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ABSTRACT

Cell death is a fundamental aspect of multicellular life and its dysregulation has been
implicated in many diseases, from cancer to neurodegenerative disease. Most cell death
research has focused on cell-intrinsic mechanisms of cell death execution. How different
types of cell death affect populations of cells, on the other hand, is poorly understood,
yet has profound implications for our understanding of the effects of cell death in vivo.
Here we develop a quantitative method for the study of non-autonomous effects in cell
death and apply it to ferroptosis, a form of regulated, iron-dependent necrosis that has
previously been suggested to be able to spread from cell to cell. We show that
ferroptosis occurs with non-random spatiotemporal dynamics when induced by some
methods but not others, and that it is distinct from other forms of cell death in this
respect. We also discover that the death-inducing signal spreads independently of cell
rupture, as osmoprotectant molecules that block cell lysis do not prevent death wave
propagation. The ability of large osmoprotectants to prevent lysis further implies that
ferroptosis execution is mediated by the formation of nanoscale pores in the plasma
membrane, in a similar manner to two known forms of programmed necrosis,
pyroptosis and necroptosis. This is in contrast to the prevailing view that ferroptosis
stems from the unregulated accumulation of cellular damage whereas pyroptosis and
necroptosis are considered cellular suicide, and may mean ferroptosis has more of a

programmed nature than previously thought.
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CHAPTER 1: Introduction

Death is the inevitable fate of every somatic cell in a multicellular organism. In the adult
human body, three hundred million cells are estimated to undergo cell death every
minute.! Some types of cell, such as intestinal epithelial cells, leukocytes, and red blood
cells, are turned over at a high rate as part of their normal lifecycle, whereas others,
such as neurons, are long-lived and undergo death only when they become aged,
damaged or infected. Death plays important roles in embryonic development, for
example to eliminate supernumerary cells and to sculpt tissue structures,” as well as
organismal homeostasis in adults, while dysfunctional regulation of cell death is known
to contribute to the development of disease. Cell death is therefore involved in nearly

every aspect of physiology, and is a highly regulated and coordinated activity.

A Brief History of Cell Death Research

The history of scientific study of cell death dates back to 1842, when Carl Vogt described
the ‘resorption’ and ‘destruction’ of notochord and cartilage cells in developing midwife
toads.>* It would not be until over a hundred years later, however, that scientists began
to appreciate that death was not always merely accidental.” In 1964 Lockshin and
Williams coined the term “programmed cell death” when they showed that muscle
breakdown during silkworm transformation was controlled by endocrine signaling,®
concluding that this death event was somehow predetermined by the developmental
program of the organism. In a seminal paper published in 1972, Kerr, Wyllie, and Currie

used electron microscopy to carefully investigate the morphological features of cell

1



death occurring during vertebrate development and homeostasis.” They proposed the
name apoptosis (lit. “falling-off”) in order to distinguish these naturally occurring deaths
from necrosis caused by stress and injury. Around the same time, John Sulston and H.
Robert Horvitz conducted their groundbreaking work in the nematode Caenorhabditis
elegans, mapping out the lineage of every cell in the adult organism to reveal that the
exact same 131 cells die in each worm during development,® many with morphological
features similar to those described by Kerr et al. This demonstrated that tight control
was exerted over programmed cell death in invertebrates as well, and that apoptosis
was likely conserved across metazoan species. A spate of research followed over the
next two decades, and by the early 1990s the genetic basis of apoptosis had been
largely elucidated in C. elegans,® ™ paving the way for the further discovery of the more
complex mechanisms of apoptotic cell death in vertebrates.> ™

Based on some of the early research described here, Schweichel and Merker in
1973 proposed the classification of cell death events occurring during development into
three types based on their morphological characteristics.” These were later recognized
to correspond to apoptosis (type 1), autophagy (type Il), and necrosis (type Ill),
characterized by cell fragmentation and nuclear condensation, cytosolic vacuolization,
and loss of plasma membrane integrity, respectively. Over time, the meaning of
“programmed cell death” evolved to denote any death whose mechanism of execution
was genetically encoded, rather than cell death occurring as part of a developmental

program. For several decades, apoptosis and programmed cell death were seen as

synonymous terms, while necrosis was thought to be purely accidental, caused by direct



physical damage to the cell. Since then, however, the number of known types of cell
death has expanded considerably (Figure 1.1),"® and many newly characterized forms of
cell death do not fit neatly into one of these three categories. Indeed, with the discovery
of necroptosis*® and pyroptosis,? both cellular suicides that involve plasma membrane
permeabilization and the release of cellular contents, it has become clear that necrosis,
too, can be programmed. As mechanistic insight into different cell death pathways

increases, a perhaps more meaningful distinction is emerging between programmed,

regulated, and accidental cell death.?
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Figure 1.1 Known forms of Regulated Cell Death.
Many different mechanisms of cell death have been identified in mammalian cells exposed to lethal

stimuli. These can manifest with a range of different morphologies. While each type of death has defined
molecular features, there is also substantial crosstalk between different death modalities. MPT:
mitochondrial permeability transition. ICD: immunogenic cell death. ADCD: autophagy-dependent cell
death. LDCD: lysosome-dependent cell death. NET: neutrophil extracellular trap. Figure reproduced from

Galluzzi et al., 2018."%



Programmed Cell Death

Apoptosis

Apoptosis is the earliest recognized form of programmed cell death and was initially
defined as a set of morphological characteristics, including nuclear and cytoplasmic
condensation, plasma membrane blebbing, and the fragmentation of the cell into so-
called “apoptotic bodies”.” Under normal conditions these cell fragments are rapidly

1,22

phagocytosed by macrophages or surrounding cells, and as plasma membrane

integrity is maintained during apoptosis this type of death was long thought to be

22-25 .
It is

immunogenically silent, though this is now known to not always be the case.
clear, however, that the lack of release of dangerous intracellular molecules such as
proteases and nucleases during apoptosis protects the cell environment from injury.
Apoptosis can be triggered by a wide variety of internal and external factors, and seems
to be the predominant mode of cell elimination both in development and during
homeostasis, most likely due to its relatively safe nature. However, it is also involved in
the response to infection, the elimination of malignant cells, and a range of other
pathological conditions.*®

Apoptosis is executed by a family of cysteine-dependent aspartate-directed
proteases, or caspases.”’ There are seven known apoptotic caspases in humans, which
can be subdivided into initiator (2, 8, 9, and 10) and executioner (3, 6, and 7) caspases

that together form a proteolytic cascade.’®*

All caspases are synthesized as inactive
proenzymes that need to undergo cleavage to be activated. Upstream apoptosis-

inducing signals trigger the dimerization of initiator caspases, enabling them to cleave



and activate each other. These active enzymes then go on to cleave effector caspases,
thereby amplifying the pro-apoptotic signal. Executioner caspases cleave a large variety
of intracellular substrates, such as regulators of the cell cytoskeleton including ROCK1
and vimentin, antiapoptotic transcription factors like NF-kB, as well as a large number of
proteins involved in transcription and translation,® thereby causing apoptotic death.
The activation of apoptotic caspases can occur through either of two pathways
(Figure 1.2). Intrinsic apoptosis is generally triggered by intracellular signals, such as
DNA damage, nutrient withdrawal, or endoplasmic reticulum (ER) stress. The extrinsic
pathway, on the other hand, is initiated in response to extracellular ligands, through the
activation of so-called death receptors. Many death receptors are part of the Tumor
Necrosis Factor Receptor (TNFR) superfamily and bind to cytokines in the Tumor
Necrosis Factor (TNF) family, which includes TNFa, Fas ligand, and TNF-related
apoptosis-inducing ligand (TRAIL).*>* Ligand binding causes the clustering of these
receptors, triggering a conformational change in their intracellular domains that allows
the recruitment and assembly of a protein complex termed the death-inducing signaling

3233 This complex promotes the homodimerization and subsequent

complex (DISC).
activation of caspase 8, which then goes on to directly cleave executioner caspases. In
so-called type | cells this is sufficient to induce the full execution of apoptosis.>
However, in cells that express high levels of the caspase 3 and 7 inhibitor X-linked
Inhibitor of Apoptosis Protein (XIAP), known as type Il cells,® caspase 8 also has to

cleave Bid,*® which then activates the intrinsic apoptotic pathway, in order to trigger cell

death.



The intrinsic pathway of apoptosis is controlled by a group of proteins called the
Bcl-2 family, after its founding member.'® Several of its members, including Bcl-2, Bcl-x,,
Bax, and Bak, have transmembrane domains that insert into the mitochondrial outer
membrane. When activated, Bax and Bak (and, in some circumstances, the related

protein Bok®’) oligomerize and form large membrane pores that allow the release of

26,38

pro-apoptotic mitochondrial contents, a process called mitochondrial outer

membrane permeabilization (MOMP).*® Anti-apoptotic Bcl-2 family members such as
Bcl-2, Bcl-x,, and Mcl-1 inhibit apoptosis by sequestering Bax and Bak and preventing
their activation.?® Pro-apoptotic members, which include Bim, Bid, Bad, Puma, and

others, either directly activate Bax and Bak or prevent their interaction with the anti-

26,38

apoptotic Bcl-2 proteins. This intricate system is largely regulated through the

control of protein levels by transcription factors such as p53, which can be activated in

response to a large variety of intercellular stressors, and upregulate the transcription of

40,41

pro-apoptotic Bcl-2 family genes. However, posttranslational modification of Bcl-2

proteins can also play a large role.*®*?

MOMP promotes apoptosis mainly by allowing the release of cytochrome c,
which is normally localized to the mitochondrial intermembrane space, enabling its
interaction with the cytosolic protein apoptotic protease activating factor 1 (Apaf-1).1**°
Together, cytochrome ¢ and Apaf-1 assemble into a large, heptameric protein complex
named the apoptosome, which then binds caspase 9 and promotes its dimerization and

43,44

autoactivation. Caspase 9 then cleaves and activates the downstream executioner

caspases, thereby triggering apoptosis. MOMP also controls the release of other



mitochondrial factors including Smac/Diablo**® and Htra2/Omi,47 which inhibit the
activity of XIAP, thus allowing cell death execution in type Il cells undergoing extrinsic

apoptosis.
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Figure 1.2 The intrinsic and extrinsic pathways of apoptosis.

The intrinsic or mitochondrial pathway can be activated by a variety of stimuli. These factors influence the
levels and activity of pro-apoptotic Bcl-2 family proteins, which either inhibit anti-apoptotic members or
directly activate the pore-forming proteins Bax and Bak. Once activated, Bax and Bak trigger MOMP,
resulting in the release of pro-apoptotic factors. Among these, cytochrome c binds to Apaf-1 to form the
apoptosome and activate the initiator caspase 9, while SMAC contributes to caspase activation by binding
and inactivating cellular caspase inhibitors such as XIAP. Extrinsic apoptosis is triggered by signaling
through death receptors, which recruit death domain-containing proteins, including TRADD and FADD, to
their cytosolic tails upon ligand binding. These interactions promote the activation of caspase 8, enabling
it to activate downstream executioner caspases and trigger apoptosis in type | cells. In type Il cells, which
express high levels of XIAP, caspase 8 is also required to cleave Bid into its truncated form (tBid), which is
then able to engage the intrinsic pathway. Both pathways end in the cleavage of cellular substrates by
executioner caspases, which together cause apoptosis. Figure reproduced from Czabotar et al., 2014.%®
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Necroptosis

Necroptosis is similar to extrinsic apoptosis in that it too can be activated by death
receptor signaling, but it generally manifests with a necrotic morphology and occurs
only when caspase 8 function is inhibited. Furthermore, this cell death type can also be
induced by Toll-like receptor (TLR) activation in response to pathogens.*”® Necroptosis
may be specific to vertebrates® and is thought to have evolved in response to virally
encoded caspase inhibitors in order to provide a backup mechanism for infected cells
unable to undergo apoptosis.”® Because necroptosis involves plasma membrane
permeabilization and the release of damage-associated molecular patterns (DAMPs) and
other inflammatory mediators, it induces a potent immune response.23

Upon ligand binding to TNFR family receptors the kinase RIPK1 is recruited to the
cytosolic domain of the receptor and forms part of the so-called “complex |”, which also
comprises TRADD and several ubiquitin ligases and scaffold proteins. RIPK1 is
ubiquitinated, which results in the activation of pro-survival NF-kB signaling.>* However,
if RIPK1 is subsequently deubiquitinated by CYLD (cylindromatosis) the complex
dissociates from the receptor and recruits capase 8, c-FLIP, and RIPK3 to form the DISC.
If caspase 8 is able to dimerize as part of this complex, it is activated, cleaves several of
the other complex components including RIPK1, RIPK3, and CYLD, and triggers
apoptosis. If, on the other hand, caspase 8 is absent or inactivated pharmacologically or
by viral proteins, RIPK1 and RIPK3 are able to associate and auto- and trans-
phosphorylate each other,>** forming yet another complex called the necrosome. This

complex then recruits MLKL, which is subsequently phosphorylated at several sites by



RIPK3.> Phosphorylated MLKL is able to translocate to and insert into the plasma
membrane, causing pore formation®® and the exposure of phosphatidylserine (PS) on

the outer plasma membrane.””*®

MLKL activation additionally triggers the processing
and release of the pro-inflammatory cytokine interleukin-1p (IL-1B),>° and necroptotic

cells are known to also release IL-6, CXCL1, and other molecules that contribute to

inflammation.®°

Pyroptosis
Pyroptosis is another recently discovered form of inflammatory programmed cell death
that was initially described in macrophages infected with intracellular pathogens such as

Salmonella typhimurium and Shigella flexneri.**%"%

Pyroptotic cell death can be
triggered by pathogen-associated molecular patterns (PAMPs) such as flagellin, cytosolic
double-stranded DNA, and components of the bacterial type Il secretion system, which
are recognized by so-called Pattern Recognition Receptors (PRRs).*> During canonical
pyroptosis, activation of these receptors triggers the formation of the inflammasome,®*
a large, multimeric complex composed of a sensor protein/PRR bound to its cognate
ligand, and an adaptor protein, most commonly ASC (apoptosis-associated speck-like
protein containing a CARD). This complex then recruits inactive caspase 1, one of several
inflammatory caspases that are not involved in apoptosis. Upon binding to the
inflammasome, caspase 1 is able to dimerize and become activated, enabling it to cleave

65-69

the inflammatory cytokines IL-1B and IL-18 into their active forms. It also cleaves

Gasdermin D (GSDMD),”®”* releasing its pore-forming N-terminal domain and allowing it



to permeabilize the plasma membrane.”*”®> GSDMD pores mediate the release of IL-1B
and IL-18 into the extracellular environment to incite an inflammatory response, and
can also trigger the swelling and lysis of pyroptotic cells by allowing ion and water influx.

