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Iron catalyses the oxidation of lipids in biological membranes and promotes a form of
cell death called ferroptosis'. Defining where this chemistry occurs in the cell can inform
the design of drugs capable of inducing or inhibiting ferroptosis in various disease-
relevant settings. Genetic approaches have revealed suppressors of ferroptosis®™*;

by contrast, small molecules can provide spatiotemporal control of the chemistry at
work®. Here we show that the ferroptosis inhibitor liproxstatin-1exerts cytoprotective
effects by inactivating ironin lysosomes. We also show that the ferroptosis inducer
RSL3initiates membrane lipid oxidation in lysosomes. We designed a small-molecule
activator of lysosomal iron—fentomycin-1-to induce the oxidative degradation

of phospholipids and ultimately ferroptosis. Fentomycin-1is able to kill iron-rich
CD44"e" primary sarcoma and pancreatic ductal adenocarcinoma cells, which

can promote metastasis and fuel drug tolerance. In such cells, iron regulates cell
adaptation®” while conferring vulnerability to ferroptosis®’. Sarcoma cells exposed to
sublethal doses of fentomycin-1acquire a ferroptosis-resistant cell state characterized
by the downregulation of mesenchymal markers and the activation of amembrane-
damage response. This phospholipid degrader can eradicate drug-tolerant persister
cancer cellsinvitro and reduces intranodal tumour growth in amouse model of breast
cancer metastasis. Together, these results show that control of iron reactivity confers
therapeutic benefits, establish lysosomaliron as adruggable target and highlight the
value of targeting cell states'.

Ironreacts with peroxides to produce oxygen-centred radicals. In the
cell, suchaprocess caninitiate and propagate aradical chainreaction

organelle functions and the release of various types of chemical enti-
tiesinthe cell, which caninduce further cellular defects and cell death.

that leads to oxidized organic products, a chemistry broadly defined
astheFenton reaction'. Chemically reactive lipids in biological mem-
branes are ideal substrates for such reactions and have been impli-
cated in ferroptosis'®. The accumulation of damaged phospholipids can
eventually cause the loss of membrane integrity together with altered

Ferroptosis involves distinct organelles®, including peroxisomes™,
mitochondria®, the endoplasmic reticulum (ER)* and lysosomes®".
However, itis currently unclear whether individual organelles contrib-
ute to ferroptosis through impaired cell signalling, metabolism and
biosynthesis of specific biomolecules or whether membrane lipids
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of these compartments are also direct substrates for iron-mediated
oxidation that leads to cell death. Cancer cells have been shown to
require functional lysosomes to undergo ferroptosis”. This finding
highlights theimportance of cellularironimport and lends support for
theideathatiron hasarolein promoting cell death. Pharmacological
inhibition ofiron trafficking from lysosomes promotes the oxidation of
lysosomal membrane lipids®*®, which indicates that aredox-active pool
ofironinthis organelle can trigger ferroptosis. Synthetic endoperox-
ides, surrogates of peroxidized lipids with a propensity to accumulate
intheER, caninduce ferroptosis, which suggests that lipid peroxidation
can propagate through this organelle’®. However, it is currently unclear
whereiron-mediated oxidation of membrane lipidsis first initiated in
the cell before propagating through other proximal membrane lipids.

Lysosomalironinitiates ferroptosis

We set out to identify the subcellular sites of action of liproxstatin-1
(Lip-1), asmall molecule that protects cells against death induced
through the inactivation of ferroptosis suppressors?. We labelled a
clickable alkyne-containing analogue of Lip-1 (named cLip-1) using
in-cell click chemistry and performed fluorescence microscopy?in vari-
ouscelllines. Theresultsrevealed lysosomal accumulationin HT-1080
fibrosarcomacells, in primary cells of human pancreatic ductal adeno-
carcinoma (PDAC), in lung and colon circulating tumour cells and in
4T1 mouse breast cancer cells (Fig. 1a and Extended Data Fig. 1a—f).
Notably, labelled cLip-1was detected only in the endolysosomal com-
partment, even at a concentration higher than the effective dose. This
result supports the notion that Lip-1exerts its anti-ferroptotic activity
inthis organelle.Invivo, cLip-lincreased the survival of mice in which
acute renal failure was induced through genetic deletion of Gpx4, which
encodes the ferroptosis suppressor glutathione peroxidase 4 (GPX4)?
(Fig. 1b). Labelling cLip-1in mouse tissues revealed its accumulation
in the kidney, colocalizing with a lysosomal marker in renal proximal
tubules (Fig.1cand Extended DataFig.1g). Invitro, cLip-1prevented the
oxidation of membrane lipids and protected cells against the effects of
genetic depletion of Gpx4 or pharmacological inhibition of GPX4 with
RSL3, therebyrecapitulating the biological activity of Lip-1 (Extended
DataFig.1h-j). These data validate cLip-1as a suitable surrogate of Lip-1
toinvestigate ferroptosis.

The tightiron chelator deferoxamine (DFO) protects cells against
erastin-induced ferroptosis®. By contrast, Lip-1exhibits radical-trapping
antioxidant (RTA) properties in vitro?>. However, unlike most RTAs
that inhibit ferroptosis, such as a-tocopherol, Lip-1 does not follow
the general trend of many ferroptosis suppressors, whereby RTA acti-
vity is closely correlated with ferroptosis inhibition?. This result sug-
gests that other properties of Lip-1 contribute to its anti-ferroptotic
effects. In cancer cells, iron can be internalized by endocytosis®* and
regulates cell-state transitions and cell proliferation®?. Because cLip-1
accumulatesinlysosomes and contains nitrogen atoms susceptible to
interactions withiron, weinvestigated the possibility that its ferroptosis
inhibition properties canresult fromironinactivationinthis organelle.
Nuclear magnetic resonance (NMR) spectroscopy indicated that Lip-1
interacts withiron(lll) with stoichiometries of 1:1and 2:1 (Fig. 1d). Titrat-
ing Lip-1 with iron(lll) chloride induced signal broadening together
with a shift downfield of signals of the protons adjacent to nitrogen
atoms of Lip-1, which indicated the occurrence of coordination with the
nitrogen lone pairs with the Lewis acid. By contrast, the proton signals
of naphthalene, whichwas used as aninternal control asitlacks heter-
oatoms, remained unaffected (Extended Data Fig. 1k). Moreover, adding
aBrgnsted acid to Lip-linduced distinct shifts downfield of the proton
signals, which indicated protonation of the nitrogen atoms (Fig. 1e).
Notably, line broadening of the proton signals was observed only in
the presence of the paramagnetic metal (Extended Data Fig. 11-n).
Furthermore, the addition of trifluoroacetic acid (TFA) to a solution
ofiiron(lll) and Lip-1did not fully displace iron from Lip-1, as shown by

2 | Nature | www.nature.com

chemical shifts that recapitulated the effects of Lewis and Brgnsted
acids. These dataindicate that the binding of Lip-1toiron can take place
under acidic conditions, suchas those found inlysosomes. The addition
of sodium hydroxide restored the chemical shifts of unbound Lip-1, a
result that demonstrates the reversible nature of Lip-1interactions
withiron (Extended Data Fig.10). Molecular modelling using discrete
Fourier transform computation produced several possible binding
modes betweenironand Lip-1,including bimolecular tetrahedraliron
complexesinvolving the piperidine, amidine and aniline functions of
Lip-1(Fig. 1f and Supplementary Information).

Cyclic voltammetry, which is used to quantify the redox potential
of metals in solution?, indicated that Lip-1and DFO alter the redox
propertiesofiron (Fig. 1g). As controls, we investigated two other syn-
thetic analogues of Lip-1: metcLip-1and alcLip-1. In metcLip-1, aro-
matic amines are methylated, which adversely affected RTA activity.
By contrast, alcLip-1is an aliphatic analogue with amines that have a
higher negative logarithmicacid dissociation constant (pK;,) value com-
pared with their aromatic counterparts. This analogue was expected
tobe fully protonated at neutral pH and therefore to exhibitareduced
propensity to enter cells and to accumulate in lysosomes (Extended
DataFig.2a). Labelling of metcLip-1in cells revealed a similar staining
patternto that of [abelled cLip-1, showing colocalization with alysoso-
mal marker. By contrast, labelled alcLip-1showed weak fluorescence
(Extended DataFig. 2b). Cyclic voltammetry results further indicated
that metcLip-1altered the redox potential of iron to a greater extent
thanalcLip-1(Extended Data Fig. 2c). Consistently, metcLip-1protected
cellsagainst RSL3-induced oxidation of membrane lipids more potently
thanalcLip-1(Extended DataFig. 2d), and neither metcLip-1noralcLip-1
exhibited RTA propertiesinvitro (Extended Data Fig. 2e). In-cell label-
ling of an alkyne-containing derivative of DFO (cDFO)® also revealed
lysosomal signals, which provided support for the pro-ferroptotic
activity of ironinthis organelle (Extended Data Fig. 2f). Signals of cDFO
werealsofoundinthe cell nucleus, which partially explains the toxicity
of thisiron chelator and its distinct associated phenotype compared
with other iron-interacting small molecules, including Lip-1.

In a cell-free system, Lip-1reduced the fluorescence of an iron(lll)-
specific fluorescent probein the presence of iron(lll)¥ (Extended Data
Fig.2g). Treatment of cells with hydroxychloroquine or bafilomycin-Al,
whichincrease thelysosomal pHand preventiron(lll) unloading fromits
endocytic carriers, led toreduced pools of chelatable cellular iron(llI)
andreactive lysosomaliron(ll), as measured using specific fluorescent
probes??. These treatments also protected cells against RSL3-induced
oxidation of membrane lipids in cancer cells (Fig. 1h-j and Extended
DataFig.2h-j). Comparable results were obtained with Lip-1, which was
consistent with the direct interactions of this compound with lysosomal
iron (Fig.1h-jand Extended DataFig. 2h-j). After treatment with RSL3
for1h, oxidation of membrane lipids was predominantly detectedin lys-
osomes, as assessed through Liperfluo and Bodipy 665/676 fluorescence
levels (Fig. 1k and Extended Data Figs. 2k and 3a). By contrast, treatment
withRSL3 for 4 hled to astaining pattern of oxidized membrane lipids
that colocalized mainly with afluorescently labelled biological marker
ofthe ER (Extended DataFig. 3b). Our data suggest that initiation of the
radical chainreaction takes place early in the endolysosomal compart-
ment, where redox-active iron can be found?®. This radical chain reac-
tion can then propagate to membrane lipids of other organellesin the
vicinity, including the ER. In support of this hypothesis, treatment of
cellswith well-established ferroptosisinducersled toadepletion of glu-
tathione andincreased levels of oxygen-centred radicalsin lysosomes
(Extended DataFig.3c-e). Together, these dataindicate that lysosomal
iron has a central role in the induction of ferroptosis.

Ironactivation promotes ferroptosis

Cancer cells that have acquired adrug-tolerant persister (DTP) cell state
are vulnerable to ferroptosis®*>*°. DTP cancer cells are characterized
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Fig.1|Lysosomalirontriggersthe oxidation of membranelipids. a, Schematic
(left),images (middle) and quantification (right) of labelling cLip-1(1 uM, 1 h) in
cells.n=3independent experimentsin HT-1080 cells. Data are the mean +s.d.
Asc, ascorbate;Lys., lysosome; PFA, paraformaldehyde. b, Kaplan-Meier
survival curves of Rosa26-CreERT2;Gpx4” mice treated with cLip-1(10 mg per
kg per day by intraperitonealinjection; n=6 mice per group). Mantel-Cox
log-rank test. Arrows indicate the timing of the two tamoxifen injections.
Average days of survival are indicated. ¢, Fluorescence images of labelled
cLip-linrenal proximal tubules of a Rosa26-CreERT2;Gpx4"” mouse 7 days after
tamoxifen treatment. Images representative of n =2 mice.d,'"HNMR spectra of
Lip-1titrated with FeCl, (red, 2:1Lip-1toiron; green, 1:1Lip-1toiron).e,'"HNMR
spectraofLip-1titrated with FeCl;and then TFA. The blue reference spectrumis
Lip-1+3eq. TFA.f,Putative binding modes of Lip-land iron obtained from
molecular modelling. g, Cyclic voltammetry of a FeCl; solution with Lip-1 (left)
or DFO (right) (reduction potentialsindicated by pink arrows). SCE, saturated
calomelelectrode. h-k, Dataare for HT-1080 cells. h, Flow cytometry of cells

by high expression of the iron-uptake protein CD44, a cellmembrane
glycoprotein thatisinternalized by endocytosis and is used as amarker
of cancer cell stemness and metastasis®*.. Thus, these cells exhibit

treated with the indicated compounds for 15 min and then with the iron(lII)
probe RPE for15 min.n=9independent experiments. a.u., arbitrary unit; MFI,
mean fluorescenceintensity. i, Flow cytometry of cellstreated with theindicated
compounds for 15 minand then with theiron(ll) probe HMRhoNox-M for 15 min.
n=8independentexperiments.j, Bodipy-C11581/591 flow cytometry of cells
treated with RSL3 (1 h) and with bafilomycin-Al (Baf-A1) or hydroxychloroquine
(HCQ) 2 hbefore.n=7independent experiments. One-way analysis of variance
(ANOVA).k, Fluorescenceimaging of Liperfluoin cells treated with RSL3 (1 h).
n=3independent experiments. Two-sided unpaired t-test. Dataare the

mean +s.d.d,e, NMR spectrarecorded at 310 Kin methanol-d,. Forhandi,
Pvalues are from two-sided unpaired t-test compared with vehicle. The
following concentrations were used: h,i, Lip-1(10 pM), HCQ (100 uM); h-j,
Baf-A1(75 nM);j, HCQ (10 uM), RSL3 (200 nM); k, RSL3 (1 uM). Box plots show
theinterquartile range, with centre lines indicating the medians and whiskers
indicating the minimum and maximum values. Scale bar, 10 pm (a,c k).

upregulated iron uptake, which leads to increased cellular iron levels
that in turn promote the activity of iron-dependent demethylases®.
This process activates specific epigenetic and transcriptional programs
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that underlie cell-state transitions and the acquisition of a DTP phe-
notype®. Thus, lysosomal iron has emerged as a druggable target to
promote ferroptosis in a cell-state-dependent manner®. With this in
mindand the knowledge that lysosomaliron cantrigger the oxidation
of membrane lipids®, we designed a small molecule to target lipids
at the plasma membrane and to activate iron(ll) in lysosomes upon
endocytosis. Such acompound would exploit nearby reactive mem-
brane lipids as substrates for oxidation. To this end, we synthesized a
bifunctional compound composed of the fluorescent lipophilic natural
product marmycin and the synthetic Chen-White ligand, which we
named fentomycin-1 (Fento-1) (Fig. 2a and Extended Data Fig. 4a-e).
Marmycin accumulates at the plasma membrane and is internalized
by endocytosis®, whereas the Chen-White ligand is commonly used in
chemical synthesis to oxidize organic substrates by activating iron(11)*.
In the presence of hydrogen peroxide and under mild acidic aqueous
conditions, such as those found in lysosomes, the Chen-White iron
catalyst is thought to form areactive iron-oxo species®. Like hydroxyl
and hydroperoxyl radicals, thisintermediate can abstract ahydrogen
atom from organic substrates, including saturated ones, to produce
reactive carbon-centred radicals and subsequently oxidation products.
Fento-lis therefore reminiscent of abifunctional small molecule that is
abletoinduce proximity de novo betweenacatalyst and nucleic acids
or proteins to promote degradation®***. We proposed that by exploit-
ing the abundant amount of reactive iron(ll) in DTP cancer cells®8,
such a bifunctional molecule would form an active catalyst in the cell
to promote the oxidative degradation of lysosomal membrane lipids
and ultimately trigger ferroptosis.

In a cell-free system, Fento-1 enhanced the iron-induced oxidation
ofaliposome-forming unsaturated phospholipid under experimental
conditions comparable to that found in lysosomes. That is, acidic pH,
the presence of hydrogen peroxide and a water-soluble iron(ll) salt
(Fig. 2b and Supplementary Table 1). Notably, iron promoted oxida-
tion of the phospholipid bilayer in the presence of hydrogen peroxide
withoutenzymes, which therefore supportstheideathatsuch aprocess
occurs in the cell. The intrinsic fluorescence of Fento-1 revealed its
localization at the plasma membrane when experiments were con-
ducted atalow temperature to reduce endocytic flux (Extended Data
Fig. 5a), thereby recapitulating the photophysical properties of the
parental natural product. By contrast, ata physiological temperature,
which enables endocytosis to take place, Fento-1and marmycin were
detectedinthe endolysosomal compartment (Fig. 2c). Chemical label-
ling of a clickable alkyne-containing Chen-White ligand (cCW) revealed
weak pan-cellular staining (Fig. 2c and Extended Data Fig. 4f), which
suggested that the untethered ligand does not specifically accumu-
late in the endolysosomal compartment. Moreover, Fento-1did not
predominantly target other organelles (Extended Data Fig. 5b). This
smallmoleculeinduced the oxidation of membrane phospholipids and
reduced cell viability in several human and mouse cancer cell lines and
primary cells, whereas the effects of cCW and marmycin were marginal
(Extended DataFig. 5c-e). Mass-spectrometry (MS)-based lipidomics
revealed that Fento-1induced the oxidation of phospholipidsin several
cell lines to a greater extent than well-established ferroptosis induc-
ers under these conditions (Extended Data Fig. 5f,g, Supplementary
Information and Supplementary Tables 2 and 3). Analyses of lysosomes
isolated from HT-1080 cells treated with Fento-1for1h confirmed the
oxidation of associated phospholipids at this early time point (Extended
DataFig.5h, Supplementary Information and Supplementary Table 4).
Consistent with the oxidation of membrane phospholipids, sublethal
doses of Fento-1increased levels of ferroptosis suppressors in HT-1080
cells, including GPX4, ferroptosis suppressor protein 1(FSP1) and the
cystine-glutamate antiporter (composed of SLC7A11 and SLC3A2)
(Fig. 2d and Extended Data Fig. 5i). Quantitative proteomics revealed
that cells treated with sublethal doses of Fento-1 for 48 h promoted
the upregulation of ferroptosis'*® and lysosome-associated proteins,
including ferroptosis suppressors and lysosome-associated membrane
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proteins (LAMPs), respectively, a result that provides support for the
role of lysosomes in ferroptosisinduction (Fig.2d,e and Supplementary
Tables 5and 6). Cells were also characterized by the downregulation of
ironhomeostasis-associated proteins, including the iron-uptake pro-
tein CD44 and the iron-storage protein ferritin. These cells also exhib-
itedincreased levels of transferrin receptor 1(TFR1) and iron-responsive
element-binding protein 2 (IRP2), which are characteristic of cellular
irondepletion®. Sublethal doses of Fento-1 promoted the downregula-
tion of mesenchymal markers, which have been linked to the acquisi-
tion of cancer cell states refractory to standard-of-care treatments’,
Last, these cells exhibited upregulation of other transcription fac-
torsinvolvedinthe regulation of cell states, such as SOX4 and SOX13,
as well as epithelial markers. These data indicate that the effects of
Fento-1treatment on HT-1080 cells, which are of mesenchymal ori-
gin, are due to the acquisition of a distinct cell state that resembles
that of epithelial cells typically sensitive to standard antiproliferative
treatments. This result also suggests that cancer cells can adapt to
Fento-1 exposure and develop a ferroptosis-tolerant cell state. That
is, cells treated with a low dose of Fento-1 exhibit sustained viability
and adistinct phenotype due to cellular adaptation rather than clonal
selection’®. Western blot analyses further corroborated the proteomic
data (Extended Data Fig. 5j). Furthermore, increased levels of GPX4
were detected inlysosome-enriched fractionsisolated from HT-1080
cells treated with Fento-1 (Fig. 2f).

