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SUMMARY

Ferroptosis is a unique type of non-apoptotic cell death resulting from the unrestrained occurrence of per-
oxidized phospholipids, which are subject to iron-mediated production of lethal oxygen radicals. This cell
death modality has been detected across many organisms, including in mammals, where it can be used
as a defense mechanism against pathogens or even harnessed by T cells to sensitize tumor cells toward
effective killing. Conversely, ferroptosis is considered one of the main cell death mechanisms promoting
degenerative diseases. Emerging evidence suggests that ferroptosis represents a vulnerability in certain
cancers. Here, we critically review recent advances linking ferroptosis vulnerabilities of dedifferentiating
and persister cancer cells to the dependency of these cells on iron, a potential Achilles heel for small-mole-
cule intervention. We provide a perspective on the mechanisms reliant on iron that contribute to the persister

cancer cell state and how this dependency may be exploited for therapeutic benefits.

INTRODUCTION

Iron is one of the most abundant metals on Earth and an essential
element of life. Unlike noble metals such as gold and platinum,
whose stability toward corrosion is highly desirable in the jewelry
industry, it is the ability of iron to readily adopt various oxidation
states through the loss of electrons and to undergo or to mediate
chemical reactions that make life possible. As a result of its
particular reactivity, iron has become indispensable in academic
research and the chemical industry, in particular for the selective
transformation of a wide range of organic substrates (Chen and
White, 2007, 2010; Schreiber, 1980). In biology, iron is central to
the function of iron-sulfur cluster-containing proteins, including
those involved in proteins of the electron transport chain (ETC)
in mitochondria. These clusters allow electrons to shuttle across
the inner mitochondrial membrane (IMM) to reduce oxygen,
thereby establishing a proton gradient over the IMM, which is
necessary for the production of energy stored as adenosine
triphosphate (ATP). Iron is also central to the function of many
other classes of proteins involved in DNA replication, DNA repair,
telomere maintenance, and ribosome assembly (Xu et al., 2013).
Most important, upon binding to a porphyrin core to form heme,
iron can reversibly interact with diatomic gases, enabling red
blood cells to supply molecular oxygen to organs and is central
to the redox activity of enzymes with distinct activities, including
catalases, peroxidases, and nitric oxide synthases (Muck-
enthaler et al., 2017).

While metals in biology are commonly referred to as co-factors
required for the catalytic activity of enzymes, iron isin many cases

the catalyst itself. It promotes redox reactions, while the proteins
and heme cores stabilize iron oxidized states to enhance the cat-
alytic turnover of reactions, providing substrate specificity,
chemo-, regio- and stereoselectivity of substrate oxidation. For
example, lipoxygenases (LOX) are a family of iron-dependent en-
zymes that catalyze the dioxygenation of polyunsaturated fatty
acids (PUFAs), leading to the production of signaling molecules
such as leukotrienes and hepoxilins via intermediate lipid perox-
ides. Iron-containing cyclooxygenases are responsible for the
synthesis of another class of oxidized lipids, prostanoids, which
include prostaglandins, prostacyclins, and thromboxanes. Hyp-
oxia-inducible factor (HIF)-proline dioxygenase uses an iron
catalyst, as well as molecular oxygen and 2-ketoglutarate as sub-
strate and co-substrate, to promote hydroxylation and degrada-
tion of the transcription factors HIF. Through a comparable cata-
lytic cycle, iron- and 2-ketoglutarate-dependent demethylases of
histones and nucleic acids regulate epigenetic landscapes to
orchestrate the expression of specific genes. Related to this,
free iron can promote Fenton chemistry in a non-enzymatic
manner, whereby the metal can directly reduce molecular oxy-
gen, hydrogen peroxide, and lipid hydroperoxides to yield oxy-
gen-containing radicals in cells (Schreiber, 1980). Thus, because
of the versatile reactivity of iron, cellular iron homeostasis is
tightly regulated to avoid the uncontrolled production of other-
wise deleterious highly reactive species (Muckenthaler et al.,
2017; Pantopoulos et al., 2012).

Here, we briefly describe the main molecules involved in the
regulation of cellular iron homeostasis, illustrating how cells
exploit and deal with its multifaceted chemical reactivity. Next,
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Figure 1. Cellular iron homeostasis

In mammalian cells, iron can be imported through divalent metal transporter 1
(DMT1, alias SLC11A2) or internalized by means of endocytosis involving the
canonical transferrin receptor 1 (TFR1)/TF or the alternative CD44/hyaluronate
(Hyal) pathways. Upon maturation of endocytic vesicles, ferric iron is released
from TF, reduced by the 6-transmembrane epithelial antigen of prostate 3
(STEAP3), and ferrous iron translocates to the cytosol. Iron can be stored as
ferritin complexes, which can be recycled by means of ferritinophagy involving
nuclear receptor coactivator 4 (NCOA4). Alternatively, iron can be exported
outside of cells through ferroportin-1 (FPN1, alias SLC40A1), whose level is
regulated by hepcidin (HEPC). Iron traffics toward distinct compartments
where it is required to mediate key cellular processes.

we discuss the importance of iron for the regulation of key
cellular processes and how the presence of iron may become
athreat. In particular, we focus on cancer cell populations refrac-
tory to conventional therapy, whose physiology thoroughly rely
on iron, conferring a vulnerability of these cells to ferroptosis.
Finally, we provide an account of small molecules susceptible
to take advantage of the reactivity of iron to eradicate these cells,
which not only present valuable tools for understanding ferropto-
sis mechanisms in cell biology studies but also provide the basis
for the design of next-generation therapeutics for the clinical
management of cancer.

