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Ferroptosis-activating metabolite acrolein
antagonizes necroptosis and anti-cancer
therapeutics
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Dysregulated cell death leading to uncontrolled cell proliferation is a hallmark
of cancer. Chemotherapy-induced cell death is critical for the success of
cancer treatment but this process is impaired by metabolic byproducts. How
these byproducts interfere with anti-cancer therapy is unclear. Here, we show
that the metabolic byproduct acrolein derived from polyamines, tobacco
smoke or fuel combustion, induces ferroptosis independently of ZBP1, while
suppressing necroptosis in cancer cells by inhibiting the oligomerization of the
necroptosis effector MLKL. Loss of the enzyme SATI, which contributes to
intracellular acrolein production, sensitizes cells to necroptosis. In mice,
administration of an acrolein-trapping agent relieves necroptosis blockade
and enhances the anti-tumor efficacy of the chemotherapeutic drug cyclo-
phosphamide. Human patients with cancer coupled with a higher cell death
activity but a lower expression of genes controlling polyamine metabolism
exhibit improved survival. These findings highlight that the removal of meta-
bolic byproducts improves the success of certain chemotherapies.

Cell death is a fundamental biological process crucial for eliminat-
ing damaged cells, maintaining tissue homeostasis, and regulating
developmental processes. Regulated cell death (RCD) pathways
characterized by distinct morphological, biochemical, and mole-
cular features have been identified”. Pyroptosis is executed by
gasdermin D (GSDMD) downstream of inflammasome signaling®.
However, in cancer cells lacking GSDMD, pyroptosis can occur
through gasdermin E (GSDME) following caspase-3 activation®.
Apoptosis is activated by the extrinsic initiator caspase-8 or intrinsic
initiator caspase-9, ultimately leading to activation of downstream
executioners caspase-3, -6, and -7, In the absence of caspase-8

activity, activation of receptor-interacting serine/threonine kinase
(RIPK)1, RIPK3, and mixed lineage kinase domain-like pseudokinase
(MLKL) leads to necroptosis’'. Oxidative damage to cellular
membranes by iron-dependent accumulation of lipid peroxides
results in ferroptosis'™.

Agents that promote cell death are used extensively as che-
motherapeutics in cancer treatment” . However, a major limitation in
chemotherapy is drug resistance due to the evasion of apoptosis by
cancer cells'®". Necroptosis provides an alternative way to kill cancer
cells, offering potential therapeutic avenues for therapy-resistant
cancers'®"”,
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Cellular metabolites and drug byproducts often complicate che-
motherapy efficacy with poorly defined molecular mechanisms® 2,
The polyamine metabolic pathway is considered a rational target for
therapeutic intervention; however, mixed responses have been
observed in both clinical and preclinical settings®*. Polyamines, such as
spermine, spermidine, and their precursor putrescine, control funda-
mental biological processes, including transcription, translation, and
cell signaling®. Polyamine catabolism, mediated by intracellular
enzymes such as spermidine/spermine N'-acetyltransferase 1 (SAT1,
also known as diamine acetyltransferase 1), polyamine oxidases, and
spermine oxidase (SMOX), yields toxic metabolites including acrolein
and hydrogen peroxide that may drive cell death°. However, how
polyamine metabolism triggers cell death activities and how this
relationship affects the survival and treatment outcome of cancer
patients have remained unclear.

In this study, we observe that spermine and spermidine induce
cell death, with the metabolic byproduct acrolein triggering lipid
peroxidation and ferroptosis. Cells treated with acrolein do not
undergo necroptotic cell death even in the presence of phosphoryla-
tion of RIPK3 and MLKL, owing to the role of acrolein in blocking MLKL
oligomerization. Similarly, deletion of the enzyme SATI1 involved in
generating acrolein intracellularly, renders cells susceptible to
necroptosis. Removal of acrolein and liberation of necroptosis
enhance the efficacies of chemotherapeutics in cells and mice. Overall,
our results suggest that barriers imposed by toxic host metabolites
against certain chemotherapeutic drugs can be removed to enhance
treatment outcome.

Results

Spermine induces inflammatory lytic cell death ferroptosis
Natural polyamines such as spermine are found ubiquitously in
organisms from all kingdoms and can intersect with regulated cell
death (RCD) pathways®* . We treated primary bone marrow-derived
macrophages (BMDMs) with varying concentrations of spermine to
monitor the kinetics of cell death and found that spermine con-
centrations at 25 uM or higher induced robust cell death (Fig. 1A, B). To
comprehensively understand this phenomenon across multiple cell
types in mice and humans, we used spermine to stimulate primary
mouse BMDMs, immortalized mouse BMDMs (iBMDMs), mouse
fibroblast cell line L929, mouse colorectal cancer cell line CT-26,
human colorectal cancer cell line HT-29, human renal cancer cell lines
Caki-1 and A498, and human lung cancer cell line A549. Only primary
mouse BMDMs and iBMDMs exhibited susceptibilities to spermine-
induced cell death, whereas mouse cell lines L929 and CT-26 remained
resistant (Supplementary Fig. 1A, B). In human cell lines, only Caki-1
cells succumbed to cell death in response to spermine stimulation
(Supplementary Fig. 1C-E). Stimulation of BMDMSs with spermine led
to the release of cytosolic contents such as lactate dehydrogenase
(LDH) and high mobility group box 1 (HMGB1) (Fig. 1C)*°?!, indicating
that spermine induces lytic inflammatory cell death.

We next sought to characterize the nature of cell death induced by
spermine. Of the regulated cell death pathways, pyroptosis, necrop-
tosis, and ferroptosis are lytic, each with their unique molecular
signatures'>***¢, Treatment of BMDMs with spermine did not induce
the proteolytic cleavage of caspase-1, GSDMD or GSDME (Supple-
mentary Fig. 1F), indicating the lack of pyroptosis or inflammasome
activation. Additionally, we saw a lack of caspase-3, -7, or -8 cleavage
(Supplementary Fig. 1G), suggesting that apoptosis is not involved.
BMDMs stimulated with spermine underwent the phosphorylation of
RIPK3 and MLKL, and the magnitude of phosphorylation increased
with increased length of stimulation time and concentrations of
spermine (Fig. 1D, E), leading to LDH and HMGBI release (Fig. 1F). The
activation of RIPK3 and MLKL by spermine indicates hallmarks of
necroptosis. The RIPK1 inhibitor, necrostatin-1 (Nec-1)'° effectively
abolished necroptosis induced by the classical combination of TNF,

Smac mimetic, and Z-VAD-FMK (zVAD), referred to as TSZ herein
(Supplementary Fig. 2A, B)". However, Nec-1 only partially inhibited
spermine-induced cell death and the release of LDH and HMGB1
(Fig. 1G, H), indicating that necroptosis cannot fully account for the
magnitude of cell death.

To validate our findings using a genetic approach, we treated
Ripk3™~ and MikI”- BMDMs, which are defective in necroptosis, with
spermine. Surprisingly, Ripk3”~ and MikI”- BMDMs were susceptible to
spermine-induced cell death (Supplementary Fig. 2C-E), suggesting
that necroptosis is not involved and that the partial resistance to cell
death caused by Nec-1-mediated RIPK1 blockade might be an off-target
effect. In line with previous reports that Nec-1 can inhibit ferroptosis in
a RIPKl-independent manner*’*, we observed that Nec-1 partially
inhibited ferroptotic cell death induced by ras-selective lethal small
molecule 3 (RSL3), a glutathione peroxidase 4 (GPX4) inhibitor (Sup-
plementary Fig. 2F)*. Similarly, Nec-1 attenuated the release of LDH
and HMGBI1 in BMDMs treated with RSL3 or spermine (Supplementary
Fig. 2G). These data indicate that spermine may induce ferroptosis that
is partially attenuated by Nec-1. Indeed, we observed that BMDMs
treated with spermine or RSL3 both showed increased lipid peroxide
accumulation seen in ferroptosis (Fig. 2A, B). Moreover, treatment with
the lipid-peroxidation inhibitor Fer-1 abolished the accumulation of
lipid peroxides (Fig. 2A, B), cell death (Fig. 2C, D), and the release of
LDH and HMGBI (Fig. 2E) in BMDMs stimulated with spermine or RSL3.
Fer-1 also blocked cell death in the human renal cancer cell line Caki-1
stimulated with spermine (Supplementary Fig. 2H). Since the extent of
cell death by ferroptosis depends on cell density*°, we next examined
the effects of cell density in spermine-induced cell death. Notably,
mouse BMDMs or human Caki-1 cells stimulated with spermine
exhibited density-dependent cell death, with highly confluent cells
failing to undergo ferroptosis, similar to BMDMs stimulated with RSL3
(Supplementary Fig. 3A-C).

