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Ferroptosis has emerged as a potential therapeutic target in cancer. This study shows the critical role of AGR2 in ferroptosis
suppression across pancreatic cancer cell lines and in vivo models. Notably, human pancreatic cancer cells exhibit dose-dependent
AGR2 upregulation upon exposure to ferroptosis inducers. Genetic ablation of AGR2 significantly sensitizes cells to ferroptosis
through a p53-mediated mechanism, while p53 knockdown effectively rescues ferroptosis resistance. Mechanistic investigations
demonstrate that AGR2 deficiency activates p53 signaling, downregulating the iron exporter SLC40A1 (encoding ferroportin/FPN1),
inducing intracellular iron overload and consequent ferroptosis. Clinically, we find a positive correlation between AGR2 and FPN1
expression in PDAC specimens, with co-elevation of both markers predicting unfavorable patient prognosis. Therapeutically,
administration of an AGR2-targeting peptide synergizes with ferroptosis inducers, significantly enhancing cell death in PDAC
models. Our findings not only elucidate a novel AGR2/p53/FPN1 regulatory axis in ferroptosis control but also propose innovative
combination strategies for pancreatic cancer treatment.

HIGHLIGHTS

AGR2 is upregulated during ferroptosis in pancreatic cancer.
AGR2 is a negative regulator of ferroptosis in pancreatic cancer.
AGR2 inhibits ferroportin expression by modulating p53.
Ferroportin inhibited ferroptosis in pancreatic cancer.

Peptide treatment sensitized PDAC cells to ferroptosis.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) ranks among the most
lethal malignancies, with a five-year survival rate below 10%,
underscoring an urgent need to unravel the molecular drivers of
its aggressiveness and therapeutic resistance [1]. While dysregula-
tion of oncogenic and tumor-suppressive pathways, such as KRAS
activation and TP53 inactivation, has been extensively studied,
emerging players like Anterior Gradient 2 (AGR2) are gaining
attention for their roles in shaping PDAC biology [2-4]. AGR2, a
protein disulfide isomerase overexpressed in pancreatic cancer, is
implicated in metastasis, chemoresistance, and endoplasmic
reticulum (ER) stress adaptation [2, 3, 5-8]. However, the
mechanisms by which AGR2 intersects with canonical tumor-

suppressor networks, particularly p53, and influences cell death
pathways remain poorly defined.

Recent advances have positioned ferroptosis as a therapeutic
vulnerability in apoptosis-resistant cancers like PDAC [9, 10].
Central to ferroptosis regulation is cellular iron homeostasis,
governed by iron transporters such as ferroportin (FPN1), the sole
iron exporter [11-13]. Intriguingly, the tumor suppressor p53,
beyond its canonical roles in cell cycle arrest and apoptosis, has
been shown to modulate ferroptosis through transcriptional
control of iron metabolism genes [14, 15]. Yet, how oncogenic
factors like AGR2 interface with p53 to disrupt iron flux and
ferroptosis sensitivity in PDAC is unknown, representing a critical
gap in understanding the disease’s adaptive mechanisms.
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This study identifies AGR2 as a novel regulator of the p53-
ferroportin axis in pancreatic cancer. We demonstrate that
AGR2 suppresses p53 activity, leading to the transcriptional
downregulation of FPN and subsequent iron retention, which
shields PDAC cells from ferroptosis. This AGR2-driven axis not only
promotes tumor survival under stress but also correlates with poor
patient outcomes and resistance to standard-of-care therapies.
Our work reveals a previously unrecognized crosstalk between
AGR2, p53, and iron metabolism, positioning AGR2 as a rheostat of
ferroptosis susceptibility.

RESULTS

AGR2 is upregulated during ferroptosis in pancreatic cancer
Our previous studies have proved the role of AGR2 in pancreatic
carcinogenesis and progression [2]. Further analysis of sequencing
data of the pancreas of KC verse KC;Agr2~'~ mice (PRIEB40643)
proved that ferroptosis might be involved in the pancreatic cancer
progression (Fig. 1A). GSEA analysis presented that AGR2 knockout
induced the enrichment of ferroptosis (Fig. 1B). Thus, we
hypothesize that AGR2 might regulate pancreatic cancer progres-
sion by regulating ferroptosis. Firstly, we analyzed the relationship
between cell death and mRNA expression of AGR2 in PDAC cell
lines (HPAC and Capan2). Indeed, treatment with erastin or RSL3
induced cell death in a dose-dependent manner, and this effect
was significantly attenuated by the ferroptosis-specific inhibitors
liproxstatin-1 and ferrostatin-1 (Fig. 1C, D, Supplementary fig. 1A,
B). Pharmacological inhibition of necroptosis (via necrosulfona-
mide [NSA]) and apoptosis (via Z-VAD-FMK) did not attenuate
RSL3- or erastin-induced cell death in HPAC and Capan2 cell lines
(Fig. 1C, D, Supplementary fig. 1A, B). Transcriptional profiling
revealed erastin- and RSL3-mediated upregulation of AGR2 mRNA
expression in these cells, a phenomenon suppressed by the
ferroptosis inhibitors liproxstatin-1 and ferrostatin-1 but unaf-
fected by Z-VAD-FMK or NSA (Fig. 1E, F, Supplementary fig. 1C, D).
Subsequent western blot analysis corroborated these findings,
demonstrating that liproxstatin-1 abolished erastin/RSL3-induced
elevation of AGR2 protein levels (Fig. 1G, Supplementary fig. 1E).
Consistent with established ferroptosis markers, treatment with
erastin or RSL3 inhibited protein expression of the pro-ferroptotic
enzyme acyl-CoA synthetase long-chain family member 4 (ACSL4),
glutathione peroxidase 4 (GPX4), and solute carrier family 7
member 11 (SLC7A11) expression (Fig. 1G, Supplementary fig. 1E).
Furthermore, we check the expression of AGR2 on the tumor of
KPC tissues, the immunoblot and immunohistochemistry showed
the high expression of AGR2 in the tumor (Supplementary fig. 1F,
G). These collective results implicate AGR2 is highly upregulated
during ferroptosis.

AGR2 is a negative regulator of ferroptosis in

pancreatic cancer

As AGR2 was identified as an oncogene in cancers, we
hypothesized that AGR2 might be a negative regulator of
ferroptosis. AGR2 knockout (KO) cell lines were established (Fig.
2A, Supplementary fig. 2A). RNA sequencing and KEGG analysis
show ferroptosis might be involved in the AGR2 KO cellular
process (Fig. 2B, C). And the ferroptosis might associated with the
p53 pathways. Indeed, AGR2 KO sensitized RSL3 or erastin-
induced cell death in PDAC cells with wold-type p53 (p53wt)
(HPAC and Capan2) (Fig. 2D); While for the PDAC cells with
mutated p53 (p53mut) (PANC1, Miacapa2, and AsPC-1), While
AGR2 KO alone did not induce increased cell death. And AGR2 KO
did not sensitized RSL3 or erastin-induced cell death (Supple-
mentary fig. 2B, C). Lipid peroxidation level, GSH/GSSG ratio,
mRNA of prostaglandin-endoperoxide synthase 2 (PTSG2) and
MDA level were induced with AGR2 KO and were inhibited by Lip-
1 in p53wt cells, but not in p53mut cells (Fig. 2E, Supplementary
fig. 2D-G). To investigate the cytoprotective role of AGR2 in

SPRINGER NATURE

ferroptosis regulation, AGR2 KO combined with TBH treatment
induced morphological hallmarks of ferroptosis, including cellular
shrinkage and membrane disintegration, in pancreatic cancer cells
(Fig. 2G). This result demonstrates that AGR2 functions as a
negative regulator of ferroptosis in pancreatic malignancies and is
associated with p53 status.

AGR2 KO inhibits the tumor development of orthotopic PDAC
partly through ferroptosis

To evaluate the therapeutic synergy between ferroptosis
induction and AGR2 ablation, we conducted assessments of
IKE—a metabolically stabilized derivative of the ferroptosis
inducer erastin—in orthotopic pancreatic cancer models. By in
vivo results, AGR2 KO or IKE treatment significantly inhibited
tumor growth, and the combination of AGR2 KO and IKE
treatment significantly suppressed tumor growth (Fig. 3A-E).
The MDA levels, the mRNA expression of PTGS2, lipid ROS levels,
and HMGB1 protein level were also increased, all of which were
inhibited by the ferroptosis inhibitor Lip-1 (Fig. 3F-M). And 4HNE
and ki67 staining proved that AGR2 KO and IKE treatment
induced ferroptosis and inhibited tumor proliferation, all of
which were reversed by the ferroptosis inhibitor Lip-1 (Fig.
3N-S). These in vivo studies supported the hypothesis that AGR2
KO inhibits the tumor development of orthotopic PDAC partly
through ferroptosis

AGR2 acts as a p53 repressor to regulate ferroptosis

Then, we investigated the potential molecular mechanism of
AGR2 in ferroptosis. Our study identified p53 as the downstream
target of AGR2 [2]. And the KEGG analysis of RNA-sequencing data
showed involvement of p53 in ferroptosis (Fig. 2C). Previous
studies also identified the role of p53 in ferroptosis [16, 17]. Thus,
we hypothesized that AGR2 regulates ferroptosis by p53 pathway.
Then, p53 was knocked down (KD) in HPAC and Capan2 cell lines
with siRNA (Fig. 4A). As expected, p53 KD rescued RSL3 or erastin-
induced cell death in HPAC and Capan2 cells upon erastin or RSL3
treatment (Fig. 4B, Q). Lipid peroxidation level, MDA level, PTGS2
MRNA level, and lipid ROS level were induced with AGR2 KO and
were reversed by p53 KD (Fig. 4D-K). These results revealed that
AGR2 acts as a p53 suppressor to regulate ferroptosis.

