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Abstract

Ferroptosis is a regulated cell death modality dependent on iron and characterized by
excessive lipid peroxidation, which is affiliated with the spread of necrosis in diseased
tissue by undetermined mechanisms. Through the exploitation of the temporal and
spatial properties of a novel optogenetic approach that triggers ferroptosis by
degrading the anti-ferroptotic enzyme GPX4, we showed that lipid peroxidation and
ferroptotic cell death can spread to neighboring cells via their closely connected plasma
membranes. We found that ferroptosis propagation depends on the proximity of cells
that can be entirely halted by either disrupting a-catenin-dependent intercellular
junctions or chelating extracellular iron. Strikingly, linking cells through a lipid bilayer
or enhancing the contact area between adjacent cells facilitates ferroptosis spread. We
uncovered that iron-dependent lipid peroxidation could be transmitted between directly
contacting liposomes, revealing the involvement of a physicochemical mechanism. Our
findings indicate that iron-dependent lipid peroxidation propagation occurs across
adjacent plasma membranes of neighboring cells, contributing to ferroptotic cell death
and subsequent necrosis spread in diseased tissues.



Zusammenfassung

Ferroptose ist eine regulierte Zelltodart, welche von Eisen abhangig ist und durch
exzessive Lipidperoxidation gekennzeichnet ist. Sie steht im Zusammenhang mit der
Nekroseausbreitung in erkranktem Gewebe durch noch unbekannte Mechanismen.
Durch die Nutzung der zeitlichen und raumlichen Eigenschaften eines neuartigen
optogenetischen Ansatzes, der Ferroptose durch den Abbau des anti-ferroptotischen
Enzyms GPX4 auslost, konnten wir zeigen, dass sich Lipidperoxidation und
ferroptotischer Zelltod Uber Plasmamembrankontaktflachen auf benachbarte Zellen
ausbreiten konnen. Wir fanden heraus, dass die Ferroptoseausbreitung von der
Distanz zwischen Zellen abhangt, welche vollstandig gestoppt werden kann, indem
entweder a-Catenin-abhangige Zellverbindungen unterbunden oder extrazellulares
Eisen chelatisiert wird. Bemerkenswerterweise erleichtert das Verbinden von Zellen
durch eine Lipiddoppelschicht oder die VergroRerung der Kontaktflache zwischen
benachbarten Zellen die Ferroptoseausbreitung. Wir entdeckten, dass
eisenabhangige Lipidperoxidation zwischen direkt in Kontakt stehenden Liposomen
Ubertragen werden kann, was auf einen physikochemischen Mechanismus hinweist.
Unsere Ergebnisse deuten darauf hin, dass die Ausbreitung der eisenabhangigen
Lipidperoxidation Uber benachbarte Plasmamembranen erfolgt, was zum
ferroptotischen Zelltod und zur anschlielienden Nekroseausbreitung in erkranktem
Gewebe beitragt.
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Introduction

Ferroptosis
Ferroptosis has been designated as a regulated, iron-dependent form of cell death.

Execution of ferroptosis requires the presence of polyunsaturated fatty acid (PUFA)-
containing lipids, oxygen, and free intracellular iron or iron-containing enzymes. These
components can react, e.g. via Fenton reactions, to generate high levels of lipid
peroxides, a hallmark of ferroptosis2. Unlike other programmed cell death modalities
such as apoptosis, pyroptosis, or necroptosis?, ferroptosis does not seem to converge
through distinct signaling pathways into a terminal executioner, although recently
NINJ1 was proposed to play a role in the final steps of ferroptosis execution “.
Therefore, ferroptosis can at the moment only be vaguely defined as a unique cell
death form associated with high levels of membrane lipid peroxidation that is blockable
by membrane lipid peroxidation inhibitors such as Ferrostatin-1 (Fer-1) and
Liproxstatin-1 (Lip-1) that function as lipophilic radical-trapping antioxidants®’. To
counteract lipid peroxidation accumulation, cells have evolved potent redox defense
systems that often work orchestrated to neutralize excessive lipid peroxides ”~''. In line
with this, dysregulated ferroptosis has been associated with a variety of diseases,
including neurodegeneration, renal failure, or stroke'?-¢. Additionally, ferroptosis has
been identified as a promising anticancer treatment for refractory cancers'’. Therefore,

it is of great interest to understand the underlying mechanism.

Emergence of the ferroptosis field

Ferroptosis research goes back to the pioneering work of Harry Eagle in the
1950s where he discovered that cysteine deprivation causes cell death and that
endogenous cysteine synthesis renders cells resistant to this type of cell death'®20. In
1958 Goldberg and Smith injected mice with iron dextran causing the formation of
peroxides in the adipose tissues, which was rescued by vitamin E and worsened when
mice were fed with unsaturated fat, establishing the first link between iron and lipid
peroxidation?’. Another important puzzle piece for defining the basic principles of
ferroptosis was discovered in 1982 by characterizing the selenoenzyme and
phospholipid hydroperoxidase glutathione peroxidase 4 (GPX4)?2. The identification of
the system x:™ cystine/glutamate antiporter in 1999 elucidated the intimate role of

cellular cystine uptake, glutamate secretion and Glutathione biosynthesis?3. Later in
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2001 oxytosis, which is an oxidative-stress-induced cell death in neurons, was
described?*. Using a synthetic high-throughput screening to identify compounds that
kill cancer cells, Dolma and colleagues identified that Erastin, an inhibitor of the
X¢~ antiporter, induces a non-apoptotic cell death process?®. A similar screen was
performed in 2008, identifying RSL3, a GPX4 inhibitor, as an iron-dependent, non-
apoptotic cell death inducer in cancer cells?. In the same year, the lab of Marcus
Conrad reported that conditional GPX4 knockout induces non-apoptotic cell death
driven by lipid peroxidation that could be attenuated by alpha-tocopherol and that
overexpression of xc- components rescued HH514 BL cells from lipid-peroxidation-
induced non-apoptotic cell death?”-28,

In a follow-up study in 2012, the Stockwell group termed this iron-dependent
form of non-apoptotic cell death for the first time ferroptosis. Within this work, they also
identified the first potent inhibitor of ferroptosis, which they called Ferrostatin-1". This
groundbreaking work has opened the way for a new field of research that has seen
exponential growth ever since (Fig.1). Two years later the Conrad group characterized
Lip-1 as another potent ferroptosis inhibitor®. Hence, the ferroptosis field ultimately
emerged from a series of high-throughput screenings aiming either to kill cancer cells
or to identify potent inhibitors of ferroptosis. These screenings significantly contributed
to unravel the underlying mechanism of ferroptosis and opened a starting point for the
development of new strategies to combat human diseases’.

5000+
4000+
30004
2000+

10004

Numbers of publication in PubMed

Fig. 1: The exponential growth of the ferroptosis research field since its founding in
2012 is illustrated by the cumulative number of ferroptosis related papers in the
database PubMed.
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Ferroptosis execution

Ferroptosis regulation and execution involve several lipid-centric mechanisms
that govern cellular membrane integrity that are deeply interconnected with metabolic
pathways'’. Ferroptosis is driven by the accumulation of lipid peroxides and the
formation of lipid hydroperoxides, either through imbalances in cellular metabolism or
cellular redox defense systems that exceed their antioxidant buffering capacity and can
be blocked by lipid peroxidation suppression or iron depletion in pharmacological and
genetic means'”2%3, Lipid hydroperoxides can then react with iron to generate highly
reactive lipid radicals that can be further modified and truncated contributing to
ferroptosis execution3'. Thereby, lipid hydroperoxides can either be formed in chemical
reactions between PUFAs, reactive oxygen species (ROS) and iron or synthesized by
lipoxygenase enzymes®?33, However, it is still unclear which of the two mechanisms is

more important’.

Until recently, downstream events of lipid peroxidation during ferroptosis
execution have been elusive. A mechanism found by Hirata and colleagues and lately
expanded by the Broz lab indicates that increased lipid peroxidation leads to an
increased membrane tension, which activates Piezo1 and other transient receptor
potential (TRP) mechanosensitive ion channels. This results in a net ion influx (Ca?*
and Na*), that is further intensified by simultaneous inactivation of the plasma
membrane Na*/K* ATPase, leading to the activation of NINJ1, by a yet unknown
mechanism. NINJ1 activation causes NINJ1 to oligomerize, causing nanopores and

over time membrane rupture (Fig.2) 43435,
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Fig. 2: Current model of ferroptosis execution. Accumulation of phospholipid
peroxidation at the plasma membrane leads to increased membrane tension and in
turn to the opening of mechanosensitive channels (Piezo-1 and TRP channels),
resulting in a net ion influx of Ca?* and Na* and the release of K*. Through an unknown
mechanism, NINJ1 gets activated and oligomerizes, which causes nanopores and the
additional instream of Ca?* and H2O. When the membrane damage is too severe,
membrane rupture occurs in a probable NINJ1 dependent manner. Adapted from: 47

However, these findings are in part contradictory with the model of ferroptosis
execution that our lab proposed in 2021 (Fig. 3)34. In our model, cytosolic Ca?* influx
is the result of lipid peroxidation caused nanopores that is governed by osmotic
pressure. Accordingly, we could not delay lipid peroxidation, but ferroptosis execution
by utilizing osmoprotectants. However, it can be speculated that Piezo1 might
contribute downstream of membrane pores to further facilitate Ca?* influx. Cytosolic
Ca?* activates ESCRT-IIl components that counteract ferroptotic execution by actively
contributing to the membrane repair. If the damage is too severe for reparation, plasma
membrane disruption is caused by an imbalance in osmotic forces due to the opening

of small nanopores.
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Fig. 3: Our model of ferroptosis execution34: Accumulation of phospholipid
peroxidation at the plasma membrane leads to the formation of nanopores resulting in
an influx of Ca?* and H.O. Ca?* activates ESCRT-IIl components that participate in
plasma membrane repair. lon fluxes generate osmotic pressures that mediate plasma
membrane rupture if the ESCRT-IIl system exceeds its repair capabilities.

Future studies are required to resolve the role of Piezo1 in Ca?* fluxes and to
clarify how NINJ1 gets activated, whether NINJ1 is required or facilitates nanopore

formation and membrane rupture during ferroptosis execution.
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Biochemistry of lipid peroxidation

Lipid peroxidation is a hallmark of ferroptosis that differentiates ferroptosis from
other forms of regulated cell death®. Since cellular membranes consist of large
amounts of polyunsaturated fatty acids, they are the primary target for free radical lipid
peroxidation, because of their free cholesterol and esterification of phospholipids®”.

Therefore, the term lipid peroxidation implies oxygenation of lipids such as the
formation of lipid hydroperoxides. However, the term does not differentiate whether
products are formed spontaneously or through an enzyme catalyzed process?.
However, independent of how lipid hydroperoxides are formed, they can serve in
specific conditions as initiators to generate peroxide products under oxygen
consumption. In these settings, lipid peroxidation can be understood as a chain
reaction, consisting of initiation, propagation and termination phases (Fig. 4A) 237,

In the initiation step, a labile hydrogen atom gets subtracted from the substrate
by an initiating radical. Thereby, initiator radicals stem from one-electron reduction of
the hydroperoxide in a Fenton-like reaction forming either lipid alkoxyl or hydroxyl
radicals. In a broader sense, a Fenton reaction is defined as a chemical reaction
between iron and hydrogen peroxide (H202) yielding highly toxic free radicals, which
in turn can spark lipid peroxidation. Reducing agents in these reactions can either be
low-valent iron, copper or good one-electron donors such as ascorbate or hydroperoxyl
radicals (Fig. 4A).

This yields a carbon-centered radical that can react with O, giving a peroxyl
radical capable of propagating a chain reaction by reacting with another substrate
molecule?. Hereby, the propagation reactions are competing with termination. If two
peroxyl radicals react with each other, the reaction stops by yielding an alcohol, a
carbonyl compound and O». Polyunsaturated fatty acids (PUFA) are prone for
undergoing autooxidation, because their bis-allylic hydrogen have in comparison to
other lipid species low bond dissociation energies. This results in a relatively higher
lipid peroxidation formation rate that was shown to drive ferroptosis (Fig. 4B)>2°.
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Fig. 4: Key steps in lipid peroxidation formation. A) Scheme showing how a bis-
allylic moiety of a polyunsaturated lipid (blue) can be oxidized by a radical generated
e.g. via a Fenton reaction, how this reaction can be propagated in a chain reaction to
other bis-allylic moieties and how this chain reaction is terminated. B) Linoleate as an
example of a polyunsaturated lipid. Bis-allylic moiety is illustrated in blue. Adapted
from: 237
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Lipid peroxidation can also be enzymatically catalyzed by lipoxygenases
(LOXs), non-heme iron dioxygenases or cyclooxygenases (COXs)38. LOXs catalyze
the stereospecific insertion of molecular oxygen into arachidonic acid, resulting in
hydroxy derivatives as end products, whereas COXs reside upstream a complex
metabolic cascade that ultimately converts PUFAs into more bioactive lipids394°.

However, their role in initiating ferroptosis is controversial?®.

Starting point of ferroptosis

The specific cellular membranes that are crucial for the initial spark of lipid
peroxidation required for ferroptosis execution are currently unknown. Also unknown
is whether and how lipid peroxidation reaction spreads from this starting point within
cells. Most cellular membranes/organelles have been linked to ferroptosis sensitivity
regulation including the plasma membrane, mitochondria, ER, Golgi, nucleus,
peroxisomes, lysosomes, lipid droplets etc. However, it is largely unknown how these
different, often opposing functions, are harmonized into distinct decisions about
whether ferroptosis is executed or not 7. A model proposed by Dixon in 2023 suggests
that every protein, metabolite or biomolecule that can alter iron, lipid or redox
metabolism could have a quantitative effect on lipid peroxidation and thus ferroptosis

sensitivity33.

Ferroptosis execution vs. sensitivity

For the investigation of neighboring cell responses in the context of ferroptosis,
it is crucial to differentiate mechanisms of ferroptosis execution from mechanisms that
alter ferroptosis sensitivity. In short, ferroptosis execution includes all processes that
lead to membrane lipid peroxidation, net ion influx through the plasma membrane, cell
swelling and plasma membrane rupture®. Ferroptosis sensitivity on the other hand,
describes the probability that a certain trigger causes ferroptosis execution. Therefore,
ferroptosis sensitivity is tightly regulated by pathways controlling lipid metabolism, iron
homeostasis and redox governance, etc. Hence, ferroptosis sensitivity is controlled by
hundreds of enzymes and molecules in cells, that all influence in a complex interplay

whether ferroptosis execution can occur®,
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Mechanisms controlling ferroptosis execution

The endosomal sorting complexes required for transport (ESCRT-III) system
has been identified as an antagonist mechanism to limit membrane damage during
regulated cell death programs including necroptosis, pyroptosis and ferroptosis*'=#4. In
the ferroptotic context, lipid peroxidation can cause increased intracellular Ca?* levels,
which act as a recruiting signal for ESCRT-IIl components, to transport charged
multivesicular body protein 5 (CHMP5) and CHMPG6 to the plasma membrane where
they participate in membrane repair (Fig. 3). Accordingly, CHMPS, CHMP6 or
CHMP4B knockdown was shown to increase ferroptosis vulnerability. However, this
repair mechanism is ineffective when excessive lipid peroxidation occurs and cannot

inhibit ferroptosis execution3+42.