To address the potential crosstalk between spermine-induced
ferroptosis and the phosphorylation of RIPK3 and MLKL, we treated
BMDM s with spermine in the presence of Fer-1 or Nec-1. Despite fully
or partially mitigating cell death induced by spermine, neither Fer-1
nor Nec-1 inhibited the phosphorylation of RIPK3 and MLKL
(Figs. 1G and 2C, F and G). This finding implies that while spermine
induces the activation of RIPK3 and MLKL, these events do not con-
tribute to cell death. In contrast, BMDMs stimulated with RSL3
secreted LDH and HMGBI1 but had minimal phosphorylation of RIPK3
and MLKL (Fig. 2F-1). Consistent with the observation from spermine
treatment, neither genetic deletion of MLKL nor pharmacological
inhibition of RIPK3 with GSK blocked RSL3-induced cell death (Sup-
plementary Fig. 3D). Similarly, Fer-1 treatment did not inhibit TSZ-
induced cell death (Supplementary Fig. 3E). Collectively, these find-
ings suggest that ferroptosis and necroptosis, executed under our
experimental conditions, are distinct and independent cell death
pathways.

Spermine-induced ferroptosis is mediated by the metabolite
acrolein
Spermine is biochemically converted to another polyamine called
spermidine and subsequently to the polyamine putrescine®. To
explore whether polyamines other than spermine can induce cell
death, we treated BMDMs with spermidine, putrescine, and their pre-
cursor ornithine, and monitored for cell death. Only spermidine trig-
gered cell death (Supplementary Fig. 4A-C), suggesting that spermine
and spermidine may share a common cell death-inducing mechanism.
Both spermine and spermidine produce toxic metabolites
including acrolein and hydrogen peroxide (H,0,) as byproducts fol-
lowing oxidation by bovine serum amine oxidase present in fetal
bovine serum (FBS) of cell culture systems*’. Therefore, we examined
the contribution of acrolein and H,0, in triggering ferroptosis using
the acrolein quencher hydralazine, or free radical scavengers of H,0,,
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Fig. 1| Spermine triggers inflammatory cell death and activates necroptotic
molecules. A Real-time analysis of cell death in bone marrow-derived macro-
phages (BMDMs) treated with different doses of spermine (Spm). B Representative
images of cell death in BMDMs at O and 12 h of indicated doses of Spm treatment.
C, D Immunoblot analysis of (C) released lactate dehydrogenase (LDH) and high
mobility group box 1 (HMGBYI) in the cell culture media; (D) phosphorylated
receptor-interacting serine/threonine kinase 3 (pRIPK3), total RIPK3 (tRIPK3),
phosphorylated mixed lineage kinase domain-like pseudokinase (pMLKL), and
total MLKL (tMLKL) after indicated times of Spm treatment. GAPDH was used as
internal control. E, F Immunoblot analysis of (E) pRIPK3, tRIPK3, pMLKL, and

Time (h)

tMLKL; (F) released LDH and HMGBL in the cell culture media in BMDMs after
indicated doses of Spm treatment. 3-actin was used as an internal control (E).

G Real-time analysis of cell death in BMDMs treated with Spm in the presence or
absence of necrostatin-1 (Nec-1). H Immunoblot analysis of released LDH and
HMGBL in the cell culture media after indicated treatments in BMDMs. Data are
shown as mean + SEM; ***P < 0.0001 (two-way ANOVA; n =4 from 4 biologically
independent samples) (A and G). Data are representative of at least three inde-
pendent experiments (B-F and H). Scale bar, 100 pm (B). Source data are provided
as a Source Data file.

sodium pyruvate, and dimethylthiourea**. Both sodium pyruvate
and dimethylthiourea effectively scavenged H,0, in the presence of
spermine under cell culture conditions (Supplementary Fig. 4D).
Remarkably, BMDMs treated with hydralazine, but not sodium pyr-
uvate or dimethylthiourea, were resistant to spermine-induced cell
death (Fig. 3A) and had reduced accumulation of lipid peroxides
(Fig. 3B), suggesting that spermine-induced cell death is mediated by
acrolein. Further, acrolein stimulation killed BMDMs (Fig. 3C) and
induced lipid peroxidation (Fig. 3D), both of which were attenuated by
Fer-1and hydralazine, but not by sodium pyruvate or dimethylthiourea
(Fig. 3D, E). Similarly, acrolein-induced cell death was inhibited by Fer-1
in Caki-1 human renal cancer cells (Supplementary Fig. 4E, F). To

further confirm the role of H,O, in polyamine-induced cell death,
BMDMs were treated with different concentrations of exogenous
H,0,. Lower concentrations of H,O, failed to induce cell death,
whereas higher concentrations of H,0, triggered cell death that was
not inhibited by Fer-1 (Supplementary Fig. 4G). This observation indi-
cates that high-dose H,O,-induced cell death occurs via a non-
ferroptotic mechanism. While H,0, did not directly contribute to
polyamine-induced cell death under our experimental conditions,
polyamines have previously been shown to enhance cellular sensitivity
to RSL3-induced ferroptosis through H,0, generation*. Consistently,
a moderate dose of exogenous H,0, accelerated RSL3-induced cell
death (Supplementary Fig. 4H).
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We further investigated whether the breakdown of spermine or
spermidine by amine oxidase found in FBS potentiated the production
of ferroptosis-inducing acrolein. To this end, we treated BMDMs with
spermine or spermidine in the absence or presence of FBS. Remark-
ably, both spermine and spermidine did not induce ferroptosis in the
absence of FBS (Supplementary Fig. 5A, B), whereas RSL3 induced
ferroptosis in the absence or presence of FBS (Supplementary Fig. 5C).

45

Further, we substituted FBS with human serum that contains a low-
level of amine oxidase"’. Spermine and spermidine did not induce cell
death in BMDMs cultured with human serum, whereas RSL3-induced
cell death was unaffected (Supplementary Fig. 5D-F). Additionally,
pre-incubation of spermine and spermidine, but not RSL3, with FBS-
containing media accelerated the kinetics of cell death (Supplemen-
tary Fig. 5G-I). Consistent with the phenomenon observed with
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Fig. 2 | Ferroptosis inhibition abolishes spermine-induced cell death without
altering the activation of RIPK3 and MLKL. A, B Representative images of oxi-
dized lipids (green) and non-oxidized lipids (red) with merged images and oxida-
tion ratio in BMDMs treated with (A) spermine (Spm) for 9 h; (B) ras-selective lethal
small molecule 3 (RSL3) for 6 h. C, D Real-time analysis and representative images
of cell death in BMDMs treated with (C) Spm; (D) RSL3 for 6 h in the presence or
absence of ferrostatin-1 (Fer-1). E Immunoblot analysis of released lactate dehy-
drogenase (LDH) and high mobility group box 1 (HMGBI) in cell culture media of
BMDMs stimulated with RSL3 and Spm in the presence or absence of Fer-1.

F, G Immunoblot analysis of phosphorylated receptor-interacting serine/threonine
kinase 3 (pRIPK3), total RIPK3 (tRIPK3), phosphorylated mixed lineage domain-like

pseudokinase (pMLKL), and total MLKL (tMLKL) in BMDMs treated with RSL3 and
spermine in the presence or absence of (F) Fer-1; (G) necrostatin-1 (Nec-1).

H Immunoblot analysis of pRIPK3, tRIPK3, pMLKL, and tMLKL in BMDMs after
indicated times of RSL3 and Spm treatment. 3-actin was used as an internal control
(F-H). I Immunoblot analysis of released LDH and HMGBL in the cell culture media
of BMDMs after indicated times of RSL3 and Spm treatment. Data are shown as
mean = SEM (A-D). ***P < 0.0001 (one-way ANOVA; n =4 from 4 biologically
independent samples) (A and B). ***P < 0.0001 (two-tailed ¢ test; n=4 from 4
biologically independent samples) (C and D). Data are representative of at least
three independent experiments (A-I). Scale bar, 100 pm (A-D). Source data are
provided as a Source Data file.

spermine, neither Nec-1 nor Fer-1 treatment altered acrolein-induced
phosphorylation of RIPK3 and MLKL (Supplementary Fig. 6A), whereas
cell death was abolished by Fer-1 (Fig. 3E) and partially attenuated by
Nec-1 (Supplementary Fig. 6B). Collectively, these findings indicate
that polyamine-induced ferroptosis is mediated by acrolein generated
from polyamine catabolism.

