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Ferroptosis, a form of cell death instigated by iron-dependent lipid perox-
idation reactions (LPO), is emerging as a promising therapeutic target for
cancer. While the mechanisms governing LPO induction and suppression have
gradually been unveiled, questions persist regarding the specific cellular
location of LPO and the utilization of iron in driving cell death. A compre-
hensive understanding of these aspects holds significant potential for advan-
cing therapeutic applications in disease management. Here, we show
lysosomal LPO in the initiation of ferroptosis, leveraging the hidden abilities of
fluorescent detection probes. Intra-lysosomal LPO triggers iron leakage, fos-
tering cell-wide LPO by augmenting lysosomal membrane permeabilization
(LMP). Conversely, cell lines with low susceptibility to ferroptosis do not
exhibit LMP. This deficiency is rectified by the concurrent administration of
chloroquine, leading to LMP induction and subsequent cell death. These
findings underscore enhancing LMP induction efficacy as a strategic approach
to surmount resistance to therapies in cancer.

Inhibition of glutathione peroxidase 4 (GPX4) is known to induce cell
death triggered by oxidized lipids'. This cell death is named ferroptosis
because of the important role of iron in oxidized lipids generation’.
Ferroptosis induction and inhibition have garnered attention as a
novel therapeutic approach for cancer treatment and neurodegen-
erative diseases®”’. However, some cancer cells have been found to be
less susceptible to ferroptosis, which may limit cancer therapy.

The identification and understanding of ferroptosis-inducing factors
and their inhibitors have progressed, and the occurrence of pores for-
mation in the plasma membrane (PM) during the final step of cell death

has been documented®. Nevertheless, the origins of highly reactive lipid
peroxides responsible for ferroptosis remain subjects of ongoing debate.
For example, the use of alkyne-tagged ferrostatin or deuterated poly-
unsaturated fatty acids (PUFA), along with Raman microscopy, suggested
the ER as a site of oxidized lipid formation®°. On the other hand, it has
been reported that ROS generated in lysosomes contribute to the
induction of ferroptosis”. Identifying oxidized lipid formation and iron
distribution is a pivotal aspect of understanding the ferroptosis induction
mechanism, with potential implications for cancer therapies and
explaining variations in ferroptosis susceptibility among cancer cell lines.
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Here, we show the site of lipid radical generation and Fe*" release
mechanism for ferroptosis induction, proposing an antitumor effect
on cancer cells with low susceptibility to ferroptosis beyond the
additional inhibition of enzymes that reduce oxidized lipids.

Results

Optimal use of LPO detection probes identified important
organelle targets for cell death

We evaluated the characteristics of the commonly used LPO detection
probes (i.e., NBD-Pen", C11-BODIPY" and Liperfluo') to act as anti-
oxidants (Supplementary Fig. 1). If these probes act as ferroptosis
inhibitors and prevent cell death, some probe molecules may directly
capture the molecules that induce ferroptosis. Thus, we investigated
whether these LPO detection probes exhibit ferroptosis-inhibitory
effects by focusing on non-small cell lung cancer (NSCLC) cell lines
(e.g., Calu-1). Notably, C11-BODIPY inhibited RSL3-induced ferroptosis
at a concentration of 10 uM, while Liperfluo showed no inhibition up to
10uM (Fig. 1a). Conversely, NBD-Pen completely abrogated RSL3-
induced ferroptosis at 2 uM. Furthermore, NBD-Pen demonstrated the
ability to suppress ferroptosis induced by other inducers (ML162 and
erastin) in addition to an RSL3-treated NSCLC cell line (H661) and a
fibrosarcoma cell line (HT1080) at lower concentrations than Cl1-
BODIPY (Supplementary Fig. 2a). Remarkably, the fluorescence inten-
sity of NBD-Pen increased as detected by flow cytometry upon RSL3
treatment, and this increase was effectively suppressed by adding OH-
Pen”, a compound with a significant inhibitory effect on ferroptosis
(Supplementary Fig. 2b, c). In contrast, the increased fluorescence
intensity of CI1-BODIPY in flow cytometry upon RSL3 treatment
remained unaffected by OH-Pen. Moreover, when each probe was used
at the concentration that did not exhibit any inhibitory effect on fer-
roptosis induction, C11-BODIPY displayed a fluorescence shift, while
NBD-Pen did not (Supplementary Fig. 2d). These findings strongly
suggested that NBD-Pen is capable of capturing lipid peroxidation, a
critical trigger of ferroptotic cell death.

We subsequently explored radical species as the inducing fer-
roptotic cell death molecules. In our previous study, we developed a
method for detecting lipid-derived radicals based on their reaction
with NBD-Pen and carbon-centered radicals, combined with LC-MS/MS
analysis®. Using this method, we successfully detected six truncated
alkyl-type radical species, including +CsHy; and «CgHjs, in RSL3-treated
Calu-1 cells (Fig. 1b). Importantly, the levels of these radical species
were significantly reduced in the presence of the liproxstatin-1 (Lip-1)
which prevents LPO production.

Our results provided insights into the essential organelle involved
in ferroptosis induction when using cell imaging with NBD-Pen. Spe-
cifically, fluorescence puncta were observed in some cancer cells (i.e.,
Calu-1, H661, and HT1080) treated with ferroptosis inducers, including
RSL3, ML162, and erastin, and these puncta were effectively eliminated
by Lip-1 or OH-Pen (Fig. 1c-e and Supplementary Fig. 3a-h). In con-
trast, fluorescence puncta derived from C11-BODIPY were not detected
(Supplementary Fig. 3i). In cells treated with tert-butyl hydroperoxide
(TBHP), which induces LPO throughout the cell, NBD-Pen was widely
distributed intracellularly, ruling out the possibility that the NBD-Pen
puncta depend on the probe’s biased distribution (Supplementary
Fig. 3j). Consistent with this, subcellular localization studies with NBD-
Pen-NOMe?, an “always-on” type of NBD-Pen probe, revealed a dis-
tribution throughout the entire cell that remained unaltered upon
RSL3 treatment (Supplementary Fig. 3k, I). It was observed that NBD-
Pen puncta co-localized with the LysoTracker but not with markers for
the ER, PM, or mitochondria, regardless of the ferroptosis inducer or
cell type used in this study (Supplementary Fig. 4a—c). Moreover, NBD-
Pen puncta co-localized with a fluorescent protein-fused lysosome
marker (LAMP1) and parts of an early endosome marker (Rab5) and a
late endosome marker (Rab7) (Supplementary Fig. 4d, e). These results

indicate that NBD-Pen detects LPO induced in the endosomal/lysoso-
mal compartment.

To further investigate whether lysosomal LPO is responsible for
ferroptosis induction, we synthesized a lysosome-targeting probe
based on NBD-Pen with morpholine (a lysosomal targeting group)',
named  2,2,6-trimethyl-4-(2-morpholinoethyl)(7-nitrobenzo[c][1,2,5]
oxadiazol-4-yl)amino-6-pentylpiperidine-1-oxyl (Lyso-NBD-Pen) (more
polar diastereomer 1, less polar diastereomer 2) (Supplementary
Fig. 5a). Importantly, Lyso-NBD-Pen (more polar diastereomer) effec-
tively suppressed ferroptosis induced by RSL3, ML162, and erastin at
lower concentrations than NBD-Pen (Fig. 1f and Supplementary
Fig. 5b, ¢). Therefore, the following experiments used Lyso-NBD-Pen
(more polar diastereomer). Lyso-NBD-Pen showed better inhibitory
effects on ferroptosis in H661, IA-LM and HT1080 cells (Supplementary
Fig. 5d). In particular, Lyso-NBD-Pen exhibited specific localization
within the lysosome, supported by the result that Lyso-NBD-Pen-
NOMe (3) is more abundant in lysosomes than NBD-Pen-NOMe (Fig. 1g
and Supplementary Fig. 5e-h). Furthermore, Lyso-NBD-Pen puncta
were not observed with Lip-1 treatment, suggesting that Lyso-NBD-Pen
has an inhibitory effect on ferroptosis by acting as a radical trapping
antioxidant (Fig. 1g). Our studies demonstrated that the reactivity of
Lyso-NBD-Pen towards lipid radicals generated by 2,2’-azobis(2-ami-
nodipropane) dihydrochloride (AAPH, an LPO initiator) in liposomes
was nearly identical to that of NBD-Pen (Supplementary Fig. 5i). These
findings provide compelling evidence that the lysosomal lipid perox-
idation are critical factors responsible for ferroptosis induction under
the experimental conditions examined in this study.