Mechanisms controlling ferroptosis sensitivity

Driven by high-throughput screenings for novel small-molecule anticancer
therapies and subsequent counter-screenings, inducers and inhibitors of a new form
of non-apoptotic, lytic cell death were identified. Investigation of the underlying
mechanism identified that either the inhibition of the system xc- through Erastin or
GPX4 by RSL3 induces ferroptosis (Fig.5). Additionally, it was demonstrated that iron
chelators and lipophilic radical-trapping antioxidants inhibited this cell death modality,
showing the dependency on iron for this process™525.
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GPX4-GSH system

The selenoprotein GPX4 is a member of the glutathione peroxidase (GPX)
protein family that converts phospholipid hydroperoxides to phospholipid alcohols?”:45
and was therefore found to be the most important enzyme to hold lipid hydroperoxide
levels in check in most cells®?”. GPX4 requires the catalytic selenocysteine residue of
GPX4 and two electrons, which is provided by Glutathione (GSH), for its function to
reduce phospholipid and hydroperoxides to their respective alcohols'®. This crucial role
is emphasized by the fact that GPX4 depletion or inhibition triggers ferroptosis*¢. GSH
is a tripeptide consisting of glycine, glutamate and cysteine. Cysteine is the bottleneck
in GSH synthesis and is mainly imported through the xc” system as cystine, the
oxidized form of cysteine*”#8. Disruption of the cystine import through pharmacological
inhibition of the xc"system, e.g. with Erastin, or depletion of cystine from the cell culture
media induced ferroptosis in various cancer cell lines'°. Hence, the GPX4-GSH
system is the most powerful anti-ferroptosis defense system and either direct GPX4
inhibition through RSL3 or indirect inhibition through cysteine deprivation by Erastin
leads to excessive phospholipid hydroperoxides accumulation and subsequent
ferroptotic cell death (Fig. 4)'" 0.

As mentioned above, GPX4 has a selenocysteine within its active site. Although
selenocysteine is not required for cell survival and proliferation of mammalian cells,
selenolate- vs. thiolate-based catalysis has a clear advantage in its resistance to
overoxidation. WT GPX4, in contrast to GPX4-Cys, was found to form a selenylamide
intermediate in the absence or low levels of reducing equivalents (GSH), preventing its
irreversible oxidation that is crucial for controlling lipid peroxidation and ferroptosis®’.
In settings with low selenium, GPX4 translation is distorted leading to early GPX4
translation termination by ribosome stalling and collisions, which causes increased
vulnerability to ferroptosis®2. Selenium can either enter the cell by selenium-containing
carrier protein selenoprotein P, which is bound and subsequently endocytosed by
receptors like the LDL receptor-related protein 8 (LRP8), or via conversion of inorganic
selenium through a system xc- dependent process (Fig. 6). Accordingly, LRP8
knockout was shown to sensitize cells to ferroptosis inducers in triple-negative breast

cancer cells®2-55,
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GPX4 exists in several isoforms localized in the cytosol, mitochondria or
nucleus, whereby the cytosolic isoform is considered the most important for inhibiting

ferroptosis’.
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Fig. 5: xc-GSH-GPX4 pathway protects cells from phospholipid peroxidation by direct

reduction of phospholipid hydroperoxides to their corresponding alcohols through
GPX4. Chemical inhibition of GPX4 by RSL3 or x¢- by Erastin results in excessive

phospholipid hydroperoxides accumulation and subsequent ferroptotic cell death.
Adapted from:"” and created with BioRender.
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ACSL4

Other players regulating ferroptosis have been identified via genome-wide
haploid and CRISPR-Cas9-based screens. Acyl-CoA synthetase long-chain family
member 4 (ACSL4) involvement in the ferroptosis process stems from its ability to
ligate preferably long-chain PUFAs, including arachidonic acid (20:4) and adrenic acid
(22:4) with coenzyme A. Subsequently several LPCATSs can re-esterify those products
into phospholipids. This increases the incorporation of long-chain PUFAs into cellular
membranes®-%8. Accordingly, depletion of ACSL4 leads to a substantial shift from
long-chain PUFA to short-chain and monounsaturated fatty acid (MUFA) in cellular
membranes, allowing the survival of ACSL4-deficient cells in a GPX4 deficient
background®¢:58:59, Increased ACSL4 activity on the other hand showed indications of
promoting ferroptosis in the context of ischemia-reperfusion injury and radiation

responses (Fig. 2)%.

FSP1-CoQH redox system

The FSP1-CoQH redox system was shown to inhibit plasma membrane
peroxidation independent of GPX4. It consists of the NAD(P)H- and FAD-dependent
oxidoreductase FSP1 and the coenzyme Q10 (CoQ). FSP1 reduces Q10 (CoQ) and
vitamin K, whose reduced forms act as lipophilic radical-trapping antioxidants, capable
of terminating lipid peroxidation chain reactions. FSP1 specifically localizes to the
plasma membrane and lipid droplets, which was shown to be crucial for its anti-
ferroptotic activity (Fig. 6)%1-3.
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Fig. 6: Important ferroptosis defense systems. In the GPX4-GPX4 pathway, the xc-
system imports cystine in exchange for glutamate. Cystine is then reduced to cysteine
in the cytosol, where it is required for the synthesis of GSH. GSH acts as a cofactor for
GPX4 to reduce toxic phospholipids (L-OOH) into their corresponding alcohols (L-OH).
In the CoQ-FSP1 system, FSP1 regenerates under NAD(P)H consumption radical-
trapping antioxidants such as coenzyme Q10 (CoQ) or vitamin K. Reduced CoQ/
vitamin K stops lipid peroxidation reactions by donating electrons to phospholipid
peroxyl radicals (LOO.). Ferroptosis sensitivity is regulated by receptor-mediated
endocytosis. Uptake of iron complexes via the transferrin receptor enhances
ferroptosis sensitivity, whereas the uptake of selenium-rich protein SEPP1 by the LRP8
receptor suppresses ferroptosis sensitivity. Upon endocytosis iron and selenium are
released from lysosomes. Released iron can interact with lipid peroxides to generate
hydroxyl and alkoxyl radicals that promote lipid peroxidation. Released selenium can
be used to synthesize GPX4. Adapted from: *

Other defense systems

Apart from Coenzyme Q (CoQ) and vitamin K, various other endogenous
metabolites can act as ferroptosis suppressors by serving as lipophilic radical-trapping
antioxidants, including tetrahydrobiopterin, vitamin E, vitamin A, and 7-
dehydrocholesterol. The extent to which these metabolic ferroptosis inhibitors

contribute seems to differ among different cell types®4-5.
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Lipids metabolism and Ferroptosis
There is increasing evidence that the lipid composition of cells and the

mechanism by which cells store, catabolize and synthesize different lipids have a great
impact on defining their ferroptosis sensitivity?®:68.69. Accordingly, cells can modulate
their ferroptosis sensitivity through the control of abundance and localization of fatty
acids with differing oxidation potential, by controlling their synthesis, trafficking and
flux. However, it is not well understood how fatty acid trafficking to other compartments
contributes to ferroptosis and how decisions for fatty acid conversions into other
species are made’. One important nexus was identified with cytosolic acetyl-CoA
carboxylase 1 (ACC1) synthesizing malonyl-CoA, because malonyl-CoA can either be
used for the synthesis of long-chain saturated fatty acids through the fatty acid
synthase (FASN) of for the elongation of imported PUFASSs into different longer chain
length products’®. Another checkpoint in lipid metabolism lies in the ER, where fatty
acids are activated by ACSL enzymes and build into phospholipids or TAGs by
acyltransferases. Also, in the ER the desaturation of long-chain saturated fatty acids
via FADS1, FADS2 and SCD1’. On top of that, signaling pathways were shown to

render enzyme activity in different cancer-related settings’'-"3.

Iron in Ferroptosis

As described above, iron is required for ferroptosis execution and is therefore a major
ferroptosis regulator. Accordingly, cellular iron homeostasis is tightly regulated by post-
transcriptional regulation of genes involved in iron storage/release and import/export
through the iron-regulatory proteins IRP1 and IRP27475. Hence, all cellular processes
that alter the accessibility of cellular labile iron content modulate ferroptosis
vulnerability. On that account, the increase of cellular iron availability through
autophagic ferritin degradation, which is an iron-storage protein, was shown to promote
ferroptosis’®’7. In line with this, ferroptosis can also be promoted by enhanced cellular
iron import through transferrin and its receptor (TFRC)’®. In this process, Fe®*'-
transferrin complexes are imported through receptor-mediated endocytosis,
whereafter these complexes are trafficked and liberated inside lysosomes (Fig.6)".
Accordingly, TFRC knockdown was shown to inhibit ferroptosis, by limiting cellular iron
uptake?®7879 Mitochondria, central hubs for iron use and metabolism, are also

implicated in ferroptosis regulation. Increased mitochondrial iron uptake by mitoferrin1
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(MFRN1) or disruption of mitochondrial Fe—S cluster biosynthesis was shown to

enhance ferroptosis sensitivity881.

Role of cell density in Ferroptosis

Another layer of ferroptosis regulation was discovered when studying ferroptosis
in the context of high cell density. Wu et al. found that high cell density upregulates E-
cadherin expression in certain cell types, making them more resistant to ferroptosis
induction through cysteine deprivation and GPX4 inhibition®. In line with this, other
reports found that extremely high cell densities allow the survival of GPX4 knock-out
cells in vitro?”83, The found mechanism has been proposed to depend on the Hippo
pathway and YAP signaling®?8485. The Hippo-Yap pathway is an important nexus in

various biological functions such as cell proliferation and organ size®-87,

Ferroptosis propagation

Adding another layer of complexity, ferroptosis has been suggested to spread
through cell populations in vitro, associated with the spread of necrosis in diseased
tissues. Recently ferroptosis propagation was also linked to cell death events in
physiological conditions during development®. In line with this, Erastin administration
caused synchronous necrosis of renal tubules ex vivo, which could be rescued by
ferroptosis inhibitors®®. Moreover, in vitro ferroptosis induction has been observed in
wave-like patterns, exhibiting distinct spatiotemporal characteristics compared to other
forms of cell death®-3, A recent study found that Platelet activation factor (PAF) and
its derivatives play a role in this process®. Another paper identified ROS trigger waves
allowing ferroptosis propagation, which speed and progression can be modulated by
ROS feedback loops through genetic and chemical means. However, the utilization of
drugs to induce or hinder ferroptosis, potentially impacting all cells within the population
in their ferroptosis sensitivity, has limited the investigation of ferroptosis spread
between cells. Consequently, the concept of ferroptosis propagation remains
contentious, with key open questions regarding its molecular mechanisms and its role

in contributing ferroptosis sensitivity to tissues.
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Ferroptosis in Disease

Ferroptosis has been associated as an important player in numerous
pathogeneses and their progression. Pathologies implicated with ferroptosis are
cancers, neurological disorders, cardiovascular disease, pulmonary conditions,
gastrointestinal disorders, urogenital issues, endocrine dysfunctions, iron overload
syndromes, musculoskeletal disorders, and autoimmune diseases®. While this long
list of pathologies implicated with ferroptosis underpins the clinical significance and
potential for therapeutic interventions, further research is needed to determine whether
ferroptosis is causing the disease or ferroptosis occurs as a secondary effect. Hence,
most observations so far reveal cell death in diseased tissues, which can be rescued
using lipophilic radical-trapping antioxidants, limiting symptom severity. However, it will
be necessary in the future to disentangle this chicken or the egg causality dilemma to
elucidate ferroptosis's contribution to these pathologies. Therefore, the development
of improved tools for studying ferroptosis is necessary including the identification of in

vivo ferroptosis biomarkers'”.
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Optogenetics

Optogenetics is a modern technique that combines genetic engineering with
optics to control diverse cellular functions with light by utilizing genetically encoded
protein switches with outstanding spatial and temporal resolution. This technology
opens numerous areas of research, by enabling the investigation of biological
questions that previously could not be addressed. On top of that, optogenetics holds

the potential to be translated into powerful biomedical and therapeutical applications®.

Emergence of the optogenetics field

Although light-sensitive photoreceptors have been studied for decades in the
context of energy capture, storage and regulation of developmental processes in
diverse organisms, they have only been recently systematically utilized to control
cellular processes with light®”. Hence, although Richard Fork already postulated in the
year 1971 in a Science paper the significant impact of being able to specifically and
reversibly activate individual neurons for studying cellular interconnections, it took until
2002 to use photoreceptors as actuators by expressing Drosophila rhodopsin and
respective signaling proteins in neurons®°°. The technology was further boosted by
the discovery of channelrhodopsin (ChR) in the green Algae Chlamydomonas since its
light-absorbing chromophore (all-trans-retinal, a vitamin A derivate) is ubiquitously
expressed in most organisms and hence can be exploited as a useful tool®”-19°, Further
adaption of ChRs led to neuronal in vivo applications in chicken embryos, C. elegans,

Drosophila, mice, zebrafish and non-human primates in the following years'01-106,

Optogenetics toolbox

Over the last 20 years, the optogenetics toolbox has constantly been expanded,
which has had a tremendous impact not only on neuroscience but also recently a
growing impact on other disciplines such as cardiology and cell biology in general. The
toolbox includes actuators that can be activated by several specific wavelengths that
enable the control of a wide array of cellular functions by light through their different
modes of action®. Thereby, optogenetic actuators enable light control in specific
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processes such as neuronal firing, but also manipulate other cellular processes such
as protein-protein interactions, protein transcription, protein localization, protein
degradation, etc. In the following, optogenetic systems are discussed that act as

molecular switches and are of relevance in this thesis107.108,

Molecular switches

Optogenetic switches are comprised of photoreceptors that undergo
conformational changes upon illumination with a distinct wavelength. Depending on
the activation mechanism of a protein of interest, different photoreceptors can be
utilized to regulate its activity. For instance, if a protein of interest gets activated upon
oligomerization, like most Caspases, molecular switches can be employed to facilitate
homo- or heterodimerization of fusion partners. Another activation mode that can be
exploited is the uncaging of a motif of interest like a nuclear import/export, or degron
sequences, that make the motifs accessible through light induced intramolecular

conformational changes'®.
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Fig. 7: Overview of selected optogenetic molecular switches. A) Cry2 forms homo-
oligomers or interacts with CIBN to form heterodimers upon blue light illumination. B)
UV illumination induced PhoCl cleavage leads to the release of N-GSDMD-mCherry1%°.
C) Blue light illumination leads to the unwinding of the Ja-helix of AsLOV2, which
thereby uncages in this case a degron sequence. Adapted from: 199.110
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The Cryptochrome 2 (Cry2) protein stems from Arabidopsis thaliana, which was
shown to enable control by light of a protein of interest by tuning its protein-protein
interactions, activity or intracellular localization. Cry2 is a flavoprotein receptor that
binds to flavin adenine dinucleotide (FAD) non-covalently, mediating light-
responsiveness with an absorption maximum of around 450 nm and, hence requiring
no exogenous chromophore. Upon blue light exposure Cry2 changes its conformation,
which enables it to either bind to its interaction partner cryptochrome-interacting basic
helix-loop-helix 1 (CIB1), forming heterodimers, or to cluster with other Cry2 molecules

to form homo-oligomers (Fig. 7A)110-113,

The photocleavable protein (PhoCl), which is based on a green-to-red
photoconvertible version of mMaple, undergoes an irreversible cleavage upon
illumination with 400 nm, resulting in a bigger N-terminal and in a small C-terminal
fragment''4. This characteristic can be exploited to design optogenetic tools by cloning
a fusion protein of a nuclear localization sequence (NLS) with PhoCl and a protein of
interest. For instance, we recently designed a tool where, in the dark, the N-terminal
GasderminD is trapped in the nucleus, but upon activation, N-GasderminD gets

released out of the nucleus and induces pyroptotic cell death (Fig. 7B)'°.

Another widely used optogenetic system for various applications is based on the
LOV2 domain of phototropin 1 derived from Avena sativa (AsLOV2). Intramolecular
conformational changes upon blue light illumination lead to the unwinding of the Ja-
helix into an open structure, making, for instance, nuclear import/export or degron

sequences accessible for interactions with cellular partners (Fig. 7C)"'>-117.