ZBP], inflammasomes and type I IFN signaling are not required
for acrolein-induced ferroptosis

Oxidative stressors have been reported to induce endogenous Z-RNA
accumulation*®*°, Acrolein is known to induce oxidative stress*’, which
might induce Z-RNA accumulation and cell death. Moreover, spermine
and spermidine cause the transition of B-DNA to Z-DNA. Both Z-RNA
and Z-DNA binds to the innate immune sensor ZBP1 to trigger cell
death®™*. Indeed, we observed that spermine or acrolein-induced Z-
RNA accumulation in BMDMs (Fig. 4A-C). However, Zbpl™~ or Zbp1-**?
(lacking the nucleic-acid binding Za2 domain) BMDMs stimulated with
spermine or acrolein showed a similar magnitude of cell death com-
pared with wild-type (WT) BMDMs (Fig. 4D-G), suggesting that ZBP1 is
dispensable for polyamine-induced ferroptosis. Further, Zbpl™’
BMDMs with or without Nec-1 treatment underwent RIPK3 and MLKL
phosphorylation, similar to WT BMDM s in response to spermine or
acrolein (Fig. 4H, I). BMDMs lacking inflammasome sensors or com-
ponents that control cell death®*® (Nlrp3”~, Aim2"", Nirc4", Mefv™",
and CaspI”~ BMDMs), type | IFN signaling (Jfnarl”- BMDMs), or STING
(Sting”~ BMDMs) all succumbed to ferroptosis induced by spermine or
acrolein (Supplementary Fig. 7). These results highlight that acrolein
induces the accumulation of Z-RNA and ferroptosis, but ZBP1,
inflammasomes and type I IFN signaling pathways do not contribute to
acrolein-induced ferroptosis.

Protein modifications by acrolein induce ferroptosis
Acrolein irreversibly modifies proteins by forming covalent adducts
with nucleophilic residues, such as cysteine, histidine, and lysine, sig-
nificantly altering their structure and function, and potentially leading
to cell death”. To investigate the effect of acrolein on cellular path-
ways, we performed chemoproteomic analysis of BMDMs treated with
50 uM acrolein for 1 h. A total of 1262 proteins were identified as tar-
gets of acrolein, and 51 proteins were associated with ferroptosis
(Supplementary Datas 1 and 2 and Supplementary Fig. 8A). Within the
ferroptosis pathway, acrolein-modified proteins included 28 drivers
and 26 suppressors of ferroptosis (Supplementary Fig. 8A and Sup-
plementary Data 2). Most of these proteins are known to regulate lipid
oxidation and iron metabolism (Supplementary Data 2), which are
critical processes in ferroptotic cell death®®. Notably, we identified
several acrolein-modified proteins that are well-known to be asso-
ciated with ferroptosis, including acyl-CoA synthetase long chain
family member 4 (ACSL4), heme oxygenase 1 (HMOX]1), ferritin heavy
chain 1 (FTH1), solute carrier family 3 member 2 (SLC3A2), peroxir-
edoxin 1 (PRDX1), and thioredoxin (TXN) (Supplementary Data 2)*°.
Among the identified targets, ferritin heavy chain 1 (FTHI) was
highlighted as both a suppressor and a marker of ferroptosis (Sup-
plementary Data 2). FTHI plays a pivotal role in suppressing ferroptosis

by maintaining intracellular iron homeostasis®°. Acrolein adduction to

FTHLI likely disrupts this function, increasing the intracellular labile
iron pool and thereby sensitizing cells to ferroptosis. To assess the role
of iron chelation in protecting against cell death, we treated cells with
the iron chelator deferoxamine (DFO)*°. DFO partially inhibited cell
death induced by spermine, spermidine or acrolein (Supplementary
Fig. 8B-D), suggesting that iron dysregulation contributes to acrolein-
induced ferroptosis. However, the partial protection by the iron che-
lator indicates additional factors may also be involved. Indeed, the
expression of key antioxidant proteins, including GPX4 and TXN1, was
reduced following acrolein treatment in both BMDMs (Supplementary
Fig. 8E) and Caki-1 cells (Supplementary Fig. 8F). Taken together, these
data suggest that acrolein induces ferroptosis by modifying specific
target proteins within the ferroptotic pathway, particularly those
involved in lipid peroxidation and iron metabolism. These modifica-
tions, in conjunction with reductions in antioxidant defenses, highlight
a multifaceted mechanism by which acrolein promotes ferroptotic
cell death.

Acrolein inhibits MLKL oligomerization and necroptosis

Given that acrolein robustly induced the phosphorylation of RIPK3 and
MLKL (Supplementary Fig. 6A) but still unable to trigger necroptosis,
we hypothesized that acrolein might inadvertently impede necropto-
sis. Phosphorylated MLKL undergoes oligomerization, a critical step
for the translocation of MLKL to cellular membranes, culminating in
membrane permeabilization and necroptosis®. Considering the ability
of acrolein to form adducts with various amino acid residues”
potentially affecting appropriate assembly and trafficking, we postu-
lated that acrolein impedes MLKL oligomerization. We observed that
classical triggers of necroptosis, TSZ, induced MLKL phosphorylation
and MLKL oligomer formation both in BMDMs and L929 cells, which
were mitigated by Nec-1 (Fig. 5A and Supplementary Fig. 9A). Addi-
tionally, MLKL oligomers induced by TSZ dissociated following 1,4-
dithiothreitol treatment (Fig. 5A). However, despite the induction of
MLKL phosphorylation, cells treated with acrolein did not exhibit
MLKL oligomer formation (Fig. SA and Supplementary Fig. 9A). Since
acrolein inhibited MLKL oligomerization, we sought to explore whe-
ther acrolein hindered cell death induced by necroptotic triggers. To
overcome the ferroptosis-inducing effects of acrolein, we assessed
whether acrolein prevented TSZ-induced necroptosis in BMDMs trea-
ted with Fer-1. Acrolein treatment inhibited MLKL oligomerization
induced by TSZ in Fer-1-treated BMDMs (Fig. 5B). Furthermore,
necroptosis induced by TSZ under this condition was abolished by
acrolein (Fig. 5C). Similar findings were observed in ferroptosis-
resistant human and mouse cancer lines (Fig. 5D-F and Supplementary
Fig. 9B). To further investigate the intracellular dynamics of MLKL
molecules in response to acrolein, we performed immunofluorescence
staining and saw that TSZ, but not acrolein, induced localization of
MLKL to the plasma membrane (Fig. 5G). Furthermore, acrolein
inhibited plasma membrane localization of MLKL in TSZ-treated cells
(Fig. 5G). To investigate whether intracellular polyamine metabolism
affects necroptosis, we examined the role of the enzyme SAT]I, a sub-
stantial contributor to the polyamine catabolic pathway”. WT and
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Fig. 3 | Spermine-induced ferroptosis is dependent on acrolein. A Real-time
analysis and representative images of cell death in bone marrow-derived macro-
phages (BMDMs) treated with spermine (Spm) in the presence or absence of
ferrostatin-1 (Fer-1), hydralazine (HZ), sodium pyruvate (SP), and dimethylthiourea
(DMTU). B Representative images of oxidized lipids (green) and non-oxidized lipids
(red) with merged images and oxidation ratio in BMDM s treated with Spm for 12 h
in the presence or absence of Fer-1, HZ, SP, and DMTU. C Real-time analysis and
representative images of cell death in BMDMs treated with different doses of
acrolein (Acr). D Representative images of oxidized lipids (green) and non-oxidized
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Fig. 4 | Spermine and acrolein induce accumulation of Z-RNA. A-C Dot blot
analysis for Z-RNA in bone marrow-derived macrophages (BMDMs) after stimulation
with (A) spermine (Spm) with or without fetal bovine serum (FBS); (B) Spm with FBS
or human serum (HS); (C) acrolein (Acr) in FBS. D, E Real-time analysis of cell death in
wild-type (WT) and ZbpI”~ BMDMs treated with (D) Spm; (E) Acr. F, G Real-time
analysis of cell death in WT and ZbpI**> BMDMs treated with (F) Spm; (G) Acr.