Lysosomal lipid peroxidation induces lysosomal membrane
permeabilization

The next question that emerged was how lysosomal LPO induces fer-
roptosis in these cells. Some molecular dynamics simulations and
experiments have shown that the oxidation of lipid membranes
increases their permeability”” . Thus, our attention was directed
towards LMP in particular, a phenomenon associated with the dis-
ruption of lysosomal function characterized by an increase in lysoso-
mal pH and the leakage of lysosomal contents®°. Notably, imaging and
flow cytometric analysis with acridine orange as a pH sensor revealed
that treatment with RSL3 for 3 h increased lysosomal pH, which was
effectively prevented by treatment with lysosomal LPO inhibitors,
including Lip-1, NBD-Pen, and Lyso-NBD-Pen (Lyso-NP) (Fig. 2a and
Supplementary Fig. 6a). Additionally, lower concentrations of RSL3 did
not induce cell death and did not increase lysosomal pH (Supple-
mentary Fig. 6b, c¢).

To better understand the effect of RSL3 on LMP, we monitored the
release of FITC-dextran (40 kDa), which accumulates in lysosomes
through endocytosis. Although FITC-dextran remained within lyso-
somes after 3 h of RSL3 treatment, it diffused into the cytosol after 4 h
(Fig. 2b). Additionally, cathepsin B, which is typically confined to the
lysosomal lumen, was found to be distributed not only within lyso-
somes but also in the cytosol in RSL3-treated cells, whereas it co-
localized with the lysosomal marker LAMP1 in control cells and cells
treated with lysosomal LPO inhibitors (e.g., Lip-1, NBD-Pen, and Lyso-
NBD-Pen) (Supplementary Fig. 6d). Consistent with this observation,
the cytosolic level of cathepsin B protein increased with RSL3 treat-
ment (Supplementary Fig. 6e). These results strongly suggested that
lysosomal LPO induces LMP in RSL3-treated Calu-1 cells. Notably, the
release of lactate dehydrogenase (LDH) was not observed within 3 h
after RSL3 treatment (Fig. 2c). In addition, LMP was observed in erastin-
treated Calu-1 cells and RSL3-treated H661 cells before LDH release
(Supplementary Fig. 7a, b). LMP was not observed in Calu-1 cells treated
with staurosporine (STS), a typical apoptosis inducer (Supplementary
Fig. 7c-e). These suggest that LMP precedes PM disintegration in fer-
roptotic cells, but not in cells with STS-induced apoptosis.
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Fig. 1| NBD-Pen detects lipid peroxidation, which triggers cell death in
ferroptotic cells. a Viability of Calu-1 cells treated with RSL3 (0.1uM) and each
probe simultaneously for 24 h. b MS peak areas of NBD-Pen radical adducts. Calu-1
cells were treated with RSL3 (0.1 uM) + liproxstatin-1 (Lip-1, 1uM) for 2.5 h and
administered NBD-Pen (10 uM) for 20 min. ¢ Scheme of NBD-Pen fluorescence
imaging. Cells were co-treated with RSL3 and NBD-Pen for 3 h. NBD-Pen, 2 uM; RSL3,
0.1puM; Lip-1, 1uM. d Live-cell fluorescence imaging with NBD-Pen in Calu-1 cells.
e Quantification of the NBD-Pen puncta per cell. f Viability of Calu-1 cells treated
with RSL3 (0.1 M) + Lyso-NBD-Pen (more polar diastereomer) or NBD-Pen for 24 h.
g Co-localization of Lyso-NBD-Pen (more polar diastereomer) with lysosomal

marker. Cells were treated with RSL3 (0.1uM) * Lip-1 (1uM) and Lyso-NBD-Pen
(0.1uM) simultaneously for 3 h and then labeled with LysoTracker Red DND-99 and
Hoechst 33342 for 20 min. Data are mean + s.d. (a, b, f), median £95% CI (e). Sample
size: (a, b, f) n=3 independent experiments, (e) n=39 (Control), 35 (RSL3), 49
(RSL3 + Lip-1) number of cells present in three different images from each sample.
Three independent experiments were performed with similar results (e). Statistical
analysis: p values were calculated by one-way ANOVA with Tukey-Kramer test

(a, b, e) or by two-way ANOVA with Sidak’s multiple comparison test (f). Scale bar:
20 um (d, g). Source data are provided as a Source Data file.
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The cathepsin B inhibitor CA-074Me has previously been demon-
strated to inhibit erastin-induced ferroptosis in pancreatic cancer
cells”. However, in our study, CA-074Me did not suppress RSL3- or
erastin-induced ferroptosis in Calu-1, H661 and HT1080 cells (Supple-
mentary Fig. 8a), showing that cathepsin B is not involved in ferroptosis,
at least in these three cell lines. Given that iron is abundant in lyso-
somes, primarily due to cellular uptake via transferrin receptor- or
CD44-mediated endocytotic pathway and ferritinophagy (a form of
autophagy specific to ferritin)>**, we hypothesized that LMP might

lead to the diffusion of lysosomal iron into the cytosol and trigger cell
death. In fact, Lyso-RhoNox*, a lysosomal ferrous iron-selective probe,
showed fluorescence emission in Calu-1 cells, which was decreased by
pretreatment with deferoxamine (DFO, an iron chelator) (Fig. 2d).
Moreover, in Calu-1 cells treated with RSL3 for 3 h, fluorescence inten-
sity of the subcellular iron-selective probe FerroOrange was enhanced
throughout the cells (Fig. 2e). It was effectively inhibited by Lip-1, NBD-
Pen, and Lyso-NBD-Pen treatment. These findings suggest that lysoso-
mal Fe* is diffused throughout the cell upon RSL3 treatment.
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Fig. 2 | Lysosomal membrane permeabilization mediates ferroptotic cell death.
a, b Live-cell fluorescence imaging with acridine orange or fluorescent dextran in
Calu-1 cells treated with RSL3 (0.1 uM) + inhibitors for 3 h. ¢ Time-dependent
change of lactate dehydrogenase (LDH) released from Calu-1 cells treated with
RSL3 (0.1uM) * Lip-1. d Lysosomal Fe** detected by Lyso-RhoNox. Calu-1 cells were
pretreated with deferoxamine (DFO, 50 uM) for 1 h and then labeled with Lyso-
RhoNox (1uM) and Hoechst 33342 for 30 min. Relative intensity per cell is pre-
sented. e Intracellular Fe?* detected by FerroOrange. Calu-1 cells were treated with
RSL3 (0.1uM)  inhibitors for 3 h and then labeled with FerroOrange (1 M) and
Hoechst 33342 for 30 min. Relative intensity per cell is shown. NBD-Pen fluores-
cence analysis after LMP in Calu-1 cells treated with RSL3 (0.1uM) # Lip-1. Scheme
(P, live-cell fluorescence imaging (g), and co-staining with ER-Tracker or CellMask

Orange Plasma Membrane Stain at 3 and 5 h (h). i Death of Calu-1 cells treated with
RSL3 (0.1 uM) * inhibitors for 24 h. Inhibitors were added either at the same time as
RSL3 (0 h) or 1-6 h later. Inhibitors: Lip-1 (1uM); NBD-Pen (0.3 uM); Lyso-NBD-Pen
(Lyso-NP, more polar diastereomer, 0.1 uM). Data are mean + s.d. (c, d, e, i). Sample
size: (c, i) n =3 independent experiments, (d) n = 21 number of cells present in three
different images from each sample, (e) n =27 (Control), 36 (RSL3), 28 (RSL3 + Lip-1),
31 (RSL3 + NBD-Pen), 34 (RSL3 + Lyso-NBD-Pen) number of cells present in three
different images from each sample. Three independent experiments were per-
formed with similar results (d, e). Statistical analysis: p values were calculated by
two-way ANOVA with Sidak’s multiple comparison test (c), by the two-tailed
unpaired t test (d) or by one-way ANOVA with Tukey-Kramer test (e). Scale bar,
(a, h) 10 um; (b, d, e, g) 20 um. Source data are provided as a Source Data file.