Advantages and limitations of optogenetic tools

Optogenetics has a distinct advantage over other methodologies in its ability to
achieve high spatial resolution, allowing a fine-tuned control from the cell population
scale to the single cell level and even specific subcellular cell areas such as individual
mitochondria or plasma membrane sections, etc (Fig. 8)''°. An example of this
versatility was demonstrated in a study using a LOV2-domain based optogenetic tool
for controlling local activation and recruitment of RhoA GTPase to the plasma
membrane of epithelial cells, showing that it is possible to control protein activity in a
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spatially controlled manner''®, On the other hand, it is also possible to tune, for
example, optogenetic-induced Caspase activation to either trigger dependent on the
magnitude of the activation illumination (area, duration and intensity), sublethal

Caspase activation or cell death (Fig. 9)'15116,

single cell activation single organelle activation

optogenetic activation

optogenetic activation

- transfected cell bystander mitochondria

Fig. 8: Optogenetics allows regulation of protein activity on single cell- or subcellular
level. Adapted from: 112

The second distinct advantage of optogenetics over conventional chemical
inducers is its unprecedented temporal resolution, enabling mimicking signaling events
at every level of a given pathway, since light allows flexible ON-OFF switching of
protein activity in a second-to-minutes time range. This allows the dissection of
biological processes that lead to particular signaling events within the same signaling
pathway''°, For instance, Repina and colleagues showed in a study that it is possible
to simulate Wnt signaling gradients that usually occur during development by applying
different light intensities to activate a Cry2 based optogenetic tool to control the
clustering of the low-density lipoprotein receptor-related protein 6 (LRP6). Further, they
demonstrated that the longest illumination duration, led to the highest Wnt signaling'?.
In line with this, another Cry2/CIBN based tool to control TGF-§ signaling showed a
similar fine-tuning capability using different light intensities. By applying different
illumination patterns with either single light pulses, several light pulses over time or
continuous illumination, they achieved oscillating or sustained TGF-$ signaling in

single cells'10.122,
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Fig. 9: Temporal resolution of optogenetics. Light input patterns correlate with
protein activity output. Adapted from: 11°

Although optogenetic tools have, as described above, many advantages in
comparison to conventional drug treatments, they also come with some challenges or
limitations. One challenge is the complexity of the experiments, since additional
controls for all experiments are required to rule out illumination caused phototoxicity.
Another limitation is the low activation threshold of currently available optogenetic
tools, which require cultivating cells in dark conditions. In order to avoid unwanted
autoactivation, optogenetic tools have been expressed under inducible promoters, with
the disadvantage of treating cells with chemicals, which could potentially cause off-

target effects and hence also require additional controls'.

Current optogenetic tool design often involves the generation of fusion proteins
encoding for a protein of interest, a photo-activator and a fluorescence tag for the
identification of optogenetic tool expressing cells. Accordingly, gene delivery can be
challenging due to the size of the fusion protein, which often range from 5-10k base
pairs. Depending on how easy cells acquire foreign DNA, optimizing transfection
conditions might be required. Gene delivery to primary cellular systems requires the
utilization of more sophisticated methods such as lenti- or retroviral transductions.
Since most photoactivatable proteins stem from different species then the recipient

cellular system or organism, complications regarding immunogenicity might arise.

In essence optogenetic tools are artificial overexpression systems that can face
limitations regarding the localization, function and structure of the respective protein of
interest’?®. Hence, all derived results should be complemented with alternative

methodologies to rule out overexpression artefacts. This effect could potentially be
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worsened due to the fluorescent tag of the fusion protein. To overcome these
limitations, IRES element containing constructs could be designed that allow
transfection tracking via a fluorescence signal without the need of tagging the protein
of interest'?4125 Additionally, when using a nanobody against a protein of interest
instead the respective cDNA, this strategy could be used to control endogenous
proteins. The downturn of this approach is the restricted availability of nanobodies,
which would significantly limit the use cases.
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Objectives

Ferroptosis has been observed to spread through cell populations in vitro and is linked
to the propagation of necrosis in diseased tissues and to cell death events during
development®. For instance, Erastin administration caused synchronous necrosis of
renal tubules ex vivo, which could be rescued by ferroptosis inhibitors®. Ferroptosis
propagation was described to occur in a wave-like pattern that exhibits distinct
spatiotemporal characteristics compared to other forms of cell death®®-%. A recent
study found that Platelet activation factor (PAF) and its derivatives contribute to this
process®, whereas another study proposed that trigger waves of reactive oxygen
species enable ferroptosis propagation®. However, this process has only been studied
using conventional drug interventions to induce or hinder ferroptosis, which potentially
impacts all cells within the population in their ferroptosis sensitivity and hence has
limited the investigation of ferroptosis spread between cells. Accordingly, in this thesis,
we want to investigate the underlying mechanism of ferroptosis propagation without
changing the ferroptosis sensitivity of the cell population with the following objectives:

e Development of an optogenetic tool that specifically induces ferroptosis.
e Characterization of key parameters of ferroptosis propagation.

e Uncover the underlying mechanism of ferroptosis propagation.
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Results

Opto-GPX4Deg induces cell death via ubiquitin mediated proteasomal deg-
radation of GPX4.

To study neighboring cell responses unbiasedly, we developed an optogenetic
tool that enables us to trigger ferroptosis by light through the depletion of GPX4, which
is currently known as the most potent strategy for inducing ferroptosis. Therefore, we
designed a LOV2-based optogenetic tool as a fusion protein encoding for GFP, GPX4
and the photoactivatable LOVpepdegron. This LOV2 based fusion protein, which we
named Opto-GPX4Deg, changes its conformation upon blue light illumination, by
exposing an RRRG degron sequence for ubiquitin-mediated proteasomal degradation
(Fig. 1A)'26.127 " A version of Opto-GPX4Deg without RRRG degron sequence that we
called Opto-Ctrl was used throughout the study as a control for checking for
illumination-mediated cytotoxicity. As a next step, we tested whether HelLa and
HEK293 were suitable cellular systems to validate Opto-GPX4Deg by checking their
ferroptosis sensitivity. Therefore, we treated HEK and Hela cells with three structurally
different ferroptosis compounds (RSL3, Erastin and FINO2) and acquired cell death
kinetics by high-throughput live cell imaging. As expected, treatment with all
compounds led to around 80 % cell death over the time course of 24h, with slightly
slower kinetics for HelLa cells, which could be entirely inhibited when cotreating the
cells with the antioxidant Fer-1, indicating that these cells are ferroptosis sensitive. Of
note, RSL3 treatment of HelLa cells resulted in lower cell death induction compared to
the other ferroptosis inducing compounds. Together this data shows that HelLa and
HEK cells are ferroptosis sensitive and hence are suitable cellular systems to validate
Opto-GPX4Deg (Fig. S1A-F).

For testing Opto-GPX4Deg in a high-throughput optogenetics pipeline in a 96-
well-plate format, we seeded HEK293 or Hela cells the day prior to transfection with
Opto-GPX4Deg or Opto-Ctrl and incubated them for 16h before treated or not with
different Fer-1 concentrations. Then, we acquired pre-activation images to determine
the potential autoactivation of Opto-GPX4Deg. Afterwards, we activated the
optogenetic tools using the 465 nm LEDs of an optoPlate-96 128129 at 100 % for 30 min
and assessed the cell death kinetics via life cell imaging (Fig. 2B). As expected, upon
optogenetic activation cell death induction of Opto-GPX4Deg expressing HEK293 and
HelLa cells was significantly higher compared to Opto-Ctrl expressing cells.
Optogenetically triggered cell death could be delayed with the administration of Fer-1

36



in a concentration-dependent manner and cell death induction was proportional to the
illumination intensity (Fig. 1C,D and Fig. S1G,H), which suggests that the cell death

modality is ferroptosis.
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Fig. 1: Light-controlled cell death induction with Opto-GPX4Deg. (A) Design of
Opto-GPX4Deg. Opto-GPX4Deg is designed as fusion protein encoding for GPX4
tagged with N-terminal EGFP and a C-terminal LOV domain with a degron sequence
at the C-terminus, which only becomes accessible upon blue light illumination. (B)
Experimental design of high-throughput optogenetic experiments: On day 0, 5000
HelLa or HEK293 cells per well were seeded into each well of 96-well plates. By day 2,
the cells were transfected with either Opto-Ctrl or Opto-GPX4Deg. On day 3, a pre-
activation image was taken before illuminating the cells for 30 minutes using 100% 465
nm LED intensity of an optoPlate-96. Afterward, a post-activation time series was
captured using an S3-Incucyte. (C) Representative images of HelLa cells cell death
analysis utilizing DRAQ7 (magenta) either expressing Opto-GPX4Deg or Opto-Ctrl
(green) 10h post-illumination. Scale bar, 30 um. (D) Cell death kinetics quantification
upon optogenetic activation in HeLa and HEK293 cells transfected with Opto-
GPX4Deg or Opto-Ctrl and treated or not with Fer-1. DRAQ7 positive cells were
normalized to GFP positive cells. Statistical analysis by three-way ANOVA corrected
for multiple comparisons using Tukey's multiple comparison test. Exact p-values are
shown. All experiments were performed with three independent biological replicates
(n=3).

To verify that the fusion construct Opto-GPX4 gets degraded upon optogenetic
activation, we transfected HelLa cells with Opto-GPX4Deg or Opto-Ctrl and activated
the cells with different illumination durations, whereafter the samples were processed
for Western blotting (WB). As postulated, the fusion protein Opto-GPX4Deg got
degraded in an illumination duration-dependent manner, which we showed via
significantly reduced levels of GFP and GPX4 antibody stainings, but not the control
construct. Remarkably, we observed the same trend for endogenous GPX4 (Fig.
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2A,B). This finding could have different explanations including the existence of an
orchestrated mechanism for GPX4 degradation via the proteasome or that the fusion
protein might act as a dominant negative isoform that interacts through its degron
sequence with endogenous GPX4. As an alternative approach for showing the
degradation of the fusion protein, we assessed GFP intensities of individual cells pre-
, post- and 24h post-activation, where we again detected a significant GFP intensity
reduction in Opto-GPX4Deg expressing cells, but not in the Opto-Ctrl expressing cells
(Fig. 2C,D). As GPX4 is a potent anti-ferroptotic regulator, we assessed the GPX4
activity within the Opto-GPX4Deg fusion protein, showing that it maintains partial
activity through its ability to hinder cell death in GPX4 KO cells during Fer-1 withdrawal
or after tamoxifen-induced GPX4 depletion (Fig. S1I-K). All in all, these findings
suggest that Opto-GPX4Deg activation induces cell death via exogenous and
endogenous GPX4 degradation.
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Fig. 2: Optogenetic activation results in the degradation of Opto-GPX4Deg. (A)
WB analysis of Opto-GPX4Deg, Opto-Ctrl and endogenous GPX4 protein levels
activated or not with indicated illumination times. GAPDH, loading control. (B)
Quantification of WBs in (A). Protein levels normalized to loading control. Values are
displayed as mean +SD. (C,D) Quantification of the Mean Fluorescence Intensity
(GFP) in individual cells at indicated times, as a readout Opto-GPX4Deg degradation
(8-bit greyscale). Statistical analysis by one-way ANOVA corrected for multiple
comparisons using Tukey's multiple comparison test was performed for all
experiments. Exact p-values are shown. All experiments were performed with three
independent biological replicates (n=3). Error bars, +SD.
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Opto-GPX4 enables ferroptosis regulation at the single-cell level.
A major advantage of optogenetic tools in comparison to conventional drug

treatments is next to their tunability and reversibility, the possibility of controlling
signaling pathways in single cells without affecting neighboring cells. To test these
properties in Opto-GPX4Deg, we adapted the experimental procedure to confocal live
cell imaging at the single cell level. In short, we acquired a pre-activation image,
whereafter individual Opto-GPX4Deg expressing cells were activated with the FRAP
unit of the microscope with a 405 nm laser every 5 min for up to one hour. (Fig. 3A).
As expected, single cell activation of Opto-GPX4Deg expressing HEK293 cells
robustly induced cell death that could be captured with high spatial and temporal
precision (Fig. 3B). As a quantitative readout of single cell death induction, we
assessed the time till death using plasma membrane blebbing as a readout. On
average, 17 minutes passed from activation to membrane blebbing, which occurred in
a narrow distribution of around 13-20 minutes. Cell death induction occurred in
activated Opto-GPX4Deg-expressing cells significantly faster compared to cells
expressing negative controls, which indicates a specific cell death induction. The
negative controls additionally functioned as proximation for photo-toxicity of the
illumination conditions, confirming that the used illumination settings were not sufficient
for inducing cell death in Opto-GPX4Deg expressing cells. In line with the high-
throughput approach (Fig.1), 3 yM Fer-1 administration inhibited cell death induction
to control levels, indicating that the cell death modality in this setting is ferroptosis.
Importantly, Fer-1 application did not alter the time till death in control samples, nor in
an established optogenetics apoptosis setting (Fig. 3B) '3°. As an additional control for
potential optogenetic tool expression and activation for bystander cells that fall below
the fluorescence detection range, we activated seemingly non-transfected bystander
cells in the Opto-Ctrl and the Opto-GPX4Deg expressing bulk. The percentage of
blebbing cells was comparable between the condition, suggesting that those cells were
not or not sufficiently expressing the optogenetic constructs at the time of activation
(Fig. 3D).

39



| pre activation activation time series
1 image 7 images every 45 s 7 images every 45 s images every 45 s
T T f
activation activation activation
B Upon C
before activation after
4 o 60 p <0,0001
p =0,0002
b =0,0005 p <0,0001 p <0,0001
° YT p=0,0003
— p =0,0075 .
£ o o p=0,024
£ | -0 * .
= 40 e
g’ ° ° &;-
2 | TTL L F
K] e|® B °
e o X .
Opto-GPX4Deg = 20 e -aT!
a [}
D g % &+ - {E
» p <0,0001 = . .
380
o
g’ 0 T T T T T T T T T
840 E— Cry2-GFP + - - - - - % -
25 Tom20-CIBN - + - - - - - + %
xX -
Opto-GPX4Deg + - - - PhoClmChery - -+ - - - - -
Opto-Ctrl - + - - Opto-GPX4Deg - - - + + +
bystander Opto-Ctrl - - + - BAXS184E-Cry2 - - -
Opto—&/’s)targeeé - Tt Fer-1(uMm) - - - - 2 3 3 3 3

Fig. 3: Single-cell ferroptosis induction using Opto-GPX4Deg. (A) Activation
regime of confocal optogenetics cell death experiments: Before optogenetic activation,
one pre-activation image was acquired followed by the optogenetic activation using the
FRAP unit with 70% intensity of a 405 nm laser with 100 iterations every 5 min for up
to one hour. (B) Representative images of morphological changes in Opto-GPX4Deg
expressing cells upon activation (white arrow). Scale bars, 10 ym. (C) Quantification
of the time till blebbing as a proxy for cell death induction for the indicated optogenetic
constructs, treated with Fer-1 as indicated. Big dots represent the replicate averages,
small dots represent single-cell measurements in individual replicates. (K)
Quantification of the percentage of blebbing cells from (C) at 25 min after illumination.
Bystander refers to non-expressing bystander cells exposed to activating illumination
within populations transfected with Opto-GPX4Deg or Opto-Ctrl. Statistical analysis by
one-way ANOVA corrected for multiple comparisons using Tukey's multiple
comparison test was performed for all experiments. Exact p-values are shown. All
experiments were performed with three independent biological replicates (n=3). Error
bars, +SD.
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Opto-GPX4Deg activation induces lipid peroxidation in cellular membranes.

