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ABSTRACT

Cellular features predicting susceptibility to ferroptosis: insights froancer cellline profiling

Vasanthi Sridhar Viswanathan

Ferroptosis is a novelonapoptotic, oxidative form of regulated cell death that ba
triggered by diverse smatholecule ferroptosis inducerd=INs) and genetic perturbations.
Current lack of insights into the cellular contexts governing sensitivity to ferroptosis has
hindered both translation &1Ns as anticancer agents for specific indications anddiseovery
of physiological contexts where ferroptosis may function as a form of programmed cell death.
This dissertation describes the identification of cellular features predicting susceptibility to
ferroptosis from data generatéltfough a largescale profiling eperiment that screened four
FINs against a panel of 860 omibakcharacterized cancer celinés (Cancer Therapeigcs

Response Portal Version @TRPv2at http://www.broadinstitute.org/ctrp/

Using @rrelativeapproachecorporatingtranscriptomic, metabolomic, proteomic, and
genedependency feature type$ uncover both panlineage and lineagspecific features
mediating ceHline response t&INs. The first key finding from these analyses impksahigh
expression of sulfur @hselenium metabolic pathways @onferring resistance tBINs across
lineages. In contrast the transsulfuratiopathway, which enablede novocysteine synthesis
appears telays a role irferroptosis resistanda a subset of lineageShe secondkey finding
from these studieglentifies cancer cells in a high mesenchymal state as being uniquely primed
to undergo ferroptosis. This susceptibility sgerffom a specific dependencyof high
mesenchymastate cancer cellsnahe lipid hydroperoxide quenching mechanisms inhibited by

FINs and is conserved across cancer cell lines of mesenchymal origin, epileeNa&d cancer


http://www.broadinstitute.org/ctrp/

cell lines that have undergone an epithallamesenchymatransition, and patierderived

cancercells exhibiting mesenchymal stateediated resistance to astincer therapies.

The work presented herein formalizes frameworks for studying small molecule inducers
of cell daath through celline profiling. The resultadvance current mechanistic undemsiag
of the cellular circuitry underlying ferroptosis sensitivity and lay the foundation for a novel

therapeutic approach using ferroptosis inducers to target high mesendtgtaalancer cells.
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CHAPTER 1. INTRODUCTION

CELL DEATH

The field of cell death research faiar today has its roots in dnsightfrom the mid20"
century,that cells die, not only accidentally in response to severe physicochemical stresses, but
through active and highly orchestrated processes executed by biolegitedigied programi$.

At the time, the implications of this concept were profound.

The oO6programmedd deat h o fswereenbtbhysicaig ant t hat
imposed but rather biologicallynposed. Pehaps cells had the capacity to persist indefinitely
but were actively prevented from becoming immortal. Meanwhile, dysregulation of the pscess
governing cellular lifespans could be expected to lead to diseases characterized by inappropriate
cell death oinsufficient cell death. Moreover the role of dedicated cellular machinery in
regulating and carrying out the organized death of cells suggested that the process of cell death
could be intervened upon therapeutically, to alter its cBurse

In the intervening decades sirtbe pioneering work of Lakshin, Saunders, Horvitz and
others'®, remarkable progress has been made inagitej cell death modalities, elucidating

their genetic and molecular bases and translating these findings for therapeutié Henefit

Classification of cell death
Morphological and molecular features

Cell death modalities have historically been classified using morphological helftitics
that take into account parameters such as changes in the size and strusilseantl
organells, the presence of vacuolization, the fragmentation of DNA and integrity of the plasma
membrane. These features were readily accessed with technology available during ttfe late 19
and early 20 centuries through the use of microscopic techniques and vitdfdyese

1



recently, molecular criteria have begun to be incorporated into cell death classification
scheme¥. These include enzymological parameters (e.g. involvement of caspases or
cathepsins), localization and modification of cell death factors (e.g. PARP cleavage or AIFM
release), metabolic features (e.g. ATP levels, innesanondrial membrane potential), and other
biochemical markers (e.g. phosphatidlyserine expoSureXhese molecular features are

typically measured using a combination of immunohistochemical techniques and fluoregenic

assay?¥.

Accidental versus regulated cell death

Cell death variants can also be classifi
cell death routinés.

Regulated cell death is actively executed by genomieaiboded cellular machinéfy*
Importantly, its course can be altered by targeted perturbatitwe ekecuting machinery
downstream of the lethal stimulus. Programmed cell death, most familiar from apoptosis, is a
subset of regulated cell death that plays a role in the dewelat and homeostasis of biological
systems in the absence of exogenous perturbations aimed at inducing c&l"death

Accidental cell death, on the other hand, is induced by physical and mechanical stresses
that result in cellular disintegratith Accidental cell death is not transduced by specific
biological circuits; its course can therefore not be modulated by specific perturbations
downstream of exposure to the lethal stimulasivo, the uncontrolled nature of accidental cell
death, forexample due to traumatic injuries, can lead to local toxicity and immunogenicity, as
the cellular microenvironment becomes exposed to potentialtyaging intracellular

materiat®>*®
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Cell death contexts

As the catalog of distinct cell death modalities rapidly expands, the contexts in which
individual forms of cell death are operant &ecomingmportant classifies'?. The most
pervasive forra of cell death, such as apopsosire likely to act at all stages of development,
homeostasis and @iase. However, for other cell death forms, the contexts may be much more
restricted. For example, necroptosis and ferroptosis may play a role specifically in ischemia
reperfusion injury®, while yet other modalities may require an exogenous perturbation, such as

treatment with artesunate, to uncover cell d&ath

Major forms of cell death

Historically, major forms of cell deathave been categorized into apoj¢Type 1),
autophagic (Type I1) and nedio(Type II) cell deatf®. Current classification schemes place

greater emphasis on regulated vsregulated forms of cell dedth

Apoptosis (Type I)