Given that Fe** promotes lipid peroxidation through the Fenton
reaction’, it is plausible that lysosomal iron release accelerates lipid
peroxidation throughout the ferroptotic cell. To assess lipid perox-
idation after LMP induction, Calu-1 cells were stained with NBD-Pen 3 h
after RSL3 treatment (Fig. 2f). Under these conditions, NBD-Pen
fluorescence was observed throughout a wide intracellular range in
RSL3-treated cells (Fig. 2g), which was in stark contrast to the image
shown in Fig. 1d, where RSL3 and NBD-Pen were simultaneously
applied. Our results indicated that LPO in other organelles besides
lysosome is rarely induced upon simultaneous treatment of NBD-Pen
due to the lysosomal LPO and LMP inhibition, suggesting that LPO
elsewhere than in lysosome is induced following lysosomal LPO and
LMP. A similar distribution of NBD-Pen fluorescence intensity
throughout the cells was observed in erastin-treated Calu-1 cells
(Supplementary Fig. 8b). Notably, this fluorescence co-localized with
the ER-Tracker after 3h of RSL3 treatment and subsequently co-
stained well with CellMask at 5 h (Fig. 2h).

To clarify the contribution of lysosomal Fe** leakage to cell death,
we investigated whether inactivation of leaked lysosomal Fe** sup-
presses ferroptosis. Treatment with FerroOrange (which oxidizes fer-
rous iron”) or deferiprone (DFP, an iron chelator that can penetrate
cells) after LMP suppressed ferroptosis (Supplementary Fig. 8c),
revealing that increased cytoplasmic Fe*' is responsible for cell death.
Consistent with this, FerroOrange or DFP inhibited LPO enhancement
throughout the cell under these conditions (Supplementary Fig. 8d,e).
Furthermore, analysis of NBD-Pen radical adducts showed that trun-
cated alkyl radicals are predominantly generated at a wide range of
cellular sites following LMP (Supplementary Fig. 8f). Given that these
truncated alkyl radicals are presumed to result from (-scission of
alkoxy radicals generated by the reaction of lipid hydroperoxides with
ferrous iron"**%, this result indicates that Fe** is essential for LPO
expansion from the lysosome to other organelles. In line with this, DFP
treatment following LMP reduced radical production (Supplementary
Fig. 8f). These results support our hypothesis that leaked lysosomal
Fe* plays a causal role in LPO spread to the entire cell during
ferroptosis.

A recent study by von Krusenstiern et al. showed that exogenous
fatty acids, such as oleic acid (OA), incorporate primarily into ER
phospholipids and alter susceptibility to ferroptosis'. This suggests
that the ER membrane is a crucial site of lipid peroxidation. Accord-
ingly, we investigated the effect of exogenous OA (used as an anti-
ferroptotic fatty acid) on lysosomal LPO and LMP. Consistent with that
previous report, OA pretreatment inhibited RSL3-induced ferroptosis
and lipid peroxidation in the ER (Supplementary Fig. 9a,b). However,
RSL3-induced lysosomal lipid peroxidation and LMP remained unaf-
fected in OA-pretreated cells (Supplementary Fig. 9c,d). These results
rule out the possibility of lysosomal LPO and LMP resulting from LPO
in the ER.

To further investigate the importance of LMP in ferroptotic cell
death, we evaluated the cell death inhibitory effect of NBD-Pen and
Lyso-NBD-Pen when they were administered after LMP had occurred.

Cell death was entirely prevented when these compounds were added
within 2 h of RSL3 treatment. However, the inhibitory effect rapidly
diminished upon administration more than 3 h after RSL3 treatment
(Fig. 2i and Supplementary Fig. 9e). These findings collectively
demonstrate that lysosomal lipid peroxidation-mediated LMP is a
crucial mechanism in ferroptotic cell death.

Effect of lysosomotropic agents on cell lines with low suscept-
ibility to ferroptosis

The vulnerability to ferroptosis depends on the cell state and cell
types®?. For instance, susceptibility to ferroptosis differs significantly
within NSCLC cells in an epithelial state. HARA, H460, A549, KNS62,
and PC9 cells are low susceptibility to RSL3-induced cell death than
Calu-1 cells (Fig. 3a). Consequently, proposing ferroptosis-based
therapy for NSCLC cells has limitations. To shed light on the
response to RSL3 of cells with low susceptibility to ferroptosis, we
conducted cell imaging experiments using NBD-Pen. NBD-Pen puncta
were observed even when RSL3 concentrations were insufficient to
induce cell death. However, treatment with Lip-1 completely inhibited
the increased fluorescence intensity (Fig. 3b, ¢ and Supplementary
Fig.10a, b). In particular, lysosomal pH did not increase in RSL3-treated
cells under these conditions (Fig. 3d and Supplementary Fig. 10c).
These findings suggest that RSL3 induces lysosomal LPO but does not
trigger LMP in cells with low susceptibility to ferroptosis. Notably, this
mechanism also occurred in a neuroblastoma cell line (SH-SY5SY)
(Supplementary Fig. 10a-c).

We hypothesized that facilitating LMP in low-susceptible cells
could induce ferroptosis at lower RSL3 concentrations. Lysosomo-
tropic agents, such as chloroquine (CQ), ammonium chloride
(NH4CI), and methylamine, accumulate in lysosomes, leading to
lysosomal swelling and pH elevation®*2, A previous report indi-
cated that enlarged lysosomes are more susceptible to membrane
rupture®. Therefore, we employed a combination treatment of
lysosomotropic agents and ferroptosis inducers to induce LMP,
resulting in ferroptotic cell death. Consistent with prior reports,
CQ, NH4CI, and methylamine induced lysosomal swelling in PC9
cells, while the V-ATPase inhibitor bafilomycin Al (BafAl) did not
(Supplementary Fig. 10d). In PC9 cells, lysosomotropic agents
enhanced ferroptosis induction with lower doses of GPX4 inhibitors
(RSL3, ML162) (Fig. 3e and Supplementary Fig. 11a-c). In contrast,
BafAl did not enhance RSL3-induced ferroptosis, ruling out the
possibility that the inhibition of lysosomal degradation function is
responsible for sensitizing cells to ferroptosis (Supplementary
Fig. 11d). The cell death accelerated by lysosomotropic agents was
effectively suppressed by Lip-1, DFO, and NBD-Pen, but not by the
apoptosis inhibitor Z-VAD-FMK or the necroptosis inhibitor
Necrostatin-1 (Nec-1) (Fig. 3f and Supplementary Fig. 11e). Notably,
STS- and H,0,-induced cell death was not augmented by CQ (Sup-
plementary Fig. 11f). Other NSCLC cell lines and SH-SY5Y with low
susceptibility to ferroptosis also displayed increased sensitivity to
RSL3-induced ferroptosis when treated with CQ (Supplementary
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Fig. 3 | Lysosomotropic agents promote RSL3-induced ferroptosis suscept-
ibility in low-susceptibility cell lines. a Viability of non-small cell lung cancer
(NSCLC) cells treated with RSL3 for 24 h. b Live-cell fluorescence imaging in PC9
cells treated with NBD-Pen (2 uM) after 6 h of treatment with RSL3 (1uM) + Lip-1
(1uM). ¢ Quantification of the NBD-Pen puncta per cell of PC9. d Flow cytometric
analysis of acridine orange red fluorescence in PC9 cells treated with RSL3 (1uM)
for 6 h. e Viability of PC9 cells treated with RSL3 + Chloroquine (CQ, 100 uM),
ammonium chloride (NH4Cl, 120 mM), and methylamine (80 mM) for 24 h. Viability
was normalized to untreated conditions or treatment with lysosomotropic agent
alone as a control. f Viability of PC9 cells treated with RSL3 + CQ (100 uM) * inhi-
bitors (1uM Lip-1, 50 uM DFO, 2 uM NBD-Pen, 10 uM Z-VAD-FMK, 5 uM Nec-1) for
24 h. g Intracellular Fe** detected by FerroOrange. PC9 cells were treated with RSL3