Many different stimuli can induce pyroptosis, and the inflammasome can be
composed of different sensor and adaptor proteins whose combinations regulate the
strength of the resulting inflammatory response.®®*’* In addition, bacterial
lipopolysaccharides (LPS) are known to bind directly to human caspases 4 and 5
(caspase 11 in mice) and trigger their activation and subsequent pyroptosis induction
while bypassing inflammasome formation.”> Pyroptosis has been shown to play an
important role in the defense against invading pathogens,’®’® but its activation can also
result in deleterious effects under some circumstances. For example, it has been
suggested that the death of T cells due to HIV infection is mediated by pyroptosis,”®
possibly resulting in the recruitment of additional T cells that are then also killed, giving
rise to the profound T cell deficiency usually seen in AIDS patients. LPS-mediated

pyroptosis is also thought to contribute to some of the serious, potentially lethal

symptoms seen during severe sepsis.”’
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Ferroptosis

The Mechanism of Ferroptosis

Ferroptosis is a regulated form of necrosis that depends on the presence of cellular iron.
It was first defined as the type of death occurring in response to treatment with the
small molecule erastin, which was discovered to inhibit the cystine-glutamate antiporter
system x..2% The abrogation of cystine import into the cell inhibits the synthesis of the
critical cellular antioxidant glutathione (GSH), thereby disrupting cellular redox
homeostasis. Ferroptosis involves the accumulation of lethal levels of lipid reactive
oxygen species (ROS),%° which was later found to be due to the inactivation of the
enzyme glutathione peroxidase 4 (GPX4).2' GPX4 is part of a family of enzymes that use
GSH as a cofactor to combat cellular ROS, but it is unique in that it is the only member
that is able to act on lipids that are esterified into phospholipids.*®3

Thus, the central pathway of ferroptosis is that the inactivation of GPX4, either
through direct inhibition or the depletion of GSH, allows the accumulation of
phospholipid peroxides and cell damage and thereby triggers cell death (Figure 1.3).
Accordingly, ferroptosis can be induced by agents that inhibit the import of cystine, so-
called class | ferroptosis inducers (FINs), or by molecules that bind and inactivate GPX4
(class Il FINs, e.g. RSL3 and ML162). Other drugs that are thought to act as FINs are
FIN56, which triggers the depletion of both GPX4 and the lipophilic antioxidant
coenzyme Q10 (CoQ10, known as ubiquinol in its reduced form),®* and FINO,, which

indirectly reduces GPX4 activity and causes iron oxidation.®® Conversely, ferroptosis can

be inhibited by the chelation of iron with e.g. deferoxamine (DFO) or ciclopirox olamine
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(CPX), or through the application of lipophilic antioxidants such as liproxstatin,
ferrostatin, or vitamin E (Figure 1.3). Intriguingly, recent work has uncovered an
additional ferroptosis-preventing pathway controlled by Ferroptosis Suppressor Protein
1 (FSP1), which uses NAD(P)H to catalyze the reduction of CoQ10, acting in parallel to
GPX4.2%% The pharmacological inhibition of FSP1 was shown to sensitize cells to
ferroptosis inducers,®® raising the possibility that other ferroptosis-inducing mechanisms
are yet to be discovered.

The sensitivity of cells to ferroptosis can be modulated by a variety of different
factors. One of the first to be identified was the level of cellular NADPH. NADPH is used
for the reduction of both GSH and CoQ10, and accordingly higher relative NADPH levels
confer resistance to ferroptosis.®® Ferroptosis sensitivity is also influenced by proteins
involved in lipid metabolism. One study identified the enzymes ACSL4 and LPCATS3,
which act successively to acylate the polyunsaturated fatty acid (PUFA) arachidonic acid
(AA) and catalyze its insertion into phospholipids, as positive regulators of ferroptosis.®
PUFAs are much more sensitive to oxidation than saturated or monounsaturated fatty
acids (MUFAs), due to the presence of an easily oxidized bis-allylic hydrogen atom, and
are therefore especially affected by the lipid peroxidation that occurs during ferroptosis.
Indeed, ferroptosis can be suppressed by supplying cells with deuterated PUFAs™ or the
MUFA oleic acid,” whereas addition of AA sensitizes cells to ferroptotic cell death.?
Lipidomics studies confirmed that ferroptosis involves the preferential oxidation of

90,92

PUFA-containing phosphatidylethanolamine (PE) phospholipids. The source of

oxidized lipids during ferroptosis has been a matter of some debate, with various

12



reports proposing the mitochondria,”® endoplasmic reticulum,®? or lysosomes®* as the
cellular site of oxidation. Many studies have highlighted a potential role for

90929597 iron-dependent enzymes that catalyze the dioxygenation of

lipoxygenases,
PUFAs in order to generate lipid signaling molecules. The current consensus is that while

lipoxygenases may be able to contribute to lipid peroxidation under some

circumstances, their activity is not necessary for cell death to occur.”®
Fe? chelators,
peroxide scavenging, ——— Ferroptosis System Xc-
PUFA synthesis inhibition .
erastin
T Cystine

Fatty acid oxidation

SLC7A11 SLC3A2
7 e

C’ dots
Fi\c Cystine
Fenton reaction i

Fe* — Fe? + H,0, = Fe% + HO* + HO- | GPX4 <— Glutathione <«— Cysteine

RSL3 BSO
ML162

Figure 1.3 The mechanism of ferroptotic cell death.

Ferroptosis results from the oxidation of membrane phospholipids. Free redox-active iron (Fe2+) engages
in Fenton chemistry with hydrogen peroxide (H,0,) to generate free radicals that react with PUFAs in
cellular membranes, forming lipid radicals. In the presence of oxygen, this sets off a chain reaction that
results in widespread lipid peroxidation. GPX4 uses GSH as a cofactor to reduce lipid peroxides to their
corresponding alcohols, thus limiting membrane damage. When GPX4 is inactivated and the accumulation
of lipid peroxides goes unchecked, ferroptosis occurs. GSH synthesis is dependent on cystine import by
system x., which consists of SLC7A11 and SLC3A2. Cystine is reduced to cysteine in the cytosol and
incorporated into glutathione by glutamate-cysteine ligase (GCL), which can be inhibited by buthionine
sulfoximine (BSO). Molecules that prevent cystine import through inhibition of system x., such as erastin,
are known as class | ferroptosis inducers (FINs). Ferroptosis can also be induced by direct (class Il FINs) or
indirect inactivation of GPX4. C’' dots are ultrasmall silica nanoparticles that induce ferroptosis when
combined with amino acid starvation, most likely by increasing cellular iron content. Ferric ammonium
citrate (FAC) can also be used as an iron source to sensitize cells to ferroptosis. By contrast, ferroptosis
can be inhibited by treatment with iron chelators such as deferoxamine (DFO), lipophilic antioxidants such
as liproxstatin-1 that act as lipid peroxide scavengers, or molecules that inhibit enzymes that contribute to
the incorporation of PUFAs into phospholipids, such as ACSL4. Figure adapted from Green, 2019.'°
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One remaining question in ferroptosis research is how the accumulation of lipid
peroxides leads to necrotic cell death. Lipid peroxidation is known to cause the

formation of reactive products such as malondialdehyde (MDA) and 4-hydroxy-2-

101

nonenal (4-HNE), which can result in damage to proteins and DNA.”~ A recent study

profiled the extent of one such type of damage, protein carbonylation, in ferroptotic

cells, and found that over 400 different proteins were modified by reactive aldehyde or

102

ketone groups.™ " It has been hypothesized that this extensive protein damage might be

directly responsible for cell death. However, there is much evidence to suggest that lipid
peroxidation also directly alters the structure and properties of lipid membranes.

Modeling studies have shown that oxidized fatty acid chains may protrude from the

3

membrane into the aqueous environment,'® resulting in membrane thinning and

105

increased membrane curvature’® and water permeability. More dramatically,

extensive oxidation and/or aldehyde accumulation may enable the formation of lipid-

1067198 However, many of these studies

based hydrophilic pores in the membrane.
simulate much higher levels of lipid peroxidation than are observed during ferroptosis,

and experimental evidence demonstrating the mechanism of ferroptotic membrane

permeabilization is currently lacking.

Physiological and Clinical Relevance of Ferroptosis

,109110 suggesting that

In mice, homozygous deletion of GPX4 is embryonic letha
ferroptosis must be continuously prevented in order for normal development to occur.

In adult animals inducible GPX4 knockout was shown to predominantly affect the

14



kidneys, resulting in lethal renal failure,"™! indicating that this organ is especially

sensitive to this type of cell death. GPX4 is also expressed at high levels in the

112

developing brain and heart.”™ In humans, GPX4 mutations have been suggested to

contribute to an ultra-rare pediatric disease called Sedaghatian-type

113

Spondylometaphyseal Displasia (SSMD).”™ Due to its rarity and rapid progression this

114

disorder is little studied, with only around 20 published case studies.”" SSMD presents

with skeletal abnormalities and decreased muscle tone, and most infants suffering from
the disease die within the first few weeks of life due to respiratory failure and cardiac

115 Other issues that have been identified at autopsy are kidney necrosis,

arrhythmia.
cardiac abnormalities, pulmonary hemorrhage, and severe central nervous system
malformations including frontotemporal pachygyria and absence of the corpus

collosum.*®

Whether excessive ferroptosis is responsible for some or all of the
symptoms seen in SSMD remains to be determined, but if so the development of
ferroptosis inhibitors appropriate for therapeutic use could represent a promising
strategy to mitigate some of the effects of this debilitating disease.

Ferroptosis is still challenging to study in vivo due to the lack of easily
measurable, high-fidelity biomarkers and the difficulty of genetic modulation, but it has
been suggested to participate in several physiological conditions. As mentioned
h.lll

previously, GPX4 knockout in adult mice triggers acute kidney injury and rapid deat

Inducible knockout of GPX4 in various other organs and cell types, including neurons,”

7 118

hepatocytes,’*” and T cells, also causes widespread cell death, indicating that

prevention of ferroptosis is essential for cell survival in a range of different contexts.
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Furthermore, inhibitors of ferroptosis were shown to have protective effects in several

in vivo and ex vivo models of ischemia-reperfusion injury, including in the kidney,*

120,121 2

heart, and brain.'® Ferroptosis is also hypothesized to play a role in
neurodegenerative conditions such as Alzheimer’s and Huntington’s disease, many of
which involve the accumulation of iron and lipid peroxidation in particular regions of the

brain.*?3

For example, iron chelation reduced disease progression in patients with
Parkinson’s disease,'** and ferroptosis has been implicated in dopaminergic neuron cell
death in a Parkinson’s mouse model.’*> Although more work is needed, these studies
suggest that ferroptosis could play important roles in human disease.

While ferroptosis is almost certainly involved in the promotion of
pathophysiology, it may also be able to suppress it in certain contexts. It is thought that
several tumor suppressor proteins are able to induce ferroptosis upon activation in
order to prevent the development of cancer. Both p53'*® and BAP1'?’ have been
suggested to repress the transcription of SLC7A11, which encodes a subunit of system
X., thereby not only restricting cystine import but also releasing 12-lypoxygenase
(ALOX12) from SLC7All-mediated inhibition.'”® However, stabilization of p53 using
nutlin-3 has also been shown to suppress ferroptosis through a mechanism dependent

on its transcriptional target p21,129

so these results require further validation.
Intriguingly, a recent study reported a potential function for ferroptosis in immune-
mediated tumor suppression, demonstrating that the secretion of interferon-y (IFNy) by

activated CD8" T cells also induced the downregulation of SLC7A11 and SLC3A2 (the

other system x. subunit) expression in tumor cells, thereby triggering ferroptosis.'*
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Thus, it is possible that ferroptosis may have an important physiological role in tumor
suppression.

Several reports have suggested that cancer cells may be particularly vulnerable
to ferroptosis, making ferroptosis-inducing compounds potentially attractive
chemotherapeutic agents. For example, work by Viswanathan et al. showed ferroptosis
sensitivity in a panel of cancer cell lines correlated with a ZEB1-dependent mesenchymal
state, which has previously been linked to lipid remodeling and resistance to commonly

131 As epithelial-mesenchymal transition (EMT) commonly occurs

used cancer therapies.
in cancer and has been linked to both metastasis and therapy resistance, ferroptosis
sensitivity may be an important exploitable vulnerability of difficult-to-treat cancers.
Indeed, another study by Hangauer et al. lent credence to this theory by confirming that
drug-resistant persistor cells are far more sensitive to GPX4 inhibitors than the parental
population they are derived from due to the disruption of the cells’ antioxidant
program.’? Additionally, iron levels, redox homeostasis, and other metabolic pathways
are often disrupted in cancer cells, potentially increasing their sensitivity to ferroptosis
compared to untransformed cells. In clear cell renal carcinoma, for example, ferroptosis
sensitivity is linked to metabolic alterations arising from inactivation of the VHL tumor
suppressor,™*® whereas triple-negative breast cancer may be more susceptible due to

134

elevated levels of PUFA-containing phospholipids.”™" The reduced ferroportin expression

seen in acute myeloid leukemia (AML) results in elevated levels of intracellular iron that

135

also predispose cells to ferroptosis.”™ In previous work, we showed that iron-carrying

nanoparticles called C' dots induce ferroptosis when combined with amino acid
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starvation.*® As cancer cells at the center of a solid tumor are often deprived of key
nutrients, including amino acids, C’ dots may be able to selectively induce ferroptosis in
these starved cells. However, a recent study demonstrated that glucose withdrawal

137 Thus, the exact

impedes ferroptosis through the activity of the energy sensor AMPK.
effect of nutrient deprivation on ferroptosis sensitivity in cancer cells is likely context-
dependent and remains to be elucidated.

Interestingly, ferroptosis was recently shown to spread through cell populations,
resulting in spatiotemporal patterns of cell death with a wave-like appearance not

119,136
h.

previously observed in other forms of cell deat Given emerging links between

ferroptosis and degenerative diseases and injuries that involve large, often continuous

138 the propagative nature of ferroptosis is important to

areas of necrotic tissue,
understand. However, the mechanism underlying this phenomenon and whether death
propagation is a consistent feature of ferroptosis are still unknown. In the next section, |

will discuss the population dynamics and non-autonomous properties of different forms

of cell death in more detail.
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The Population Dynamics of Cell Death”

The distinct mechanisms and inflammatory effects of different cell death programs are
becoming increasingly well-characterized. A less studied feature is the effects that
different types of cell death may have on the dynamics of the cell populations in which
they occur. The demise of an individual cell can be a completely autonomous event,
having no effect on neighboring cells; but death can also affect neighboring cell viability,
either negatively, through what is sometimes called a bystander effect, or positively, by
promoting the survival of surrounding cells. Among the known forms of cell death, three
examples best illustrate these extremes (Figure 1.4). First, apoptosis is generally thought
to be a neutral, cell-autonomous suicide that has a minimal impact on neighboring cells,
although in some contexts the execution of apoptotic cell death can be associated with
secreted factors that either induce death or support survival in neighboring cells.**
Entosis, by contrast, is competitive by nature, as death execution requires the ingestion
and killing of one cell by its neighbor,** providing the engulfing cell with a survival

141

advantage.” And at the other end of the spectrum, several groups have shown that

ferroptosis has the ability to spread between cells in a wave-like manner, suggesting

119136 1nduction of each of these different

potent non-cell-autonomous killing activity.
mechanisms has very different effects on cell populations (Figure 1.4). Entosis can
support the long-term survival of stressed populations, thereby potentially promoting

cancer progression,**' while ferroptosis can eliminate large groups of cells, which is

predicted to be of therapeutic benefit for cancer treatment.