To further validate that the Opto-GPX4Deg-induced cell death modality is
ferroptosis, we assessed lipid peroxidation, a hallmark of ferroptosis, in cellular
membranes. Therefore, we transfected HEK293 cells or not with Opto-GPX4Deg. On
the next day, the cells were labeled with C11-Bodipy, a standard method for assessing
lipid peroxidation in live cells. Upon oxidation, this membrane-bound, ratiometric
fluorescent dye alters its emission properties and is frequently utilized as an indicator
for ferroptosis-induced lipid peroxidation’. Afterwards, we assessed C11-Bodipy ratios
upon optogenetic activation at time points 5 min and 65 min post-activation. We found
that single activated Opto-GPX4Deg expressing- and non-transfected bystander cells
exhibited detectable levels of lipid peroxidation 5 min post-activation, which returned
to normal levels after 1h in non-transfected bystander cells, but activated Opto-
GPX4Deg expressing cells at least maintained their elevated C11-Bodipy oxidation
ratio, probably due to high activation laser intensity exposure (Fig. 4A,B). The elevated
C11-Bodipy ratios of activated Opto-GPX4Deg expressing cells were accompanied by
characteristic morphological changes of lytic cell death, whereas non-transfected cells
did not change their morphology over time (Fig. 4A). We could also confirm these
results using our high-throughput optogenetic pipeline (Fig. 4C,D). Together these
results indicate that the light exposure to optogenetically activate Opto-GPX4Deg
might contribute to lipid peroxidation and hence to specific ferroptosis induction.
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Fig. 4: Optogenetic activation of Opto-GPX4Deg increases lipid peroxidation
assessed by C11-Bodipy oxidation. (A) Images showing the emergence of green
(oxidized) C11-Bodipy fluorescence upon illumination of individual cells. Reduced C11-
Bodipy is shown in red. White arrows, activated Opto-GPX4Deg cells. White asterisk,
activated, non-transfected control cells. Scale bar, 50 ym. (C) Images of C11-Bodipy
oxidation (green) upon bulk illumination of expressing or not Opto-GPX4Deg. Reduced
C11-Bodipy is shown in red. Scale bar, 80 um. (B,D) C11-Bodipy oxidation ratio
calculated by normalizing green with green + red C11-Bodipy fluorescence signal. Big
dots represent replicate averages, small data dots represent single-cell measurements
in individual replicates. Values are displayed as mean + SD. Statistical analysis by one-
way ANOVA corrected for multiple comparisons using Tukey's multiple comparison
test. Exact p-values are shown. All experiments were performed with three
independent biological replicates (n=3).

As an alternative approach for testing specific ferroptosis induction upon Opto-
GPX4Deg activation, we measured lipid peroxidation by lipidomics analysis. Therefore,
we upscaled the high-throughput pipeline to a 6-well-plate format and incubated the
cells upon transfection for two days before activating or not Opto-GPX4Deg- or Opto-
Ctrl expressing bulks, after which the samples were processed for lipidomics analysis
or WB. Western blotting was performed as quality control and showed as in Fig. 2A,B
a significant reduction in Opto-GPX4Deg levels and endogenous GPX4, but not in the
Opto-Ctrl transfected bulk. Consistent with the C11-Bodipy experiments, mass
spectrometry analysis also revealed a significant increase in oxidized lipid species in
the Opto-GPX4Deg samples, but not in the negative controls, whereby we detected
the highest enrichments in oxidized phosphatidylcholine (PC) species, which is in line
with previous work performed in HelLa cells (Fig. 5D)'3'. Moreover, fatty acids mass
spectrometry uncovered a global reduction in fatty acid species (Fig. SE). Together,
these findings show that Opto-GPX4 induced cell death is coincident with increased
lipid peroxidation levels, which further proves that the cell death modality is ferroptosis.
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Fig. 5: Optogenetic activation of Opto-GPX4Deg increases lipid peroxidation
assessed by mass spectrometry. (A) Workflow of lipidomic experiments: On day O,
1x10° HelLa cells/well were seeded into 6-well plates. By day 2, HelLa cells were
transfected either with Opto-Ctrl, Opto-GPX4Deg or not transfected. Transfected cell
populations were illuminated or not for 60 min with 100% 465 nm LED intensity using
an optoPlate-96. After 48h, the cells were harvested, and samples were prepared for
WB and lipidomics. (B) Representative WB shows the illumination-dependent
degradation of the Opto-GPX4Deg construct. GAPDH, loading control. (C) Protein
levels quantification of GFP, GPX4 and endogenous GPX4 of the WB in (B). Protein
levels normalized to loading control. —, non-transfected, or transfected as indicated
with Opto-Ctrl or Opto-GPX4Deg. Statistical analysis by one-way ANOVA corrected
for multiple comparisons using Tukey's multiple comparison test (rest) or parametric t-
test (endo GPX4). Exact p-values are shown. All experiments were performed with
three independent biological replicates (n=3). Values as mean +SD. (D,E) Mass
spectrometry analysis of oxidized lipids and fatty acids, respectively. Fold change in
the heat map was calculated by dividing lipid species upon illumination by the non-
illuminated control for the individual replicates (left) and average (right). All
experiments were performed with at least two independent biological replicates (n=3).
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Ferroptotic cells are capable of inducing ferroptosis in neighboring cells.

An increasing number of studies report that ferroptosis can spread within cell
populations in vitro and contribute to the propagation of necrosis in diseased
tissues®%0, but recently a study also demonstrated that ferroptosis propagation can
play a role in normal physiology during development®®. However, all those studies
investigated ferroptosis propagation in the context of cell populations with altered
ferroptosis sensitivities due to conventional drug interventions that can affect all cells
in the population. We hypothesized that our Opto-GPX4Deg system could circumvent
these limitations and enable the study of ferroptosis propagation in a more
physiologically relevant setting. Strikingly, we observed that after a lag time of around
three hours not only activated Opto-GPX4Deg cells but also non-transfected cells,
which we call from here on bystander cells, started to die, which did not occur in the
Opto-Citrl transfected cell populations (Fig. 6). Importantly, we ruled out that cells
expressing Opto-GPX4Deg below the fluorescence detection range at the activation

time point contributed to this phenomenon (Fig. 3D).
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Fig. 6: Ferroptotic cells induce ferroptosis in bystander cells. (A) Images showing
cell death (DRAQ7, magenta) in bystander HelLa cells (GFP negative) at Oh and 24h
post-illumination in Opto-GPX4Deg and Opto-Ctrl samples. (B-D) %DRAQ7 positive
cells over time for indicated cell populations from experiments in (A). (D) To facilitate
statistical comparison of the different experimental settings, we calculated the % Area
Under the Curve (AUC) for the cell death kinetics graphs of the different cell
populations. One-way ANOVA corrected for multiple comparisons using Tukey's
multiple comparison test. Exact p-values are shown. All experiments were performed
with three independent biological replicates (n=3). Values as mean + SD.
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These results indicate that activated Opto-GPX4Deg-expressing cells die first,
followed by bystander cells. If there were a causal connection between those events,
one would expect a heterogeneous distribution of cell death within the bystander cell
population. Accordingly, we assessed the clustering tendency of our dataset via
Hopkins statistics. In short, Hopkins statistics assesses data clustering by comparing
the distance between real data points to their nearest neighbors with the distance from
random points to the nearest real data points. When the data is not clustered, the
distances from real points to each other and from random points to real points are
similar, resulting in a Hopkins statistic of around 0.5. In tightly clustered data, real
points are much closer to their neighbors than random points are to real points, yielding
a statistic close to 1.0'32. Intriguingly, Hopkins analysis of our data set revealed that
cell death in activated Opto-GPX4Deg expressing cell populations mainly occurred in
clusters (value = 0.67), whereas cell death in the Opto-Ctrl transfected populations was
randomly distributed (value = 0.43) (Fig. 7A). As a consequential analysis, we
investigated whether Opto-GPX4Deg activation induces cell death preferentially in
bystander cells that are in close proximity. Indeed, our analysis showed, to our
surprise, that the distance from dead Opto-GPX4Deg expressing cells to dead
bystander cells was significantly shorter compared to those distances in Opto-Ctrl
transfected populations (Fig. 7B) and the measured distance was consistent with the
average diameter of HelLa cells of around 23 pm (Fig. 7D,E). This result hinted at the
direction that cells undergoing Opto-GPX4Deg triggered ferroptosis were able to
induce cell death in bystander cells in their close vicinity. We could not observe a
similar behavior in an optogenetics apoptosis setting, which indicates that the
propagation of cell death to neighboring cells is a specific trait of ferroptosis (Fig. 7C).
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Fig. 7: Direct adjacent bystander cells to activated, dead Opto-GPX4Deg
expressing cells undergo cell death. (A) Hopkins statistical analysis was used for
assessing the clustering tendency of the data sets. Statistical analysis by parametric t-
test. (B) Distribution of distances between dead cells expressing Opto-GPX4Deg or
Opto-Ctrl to dead, bystander cells from experiments in (Fig. 6). (G) Same as in (F) but
using Opto-Casp9 for light-driven apoptosis induction and respective control construct.
Statistical analysis by parametric t-test. Values are displayed as mean +SD. (D)
Scheme showing the average diameter of HelLa cells as well as the average distance
between neighboring HelLa cells. (E) Distribution of cell diameters of living and dead
HelLa cells derived from Fig. 6. Statistical analysis by parametric t-test. Exact p-values
are shown. All experiments were performed with three independent biological
replicates (n=3). Values are displayed as mean + SD.

We next aimed to elucidate the cell death modality by which adjacent bystander
cells die upon Opto-GPX4Deg triggered ferroptosis. To this aim, we designed a more
complex experimental setup that allowed us to simultaneously assess the kinetics of
membrane oxidation and cell death using a modified Opto-GPX4Deg version, where
we exchanged GFP with BFP2, in combination with C11-Bodipy staining. Membrane
oxidation and cell death kinetics in activated Opto-GPX4Deg expressing cells showed
first an accumulation of oxidized C11-Bodipy, followed by plasma membrane rupture
and cell death. Bystander cells directly adjacent to these ferroptotic cells also
accumulated oxidized lipids with a delay and eventually died. Subsequently, we could
observe increased lipid ROS and cell death in their direct neighboring cells over time.
Importantly, Fer-1 treatment directly upon Opto-GPX4Deg activation was, as expected,
not sufficient to hinder ferroptosis in Opto-GPX4Deg expressing cells, but largely
diminished lipid oxidation and cell death in bystander cells (Fig. 8A-E). In line with that,
control samples only exhibited insignificant amounts of lipid peroxidation and no cell
death propagation (Fig. S2 and S3A). Intriguingly, we measured a mean distance
between dead bystander cells, which again corresponded to that of neighboring cells.
Our results therefore suggest that bystander cells that were directly adjacent to cells
that died by Opto-GPX4Deg activation also underwent ferroptosis. Furthermore,

ferroptotic bystander cells were able to pass lipid oxidation and ferroptosis on to other
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directly adjacent bystander cells. Collectively, our data demonstrates that ferroptosis
can propagate across cell populations.
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Fig. 8: Bystander cells adjacent to ferroptotic cells die by ferroptosis and are
capable of propagating ferroptosis to their neighbors. (A) Lipid peroxidation
spread and cell death time series analysis. Opto-GPX4Deg, blue; oxidized C11-
Bodipy, green. White arrows, cells with C11-Bodipy oxidation. White asterisks, dead
cells. Scale bars, 100 ym for overview and 50 ym for zoom. (B,D) %C11-Bodipy
positive (oxidized C11-Bodipy) cells (B) and %cell death (D) over time in the indicated
populations treated or not with 5 uM Fer-1. (C,E) %AUC of the different cell populations
in (B,D). Statistical analysis by one-way ANOVA corrected for multiple comparisons
using Tukey's multiple comparison test. Values are displayed as mean = SD. (F,G)
Distance distribution between dead, Optp-GPX4Deg expressing cells and dead,
bystander cells (F), and distance distribution between dead, bystander cells (G).
Statistical analysis by one-way ANOVA corrected for multiple comparisons using
Tukey's multiple comparison test. Exact p-values are shown. All experiments were
performed with three independent biological replicates (n=3) except in (B-E) five
independent biological replicates (n=5) were performed. Values are displayed as
mean + SD.
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Given that proximity is a key parameter for ferroptosis propagation, we
hypothesized that increasing cell confluency should render bystander cells more
sensitive to ferroptosis. Intriguingly, we could confirm this notion by finding that
bystander HelLa cells were indeed more susceptible to cell death induced by
neighboring cells that died by Opto-GPX4Deg activation (Fig. 9A,B). Additionally, we
could also show an increased sensitivity towards ferroptosis in RSL3-treated HelLa
cells at higher cell confluency (Fig. 9C,D). Consistent with previous reports that
extremely high cell densities promote the survival of GPX4 (KO) cells?’, we also
observed a desensitization to ferroptosis induction by Opto-GPX4Deg and RSL3 at

100% confluency.
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Fig.9: Higher cell confluency renders HelLa cells more sensitive to ferroptosis.
(A) %DRAQ7 positive HeLa cells upon optogenetic activation over time transfected
with Opto-GPX4Deg and seeded at the indicated confluency, treated or not with 5 yM
Fer-1. (B) %AUC for the populations in (A). (C) %DRAQ7 positive cells over time for
Hela cells seeded at indicated confluency and treated with 4 yM RSL3 and 5 uM Fer-
1 as indicated. (D) %AUC for the different populations in (C). Statistical analysis by
one-way ANOVA corrected for multiple comparisons using Tukey's multiple
comparison test. Exact p-values are shown. All experiments were performed with three
independent biological replicates (n=3). Values are displayed as mean £ SD.

48



Since our previous results established a requirement of close cell proximity in
ferroptosis spread, we wondered whether physical contact between neighboring cells
might be directly involved in ferroptosis propagation. To test this, we transferred as
part of a collaboration with F. Isil Yapici conditioned medium of ferroptotic cells from
two different genetic systems onto healthy MEF cells. For the SCLC GPX4 KO
systems, ferroptosis was induced by Fer-1 withdrawal, whereas the tamoxifen-
inducible GPX4 KO Pfal system was treated with tamoxifen to trigger ferroptosis. In
line with our notion that physical contact might be necessary for ferroptosis spread,
conditioned medium containing molecules released from ferroptotic cells was not
sufficient as a death signal in recipient cells. However, we cannot discard that instability
of molecules in the supernatant or local concentration differences of molecules are

responsible for the lack of ferroptosis induction by the conditioned media (Fig. 10).
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Fig. 10: Ferroptotic supernatant does not result in a death signal in recipient
cells. (A) Supernatants were obtained from either ferroptotic or control cells derived
from murine small cell lung cancer (SCLC) GPX4 knockout cells under Fer-1
withdrawal (left) or from MEFs with inducible GPX4 knockout (Pfa1) treated with 1 uM
4-hydroxytamoxifen for 72 hours (right panel). These supernatants were transferred
onto WT MEFs, which were subsequently treated as indicated. Cell death was
assessed by DRAQ7 staining and quantified by dividing the DRAQ7 object count by
confluency. One-way ANOVA corrected for multiple comparisons using Tukey's
multiple comparison test. All experiments were performed with three independent
biological replicates (n=3). Values are displayed as mean * SD.