Oxidation of membrane phospholipids induced by Fento-1 was
reduced by the lipophilic RTA a-tocopherol, the iron chelator defer-
iprone and Lip-1 (Fig. 2g, Extended Data Fig. 5k, Supplementary
Information and Supplementary Table 7). Furthermore, treatment
with Fento-linduced the production of 4-hydroxynonenal (4-HNE)
(Extended Data Fig. 51), aresult indicative of peroxidation and the
breakdown of phospholipids that contain polyunsaturated fatty
acids®. Notably, 4-HNE can cause cellular damage, and its produc-
tion is a hallmark of ferroptosis*’. Treatment with Fento-1also led to
increased levels of lysophospholipids and glycerol, further indicating
the degradation of oxidized phospholipids (Fig. 2h, Extended Data
Fig. 5m, Supplementary Information and Supplementary Table 8).
Thisresult, together with the upregulation of lipid metabolism after
treatment with Fento-1 (Fig. 2e), suggests that oxidized membrane
lipids trigger a membrane-damage response*. Cell death induced
by Fento-1 was antagonized by well-established ferroptosis inhibi-
tors, which included iron chelators and RTAs, but not by apoptosis
or necroptosis inhibitors (Fig. 2i and Extended Data Fig. 6a-f). Nota-
bly, Fento-1 exhibited a residual toxicity that ferroptosis inhibitors
could not fully overcome, which reflects the potency of Fento-1.
a-Tocopherol did not prevent lysosome targeting with Fento-1, which
indicated that this ferroptosis inhibitor exerts its protective activ-
ity by acting as a RTA in membrane lipids and not by competing for
interaction at the plasmamembrane (Extended DataFig. 6g). Fento-1
was synthetically lethal after cotreatment with GPX4 inhibitors, and
cell viability was rescued by Lip-1 (Extended Data Fig. 6h), a result
that further confirmed the pro-ferroptotic activity of Fento-1. Finally,
knocking down ferroptosis suppressors sensitized cells to Fento-1,
whereas knocking down Cd44 conferred a protective effect (Extended
Data Fig. 6i). Consistently, knocking down Cd44 partially protected
cells against oxidation of membrane lipids, whereas genetic suppres-
sion of the canonical iron endocytosis pathway involving TFR1 was
less effective (Extended DataFig. 6j). This result confirms the role of
CD44 as the main effector of iron uptake in the mesenchymal state
of cancer cells®.

We next explored the activity of structural variants of Fento-1
(Extended DataFig.7a). Fento-2, which contains alonger linker between
marmycin and the Chen-White ligand, exhibited a lower potency
against PDAC and sarcoma cells than Fento-1. This result supports the
notion that Fento-1exertsits activity by promoting proximity between
areactiveiron catalystand membrane lipids (Extended DataFig. 7b,c).
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Fig.2|Induction of ferroptosis by alysosome-selectiveiron-dependent
phospholipid degrader. a, Chemical synthesis of Fento-1and redox-active
iron catalyst formation. b, Top, illustration of aliposome loaded with iron(lI)
and H,0,. Bottom, lipidomics of oxidized DOPC-forming liposomes with
iron(ll) and Fento-1. n =3 independent experiments. c-i, Data are for HT-1080
cells. ¢, Fluorescence imaging of Fento-1, marmycin and labelled cCW (1 uM) in
cellstreatedat37 °Cfor1h.Scalebar,10 um.n =3 independent experiments.
Dataarethemean ts.d.d, Quantitative proteomics of cells treated with
Fento-1(48 h). The dashed vertical lineindicates adjusted P=0.05.n=5
independent experiments. FC, fold change; TFs, transcription factors. e, KEGG
enrichment analysis of upregulated proteinsin cells treated with Fento-1

(48 h).n=5independent experiments. f, Westernblot of proteins from total
andlysosome-enriched extracts from cells treated with Fento-1(48 h).
Representative of n=3independent experiments. y-Tubulinis asample-
processing control. g, Lipidomics of oxidized phospholipidsin cells treated
with Fento-1(24 h) and inhibitors (added 2 h before Fento-1). n = 5independent
experiments. Full heat map isin Supplementary Information. h, Lipidomics of
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lysophospholipidsin cells treated with Fento-1(24 h). n=5independent
experiments. i, Lactate dehydrogenase (LDH) release from cells treated

with Fento-1(10 uM for 6 h) and withinhibitors added 2 hbefore.n=4
independent experiments. Two-sided Mann-Whitney test compared to
vehicle. The box plots show the interquartile range, with the centre lines
indicating the medians and the whiskers the minimum and maximum values.
Def, deferiprone; DFX, deferasirox; Fer-1, ferrostatin-1; Toc, a-tocopherol.
The following concentrations were used unless stated otherwise: Fento-1
(1pM), Toc (100 uM), Def (100 uM) and Lip-1 (1 pM). Phosphatidylcholine (PC)
lipids are displayed in the main figure. Subscript Oxn denotes the addition
of noxygens. Phosphatidylethanolamine (PE), phosphatidylinositol (PI)

and phosphatidylserine (PS) are shownin the Supplementary Information.
Lysophosphatidylcholine (LPC) lipids are displayed in the main figure. LPE,
LPland LPS areshownin the Supplementary Information. Ford ande, linear
model, two-sided t-test on fold change. Padjusted with Benjamini-Hochberg
false-discovery rate. lllustration in bwas created using BioRender (https://
biorender.com).
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Fig.3|Activation of lysosomaliron targets CD44"=" cancer cellsand
reduces tumour growth. a, ICP-MS of human healthy and cancer tissues.
PDAC, n=6 pieces pertissue; UPS and liposarcoma, n =10 pieces per tissue.

b, ICP-MS of dissociated human tumour cancer cells (CD45 CD31 FAP"). PDAC,
n=5;UPS, n=6;liposarcoma, n=7replicates per tumour.c, HMRhoNox-M flow
cytometry of dissociated human PDAC cancer cells (CD45 CD31 FAP).n=8
patients.d, Lipidomics of oxidized phospholipids of dissociated human
tumour cells treated with Fento-1 (1 uM, 24 h) and Toc (2 h before). e, CD44

flow cytometry of dissociated human PDAC cancer cells (CD45 CD31 FAP")
treated with Fento-1(1 uM, 24 h) and inhibitors (2 hbefore). n =13 patients.
One-way ANOVA.f, Colony-formation assay of DTP SUM159 cancer cells after
doxorubicintreatment (150 nM, 72 h), then Fento-1 (5 pM) or DMSO (0.2%)
treatment for 72 h. Dataare the mean +s.d. g, ICP-MS of sorted 4T1 tumour cells
(CD45 CD31 MCHII*). n=7replicates. h, Tumour volume in4T1 tumour-bearing

We also replaced marmycinwith cholesterol, anapolar natural product
that canintercalate between phospholipids at the plasmamembrane*
and hasarolein the mesenchymal state of cancer cells*, potentially at
the plasma membrane. This modification led to the non-fluorescent
analogue Fento-3, which exhibited a potency comparable to that of
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mice.n=5miceper condition. Two-way ANOVA. P values (day 10) compared
tovehicle. Dataare the mean +s.e.m.CW, Chen-White ligand. i, Maximum
tumour diameter as the survival end point of tumour-bearing mice. Mantel-Cox
log-rank test. j, Lipidomics of oxidized phospholipids in mouse 4T1tumours
(treatment for 15 days). n =4 mice per condition. k, CD44 flow cytometry of
dissociated tumour cancer cells (CD45 CD31"MCHII') from 4T1tumour-bearing
mice treated with Fento-1(0.003 mg per animal every other day). Vehicle, n=10
mice, Fento-1, n=4 mice. The following concentrations were used unless

stated otherwise: Toc (100 uM), Def (100 uM), Lip-1 (1 pM) and cLip-1(1 pM).
Fora-c,f,gandk, Pvaluesare fromtwo-sided Mann-Whitney tests. Forcande,
each coloured dot represents atumour of adistinct patient per given panel.
Fullheat maps ford andjare provided in the Supplementary Information.

Box plotsshow the interquartile range, with centre lines indicating the medians
and whiskers the minimum and maximum values.

Fento-1. Together, these analoguesillustrate the versatile nature of this
strategy (Extended Data Fig. 7a-c). As a control, replacing the apolar
scaffold withamore polar moiety, such as morpholine, produced Fento-
4, which was biologically inactive (Extended Data Fig. 7a—c). Finally,
replacing the Chen-White ligand with the structurally more hindered
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Fig.4|Ironinferroptosis and cell-state transitioning. a, Ironisinternalized
by endocytosis. Lysosomal iron catalyses the production of oxygen-centred
radicals from hydroperoxides underacidic conditions. These radicals can
abstractahydrogen fromreactive phospholipids to produce carbon-centred
radicals, which leads to oxidation products and ferroptosis. Inactivation of

Nordlander-Costas** iron-activating ligand produced Fento-5,
whichexhibited similar cytotoxicand membrane-lipid-oxidation prop-
erties to those of Fento-1, albeit with a delayed cell-death response.
This result reflects the distinct reactivity of the iron catalyst towards
organic substrates* (Extended Data Fig. 7a—c). Together, these data
indicate that pharmacological activation of lysosomal iron can trig-
ger ferroptosis.

Iron activation reduces tumour growth

Next, weinvestigated the effect of lysosomalironactivationin disease-
relevant models. To this end, we quantified the iron content of primary
tumour tissues of distinct cancer types, including human PDAC, various
human sarcoma subtypes and a mouse model of spontaneous breast
cancer metastasis. These cancer tissues were chosen for their refractory
nature tostandard-of-care treatments and their capacity to formmetas-
tases, which contribute to poor clinical outcomes. Furthermore, these
indications have been shown to be vulnerable to ferroptosis®?*3°4,
Total iron content was higher in cancer tissues of PDAC, undiffer-
entiated pleomorphic sarcoma (UPS), angiosarcoma, liposarcoma
and an epithelioid sarcoma compared with adjacent non-cancerous
tissues, as measured by inductively coupled plasma mass spectrometry
(ICP-MS) (Fig. 3a and Extended Data Fig. 8a). Moreover, the cellular
ironload was higher in subpopulations of cancer cells with high CD44
expression (Fig. 3b and Extended Data Fig. 8b). Cells from freshly dis-
sociated human primary PDAC and sarcoma tissues showed higher
levels of redox-active lysosomaliron(ll) in the CD44"&"subpopulations
of cancer cells than their CD44'°" counterparts (Fig. 3c and Extended
DataFig. 8c). This result is consistent with previous findings showing
that CD44 mediatesiron endocytosis in cancer cells that have acquired
a DTP phenotype®. In cells obtained from freshly dissociated human
primary tumours, Fento-linduced oxidationand lipolysis of membrane
phospholipids, an effect that was antagonized by ferroptosis inhibitors
(Fig. 3d Extended Data Fig. 8d-g, Supplementary Information and

lysosomaliron protects cells againstiron-redox chemistry. Activation of
lysosomalirontriggers the oxidation of membrane lipids and ferroptosis. Hyal,
hyaluronateb, Cell-state transitions induced by standard-of-care and
pro-ferroptotic drugs. Illustrationsinaand b were created using BioRender
(https://biorender.com).

Supplementary Tables 9 and 10). Fento-1 also reduced the number
of CD44"&" cells in dissociated human PDAC and UPS, and this effect
was antagonized by ferroptosis inhibitors (Fig. 3e and Extended Data
Fig. 8h,i).

In primary PDAC cells and human PDAC-derived organoids, Fento-1
decreased cell viability more potently than standard-of-care drugs
(Extended Data Fig. 9a,b) and synergized with these drugs in several
primary cancer cells of human PDAC (Extended Data Fig. 9¢,d).Ina
colony-formation assay, Fento-1 eradicated DTP of triple-negative
breast cancer SUM159 cells overexpressing CD44 that survived treat-
ment with doxorubicin (Fig. 3f). In line with this, Fento-1 was more
potentagainst HT-1080 cells that were treated with low doses of doxo-
rubicinfor a prolonged period of time (Extended Data Fig. 9¢e). Under
these conditions, HT-1080 cells adopted a distinct morphology and
were characterized by increased levels of CD44 and ferritin together
with upregulated mesenchymal markers (Extended Data Fig. 9f-h).
These data suggest that cells exposed to doxorubicin increase CD44
to promoteiron uptake and adopt amore mesenchymal phenotype to
escape the doxorubicin-sensitive state. This adaptation leads to higher
vulnerability to ferroptosis and sensitivity to Fento-1. Conversely,
HT-1080 cells exposed to low doses of Fento-1exhibited reduced CD44
and ferritin levels together with downregulated mesenchymal mark-
ers,whichindicated that these cells adapt to lysosomaliron targeting
(Fig. 2d and Extended Data Fig. 9g, i).

Regional lymph-node cancer lesions are predictors of distant metas-
tases and mortality, and metastasizing cells are protected against fer-
roptosis in the lymph*. Measurements in mice showed that total iron
levels in lymph fluid were lower than in blood and serum (Extended
Data Fig. 10a). Thus, we evaluated the effect of Fento-1 on the viabil-
ity of cancer cells directly in the lymphatics. To this end, we used the
4Tlimmunocompetent mouse model of spontaneous triple-negative
breast cancer metastases in Balb/c mice. Quantification of ironin cells
isolated from intranodal 4T1 tumours showed a higher iron load in
CD44"e" cancer cells than in CD44"°" subpopulations (Fig. 3g). These
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CD44"e" cells also exhibited a higher iron(ll) redox activity in lysosomes
(Extended DataFig.10b). When mice withintranodal 4T1tumours were
treated with Fento-1 (intralymphatic administration every other day),
the mice showed reduced tumour growth, increased tumour-size-based
survival end points and no adverse effects onbody weight (Fig. 3h,iand
Extended Data Fig.10c-e). Further analyses of residual tumours indi-
cated that Fento-linduced oxidation of membrane lipids and the pro-
duction of lysophospholipids, which affected preferentially CD44"e"
over CD44'°" cancer-cell subpopulations (Fig. 3j,k, Extended Data
Fig. 10f, Supplementary Information and Supplementary Tables 11
and 12). Together, these data show that Fento-1induces ferroptosis
in vivo by exploiting the higher abundance of lysosomal iron(ll) in
CD44"¢" cancer-cell subpopulations.

Discussion

Ferroptosis is a form of cell death resulting from the uncontrolled
oxidation of membrane lipids. Where and how it is initiated in the
cell remained unclear. Iron can react with hydroperoxides to initi-
ateor propagate aradical chain reactionindependently of enzymes.
The lysosomal compartment is a crucial regulator of cellular iron
homeostasis®***8, and its acidic nature, together with the presence
of reactive iron and hydrogen peroxide, provide an ideal chemical
environment to catalyse the oxidation of membrane phospholip-
ids (Fig. 4a). Specific cancer-cell subpopulations upregulate the
iron-uptake protein CD44 to promote oxidative demethylation of
repressive chromatin marks and to unlock the expression of genes
that regulate cell-state transitions involved in cancer progression®.
Thus, although higher iron levels enable these cells to acquire aDTP
profile, this characteristic also inexorably confers vulnerability to
ferroptosis®’ (Fig. 4b). The fact that CD44 also marks development,
self-renewal, wound healing and immune-cell activation suggests that
lysosomalironalso contributes to theinduction of ferroptosisinthese
biological settings. Enhancing the redox activity of lysosomal iron
through geneticinterventions to eradicate cancer cellsis challenging.
Here we developed a phospholipid degrader that takes advantage of
the higherironload of specific cancer-cell subpopulations toinduce
ferroptosis by activating lysosomal iron(ll) (Fig. 4a). Sublethal doses
of this degrader triggered the acquisition of a ferroptosis-resistant cell
state, which partially recapitulated features of epithelial cells (Fig. 4b).
This result highlights the value of combining cell-state-specific drugs
totreat cancer. The anticancer drug doxorubicin caninduce damage
to genomic DNA in proliferating cells, which, if unrepaired, triggers
apoptosis*. Conversely, the ferroptosis-resistant cell state, which s
characterized by the upregulation of ferroptosis suppressors, epox-
ide hydrolases, phospholipases and by increased lipid metabolism
(Fig. 2d), can arise as a result of cells being able to efficiently repair
damaged membranes.