" This section is adapted from Riegman et al., 2019.1%
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The death of cells in large groups is a widespread occurrence in biological

139

systems™~ (Figure 1.5). From bacterial populations, where large numbers of individual

%2 16 the slime mold Dictyostelium, where a significant proportion of

cells die in biofilms,
cells undergoes death to form a spore-supporting stalk structure,** and plants, where
thousands of cells die synchronously to form the water and nutrient channeling
vasculature,'* population-scale cell death is a shared feature across evolutionary
kingdoms. In metazoans, entire organs are eliminated by cell death to remove
developmental structures, such as the salivary gland in Drosophila, or the tails of
developing tadpoles,? and in mammals, groups of cells die to hollow the amniotic cavity

146

in early development,** to sculpt digits during the development of the limbs,**® and to

hollow luminal structures in ducts of the developing mammary gland.**’
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Figure 1.4 Cell death mechanisms have different population-intrinsic effects.

Three regulated forms of cell death are shown with their molecular mechanisms, effects on inflammation,
and population-intrinsic effects. Apoptosis is mostly cell autonomous in its execution, but can be involved
in cell competition or propagation in a context-dependent manner. Entosis involves the killing of one cell
by its neighbor and is an inherently competitive process. Ferroptosis has the ability to spread through
populations and may be intrinsically propagative. Imm. effect: immune effect. Figure reproduced from
Riegman et al., 2019.%®
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How are deaths that occur in large groups of cells coordinated? In some
contexts, population-scale death is systemically controlled by signaling events that
cause individual cell deaths to occur in a synchronous manner — for example, tail
resorption in amphibians is induced by signaling from increased levels of thyroid
hormone in the blood stream that induces individual cells to undergo apoptosis. In other
cases, the death of individual cells can trigger the spreading of trans factors that affect
neighboring cells. Deaths in this context often occur in a successive manner, with an
expanding, wave-like appearance. In plants for example, the spreading of death signals
between cells is a common activity that synchronizes differentiation of the
vasculature,'*® or promotes expansion of cell death zones as part of an innate immune

response that limits pathogen infection (Figure 1.5A).49%°

In metazoan organisms, too,
some mechanisms of cell death exhibit context-specific or even intrinsic abilities to
spread between cells and synchronize death across cell populations. Despite the
prevalence of population-scale deaths across biological systems, little is known about
how different forms of cell death affect population dynamics in this manner. This
section discusses mechanisms of death synchronization and propagation in cell

populations, and the potential influence of cell death population dynamics on cancer

therapy.
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Mechanisms of Cell Death Propagation in Metazoan Organisms

Apoptosis

Programmed cell death occurring in metazoan organisms is not generally thought to
spread between cells. Apoptosis, for example, typically eliminates small numbers of
individual cells in normal tissues, and is usually not observed to affect the viability of

surrounding cells.*

In C. elegans development, the majority of developmental cell
deaths occur as isolated apoptotic events, and dying cells are engulfed by healthy
adjacent cells. The fact that neighboring cells can function in the clearance of apoptotic
cells through phagocytosis provides evidence that proximity to an apoptotic cell does
not intrinsically inhibit viability. Epithelial cells also mediate engulfment of their
apoptotic neighbors in mammalian tissues, for example in the hair follicle,*? lung,***
and mammary gland.**

In certain cases, however, the execution of apoptosis may be linked to diffusible
signals that can lead to the death of adjacent cells. In Drosophila, apoptotic cell death
during adult wing development occurs as a massive synchronous wave that successively
kills the dorsal and ventral cuticle layers of epithelium, shortly after adults emerge from

15158 (Figure 1.5B). Apoptosis in this context is initiated by upregulation of

the puparium
the pro-apoptotic gene hid in the wing epithelium, a common mechanism of apoptosis
induction in Drosophila, and also requires the peptide hormone Bursicon, secreted by

the nervous system, to eliminate cells primed by hid expression.™®

That hid expression
can induce a propagative mechanism in flies has been shown experimentally in the wing

imaginal disc, where enforced hid overexpression in cells in the posterior portion
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induces the spread of cell death to anterior disc cells. This effect, called “apoptotis-
induced-apoptosis”, results from the secretion of the death receptor ligand Eiger (a

TNFa ortholog) by dying cells, which activates pro-apoptotic signaling in neighboring

157

cells through activation of Jun-Kinase (JNK).”* While the execution of apoptosis may not

have intrinsic spreadable properties, the additional secretion of paracrine factors can
therefore endow apoptosis with propagative features that could play specialized roles in
normal development. Intriguingly, TNFa secretion by apoptotic cells may also
coordinate collective cell death in mammalian tissues, as epithelial cell death in the hair

follicle in mice, which also involves groups of synchronously dying epithelial cells, was

shown to involve a similar mechanism (Figure 1.6)."’

In developmental systems, communication between dying cells to coordinate the
clearance of large structures may be a more commonly utilized strategy than is currently
appreciated. Another example was recently discovered in the Drosophila salivary gland,

which is removed during metamorphosis by simultaneous induction of apoptosis and

158

the lysosomal degradative pathway autophagy.”™ The execution of death is timed by

systemic signaling through the steroid hormone ecdysone, which controls upregulation

158,160,161

of hid"™® and the autophagy-initiating kinase atgl, thereby activating both

pathways. Intriguingly, autophagy induction in this system is also synchronized between

neighboring cells by the release of Macroglobulin complement-related (Mcr), a ligand

162,163

that binds to the receptor Draper. Draper activation is required cell-autonomously

162

for autophagy induction and the death of salivary gland cells,” suggesting that the
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synchronous removal of an organ structure in this context may be partially enhanced by

coordination of a death program between neighboring cells.

Necrosis

Necrotic forms of cell death are often considered to be dangerous to surrounding tissue
because they result in the release of toxic intracellular contents. Yet necrosis, like
apoptosis, can also eliminate individual cells within tissues,”>* and may spread to
neighboring cells only under certain circumstances. In Drosophila, waves of death can be
initiated by the expression of an activated glutamate receptor cation channel in a subset
of developing neurons in the eye. This leads to necrotic death initiated by calcium influx,
known as excitotoxicity, that spreads to neighboring cells through secretion of Eiger and

activation of JNK (Figure 1.6).*%*

Waves of necrosis are also observed in response to
excitotoxicity in mice, during neuronal cell death resulting from excessive stimulation of
neurotransmitter receptors upon ischemic stroke or accumulation of extracellular
glutamate. Receptor overstimulation leads to the pathological influx of calcium and
causes necrosis that spreads from cell to cell through the transfer of calcium, or

> Interestingly, the

potentially other death-inducing signals, via gap junctions.'®
propagation of calcium signals through gap junctions is also implicated in waves of
necrotic cell death that occur in the gut epithelium of C. elegans upon aging-induced
organismal death (Figure 1.6).*®

One recently identified form of regulated necrosis, ferroptosis, has been

proposed to mediate a spreading effect that may be intrinsic to its execution. Certain
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cell types, such as kidney epithelium, have been shown to be particularly sensitive to
ferroptosis induction, and indeed this mechanism may underlie the pathological cell
death associated with renal ischemia reperfusion injury and acute kidney failure, during
which renal tubules are observed to undergo extensive necrosis.’®’ Intriguingly,
treatment of renal tubules with erastin ex vivo was shown to lead to the elimination of
entire tubules by a necrotic death that appeared to spread from cell to cell, suggesting

119,168

that ferroptosis might have the ability to propagate. Cell death resulting from

ischemia-reperfusion injury in other tissues including intestinal epithelium,*®® heart

170171 \which can also result in the necrotic death of

tissue,120 and excitotoxicity in brain,
large regions of cells, has also been linked to ferroptosis. Indeed, two recent
publications have shown ischemia-reperfusion injury following myocardial infarction is

21172 |ntriguingly, this process often results in

at least partially mediated by ferroptosis.
the formation of large contiguous areas of necrotic cells, a phenomenon referred to as
contraction band necrosis, which has been hypothesized to be due to the cell-to-cell
spreading of death. Together, these findings suggest that ferroptosis contributes to
pathological necrosis in multiple contexts and may have the ability to spread through
tissues (Figure 1.5C). It remains to be established whether other forms of necrotic cell
death can also spread between cells. Interestingly, macrophages undergoing pyroptosis
can release prion-like structures called ASC specks, which can then be taken up by
neighboring cells and induce activation of the inflammasome. It is unclear, however,

whether this activity is sufficient to induce cell death in neighboring macrophages.'’**"*
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Figure 1.5 Cell death spreading occurs in a variety of biological systems.

(A) Plants exhibit cell death that can propagate between cells, forming expanding zones of dead tissue in
response to oxidative damage or pathogen infection (red indicates zone of dead tissue, arrows indicate
spreading).

(B) A wave of apoptosis is observed in developing flies that eliminates entire epithelial cell sheets to
promote wing development.

(C) Ferroptosis may be able to propagate from cell to cell, potentially resulting in the large necrotic zones
observed during ischemia-reperfusion injury in various organs. In cancerous tissues, propagating forms of
cell death such as ferroptosis might be effective mechanisms to eliminate large groups of malignant cells.
Figure reproduced from Riegman et al., 2019."%®
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Death Propagation in Cancer

Intrinsic Mechanisms

Although the development of cancer is generally linked to lowered levels of cell death,
in some contexts tumors are found to contain large regions of dead cells, an observation
commonly referred to as tumor necrosis. Tumor necrosis is a poor prognostic factor,'’?
and is thought to result from reduced nutrient availability due to tumor expansion or
high interstitial pressure that outpaces or disrupts the available vasculature, leading to
chronic ischemia. One type of tumor necrosis called comedo necrosis is characterized by
large regions of dead cells within the interior of cancer lesions, where cells fail to survive
beyond the diffusion limit of key nutrients from blood vessels. Necrosis of large cell
populations in this context may result from the apoptotic death of individual cells*’®*"’
and a lack of phagocytic clearance, which allows apoptotic cells to eventually lyse.
Alternatively, apoptosis-inhibited cancer cells may undergo necrosis due to energy
deprivation,’’® or due to induction of a regulated necrotic mechanism called
necroptosis, which has also been shown to be induced by ischemic conditions,*”*™#* but
is not known to exhibit propagative activity. Whether ferroptosis could contribute to
spreadable necrosis in this context is not clear, but the links between ferroptosis

82 1n a recent report, the

induction and ischemia are suggestive of this possibility.
detachment of breast epithelial cells from extracellular matrix, a condition that also
affects cells in the interior regions of carcinomas,'®® was observed to lead to ferroptotic

184
h.

deat Moreover, the emerging connection between p53-mediated tumor

suppression and ferroptosis'®® suggests that this type of cell death could therefore
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conceivably be induced during cancer initiation or progression, and contribute to tumor
necrosis by inducing the propagation of death across large regions of cells. Further
studies are needed to examine whether ferroptosis occurs during carcinogenesis in

model systems and clinical specimens.

The Radiation-Induced Bystander Effect

In a therapeutic context, mechanisms that could induce or promote the propagation of
cell death through solid tumors may be of particular interest, as cancer recurrence
typically results from a failure of therapy to target all of the cells in a lesion, known as
“fractional killing”, or from the intrinsic resistance of a minority of cells. In either case,
the propagation of cell death may contribute to the elimination of cells that escape
treatment or are resistant to cell-autonomous induction of death but may be sensitive
to propagative mechanisms. Death propagation is a known contributor to the effects of
radiation therapy, where the irradiation of individual cells can lead to the death of non-
irradiated neighboring cells in trans, through what is called the radiation-induced
bystander effect (RIBE).*®> The bystander effect is thought to promote the propagation
of cell death through two parallel mechanisms, involving the secretion of death-
promoting factors and direct cell-to-cell signaling through cell junctions, respectively,
leading to both long- and short-range effects. Conditioned medium from irradiated
human fibroblasts or keratinocytes, for example, has been shown to induce death in 15-

186,187

25% of non-irradiated cells, and to inhibit clonogenic survival by up to 40%.'%’

Furthermore, in 3-dimensional models of skin tissue, apoptotic events were observed at
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a distance of up to Imm from alpha particle-irradiated cells, leading to cell death in 4%

18 Gap junctions have been suggested to

of cells in non-irradiated neighboring tissue.
mediate RIBEs directly between neighboring cells (Figure 1.6). For example, in cultured
human fibroblasts and epithelial cells, low confluency or treatment with gap junction
inhibitors was shown to block a bystander effect that led to the induction of p53 in
neighboring, non-irradiated cells.8%%°

Interestingly, cancer cell death following irradiation was recently shown to be
partially attributable to induction of ferroptosis,'®* suggesting a possible link between
RIBEs and ferroptosis propagation. Radiation and ferroptosis are both known to damage
cells through the generation of (lipid) ROS that are normally buffered by glutathione and

192193 |n addition, both the RIBE and ferroptosis induction

may lead to lipid peroxidation.
in tumors have been linked to increased expression of prostaglandin-endoperoxide
synthase 2 (PTGS2)®'®® the gene encoding cyclooxygenase-2 (COX-2). COX-2
dioxygenates and subsequently reduces arachidonic acid to generate inflammatory lipid
signaling molecules called prostanoids, and its inhibition can block bystander effects
following irradiation®®®*** (Figure 1.6). COX-2 inhibition did not affect ferroptotic cell
death induced by treatment with erastin or the GPX4 inhibitor RSL3, but spatiotemporal
patterns of cell death were not examined.®' Together, these results suggest that

irradiation and ferroptosis may share some regulatory features that could impinge upon

propagation.

29



Therapeutic Induction of Ferroptosis

Like erastin-induced ferroptosis in kidney tubules, the induction of ferroptosis in cancer
cells by treatment with specialized nanoparticles was recently shown to occur with
wave-like spatiotemporal patterns that resulted in the elimination of all cells in a
culture. Ferroptosis induction by intravenous nanoparticle administration in mice also
resulted in the regression of xenograft tumors, suggesting that this form of cell death

136 \Whereas the radiation-induced

may have potent tumor suppressive activity.
bystander effect leads to the death of a relatively small percentage of surrounding cells,
ferroptosis may be able to eliminate all neighboring cells in a propagating wave. Thus,
the induction of ferroptosis may represent a new strategy to trigger propagation of
death through cancer tissues.

In addition to treatment with ferroptosis-inducing nanoparticles, which mediate
the delivery of iron into cells following particle endocytosis, ferroptosis induction
through other mechanisms may also hold therapeutic potential. For example, erastin

has been found to enhance the efficacy of treatment with various chemotherapeutic

agents, such as the DNA damaging agents cisplatin in head and neck cancers,'®

196 7

doxorubicin in AML,”” and temozolomide in glioblastoma,19 while treatment with

198 As an

sorafenib, a tyrosine kinase inhibitor, can induce ferroptosis as a monotherapy.
increasing number of ferroptosis-inducing therapeutic options are now being
developed, it is important to know whether wave-like propagation is a consistent

feature of this type of cell death, and whether such waves can eliminate untreated cells

in trans, similar to the RIBE. In future studies, it will become increasingly important to
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consider the intrinsic population-level properties of different forms of cell death and

their potential consequences for human health and disease.
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Figure 1.6 Mechanisms of cell death propagation.