Because cytosolic calcium fluxes were shown to be crucial for ferroptosis
execution 4% and have been observed in ferroptosis propagation that was induced
by conventional drug treatments, we wondered whether calcium could also act as a
local trigger for ferroptosis propagation to neighboring cells when the cell populations
have not been sensitized to ferroptosis before. Although we could replicate our
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previous work*' by finding that Opto-GPX4Deg cells undergoing ferroptosis exhibit
increased cytosolic calcium measured with the calcium indicator Fluo-4-AM, we failed
to detect with our system significant calcium influx in adjacent bystander cells during
the time window in which they maintained their integrity, indicating that paracrine
calcium fluxes are not involved in ferroptosis propagation (Fig. 11A,B). However,
removing extracellular calcium prevented ferroptosis propagation without altering the
cellular intrinsic ferroptosis susceptibility as Opto-GPX4Deg expressing cells cell death
levels did not change in comparison to the control condition (Fig. 11C,D and Fig.
S3B,C), suggesting that extracellular calcium plays a role in ferroptosis propagation.
This finding is of particular interest as calcium was found to be crucial for the formation
of adhesive cell-cell contacts mediated by cadherins, with extracellular calcium

depletion abolishing adhesive cell-cell contacts and thereby likely disturbing spatial

distance between cells.
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Fig. 11: Extracellular Ca?* plays a role in ferroptosis propagation. (A) Time series
of cytosolic Ca?* fluxes in HEK293 cells transfected with Opto-GPX4Deg (white
arrows) and stained with 1 yM Fluo4-AM (green). Scale bar, 50 ym. (B) Single-cell
analysis of the Fluo4-AM mean fluorescence intensity in (A). n= 5 ferroptotic and 40
neighboring cells. a.u., arbitrary units. (C) %DRAQ7 positive HelLa cells for indicated
cell populations with (left) or without Ca?* (right) in the medium over time. (D) %AUC
for the populations in (C). (D) parametric t-test was performed. Exact p-values are
shown. All experiments were performed with three independent biological replicates

(n=3).
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Following up on these results, we next investigated the role of cell-cell contacts
in ferroptosis propagation through the disruption of Ca?*-dependent adhesive cell-cell
contacts by a-catenin depletion, which is a crucial component of cadherin
complexes'33. Strikingly, experiments of light-induced Opto-GPX4Deg activation in
HelLa cells revealed that ferroptosis propagation from Opto-GPX4Deg expressing cells
to bystander cells was fully inhibited in a-catenin knockdown (KD) populations, but not
in control bulks that were transfected with scrambled siRNA (Fig. 12A,B and Fig.
S4A). We could recapitulate these findings when repeating the o-catenin KD
experiment in SCLC cells (Fig. 12C,D and Fig. S4B). In contrast, we only observed
limited ferroptosis propagation in HT-29 WT cells (Fig. 12E,F and Fig. S4B).
Interestingly, we observed a correlation between E-cadherin expression levels and the
ability of these cell lines to sustain ferroptosis propagation, which is in accord with
previous reports that attribute a protective role to E-cadherin in ferroptosis (Fig.
12G,H). To get a better understanding of the paradox between E-cadherin’s role in
preventing ferroptosis propagation and its function in forming cell-cell contacts, we

aimed to explore the underlying mechanism in more detail.
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Fig.12: Disruption of cell-cell contacts by a-catenin depletion abrogates
ferroptosis propagation. Opto-GPX4Deg and bystander HelLa (A,B), SCLC (C,D), or
HT29 (E,F) cells were transfected with either siRNA against a-catenin or scramble
siRNA (control), and treated or not with 5 pM Fer-1. (A, C, E) %DRAQ7 positive cells
in a-catenin KD and control samples over time. (B, D, F) %AUC for indicated

populations. Statistical analysis by one-way ANOVA corrected for

multiple

comparisons using Tukey's multiple comparison test. Exact p-values are shown. All
experiments were performed with three independent biological replicates (n=3). Values

are displayed as mean £ SD.
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As expected, exogenous E-cadherin expression completely abrogated
ferroptosis propagation in HelLa cells, while not altering the sensitivity of Opto-
GPX4Deg expressing cells undergoing light-induced ferroptosis. However,
overexpression of other classical cadherins including P- and N-cadherin failed to
protect from ferroptosis propagation to bystander cells, suggesting that E-cadherin
exclusively, but not other cadherins, has a specific role in preventing ferroptosis
spread, while not altering the intrinsic ferroptosis sensitivity of individual cells.
Surprisingly, an E-cadherin mutant lacking the catenin binding domain (CBD), which is
defective in sustaining cell-cell adhesion by being unable to bind a-catenin, was still

sufficient to hinder ferroptosis propagation (Fig. 13).
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Fig.13: The signaling function of E-cadherin is required for inhibiting ferroptosis.
Cell death kinetics in Opto-GPX4Deg (A) or Opto-Ctrl (C) expressing HelLa cells
transfected with RFP-tagged empty vector, WT E-cadherin, E-cadherin ACBD mutant,
WT N-cadherin or WT P-cadherin. (B,D) %AUC for the cell populations in (A,C).
Statistical analysis by one-way ANOVA corrected for multiple comparisons using
Tukey's multiple comparison test. Exact p-values are shown. All experiments were

performed with three independent biological replicates (n=3). Values are displayed as
mean * SD.
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A recent study found that the depletion of E-cadherin increases ferroptosis
sensitivity by disturbing the cadherin adhesion complex, which in turn would activate
the transcription factor YAP and subsequently upregulate pro-ferroptosis factors like
ACSL4 and TFRC. In this scenario, we were interested in how YAP is regulated in our
a-catenin KD system, where the cadherin adhesion complex is also disrupted®?. We
found that a-catenin KD also activated YAP'34, which we demonstrated by increased
nuclear YAP alongside a reduction in phosphorylated YAP. But in contrast to this
model, YAP activation resulted in the abrogation of ferroptosis propagation.
Furthermore, we detected increased protein levels of GPX4 and/or FSP1, both known
for their ferroptosis protective function (Fig. 14). Interestingly, overexpression of the
CBD E-cadherin mutant also resulted in YAP activation in HelLa cells while inhibiting
ferroptosis propagation (Fig. S5). Together these data uncover that the role of E-
cadherin in ferroptosis is cell-cell adhesion independent and can likely be ascribed to
its signaling functions'3%136,
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Fig.14: a-catenin KD leads to YAP activation. HeLa, SCLC, or HT29 cells were
transfected with either siRNA against a-catenin or scramble siRNA (control). (A, C, E)
WB analysis of indicated protein levels in a-catenin KD and control cells. (B, D, F)
Quantification of WB in (A, C, E). Protein levels normalized to loading control. (G)
Immunofluorescence staining of YAP in a-catenin KD or control HelLa cells. Nuclear
translocation quantification by comparison of nucleus/cytosol (Nuc/Cyt) YAP ratio in a-
catenin KD or control HelLa cells. Green, YAP; blue, Hoechst as nuclear staining.
Statistical analysis by parametric t-test. Exact p-values are shown. All experiments
were performed with three independent biological replicates (n=3). Values are
displayed as mean £ SD.
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To validate the findings from the a-catenin KD experiments and to demonstrate
the necessity of a-catenin for ferroptosis propagation, we created a-catenin knockout
(KO) HelLa cells and performed reconstitution experiments, in which we reintroduced
them with exogenous wild-type (WT) and mutant versions of a-catenin. We utilized
mutants lacking the vinculin binding site (AVBS), the B-catenin binding site (AB-
catenin), or the F-actin binding site (AF-actin) to either fully or partially disrupt cadherin-
dependent cell-cell contacts. The AB-catenin and AF-actin mutants entirely abolish
adhesive cell-cell contacts as the complex that mediates the connection of cadherins
to the cytoskeleton is disrupted, whereas the AVBS mutant partially retains adhesive
cell-cell contacts, because its direct F-actin binding function, but not to vinculin, stays
intact. We could recapitulate the results from the a-catenin KD experiments, meaning
that we found that ferroptosis propagation did not occur in a-catenin KO cells (Fig. S6).
Furthermore, WT «-catenin reconstitution resulted in complete reestablished
ferroptosis propagation, whereas the Ald-catenin or AF-actin mutants were incapable
of rescuing ferroptosis spread. However, reconstitution with the AVBS mutant resulted
in partial restoration of ferroptosis propagation (Fig. 15). These data demonstrate that
the disturbance of a-catenin-mediated cell-cell contacts by genetic means blocks

ferroptosis propagation.
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Fig. 15: Reconstitution with a-catenin rescues ferroptosis propagation in a-
catenin KO Hela cells. (A, C, E, G) Cell death kinetics for activated Opto-GPX4Deg
and bystander HeLa KO clones (sg1, sg2) or CRISPR control (empty sg) reconstituted
with exogenous WT or mutant a-catenin treated or not with 5 yM Fer-1. (B, D, F, H)
%AUC for indicated cell populations. Statistical analysis by one-way ANOVA corrected
for multiple comparisons using Tukey's multiple comparison test. Exact p-values are
shown. All experiments were performed with three independent biological replicates
(n=3). Values are displayed as mean £ SD.

Our data so far indicated that the spread of lipid peroxidation between adjacent
cells, which is required for ferroptosis propagation, is strictly dependent on the close
proximity of their plasma membranes. Accordingly, increasing membrane contact
areas by chemical means should result in ferroptosis propagation restoration in o-

catenin-depleted cells. To test this hypothesis, we utilized blebbistatin to increase
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cellular volumes by inhibiting their cortex contractility, causing so increased contact
areas between cells. Intriguingly, blebbistatin indeed restored ferroptosis propagation
in light-activated a-catenin-depleted Opto-GPX4Deg samples and further enhanced
ferroptosis propagation in the scrambled siRNA bulk due to increased cell-cell

proximity (Fig. 16 and Fig. S8).
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Fig. 16: Increasing cell-cell contact areas promote ferroptosis propagation. (A)
Representative images of HelLa cells transfected with a control siRNA or against a-
catenin treated or not with 10 uM blebbistatin for one hour. Scale bar, 30 um. (B) WB
analysis showing a-catenin KD. (C) Quantification of WB in (B), normalized to loading
control. Statistical analysis by parametric t-test. (D,E,G,H) Kinetics of cell death for
activated Opto-GPX4Deg (D,E,G,H) and bystander HeLa cells transfected with siRNA
against in a-catenin or scrambled siRNA (control), and treated or not with 5 yM Fer-1
and/or 10 uM blebbistatin. (F,I) %AUC for the indicated populations in (D,E,G,H).
Statistical analysis by one-way ANOVA corrected for multiple comparisons using
Tukey's multiple comparison test. Exact p-values are shown. All experiments were
performed with three independent biological replicates (n=3). Values as mean + SD.
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Iron-dependent lipid peroxidation spread across apposed membranes
mediates ferroptosis propagation

Alternatively, bridging the distance between cells by utilizing a membrane
containing oxidizable unsaturated lipids that enable the sustained spread of lipid
peroxidation should also enhance ferroptosis propagation (Fig. 17A). Therefore, we
seeded Hela cells on a lipid bilayer or glass with the same density and induced light-
controlled ferroptosis via Opto-GPX4Deg. Intriguingly, we found that both the
propagation of lipid peroxidation and ferroptotic cell death was accelerated in cells
seeded on the lipid bilayer compared to cells seeded on glass, without altering the

intrinsic ferroptosis sensitivity of individual cells (Fig. 17B-l).
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Fig.17: Bridging HelLa cells via a lipid layer renders them more susceptible to

ferroptosis propagation. (A) lllustration of experimental design. HeLa cells were
transfected with Opto-Ctrl or Opto-GPX4Deg and seeded on a supported lipid bilayer
or directly glass and subsequently exposed to activating illumination. The lipid bilayer
facilitates the diffusion of oxidized lipids by acting as a membrane bridge between cells.
(B-E) Kinetics of C11-Bodipy oxidation (B) and cell death (D) for activated Opto-
GPX4Deg and bystander HelLa cells grown on glass or a supported lipid bilayer and
treated or not with 5 yM Fer-1. (C, E) %AUC for the indicated cell populations. Kinetics
of cell death for activated Opto-GPX4Deg (F) or Opto-Ctrl for the indicated HelLa cell
populations grown or not on a lipid bilayer and treated or not with 5 uM Fer-1. (G,H)
%AUC for the indicated cell populations. Statistical analysis by one-way ANOVA
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corrected for multiple comparisons using Tukey's multiple comparison test. Exact p-
values are shown. All experiments were performed with three independent biological
replicates (n=3). Values are displayed as mean + SD.

Repeating the same experiment in a confocal setting, where only individual
Opto-GPX4Deg-expressing cells were activated, resulted in the oxidation of the lipid
bilayer by the light-induced ferroptotic cell and subsequent diffusion through the lipid
bilayer plane, reaching a new cell that had not been activated to undergo ferroptosis,
and promoted its lipid oxidation and cell death (Fig. 18). Accordingly, these
experiments demonstrate that lipid peroxidation can propagate between cells over a

distance, provided that an oxidizable lipid membrane connects them.
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Fig.18: Single-cell ferroptosis induction results in lipid peroxidation spreading
and cell death in neighboring cells. (A,C) Time series of C11-Bodipy oxidation and
cell death in activated Opto-GPX4Deg (A) or Opto-GPX4 (C) HeLa cells and bystander
neighboring cells grown on a lipid bilayer. Opto-GPX4Deg, blue; oxidized Bodipy,
green; reduced Bodipy, red. Scale bar, 30 ym. (B,D) Quantification of oxidized C11-
Bodipy in single cells and the lipid bilayer over time in the activated Opto-GPX4Deg
(B) and Opto-Ctrl bulk (D).
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These findings suggest the occurrence of iron-dependent lipid oxidation
reactions on the extracellular side of plasma membranes during ferroptosis
propagation. To test their relevance, we treated the cells with deferoxamine (DFO), a
clinically relevant chelator of extracellular iron. Remarkably, DFO treatment completely
abrogated ferroptosis propagation, while not affecting the intrinsic sensitivity of
individual cells to ferroptosis, whereas the chelation of extracellular and intracellular
iron by 2,2-dipyridyl blocked ferroptosis in both bystander cells and cells expressing
Opto-GPX4Deg (Fig. 19). As additional control, we also assessed whether potential
endosomal uptake and accumulation of DFO interfere with the intrinsic ferroptosis
sensitivity of the cells but found that also after prolonged pretreatment (4h and 8h) DFO
did not affect the cell death levels of activated Opto-GPX4Deg expressing cells
compared to the DMSO control (Fig. S9). Together, these findings suggest that iron-
dependent lipid peroxidation reactions are necessary for ferroptosis propagation to

occur.
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Fig. 19: Lipid peroxidation reactions on the outer leaflet are required for
ferroptosis propagation. (A,C) Kinetics of cell death for activated Opto-GPX4Deg (A)
or Opto-Ctrl (C) and bystander HelLa cells treated with DMSO, 100 uM DFO or 100 uM
2,2dipyridyl as indicated. (B,D) %AUC for the indicated cell populations. Statistical
analysis by one-way ANOVA corrected for multiple comparisons using Tukey's multiple
comparison test. Exact p-values are shown. All experiments were performed with three
independent biological replicates (n=3). Values are displayed as mean + SD.
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To ultimately demonstrate that lipid peroxidation can spread between apposed
plasma membranes, we employed as part of a collaboration with Sara Lotfipour
Nasudivar a chemically controlled minimal system. Therefore, we generated Giant
Unilamellar Vesicles (GUVs) supplemented with C11-Bodipy. Donor GUVs additionally
contained a photosensitizer DMMB and were labeled with DiD, whereas acceptor
GUVs were prepared without DMMB and DiD. Via biotinylated lipids in their
composition and streptavidin in the external medium donor and acceptor were brought
into contact, whereafter donor GUVs photosensitizer was activated by illumination to
induce membrane oxidation'3"138_We then assessed the appearance of oxidized C11-
Bodipy over time. Intriguingly, we could quantify increased levels of oxidized C11-
Bodipy fluorescence in contacting acceptor GUVs, which we showed to be dependent
on iron in the external medium. Importantly, GUV imaging without photoactivation did
not result in an increase in the C11-Bodipy fluorescence ratio (not shown). These
findings prove that mere proximity is sufficient for the spread of iron-dependent lipid
peroxidation between membranes without the need for other cellular components or

pathways (Fig. 20).
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Fig. 20: Lipid peroxides can spread between proximal plasma membranes. (A)
Time series of C11-Bodipy oxidation (green) in a “donor” GUV stained with DiD (cyan)
and supplemented with a photosensitizer lipid (DMMB). Lipid peroxidation spread to
an attached “acceptor” GUV lacking DMMB was observed via oxidized C11-Bodipy
staining. Reduced C11-Bodipy is shown in red. (B,C) Quantification of the C11-Bodipy
ratio between (oxidized/reduced) donor and acceptor GUVs over time in the absence
or presence of 10mM iron (ll) perchlorate. Statistical analysis by one-way ANOVA
corrected for multiple comparisons using Tukey's multiple comparison test. Exact p-
values are shown. All experiments were performed with three independent biological
replicates (n=3). Values are displayed as mean + SD.
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Overall, these findings uncover a mechanism for ferroptosis propagation across
cell populations, which is driven by the physicochemical transfer of iron-dependent lipid

peroxidation reactions between neighboring membranes.
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Discussion

The goal of this study was to investigate the dynamics of ferroptosis and their
consequences on bystander cells at the single cell level. Therefore, we developed a
novel optogenetic tool termed Opto-GPX4Deg to control ferroptosis induction by light.
By exploiting the currently most potent strategy for inducing ferroptosis, namely GPX4
depletion, Opto-GPX4Deg irreversible disrupts the GPX4-GSH redox defense system.
Opto-GPX4Deg is constructed as a fusion protein encoding for GFP, GPX4 and a
photoactivatable AsLOV2 domain with a RRRG degron sequence at its C-terminal end
that becomes accessible for ubiquitin mediated proteasomal degradation of the fusion

protein upon blue light illumination'26.127,

Accordingly, upon illumination cell death could be induced in cells expressing
Opto-GPX4Deg and when cotreating the cells with the antioxidant Fer-1 cell death
could be abolished in a dose dependent manner. Importantly, we could show on single
cell level that seemingly non-transfected bystander cells are indeed below the required
expression level of the fusion protein at the activation time point. Hence, those cells
don’t undergo cell death when activated by light, making Opto-GPX4Deg a suitable
tool for studying bystander cell responses with a simple transfection protocol. By WB
and fluorescence analysis, we confirmed the light-induced degradation of the GPX4
fusion protein over time. Strikingly, not only the level of the fusion protein but also the
endogenous GPX4 levels was reduced, which either indicates the involvement of a
coordinated process that regulates GPX4 levels or that the fusion protein might act as
a dominant negative interactor via its degron sequence with endogenous GPX4,
leading to sufficient disturbance of the GPX4-GSH defense system for causing
ferroptosis execution. However, because of the partial enzymatic activity of GPX4
within the fusion protein, it can also be speculated that overexpression of Opto-
GPX4Deg might lead in addition to inefficient substrate processing, which could lead
to the accumulation of lipid peroxides.