Regulation of cellular iron homeostasis

Various cellular mechanisms of iron uptake have been reported.
For example, enterocytes use the divalent metal transporter 1
(DMT1) to shuttle iron across the plasma membrane, while
most cells take up iron by means of endocytosis (Figure 1).
Ferric iron-loaded transferrin (TF) interacts with transferrin re-
ceptor 1 (TFR1) at the plasma membrane and this complex is
internalized through the formation of endocytic vesicles, whose
acidification upon maturation into functional lysosomes unloads
iron from TF. Ferric iron is subsequently reduced by metallore-
ductases, including STEAPS (six-transmembrane epithelial anti-
gen of prostate 3), and translocates from the lumen of vesicles
to the cytosol via DMT1 as ferrous iron. This reactive labile iron
pool (LIP) can traffic to distant organelles, where iron is required
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for the activity of specific proteins. Notably, in iron biology the
LIP remains a poorly understood cellular feature; likewise,
mechanisms by which iron is distributed in cells remain elusive.
For instance, iron-dependent histone demethylases operate in
the nucleus, but it is not clear whether these proteins assemble
with iron in the cytoplasm or in the nucleus. Iron can be stored
as a poorly reactive iron oxide form within a multimeric ferritin
complex to limit undesired chemical reactions, and the LIP
may be replenished through autophagic degradation of ferritin
involving the cargo protein nuclear receptor coactivator 4
(NCOA4) via a mechanism known as ferritinophagy (Gao
et al., 2016; Hou et al., 2016). Alternatively, the membrane pro-
tein ferroportin-1 (FPN1), which is under control of the liver hor-
mone hepcidin (HEPC), can export iron outside of cells, thereby
limiting accumulation and unnecessary storage of excess
cellular iron. Importantly, iron uptake, storage, and export are
tightly regulated post-transcriptionally by complex mechanisms
occurring at the mRNA level. These involve iron-responsive el-
ements (IRE) localized in the untranslated regions (UTRs) of
RNAs coding for proteins controlling the balance of cellular
iron (Hentze et al., 2010).

The activity of iron-dependent enzymes to produce useful
oxidized metabolites and the existence of a LIP are, however,
inevitably associated with the accumulation of undesired by-
products of oxidation that can be toxic or even lethal to cells.
Thus, cells have evolved sophisticated mechanisms of “detoxi-
fication,” that consist of, as an example, importing and building
molecules with high reducing potential such as cysteine (Cys)
and glutathione (GSH), respectively, that can be used to scav-
enge peroxides and peroxidized lipids. In particular, the
cystine-glutamate antiporter (also termed system x.~) enables
the cellular uptake of cystine, which upon intracellular reduction
to cysteine is the main building block for GSH biosynthesis. GSH
itself is the requisite co-substrate of GSH peroxidase 4 (GPX4),
being consumed to directly reduce peroxidized phospholipids
(Ingold et al., 2018; Seiler et al., 2008; Yang et al., 2014).
Recently, solute carrier family 25 member 39 (SLC25A39) has
been shown to mediate GSH transport into the mitochondrial
matrix and to regulate the assembly of iron-sulfur clusters in
this organelle, indicating a key regulatory role of mitochondrial
GSH in iron-sulfur cluster biogenesis rather than modulating
redox processes in this organelle (Wang et al., 2021). However,
whether this impacts on the vulnerability of cells to ferrroptosis
remains elusive.

The prevalence of iron in the biology of the cell raises ques-
tions as to whether and how defective cellular iron homeostasis,
or alternatively the pharmacological manipulation of iron chem-
istry and the handling of related reaction products, lead to cell
death. For example, TF and TFR1 have been implicated in the
regulation of ferroptosis, presumably by modulating the cellular
iron content (Gao et al., 2015). Knocking out NCOA4 interferes
with ferritin degradation and iron remobilization, which in turn
can have a protective effect against ferroptosis (Gao et al.,
2016; Gryzik et al., 2021; Hou et al., 2016). Furthermore, inhibit-
ing DMT1 leads to the production of reactive oxygen species,
lipid peroxidation, and cell death (Turcu et al., 2020). Thus, tight
control of iron uptake, storage, and distribution is key to prevent-
ing ferroptosis.
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Figure 2. Mechanisms leading to
ferroptosis

Free-radical chain reaction leading to the pro-
duction of lipid peroxides and ferroptosis. At
membranes, phospholipids (PL-H) can be sub-
jected to radical-mediated hydrogen abstraction.
Following this initiation step, PL radicals (PL-) can
react with molecular oxygen to form the highly
reactive PL peroxyl radical (PL-OO"), itself reac-
tive toward PL-H, enabling this reaction to prop-
agate through repeated cycles. This further pro-
duces PL- and PL hydroperoxides (PL-OOH).
Through Fenton chemistry, PL-OOH can form
hydroxyl (HO-) and PL alkoxyl radicals (PL-O-) that
can also propagate the chain reaction, leading to
additional production of PL-. The chain reaction
can terminate in a variety of ways, including he-
molytic cleavage of adjacent carbon-carbon
bonds to generate carbon radicals and aldehydes
and dimerization of 2 carbon radicals, including
PL-. Mechanisms that protect cells from ferrop-
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tosis include system x.~, which mediates the uptake of cystine required for glutathione (GSH) production, which is itself a substrate of glutathione peroxidase 4
(GPX4) to scavenge PL-OOH. Ferroptosis suppressor protein-1 (FSP1) can trap PL-OO- via coenzyme Q1 (CoQ40) and/or a-tocopherol (a-TOC) in a GSH-in-

dependent manner.

Iron: the missing link in the dogma of ferroptosis

Unrestrained iron-dependent lipid peroxidation and Fenton-like
chemistry result in the rupture of lipid membranes including the
plasma membrane, a hallmark of ferroptosis (Conrad and Pratt,
2019). Nonetheless, questions as to whether all cellular mem-
branes are equally prone to lipid peroxidation, the subcellular
site of lipid peroxidation, and the first event inciting (iron-depen-
dent) lipid peroxidation have remained largely obscure
(Aldrovandi et al., 2021). The initial attempts to decipher lipid per-
oxidation signatures of cells succumbing to ferroptosis revealed
that a subset of glycerophospholipids such as phosphatidyletha-
nolamines (PEs) functionalized with certain PUFAs, including
arachidonic acid and adrenic acid, may represent prime targets
of peroxidation (Doll et al., 2017; Kagan et al., 2017) (Figure 2).
This supports the hypothesis that mitochondria, an organelle
known to contain high levels of PE, where iron chemistry is prev-
alent, may be one of the subcellular sites where lipid peroxidation
sets off. This is reinforced by early findings indicating that the
guardian of ferroptosis, GPX4, is abundant in the mitochondrial
intermembrane space (IMS) (Liang et al., 2009). With the discovery
of ferroptosis suppressor protein-1 (FSP1, alias apoptosis-
inducing factor mitochondria associated 2 [AIFM2]) as the
second mainstay in ferroptosis control, this simplistic scenario
has been challenged, as FSP1 preferentially interacts with several
other cellular structures such as the plasma membrane, perinu-
clear structures, and the Golgi apparatus (Bersuker et al., 2019;
Dolletal., 2019). Unlike GPX4, which solely acts on (phospho)lipid
hydroperoxides, FSP1 along with extramitochondrial ubiquinone
(also referred to as coenzyme Q4o, CoQ1q) and/or a-tocopherol,
halts the process of lipid peroxidation at the level of lipid
radicals using electrons from NAD(P)H. Besides PUFA-containing
phospholipids, polyunsaturated ether phospholipids (ePLs) may
be another tinder for uncontrolled lipid peroxidation (Zou et al.,
2020a). Although first considered to counteract lipid peroxidation
by acting as a sink of radicals, these peroxisome-born phospho-
lipids may also contribute to the ferroptotic process. This is a plau-
sible hypothesis in light of the prevalence of iron-dependent en-
zymes in this organelle (Schrader and Fahimi, 2006). Hence, all