Apoptotic and necrotic forms of cell death can propagate between cells by direct cell-to-cell transfer of
death-inducing stimuli, such as calcium or reactive oxygen species, through gap junctions. Secreted
factors such as TNFa or arachidonic acid-derived prostanoids can also play a role in killing neighboring
cells or cells at larger distances. COX-2: Cyclooxygenase-2. JNK: Jun-Kinase. ROS: reactive oxygen species.

Figure reproduced from Riegman et al., 2019."%®
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Thesis Aims

Over the last fifteen years numerous new mechanisms of regulated cell death have been
discovered that participate, along with apoptosis, in normal physiology or in cell
responses to stress and infection. While the distinct regulatory features of different
forms of cell death are becoming clear, death at the population scale is much less well
understood. One form of regulated necrosis called ferroptosis may have the ability to
spread through cell populations in a wave-like manner, and has also been shown to
have therapeutic potential for the treatment of cancer. However, it is still unclear
whether ferroptosis induction is invariably linked to propagative activity, and little is
know about the mechanism of ferroptosis execution downstream of lipid peroxidation.
In the following chapters | will address these questions.

In Chapter 3, we develop a quantitative method for the analysis of
spatiotemporal cell death patterns. We employ this method to investigate the
propagative features of ferroptosis induced by different stimuli, and compare
ferroptosis to other forms of cell death. We further investigate some of the potential
requirements for propagation to occur.

In Chapter 4, we explore the mechanism of ferroptotic cell lysis and discover that
ferroptosis is an osmotic process that is mediated by the formation of plasma
membrane pores. We examine the ability of different inducers of ferroptosis to
stimulate pore formation, and lastly investigate the connection between pore formation

and propagative death.
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In Chapter 5, | discuss the questions raised by this work, including potential
mechanisms of ferroptosis propagation and pore formation. | also touch on the
therapeutic implications of cell death spreading for treatment of degenerative diseases

and cancer therapy.
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CHAPTER 2: Materials and Methods

Cell Culture

HT1080 cells (ATCC), Hela cells (ATCC), HAP1 chronic myelogenous leukemia cells (the
kind gift of Dr. Jan Carette, Stanford School of Medicine), and MCF7 breast cancer cells
(Lombardi Cancer Center, Georgetown University) were cultured in high-glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) (MSKCC Media Preparation Facility)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (F2442; Sigma-
Aldrich) and penicillin/streptomycin (30-002-Cl; Mediatech). B16F10 melanoma cells
(ATCC), Jurkat T cells (ATCC), and U937 promonocytic leukemia cells (ATCC) were grown
in RPMI-1640 (11875-093; ThermoFisher) containing 10% heat-inactivated FBS and
penicillin/streptomycin, and MCF10A mammary epithelium cells (ATCC) were cultured in
DMEM/F12 (11320-033; ThermoFisher) supplemented with 5% horse serum (HS)
(512150; Atlanta Biologicals), 20ng/mL epidermal growth factor (EGF) (AF-100-15;
Peprotech), 10pug/mL insulin (19278; Sigma-Aldrich), 0.5ug/mL hydrocortisone (H-0888;
Sigma-Aldrich), 100ng/mL  cholera  toxin  (C-8052;  Sigma-Aldrich), and
penicillin/streptomycin. Hela cells expressing Danio rerio cytosolic phospholipase A2

199 cx43 knockout cells were generated

(cPLA2)-mKate have been described previously.
by lentiviral transduction of MCF10A cells using lentiCRISPRv2 plasmid encoding Cas9
and an sgRNA designed using the Zhang lab CRISPR tool at http://crispr.mit.edu.
Transduced cells were selected using puromycin and single clones were validated using

DNA sequencing and immunoblotting. HAP1 cells expressing GCaMP6-NLS were

generated using the Sleeping Beauty transposase system. HAP1 cells were transfected
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with  pSB-CMV-MCS-Puro GCaMP6-NLS and pSB-cag-100x-Transposase, using
Lipofectamine 3000 (L3000-015; ThermoFisher) as recommended by the manufacturer.
Amino acid-free culture medium was prepared by dialyzing FBS or HS in PBS (MSKCC
Media Preparation Facility) using MWCO 3500 dialysis tubing (21-152-9; Fisherbrand)
and adding it to amino acid-free base media (MSKCC Media Preparation Facility). These
media were used in combination with FAC and BSO to induce ferroptosis in MCF10A and

MCF7 cells, and with aMSH-tagged C’ dots to induce ferroptosis in B16F10 cells.

Reagents

Ferric ammonium citrate (FAC) (F5879; Sigma-Aldrich), L-buthionine sulfoximine (BSO)
(B2515; Sigma-Aldrich), and deferoxamine (DFO) (D9533; Sigma-Aldrich) were dissolved
in water and stock solutions were stored at -20°C. FAC and BSO were used at 400uM
and DFO at 200uM. SuperKillerTRAIL (ALX-201-115-C010; Enzo) stock solution was
diluted to 100pg/mL in KillerTRAIL dilution buffer (20mM HEPES, 300mM NaCl, 0.01%
Tween-20, 1% sucrose, 1ImM DTT), aliquotted, and stored at -80°C. It was used at a final
concentration of 50ng/mL. Hydrogen peroxide (216763; Sigma-Aldrich) and tert-butyl
hydroperoxide (458139; Sigma-Aldrich) were first diluted in water and then added to
cell culture media at a final concentration of 1mM for hydrogen peroxide and 50uM for
tert-butyl hydroperoxide. C11-BODIPY°8%/51 (D3861; Molecular Probes) was dissolved in
DMSO, stored at -20°C, and diluted to a final concentration of 5uM prior to use. Sucrose
(§7903; Sigma-Aldrich), raffinose (R0514; Sigma-Aldrich), polyethylene glycol (PEG) 1450

(P7181; Sigma-Aldrich), and PEG3350 (P3640; Sigma-Aldrich) were dissolved directly
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into cell culture media at a concentration of 20mM. All other compounds were prepared
as stock solutions in DMSO and stored at -20°C. Erastin (E7781, used at 7.5uM with
HAP1s and 2uM with HT1080s), ferrostatin-1 (SML0O583, used at 4uM), Trolox (238813,
used at 100uM), and z-VAD-fmk (V116, used at 20 uM) were from Sigma-Aldrich; RSL3
(58155, used at 1uM) and liproxstatin-1 (57699, used at 200nM) were from
SelleckChem. Necrosulfonamide (20844; Cayman Chemicals) was used at 1uM. ML162
was a kind gift from Dr. Scott Dixon and was used at 4uM. aMSH-tagged C' dots were

136200 in water, stored at 4°C, and used at a

synthesized as described previously
concentration of 15uM. SYTOX Green (S$7020; Molecular Probes) was used at a
concentration of 10nM and SYTOX Orange (S11368; Molecular Probes) at a

concentration of 50nM for all experiments.

Microscopy

Live-Cell Imaging

Cells were seeded on glass-bottom plates (P24G-1.5-13-F; Mattek) and treated in fresh
culture media the next day. For amino acid-free conditions, cells were washed with PBS
twice prior to treatment. Imaging was performed in live-cell incubation chambers
maintained at 37°C and 5% CO,. Images were acquired every 5 to 30 min for 24-48 hours
using a Nikon Ti-E inverted microscope attached to a CoolSNAP charge-coupled device
camera (Photometrics) and NIS Elements AR software (Nikon, 3.22.15). For experiments
with ML162, time-lapse imaging was performed on plastic tissue culture plates (3527;

Corning) on a Zeiss Observer.Z1 microscope coupled to an Axiocam 506 mono camera
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(Zeiss) using ZEN software (Zeiss). Images were quantified manually in NIS Elements AR
(Nikon) or ZEN (Zeiss) and processed using Imagel) (2.0.0) and Adobe Photoshop (CS6

13.0.5).

Confocal Imaging

Cells were plated on glass-bottom dishes and treated the next day. For C11-
BODIPY>81/59 imaging, cells were washed twice with Hank’s Balanced Salt Solution
(HBSS) (14025-092; ThermoFisher) 24 hours after treatment, stained in 5uM C11-
BODIPY>®Y>! in HBSS for 10 minutes at 37°C and 5% CO,, and again washed twice in
HBSS. Cells were imaged at 37°C and 5% CO, using the Ultraview Vox spinning-disk
confocal system (PerkinElmer) equipped with 488nm and 568nm lasers and an electron-
multiplying charge-coupled device camera (Hamamatsu C9100-13), and attached to a
Nikon Ti-E microscope. For cPLA2 imaging in Hela cells, a single confocal plane is shown
from the indicated time points. For C11-BODIPY>8/>%1 imaging, maximum projections are
shown. Images were acquired and processed using Volocity software (Perkin Elmer,

version 5.2.0).

Analysis of Live-Cell Imaging

Single-Cell Time of Death Annotation

We used a custom MATLAB (R2016A) script to record the xy position and time of death
(for Sytox) or time of calcium influx (for GCaMP) of each cell. For each frame of a given

timelapse movie, every new event was manually clicked and its position and frame
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number recorded and saved. The resulting files were then used for further analysis as

detailed below.

Measuring Propagation

We used Voronoi tessellation,?®* a computational geometry method to divide a plane
into regions given a set of loci where each locus corresponds to a cell nucleus’s xy
location. Each point on the plane belongs to a single region and each region consists of
all the closest points to the associated nuclear locus. Neighbors were defined as regions
sharing a border, which allowed us to identify all pairs of neighboring cells. Note that
neighboring cells in the tessellation do not necessarily share cell-cell junctions in the
experiment. For each field of view we calculated the mean difference in time of death
between all neighboring cell pairs as a measure for propagation speed, marked with

Hexpat- This analysis was performed using custom Python 3 scripts.

Permutation Testing

We devised a statistical test to determine the statistical significance of the hypothesis
that there is a relationship between a cell’s and its neighbors’ times of death. This was
achieved by using a non-parametric permutation test to reject the null hypothesis that
the cells’ time of death is independent of their neighbors’ time of death. For every field
of view, the following procedure was repeated for 1000 iterations. The recorded time of
death was randomly permuted between the cells (i.e., each cell was assigned a random

time of death, with the same number of deaths at each time point as in the
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experimental data) and the mean difference in time of death between all neighboring
cell pairs was recorded. The p-value was calculated as the fraction of iterations in which
the mean time difference between neighbors using the permuted (“random”) cell death
was faster than the experimental measurement. We considered a p-value of 0.05 as

statistically significant. This analysis was performed using custom Python 3 scripts.

Spatial Propagation Index

We devised the spatial propagation index to quantify the contribution of the spatial
component to the observed experimental cell-cell propagation. This measure was
defined as the deviation of the experimental mean propagation (Mexpat) from the 95t

percentile of the mean randomly permuted death times (Upermosat) normalized to

u 95At — HexpAt . . .
Hpermosat: per;’; “*P=" This measure can be interpreted as the fraction of the
permosAt

Mpermosat Needed to reconstruct back the spatial information in the experimental data.

Quantifying Ferroptosis Propagation from DIC

To quantify the distance covered by the ferroptosis wave in each field of view, lines
delineating live and dead cell regions were drawn manually in NIS elements AR (Nikon,
3.22.15) at one-hour intervals, starting from a timepoint at which smaller initiation
points, if present, had converged into larger waves. For each interval, the area between
two lines was measured and divided by their average length to obtain the mean
distance travelled during a given interval in a given field of view. Information from

different fields of view in the same condition was then combined to plot the mean
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distance covered in each condition, and a linear regression performed to calculate the

speed of the corresponding ferroptosis wave.

Western Blotting

Western blotting was performed as described previously.**®

Briefly, cells were placed on
ice, washed twice with cold PBS, then lysed in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris at pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP40, 0.1% SDS) containing
protease and phosphatase inhibitors. Cell lysates were centrifuged at 4°C for 20 min.
and protein content of supernatants was quantified using BCA assay (23225;
ThermoFisher). Samples were separated using SDS-PAGE and transferred to PVDF
membranes. Membranes were blocked for 1h in 5% BSA in TBS-T, followed by overnight
incubation with primary antibody at 4°C. After washing with TBS-T, secondary antibody
incubation was performed in 5% BSA in TBS-T for 1h at room temperature. Blots were
incubated with ECL reagent (32106; ThermoFisher) and exposed to film to detect
protein levels. Antibodies used: anti-Connexin43 (3512S; Cell Signaling), anti-tubulin

(3873; Cell Signaling), anti-rabbit IgG HRP-linked antibody (7074; Cell Signaling), and

anti-mouse IgG HRP-linked antibody (7076; Cell Signaling).

LDH Assay
LDH assays were performed using the Pierce LDH Cytotoxicity Assay Kit (88954;
ThermoFisher) following the manufacturer’s instructions. Briefly, cells were seeded on

96 well plates and treated in triplicate the next day. At the indicated time, 50uL media
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was transferred from each well to a well containing 50uL assay buffer, and plates were
incubated at room temperature for 30 mins. At this point 50uL stop solution was added
to each well, bubbles were removed using a syringe, and the absorbance was read on a
BioTek Synergy H1 Hybrid Reader at 490nm and 680nm wavelengths. The 490nm
absorbance was subtracted from the 680nm absorbance, and background from cell
culture medium was subtracted from all values. Data were averaged across technical
replicates and normalized to the indicated treatment without osmoprotectants to
calculate percent LDH release. For suspension cells, cells were treated in 24 well tissue
culture plates containing 1mL media per well. At the indicated time, 200uL media was
taken from each well, spun down to remove dead cells, and supernatant was used to

perform the assay as described.

Crystal Violet Assay

Cells were seeded on 24-well tissue culture plates (3527; Corning) and treated in
triplicate the next day. After 24 hours, when most control cells had died, wells were
washed twice with PBS, then fixed in 4% paraformaldehyde (15710-S; Electron
Microscopy Sciences) in PBS for 15 minutes. After washing with water, cells were
stained with 0.1% crystal violet (61135; Sigma-Aldrich) in 10% ethanol for 20 minutes,
then washed again with water until clear and allowed to air dry. After drying, crystal
violet stain was dissolved in 10% acetic acid by shaking plate at room temperature for
30 minutes. This solution was diluted 1:4 with water and absorbance measured at

590nm on a BioTek Synergy H1 Hybrid Reader. Background absorbance from wells
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containing only tissue culture medium was subtracted from all readings, and values
were averaged across technical replicates and normalized to the untreated controls to

obtain percent viability.