Apoptosis is a caspasependent form of regulated cell déati. The characteristic
morphological features of apoptosis include cytoplasmic shrinkaggorrhexis(nuclear
fragmentation), chromatin condensation, membitdekbing and finally, the formation of
apoptotic bodieswhich arecondensed corpuscles of cellular debris that retain plasma membrane
integrity*,

Apoptosis is organized into extrinsic and intringiogram$". Canonical extrinsic stimuli
include celldeath inducing cytokines such as Fas Ligand (FasL). Cellular exposure to FasL is
sensed and transduced by the Fas Receptor, leading to thélgsseandeatkinducing

signaling complex (DISC) that incorporates faasociated Death Domain (FADD) and the



initiator caspase, capsa8¥. Autoproteolytic activation of caspase 8 triggers cleavage and
activation of executioner caspas8s-6 and-7 and progression of the apogptacascad®.

Intrinsic apoptosis relies on mitochondrial outer membrane permeabilization (MOMP)
regulated by the interplay between pand antiapoptotic BCL-2 family member proteins that
control pore formation in the outer mitochondrial membfareitiation of MOMP results in
release of cytochrome c from the mitochondria, formation of the apoptosome and activation of
the initiator c@sase9 followed by the executioner caspasg@sind-7"°%° Cellular stressensing
pathways that are known to trigger apoptosis in response to withdrawal of growth factors or
exposure to xenobiotic and genotoxic stressash as ionizing radiatigeonverge on the

intrinsic apptotic pathway to trigger cell dedff?

Autophagy (Type II)

Autophagic cell death is characterized by cytoplasraauwlization through the
formation of doublenembraned autophagosomes that contain cytoplasmic contsvisle the
fusion of autophagosomes with lysosomes is a mechanism for recycling excess or damaged
cellular materials and liberating basic building blocks to survive periods of nutrient stress, this
processarelycan lead to a setfigestive cell deatfi. The role of autophagy in alternatively
promoting either cell survival or cell death makes it a challenging form of cell death to study; the
presence of autophagic hallmarks in a cell cannot necessarisgiieeal to impending cell
deattt?. However, the failure of proper salivary gland development due to insufficient cell death
in autophagydeficientDrosophilamodels underscores the importance of autophagy as a form of
programmed cell death

Autophagy is positive regulated by the autophegjgited gen®, Beclin-1%°, as well as

several other members of the autophegjgted genel complex includinghtgl, Atgl3,



Atg172%. The mTOR pathway, which promotes cellular growth under conditions of nutrient
availability, is a negative regulator of authoptf& Treatment of cells with the mTOR inhibitor

rapamycin is a canonical method for inducing autopffagy

Necrosis (Type IlI)

Type Il cell death, necrosis, has historically corresponded to the vast plethora of
accidental cell death forrfts Inducers of newosis are typically physicochemical stresses such as
elevated temperature, extreme pH, or manual shearing that lead to rupture of the plasma
membrane. In line with the catastrophic nature of necrosis, the kinetics of Type Il cell death are
typically muchmore rapid than those of Type | and Type Il cell death, which are actively
orchestrated by cellular machin&tyCells dying of necrosis do not display the characteristic
morphological features of apoptosis or autaphdut often do exhibit increased cellular volume
(oncosis), organelle swelling and massive oxidative $ttaatile caspase activation, a hallmark
of apoptosis, has not been thought to be involved in necrosis, other proteases, such as cathepsins
may play a role in cellulatisintegratior’.

As efforts to better define necrosis at the biochemical level have advanced, several
necrotic modes of deattave emerged as having regulated feattrr@4? These forms of cell
deathi dubbed regulated necrosikack apoptotic or autophagic hallmarks and exhibit necrotic
featules, but can be modulated through targeted genetic or pharmacological intervertians
This emerging understanding of regulated necrosis, and the possibility ittcagdes the course
of certain subsets of necrosis, has profound therapeutic implications, given the toxic nature of

necrosioccurringin biological systens.

Regulated necrosis



Necroptosis

Perhaps the best example of regulated necirasie that has pioneered establishment of
this new classification itself is necroptosi&™**. Necroptosis is a form of cell death that occurs
when cells that are defective in their ability to undergo apoptosis are exposed to extrinsic
apoptsis-pathway stimuf*®. In necroptosis, the ligation of TNFR by TNFdnd nucleates a
complex, known as complex I, that incorporates TNfSRociated death domain (TRADD) and
RIPK1%**" The internalization of TNFR induces changes in the repertoire of bound proteins
leading to formation of complex I, comprised of RIPK1, RIPK3, TRADD, and components of
the extrinsic apoptotic pathway including caspase 8 and PABDThe liberation of the
necrosom®, a complex containing RIPK1 and RIPK3, from complex Il leads to execution of
necroptosis.

The final death process involves necrdie plasma membrane rupture, cellular
disintegration, dramatic depletion of cellular ATP levels gederation of RO%*:. However,
perturbation of RIPK1 or RIPK3 by a class of small molecules known as necrostatins can
abrogate necroptosfs This capacity for modulation underscores the regulated nature of
necroptosis and differentiates it from classical necto$ls

Since its discovery, necroptosis has been implicated as a mechanism of cell death in
numerous ischemieelaied disease conteXf$” and as a form of programmed cell death that
shapes chondrocyte developniant

Additional forms of regulated necrosis are described below.