of these findings put forward the idea that depending on the route
of energy production of the cell (e.g., glycolytic versus oxidative),
the site of generation of the prime radicals inciting lipid peroxida-
tion, particularly upon cellular stress (e.g., ischemia/reperfusion),
and the amount of PUFAs esterified in membranous compart-
ments ultimately determines the predisposition of the cell for lipid
peroxidation. For instance, an acyl-coenzyme A (CoA) synthetase
long-chain family member 4 (ACSL4)- and lysophosphatidylcho-
line acyltransferase 3 (LPCAT3)-dependent enrichment of mem-
branes with PUFAs positively correlates with a pro-ferroptotic
state (Dixon et al., 2015; Doll et al., 2017; Kagan et al., 2017),
whereas an ACSL3-mediated enrichment of membranes with
chemically less reactive monounsaturated fatty acids (MUFASs)
has the opposite effect by promoting an antiferroptotic cell state
(Magtanong et al., 2019; Ubellacker et al., 2020). Importantly, fer-
roptosis can be operationally defined as cell death that can be
prevented by both iron chelation and a spin trap. This may be
confounded by the idea that putative ferroptosis inhibitors may
not always localize at subcellular sites where lipid peroxidation
is first initiated and propagates.

Even though the number of conjugated dienes in phospholipid
acyl chains affects the ability of membranes to be oxidized, it re-
mains a matter of debate how lipid peroxidation is in fact initiated
and what the contribution of iron is in this context. Early findings
pointed toward a distinct iron-dependent LOX (i.e., 12/15-lipox-
ygenase) as the main driver of lipid peroxidation by generating
peroxides directly at membranes in the form of esterified hydro-
peroxyeicosatetraenoic acids (HPETEs) (Seiler et al., 2008);
however, subsequent studies with transgenic mice challenged
this hypothesis (Brutsch et al., 2015; Friedmann Angeli et al.,
2014; Matsushita et al., 2015). Similarly, overexpression of
certain human LOX isoforms in cells only decreased the
threshold for lipid peroxidation to occur, while non-enzymatic
lipid autoxidation, which may be initiated by iron in an enzyme-
free manner, apparently is a true driver of ferroptosis (Shah
et al., 2018). Cytochrome P450 oxidoreductase (POR) and
NADH-cytochrome b5 reductase (CYB5R1) have recently been
identified to affect lipid peroxidation and to sensitize cells to
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ferroptosis (Yan et al., 2021; Zou et al., 2020b), although their
respective contributions appear to facilitate the cycling of redox
cofactors during the propagation stage and do not appear to be
direct. Both types of enzymes generate hydrogen peroxide,
which upon reaction with ferrous iron yields highly toxic hydroxyl
radicals via the so-called Fenton reaction. The hydroxyl radical in
turn may abstract a hydrogen atom from membrane PUFAs, thus
triggering a lipid peroxidation chain reaction. Therefore, it seems
that a single lipid-oxidizing enzyme that would be responsible for
the first phospholipid PUFAs peroxidation has not yet been iden-
tified.

Conceivably, non-enzymatic mechanisms that kick off lipid
peroxidation involved in ferroptosis are at play. For instance,
physicochemical stress is sufficient to abstract a labile hydrogen
atom from membrane PUFAs, leaving a carbon-centered radical
behind that would then readily react with molecular oxygen to
generate the highly reactive peroxyl lipid radical igniting lipid
autoxidation (Figure 2). Hydroxyl radical generated from
hydrogen peroxide and unchaperoned ferrous iron (from the
LIP) via the Fenton reaction is still regarded as the prime event
in triggering lipid peroxidation. However, what remains a matter
of controversy is that the highly reactive hydroxyl radical and/or
ferrous iron may not come in sufficiently close proximity with
membrane PUFAs given the highly lipophilic environment of lipid
bilayers, which would argue against a major role of at least hy-
droxyl radical in priming lipid peroxidation. However, experi-
mental data arguing against a direct role of iron are lacking.

Unlike hydroxyl radical, hydroperoxyl radical, the protonated
form of superoxide, which can readily form in the IMS of mito-
chondria due to the higher abundance of superoxide and the
acidic nature of this suborganellar compartment, may trigger lipid
peroxidation. In the context of tissue ischemia/reperfusion injury
(IR)-related pathologies, such as organ transplantation, cardiac
infarction, and stroke, this may be of particular relevance. It is
known that succinate accumulation during ischemia and rapid
re-oxidation of succinate by succinate dehydrogenase during
the reperfusion phase can cause the extensive generation of su-
peroxide by reverse electron transport at mitochondrial complex |
(Chouchani et al., 2014, 2016). In addition, cysteine starvation-
induced ferroptosis was recently linked to a massive accumula-
tion of superoxide at mitochondrial complex lll (Homma et al.,
2021), with a rather marginal implication of complex | under these
pro-ferroptotic conditions. Protonation of superoxide and hydro-
peroxyl radical-mediated lipid peroxidation may thus be a highly
relevant mechanism that could cause ferroptosis in IRI, which
warrants further investigation. As with the implication of iron in
ferroptosis, which is still largely based on cell-based studies,
the use of iron-chelating drugs and the known chemical reactivity
of iron, substantial work remains to be done to characterize both
the chemical and biological roles played by iron in the ferroptotic
process.

