was found to be
significantly associated with increased overall survival in SCLC patients, but notin LUAD

patients, supporting this theory.

Importantly, the combined therapy of ferroptosis induction and targeting the thioredoxin
pathway allows to target heterogenous SCLC tumours and subtype plasticity oppressing
escape mechanisms. These findings reveal cell death pathway mining as a means to

identify rational combination therapies for SCLC.

For future work, it will be important to identify in a clinical trial effectiveness of combined
ferroptosis induction and TRX-pathway inhibition using BSO and Auranofin, respectively.
Clinical trials using a combination of BSO and the cytostatic melphalan in different cancer

patients including neuroblastoma patients show good tolerance and low toxicity 32432°,
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Due to the fact, that Auranofin is clinically applied for the treatment of rheumatoid arthritis
since the 1980s '***% doses have been well defined in toxicity studies. Auranofin has
recently gained attention in drug repurposing studies and is tested in several clinical trials
for cancer *%’. Our data indicate that PBMCs are less sensitive to combined inhibition of
the GSH- and TRX-based pathway as compared to SCLC patient derived CTCs but due
to its high synergy it will be important to closely monitor toxicity in patients.
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Figure 40 SCLC non-NE/NE subtypes segregate by lipid ROS/ROS vulnerability.

Heterogeneous SCLC tumours contain ASCL1-high expressing and REST1-low expressing NE cells
and non-NE cells with an inverse expression pattern. Upon induction of ferroptosis by BSO, non-NE
cells die due to excessive lipid ROS accumulation. NE cells in turn, undergo ROS-dependent cell death
upon TRX pathway inhibition. Surviving cellular fractions in both single treatment arms can transdiffer-
entiate under treatment thereby escaping therapy. Dual targeting prevents selection and plasticity in
SCLC. NE, neuroendocrine, ROS, reactive oxygen species, GSH, glutathione, TRX, thioredoxin. The
scheme was drawn using fully licensed Biorender.com. Figure taken from Bebber et al., 2021, Nature

communications.

3.5 Concluding remarks

In conclusion, we identified that treatment-naive SCLC exhibits signs of selection against
extrinsic apoptosis and necroptosis and upregulates SLC7A11 for ferroptosis protection.
We identify the ASCL1-low expressing non-NE SCLC subtype to be exquisitely ferropto-
sis sensitive and present with high ACSL4 expression and a ferroptosis-prone lipidome.
On the other hand, we find the ASCL1-high expressing NE SCLC to be resistant to
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ferroptosis, but dependent on the TRX pathway to compensate for low cellular GSH lev-
els. Importantly, we identify that SCLC NE subtypes are defined by alternate redox path-
way usage and targeting of heterogenous population with single pathway targeting treat-

ment results in depletion of only subpopulations and cells exhibit subtype plasticity.

Our study could show that NE subtypes in SCLC present with differences in metabolism
likely to fuel plasticity and subsequently heterogeneity in SCLC tumours, a circumstance
which is further enhanced by currently approved chemotherapy and immunotherapy and
complicates treatment in this cancer entity. Combined ferroptosis induction and TRX-
pathway inhibition prevents this adaptable redox pathway plasticity defined by NE differ-
entiation in SCLC, and results in synergistic killing in SCLC xenografts, GEMMs, patient-
derived SCLC CDXs. Moreover, combined low expression of GPX4 and TXNRD1 iden-
tifies a unique SCLC patient subset with improved prognosis. In our study, we identified
new insights into the biology of SCLC NE subtype heterogeneity and plasticity allowing
for more informed treatment approaches that consider the availability of selective cell
death pathways in SCLC NE subtypes and also enable patient stratification. Therefore,
we propose that targeting redox pathway plasticity may represent a novel therapeutic
vulnerability in SCLC targeting heterogeneity and plasticity, which, due to its inherent
quality of being a caspase-independent cell death, should be available in chemotherapy-
naive and -relapsed SCLC, irrespective of prior selection against other regulated cell

death pathways.
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4 Material and Methods

4.1 Materials used in this study

Reagents

Isoleucine zipper-(iz) TRAIL was kindly provided by Prof. Dr. Henning Walczak and TNF

was kindly provided by Prof. Dr. Manolis Pasparakis. Lipid standards (made by Avanti

Polar lipids) were purchased from Sigma.

Table 4-1 Reagents used in this study

Name Company Catalogue #
AACOCF3 Tocris Bioscience 1462/5
Auranofin Cayman Chemicals Cay15316-25
Birinapant Bertin Pharma 19699.1 mg
BODIPY C11 Invitrogen D3861

BSO Sigma B2515-5G
Calcein-AM Abcam ab141420
Cisplatin Merck 232120-50MG
D9 Sigma 5329100001
DFO TargetMol T1637.10 mg
Dharmafect | Dharmacon T-2001-01
Doxycycline VWR J63805.06
DRAQ7 Biolegend 424001
erastin Biomol cay17754-5
Etoposide Merck 341205-25MG
Ferrostatin-1 Sigma SML0583-5MG
H2DCFDA Invitrogen D399
ISOFLURAN  (Forene

100% (v/v)) Baxter AG 103058
Ketaset ZOETIS 116810

MCB Sigma 69899-5MG
NAC BIOTREND Chemicals AG A9165-5G
Necrostatin-1s Abcam ab221984
Polybrene Merck TR-1003-G
Proteinase K VWR 1245680100
Puromycin Sigma P8833-10MG
PX-12 Holzel S7947-10
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Rompun Provet AG QNO05CM92
RSL3 Selleckchem S8155

SYBR safe Thermo Fisher S33102
zVad-FMK Enzo BML-P416-0001

Table 4-2 Chemicals used in this study

Name Company Catalogue #
Acrylamide Roth A124.2
Agarose Roth 3810.2
Ammonium persulfate Sigma 431532

CaCl; Roth A119.1

DTT VWR 441496P
EDTA VWR 1,084,520,250
Ethanol VWR 20,821,330
HEPES Roth HN78.2
Isopropanol Roth CP41.3
Potassium chloride EMSURE® VWR 1,049,361,000
KH,PO4 VWR 1,048,730,250
MgCl Sigma M8266-100G
MnCl Sigma 244589-50G
Na;HPO4 VWR 1,065,861,000
NaCl VWR 1,064,045,000
SDS Sigma L3771-100G
Tris VWR 1083872500
Tris-HCI VWR 648313-250
Triton x100 VWR 1,086,031,000
Tryptone VWR J859-500G
Tween 20 VWR 0777-1L
Yeast extract VWR J850-500G

4.2 Molecular biological techniques

4.21 Nucleic acid techniques

4.2.1.1 Preparation of Plasmid DNA

For isolation of plasmid DNA from Escherichia coli (E. coli), bacteria were cultured over-

night in a shaking incubator at 37 °C and 150 RPM in 5 ml lysogeny broth (LB) medium
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(1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7) supplemented with appropriate antibi-
otics when required (50 pg/ml Ampicillin (Sigma, A0166-5G).

Plasmid DNA was isolated using PureYield Plasmid Miniprep System (Promega, A1223)
according to the manufacturer’s instructions.

For purification of DNA at higher grade and yield, maxi preparations were performed with
the help of PureYield Midiprep system (Promega, A2492). Therefore, 3 ml pre-cultured
cells were added to 300 ml LB medium supplemented with the appropriate antibiotic in
a 1000 ml Erlenmeyer flask. Cells were incubated overnight in a shaking incubator at 37
°C and 150 RPM. DNA isolation was then performed according to the protocol provided

by the manufacturer.