H, I Immunoblot analysis of phosphorylated receptor-interacting serine/threonine

kinase 3 (pRIPK3), total RIPK3 (tRIPK3), phosphorylated mixed lineage kinase
domain-like pseudokinase (pMLKL), and total MLKL (tMLKL) in WT and Zbp1”~
BMDMs treated with (H) Spm; (I) Acr in the presence or absence of necrostatin-1
(Nec-1). GAPDH was used as an internal control. Data are shown as mean + SEM;
P < 0.0001 (two-way ANOVA and two-tailed ¢ test; n =4 from 4 biologically
independent samples) (D-G). Data are representative of at least three independent
experiments (A-C, H, and I). Source data are provided as a Source Data file.

SATI1-deficient (SatI”") Hela cells were treated with TSZ. Notably,
Sat1”’~ Hela cells exhibited significantly increased cell death compared
to WT cells following stimulation with TSZ (Fig. SH and Supplementary
Fig. 9C), suggesting that SATI1 activity inhibits necroptosis. Since

chemoproteomic profiling did not identify MLKL as a direct target of
acrolein, we hypothesized that acrolein may instead target molecules
crucial for MLKL oligomerization and membrane translocation. Sup-
porting this hypothesis, we identified heat shock protein 90 (HSP90)
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as a target of acrolein (Supplementary Data 1). HSP90 activity is known
to be required for the induction of necroptosis by promoting MLKL
oligomerization and membrane translocation®”. Altogether, these data
indicate that acrolein, a byproduct of polyamine metabolism, inhibits
necroptosis by blocking MLKL oligomerization and membrane
translocation.

Acrolein sequestration unleashes necroptosis and improves
anti-cancer therapy

Acrolein is produced as a byproduct of necroptosis-triggering che-
motherapy agents, such as cyclophosphamide and ifosfamide®’. We
hypothesized that acrolein could result in unintended consequences
of lowering efficacy of chemotherapies due to its ability to induce
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Fig. 5 | Acrolein hinders necroptosis via targeting MLKL oligomerization.

A, B Immunoblot analysis of mixed lineage kinase domain-like pseudokinase
(MLKL) oligomers by detecting total MLKL (tMLKL) in non-reducing condition and
immunoblot analysis of phosphorylated MLKL (pMLKL) and tMLKL in bone
marrow-derived macrophages (BMDMes) after indicated treatments. The single
asterisk (*) indicates the band for potential higher molecular weight aggregates and
the double asterisks (**) indicate the band for reduced monomer of MLKL. TSZ
[murine TNF, Smac-mimetic and Z-VAD-FMK (zVAD)], necrostatin-1 (Nec-1),
dithiothreitol (DTT), acrolein (Acr), and ferrostatin-1 (Fer-1) were used. -actin was
used as an internal control. C Real-time analysis of cell death of BMDMs with TSZ as
described in the presence of GSK'872 (GSK) or Acr combined with Fer-1.

D Immunoblot analysis of MLKL oligomers by detecting total MLKL under non-
reducing conditions and immunoblot analysis of pMLKL and tMLKL in TSZ (human
TNF, Smac-mimetic, and zVAD)-treated HT-29 cells with or without Nec-1 and Acr.

E, F Real-time analysis of cell death in TSZ-treated (E) HT-29 cells and (F) CT-26 cells
with or without Acr and Nec-1. G Representative images of MLKL immuno-
fluorescence in TSZ-treated L929 cells and HT-29 cells as described in the presence
or absence of Acr. White arrowheads indicate MLKL puncta. H Real-time analysis of
cell death in RIPK3-expressing Hela cells exposed to N',N"-diethylnorspermine
(DENSPM), genetically modified using CRISPR-Cas9 with either a non-targeting
scramble guide RNA (Scr) or SATI-specific guide RNAs (SATI™ #gl and SATI ' #g2),
treated with TSZ (human TNF, Smac-mimetic BV-6 and zVAD) in the presence or
absence of Nec-1. Nec-1, GSK, Fer-1, and Acr were pretreated before TSZ stimulation.
BV-6 was used in experiments where specifically noted. Data are representative of
at least three independent experiments (A, B, D, and G). Data are shown as

mean = SEM; ***P < 0.0001 (two-way ANOVA; n = 4 from 4 biologically independent
samples) (C, E, F, and H). Scale bar, 20 um (G). Source data are provided as a Source
Data file.

necroptosis blockade. To test this possibility, CT-26 cells were trea-
ted with the preactivated form of cyclophosphamide, 4-hydro-
peroxycyclophosphamide, and zVAD, which directs cell death
towards necroptosis, a process which was blocked by Nec-1 (Fig. 6A).
Importantly, the acrolein quencher hydralazine potentiated the
death of CT-26 cells induced by 4-hydroperoxycyclophosphamide
plus zVAD, which was also inhibited by Nec-1 (Fig. 6A). Altogether,
these data suggest that acrolein blocks the cytotoxic effects of
cyclophosphamide.

Next, we asked whether the administration of the acrolein
quencher hydralazine would improve the anti-cancer efficacy of
cyclophosphamide in a physiological setting. CT-26 cells were injected
subcutaneously into the flanks of mice. Tumors became palpable 10
days after the injection, at which point drug treatments were initiated.
Specifically, administration of cyclophosphamide was found to sig-
nificantly reduce tumor growth and induce MLKL phosphorylation
compared with untreated mice (Fig. 6B, C). Notably, combined
administration of cyclophosphamide and hydralazine resulted in a
greater attenuation of tumor growth compared with cyclopho-
sphamide treatment alone (Fig. 6B). We also observed a significant
expansion of overall necrotic areas and extensive disruption of tissue
structures in tumors from mice treated with cyclophosphamide plus
hydralazine compared to those treated either with cyclophosphamide
or hydralazine alone (Fig. 6C). However, consistent with observations
from acrolein-treated cells, phosphorylation of MLKL remained
unchanged in tumors from mice treated with cyclophosphamide, with
or without hydralazine (Fig. 6C). Notably, the combination of cyclo-
phosphamide plus hydralazine also led to reduced tumor growth in
mice injected with human colorectal cancer HT-29 cells (Fig. 6D).
These findings suggest that hydralazine enhances the tumor-
suppressive effect of cyclophosphamide by potentiating necroptosis
in vivo.

Polyamine metabolism and necroptosis associate with
increased survival of humans with cancer

To identify links between polyamine metabolism, necroptosis, and
cancer prognosis, we analyzed survival data from patients with can-
cer, stratified by the expression levels of necroptosis-related mole-
cules RIPK3 and MLKL, and enzymes involved in polyamine
metabolism. Among 32 cancer types analyzed, we observed sig-
nificant differences in the overall survival in RIPK3"€" and MLKL"e"
clusters across kidney renal clear cell carcinoma (KIRC), colon ade-
nocarcinoma (COAD), and lung adenocarcinoma (LUAD). Specifi-
cally, KIRC patients with a higher expression of RIPK3 or MLKL
showed significantly better prognosis when they were SATI® com-
pared to SATI"€" counterparts (Supplementary Fig. 10A, B). Similarly,
a lower expression of amine oxidase copper containing 3 (A0C3), an
enzyme contributing to polyamine oxidation®*, and spermine oxi-
dase (SMOX), an enzyme mediating spermine catabolism®, corre-
lated with better survival in patients with COAD and LUAD,

respectively (Supplementary Fig. 10C-F). Since the lungs, kidneys,
and colon are particularly susceptible to acrolein exposure derived
from smoking, cyclophosphamide metabolism, and processed food
consumption, this analysis highlights the clinical relevance of acro-
lein exposure in cancer treatment outcomes. Additionally, we
explored the role of smoking, a major source of acrolein®, in cancer
therapies through a meta-analysis. Both fixed- and random-effects
models revealed that smoking during radiotherapy or chemor-
adiotherapy significantly increased the overall mortality risk in
patients with cancer (Supplementary Fig. 10G). Altogether, we have
elucidated a mechanism by which acrolein activates ferroptosis and
inhibits necroptosis, and that sequestration of acrolein enhances the
efficacy of chemotherapies (Fig. 6E).