ot B

(1uM) £ CQ (100 uM) + Lip-1 (1 uM) for 3 h and then labeled with FerroOrange (1 M)
and Hoechst 33342 for 30 min. Relative intensity per cell is presented. h Live-cell
fluorescence imaging of FITC-dextran (40 kDa) in PC9 cells treated with RSL3
(1uM) + CQ (100 uM) * Lip-1 (1uM) for 6 h. Data are mean + s.d. (a, e, f, g), median +
95% Cl (c). Sample size: (a, e, f) n = 3 independent experiments, (c) n =35 (Control),
27 (RSL3), 35 (RSL3 + Lip-1) number of cells present in three different images from
each sample, (g) n=29 (Control), 34 (RSL3), 34 (CQ), 33 (RSL3 + CQ), 37 (RSL3 + CQ
+ Lip-1) number of cells present in three different images from each sample. Three
independent experiments were performed with similar results (c, g). Statistical
analysis: p values were calculated by one-way ANOVA with Tukey-Kramer test

(c, f, ). Scale bar: 20 um (b, g), 10 um (h). Source data are provided as a Source
Data file.

Fig. 11g). Collectively, these findings demonstrate that lysosomo-
tropic agents promote ferroptotic cell death induction in NSCLC
and other cancer type with low susceptibility to ferroptosis via
GPX4 inhibition.

Althoughiitis conceivable that CQ blocks lysosomal iron uptake
by inhibiting lysosomal function, lysosomal iron did not decrease
significantly, at least after 6 h of CQ treatment (Supplementary
Fig. 12a, b). Notably, co-treatment with RSL3 and CQ elevated the
cytoplasmic Fe* level (Fig. 3g). In support of these results, FITC-
dextran remained within lysosomes in RSL3-treated cells, but it
diffused into the cytoplasm in CQ co-treated cells (Fig. 3h). These
findings suggest that co-treatment with CQ facilitates lysosomal

iron leakage throughout the cell. Inactivation of lysosomal Fe?*
upon pre-treatment with Lyso-RhoNox or cytoplasmic iron upon
post-treatment with FerroOrange or deferiprone suppressed CQ-
enhanced ferroptosis (Supplementary Fig. 12c-e), supporting the
assertion that lysosomal iron and its leakage are responsible for the
induction of ferroptosis amplified by CQ co-treatment. Consistent
with these results, the levels of various LPO products that are hall-
marks of ferroptosis were increased by co-treatment with RSL3 and
CQ (Supplementary Fig. 12f). Therefore, we revealed that combining
CQ with RSL3 promotes iron diffusion from lysosomes and increa-
ses LPO levels throughout the cell, resulting in cell death in cells
with low susceptibility to ferroptosis.
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Fig. 4 | Chloroquine enhances GPX4*° H460 tumor suppression in vivo. a In vivo
growth of subcutaneous GPX4*° H460 xenografts in Balb/c-nu mice. Five days after
transplantation, mice were treated randomly with vehicle or CQ (25 mg/kg intra-
peritoneally daily). The distribution of tumor volume is shown. b Tumor weight at
the end of the experiment. Data for panel (a, b) are mean + s.d., n=9 (vehicle),
n=10 (CQ) independent experiments, p values were calculated by two-way ANOVA
with Sidak’s multiple comparison test (a) or by the two-tailed unpaired t test (b).
¢ 4-HNE accumulation in the group subjected to CQ treatment on tumor of GPX4*°
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cells. Representative 4-HNE immunostaining images of four different tumor sam-
ples and the relative intensity normalized to vehicle group of WT H460 tumor are
shown. Scale bar, 40 um. Data are mean + s.d., n =4 independent experiments, p
values were calculated by the two-tailed unpaired t test. d Model illustrating the
mechanism of cell death initiated by lysosomal LPO. Purple closed circles represent
lipid radicals. Created in BioRender. Yuma, S. (2025) https://BioRender.com/
¢82¢186. Source data are provided as a Source Data file.

Chloroquine enhances GPX4%° H460 tumor suppression in vivo
Lastly, we examined the possibility of CQ treatment as a therapeutic
approach to ferroptosis-low-susceptible cells. GPX4-knockout
(GPX4*°) cells were adopted to examine the effect of CQ in ferroptosis-
low-susceptible cells on in vivo tumor development. To confirm that
CQ also induces cell death due to GPX4 deficiency, we generated
GPX4*° H460 cells that can survive after withdrawal of Lip-1 (Supple-
mentary Fig. 13a, b). CQ induced cell death and LMP in GPX4° cells, but
not in wild-type cells (Supplementary Fig. 13c, d). Interestingly, CQ
treatment produced a pronounced reduction in tumor growth of
GPX4*° H460 cells, without affecting body weight (Fig. 4a and Sup-
plementary Fig. 13e, f). Additionally, tumor weight displayed a sig-
nificant decrease in the group subjected to CQ treatment on tumor of
GPX4*° cells, coupled with accumulation of the lipid peroxidation
product 4-HNE (Fig. 4b, ¢ and Supplementary Fig. 13g). These results
collectively suggest that concurrent CQ treatment, in conjunction with
GPX4 inhibition, may effectively overcome low susceptibility to
ferroptosis.

Discussion

In this study, we have demonstrated that lysosomal LPO triggers
LMP during ferroptosis, and Fe*" diffuses throughout the cell to
induce LPO (Fig. 4d). Interestingly, NBD-Pen inhibited ferroptosis
induction most effectively. This could be considered to be based on
the reacting molecular species, the second-order rate constant, and
the intracellular organelle distribution of probes. Previously, lipid