Additionally, we observed that light-induced cell death induction was
accompanied by elevated levels of peroxidized lipids, a hallmark of ferroptosis, which
we detected by C11-Bodipy staining and lipidomics analysis. Concretely, lipidomics
analysis revealed highly increased levels of several oxidized species including
phosphatidylehanolamine (PE) and phosphatidylcholine (PC), which are the most
abundant lipid species in plasma membranes'3®, upon cell death induction with Opto-
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GPX4Deg. Currently, phospholipid oxidation is considered as a semi-specific process
where different lipid species are differently prone to undergo lipid peroxidation®®,
Accordingly, as reported poly-unsaturated PEs are the primary target for lipid
peroxidation and thus were upregulated in our data '3°'4°. However, PCs showed the
highest upregulation, which agrees with lipidomics data of Hela treated with
ferroptosis inducing compounds''. Most likely the aberrant result in comparison to
other cell types can be attributed to differences in lipid composition'®. The
upregulation of oxidized lipid species was accompanied by a general loss of fatty acids.
Another study reported similar results, where HT-1080 cells were treated with Erastin.
Concretely, the study found that several mono-unsaturated fatty acids were depleted,
indicating that they might be peroxidized downstream of the initial spark of poly-
unsaturated lipid peroxidation'!142,  Altogether our thorough characterization
demonstrated that Opto-GPX4Deg light-triggered cell death is ferroptosis since it can
be blocked with the antioxidant Fer-1. Further activated Opto-GPX4Deg expressing
cells have increased levels of phospholipid peroxides, a hallmark of ferroptosis, which
we measured via C11-Bodipy staining and mass spectrometry and exhibited
characteristic morphological features of Iytic death.

With the Opto-GPX4Deg tool in hand, we could for the first time investigate in
an unbiased fashion, whether ferroptosis spreads through cell populations and dissect
the mechanisms underlying the spread of ferroptosis. Concretely, our approach, in
contrast to conventional drug administration, allowed us to study the response of
bystander cells without changing their ferroptosis sensitivity. Intriguingly, we could
recapitulate cell death spread with our optogenetic tool of activated Opto-GPX4
expressing cells to non-transfected bystander cells. In this context, we found that Opto-
GPX4 induced cell death propagation was, in contrast to optogenetic apoptosis
induction, distance-dependent with a clear preference for cell death induction in
adjacent cells, indicating that proximity could be a crucial factor for ferroptosis spread.
Further through direct visualization, we could demonstrate that activated Opto-
GPX4Deg expressing cells accumulate lipid peroxides and die, followed by the spread
of lipid peroxidation and subsequent death to non-transfected bystander cells. Since
bystander cell death could be inhibited by Fer-1, the mechanism by which they die
could be identified as ferroptosis. Hence, our data confirms previous studies that
proposed ferroptosis spread through cell populations®-9".
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Ca?* has been identified as a critical element in ferroptosis execution. As such,
cytosolic Ca?* and lipid peroxides accumulate in cells before bursting 4':%°, Concretely,
work from our lab suggested that following lipid oxidation, the membrane integrity gets
compromised by small pores that cause calcium influx 4. We could confirm these
findings with our optogenetic approach, showing us, that indeed cytosolic calcium
increased in Opto-GPX4 activated cells until membrane bursting, whereafter Ca?* gets
diluted into the medium. However, other than suggested in a previous study®’, we
found no indication that Ca?* plays a role in paracrine calcium fluxes in ferroptosis
propagation because we did not measure significant cytosolic Ca?* changes in
bystander cells. Nevertheless, we established a role for extracellular Ca®* in ferroptosis
propagation in the context of cell-cell contacts, since cadherins, calcium-dependent
adhesion molecules, get cleaved in the absence of extracellular calcium via

extracellular domain unfolding '43.

Following our hypothesis that proximity is a key parameter in ferroptosis spread,
we could validate in HelLa cells that higher cell confluency correlated with higher cell
death in non-transfected bystander cells. However, we observed that 100% confluent
cells lose their ferroptosis sensitivity, which is in accordance with previous reports
showing that very high cell densities lead to increased survival of GPX4 KO cells?’.
The result that increased cell confluency resulted in higher cell death was a surprising
finding because so far high cell density was associated with decreased ferroptosis
sensitization®284.85 |1n 2019 Wu and collogues proposed a model, in which E-cadherin,
which is an important player in adhesive cell-cell contacts, gets upregulated in
response to increased cell densities. This leads to the activation of NF2 and the Hippo
signaling pathway rendering cells less susceptible to ferroptosis. Inactivation of this
signaling axis by chemical or genetical means was shown to activate the transcriptional
co-activator YAP, which in turn promotes the upregulation of pro-ferroptosis regulators
such as ACSL4 and TFRC and thus increases ferroptosis susceptibility®2. In line with
this model, we found that ferroptosis propagation did not occur in HT-29 cells, which
have high E-cadherin levels, whereas we could observe ferroptosis propagation in cells
with no (HelLa) or low (SCLC) E-cadherin expression. Furthermore, exogenous
expression of E-cadherin abolished ferroptosis propagation in HeLa cells, whereas N-
and P-cadherin were not protective. However, in contradiction to the proposed model,
our data suggest that disruption of YAP activity alone is insufficient to explain the

protective role of E-cadherin, because both E-cadherin overexpression and a-catenin
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depletion'34, as previously reported, resulted in YAP activation, but had different
outcome in ferroptosis susceptibility. Additionally, we showed that the expression of E-
cadherin ACBD mutant, which is defective in its cell-cell contact function but retains
intact E-cadherin signaling, was sufficient for the protective function of E-cadherin,
despite activated YAP. Altogether, our results indicate that cell-cell contacts sensitize
cell populations/tissues for ferroptosis propagation. However, as an additional
regulatory layer, the anti-ferroptosis signaling function of E-cadherin might have been
developed in the context of high-cell densities for maintaining tissue integrity.

By disrupting the cadherin adhesion complex and hence cell-cell contacts via a-
catenin depletion, we ultimately demonstrated that ferroptosis propagation requires
cell-cell contacts. Furthermore, reconstitution experiments with WT a-catenin revealed
the specificity of a-catenin in this process by fully restoring ferroptosis propagation in
bystander a-catenin KO Hela cells. In contrast to that, reconstitution of different a-
catenin mutants that lack binding a site to other components of the cadherin adhesion
complex in a-catenin KO Hela cells, failed to rescue ferroptosis propagation, because
of their inability to form adhesive cell-cell contacts. In addition to genetic manipulation
of cell-cell contacts via a-catenin depletion, we also demonstrated that increasing cell-
cell contacts by chemical means fully restores ferroptosis propagation in a-catenin-
depleted Hela cells and further enhances it in control cells by blebbistatin
administration. Further, we found that the removal of extracellular iron via DFO
administration was sufficient to completely abolish ferroptosis propagation without
changing the ferroptosis sensitivities of activated Opto-GPX4Deg expressing cells.
These findings further underline that the transfer of iron-dependent lipid peroxidation
reactions to neighboring cells requires close plasma membrane proximity between
cells that are facilitated by cell-cell contacts and that iron-mediated lipid peroxidation
reactions on the extracellular leaflet of plasma membranes are crucial for ferroptosis

propagation.

To further establish that iron-dependent lipid peroxidation reactions are the key
drivers for ferroptosis propagation, we bridged the distance between cells using an
oxidizable artificial lipid bilayer that connects cellular membranes and is capable of
spreading lipid peroxidation. Intriguingly, we could demonstrate that facilitated by this
bilayer lipid peroxidation spread and subsequent cell death is indeed significantly
enhanced between cells. However, to unambiguously prove that the mechanism based
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on ferroptosis propagation is of a physicochemical nature that is based on lipid
peroxidation reactions, we wanted to demonstrate that lipid peroxides can propagate
between contacting lipid membranes. For this purpose, we directly visualized, using
minimal reconstituted systems that are based on purely synthetic membrane models,
that lipid peroxidation can spread between apposed membranes. This minimalistic
approach allowed us to eliminate all additional factors of previously used, more
complex cellular systems and therefore enabled us to elucidate the physicochemical
mechanism that drives ferroptosis propagation via lipid peroxidation spread between

contacting plasma membranes.

In recent years ferroptosis spread was associated with several diseases or their
progression through necrotic tissue formation including intestinal epithelium %4, heart
tissue 14%-147 excitotoxicity in the brain '€ and renal tubules®®, which underlines the
pathophysiological importance of ferroptosis propagation. Since we discovered in this
work the underlying mechanism of ferroptosis propagation, it is now possible to
leverage this knowledge to develop strategies to combat human diseases either by
blocking or enhancing ferroptosis propagation. Accordingly, a recent study showed that
ferroptosis propagation can be exploited as cancer treatment, where even deep-seated
tumor cells undergo ferroptosis, while exhibiting a sustained high immunogenicity
promoting an anti-tumor immune response’®. On the other hand, our results
demonstrated that ferroptosis propagation can be specifically blocked by genetic and
chemical means. Especially the treatment with the clinically approved drug DFO for
iron overload'® seems promising since we showed that this extracellular iron chelator
specifically abolishes ferroptosis propagation. This is of particular interest because
DFO treatment has been shown to mitigate ischemic heart and brain injury in
rodents''-1%5, Further, DFO demonstrated in clinical studies to reduce oxidative stress
without reducing heart infarct size'®, to protect the myocardium against reperfusion
injury during coronary artery bypass'®” and to delay the progression of Alzheimer's
disease-associated dementia '8, which further underscores the involvement of
ferroptosis propagation in numerous diseases. Also, in accord with our findings,
inducible a-catenins double knockout mice exhibit an improved cardiac function after
myocardial infarction compared to WT mice'®. Hence, the identification of the
molecular mechanism that drives ferroptosis propagation has the potential to guide
novel therapeutic strategies for ferroptosis-associated pathologies.
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Finally, our newly developed optogenetic tool presented here enables for the
first time the investigation of the physiological significance of ferroptosis propagation
in diverse in vivo settings. These studies will improve our understanding of how

ferroptosis modulators can be exploited in future treatments.
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Fig. 1: Factors for modulating ferroptosis propagation. (A) Ferroptosis
propagation is inhibited when o-catenin dependent cell-cell contacts are abrogated
either by a-catenin KD or KO or by extracellular calcium deprivation. Extracellular iron
is required for lipid peroxidation reaction on the outer leaflet of the plasma membrane
enabling ferroptosis propagation. (B) Ferroptosis propagation can be enhanced by
increasing cellular contact areas using blebbistatin or when cells are linked through an
oxidizable lipid bilayer.
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Conclusions

The following conclusions can be derived from this thesis:

Via our novel optogenetic tool for light-controlled induction of ferroptosis, we
demonstrate that lipid peroxidation and ferroptotic cell death can propagate to
neighboring cells in close contact.

Ferroptosis propagation occurs through the transfer of iron-dependent lipid
peroxidation reactions between closely apposed plasma membranes at cell-cell
contacts.

Ferroptosis propagation can be abolished genetically or with extracellular iron
chelators, opening up new therapeutical opportunities for specifically targeting
ferroptosis spread.

69



Materials and methods

Reagents
Product Provider Catalog no.
Erastin-1 Biomol Cay17754-5
RSL3 Biomol Cay19288-5
Nec-2 Biomol Cay20924-5
Fer-1 Biomol Cay17729-5
zVAD APEXBIO A1902
C11-BODIPY 581/591 Thermo Fisher Scientific D3861
Flou-4-AM Thermo Fisher Scientific F14201
FINO2 MedChemExpress HY-129457
Draq7 Invitrogen D15106
Blebbistatin Cayman Chemicals 13013
DFO Sigma-Aldrich D9533
2,2-Bipyridy! Sigma-Aldrich D216305
DiD Thermo Fisher Scientific D7757
Hoechst33342 Thermo Fisher Scientific H3570
Ponceau S Carl Roth 5938.2
PBS Sigma D8537
Optimem Thermofisher 31985070
Paraformaldehyde VWR PIER28908
Nitrocellulose membrane Sigma GE10600006
FBS Thermofisher 10270106
Q5 High-Fidelity DNA Polymerase NEB M0491 L
PEI Polyscience 24885
penicillin—streptomycin Thermo Fisher Scientific 15140122
Coomassie brilliant blue G-250 dye Bio-Rad 5000001

Table 1: List of reagents used in this study.

Antibodies
Antibody reactivity Dilution Provider Catalog no.
Anti-R-tubulin G8 mouse 1/1000 Santa Cruz sc-55529
Anti-GPX4 [EPNCIR144] rabbit 1/1000 Abcam AB125066
Anti-a-catenin rabbit 1/1000 Sigma-Aldrich C2081
Anti-o-E-Catenin (D9R5E) rabbit 1/1000 Cell Signaling 36611S
Anti-FSP1 rabbit 1/1000 PTG Lab 20886-1-AP
Anti-YAP (D8H1X) rabbit 1/1000 Cell Signaling 14074
Anti-phospho-YAP (Ser127) (D9W2I) rabbit 1/1000 Cell Signaling 13008
Anti-GAPDH mouse 1/200 Santa Cruz sc-47724
Anti-VDAC2 rabbit 1/1000 PTG Lab 11663-1-AP
Anti-R-Actin (C4) mouse 1/1000 Santa Cruz sc-47778
Anti-mCherry (E5D8F) rabbit 1/1000 Cell Signaling 43590

Table 2: Primary antibody used in this study.

Antibody reactivity Dilution Provider Catalog no.
IRDye 800CW rabbit 1/5000 LI-COR 926-32213
IRDye 680RD mouse 1/10000 LI-COR 926-68070
Anti-mouse (H+L) Alexa Flour 488 goat 1/1000 Thermo Fisher Scientific A32723

Table 3: Secondary antibody used in this study.



Buffer

Name Composition
6x Loading buffer 4% SDS, 10% R-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris HCI pH 6.8
PBS buffer 2.7 mM KClI, 1.5 mM KH2PO4, 8 mM Na2HPO4, and 137 mM NaCl, pH 7.2
50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate

RIPA
and 1% Triton X-100, supplemented with 1x protease inhibitor cocktail
TBST 5 mM sodium acetate, 1 mM EDTA, 20 mM Tris HCI, 135 mM NaCl, 1 M HCI pH 7.6, 0.1% Tween 20
HEPES buffer 20mM HEPES, 140mM NaCl, pH 7.0
DMMB 5 mol% - DMMB was dissolved in ethanol (5mM), Iron (1I) percholarte in deionized water (10mM)

Antibody Dilution Buffer diluted in 1X PBS / 1% BSA/0.3% Triton™ X-100 buffer

Blocking buffer 5 % milk in PBS-T (0.1 % Tween)
CaClI2 dissolved in distilled water 3 mM

Blocking buffer (IF) 1X PBS /BSA/0.3% Triton™ X-100

Table 4: Composition of buffers used in this study.