Iron addiction of cancer stem cells

The paradigm of cancer stem cells (CSCs), also termed cancer
stem-like cells and tumor-initiating cells (TICs), defines the exis-
tence of a long-lived population of cancer cells prone to self-
renewal that fuel tumor growth. CSCs represent a fraction of
the cellular content of tumors, and they have been associated
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with cancer recurrence after chemotherapy or radiation therapy,
tumor dormancy, and metastasis (Batlle and Clevers, 2017).
Cancer cell plasticity defines the capacity of cells to reversibly
undergo dynamic changes between phenotypically distinct
states, which has been linked to the acquisition of stemness
properties with tumor-seeding capacity and resistance to ther-
apy (Boumahdi and de Sauvage, 2020). This includes epithe-
lial-mesenchymal plasticity (EMP), where epithelial carcinoma
cells can dedifferentiate to adopt a mesenchymal or mixed EM
phenotype (Lambert and Weinberg, 2021; Nieto et al., 2016; Wil-
liams et al., 2019; Yang et al., 2020). Intriguingly, this therapy-
resistant state has been reported in other tissue types that do
not have an epithelial origin, including melanoma, glioblastoma,
prostate cancer, and sarcoma (Viswanathan et al., 2017). We
suggest that this pan-cancer form of resistance converges on
a high PUFA phospholipid content, yet distinct cell types use
distinct transcriptional programs to converge on a ferroptosis-
vulnerable state. It is for this reason that the pan-cancer-resis-
tant state transcends EM transition (EMT) and escaped detec-
tion by transcriptomic analyses. Realization of its existence
instead required a perturbational approach—studying common
features of cells stressed with many distinct mechanism-of-ac-
tion (MoA) perturbagens.

The implication of iron in cancer progression has been known
for over half a century (Torti and Torti, 2013, 2020), but it is only
recently that the dependency of CSCs and cancer cells in the
mesenchymal state on iron has been documented. However,
functional roles of iron in the maintenance of a dedifferentiated
therapy-resistant state remains poorly understood. In glioblas-
toma, CSCs have been shown to be characterized by enhanced
iron trafficking involving the TFR1/TF iron-endocytosis pathway
(Schonberg et al., 2015). Interestingly, it was shown that knock-
ing down ferritin reduced levels of the transcription factor fork-
head box M1 (FoxM1) and signal transducer and activator of
transcription 3 (STAT3) signaling, which correlated with alter-
ations of cell-cycle progression. It was postulated that the
STAT3-FoxM1 signaling axis depends on iron and/or requires
direct ferritin binding. Conceivably, excess of free iron, whose
handling is impaired upon ferritin knockdown conditions, pro-
motes the formation of free radicals involved in FoxM1 transcrip-
tional activity.

In a study investigating TIC in vitro, it was shown that levels of
FPN were reduced in high-grade ovarian tumors, while those of
TFR1 were increased compared to low-grade serous ovarian
cancer (Basuli et al., 2017). Pharmacological alteration of iron
levels impaired cell proliferation and metastatic dissemination
and this involved the expression of matrix metalloproteases
and interleukin-6 (IL-6). Importantly, it was shown that the iron
chelator deferoxamine (DFO) affected cell viability in a model
of ovarian TIC. This was consistent with a higher iron load in
these cells advocating for a dependency of these cells on iron,
which was confirmed by the effect of knocking down the iron-ho-
meostasis regulatory protein iron-regulatory protein 2 (IRP2).

In another study, it was shown that HMLER CD44"9" cells, a
model of tumorigenic breast cancer cells recapitulating features
of CSC, were more vulnerable than their epithelial counterpart to
salinomycin (Gupta et al., 2009), a natural product that has been
shown to sequester iron in the lysosomal compartment (Mai



doi.org/10.1016/j.molcel.2021.12.001

Please cite this article in press as: Rodriguez et al., Persister cancer cells: Iron addiction and vulnerability to ferroptosis, Molecular Cell (2021), https://

Molecular Cell

et al., 2017). This work revealed that total cellular iron as well as
the LIP was higher in CD44"9" cells compared to their epithelial
counterparts, which is consistent with the dependency of the
mesenchymal state of cancer cells on iron (Mai et al., 2017). In
agreement with this, supplementing HMLER epithelial cells
with ferric iron promoted EMT, whereas knocking down ferritin
heavy chain (FTH1) blocked oncostatin M (OSM)-induced EMT.
In a subsequent study, it was shown that triple-negative breast
cancer (TNBC) cells in the mesenchymal state preferentially
mediate iron endocytosis by an alternative TFR1-independent
pathway involving hyaluronates bound to the recycling mem-
brane protein CD44 (Mdller et al., 2020), which had previously
been defined as a CSC marker (Stuelten et al., 2010). In the
work by Muller et al. (2020), it was shown that levels of the mito-
chondrial iron-sulfur cluster-containing protein aconitase 2
(Aco2) increase during EMT along with other enzymes of the
Krebs cycle, indicating a key metabolic role of iron for the acqui-
sition of the mesenchymal cell state. Levels of 2-ketoglutarate, a
metabolite that can be produced by the Krebs cycle, increased
accordingly, thus providing a rationale for the higher cellular
iron load as observed for that cell state (Muller et al., 2020). In
addition, iron- and 2-ketoglutarate-dependent demethylases
were found to be upregulated upon the induction of EMT in can-
cer cells of several lineages and this correlated with an increase
in CD44 and ferritin. The cellular content of iron increased along
with these demethylases, thereby promoting the depletion of
repressive histone marks, including H3K27me3 and H3K9me2,
leading to the increased expression of mesenchymal and EMT
genes. Since histone methylation is a competing chemical pro-
cess, it was argued that to transiently shift the cellular equilibrium
toward a mixed EM or mesenchymal state, cells increase the
concentration of reagents that promote demethylation (e.g.,
iron, 2-ketoglutarate, demethylases), very much akin to physical
chemistry processes subjected to Le Chatelier’s principle,
defining a fundamental chemical biology paradigm.