MPT-dependent requlated necrosis

MPT-dependent regulated necrosis is a form of cell death resulting from mitochondrial

permeability transition (MPT). MPis a process characterized by abrupt and dramatic changes



in permeability of the inner mitochondrial membrane, causing rapid mitochondrial swelling, loss
of energetics and necrotic de&thrhe reliance of this form of cell death on cylcophiliff £ a

critical component of the permeability transition pore complex (P1Pi8)he basis of its
designation as a regulated form of necrosis. Knockout of cyclophilin D, as well as its inhibition

by cyslophroin A, arsufficient to block MPTdependent cell death

Parthanatos

Parthanatos is a form of regulated necrosis that stems from dramatic loss in cellular
bioenergetic potential due to hyperactivation of the NABensuming DNArepair enzyme
PARPT%*! Following NAD+ depletion, the NADPH oxidase AIFM1 is released from the
mitochondria and is thought to play a role in the execution of parthanatos by facilitating
chromatin degradation through its endonuclease acivityDeletion of PARP1 can block

pathanatos induced by endogenous and exogenous neusxsxivell as ischemia

Ferroptosis

Ferroptosis, the focus of this dissertation, has receetn designated as a form of

regulated necrosis

Cell death features

Ferroptosis is an iredependent and oxidative form of cell death that is controlled by
pathways converging upon the phospholipid glutathione perox{@Gae4)**>*>",

Cell death byferroptosis does not conform to Type I, Il or Il modes of cell death as
evinced by the absence of morphological features characteristic of apoptosis (e.g. chromatin

condensation and membrane blebbing), autophaghic death (e.g. cytoplasmic vaculoaration),

hydrogen peroxidénduced necrosis (e.g. organelle swellitd) Consistent with this,



ferroptosis is not suppressed by inhibitors of caspases, which aredefuiapoptosis, nor

small molecule inhibitors of autophagy. Moreover genetic and pharmacological inhibition of

cyclophilin D and the necrosome do not modufateoptosis, indicating that it is distinct from

MPT-dependent regulated necrosis and necropttsiEhe only defining morphological feature

of ferroptosis involves ultrastctural changes to the mitochondria including decreased organelle

size and increased membrane dendi#t the biochemical level, an increase in intracellular

labile iron and the onset of lipid peroxidation are early events indicative of ferraptosts
Functionally, ferroptosis is defined as cell death that can be suppressed by both lipophilic

antioxidants and iron chelatdfsThis specific modulatory profile is unique to ferroptpsist

only among nosoxidative cell death modalities, but also within oxidative forms of cell Ggath

The basis of this specificity may arisem differences in both the source and localization of

reactive iron and subsequent ROS generation in ferroptosis compared to other oxidative modes

of cell deatfi*. While ROSinducing stimuli most often lead to generation of mitochondrial

ROS” the ROS in ferroptosis appear to be of a-mstochondrial and lipidocalized origin®.

Pehaps related to this, ndarroptotic ROSinducers can be suppressed by hydrophilic

antioxidants but are not suppressed by lipophilic antioxidartkis is also true of iron

dependent oxidative cell death forms that otherwise appear similar to ferrbpfbisis a pair of

simple criteriori suppression by lipophilic @iexidants and iron chelatorsyields a remarkably

specific and discriminating functional definition of ferroptosis.

Ferroptosis inducers (FINS)
Ferroptosis was first identified as a form of cell death induced by erastin, a small
molecule that demonstrated synthetic lethality witikogenidHRAS in an engineered model of

stepwise transformaticfi Repeated synthetic lethal screening of the same model has yielded



several additional structurallyiverse FINs (Fig. 1.2 %. Proteomic approaches as part of early
studies into FIN mechanism of action identified voltaggendent anion channels (VDACS) as

the binding target of several FINlsMore recent functional studies have implicated the action of
FINs at distinct levels of pathways controlling cellular supply of cysteine, the incorporation of
cysteine into glutathione and the use glutathione to quench lipid hydroperoxides through the
actions of GPX4 (Fig.1.23s critical to their lethal effecs FINs that deplete levels of cellular
glutathione are classified as Class | FINs, while FINs that inhibit GPX4 function downstream of
glutathionedepletion are designated as Class Il BIRS Many of the insights into FIN

mechanism of action that have enabled this classification scheme are recent and were uncovered
concurrentlywith the research described in this dissertation. Class | and Class Il FINs are
therefore referr to in this thesis as classes named after their founding menthersrastin

class and RSL-8lass FINs, respectively.

Erastinclass FINs Class IFINSs)

Erastininhibits the function ofhe cystineglutamate antiporter systerg,X>’whichis a
primary regulator of intraellular levels of cysteine aribde cysteinemetabolite glutathione (Fig.
1.2)°.

Critical insights leading to identification of thethal effect oferastin came from noting
striking similariiesbetween the glutamataduced cell death of neursand erastifinduced
ferroptosis®. In glutamateinduced excitotoxicity, high concentratis of extracellular glutamate
block the activity ¥, leading to profound glutathione depletion and an-dependent oxidative

cell death that can be rescued by ferrostatina lipophilic antioxidant that is a
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ML162 and ML210 in this thesis.
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specific inhibitoroff er r opt osi s. | mportantly, the additio
mer captoet hanol ( b ME) t o effeaswfrhighhglutamate byl reducingg s ¢ a
cystine to mixed disulfides of cysteine, whican be imported through alternheg¢d-surface
solute carriers. I n a key exper i nreatetigellsi t was
similarly slethateffect. Theseansights, cobipled with chemoproteomic data,
convincingly identifiedx; as the relevarfunctionaltarget oferastin and established &s a
central node of ferroptosis circuitry. More recently, metabolite profiling analysis of erastin
treated cells has confirmed depletion of cellular glutathione as being the most dramatic and
specific change occurring upon irdion of ferroptosis by erasfih”.