Plasmids

Cloning strategy
The following plasmids were cloned via restriction digest cloning as follows:

Plasmids Cloning steps Backbone cDNA Restriction sites
pMTG02-Amp-FRT  plasmid
Opto-GPX4Deg 1 pcDNA™3.1 (+) (Invitrogen) (Addgene #128271) to amplify ~ Apal and Xhol
LOVpepdegron
2 pcDNA3.1-LOVpepdegron GPX4 (Addgene #38797) EcoRland Notl
pGFP-Cytochrome C (Addgene )
3 pcDNA3.1-GPX4-LOVpepdegron 4411 g,z) o amplify(EGF%’ Hindlll/EcoRI

pMTG02-Amp-FRT  plasmid
(Addgene #128271) to amplify

Opto-Ctr 1-3 Opto-GPX4Deg LOVpep (without RRRG sequence);
rest as 2-3 Opto-GPX4Deg
mTagBFP2-TOMM20-N-10 (Addgene .
Opto-GPX4Deg (BFP2) 1 Opto-GPX4Deg #55328) to amplify mTagBFP2 HindIll/EcoRI
mTagBFP2-TOMM20-N-10 (Addgene .
Opto-Ctrl (BFP2) 1 Opto-Ctrl #55328) to amplfy mTagBFP2 HindIll/EcoRl
Opto-Casp9 1 GPF-Cry2 (Garcia lab) pET23b-Casp9-His (Addgene #11829)  Nhel/Kpnl
. pcDNA3 P-cad (Addgene #47502) )
pCS2+P-cadherinRFP 1 pCS2+EcadRFP to ampfify P-cadherin Hindlll/Xbal
pCCL-c-MNDU3c-PGK-EGFP
pCS2+N-cadherinRFP pCS2+EcadRFP (Addgene #38153) to amplify N- Hindlll/Xbal
1 cadherin
pmCherry a-catenin AF-actin 1 pmCherry a-catenin WT (#178646)  amplifying WT a-catenin 1-864 Sacl/Mfel
pmCherry a-catenin AR-catenin 1 pmCherry a-catenin WT (#178646) a-catenin 259-906 Sacl/Mfel

Table 5: Used cloning strategy for the indicated plasmids.



Plasmids Provider
GPF-Cry2 Garcia lab
Cry2(1-5631)-mCh-BAXS184E (#117238) Addgene
pcDNA-NLS-PhoCl-mCherry (#87691) Addgene
Tom?20-CIB-GFP (#117242) Addgene
pcDNA3-mRFP (#13032) Addgene
pCS2+EcadRFP Niessen lab
pCS2+Ecad ACBD-RFP Niessen lab
pmCherry (#165828) Addgene
pmCherry a-catenin WT (#178646) Addgene
pmCherry a-catenin DVBS (#178649) Addgene

Table 6: Plasmids used in this study.

For the cloning the following protocol was utilized:

e Respective cDNAs were amplified by PCR with the following settings:

Reagents Volume
Nuclease free water To 504l
5x Q5 reaction buffer 10ul

5x Q5 High GC Enhancer 10l
20pM Forwardprimer 1,25l
20uM Reverseprimer 1,250l
1,5ul dNTPs(10mM) 1,5l
Template DNA 100ng

Q5 High-Fidelity DNA Polymerase 1l

Table 7: PCR reaction composition.

Step Temperatur  Time
Initial denaturation 98°C 30s
98°C 30s
35 cycles 50-72°C 30s
72°C 30s - 2 min
Finalextension 72°C 2min

Table 8: PCR settings. Annealing temperatures were adapted to the
respective primers.

e PCR products were separated with an agarose gel electrophoresis. Specific
bands were cut out and purified with a PCR Clean-up kit (Catalog no.
740609.50).

e Backbone and purified PCR products were digested according to Table 5 for 30
min at 37°C.

e Digested backbone and PCR products were ligated using a T4 ligase (New
England Biolands Catalog no. M0202) with a 1:3 ratio over night at 16°C.
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e DHb5a bacteria were transformed with ligation products for 45s at 42°C and

subsequently incubated at 37°C on agar plates with respective antibiotics.

e Single colonies were picked and cultivated over night at 37°C in antibiotics
containing LB medium. Plasmids were purified with Omega Bio-tek kit (Catalog

no. M6399-00) and sent to sequencing for verification.

Cell culture
All cell lines were cultured at 37°C in a humidified atmosphere containing 5%

CO2. DMEM and RPMI-1640 were supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin—streptomycin (P/S).

Cell lines Provider Medium Medium Provider Catalog no.
Hela A. Villunger, Med. Univ. Innsbruck DMEM Sigma-Aldrich D6046
HT-29 F. Essmann, Univ. Tlibingen DMEM Sigma-Aldrich D6046

HEK293 F. Essmann, Univ. Tiibingen DMEM Sigma-Aldrich D6046
Pfa1 M. Conrad, Helmholtz Center Munich RPMI-1640 Thermo Fisher Scientific 11875093
SCLC S. von Karstedt, Univ. Cologne RPMI-1640 Thermo Fisher Scientific 11875093

GPX4 KO SCLC S. von Karstedt, Univ. Cologne RPMI-1640 Thermo Fisher Scientific 11875093

Table 9: List of used cell lines and respective media.

Cell transfection

Cell transfection was performed according to Table 10 with a PEl concentration
of 1 mg/mL in a 3:1 ratio. The DNA/PEI mixture was resuspended and incubated for
20 min at room temperature. Then the transfection mix was added dropwise to the

wells and incubated at 37°C for 16h wrapped in aluminum foil.

Culture vessel Surf. area/well Vol. plating medium Vol. Optimem DNA PEI

8-well chamber 1 cm? 200 pl 2x25 pl 0,24 ug 1,2 ul
96-well 0.3 cm’ 100 pl 2x25ul 0.2 ug 0.6 ul
24-well 2 cm? 500 pl 2 x50l 0.4 ug 1.2l
6-well 10 cm? 2ml 2 x250 ul 1,5 ug 4,5l

Table 10: List of transfection conditions.
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Silencing experiments

For every 6-well-plate-well 20 pmol of siRNA targeting o-catenin
(GGAGCCAGCUAGAUAUUAA, SiTools Biotech) or control/non-targeting siRNA (D-
001810-0120, SiTools Biotech) was premixed in 100 yuM Optimem and subsequently
mixed in a 1:1 ratio with PEI diluted in 100 yl Optimem. Then the mixture was incubated
at room temperature for 25 min, whereafter the mixture was dropwise added to the
cells. 48h prior to optogenetic tool transfection siRNA transfection was performed or
for 72h before harvesting cells for WB. Endogenous protein levels were assessed by
WB.

CRISPR/Cas9 cell line generation
HelLa o-Catenin KO cells were generated via CRISPR/Cas9 technology.
Therefore, oligonucleotides containing gRNA sequences (Table 11) were cloned, using

the restriction site Bbsl, into the pU6-(Bbsl)sgRNA CAG-Cas9-venus-bpA construct
(Addgene #86986).

Name gRNA sequence
hCTNNA1_sgRNA#1FWD CACCGTTTATCGATGCTTCCCGCC
hCTNNA1_sgRNA#1REV ~ AAACGGCGGGAAGCATCGATAAAC
hCTNNA1_sgRNA#2FWD CACCGTCACGTAGTCACCTCAGAGA
hCTNNA1 sgRNA#2REV ~ AAACTCTCTGAGGTGACTACGTGAC

Table 11: gRNA sequences used in this study.

7 x 10° HeLa WT cells were seeded in a six-well plate and transfected with 1,5
Mg CRISPR construct and 6 pl PEI. After 16h incubation single CRISPR expressing
cells (GFP positive) were sorted into 96 well plates and cultured for validation. KO

clones were validated by WB.

Confocal live cell imaging

5,000 cells were plated into removable 8-well chambers (Cat. No: 80841 ibidi) with
a glass cover slip suitable for confocal microscopy (VWR Cat. No: 631-0146). All
confocal experiments were conducted using a Confocal Laser Scanning Microscope
LSM 980 with Airyscan 2 and multiplex, GaAsP (4x), PMT (2x), T-PMT, and external
BiG.2 Type B 980 detector (Carl Zeiss Microscopy). For image acquisition, a 40x/1.2
W C-Apochromat objective, diode lasers with the wavelengths of 405 nm, 455 nm, 488
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nm, and 561 nm (all 30 mW), GaAsP and transmitted light (T-PMT) detectors, and
main LSM beamsplitters (MBS 405 and MBS 488/561/633) were used. All experiments
were conducted at 37°C with 5% COZ2 using an integrated incubation module (Carl
Zeiss Microscopy). The microscope was equipped with the ZEN Image analysis
software (Carl Zeiss Microscopy). The following settings were used for confocal image

acquisition:
e Field of view was set to 512x512 pixels.

e Acquisition speed was set to maximum using line-wise bidirectional scanning

and 4x averaging in the Repeat per Line Mode.

e Forimaging fluorescent signals (GFP, mCherry or BFP2) the respective settings

were used:
o GFP: 6.5 pW for the 488 nm laser.
o mCherry: 79 uyW for the 561 nm laser.

o BFP2: 13.8 pW for the 445 nm laser.

e Brightfield images were captured utilizing the 561 nm laser at 79 pyW and a
transmitted light (T-PMT) detector.

Optogenetic activation in confocal microscopy

Confocal optogenetic experiments were conducted according to Fig. 1.
Concretely, ROIs were drawn using the ROI bleaching function that cover the entire
cell area of optogenetic tool expressing cells and non-transfected bystander cells. As
a control for autoactivation of optogenetic tools, not all cells expressing the
optogenetics tools within the field of view were activated. To optogenetically activate
cells, the 405 nm laser was used at 456 yW intensity, by setting up a time series
acquiring one pre-activation image, before activating selected ROls with 100 iterations
every 7 images or with the indicated activation rounds of the respective experiment.
For C11-Bodipy quantification three rounds of activation were performed, after which
confocal images were acquired 5- and 65 min post activation. Images for the Ca?*

experiments were acquired every 45 s upon four optogenetic activation rounds.

As a quality control, only experiments were considered for analysis if all of the

following controls worked:
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¢ lllumination of bystander cells to rule out phototoxicity of the illumination

conditions.

¢ Non-illumination of transfected cells to check for potential self-activation or

construct toxicity.

¢ Non-illumination of bystander cells to check for phototoxicity of the live cell

imaging time series acquisition (= background cell death).

If one of the controls died (used cell blebbing as a proxy for cell death induction)

during the experiments, the experiment was excluded from further analysis.

A
pre activation activation time series post activation time series
limage 7 imagesevery 45s 7 imagesevery 45s imagesevery 45s
B activlation activlation activlation

before activation during activation after

=

field of view ROl ROI non-transfeced  transfected dead cell
transfected cells non-transfected ctri cell cell

Fig. 1: Experimental design of confocal optogenetic experiments. Adapted from: 1°°
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High-throughput optogenetic experiments

For optogenetic tool activation in the high-throughput approach, an optoPlate-
96 was used . To program the optoPlate-96, we used the optoConfig-96 software
129 To activate our optogenetic tools, we utilized the 465 nm LEDs with the following

settings:
LED intensity (%) mWj/cm?

100 5

80 4

60 3

40 2

20 1

0 0

Table 12: Used LED intensities.

Cell death kinetics were acquired using a S3 IncuCyte (Sartorius). At least three
images per well were acquired with a 400 ms exposure for both channels (red and
green). For the high-throughput assessment of C11-Bodipy kinetics an ImageXpress
Micro 4 (MD) was used. The microsope was equipped with a 10x Plan Flour 0.3 NA
objective and an Andor Cycla 5.5 (CMOS) camera. The following channels were used

with autocorrection:

Channel exposure(ms)

TI-20 2
DAPI 50
FITC 200

TRITC 100

Table 13: Used channels settings.

Lipids
Product Provider Catalog no.
egg-PC Avanti Polar Lipids 131601
DOTAP Avanti Polar Lipids 890890
PAPC Avanti Polar Lipids 850459
biotin-PE Avanti Polar Lipids 860562
DMMB Sigma-Aldrich 341088-1G

Table 14: Used lipids or lipids staining in this study.
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Lipid bilayer experiments

To generate bilayers, small unilamellar vesicles were prepared as follows:

Egg-PC and DOTAP were mixed in a 70:30 ratio in chloroform, whereafter
chloroform was evaporated for 4- to 14h and exposed to an argon flux for a
long-term storage as dry film at -20°C.

Dry films were hydrated with PBS to a final concentration of 10 mg/ml.
Aliquots were diluted in HEPES buffer (140 pl per 10 pl liposome solution and

sonicated in an ultrasonic bath for 20 min.

Confocal lipid bilayer experiments

8-well ibidi chambers and plasma cleaned glass slides (length 75 mm, thickness
1.5) were sterilized by 70% ethanol.

150 pl liposome solution was added per well and filled up with HEPES buffer to
a total volume of 500 pl.

CaCl; to a total concentration of 3 mM was added and incubated for 10 min at
37°C.

Floating vesicles were washed out by removing and adding 150 pl HEPES
buffer for at least 10 times.

400 pl of HEPES buffer was removed and replaced with 300 pl cell suspension
containing 2.5x10* cells.

Cells were transfected via reverse transfection.

Upon 16h after transfection 1 yM C11-Bodipy was added before optogenetic

activation.

Incucyte lipid bilayer experiments

75 ul liposome solution per 96 well plate was added and filled with buffer to a
final volume of 200 pl.

CaCl; to a total concentration of 3 mM was added and incubated for 10 min at
37°C.

Floating vesicles were washed out by removing and adding 100 pl HEPES

buffer for at least 10 times.

150 pyl HEPES buffer was removed and refilled with 100 pl cell suspension
containing 1.5x10* cells.
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e Cells were transfected via reverse transfection.
e Upon 16h after transfection 1 yM C11-Bodipy or 1:500 DRAQ7 was added
before optogenetic activation.

Preparation and oxidation of giant unilamellar vesicles

e Lipid composition was egg-PC, PAPC and biotin-PE in a 90:5:5 ratio.

e Chloroform dissolved lipid mixture (2.5 mg/mL) was spread on platinum wires
of the electroformation chamber where it dried. Afterwards it was immersed in
300 pL of 300 mM sucrose.

e Electroformation was executed using an alternating power generator at 10 Hz,
1.4V for 2 h, followed by 45 min at 2 Hz, 1.4 V.

e Oxidation was initiated by addition of DMMB 5 mol%, tracked with C11-Bodipy
2 mol%. For distinguishing oxidation from donor GUVs to acceptor GUVs with
the same lipid mixture supplemented with C11-Bodipy 2 mol%, but without the
photosensitizer, donor GUVs were additionally stained with DiD.

e PBS buffer was mixed with 0.75 pymol streptavidin for anchoring to biotin-PE and
80 umol iron (I1) perchlorate for a continued lipid radical production.

e 50 pl of acceptor and donor GUV suspension was added to get a final volume
of 250 pl in an 8-well-ibidi chamber.

Samples were imaged by confocal fluorescence microscopy using an infinity line
scanning microscope (Abberior Instruments) equipped with a UPlanX APO 60x
Oil/1.42 NA objective. Donor GUVs were activated by a 640 nm laser at 20% laser
power in a time interval of 1 min (30 x every 2 sec). Oxidation propagation was acquired
with the following settings:

laser (nm) intensity(%)
488 2
561 1
640 05

Table 15: Used laser settings for the GUV oxidation experiments.

Additional negative controls in presence or absence of iron, but without
photosensitizer activation were performed.
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Image analysis

Image analysis of confocal experiments was performed in Fiji, where activation-
and post activation time series were concentrated into one time series. Brightness and
contrast of all channels were adjusted. Afterwards the time till blebbing of transfected
cells, iluminated bystander cells, non-illuminated transfected cells and non-illuminated

bystander cells was manually assessed.