AGR2 inhibits ferroportin expression by modulating p53

To elucidate potential mechanisms of the AGR2-p53 axis in
regulating ferroptosis in pancreatic cancer models, we re-
analyzed transcriptomic data of Capan2 KO cells. Dysregulated
genes were investigated. Among these, we focused on SLC40A1
(encoding ferroportin, FPN1), a critical iron exporter (Fig. 5A).
Genetic perturbation experiments demonstrated that AGR2 KO
significantly suppressed FPN1 expression, while p53 KD effec-
tively rescued FPN1 suppression (Fig. 5B). Pharmacological
activation with Nutlin-3a (a p53 activator) confirmed the result,
upregulated p53 expression inhibited FPN1 protein level, and this
effect was reversed by concurrent P53 knockdown (Fig. 5C). Given
that p53’s established role is as a transcription factor, we
hypothesized that p53 directly transcriptional transcription of
FPN1. Indeed, transcription prediction showed that p53 might
bind to the promoter area of SLC40A1 genes (Fig. 5D). Chromatin
immunoprecipitation (ChIP) assays validated physical interaction
between p53 and the SLC40A1 promoter region (Fig. 5D, E).
Subsequent functional validation through dual-luciferase reporter
assays demonstrated dose-dependent transcriptional repression
of SLC40A1 by p53 (Fig. 5F). Furthermore, the pancreatic
transgenic mouse model proved that AGR2 KO significantly
induced p53 activation and downregulation of FPN1 (Supple-
mentary fig. 3A-C). And the level of MDA, PTGS2 mRNA level, and
HMGB1 level were also upregulated (Supplementary fig. 2D).
These results confirmed that AGR2 inhibited FPN1 expression
through p53.
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AGR?2 is upregulated in pancreatic cancer during ferroptosis. A Heatmap showing the expression levels of ferroptosis-related genes

in pancreatic tissues from KC and KC; Agr2~/~ mice. B Gene set enrichment analysis indicating significant enrichment of ferroptosis-related
genes in pancreatic cancer. C-F Quantitative analysis showed the cell death rate and the AGR2 mRNA expression of Capan2/ HPAC cells
treated with different concentrations of Erastin (0-20 pM) or RSL3 (0-2 pM). G Protein expression levels of ACSL4, GPX4, SLC7A11, and AGR2 in
HPAC and Capan2 cells treated with Erastin, RSL3, Lip-1. Data are presented as the mean of 3 independent experiments + SEM. *P < 0.1,

**P <0.01, ***P <0.001.

Ferroportin inhibited ferroptosis in pancreatic cancer

Previous studies have identified the role of FPN1 in ferroptosis
[18, 19], while it remains unclear in PDAC. Firstly, FPN1 was knocked
down in HPAC and Capan2 cells (Fig. 6A). Further analysis proved that
FPN1 KD significantly upregulated MDA levels, Fe®*(ferrous iron),
mMRNA expression of PTGS2, HMGB1, and lipid ROS, all of which were
reversed by Lip-1 (Fig. 6B-G); In addition, the hepcidin (FPN1 inhibitor)
was used. Intrusively, hepcidin significantly induced up-expression of
MDA, Fe*, PTGS2, HMGB1, Relative BODIPYTM 581/591 C11, and lipid
ROS, all of which were down-regulated after Lip-1 treatment (Fig.
6H-M). We next investigated the function of FPN1 in vivo. Consistent
with in vitro results, FPN1 KD or hepcidin treatment blocked tumor
growth compared with the control group; this inhibitory effect was
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reversed by Lip-1 treatment (Fig. 6N-R). Moreover, the further
immunohistochemistry staining of 4-HNE and Ki-67 of tumors
supported our in vivo results (Fig. 65-V, Supplementary fig. 4). These
preclinical animal studies supported the hypothesis that FPN1
inhibited ferroptosis in pancreatic cancer.

AGR2 is positively correlated with SLC40A1 expression in
pancreatic cancer

Building on these findings, this study investigated the co-
expression patterns of AGR2 and SLC40A1/FPN1 using both TCGA
database analysis and our institutional PDAC patient cohort. The
TCGA dataset showed that SLC40A1 was upregulated in PDAC
tumors compared with normal pancreas (Fig. 7A). Transcriptomic

SPRINGER NATURE
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Fig. 2 AGR2 sensitizes PDAC to ferroptosis in vitro. A Western blot analysis demonstrated expression of AGR2 protein in AGR2 knockout
groups compared to control cells in Capan2, HPAC, and PANC1 cells; Quantification of AGR2 mRNA expression relative to GAPDH is shown
beneath the blot. B Heatmap representation of dysregulated genes expression in AGR2 knockout groups compared to control cells of HPAC,
Capan2, and PANC1 cells. C KEGG pathway enrichment analysis of differentially expressed genes in HPAC and Capan2 cells upon AGR2
knockout. D Quantitative analysis showed the cell death rate of Capan2 and HPAC cells with or without AGR2 knockout, treated with different
concentrations of Erastin (0-20 uM) or RSL3 (0-20 uM). E BODIPYTM 581/591 C11 levels of Capan2 and HPAC cells with or without AGR2
knockout, treated with or without the Lip-1. F Quantification of BODIPY 581/591 C11 fluorescence in Capan2 and HPAC cells. G Representative
bright-field images of HPAC and Capan2 cells treated with TBH to induce ferroptosis in control, AGR2 KO, and AGR2 KO + Lip1 groups. Scale
bar, 250 um. Data are presented as the mean of 3 independent experiments + SEM. *P < 0.1, **P < 0.01, ***P < 0.001.
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analysis revealed a positive correlation between AGR2 and
SLC40AT mRNA expression levels (Fig. 7B; Supplementary fig.
5A-C). As 50-70 percent of PDAC patients harbor a mutation in
p53, the rest of PDAC patients acquired wild-type p53 [20]. And
subgroup analysis also showed positive correlation between two
genes independent status of p53 (Supplementary fig. 5D-G).
Further immunoblot analysis proved high expression of FPN1 in
PDAC tumors (Fig. 7C). Subsequent immunohistochemical

SPRINGER NATURE

validation confirmed a positive correlation of AGR2 and FPN1
expression (Fig. 7D-F). The statues of p53 were listed in the
Tables 1, Table 2. All the patients were divided into several groups
according to the p53 status. For the patients with wild-type p53,
the expression of AGR2 was positively correlated with the
expression of the FPN1 (Supplementary fig. 5H); And for the
patients with frameshift variant and stop gained p53, the
expression of FPN1 did not correlated with AGR2 expression

Cell Death and Disease (2025)16:877
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(Supplementary fig. 51, J), which might due to the small number of
patients in this group. For the patients with missense variant p53,
the expression of FPN1 did positively correlate with AGR2
expression (Supplementary fig. 5J). Furthermore, survival analysis
through Kaplan-Meier curves with log-rank testing demonstrated
that high FPN1 and high AGR2 expression were significantly
associated with reduced overall survival (OS) in PDAC patients (Fig.
7G). These results indicate that FPN1 is correlated with AGR2
expression in PDAC patients and is a marker for survival.

AGR2 blocking with peptide sensitized PDAC cells to
ferroptosis

Previous results have identified the AGR20-p53-FPN1 axis. We
then investigated whether interfering with the AGR2-p53-FPN1
axis might sensitize PDAC to ferroptosis. Our previous study had
identified a novel peptide in the treatment of pancreatic
carcinogenesis [2]. As expected, peptide treatment increased
RSL3 or erastin-induced cell death in HPAC and Capan2 cells (Fig.
8A, B). Immunoblot analysis showed peptide treatment induced
upregulation of p53 and downregulation of FPN1 (Fig. 8C). MDA
level, Fe?*, HMGB1, PTGS2 mRNA levels, and lipid ROS level were
also induced with peptide (Fig. 8D-M). In vivo results showed that
the peptide significantly inhibited tumor growth and was reversed
by Lip-1 treatment (Fig. 70, Supplementary fig. 6A-D). The
immunohistochemistry staining of 4-HNE and Ki-67 of tumors
proved that peptide treatment induced upregulation of 4-HNE

Cell Death and Disease (2025)16:877

and proliferative inhibition. And peptide treatment sensitized
PDAC cells to IKE treatment, while this effect was reversed by Lip-1
treatment (Fig. 8P-S, Supplementary fig. 6E, F). These results
confirmed that the peptide could provide potential therapeutic
targets for developing ferroptosis-based interventions against
PDAC.

DISCUSSION

Pancreatic cancer remains one of the most lethal malignancies,
characterized by dismal prognosis and the highest mortality rates
among solid tumors [1, 21]. The paucity of effective therapeutic
interventions constitutes a critical clinical challenge [22], com-
pounded by limited progress in treatment strategies over recent
decades. These unmet medical needs underscore the imperative
to develop innovative therapeutic approaches. Emerging evidence
has established ferroptosis as a promising therapeutic target in
pancreatic cancer [23, 24]. Notably, AGR2 has emerged as a
multifunctional oncoprotein implicated in tumorigenesis, meta-
static progression, chemoresistance, and apoptosis regulation
through modulation of carcinogenesis-associated signaling path-
ways [2, 25]. Nevertheless, the mechanistic interplay between
AGR2 and ferroptosis regulation remains to be comprehensively
elucidated. In the present study, we showed that ferroptosis
induction upregulates AGR2 expression in PDAC cells. Importantly,
our findings revealed that AGR2-mediated regulation of the p53/

SPRINGER NATURE
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Fig. 6 FPN1 inhibition induced iron overload, leading to ferroptosis in pancreatic cancer cells. A Western blots show the expression of
FPN1, GAPDH in the control and FPN1 knockout group of Capan2 and HPAC cells. B-G Bar charts show the level of MDA, Ferrous iron, HMGB1,
lipid ROS, BODIPYTM 581/591 C11 levels, and the mRNA expression of PTGS2 in control and FPN1 knockout and FPN1 knockout+-Lip-1 groups
of Capan2 and HPAC cells. H-M Bar charts show the level of MDA, Iron ion, HMGB1, lipid ROS, BODIPYTM 581/591 C11 levels, and the mRNA
expression of PTGS2 in control and hepcidin and hepcidin+Lip-1 groups of Capan2 and HPAC cells. N Representative images of tumors from
HPAC and Capan2 xenografts in mice under different treatment conditions. O, P Tumor weight of the tumor in the control, siFPN1, hepcidin,
siFPN1-+Lip-1, and siFPN1+Lip-1 groups of HPAC and Capan2 cells. Q, R Tumor volume of the tumor in the control, siFPN1, hepcidin,
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FPN1 axis enhances ferroptosis, positioning AGR2 as a novel
regulatory target for modulating this cell death pathway in PDAC.