Other FINs also acting onpinclude sulfasalazine and sorafetiity. Buthionine
sulfoximine (BSO) induces glutathione depletion downstreany tfyxnhibiting the glutathione
biosynthetic enzyme gamnagdgutamyl cysteine ligase (GCL@nd induces a pattern oéll death

reminiscent oferroptosis®.

RSL3-class FINs (@ss |l FIN9

RSL3-class FINs have recently been identified as inhibitors opliwspholipid
glutathione peroxidase, GP¥4Direct binding of GPX4 has been demonstrated for RSL3
through a chemoproteomic approach, wbileer RSL3class FINS have been shown to inhibit
the enzymatic activity of GPX4 in lysabased biochemical assaysThe conserved alpha
chloroamide warhead shared by otherwise structurally dissimilar R&is3 FIN2® (Fig. 1.1)
may underlie their ability to specifically targetlenoproteins, such as GPX4, that contain highly
reactive, catalytic selenocysteine residfieBhis unique reactivity profile of alpkehloroamide
containing compounds has been highlighted in the context of glutathitvaesferase omega,

which contains a similarly hypeeactive activesite cyseine®,
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Molecular basis of ferroptosis

Lipid peroxidation

The central role of GPX4, the direct target of R&l&ss FINs and in the indirect target
of erastinclass FINs, in detoxifying lipid hydroperoxides anticipatesiti@ortance of lipid
peroxidation as a key molecular feature of ferroptdsis®

Thelipid peroxidationcycle (Fig. 1.3) involves lipid radicals gerated through hydrogen
abstraction from unsaturated liptdsThese lipid radicals can become peroxédab form lipid
peroxyl radicals that propagate the cycle of hydrogen abstraction from unsaturated lipids. Even
the more stable end products of this cycle continue to be highly réctiied peroxides can
decomposénto lipid oxy radicals and hydroxyl radicals, while secondary products of lipid
per oxi dat i o-unsatirated dldenydesisgchyiroxy-2-nonenal can add to critical
thiols and amino groups on macromolecffles

Lipid peroxidation can be induced through both enzyneeliated (e.g. lipoxygenase)
and norenzymatic (e.g. labile iremediated) process&sUnderstanding which of these may
play a role in ferroptosiassociated lipid peroxidation is an active area of res¥afihe
chemistry of lipid peroxidation however, does provide a strong mechanistic underpinning for
several observations related to ferroptSsiske GPX4, which detoxifies lipid peroxides into
water and lipicalcohols, the ability of lipophilic antioxidants to suppress ferroptosis stems from
their capacity to quench lipid radical intermediates and directly reduce lipid peroxides to lipid
alcohols through hydrogen atom trandfer Th e pr o dunsaturatedaldebyfle U, b

secondary products 6pid peroxiddion also provides a rationale for the ferroptemippressing
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Figure 1.3.Lipid peroxidation cycle. An illustration of lipid radicaimediated lipid
peroxidation Adapted byDr. Tim Vickers fromYoung, I. S. &McEneny, J. Lipoprotein
oxidation and atherosclerosBiochem. Soc. Trang9, 358 362 (2001).
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effects of aldeketo reductase (AKR) family members, which play a role in the reductitmxiof

aldehydes to alcohals™.

Iron-dependence

As indicated by its name, ferroptosis has an absolute requirement for iron; the ability of
iron chelators to suppress ferroptosis is one of the foundational features of this mode of cell
deatti*® The precise nature, form and localization of this iron however, remain poorly
understood. Labile (nonrprotein bound) pools dfon exist within the cytoplasm, mitochondria
and lysosomes of cells lmw butappreciable concentratishi. This iron, unlike iron sequestered
within ferritin or other irorstoring complexes, is redox active and is typically thought thée t
primary culprit in catalyzing toxic ROS formation via Fenton chentistfeactive iron is also a
component of the active site of many enzymes, where it acts to catalyze enzymatic reactions that
are highly analogous to Fenton chemi&trne pertinent example is lipoxygenase, which
carries outipid peroxidation reactions using iron as afactor'*. A model proposing
lipoxygenaseébound iron as the critical iron for ferroptosis would be particularly attractive given
the known mecanistic connections between lipoxygenase, lipid peroxidation and &&atéd
cell deati*"”® However, the inability of iron chelators to discriminate between free and-active
site reactive iron means that current models of fergipt@main ambiguous about the

contribution of enzymatic and n@nzymatic irorcatalyzed reactions toward cell dééth

Physiological context
While ferroptosis has not yet been shown to function as a form of programmed cell death
in development or tissue homeostasis, it is increasingly implicated in a nafrgehologic

contexts encountered by neuronal and renal §8$ti& These include models of neuronal
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excitotoxicity, oligodendrocyteelated periventricular leukomalacia, huntingaduced
oxidative stress, acute renal ta#, synchronized tubular cell death in renal ischeeyperfusion
injury, and oxalate nephropafty* ">

Meanwhile, understanding the roles and therapeutic applications of ferroptosis in cancer

biology is the focus of thidissertation.
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STUDY OF CELL DEATH

The study of cell death seeks to accomplish the following: catalog cell death modalities,
understand the cellular machinery involved in mediating each form of cell death, illuminate
physiological contexts to which pamilar cell death mechanisms may be pertinent, and develop
effective means to therapeutically perturb specific cell death fdfms

This undertaking is rendered especially challenging by two characteristics of cell death.
The first is that cell death is a transient and ultimately destructive phenomenon, not one that
lends itself to the isolation and study of intermediate steady states.