In an important study, a chromatin-mediated reversible drug-
tolerant state implicating the H3K4me3 lysine demethylase 5B
(KDM5A) was reported in non-small cell lung carcinoma (NSCLC)
(Sharma et al., 2010). In another study, it was shown in pancre-
atic ductal adenocarcinoma (PDAC) that large-scale epigenetic
reprogramming of H3K9me2 takes place in distant metastasis,
supporting the prevalent role of iron and iron-dependent deme-
thylases in the regulation of cancer cell plasticity and cancer cell
dissemination (McDonald et al., 2017; Muller et al., 2020). It is
noteworthy that PDAC is a notoriously difficult to treat disease
characterized by high EMT potential driven by the transcription
factor zinc finger E-box binding homeobox 1 (ZEB1), as in
TNBC (Krebs et al., 2017). In melanoma cells, single-cell tran-
scriptomic analysis revealed high transcriptional variability that
can predict drug resistance (Shaffer et al., 2017). Drug treatment
was accompanied by epigenetic reprogramming that controlled
the loss of differentiating factors such as SRY-box transcription
factor 10 (SOX10) and activation of new signaling pathways,
which may involve the iron-dependent demethylase KDM5B.
This work revealed the multistage nature of the acquisition of
drug resistance and supported the existence of rare populations
of cells susceptible to exploiting such reprogramming. Interest-
ingly, as for TNBC, NSCLC, melanoma, and PDAC are character-
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ized by cells expressing high levels of CD44 in the CSC niche and
drug-tolerant populations (McDonald et al., 2017; Shaffer et al.,
2017; Sharma et al., 2010), pointing toward heightened iron traf-
ficking as a driver of cell plasticity and drug resistance (Muller
et al., 2020). Aberrant demethylation of histones is a hallmark
of cancer recurrence and correlates with poor survival. Regula-
tion of the epigenetic landscape directly implicates iron-depen-
dent demethylases (Greer and Shi, 2012). This is also supported
by data showing that the pharmacological inhibition of iron-
dependent demethylases targeting the permissive mark
H3K4me3 (e.g., KDM5) reduced the survival of drug-tolerant
cancer cells in various tissue types (Vinogradova et al., 2016).
This body of work illuminates a direct role of iron in the regulation
of cancer cell plasticity pointing toward a vulnerability of these
cells to iron chemistry.

Vulnerability of cancer cells to ferroptosis

Persister cancer cells and drug-tolerant cancer cells define popu-
lations of cells refractory to treatment in the academic and clinical
settings. These cells can sustain tumor progression during treat-
ment and inexorably lead to cancer relapse post-therapy—for
example, when the optimization of their fitness proceeds over
time (Marine et al., 2020; Shen et al., 2020). We suggest that this
intermediate phase common to many cancer patients, where
there is evidence of tumor debulking, yet the survival of the patient
requires ongoing treatment, represents the basis of the clinical
term “minimal residual disease.” While these distinct terminol-
ogies encompass somewhat overlapping features, persister can-
cer cells per se may carry or acquire genetic alterations, providing
them with a clonal advantage over other cancer cells to escape the
selective pressure imposed by cancer therapy. In contrast, it is
increasingly recognized that cancer cells can dedifferentiate, ex-
ploiting metabolic and epigenetic plasticity to reversibly acquire
resistance to therapy independently of genetic alterations. These
biological features contribute to the heterogenous nature of tu-
mors, making it challenging to identify effective therapeutic strate-
gies (Figure 3). In particular, smallmolecules able to target the CSC
niche and populations of cells that exhibit inherent tolerance to
therapy or acquire drug tolerance are scarce. The vulnerability of
cancer cell populations to ferroptosis reflecting the long-standing
implication of iron in tumor progression has recently been re-
viewed (Torti and Torti, 2020). Such vulnerability is consistent
with the dependency of CSCs on iron and the prevalent role of
this metal in the regulation of epigenetic plasticity underlying
EMT with the acquisition of a therapy-resistant state (Figure 3).

In line with this, it has been shown that autophagic degrada-
tion of ferritin resulting in the release of labile iron primes
PDAC for ferroptosis (Kremer et al., 2021) and that cysteine
depletion in mice models of PDAC leads to ferroptosis (Badgley
et al.,, 2020). Remarkably, the dependency of a drug-tolerant
persister state of cancer cells to a lipid peroxidase pathway
(i.e., GPX4) has been documented (Hangauer et al., 2017; Viswa-
nathan et al., 2017). This work revealed that cells in an EM or
mesenchymal-like state are characterized by the biosynthesis
and esterification of PUFAs at membranes, which are exquisite
substrates of peroxidation by iron-dependent LOX or non-enzy-
matic (iron-dependent) processes (Figure 2). This finding is
consistent with the higher iron load and iron dependency of the
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mesenchymal state of cells (Muller et al., 2020). Whether PUFAs
are structurally or functionally required in the mesenchymal state
of cells remains unclear. This increased dependency on PUFA-
enriched membranes and a dramatic shift in metabolic activity
mirrors what was reported for astrocytic cells forced to undergo
direct neuronal reprogramming, which was intriguingly associ-
ated with a highly increased vulnerability to ferroptosis (Gascon
et al., 2016).

Regardless, peroxidized lipids are chemically unstable sub-
strates that can readily be transformed into reactive oxygen rad-
icals in the presence of iron and that leads to the formation of
lipid peroxidation breakdown products such as truncated phos-
pholipids and even toxic aldehydes. Their occurrence ultimately
promotes ferroptotic cell death if not counteracted by the
phospholipid hydroperoxidase GPX4 and/or the FSP1 system.
Notably, this vulnerability was shown across cancer cells of
distinct origins in a drug-tolerant state, including ZEB1-driven
cells prone to epithelial-mesenchymal plasticity, transforming
growth factor-B (TGF-B)-induced therapy-resistant melanoma
cells, as well as sarcomas, which are inherently fixed in a mesen-
chymal state. Consistently, pharmacological inhibition of GPX4
promotes ferroptosis in a wide range of cancer types in vitro
and in vivo, paving the way toward the development of small
molecules effective against cancer cells capable of adopting a
therapy-resistant state.