Discussion

Cancer cells often develop resistance to chemotherapeutic agents by
evading cell death pathways, significantly limiting therapeutic
efficacy™. While substantial research has focused on the molecular
mechanisms conferring chemoresistance, our study highlights a dis-
tinct, underexplored phenomenon: ferroptosis-activating metabolites,
particularly acrolein, can interfere with the efficacy of chemother-
apeutics by inhibiting necroptosis.

In cells cultured with FBS-supplemented media, polyamines
such as spermine and spermidine undergo oxidation to produce
reactive metabolites including acrolein and H,0,. While intracellular
H,0, produced during polyamine metabolism can sensitize cells to
RSL3-induced ferroptosis*®, our findings demonstrate that H,0, does
not mediate ferroptosis induced by polyamines. Notably, exogenous
H,0, enhanced RSL3-induced ferroptosis. Therefore, it is possible
that H,O, may act as a sensitizing factor, promoting acrolein-induced
ferroptosis during polyamine metabolism. Acrolein, in addition to
triggering ferroptosis, has been reported to induce other cell death
modalities, such as apoptosis and pyroptosis, by activating
caspases®®®’. However, these effects remain to be further validated
due to the ability of acrolein to covalently modify and inactivate
caspases by adducting to their cysteine residues®. In our study, we
did not observe activation of any caspases in macrophages treated
with acrolein.

SATI can sensitize oxidative stress-mediated ferroptosis through
arachidonate 15-lipoxgenase (ALOX15) induction®’, but little is known
regarding the connection between SAT1 and necroptosis. Our findings
demonstrate that SAT1 deletion leads to increased necroptosis, high-
lighting the contribution of intracellular polyamine metabolism to cell
death other than ferroptosis. However, further exploration of other
polyamine-catabolizing enzymes, such as SMOX and PAOX, could
provide insights into polyamines and necroptosis.

Spermine and spermidine can promote the transition of B-DNA to
Z-DNA, suppressing cGAS activity and inhibiting type 1 IFN
production’. Consistent with this, we observed spermine induces
Z-RNA accumulation, but only in FBS-supplemented media and not in
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FBS-depleted media or media supplemented with human serum.
Importantly, acrolein triggers robust Z-RNA accumulation. Oxidative
stress induced by acrolein may trigger Z-RNA accumulation. Since
Z-RNAs serve as endogenous ligands for ZBP1, their accumulation
under oxidative stress could activate necroptotic signaling
pathways’”2. Our data demonstrate that neither RIPK1 nor ZBP1 are
essential for acrolein-induced phosphorylation of RIPK3 and MLKL.

Interestingly, inhibition of ferroptosis prevents cell death without
altering acrolein-mediated RIPK3 and MLKL activation.

A key insight from our study is that RIPK3 and MLKL phos-
phorylation alone does not confirm the execution of necroptosis.
Acrolein-induced phosphorylation of these proteins fails to mediate
cell death due to impaired MLKL oligomerization. Supporting this
finding, necrosulfonamide, a known inhibitor of human MLKL
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Fig. 6 | The acrolein scavenger Hydralazine enhances chemotherapeutic effi-
cacy. A Percentage of cell death in CT-26 cells at 48 h after stimulation with one or
more of the following: 4-hydroperoxycyclophosphamide (4HC), Z-VAD-FMK
(zVAD), hydralazine (HZ), and necrostatin-1 (Nec-1). B Mean tumor volume in wild-
type (WT) Balb/c mice 10 days after CT-26 cancer cells engraftment, treated with a
vehicle, hydralazine (HZ), cyclophosphamide (CP), or CP plus HZ. Mice were trea-
ted with CP and/or HZ every 2 days until sacrificed. C Representative images of
hematoxylin and eosin staining in necrotic (top row) and viable (middle row) tumor
regions, immunohistochemical staining of phosphorylated mixed lineage kinase
domain-like pseudokinase (pMLKL, bottom row), and quantification of necrotic
areas or pMLKL-positive cells per high-power field (HPF). Each dot represents mean
necrotic area or pMLKL-positive cells per mouse. D Mean tumor volume in

WT Balb/c nude mice 12 days after HT-29 cancer cells engraftment, treated with
vehicle, HZ, CP, or CP plus HZ. Mice were treated with CP and/or HZ every 2 days
until sacrificed. E Schematics depicting the mechanisms by which metabolically-
derived or exogenously sourced acrolein inhibits necroptosis and promotes che-
moresistance. Data are shown as mean + SEM (A-D). ***P<0.0001 and

***P =(0.0005 (one-way ANOVA; n = 4 from 4 biologically independent samples) (A).
****P < (0.0001 and *P=0.0024 (two-way ANOVA; n =10 per group) (B).

P < (0.0001, **P=0.0009, *P=0.0097 and ns = 0.4714 (one-way ANOVA; n=38)
(C). **P<0.0001, *P=0.0032 for vehicle versus CP and **P = 0.0029 for CP versus
CP plus HZ (two-way ANOVA; for vehicle, n=7 and others, n =8 per group) (D).
Scale bars, 100 pm for hematoxylin and eosin staining and 50 um for immunobhis-
tochemical staining. Source data are provided as a Source Data file.

oligomerization, blocks necroptosis without interfering with RIPK3
or MLKL phosphorylation”. These observations challenge the pre-
vailing assumption that phosphorylation of RIPK3 or MLKL is a
definitive marker of necroptosis and underscore the necessity of
examining MLKL oligomerization when determining necroptotic
activity.

Inducing necroptosis represents a promising strategy to over-
come apoptosis resistance in tumors’. Our findings reveal that
acrolein, a byproduct of polyamine metabolism and chemother-
apeutic agents such as cyclophosphamide and ifosfamide?®, inhibits
necroptotic signaling by preventing MLKL oligomerization. This
inhibition likely contributes to the reduced efficacy of certain che-
motherapeutics. Acrolein is also found in cigarette smoke, with
concentrations reaching up to 90 ppm”™. Fluids covering the
respiratory tract lining may contain acrolein at concentrations as
high as 80 uM®. Chronic exposure to acrolein from smoking cor-
relates with increased chemoresistance and poor survival outcomes
in patients with lung cancer’>’°, Additionally, acrolein derived from
cyclophosphamide and ifosfamide has been implicated in bladder
toxicity”, potentially via ferroptosis. We demonstrate that trapping
acrolein using hydralazine, a vasodilator approved for
hypertension”, restores necroptotic signaling and enhances the
anti-cancer efficacy of cyclophosphamide. The dual effects of
hydralazine—mitigating acrolein-mediated ferroptosis in urinary
bladder and promoting necroptosis of cancer cells—underscore its
potential as an adjuvant therapy in cancer treatment.

Overall, our study demonstrates that metabolically generated
acrolein impedes necroptosis by inhibiting MLKL oligomerization,
thereby undermining the anti-cancer efficacy of cell death-inducing
agents. These results advocate for the use of acrolein-trapping agents
to enhance therapeutic efficacy by unleashing necroptosis functions.
This work underscores the critical interplays between metabolism and
cell death, providing a foundation for improving cancer therapies
through metabolic intervention.

Methods

The use of animals in this research complies with all relevant ethical
regulations of Institutional Animal Care and Use Committee of Seoul
National University and Institutional Animal Care and Use Committee
of Shenzhen Bay Laboratory.

Mice

Wild-type (WT) C57BL/6) mice were purchased from Raonbio (Yongin,
Korea). Nirp3™~, Aim2”", Nlrc4”"~, Mefv™", CaspI”", Ifnar1”", and ZbpI™""
mice were kindly provided by Dr. SangJoon Lee (Ulsan National Insti-
tute of Science and Technology)’®. ZbpI**** mice were kindly received
from Dr. Thirumala-Devi Kanneganti (St. Jude Children’s Research
Hospital)”®. MIkI”~ mice were kindly provided by Dr. Jaewhan Song
(Yeonsei University). Mice were housed and bred under protocols
approved by the Seoul National University Institutional Animal Care
and Use Committee. Mice were maintained with a 12 h of light/dark
cycle under 23-26°C temperature and 45% humidity and were

provided with ad libitum access to water and standard chow (Altromin,
1314). Both male and female, age- and sex-matched, 6- to 9-week old
mice were used in this study. For the information on mice used for
tumor transplant models, refer to ‘in vivo experiments’.