Quantification and Statistics

Data were analyzed in Microsoft Excel (Office 2011) and GraphPad Prism 7 and are
represented as mean with individual data points or mean + SD. P values were obtained
using two-sided Dunnett’s multiple comparisons test unless otherwise indicated. * =
p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. All data presented here are from
at least three technical or biological replicates; exact n are reported in the figure

legends.
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CHAPTER 3: Quantifying the spatiotemporal dynamics of cell death”

Introduction
While the molecular mechanisms of different forms of cell death have been studied in
great detail, comparatively little is known about the population-level effects of different
types of cell death. Researchers have traditionally focused on the cell-intrinsic
properties of cell death, but it is now becoming clear that dying cells can affect their
neighbors in unexpected and interesting ways. For example, the irradiation of some cells
in a population has been shown to result in DNA damage, elevation of reactive oxygen
species (ROS), and death even in non-irradiated cells, a phenomenon termed the
Radiation-Induced Bystander Effect (RIBE). ®®?°> While RIBE was first described over two
decades ago, the underlying causes are still an active area of investigation. Numerous
factors, including gap junctions, TNF-a, and COX-2, have been proposed to play a role in
this process, but the exact mechanisms and importance remain unclear.

One type of cell death whose population-level effects have been studied in more
detail is entosis, which involves the engulfment of one live cell by another and its

183 |nterestingly, this process appears to be

subsequent lysosome-mediated degradation.
driven mechanically by the engulfed “loser” cell and may represent an instance of
altruistic suicide. Indeed, recent work has shown that entosis can be induced by glucose
starvation and provides a survival advantage to engulfing “winner” cells in nutrient-

141

depleted environments.”" Thus, in the case of entosis, the death of some cells enables

the survival of neighboring cells for the benefit of the population.

" This chapter is adapted from Riegman et al., 2020.%
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The population-level effects of different types of cell death have profound
implications for our understanding and treatment of disease, as many human health
conditions are caused by inappropriate levels of cell death. In the case of too much
death, e.g. in neurodegenerative disease, it is important to understand any potential
non-autonomous properties of the death type in question in order to prevent excessive
amounts of it. When there is too little death, as occurs during tumorigenesis,
understanding the population-level properties of different forms of cell death may help
inform future therapeutic efforts seeking to maximize cell death induction. For example,
inducing entosis as a cancer treatment would be suboptimal as this may actually aid the
survival and proliferation of the remaining cells.

Ferroptosis is a recently discovered form of iron-dependent necrosis that
involves the accumulation of lipid peroxidation products within the plasma membrane.®
It has been implicated in several pathological processes, such as ischemia-reperfusion
injury and traumatic brain injury.182 In a previous study, ex vivo treatment of mouse
renal tubules with the ferroptosis inducer erastin was shown to result in a wave of
tissue deformation, progressing from one end of the tubule to the other.'*’
Interestingly, we observed a similar phenomenon in cultured cells upon treatment with

136 However, whether wave-

ultra-small ferroptosis-inducing nanoparticles called C’ dots.
like ferroptosis occurs in other contexts is still unknown. In this chapter, we

systematically investigate and quantify the spatiotemporal dynamics of ferroptosis and

compare them to other forms of cell death.
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Results

A novel method of ferroptosis induction

We previously observed wave-like spreading of ferroptosis when cells were treated with

136

specialized ferroptosis-inducing nanoparticles called C dots, and a similar

phenomenon was reported in mouse renal tubules treated with the ferroptosis-inducing

119 While waves of ferroptotic death have been observed in these

agent erastin.
contexts, propagation of cell death during ferroptosis has not been systematically
investigated. In order to do so, we first developed a novel method of ferroptosis
induction that is effective in multiple different systems. We previously showed that C’
dots are able to induce ferroptosis in a wide variety of cell lines when combined with
amino acid starvation, but their synthesis is a labor- and time-intensive process.
Published ferroptosis inducers such as erastin and RSL3 are commercially available, but

81203 gince ferroptosis depends on the

their efficacy varies widely between cell lines.
presence of iron and can be induced through the inactivation of the glutathione-
dependent enzyme GPX4, we reasoned that supplying cells with excess iron while
preventing glutathione (GSH) synthesis might be sufficient to induce cell death. We
therefore treated cells with a combination of ferric ammonium citrate (FAC), a soluble
iron-containing compound, and buthionine sulfoximine (BSO), which inhibits Glutamate

294 the enzyme that catalyzes the first step of GSH synthesis. In

Cysteine Ligase (GCL),
many of the cell lines we tested, this combination treatment indeed resulted in

extensive cell death. Since C' dots generally have to be combined with amino acid

starvation to induce ferroptosis, we also tested FAC and BSO in amino acid-free media.
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This combination enabled us to induce cell death in the remaining cell lines, including
MCF7 breast cancer cells and MCF10A mammary epithelial cells.

While ferroptosis has few validated biomarkers, it is known to be inhibited by
the chelation of iron or treatment with lipophilic antioxidants.®’ To confirm that the
form of cell death induced by FAC&BSO was indeed ferroptosis, we co-treated HAP1
cells with FAC&BSO and the known ferroptosis inhibitors liproxstatin-1 (Lip-1),
ferrostatin-1 (Fer-1), and Trolox. These lipophilic antioxidants rescued viability (Figure
3.1A), confirming that the type of cell death we observed was indeed ferroptosis. As the
treatment involved iron supplementation through FAC, we did not test the effect of iron
chelation. Additionally, we performed C11-BODIPY>8/>%1 staining in HAP1 cells treated
with FAC&BSO. C11-BODIPY*8%! js 3 ratiometric, lipophilic dye that shifts its emission
wavelength from ~590nm (red) to ~510nm (green) upon oxidation, and thus allows for

the imaging of lipid peroxidation.?®

FAC&BSO-treated cells indeed displayed increased
green fluorescence prior to death (Figure 3.1B), indicating that this treatment induced
lipid peroxidation within cells. Taken together, these results demonstrate that

combination treatment with FAC and BSO is a new way to induce ferroptosis that is

effective in a variety of cell lines.
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Figure 3.1 Treatment of HAP1 cells with FAC and BSO induces ferroptosis.

(A) Viability of HAP1 cells after treatment with FAC and BSO and either DMSO or ferroptosis inhibitors as
measured by crystal violet staining. N = three independent experiments. Dunnett’s test; **p=0.0024 for
Lip-1; **p=0.0045 for Fer-1; *p=0.0107 for Trolox.

(B) Confocal images of HAP1 cells treated with FAC and BSO and stained with C11-BODIPY . Non-
oxidized probe is shown in red, oxidized probe is shown in green (arrow). Scale bar = 10mm. Images are
representative of three independent experiments.

Figure adapted from Riegman et al., 2020.°%

581/591
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Quantifying the spatiotemporal patterns of cell death

To systematically study cell death propagation, we devised a method to do so
guantitatively using live cell imaging. For this analysis we used movies of cells
undergoing death in the presence of SYTOX Green, a cell-impermeable death indicator
that becomes fluorescent upon interaction with nucleic acids (Figure 3.2A, B). First,
using a custom Matlab script, we recorded the time and position of each cell death
event in a given movie. Using this information, we identified every pair of neighboring

291 (Figure 3.2C). This technique,

cells in each field of view through Voronoi tessellation
given a set of loci (in this case, the positions of dead cells’ nuclei), divides the plane into
a number of separate regions, each containing one locus and the set of points closest to
that locus. Two cells were considered neighbors if the two regions containing their
corresponding loci shared a border. For each cell death movie, we were thus able to
calculate the mean time difference between neighboring cell deaths in the experiment,
which we termed Hexpat-

We then used a bootstrapping approach to quantify intercellular propagation of
cell death. For each field of view, we generated 1000 permutations of cell death order,
with each cell assigned a random time of death but keeping the total number of deaths
per timepoint the same as in the experiment (Figure 3.2C). An example analysis showing
the distribution of time differences between neighboring deaths in the experiment and
the simulation is shown in Figure 3.2D. We then calculated the mean time difference

between neighboring deaths for each of these random simulations, thus generating a

distribution of means that we would expect to observe assuming no relationship
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between neighboring deaths, with each distribution specific to one particular field of
view. Next, we compared the experimentally observed pespat to the 95" percentile of
the randomly generated distribution, ppermosat, to determine whether the observed
death pattern was statistically non-random. If pexpat is smaller than ppermosa: and
therefore falls into the bottom 5% of random means, we can conclude that the

difference is statistically significant with p<0.05, consistent with wave-like propagation.
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Figure 3.2 Quantitative analysis of spatiotemporal death patterns.

(A) B16F10 cells treated with C’ dot nanoparticles in amino acid-free (-AA) media to induce ferroptosis.
Images show DIC and SYTOX Green; SYTOX-positive cells are dead. Scale bar = 20um. Images are
representative of five movies from one experiment.

(B) Nuclei of ferroptotic cells in panel a, pseudocolored to indicate relative timing of cell death, as
determined by time-lapse microscopy. See Supplementary Video 1.

(C) Schematic summarizing our method to quantify cell death patterns. Images from time-lapse
microscopy (left) are processed to determine relative timing of neighboring cell deaths (top right image,
“experiment”) versus permuted trials (bottom right image, “permutation”) to detect potential non-
random patterns. Images match insets in panels a and b. Scale bar = 10um

(D) Distribution of time differences between neighboring deaths (At) from experiment in panels a-c shown
in blue, versus averaged distribution of the set of random permutations shown in orange. Graph shows
fraction of total deaths with given time differences.

Figure adapted from Riegman et al., 2020.°%
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This statistical test can determine whether spatiotemporal death patterns are
non-random or not, but in itself does not give any information regarding the strength of
the relationship between neighboring death times. We therefore devised a new
measure termed the spatial propagation index (SP1) to quantify the contribution of the
spatial component to the observed pexat. When intercellular death propagation is not
the major determinant of the spatiotemporal distribution of cell death across a
population, we expect expat to have a value similar to or larger than pyermosat, as death
occurs independently of neighboring cell deaths in the vicinity. However, when
propagation does play a major role, i.e. cells are affected by the death of other nearby

cells, we expect pexpat to be much smaller than ppermosat due to the non-random spatial

HpermosAt — Hexp At

order of death. Thus we defined the SPI =

, the spatial contribution to
HUpermosAt

the experimentally observed death patterns as a fraction of the neighboring death times
expected under the assumption that the death order is spatially random, as a way to

directly compare the non-autonomous properties of different cell death types.

Comparing the spatiotemporal dynamics of different forms of cell death

To measure intercellular death propagation in different forms of cell death, we
examined the spatiotemporal death patterns of ferroptosis induced by various stimuli
(C’ dots, erastin, FAC&BSO, or the GPX4 inhibitor ML162), as well as necrosis induced by
treatment with hydrogen peroxide (H,0,), and apoptosis induced with TNF-related
apoptosis-inducing ligand (TRAIL). We performed these experiments in several different

cultured cell lines (MCF-10A mammary epithelial cells, MCF-7 breast cancer cells, U937
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promonocytic leukemia cells, HAP1 chronic myelogenous leukemia-derived cells, and
B16F10 melanoma cells). When we analyzed the resulting movies and compared the
experimental mean from each experiment, Mexnat, to the corresponding randomly
generated distribution, we found that all treatment conditions resulted in death with
significantly non-random spatiotemporal patterns (Figure 3.3A). This indicates that in all
the death types we studied (ferroptosis, apoptosis, and necrosis), two neighboring cells
are more likely to die at similar times than two randomly selected cells. However, the
cell death movies for apoptosis, H,0,-induced necrosis, and ML162-induced ferroptosis
did not visibly display wave-like propagation of death, and closer examination revealed
that the distribution of time differences between neighboring deaths was much more
similar to that of the computationally generated simulations in these experiments
(Figure 3.3C-F). Similarly, the experimental mean was much closer to the 95t percentile
of the random permutations. We therefore calculated the Spatial Propagation Index for
each xy position, and observed it to be much lower in these three conditions than when
ferroptosis was induced by C’ dots, erastin, or FAC&BSO (Figure 3.3B). Thus, while the
spatiotemporal patterns of TRAIL-induced apoptosis, H,0,-induced necrosis, and
ferroptosis are all statistically non-random, cell death propagation only plays a
dominant role in ferroptosis induced with erastin, C’ dots, or FAC&BSO, but not when
induced by ML162. These results demonstrate that the ability to spread in wave-like
patterns by propagating between neighboring cells is a feature of particular forms of

ferroptosis.
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Figure 3.3 Ferroptosis exhibits propagative features when induced by C’ dots, erastin, or FAC and BSO.
(A) Ferroptosis, apoptosis, and H,0,-induced necrosis show significantly non-random spatiotemporal
patterns. Graph shows Hexpat VS. Hpermosar Of different cell lines undergoing ferroptosis induced by the
indicated treatment (FB = FAC+BSO), apoptosis induced with TRAIL, or necrosis induced with H,0,. Dashed
line indicates Mexpat = Mpermosar; €xperimental means below the line are significant with p<0.05 as
determined using a non-parametric permutation test. Each data point represents one movie.

(B) Spatial Propagation Index generated from data in panel A.

(C) Spatiotemporal distribution of apoptosis in MCF10A cells treated with TRAIL. Each dot represents a
cell; colors indicate relative times of cell death as determined by cell morphology.

(D) Distribution of experimental time differences between neighboring deaths (At) in blue and averaged
distribution of Ats from the corresponding permuted data in orange. Data belong to the experiment in
panel C.

(E) Spatiotemporal distribution of cell death in HAP1 cells treated with ML162 to induce ferroptosis. Each
dot represents a cell; colors indicate relative times of cell death as determined by SYTOX Green staining.
(F) Distribution of experimental time differences between neighboring deaths in blue and averaged
distribution of the corresponding permuted data in orange. Data belong to the experiment in panel E.
Figure adapted from Riegman et al., 2020.°%
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Investigating the mechanism of ferroptotic propagation

The fact that ferroptosis has strong non-autonomous properties raises the possibility
that there may be a signal that emanates from ferroptotic cells and triggers death in
their neighbors. However, it is also possible that the wave-like propagation we observe
may be the result of anti-ferroptotic resource sharing between neighboring cells. One
could imagine a scenario in which an antioxidant such as glutathione can move between
cells. As cells move closer to ferroptosis, the GSH concentration across the population
declines, until one cell reaches a critically low level and dies. This would in turn make
the next cell over more vulnerable, causing it to be the next to die, and so on and so
forth, creating a domino effect. This hypothesis could also explain why wave-like
ferroptosis is induced only by treatments that lower cellular GSH levels and not by those
that directly inhibit GPX4. GSH cannot cross the cell membrane, but is small enough to
fit through gap junctions, channels that directly connect the cytoplasms of neighboring
cells formed by a family of proteins called connexins. To test whether gap junctions are
involved in ferroptosis propagation, we knocked out the main gap junction-forming
protein, connexin-43 (Cx43), in MCF10A cells (Figure 3.4A). Cx43 knockout (KO) cells
treated with FAC&BSO in amino acid-free media displayed the same wave-like cell death
patterns as control cells (Figure 3.4B), and upon quantitative analysis we found them to
be significantly non-random with a similar SPI to controls (Figure 3.4C). This suggests
that the transfer of pro- or anti-ferroptotic molecules through gap junctions is not

involved in ferroptosis propagation, which is further corroborated by the fact that U937

53



cells, which are suspension cells that do not form cell junctions, still display wave-like

death upon ferroptosis induction.
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Figure 3.4 Ferroptosis propagation in MCF10A cells does not depend on connexin 43.