Ferroptosis is an iron-driven programmed cell death mechanism
initiated by lipid peroxidation cascades under glutathione
depletion, culminating in iron-mediated lipid peroxidation and
subsequent cellular demise [26, 27]. This process is mechanistically
governed by two core regulatory axes: systemic iron homeostasis
and intracellular redox equilibrium [28]. As an essential micro-
nutrient, iron’s pathophysiological impact is mediated through a
network of metabolic regulators, including transferrin receptors,
divalent metal transporter 1 (DMT1), and iron regulatory protein 2
(IRP2), which collectively orchestrate cellular iron flux to modulate
ferroptotic susceptibility [28]. Malignant progression is frequently
associated with reprogrammed iron metabolism pathways
encompassing acquisition, storage, utilization, and export
mechanisms - adaptations that facilitate tumorigenic iron
accumulation [29]. While the complete ferroptosis effector
network remains to be fully elucidated, current evidence
establishes iron-driven oxidative stress and consequent mem-
brane lipid peroxidation as the central biochemical executors of
this cell death pathway [30, 31]. Of relevance, AGR2 has been
implicated in cellular homeostasis maintenance through its
protein disulfide isomerase activity [32]. In this study, we observed
significant AGR2 upregulation in PDAC cells following treatment
with canonical ferroptosis inducers (erastin and RSL3). Notably,

Cell Death and Disease (2025)16:877

this induction is proved specific to ferroptotic stimuli, as co-
treatment with necroptosis inhibitor NSA or pan-apoptosis
inhibitor Z-VAD-FMK failed to reverse AGR2 elevation. CRISPR-
mediated AGR2 knockout substantially enhanced PDAC cells’
sensitivity to ferroptosis induction, prompting mechanistic
exploration through our established gene expression atlas.
Transcriptomic analysis of AGR2-regulated networks revealed
p53 is a key nodal point, consistent with its established dual
regulatory roles in ferroptosis [14, 15]. Indeed, p53 is a well-known
tumor suppressor frequently mutated in PDAC; however, more
than 30 percent of PDAC patients maintain WT p53 [33]. Yet,
precision therapy targeting p53 in one-third of PDAC cases is not
available but desired. While p53 is recognized as a context-
dependent ferroptosis modulator capable of both promoting and
suppressing cell death [34], our prior work demonstrated AGR2's
oncogenic function through p53 suppression in PDAC carcinogen-
esis [2]. Currently, we have identified p53 as a potent suppressor
of AGR2 knockout-induced ferroptosis sensitization. Mechanistic
interrogation uncovered SLC40A1 (encoding ferroportin/FPN1) as
a novel p53 transcriptional target, with p53 overexpression
significantly repressing FPN1 expression. AGR2-knockout demon-
strated concomitant FPN1 downregulation and elevated ferrop-
tosis biomarkers.

FPN1,the exclusive iron export pump in mammals, maintains
intracellular iron homeostasis through transmembrane efflux

SPRINGER NATURE
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Fig. 8 AGR2 blocking with peptide sensitized PDAC cells to ferroptosis. A, B Bar charts show the cell death percentages in HPAC and
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HPAC and Capan2 cells. D, E The bar chart shows the MDA levels in HPAC and Capan2 cells treated with the peptide. F, G Bar chart shows the
Fe?* levels in HPAC and Capan2 cells. H, | HMGB1 secretion levels in HPAC and Capan2 cells. J, K PTSG2 mRNA expression in HPAC and Capan2
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different treatment conditions. P-S Quantification of 4-NHE and Ki-67 levels in HPAC and Capan2 tumors under different conditions.
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Table 1. The level of AGR2, SLC40A1 and statues of TP53 of PDAC

patients.
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effect
missense_variant
frameshift_variant
no variant
missense_variant
no variant
stop_gained
missense_variant
no variant

no variant
missense_variant
no variant

no variant

no variant
missense_variant
no variant
frameshift_variant
no variant
missense_variant
no variant

no variant
missense_variant
no variant
stop_gained
missense_variant
no variant
frameshift_variant
missense_variant
no variant
missense_variant
no variant
stop_gained

no variant
missense_variant
no variant
frameshift_variant
missense_variant
no variant

no variant
stop_gained
missense_variant
no variant

no variant
missense_variant
frameshift_variant
missense_variant
no variant
missense_variant
no variant
missense_variant
no variant
frameshift_variant
missense_variant
no variant
missense_variant

no variant

Table 1. continued

sample AGR2 SLC40A1 effect

56 - - missense_variant
57 + < stop_gained

58 - - stop_gained

59 = 3F no variant

60 aF + frameshift_variant
61 4 < missense_variant
62 + = no variant

63 - 3F missense_variant
64 + + missense_variant
65 < F no variant

66 4F 4F stop_gained

67 = + no variant

68 + aF missense_variant
69 F + no variant

70 - + frameshift_variant
71 =+ + no variant

72 + aF missense_variant
73 - - no variant

74 A + no variant

75 + - stop_gained

76 4 s no variant

77 F + no variant

78 + = missense_variant
79 + + frameshift_variant
80 4 < missense_variant
81 + = no variant

82 - - missense_variant
83 aF aF missense_variant
84 <4 s no variant

85 + + stop_gained

86 + = missense_variant
87 =4 < no variant

88 4 B missense_variant
89 - - no variant

20 - - missense_variant
91 <4 <= no variant

92 + + stop_gained

93 - 3F missense_variant
94 + = no variant

95 + aF missense_variant
96 A + no variant

97 + + frameshift_variant
98 =+ + no variant

99 + aF missense_variant
100 - F no variant

101 3 + missense_variant
102 aF + no variant

103 A + no variant

[11, 12]. Its dysfunction induces pathological iron overload
through Fenton chemistry-mediated redox cycling between Fe*
and Fe** [35], generating reactive oxygen species (ROS) that inflict
macromolecular damage across DNA, proteins, lipids, and
organelles [28]. This iron-dependent oxidative cascade constitutes
the biochemical cornerstone of ferroptosis, with cellular iron
accumulation shown to potentiate ferroptotic sensitivity across
diverse cell types [28]. Consequently, our findings established the

SPRINGER NATURE

11



Z. Jian et al.

12

L9T¥'0

86€°0

[ ¥a40]

SL6€0

8LET0

ueLRA
ou

[4i40)

SleLo

81810

€657°0

jueueA
ou

SE8Y'0

vL9€°0

60420

L6vL'0

LLEVO

jueueA
ou

ueLeA
ou

jueueA
ou

ueLRA
ou

jueueA
ou

1ueLeA
ou

LS0
ueLRA
ou

jueueA
ou

ueLRA
ou

jueuea
ou

jueneA
ou

jueuea
ou

Jepeup

JoLiyd
Neszad
spizsad
sypnogLad
Hsz1yd
jueueA
ou jueuea ou
DozzAd
sjl69¢sd
degeyd
Ssozad
jueueA
ou jueuea ou
HSzLyd
AlpzSd
Hr6L7d
oslzsd
HSZLyd
jueeA
ou jueuea ou
jueneA
ou jueueA ou
jueeA
ou jueuea ou
jueneA
ou jueueA ou
jueeA
ou jueuea ou
jueueA
ou jueueA ou
dlpesd
jueueA
ou jueueA ou
jueeA
ou jueuea ou
jueueA
ou jueueA ou
jueuea
ou jueuea ou
jueleA
ou jueueA ou
jueuea
ou jueuea ou
jepews piyoulwe

JUBLIBAT95USSSIW
JUBLIBAT9SUDSSIW
JueLBA YIysawely
jueneA uolbal
~odldsijueLeAT YIysawely
JueLIEA” 95USSSIW
1ueLRA OU
JueLIEA” 95USSSIW
JURLIRA JIysDwely
JueLIeA” 95USSSIW
JUBLIEAT3SUSSSIW
1ueLeA OU
JUBLIEAT3SUSSSIW
JUeLIBAT95UDSSIW
JUBLIEAT3SUSSSIW
JUBLIBAT95UDSSIW
JUBLIEAT3SUSSSIW
1ueLeA OU

1ueLRA OU

1ueLeA OU

1ueLRA OU

1ueLeA OU

1ueLIRA OU
JUBLIBAT95UDSSIW
1ueLRA OU

1ueLeA OU

1ueLIRA OU

1ueLeA OU

1ueLIRA OU

1ueLeA OU

Paye

Y

v

11

1

JueLeA jueLieA
ou ou

p)

9

)

JueLeA juelieA
ou ou

1

1

1

b

1

JueLIeA jueleA
ou ou
jueLeA jueLeA
ou ou
JueLeA jueleA
ou ou
jueLeA jueLeA
ou ou
ueLeA jueleA
ou ou
jueLeA jueLen
ou ou

Y

jueLeA jueLeA
ou ou
JueLeA jueLeA
ou ou
jueLeA jueLeA
ou ou
jueLeA jueLeA
ou ou
ueLeA jueLieA
ou ou
jueLeA jueLeA
ou ou
auanjje e

jueleAa ou

1

09

jueleA ou

jueleA ou

JuelieA OU

jueleA ou

JuelieA OU

jueleA ou

1uelieA OU

5

JuelieA OU

jueleA ou

JuelieA OU

jueleA ou

JueLieA OU

jueleA ou

dusliajal

€5dL

€5dL

€5dL

€5dL

€5dL

JueleA
ou

€5dL

€5dL

€5dL

€SdL

ueleA
ou

€5dL

€5dL

€5dL

€5dL

€5dL

ueleA
ou

JueLeA
ou

ueleA
ou

JueLeA
ou

JueleA
ou

JueLeA
ou

€5dL

JueLeA
ou

JueleA
ou

JueLieA
ou

jueuea
ou

JueeA
ou

jueuea
ou

auab

0%0949L

L8LYL9L

L0T9L9L

SS0SL9L

880549L

jueLIRA
ou

TL8YLIL

18€/9L

CLLELIL

LL6¥/9/

jueeA
ou

880S/9/

(324 74°74

0861/£9L

8887/9L

880S/9/

jueeA
ou

JueLIRA
ou

juepeA
ou

jueLIRA
ou

jueueA
ou

jueLIRA
ou

(324 74°74

jueLIRA
ou

jueueA
ou

jueLIRA
ou

jueuea
ou

jueneA
ou

jueuea
ou

pus

0709£9L

L8LY/9L

0029/9L

§S0SL9L

880S/9L

ueLeA
ou

CL8YLIL

€18€L9L

CLLELIL

LL6V/9L

ueneA
ou

880S/9/

(A 24 7474

0S6¥7/9/

888V7.9L

880S/9/

ueneA
ou

ueLeA
ou

JueneA
ou

ueLeA
ou

ueneA
ou

ueLeA
ou

(A 24 7474

ueLeA
ou

ueneA
ou

ueLeA
ou

jueuea
ou

jueneA
ou

jueuea
ou

eys

"aseqelep o)L wouy spuaned JyAad Ul GJL JO SaN1LIS pue ‘ZYOY JO [9A3] YL

L1y

L1y

L1y

L1y

L1y

JueleA
ou

L1y

L1y

L1y

L1142

ueleA
ou

L1142

L1y

L1142

L1y

L1142

ueleA
ou

JueLeA
ou

ueleA
ou

JueLeA
ou

ueleA
ou

JueleA
ou

L1y

JueleA
ou

ueleA
ou

JueLeA
ou

jueuea
ou

JueleA
ou

jueuea
ou

1)

