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Disruption of iron homeostasis sensitizes
pancreatic cancer to irreversible
electroporation
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Irreversible electroporation (IRE) is an ablative treatment for pancreatic can-
cer. It utilizes high-intensity pulsed electric field (PEF) to eliminate cancer cells
by irreversibly disrupting cell membranes. However, PEF intensity is dis-
tributed unevenly; and cancer cells may survive in regions where it falls below
the threshold of complete ablation. We find that iron-base metal organic fra-
mework nanoparticles (MOF-Fe) sensitize pancreatic cancer cells to PEF by
inducing iron overload and ferroptosis. But their efficacy is diminished by the
upregulation of ferritin heavy chain 1 (FTHL), a cellular response to restore iron
homeostasis. C20U4V, a proteolysis targeting chimera (PROTAC) derived from
arachidonic acid, degrades FTH1 and potentiates MOF-Fe-induced ferroptosis.
It is then encapsulated in reactive oxygen species (ROS)-responsive micelles.

The resulting M-C20U4V, when combined with MOF-Fe, efficiently induces
ferroptosis and boosts PEF ablation efficacy. Therefore, disruption of iron
homeostasis represents a potential strategy to lower the risk of tumor recur-

rence after IRE.

Irreversible electroporation (IRE) is a local ablative technique for treat-
ing patients with solid tumors, including pancreatic cancer'. During
ablation, electrodes are placed in or around the tumor to deliver high-
intensity electric pulses. The resulting pulsed electric field (PEF) then
eliminates cancer cells by inducing irreversible disruption of their cell
membranes?, and promotes systemic anti-tumor immunity through the
release of damage-associated molecular patterns’. However, the PEF
intensity is unevenly distributed in the tumor*’. In regions where PEF
intensity falls below the threshold for completion of cell eradication,
residual cancer cells may survive and ultimately drive tumor recurrence.

Current approaches to eliminating these residual cancer cells
often rely on inducing apoptosis®'°. Therefore, their efficacy may be
compromised when cancer cells harbor mutations in the apoptotic
cascades. Ferroptosis is an iron-dependent, non-apoptotic form of
regulated cell death that can overcome resistance to conventional
chemotherapies™". During ferroptosis, intracellular iron catalyzes the
Fenton reaction to generate reactive oxygen species (ROS); these ROS
then oxidize phospholipids in cellular or organelle membranes. The
excessive accumulation of oxidized phospholipids ultimately triggers
cell membrane rupture and subsequent cell death. Cells have evolved
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sophisticated mechanisms to counteract ferroptosis via glutathione
peroxidase 4 (GPX4)-dependent and -independent pathways™"*. Cor-
respondingly, inhibitors that target these defensive mechanisms, such
as erastin and 15,3R-RLS-3 (RSL3), can induce ferroptosis in cancer
cells. The clinical translation of these inhibitors, however, has yet to be
achieved®.

Given that iron overload is the primary driver of ferroptosis',
numerous iron-containing nanoparticles have been developed to
induce this form of cell death”. These nanoparticles are endocytosed
by cancer cells and trafficked to acidic lysosomes, where they degrade
and release ferrous or ferric ions. Notably, the activation of lysosomal
iron has recently been shown to catalyze ROS production and initiate
ferroptosis'®. MIL-101 (Fe) metal-organic framework (MOF-Fe) nano-
particles could release iron in a flash fashion”, and therefore are pro-
mising candidates to induce iron overload. On the other hand,
intracellular iron levels are tightly regulated by iron homeostasis?’, and
excess iron can be exported out of cells by ferroportin or sequestered
in ferritin. Ferritin is a 24-mer protein composed of two subunits: a
heavy chain (FTH1) and a light chain (FTL). FTH1 catalyzes the oxida-
tion of ferrous into ferric ions, while FTL facilitates ferric ion biomi-
neralization and long-term storage within ferritin?. Conversely,
autophagic degradation of ferritin disrupted iron homeostasis and
induced ferroptosis®, while FTH1-targeted siRNA enhanced iron
nanoparticle-induced lipid oxidation®.