4.2.1.2 Preparation of genomic DNA for genotyping

For genotyping analysis, genomic DNA was isolated from ear punch samples of mice.
To dissolve the tissue, samples were incubated overnight in 200 pl tail lysis buffer (100
mM Tris-HCI pH 8.5, 5 mM EDTA, 200 mM NaCl, 0.2% SDS) and 2 pl freshly added
Proteinase-K (Stock 10 mg/ml in H>O) at 56 °C. The next day, 200 ul of isopropanol were
added for DNA precipitation followed by centrifugation at 13,000 RPM for 1 min. Super-
natant was discarded and DNA pellet was washed with 200 ul 75% ethanol. After cen-
trifugation pellet was dried to remove ethanol and DNA was dissolved in 200 ul TE buffer
(10 mM Tris-HCI, 1 mM EDTA).

Table 4-3 Primers used in genotyping

Name Sequence Annealing Temp. | Expected sizes
p53 1 CAC AAA AAC AGG TTAAAC CCA G 60.5 FL =370 bp
p53 2 AGC ACA TAG GAG GCA GAG AC WT =288 bp
RB1 1 CTCATGGACTAGGTTAAGTTGTGG 65 FL =201 bp
RB1 2 GCATTTAATTGTCCCCTAATCC WT =163 bp

4.2.1.3 Polymerase chain reaction (PCR)

To control genotype polymerase chain reaction (PCR) was performed using Red Taq
DNA Polymerase Master Mix 2x (VWR, 733-2546). To perform PCR reaction T100 Ther-
mal cycler (Biorad) was used. The melting temperature of oligonucleotides was adapted
for each primer pair. For standard Red Taq polymerase PCR conditions are listed in
Table 4-4 and Table 4-5.
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Table 4-4 Components used for PCR.
Component Amount
2x Red Taq DNA Polymerase Master Mix 5ul

Forward primer 1ul
Reverse primer 1ul
DNA template 2yl
Nuclease-free water ad 20 pl

Table 4-5 PCR program for amplification of DNA fragments using Red Taq polymerase.

Step Time [sec] | Temp. [°C] Cycle
Initial denaturation | 120 94 1
Denaturation 30 94

Annealing 30 Primer specific | 30-40
Elongation 30 72

Final elongation 300 72 1

Duration of elongation was adapted to the size of the PCR product (20 sec/kb).

4.2.1.4 Detection and purification of nucleic acids by agarose gel electrophoresis

For purification of DNA fragments along with size determination of PCR products, sam-
ples were applied onto agarose gels for gel electrophoresis. Gels were produced by mix-
ing agarose with 1x TAE buffer (40 mM Tris-Base, 19 mM Glacial acetic acid, 1 mM
EDTA) and warmed using microwaves until a homogenous mixture formed and the aga-
rose was completely dissolved. SYBR safe was added to each gel prior pouring. The
specific length of single DNA fragments was identified due to a standard DNA marker
(100bp DNA ladder, NEB, N3231S). DNA fragments smaller than 500 bp were analysed
using 2% agarose gels while 1% gels were used for fragments larger than 500 bp. Gel

pictures were recorded using ChemiDoc XRS+ Molecular Imager (BioRad).

42141 RNA Isolation and cDNA synthesis

For isolation of total RNA from cells and tissue, the NucleoSpin RNA kit (Macherey-
Nagel, 740955.250) was used according to the manufacturer’s protocol. The isolated
RNA was reverse transcribed into cDNA using the LunaScript RT SuperMix Kit (NEB,
E3010L) following the protocol provided by the manufacturer.

4.2.1.4.2 Determination of nucleic acid concentration

To determine the concentration of nucleic acids, the Nanodrop 8000 spectrophotometer
by Thermo Fisher Scientific was used in a range of 240 nm to 300 nm with absorption

maxima of 260 nm for DNA and 280 nm for aromatic amino acid residues of proteins.



Material and Methods 86

The purity of DNA and RNA is reported by the ratio of absorbance at 260 nm to 280 nm.
A ratio of OD260/0D280 about 1.8 was considered as sufficiently purified DNA samples.
A ratio of OD260/0D280 of 2 was considered as sufficiently purified RNA samples.

4.2.1.4.3 Quantitative real-time PCR analysis

For quantitative real-time PCR (qRT-PCR) analysis, the Power SYBR Green PCR Mas-
ter Mix (Thermo Fisher, 4368702) was used according to the manufacturer’s protocol.
Here, Power SYBR Green PCR Master Mix (Thermo Fisher, 4368702) was mixed with
nuclease-free water (NEB, B1500L), forward and reverse primers (Thermo Fisher) re-
constituted in nuclease free water (NEB, B1500L) respectively (Table 2-3) and cDNA
according to table 2-2. Real-time qPCR was performed in triplicates on the Quant Stu-
dio5 gRT PCR machine. Relative expression of gene transcripts was analysed via the 2-
ACT method and are presented in dot plot graphs as mRNA expression values relative

to the reference gene Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH) 3%,

Table-4-6 gPCR components.

Name Amount (ul) Concentration | Final concentration in 10 pl
cDNA 2 5 ng/ul 10 ng

Fw and rv primer mix 1 10 uM 100 nM

H-0 2

Power SYBR Green PCR Mas- | 5 2x 1x

ter Mix

Table 4-7 Primer sequences used for qPCR analysis.

Primer Sequence (5’ > 3’) Species Exon spanning | Source
Gapdh fw | CTCCCACTCTTCCACCTTCG M. musculus | no NCBI Primer
Gapdh rv | GCCTCTCTTGCTCAGTGTCC Plast
Agps fw | TACTGTTCGAGGGAGACCGT | M. musculus | yes NCBI Primer
Agpsrv | CAGCAGCCAGACCACCAAAT Plast
Farffw | TAGTGGTCAACACGAGCCTTG | M- musculus |no Harvard - pri-
mer bank
Farirv | GGCTTACAGCAATCCAGTAATGA
Lpcat3 fw | ACTGAAGCTAATTGGGCTGTGT | M- musculus | yes NCBI Primer
Lpcat3 rv | TCCAGCAATGAAGGGACACC Plast
Acsl4 fw | CTTCCTCTTAAGGCCGGGAC M. musculus | yes NCBI Primer
Blast

Acsldrv | TGCCATAGCGTTTTTCTTAGATTT
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Agpat2 fw | CACCGTGGATAACATGAGCATC | M- musculus | yes NCBI Primer
Agpat2 rv | ATTGTCGTTGCGTGTACCCT Plast
Agpat3 fw | AGGAAAACACCTGTCCACGG M. musculus | yes NCBI Primer
Agpat3 rv | ACTGAGAACAGCCGTCCAAG Plast
Gnpatfw | ATGGACGTTCCTAGCTCCTCC | M- musculus | no Harvard  pri-
mer bank

Gnpatrv | CGGGGTGTAGCACTTCATTG

Agpat4 fw | ATGTCACCTGGTCTTCTGCTA M. musculus | no Harvard - pri-

mer bank

Agpatd rv | TTCGGGTCGGTGTAGATGGTA
4.2.2 Cell culture techniques
Table 4-8 Cell lines used in this work.