8¢6'9

elcL

6SL°L

a8L'S

88L°L

996'S

£6¥'9

$60'8

$66'9

88€'S

8€8'S

6S€E'L

50,

€99°S

6€8'S

ver's

69¢'S

LE'S

651'9

SLE9

80C°L

656'L

299'9

9/0°L

S¥6'S

w9

658

€C1L'9

€€6'S

(LYO¥D1S)
LL'67¥8EL00000OSN3

£89'8

VeLS

9S/'8

908'8

898'8

68

926’8

886'8

66'8

€106

L6

vLL'6

9€T’6

a44d

ST6

997’6

887’6

SLE6

6C€'6

€/¥'6

S79'6

LE9'6

(4443

678'6

Lo'0L

8€0L

oLl

€CLL

eLel

(z4oV)
CL°L¥S901L00000DSN3

VL0
~¥¥9/-41-VODL

V10-X8VY
“AH-VODL

VL0
-988/-4I-V9DL

Y10-6LLY
-SN-VODL

VL0
~¢S9/-41-Y9ODL

V10-ZVVY
-3€-V9ODL

VL0
-6/89-C4-VODL

V10-OdYV
-84-VODL

VL0
-IOVV-12-¥ODL

V10-00VV
-84-V9DL

V910-ZLEB
“ZH-VODL

V10-r16v
“ZH-VODL

VL0
~ZI6V-VE-VODL

V10-34sY
“Zd-¥9DL

VL0
-£88/-4I-V9DL

V90-r16Y
“ZH-VODL

VL0
-€48v-971-VODL

V10-0d8Y
“ZH-VODL

VL0-H18Y
“AAVODL

V10-dOLY
“AH-VODL

V10-¥2Z6L
“ZH-V9DL

VL0-WH8Y
“#S-VODL

VL0
-dSSV-4I-vVoDL

V10-1d8Y
“ZH-VODL

V10-Ndvv
-84-VODL

V10-8€98
“ZH-VODL

V10-9LLY
-SN-VSDL

V10-ddvv
-84-V9DL

V10-682L
~ZH-VODL

sojdwes

Y10
-¥¥9/-91-¥9DL

V10-X8YY
“AH-VODL

VL0
-988/-91-¥9DL

V10-6LLY
-SN-Y9DL

VY10
-¢S9/-91-Y9DL

VL10-ZVVV
-4€-VODL

VY10
-6£89-¢4-VODL

V10-OdvV
-84-vOD1

VY10
-IOVV-12-¥9DL

V10-00VY
-84-v9D1

V00-ZLEB
“ZH-VODL

V10-fL6Y
“ZH-YODL

Y10
“ZI6V-YE-VODL

V10-34SY
~Zd-V9DL

VY10
-£88/-91-Y9DL

V90-L6Y
“ZH-YODL

Y10
-€48V-971-VODL

V10-0d8Y
“ZH-YODL

V10-H18Y
“AAVODL

V10-dOLY
-AH-YDDL

V10-¥2Z6L
“ZH-VODL

V10-WH8Y
-#S-¥ODL

VY10
-dSSV-4I-vV9DL

V10-1d8Y
“ZH-Y9DL

V10-NdvvY
-84-¥9OD1

V10-8€98
“ZH-YODL

V10-9LLV
-SN-Y9DL

V10-ddVY
-84-v9D1

V10-68¢L
“ZH-VODL

sjdwes

‘c 9lqel

877

Cell Death and Disease (2025)16.

SPRINGER NATURE



Z. Jian et al.

13

788800

€9%°0

€5S€0

vreEro

[434%0)

jueueA

ou

$902°0

L¥9T'0

619400

jueueA

ou

LLELO

9L1E0

45540

861€°0

9LL1°0

€cLro

650Z°0

S9LL'0

ueLRA
ou

jueueA

ou

L€6T°0

9651°0

79/50

L61T0

65160°0

6087°0

jueneA

ou

L8C¥0'0

76910

Jepeup

9614d
Hsz1yd
A99zDd
sjacyeyd
spdcoend
jueleA
ou jueneA ou
08veyd
spizo3d
*961yd
jueleA
ou jueuea ou
vesend
JepLad
9ogyd
Joszdd
treod
siyereyd
99Lsd
syaeziLd

JueLeA
ou 1ueleA ou

jueleA
ou jueuea ou
T8yzyd
dovewd
Ag€zod
¥6/LHd
86¢3d
1ewNd

juelieA
ou jueueA ou
z610d
sy1Lzdd

Jepeus ppyoulwe

paule6-dols
JUBLIBAT95UDSSIW
JUBLIBAT3SUISSIW
JueLRA YIysawely
JueleA Jiysawely
1UBLIEA OU
JUBLIBAT 9SUDSSIW
JueleA YIysawely
paule6-dois
jueuea ou
JUBLIEAT3SUSSSIW
uEm_‘_N>\WM:mmm_E
paule6-dois
JUBLIEATSUSSSIW
paule6-dois
JueleA YIysawely
paule6-dols
JueLeA YIysawely
jueueA ou

1UBLIEA OU
JUBLIEAT3SUSSSIW
1UBLIEATSUISSIW
JUBLIEAT3SUSSSIW
JUBLIEATSUSSSIW
paule6-dols
JUBLIBAT95UDSSIW
jueleA ou
paule6-dols
JueleA Jiysawely

FRETTE)

v

1

v

)

1ueLIeA juepeA
ou ou

1

Y

ueLIeA juepeA
ou ou

)

1

Y

v

1

1

b

jueLeA jueLeA
ou ou
JueLIeA juepeA
ou ou

v

b

1

b

v

v

ueLeA jueLeA
ou ou

v

auanyje e

juelieA ou

juelieAa ou

JuelieA OU

juenleA ou

JuelieA OU

D)

S

dudiajal

€9d1

€5dL

€5dL

€5dL

€5dL

JueleA

ou

€5dL

€5dL

€5dL

ueleA

ou

€6dL

€5dL

€5dL

€5dL

€5dL

€5dL

€9d1

€5dL

JueLeA
ou

ueleA

ou

€SdL

€5dL

€5dL

€5dL

€9d1

€5dL

JueeA

ou

€5dL

€5dL

auab

S¥6v/9/

880549L

€C8EL9/L

$890£9L

8LLELIL

jueueA

ou

0zevL9L

S819/9L

Sv6v/9/

jueeA

ou

S08€/9/

V8LSL9L

Y0LEL9L

1 AT474°74

LECYL9L

[V 2472°74

SLLS/9/

€009£9L

JueLIRA
ou

jueueA

ou

0zevL9L

9TTvL9L

0SZ¥L9L

9L0S/9L

8CLEL9L

0TTsL9L

jueneA

ou

LS6VL9L

86€9/9/

pua

St6v/9/

880S/9L

€C8EL9L

$890£9L

LLLELIL

ueneA

ou

0Cev/9L

S819/9L

Sv6v/9L

ueneA

ou

S08€/9L

¥81SL9L

¥0L€L9L

vlev/i9L

LECVLIL

ovey /9L

SLLS/9L

2009.9L

ueLeA
ou

ueneA

ou

0Cev/9L

9CCVLIL

0S¢v/9/

9L0S/9L

8CLELIL

0CCSL9L

jueneA

ou

LS6Y/9L

86€9/9/

ue)s

L1y

L1y

L1y

LUy

L1y

ueleA

ou

L1y

L1y

L1442

ueleA

ou

L1442

L1y

L1442

L1y

L1142

L1y

L1142

L1y

JueleA
ou

JueleA
ou
L1142
L1y
L1142
L1y
L1442
L1y
Juelien
ou
L1y
L1142

T

€9

€CV'9

L¥t'9

ILs’s

€9€'9

€0TL

wueL

SLLS

¥8€'S

9L0°L

¥98'S

€LL'S

wl'9

6CL’S

89C'9

9LL'S

LL6'S

£€8'9

20€'9

66C°9

6559

8¢8'S

.6V

9CT’sS

€609

6LL'S

8¢9

£L89'S

[45%°]

(LYO¥D1S)
LL°6¥¥8EL00000DSNI

[d4:]