This study shows that fine-tuning the redox activity of lysosomaliron
provides control over membrane lipid oxidation, thereby supporting
theideathatlysosomalironisatrigger of ferroptosis. This knowledge
cannow inform the design of ferroptosis modulators. Fento-1exhibits
adistinct chemotype to investigate ferroptosis and provides a concep-
tual framework to target DTP cancer cells®,
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Methods

Ethics

Freshtumour samples were obtained by surgery from patients at Paul
Brousse and Institut Curie care centres. All patients provided written
informed consent for use of tumour samples. The study was approved
by institutional regulatory boards (no.587 and DATA190160). All cLip-1
in vivo experiments were performed in compliance with the German
Animal Welfare Law and were approved by the Institutional Committee
on Animal Experimentation and the Government of Upper Bavaria (no.
ROB-55.2-2532.Vet_02-18-13). All intranodal injection mouse experi-
ments complied with all relevant ethical regulations and were per-
formed according to protocols approved by the Institutional Animal
Careand Use Committee at Harvard T. H. Chan School of Public Health
(protocol1IS00003460). For mouse lymph and blood collection, animal
experiments were performed in accordance with the European Com-
munity guidelines for the care and use of animals. Animal experiments
were performed in agreement with the French guidelines for animal
handling and approved by local ethics committees (agreement no.
16487-2018082108541206 v3).

Chemical synthesis

Starting materials were purchased at the highest commercial qual-
ity and used without further purification unless otherwise stated.
Anhydrous solvents were obtained by passing the degassed solvents
through molecular sieves and activated alumina columns. Reactions
were monitored by thin layer chromatography (TLC) using aluminium
plates coated with silica gel or neutral aluminium oxide from Merck
(60 F,s,). TLC plates were visualized by UV or by treatment with a
ninhydrin, cericammonium molybdate or potassium permanga-
nate solution and heating. Reaction products were purified by flash
column chromatography onsilica gel 60 (230-400 mesh, Macherey
Nagel) or aluminium oxide (activated neutral, Sigma-Aldrich) using a
CombiFlash NextGen Systemand a preparative HPLC Quaternary Gra-
dient2545equipped with aphotodiode array detector 2998 (Waters)
fitted with areverse-phase column (XBridge BEH C18 OBD prep col-
umn 5 pm, 30 x 150 mm). NMR spectroscopy was performed using
Bruker 400 or 500 MHz instruments. Spectrawere runin methanol-d,,
dimethylsulfoxide-d,, methylene chloride-d, or chloroform-d at298 K
or 310 K asindicated. 'H chemical shifts § are expressed in ppm using
theresidual non-deuterated solvent as aninternal standard, and the
coupling constants/are specified in Hz. The following abbreviations
are used: bs, broad singlet; s, singlet; d, doublet; dd, doublet of dou-
blets; ddd, doublet of doublet of doublets; dt, doublet of triplets;
dq, doublet of quadruplets; q, quadruplet; t, triplet; td, triplet of
doublets, quint., quintet; and m, multiplet. *C chemical shifts § are
expressed in ppm using the residual non-deuterated solvent as an
internal standard. The purity of the final compounds was determined
tobe >98% by UPLC-MS. Low-resolution mass spectra were recorded
using a Waters Acquity H-class equipped with a photodiode array
detector and a SQ Detector 2 (UPLC-MS) fitted with a reverse-phase
column (Acquity UPLC BEH C181.7 pm, 2.1 x 50 mm). High-resolution
MS spectra were recorded on a Thermo Scientific Q-Exactive Plus
equipped with aRobotic TriVersa NanoMate Advion. Procedures for
the synthesis of small molecules are detailed in the Supplementary
Information.

NMR titration experiments

'H NMR spectra were recorded on a Bruker 500 MHz spectrom-
eter at 310 K using Bruker Topspin (v.4.1.4) software and analysed
using MestRenova (v.5.0.1-35756) or Bruker Topspin (v.4.1.4) soft-
ware, and chemical shifts ¢ are expressed in ppm using the residual
non-deuterated solvent signals as an internal standard. All the solu-
tions were prepared in methanol-d,. For recordings of '"H NMR spec-
tra of Lip-1titrated with FeCl, before the addition of TFA or sodium

deuteroxide, 0.1-1 eq. of a solution of FeCl, (Alfa Aesar, 12357, 2 pl,
145 mM) was added to a solution of Lip-1 (Sigma-Aldrich, SML1414,
1mgin 600 pl). Then, a solution of TFA (Sigma-Aldrich, T6508, lot
STBG1988YV, 20 1, 3 eq. 438 mM) or a solution of sodium deuteroxide
(Eurisotop, DO76Y, lot R2621,1 pl) was added. For recordings of 'HNMR
spectra of Lip-1and naphthalene titrated with FeCl,, 0-1 eq. of asolu-
tion of FeCl, (3 pl, 97 mM) was added over a solution of Lip-1 (1 mgin
500 pl) and naphthalene (Sigma-Aldrich, 147141,1eq.,100 pl,28.9 mM).
After each addition, the solution was stirred for few seconds and NMR
spectra were recorded.

Cyclic voltammetry

Cyclic voltammetry?® experiments were performed with a three-
electrode cell. A saturated calomel electrode was used as reference,
asteady glassy carbon electrode of diameter 3 mm was selected as
the working electrode and a platinum wire as the counter-electrode.
Allcyclic voltammograms were recorded at room temperature with a
p-autolab Il from Metrohm using Nova software (v.2.1) withascanrate
of 0.1V s, HPLC-grade acetonitrile and methanol were used for record-
ings. For all experiments, nBu,NBF, in acetonitrile (0.1 M, 32.9 mg m|™
stock solution) was used. A10 ml of astock solution of 1 mM FeCl, was
prepared with 500 pl of 20 mM FeCl, solution in milliQ water and 9.5 ml
acetonitrile. Then, 5 pul (0.2 eq.) of a40 mM stock solution of DFO, Lip-1,
metcLip-1(in-house) or alcLip-1 (in-house, solubilized in acetonitrile
or methanol) wasadded to 1 ml of 1 mM FeCl; solution until 1.0 eq. was
reached. After each addition, the solution was stirred for few seconds
and voltammograms were recorded.

Molecular modelling

All structures were optimized using the Gaussian 16 (ref. 50) set of
programs at the BHLYP/SVP level for all atoms (sextet spin state for
iron(lll) complexes) (Gaussian 16, revision C.01). Thermal correction
to the Gibbs free energy was computed at 310.15 K. Single points at
the UMP2/SVP level were performed using the SMD solvation model
(methanol). The results presented are AG,,, in kcal mol™.

Fluorimetry of the iron(ll) probe RPE

A solution of RPE (in-house, 10 mM) in DMSO was diluted with a solu-
tion of acetonitrile-acetate buffer (10 mM, pH 5, 2:1, v/v) toreach a
concentration of 10 pM.Ina96-well plate, three solutions of RPE (100 pl,
10 mM)and 10,20 or 50 eq. of Lip-1(in-house1,2 or 5 pl of 10 mM stock
solution in methanol, respectively) were prepared and the solutions
were mixed several times. Then, 10 eq. FeCl, (1.0 pl of stock solutionin
acetonitrile-acetate buffer (10 mM, pH 5, 2:1, v/v)) was added to each
solution and mixed again. Spectra were recorded with a fluorimeter
(Tecan spark 10 M) (A, =510 nm, A,,,, = 540-700 nm) using SoftMax
Pro 7.1GxP software. UPLC-grade acetonitrile and methanol as well as
milliQ water were used.

Fluorescence-enabled inhibited autoxidation (FENIX) assay

A conical centrifuge tube (15 ml) was charged with unilamellar
liposomes of egg phosphatidylcholine (0.4 ml of a20 mM suspen-
sionin PBS, 100 nm average diameter), 134 ml of a12 mM solution of
(E)-1,2-bis((2-methyldecan-2-yl)oxy)diazene (Cayman, 32742) in ethanol
and PBS (7.46 ml of 12 mM at pH 7.4) and vortexed. STY-Bodipy (3.8 pl
of al.74 mM solution in DMSO) was then added and the suspension
vortexed once. The liposome-initiator-dye mixture was transferred
toareservoir,and usinga300 pl multichannel pipette, a 96-well plate
(black, Nunc) was charged with the mixture (295 pl per well). Test com-
pounds (5 pl of a0.24 mM solutionin acetonitrile) wereadded to bring
the final volume to 300 pl. The contents of the wells were manually
mixed using a multichannel pipette and then mixed in a microplate
reader for 1 min at 37 °C, after which the oxidation of STY-Bodipy was
monitored by fluorescence (A.,/A.., = 488/518 nm) overnight. Data were
collected using Agilent BioTek GenS5 software (v.3.08.01).



Antibodies

Antibodies are annotated as follows: WB, western blot; FCy, flow
cytometry; Fl, fluorescence imaging; Hu, used for human samples;
Ms, used for mouse samples. Dilutions are indicated. Any antibody
validation by the manufacturer is indicated and can be found on the
manufacturers’ websites. Our antibody validation knockdown (KD)
and/or knockout (KO) strategies for relevant antibodies are indicated.
The following primary antibodies were used: AIFM2/FSP1 (Merck,
MABCI1638, clone 6D8-11, lot Q3745998, WB, 1:500, Hu, KD validated
in-house); catalase (Cell Signaling, 12980T, clone D4P7B, lot 3, FI,
1:200, Hu); CD3-BV510 (BioLegend, 317332, clone OKT3, lot B263750,
FCy, 1:100, Hu); CD31-PE-Cy7 (BioLegend, 303118, clone WM59, lot
B276836, FCy, 1:100, Hu); CD31-BV605 (BioLegend, 303122, clone
WMS59, lot 331683, FCy, 1:100, Hu); CD31-BV605 (BioLegend, 102427,
clone 390, lot B375532, FCy, 1:100, Ms); CD44 (Abcam, ab189524, clone
EPR18668, 1ot 1014086-32, WB, 1:30,000, Hu, KO and KD validated
in-house); CD44-AF647 (Novus Biologicals, NB500-481AF488, clone
MEM-263, lot P158343, FCy, 1:100, Hu); CD44-AF647 (Novus Biologi-
cals, NB500-481AF647, clone MEM-263, lot D145771, FCy, 1:100, Hu);
CD44-AF647 (BioLegend, 103018, clone IM7, lot B317762, FCy, 1:100,
Ms); CD45-BV785 (BioLegend, 304048, clone HI30, lot B339809, FCy,
1:100, Hu); CD45-BV510 (BioLegend, 368526, clone 2D1, lot B373428,
FCy, 1:100, Hu); CD45-BV510 (BioLegend, 103138, clone 30-F11, lot
B386738, FCy,1:100, Ms); CD163-PerCP/Cyanine5.5 (BioLegend, 326512,
cloneRM3/1, lot B291202, FCy, 1:100, Hu); COXIV (Abcam, ab16056, lot
GR3206555-1,WB,1:1,000, Hu); cytochrome c (Cell Signaling, 12963S,
clone 6H2.B4, lot 2, F1,1:200, Hu); EEA1 (Abcam, ab70521, clone 1Gl1,
lot GR315680-1, FI, 1:200, Hu, validated by immunocytochemistry/
immunofluorescence by manufacturer); FAP-AF700 (R&D Systems,
FAB3715N, clone 427819, lot AEVI020011, FCy, 1:100, Hu); FAP-AF750
(Bio-Techne, FAB3715S-100UG, clone 427819, lot 1718688, FCy, 1:100,
Hu); ferritin (Abcam, ab75973, clone EPR300AY, lot 10136442-29, WB,
1:1,000, Hu, validated by WB by manufacturer); fibronectin (Abcam,
ab45688, cloneF14,10t1016266-35, WB,1:1,000, Hu); FTH1 (Santa Cruz
Biotechnology, sc-376594, clone B-12, lot G2622, WB, 1:200, Hu); GPX4
(Abcam, ab125066, clone EPNCIR144, lot GR3369574-4, WB, 1:2,000,
Hu, KO validated by manufacturer, KD validated in-house); 4-HNE
(Abcam, ab48506, clone HNEJ-2, ot 1062274-2, F1,1:200, Hu); IRP2
(Novus Biologicals, NB100-1798, lot D-4, WB, 1:1,000, Hu); Lamin A/C
(Cell Signaling, 2032S, lot 6, WB, 1:1,000, Hu); LAMP1 (Cell Signaling,
90918, clone D2D11, lot 7, FI,1:200, Hu); LAMP1 (Santa Cruz Biotech-
nology, sc-20011, clone H4A3, F1,1:100, Ms); LAMP1 (Abcam, ab24170,
lot GR3235630-1, WB, 1:1,000, Hu); LAMP2 (Abcam, ab25631, clone
H4B4, lot 1011336-1, F1,1:200, Hu); LAMP2 (Thermo Fisher Scientific,
MAI1-205, clone H4B4, lot YG377512, WB, 1:1,000, Hu); LIMPII (Pro-
teintech, 27102-1-AP, WB, 1:1,000, Hu); NCOA4 (Abcam, ab86707, lot
GR3244520-13, WB, 1:10,000, Hu, KD validated in-house); NDUFS1
(Abcam, ab157221, clone EPR11522(B), lot YJ110907DS, WB, 1:1,000,
Hu); PDIA3 (Sigma-Aldrich, AMAB90988, clone CL2444, lot 02879, FI,
1:200,Hu; WB, 1:1,000, Hu); MHCII-APC/Cyanine7 (BioLegend, 107628,
clone M5/114.12.2, 1ot B370049, FCy, 1:100, Ms); RCASI1 (Cell Signaling,
122908, clone D2B6N, lot 1, F1, 1:200, Hu, WB, 1:1,000, Hu); SLC7A11/
xCT (Cell Signaling, 12691S, clone D2M7A, lot 5, WB, 1:1,000, Hu, KD
validated in-house); SOX4 (Santa Cruz Biotechnology, sc-518016, clone
B-7,10t G2023,WB, 1:200, Hu); TFR1(Life Technologies, 13-6800, clone
H68.4, lot V)313549, WB, 1:1,000, Hu, KO and KD validated in-house);
TFR1-APC-AF750 (Beckman Coulter, A89313, clone YDJ1.2.2, lot
200060, FCy, 1:100, Hu); TFR1-PE (BioLegend, 334106, clone CY1G4,
lot B364886, FCy, 1:100, Hu); y-tubulin (Sigma-Aldrich, T5326, clone
GTU-88, lot 0000140390, WB, 1:1,000, Hu, validated by manufac-
turer); and vimentin (Cell Signaling, 5741S, clone D21H3, lot 8, WB,
1:1,000, Hu). The following secondary antibodies were used: Alexa
Fluor 647 anti-mouse (Abcam, ab150115, tissue labelling, 1:500, Ms);
AlexaFluor 647 anti-mouse (Invitrogen, A21237, 10t 1485202, F1,1:1,000,

Hu); Alexa Fluor 647 anti-rabbit (Invitrogen, A21246, lot 2714437, Fl,
1:1,000, Hu); donkey anti-rabbit IgG-H+L HRP-conjugated (Bethyl
Laboratories, A120-108P, lot 13, WB, 1:10,000, Hu); goat anti-mouse
IgG-H+L HRP-conjugated (Bethyl Laboratories, A90-116P, lot 39, WB,
1:10,000, Hu); and goat anti-rat IgG-H+L HRP-conjugated (Invitrogen,
31470, WB, 1:10,000, Hu).

Cell culture

HT-1080 cells, MDA-MB-231 and 4T1 cells were obtained from the
ATCC. Dissociated human and mouse tumour cells and 4T1 cells were
cultured in RPMI1640 supplemented with GlutaMAX (Gibco, 61870010)
and 10% FBS (Eurobio Scientific, CVFSVF00-01). HT-1080 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)-GlutaMAX
(Gibco, 61965059) supplemented with 10% FBS (Gibco, 10270-106)
and penicillin-streptomycin (BioWhittaker/Lonza, DE17-602E).
MDA-MB-231 cells were cultured in DMEM-GlutaMAX supplemented
with pyruvate (Thermo Fisher Scientific, 31966021) and supplemented
with 10% FBS and penicillin-streptomycin (Gibco, 15140148). FC1242
and FC1245 mouse pancreatic cancer cells, 4a cells and human pan-
creatic hMIA-2D cells were a gift from the Tuveson laboratory (Cold
Spring Harbor Laboratory) and were cultured in DMEM-GlutaMAX
supplemented with 10% FBS and penicillin-streptomycin. Primary
human pancreatic PDAC024T, PDACO30T, PDACO53T, PDACO054T,
PDACO84T, PDACO90T and PDAC211T cells were grown in serum-free
ductal medium DMEM/F12 (Gibco, 10565018) supplemented with
0.61gin 500 ml nicotinamide (Sigma-Aldrich, 3376),2.50 g in 500 ml
glucose (Sigma-Aldrich, G6152),1:200 ITS+ (Corning, 354352), 1:20
Nu-serum IV (Corning, 355104),100 ng ml™ cholera toxin, 1 uM dexa-
methasone (Sigma-Aldrich, D4902), 50 nM 3,3’,5-triiodo-L-thyronine
(Sigma-Aldrich, T6397) and penicillin-streptomycin). Fresh bovine
pituitary extract (Gibco, 13028-014, 22.7 ng ml™") and 50 ng ml™
animal-free recombinant human EGF (Thermo Fisher Scientific,
AF-100-15-1IMG) were added to new medium when cells were split or
plated. SUM159 cells were cultured in Ham F12, GlutaMAX (Gibco,
31765035), NEAA (Gibco, 11140050), antibiotic-antimycotic (Thermo
Fisher Scientific,15240062), insulin (Humalog, Cip: 3400934142680),
hydrocortisone (Sigma-Aldrich, HO888-10G) and 5% FBS (Thermo Fisher
Scientific, A5256701). Primary lung circulating tumour cells (Celprogen,
36107-34CTC, lot 219411, sex: female) and primary colon circulating
tumour cells (Celprogen, 36112-39CTC, lot 20188, sex: female) were
grown using stem cell complete medium (Celprogen, M36102-29PS)
until the third passage. Circulating cancer cells were grown in stem
cell ECM T75-flasks (Celprogen, E77002-07-T75). Pfal cells were cul-
tured using DMEM high glucose and 10% FBS, 2 mM L-glutamine and
1% penicillin-streptomycin.