Cell line Organism Tissue Source

RP252.7 M. musculus SCLC tumour RP mouse 252

RP285.5 M. musculus SCLC tumour RP mouse 285

RP246.7 M. musculus SCLC tumour RP mouse 246

RP181.5 M. musculus SCLC tumour RP mouse 181

BYC5.1 M. musculus SCLC tumour RP mouse 5

MEF M. musculus Mouse embryonic tissue

RPM70 M. musculus SCLC tumour RPM mouse 70

RPM71 M. musculus SCLC tumour RPM mouse 71

H82 H. sapiens SCLC tumour ATCC

COR-L88 H. sapiens SCLC tumour ATCC

H524 H. sapiens SCLC tumour ATCC

H889 H. sapiens SCLC tumour ATCC

L303 H. sapiens SCLC tumour ATCC

H526 H. sapiens SCLC tumour ATCC

H2171 H. sapiens SCLC tumour ATCC

H1836 H. sapiens SCLC tumour ATCC

H1092 H. sapiens SCLC tumour ATCC

NCI-H460 H. sapiens NSCLC tumour ATCC

NCI-H727 H. sapiens NSCLC tumour ATCC

HEK-293T H. sapiens kidney ATCC

HEK Phoenix | H. sapiens kidney ATCC
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Table 4-9 Cell culture reagents.

Name Company Catalogue #

RPMI 1640 medium Thermo Fisher 765656

Opti-MEM medium Thermo Fisher 31985062

DMEM medium Lifetechnologies 61965059

Fetal calf serum (FCS) Sigma 10500064

Penicillium Streptomycin (PS) | Sigma P4333-100ML

Trypsin-EDTA (1x) Thermo Fisher 745065

Trypsin-EDTA (10x) Thermo Fisher 15090046

PBS Thermo Fisher 10010056

Reagent Reservoirs VWR 613-1174

75 cm2 Cell Culture Flask Greiner 658175

175 cm2 Cell Culture Flask Greiner 660 160

6 Well Cell Culture Plate Greiner 657160

24 Well Cell Culture Plate Greiner 662160

96 Well Cell Culture Plate Greiner 655180

5 mL Serological pipettes 3D Biotek GSP010005

10 mL Serological pipettes 3D Biotek GSP010010
Table 4-10 Antibiotics used in cell culture

Name Company Catalogue #

Blasticidin AppliChem GmbH A3784,0025

Puromycin Sigma P8833-10MG

4.2.2.1 Generation of mouse SCLC cell lines

Sticker and floater isogenic cell lines were isolated freshly from the RP mouse model.
Whole solid lung tumours were obtained from mouse lungs which were inhaled with
Adeno-Cre virus (see 4.2.9.1), washed twice in ice cold PBS, and cut into small pieces,
followed by 20 min digestion with 10x trypsin (Thermo Fisher, 15090046) at 37 °C. To
stop trypsin digestion 10 ml of RPMI medium supplemented with 10% fetal calf serum
(FCS) and 1% Penicillin-Streptomycin (PS) was added. The next day, cells were washed
in PBS and seeded again in RPMI on the same plate. Cells were continuously cultured
keeping adherent and suspension cells together in RPMI medium and passaged until

they formed a uniform SCLC cell line characterised by expressing non-NE or NE markers

of SCLC cells.
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4.2.2.2 Cell lines and culture conditions

Human SCLC cell lines (H82, COR-L88, H524, H889, L303, H526, H2171, H1836,
H1092) were grown in suspension in RPMI (GIBCO) and were obtained from ATCC
(https://www.lgcstandards-atcc.org/?geo_country=de). Murine SCLC cell lines
(RP252.7, RP214, RP181.5, RP285.5, RP251, RP250.1, RP246.7) were previously de-
rived from lung tumours of the RP GEMM for SCLC driven by loss of Trp53 and Rb1 by
the laboratory of H. Christian Reinhardt as described in 4.2.2.1. All SCLC cell lines were
grown in RPMI medium. Mouse embryonic fibroblasts (MEFs) were kindly provided by
Prof. Dr. Manolis Pasparakis and kept in DMEM medium (GIBCO), human NSCLC cell
lines NCI-H460 and NCI-H727 were kindly provided by Julian Downward and kept in
DMEM medium (GIBCO). CDXs and PBMCs were grown in RPMI medium. All cells were
kept at 37 °C with 5% COzand all media were supplemented with 10% FCS and 1% PS.
All cell lines were tested for mycoplasma at regular intervals (mycoplasma barcodes,
Eurofins Genomics) and human SCLC have been validated by a cell line validation ser-

vice provided by Eurofins Genomics.

4.2.2.3 Generation of human SCLC CDXs

CTCs were isolated from blood of two patients diagnosed with SCLC following previously
described protocols '%27° After tumour development in immunocompromised NSG
mice, cells were dissociated, expanded and maintained in cell culture in HITES media.
At least 90% of cells were confirmed to be tumour cells with NE marker expression
(ASCL1, chromogranin A (CHGA), CD56 (also called NCAM) and SYP) as determined
by RNA analysis and immunohistochemistry (IHC). Use of patient material was approved
by the institutional review board of the University of Cologne following written informed
consent. We have complied with all relevant ethical regulations pertaining to the use of

human patient material.

4.2.2.4 PBMC isolation

PBMCs (kindly provided by Dr. Johannes Kuhle) were isolated from buffy coats from two
healthy donors under an existing ethics approval at the University Hospital Cologne (01-
090) following written informed consent. We have complied with all relevant ethical reg-

ulations pertaining to the use of human patient material.
4.2.2.5 Plasmid construction for CRISPR sgRNAs

4.2.2.5.1 Phosphorylation and Annealing of oligonucleotide duplexes

The lyophilised oligonucleotides (Thermo Fisher, see Table 4-11) were dissolved in au-

toclaved, distilled water to a concentration of 100 uM and 1 ul of each oligonucleotide
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was mixed with 1 yl 10x T4 ligation buffer (NEB), 0.5 ul (5 units) of T4 PNK (NEB) and
6.5 pl distilled water in a 200 ul centrifuge tube. The oligonucleotide mixture was incu-
bated for 30 minutes at 37 °C, followed by an incubation for 5 minutes at 95 °C and then

slowly cooled (5 °C/min) down to room temperature.

Table 4-11 CRISPR gRNA sequences.
Name Sequence CRIPSR design tool
Gpx4_sg1_F CACCG GACGATGCACACGAAACCCC CRISPick (Broad institute

)
Gpx4_sg1_R AAAC GGGGTTTCGTGTGCATCGTCC CRISPick (Broad institute)
Gpx4_sg2_F CACCG ACGATGCACACGAAACCCCT CRISPick (Broad institute)
Gpx4_sg2_R AAAC AGGGGTTTCGTGTGCATCGT C CRISPick (Broad institute)
)
)

Gpx4_sg3_F CACCG CGTGTGCATCGTCACCAACG CRISPick (Broad institute
Gpx4_sg3_R AAAC CGTTGGTGACGATGCACACG C CRISPick (Broad institute

4.2.2.5.2 Backbone digest and ligation of DNA (Golden Gate reaction) for
sgRNA

For cloning of sgRNAs restriction digest of the plasmid backbone and ligation was per-

formed in one reaction according to the Golden Gate cloning method 3233,

Table-4-12 Components used for Golden Gate reaction

Component Amount [uL]
2X quick ligase buffer (NEB) 12.5

BSA [20 mg/ml] (NEB) 0.125
Restriction enzyme 1

Quick ligase (NEB) 0.125

Diluted oligonucleotides annealing (1:10) | 1

Backbone Vector [25 ng/ul] 1

Distilled water 9.25

4.2.2.5.3 Sanger sequencing

DNA Sanger sequencing was carried out by the sequencing service group of GATCBI-
OTECH AG.