peroxides were detected during ferroptosis as phospholipid-
derived hydroperoxides and their end products®™. Here, we
detected lipid-derived alkyl radicals such as CsHy; radical (Fig. 1b).
These alkyl radicals, which are causative molecules during the LPO
chain reaction, may be produced via Fe*-induced B-scission reac-
tion in lipid hydroperoxide**%. Additionally, the second-order
reaction rate constant between nitroxide (reaction molecule of
NBD-Pen) and carbon-centered radicals such as lipid-derived alkyl
radicals is generally 108 to 10°M's™ (that of C11-BODIPY and ROO- is
10*M7s™)*, and this high secondary reaction rate constant could
effectively suppress the chain reaction during LPO. Moreover, when
TBHP, which induces LPO across the cell, was applied simulta-
neously with NBD-Pen or NBD-Pen-NOMe (the always-on form of
NBD-Pen) was co-treated with RSL3 for 3 h, these probes were dis-
tributed throughout the cell (Supplementary Fig. 3j,1). This cell-wide
distribution further supports the assertion that lysosomes are the
essential site in the early stages of ferroptosis induction. Further-
more, the use of Lyso-NBD-Pen made the analysis more straight-
forward. Otherwise, under our conditions, C11-BODIPY could not
detect LPO in lysosomes (Supplementary Fig. 3i). The results sug-
gest that the detection probe can function as an inhibitor by
reacting with the molecule causing the effect, rather than just being
used for imaging. Furthermore, since the detection probe is present
throughout the cell, it provides strong evidence for identifying a
molecule within the lipid radical-generating organelle as the one
responsible for ferroptosis.
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LPO is detected in various organelles such as ER, mitochondria
and plasma membrane during ferroptosis induction'***, However, it
had remained unclear at which organelle LPO is initiated and triggers
cell death. Notably, the lysosome plays an important role in cellular
iron homeostasis? and this lysosomal function has been reported to be
involved in reactive oxygen species (ROS) generation and ferroptosis™.
Furthermore, salinomycin induces the sequestration of iron in lyso-
somes, leading to lysosomal ROS generation, LMP and the resulting
ferroptotic cell death, highlighting that lysosomal iron as the initial
trigger of salinomycin-induced ferroptosis®. In this manner, lysosomal
iron and ROS have long been pointed out as triggers of ferroptosis, and
a recent study reported LPO starts in lysosomes upon ferroptosis
induction®. However, how lysosomal iron induces LPO throughout the
cell and ultimately results in plasma membrane damage are still
debated. In this study, we characterized that LPO initiates in lysosomes
during GPX4 inhibition-induced ferroptosis and that lysosomal LPO is
critical for cell death (Fig. 1d). Interestingly, our results suggested that
lysosomal iron leaked by lysosomal LPO-mediated LMP contributes to
the spread of LPO to organelles other than the lysosome (Supple-
mentary Fig. 8c-f). A recent study by Rodrigues et al. focusing on
lysosomal iron showed that LPO is initiated in the lysosome, which
propagates to the other proximal organelle membranes via a
radical chain reaction’®. Presumably, the expansion of LPO from
lysosomes to the whole cell is caused by both membrane-to-
membrane propagation and leaked lysosomal iron. In light of the
above, our results provide one mechanism by which lysosomal iron
enhances cell-wide LPO and further emphasize the key roles of iron
and LPO in the lysosome for ferroptosis, along with the recent study
using a different approach*.

Our results revealed that lysosomal LPO induces LMP during
GPX4 inhibition-induced ferroptosis. Recently, several papers have
shown that LMP is induced in a ROS-dependent manner upon stimu-
lation with the ferroptotic cell death inducer FIN56 or disulfiram**, In
addition, Mai et al. pointed out that LMP is presumably the result of Fe-
mediated lysosomal ROS production and lysosomal membrane oxi-
dation through the analysis of salinomycin-treated cells®. We have
shown that lipid radicals were generated in lysosomes under the
experimental conditions in this study (Fig. 1d,g). Previous molecular
dynamics simulations predicted that oxidation of the lipid bilayer
membrane causes the hydrophobic tail to fold toward the aqueous
phase, leading to the loss of membrane stability and increased mem-
brane permeability”'**, It is quite possible that lipid-derived alkyl
radicals and its products are the causal molecules that induce LMP, as
evidenced by the generation of lipid-derived alkyl radicals in lyso-
somes using NBD-Pen and Lyso-NBD-Pen. Furthermore, regarding the
causal relationship between ferroptosis and LMP induced by GPX4
inhibition, we explicate that LMP is essential for LPO expanding during
ferroptosis progression. Importantly, facilitating LMP upon treatment
with lysosomotropic agents sensitizes low-susceptible cells to ferrop-
tosis (Fig. 3e), highlighting the importance of LMP in ferroptosis.

To date, cell types in which it is challenging to induce ferroptosis
have been suggested. To overcome this ferroptosis resistance, the
inhibition of GPX4, FSP1, and other enzymes that suppress LPO across
cell lines has been the primary strategy***°. In this study, we success-
fully exploited the fact that LPO occurs in lysosomes even in cancer
cells with low sensitivity to ferroptosis; additional LMP induction led to
ferroptotic cell death in cultured cells and animal tumors. The next
challenge is to explore proteins or molecules involved in LMP sup-
pression in cancer cells with low susceptibility to ferroptosis, which
should help to elucidate regulatory mechanisms of LMP.

In summary, this study has demonstrated the accumulation of
LPO in lysosomes and LMP contribute to ferroptosis induction through
the successful use of LPO-detecting fluorescent probes. Furthermore,
LMP induction can overcome cell lines with low susceptibility to

ferroptosis. These findings suggest the future potential for cancer
therapy that induces ferroptosis beyond targeting the inhibition of
enzymes that suppress LPO.

Methods

Ethical statement

This research complies with all relevant ethical regulations. All pro-
cedures and animal care were approved by the Committee on Ethics of
Animal Experiments, Graduate School of Pharmaceutical Sciences,
Kyushu University, and conducted in accordance with the Guidelines
for Animal Experiments of the Graduate School of Pharmaceutical
Sciences, Kyushu University.

Chemicals and reagents

NBD-Pen, NBD-Pen-NOMe, and OH-Pen were prepared as previously
reported’. The synthetic method for Lyso-NBD-Pen and Lyso-NBD-Pen-
NOMe can be found in the Supplementary Note 1. The reagents that
were used in this study are as follows: RSL3 (Sigma-Aldrich), erastin
(Cayman Chemical), ML162 (Sigma-Aldrich), liproxstatin-1 (Sigma-
Aldrich), BODIPY 581/591 C11 (Invitrogen), Liperfluo (Dojindo), tert-
butyl hydroperoxide (Tokyo Chemical Industry), acridine orange
(Nacalai Tesque), FerroOrange (Dojindo), Lyso-RhoNox (synthesized
at Prof. Hideko Nagasawa’s laboratory), FITC-dextran (40 kDa) (Sigma-
Aldrich), hydrogen peroxide (FUJIFILM Wako Pure Chemical), staur-
osporine (Cayman Chemical), CA-074Me (Peptide Institute), oleic acid
(FUJIFILM Wako Pure Chemical), chloroquine (Nacalai Tesque),
ammonium chloride (Sigma-Aldrich), methylamine (Tokyo Chemical
Industry), bafilomycin Al (Sigma-Aldrich), deferiprone (Tokyo Che-
mical Industry), deferoxamine mesylate (Abcam), Z-VAD-FMK (Cay-
man Chemical), and necrostatin-1 (Cayman Chemical).

Cell culture

Calu-1 (HTB-54), H661 (HTB-183), H460 (HTB-177) and SH-SY5Y (CRL-
2266) were purchased from the ATCC; A549 (86012804) and PC9
(90071810) were from ECACC; HARA (JCRB1080.0), KNS62 (IFO50358)
and HT1080 (IFO50354) were from the Japanese Collection of
Research Bioresources (JCRB); and IA-LM (RCB0554) was from RIKEN
Bioresource Center (BRC). All cell line identities were confirmed by the
commercial source on each provider on website (ATCC, ECACC, JCRB,
BRC). First, H661, H460, PC9, HARA, KNS62, and IA-LM were cultured
in RPMI1640 (Nacalai Tesque), Calu-1 was cultured in McCoy’s 5A
Medium (Gibco), and A549 was cultured in DMEM (4.5 g/L glucose)
(Nacalai Tesque). SH-SY5Y was cultured in DMEM/Ham’s F-12 (Nacalai
Tesque). HT1080 was cultured in MEM (Nacalai Tesque) supplemented
with 1mM sodium pyruvate solution (Sigma) and 1% MEM non-
essential amino acid solution (Nacalai Tesque). All growth media were
supplemented with 10% FBS and 100 U/mL penicillin and 100 ug/mL
streptomycin (Nacalai Tesque). All cell lines were grown at 37°C in a
humid atmosphere with 5% CO,.