Generation of immortalized BMDMs

Wild-type (WT) primary BMDMs were transformed using established
protocols®. BMDMs were cultured with J2Cre virus 74 for 48 h, after
which L-cell conditioned medium was gradually reduced over a period
of 6-10 weeks.

Cell culture

Primary bone marrow-derived macrophages (BMDMs) were
obtained from the bone marrow of WT and knockout mice as
described previously®'. Cells were cultured for 7 days in Dulbecco’s
modified Eagle’s medium (DMEM; Biowest, L0103-500) with 30%
L929-conditioned media, 10% heat-inactivated fetal bovine serum
(FBS; Gibco, 16000044), 1% penicillin and streptomycin (Biowest,
L0022-100), and 1% non-essential amino acids (Gibco, 11140-050).
BMDMs were then seeded in DMEM media supplemented with 1%
non-essential amino acids, 1% penicillin and streptomycin and 10%
heat-inactivated FBS, at a density of 3 x 10° cells, into 24-well plates
and incubated at 37 °C overnight unless otherwise described. In the
indicated experiments, DMEM media supplemented with 10%
human serum (Biowest, S4190), 1% penicillin and streptomycin, and
1% non-essential amino acids were used during stimulation proce-
dures. Immortalized BMDMs (iBMDMs) were grown in DMEM sup-
plemented with 10% BMDM media, 10% FBS, 1% penicillin and
streptomycin, and 1% non-essential amino acids. The murine
metastatic colon cancer cell line CT-26 (KCLB, 80009) was cultured
in DMEM media supplemented with 1% non-essential amino acids,
1% penicillin and streptomycin and 10% heat-inactivated FBS, see-
ded at 2 x 10° cells into 24-well plates and incubated overnight. The
human colon cancer cell line HT-29 (KCLB, 30038) was cultured in
RPMI media (Biowest, L0498-500) supplemented with 10% heat-
inactivated FBS, 1% penicillin and streptomycin, 1% non-essential
amino acids, and 25 mM HEPES (Biowest, L0180-100), seeded at
2 x10° cells into 24-well plates and incubated overnight. The human
lung cancer cell line A549 (KCLB, 10185) was cultured in RPMI media
supplemented with 10% heat-inactivated FBS, 1% penicillin and
streptomycin, 1% non-essential amino acids, and 25 mM HEPES. The
human renal cancer cell lines A498 (KCLB, 30044) and Caki-1 (KCLB,
30046) were cultured in DMEM media supplemented with 1% non-
essential amino acids, 1% penicillin and streptomycin, and 10% heat-
inactivated FBS. The murine fibroblast cell line L929 (ATCC, CCL-1)
was cultured in Iscove’s modified Dulbecco’s medium (IMDM;
Thermo Fischer Scientific, 12440053) supplemented with 10% FBS,
1% penicillin and streptomycin, and 1% non-essential amino acid.
The human cervical cancer cell line HeLa (ATCC, CCL-2) was cul-
tured in minimum essential medium Eagle (Sigma, M0643) sup-
plemented with 1% penicillin and streptomycin, and 10% heat-
inactivated FBS.
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Cell stimulation

Seeded cells were gently washed with PBS before stimulation. Cells
were treated with 50 pM spermine (Sigma, S4264),100 pM spermidine
(Sigma, S0266), and 100 pM acrolein (Restek, 30646) unless otherwise
noted. Putrescine dihydrochloride (Sigma, P5780) and L-ornithine
monohydrochloride (Sigma, 06503) were used at the indicated doses.
Unless otherwise noted, the following were used: 100 ng/mL recom-
binant murine TNF (Peprotech, 315-1A), 100 ng/mL recombinant
human TNF (Peprotech, 300-01A), 200 nM Smac mimetic LCL161
(Selleckchem, S7009), 5 UM Smac mimetic BV-6 (Selleckchem, S7597),
25puM Z-VAD-FMK (Selleckchem, S7023), 20 pM necrostatin-1 (Sell-
eckchem, S8037), 5puM ras-selective lethal molecule 3 (RSL3; Sell-
eckchem, S8155), 10pM ferrostatin-1  (Sigma, SMLO583),
corresponding doses of dimethyl sulfoxide (Sigma, D2650), 10 pM
GSK’872 (Selleckchem, S8465), 2.5 mM 1,4-dithiothreitol (DTT; Roche,
10708984001), 10 uM N!,N"-diethylnorspermine tetrahydrochloride
(DENSPM; MCE, HY-13610A), 5 uM 4-hydroperoxycyclophosphamide
(Cayman, 19527), 100 pM hydralazine hydrochloride (Sigma, H1753),
10 mM sodium pyruvate (Biowest, L0642), and 20 pM deferoxamine
mesylate (Selleckchem, S5742).

Generation of knockout cells

To generate Hela cells constitutively expressing RIPK3, RIPK3 was
inserted into the vector lentiCas9-Blast (Addgene, 52962) by replacing
the Cas9 gene. The plasmid carrying RIPK3 was co-transfected with the
packaging plasmids psPAX2 and pMD2.G into HEK293T cells. Lenti-
viruses were harvested twice at days 2 and 3 post-transfection. HeLa
cells were transduced with the harvested lentivirus in the presence of
polybrene (Sigma, 107689), and selected with blasticidin for at least
one week. The expression of RIPK3 in the newly generated HeLa-RIPK3
cell line was confirmed by immunoblotting. This cell line was main-
tained in DMEM supplemented with 10% FBS. HeLa-RIPK3-SAT1
knockout (KO) cell lines were then generated using CRISPR-Cas9
technology. Two sgRNAs targeting SATI (sgRNA #gl 5-
GCTGGCTAAATATGAATACA-3, #g2 5-CAAGTAATCTTAACTGAAAA-
3’) were cloned into the pX458 vector. HeLa-RIPK3 cells were trans-
fected with pX458-SAT1 sgRNA plasmids using Lipo8000™ (Beyotime
Biotechnology). GFP-positive cells were sorted using a flow cytometer,
and single-cell clones were selected. To validate SATI™ cells, the clones
were treated with DENSPM to induce SAT1 expression. Positive clones
lacking SATI protein expression were identified using immunoblotting.

Lipid peroxidation quantification

Boron dipyrromethane difluoride (BODIPY)-C11 is a fluorescent
reporter dye that is widely used to measure oxidized phospholipids
as a marker of intracellular lipid peroxides®?. Cells were stained with
5uM BODIPY*®°'.C11 dye (Invitrogen, D3861) at the time of stimu-
lation with the indicated reagents. Fluorescence of BODIPY*¥*'-C11
was measured by simultaneous acquisition of the green and red
signals using the IncuCyte SXS5 (Sartorius) live-cell automated sys-
tem. The red fluorescence corresponds to the non-oxidized fraction
and the green fluorescence corresponds to the oxidized fraction of
the probe. The oxidation ratio was calculated as an indicator of lipid
peroxidation.

Real-time imaging for cell death

The kinetics of cell death were quantified using the IncuCyte SX5
(Sartorius) live-cell automated system. Primary BMDMs, iBMDMs,
L929, CT-26, HT-29, Caki-1, A549, and A498 cells were seeded in 24-
well cell culture plates. Cells were treated with the indicated reagents,
and stained with propidium iodide (PI; Invitrogen, P3566) or SYTOX™
Green Nucleic Acid Stain (Invitrogen, S7020) according to the manu-
facturer’s protocol. The plates were scanned, and fluorescent and
phase-contrast images were acquired in real-time every 1h from O h
post-treatment at 37 °C and 5% CO,. PI- or SYTOX-positive cells were

marked with a red mask for visualization. The image analysis, masking,
and quantification of PI- or SYTOX-positive cells (dead cells) and cell
confluency (%) were performed using the software package supplied
with the IncuCyte live-cell automated system. For both BMDMs (dif-
ferentiated cells) and cancer lines (which undergo further prolifera-
tion), cell death was normalized to the percentage confluency data
provided by the IncuCyte SX5 software at the real-time point, in order
to reflect actual cell numbers. Cell death percentage was yielded using
the following calculation:

% cell death=(PI" cell count)/[(t;, confluency/O confluency) x
(seeded cell number)] x 100

t, confluency: confluency at each time point; 01, confluency:
confluency at O h.