4.2.2.5.4 Preparation of chemo competent E. coli

For preparation of chemo competent cells, first, bacteria were streak on a LB agar plate

without antibiotics and let it grow over night at 37°C. The next day, one single clone was
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picked and grown overnight in 5 mL SOB medium (2% Tryptone, 0.5% yeast extract,
0.05% NacCl, 250 uM KCI, pH to 7.0, freshly add 25 mM MgCl2) at 37 °C and 150 RPM.
Next days, 240 ml of SOB medium were inoculated with 1 ml overnight culture and grown
at 18 °C until OD600 of 0.6 was reached. Culture was cooled for 10 min on ice, centri-
fuged at 3,000 RPM for 10 min at 4 °C and pellet was resuspended in 10 ml cold trans-
formation buffer (10 mM PIPES, 15 mM CaCl2, 250 mM KCI, pH 6.7, 55 mM MnCI2).
After adding 7% DMSO bacteria were aliquoted in 100 pl into 1.5 ml tubes and stored at
-80 °C.

4.2.2.5.5 Transformation of E. coli

Transformation of E. coli DH5a (F— ¢@80lacZAM15A(lacZYA-argF)U169 recA1 endA1
hsdR17(rK—, mK+) phoA supE44 A thi-1 gyrA96 relA1) cells was performed using pre-
made chemically competent cells. Stocks of chemically competent cells were stored at -
80 °C. After thawing cells on ice, 1 ul plasmid DNA was added to 50 pl cells. The sus-
pension was incubated for 5 minutes on ice, the transformed cells were plated onto pre-
warmed LB agar plates containing ampicillin (100 pg/ml) and incubated overnight at 37
°C.

4.2.2.6 Production of viral vectors

4.2.2.6.1 Production of lentiviral particles in HEK293T cells

For stable transduction of cells, viral particles were produced. For virus production,
HEK293T cells were transfected using the CaCl, method **'. HEK293T cells were plated
one day prior transfection to achieve a confluence of 70-80% at the day of transfection.
Lentiviral particles were produced using the following packaging plasmids of the third
generation pCMV-VSV-G (#8454) from Bob Weinberg, and pRSV-Rev (#12253) and
pMDLg/pRRE (#12251) by Didier Trono (Stewart, 2003). As transfer for CRISPR medi-
ated KO as transfer plasmid lentiGuide-Puro (#52963) was used carrying the sgRNA
sequence. For CRISPR-Cas system mediated KO of genes first stably Cas9-expressing
cells were produced using the second-generation packaging plasmids pSPAX2 (#12260)
and pMD2.G (#12259) in combination with the lentiCas9-Blast (#52962) plasmid for the

expression of Cas9.

For transfection of a 10 cm cell dish, 10 ug of the transfer plasmid and 5 pg of each
lentiviral packaging plasmid were prepared together with 400 ul of 250 mM CaCl2. Under
constant vortex 400 ul of 2x HEBS buffer was added in drops to enable the formation of
fine calcium-phosphate-DNA co-precipitate. The transfection mix was then added drop-
wise under constant circular movement to the cell dish. Six hours post transfection cell
culture medium was replaced with RPMI supplemented with 20% FCS and 1% P/S. The
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following three days virus-containing supernatant was harvested in the morning and cen-
trifuged at 300 g for 5 min in a 50 ml centrifuge tube and filtered using a 0.45 ym sterile

syringe filter to remove residual HEK293T cells.

4.2.2.6.2 Production of retroviral particles in HEK Phoenix Eco cells

Retroviral particles were produced using the second generation retrovirus producer HEK
Phoenix Eco cells (Dull et al., 1998). HEK Phoenix cells were plated one day prior in 10
cm cell culture dish at a confluence of 70-80% at the day of transfection. For transfection
of a 10 cm dish, 10 ug of pPBABE empty vector or pBABE YAP 5SA-YFP (kindly provided
by Dr. Erik Sahai) were prepared in 400 pl 250 mM CaCl,. For the formation of calcium-
phosphate-DNA co-precipitate, the 400 ul of 2x HEBS buffer was added drop by drop to
the CaCl,-DNA mixture under constant vortex. The mixture was then added drop-wise to
the cells. After 8 hours transfection, cell culture medium was replaced with RPMI with
20% FCS and 1% P/S. The following three days virus containing supernatant was har-

vested and filtered with 0.45 pm sterile syringe filter.

Table 4-13 Plasmids

Gene name Selection resistance | Identifier
pBABE empty vector Puromycin #1764
pBABE YAP 5SA-YFP | Puromycin kindly provided by Dr. Erik Sahai
pCMV-VSV-G - #8454
pRSV-Rev - #12253
pMDLg/pRRE - #12251
lentiGuide-Puro Puromycin #52963
lentiCas9-Blast Blasticidin #52962
pSPAX2 - #12260
pMD2.G - #12259
pCW-Cas9 Blastidicin #50661

4.2.2.6.3 Transduction of target cells

Target cells were transduced using the sterile filtered virus-containing supernatant of
transfected HEK293T or HEK phoenix cells. Therefore, cells were plated at a confluence
of 30% and virus-containing supernatant was added on three consecutive days. To en-
hance transduction efficiency by dampening the repulsion of charges on cell surface and

virions 8 pg/ml polybrene (Hexadimethrine bromide) was added to the virus suspension
333
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Cells were selected for successful transduction using previously tested concentration
(2.5-10 pg/ml) of puromycin (Sigma, P8833-10MG) or blasticidin (10 ug/ul) for 5 days.

4.2.2.6.4 Generation of inducible Ascl1 overexpressing cells

For stable transduction of cells, viral particles were produced in HEK293T cells as de-
scribed in 4.2.2.6.1. As transfer plasmid containing the ASCL1 cDNA, pCW-Cas9
(#50661) from Eric Lander & David Sabatini, was used 3. The Cas9 fragment was firstly
replaced with ASCL1 cDNA. Target cells for transduction were plated at a confluence of
30% and virus-containing supernatant with 6 ug/ml polybrene was added on three con-

secutive days.

4.2.2.7 Transfection of target cells

For siRNA mediated knockdowns, 200 ul Opti-MEM and 1.5 pl Dharmafect Reagent |
(Dharmacon, T-2001-02) were mixed per single 6-well and incubated for 10 min at room
temperature (RT). Subsequently, 2.2 uyl small interfering (si) RNA (stock 20 mM) were
added to 200 ul Opti-MEM mixture and incubated for 30 min at RT. 200 pl of the mixture
were added to each well of a 6-well plate and cells were plated on top in 1 ml media.

Knockdowns were incubated for 48—72 h, as indicated.