Dissociation of human and mouse tumour samples

Tumour samples were collected from patients after surgery. Tumour
samples were from patients with PDAC, UPS, liposarcoma, angiosar-
coma, epithelioid sarcoma or PDAC liver metastasis. Tumours were
dissociated using ahumantumour dissociation kit (Miltenyi, 130-095-
929) according to the manufacturer’s protocol. In brief, tumours were
cut into small pieces (1-5 mm), put into the enzyme mix in RPMI and
dissociated using gentleMACS Octo Dissociator with Heaters (Miltenyi)
with the appropriate gentleMACS program (37C_h_TDK). Per tumour
sample, 9.4 mIRPMImedium was used with the corresponding enzyme
concentration according to the manufacturer’s protocol. Mouse
tumour samples were dissociated using amouse tumour dissociation
kit (Miltenyi, 130-096-730) according to the manufacturer’s protocol.
Tumourswere cut into small pieces (1-5 mm), putinto the enzyme mix
inRPMIand dissociated using gentleMACS Octo Dissociator with Heat-
ers (Miltenyi) with the appropriate gentleMACS program (37C_m_TDK).
Subsequently, the dissociated tumour suspension was applied to a
MACS SmartStrainer (30 pm) (Miltenyi). Samples were diluted with 1x
PBS and centrifuged at 300g. The cell pellet was resuspended in RPMI
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(with 10% FBS and penicillin-streptomycin), and cells were counted
using an automated cell counter (Entek). The total population of dis-
sociated cellsis denoted as dissociated tumour cells, whereas the sub-
population corresponding to cancer cells from tumours by negative
selection (see the section ‘Flow cytometry’) is denoted as dissociated
tumour cancer cells.

Establishment of xenograft-derived primary cell cultures

These models were originally derived from patient-derived xenograft
(PDX) models. The PDX fragments designated for cell culture were pro-
cessed inabiosafety chamber. After mincing to small pieces, they were
treated with collagenase type V (Sigma-Aldrich, C9263) and trypsin-
EDTA (Gibco, 25200-056) and suspended in DMEM supplemented with
1% w/w penicillin-streptomycin and 10% FBS. After centrifugation,
cells were resuspended in serum-free ductal medium adapted from
previous protocols® at 37 °C in a 5% CO, incubator. Amplified cells
were stored inliquid nitrogen. Cells were weaned from antibiotics for
morethan 48 hbefore testing. This protocol was used to establish the
cells designated as PDAC024T, PDACO30T, PDACOS53T, PDAC054T,
PDACO84T, PDACO90T and PDAC211T.

Establishment of xenograft-derived pancreatic organoids
Xenograft-derived pancreatic organoid (XDPO) models were originally
derived from PDX models. Xenografts were split into several small
pieces and processed in a biosafety chamber. After mincing to small
pieces, they were treated using ahuman tumour dissociation kit (Milte-
nyi, 130-095-929). Undigested pellets were digested with accutase
(Thermo Fisher Scientific, A1110501) at 37 °C for 30 min. The pancreatic
tissue slurry was transferred to a100 pmtissue strainer and then placed
into a12-well plate coated with 150 pl GFR Matrigel (Corning, 354230).
The samples were cultured in pancreatic organoid feeding medium,
which consisted of advanced DMEM/F12 supplemented with 10 mM
HEPES (Thermo Fisher Scientific, 15630056), 1x GlutaMAX (Thermo
Fisher Scientific, 35050087), penicillin-streptomycin, 100 ng ml™
animal-free recombinant human FGF10 (Thermo Fisher Scientific,
500-P151G-50UG), 50 ng ml ™! animal-free recombinant human EGF
(Thermo Fisher Scientific, AF-100-15-1IMG), 100 ng ml™* recombinant
human noggin (Bio-Techne, 6057-NG), WNT3A-conditioned medium
(30% v/v), RSPO1-conditioned medium (10% v/v), 10 nM human gas-
trin 1(Sigma-Aldrich, SCP0152),10 mM nicotinamide (Sigma-Aldrich,
N0636),1.25 mM N-acetylcysteine (Sigma-Aldrich, A9165), 1x B27
(Thermo Fisher Scientific, 17504001), 500 nM A83-01 (Tocris, 2939/10)
and10.5 uM Y27632 (Tocris, 1254/1). The plates were incubated at 37 °C
ina 5% CO,incubator, and the medium was changed every 3-4 days.
This procedure was used to generate the XDPOs PDACO09T, PDACOO3T,
PDACI117T and PDAC372T.

Chemosensitivity profiling of XDPOs

For chemosensitivity profiling, XDPOs were plated into 96-well plates
andthensubjected toincrementally increasing concentrations of drugs.
Cellviability was measured 72 h after treatment using CellTiter-Glo 3D
(Promega, G9683). Doubling times of XDPO viability for vehicle-treated
conditions were calculated on days O and 3. Theratio of day 3 over day O
corresponded to thereplicationrate (RR) of the cellsat 72 h. Doubling
times were calculated using the formula 72 x 2/RR. Fluorescence and
luminescence values were quantified using a Tristar LB941 plate reader
(Berthold Technologies). Eachexperiment was performed at least three
times with at least three replicates.

Cell death and viability assays

Cell death assay with Annexin-V and propidium iodide. PDACO53T
cells were seeded in 6-well plates at a density of 2 x 10° cells per well.
RSL3 (Sigma-Aldrich, SML2234, 0.1, 0.5, 2 and 10 pM) was added
together with Lip-1(1 pM), cLip-1(1 pM), alcLip-1(10 pM) or metcLip-1
(10 uM) on the following day. After 24 h, the medium was recovered

and cellswere trypsinized. Cells were collected, pelleted along with the
recovered medium and washed with 1x PBS. Next, 100 pl of 1x Annexin-V
binding buffer containing Annexin-V and propidiumiodide was added
according to the manufacturer’s protocol (Annexin-V flow cytometry
kit, Thermo Fisher Scientific, V13242). 1x PBS buffer containing 10%
FBS and EDTA (0.1% v/v) was added for flow cytometry. Flow cytometry
was performed using an AttuneTM NXT flow cytometer and datawere
analysed using FlowJo.

Cell death assay with Annexin-V and Sytox blue. PDACO53T cells
were seeded in 6-well plates ata density of 2 x 10° cells per well. The fol-
lowing day, cells were transfected with siRNA as detailed in the section
‘RNAinterference’. Mediumwas replaced 6 h after transfection. Three
days after transfection, cells were treated with the indicated concen-
trations of Fento-1for 6 h. Cell death was analysed using Annexin-V
AF488 (Thermo Fisher Scientific, A13201) and Sytox blue (Thermo
Fisher Scientific, S34857). Flow cytometry was performed using an
AttuneTM NXT flow cytometer and data were analysed using FlowJo.

LDH assay. LDH release was measured using a Cytotoxicity detection
kit (Sigma-Aldrich, 11644793001) according to the manufacturer’s pro-
tocolina96-well plate. Cell viability was assessed using a CellTiterGlo
2.0 (Promega, G9241) or CellTiter blue (Promega, G8081) kit according
to the manufacturer’s protocol in a 96-well plate. In brief, 4,000 cells
(HT-1080, PDACOS3T or 4T1) were seeded per well in clear-bottom and
darkened 96-well plates (Greiner, 655090, lot E23063EG) 24 h before
the experiment. Cells were then pretreated for 2 h with Lip-1 (10 uM),
cLip-1 (10 uM), ferrostatin-1(SML0583, 10 M), DFO (Sigma-Aldrich,
D9533,100 pM), deferasirox (Cayman chemical, 16753,10 pM), defer-
iprone (Sigma-Aldrich, YO001976, 100 uM), a-tocopherol (100 pM),
vitamin K3 (Sigma-Aldrich, M5625-25G, 10 pM), Z-VAD-FMK (Enzo Life
Sciences, ALX-260-020-M005, 50 uM) or necrostatin-1(Sigma-Aldrich,
N9037,20 uM). Subsequently, Fento-1(10 pM, 6 h) was added. For dose—
response measurements, cells were treated with varying amounts of the
respective molecule for the timeindicated. Samples were processed as
detailed in the manufacturer’s protocols and datawere recorded ona
SpectraMax ID3 plate reader (Molecular Devices). For standard-of-care
cell-viability measurements, cells were plated at 2,000 cells per well
24 hbefore the experiment. Cells were incubated with serial dilutions
of Fento-1,irinotecan (Sigma-Aldrich, 11406), 5-fluorouracil (5-FU; Alfa
Aesar, A13456-06) or oxaliplatin (Bio-Techne, 2623) for 72 h.

MTT assay. Cells were plated in a96-well plate, incubated for 24 hand
then pretreated with Lip-1 (1 pM) for 10 min before treatment with
vehicle control or Fento-1for 24 h. After 24 h, the medium was carefully
removed and 50 pl serum-free medium and 50 pl MTT solution (Cay-
man Chemical, 21795) were added per well. The plate was incubated
at37 °Cfor 3 h. After incubation, the solution was removed and 100 pl
DMSO was added per well. The plate was covered and shaken on an
orbital shaker for 15 min before reading the absorbance on a plate
reader (OD =590). For RSL3 treatment, Pfal cells were seeded in 96-well
plates (2,000 cells per well) and cultured overnight. The following
day, cells were treated with RSL3 (500 nM) and the indicated small
molecules in serial dilution. For 4-OH-TAM treatment, Pfal cells were
seeded in 96-well plates (500 cells per well) with4-OH-TAM (1pM) and a
dilution series of the indicated compounds. After 24 h (forRSL3) or72 h
(for 4-OH TAM) incubation, cell viability was assessed using resazurin
as a cell-viability indicator. Fluorescence intensity was measured at
Aex/Aer = 540/590 nm using a SpectraMax iD5 microplate reader with
SoftMax Pro v.7 software (Molecular Devices) after 4 h of incubation
instandard cell culture medium containing 0.004% resazurin.

Alamar blue assay. The effect of sublethal doses of Fento-1 together
with RSL3 or ML210 on cell viability was assessed using the Alamar
blue assay. To determine cell viability, 3,000 HT-1080 or MDA-MB-231



cells were seeded in a 96-well plate with standard medium (10% FBS
and 1% penicillin-streptomycin) around 20 h before treatment. Cells
were pretreated with 0.5 uM Fento-1and/or 0.5 uM Lip-1for 1 h. After
48 h of RSL3 or ML210 (Sigma-Aldrich, SML0521-5MG) treatment, a
cell-viability assay was performed. Alamar blue solution was made by
dissolving 0.5 g resazurin sodium salt (Sigma-Aldrich, 263-718-5) in
100 ml sterile PBS and sterile filtrated through a 0.22 um filter. After
2 hofincubation, viability was assessed by measuring the fluorescence
using a 540 + 20 nmexcitation filterand a 590 + 20 nm emission filter
onaSpark microplate reader (Tecan).

IncuCyte measurements of the cytotoxicity of Fento-1. Kinetics
of cell death were collected using an IncuCyte bioimaging platform
(Essen). Cells were seeded in 96-well plates (3,000 cells per well) 1 day
before treatment. Cells were treated with Fento-1in combination with
Lip-1(0.5 pM) in FluoroBrite DMEM medium (Thermo Fisher Scientific
A1896701). Four images per well were captured every hour, analysed
and data were averaged. Cell death was measured on the basis of the
incorporation of DRAQ7 (0.1 uM, Cell Signaling, 7406S). Data were
collected as count of DRAQ7-positive cells per total number of cells
ineach condition.

Generation of HT-1080 DTP cancer cells

About 2 x 10° HT-1080 cells were plated in T75 flasks 24 h before add-
ing doxorubicin (Clinisciences, HY-15142, 25 nM). Flasks were washed
with 1x PBS buffer, and medium containing doxorubicin (25 nM) was
replaced every 3-4 days. After 30 days of treatment with doxorubicin,
4,000 cellswere plated in 96-well plates per well to assess cell viability
after treatment with Fento-1.

Clonogenic survival analysis

About 1x10°SUM159 cells were plated in 10 cm dishes in complete
growth medium. Seeded cells were treated with doxorubicin at the
half maximalinhibitory concentration (ICs,) concentration (150 nM).
After 72 h, cells were washed and treated with Fento-1 (5 uM, 72 h) or
0.2% DMSO without drug. After 72 h, cells were washed, and the treat-
ment was replaced with complete growth medium. After 10-15 days,
cells were washed, fixed and stained with acetic acid and methanol
(1:7) and 1% Coomassie blue 1 h at room temperature. The number of
colonies with>100 cells was counted using aSCAN1200 colony counter
(Interscience).

Drug synergy analysis

Cells were plated in 96-well plates (5,000 cells per well). After 12 h,
cells were treated with 5-FU (Selleckchem, S1209, 5 uM), gemcitabine
(Selleckchem, S1714,1 uM), oxaliplatin (Selleckchem, S1224, 20 pM),
paclitaxel (Selleckchem, S1150, 0.1 uM) or SN-38 (Selleckchem, S4908,
0.1 M) alone or in combination with Fento-1 (1.5 uM) for 72 h. Cell
viability was estimated after the addition of PrestoBlue (Life Tech-
nologies, A13261) for 2 h following the manufacturer’s instructions.
To determine the existence of asynergistic effect on cell proliferation
or cell viability between standard-of-care drugs and Fento-1, we used
the software SynergyFinder. For the analysis of this effect, the ZIP score
was used as amodel for calculating synergy*.

cLip-1treatmentinvivo

Mice were kept under standard conditions with water and food ad
libitum and in a controlled environment (22 + 2 °C, 55 £+ 5% humidity,
12 hlight-dark cycle). For animal studies, C57BL6/) mice were rand-
omized into separate cages. Mice aged 12-24 weeks and sex-matched
were used for all experiments. For the survival cohort study,
Rosa26-creERT2;Gpx4” mice were intraperitoneally treated with tamox-
ifen (Sigma-Aldrich, T2859, 2 mg per day dissolved in Myglyol 812) on
days 0 and1for deletion of Gpx4in the whole body exceptin the brain?.
Fromday 2, cLip-1(in-house, 10 mg per kg per day dissolved in 1x PBS

containing20% PEG400 and 5% Solutol HS15) or vehicle was intraperi-
toneally administered to the mice each day until the completion of the
survival study. For histochemistry analyses, Rosa26-creERT2; Gpx4™
mice treated with intraperitoneal tamoxifen injection (2 mg per day on
days 0 and 1) were used. Onday 7, cLip-1(in-house, 10and 100 mg kg™)
or vehicle was intraperitoneally injected into the mice. At 1 h after the
injection, mice were euthanized, and the kidney and liver samples were
processed as described in the section ‘Small-molecule labelling using
click chemistry’.

Isolation of blood, serum and lymphatic fluid from mice

Balb/c mice (25-week-old females) were purchased from Charles River
and housed at the CRCM animal core facility and randomized into sepa-
rate cages. Mice aged 12-24 weeks and sex-matched were used for all
experiments. Mice were housed under sterile conditions with sterilized
food and water provided ad libitum and maintained on a12 hlight-dark
cycle and 22 +2 °C, 55 + 5% humidity. Mice were not subjected to any
procedures before collection of lymph, blood and serum.

For lymph sample collection, 30 min before the beginning of the
experiment, buprenorphine (Buprecare), an analgesic, was admin-
istered by intraperitoneal injection (0.5 mg kg™). Mice were eutha-
nized by intraperitoneal injection of aketamine-xylazine combination
(ketamine 100 mg kg * (Imalgéne) and xylazine10 mg kg™ (Rompum);
20 plg™). After cutaneous and peritoneal incisions, the lymphin the
intestinal lymph trunk® was collected using a glass capillary. Lymph
samples were placedin cryotubes, frozenat -20 °C and stored at-80 °C.

For blood and serum sample collection, after lymph collection,
we performed a terminal cardiac puncture (23 G needle witha1-2 ml
syringe) by thoracotomy to collect alarge volume of blood without
anticoagulants. Next,100-200 pl of the blood sample was placed ina
vial, frozenat-20 °Cand stored at —80 °C. Therest of the blood sample
was left to stand at room temperature for 30 min, then centrifuged at
2,000g for 15 min. The supernatant (serum) was collected in a vial,
frozen at-20 °C and stored at —80 °C.

Quantitative proteomics

Sample preparation. HT-1080 cells were grown in 148 cm*round dishes
at 70% confluence and treated with Fento-1 (1 uM, 48 h). Whole-cell
extracts were collected and then centrifuged at 500g for 5 min at
4 °C, washed 3x with ice-cold 1x PBS and lysed using lysis buffer (8§ M
urea, 200 mM sodium bicarbonate and complete protease inhibitor
cocktail (Roche, 000000011697498001)). Lysis was achieved by incu-
bating on a rotating wheel at 25 r.p.m. for 45 min at 4 °C. Lysates were
centrifuged at 20,000g for 20 min at 4 °C, and the supernatant that
contained total protein was used for quantitative global proteomic
analysis. In brief, 30 pg total protein cell lysate was reduced by incu-
bating with 5 mM dithiothreitol at 57 °C for 30 min and then alkylated
withiodoacetamide (10 mM, 30 min) atroom temperaturein the dark.
Trypsin/LysC (Promega) was added at 1:100 (w/w) enzyme to substrate.
Digestion was performed overnight at 37 °C. Samples were thenloaded
onto custom-made C18 StageTips (AttractSPE Disk Bio C18-100.47.20,
Affinisep) for desalting. Peptides were eluted using a ratio of 40:60
acetonitrile and H,0O + 0.1% formic acid and vacuum concentrated to
drynesswith aSpeedVac. Peptides were reconstitutedin 0.3% TFA before
liquid chromatography-tandem mass spectrometry (LC-MS/MS).