(A) Immunoblot of wild-type (wt) and CRISPR-generated connexin-43 (Cx43) knockout cells (sgCx43) using
anti-Cx43 antibody and anti-tubulin as a loading control.

(B, C) Spatiotemporal cell death maps from MCF10A wt and sgCx43 cells undergoing ferroptosis after
treatment with FAC and BSO in amino acid-free media. Each dot represents one cell; colors indicate
relative times of death in minutes.

(D) Spatial Propagation Index calculated for movies of MCF10A wt and sgCx43 cells undergoing ferroptosis
after treatment with FAC and BSO in amino acid-free media.
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If there is indeed a ferroptosis-inducing signal that acts in trans, we wondered if it might
be able to kill less sensitive bystander cells. We therefore performed mixing
experiments using two suspension cell lines, U937 cells and Jurkat cells, that die at
similar times when ferroptosis is induced using FAC&BSO. We treated Jurkat cells with
FAC&BSO, then added U937 cells expressing an mCherry-tagged version of histone 2B
(H2B-mCherry) to the same wells six hours later and performed timelapse imaging of
the mixed cultures. As expected, Jurkat cells died first in a wave-like manner. Soon after,
another wave of death started in the surrounding U937 cells. Interestingly, the wave
starting point was located at the border between the two cell types, while death
normally starts from the edge of a colony, and occurred before the death of control
U937s that were treated at the same time. Thus, mixing U937s with pretreated Jurkat
cells appeared to accelerate their death, although the delay between the occurrence of
the two waves implies that the hypothetical signal emanating from dead cells is not
sufficient to induce death, and only triggers ferroptosis when cells have been pre-
conditioned. This is supported by the fact that when we increased the amount of time
for which the Jurkats were pre-treated before addition of the U937 cells to 20 hours, the
dying Jurkat cells were unable to induce death in surrounding U937 cells. Since in this
case the U937 cells did not have a protective effect and delay death in the colony of
Jurkat cells this result also argues against the ‘local depletion’” model in which an anti-
ferroptotic resource such as glutathione is locally exhausted, thereby accounting for the

wave-like dynamics of death.
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A

B

Figure 3.5 Ferroptosis can propagate to pre-conditioned cells in trans.

(A) U937-H2BmCh (red) cells were mixed with Jurkat cells that had been treated 6h prior and followed by
timelapse imaging. Image shows cluster of dead Jurkat cells (marked by Sytox Green) surrounded by an
expanding circle of dead U937 cells at 42h. Inset (indicated by dashed line) shows Sytox Green
fluorescence; arrow indicates direction of death spreading.

(B) Left image shows dead (Sytox Green-positive) Jurkat cells treated at the same time as in A but without
mixing with U937 cells. Right image shows U937-H2BmCh cells (red) treated at the same time U937 cells
were added to mixed condition.
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Together, these results suggested that there is a pro-ferroptotic signal that
propagates between pre-conditioned cells to induce death. To further examine the
nature of this signal, we asked whether iron and lipid peroxidation, two known drivers
of ferroptosis, are required for propagation. We treated HAP1 cells with FAC&BSO and,
upon initiation of wave-like ferroptosis, added media containing either liproxstatin-1 or
the iron chelator deferoxamine (DFO) to cell cultures. Addition of these inhibitors
indeed stopped death from spreading while media containing DMSO did not (Figure
3.6A-D), demonstrating that iron and lipid peroxidation are both required for
continuous ferroptosis propagation. This shows that there is no signal that is generated
downstream of lipid peroxidation that is sufficient to induce ferroptosis propagation.
Because iron and lipid peroxidation are also necessary for ferroptosis to occur in
individual cells, these results suggested that the full execution of ferroptosis, including

cell lysis, may be required for the spreading of death between cells.
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Figure 3.6 Ferroptosis spreading requires lipid peroxidation and iron.

(A) Distance of ferroptosis spreading in HAP1 cells incubated with FAC and BSO, and treated with
Liproxstatin-1 (Lip-1), Deferoxamine (DFO), or DMSO control after wave initiation. Distance was quantified
2h after drug addition. N = three independent experiments, averaged across three or four microscopic
fields of view per replicate. Dunnett’s test; ***p=0.0008, **p=0.001.

(B-D) Representative images from experiments quantified in panel a. Timing of treatment with DMSO (b),
Lip-1 (c), or DFO (d) is indicated as Oh. Images show DIC and SYTOX Green fluorescence. Death waves are
indicated by an arrow and a red border, live cells are indicated with a blue border on each image. Note
Lip-1 and DFO-treated cells are shown 9 hours after treatment (+9h), versus 2 hours after treatment for
DMSO (+2h). All scale bars = 10um.

Figure adapted from Riegman et al., 2020.°%
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Discussion

In this chapter we develop a quantitative method for the analysis of spatiotemporal
patterns of cell death from live cell imaging, allowing us to determine whether or not a
given pattern of cell death is non-random, as well as how strong the relationship
between neighboring cell death events is. This method relies on computationally
generated permutations to simulate random death for a given configuration of cells,
letting each field of view serve as its own control. This allows us to determine where
that experiment falls with respect to the randomly generated distribution of mean time
differences between neighboring deaths. When we performed this analysis for several
different death-inducing stimuli, we found that almost every treatment we tested
resulted in significantly non-random patterns of death in every field of view, the only
exceptions being one movie each for HAP1 + ML162 and MCF7 + H,0,. This indicates
that even in forms of death like TRAIL-induced apoptosis, where we did not expect to
see any non-autonomous effects, there is a correlation between the times at which
neighboring death events occur. It is possible that all these death types do possess weak
non-autonomous properties, with the death of one cell ever so slightly increasing the
likelihood of its neighbor dying. A more attractive hypothesis, however, is that as cells
that are physically closer to one another also tend to be more closely related, they are
more likely to respond to a given death stimulus in a similar manner and timeframe.
Support is lent to this model by the work of Spencer et al., who previously showed that
sister cells treated with TRAIL have a highly correlated time of death for a period of time

after division due to the transient heritability of differences in protein levels.””” We did
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not perform lineage tracing to determine whether correlations in neighboring cell death
times are explained by relatedness, but the degree to which genetic and non-genetic
heritable factors affect the similarity of cell behavior in response to various cell death
stimuli would be an interesting area for further study.

We observed from our spatiotemporal analysis that, while all forms of death
tested were largely non-random, this effect appeared much stronger in several types of
ferroptosis. In fact, for many of the movies of ferroptosis induced by C’ dots, erastin, or
FAC and BSO, the experimental mean was smaller than in any of the simulations. In
order to more closely compare the spatiotemporal dynamics of these different forms of
death, we developed the Spatiotemporal Propagation Index, the difference between
Mpermosat @aNd Hexpat NOrmalized to ppermosat. This measure allowed us to assess the degree
to which a cell’s location relative to its neighbors affected its time of death. The SPI was
much higher in most forms of ferroptosis compared to TRAIL-induced apoptosis and
H,0,-induced necrosis, demonstrating that ferroptotic cells affect each other to a much
greater degree. Interestingly, the SPIs of ML162-treated cells were similar to those of
apoptotic and necrotic cells, suggesting that direct GPX4 inhibition does not result in
ferroptosis propagation. Thus, our method allowed us to distinguish two types of
ferroptosis: cell-autonomous or “single-cell ferroptosis” observed in response to GPX4
inhibition, and propagative or “multicellular ferroptosis” that is induced by treatments
that inhibit the generation of glutathione (erastin, BSO) and/or increase cellular iron
concentrations (FAC, C' dots). Why ferroptosis induced by GPX4 inhibition does not

result in death with non-autonomous properties is still unclear. One possibility is that
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this difference is due to other functions of glutathione. Glutathione is a major cellular
antioxidant and regulates many other processes besides the activity of GPX4 and the
detoxification of lipid peroxide species.?®® When glutathione is depleted upon induction
of multicellular ferroptosis, the cellular redox balance is completely altered and other
glutathione-dependent enzymes are also inactivated, potentially allowing for the
unchecked accumulation of many different types of ROS. When GPX4 is chemically
inhibited, by contrast, lipid peroxidation is known to occur but glutathione can still
perform its other functions. The fact that the addition of liproxstatin-1 interrupts death
spreading indicates that lipid peroxidation is continuously required for the propagation
of ferroptosis, but the fact that GPX4 inhibition does not trigger propagative death
suggests that it is not sufficient. We also investigated the possibility that glutathione
sharing between cells might be responsible for the wave-like patterns of death observed
during ferroptosis, but this appears not to be the case based on our mixing experiments
with suspension cell lines and the fact that elimination of gap junctions does not
abrogate wave-like ferroptosis. The nature of the signal responsible for ferroptosis
propagation thus remains elusive, and will be an important subject for future studies.
Ferroptosis spreading has previously been suggested to occur in isolated murine
renal tubules, which displayed a progressive wave of deformation moving through the
tissue upon treatment with erastin.'*® However, whether ferroptosis can also propagate
in vivo remains unclear. Recent work has linked ferroptosis to cell death in a wide
variety of human diseases, from stroke to acute kidney injury. Many of these conditions

result in the formation of large continuous zones of necrotic tissue, possibly indicating a
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role for ferroptosis propagation in these diseases. Intriguingly, a recent study by
Katikaneni et al. shows large waves of cellular deformation occurring in intact zebrafish

299 As AA is a known driver of

larvae following microperfusion of arachidonic acid (AA).
ferroptosis, this paper may provide the first evidence that wave-like propagation of
ferroptosis can also occur in vivo, causing widespread tissue damage. Interestingly, in
both this case and the erastin-treated renal tubules, waves moved much faster than
what we have observed in cell culture. This could be due to the much smaller
extracellular volume present in these experiments, which could potentially limit the
dispersion of a diffusible factor.

Ferroptosis has also been studied quite extensively in the context of tumor
suppression. Induction of ferroptosis may be an effective strategy for cancer treatment,
as the initiation of a wave of cell death within a tumor may enable the elimination of
less sensitive cells that would not die in a cell-autonomous manner. The phenomenon of
“fractional killing”, in which only a certain fraction of a cell population exposed to a
chemotherapeutic agent dies irrespective of the absolute number of cells, is a major
obstacle in cancer therapy as a proportion of cells is able to survive the treatment and
potentially regrow. In our experiments using in vitro cancer models, ferroptosis is
remarkable in that it is able to eliminate nearly all cells in a population, reducing the
probability of cells surviving long enough to develop resistance. Our results also suggest,
however, that GPX4 inhibitors are of limited efficacy in inducing propagation of

ferroptosis, and may therefore be less attractive as cancer therapies. Further study is

needed to determine whether wave-like death can be induced in solid tumors and how
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different ferroptosis-inducing compounds compare as tumor treatments. Uncovering
the molecular mechanisms that regulate ferroptosis execution and propagation through
cell populations will ultimately further our understanding of how modulators of

ferroptosis may be leveraged for therapeutic benefit.
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CHAPTER 4: Investigating the mechanism of ferroptotic cell rupture*

Introduction

Ferroptosis is known to require the peroxidation of cell membrane phospholipids, but
exactly how this leads to necrotic cell death is still unclear. A recent study showed that
oleic acid, a mono-unsaturated lipid that inhibits ferroptosis, suppresses lipid

! raising the

peroxidation in the plasma membrane but not the perinuclear region,’
possibility that direct membrane damage mediated by lipid ROS might be responsible
for ferroptotic cell lysis. One widely accepted hypothesis is that the destruction of
phospholipids leads to slight increases in plasma membrane permeability, allowing the
influx of ions and water molecules and thereby triggering cell rupture, but there is
currently no experimental evidence supporting this model. In addition, computational
modeling studies of oxidized membranes have suggested that lipid peroxidation causes

1047106108 |aading to eventual plasma

membrane deformation and micellization,
membrane destruction, but these studies necessarily rely on a simplified simulation of
membrane architecture and composition.

The most well-studied forms of regulated necrosis are pyroptosis and
necroptosis, both inflammatory cell death types that occur in response to infection.
While ferroptosis is thought to result from the accumulation of cell damage, these death
forms are considered cellular suicides and have been shown to be executed by
70,71

dedicated machinery. Pyroptosis involves the caspase-mediated cleavage of GSDMD,

resulting in its oligomerization and assembly into pores that permeabilize the plasma

" This chapter is adapted from Riegman et al., 2020.%
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273 Similarly, necroptosis has been suggested to involve pore formation

membrane.
mediated by MLKL.*® In both of these cases, the formation of plasma membrane pores is
thought to result in the rapid flux of ions and small molecules into the cell, followed by
water, which then triggers cell swelling and lysis. How plasma membrane rupture occurs
during other forms of necrosis is still unclear. In this chapter we investigate the

mechanism of cell lysis during ferroptosis, and the relationship between cell rupture and

cell death propagation.
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Results

Ferroptotic cell death is an osmotic process

How ferroptosis is executed downstream of lipid peroxidation is not clearly defined. We
noted from time-lapse imaging that ferroptotic cells appeared to round and swell prior
to cell death (Figure 4.1A). Like death, cell rounding also spread through cell populations
in a manner that was blocked by treatment with liproxstatin-1 or DFO. To further
examine this process, we performed confocal imaging on Hela cells expressing an
mKate-tagged version of the zebrafish Cytosolic Phospholipase 2 (cPLA2) enzyme. This
protein normally localizes to the nucleoplasm, but translocates to the nuclear envelope
upon calcium influx and nuclear membrane stretch caused by osmotic swelling.'*® When
we induced ferroptosis using FAC and BSO, cPLA2-mKate indeed formed nuclear rings,
indicating that ferroptotic cell death involves osmotic swelling. Furthermore, cPLA2
translocation tended to occur 30 to 60 minutes prior to the appearance of a SYTOX
Green signal, demonstrating that swelling and possibly calcium influx occur well before

cell rupture (Figure 4.1B).

Osmoprotectants inhibit cell rupture during ferroptosis

Cell swelling is also known to occur during the execution of pyroptosis and necroptosis,
both of which involve the formation of pores in the plasma membrane, leading to the
influx of extracellular ions and water molecules. Pore formation and size has been
studied in many systems through the use of osmoprotectants, large carbohydrates that

are added to the cell media to osmotically balance out intracellular contents.?***3
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When a pore opens up in the plasma membrane, ions and molecules small enough to fit
through the pore will diffuse across the membrane along their concentration gradients
and thus achieve equilibrium between the intra- and extracellular space. Because the
cytosol contains more large molecules than the extracellular environment, this results in
a net influx of solvents and water into the cell, eventually causing rupture.
Osmoprotectants with a diameter larger than the pore prevent this by increasing the
concentration of large molecules outside the cell. Thus, while osmoprotectants of
sufficient size do not block plasma membrane permeabilization, pore-mediated ion
exchange, or cell death, they prevent osmotic cell lysis and release of large intracellular

molecules caused by pore formation.

DIC (cPLA2-mKate Sytox green

Sytox green

330 min «—250 min «<— 0 min

Figure 4.1 Ferroptosis involves osmotic cell swelling.

(A) HAP1 cells treated with FAC and BSO round prior to ferroptotic cell rupture (arrowhead). Images are
representative of four independent experiments.