Immunoblot analysis

Immunoblotting was performed as described previously®. In brief, for
the analysis of signaling components, cell culture supernatants were
removed, cells were washed once with PBS followed by lysis in RIPA
buffer and 4x sample loading buffer (containing SDS and 2-mercap-
toethanol). For caspase analysis, cell lysates and supernatants were
lysed in caspase lysis buffer (containing 1x protease inhibitors, 1x
phosphatase inhibitors, 10% NP-40, and 25 mM DTT)*. For the analysis
of LDH and HMGBI, cell supernatants were collected and centrifuged
at 6000 x g for 4 min. Supernatants were carefully collected, and 4x
sample loading buffer was added. Proteins were separated in 8-12%
polyacrylamide gels using electrophoresis. Proteins were electro-
phoretically transferred onto PVDF membranes (Millipore,
IPVH0O0010) followed by blocking in TBST with 5% skim milk (CELLN-
EST, CNS109-0500). Then, membranes were incubated overnight in
4 °C with primary antibodies: anti-GSDMD (abcam, ab209845, 1:1000),
anti-GSDME (abcam, ab215191, 1:1000), anti-caspase-1 (Adipogen, AG-
20B-0042-C100, 1:1000), anti-caspase-3 (Cell Signaling, 9662S,
1:1000), anti-cleaved caspase-3 (Cell Signaling, 9661S, 1:1000), anti-
caspase-7 (Cell Signaling, 9492S, 1:1000), anti-cleaved caspase-7 (Cell
Signaling, 9491S, 1:1000), anti-caspase-8 (AdipoGen, AG-20T-0137-
C100, 1:1000), anti-RIP3 (Cell Signaling, 95702S, 1:1000), anti-
phospho-RIP3 (Cell Signaling, 91702S, 1:1000), anti-MLKL (AdipoGen,
AP14272B, 1:1000), anti-phospho-MLKL (Cell Signaling, 37333S,
1:1000), anti-phospho-MLKL Ser358 D6H3V (Cell Signaling, 91689S,
1:1000), anti-MLKL E7V4W (Cell Signaling, 26539S, 1:1000), anti-ZBP1
(AdipoGen, AG-20B-0010-C100, 1:1000), anti-LDHA-specific rabbit
polyclonal (Proteintech, 19987-1-AP, 1:1000), anti-HMGB1 (abcam,
ab18256, 1:1000), anti-GAPDH (Cell Signaling, 5174S, 1:1000), anti--
actin (Cell Signaling, 8457S, 1:1000), anti-GPX4 (Abclonal, A1933,
1:1000), anti-thioredoxin 1 (Cell Signaling, C63C6, 1:1000) and anti-
SATI (Proteintech, 10708-1-AP, 1:1000). Membranes were then washed
with TBST and incubated with horseradish peroxidase (HRP)-con-
jugated secondary antibodies: anti-rabbit (Invitrogen, 31460, 1:5000)
or anti-mouse (CELLNEST, CNG004-0005, 1:5000). Protein bands were
detected using Immobilon Forte Western HRP Substrate (Millipore,
WBLUF0500), and membranes were developed with Amersham
ImageQuant 800.

Hydrogen peroxide quantification

BMDM cells were seeded in 12-well plates and stimulated as described
above. The culture supernatants were then collected and hydrogen
peroxide levels were quantified using Amplex™ Red Hydrogen Per-
oxide/Peroxidase Assay Kit (Invitrogen, A22188) following the manu-
facturer’s protocol. Samples were prepared in a 96-well black/clear
bottom plate and incubated for 30 min. Fluorescence was sequentially
measured using Tristar5 multimode microplate reader (BERTHOLD).

RNA dot blot analysis
Dotblotting was performed as described previously®. For the extraction
of RNAs from cells, culture supernatants were removed and total RNAs
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were extracted using TRIzol reagent (GLPBIO, GK20008). The isolated
RNAs were diluted in RNase-free water to a final concentration of
500 ng/pL as determined by a NanoDrop UV/VIS Spectrophotometer.
1pg of RNA samples were dotted onto the nylon membrane (Hybond®-
N+ hybridization membranes; Cytiva, RPN203B), dried and auto-
crosslinked by UV light. The membranes were then stained with
methylene blue buffer (0.4 M acetic acid, 0.4 M sodium acetate) for 10 s,
followed by 5 times of washing in RNase-free water before colorimetric
capture. After washing, membranes were blocked in 5% skim milk in
TBST and incubated with an anti-Z-RNA antibody (Absolute antibody,
Ab00783-23.0, 1:500) overnight at 4°C. After rinsing with TBST,
membranes were incubated with horseradish peroxidase (HRP)-con-
jugated secondary antibodies and developed using Immobilon Forte
Western HRP Substrate and Amersham ImageQuant 800.

Chemoproteomic profiling

BMDM s were seeded at a density of 5x10° cells per 100 mm dish and
incubated overnight. Cells were stimulated with 100 uM acrolein for 1 h
(n=1). Cells were washed and lysed as described previously’*. Each
sample was reduced with dithiothreitol (Sigma, 43815) at a final con-
centration of 10 mM and incubated for 30 min at 37 °C. lodoacetamide
(Sigma, 11149) was added at a final concentration of 25 mM for alkylation
and incubated for 30 min in the dark at room temperature. After adding
100 mM ammonium bicarbonate (Sigma, A6141) to lower the con-
centration of urea, trypsin (Promega, V5280) was added at a protein
ratio of 1:25 (w/w). Peptide samples were incubated at 37 °C for 16 h and
purified with a SOLA HRP 96 well plate CI8 cartridge (Thermo Fisher
Scientific, 60509-001). The solute was dried and stored at —80 °C.
Peptides were reconstituted in 0.1% trifluoroacetic acid (Thermo Fisher
Scientific, 28904) and analyzed using Orbitrap Exploris 480 (Thermo
Fisher Scientific) coupled with Ultimate 3000 UPLC (Thermo Fisher
Scientific). In 200 min of analysis, the flow rate was set to 0.25 pL/min,
and the linear gradient of buffer B was set as followed: 2% at O min, 2% at
5 min, 10% at 6 min, 30% at 135 min, 54% at 155 min, 95% at 157 min, 95%
at 180 min, 95% at 180 min and 2% at 200 min. The mobile phase was
prepared in buffer A using 0.1% formic acid (FA; Thermo Fisher Scien-
tific, 28905) in 5% DMSO, and buffer B using 0.1% FA, 5% DMSO in 80%
acetonitrile (JTB, 9017-03). Trap column (2 pm, 2 cm x 75 pm, Thermo
Fisher Scientific, 164750-CCS) and analytical column (2 um, 75 pum x
500 mm, Thermo Fisher Scientific, ES903) were used to separate the
peptides. Each sample was analyzed using the data-dependent acqui-
sition (DDA) scan method. Resolution was set to 60,000 for MS1 and
30,000 for MS2. Scan range was set to 350-1800 m/z. The Normalized
Collision Energy was set to 32% and dynamic exclusion was set to 30s.
The LC-MS/MS raw files were processed using the Sequest HT search
engine. The mouse database was downloaded from Uniprot (Mus
Musculus, UPO00000589). Database search was conducted using Pro-
teome Discoverer (version 2.4) and conditions were limited to peptides
having a length of 7 to 50 amino acids, and missed cleavage was allowed
up to two. Carbamidomethylation (+57.0214Da, C) and oxidation
(+15.9949 Da, M) were considered as peptide modifications. In addi-
tion, acrolein 38 (+38.016 Da), acrolein 56 (+56.026 Da), acrolein 58
(+58.042Da) and acrolein 112 (+112.052Da) were considered for
cysteine, histidine, lysine and arginine. False discovery rate (FDR) was
applied at 1% each at the spectrum, peptide, and protein levels. To
identify ferroptosis-related molecules potentially modified by acrolein,
we utilized datasets of drivers, markers, and suppressors from the
Ferroptosis Database (FerrDb V2, http://www.zhounan.org/ferrdb/
current/). These datasets were compared with the modified adducts
identified in mass spectrometry to determine overlapping genes
encoding the corresponding proteins.