RNA interference reduces protein expression by disrupting mRNA
translation. Changes in protein expression typically occur 24 h after
siRNA transfection®. In contrast, pre-existing proteins can be degra-
ded using proteolysis-targeting chimeras (PROTACs)”. PROTACs are
bifunctional molecules composed of a target-binding moiety and an E3
ligase-binding moiety. They can recruit E3 ligases to target proteins,
leading to their ubiquitylation and subsequent degradation in pro-
teosomes. Mono- or poly-unsaturated fatty acids (MUFA and PUFA,
respectively) have been reported to bind to a U-shaped pocket in
ferritin and promote iron mineralization’®”. A ferritin degrader was
generated as a pyroptosis inducer from oleic acid, an MUFA?%, How-
ever, MUFAs confer resistance to ferroptosis®. In contrast, PUFAs can
promote ferroptosis once incorporated into phospholipids and per-
oxidized by lipoxygenases™®.

We hypothesized that disrupting iron homeostasis using MOF-
Fe and a PUFA-derived ferritin-degrading PROTAC could sensitize
pancreatic cancer cells to PEF. To test this hypothesis, we assessed
the capacity of MOF-Fe to induce ferroptosis and enhance the effi-
cacy of PEF ablation. FTH1 expression was genetically modulated to
elucidate its role in MOF-Fe-induced ferroptosis. A PROTAC library
was synthesized by conjugating PUFAs, directly or indirectly through
different linkers, to a ligand for von-Hippo-Lindau (VHL) E3
ligase, (2S,4R)-1-((S)-2-Amino-3,3-dimethylbutanoyl)-4-hydroxy-N-
(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide,  abbre-
viated as (S,R,S)-AHPC. The chimeras were screened for their ability
to degrade FTHI in the presence of MOF-Fe. C20U4V, the lead
compound derived from arachidonic acid, was assessed for its ability
to potentiate MOF-Fe-induced ferroptosis. Lastly, a ROS-responsive
polymeric micelles formulation, M-C20U4V, was prepared. The anti-
tumor efficacy of PEF, MOF-Fe, and M-C20U4V was evaluated in
murine pancreatic tumor models. Our findings suggest that disrup-
tion of iron homeostasis is a potential strategy to lower the risk of
tumor recurrence after IRE.

Results

PEF upregulated ferroptosis suppressor genes

Although PEF has been reported to generate ROS and cause lipid
oxidation®, it is unclear whether such oxidative stress causes ferrop-
totic cell death. Panc-1 cells were treated with PEF (600 V/cm, 99 pul-
ses), a setting that induced biological alterations without complete
elimination of cancer cells®>. C11-BODIPY is an established probe for

lipid oxidation; malondialdehyde (MDA) is a product of lipid
peroxidation®. PEF did not enhance Cl11-BODIPY oxidation®* or
increase MDA concentration (Fig. 1a, b). PEF-treated cells were incu-
bated with ferroptosis inhibitors (liproxstatin-1, abbreviated as Lip-1;
ferrostatin-1, abbreviated as Ferr-1) or a reducing agent (tocopherol) at
concentrations below their respective half-inhibitory concentrations
(ICso, Fig. 1c and Supplementary Fig. 1a). None of these agents rescued
the viability of Panc-1 or MIAPaCa-2 cells following PEF (Fig. 1d and
Supplementary Fig. 1b). In terms of other cell death modes (Supple-
mentary Fig. 1c-e), PEF-treated cells showed a higher frequency of
Annexin V* populations, an indicator of apoptosis. They also released
lactate dehydrogenase (LDH) and expressed a slightly higher level of
cleaved-gasdermin D (N-terminal), suggesting the occurrence of pyr-
optosis. There was no significant change in the expression of
phosphor-MLKL and phosphor-RIPK1, two necroptosis markers.