(B) The cell swelling marker cPLA2-mKate translocates to the nuclear envelope (arrowhead) prior to
SYTOX Green labeling in Hela cells treated with FAC and BSO. All scale bars = 10um.

Figure adapted from Riegman et al., 2020.°%
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To test whether ferroptosis might involve the formation of plasma membrane
pores, we treated Hela cells with FAC and BSO in the presence of 20mM sucrose,
raffinose, or polyethylene glycols (PEGs) with molecular weights of 1450 or 3350 Da, and
assessed the extent of cell lysis by measuring the release of lactate dehydrogenase
(LDH). LDH release was inhibited by the addition of PEG1450 and PEG3350, but not by
the smaller molecules sucrose and raffinose (Figure 4.2A). PEG1450 and PEG3350 also
reduced the translocation of cPLA2-mKate to the nuclear envelope (Figure 4.2B),
suggesting that swelling and cell rupture during ferroptosis may be caused by the
opening of nano-scale pores in the plasma membrane. By contrast, none of the four
tested osmoprotectants affected LDH release by Hela cells treated with hydrogen
peroxide, demonstrating that pore formation is not a general feature of necrotic cell
death (Figure 4.2C).

We then asked whether pore formation occurs in other contexts, and treated
HAP1 and HT1080 cells with several different ferroptosis inducers. Induction of
ferroptosis with erastin or the GPX4 inhibitors RSL3 and ML162 likewise resulted in cell
rupture that was inhibited by treatment with PEG1450 and PEG3350 but not sucrose
and raffinose (Figure 4.2D,E). As we observed in Hela cells, H,0,-induced LDH release
was not affected by osmoprotectant treatment in HT1080 cells. These results suggest
that pore formation occurs downstream of GPX4 inactivation, as direct inhibition of

GPX4 resulted in rupture that could be inhibited with large osmoprotectants.
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Figure 4.2 Ferroptotic cell rupture is inhibited by osmoprotectants.

(A) Percent LDH released from Hela cells treated with FAC and BSO and the indicated osmoprotectants.
Images show DIC and Sytox Green for Hela cells treated with FAC + BSO with or without PEG3350. Scale
bar = 10um. N=5 biologically independent experiments. Dunnett’s test; ***p=0.0001, ****p=0.0001.

(B) Swelling of ferroptotic Hela cells treated with FAC and BSO as measured by recruitment of cPLA2-
mKate to the nuclear envelope, determined by time-lapse microscopy. N=4 biologically independent
experiments. Dunnett’s test; *p=0.0318, ***p=0.0002.

(C) LDH release by Hela cells treated with H,0, and the indicated osmoprotectants, relative to Hela cells
treated with H,0, only. N=3 biologically independent experiments.

(D, E) LDH release in HT1080 cells treated with H,0,, RSL3, or erastin and HAP1 cells treated with ML162
or FAC and BSO and osmoprotectants, relative to treatment alone. N=6 (RSL3, erastin), 3 (H,0,, ML162),
or 5 (FAC + BSO) independent experiments. Dunnett’s test; **p<0.01, ***p<0.001, ****p<0.0001.

(F) Diameters of osmoprotectants. Figure adapted from Riegman et al., 2020.°%
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Investigating the mechanism of ferroptotic pore formation

Given the similarity between our results and those previously seen in pyroptosis,*** and
as there is known to be substantial crosstalk between cell death pathways, we wanted
to ascertain whether known pore-forming proteins are activated during ferroptosis.
During pyroptosis, activated caspase-1 cleaves Gasdermin D and releases its N-terminal
domain, allowing it to form pores in the plasma membrane. In necroptosis,
phosphorylation of MLKL enables its insertion into the membrane. To test the
involvement of these two pathways we induced ferroptosis with FAC and BSO in the
presence of the pan-caspase inhibitor z-VAD-fmk or the MLKL blocker
necrosulfonamide. Neither of these compounds affected LDH release by ferroptotic cells
(Figure 4.3A), indicating that caspase and MLKL activity are not required for cell lysis
during ferroptosis. While this experiment does not completely rule out a role for
GSDMD in ferroptosis, as it may be cleaved by enzymes other than caspases, it suggests
that it is unlikely ferroptotic pores are formed by these proteins. It is conceivable that
ferroptotic pores may not be protein-based at all, as a modeling study previously
suggested that lipid peroxidation and subsequent breakdown of peroxides to aldehydes

198 To test whether lipid peroxidation is

may be able to generate lipid membrane pores.
sufficient to induce pore formation, we used tert-butyl hydroperoxide (tBH), an organic
peroxide that has been reported to induce lipid peroxidation and ferroptosis.’*> We
confirmed that tBH treatment resulted in ferroptosis in HT1080 cells by co-treating cells

with tBH and several different ferroptosis inhibitors (Figure 4.3B). Similar to our results

with other ferroptosis inducers, LDH release by tBH-treated cells was inhibited by
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incubation with PEG1450 and PEG3350, but not by sucrose and raffinose (Figure 4.3C).
This indicates that direct induction of lipid peroxidation is sufficient to cause pore

formation during ferroptosis.
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Figure 4.3 Pore formation occurs downstream of lipid peroxidation and is not mediated by caspase
activity or MLKL.

(A) Percent LDH released by Hela cells treated with FAC + BSO and DMSO, 20uM z-VAD-fmk, or 1uM
necrosulfonamide (NSA), relative to DMSO control. No statistically significant differences observed by
Dunnett’s multiple comparisons test.

(B) Images of HT1080 cells treated with 50uM tert-butyl hydroperoxide (tBH) and DMSO or the indicated
ferroptosis inhibitors for 12h. The lipophilic antioxidants liproxstatin-1 (Lip-1) and ferrostatin-1 (Fer-1) and
the iron chelator deferoxamine (DFO) rescue viability after tBH treatment, indicating that tBH induces
ferroptosis in HT1080 cells.

(C) Percent LDH released by HT1080 cells treated with 50uM tBH and 20mM of the indicated
osmoprotectants for 12h, relative to tBH in control media without osmoprotectants. Dunnett’s multiple
comparisons test; ***p=0.0004 for PEG1450, ***p=0.0002 for PEG3350.
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The effect of cell rupture inhibition on ferroptosis propagation

As ferroptotic cell rupture could be inhibited using osmoprotectants, we next sought to
examine whether cell lysis is required for ferroptosis propagation. When HAP1 cells
were treated with FAC and BSO in the presence of the osmoprotectant PEG1450, we
observed waves of cell rounding that spread through cell colonies and appeared similar
to waves of cell death. Cells that had rounded stopped moving and appeared dead;
however, SYTOX uptake was reduced and delayed in the presence of PEG1450,
consistent with the inhibition of cell rupture, and could consequently not be used to
analyze wave-like behavior in osmoprotected cells. To quantify these waves, we
therefore expressed a fluorescent sensor of nuclear calcium (GCaMP6-NLS) in HAP1
cells, reasoning that plasma membrane pore formation might lead to a spike in
intracellular calcium levels that could be used as a readout of cell permeabilization. Live
imaging of unprotected ferroptotic cells expressing this sensor demonstrated that
GCaMP fluorescence indeed increased 15-30 minutes prior to the uptake of SYTOX, and
that GCaMP signals spread through cell populations in a wave-like manner, similar to
SYTOX and cell rounding (Figure 4.4A). After rupture and the appearance of SYTOX
fluorescence the GCaMP signal rapidly disappeared, most likely due to the diffusion of
GCaMP protein out of lysed cells. We compared the relative timing of GCaMP and
SYTOX fluorescence for individual cells and found a high degree of correlation, indicating
that GCaMP signals could be used instead of SYTOX uptake to assess wave-like behavior
(Figure 4.4B). When cells were co-treated with PEG1450 to inhibit rupture, wave-like

spreading of GCaMP fluorescence still occurred (Figure 4.4C) and persisted much longer,
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even after the delayed SYTOX signal had appeared, indicating the protein was retained
inside the cell and intracellular calcium levels remained high. We quantitatively
examined the spatiotemporal patterns of GCaMP signals, and found them to be
significantly non-random in both ruptured and unruptured cells (Figure 4.4D).
Furthermore, the Spatial Propagation Index values were similar in the presence and
absence of osmoprotectants (Figure 4.4E), demonstrating that cell rupture is not

required for ferroptosis propagation in HAP1 cells.
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Figure 4.4 Ferroptosis spreading can be read out by calcium influx and does not require cell rupture.

(A) Images show spreading of GCaMP fluorescence (green) prior to cell rupture marked by SYTOX Orange
(red) in HAP1 cells treated with FAC and BSO. Dashed circles show origin of death spreading.

(B) Correlation between relative timing of GCaMP fluorescence and SYTOX labeling in HAP1 cells treated
with FAC and BSO. Each dot represents a cell and each color represents a different field of view.

(C) Images show spreading of GCaMP fluorescence (green) and SYTOX Orange (red) in HAP1 cells treated
with FAC and BSO and PEG1450. Dashed circles show origin of death spreading.

(D) Graph showing Hexpat VS. Hpermosat Of movies of HAP1 cells treated with FAC and BSO and the indicated
osmoprotectants, analyzed using GCaMP fluorescence. Dashed line indicates Hexpat = Mpermosats
experimental means below the line are significant with p<0.05.

(E) Spatial Propagation Index calculated for experiments shown in panel D. All scale bars = 10um.

Figure adapted from Riegman et al., 2020.°%
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While treatment with osmoprotectants did not prevent propagation, we
wondered whether it could affect wave speed. To test this we used U937 cells, which
exhibit long-lived, unidirectional waves of ferroptotic cell death that can be imaged by
differential interference contrast (DIC) microscopy even in the absence of SYTOX
staining (Figure 4.5A), enabling easy identification of the wave front. Treatment of U937
cells with PEG3350 inhibited cell lysis (Figure 4.5B) yet had no effect on the induction of
cell death waves, consistent with our HAP1 data. We then measured the speed of these
waves in the presence and absence of PEG3350. Starting from a point at which any
smaller, initial areas of death had converged into a larger wave, we measured the
distance traveled by the wave front over time to calculate propagation speed. We found
ferroptosis waves to be slightly but significantly slower in the presence of PEG3350 (1.66
vs. 1.37 um/min, see Figure 4.5C), demonstrating that ferroptosis propagation is faster

when cells are able to fully lyse.
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Figure 4.5 PEG3350 slows ferroptosis propagation.

(A) Wave-like spreading of ferroptosis in U937 cells treated with FAC+BSO, imaged by DIC. Arrows indicate
direction of wave spreading; inset shows boundary between live and dead cells. Scale bar = 10um

(B) Percent LDH release in U937 cells treated with FAC+BSO in control and PEG3350-treated conditions. N
=4 independent experiments. **p=0.004 and was obtained using a two-sided t-test.

(C) Wave-like spreading of ferroptosis is slower in the presence of PEG3350. Inset shows a representative
example of death progression at each time point indicated by yellow lines. Graph shows distance over
time of wave spreading in U937 cells treated with FAC and BSO. Data shown as mean + SD; line shows
linear regression and its 95% confidence interval (shaded regions). Scale bar = 25um.

Figure adapted from Riegman et al., 2020.°%
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Discussion
In this chapter we show that ferroptosis is an osmotic process that involves cell swelling
and calcium influx, and discover that ferroptotic plasma membrane permeabilization is
mediated by pore formation, contradicting the prevailing view that ferroptosis is caused
by slight increases in membrane permeability due to the destruction of PUFA-containing
phospholipids. Based on the fact that sucrose and raffinose do not inhibit ferroptotic
lysis, suggesting these molecules are small enough to pass through the pores, whereas
PEG1450 and PEG3350 do offer protection, we would estimate the size of ferroptotic
pores to be 1 to 2nm in diameter. However, identical results were previously observed
in osmoprotectant experiments in pyroptosis,?** which was later discovered to be
mediated by GSDMD. Electron microscopy of GSDMD pores indicated that they were
much larger than expected, with an average inner diameter of 10-14nm.”® This
discrepancy has not been conclusively explained, but could be due to the fact that PEGs
can aggregate with serum proteins found in cell culture media, potentially forming much
larger osmoprotective complexes and leading to an underestimation of pore size. Thus,
it is possible that ferroptosis pores are also substantially larger. It is clear, however, that
while osmoprotectants may not be able to accurately determine pore size in live cells,
they do reliably indicate the existence of pore-like structures in the plasma membrane.
The similarity of the results observed in ferroptosis and pyroptosis is intriguing
and raises the possibility that they are mediated by similar proteins. Our results suggest
it is unlikely that GSDMD controls ferroptotic pore formation. However, the gasdermin

protein family includes five additional members, four of which have a similar structure
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to GSDMD, with an N-terminal pore-forming domain linked to an inhibitory C-terminal
domain.”® One of these, GSDME (also known as DFNAS), is known to be cleaved by

® cell

caspase-3 and has been suggested to form pores during secondary necrosis,*!
rupture that occurs when apoptotic cells are allowed to persist instead of undergoing
efferocytosis. Whether any of the other gasdermin proteins could be involved in
ferroptosis remains to be determined.

The pores formed during ferroptosis need not necessarily be protein-based,
however. Lipid peroxidation is known to lead to conformational changes in the plasma
membrane, disrupting its normal architecture. Analyses that computationally model the
effect of lipid ROS on membrane behavior have suggested that extensive peroxidation
may lead to membrane micellization or even the formation of stable water
pores.' %719 |t should be noted, however, that most of these studies rely on simulated
lipid bilayers composed entirely of one type of phospholipid molecule and with
peroxidation levels of up to 100%, while peroxidation during ferroptosis is thought to
range from 0.1-1% based on lipidomics studies. It is also possible that lipid peroxidation
leads to the damage or destruction of hypothetical nanodomains of clustered PUFA-
containing phospholipids, thereby generating holes in the plasma membrane.

Pore formation could regulate not only cell death execution, but could also be
involved in the propagation of ferroptotic cell death. We show here that inhibition of
cell rupture does not prevent wave-like spreading of cell death, demonstrating that

propagation occurs upstream of cell lysis. However, wave speed is slightly slower in the

presence of osmoprotectants, suggesting that cell rupture accelerates the transmission
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of a death-inducing signal between cells. It is possible that the act of lysis generates
force or vesicles that allow for more efficient transfer, but as osmoprotectants do not
block pore formation, one other possibility is that the signal responsible for ferroptosis
is able to diffuse through plasma membrane pores. When rupture is inhibited, diffusion
is slowed down, and wave propagation is therefore slower as well. Ferroptotic pore
formation could also be involved in the potential release of pro-inflammatory cytokines
or damage-associated molecular patterns (DAMPs), which is known to occur during
pyroptosis. We previously observed immune activation in response to ferroptosis
induction in tumor xenografts. It will be interesting to determine in future studies
whether pore formation contributes to cell death propagation or ferroptotic

immunogenicity.
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CHAPTER 5: Discussion

Summary

In this study we develop an approach for quantifying the population dynamics of cell
death, and use it to demonstrate that ferroptosis occurs with different spatiotemporal
patterns depending on the method of induction. Several forms of ferroptosis result in
highly non-random patterns of death that demonstrate evidence of propagation, unlike
TRAIL-induced apoptosis and hydrogen peroxide-induced necrosis, but this is not the
case when ferroptosis is triggered by direct inhibition of GPX4. We further find that
ferroptotic lysis can be inhibited by osmoprotectants larger than ~2nm in diameter,
demonstrating that ferroptosis is an osmotic process mediated by the formation of
pores in the plasma membrane. We show that lipid peroxidation is sufficient to induce
pore formation but not propagation, and that wave-like spreading of ferroptosis occurs
independently of cell rupture.