Non-reducing SDS-PAGE
For the analysis of MLKL oligomerization using non-reducing SDS-
PAGE, culture supernatants were removed, followed by lysis in RIPA

buffer and dispensed into two aliquots of equal volume. One set of
lysates were mixed with non-reducing 4x loading dye (0.5% TAE buffer,
20% glycerol, 8% Sarkosyl, 0.1 mg/ml bromophenol blue, 1x protease
inhibitors, 1x phosphatase inhibitors added) to preserve disulfide
bonds. Another set was prepared for regular immunoblotting proce-
dure as described. Non-reduced protein samples were run at a con-
stant 80 V in 10% polyacrylamide gel until protein monomers migrated
to the bottom of the gel. Further processes followed immunoblotting
procedure as described. Paired immunoblotting was performed fol-
lowing immunoblotting protocol described above.

Immunofluorescence staining

1929 and HT-29 cells were seeded onto 8-chamber slides at densities of
4 x10*and 1x 10° cells per well, respectively, and incubated overnight.
After stimulation, cells were gently washed with PBS. Samples were
fixed with 4% paraformaldehyde in PBS for 15 min at room tempera-
ture, followed by three PBS washes. For blocking and permeabilization,
cells were incubated in 1% BSA solution in PBS containing 0.3% Triton
X-100 (Sigma, T8787) for 1 h at room temperature. Subsequently, cells
were incubated overnight at 4 °C with an anti-MLKL antibody (E7V4W,
Cell Signaling, 26539S, 1:200) diluted in 1% BSA solution in PBS with
0.3% Triton X-100. The slides were washed three times with PBS and
then incubated with Alexa Fluor® 488 AffiniPure™ F(ab’), Fragment
Donkey Anti-Mouse IgG (H+L) (Jackson ImmunoResearch, 715-546-
150, 1:1000) for 1 h at room temperature. After five PBS washes, cells
were counterstained with DAPI (Invitrogen, D1306) and Alexa Fluor™
568 Phalloidin (Invitrogen, A12380) in 1% BSA solution in PBS with 0.3%
Triton X-100 for 30 min at room temperature. Following four PBS
washes and a final wash with distilled water, samples were mounted
using Immu-Mount (epredia, 9990402). Visualization was performed
using an LSM 700 system (Carl Zeiss), and images were captured with
ZEISS ZEN 3.11 software.

In vivo experiments

The use of mouse tumor transplant models in this research complies
with all relevant ethical regulations of Institutional Animal Care and
Use Committee of Shenzhen Bay Laboratory. Male and female Balb/c
mice or Balb/c nude mice (7-8 weeks old) were purchased from Vital
River Laboratory Animal Technology (Beijing, China) and Shanghai
Model Organisms Center, Inc. (Shanghai, China), respectively. All mice
were maintained under specific pathogen-free conditions at the Insti-
tute of Infectious Diseases, Shenzhen Bay Laboratory, China. Mice
were maintained with a 12 h of light/dark cycle under 24-26 °C tem-
perature and 50% humidity and were provided with ad libitum access
to water and standard chow (LabDiet, 5053). For the syngeneic tumor
model, CT-26 or HT-29 cells were suspended in 100 pL of PBS and then
subcutaneously injected into the right flank of Balb/c mice or Balb/c
nude mice at concentrations of 5x10° or 2x10° cells per mouse,
respectively. On day 10 for Balb/c and day 12 for Balb/c nude mice post-
inoculation, mice received intraperitoneal injections of 50 mg/kg
cyclophosphamide (Sigma, PHR1404), 5mg/kg hydralazine (Sigma,
H1753), or a combination of both every two days. PBS was used as
the vehicle control. Tumor volume (mm?) was measured on
specified days after inoculation and calculated using the formula:
[length x width? x 0.5]. To evaluate the late-stage necrotic areas in CT-
26 tumors, the entire tumor mass was excised from each group and
fixed in 4% buffered formalin. Fixed tumors were embedded and
subjected to hematoxylin and eosin staining as well as immunostaining
for phosphorylated MLKL (pMLKL) using standard histological pro-
cedures. Images were captured using the Olympus SLIDEVIEW
VS200 system. Necrotic areas were quantified using OLYMPUS OIlyVIA
4.1 software and pMLKL-positive cells were counted per high-power
field (HPF). The maximal tumor burden permitted by the ethics com-
mittee is a volume of 1500 mm?, and the maximal tumor burden did
not exceed the limit.
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Survival analysis

RNA-seq data were obtained from The Cancer Genome Atlas (TCGA)
(https://www.cancer.gov/tcga) and processed using the TCGA biolinks
R package (v2.22.3). The RNA-seq data from 32 primary solid tumor
(TP) cancers, encompassing over 9000 tumor samples were included
in our analysis. Gene symbols were converted to official HUGO Gene
Nomenclature Committee (HGNC) gene symbols, and genes without
valid symbols or gene annotations were excluded, yielding 23,216
genes for downstream analyses. For each cancer type, samples were
quantile normalized using preprocessCore (v1.56.0) and log2 trans-
formed for further analysis. Gene set enrichment scores representing
pathway activities were calculated using the GSVA R package
(v1.52.2)%. The quantile-normalized, log2-transformed RNA-seq
matrices for each cancer type, along with genes encoding MLKL and
RIPK3, and genes encoding molecules of polyamine metabolism, such
as SAT1, SMOX, and AOC3, were used for further analysis. Samples
were stratified into two groups for each gene within a cancer type,
using the mean gene expression as the threshold. Samples with
expression scores >the mean were designated as “High”, whereas
those with scores <the mean were labeled as “Low”. Overall survival
(0S) data from the TCGA clinical resource were used to construct
Kaplan-Meier survival curves. Patients with <1 day of follow-up were
excluded, and survival data were censored at a maximum follow-up
duration of 10 years. For each cancer type, samples were classified into
RIPK3"e" and RIPK3'" groups based on mean RIPK3 expression. Simi-
larly, samples were categorized into MLKL'" and MLKL*" groups
using the mean MLKL expression. Each necroptosis gene expression
group (e.g., RIPK3"&" or MLKL"") was further stratified into High and
Low sub-clusters for polyamine metabolism genes, based on mean
expression of genes encoding SAT1, AOC3, or SMOX. Survival differ-
ences between sub-clusters (e.g., SATI"e" vs, SATI'*¥, AOC3"e" vs,
AOC3™", SMOXe" vs. SMOX™") were evaluated within each necroptosis
gene cluster for all cancer types using the ‘analyze_survival’ and
‘kaplan_meier_plot’ functions from the survivalAnalysis R package.
Univariate survival analyses were conducted, and significant differ-
ences (P < 0.1) were visualized in Kaplan-Meier plots.

Meta-analysis of relative risk estimation

Seven studies®**°> were included in our meta-analysis to evaluate the
effects of smoking during radiotherapy or chemoradiotherapy on the
overall mortality risk in cancer patients. The meta-analysis was con-
ducted using the ‘metabin’ and ‘forest’ functions from the meta
package (Schwarzer 2007, version 7.0-0) in R 4.2.1. Both fixed- and
random-effects models were employed to estimate the pooled relative
risk (RR) of mortality associated with smoking and alcohol consump-
tion during radiotherapy. The fixed-effects model, utilizing the Mantel-
Haenszel method, assumes a consistent true effect size across all stu-
dies. In contrast, the random-effects model, based on the inverse-
variance method, accounts for heterogeneity between studies
(Schwarzer 2007, version 7.0-0). A forest plot was generated to
visualize the relative risk estimates, along with confidence intervals for
each study and the overall pooled estimate derived from both the
fixed- and random-effects models.

Quantification and statistical analysis

GraphPad Prism 10.2.3 software was used for data analysis. Data are
shown as mean + SEM. Statistical significance was determined by two-
tailed t tests for two groups or one-way ANOVA or two-way ANOVA
(with Tukey’s multiple comparisons test) for three or more groups. P
values less than 0.05 were considered statistically significant where
*P<0.05, *P<0.01, **P<0.001, and **P < 0.0001.

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

Data availability

The mass spectrometry proteomics data generated in this study have
been deposited in the ProteomeXchange Consortium via the PRIDE
partner repository under accession code PXD059944. The Uniprot
Mus Musculus UPOO0000589 data and Ferroptosis Database (FerrDb
V2) used in this study are available at [https://www.uniprot.org/
proteomes/UPO00000589] and [http://www.zhounan.org/ferrdb/
current/]. The publicly available TCGA data are available at [https://
www.cancer.gov/tcgal. The remaining data are available within the
Article, Supplementary Information or Source Data file. Source data
are provided with this paper. Correspondence and requests for
materials should be addressed to R.K. Source data are provided with
this paper.
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