Residual cancer cells following IRE therapy have been reported to
be affected by both PEF and the debris of IRE-killed cells®. Panc-1 cells
were accordingly treated and their transcriptome analyzed. Upregu-
lated genes in the treated cells were significantly enriched in gene
ontology (GO) terms including “regulation of ferroptosis” and “fer-
roptosis (Fig. le). Seven genes were upregulated, and three were
downregulated, in the ferroptosis pathway (WikiPathways, WP4313,
Fig. 1f). Six of the upregulated genes (HMOX1, SLC7A11, GCLM, GCLC,
FTL, and FTHI) are ferroptosis suppressors, and two of the down-
regulated ones (LPCAT3 and ACSLS) are ferroptosis drivers®. Gene set
enrichment analysis (GSEA) unveiled the nuclear factor erythroid
2-related factor 2 (NRF2)-related pathways among the top-upregulated
ones (Fig. 1g). NRF2 pathway (WikiPathways, WP2884) regulates cel-
lular response to oxidative stress, and 16 genes were upregulated (Fig.
1h). The protein expression levels of NRF2, heme oxygenase 1
(HMOX]1), and FTH1 gradually increased following PEF treatment in
Panc-1 cells (Fig.1i and Supplementary Fig. 1f).

These findings were further verified in KPC-A719 pancreatic
tumor models. Tumors treated with PEF ablation presented a
necrotic core surrounded by viable tumor regions (Fig. 1j).
4-Hydroxynonenal (4-HNE) is a marker of lipid peroxidation. The
frequency of 4-HNE" pixels was similar between the viable regions of
treated tumors and those of sham controls (Fig. 1k). In a separate
experiment, KPC-A719 tumors were treated with PEF at a lower vol-
tage (500 V). On day 2 post-PEF, the expression levels of HMOX1 and
FTHI1 increased by 13.6 and 2.6-fold, respectively (Fig. 11 and Sup-
plementary Fig. 1g). Collectively, these results indicate that low-
intensity PEF upregulated ferroptosis suppressor genes in pancreatic
cancer cells instead of inducing ferroptotic cell death.

MOF-Fe transiently suppressed tumor recurrence after PEF
ablation

We next asked whether MOF-Fe could induce ferroptosis and
potentiate PEF. MOF-Fe nanoparticles were octahedral-shaped with a
diameter of 98.4 + 2.0 nm. Their surface {-potential was 31.0 +2.5mV
after coating with polyethylene imine (PEI) (Fig. 2a-c). Super-
paramagnetic iron oxide (SPIO) nanoparticles represent another class
of iron-containing nanoparticles for theranostic applications and are
well-documented to induce ferroptosis®-**. MOF-Fe released iron more
rapidly than SPIO at pH 5.2 (Fig. 2d). MOF-Fe degradation was
accompanied by size reduction, surface ruffling, and particle
agglomeration (Supplementary Fig. 2a). Accordingly, Panc-1 cells
formed fewer colonies with MOF-Fe than with SPIO (Fig. 2e and Sup-
plementary Fig. 2b). FerroOrange is a ferrous ion-specific fluorescence
probe®. Panc-1 incubated with MOF-Fe showed stronger FerroOrange
and oxidized C11-BODIPY staining, along with higher intracellular iron
concentrations (Fig. 2f~h). Lipidomics revealed that MOF-Fe elevated
the levels of two oxidized and three peroxidized phosphatidyletha-
nolamine (Fig. 2i and Supplementary Data). Conversely, Lip-1 dimin-
ished MOF-Fe-induced ROS elevation (DCFA-DA staining) and Cl1-
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Fig. 1| PEF upregulated ferroptosis suppressor genes in pancreatic cancer cells.
a Flow cytometry histograms and quantification of C11-BODIPY oxidation, n=7 inde-
pendent experiments. b MDA concentration, n=3 independent experiments.