These results are consistent with a model wherein induction of ferroptosis and
subsequent lipid peroxidation leads to the formation of pores in the plasma membrane
(Figure 5.1). lons and small molecules diffuse through these pores along their
concentration gradients whereas large molecules are trapped predominantly inside the
cell, causing a net influx of solutes into the cell and an increase in cytoplasmic
osmolarity. This in turn prompts water influx and cell swelling, eventually leading to
membrane rupture and the release of cytoplasmic contents. When ferroptosis is
induced by treatments that inhibit glutathione synthesis and/or increase cellular iron

levels, ferroptotic cells release a signal that contributes to death in neighboring cells,

78



thereby causing a domino-like propagation of cell death. This signal is released
upstream of cell rupture and requires both iron and lipid peroxidation to spread
between cells.

This work thus allows us to distinguish two different types of ferroptosis: cell-
autonomous or “single-cell ferroptosis” observed in response to GPX4 inhibition, and
propagative or “multicellular ferroptosis” that is induced by treatments that inhibit the
generation of glutathione and/or increase cellular iron concentrations. Our finding that
there is a ferroptosis pore also contradicts the prevailing view that ferroptosis is caused
by the unregulated accumulation of cellular damage. Both of these discoveries further
our understanding of the basic biology of ferroptosis and the role it may play in therapy
and disease. This chapter will discuss some of the implications of this work and its

contributions to the emerging field of cell death population dynamics.
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Figure 5.1 Model for osmotic regulation and propagation of ferroptosis.

Ferroptosis involves opening of plasma membrane pores that allow for solute exchange with the external
environment, leading to cell swelling and cPLA2 translocation to the nuclear membrane (red). Ferroptotic
cells then undergo rupture and death marked by the rapid influx of Sytox Green. When ferroptosis is
induced by treatment with erastin, C’ dots, or FAC and BSO, but not by treatment with the GPX4 inhibitor
ML162, death propagates to neighboring cells in an iron and lipid peroxide-dependent manner, through a
signal that is sent independently of cell rupture. Figure adapted from Riegman et al., 2020.°%
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Implications and Future Perspectives

Ferroptosis — Suicide or Sabotage?

As the number of distinct cell death types has expanded over the last twenty years, the
morphology-based classification system of yore has given way to a new set of definitions
that distinguishes between programmed, regulated, and accidental cell death.?
Accidental deaths are those caused by extreme and immediate stresses to the cell, such
as mechanical damage or exposure to detergents. Regulated cell death, on the other
hand, can be prevented or modulated by genetic or pharmacological means, and

217218 co|| suicides, also

encompasses two subcategories; cell suicide and cell sabotage.
known as programmed cell death types, are actively controlled by dedicated pro-death
machinery and participate in development and homeostasis, thus providing a benefit to
the organism. Apoptosis, necroptosis, and pyroptosis are all forms of cellular suicide. By
contrast, cell sabotage results from the disruption of essential metabolic processes
within the cell. The cell contributes to its own demise by continuing its normal activity in
this abnormal context, but there is no involvement of specific death executing proteins.
Recognized examples of cell sabotage include parthanatos, mitotic catastrophe, and
ferroptosis.

Based on current understanding, ferroptosis appears to be a metabolic
vulnerability that is a consequence of the presence of PUFAs in cell membranes. There is
no evidence for a dedicated ferroptosis-executing pathway. Indeed, most of the

proteins that have been discovered to be involved in ferroptosis, including system x,

GPX4, and FSP1, negatively regulate the death process. The main positive regulator that
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has been identified, ACSL4, which contributes to the esterification of PUFAs into
phospholipids, has a clear metabolic function that provides other benefits to the cell and
is therefore unlikely to be a dedicated death protein. During ferroptosis, the cell
participates in its own death through the continuous generation of lipid peroxides as a
byproduct of normal metabolism or other enzymatic activities (e.g. lipoxygenases), but
this only causes death if the normal process of lipid repair by GPX4 becomes inactivated.
Ferroptosis thus has all the symptoms of cell sabotage. Furthermore, in vivo ferroptosis
seems to mainly occur during pathophysiological processes such as acute kidney injury
or stroke, which involve extensive tissue damage and are often lethal. It is unlikely that
the occurrence of ferroptosis benefits the organism in some way in these situations.
However, recent evidence has provided some support for the view that
ferroptosis may sometimes be induced “intentionally”. Several tumor suppressors,
including p53 and BAP1, have been shown to be able to engage ferroptosis by

126127 \vhich encodes part of the system x.

repressing the transcription of SLC7A11,
antiporter. Furthermore, IFNy secretion by CD8+ T cells may contribute to the anti-
tumor immune response, also by downregulating SLC7A11 expression.**® The notion
that cells may essentially be able to trigger sabotage in a “programmed” manner is an
intriguing one, and raises the possibility that some of these forms of death may have
been evolutionarily selected for, rather than having inadvertently persisted. What might
be the benefit of ferroptosis induction compared to more orderly processes such as
apoptosis and pyroptosis is unclear at present, and awaits further investigation. One

217

possibility is the relative simplicity of the ferroptotic pathway. Most forms of
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programmed cell death involve a complex choreography of protein-protein interactions
that is vulnerable to disruption by selfish actors such as viruses or malignant cells at
many points. By contrast, ferroptosis proceeds along a straightforward biochemical
pathway: a lack of cysteine leads to glutathione depletion and inactivation of GPX4,
allowing the accumulation of lethal levels of lipid peroxides. It is notable that cysteine
appears to be unique in that its absence leads to the induction of necrotic death,
whereas the withdrawal of other amino acids such as glutamine and leucine tends to

219220 1 the context of tumor suppression, where genetically encoded

trigger apoptosis.
cell death mechanisms may have already been neutralized, perhaps it is beneficial to
have a relatively crude but possibly more robust road to death as a backup mechanism.
In this setting the propagative nature of ferroptosis could also be a potential boon,
eliminating any surrounding cells that may have also entered the early stages of
tumorigenesis.

In this dissertation, | have provided evidence that ferroptosis involves the
formation of plasma membrane pores of specific size. Pore formation is a very common
mechanism of cell death execution, being known to occur during pyroptosis
(GSDMD),”*”®  necroptosis (MLKL),>® apoptosis (Bax/Bak),>® secondary necrosis
(GSDME),”*®* and mitochondrial permeability transition (MPT)-driven necrosis

221

(unknown).”*” Furthermore, many bacteria encode pore-forming toxins that mat be able

222 Al of these examples involve protein-based pores (although the

to lyse host cells.
identity of the MPT pore remains elusive). If a similar dedicated pore-forming protein

exists for ferroptosis this could be the first evidence that ferroptosis is more than simply
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cell sabotage. However, as it has been hypothesized that lipid peroxidation may be able
to lead directly to the formation of a lipid-based pore, this evidence is not sufficient to
conclude that ferroptotic death is programmed. Ferroptotic pores could also be formed
by proteins with other cellular functions such as pannexin channels that are opened by
changes in membrane properties. Ultimately, more work is needed to elucidate the

mechanisms underlying pore formation during ferroptosis.

Cell Death Population Dynamics

The emerging field of cell death population dynamics examines how populations of cells
respond to different death-inducing stimuli, and how different death events impact the
populations in which they occur. As discussed in Chapter 1, population-scale death is
seen in a variety of biological systems, but the mechanisms underlying these
phenomena are not well characterized. In some instances, these deaths may simply
involve the priming of large groups of cells for elimination through e.g. hormone
signaling, resulting in synchronous death that involves little to no communication
between dying cells. In other cases, there is clear evidence of death propagation, but
the mechanism by which this happens is unclear. In addition to propagation, several
other population-intrinsic effects of cell death exist. For example, cell competition, in
which cells benefit from the deaths of their neighbors rather than being damaged or
killed, can be mediated by cell death. Apoptosis can be initiated in developing tissues to
eliminate cells that are deemed less fit than their neighbors. These deaths then support

the proliferation of neighboring cells, an effect called compensatory proliferation.

83



Another death mechanism that can mediate competitive interactions in cancer cell
populations is entosis, through which cells compete to ingest and kill each other, and in
which direct nutrient transfer from loser to winner cells enables compensatory

141,223 Thys the types of cell death that occur in stressed tissues and their

proliferation.
effects on local cell interactions or the release of secreted factors may dictate distinct
population-scale effects.

There has been a recent surge in research on the heterogeneity of cell death
responses among isogenic cell populations,??* especially with a view to investigating the
phenomenon of “fractional killing” of cancer cells during chemotherapy. For example,
variability in responses to TRAIL was shown to be due to differences in the levels of

297 \While these differences

several pro-apoptotic proteins acting upstream of MOMP.
were non-genetic and only transiently heritable, they were large enough to allow some
cells in the clonal population to survive the treatment entirely. Another study
determined that the speed and extent of increases in p53 expression following cisplatin
treatment decided cell fate, with cell-to-cell variability in p53 dynamics giving rise to

2% Further heterogeneity in cell fate also exists in the choice of cell

fractional killing.
death pathway. For example, we have shown previously that cell populations
experiencing long-term stress (e.g. nutrient starvation) exhibit mixed cell responses
involving apoptosis, necrosis and entosis, occurring simultaneously but at different
frequencies in the population.’*' Mixed cell death phenotypes are also observed in

clinical specimens®™! and during developmental cell death, such as during

interdigitation.??® Meanwhile, other work has focused on the development of methods
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227,228

to quantify cell death kinetics and the application of those methods to study

phenotypic heterogeneity and fractional killing in response to a large variety of lethal
stimuli.”*

Here we develop a method that permits the study of not only the kinetics but
also the spatial properties of different forms of cell death. We quantitatively show that
neighboring cell relationships are stronger during ferroptosis than during other forms of
cell death, indicating that this death form has propagative properties. While we do not
test it here, this method would also be predicted to work for the study of the opposite
phenomenon, where dying cells transmit protective signals to their neighbors and
surrounding cells are therefore less likely to die in response to a given stimulus. This
method can thus be applied to investigate different types of non-autonomous
properties of a variety of different types of cell death. Whether any other forms of
regulated necrosis are able to influence neighboring cells remains unclear. Interestingly,
pyroptotic cells have been shown to release ASC specks that may then be taken up by

173174 \Whether this results in propagation of cell death is not known,

neighboring cells.
however. The application of spatiotemporal cell death analyses such as the one

described here could help address this question.

Single-Cell vs. Multi-Cellular Ferroptosis

In this dissertation we show that ferroptosis can occur with wave-like spatiotemporal
dynamics, but only when induced by treatments that inhibit glutathione synthesis or

increase cellular iron levels. Thus we distinguish between propagative and cell-
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autonomous ferroptosis, which are both marked by GPX4 inactivation and lipid
peroxidation, but only propagative ferroptosis involves the depletion of glutathione. It is
unclear at present what accounts for these distinct phenotypes, but given the
profoundly different effects these two types of ferroptosis have on their environments
there are likely to be significant mechanistic differences between them. In future
studies, whether investigating cell death dynamics or the molecular mechanisms of
ferroptosis, it will be important to account for this observation.

Ferroptosis has been implicated in cell death occurring during ischemia-
reperfusion (I/R) both in vitro and in vivo, as iron chelators and lipophilic antioxidants

119,120.189 | yterestingly, I/R

were able to reduce tissue damage in experimental models.
often results in the formation of large, continuous zones of necrotic tissue, raising the
possibility that propagation of ferroptosis contributes to the manifestation of these
diseases. The mechanisms of ferroptosis induction during I/R are still somewhat unclear,
but most of the damage is thought to occur during the reperfusion phase, when the
return of oxygen- and iron-carrying blood to the tissue generates a burst of ROS

230
In

formation that results in oxidative damage, including lipid peroxidation.
combination with a temporary depletion of cystine due to ischemia this could lead to a
drop in glutathione levels, consistent with the induction of multicellular, propagative
ferroptosis.

In discussing mechanisms underlying the propagation of cell death, it may be

interesting to also consider what factors could inhibit death spreading, and whether

boundaries exist that may be able to limit tissue damage caused by cell death waves. It

86



is conceivable that metabolic stress in tumors, resulting for example from nutrient
deprivation and reduced glutathione synthesis, could render cancer cells more
susceptible to ferroptosis than normal cells. In this case normal tissue could present a
natural boundary to ferroptosis waves initiated in cancerous lesions, as our results
suggest that death is able to spread only to cells that have been sensitized to
ferroptosis, most likely through disruption of cellular antioxidant defenses. It is also
possible that cells surrounding an expanding region of cell death could upregulate
pathways that promote cell survival, as is known to occur in plants, where death
spreading in response to pathogen infection is limited by the induction of autophagy as

231 Understanding how death spreading can be

a protective mechanism in adjacent cells.
inhibited may ultimately prove to be of therapeutic benefit to reduce toxicity to normal
tissues during cancer therapy, or for the treatment of degenerative conditions where

ferroptosis is thought to play a role in disease pathology, such as stroke or myocardial

infarction.
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Concluding Remarks

In this dissertation we investigate the spatiotemporal dynamics of ferroptosis, a recently
discovered form of necrosis that has been implicated in a variety of human diseases,
from cancer to neurodegenerative conditions. Previous studies have suggested that
ferroptosis may have the unusual ability to spread between cells, resulting in wave-like
patterns of death that can eliminate entire cell populations. This type of propagative
activity could play a significant role in disease, but has not yet been systematically
investigated and compared to other forms of cell death. Here we develop a
computational approach to quantitatively study ferroptotic cell death patterns and use
it to make important discoveries about the fundamental biology of ferroptosis. We show
that particular forms of ferroptosis have the ability to spread between cells, and
uncover some of the mechanisms regulating this process. Our research identifies a new
aspect of ferroptosis that may play an important role in the development of
degenerative diseases or inform the design of new cancer therapies, and makes a
significant contribution to the emerging field of cell death population dynamics by
developing a methodology for studying the dynamics and non-autonomous properties
of other cell death forms.

We further discover that cell rupture during ferroptosis is mediated by the
opening of pores in the plasma membrane, in contrast to the prevailing view that
ferroptosis stems from the unregulated accumulation of cellular damage. Similar results
were previously observed in pyroptosis, which is now known to be executed by the

caspase-dependent formation of Gasdermin D pores. Whether ferroptosis is also
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regulated by a protein pore will be an important area for further study, but if so it is
possible that ferroptosis may have a more programmed nature than previously thought.
Future studies will be needed to provide further insight into the mechanisms and
physiological importance of ferroptotic propagation and pore formation, as well as the

roles they play in disease.
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