LC-MS/MS analyses. LC was performed witha Vanquish Neo LC system
(Thermo Scientific) coupled to an Orbitrap Astral mass spectrometer,
interfaced by aNanospray Flexion source (Thermo Scientific). Peptides
wereinjected ontoa C18 column (75 pminner diameter x 50 cmdouble
nanoViper PepMap Neo, 2 pm, 100 A, Thermo Scientific) regulated at
50 °C and separated with a linear gradient from 100% buffer A (100%
H,0 and 0.1% formicacid) to 28% buffer B (100% acetonitrileand 0.1%
formicacid) at aflow rate of 300 nl min™ over 104 min. The instrument
was operated in data-independent acquisition (DIA) mode. MS full
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scans were recorded on the Orbitrap mass analyser in centroid mode
forranges 380-980 m/zwitharesolution of 240,000, anormalized au-
tomatic gain control (AGC) target set at 500% and a maximum injection
time of 5 ms. The DIAsin the Astral analyser were performedin centroid
mode for a mass range of 380-980 m/z with a window width of 2 Da
(without overlap), amaximuminjection time of 3 ms and anormalized
AGCtarget of 500% after fragmentation using higher-energy collisional
dissociation (25% normalized collision energy).

Data processing. Foridentification, the data were searched against the
Homo sapiens (UP000005640) UniProt database using Spectronaut
(v.18.7 or v.19; Biognosys) by directDIA + analysis using default search
settings. Enzyme specificity was set to trypsin, and amaximum of two
missed cleavages were allowed. Carbamidomethyl was set as a fixed
modification, and amino-terminal acetylation and oxidation of methio-
nine were set as variable modifications. The resulting files were further
processed using myProMS (v.3.10; https://github.com/bioinfo-pf-curie/
myproms)*. For protein quantification, XICs from proteotypic peptides
shared between compared conditions (TopN matching) with missed
cleavages and carbamidomethylation were allowed. Median and scale
normalization at the peptide level was applied on the total signal to
correct the XICs for each biologically independent replicate (n =5). To
evaluate the significance of the change in protein abundance, alinear
model (adjusted on peptides and biological replicates) was performed,
andatwo-sided t-test was applied on the fold change estimated by the
model. The Pvalues were then adjusted using the Benjamini-Hochberg
false-discovery rate procedure. The MS proteomics raw data have been
deposited to the ProteomeXchange Consortium through the PRIDE
partner repository®.

Intranodal mouse metastasis models and in vivo administration
of Fento-1

Mouse breast cancer cells (4T1) were transplanted into 6-8-week-old
female Balb/c mice (syngeneic with the 4T1model). Mice were housed
at the Harvard Medical School animal core facility and randomized
into separate cages. Mice were housed under sterile conditions with
sterilized food and water provided ad libitum and maintainedonal2 h
light-dark cycleand 22 + 2 °C, 55 + 5% humidity. To performinjections
intolymph nodes, the lymphatics were first traced by injecting 2% Evans
Blue dye (Sigma-Aldrich, E2129) into the foot pedal 5 min before per-
formingintranodalinjections. Afterinjecting Evans Blue dye, the mice
were anaesthetized using isoflurane and a small (5-10 mm) incision
was made in the region of the right popliteal lymph node. The lymph
node was located on the basis of Evans Blue staining, immobilized
with forceps, and 1-2 x 10* cells suspended in 1x PBS were injected in
avolume of 10 pl into the popliteal lymph node using a27 G Hamil-
ton syringe. Injection into the lymph node was confirmed by visible
swelling of the lymph node. The incision was closed using surgical
glue (3M VetBond Tissue Adhesive,1469SB) and the mice were closely
monitored for signs of pain or distress. Once tumours were palpable
inatleast 75% of the mice (approximately 1 week after injection), 10 pl
Fento-1(0.003 mg per animal) or vehicle was delivered intralymphati-
cally into the tumour-bearing lymph node every other day until the
experimental end point. Intranodal tumour diameters were measured
3 times per week with calipers until any tumour in the mouse cohort
reached 2.0 cminits largest diameter, which was the predetermined
experimental end point for these experiments. For all experiments,
this maximum permitted tumour diameter was not exceeded. At that
point, all mice inthe cohort were euthanized, per approved protocols,
for analyses of intranodal tumour diameter, tumour mass and other
parameters. At the experimental endpoint, dataon tumour formation
were collected in a manner blinded to sample identity or treatment.
For survival-curve determinations, tumour-sized-based survival rate
methods were applied, with 1.5 cm as the recommended predetermined
survival rate per ethically acceptable cut-off values for determining

therapeutic efficacy in mouse studies®®. Tumour sizes were measured
in two dimensions, length (x axis) and width (y axis), with the x axis
conventionally defined as the longest axis of the tumour. Tumour
sizes are represented as tumour diameter (cm) or tumour volume
(cm?), as extrapolated by 0.5 x length x width?, as indicated for each
in vivo experiment. Tumour samples were frozen in10% DMSO in FBS
(1°C min™until -80 °C) for subsequent cellular analyses. No formal
randomization techniques were used. However, animals were allocated
randomly to treatment groups and specimens were processed in an
arbitrary order. For all experiments, mice were kept onanormal chow
diet and fed ad libitum.

Fluorescenceimaging

Cellswere plated on coverslips and treated as indicated. Bodipy 665/676
(Thermo Fisher Scientific, B3932,10 pM, 45 min), LysoTracker Deep
Red (Thermo Fisher Scientific, L12492, 100 nM, 45 min), DND-189
LysoSensor (Thermo Fisher Scientific, L7535,100 nM, 1 h), Liperfluo
(Dojindo, L248,1 1M, 1h) and SQSS (in-house, 50 nM, 1 h) wereadded to
live cells before fixation. For colocalization studies, cells were treated
with Fento-1(1 pM,1h) or marmycin (in-house,1uM,1h) attheindicated
temperature 16 h after transduction. At 16 h after transduction the
BacMam-transduced cells were treated with RSL3 (1 uM) for 15 min
or for 3 h15 min and then treated with Bodipy 665/676 for 45 min to
give the final time points of 1h and 4 h. For colocalization of lipid per-
oxides with lysosomes, cells were treated with RSL3 (1 uM) and either
Bodipy 665/676 and DND-189 LysoSensor or Liperfluo and LysoTracker
Deep Red for1h. To assess the fluorescence intensity of Fento-1in the
presence of a-tocopherol, cells were pretreated with a-tocopherol
(Sigma-Aldrich, PHR1031,100 pM, 2 h) and then with Fento-1 (1 pM).
Cellswere thenwashed 3 times with 1x PBS, fixed with 2% paraformal-
dehyde in 1x PBS for 12 min and then washed 3 times with 1x PBS. For
antibody staining, cells were permeabilized with 0.1% Triton X-100 in
1x PBS for 5 min and washed 3 times with 1x PBS. Subsequently, cells
were blocked in 2% BSA (Euromedex, 04-100-812-E), 0.2% Tween-20
and 1x PBS (blocking buffer) for 20 min at room temperature. Cells
were incubated with the relevant antibody in blocking buffer for1hat
roomtemperature, washed 3 times with1x PBS and were incubated with
secondary antibodies for 1 h. Finally, coverslips were washed 3 times
with 1x PBS and mounted using Vectashield containing DAPI (Vector
Laboratories, H-1200-10). Bodipy 665/676 and Liperfluo-treated cells
were fixed using ice-cold reagents and placed at 4 °C immediately
after mounting on coverslips and imaged. Fluorescence images were
acquired using aDeltavisionreal-time microscope (Applied Precision), a
thunder microscope (Leica) or an Apotome Weiss microscope with Del-
tavisionimaging software, Thunder Leicaimage acquisition software or
Apotome Zeiss Imaging software, respectively. Ax40/1.4NA, x60/1.4NA
or x100/1.4NA objective was used for acquisitions, and allimages were
acquired as z stacks. Images were deconvoluted using SoftWorx (ratio
conservative, 15iterations, Applied Precision) and processed with Fiji
2.0.0-rc-69/1.52n. Images were taken in black and white and colouring
was applied with Fiji. Fluorescence intensity is displayed as arbitrary
units and is not comparable between different panels. Colocalization
quantification was calculated using Fiji 2.0.0-rc-69/1.52n. Nuclei were
detected using DAPI or Hoechst fluorescence as indicated.

Bright-field microscopy and digital photographs
Bright-fieldimages were acquired using a CKX41microscope (Olympus)
and cellSens Entry imaging software (Olympus).

Small-molecule labelling using click chemistry

In-cell click labelling. Cells on coverslips were treated as indicated
with ¢cDFO (in-house, 100 uM, 15 min), cLip-1(in-house,1uM,1hor2h),
metcLip-1(in-house, 10 pM, 1h), alcLip-1(in-house, 10 pM,1h) or cCW
(1M, 1 h), then fixed and permeabilized as indicated in the section
‘Fluorescence imaging’. LysoTracker Deep Red was added tolive cells for
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45 min before fixation. The click reaction cocktail was prepared using a
Click-iT EdU Imagingkit (Invitrogen, C10337) according to the manufac-
turer’s protocol. Inatypical experiment, we mixed 50 pl of 10x Click-iT
reaction buffer with 20 pl CuSO, solution, 1 pl Alexa-Fluor-azide, 50 pl
reaction buffer additive (sodium ascorbate) and 379 plultrapure water
to reach a final volume of 500 pl. Coverslips were incubated with the
click reaction cocktail in the dark at room temperature for 30 min,
then washed 3 times with 1x PBS. Immunofluorescence imaging was
then performed as described in the section ‘Fluorescence imaging’.

Click labelling in tissues. Kidney and liver tissue samples collected
fromcLip-1-treated mice were fixed in 4% paraformaldehyde in1x PBS
overnight at 4 °C. Fixed tissues were incubated in 10% sucrose in 1x
PBS for 30 min and thenincubated in20% sucrose in 1x PBS at 4 °C for
4 h, followed by embedding in OCT mounting compound (TissueTek,
Sakura) ondry ice and stored at —80 °C. Frozen tissues were cut into
5-um-thick sections using a Cryostat Microm HM 560 (Thermo Fisher
Scientific) at—30 °C. Tissue sections were post-fixed with 1% paraform-
aldehyde in 1x PBS for 10 min and subsequently incubated with 100%
acetone for10 minat—20 °C. Sections were incubated in blocking solu-
tion (1x PBS containing 3% BSA and 0.2% Triton X-100) for 30 min. The
specimens were labelled using aclick reaction as described above. For
costaining with alysosomal marker, the click-labelled specimens were
incubated with anti-LAMP1 or antibody diluted in 1x PBS containing
10% normal goat serum overnight at 4 °C. The next day, sections were
incubated with secondary antibody in 1x PBS containing 1% BSA and
0.3% Triton X-100 for 2 h at room temperature. Nuclei were visual-
ized with Hoechst 33342 staining, and slides were mounted in Aqua/
PolyMount (Polysciences).Images were acquired using a fluorescence
microscope (DS-Qi2, Nikon) or a confocal microscope (LSM880, Carl
Zeiss) and the corresponding appropriate filter sets for fluorophores.

Western blotting

Cellswere treated as indicated and then washed with 1x PBS. Proteins
were solubilized in 2x Laemmli buffer containing benzonase (VWR,
70664-3,1:100). Extracts were incubated at 37 °C for 1 h, heated at
94 °Cfor 10 min and quantified usingaNanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific). Protein lysates were resolved by
SDS-PAGE electrophoresis (Invitrogen sure-lock system and Nu-PAGE
4-12% Bis-Tris precast gels). Ina typical experiment, 10-20 pg of total
protein extract were loaded per lane in 2x Laemmli buffer containing
bromophenolblue. On each gel, asize marker was run: 3 pl PageRuler
(Thermo Fisher Scientific, 26616) or 3 pl PageRuler plus (Thermo
Fisher Scientific, 26620) and 17 pl 2x Laemmli buffer. Proteins were
then transferred onto nitrocellulose membranes (Amersham Protran
0.45 um) using a Trans-Blot SD semi-dry electrophoretic transfer cell
(Bio-Rad) using 1x NuPage transfer buffer (Invitrogen, NP00061) with
10% methanol. Membranes were blocked with 5% non-fat skimmed
milk powder (Régilait) in 0.1% Tween-20 and 1x PBS for 20 min. Mem-
braneswere cut at the appropriate marker size to enable the probing
of several antibodies on the same membrane. Blots were then probed
with the relevant primary antibodiesin 5% BSA, 0.1% Tween-20 and 1x
PBS or in 5% non-fat skimmed milk powder in 0.1% Tween-20 and 1x
PBS at4 °C overnight with gentle motionin a hand-sealed transparent
plastic bag. Membranes were washed with 0.1% Tween-20 and 1x PBS
3 times and incubated with horseradish-peroxidase-conjugated sec-
ondary antibodies (Jackson Laboratories) in 5% non-fat skimmed milk
powder (Régilait) in 0.1% Tween-20 and 1x PBS for 1 hatroom tempera-
ture and washed 3 times with 0.1% Tween-20 and 1x PBS. Antigens were
detected using SuperSignal West Pico PLUS (Thermo Fisher Scien-
tific, 34580) and SuperSignal West Femto (Thermo Fisher Scientific,
34096) chemiluminescent detectionkits. Signals wererecorded using
aFusion Solo S Imaging System (Vilber) with FusionCapt Advance
software. Images were processed using Fiji 2.0.0-rc-69/1.52n software.
Full scans of blots are provided in the Supplementary Information.

Transduction

PDACO53T cells were seeded in 4-well plates at a density of 2 x 10° cells
per well 24 h before the experiment in 1 ml cell culture medium. Cells
were then transduced with CellLight Lysosomes-GFP, BacMam 2.0
(Thermo Fisher Scientific, C10596), CellLight ER-GFP, BacMam 2.0
(Thermo Fisher Scientific, C10590) or CellLight Mitochondria-GFP,
BacMam 2.0 (Thermo Fisher Scientific, C10600) according to the manu-
facturer’s instructions. In brief, 70 pl BacMam reagent was added to
the medium and mixed. Cells were incubated for 16 h.

RNA interference

Cells were plated 24 h before the experiments. Cells were transfected
with the specified siRNA using jetPRIME (Polyplus, 114-15) according
to the manufacturer’s protocol with100 nM siRNA. Inbrief, PDACO53T
cells were seeded in 6-well plates at a density of 2 x 10° cells per well
and transfected 24 hlater. The medium was replaced after 6 h. Analysis
was performed 72 h after transfection. Suitable siRNAs were designed
by Dharmacon for specific downregulation of target genes. siRNA
sequences are provided in the Supplementary Information.

Flow cytometry

Cellswere washed withice-cold 1x PBS. For antibody staining, cells were
incubated with Fc block (Human TruStain FcX, BioLegend, 422302,
1:20) for 15 min, then incubated with antibodies in ice-cold 10% FBS,
1xPBS,2 mMEDTA for 20 min at 4 °C and then washed with 1x PBS and
resuspended in10% FBS, 1x PBS and 2 mM EDTA before analysis using a
BD LSRFortessa X-20 flow cytometer with FACS DIVA software (v.9.0.1).

Flow cytometry with iron probes. PDACO53T and HT-1080 cells
were seeded in 6-well plates at a density of 2 x 10° cells per well. On
the next day, Lip-1 (10 pM), hydroxychloroquine (Sigma-Aldrich,
H0915,100 pM) or bafilomycin Al (Sigma-Aldrich, B1793, 75 nM) was
added to PDACO53T cells for 1 hand to HT-1080 cells for 30 min. For
PDACOS3T cells, after 30 min of treatment with compounds, RPE?
(in-house, 40 pM) or HMRhoNox-M?2 (in-house, 1 uM) probes were
added for 30 min. For HT-1080 cells, after 15 min of treatment with
compounds, RPE? (in-house, 40 pM) or HMRhoNox-M? (in-house,
1pM) probes were added and left for 15 min. After incubation with
the iron probes, the medium was removed and cells were washed
with 1x PBS once before trypsinization. Cells were collected, pelleted,
washed with1x PBS and finally 200 pl of 1x PBS buffer containing 10%
FBS and EDTA (0.1% v/v) was added. Data were recorded onaBD LSR
Fortessa X-20.

Flow cytometry with Bodipy-C11 581/591. PDACOS53T cells were
seeded in 6-well plates at the density of 1 x 10° cells per well. On the
nextday, cells were treated with Lip-1(1 pM), cLip-1(in-house, 1 pM),
metclip-1(in-house, 10 uM), alcLip-1(in-house, 10 puM) and Bodipy-
C11581/591 (200 nM) before adding RSL3 (100 nM). After 1 h, the
medium was removed and cells were washed with 1x PBS twice before
trypsinization. Cells were collected, pelleted, washed with 1x PBS
and finally 250 pl of 1x PBS buffer containing 10% FBS and EDTA
(0.1% v/v) was added for flow cytometry. PDACO53T, HT-1080 and
4T1cells were seeded in 6-well plates at a density of 2 x 10° cells per
well. Onthe next day, cells were treated with bafilomycin A1 (75 nM)
and hydroxychloroquine (10 pM) for 2 h before adding RSL3 (200 nM
for PDACO53T and HT-1080, 500 nM for 4T1). After 1 h, cells were
treated with Bodipy-C11 581/591 (4 uM) for an additional 1 h. The
medium was removed and cells were washed with 1x PBS twice be-
fore trypsinization. Cells were collected, pelleted, washed with 1x
PBS and finally 250 pl of 1x PBS buffer containing 10% FBS and EDTA
(0.1% v/v), was added for flow cytometry. Data were recorded on
an AttuneTM NxT flow cytometer (Thermo Fisher Scientific) using
Attune NXT (v.4.2.0).
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Analyses of lysosomal glutathione and lysosomal hydroxy radi-
cals. Cells were incubated with SQSS (in-house, 100 nM, 1 h) or 1-Red
(in-house,100 nM, 24 h). HT-1080 cells were incubated with RSL3 (1 uM),
ML210 (10 uM, Sigma-Aldrich, SML0521), FIN56 (5 uM, Sigma-Aldrich,
SML1740), buthionine sulfoximine (10 pM, Sigma-Aldrich, B2515) or
erastin (10 pM, Sigma-Aldrich, 329600) for the indicated time points.
Data were recorded on an AttuneTM NxT flow cytometer (Thermo
Fisher Scientific).