¢ Experiment scheme for panel (d). d Relative Panc-1 viability after PEF and incubation
with Lip-1, Ferr-1, or tocopherol, n =6 independent experiments. e GO analysis of bio-
logical process (GO_BP) for genes upregulated in the PEF + cell debris group relative to
the vehicle control group. f Volcano plots of transcriptome. Differentially expressed
genes (DEGs) in the ferroptosis pathway are labeled with red (upregulated) or blue
(downregulated). g GSEA on the WikiPathway gene set. h Volcano plots of tran-
scriptome. DEGs in the NRF2 pathway are labeled with red (upregulated) or blue
(downregulated). Cells in panels e-h were treated with PEF and incubated with cell
debris for 24 h, n=3 independent experiments. i Imnmunoblots of Panc-1 cells. The
samples derived from the same experiment but on different gels for NRF2, another for
HMOX1, FTHI, and f-actin, were processed in parallel, n=3 (NRF2), 4 (HMOX]1), and 5
(FTHL) independent experiments. Quantification is included in Supplementary Fig. 1f.

Jj Hematoxylin-eosin (H&E) staining of KPC-A719 tumors at 24 h after PEF ablation. The

KPC-A719 Tumors

border between the viable tumors and the ablation zone is marked with a black dashed
line. Residual cancer cells are indicated with black arrowheads. The experiments were
independently repeated three times with similar results. Scale bar =100 pm. k 4-HNE
staining of KPC-A719 tumors and quantification, n =8 randomly selected field-of-views
(FOVs) from three independent mice per group. Scale bar =100 pm. I Immunoblots of
KPC-A719 tumors. The samples derived from the same experiment but on different gels
for NRF2, another for HMOX1, FTH1, and -actin, were processed in parallel, n=9 (NRF2,
HMOX]1) or 12 (FTHI) biological replicates from three independent mice per time point.
Quantification is included in Supplementary Fig. 1g. PEF intensity = 600 V/cm in cell
culture or as specified for in vivo studies. Data were presented as mean + standard error
of mean (SEM). Statistical significance was determined using one-tailed ratio-paired t-test
(a), one-tailed unpaired t-test (b, k), one-way ANOVA with Dunnett’s multiple comparison
(d), GO analysis adjusted with Benjamini-Hochberg algorithm (e), EdgeR analysis using
negative binomial generalized linear model (GLM) (f, h) or GSEA analysis (g) adjusted
with Benjamini-Hochberg algorithm, and p values are indicated. Source data are pro-
vided as a Source Data file. The elements in Fig. 1c were generated using PowerPoint.
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Fig. 2 | MOF-Fe induced ferroptosis and temporarily suppressed tumor recur-
rence after PEF ablation. a-c SEM photograph (a), size distribution (b), and ¢-
potential histogram (c) of MOF-Fe, scale bar = 500 nm. The experiments were
independently repeated three times with similar results. d Accumulative release of
iron at 37 °C, n=4 independent experiments. e Quantification of Panc-1 colonies
after treatment with MOF-Fe or SPIO, n =3 independent experiments.

f Immunofluorescence images of FerroOrange staining and quantification of
fluorescence intensity of individual cells, n =14 (control) or 100 (SPIO and MOF-Fe)
randomly selected cells (technical replicates). The experiments were indepen-
dently repeated three times with similar results. Scale bar =100 pm. g Intracellular
concentrations of iron, n = 8 independent experiments. Panc-1 cells in panels (f, g)
were incubated with MOF-Fe or SPIO for 24 h at 10 pg Fe/mL. h Flow cytometry
histograms and quantification of C11-BODIPY oxidation, n =3 independent
experiments. i Volcano plots of lipidomics after treatment with MOF-Fe relative to
vehicle control, n =5 independent experiments. j Quantification of Panc-1 colonies
after treatment with PEF and MOF-Fe, n=3 (No PFE) or 6 (PEF) independent
experiments. PEF intensity = 500 V/cm. k Iron uptake in KPC-A719 tumors and