The second is the tremendous redundancy built into cell death pré§rimscommon
approach for probing cell death is to prevent it from occurring and studying thequmamces.

This was utilizedsuccessfully byHorvitz and colleagues in the discovery of apopfosis
Unfortunately, in most cases, inhibition of a specific cell death mode in a cell dadezlwill be
rescued by execution of an alternate death pathway. For example inhibition of apoptosis by
deletion of essential caspase activators can cause dying cells to shift toward a more necrotic
form of cell deatf?. Likewise cells that argreventedrom undergoing autophagy, will simply

employ apoptotic cell dedth®®
Small molecules as probes of cell death

Small molecules are low molecular weight (less than 2mg/mol), cartataining
compounds that have the potential to engage in highly specific interactions with cellular
macromolectd<?. Over the past several decades, the field of chemical genetics has pioneered
small molecule perturbations as a complement to classical genetic techniques to probe the

function of specific gene products within the context of complex biological systegnedés,
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organisms§##¥4 Such use of small molecules offers a number of advantages over genetic
approaches: reversibility and temporal control,ahgity to be used easily in the demt of
whole organisms, perturbation iotlividual functions ofmultifunctional proteins or complexes,
the opportunity for polypharmacology based on structural similarities of targets, and in certain
casesthe conferral of novel gainf-function (GOF) poperties upon targefs®

It is therefore not surprising that small molecules have contributed treomsndo the
study of cell deatlas specificnducers and modifiers of distinct cell death modalities.
Staurosporine, a broad spectrum kinase inhibitor serves as a probe of affoftiesisTOR
inhibitor rapamycin is a canonical inducer of autopf{atfyand neasstatini, erastin, and
cylclosporin A have galvanized the elucidation of necroptosis, ferroptosis andibpEndent
regulated necrosis, respectivBly

Small molecule libraries also afford a means to screen for new cell death modes. For
example, an oncogenic RAS synthetic lethal screen led to the identifioagoastifn® > while a
screen designed to identify c orxyposadcelsintheh at
presene of caspase inhibitors identified necrostdtif Hits from such screens become probes

of the corresponding novel cell death modes and form the basis of further*tudies

Mechanism of action

However moving from smalmolecule hit to biological mechanism poses a formidable
challeng&. This refers collectively to both the idéiuation of the biomolecule(s) engaged by a
small molecule (target ID) and to the elucidation of how target engagement elicits the cell death
related response of interest (broader mechanism of action).

Traditional approaches for target ID rely on affjpurification methods and

chemoproteomoié& Forstudyingbroader mechanism of action, hypothesis driven approaches

18



may offer a starting point. For example, to study a novel small molecule inducer of cell death,
one may characterizompoundtreated cells to look for morphological and biochemical features
indicative of known cell death mechanisths

Newer genomavide techniques offer a more unbiased framework to characterize small
molecule perturbatiod Geneexpression profiling in response to compound treatment can
point to specific genes or pathways whose expression is ftergtaby the small molecule of
interest’. Functimal shRNA? and ORF screefi$can identify genetic modulators that sensitize
or protect cells from the effects of a given #melecule. Similar modifier screens can be
undertaken with small molecules, but have the disadvantage of yielding modifier hits, that like
the original small molecule, also have an unknown mechanism of action. Nevertheless, this
approach has been empldysuccessfully by the Stockwell Lab at multiple points in the study of

ferroptosig®°>®%4
Cell-line profiling as a systematic method for studying cell death inducers

Cell-line sensitivity profiling has emerged as a systematic method for studying small
molecule inducers of cell death that can illuniniboth narrow and broad aspects of compound
mechanism of actiod *®°. At a high level, this method seeks to collect viability measurements in
response to given small molecule of interest across a large panel of cell lines. The resulting
activity pattern vector can be quite unigue to an individual compound and can serve as its
bi oact i vi téyrhigfihgerprigtean theniba dorfipared to those of other compounds that
aresimilarly profiled to infer relationships of identity and similarity between compddnds

This method was first piloted by the National Cancer Institute as the NCI60, a profiling

effort that neasured compound sensitivity across a panel of 60 cancer cef1itteBhe
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application of pattermatching algorithms to resulting data quickly uncovered insights into
compound rachanisms of actidf"%% For eample, the natural produisalichondrin B was
found to be a novel microtubule disrupting agefit

Following the NCI60, this approach has been expanded upon and formalized in

significant ways.

Informer ses$

An o6informer setd is a collection of Dbiolo
have selective interactions witime or more cellular targets) that is profiled to establish a library
of cellular activity pattern vectors that can be queried with a novel activity pattern corresponding
to a small molecule with unknown mechanf&r Informer sets are optimized to interrogate the
greatest possible number of distinct nodes of cell circuitry while maintaining the important
design principle of redundancy. Multiple compounds targeting the same family of targets
ideally with diverse cheral structure$ are critical for generating robust signals corresponding
to distinct cellular nodes and for correcting for-taffget effects that are idiosyncratic to
individual chemical entiti€&. The application of hierarchical clustey approaches to sensitivity
data generated using a wdbsigned informer set have been shown to yield sufficient granularity
to discriminaé between compounds perturbing the shinkgical target through a shared
mechanism of action, through distinct mechanisms of action, and through indirect
mechanism&'%4 Recently, genetic perturbations (e.g. ShRNAs) have begun to be successfully
incorporated into profiling informer sét4% though comparing sensitivity patterns across
different classes of perturbations (e.g. small molecules versus shRNAS) remains challenging

The profiling of novel, unannotated small molecules within the context of infeseter

has been used successfully to derive compelling insights into small molecule mechanism of
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action®®. Several examples are found in this thesis includininthependenidentification of
GPX4 as the target of RSi@ass FINs, and the identifitan of GPX4 as a relevant indirect

target of HMGCOoA reductase inhibitors.