£0T'8

LST'8

S97'8

187’8

1828

66C'8

SLE8

9€€'8

GE'8

SLE'8

98€'8

801’8

IL¥'8

£vP'8

EvP'8

8

87’8

Sv'8

S9v'8

SLY'8

s8

s8

L19'8

9198

7€9'8

89'8

189'8

(z4ov)
TL°LYS90L000009SN3

V1.0 YLO
-S¥9/-41-¥ODL -§¥9/-91-YODL
V10-YOVY V10-YOVV
-12-¥9DL -12-¥9DL
V10-08vVv V10-08vVv
-(C-VY9DL -(C-¥ODL
Y10-9VSY Y10-9VSY
-AH-VODL1 -AH-Y9DL
V10-926£ V10-926L
-ZH-VODL -ZH-VODL
Y10-8L6L Y10-8L6L
-ZH-VODL1 -ZH-Y9DL
V10-90VY V10-90VY
-84-VODL -84-¥OD1
Y10-HavVY Y10-HavVY
-[C¢-V9DL -fZ-¥Y9DL
VL0 Y10
-OSSV-4I-¥9DL -OSSV-9I-Y9DL
Y10-VevyY Y10-YZvv
-€0-VODL -€0-VODL
V10-Mavv V10-Mavy
-(C-V9DL -(C-VODL
Y1i0 YL0
-HI6Y-VE-YODL -HI6Y-VE-YODL
VL0-MSLY VL0-MSLY
-30-Y9DL -30-VODL
Y10-PNLY V10-PINLY
-4I-¥Y9DL -4-vy9DL
VL0 Y10
-49VV-Z-V9ODL -48VV-Z-¥Y9DL
Y10-AdVY V10-AdVVY
-84-VODL1 -84-¥9DL1
V10-88YY V10-88vVY
-fZ-¥ODL -¢-vodL
Y10-NNVY Y10-nNvY
-4I-¥9DL -4-¥y9DL
VL0-H6vY VL10-H6vY
-ZH-VODL “ZH-VODL
Y10-lavVv Y10-lavv
-(¢-V9DL -f¢-Y9DL
VL10-18.V V10-182Y
-94-VODL -94-¥ODL
Y1i0 YL0
I6VY-ZH-VOOL  -I6bY-ZH-¥ODL
v10-vZ18 V104218
-9H-VDDL -9H-YODL
Y10-1NvY Y10-1NVY
-ax-voDL -ax-vooL
VL0 Y10
-688/-4I-YODL -688/-91-YODL
Y10-10LY V10-104LVY
-AH-YODL -AH-YDDL
v10-9LLY V10-9LLY
-SN-VYODL -SN-Y9DL
Y10 Y10
-888/-4I-VODL -888/-9I-VODL
VL10-1D9V V10-LO9V
-8H-VDDL -8H-YODL
sajdwes s|dwes
panunuod ‘g 3yqel

SPRINGER NATURE

877

Cell Death and Disease (2025)16:



Z. Jian et al.

14

L8%€°0

jueuea
ou

v€61°0

jueuea
ou

jueueA
ou

ueLRA
ou

SEVED

LETY'0

jueueA
ou

1ueLRA
ou

jueueA
ou

€E91L°0

¥96€°0

ueLRA
ou

jueueA
ou

ueLRA

ou
62610
ueLRA

ou
LYSL0
68210
Y620
1ueLRA

ou
689C°0
€789°0
§S6S°0
91€0
SL9€0

jueneA
ou

jueuea
ou

Jepeup

8e0d
jueuea
ou jueuea ou
S)d8LLHd
jueuea
ou jueuea ou
jueleA
ou jueueA ou
jueueA
ou jueuea ou
M8rzyd
ad11ds/gLxd
jueueA
ou jueueA ou
jueueA
ou jueueA ou
jueleA
ou jueuea ou
syjaczind
961yd
jueuea
ou jueueA ou
jueleA
ou jueuea ou
jueneA
ou jueueA ou
HSZLyd
jueneA
ou jueueA ou
M8rzyd
1151dd
ozzAd
jueneA
ou jueueA ou
1sserd
€lzyd
Mzgeyd
dnpgzipd
4zzisd
juenleA
ou jueueA ou
jueuea
ou jueuea ou
jepews piyoulwe

paule6-dols
1ueLRA OU

JueLRA Iysawely
1ueLRA OU

1ueLeA OU

1ueLIRA OU
JUBLIBAT95USSSIW
lueueA Jouop dI|ds
1ueLeA OU

1ueLIRA OU

1ueLeA OU

jueleA Jiysawely
paule6-dols
1ueLRA OU

1ueLeA OU

1ueLRA OU
JUeLIBAT95UDSSIW
1ueLIRA OU
JUBLIBAT95UDSSIW
JUBLIEAT3SUSSSIW
JueLeA YIysawely
1ueLIRA OU
JUBLIBAT95UDSSIW
paule6-dois
JUBLIBAT95UDSSIW
uolLIsUIdweljul
JUBLIBAT95UDSSIW
1ueLIRA OU

1ueLeA OU

Paye

v

jueLeA jueLeA
ou ou

9

jueLeA jueLeA
ou ou
JueLeA jueleA
ou ou
JueLeA jueLeA
ou ou

Y

1

JueLIeA jueleA
ou ou
jueLeA jueLeA
ou ou
ueLIeA juelieA
ou ou

v

JueLeA jueLeA
ou ou
JueLeA juelieA
ou ou
jueLeA jueLeA
ou ou

1

jueLeA jueLeA
ou ou

v

1

jueLeA jueLeA
ou ou

1)

v

v

90V

v

ueLeA jueLieA
ou ou
jueLeA jueLeA
ou ou
auanjje e

B)

jueleAa ou

juelieAa ou

juelieA ou

jueleAa ou

5

2

juelieA ou

1uelieA OU

jueleA ou

Y2

5

JuelieA OU

jueleA ou

JuelieA OU

2

JuelieA OU

1v215995095Y

JuelieA OU

5

JueLieA OU

jueleA ou

dusliajal

€6dL

jueuea
ou

€5dL

jueuea
ou

JueleA
ou

JueLeA
ou

€5dL

€5dL

JueleA
ou

JueLeA
ou

ueleA
ou

€5dL

€5dL

jueLeA
ou

ueleA
ou

JueLeA
ou
€5dL
JueLeA
ou
€5dL
€5dL
€5dL
JueLeA
ou
€5d1L
€SdL
€5d1L
€5dL
€5dL

JueeA
ou

jueuea
ou

auab

LST9L9L

jueuea
ou

080549L

jueuea
ou

jueueA
ou

1ueLIRA
ou

[Xa474°74

¢S0SL9L

jueeA
ou

ueLIRA
ou

jueeA
ou

+¥009/9/

Sv6vL9L

jueLIRA
ou

jueeA
ou

JueLIRA
ou
880S/9L
jueLIRA
ou
[¥a474°74
L9LS29L
CL8YLIL
jueLIRA
ou
661l7/9L
¥68v7.9L
9LLELIL
¥60S/9L
TETSL9L

jueneA
ou

jueuea
ou

pus

LSTL9L

jueuea
ou

6L0SL9L

jueuea
ou

ueneA
ou

ueLeA
ou

LeeyL9L

¢S0S/9L

ueneA
ou

ueLeA
ou

ueneA
ou

€009/9/

Sv6vL9L

ueLeA
ou

ueneA
ou

ueLeA
ou
8805/9L
ueLeA
ou
LZevL9L
1915292
798V/9L
ueLeA
ou
661l7/9L
¥68Y7.9L
9LLELIL
€60S/9L
TETSL9L

jueneA
ou

jueuea
ou

eys

L1y

jueuea
ou

L1y

jueuea
ou

ueleA
ou

JueLeA
ou

L1y

L1y

ueleA
ou

JueleA
ou

ueleA
ou

L1142

L1y

JueLeA
ou

JueleA
ou

JueleA
ou
yAVITR)
JueleA
ou
L1142
L1142
yAV(TE)
JueleA
ou
L1142
L1142
yAVITR)
L1142
yAVITR)

JueleA
ou

jueuea
ou

1)

€0S'S

$66'S

LLL9

8LE'S

889

yAZA 4

SLE9

18S9

2909

6759

86C'9

£69'S

9

8¥E'L

8659

£68'S

96L'S

¥8L'9

€529

L6¥'9

¥80'%

666'S

99'S

LLT9

697'Y

94'9

8¢6'L

(LYO¥D1S)
LL'67¥8EL00000OSN3

¥eo'L

LESL

859'L

659,

¥99'L

SL9'L

80L°L

80L°L

CeLL

CeLL

SSL°L

A7

€18,

V8L

198°L

698'L

¥88'L

68,

£€96'L

666'L

8¢0'8

70'8

¥50'8

190’8

10’8

980'8

SvL'8

/S1'8

LLL'8

(z4oV)
CL°L¥S901L00000DSN3

V10-30VY V10-30VV
-12-¥9DL -12-¥9DL
VL0 Y10
-L16V-YE-VODL -LI6V-VYE-VODL
V10-€0VV V10-€0VV
-84-vODL -94-v9ODL
V10 YLO
-N6Y-VE-YODL “NI6Y-VE-YODL
Y10-D%vV V10-5vvV
-¢4-V9DL -C4-V9ODL
VL0-AGVY VL10-A9VY
-r¢-v95DL ~fC-Y9DL
V10-€VSY Y10-€VSY
“AH-VYODL “AH-VODL
VL0 Y10
-0rev-ve-voDL -0r6Y-Ve-YODL
Y10-49vvY Y10-84LV
-(C-V9DL -84-vODL
V10-84LY V10-4avVv
-g94-YODL -Z-voDL
Y10-PVSY Y10-¥VSVY
-AH-VODL1 -AH-Y9DL
VL0 Y10
-DI6BY-VE-VODL  -DI6V-VE-YODL
Y10-¢26L Y10-¢¢6L
-ZH-VODL1 -ZH-Y9DL
V10-d48Y VL10-d48Y
-#S-VODL -#S-VODL
Y10-MNVYY Y10-MNVYY
-4lI-¥Y9DL -4-¥y9DL
V10-4aLV V10-4asv
-94-VODL -94-¥ODL
V10-AS8Y Y10-AS8Y
-HA-VODL “HA-VODL
V10-a68vY V10-a68vy
-9A-VODL -gA-VODL
Y1i0 YL0
-L¥9/-91-¥YODL -L¥9./-91-VODL
VL0-Mary VL10-Mapv
-ZH-VODL “ZH-VODL
V10-NASY V10-NASY
-¢4-¥9DL -C4-¥Y9DL
V10-616Z V10-616Z
-ZH-VODL “ZH-VODL
Y1i0 Y10
-9¥9/-41-¥ODL -9¥9/-91-¥ODL
V10-ZdvvY V10-ZdvvY
-94-VODL -94-¥ODL
V10-048Y Y10-O48Y
-¥S-VODL -¥S-VYODL
V10-9€98 V10-9€98
-ZH-VODL “ZH-VODL
V10-OLLY V10-OLLY
-ZH-VODL1 -ZH-Y9DL
vio-vavy VL10-vavy
-fZ-¥ODL -Z-voDL
V10-fOvY V10-fovy
-12-¥9DL -12-¥9DL
sojdwes sjdwes
panunuod ‘g ’|qey

877

Cell Death and Disease (2025)16.