major organs at 24 h after PEF ablation, n =4 (MOF-Fe), 5 (sham control), or 6 (PEF
ablation + MOF-Fe) independent mice. | Growth curves of KPC-A719 tumors, n=35
(sham control and PEF ablation), 7 (MOF-Fe), or 10 (PEF ablation + MOF-Fe) inde-
pendent mice. m GSEA on the WikiPathway gene set, n=3 independent experi-
ments. n Volcano plots of proteomics. Differentially expressed proteins in the
ferroptosis pathway are labeled, n = 2 independent experiments. o, Inmunoblots of
Panc-1 cells after treatment with MOF-Fe for various durations. The samples derived
from the same experiment but on different gels for NRF2, another for HMOX1,
FTH1, and B-actin, were processed in parallel, n =3 independent experiments.
Quantification is included in Supplementary Fig. 4d. Panc-1 cells in panels (i, m, n)
were incubated with MOF-Fe at 3 pug Fe/mL. Data were presented as mean + SEM.
Statistical significance was determined using one-way ANOVA with Dunnett’s
multiple comparison (d, f, g, ), two-tailed unpaired t-test (e, j), one-tailed ratio-
paired ¢-test (h), multiple two-tailed unpaired t-test without correction (i), or one-
tailed Welch’s test (k), GESA (m) or EdgeR analysis using negative binomial gen-
eralized linear model (GLM) (n) adjusted with Benjamini-Hochberg algorithm, and
p values are indicated. Source data are provided as a Source Data file.
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BODIPY oxidation (Supplementary Fig. 2c, d). These results indicate
the MOF-Fe-induced changes were indeed ferroptotic events.

Panc-1 cells treated with PEF plus MOF-Fe formed fewer colonies
than those with PEF or MOF-Fe alone (Fig. 2j and Supplementary Fig.
2e). The anti-tumor efficacy of PEF ablation and MOF-Fe was then
investigated in vivo. PEF ablation significantly enhanced MOF-Fe
retention in KPC-A719 tumors: at 24 h post-injection, tumors in the PEF
ablation + MOF-Fe group contained 3.9-fold more iron than those in
the MOF-Fe alone group (Fig. 2k). Tumor-bearing mice were treated as
outlined in Supplementary Fig. 2f. No significant change of body
weight was observed (Supplementary Fig. 2g). The combination of PEF
ablation + MOF-Fe was more efficacious in tumor suppression than
either monotherapy for up to 20 days from enrollment (Fig. 2l and
Supplementary Fig. 2h). Tumor sections were collected on day 4 after
enrollment and analyzed (Supplementary Fig. 3). H&E staining dis-
played extensive necrosis in the tumor of the combination group.
Tumors injected with MOF-Fe showed positive staining of iron (Prus-
sian blue). The combination group also exhibited stronger staining of
4-HNE, FTH1, and HMOX], along with fewer Ki67" proliferating cells
than those from the other groups. These data suggest that MOF-Fe
induced ferroptosis and potentiated PEF ablation in pancreatic cancer.

KPC-A719 tumors in the PEF ablation + MOF-Fe group rebounded
quickly after day 20 after enrollment (Fig. 2I), indicating the presence
of acquired resistance. The underlying mechanism was then investi-
gated. NRF2-related pathways were significantly upregulated in MOF-
Fe-treated Panc-1 cells (Fig. 2m), which was corroborated by the
enrichment of GO term “response to oxidative stress” (Supplementary
Fig. 4a) and NRF2 translocation from the cytosol into the nucleus
(Supplementary Fig. 4b). Quantitative proteomics showed that MOF-
Fe elevated the expression levels of six proteins in the ferroptosis
pathway, all of which belong to ferroptosis suppressors (Fig. 2n). Four
proteins in the ferroptosis pathway were downregulated, three of
which are ferroptosis drivers. Increase in the mRNA expression levels
of HMOX1 and FTHI were verified with RT-PCR (Supplementary Fig.
4c¢). Immunoblots confirmed a time-dependent increase in NRF2, FTH1,
and HMOX1 protein expression in MOF-Fe-treated Panc-1 and KPC-
A719 cells, as well as a dose-dependent increase in FTH1 expression in
Panc-1 cells (Fig. 20 and Supplementary Fig. 4d-f). Given that many
NRF2-mediated genes are ferroptosis suppressors, we surmised that
NRF2 signaling might underlie acquired resistance to the PEF + MOF-Fe
combination treatment.