Table 4-14 siRNA sequences
Gene name siRNA sequences Source
Agpat2 CAGCCAGGUUCUACGCCAA, GGGUA- | ON-TARGETplus Smartpool
CACGCAACGACAAU,
GCUUUGAGGUCAGCGGACA, CCGUG-
GAUAACAUGAGCAU

Agpat3 CUUCGUGGUGAGCGGGUUA, CCA- | ON-TARGETplus Smartpool
GAUGGGAAGACCGCAU,
CUGAUGCGGUAUCCAAUUA, GAUAG-
GAGUGACUGAGAUA

Gclc GCGAUGAGGUGGAAUACAU, ON-TARGETplus Smartpool
UAACAGACUUUGAGAACUC, UGGCAG-
ACAAUGAGAUUUA, CCAUCUCCAU-
UUAUAGAAA

Txnrd2 GACAAAGGCGGGAAGGCGA, ON-TARGETplus Smartpool
GGGAUGCAUCACAGUGCUA,
GACUGGUUGCUGAGGCUAA,
GGGAAAUCCUCAACCUUAA

Txnrd1 GCAUCAAGUUUAUAAGACA, ON-TARGETplus Smartpool
GCGAUAUAUUGGAGGAUAA,
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CUAAGGAGGCAGCCCAAUA, GGACAG-
CACAAUUGGAAUC

Slc7a11 CAACGUUGAUGAUGGACUAT; Qiagen
GAUUUAUCUUCGAUACAAATT

4.2.3 Protein analysis techniques

4.2.3.1 Protein extraction from cultured cells

To enable the analysis the level of specific protein in different cell lines, cells were
washed once with PBS and lysed in IP-lysis buffer (30 mM Tris-HCI, 120 mM NacCl, 2
mM EDTA, 2 mM KCI, 1% Triton-X-100, pH 7.4, Protease and Phosphatase inhibitor
(Roche)) on ice or overnight at -20 °C. Lysed cells were collected using a cell scraper
(Roth, EKX9.1) and centrifuged at 14,000 RPM for 20 minutes at 4 °C.

The supernatant containing the whole protein fraction was then transferred into a new
reaction tube. Protein concentration was determined using the well-established **° bicin-
choninic acid (BCA) protein assay (Biorad, 774985) according to the manufacturer’s in-
structions. The absorbance of each sample was measured at 750 nm with Multimode
Plate Reader by Enspire.

Gel electrophoresis of proteins was performed using the Mini-PROTEAN® Tetra Cell
System by Biorad. To resolve the proteins, sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) consisting of a stacking gel with a polyacrylamide percent-
age of 4% followed by a 10% separation gel (see table 2 18) were used. Equal amounts
of protein were mixed to a final concentration of 1x reducing sample buffer (Thermo
Fisher, NPO008) containing 200 mM dithiothreitol (DTT). Samples were heated to 90 °C
for 10 minutes to denature proteins and loaded onto the gel. Proteins were separated via
gel electrophoresis at 80 V for 15 minutes followed by 150 V for 2 hours in 1x Tris-Gly-
cine SDS Running buffer (Biorad, 1610772).

Table 4-15 SDS Page composition

10% 12.5% 4%
Components . . .
Separating gel Separating gel Stacking gel
Volume (ml) for 4 gels (30 ml total) 10 ml total
Distilled H20 12.2 9.7 6
30% Acrylamide 10 12.5 1.35
1.5 M Tris, 0.4% SDS, pH 8.8 7.5 7.5 -
1.0 M Tris, 0.4% SDS, pH 6.8 - - 25
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10% (w/v) Ammonium persulfate ‘ 0.15 ‘ 0.15 ‘ 0.066
TEMED ‘ 0.015 ‘ 0.015 ‘ 0.001

4.2.3.2 Protein extraction from fresh frozen tissue

For protein isolation, 20-30 mg of fresh frozen tumour tissue were mixed in a peqlab vial
with the adequate number of ceramic beads and 500 ul IP-lysis buffer. For lysis, samples
were homogenised for 2 x 30 sec using the Precellys 24-dual homogeniser (Peqglab).

Samples were further processed as described before in 4.2.3.1.

4.2.3.3 Western Blot analysis

After separation of protein samples via gel electrophoresis, they were transferred to a
0.2 uym nitrocellulose membranes using the Trans-Blot Turbo Transfer system (Bio-Rad,
1704270). Depending on acrylamide percentage, gels were transferred at 1.3 A, 25 V for
7 min (10% gel) or 12 min (12.5% gel). After protein transfer, membranes were blocked
in PBS with 0.1% Tween 20 (PBS-T) with 5% (w/v) non-fat dried milk powder (ITW rea-
gents, A0830) for at least 30 minutes. Subsequently, membranes were incubated with
primary antibody (see Table 4-16) overnight at 4 °C. The next day, membranes were
washed three times with PBS-T for 10 minutes, respectively. Afterwards they were incu-
bated with secondary antibody conjugated with horse radish peroxidase (HRP) in 5%
non-fat dried milk powder in PBST (see Table 4-17) for 1 h at RT. Another three washing
steps for 10 minutes with PBS-T were performed and membranes were developed using
chemiluminescent substrate Immobilon Luminata Classico (Millipore, WBLUCO0500) or
SuperSignal™ West Femto chemiluminescence substrate (Thermo Fisher, 34095) and
X-ray films (VWR, PIER34089).

Table 4-16 Primary antibodies used for Western Blot analysis

Description Supplier/Catalogue# Dilution in 5% BSA in PBST

Anti-Acsl4 Santa Cruz Biotechnology, sc-| 1:2,000
271800

Anti-AGPAT2 Thermo Fisher, PA5-76010 1:2,000

Anti-AGPAT3 Thermo Fisher, PA5-101343 1:2,000

Anti-Ascl1 BD Pharmingen, 556604 1:1,000

Anti-Cas9 Cell signaling, 14697 1:1,000

Anti-CD71 Santa Cruz, sc-65882 1:2,000

Anti-cMyc Abcam, ab32072 1:2,000

Anti-FSP1 previously described , kindly pro- | undiluted hybridoma superna-
vided by M. Conrad tant
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Anti-GAPDH Cell signaling, 97166S 1:2,000
Anti-GCLC Santa Cruz, sc-166345 1:1,000
Anti-Gpx4 Abcam, ab41787 1:2,000
Anti-NCAM Invitrogen, PA5-79717 1:1,000
Anti-REST1 Abcam, ab21635 1:1,000
Anti-REST1 Thermo Fisher, BS-2590R 1:1,000
Anti-R-Actin Sigma, A1978 1:10,000
Anti-Synaptophysin Invitrogen, MA5-14532 1:1,000
Anti-Txn1 Cell signaling, 2429S 1:1,000
Anti-TXNIP Cell signaling, 14715S 1:1,000
Anti-Txnrd1 Cell signaling, 15140S 1:1,000
Anti-Txnrd2 Cell signaling, 12029 1:1,000
Anti-Vimentin Abcam, ab137321 1:1,000
Anti-xCT Abcam, ab37185 1:2,000
Anti-YAP1 Cell signaling, 4912 1:1,000

Table 4-17 Secondary antibodies used for Western Blot analysis

Description Supplier/Cat. # Dilution in 5% milk powder in PBST
anti-mouse HRP Biotium/20400 1:20,000
anti-rabbit HRP Biotium/20402 1:20,000
anti-rat HRP Sigma/A9037 1:20,000