Omic associations

The increasing prevalence of elfle omic characterization also affords the opportunity
to associate effects of smatiolecule perturbations with cellular feges®*°® Within the
context of cancer cell lines, commoatalogs of omic features include transcriptomic, genomic
alteration (mutation and copy number variation), metabolite and protein abundarite®ddta
Comprehensive association and statistical significance testing of associations between small
molecule sensitivities and individual omic features can uncover diverse insights into compound
mechanisma Thesednsightscan rangdrom identification ofsmall moleculalirect target$o
mechanisms ofompound metabolic activation aimhctivatiort®. For example, within
CTRPv2,bcl2, a target of navitoclax, is found to the most strongly correlated gene expression
transcript with sensitivity to navitocld€. Meanwhile high expression of sulfotransferases is
associated with sensitty to RITA, a putative modulator of p53, which requires sulfonation for
activatiort®®. Finally, high levels of RIPK1, an inducer of necroptosis, are associated with
susceptibility to birinapant, an inhibitor of the RIRK#&gative regulator XIAF®. Several
analogous insights into ferroptosis inducers are described in this thesis.

Smallmolecule sensitivity data can also be correlated with riedtiure vetors, for
example, genexpression signaturt¥s. Likewise, large higidimensional celline profiling data
sets can be mined to identify perturbations that selectively affect cell lines witexgemssion
signatures of interest. For example, one could look for compounds that are effective at killing

cell lines that have high expression of an apoptesstance gene expression signature. A
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similar approach has beemployedn this thesis research to identify compounds uniquely able

to kill cells with a high mesenchymal state gene signature (Chater
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CANCER AND CELL DEATH
Dysregulation of apoptosis

Evasion of apoptosis is a hallmark of can®&”® Cancer cells become impervious to
conditions that would normally provoke cell de#ttough dyresgulation of bogensors ofcell

death stimuli andell deathexecuting machinefy® 2

Sensors

The most common tactic employed by cancer cells to circumvent apoptosis is loss of p53
function**>. P53 plays a critical role as an integrator of cellular stress signals and responds to
overwhelming cellular damage and inappropriate mitogenic signaling by inducing apoptosis
through transcriptional upregulation of papoptotic BCL2 family membets*** For example,
DNA damage signals are transduced by ATR, which phosphorylates p53 directly or via casein
kinase Il to stabilize p5%>*> Meanwhile, hgppropriate mitogenic signaling can lead to
increases in ARF, which in turntiibits MDM2, a negative regulator of p53. P53-inactivating
alterations in cancaaremultifarious and range from deletions, truncations, and mutations to
amplification of MDM22

Other mechanisms dfiactivationof pro-death sensoiis cancer include loss of ARF,
overexpression of FLICE which binds to and sequesters-deatiain containing proteins of the
extrinsic apoptotic patikay, suppression of TNF receptors and loss of bdglwmhich is required

for autophag}f®109-11216.117

Effectors

Like sensors, féectors of cell death ar@sodisabled in cancer cells. Common strategies

111
L

include upregulation of the arapoptotic proteins BCL'2® and BCL-XL*'%, and silencing of
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apoptosome componesnsuch af\PAF-1'*2 High flux through the PI3K/AKT/PKB pathway
also participates iapoptosis avoidance by phosphorylating and inactivatingapoptotic

factors like BAD and caspase 9, while simultaneously promoting higher levels of Mb¥f2

Chemoresistance

A second aspect of calleath evasion relates to the chemod radieresistance exhibited
by many cancer cells. This is mediated through heightened expression of cellular antioxidant
pathways, which overlap considerably with phase Il (conjugationplamklll (efflux) drug
metabolism processes'?2123124 These programs increase the import of sulfur into the cell and
promote its incorporation into low molecular weight antioxidants (e.g. glutathione)xidant
proteins (e.g. glutathione peroxidases) and the enzymes of phase Il drug metabolism (e.g.
glutathione transferasé) In concert, this cellular network utilizes the unique nucleophilic
properties of sulfur (and selenium) to detoxify xenobiotics as well as endogermus
metabolitege.g. RO$, conjugate them to glutathione and efflux them via Alilling cassette
(ABC) transporter$®?” These actionsenes to both decrease intracellular accumulation of
xenobiotics within cancer cells and also protect cancer cells from high levels of endogenous ROS
and electrophileproduced by mitogenic signaling and radiatn

A number of therapeutic strategies are being explored to deplete thetadad
defenses of cancer céfts Most seek to deplete levels of reduced glutathione through direct
drugGSHinteractions.However, here is a growing understanding that surgical targeting of
critical nodes within antioxidant circuitry (e.g. SLC7A11 or GPX4) may constitute a more

effective means to perturb the redox state of cancer cells and uncover vuliesabifi
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The transformed mesenchymal cell state