FTH1 promoted resistance to MOF-Fe-induced ferroptosis
FTH1, which sequesters excess iron in cells, belongs to both the fer-
roptosis and NRF2 pathways. Analysis of the GEPIA2 database*
revealed higher FTHI expression in human pancreatic tumors than in
the adjacent normal tissues. Higher FTHI expression also correlated
with worse prognosis in patients with pancreatic cancer (Supplemen-
tary Fig. 4g, h). We went on to explore the role of FTHI in ferroptosis
resistance. Deferoxamine (DFO, an iron chelator), Lip-1, and brusatol
(an NRF2 inhibitor) suppressed MOF-Fe-induced FTH1 upregulation,
suggesting that FTHI was involved in NRF2-mediated anti-ferroptosis
response (Supplementary Fig. 4i-1).

FTHI-overexpressing (OE) and -knockdown (KD) Panc-1 cells were
established, respectively (Supplementary Fig. 5a and Fig. 3a). FTHI-
overexpression diminished MOF-Fe-induced elevation of ROS (DCFH-
DA" cells%) and C11-BODIPY oxidation, and facilitated colony forma-
tion in the presence of MOF-Fe (Supplementary Fig. 5b-d). A reverse
trend was observed in FTHI-KD cells (Supplementary Fig. 5e-g).
Interestingly, FTHI-OE Panc-1 cells were less sensitive to erastin and
RSL3 than the vector control (Supplementary Fig. 6a). FTHI expression
was then restored in FTHI-KD cells (Fig. 3b) using a modified FTHI-
overexpressing plasmid, abbreviated as FTHI-OE (m). The coding
sequence of this plasmid had synonymous mutations, preventing
recognition by the FTHI-targeting shRNAs (Supplementary Tables 6,

8). FTHI restoration alleviated MOF-Fe-induced ROS and C11-BODIPY
oxidation, and increased the number of colonies in the presence of
MOF-Fe (Fig. 3c-e and Supplementary Fig. 6b-d). Taken together,
these data suggest that FTH1 promoted resistance to MOF-Fe-induced
ferroptosis.

Arachidonic acid-derived PROTAC degraded MOF-Fe-

induced FTH1

An exploratory PROTAC library was synthesized by conjugating
(S5,R,S)-AHPC to six fatty acids (oleic acid C18:1, linoleic acid C18:2,
linolenic acid C18:3, arachidonic acid C20:4, eicosapentaenoic acid
C20:5, and erucic acid C22:1) directly or through five linkers (Fig. 4a).
Figure 4b illustrates the structure of C20U4V, a representative chi-
mera prepared by directly conjugating arachidonic acid (AA) to
(S,R,S)-AHPC. Chemical characterization of the chimeras is included
in Supplementary Figs. 16-73, 81-109. Chimeras with ICso values
lower or close to 10 uM in both Panc-1 and MIAPaCa-2 cells were first
identified using CCK-8 assay (Fig. 4c and Supplementary Table 1.
C20U4V emerged as the candidate compound after another round of
screening for FTH1 degradation in the presence of MOF-Fe (Fig. 4d
and Supplementary Fig. 7a). C20U4V was efficiently taken up by
Panc-1 cells, elevating HMOX1 and FTHI mRNA transcription and
increasing NRF2 and HMOX1 protein expression (Supplementary Fig.
7b-d). This observation was in consistence with the AA moiety in
C20U4V, which has been reported to induce oxidative stress®. In the
presence of MOF-Fe, C20U4V degraded FTHI in a time- and dose-
dependent manner in Panc-1, MIAPaCa-2, and KPC-A719 cells (Fig. 4e
and Supplementary Fig. 7e-h).