Analyses of lysosomal iron content. Typically, 2 x 10° dissociated
human tissue cells were incubated in medium (RPMI1610,10% FBS and
penicillin-streptomycin) with HMRhoNox-M? (in-house, 1 uM, 1 h).
Lysosomaliron content of human tumour samples and healthy adja-
cent tissues was analysed with the following antibody and stain panel:
DAPI (0.1 pg ml™"), CD3-BV510 (BioLegend, 317332), CD31-PE-Cy7
(BioLegend, 303118), CD44-AF647 (Novus Biologicals, NB500-
481AF647),CD45-BV785 (BioLegend, 304048), CD163-PerCP/Cya-
nine5.5 (BioLegend, 326512), FAP-AF700 (R&D Systems, FAB3715N)
and TFR1-APC-AF750 (Beckman Coulter, A89313). The live tumour
cancer cells corresponded to DAPI"CD45 CD31 FAP cells. Datawere
recorded onaBD LSRFortessa X-20 or AttuneTM NxT flow cytometer
(Thermo Fisher Scientific).

Analyses of CD44 in Fento-1-treated tumour samples. Typically,
2 x10°dissociated tumour cells were incubated in medium (RPMI 1610,
10% FBS and penicillin-streptomycin) with Fento-1 (in-house, 1 uM,
24 h). Cells were pretreated with Lip-1 (1 uM), cLip-1(in-house, 1 uM),
a-tocopherol (100 uM) or deferiprone (100 pM) for 2 h. a-Tocopherol
was kept pure under inert atmosphere, and a fresh stock solution was
prepared throughout the study before each experiment. The following
antibody and stain panel was used for subsequent flow cytometry analy-
sis: Sytox blue (Thermo Fisher Scientific, S34857,1 uM), CD31-BV605
(BioLegend, 303122), CD45-BV510 (BioLegend, 368526, lot B373428),
CD44-AF647 (Novus Biologicals, NB500-481AF647), TFR1-PE (Bio-
Legend, 334106) and FAP-AF750 (Novus Biologicals, FAB3715S-100UG).
The live tumour cells corresponded to Sytox blue"CD45 CD31 FAP~
cells. Datawererecorded on an AttuneTM NXT flow cytometer (Thermo
Fisher Scientific). For flow cytometry analyses of CD44 levels in mouse
4T1tumours, typically, 2 x 10° dissociated tumour cells were used per
condition. Freshly dissociated cells were stained using the following
antibody and stain panel: Sytox blue (Thermo Fisher Scientific, S$34857,
1pM), CD31-BV605 (BioLegend, 102427), CD44-AF647 (BioLegend,
103018), CD45-BV510 (BioLegend, 103138) and MHCII-APC/Cyanine7
(BioLegend, 107628). The live tumour cancer cells corresponded to
Sytox blue"CD45 CD31 MCHII* cells. Data were recorded on an At-
tuneTM NxT flow cytometer (Thermo Fisher Scientific). All data were
analysed using FlowJo (v.10.10.0).

FACS

Sorting of human cells was performed using the following antibod-
ies: CD31-PE-Cy7 (BioLegend, 303118), CD44-AF647 (Novus Biologi-
cals, NB500-481AF647) and CD45-BV785 (BioLegend, 304048). The
sorted cells corresponded to CD45 CD31 CD44" cellsand CD45 CD31°
CD44 cells, which were isolated on a FACSAria Fusion (BD) using FACS
DIVA (v.9.0.1). ICP-MS experiments were conducted using CD44hs"
and CD44"* tumour cells as described in the section ‘ICP-MS’. Sort-
ing of mouse cells was performed using the following antibodies:
CD44-AF647 (BioLegend, 103018) and MHCII-APC/Cyanine7 (Bio-
Legend, 107628). The sorted cells corresponded to MHCII*CD44"ieh
cellsand MHCII*CD44'" cells. Sorted cells were centrifuged at 300g
and cell pellets were processed for subsequent applications.

ICP-MS
Glass vials equipped with Teflon septa were cleaned with nitric acid
65% (VWR, Suprapur, 1.00441.0250), washed with ultrapure water

(Sigma-Aldrich, 1012620500) and dried. Cells were collected and
washed twice with 1x PBS. Cells were then counted using an automated
cell counter (Entek) and transferred in 200 pl 1x PBS or ultrapure water
to the cleaned glass vials. The same volume of 1x PBS or ultrapure
water was transferred into separate vials for background subtraction,
atleast in duplicate per experiment. For tissue samples, a small piece
of about 1 mm?was transferred into a clean preweighed vial. Samples
were lyophilized using a freeze dryer (Christ, 2-4 LDplus). Vials with
tissue samples were subsequently weighed to determine the tissue
dry weight. Samples were then mixed with nitric acid 65% and heated
at 80 °C overnight in the same glass vials closed with a lid carrying a
Teflon septum. Samples were then cooled to room temperature and
diluted with ultrapure water to a final concentration of 0.475 N nitric
acid and transferred to metal-free centrifuge vials (VWR, 89049-172)
for subsequent MS analyses. Amounts of metal were measured using
an Agilent 7900 ICP-QMS in low-resolution mode, taking natural iso-
topedistributioninto account. Sample introduction was achieved with
amicronebulizer (MicroMist, 0.2 ml min™) through aScott spray cham-
ber. Isotopes were measured using a collision-reaction interface with
helium gas (5 ml min™) to remove polyatomic interferences. Scandium
andindiuminternal standards were injected after inline mixing with the
samples to control the absence of signal drift and matrix effects. A mix
of certified standards was measured at concentrations spanning those
of the samples to convert count measurements to concentrations in
the solution. Values were normalized against cell number or tissue dry
weight.

Liposome preparation and lipid oxidation studies

Liposomal structures were prepared using the traditional lipid film
hydration method. In brief, 100 pl of a stock solution (1 mg ml™ chlo-
roform) of 18:1 (A9-cis) PC (DOPC, Avanti Polar Lipids) was dissolved
in 400 pl chloroform and transferred into a round-bottom flask. The
organicsolvent was removed under reduced pressureinarotary evap-
orator for 15 min at 200 r.p.m. in a water bath at 37 °C. Afterwards,
the lipid film was dried with a vacuum pump overnight. The sample
was hydrated with 1 ml of 0.1 mM sodium acetate buffer (pH 4.5) and
vortexed every 5 min for 20 min. Liposomes were extruded by pass-
ing the suspension through 2 polycarbonate membranes (pore size
0.2 mm) 20 times. For the control experiment, 200 pl of the liposome
solution was added into an Eppendorf tube and heated at 37 °C with
agitation at 800 r.p.m. Then, 5 pl of an aqueous solution of iron(Il)
triflate (1.4 mgin 1.5 ml) and 13 pl of 0.1 mM acetate buffer (pH 4.5)
were added. At £ =0 min 13 pl of an aqueous solution of H,0, (10 pl
H,0,(30%) in1 ml) wasadded. For the Fento-1experiment, 200 pl of the
liposome solutionwas added to an Eppendorftube and heated at 37 °C
at800r.p.m.Then, 13 plofal mMsolution of Fento-1in DMSO and 5 pl
ofanaqueoussolution of iron(ll) triflate (1.4 mgin 1.5 ml) were added.
At t=0min, 13 pl of an aqueous solution of H,0, (10 pl H,0, (30%) in
1ml)wasadded. DOPC oxidation was recorded with a QExactive mass
spectrometer (Thermo Fisher Scientific) equipped with a TriVersa
NanoMate ion source (Advion Biosciences) as detailed in the section
‘MS-based lipidomics’. Samples were injectedat 0.5h,1h,2h,3 h,4h,
7 hand 24 hreaction times.

Isolation of lysosome-enriched fractions

HT-1080 cells were treated with Fento-1(10 uM) for 1 h, and lysosome-
enriched fractions wereisolated using aLysosome Isolation kit (Abcam,
ab234047) according to the manufacturer’s protocol. In brief, 2 x 10’
cellswere washed and centrifuged at 600g for 10 min and the superna-
tantwasremoved. Cells were resuspended inlysosome isolation buffer,
vortexed and incubated onice for 2 min. Complete cell disruption was
obtained usingadounce homogenizer. After adding lysosome enrich-
ment buffer, thehomogenate was centrifuged at 500gfor 10 minat4 °C.
The supernatant was added to the top of a discontinuous gradient den-
sityand anultracentrifugation at145,000gfor 2 hat4 °Cwas performed.



Thelysosome-enriched fraction was presentin the top 10% of the gra-
dient volume. For MS-based lipidomics, the lysosomal fraction was
mixed with2 volumes of 1x PBS, vortexed and centrifuged at 18,000g for
30 minat4 °C.Next, 200 plof 150 mM sodiumbicarbonate was added to
the pellet and the sample was flash-frozen in liquid nitrogen. Lipidomic
analyses were performed on these flash-frozen samples. For western
blot analyses, the protein content of the lysosomal-enriched gradi-
ent supernatant was quantified using a Qbit 1 fluorometer (Thermo
Fisher Scientific) and a protein quantification kit (Thermo Fisher Sci-
entific, Q33212). Equal total protein amounts of total cell extracts and
lysosome-enriched extracts were loaded for comparison for western
blot analyses.

MS-based lipidomics

For comparison of ferroptosis inducers, HT-1080 cells were treated
with Fento-1 (in house, 1 pM), erastin (10 pM), RSL3 (100 nM) or iFSP1
(10 pM, Sigma-Aldrich, SML2749) for 24 h. For cotreatment with fer-
roptosis inhibitors, HT-1080 cells were pretreated with a-tocopherol
(100 pM), deferiprone (100 pM) or Lip-1 (10 pM) for 2 h, and then with
Fento-1(1 uM) for 24 h. Dissociated human tumour samples were pre-
treated with100 pM a-tocopheroland then with1 uM Fento-1for24 h.
PDACOS53T cellswere treated with1 uM Fento-1for 6 hor 24 h. Dissoci-
ated mouse tumour samples were counted and processed directly after
dissociation and pretreated with a-tocopherol (100 pM) for2 hand then
with Fento-1 (1 pM, 24 h). Cells were subsequently washed with 1x PBS
and then with150 mM ammonium bicarbonate. Cells were then resus-
pended in 150 mM ammonium bicarbonate and centrifuged at 300g
for 5 min. The supernatant was removed and cells were resuspended
in1 mlof 150 mM ammonium bicarbonate. The solutions were centri-
fuged at 12,000 r.p.m. for 10 min and the supernatant was removed.
Next, 200 plof 150 mM sodium bicarbonate was added to the pellet and
samples were flash-frozenin liquid nitrogen. Lipidomic analyses were
performed on the same day for all technical and biological replicates
foragiven dataset. For lipidomicanalyses, 200 pl cell lysate was spiked
with1.64 plinternal standard lipid mixture containing 300 pmol phos-
phatidylcholine (PC) 17:0-17:0, 50 pmol phosphatidylethanolamine
(PE) 17:0-17:0, 50 pmol phosphatidylinositol (PI) 16:0-16:0, 50 pmol
phosphatidylserine (PS) 17:0-17:0, 30 pmol phosphatidic acid (PA)
17:0-17:0,30 pmol phosphatidylglycerol (PG), 30 pmol lysophosphati-
dylcholine (LPC) 12:0, 30 pmol lysophosphatidylethanolamine (LPE)
17:1,30 pmollysophosphatidylserine (LPS) 17:1and 30 pmol lysophos-
phatidic acid (LPA) 17:0 and subjected to lipid extraction at 4 °C as
previously described®. In brief, the sample was extracted with 1 ml
chloroformand methanol (10:1) for 2 hat4 °Cwith vigorous shakingin
athermomixer (1,000 r.p.m.). The lower organic phase was collected
anddriedinaSpeedVac vacuum concentrator. The remaining aqueous
phase was re-extracted with 1 ml chloroformand methanol (2:1) for1h
at the same temperature and shaking conditions. The lower organic
phase was collected and evaporated in aSpeedVac vacuum concentra-
tor. Lipid extracts were dissolved in100 plinfusion mixture consisting
of 7.5 mM ammonium acetate dissolved in propanol, chloroform and
methanol (4:1:2 (v/v/v)). For the in vitro liposome experiments, 1 pl
of each reaction mixture taken at different time points was added to
100 pl infusion mixture consisting of 7.5 mM ammonium acetate dis-
solvedin propanol, chloroform and methanol (4:1:2 (v/v/v)) containing
300 pmol PC17:0-17:0. Samples were analysed by direct infusionin a
QExactive mass spectrometer (Thermo Fisher Scientific) equipped
with a TriVersaNanoMate ion source (Advion Biosciences). Inbrief, 5 pl
of sample was infused with the gas pressure and voltage set to 1.25 psi
and 0.95 kV, respectively. PC and oxidized PC (PC,,) were detected in
the10:1extract by positive-ion mode FTMS as protonated adducts by
scanning m/z=580-1,000 Da, at R,,,;,_ 00 = 280,000 with lock mass
activated at acommon background (m/z = 680.48022) for 30 s. Every
scan is the average of 2 microscans, and the AGC was set to 10° and
the maximum ioninjection time (IT) was set to 50 ms. PE, oxidized PE

(PE,,) and LPE were detected as deprotonated adducts and LPC were
detected as acetate adducts in the 10:1 extract by negative-ion mode
FTMS by scanning m/z =420-1,050 Da, atR,,,;, - ,0o = 280,000 with lock
mass activated at acommon background (m/z = 529.46262) for 30 s.
Every scan is the average of 2 microscans, AGC was set to 10° and the
maximum ionIT was set to 50 ms. P, oxidized PI (Pl,,), PS, oxidized PS
(PSoy), lysophosphatidylinositol (LPI) and lysophosphatidylserine (LPS)
were detected inthe 2:1extract, by negative-ionmode FTMS as depro-
tonated ions by scanning m/z=400-1,100 Da, atR,,, .- 0o = 280,000 with
lock mass activated at acommon background (m/z =529.46262) for
30 s. Every scan is the average of 2 microscans, the AGC was set to 10°
and the maximum ion IT was set to 50 ms. Annotation of the oxidized
phospholipids only details the number of additional oxygen atoms
and doublebonds presentinagiven mass and it can potentially refer to
several different structures with the same monoisotopic mass. All data
were acquired in centroid mode. All lipidomic data were analysed with
thelipididentification software LipidXplorer (v.1.2.8; http://genomebi-
ology.com/2011/12/1/R8). Tolerance for MS and identification was set
to 2 ppm. Data were normalized against internal standards and total
input to the respective lipid species. Lipidomic data were clustered
usinga correlation distance and Ward linkage, and represented as heat
maps of normalized values.

Glycerol quantification

HT-1080 cells were treated with Fento-1(in-house, 1or 2 pM, 24 h). Glyc-
erol was quantified using a Glycerol-glo assay (Promega, J3150) accord-
ing to the manufacturer’s protocol. In brief, the assay was performed
ina 96-well plate and 4,000 cells were plated per well 24 h before the
experiment. A standard curve was prepared for each biological experi-
mentand three technical replicates were performed for each condition
and each biological replicate. Luminescence signals were recorded
using a SpectraMax ID3 plate reader (Molecular Devices). Data were
exported and analysed using Excel (Microsoft) and Prism software.

Software for illustrations

lllustrations were created using Fiji 2.0.0-rc-69/1.52n, Prism 10.0.3 and
Adobe lllustrator 26.0.2. lllustrations in Figs. 2b and 4 were created
using BioRender (https://biorender.com).