Cell viability assay

Cells (1 x 10* cells/well) were seeded in a 96-well plate and cultured for
24 h. Cell viability was assessed by MTT assay (Nacalai Tesque) after
drug treatment for 24 h. Briefly, pretreatment with oleic acid (20 uM)
was performed for 24 h, followed by RSL3 (0.1 uM). MTT solution was
added to each well, followed by incubation for 1h at a final con-
centration of S5mg/mL in 5% CO, at 37°C. The supernatant was
removed and 100 pL of DMSO was added to each well. Absorbance at
570 nm was measured using an EnSpire Multimode Plate Reader
(Perkin Elmer) and EnSpire Manager v4 (Perkin Elmer). The relative cell
viability (%) was calculated by setting the absorbance of the control to
100%. In cases where lysosomotropic agent and cell death inducer
were simultaneously added, treatment with lysosomotropic agent
alone was used as a control.
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LDH release assay

Cells (1 x 10* cells/well) were seeded in a 96-well plate and cultured for
24 h. The Cytotoxicity LDH Assay Kit-WST (Dojindo) was used in
accordance with the manufacturer’s protocol to measure cell death.
After drug treatment, 100 pL of supernatant was transferred to a new
96-well plate, and assay buffer was added. Then, the mixture was
incubated at room temperature for 30 min, followed by addition of a
stop solution. Absorbance was measured at 490 nm using an EnSpire
Multimode Plate Reader (Perkin Elmer) and EnSpire Manager v4 (Per-
kin Elmer). The LDH release rate was calculated using the absorbance
of the lysis buffer group as 100%.

Flow cytometric analysis

Cells (3 x 10° cells/well) were seeded in a six-well plate and cultured for
24 h. Then, they were stained with either NBD-Pen or C11-BODIPY to
detect lipid peroxidation. To conduct an LMP assay, the cells were
stained with 10 uM acridine orange (Nacalai Tesque) and incubated for
30 min in 5% CO, at 37 °C. The cells were rinsed with PBS and detached
using accutase (Nacalai Tesque). Next, they were washed with 1 mL of
HBSS and resuspended in 0.5 mL of HBSS. Afterwards, the cells were
filtered through a cell strainer and analyzed using a flow cytometer
(FACS Verse, Becton Dickinson) with a 488 nm laser for excitation and
BD FACSuite Software v1.0.6 (Becton Dickinson). Fluorescence inten-
sity was measured using the FITC detector with wavelengths at
511-543 nm for NBD-Pen and C11-BODIPY or the PerCP-Cy5.5 detector
with wavelengths at 673-727 nm for acridine orange red fluorescence.
At least 10,000 events were assayed per sample. Data were analyzed
using FlowJo v10 software (Becton Dickinson).

Live-cell confocal imaging

Cells (3 x 10* cells/compartment) were seeded in four-well CELL View
glass-bottomed dishes (Greiner Bio-One) and incubated for 24 h. After
treatment and staining, the cells were washed three times with PBS. For
the FITC-dextran release assay, the cells were seeded in four-well CELL
View glass-bottomed dishes (Greiner Bio-One) at 2 x 10* cells per
compartment and incubated for 24 h. The cells were pretreated with
1 mg/ml FITC-dextran for 24 h. They were treated after washing three
times with PBS. Images were acquired using a confocal laser micro-
scope (LSM780; Carl Zeiss Microscopy GmbH) with a 63x objective
lens and ZEN 2011 v14 (Carl Zeiss). The following wavelengths were
used for excitation and emission, respectively: Hoechst33342, Aex =
405 nm, Aem = 410-476 nm; NBD-Pen, C11-BODIPY (oxidized), FITC-
dextran, Aex =488 nm, Aem =516-559 nm; LysoTracker, ER-Tracker,
MitoTracker, CellMask, C11-BODIPY (reduced), FerroOrange, Lyso-
RhoNox, Aex =561 nm, Aem = 595-637 nm; and acridine orange, Aex =
488 nm, Aem (green fluorescence) = 515-560 nm, Aem (red fluores-
cence) = 600-710 nm. The images were analyzed using ZEN 3.4 soft-
ware (Carl Zeiss Microscopy GmbH). The images shown in the figure
are representative of at least three independent experiments. Quan-
tification of puncta or mean fluorescence intensity per cell was per-
formed using Fiji (Image J) v1.54 software (NIH). Cell outlines were
manually marked as regions of interest (ROI), and each ROI was mea-
sured. Relative intensity was calculated using the average intensity of
the control group as 1 for ferrous probe imaging. Three different
images were analyzed for each group and the total number of cells in
the image was defined as n. Colocalization rate was quantified by
Coloc2 in ImageJ with Pearson’s correlation coefficient.

Fluorescent staining of live cells

To evaluate co-localization with organelle markers, cells were treated
with 0.2 uM LysoTracker Red DND-99 (Invitrogen), 0.5 uM ER-Tracker
Red (Invitrogen), 2.5 ug/mL CellMask Orange Plasma Membrane Stain
(Invitrogen), and 0.15uM MitoTracker Red CM-H2Xros (Invitrogen)
and incubated for 20 min in 5% CO, at 37 °C. For nuclear staining, cells

were treated with 1 ug/mL Hoechst 33342 (Nacalai Tesque) along with
other probes. For live-cell imaging with acridine orange, cells were
stained with 10 uM acridine orange (Nacalai Tesque) and incubated for
30 min in 5% CO, at 37 °C. For ferrous iron imaging, cells were stained
with 1uM FerroOrange (Dojindo) or 1uM Lyso-RhoNox in HBSS and
incubated for 30 min in 5% CO, at 37 °C.

Immunofluorescence imaging

Cells (3 x 10* cells/compartment) were seeded in four-well CELL View
glass-bottomed dishes (Greiner Bio-One) and incubated for 24 h. After
treatment with drugs, the cells were washed three times with PBS and
fixed with 4% paraformaldehyde for 10 min at room temperature. They
were then permeabilized and blocked with 5% normal goat serum
(Jackson ImmunoResearch) in PBST (PBS with 0.3% Triton X-100) for
30 min at room temperature. Next, the cells were stained with mouse
anti-Cathepsin B antibody (Santa Cruz Biotechnology, sc-365558)
1:200 and rabbit anti-LAMP1 antibody (Cell Signaling Technology,
9091) 1:200 for 3 h at room temperature. The cells were then washed
three times with PBST and stained with Cy3 AffiniPure Goat Anti-
Mouse IgG (Jackson ImmunoResearch, 115-165-146) 1:200, Alexa Fluor
488 AffiniPure Goat Anti-Rabbit IgG (Jackson ImmunoResearch, 111-
545-003) 1:200, along with 1 ug/mL Hoechst 33342 (Nacalai Tesque) at
room temperature for 1 h. The cells were subsequently washed three
times with PBST. Images were acquired using a confocal laser micro-
scope (LSM780; Carl Zeiss Microscopy GmbH) with a 63x objective
lens and ZEN 2011 v14 (Carl Zeiss). The following were used as exci-
tation and emission wavelengths, respectively: Hoechst33342, Aex =
405nm, Aem=410-476 nm; Alexa Fluor 488, Aex=488nm,
Aem=516-559 nm; and Cy3, Aex=561nm, Aem=595-637 nm. For
quantification of lysosome size, the size of LAMP1 puncta per cell was
averaged using Fiji (Image J) v1.54 software (NIH). Relative size was
calculated using the average size of the control group as 1. Three dif-
ferent images were analyzed for each group and the total number of
cells in the image was defined as n.