Quantitative proteomics revealed significant expression changes
in eight ferroptosis-related proteins in MOF-Fe+ C20U4V-treated
Panc-1 cells versus MOF-Fe-treated cells (Fig. 4f), including FTH1 and
FTL (Supplementary Fig. 7i). Given the presence of AA moiety in
C20U4V, we analyzed the AA interactome in MOF-Fe-treated Panc-1
cells using BPAA, a biotin-conjugated AA derivative (Fig. 4g and Sup-
plementary Figs. 8a, 74, 75, 110). Pull-down assay confirmed the
interaction between FTH1 and BPAA. Proteomics revealed 648 pro-
teins, including FTH1, that might have interacted with BPAA (Supple-
mentary Fig. 8b). GO analyses of the interactome across biological
process (BP), molecular function (MF), and cellular components (CC)
yielded enrichment of a broad span of GO terms such as “DNA repli-
cation initiation”, “DNA helicase activity”, and “podosome” (Supple-
mentary Fig. 8c-e). This observation was consistent with the
ubiquitous roles of AA in cellular physiology. Seven ferroptosis-related
and eight NRF2-related proteins were identified in the interactome,
among which NQO1 and GCLM was also degraded by C20U4V (Sup-
plementary Fig. 8f-h).

We then analyzed whether C20U4V degraded FTHI as a PROTAC.
C20U4V enhanced FTH1 ubiquitylation in HEK-293T cells transfected
with HA-tagged ubiquitin (HA-Ub) and Flag-labeled FTH1 (Flag-FTHI,
Fig. 4h and Supplementary Fig. 9a). No FTH1 degradation was achieved
by AA or (5,5,5)-C20U4V prepared from (§,5,5)-AHPC, the inactive
stereoisomer of (§,R,S)-AHPC (Fig. 4i, j and Supplementary Fig. 9b, c).
Neither did C20U4V degrade MOF-Fe-induced FTHI1 in VHL-KD cells
(Fig. 4k, 1 and Supplementary Fig. 9d). In FTHI-OE Panc-1 cells (Sup-
plementary Fig. 9e, f), C20U4V degraded FTH1 when cycloheximide
(CHX) was added to inhibit de novo protein synthesis. Conversely,
(5,5,5)-C20U4YV abolished this FTH1 degradation. Collectively, we have
demonstrated that C20U4V functioned as a PROTAC and degraded
MOF-Fe-induced FTHI.

C20U4V potentiated MOF-Fe and PEF in vitro

The MOF-Fe + C20U4V combination inhibited colony formation in
Panc-1, MIAPaCa-2, and KPC-A719 cells with HSA synergy scores above
10 (Fig. 5a and Supplementary Fig. 10a-f). The dual-treatment induced
stronger C11-BODIPY oxidation and a higher frequency of DCFH-DA*
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Fig. 3 | FTH1 promoted resistance to MOF-Fe. a, b Immunoblots of FTH1-KD (a)
and -rescue (b) Panc-1 cells. The experiments were independently repeated three
times with similar results. ¢ Inmunofluorescence images and quantification of the
percentage of DCFH-DA" cells per FOV, n=6 randomly selected FOVs (technical
replicates). The experiments were independently repeated three times with similar
results. Scale bar =100 pum. d Flow cytometry histograms and quantification of C11-

®  ShFTH#1 + FTH1 OE (m)

BODIPY oxidation, n = 4 independent experiments. Panc-1 cells in (c, d) were
treated with MOF-Fe (10 pg Fe/mL) for 48 h. e Representative images of Panc-1
colonies and quantification, n =3 independent experiments. Data were presented
as mean = SEM. Statistical significance was determined using one-way ANOVA with
Dunnett’s multiple comparison (c, e) or one-tailed ratio-paired t-test (d), and p
values are indicated. Source data are provided as a Source Data file.

cells than MOF-Fe alone (Fig. 5b, c¢). MDA concentration was similar
between the MOF-Fe and dual-treatment groups, both of which were
higher than that in the vehicle control (Fig. 5d). Compared to the
vehicle control, the dual-treatment upregulated 14 oxidized and 20
peroxidized phospholipids, including PC 18:0-22:6-O0H, PE 18:0-22:6-
OOH, and PE 16:0-22:6-O0H (Fig. 5e). Compared to MOF-Fe, the dual
treatment also upregulated nine oxidized and 14 peroxidized phos-
pholipids (Supplementary Fig. 10g). Ferroptosis is often accompanied
by mitochondria changes*’. As shown in Fig. 5f-h, the aggregate (red)-
to-monomer (green) ratio of JC-1 staining characterizes mitochondrial
membrane potential, which was significantly lowered by all the treat-
ments. Adenosine triphosphate (ATP) concentration was reduced by

MOF-Fe or the dual-treatment. The dual-treatment also caused smaller
mitochondria with disorganized cristae (yellow arrows).