4.2.4 Redox shift assays

1.5x10° cells (H82, RP181.5 floaters) and 1x10° cells (H2171, RP181.5 stickers) were
seeded in 6-well plates and treated the next day for 0.5 or 6 h with 1 uM Auranofin. Cells
were then harvested, washed in PBS and lysed in 1 ml 8% (w/v) trichloroacetic acid
(TCA) on ice and frozen at -20 °C. Samples were thawed and centrifuged for 15 min at
20,000 g at 4 °C. TCA supernatant was removed, pellets were centrifuged for 5 min at
20,000 g at 4 °C and residual TCA was removed. 20 pl of alkylation buffer (6 M urea, 0.2
M Tris-HCI, pH 7.5, 0.2 M EDTA, 2% SDS, bromophenol blue) was added and samples
were sonicated for 10 cycles at an amplitude of 60% to dissolve pellets (UP50H,
Hielscher). For minimum and maximum samples, tris(2-carboxyethyl)phosphine (TCEP)
was added (10 puM final concentration) followed by incubation for 10 min at 50 °C. For
the minimum shift sample, N-ethyl maleimide (NEM) was added (15 mM final concentra-
tion) and to all other samples, methyl-polyethylenglycol-maleimide (mmPEG24, 15 mM

final concentration) was added. Samples were incubated for 1 h in the dark at RT, then
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20 pl of 2x Laemmli buffer was added. Samples were loaded on tris-tricine gels and run

overnight at constant 130 V at 4 °C.

4.2.5 Quantification of oxidised glycerophospholipids via lipidomics

Mass spectrometry was conducted by the Lipidomics/Metabolomics Core Facility of
CECAD led by Dr. Susanne Brodesser. Levels of oxidised PC and PE species were
determined by Liquid Chromatography coupled to Electrospray lonisation Tandem Mass
Spectrometry (LC-ESI-MS/MS) using a procedure described in Doll et al. 2019 2 with
several modifications: 2.5x10° cells were resuspended in 250 pl of an ice-cold 2:5 (v/v)
mixture of 100 uM diethylenetriaminepentaacetic acid (DTPA) in PBS, pH 7.4, and 40
WM butylated hydroxytoluene (BHT) in methanol. To 100 ul of the cell suspension another
3.4 ml of the above-mentioned PBS/methanol mixture, 1.25 ml of ice-cold chloroform
and internal standards (10 pmol 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and 10 pmol 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE)) were added.
The samples were vortexed for 1 min and incubated at -20 °C for 15 min. After adding
1.25 ml of chloroform and 1.25 ml of water, the mixture was vortexed vigorously for 30
sec and then centrifuged (4,000 x g, 5 min, 4 °C) to separate phases. The lower (organic)
phase was transferred to a new tube and dried under a stream of nitrogen. The residues
were dissolved in 150 pl of methanol and transferred to autoinjector vials. LC-MS/MS
analysis was performed by injecting 20 pl of sample onto a Core-Shell Kinetex C18 col-
umn (150 mm x 2.1 mm ID, 2.6 ym particle size, 100 A pore size, Phenomenex) at 30
°C and with detection using a QTRAP 6500 triple quadrupole/linear ion trap mass spec-
trometer (SCIEX). The LC (Nexera X2 UHPLC System, Shimadzu) was operated at a
flow rate of 200 pl/min. The mobile phase system, gradient program and source- and
compound-dependent parameters of the mass spectrometer were set as previously de-
scribed 2. Oxidised PC and PE species and the internal standards were monitored in
the negative ion mode using their specific Multiple Reaction Monitoring (MRM) transitions
20 The LC chromatogram peaks were integrated using the MultiQuant 3.0.2 software
(SCIEX). Oxidised PC and PE species were quantified by normalising their peak areas
to those of the internal standards. The normalised peak areas were related to the mean
values of the floater cells + DMSO cell samples.

In the MRM analyses, specific precursor ions — here: molecular ions ([M-H]") of the dif-
ferent PE species - were selected in the first quadrupole (Q1). These PE species were
fragmented in the second quadrupole (Q2), which serves as collision cell. Simultane-
ously, the third quadrupole (Q3) was set to let pass only a characteristic PE fragment
ion. The advantage of MRM analyses is that only ions, which fit both, the selected pre-

cursor and the characteristic fragment ions, can reach the detector whereas all other
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(lipid) species in the LC eluate are ignored. To enable the selective detection of only
those PE species, which are acylated by oxidised fatty acids, and the differentiation of
these oxidised from non-oxidised PE species (including plasmalogens), we chose the

oxidised fatty acyl chains as characteristic fragment ions in Q3.

4.2.6 Quantification of Glycerophospholipid via lipidomics

Mass spectrometry was conducted by the Lipidomics/Metabolomics Core Facility of
CECAD led by Dr. Susanne Brodesser. Glycerophospholipids (PC and PE, including
ether-linked species) in cells were analysed by Nano-Electrospray lonisation Tandem
Mass Spectrometry (Nano-ESI-MS/MS) with direct infusion of the lipid extract (Shotgun
Lipidomics): 3 x 10° cells were homogenised in 300 ul of Milli-Q water using the Precellys
24 Homogenisator (Peqlab) at 6,500 RPM for 30 sec. The protein content of the homog-
enate was determined using BCA. To 30 ul of the homogenate, 470 ul of Milli-Q water,
1.875 ml of methanol/chloroform 2:1 (v/v) and internal standards (187 pmol PC 17:0-20:4
and 198 pmol PE 17:0-20:4, Avanti Polar Lipids) were added. Lipid extraction and Nano-
ESI-MS/MS analysis were performed as previously described (Doll et al., 2019). Endog-
enous glycerophospholipids were quantified by referring their peak areas to those of the
internal standards. The calculated glycerophospholipid amounts were normalised to the

protein content of the cell homogenate.

4.2.7 Fluorescence activated Cell Sorting (FACS)

To quantify stainings using fluorescent probes in cells FACS analysis was used. Quanti-
fication was done using an LSR-FACS Fortessa (BD Bioscience) counting 5,000 cells per

sample.

4.2.7.1 ASCL1-staining for Flow Cytometry

RP181.5 stickers or floaters (1x10° cells) were seeded in 12-well plates (Greiner,
665180) a day in advance and then treated with different compounds for 24 h. Cells were
harvested, washed with PBS and stained for live/dead cells using the viability dye
eFluor780 (eBioscience, 65-0865-14), 1:1,000), for 30 min at 4 °C. Cells were then
washed twice with FACS buffer (PBS, 2% FCS) and cell pellets were resuspended in
200 ul Fixation/Permeabilisation buffer (eBioscience, 00-5523-00) (overnight incubation
at 4 °C). The next day, cells were washed with 1x Permeabilisation buffer (eBioscience,
00-5523-00) and incubated for 15 min in FACS buffer before adding the primary MASH-
1 antibody (BD Biosciences, 556604 ), 1:250, for 30 min at 4 °C in 1x Permeabilisation
buffer. After washing cells twice with 1x Permeabilisation buffer, pellets were resus-

pended in the secondary antibody (Cy3, Jackson Laboratories) 1:500 for 30 min at4 °C
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in 1x Permeabilisation buffer. Cells were again washed twice with 1x Permeabilisation
buffer and resuspended in FACS buffer. Measurements were acquired using a BD LSR
Fortessa flow cytometer and data were analysed with the FlowJo software. For sorting
experiments cells were resuspended in PBS with 2% FCS and 25 mM Hepes and passed
through a BD FACS sorter (Influx).