Therapeutic opportunities

Targeting pathways that affect the pool of

peroxidized lipid

Uncontrolled lipid peroxidation of cellular membranes is the main
driver of ferroptosis. As such, interfering with related protective
systems is considered one of the most promising approaches
to eradicate tumor cells, and in particular, of those in a ther-
apy-resistant state (as outlined by Friedmann Angeli et al.
[2019]). Since the cyst(e)ine/GSH/GPX4 axis still constitutes
the “guardian” of ferroptosis, compounds that inhibit the activity
of any of these molecules may be regarded as the most powerful
tools. Erastin was the first described ferroptosis-inducing agent
(Dixon et al., 2012; Dolma et al., 2003) (Figure 4; Table 1). This
small molecule irreversibly and specifically inhibits system x.~
(Sato et al., 2018), similar to the US Food and Drug Administra-
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millimolar concentrations of extracellular
L-glutamate, among others (Conrad and
Sato, 2012; Gout et al., 2001). The inhibi-
tion of system x. ultimately causes
cysteine starvation, GSH depletion, and GPX4 inactivation.
While erastin works extremely well in cells that depend on
cysteine taken up by system x. ™ in the form of cystine, it is meta-
bolically unstable and thus not suitable for in vivo use. Therefore,
improved analogs of erastin were developed in the meantime,
including piperazine-erastin and imidazole ketone erastin (IKE)
(Larraufie et al., 2015; Zhang et al., 2019). Nonetheless, not all
cells require system x.~ for survival and proliferation, and a care-
ful stratification is mandatory to determine whether a given
cancer cell actually depends on this amino acid antiporter. More-
over, genetic loss of the substrate-specific subunit of system
Xc , Slc7al1, is well-tolerated in mice, given that the majority
of cystine is present in its reduced form cysteine in the extracel-
lular space in vivo, which can be easily taken up by neutral amino
acid transporters, thereby bypassing the need for SLC7A11
(Sato et al., 2005). Evidently, this is in stark contrast to cell and
organoid cultures in which almost all cysteine is present in its
oxidized, dimeric form, necessitating the expression of system
Xc - Thus, system X~ presents one of the most promising mo-
lecular targets in triggering ferroptosis in the cancer context,
as repeatedly demonstrated in cells and mice with reduced or
abrogated expression of SLC7A11 (Arensman et al.,, 2019;
Badgley et al., 2020; Lim et al., 2019; Sato et al., 2020). Not
only was tumor growth hampered by the lack of SLC7A11 but
also the metastasizing potential of B16F10 melanoma cells
was dramatically impaired in Slc7a11 knockout cells (Badgley
et al., 2020; Sato et al., 2020). However, it seems to be at odds
that SLC7A11 deficiency can be bypassed in vivo by neutral
amino acid transporters taking up cysteine from the extracellular
space and thereby feeding tumor cells with the building block of
GSH. Whether impaired glutamate secretion or other metabolic
constraints account for the impaired tumor growth observed un-
der SLC7A11-depleted conditions warrants further experimen-
tation. An alternative way to deprive cells and mice from
cyst(e)ine is the use of cyst(e)inase, an engineered and pharma-
cologically optimized human enzyme that degrades extracellular
cyst(e)ine and thereby suppresses tumor growth in various tu-
mor entities (Cramer et al., 2017).
Further downstream in the cascade, cellular depletion of GSH
may be another powerful means to sensitize cells to ferroptosis
by indirectly inhibiting GPX4. L-Buthionine sulfoximine (BSO), an
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old clinically approved drug that specifically inhibits y-glutamyl-
cysteine synthetase (y-GCS), the enzyme catalyzing the first and
rate-limiting step in GSH biosynthesis, remains a valid tool to
modulate GSH levels in cells and tissues and may be at least
considered a ferroptosis-sensitizing compound (Griffith and
Meister, 1979). In addition, piperlongumine, a biologically active
alkaloid/amide phytochemical that may also act by depleting
intracellular GSH, or perhaps other electrophilic compounds,
may be further explored in the context of ferroptosis induction
(Tripathi and Biswal, 2020; Yamaguchi et al., 2018). The naturally
occurring isothiocyanate B-phenethyl isothiocyanate (PEITC), an
ingredient of cruciferous vegetables and known to be an anti-
cancer drug, should be investigated more carefully in the context
of ferroptosis due to its GSH-modulating activity (Kasukabe
et al., 2016; Trachootham et al., 2006). Since all of these up-
stream events ultimately converge on the phospholipid peroxi-
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Figure 4. Molecular structures of cell death
inducers

dase GPX4, inhibitors targeting this
important enzyme also represent a prom-
ising strategy, although challenging in
light of the poorly druggable nature of
this protein. In fact, a series of GPX4 in-
hibitors, such as (1S,3R)-RSL3 (RSLS3),
ML162, and ML210 and various deriva-
tives thereof, have been identified that
very efficiently trigger ferroptosis, at least
in a cellular context (Moosmayer et al.,
2021; Weiwer et al., 2012; Yang et al.,
2014; Yang and Stockwell, 2008). Due to
their highly electrophilic nature, the mech-
anism of action of these compounds re-
lies on the covalent alkylation of the active
site selenocysteine of GPX4, although a
recent report indicated that RSL3 targets
not only GPX4 but almost all other seleno-
cysteine-containing proteins, 24 of which
are present in humans in addition to GPX4
(Chen et al.,, 2018). Another caveat of
these compounds is their inherently poor
selectivity and/or unfavorable pharmaco-
kinetic properties strongly hindering their
use in vivo. This, however, may have
been overcome with the development of
masked electrophiles which undergo
chemical transformations in cells to yield
reactive propiolamide- and nitrile-oxide
warheads (Eaton et al., 2020a, 2020b).
This buffered chemical reactivity enables
a more selective targeting of GPX4,
despite these compounds still being co-
valent GPX4 inhibitors. However, target-
ing GPX4 by non-covalent inhibitors has
not been reported, which is most likely
based on its overall protein structure
that is known to lack a classical binding pocket. Reversible
GPX4 inhibitors, in turn, may be preferred as GPX4 is an essential
protein for many tissues in mice, including kidney, liver, and
certain regions in the brain (Conrad et al., 2021).