SPRINGER NATURE



Z. Jian et al.

15

/87800

61870

jueueA
ou

1ueLRA
ou

6L0L°0

¥7S60°0

SL0
ueLRA
ou

jueueA
ou

€591°0

LLEV'O

1ueLRA
ou

LLoL’0

vL9%'0

jueueA
ou

1ueLeA
ou

jueueA
ou
244
€960°0

ueLRA
ou

jueueA

ou

€EETO

w6l’0

LS€80°0

6€9L0°0

€80€°0

jueuea

ou

9€EL'0

Jepeup

9gz3d
€lzyd
jueueA
ou jueneA ou
jueueA
ou jueueA ou
Astzod
450zAd
o8zyd
jueueA
ou jueueA ou
jueleA
ou jueuea ou
As€LDd
lozvd
jueueA
ou jueueA ou
y6r3d
Dsegyd
jueleA
ou jueuea ou
jueueA
ou jueueA ou
jueueA
ou jueuea ou
y6/LHd
A6LLHd
jueueA
ou jueueA ou
jueueA
ou jueuea ou
Mzgzyd
NozLAd
08veyd
disLdd
2y ds~oz1xd
jueuea
ou jueuea ou
ayds~szLxd
jepeus ppyoulwe

paule6-dols

paule6-dols

1ueLeA OU

1ueLRA OU
JUBLIBAT95UDSSIW
JUBLIBAT9SUISSIW
JUBLIBAT95USSSIW
1ueLeA OU

1ueLRA OU
JUBLIEAT3SUSSSIW
JUBLIBAT9SUSSSIW
1ueLeA OU
paule6-dols
JUBLIEAT3SUSSSIW
ueLeA OU

1ueLeA OU

1ueLeA OU
JUBLIEAT3SUSSSIW
JUBLIBAT95UDSSIW
1ueLeA OU

ueLeA Ou
JUBLIEAT3SUSSSIW
jueneA uolbal
~ool|dsueLieA 9SURSSIW
JUBLIEAT3SUSSSIW
JUBLIBAT95UDSSIW
jueleA 101d92de 301 ds
ueLeA OU

JueneA Jouop ad1|ds

FRETTE)

ueleA
ou

ueleA
ou

ueleA
ou

ueLeA
ou

ueLeA
ou

ueLeA
ou

ueLeA
ou

ueLeA
ou

ueleA
ou

ueleA
ou

jueuea
ou

auanjje

juepeA
ou

jueLieA
ou

v

v

1

jueLieA
ou

juepeA
ou

1

1

jueLieA
ou

v

v

juepeA
ou

jueLieA
ou

juepeA
ou

pJ

v

jueLieA
ou

juepeA
ou

v

2

v

jueleA
ou

e

juelieA ou

jueLieA OU

2

1uelieA OU

juelieA ou

JuelieA OU

jueleA ou

JuelieA OU

jueleA ou

JuelieA OU

juenleA ou

jueleA ou

p]

dudiajal

€9d1

€5dL

JueleA
ou

JueleA
ou

€5dL

€5dL

€5dL

JueleA
ou

ueleA
ou

€6dL

€5dL

JueLieA
ou

€5dL

€6dL

ueleA
ou

JueleA
ou

JueleA
ou
€6dL
€48dL

JueLeA
ou

ueleA
ou
€6dL
€48dL
€6dL
€48dL
€6dL
jueuea

ou

€5dL

auab

¥9L€49L

68v.L9L

jueueA
ou

jueLIRA
ou

6TTYL9L

L16¥/9/

0TeyL9L

jueLIRA
ou

jueueA
ou

80CS/9/L

L91949L

jueLIRA
ou

OvLELIL

00£0£9L

jueueA
ou

JueLIRA
ou

jueeA
ou
9L0S.9L
£L0SL9L

JueLIRA
ou

jueueA
ou
9LLEL9L
9€TSL9L
0TeyL9L
0915494
LETSL9L
jueuea

ou

€66S/9/

pua

¥9L€49/

¥68v.L9L

ueneA
ou

ueLeA
ou

(J4474°74

LL6V/9/

0CevL9L

ueleA
ou

ueneA
ou

80CS/9L

1919/9L

ueLeA
ou

OvLELIL

00£0£9L

ueneA
ou

ueLeA
ou

ueneA
ou
9/£0SL9L
£LL0SL9L

ueLeA
ou

ueneA
ou
9LLELIL
9€TSL9L
(a4 74°7
091S/9L
LETSLIL
jueuea

ou

€66S/9/

ue)s

L1y

LUy

JueleA
ou

JueleA
ou

L1y

L1y

L1y

JueleA
ou

ueleA
ou

L1142

L1y

JueLeA
ou

L1y

L1142

ueleA
ou

JueleA
ou

JueleA
ou
LUy
yAVITR)

JueLeA
ou

JueleA
ou
L1142
L1y
L1142
L1y
L1142
jueuea
ou

L1142

T

€LL'9

€99

[43n4

L9TL

208'S

we9

60t'9

609

¥0€'S

99'S

(414

€SS

¥0L'9

6L9

LL9'S

S¥0'9

we'9

LT9

¥8L'9

L2ey

88'S

6v1'9

¥59'9

8S9'S

w8y

L9Y'S

689G

L9

99

(LYO¥D1S)
LL°6¥¥8EL00000DSNI

L¥8'9

589

1689

$68'9

£56'9

LL6'9

8/6'9

886'9

S20'L

6€0°L

oCL’L

6CL’L

LSL°L

SSL'L

S8LL

L0T'L

LT,

LYEL

S6€L

86€°L

Yov'L

Yov'L

Xa 4

L8Y'L

8617’/

vS'L

SvS'L

¥9S°L

LLSL

(z4ov)
TL°LYS90L000009SN3

V10-WevY V10-WevY
-84-Y9ODL -g4-vODL
VL0-XSLY VL0-XSLY
-g47-vODL -g471-vY9DL
Y10-navy Y10-Navy
-(C-VY9ODL -(C-¥ODL
Y1i0 Y10
-38YY-Z-YODL  -38YV-Z-YODL
V10-518Y V10-518Y
-NX-V9DL -NX-V9DL
Y1i0 YLi0
-168/-91-VODL -1684-91-VODL
VL10-SVSY V10-SVSY
-AH-VDDL “AH-VODL
YL0-INVYY Y10-INVYY
-ax-vooL -ax-vooL
VLO0-H¥vY VLO0-H¥vY
-¢4-¥9DL -¢4-VODL
V10-S06Y V10-S06Y
-g47-vODL1 -471-VY9DL
VL10-HarVY VL0-HarVv
-ZH-VODL “ZH-VODL
Y1i0 Y10
-NI6Y-VE-YODL -NI6Y-VE-YODL
VL0 Y10
-688/-9I-YODL -688/-9I-Y9DL
Y10-AVVY YL10-AVVYY
-3€-¥ODL -3€-¥YODL
VLO-NNVYV VL0-NNVY
-gI-voDL -91-v9DL
Y10-dNVV Y10-dNVV
-4I-¥Y9DL -41-vy9DL
VL0 Y10
-SI6Y-VE-VODL -G16Y-VE-VODL
VL0-vLLY Y10-VLLY
-SN-¥SDL1 -SN-¥9DL
V10-SLEB VL0-SLES
-ZH-VODL “ZH-VODL
V10-ONVY V10-ONVY
-gI-yoDL -gI-yoDL
V10-WNYY v10-3LLY
-g-vVoDL -SN-Y9DL
VY10-34LY YL10-WNVYVY
-SN-¥SDL1 -4-¥y9DL
VL0 Y10
-¥S9/-91-¥ODL -#S9/-91-Y9DL
Y10-#aVVY Y10-¥avv
-[¢-V9DL -fZ-Y9DL
V10-1008 VL10-L008
-ZH-VODL “ZH-VODL
Y10-A8VY V10-A8VY
-AH-YODL -AH-YDDL
V10-10VY V10-TOVY
-1¢-V9DL -1¢-¥9DL
V10-dZLY V10-dZLY
-ZH-VODL1 -ZH-Y9DL
vL0 Y10
-6v9/-91-¥ODL -6¥79/-91-YODL
sajdwes s|dwes
panunuod ‘g 3yqel

SPRINGER NATURE

877

Cell Death and Disease (2025)16:



Z. Jian et al.

16

jueueA
ou

5SE°0

8€TL'0

jueuea
ou

¥08L°0

ueLRA
ou

SEVL0

1ueLRA
ou

jueueA
ou

jueueA
ou

ueLRA
ou

jueueA
ou

LLSL0
jueueA

ou
SSzLo
SSEV'O

ueLRA
ou

jueueA
ou

128200

§90€°0
ueLRA
ou
SEVED
8CET0
£L8T0
Lo
jueLRA

ou

Jepeup

juelleA
ou jueueA ou
s8szdd
M8rzyd

jueuea
ou jueuea ou
M8rzyd

jueueA
ou jueuea ou
sjoseTd

jueueA
ou jueuea ou

jueleA
ou jueueA ou

jueleA
ou jueuea ou

jueuea
ou jueueA ou

jueueA
ou jueuea ou
sjaeleyd

jueeA
ou jueuea ou
Ssyzod
Hezzyd

jueneA
ou jueueA ou

jueeA
ou jueuea ou
#010'd
Deszyd

jueleA
ou jueueA ou
Mzgeyd
ozgzyd
DozzAd
seLd

jueuea
ou jueuea ou
jepews piyoulwe

jueueA ou
JUBLIAT3SUDSSIW
JUBLIEAT3SUSSSIW
JuBLIBA OU
JUBLIEAT3SUSSSIW
JuBLIeA OU
JuBLIRATIySaWRlY
JuBLIEA OU

jueueA ou

1ueLeA ou
uepeA ou
jueleA ou
JueleA Yiysawely
jueleA ou
JUBLIEAT3SUSSSIW
JUBLIBAT3SUSSSIW
1ueLIRA OU
ueleA ou

paule6-dois

1UBLIEAT35USSSIW
jueueA ou
1UBLIEAT3SUSSSIW
JUBLIBAT3SUISSIW
1UBLIEAT3SUSSSIW
paule6-dois
1UBLIEA OU

Paye

ueLeA jueLieA
ou ou

v

Y

jueLeA jueLeA
ou ou

Y

JueLeA jueLeA
ou ou
jueLeA jueLeA
ou ou
JueLeA jueLeA
ou ou
ueLIeA juelieA
ou ou
jueLeA jueLeA
ou ou
JueLeA juelieA
ou ou
JueLeA jueleA
ou ou