4.2.7.2 Lipid ROS quantification by BODIPY C11 staining

For lipid ROS quantification, 50,000 cells were seeded in 500 ul respective medium in
24-well plates (Greiner, 662160). The next day, cells were treated with DMSO, 100 nM
RSL3 or 100 nM RSL3/5 uM Fer-1 for 5 h. During the last 30 minutes of incubation,
BODIPY C11 was added at 5 uM to each well. Cells were then washed, detached and
fold increased green fluorescence over baseline (stained but untreated) was determined

by flow cytometry (excitation 520 nm) counting 5,000 cells per sample.

4.2.7.3 General ROS quantification by H2DCFDA staining

To stain cells, cells were treated as for BODIPY C11 staining but instead H2DCFDA was
added to wells during the last 30 minutes treatment incubation at 20 uM/well. Cells were
then washed and detached using trypsin. Fold increased green fluorescence over base-
line (stained but untreated) was determined by flow cytometry (excitation 496 nm) count-

ing 5,000 cells per sample.

4.2.7.4 Labile iron quantification by Calcein-AM staining

For quantification of labile iron in cells, cells were seeded one day in advance. The next
day cells were washed three times with PBS to remove residual FCS containing free
iron. Cells were incubated for 20 min with 500 nM Calcein-AM in PBS. Cells were de-
tached using trypsin and washed. Fold increased green fluorescence over baseline
(stained but untreated) was determined by flow cytometry (excitation 496 nm) counting

5,000 cells per sample.

4.2.7.5 Cellular GSH quantification

To determine relative levels of GSH in ferroptosis responder and non-responder cell
lines, the thiol-reactive dye MCB was added to cells seeded a day in advance (50,000
cells per well in 24-well plates) at a concentration of 50 uM for 30 minutes. Cells were
then washed, detached and analysed by flow cytometry (405 nm excitation) counting
5,000 cells per sample. To quantify concentrations of cellular GSH and GSSG, the
GSH/GSSG Glo Assay (Promega, V6611) was used according to the manufacturer’s
instructions using 75,000 (H82 and H2171) or 50,000 (RP) cells.
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4.2.8 Cell viability and cell death assays

Cell viability was determined by different types of cell death assays monitoring metabolic
activity of cells or cell membrane integrity by incorporation of intercalating agents into
dsDNA.

4.2.8.1 Cell Titer Blue assay

Cell viability was determined by Cell Titer Blue assay (Promega, G8081) following the
manufacturer’s instructions. For this assay, cells were plated at 10,000 or 5,000 cells per
96-well in 100 pl media. During this assay metabolic activity of cells is measured. Viable
cells are converting the redox dye resazurin into fluorescent resorufin emitting at 590

nm.

4.2.8.2 IncuCyte cell imaging

Cells were plated in 96-well plates (Greiner, 655180) (5,000 for 72 h, 10,000 for 24 h)
and stimulated with different drug combinations. Dead cells were stained by adding
100 nM DRAQY to all wells. Cells were imaged for 24 h every 2 or 4 h and 4 images per

well on a 96-well plate were captured.

4.2.8.3 Pl staining in FACS

For FACS analysis of dead cells, cells were trypsinised, washed and harvested by cen-
trifugation for 5 min at 1,500 RPM. To quantify cell death by damaged cell membrane,
the cell pellet was then resuspended in 400 ul of PBS with 2% FCS and 1 ug/ml propid-
ium iodide (PI).

4.2.8.4 Clonogenic survival assay

Adherent murine SCLC cells were plated at 2,500 cells/24-well in 500 pyl medium a day
in advance. The next day they were treated with DMSO, RSL3 or erastin with or without
Fer-1 (5 uM) for 24 h after which wells were washed with PBS and replenished with fresh
media for incubation for another six days. On day seven, cells were washed with PBS,
fixed and stained for 30 minutes using crystal violet solution (0.05% (w/v) crystal violet,
1% Formaldehyde, 1% methanol in PBS). After washing with H.0, plates were dried and

cell clones were quantified.

4.2.9 Mouse experiments

All animal procedures and experiments were conducted in accordance with an Institu-
tional Animal Care and Use Committee (IACUC). All people involved in animal experi-

ments received prior training and have passed the additionally required personal



Material and Methods 101

licensing course (FELASA B). All animal experiments were approved by the local gov-
ernment authorities (Landesamt fir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen, Germany (LANUV), North-Rhine-Westphalia, Germany) and performed un-
der license number 81-02.04.2017.A477.

Mice were maintained in a conventional animal facility in individually ventilated cages
(IVC) in a specific pathogen free (SPF) mouse facility in the CECAD Research Center,
University of Cologne. Mice were housed at 22-24°C, under a 12 hours (h) light/dark
cycle, given acidified water and a regular chow diet (Teklad Global Rodent 2018, Harlan)
ad libitum. For breeding, male and female mice were placed together at an age of 8
weeks minimum. Litters were marked with ear marks at minimum age of 2 weeks which

were taken for genotyping at that time and litters were weaned at the age of 3 weeks.

4.2.9.1 Autochthonous SCLC Mouse Model

In this project, the well-established GEMM recapitulating SCLC harbours a Rb1flox/flox
(Rb1fl/fl) allele in which exons 18 and 19 are flanked by loxP sites as well as a
Trp53flox/flox (Trp53fl/fl) allele in which exons 2-10 are flanked by loxP sites (RP model)
for Small Cell Lung Cancer was used (Kumar et al., 2015). In order to induce lung tumour
formation, 8-12 weeks old mice were anesthetised with Ketaset (100 mg/kg) and
Rompun (20 mg/kg) by intraperitoneal injection followed by intratracheal instillation of
replication-deficient Adeno-Cre (2.5 x 107 PFU) as described in (Meuwissen et al.,
2003b) see Figure 6.

4.2.9.2 MRI analysis

Five months after tumour induction, tumour formation was monitored bi-weekly by mag-
netic resonance imaging (MRI) (A 3.0 T Philips Achieva clinical MRI (Philips Best, the
Netherlands)) in combination with a dedicated mouse solenoid coil (Philips Hamburg,
Germany), were used for imaging. T2-weighted MR images were acquired in the axial
plane using turbo-spin echo (TSE) sequence [repetition time (TR)=3819 ms, echo time
(TE)=60 ms, field of view (FOV)=40x40x20 mm?>  reconstructed voxel
size=0.13x0.13x1.0 mm?, number of average=1) under isoflurane (2.5%) anaesthesia.
MR images (DICOM files) were analysed by determining and calculating region of inter-
ests (ROIs) using Horos software. Once tumours reached a mean volume of 15-30 mm?®,

mice were randomised into groups and treated.

4.2.9.3 Tumour xenograft studies

Human SCLC cell lines (1.5x10° cells either H82 or H2171) were injected in 200 ul PBS
into both flanks of 8-10 weeks old male NMRI-Foxn1 nu/nu mice (Janvier). For that, cells

were harvested from plates using trypsin and washed three times with PBS to remove
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residual FCS to avoid rejection. Mice were assigned to either vehicle or combination
treatment groups once tumours reached a minimum size of 2.5 x 2.5 mm. For two con-
secutive weeks mice were injected either with vehicle (PBS with 2% DMSO, 8.5% etha-
nol and 5% polyethylene glycol 400) and received normal drinking water or were injected
with Auranofin (2.5 mg/kg) three times a week and received BSO (5 mM) in the drinking
water ad libitum. Tumour size was tracked by calliper measurements and volume was
calculated as (length x width x width)/2. Mice were sacrificed at the end of the treatment.
Due to variance in tumour size at the start of the experiment, fold change of tumour

volume upon treatment was calculated.