Unlike GPX4, knocking out the FSP1-coding gene (i.e., Aifm2)
does not cause any apparent phenotype in mice akin to animals
lacking Slc7a11 (B6.129-Aifm2™ ™1, hitps://www.infrafrontier.
eu/search; Mei et al., 2006; Tonnus et al., 2021), which argues in
favor of a likely broad therapeutic window for inhibitors targeting
either FSP1 or system x.~. However, due to the dispensable role
for FSP1 in cell proliferation and survival across a large number of
tumor celllines (Doll et al., 2019), it can be expected that targeting
FSP1 alone may not be sufficient to efficiently kill tumor cells. In
fact, the first described FSP1 inhibitor iFSP1 does not cause tu-
mor cell death but sensitizes tumor cells toward RSL3-induced
ferroptosis in culture, as well as when xenotransplanted in fish
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Table 1. Main inducers of iron-dependent cell death

Small molecules Cell death Targets/MoA Preclinical models References

Erastin Ferroptosis Irreversibly BJ, TIP5 transformed cell lines (Dixon et al., 2012;
inhibits system x.~ Dolma et al., 2003)

IKE BJ transformed cell lines, DLBCL (Larraufie et al., 2015;

Sulfasalazine
BSO

PL

PEITC

ML162
RSL3

Masked nitrile-oxides
(e.g., ML210) and
propiolamides

iFSP1

Brequinar

Fin56

FINO,

Ferroptocide

Methotrexate

Salinomycin,
ironomycin

Sensitizes to ferroptosis

Ferroptosis

Sensitizes to ferroptosis

Ferroptosis

Synergizes with RSL3- and
dimethyl fumarate-induced
ferroptosis

Ferroptosis in GPX4"" cells

Ferroptosis

Synergizes with
GPX4 inhibition to induce
ferroptosis

Lysosomal cell death/Ferroptosis

Inhibits y-GCS and GSH
production

Acts partly by modulating
GSH levels

Inhibits GPX4

Inhibits FSP1

Inhibits DHODH and
synergizes

with sulfasalazine in
GPX4"9" cells

Promotes GPX4
degradation and activates
squalene synthase
Promotes iron oxidation and
indirect inhibition of GPX4

Inhibits thioredoxin

Inhibits dihydrofolate
reductase

Sequester lysosomal iron

xenografts model
Lymphoma cell lines
Not defined

Various in vitro and in vivo
models including pancreatic
cancer

Various in vitro and in vivo
models including ovarian and
pancreatic cancer

BJ transformed cell line
BJ transformed cell line

Various cancer cell lines including
melanoma, renal, fibrosarcoma,
colon, pancreatic cancers
Various cancer cell lines
including DLBCL cell lines

Various in vitro and in vivo
models including fibrosarcoma
and lung squamous cell carcinoma

BJ transformed cell lines

BJ transformed cell line,
fibrosarcoma

Various cancer cell lines and
primary cancer cells

Jurkat cells

HMLER transformed cell line,
breast cancer xenografts

Zhang et al., 2019)
(Gout et al., 2001)
(Griffith and Meister, 1979)

(Tripathi and Biswal, 2020;
Yamaguchi et al., 2018)

(Kasukabe et al., 2016;
Trachootham et al., 2006)

(Weiwer et al., 2012)

(Yang et al., 2014; Yang and
Stockwell, 2008)

(Eaton et al., 2020a, 2020b)

(Doll et al., 2019;
Schmitt et al., 2021)

(Mao et al., 2021)

(Shimada et al., 2016)

(Abrams et al., 2016;
Gaschler et al., 2018)

(Llabani et al., 2019)

(Soula et al., 2020)

(Mai et al., 2017;
Mduller et al., 2020)

BSO, L-buthionine sulfoximine; DHODH, dihydroorotate dehydrogenase; DLBCL, diffuse large B-cell ymphoma; y-GCS, y-glutamylcysteine synthetase; GPX4, GSH peroxidase 4; GSH, gluta-
thione; IKE, Imidazole ketone erastin; PEITC, phenethylisocyanate; PL, piperlongumine.
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when combined with dimethyl fumarate (Schmitt et al., 2021).
This is consistent with the discovery that the NAD(P)H/CoQ+¢/
FSP1 is a highly efficient backup system when GPX4 function is
perturbed or disrupted (Bersuker et al., 2019; Doll et al., 2019).
In contrast, inactivation of dihydroorotate dehydrogenase
(DHODH) leads to mitochondrial lipid peroxidation and ferropto-
sis in GPX4'°" cancer cells, while inhibiting DHODH with brequi-
nar synergizes with sulfasalazine to induce ferroptosis and to
reduce tumor growth, supporting the protective role of DHODH
against ferroptosis (Mao et al., 2021).

Beyond these, an impressive arsenal of ferroptosis inducers
has been described over the past decade directed toward
distinct targets in the ferroptotic pathway. For instance, Fin56
has been reported to exhibit a dual activity causing both GPX4
deprivation and activation of squalene synthase (Shimada
et al., 2016), while the endoperoxide-containing 1,2-dioxolane
FINO, causes ferroptosis by a mechanism likely involving iron
oxidation and GPX4 inhibition (Abrams et al., 2016; Gaschler
et al., 2018). Chemical modification of the natural product
pleuromutilin, an antibiotic originally isolated from the fungus Cli-
topilus passeckerianus, yielded ferroptocide as an efficient fer-
roptosis inducer presumably by inhibiting the small redox-active
protein thioredoxin (Caneque and Rodriguez, 2019; Llabani
et al.,, 2019). This is interesting as thioredoxin is an essential
component of the second mainstay in mammalian redox control
(i.e., the thioredoxin-dependent system; besides the GSH-
dependent system). In addition, the tetrahydrobiopterin (BH4)
biosynthesis pathway including GTP cyclohydrolase | (GTPCH)
was recently identified as another backup system for compro-
mised GPX4 activity (Kraft et al., 2020). It was shown that BH4
acts as a radical trapping antioxidant (similar to ferrostatin-1
and liproxstatin-1; Zilka et al., 2017), involving the regeneration
of oxidized BH4 (i.e., dihydrobiopterin, BH2) by dihydrofolate
reductase (DHFR) (Soula et al., 2020). Accordingly, metho-
trexate, an FDA-approved drug and inhibitor of DHFR, was
shown to synergize with GPX4 inhibitors to kill cancer cells
(Soula et al., 2020). Finally, overloading cancer cells with iron-
packed nanoparticles used either alone or in conjunction with
lipid hydroperoxides and/or heat may be another strategy to
sensitize to ferroptosis or even kill cancer cells efficiently. This
strategy, however, requires functionalization of these toxic
cargoes to reach their actual targets to eradicate the desired
population of cells with sufficient therapeutic windows (Kim
et al., 2016; Xie et al., 2021; Xu et al., 2020).