Western blotting

Cells were washed and incubated in lysis buffer (50 mM Tris-HCI,
150 mM Nacl, 1% Triton X-100, 0.1% SDS, 1% deoxycholic acid, 1 mM
benzylsulfonyl fluoride, 1mM sodium orthovanadate, protease
inhibitor cocktail, pH 7.5) on ice for 30 min. The solution was col-
lected with a scraper and centrifuged at 10,000 xg for 15min.
Protein concentration was determined by the Bradford assay using
the Bio-Rad Protein Assay Kit (Bio-Rad). Protein concentrations
were normalized and diluted with 5x SDS sample buffer (50% gly-
cerol, 0.05% Bromophenol blue, 150 mM Tris-HCI, 5% SDS, 25% 2-
mercaptoethanol, pH 6.8). Protein was resolved on 10% or 15%
polyacrylamide gel using SDS-PAGE and transferred onto PVDF
membranes (Merck Millipore). Membranes were blocked in Block-
ing One (Nacalai Tesque) at room temperature for 30 min, and
incubated overnight at 4 °C with primary antibodies in Blocking
One. They were then washed three times with TBS-T and incubated
for 1h at room temperature with secondary antibodies. Next,
membranes were washed three times with TBS-T and reacted with
WSE-7120 EzWestLumi Plus (ATTO). ChemiDoc MP and Image Lab
v5.2.1 (Bio-Rad) were used for imaging. The antibodies used inclu-
ded mouse anti-Cathepsin B antibody (Santa Cruz Biotechnology,
sc-365558) 1:1000; mouse anti-GAPDH antibody (MBL, M171-3)
1:3000; rabbit anti-LAMP1 antibody (Cell Signaling Technology,
9091) 1:1000; rabbit anti-Calreticulin antibody (Cell Signaling
Technology, 12238) 1:1000; rabbit anti-VDAC antibody (Cell Sig-
naling Technology, 4661) 1:1000; rabbit anti-GPX4 antibody
(Abcam, ab125066) 1:1000; goat anti-mouse IgG & IgM antibody,
HRP conjugate (Merck Millipore, AP130P) 1:3000; and goat anti-
rabbit IgG HRP antibody (R&D Systems, HAF008) 1:3000.
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Overexpression plasmid construct and generation of cell lines
For subcloning, desired DNA sequences of LAMPI-RFP (Origene,
RC100048), mRFP-Rab5 (addgene, 14437) and mCh-Rab7A (addgene,
61804) were amplified using KOD -Plus- Neo (TOYOBO) or Q5® Hot
Start High-Fidelity 2X Master Mix (New England Biolabs) and PCR
products were purified using FastGene™ Gel/PCR Extraction Kit (Fast
Gene). Ligation reaction of PCR products with digested pLJM1 vectors
was performed using NEBuilder® HiFi DNA Assembly Master Mix (New
England Biolabs). The plasmid was confirmed by sequencing and used
for lentiviral production. After 72h of infection with Calu-1 cells,
selection was performed with 5 ug/mL puromycin (Nacalai Tesque).

Lentiviral production

Lenti-X 293 T (TaKaRa Bio) cells (3 x 10° cells/well) were seeded in 12
well plates and cultured overnight. To 200 uL of OptiMEM (Gibco)
were added 0.8 pg of cloned lentiviral plasmid, 0.6 ug of packaging
plasmid (psPAX2, Addgene, 12260), and 0.4 pg of envelope plasmid
(pMD2.G, Addgene, 12259). Next, 10.8 ug of PEI was added and incu-
bated at room temperature for 10 min. The solution was added drop-
wise to Lenti-X 293 T cells cultured in 300 pL of medium and incubated
for 24 hiin 5% CO, at 37 °C. The transfection medium was replaced with
500 uL of fresh medium and cells were incubated for 48 h. Viral
supernatant was collected and used for lentiviral transduction.

ICP-MS analysis for iron in lysosome-enriched fraction
For lysosome purification, the well-established magnetic bead techni-
que Lyso-IP*" was used. To generate cells stably expressing T192-mRFP-
3xHA, PC9 cells were infected with lentivirus produced by transfection
of Lenti-X 293 T cells with pLJM1-Tmem192-mRFP-3xHA (addgene,
134631). The cells were seeded in a 15cm dish at 4 x 10° cells and
cultured for 24 h. After CQ treatment, the cells were washed with PBS
and detached using a scraper. The pelleted cells were resuspended in
1ml of KPBS and gently homogenized with 20 strokes of a Dounce
homogenizer. Then, the homogenate was centrifuged at 1000 x g for
2 min. The supernatant was incubated with 100 L of anti-HA magnetic
beads (Thermo Scientific, 88837) for 20 min. The beads with bound
lysosomes were washed three times with KPBS on a DynaMag Spin
magnet. The immunoprecipitates were eluted using lysis buffer for
10 min and quantified using protein assay BCA kit (Nacalai Tesque).
The lysosome fraction samples were treated with 62% nitric acid,
followed by centrifugation at 20,000 x g for 10 min. Ultrapure water
was added to the supernatant and nitric acid was diluted down to a
final concentration of 1%. The samples were filtered and analyzed with
an ICP-MS (Agilent 7900). The iron concentration of the sample was
calculated from the calibration curve prepared with iron standard
solution (Nacalai Tesque). Iron concentration in samples was normal-
ized against protein concentration. Three biological replicates were
prepared for each sample and each sample was measured once.

Generation of GPX4-knockout cell lines using CRISPR/Cas9

The single guide RNA (sgRNA) sequence targeting GPX4 was 5’
CTTGGCGGAAAACTCGTGCA-3/, referring to a previous study’. sgRNA
was cloned into Bsmbl-digested lentiCRISPR v2-Blast vectors
(Addgene, 83480). Ligation reaction of sgRNA with digested vectors
was performed using Ligation High Ver. 2 (TOYOBO). The reaction
mixture was transformed into competent DH5a cells (TOYOBO) and
plasmids were isolated using the Mini Plus Plasmid DNA Extraction
System (VIOGENE). The plasmid was confirmed by sequencing and
used for lentiviral production.

H460 cells (2.5 x 10* cells/well) were seeded in a 12-well plate and
incubated overnight. Cell culture medium was replaced with 400 pL of
fresh medium supplemented with 12.5 ug/mL polybrene and 100 L of
viral supernatant. After incubation for 24 h, medium was replaced with
fresh medium containing 0.05uM Lip-1 and incubated for 48h.
Selection was performed with 5pg/mL blasticidin (Nacalai Tesque).

After selection for 3 days, the single-cell clone was isolated, and the
knockout clone was validated by western blotting. GPX4-knockout
H460 cells were maintained in medium with or without Lip-1.

Lipid peroxidation assay in liposome

For liposome preparation, 200 mg of egg phosphatidylcholine (egg PC,
NOF) and 8 mg of dihexadecyl phosphate (DCP, Sigma-Aldrich) were
dissolved in chloroform/methanol (4:1, v/v). Solvent was evaporated for
30 min and vacuum-dried for 10 min to form a lipid film at the bottom of
the flask. The film was hydrated with 10 mL of phosphate buffer (10 mM,
pH 7.4). The liposome suspension was then extruded 10 times using a
mini extruder (Avanti Polar Lipids) equipped with a 100 nm poly-
carbonate membrane (Cytiva). Then, liposome suspension (containing
5mg/mL egg PC) with 2,2-azobis(2-aminodipropane) dihydrochloride
(AAPH, FUJIFILM Wako Pure Chemical) were incubated at 37 °C for 1 h.
After the addition of 5uM NBD-Pen or Lyso-NBD-Pen, fluorescence
intensity was measured every 2 min using an EnSpire Multimode Plate
Reader (Perkin Elmer) and EnSpire Manager v4 (Perkin Elmer) at 37 °C.
Excitation and emission wavelengths were Aex=470nm and Aem=
530 nm. Fluorescence intensities were normalized to the average
fluorescence intensity of the first measurement for each probe set as 1.