Transition of epithelial cancer cellsto a mesenchymatkate viaepitheliatto-
mesenchymalransition (EMT) is a process that seemingly brings together multiple mechanisms
of resistance to cell death: dysregulation of apoptotic programs, heightened xenobiotic
resistance, and insensitivity to inhibition of carcal mitogenic pathways perturbed by current
targeted therapié® 31132

EMT is a transdifferentiation program that occurs as part of development and allows new
morphological structures to arise from existing layers of cells (e.g. gastnjlati
tubulogenesisf® It is characterized bine exchangef epithelial cell polarityffor spindleshaped
morphology/oss of cellcell adhesionincreased motility ath heightenednvasive potentiai all
attributes that one would imagine as being useful to a cancettesfipting to leava tumorin
order to initiatemetastasis”. Indeed, epithelial cancer cells are known to undergo EMT as a
mechanism of acquiring the repertoifdraits necessary to initiate and execute the metastatic
Cascad@2,133,135138.

EMT has also been linked with decreased susceptibility to cell’de&th>***. This is
perhaps not surprising, given that metastatic cells must face harsh conditions including
detachment from ECMjigh oxygen concentration, exposure to xenobiotics, immune
surveillance, and unfamiliar microenvironments durirgjturney to successfully establish a
metastasis at a distant PoThameehanfsisuaderlyiegrthiss t e m
resistance to cell death involve both apoptosis dysregulation and chemoresistance.

EMT transcription factors have bedamonstrated to actively inhibit cell death
program&®%. The overexpression of SNAIL iBaenorhabditis elegartsocksprogrammed cell

death of certain neurot$, whileits overexpression in mammalian cells can protect them from
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death due to growth factor withdrawal and exposure tedeglth indumg cytokine$*® SLUG is
known to upregulate levels of the aapoptotic proteins BCL2 and BIL and antagonize
transcriptional upraglation of PUMA by P5%* MeanwhileTWIST canperturbsp53 biology
by inhibiting ARF**.

EMT also leads to upregulation of chemoresistance genes including SLC7A11, a
regulator of cellular cysteine levels and binding partner of the cancer stem cell markéf®CD44
and ALDH-class enzymes, which detoxify reactive aldehydes and are also a marker of cancer
stem cell§?°. Finally, cells that have glergone EMT exhibit slowed catlycle progression
making hem preferentially less sensitive to the cytotoxic effects of chemothéraagentshat
target rapidly proliferating ceft§**38147

More recently, EMT has emerged as an important mechanism of both acquics and
novoresistancéo targeted therapies. For example,somall cell lung cancer cells harboring a
drug sensitizing mutation in EGFR can become resistant to EGFR inhiijtaredergoing
EMT, without developing a resistance mutation in EGFR it3elf®*? This capacity of EMTis
not unique to the context of EGFR ibitors and has been showngiay a rolein the resistance

405150 andthe resistance dfreast ancer cells to PI3K

of melanomacellsto BRAF inhibitor
inhibition'*"*** Dysregulation of apoptotic pathways and chemoresistance may play a role in
this phenomenon. However, it appears more likely that epithelial cells tretihdergone EMT
lose dependence @anonical epithelial pathways perturbed by targeted abgriiscoming
reliant onalternativepoorly-understoodnitogenic and survival pathways132148

Thus, EMT seemingly represents a perfect storm of poor prognostic features. This is
borne out by clinical findings that show patient biopsies and circulating tumor cells of relapsed

patients to be enriched in neehymal state cancer céff§°%>? Likewise, the mesenchymal
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signature of treatmeimtaive tumors hasden shown to correspond with worse clinical
Outcomé31'140‘149'15.3

A related problem is posed by mesenchymal cancer cells that are in a high mesenchymal
state not by undergoing EMT, but because they originate from mesenchymatifssile
epithelial cells that have undergone EMT, mesenchymal cancers (sarcomas) are highly
aggressive and metastatic, resistant to typical targeted agents, and are generally cheme and radio
resistant">**¢ Thus, insights into vulnerabilities of the mesenchymal cancer cell ssateh as
those described in this thesithat can be exploited to induce cancer cells in a mesenchymal
stateto undego cell death promise to lay the foundatiom fmvel therapeutic approaches for
targeing epithelial cancer cells that have undergone EMT, as well as mesenaisnived

cancers.
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CHAPTER Il . Omic predictors of cancer-cell response td~INs

Introduction

FourFINs (highlighted in red irFig. 1.1) wereincluded in the Cancer Target Discovery
and Development (CT) smaltmolecule sensitivity profiling effort at the Broduktitute in
Cambridge, MAThese compounds were among a sé8& compounds screened infdéint
dose across ugp 860cancer cell linesThe data generated from tiisreerarefrom here on
referred to ashe Cancer Therapeutics Response Portal Ve&S{@TRPVv2
http://www.broadinstitute.org/ctr@TRPv2}°". Cancer ell linesincludedwithin CTRPv2
represerdd 14 cancer lineages and weaanotated with exomeide geneexpression and
genomic alteratiodata(http://www.broadinstitute.org/ccle/lProteomic, metabolomic and gene
dependency data were also available feulaset of cell line§Table2.1).