Statistical and reproducibility

Results are presented as the mean + s.e.m. or s.d. as indicated. For
box plots, boxes represent the interquartile range and median, and
whiskers indicate the minimum and maximum values. Prism (v.10.0.3)
software was used to calculate P values using a two-sided Mann-
Whitney test, two-sided unpaired ¢-test, Kruskal-Wallis test with
Dunn’s post-test, one-way ANOVA, two-way ANOVA or Mantel-Cox
log-rank testasindicated. Prism (v.10.0.3) software was used to gener-
ate graphical representations of quantifications unless stated other-
wise.Samplesizes (n) areindicated in the figure legends and were not
predetermined. A minimum of n =3 independent experiments were
performed as a standard, and sample sizes were increased in more
complex experiments to ensure reproducibility. Exact P values are
indicated in the figures.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Lipidomics data are presented in the Supplementary Tables 1-4 and
7-12. Quantitative proteomic raw data have been deposited to the
ProteomeXchange Consortium through the PRIDE® partner reposi-
tory with the dataset identifier PXD054449. Source data are provided
with this paper.
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|Inactivation oflysosomalironinhibits ferroptosis
(Part1). a, Chemical synthesis of cLip-1.b, Fluorescence imaging of labelled
cLip-1(1pM, 2 h) and specific markers of cellular organelles. Scale bars, 10 pm.
n=3independent experiments. Dataare mean ts.d.c, Fluorescenceimaging
oflabelled cLip-1 (1M, 1h) and LysoTracker. Scale bar,10 um.n=3independent
experiments. Dataare mean +s.d.d-f, Fluorescence imaging of labelled
cLip-1(1pM, 1 h) and BacMam transduced cells of GFP-labelled cell organelle
markers. Scalebar, 10 pm. n =3 independent experiments. Dataare mean +s.d.
g, Fluorescenceimaging of labelled cLip-1in proximal kidney and liver tissues of
aRosa26-CreFRT2;Gpx4"” mouse treated with cLip-1(0,10 and 100 mg/ kg/ day;
sacrificed1 hafteri.p.injection).Scale bar,100 pm. h, Bodipy-C11581/591 flow

cytometry of cells treated with Lip-1 (1 uM), cLip-1 (1 pM) and RSL3 (100 nM)
for1h.i, Viability of cells (top, after 72 h of incubation; middle, incubation

for 24 hand cotreatment with RSL3 (500 nM); bottom, incubationfor72 h
and cotreatment with4-OH TAM to knock out Gpx4. Dataare mean ts.d.
Jj,Annexin-V/Propidium lodide (A/ Pl) staining in cells treated for 24 h. RSL3:
n=2independent experiments; RSL3 +Lip-1: n=3 independent experiments;
RSL3 +cLip-1: n=3independent experiments. k,'"H NMR spectra of Lip-1

and naphthalene titrated with FeCl,.1-n,"HNMR spectra of Lip-1titrated

with FeCl,then TFA. 0,'"HNMRspectra of Lip-1 titrated with FeCl;and then
sodium deuteroxide (NaOD). k-0, NMR spectrarecorded at 310 K in methanol-d,.
b, d-f,1-way ANOVA. AU, arbitrary unit.
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Extended DataFig. 2 |Inactivation oflysosomalironinhibits ferroptosis
(Part2).a, Chemical syntheses of metcLip-l1and alcLip-1.b, Fluorescence
imaging of labelled cLip-1(10 pM, 2 h), metcLip-1(10 uM, 2 h) and alcLip-1

(10 uM, 2 h). Scale bar, 10 um. ¢, Cyclic voltammetry of a FeCl; solution (reduction
potentials =pinkarrow). Datarecordedin the presence of metcLip-1oralcLip-1.
d, Bodipy-C11581/591 flow cytometry of cells treated with metcLip-1(10 pM),
alcLip-1(10 pM) and RSL3 (100 nM) for 1 h. Representative of n =3 independent
experiments for PDACOS53T and n=1for HT-1080. e, FENIX assay of cLip-1,
metcLip-landalcLip-1.f, Molecular structure of cDFO and fluorescence
imaging oflabelled cDFO (100 uM, 15 min). Scale bar, 10 pm. n =3 independent
experiments. Dataare mean +s.d. g, Fluorescence emission spectra of RPE at

pHS5inthepresenceof FeCl;and Lip-1. h, RPE flow cytometry of cells treated
for30 minand then cotreated with the probe for 30 min. HCQ (100 uM).
Representative of n =3 independent experiments. i, HMRhoNox-M flow
cytometry of cells treated for 30 min and then cotreated with the probe for
30 min. HCQ (100 uM). Representative of n =3 independent experiments.
j,Bodipy-C11581/591 flow cytometry of cells treated with RSL3 (200 nM for
PDACO53T,500 nM for4T1,1h) and Baf-A1or HCQ (10 uM) used 2 h prior.
Representative of n =3 independent experiments. k, Fluorescence imaging of
Bodipy 665/676 in cells treated with RSL3 (1 uM, 1 h). Scalebar,10 um.n=3
independent experiments. Two-sided unpaired t-test. Dataare mean +s.d.
Concentrations used unless stated otherwise: Lip-1(10 pM), Baf-A1(75 nM).
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Extended DataFig. 3 | Ferroptosisinducersinitiate lipid peroxidation
inlysosomes. a, Fluorescenceimaging of Bodipy 665/676 and BacMam
transduced cells of GFP-labelled cell organelle markers treated with RSL3
(1uM,1h).Scalebars,10 pm.n =3 independent experiments. Dataare mean +
s.d.b, Fluorescence imaging of Bodipy 665/676 and BacMam transduced cells
of GFP-labelled cell organelle markers treated with RSL3 (1M, 4 h). Scale bars,

10 pm.n=3independentexperiments. Dataaremeants.d.c, Fluorescence
imaging of the lysosomal GSH probe (SQSS) and alysosomal markerin cells
treated with RSL3 (1pM). Scale bar, 10 pm. Representative of n =3 independent
experiments.d, SQSS flow cytometry of cells treated with ferroptosisinducers.
e, 1-Red flow cytometry of cells treated with ferroptosisinducers. a, b, Two-sided
unpaired t-test.
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Extended DataFig. 5| Fento-1induces the oxidation of phospholipids and
celldeath by activatinglysosomaliron (Part1). a, Fluorescence imaging of
Fento-1, marmycinand the cell surface marker CD44 in cellstreated at 4 °C for
1h.Scalebar,10um.n =3independentexperiments. Dataaremeanzs.d.

b, Fluorescenceimaging of Fento-1in BacMam transduced cells of GFP-labelled
cell organelle markers. Scale bar,10 pm.n =3 independent experiments.
Dataare mean ts.d. ¢, Bodipy-C11581/591 flow cytometry of cells treated with
Fento-1, marmycinand cCW alone or incombination for 6 h. Representative
ofn=3independentexperiments.d, Viability of cells treated for 6 h. Dataare
mean +s.e.m.n=3independent experiments. e, Viability of cells treated for
72h.Dataaremeants.e.m.n=3independent experiments. f, Lipidomics of
oxidised phospholipidsin cells treated with Fento-1or ferroptosisinducers for
24 h.n=5independent experiments. g, Lipidomics of oxidised phospholipids
incellstreated with Fento-1. n =4 independent experiments. Full heatmap,
Supplementary Information. h, Lipidomics of oxidised phospholipids of
lysosomal extractsin cells treated with Fento-1(10 pM, 1h).n=3independent
experiments. i, Westernblot of proteins from cells treated with Fento-1,

marmycin, cCW or marmycin+cCW. y-tubulinis asampleloading control.
Representative of n=3independent experiments.j, Western blot of proteins
fromcells treated with Fento-1, marmycin, cCW or marmycin+cCW (48 h).
y-tubulinisasample processing control. Representative of n=2independent
experiments with similar results. k, Bodipy-C11581/591 flow cytometry of cells
treated with Fento-1(24 h) and inhibitors used 2 h prior.n =7 independent
experiments. Box plots: interquartile range, centre lines=medians and
whiskers =the minimum and maximum values. I, Fluorescence imaging of
4-HNE treated with Fento-1 (1 h). Two-sided unpaired t-test.n =3 independent
experiments. Dataare mean +s.d.Scale bar,10 pm. m, Quantification of
glycerolincellstreated with Fento-1(24 h). Dataaremean+s.e.m.n=35
independent experiments. Concentrations used unless stated otherwise:
Fento-1(1 uM), marmycin (1 pM), cCW (1 pM), erastin (10 uM), RSL3 (100 nM),
iFSP1(10 pM), Toc (100 uM), Def (100 uM), Lip-1(1 uM) and cLip-1 (1 uM).

k, m, Kruskal-Wallis test with Dunn’s post-test. Phosphatidylcholine (PC)
lipids displayed in the main figures. Phosphatidylethanolamine (PE),
phosphatidylinositol (P1), phosphatidylserine (PS), Supplementary Information.
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Extended DataFig. 6 | Fento-1linduces the oxidation of phospholipids and
celldeath by activatinglysosomaliron (Part2). a, CellTiterGlo luminescence
of cellstreated with Fento-1(10 pM, 6 h) and inhibitorsused 2 hprior.n=35
independentexperiments. b, Resorufin fluorescence of cells treated with
Fento-1(10 pM, 6 h) and inhibitors used 2 h prior. Vehicle, Lip-1: n =8 independent
experiments, clip-1and Z-VAD-FMK: n =4 independent experiments, Fer-1,
Defand Toc: n=6independent experiments, DFO, DFX and VitaminK3:n=7
independentexperiments. ¢, d, CellTiterGlo luminescence of cells treated with
Fento-1(10 pM, 6 h) and inhibitorsused 2 h prior.n=7independent experiments.
e, Incucyte cell viability measurement. Representative of n =3 independent
experiments. Dataare mean+s.e.m.f, Viability of cells treated with Fento-1

(10 uM, 24 h) or Lip-1(1uM, 24 h) or Fento-1(10 pM, 24 h) and Lip-1 (1 pM, 30 min

prior).1-way ANOVA. n = 6 technical replicates. g, Fluorescence imaging of
Fento-1.Fento-1(1pM,1h)and Toc (100 uM, 2 h prior).Scalebar,100pm.n=3
independentexperiments. Two-sided unpaired t-test. Dataaremean s.d.

h, Viability of cells treated for 48 h.n =3 independent experiments. Dataare
meants.d. i, Left: Cell death inknock-down cells measured by Annexin-V/ Sytox
bluein cells treated with Fento-1for 6 h.n=3independent experiments. 2-way
ANOVA.Dataare mean*s.d.Right: Western blot of proteinsin knock-down cells.
y-tubulinisasample processing control. j, Bodipy-C11581/591 flow cytometry
ofknock-down cells treated for 6 h. Box plots: interquartile range, centre lines =
medians and whiskers =the minimumand maximum values. a-d, Two-sided
Mann-Whitney test compared to vehicle.
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Extended DataFig. 8| Fento-linduces ferroptosisin CD44"&"iron-rich
cancer cells (Part1). a, ICP-MS of healthy and cancer tissues from patients.
PDAC #2: healthy n=10tissue pieces, PDAC n =7 tissue pieces; PDAC #3:
healthy n=10tissue pieces, PDAC n =10 tissue pieces; PDAC #4: healthy n=10
tissue pieces, PDAC n = 8tissue pieces; PDAC #5: healthy n = 8 tissue pieces,
PDAC n=6tissue pieces; PDAC #6: healthy n = 8tissue pieces, PDAC n = 8tissue

pieces; PDAC #7: healthy n =10 tissue pieces, PDAC n = 8 tissue pieces; PDAC #8:

healthy n=10tissue pieces, PDAC n=10tissue pieces; PDAC #9: healthyn=8
tissue pieces, PDAC n = 8 tissue pieces; angiosarcoma #1: healthy n = 8 tissue
pieces, angiosarcoman = 8 tissue pieces; angiosarcoma #2: healthy n=10
tissue pieces, angiosarcoman =10 tissue pieces; liposarcoma #2: healthy n=10
tissue pieces, liposarcoman =10 tissue pieces; epithelioid sarcoma: healthy
n=10tissue pieces, epithelioid sarcoman =10 tissue pieces; PDAC liver
metastasis: healthy n =7 tissue pieces, PDAC liver metastasis n = 4 tissue
pieces. b, ICP-MS of dissociated human tumour cancer cells. n =10 replicates.

¢, HMRhoNox-M flow cytometry of cancer cells from human UPS. n = 5 patients.

d, Lipidomics of oxidised phospholipids in dissociated human tumour
cellstreated with Fento-1(24 h) and Tocused 2 h prior. e, Lipidomics of
lysophospholipids in dissociated human tumour cells treated with Fento-1

(24 h) and Tocused 2 h prior. f, Bodipy-C11581/591 flow cytometry of
dissociated human PDAC cancer cells treated with Fento-1(24 h) and inhibitors
used 2 hprior.n=11patients. g, Bodipy-C11581/591 flow cytometry of
dissociated UPS cancer cells treated with Fento-1(24 h) and inhibitorsused 2 h
prior.n=5 patients. h, Flow cytometry cell counting of dissociated human
PDAC CD44"e""*v cancer cells treated with Fento-1 (24 h) and inhibitors used

2 hprior.n=13 patients. i, CD44 flow cytometry of dissociated UPS cancer
cellstreated with Fento-1(24 h) and inhibitors used 2 h prior. n = 5 patients.
Concentrations used unless stated otherwise: Fento-1 (1 pM), Toc (100 pM),
Def (100 uM), Lip-1(1 M) and cLip-1(1 uM). a, b, ¢, Two-sided Mann-Whitney
test. f-i,1-way ANOVA. ¢, f-i, each coloured dot represents a tumour of a distinct
patient for agiven panel. Box plots:interquartile range, centre lines=medians
and whiskers =the minimum and maximum values.
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Extended DataFig.9|Fento-linduces ferroptosisin CD44"&"iron-rich
cancer cells (Part2). a, Viability of cells treated with Fento-1or standard-of-care
chemotherapy for 72 h.Dataaremean+s.e.m.n=3independent experiments.
b, Viability of PDAC-derived organoids treated with Fento-1or standard-of-care
chemotherapy for 72 h. Dataare mean +s.e.m.ICs,-values areindicated.
PDACOO09T: Oxaliplatin, 5-FU and SN-38 n =4 independent experiments, Fento-1
n=2independent experiments. PDACOO3T: Oxaliplatinn= 6 independent
experiments, 5-FU and SN38 n =4 independent experiments, Fento-1n=3
independent experiments. PDAC117T: Oxaliplatin, 5-FUand SN-38n=7
independent experiments, Fento-1n =3 independent experiments. PDAC372T:
Oxaliplatin, 5-FU and SN-38 n =4 independent experiments, Fento-1n=3
independent experiments. ¢, Viability of cells treated with standard-of-care
chemotherapy and sublethal doses of Fento-1(1.5 uM, 72 h). 1-way ANOVA.
Dataaremeants.e.m.n=3independent experiments.d, Synergy score of

standard-of-care chemotherapy and Fento-1in human primary PDAC cells.

e, Viability of cells treated with Fento-1(72 h) in naive cells or cells pretreated
with Doxo (25 nM) for 30 days, then treated with Fento-1for 72 h. Dataare
meants.e.m.n=S5independentexperiments.f, Bright fieldimages of cells
treated with Doxo (25 nM, 30 days). Scale bar, 100 pum. Representative ofn=3
independent experiments with similar results. g, CD44 flow cytometry of
cellstreated with Doxo (25 nM) or Fento-1 (1 uM) for 10 days. Representative
ofn=3independentexperiments. h, Westernblot of mesenchymalandiron
homeostasis markersincells treated with Doxo (25 nM) for 10 days. Lamin A/C
isasampleloading control. Representative of n =3 independent experiments
with similar results. i, Western blot of mesenchymal and iron homeostasis
markersincellstreated with Fento-1(1 pM) for 10 days. y-tubulinisasample
loading control. Representative of n =3 independent experiments with similar
results. Doxo, doxorubicin.
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Extended DataFig.10 | Fento-1induces ferroptosisin CD44""iron-rich
cancer cells (Part 3). a, ICP-MS of blood, serum and lymphatic fluid from mice.
Blood and serum: n =7 mice; Lymph: n = 6 mice.1-way ANOVA.b, HMRhoNox-M
flow cytometry of dissociated mouse tumour cancer cells.n =10 mice. Each
coloured dot represents atumour of adistinct mouse. Two-sided Mann-
Whitney test. ¢, Tumour diameter in mice treated with Fento-1(0.003 mg per
animal every-other-day). 2-way ANOVA. Data are mean +s.e.m. 2" experiment:
vehicle n=10 mice, Fento-1n =5 mice; 3" experiment: n =10 mice for each
group; 4" experiment: n=5mice for eachgroup. d, Tumour diameterin
tumour-bearing mice treated with Fento-1(0.003 mg compound per animal
every-other-day).n=4independent experiments.1* experiment: n=5mice for

eachgroup; 2™ experiment vehicle: n =10 mice, Fento-1: n = 5 mice; 3™
experiment: n =10 mice for each group; 4™ experiment: n =5 mice for each
group. e, Mice body weight of mice treated as in Fig. 3h and Extended Data
Fig.10c.1* experiment: n =5 mice for each group; 2" experiment: vehicle
n=10mice, Fento-1n=5mice; 3" experiment: n =10 mice for each group; 4"
experiment: n=5mice foreachgroup. Dataaremean+s.e.m.f, Lipidomics of
lysophospholipids in tumours of tumour-bearing mice treated with Fento-1as
inFig.3j.n=44T1tumours. LPClipidsdisplayed.LPE, LPS, Supplementary
Information. Box plots:interquartile range, centre lines =medians and
whiskers =the minimum and maximum values.
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partner repository with the dataset identifier PXD054449 (reviewer_pxd054449 @ebi.ac.uk; password: 01gh7kRYdTEP). For identification, the data were searched
against the Homo sapiens (UPO00005640) Uniprot database using Spectronaut v18.7 or 19 (Biognosys).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No gender or sex reporting was performed for biopsies of human tumours. Tumour samples collected were anonimised for
patient and data protection purposes in accordance with hospital guidelines and the French law and not analysed by sex.

Reporting on race, ethnicity, or Tumour samples were anonymous and no reporting of race, ethnicity or other socially relevant groupings were performed in
accordance with French law.
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other socially relevant

grounings

Population characteristics Pancreatic ductal adenocarcinoma (PDAC), undifferentiated pleomorphic sarcoma (UPS), liposarcoma, angiosarcoma,
epitheloid sarcoma, PDAC liver metastasis were obtained as anonymous samples.

Recruitment No selection of the participants

Ethics oversight Fresh tumour samples were obtained by surgery from patients at Paul Brousse and Institut Curie care centres. All patients

provided written informed consent for use of tumour samples. The study was approved by institutional regulatory boards
(no. 587 and DATA190160).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed, but a minimum of n =3 chosen for cell biology experiments. For in vivo experiments, mouse
cohort groups were either 5 or 10. No sample size calculation was performed for human tumour samples, and analyses were performed on
availability of these rare samples post-surgery, depending on availability from the patients.

Data exclusions  No data were excluded from the analyses.

Replication Experiments were performed at least three times unless stated otherwise. Replication was successful and all data are displayed in the
manuscript. All replicates of all experiments noted in the captions and/ or the statistical analysis, with data available as source files.

Randomization  Forin vivo experiments, mice were allocated randomly into experimental groups. For tumour samples, these were grouped by tumour type
(PDAC, UPS etc.) and not randomized. Material was available from the hospital and collected in an anonymous fashion for the analysis, other

than the indication of the type of tumour.