Apoptosis assay

Calu-1 cells (3 x 10° cells/well) were seeded in a six-well plate and
cultured for 24 h. After treating the cells with 1uM STS for 6 h, they
were washed with PBS. A scraper was used to detach cells, which were
then washed with 1 mL of HBSS. To detect apoptosis, the Annexin
V-FITC Apoptosis Detection Kit (Nacalai Tesque) was used, in accor-
dance with the manufacturer’s protocol. Cells were passed through a
cell strainer and assayed with a flow cytometer (FACS Verse, Becton
Dickinson) with a 488 nm laser for excitation and BD FACSuite Soft-
ware v1.0.6 (Becton Dickinson). Fluorescence intensity was measured
using the FITC detector with wavelengths at 511-543 nm for Annexin
V-FITC and the PerCP-Cy5.5 detector with wavelengths at 673-727 nm
for propidium iodide. At least 10,000 events were assayed per sample.
Data were analyzed using FlowJo v10 software (Becton Dickinson).

Isolation of cytosol fraction

Calu-1cells were seeded in a 10 cm dish at 2 x 10° cells and cultured for
24 h. After drug treatment, the cells were washed with PBS and
detached using a scraper. Next, the cells were centrifuged at 800 x g
for 5min and the supernatant was removed. The cells were then
resuspended in 100 uL of fraction buffer (250 mM sucrose, 20 mM
HEPES, 10 mM KCI, 1.5 mM MgCl,, 1mM EDTA, 1mM EGTA, pH 7.4)
containing protease inhibitor cocktail and homogenized in an ice-cold
1-mL homogenizer. After centrifugation at 800 g for 5 min, the super-
natant was transferred and ultracentrifuged at 100,000 x g for 1 h. The
supernatant was then used as the cytosolic fraction.

LC-MS/MS analysis for lipid radicals and NBD-Pen adducts

Calu-1cells were seeded in a 10 cm dish at 2 x 10° cells and cultured for
24 h. The cells were treated with RSL3 (0.1uM) for 2.5 h and adminis-
tered NBD-Pen (10 uM) for 20 min. The cells were then washed with
cold PBS and detached using a scraper. After centrifugation at
10,000 g for 10 min and removal of the supernatant, the cells were
resuspended in 200 uL of ice-cold methanol including 100 uM dibu-
tylhydroxytoluene (BHT) and EDTA. The cell suspension was homo-
genized by Sonifier 250D (Branson) and centrifuged at 10,000 x g for
10 min. The supernatant was used as the sample. Three biological
replicates were prepared for each sample and each sample was mea-
sured once. For the analysis of NBD-Pen and lipid radical adducts, LC-
MS/MS was performed using an LCMS-8060 (Shimadzu). The mass
spectrometer was equipped with an electron spray ionization source.
The LC conditions were as follows: injection volume, 5 pL; autosampler
temperature, 4 °C; column, InertSustain C18 column (2.1 x 150 mm,
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particle size of 3 um, GL Sciences); column temperature, 40 °C; mobile
phase, 5 mM ammonium formate in acetonitrile/H,0 (2:1, v/v) (A) and
5 mM ammonium acetate in isopropanol/H,0 (95:5, v/v) (B); flow rate,
0.4 mL/min; and gradient, 0%-100% B, 0-20 min; 100% B, 20-25 min.
MS analysis was performed in negative-ion mode and MRM transitions
for individual radical adducts are described in Supplementary Table 1.
The LC-MS/MS analysis was performed using LabSolutions v5
(Shimazu).

LC-MS/MS analysis for lipid peroxidation products

A total of 2 x 10° PC9 cells were seeded in a 10 cm dish and cultured for
24 h. The cells were treated with RSL3 (1uM) and CQ (100 uM) for 6 h.
The cells were then washed with cold PBS and detached using a scraper.
After centrifugation at 10,000 xg for 10 min and removal of the
supernatant, the cells were resuspended in 200 pL of ice-cold methanol
including 100 uM dibutylhydroxytoluene (BHT) and EDTA. The cell
suspension was homogenized by Sonifier 250D (Branson) and cen-
trifuged at 10,000 x g for 10 min. The supernatant was used as the
sample. Three biological replicates were prepared for each sample and
each sample was measured once. LC-MS/MS was performed using an
LCMS-8060 mass spectrometer (Shimadzu) equipped with an electron
spray ionization source. The LC conditions were as follows: injection
volume, 5 uL; autosampler temperature, 4 °C; column, InertSustain C18
column (2.1 x 150 mm, 3 pm particle size; GL Sciences); column tem-
perature, 40 °C; mobile phase, SmM ammonium formate in
acetonitrile:H,0 = 2:1 (A) and isopropanol:methanol =95:5 (B); flow
rate, 0.4 mL/min; and gradient elution, 0-22.5min 0-100% B,
22.5-27.5 min 100% B. MS analysis was performed in positive-ion mode
and MRM transitions for individual lipid peroxidation products are
described in Supplementary Table 2. The LC-MS/MS analysis was per-
formed using LabSolutions v5 (Shimazu). MS peak areas were normal-
ized by LysoPC [18:1(d7)] as an internal standard. The normalized MS
peak areas were log;o-transformed and auto-scaled using MetaboAna-
lyst 6.0*. The heatmap was generated using GraphPad Prism v9
(GraphPad Software).

Animal experiment

Four-week-old male BALB/c-nu mice were purchased from Jackson
Laboratory Japan. All mice were housed in a light-controlled room
(light/dark cycle of 12 h/ 12 h) at 24 +1°C and 60% + 10% humidity, and
the animals had free access to water and CLEA Rodent Diet CE-2 (Clea
Japan). For the xenograft tumor experiment, wild-type or GPX4-
knockout H460 cells (8 x10° cells in 100 ul of PBS) were injected
subcutaneously into the right flank of 6-week-old male BALB/c-nu
mice. After the tumor reached approximately 100 mm? in size, the
mice were randomized and treated with vehicle or chloroquine (25 mg/
kg intraperitoneally) in PBS once daily. Tumor was measured using a
caliper daily, and tumor volume was calculated according to the fol-
lowing formula: length x width? x 1/2. Endpoints apply when tumors
reach 1000 mm? in volume, 1.5 cm in diameter, or 10% of body weight,
none of which were exceeded in this study. Dissected tissues were
embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek) and fro-
zen in liquid nitrogen. Frozen tissues were sectioned at a thickness of
10 pm using a cryostat for immunohistochemistry analysis. The tissue
sections were fixed with 4% paraformaldehyde in PBS for 10 min and
then incubated with PBST (PBS with 0.3% Triton X-100) for 30 min at
room temperature. They were blocked with 5% normal donkey serum
(Jackson ImmunoResearch) in PBST for 30 min at room temperature.
Subsequently, sections were incubated with primary antibody (mouse
anti-HNE-histidine monoclonal antibody, a gift from Dr. Uchida, Uni-
versity of Tokyo) 1:100 at 4 °C overnight. After washing, sections were
incubated with secondary antibody (Donkey Anti-Mouse IgG H&L
Alexa Fluor 647, Abcam, ab150107) 1:400 for 30 min at room tem-
perature. Sections were mounted using Vibrance Antifade Mounting
Medium with DAPI (Vector Laboratories) and analyzed using a

confocal laser microscope (LSM780; Carl Zeiss Microscopy GmbH)
with a 40x objective lens and ZEN 2011 v14 (Carl Zeiss). The following
were used as excitation and emission wavelengths, respectively: DAPI,
Aex =405 nm, Aem =410-476 nm; and Alexa Fluor 647, Aex =633 nm,
Aem = 638-746 nm. Quantification of mean fluorescence intensity was
performed using Fiji (Image J) v1.54 software (NIH).

Statistical analysis

Data are expressed as the mean + standard deviation or median + 95%
confidence interval for each group. Statistical significance was eval-
uated using two-tailed unpaired t test and one-way or two-way analysis
of variance (ANOVA), followed by Sidak’s or Tukey’s multiple com-
parison tests. p<0.05 was considered statistically significant. Statis-
tical analyses were performed using GraphPad Prism v9 (GraphPad
Software).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are available within the Article, Sup-
plementary Information or Source Data file. Source data are provided
with this paper.
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