1

1

JueLeA jueLeA
ou ou
JueLeA jueleA
ou ou

v

v

jueLeA jueneA
ou ou

v

p)

b

1

jueLeA jueLeA
ou ou
auanjje e

juelieA ou

jueleAa ou

E)

jueleAa ou

5

jueleAa ou

juelieA ou

jueleA ou

JueLieA OU

jueleA ou

v

jueleA ou

JuelieA OU

jueleA ou

S

5

1uelieA OU

jueleA ou

dusliajal

JueteA
ou

€5dL

€5dL

jueuea
ou

€5dL

JueLeA
ou

€5dL

JueLeA
ou

JueleA
ou

ueleA
ou

JueLeA
ou

JueleA
ou

€6dL
JueleA
ou
€6dL
€48dL

JueLeA
ou

ueleA
ou

€9d1

€5d1L
JueleA
ou
€5dL
€5dL
€5dL
€5dL
jueleA

ou

auab

jueueA
ou

88LE/9L

(Y44 74°74

jueuea
ou

(Y44 72°74

1ueLIRA
ou

L9T9/9L

JueLIRA
ou

jueeA
ou

jueeA
ou

jueLIRA
ou

jueeA
ou

S6817L9L
jueueA
ou
0€CYL9L
208€L9L

jueLIRA
ou

jueeA
ou

650949/

€08€/9L
jueLIRA
ou
9LLELIL
9LLEL9L
CL8VLIL
£0TSL9L
jueLIRA

ou

pus

jueneA
ou

88LEL9L

LeeyL9L

jueuea
ou

LeeyL9L

ueLeA
ou

JATATAYA

ueLeA
ou

ueneA
ou

ueneA
ou

ueLeA
ou

ueneA
ou

S68Y/9L
ueneA
ou
0€CYL9L
208€L9L

ueLRA
ou

ueneA
ou

6509/9/

€08€/9L
ueLeA
ou
9LLELIL
9LLELIL
CL8YLIL
£0TSL9L
ueleA

ou

eys

JueleA
ou

L1y

L1y

jueuea
ou

L1y

JueLeA
ou

L1y

JueleA
ou

ueleA
ou

ueleA
ou

JueleA
ou

ueleA
ou

L1y
JueleA
ou
L1y
L1y

JueleA
ou

ueleA
ou

L1y

L1142
JueleA
ou
L1142
L1142
yAV(TR)
L1142
jueuea

ou

1)

9567

68T

'S

LZ6'S

6L€'9

2089

SE6'C

LYY

6€'S

6067

L64'S

Sv6't

L6T'S

9%0'9

vL9'S

7¥8's

€6£°S

6LL'S

LLL9

SET'S

9Ce’S

SEL'S

¥66'S

98C'S

619

6€0'S

6C6'S

L66'S

€L¥'9

(LYO¥D1S)
LL'67¥8EL00000OSN3

666'S

§S0'9

2909

8019

SEL'9

LST'9

8LC°9

6L£9

8¢9

¥6€'9

LEV'O

L6v'9

059

9Ls'9

6759

€799

€99

€19

¥9L'9

619

¥8L'9

98/'9

1649

89

€189

89

89

G€8'9

¥8'9

(z4oV)
CL°L¥S901L00000DSN3

Y10-HNVY V10-HNVY
-ax-voDL -ax-vooL
V10-COVY V10-COVY
-84-VODL -g4-v9DL
V10-5N9V Y10-5N9VY
-4I-¥Y9DL -g1-¥y9DL
Y10 Y10
-XI6V-VE-VODL -XI6V-VE-YODL
V10-OLLY V10-0LLY
~ZH-VYODL -ZH-Y9DL
V10-€26L V10-€26L
“ZH-VODL1 “ZH-Y9DL
VL10-WASY Y10-WASY
-84-¥ODL -84-¥9OD1
VL0 Y10
-X14Y-91-YODL -X14V-91-Y9DL
Y1i0 YL0
“1£LV-SN-VYODL “TLLY-SN-VODL
V10-S¥SVY Y10-S¥SY
-94-VODL -94-¥ODL
Y10-SYVYY V10-SYVY
-14-VODL -T4-Y9ODL
VL0-ONvY Y10-ONVY
-gl-voDL -g1-voDL
Y1i0 Y10
-1SSV-9I-¥ODL -1SSV-4I-¥ODL
VL0 Y10
-19VV-rZ-v¥ODL -19VV-¢-vODL
VL10-PNSV Y10-PNSY
-8N-VODL -8W-VYODL
VL0 Y10
-616Y-VE-VODL -616Y-VE-VODL
Y1i0 YLi0
-4N9V-4I-¥SDL -4N9V-4I-¥SDL
VL0 Y10
-0889-4-Y9ODL -0889-¢4-VODL
Y1L0 YL0
-1NVVv-41-¥y9SDL -1NVV-9I-Y9DL
V10-68YVY Y10-68VV
-fZ-¥ODL -Z-voDL
Y10-Sdvv V10-SdvY
-84-VODL1 -84-¥9DL1
V10-D6tY VL10-96vY
-ZH-VODL “ZH-VODL
Y1i0 Y10
-£T18-9I-'YODL -£T18-91-'YODL
V10-DNVYY Y10-5NvY
-ax-v¥9dL -ax-vodL
Y1i0 Y10
-SSSV-41-vVODL -SSSV-4I-vODL
V10 VLO-NSPY
-gl6V-VE-YODL -9H-YODL
V10-NSHVY YLi0
-9H-Y9DL -g16Y-YE-YODL
V10-S26L V10-S26L
-ZH-VODL “ZH-VODL
Y10-9dvY V10-9dvY
-84-vODL1 -84-v9DL1
sojdwes sjdwes
panunuod ‘g ’|qey

877

Cell Death and Disease (2025)16.

SPRINGER NATURE



Z. Jian et al.

17

€10£00

ueLeA
ou

V.6€°0

67CC0

jueueA
ou

1ueLRA
ou

¥ZolL0

1ueLRA
ou

0510

ueLeA
ou

jueueA
ou

CELY0

jueueA
ou

SELTO0

jueueA
ou

1ueLRA
ou

9S€°0
1ueLRA
ou

jueueA
ou

ueLRA
ou

jueueA
ou

659¢€0°0
9S€T°0
luenea
ou

8810

Jepeup

A6LLHd

jueueA
ou jueleA ou
sjoLLnd
SpSerd

jueleA
ou jueueA ou

jueueA
ou jueueA ou
adyds™Lgexd

jueueA
ou jueueA ou
Deszyd

jueueA
ou jueueA ou

jueleA
ou jueuea ou
HeLzyd

jueueA
ou jueuea ou
Ssyzod

jueueA
ou jueuea ou

jueueA
ou jueueA ou
661od

jueueA
ou jueueA ou

jueleA
ou jueuea ou

jueueA
ou jueueA ou

jueleA
ou jueuea ou
aeeNd
sypyeLNd

jueuea
ou jueuea ou
WseLnd
jepeuws piyoulwe

JUBLIBAT3SUSSSIW

1ueLRA OU
JueLeA YIysawely
JUBLIBAT9SUDSSIW
1ueLeA OU

1ueLeA OU

JueueA J0UOP ADI|ds
1ueLeA OU
JUBLIBAT9SUISSIW
1ueleA OU

1UBLIEA OU
JUBLIEAT3SUSSSIW
1UBLIEA OU
JUBLIEAT3SUSSSIW
1UBLIEA OU

1ueLRA OU
paule6-dols

1ueLIRA OU

1ueLeA OU

1ueLRA OU

jueneA ou

JuBLIBAT3SUSSSIW
JueleA iysawely
1ueleA ou
JUBLIEAT3SUSSSIW

FRETTE)

v

ueleA jueLieA
ou ou

2D

b

jueneA jueleA
ou ou
ueleA jueLieA
ou ou

1

ueleA jueLieA
ou ou

v

ueleA jueLieA
ou ou
ueneA jueleA
ou ou

1

ueneA jueleA
ou ou

1

jueneA jueleA
ou ou
ueleA jueLieA
ou ou

v

ueleA jueLieA
ou ou
ueleA juelieA
ou ou
ueleA jueLIeA
ou ou
jueneA juelieA
ou ou

2

5

JueleA jueLIeA
ou ou

1

susnyje e

5

JuelIeA OU

v

juelieA ou

JuelieA OU

2

1ueLieA OU

5

JuelieA OU

jueleA ou

p]

jueneA ou

p]

jueneA ou

JuelieA OU

2

JuelieA OU

jueleA ou

JuelieA OU

jueneA ou

jueleA ou

p]