Exploiting the labile iron pool

The dependency of CSCs on iron and the finding that iron is
required for the regulation of EMT, together with the vulnerability
of the mesenchymal drug-tolerant persister state to ferroptosis,
suggest that iron chemistry may directly be exploited for thera-
peutic benefits. While strategies designed to circumvent accu-
mulation of peroxidized lipids represent effective approaches
to induce ferroptosis, it was shown that sequestering iron in
the lysosomal compartment can kill cells undergoing EMT
in vitro and eradicates a TIC subpopulation in patient-derived xe-
nografts of breast cancer (Mai et al., 2017). Since most cells
internalize iron by endocytic processes and the CSC marker
CD44, which correlates with cancer recurrence and poor
outcome as well as mediates iron endocytosis in the mesen-

¢ CellP’ress

chymal state of cancer cells, lysosomes represent the hub where
iron can be strategically intercepted before reaching the relevant
cellular compartments. Because the iron load is high in these
cells overexpressing CD44, the effect of sequestering iron in ly-
sosomes is expected to be more pronounced compared to drug-
sensitive epithelial counterparts (Figure 4; Table 1).

Two major phenotypic consequences may arise from seques-
tering iron in this compartment. The first is a depletion of iron in
various subcellular compartments, which inevitably affects multi-
ple processes—in particular, ribosomal function, mitochondrial
metabolism, and in the nucleus where epigenetic transition
involved in the regulation of EMT requires iron-dependent deme-
thylases, among other enzymes. The second is that iron accumu-
lation in lysosomes can lead to the production of reactive oxygen
radicals overtime through Fenton chemistry, leading to lipid
membrane peroxidation and lysosome membrane permeabiliza-
tion (LMP), a trigger of lysosomal cell death. Importantly, it is the
lysosomal biochemical content that governs mechanisms of cell
death modalities, which is expected to be cell type and cell state
dependent.

In TNBC cells, it was shown that ironomycin, a potent syn-
thetic derivative of salinomycin, accumulates in lysosomes, pro-
moting the production of reactive oxygen species (ROS) and
inducing lysosomal leakage and cell death reminiscent of ferrop-
tosis (Mai et al., 2017; Muller et al., 2020). Specifically, it was
shown that the iron chelator DFO, the reducing agent N-acetyl
cysteine (NAC), as well as the ferroptosis inhibitor ferrostatin-1
partly protected CD44"S" HMLER tumorigenic breast cells and
epidermal growth factor (EGF)-induced mesenchymal TNBC
cells from ironomycin. In addition, liproxstatin-1 blocked lipid
peroxidation induced by ironomycin in TNBC. The absence of
complete protection against cell death may stem from the fact
that lysosomal dysfunction can trigger other cell death modal-
ities that are kinetically favored, should a specific vulnerability
be pharmacologically diverted (Galluzzi et al., 2014). While this
mechanism is consistent to some extent with ferroptotic cell
death (e.g., viability rescue permitted by DFO and ferrostatin-
1), it may not fully comply with all of the features of canonical fer-
roptosis vulnerability. The chemical reaction induced by iron in
ironomycin-treated cells takes place in a distinct cellular
compartment (e.g., the lysosome) compared to ferroptosis that
may occur as a result of system x.~ or GPX4 inhibition, and
the types of toxic oxygen radicals produced may also be of a
distinct nature. Thus, it can be seen as a chemical induction of
toxic species manipulating cellular iron (active mechanism)
rather than a blockade of the production of agents that would
normally interfere with the accumulation of such species (pas-
sive mechanism), thereby conferring a particular vulnerability.
Regardless, the work by Mai et al. (2017) and Muller et al.
(2020) highlight lysosomal iron as a vulnerability point of cancer
cells in the mesenchymal state. Pharmacological reprogram-
ming of iron subcellular localization, thereby diverting meta-
bolism and epigenetic plasticity, and re-directing the chemistry
of iron to instead promote Fenton chemistry may thus represent
a promising therapeutic angle that warrants further investigation.
Interestingly, it was shown that supplementing cells undergoing
lysosomal dysfunction with iron rescues cell proliferation and
that treating cancer cells with an iron chelator alters cancer cell
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proliferation (Weber et al., 2020). Furthermore, persister cancer
cells can maintain the proliferative capacity by upregulating anti-
oxidant gene programs (Oren et al., 2021). These studies sug-
gest that iron is a valuable target to also interfere with the prolif-
eration of cancer cells in the persister state.

Conclusions

Contrary to popular belief, iron is not a trace element. Unlike
many other metals, it is abundant in cells and tissues and plays
distinct roles essential for the biology of the cell. The fact that
iron is implicated in cancer progression has been established
beyond a reasonable doubt. Recent literature converges toward
the idea that iron is involved in metabolic and epigenetic pro-
cesses enabling specific populations of cells to escape treat-
ments, including chemotherapy and radiotherapy. At the same
time, these cells inevitably acquire a high vulnerability to chem-
ical processes promoted by iron, including lipid peroxidation,
which, if not carefully controlled, can lead to ferroptotic cell
death. A key role of iron in the regulation of EMT has recently
been uncovered (Muller et al., 2020), implicating the CSC marker
CD44 along with hyaluronates, which are abundantly found in
some of the most aggressive solid tumors, in iron uptake and
regulation of epigenetic plasticity. This raises the question of
whether CD44 or the hyaluronate content of tumors may be
used as predictors of ferroptosis vulnerability. In support of
this, CD44 has been shown to stabilize system x.~ regulating
the redox status of cancer cells and promoting tumor growth
(Ishimoto et al., 2011). This raises the question of a coordinated
regulation of cystine uptake concomitant with iron endocytosis.
Furthermore, ePLs, which are dynamically regulated during cell-
state transitions and are potential substrates of peroxidation,
have recently been implicated in ferroptosis (Aldrovandi and
Conrad, 2020; Zou et al., 2020a). Whether these lipids play a
structural role in the membranes of mesenchymal cells or are
involved in a particular signaling axis of drug-tolerant persister
cancer cells remains to be fully characterized.

Nature is driven by chemically favored processes. Reactive
oxygen radicals are likely to be formed when iron chemistry is
at work, independent of whether these radicals are useful or
toxic for cells. While biology is constantly subjected to evolution,
universal principles of physical chemistry are not, at least not on
the same timescale. It is our opinion that life has evolved mech-
anisms to circumvent undesired chemistry. For instance, cells
have implemented proteins such as system x.~, GPX4, and
FSP1 to deal with potentially deleterious molecules produced
as a result of a high iron load, where iron is required for cells to
adopt distinct identities, one that may protect them from ther-
apy. In this context, small molecules offer the means to manipu-
late the chemistry at work to dissect iron biology and provide the
basis for the development of innovative and powerful next-gen-
eration therapeutics (Schreiber et al., 2015).
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