Blinding Investigators were blinded to group allocation during data collection for ICP-MS, lipidomics and proteomics experiments. Data analyses were
not blinded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines D E Flow cytometry
Palaeontology and archaeology E D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used Antibodies are annotated below as follows. WB, Western blot; FCy, flow cytometry; Fl, fluorescence imaging. Hu, used for human
samples. Ms, used for mouse samples. Dilutions are indicated. Any antibody validation by manufacturer is indicated and can be found
on the manufacturers’ websites. Our antibody validation knockdown (KD) and/or knockout (KO) strategies for relevant antibodies are
indicated.
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Primary antibodies: AIFM2/FSP1 (Merck, MABC1638, clone 6D8-11, lot Q3745998, WB, 1:500, Hu, KD validated in-house), Catalase




(Cell Signaling, 12980T, clone D4P78, lot 3, FI, 1:200, Hu), CD3-BV510 (BioLegend, 317332, clone OKT3, lot B263750, FCy, 1:100, Hu),
CD31-PE-Cy7 (BioLegend, 303118, clone WM59, lot B276836, FCy, 1:100, Hu), CD31-BV605 (BioLegend, 303122, clone WM59, lot
331683, FCy, 1:100, Hu), CD31-BV605 (BioLegend, 102427, clone 390, lot B375532, FCy, 1:100, Ms), CD44 (Abcam, ab189524, clone
EPR18668, lot 1014086-32, WB, 1:30000, Hu, KO and KD validated in-house), CD44-AF647 (Novus Biologicals, NB500-481AF488,
clone MEM-263, lot P158343, FCy, 1:100, Hu), CD44-AF647 (Novus Biologicals, NB500-481AF647, clone MEM-263, lot D145771, FCy,
1:100, Hu), CD44-AF647 (BioLegend, 103018, clone IM7, lot B317762, FCy, 1:100, Ms), CD45-BV785 (BioLegend, 304048, clone HI30,
lot B339809, FCy, 1:100, Hu), CD45-BV510 (BioLegend, 368526, clone 2D1, lot B373428, FCy, 1:100, Hu), CD45-BV510 (BioLegend,
103138, clone 30-F11, lot B386738, FCy, 1:100, Ms), CD163-PerCP/Cyanine5.5 (BioLegend, 326512, clone RM3/1, lot B291202, FCy,
1:100, Hu), COXIV (Abcam, ab16056, lot GR3206555-1, WB, 1:1000, Hu), Cytochrome c (Cell Signaling, 12963S, clone 6H2.B4, lot 2, FI,
1:200, Hu), EEA1 (Abcam, ab70521, clone 1G11, lot GR315680-1, Fl, 1:200, Hu, validated by ICC/IF by manufacturer), FAP-AF700
(R&D Systems, FAB3715N, clone 427819, lot AEVI020011, FCy, 1:100, Hu), FAP-AF750 (Bio-Techne, FAB3715S-100UG, clone 427819,
lot 1718688, FCy, 1:100, Hu), Ferritin (Abcam, ab75973, clone EPR300AY, lot 10136442-29, WB, 1:1000, Hu, validated by WB by
manufacturer), Fibronectin (Abcam, ab45688, clone F14, lot 1016266-35, WB, 1:1000, Hu), FTH1 (Santa Cruz Biotechnology,
sc-376594, clone B-12, lot G2622, WB, 1:200, Hu), GPX4 (Abcam, ab125066, clone EPNCIR144, lot GR3369574-4, WB, 1:2000, Hu, KO
validated by manufacturer, KD validated in-house), 4-Hydroxynonenal (4-HNE) (Abcam, ab48506, clone HNEJ-2, lot 1062274-2, Fl,
1:200, Hu), IRP2 (Novus Biologicals, NB100-1798, lot D-4, WB, 1:1000, Hu), Lamin A/C (Cell Signaling, 20325, lot 6, WB, 1:1000, Hu),
LAMP1 (Cell Signaling, 90918, clone D2D11, lot 7, Fl, 1:200, Hu), LAMP1 (Santa Cruz Biotechnology, sc-20011, clone H4A3, FI, 1:100,
Ms), LAMP1 (Abcam, ab24170, lot GR3235630-1, WB, 1:1000, Hu), LAMP2 (Abcam, ab25631, clone H4B4, lot 1011336-1, Fl, 1:200,
Hu), LAMP2 (Thermo Fisher Scientific, MA1-205, clone H4B4, lot YG377512, WB, 1:1000, Hu), LIMPII (Proteintech, 27102-1-AP, WB,
1:1000, Hu), NCOA4 (Abcam, ab86707, lot GR3244520-13, WB, 1:10000, Hu, KD validated in-house), NDUFS1 (Abcam, ab157221,
clone EPR11522(B), lot YJ110907DS, WB, 1:1000, Hu), PDIA3 (Sigma-Aldrich, AMAB9S0988, clone CL2444, lot 02879, Fl, 1:200, Hu;
W8, 1:1000, Hu), MHCII-APC/Cyanine7 (BioLegend, 107628, clone M5/114.12.2, lot B370049, FCy, 1:100, Ms), RCAS1 (Cell Signaling,
122908, clone D2B6N, lot 1, FI, 1:200, Hu, WB, 1:1000, Hu), SLC7A11/xCT (Cell Signaling, 12691S, clone D2M7A, lot 5, WB, 1:1000,
Hu, KD validated in-house), SOX4 (Santa Cruz Biotechnology, sc-518016, clone B-7, lot G2023, WB, 1:200, Hu), Transferrin receptor 1
(TfR1, Life Technologies, 13-6800, clone H68.4, lot VJ313549, WB, 1:1000, Hu, KO and KD validated in-house), TfR1-APC-AF750
(Beckman Coulter, A89313, clone YDJ1.2.2, lot 200060, FCy, 1:100, Hu), TfR1-PE (BioLegend, 334106, clone CY1G4, lot B364886, FCy,
1:100, Hu), gamma-tubulin (Sigma-Aldrich, T5326, clone GTU-88, lot 0000140390, WB, 1:1000, Hu, validation by manufacturer),
Vimentin (Cell Signaling, 5741S, clone D21H3, lot 8, WB, 1:1000, Hu).
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Secondary antibodies: Alexa Fluor 647 anti-mouse (Abcam, ab150115, tissue labelling, 1:500, Ms), Alexa Fluor 647 anti-mouse
(Invitrogen, A21237, lot 1485202, Fl, 1:1000, Hu), Alexa Fluor 647 anti-rabbit (Invitrogen, A21246, lot 2714437, FI, 1:1000, Hu),
donkey anti-rabbit IgG-h+| HRP-conjugated (Bethyl Laboratories, A120-108P, lot 13, WB, 1:10000, Hu), goat anti-mouse IgG-h+| HRP-
conjugated (Bethyl Laboratories, A90-116P, lot 39, WB, 1:10000, Hu), goat anti-rat IgG-h+| HRP-conjugated (Invitrogen, 31470, WB,
1:10000, Hu).

Validation Any antibody validation by the manufacturer is indicated and can be found on the manufacturers’ websites. Our antibody validation
knockdown (KD) and/or knockout (KO) strategies performed in our laboratory for relevant antibodies are indicated above an were
performed and verified in the laboratory with relevant CRISPR or siRNA approaches (denoted as in-house in the list above).
Information of antibody validation by manufacturers are indicated in thee list above. All this information is also detailed in the
methods section.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HT-1080 cells, MDA-MB-231 and 4T1 cells were obtained from the ATCC. FC1242 and FC1245 murine pancreatic cancer cells,
4a cells and human pancreatic hMIA-2D cells were a gift from the Tuveson laboratory (CSHL).
Primary human pancreatic PDAC024T, PDACO30T, PDACO53T, PDACO54T, PDAC0O84T, PDACO90T and PDAC211T cells were
obtained as described in the "Establishment of xenograft derived pancreatic cell cultures" paragraph.
Xenograft derived pancreatic organoids (XDPO) PDACO09T, PDACO03T, PDAC117T and PDAC372T were obtained as described
in the "Establishment of xenograft derived pancreatic organoids" paragraph.
Primary lung circulating tumour cells were from Celprogen.
Primary colon circulating tumour cells were from Celprogen.
Pfal cells were generated in the Conrad laboratory (Seiler A et al., 2008).
SUM159 cells were a genrous gift from Dr. S.Ethier (Karmanos Cancer Center, Detroit, MI, USA).

Authentication Authentication was relied on by the commercial source where applicable (ATCC, Celprogen).
No authentication of human derived pancreatic cancer cells/ organoids was performed. These cells were generated from
primary sources directly in the lovanna lab. Pfal cells and derivatives were generated in the Conrad lab (Seiler A et al., 2008)
and SUM159 cells were a generous gift from Dr. S.Ethier (Karmanos Cancer Center, Detroit, MI, USA). These cells, and the
generously gifted cells from the Tuveson laboratory (see above) were not further authenticated.

Mycoplasma contamination Cells were regularly tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used in this study.
(See ICLAC register)
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals cLip-1 treatment in vivo:
Mice were kept under standard conditions with water and food ad libitum and in a controlled environment (22 + 2 °C, 55 + 5%
humidity, 12 h light/dark cycle). For animal studies, Rosa26-CreERT2;Gpx4f/f (C57BL6/J) mice were randomised into separate cages.
12 to 24-week-old sex-matched mice were used for all experiments.

Isolation of blood, serum and lymphatic fluid from mice:

Balb/C mice (25-week-old adult female mice) were purchased from Charles River and grown at the CRCM animal core facility and
randomised into separate cages. Mice were housed under sterile conditions with sterilised food and water provided ad libitum and
maintained on a 12 h light/dark cycle and 22 + 2 °C, 55 + 5% humidity.

Intranodal murine metastasis models and Fento-1/Marmycin/CW treatment:

Murine breast cancer cells (4T1) were transplanted into 6 to 8-week-old female Balb/c mice (syngeneic with the 4T1 model). Mice
were grown at the Harvard medical school animal core facility and randomised into separate cages. Mice were housed under sterile
conditions with sterilised food and water provided ad libitum and maintained on a 12 h light/dark cycle and 22 + 2 °C, 55 + 5%
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humidity.
Wild animals The study did not involve wild animals.
Reporting on sex As detailed in the Methods.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All cLip-1 in vivo experiments were performed in compliance with the German Animal Welfare Law and have been approved by the
Institutional Committee on Animal Experimentation and the Government of Upper Bavaria (approved no.
ROB-55.2-2532.Vet_02-18-13). All intranodal injection mouse experiments complied with all relevant ethical regulations and were
performed according to protocols approved by the Institutional Animal Care and Use Committee at Harvard T.H. Chan School of
Public Health (protocol 1ISO0003460). For mouse lymph and blood collection, animal experiments were performed in accordance with
the European Community guiding in the care and use of animals. Animal experiments were performed in agreement with the French
Guidelines for animal handling and approved by local ethics committee (Agreement no. 16487-2018082108541206 v3).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

o was applied.
Authentication

Flow Cytometry

Plots

Confirm that:
g The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Flow cytometry:
Cells were washed with ice-cold 1x PBS. For antibody staining, cells were incubated with Fc block (Human TruStain FcX,
Biolegend, 422302, 1:20) for 15 min, then incubated with antibodies in ice cold 10% FBS, 1x PBS, 2 mM EDTA for 20 min at 4
°C and then washed with 1x PBS and resuspended in 10% FBS, 1x PBS, 2 mM EDTA before analysis using a BD LSR Fortessa
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Instrument
Software
Cell population abundance

Gating strategy

X-20 flow cytometer. Flow cytometry with iron probes: PDACO53T and HT-1080 cells were seeded in 6-well plates at the
density of 2x 10e5 cells/well. On the following day, Lip-1 (10 uM), hydroxychloroquine (HCQ, Sigma-Aldrich, H0915, 100 uM),
Bafilomycin A1 (Baf-A1, Sigma-Aldrich, B1793, 75 nM) were added to PDACO53T for 1 h and in HT-1080 for 30 min. In
PDACO53T, after 30 min of treatment with compounds, RPE (in-house, 40 uM) or HMRhoNox-M (in-house, 1 uM) probes
were added for 30 min. In HT-1080, after 15 min of treatment with compounds, RPE (in-house, 40 uM) or HMRhoNox-M (in-
house, 1 uM) probes were added and left for 15 min. After incubation with iron probes, the media was removed and cells
were washed with 1x PBS once before trypsinization. Cells were harvested, pelleted, washed with 1x PBS and finally 200 pL
of 1x PBS buffer containing 10% FBS and EDTA (0.1% v/v) was added. Data were recorded on a BD LSR Fortessa X-20. Flow
cytometry with Bodipy-C11 581/591: PDACO53T cells were seeded in 6-well plates at the density of 1x 10e5 cells/well. On the
next day, cells were treated with Lip-1 (1 uM), cLip-1 (in house, 1 uM), metclip-1 (in house, 10 uM), alcLip-1 (in house, 10
UM) and Bodipy-C11 581/591 (200 nM) before adding RSL3 (100 nM). After 1 h, the media was removed and cells were
washed with 1x PBS twice before trypsinization. Cells were harvested, pelleted, washed with 1x PBS and finally 250 pL of 1x
PBS buffer containing 10% FBS and EDTA (0.1% v/v), was added for flow cytometry. PDACO53T, HT-1080 and 4T1 cells were
seeded in 6-well plates at the density of 2x 10e5 cells/well. On the next day, cells were treated with Baf-A1 (75 nM) and HCQ
(10 uM) for 2 h before adding RSL3 (200 nM for PDACO53T and HT-1080, 500 nM for 4T1). Then after 1 h, cells were treated
with Bodipy-C11 581/591 (4 uM) for an additional hour. The media was removed and cells were washed with 1x PBS twice
before trypsinization. Cells were harvested, pelleted, washed with 1x PBS and finally 250 pL of 1x PBS buffer containing 10%
FBS and EDTA (0.1% v/v), was added for flow cytometry. Data were recorded on an AttuneTM NxT Flow Cytometer (Thermo
Fisher Scientific). Flow cytometry analyses of lysosomal GSH and lysosomal hydroxyl radicals: Cells were incubated with SQSS
(in house, 100 nM, 1 h) or 1-Red (in house, 100 nM, 24 h). HT-1080 cells were incubated with RSL3 (1 uM), ML210 (10 puM,
Sigma-Aldrich, SML0521), FIN56 (5 uM, Sigma-Adrich, SML1740), Buthionine sulfoximine (BSO, 10 uM, Sigma-Aldrich, B2515)
or erastin (10 uM, Sigma-Aldrich, 329600) for the indicated time points. Data were recorded on an AttuneTM NxT Flow
Cytometer (Thermo Fisher Scientific). Flow cytometry analyses of lysosomal iron content: Typically 2x 10e5 dissociated
human tissue cells were incubated in media (RPMI 1610, 10% FBS, penicillin/streptomycin) with HMRhoNox-M (in-house, 1
UM, 1 h). Lysosomal iron content of human tumour samples and healthy adjacent tissues was analysed with the following
antibody and stain panel: DAPI (0.1 ug/mL), CD3-BV510 (BioLegend, 317332), CD31-PE-Cy7 (BioLegend, 303118), CD44-
AF647 (Novus Biologicals, NB500-481AF647), CD45-BV785 (BioLegend, 304048), CD163-PerCP/Cyanine5.5 (BioLegend,
326512), FAP-AF700 (R&D Systems, FAB3715N), TfR1-APC-AF750 (Beckman Coulter, A89313). The live tumour cells
corresponded to DAPIneg/CD45neg/CD31neg/FAPneg cells. Data were recorded on a BD LSRFortessa X-20. Flow cytometry
analyses of CD44 in Fento-1 treated tumour samples: Typically 2x 10e5 dissociated tumour cells were incubated in media
(RPMI 1610, 10% FBS, penicillin/streptomycin) with Fento-1 (in house, 1 uM, 24 h). Cells were pre-treated with Lip-1 (1 uM),
cLip-1 (in house, 1 uM), Toc (100 uM) or Def (100 uM) for 2 h. Toc was kept pure under inert atmosphere and a fresh stock
solution was prepared throughout the study before each experiment. The following antibody and stain panel was used for
subsequent flow analysis: SYTOX blue (Thermo Fisher Scientific, 34857, 1 uM), CD31-BV605 (BioLegend, 303122), CD45-
BV510 (BioLegend, 368526, lot B373428), CD44-AF647 (Novus Biologicals, NB500-481AF647), TfR1-PE (BioLegend, 334106),
FAP-AF750 (Novus Biologicals, FAB37155-100UG). The live tumour cells corresponded to SYTOX blueneg/CD45neg/CD31neg/
FAPneg cells. Data were recorded on an AttuneTM NxT Flow Cytometer (Thermo Fisher Scientific). For flow cytometry
analyses of CD44 levels in mouse 4T1 tumours, typically 2x 10e5 dissociated tumour cells were used per condition. Freshly
dissociated cells were stained using the following antibody and stain panel: SYTOX blue (Thermo Fisher Scientific, S34857, 1
uM), CD31-BV605 (BiolLegend, 102427), CD44-AF647 (BioLegend, 103018), CD45-BV510 (BioLegend, 103138), MHCII-APC/
Cyanine7 (BioLegend, 107628). The live tumour cells corresponded to SYTOX blueneg/CD45neg/CD31neg/MCH lIpos cells.
Data were recorded on an AttuneTM NxT Flow Cytometer (Thermo Fisher Scientific). All data were analysed with FlowJo
software v. 10.10.0.

Fluorescence-activated cell sorting:

Sorting of human cells was performed using the following antibodies: CD31-PE-Cy7 (BioLegend, 303118), CD44-AF647 (Novus
Biologicals, NB500-481AF647), CD45-BV785 (BioLegend, 304048). The sorted cells corresponded to CD45neg/CD31neg/
CD44pos cells and CD45neg/CD31neg/CD44neg cells and were isolated on a FACSAria Fusion (BD). ICP-MS experiments were
conducted in CD44high and CD44low tumour cells as described in the ICP-MS section. Sorting of mouse cells was performed
using the following antibodies: CD44-AF647 (Biolegend, 103018), MHCII-APC/Cyanine7 (BioLegend, 107628). The sorted cells
corresponded to MHClIpos/CD44high cells and MHClIpos/CD44low cells. Sorted cells were centrifuged at 300x g and cell
pellets were processed for subsequent applications.

Flow cytometers: BD LSRFortessa X-20, Thermo Fisher Attune NxT and BD FACSAria Fusion sorter.
FlowJo software v. 10.10.0
Cell sorting allows to obtain a satisfactory purity

The live human tumour cells corresponded to DAPIneg/CD45neg/CD31neg/FAPneg cells

The live murine tumour cells corresponded to SYTOX blueneg/CD45neg/CD31neg/MCH llpos cells.

The sorted human cells corresponded to CD45neg/CD31neg/CD44pos cells and CD45neg/CD31neg/CD44neg cells.
The sorted murine cells corresponded to MHClIpos/CD44pos cells and MHCllpos/CD44neg cells.

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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