dudiajal

€5dL

JueleA
ou

€5dL

€5dL

ueleA
ou

JueleA
ou

€5dL

JueLieA
ou

€5dL

JuelieA
ou

ueleA
ou

€6dL

JueleA
ou

€5dL

JueleA
ou

JueLieA
ou

€5dL

JueLeA
ou

ueleA
ou

JueLeA
ou

JueleA
ou

€SdL
€5dL
JueleA

ou

€5dL

auab

£10S/9/

JueLIRA
ou

88Y/9L

[ T4 74°74

jueueA
ou

JueLIRA
ou

YESELIL

JueLIRA
ou

€08€L9L

JueLIRA
ou

jueeA
ou

208€/9L

jueueA
ou

0€TYL9L

jueueA
ou

JueLIRA
ou

9€6vL9L

jueLIRA
ou

jueeA
ou

1ueLIRA
ou

jueeA
ou

8VTvL9L
€519/9/
luenea

ou

r6v/9/

pua

£10S/9L

ueLeA
ou

L887/£9L

0y /9L

ueneA
ou

ueLeA
ou

YESELIL

ueLeA
ou

€08€L9L

ueLeA
ou

ueneA
ou

208€L9L

ueneA
ou

0€CY/9L

ueneA
ou

ueLeA
ou

9E6VL9L

ueLeA
ou

ueneA
ou

ueleA
ou

ueneA
ou

8¥Cv/L9L
519791
Juelea

ou

(43 74°74

ue)s

L1y

JueleA
ou

L1y

L1y

ueleA
ou

JueleA
ou

L1y

JueleA
ou

L1y

JueleA
ou

ueleA
ou

L1442

ueleA
ou

L1442

ueleA
ou

JueleA
ou

L1y

JueleA
ou

ueleA
ou

JueleA
ou

ueleA
ou

yAV(TR)
L1142
jueuea
ou

L1142

T

ve6'y

956'L

LLEY

$89'9

9C8Y

1453

695°S

SL8'S

¥8¥'S

69L°¢

8€S'S

620'S

€9t

60C°S

LL6T

v6l'S

S08'S

cLe9

€79'S

[AVA4

80°L

S¥6'S

£L06'%

rL's

LLE'S

8€S'S

S68'%

ST8'S

LST9

(LYO¥D1S)
LL°6¥¥8EL00000DSNI

VLL-€VSY VLL-EVSY

769°T -AH-Y9DL “AH-¥ODL

V10-vMLY V10-vMLY

3:I8% -171-v90L -171-v90L

V10-SdvY V10-SdvY

g€ey -84-¥ODL -84-¥9ODL

V106158 V10-6158

LLEY -ZH-v9DL -ZH-voDL

V10 V10

SLEY -HIBY-VE-VODL  -YI6V-VE-VODL

V10 V10

9t HVV-rz-VodL  -l9VV-1Z-voDL

V10 V10

3747 -€68/-91-'¥DDL  -€68/-81-VODL

V10 V10

ULy -£68-91-'YDDL  -£68/-81-VODL

V10 V10

o6 -9LTL-T4VODL  -9LTL-TA-YDDL

V10-5008 V10-5008

LL0'S -ZH-v9DL “ZH-¥ODL

V10-£008 V10-£008

Tis -ZH-VODL -ZH-YODL

V10-€18Y V10-€18Y

89L's -NX-VDDL -NX-VODL

V10-WOVY V10-WOVY

TULES -12-voDL -1z-¥oDL

V10-ADSY V10-ADSY

98€'S -€0-V9DL -€0-¥ODL

v10-98vY v10-98YY

80%'S -fZ-VODL -Z-VO2L

V10 V10

LSS -SNVV-9I-VODL  -SNVY-a1-¥oDL

V10-££98 V10-££98

6vS'S “ZH-v9DL “ZH-Y9DL

V10-2008 V10-2008

SLS'S -ZH-v9DL “ZH-¥ODL

V10-026£ V10-026£

65'S “ZH-V9DL “ZH-¥9DL

V10 V10

L¥9's -068/-91-'¥9DL  -068/-81-VODL

V10 V10

1S9'S -LS9L-gIF'¥DDL  -1S9/-81-VODL

V10 V10

169'S -9z18-g-¥9dL  -9718-8l-vodL

V10 V10

L0L'S -0SSY-8I-¥ODL  -DSSV-8l-VODL

V10-4NVY V10-4NVY

T€8's -a1-voDL -g1-voDL

V11-a68Y V11-a68Y

v16'S -8A-VODL -8A-YODL

V10-1dVV V10-1dVY

6£6'S -§Z-VoDL -SZ-y9DL

V10-LOVY V10-LOVY

8L6'S -84-V9DL -84-¥ODL

V10 V10

¥86'S €LTLTAVODL  -€LTL-T4YODL

V10-XLLY V10-XLLY

S86'S -Z4-¥90L -Z4-¥90L
(zuoV)

ZL'LYS901L00000DSNI sajdwes s|dwes

panunuod ‘g 3yqel

SPRINGER NATURE

877

Cell Death and Disease (2025)16:



Z. Jian et al.

18

ueLRA
ou

jueueA
ou

1ueLRA
ou

8670

L TANY

LLLLO

L9710

jueueA
ou

ueLRA
ou

1ueLRA
ou

jueueA
ou

$8/S0

jueuea
ou

jueuea
ou

Jepeup

ueLeA
ou

ueleA
ou

ueleA
ou

ueleA
ou

ueleA
ou

ueneA
ou

ueneA
ou

jueuea
ou

jueuea
ou

Jepeus

jueueA ou
jueuea ou
jueueA ou
o8zyd
JeLLNd
Tesidd
sjyesidd
jueuea ou

1ueLeA Ou

1ueleA ou

jueneA ou

asvzod

jueneA ou

jueneA ou

phyoulwe

1ueLRA OU

jueneA ou

1ueLIRA OU

JueLeAT 9SUSSSIW

JUBLIEAT3SUSSSIW

jueleA” 9SUSSSIW

JueleA  Jiysawely

jueueA ou

1ueLIRA OU

1ueLRA OU

jueneA ou

JUBLIBAT3SUSSSIW

jueneA ou

jueneA ou

Paye

ueleA
ou

JueleA
ou

ueleA
ou

JueLeA
ou

ueleA
ou

ueleA
ou

JueleA
ou

jueuea
ou

jueuea
ou

auanyje

jueLIeA
ou

juepeA
ou

jueLieA
ou

juepeA
ou

jueLieA
ou

jueLieA
ou

juepeA
ou

1

jueleA
ou

juelieA
ou

e

1ueLieA OU

jueleA ou

JuelieA OU

95513959910351999

jueleA ou

JuelieA OU

JuelieA OU

jueleA ou

p]

jueleA ou

jueleA ou

dusliajal

JueLeA
ou

ueleA
ou

JueLieA
ou

€5dL

€5dL

€5dL

€5dL

ueleA
ou

JueleA
ou

JueleA
ou

JueleA
ou

€5dL

jueuea
ou

jueuea
ou

auab

jueLIRA
ou

jueeA
ou

JueLIRA
ou

0TTvLoL

S60S/9/

LSL1SL9L

8S915/9/

jueueA
ou

jueLIRA
ou

jueLIRA
ou

jueeA
ou

(a4 7474

jueuea
ou

jueuea
ou

pus

ueLeA
ou

ueneA
ou

ueLeA
ou

(\7447A°74

§60S/9/

LSLSL9L

LS9/

ueneA
ou

ueLeA
ou

ueLeA
ou

JueneA
ou

6CCY/9/

jueuea
ou

jueuea
ou

eys

JueLeA
ou

ueleA
ou

JueLeA
ou

L1y

L1y

L1y

L1y

ueleA
ou

JueleA
ou

JueLeA
ou

ueleA
ou

L1y

jueuea
ou

jueuea
ou

1)

6V9'¢

88C°C

[47A°]

6L07

SYo'v

18L%

LSL'S

9/8'S

Stv'y

(LYO¥D1S)
LL'67¥8EL00000OSN3

¥9LL00

LZr10'0

89.¥0°0

¥SEL0

6€L°L

€08°L

6L0°C

79€'T

Lzsc

(z4oV)
CL°L¥S901L00000DSN3

VL0
-SI6Y-VE-VODL

V10
-[16Y-VE-VOIL

VLL-NSYY
“9H-V9DL

V10
-NI6V-VE-VOIL

Y10-ANVY
-gI-'voDL

V10-davv
-[C-V9DL

VL0
-1l6Y-VE-VOIL

VLL-¥TL8
“9H-VODL

V10-Ol6Y
-VE-VODL

sojdwes

Vil
-9C6S-Z4-VOD1

Vil
-¥26S-74-¥YODL

Vil
~€765-Z4-VODL

Vil
-CC6S-74-VODL

Vil
-0265-Z4-V9D1

Vil
-616S-74-VODL

vL0o
~9765-Z4-V9DL

Y10
~€C¢6S-74-VODL

vL0
~CT65-Z4-VODL

Y10
-¥6S-74-VODL

YL0
"6165-Z4-VODL

VY10
-L¢6S-74-¥ODL

vL0
-0265-Z4-V9D1

VY10
-SI6V-YE-YODL

vL0o
-M6Y-Ve-¥ODL

VLL-NSPY
“9H-Y9DL

YL0
-NI6V-VE-YODL

VL10-ANVY
-4I-v9DL

V10-davv
-¢-¥ODL

V10
-1l6V-Ye-YODL

VLL-¥ZL8
-OH-V9D1

V10-0l6Y
-VE-VODIL

sjdwes

psnunuod  °g 3|qel

877

Cell Death and Disease (2025)16.

SPRINGER NATURE



AGR2-p53-FPN1 axis as a critical regulatory circuit governing iron
homeostasis and ferroptotic vulnerability in PDAC.

To investigate the functional role of FPN1 in pancreatic cancer,
we generated FPN1-KO pancreatic cancer cell lines. Genetic
ablation of FPN1 triggered significant upregulation of ferroptosis
biomarkers and induced intracellular iron overload. Consistent
with this finding, treatment with hepcidin - a known FPN1
inhibitor - similarly promoted iron accumulation and enhanced
ferroptosis marker expression. Notably, these phenotypic changes
were effectively reversed by co-treatment with the ferroptosis
inhibitor Lip-1. Complementary in vivo experiments corroborated
the tumor-promoting function of FPN1 in pancreatic cancer
progression, aligning with prior mechanistic studies [28, 36].

Related clinical findings revealed a high positive correlation
between AGR2 and FPN1 expression in pancreatic cancer speci-
mens independent the statues of p53. Survival analysis demon-
strated significantly reduced overall survival in patients exhibiting
dual high expression of AGR2/FPN1 compared to those with low
expression profiles. Moreover, TCGA data was used and analyzed.
In total, the mRNA expression of AGR2 was positively correlated
with mRNA expression of SLC40A1, and subgroup analysis also
showed positive correlation between two genes. This result
indicated that AGR2 is correlated with FPN1 (SLC40A1). Despite
the key role of p53 in the AGR2/FPN1 axis, there might be
potential other mechanisms need further investigation in the
future. Mechanistically, our study identified the AGR2/p53/FPN1
regulatory axis as a critical modulator of ferroptosis susceptibility
in pancreatic cancer. This novel pathway provides potential
therapeutic targets for developing ferroptosis-based interventions
against PDAC. And whether the activation of AGR2/p53/FPN1
regulatory axis in other cancers need further investigation.

CONCLUSION

In summary, our study demonstrates that inhibiting AGR2-
dependent FPN1 expression contributes to ferroptosis resistance
in PDAC cells in vitro and in vivo. The expression of AGR2 is
positively correlated with FPN1 in pancreatic tumor tissues, which is
related to the poor prognosis of pancreatic cancer patients.
Therefore, targeting the AGR2/p53/FPN1 pathway may potentially
tumor growth and enhance ferroptosis-based therapeutic strategies.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request, in accordance with standard procedures.
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