4.2.9.4 Tumour allograft studies

RP 181.5 sticker and floater cells were injected at a 1:1 ratio (1.5x10° cells in total) into
both flanks of 8-10 weeks old male NMRI-Foxn1 nu/nu mice (Janvier) in 200 ul PBS. For
that, cells were harvested from plates using trypsin and washed three times with PBS to
remove residual FCS to avoid rejection. Mice were assigned to either vehicle, BSO,
Auranofin or combination treatment groups once tumours reached a minimum size of 2.5
x 2.5 mm. For two consecutive weeks, mice were injected either with vehicle (PBS with
2% DMSO, 8.5% ethanol and 5% polyethylene glycol 400), received BSO (5 mM) in the
drinking water ad libitum, were i.p. injected with Auranofin (2.5 mg/kg) three times a week
or received combined BSO/Auranofin. Tumour size was tracked by calliper measure-
ments and volume was calculated as (length x width x width)/2. Mice were sacrificed at
the end of the treatment. Due to variance in tumour size at the start of the experiment,

fold change of tumour volume upon treatment was calculated.

4.2.10 Staining

4.2.10.1 ASCL1-staining for immunofluorescence microscopy

RP181.5 stickers (5,000 cells) were seeded in 24-well plates. The following day, they
were treated with 500 nM Auranofin and 500 uM BSO for 96 h. For staining, cells were
washed with PBS followed by incubation in 200 pl Fixation/Permeabilisation buffer (eBi-
oscience, 00-5523-00) overnight at 4 °C. The next day, cells were washed with 1x Per-
meabilisation buffer (eBioscience, 00-5523-00) and incubated for 15 min in FACS buffer
(PBS, 2% FCS) before adding the primary MASH-1 antibody (BD Biosciences, 556604),
1:250, for 30 min at 4'C in 1x Permeabilisation buffer. After washing cells twice with 1x
Permeabilisation buffer, cells were incubated in the secondary antibody (Cy3, Jackson
Laboratories) 1:500 for 30 min at 4 °C in 1x Permeabilisation buffer. Cells were again

washed twice with 1x Permeabilisation buffer and subsequently incubated in PBS for
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microscopy. Microscopy was performed using a Leica DMI 6000B microscope (20x ob-

jective).

4.2.10.2 Immunohistochemistry

For immunohistochemistry, tissues were fixed in 4% Formaldehyde solution (VWR,
1039992500), dehydrated and subsequently embedded in paraffin. After sectioning tis-
sue (4 ym) it was deparaffinised by incubating in Xylol for 20 min and rehydrated in
decreasing EtOH-concentrated solutions. For antigen retrieval, samples were heated in
a citrate-based buffer (Vector Laboratories, H-3300) for anti-MDA staining to 100 °C for
30 min or in a TE-based buffer (10 mM Trizma Base, 1 mM EDTA, pH=9) in a pressure
cooker for anti-ASCL1 staining. Firstly, endogenous peroxidases on samples were
blocked for 15 min (BLOXALL Endogenous Peroxidase and Alkaline Phosphatase Block-
ing Solution, Vector Laboratories, SP-6000). For anti-MDA staining, this was followed by
blocking of unspecific binding for 1 h (5% bovine serum albumin (BSA), 5% normal goat
serum (NGS) in PBST) and Avidin/Biotin blocking for 15 min (Avidin/Biotin Blocking Kit,
Vector Laboratories, SP-2001). For anti-ASCL1 staining, blocking step was performed
using mouse-on-mouse blocking buffer (Abcam, ab269452) 30 min. Samples were incu-
bated overnight at 4 °C with anti-MDA antibody (Abcam, ab6463) 1:250 in blocking buffer
(PBS, 1% BSA, 0.003% NaN3, 0.05% Tween20) and for anti-ASCL1 (BD Pharmingen,
556604) 1:300 in blocking buffer (TBS 1% BSA). The following day, samples were
washed three times in PBS-T and incubated with secondary antibody (Perkin Elmer,
NEF813) 1:1,000 in respective blocking buffer for 1 h (anti-MDA staining) or HRP poly-
mer detector for 15 min for anti-ASCL1 (Abcam, mouse on mouse kit) and washed as
before. For staining anti-MDA, samples were incubated with PBS + 1/60 Biotin + 1/60
Avidin (VECTASTAIN® Elite® ABC HRP Kit, Vector Laboratories, PK-6100) for 30 min.
Both stainings were developed using DAB chromogen (Abcam, ab6423) according to the

manufacturer’s instructions and counterstained using Hematoxylin.

4.2.10.3 ASCL1 histology scoring

ASCL1 staining was manually quantified by H-score quantification on a scale of 0-300
as described #2%%%8_|n brief, the H-score was calculated from % of positive cells multiplied
by intensity score of 0-3. Tumours were first categorised into intensities followed by an

estimation of % of positive cells.

4.2.11 Human SCLC RNA-seq data ethical approval

All SCLC and normal lung patient datasets and human SCLC cell line data used in this

study have been previously published and, as such, are appropriately referenced, have
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previously obtained the appropriate ethics approvals and are online available for George
et al. 2015 (SCLC data) under (George et al., 2015) , for Rudin et al. 2012 (normal lung
data) under (Rudin et al., 2012) and for Mollaoglu et al. 2017 (human SCLC cell line
RNA-seq data) under 8. Raw sequencing data were analysed with TRUP (Mollaoglu et

al., 2017) and gene expression was quantified as FPKM.

4.2.12 Analysis software and bioinformatic analysis

Heatmaps visualising cell death pathway component expression were generated using
RStudio version 1.1.456 and gplots, data.table and RColorBrewer packages. A ranked
list of fold differential expression was generated for human cell line RNA-seq data using
Excel and analysed for enrichment of gene sets by GSEA Desktop v3.0 22 and
https://doi.org/10.1038/ng1180). FACS data were analysed and quantified using FlowJo
10.4.2. Cell Titer Blue viability assays were analysed using Excel. MRI scans were quan-
tified using Horos v3.3.5. Lipidomics measurements were analysed by MultiQuant 3.0.2
software (SCIEX). Figures were assembled and data plotted and analysed using
GraphPad Prism 7 for Mac OS X. All figures were drawn using fully licensed bioren-

der.com. IncuCyte images were analysed using the IncuCyte software (Sartorius).

4.2.13 Data presentation and statistical analysis

Data shown in graphs are presented as mean +/- SEM of at least three independent
experiments unless stated otherwise. Thereby, the mean is calculated and plotted from
at least three means from three independent experiments (each one performed in dupli-
cates or triplicate experimental replicates). Two-tailed p values with a cut-off of *=0.05
are calculated for the comparison between two conditions/groups. For comparison of
multiple conditions/groups adjusted p values (cut off *=0.05) were determined by ANOVA
and Tukey’s post-test. All statistical analysis was performed using GraphPad Prism 7 for
Mac OS X. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 for all figures.
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Figure 41 GSEA analysis.
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Gene set enrichment analysis (GSEA) of a ranked list of differentially expressed genes from human
ferroptosis sensitive and resistant cells was performed, ES=enrichment score and p value are indi-
cated. A positive ES indicates enrichment of a gene set in ferroptosis resistant cells, a negative ES

indicates enrichment of a gene set in ferroptosis sensitive cells 2%':252,