A custom-made software was used for assessing the percentage of
transfected-, bystander- or oxidized C11-Bodipy positive cells of the high-throughput
optogenetics experiments . Concretely, the number of transfected-, bystander- and
cell death-marker positive cells was assessed and normalized by the total number of
transfected/bystander cells divided by the number of double positive cells. The position
and fluorescence levels of single cells were obtained by image segmentation of our
custom-made software. Distances between cells were acquired through vector

calculations that were based on coordinates of single cells.

Lipid peroxidation experiments

5000 cells were seeded the day before transfection. 16h post transfection cells
were stained with 1 yM C11-Bodipy for one hour and treated with 10 uM zVAD.
Subsequently, cells were activated as described in the optogenetic activation in
confocal microscopy section. C11-Bodipy fluorescence levels of individual cells were
assessed 5- and 65-min post-activation and corrected for cell size and local
background subtraction was performed. The oxidation ratio was calculated as follows:

red + green flouresence

oxidation ratio =
green flouresence

red = reduced C11-Bodipy fraction
green = oxidized C11-Bodipy fraction

Reduced and oxidized C11-Bodipy fractions were determined on the
fluorescence intensity per pixel from the red and green channel of the fluorescence

images using Fiji or our custom-made software.
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Ca?" wave measurements

Ca?* fluxes were acquired as described in the optogenetic activation in confocal
microscopy section. Activation- and post activation time series were imported to Fiji
and concentrated into one time series. Subsequently, ROIs of cells undergoing
optogenetically triggered ferroptosis and their neighboring cells in the first to the third
rows were manually drawn. Afterwards, the green fluorescence signal was measured

at the ROls for all time points using Fijis multi measure function.

Immunofluorescence staining

3x10* cells were seeded on an ethanol sterilized 12mm cover slip. On the
following day the cells were transfected with a sSiRNA or expression plasmid,
whereafter they were incubated for 48h before fixation in 4% formaldehyde for 15 min
at room temperature. Then the samples were washed three times in PBS before they
were blocked for 60 min in blocking buffer. Afterwards the blocking buffer was
removed, and the samples were incubated at 4°C over night in Antibody Dilution Buffer
supplemented with Anti-YAP antibody. On the next day the specimens were rinsed
three times with PBS and then incubated in Antibody Dilution Buffer supplemented with
secondary antibody for 1h protected from light. Then the samples were washed three
times in PBS and counterstained with Hoechst33342 for 5 min, where after the samples
were again washed 3 times with PBS and subsequently mounted for imaging. For
buffer or antibody details see Table 4.

Immunoblotting

Cells were lysed in RIPA buffer and protein concentrations were determined by
Bradford assay. 40 ug protein per sample was loaded and separated for 1.5h with 125
V via 12 % SDS-PAGE, followed by the transfer onto a nitrocellulose membrane using
the Turboblot (BioRad) or a wet transfer system (BioRad) according to the
manufactures instructions. Membranes were blocked with blocking buffer for 1 hour at
room temperature and incubated over night with primary antibodies. Membranes were
washed five times for 5 min in PBS-T and incubated with the secondary antibody at
room temperature, protected from light, for one hour. Afterwards membranes were

washed with PBS-T and the fluorescence signal was captured by an Odyssey DLx (LI-
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COR), whereafter the Western Blots were quantified using the Image Studio Lite

Software.

Quantification of oxidized glycerophospholipids

Oxidized phosphatidylcholine (PC) and phosphatidylethanolamine (PE) species

were quantified by Liquid Chromatography coupled to Electrospray lonization Tandem
Mass Spectrometry (LC-ESI-MS/MS) as follows®?:

1 — 2 million cells were resuspended in 300 ul of an ice-cold solution of 100 uM
PBS supplemented with diethylenetriaminepentaacetic acid (DTPA).

Per 100 pl of the cell suspension, 2.4 ml of an ice-cold solution (1.5 mg/ml
triphenylphosphine and 0.005 % butylated hydroxytoluene in methanol) was
added and incubated for 20 min on a shaker at room temperature.

Then, 1 ml of the 100 uM DTPA in PBS solution, 1.25 ml of 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 to the samples.

Samples were vortexed for 1 min and subsequently incubated at -20 °C for 15
min.

1.25 ml of chloroform and 1.25 ml of water were added and vigorously vortexed
for 30 s, after which the samples were centrifuged at 4000 g for 5 min at 4°C to
separate layers.

The organic phase was moved to a fresh tube, where it was dried under a
stream of nitrogen. Afterwards, the remaining’s were resolved in 150 pl of
methanol and moved to autoinjector vials.

LC-MS/MS analysis was performed as previously demonstrated 161162,
MultiQuant 3.0.2 software was used to integrate the LC chromatogram peaks of
oxidized PC and PE species and internal standards.

Quantification of oxidized PC and PE species was achieved by normalizing their
peak areas to those of the internal standards, whereafter the normalized peak
areas were normalized to the protein content of the cell suspension.

Fold changed were calculated as follows:
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Area ratio
ng protein
Area ratio
nwg protein

upon illumination

Fold change =
of non — illuminated Ctrl

Quantification of fatty acids

1 — 2 million cells were resuspended in 300 ul of an ice-cold solution of 100 uM
PBS supplemented with diethylenetriaminepentaacetic acid (DTPA).

Per 50 pl cell suspension 50 ul of water, 500 yl of methanol, 250 ul of
chloroform, and internal standard (1 pg palmitic-d31 acid) were added.

Then the suspension was sonicated for 5 min and subsequently lipids were
extracted on a shaker at 48 °C for 1 h.

Via alkaline hydrolysis glycerolipids were degraded by adding 75 ul of 1 M
potassium hydroxide in methanol.

The suspension was sonicated for 5 min and then incubated at 37 °C for 1.5 h,
after which the extract was neutralized with 6 yl of glacial acetic acid.

To the extracts 2 ml of chloroform and 4 ml of water were added and then the
extracts were vigorously vortexed for 30 s. Afterwards the extracts were
centrifuged at 4000 g for 5 min at 4°C to separate layers.

The organic phase was moved to a fresh tube and the upper phase was
extracted by additionally adding 2 ml of chloroform.

The combined organic phases were dried under a stream of nitrogen and
residues were resolved in 300 ul of acetonitrile/water 2:1 (v/v) and sonicated for
5 min.

Residues were centrifuged for 2 min at 4°C and 12000 g, after which 40 pl of
the clear supernatants were moved to autoinjector vials.

LC-ESI-MS/MS analysis was performed as performed previously 3.

10 yl of sample were loaded onto a Core-Shell Kinetex Biphenyl column (100
mm x 3.0 mm ID, 2.6 um particle size, 100 A pore size, Phenomenex), and fatty
acids were detected using a QTRAP 6500 triple quadrupole/linear ion trap mass
spectrometer (SCIEX).

Fatty acids were eluted with the following gradient:
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initial, 55 % B

4 min, 95 % B

7 min, 95 % B
7.1 min, 55 % B
10 min, 55 % B

Table 16: Elution gradient.

e Pseudo Multiple Reaction Monitoring (MRM) transitions'®3 was used to monitor
fatty acids in the negative ion mode.

e The following instrument settings were used:

nebulizer gas 60 psi

turbogas 90 psi

curtain gas 40 psi
collision gas medium

Table 17: Gas settings.

Furthermore, the interface heater was on, the Turbo V ESI source
temperature was 650 °C, and the ionspray voltage was -4 kV.

e MultiQuant 3.0.2 software was used to integrate the LC chromatogram peaks of
the endogenous fatty acids and the internal standard palmitic-d31 acid were
integrated using the MultiQuant 3.0.2 software (SCIEX).

e Quantification of endogenous fatty acids was achieved by normalizing their
peak areas to those of the internal standards, where after the normalized peak
areas were normalized to the protein content of the cell suspension.

e Fold changed were calculated as follows:

Area ratio
ng protein
Area ratio
nwg protein

upon illumination
Fold change =

of non — illuminated Ctrl
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MEF co-culture with ferroptotic supernants

Ferroptotic cell culture supernatants were derived from two independent genetic

systems:

e Tamoxifen inducible Pfa1?” GPX4 KO cells treated with 1uyM 4-
hydroxytamoxifen or DMSO for 72h

e SCLC GPX4 knockout or control cells "' were culture under Fer-1 withdrawal
for 16h.

Supernatants were collected, centrifuged for 5 min at 1200 rpm and transferred to
WT MEFs treated or not treated with 0.1 uM RSL3 or 1 uM Erastin +/-1 uM ferrostatin.

Statistical analysis

Depending on the number of compared groups and factors considered in each
experiment, different statistical tests were performed to assess statistical differences.
Non-parametric t-tests were used to compare two groups or conditions. When multiple
t-tests were conducted within a single graph, corrections for multiple comparisons were
applied by utilizing a multiple t-test. For analyzing more than two groups or conditions,
a one-way ANOVA was used if a single factor was compared, and a three-way ANOVA
was used if three factors were compared. Tukey's multiple comparison test was
performed to correct for multiple comparisons. Hopkins statistics was performed to
assess the clustering tendency of data sets 4.
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Supplementary data
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Fig. S1: Analysis of the Opto-GPX4Deg tool. (A-F) Kinetics of cell death of HelLa or
HEK293 cell treated as indicated with the following drug concentrations: 4 yM RSL3,
4 uM Fer-1, 10uM zVAD, 10 uM Nec-2, 20 uM Erastin, 30 uM FINO2. Cell death was
assessed by DRAQ7 staining utilizing an IncuCyte S3. %AUC of different treatments.
Statistical analysis by parametric t-test or one-way ANOVA corrected for multiple
comparisons using Tukey's multiple comparison test. Exact p-values are shown. All
experiments were performed with three independent biological replicates (n=3). Values
as mean £ SD. (G, H) lllumination intensity induces cell death in a proportional manner
in Opto-GPX4Deg expressing cells, but not in Opto-Ctrl. Experimental design as in Fig.
1 except that a gradient of 465 nm LED intensities was used. Statistical analysis by
multiple t-tests using the Holm-Sidak method. Exact p-values are shown. All
experiments were performed with three independent biological replicates (n=3). Values
as mean £ SD. (I-K) Opto-GPX4Deg retains partial GPX4 activity. (I) Representative
WB proving that SCLC GPX4 KO cells are GPX4 deficient. (J) % DRAQ7 negative
GPX4 KO SCLC cells transfected or not with Opto-GPX4Deg or Opto-Ctrl and treated
or not with 5 uM Fer-1. Statistical analysis by one-way ANOVA corrected for multiple
comparisons using Tukey's multiple comparison test. Exact p-values are shown. All
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experiments were performed with three independent biological replicates (n=3). Values
as mean = SD. (K) Tamoxifen inducible Pfa1l GPX4 KO cells transfected with Opto-
GPX4Deg exhibit increased viability compared to non-transfected cells 48h post-
treatment with 1 yM tamoxifen. Statistical analysis by one-way ANOVA corrected for
multiple comparisons using Tukey's multiple comparison test. Exact p-values are
shown. All experiments were performed with three independent biological replicates
(n=3). Values are displayed as mean + SD.
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Fig. S2: Fer-1 treatment rescues cell death propagation to neighboring cells.
(A,B) C11-Bodipy oxidation (green) and cell death time series for the indicated
conditions. The blue signal indicates Opto-GPX4Deg or Opto-Ctrl expression. White
arrows indicate dead, oxidized C11-Bodipy positive cells, whereas black arrows
indicate dead, oxidized C11-Bodipy negative cells. Scale bar, 100 um. (C) Al-derived
alive/dead mask enables the quantitative analysis of cell death in microscopy images.
Upper panel, the blue signal indicates Opto-GPX4Deg expression, green signal
indicates C11-Bodipy oxidation. Lower panel, cell death detection by Al-based
software. Living cells are indicated in blue and dead cells in pink. Scale bar, 100 ym.
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Fig. S3: Control conditions for assessing lipid peroxidation and cell death
kinetics. (A) Quantification of C11-Bodipy oxidation and cell death kinetics of cells
transfected with Opto-Ctrl and treated or not with 5 uM Fer-1. C11-Bodipy positive cells
(left) and cell death (right) were quantified using custom-made software. %AUC for
indicated conditions. Statistical analysis by parametric t-test. (B,C) Effect of calcium on
ferroptosis sensitivity. (B) %DRAQ7 positive cells over time for indicated cell
populations with or without extracellular Ca2+. (C) %AUC for populations in (B).
Statistical analysis by one-way ANOVA corrected for multiple comparisons using
Tukey's multiple comparison test. Exact p-values are shown. All experiments were
performed with three independent biological replicates (n=3). Values mean + SD.
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Fig. S4: Controls for a-catenin KD experiments. (A-C) Kinetics of cell death of
activated Opto-Ctrl HeLa (A), HT-29 (B) or SCLC (C) cells transfected with siRNA
against a-catenin or scrambled siRNA and treated or not with 5 yM Fer-1. %AUC for
the indicated conditions. Statistical analysis by one-way ANOVA corrected for multiple
comparisons using Tukey's multiple comparison test. Exact p-values are shown. All
experiments were performed with three independent biological replicates (n=3). Values
mean = SD.
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Fig. S5: Analysis of YAP activation. (A) Representative immunofluorescence
images of YAP translocation to the nucleus in HelLa cells transfected with empty vector,
E-cadherin or E-cadherin. Red, construct expression; green, YAP; blue, Hoechst as
nuclear staining. (F) Quantification of the nucleus/cytosol (Nuc/Cyt) YAP ratio for the
indicated conditions. Statistical analysis by one-way ANOVA corrected for multiple
comparisons using Tukey's multiple comparison test. Exact p-values are shown. All
experiments were performed with three independent biological replicates (n=3). Values

as mean = SD.
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Fig. S6: HelLa a-catenin KO cells exhibit no ferroptosis propagation. (A,C) Cell
death kinetics for activated Opto-GPX4Deg and bystander a-catenin KO HelLa clones
(sg1, sg2) or CRISPR control (empty sg) not transfected or transfected with empty
vector, treated or not with 5 uM Fer-1. (B, D) %AUC for the indicated cell populations.
Statistical analysis by one-way ANOVA corrected for multiple comparisons using
Tukey's multiple comparison test. Exact p-values are shown. All experiments were
performed with three independent biological replicates (n=3). Values as mean + SD.
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Fig. S7: Control conditions for a.-catenin reconstitution experiments in a-catenin
KO HelLa cells. (A, C, E, G, I, K) Cell death kinetics for activated Opto-Ctrl and
bystander a-catenin KO Hela clones (sg1, sg2) or CRISPR control (empty sg) not
reconstituted with exogenous WT or mutant a-catenin treated or not with 5 yM Fer-1.
(B, D, F, H, J, L) %AUC for the indicated cell populations. Statistical analysis by one-
way ANOVA corrected for multiple comparisons using Tukey's multiple comparison
test. Exact p-values are shown. All experiments were performed with three
independent biological replicates (n=3). Values as mean + SD. (M) WB of HelLa a-
catenin KO cells. (N-P) WB showing comparable reconstitution levels for the indicated
constructs.
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Fig. S8: Control conditions for blebbistatin experiment. Cell death kinetics for
activated Opto-Ctrl and bystander HeLa cells transfected with siRNA against a-catenin
(A,B) or scrambled siRNA (D,E) (control), and treated or not with 5 uM Fer-1 and/or
10 uM blebbistatin. (C,F) %AUC for the indicated populations in (A,B,D,E). Statistical
analysis by one-way ANOVA corrected for multiple comparisons using Tukey's multiple
comparison test. Exact p-values are shown. All experiments were performed with three
independent biological replicates (n=3). Values as mean £ SD.
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Fig. S9: DFO does not interfere with the intrinsic ferroptosis sensitivity of cells
through potential endosomal uptake and accumulation. Cell death kinetics for
activated Opto-GPX4Deg (A,B) or Opto-Ctrl HeLa (D,E) cells for 4h or 8h hours
pretreatment with DMSO or 100 uM DFO. (C,F) %AUC for the indicated cell
populations. Statistical analysis by one-way ANOVA corrected for multiple
comparisons using Tukey’s multiple comparison test. Exact p-values are shown. All
experiments were performed with three independent biological replicates (n=3). Values
as mean + SD.
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