Treatment of raw screening ddtegan with logtransformation ohumericalvalues
followed byaveraging of technical replicates and normalization to wiptaee DMSO (vehicle)
wells®®1%” Curves were fit to DMS@ormalized data usg cubic splines as previously
describeda n d a fundér@mncenfratiorresponse ur ved ( AUC) was comput
compouneécell-line combination AUC valuesrange from zero to@, with lower AUCs
reflecing greatercell-line response to compound and highA&lCs reflecing
unresponsivene¥t,

Correlation ofomic features witltontinuousvalues(gene expressiomprotein level,
metabolitesabundancegenedependency) with AUCs was performed udiegrson
correlations. Correlation coefficients derived by this method weered 6000 permutations
of cell-line labels)to accountor differences irthesize and shape of ddtetween analyseg-

scored correlation coefficienketween compound AUCs and each element of an omic data set
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Feature Type Description # of cell lines

Gene-expression data Affymetrix data; 18988 transcripts 860
Mutations Oncomap; 33 genes 860

Hybrid capture sequencing; 1651 genes 860
Copy number variation Affymetrix data; 21211 transcripts 860
Metabolomics LC-MS; 188 polar and non-polar metabolites, 110 lipids 860
Proteomics RPPA,; 80 proteins 113
Gene-dependency ATARIS gene solutions for shRNA data; 9063 genes 139

Table 2.1.Summary of cancer cell lineomic-characterization data Omic characterization

datatypesavailable for cell lines screened as part of CTR&e2described
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can be summarized inkex-andwhisker plof apercentage of elements most strongly correlated

with AUCvaluess6 out | i e r-are expanded iatheevbigkarkthe plotand caroften

shed light oomechanisms underlying cdihe response to the small molecule of interBstary

(e.g.genomic alterationand categorical (e.g. lineage) cellular featuresveealyzed for

association with celine response@singenrichment methodshat r el y upon Fi shel
for significance testind-ierarchical clustering of the CTRPv2 AlEImilarity matrix was

performed using complete linkage based on distancegebrtcompounds defined by the

strength of Parson correlation between their patterns of ACs

Results

Performance of ferroptosis inducers within CTRPv2

Scatterplotgplotting cell-line responses teach of the FINs included in CTRPwdstin,
RSL3, ML210 and ML16pacross360 cell linesreveal the fouFINsto share considerable
similarity in their patterns of activitfFig. 21a). RSL3 and ML162 are nearly indistinguishable
from one another and share high similarity with ML210. Erasén a c t i kess poyentthanh i | e
other FINsandexhibitingsomeuniquepatterns, generally trends with the activity of other FINs
TheserelationshipdbetweerFINs arereinforcedin a hierarchical clustering of the CTRPv2
AUC-similarity matrix(Fig. 21b), which aims to identify compounds having similar patterns of
sensitivity acrosthe full data setThe dense clustering 8fNs within this matrixindicates that
they share greater similarity amongste another than with any of the otd&2 compounds
profiled within CTRPv2. The pattern of sehustering, with RSL3ML210 and ML162 forming
a high-similarity subnode within the FIN clustesuggest that these three compounds likely

share a mechanism of action that is closely relatdaiitadistinct from that of erastifrig. 2.1).
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Figure 2.1.FINs share similar patterns of activity acrossCTRPV2. a, Scatterplots of FIN

AUCs from CTRPv2b, FIN-containingcluster within hierarchical clustering of CTRPv2

similarity matrix.Red matrix elements represent high correlation in the patterns-tiheell

sensitivitybetween a given pair of compounds; blue matrix elements represent high anti

correlation between patterns of elatle sensitivity.
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The prevalence of low AUC values in responsEltgs indicates that susceptibility to
ferroptosis is widespread across established canddinesl This isn contrast t@ther inducers
of cell death whosesatl-killing effects arenore narrow (Fig. 2a). However, unlike cytotoxic
agents that aruniformly lethal (Fig. 2),FINs also exhibit a uniquelgroad dynamic range of
effects Thisfeature of FINs suggestisat ferroptosis sensitivity is a regulatgtenotypewith
high dependence on cellular contard supportprevious reports @t have describetkrroptosis

as being uniquely ¢émodul atableodo Z&¥MYared to o

Lineage effects

Lineagewise survey oiensitivity to FINsusing an absolute AUC cuiff*® of 7 (Fig.
2.3a) reveas cancer cell lines derived frohematopoietic and lymphoid, CNS, autonomic
ganglia, ovary, soft tissue, kidney, and bone tigeum the most sensitive. Cell lingsrived
from the oesophagus, upper respiratory tract, stompahcreasbreast, skin and large intestine
aregenerallyinsensitive When broken down by histologgancer cell lines of neepithelial
origin (noncarcinomas) are skingly more sensitive t&INs than cancer cell lines of epithelial
origin (carcinomasiFig. 2.3a).

The use of absolute AUC cutoffs to evaluate linetaggeting effects of compounds can
be confounded by nespecific differencebetweerineages irtheir sensitivilesto compoun
treatment%” For example, cancer cell linebthe hematopoietic and lymphoid lineage have
concentratiofresponse curves that are typically shiftedrard sensitivityoy oneor moredose

point when compared with concentratigsponse curves for the same compound across other
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Figure 2.2. Comparison of FIN-activity profiles with those of other lethal compoundsa,
Histograms of ML210 (a FIN) and JDAUCs.Cancer celline sensitivityto JQ1 is much more
limited thancancer celline sensitivity to ML210b, Histogram of doxorubicin AUCs, which

show a relatively narrow distribution compared to MLZL0Cs.

33



Figure 2.3.Survey of FIN sensitivity by lineage and histologya, Summary of FINsensitivity

by lineage and histology, using an absolute AUCGattiof 7 for sensitivity.b, Relative activity

of individual compoundsgfey and coloredots) by lineage. Compounds falling below the
dotted line are preferentially active in the given lineage, while those faltioge the dotteline

are preferentiallynactive in the given lineage. RSL3, ML162 and ML210 are highlighted in red

for emphasis.
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