The dual-treatment sensitized pancreatic cancer cells to PEF.
Panc-1 and KPC-A719 cells treated with the “PEF + MOF-Fe + C20U4V”
triple-treatment formed fewer colonies than all the other groups (Fig.
5i and Supplementary Fig. 10h, i). Panc-1 cells in the triple-treatment
group exhibited significantly higher NRF2 and HMOXI1 protein
expression than those in the dual-treatment group (Fig. 5j and Sup-
plementary Fig. 10j). Differentially expressed genes (DEGs) between
the triple-treatment group and the vehicle control were analyzed via
GO analysis. Upregulated genes in the triple-treatment group were
enriched in stress response-related GO terms; whereas downregulated
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Fig. 4 | Arachidonic acid-derived PROTAC degraded FTH1 in the presence of
MOF-Fe. a Schemes of PROTAC library. b Chemical structure of C20U4V.

c Scattered plots of the ICsq values of the PROTAC library against Panc-1 and
MIAPaCa-2 cells after 72 h treatment, n =6 independent experiments. d Scatter
plots of the change of FTH1 expression in Panc-1 cells after treatment with MOF-Fe
(3 pg Fe/mL) and the PROTAC library for 12 h, n=3 independent experiments.

e Immunoblots of FTH1 degradation by C20U4V in the presence of MOF-Fe, n=3
independent experiments. Quantification is included in Supplementary Fig. 7e.

f Volcano plots of protein expression in Panc-1 cells treated for 12 h with MOF-

Fe + C20U4V vs. MOF-Fe. Differentially expressed proteins in the ferroptosis
pathway are labeled. MOF-Fe (3 pg Fe/mL), C20U4V (20 uM), n =3 independent
experiments. g Chemical structure of BPAA and immunoblots of FTH1 pulled down
by BPAA. The samples derived from the same experiments but different gels were
processed in parallel: FTH1 pulldown was detected on one gel, and the input con-
trols of FTH1 and B-actin were run on another gel, n =3 independent experiments.
Quantification is included in Supplementary Fig. 8a. h Immunoblots of HA-tagged
ubiquitin (HA-Ub) immunoprecipitated by anti-Flag antibody in the lysate of HEK-
293T. The HEK-293T cells were transfected with HA-Ub and Flag-FTH1 plasmids,

Panc-1

and treated with C20U4V (10 pM) in the presence of MG132 (10 puM) for 6 h. The
samples derived from the same experiment but different gels were processed in
parallel: IP detection of HA-Ub and Flag-FTH1 were run on one gel, and the input
controls of HA-Ub, Flag-FTHL, and (3-actin were run on another gel. The experiments
were independently repeated twice with similar results. A biologically independent
replicate is shown in Supplementary Fig. 9a.i FTH1 expression after incubation with
MOF-Fe and AA for 48 h, n =3 independent experiments. Quantification is included
in Supplementary Fig. 9b. j FTH1 expression after incubation with MOF-Fe and
(85,5,5)-C20U4YV for 12 h. Quantification is included in Supplementary Fig. 9c, n=3
independent experiments. k VHL expression in VHL-knockdown Panc-1 cells. The
experiments were independently repeated twice with similar results. | FTHL
expression in NC or shVHL-knockdown cells after incubation with MOF-Fe and
C20U4V for 48 h. Quantification is included in Supplementary Fig. 9d, n =3 inde-
pendent experiments. Data were presented as mean + SEM. Statistical significance
was determined using multiple one-tailed ratio-paired ¢-test without correction for
multiple comparison (d) or EdgeR analysis using negative binomial generalized
linear model (GLM) adjusted with Benjamini-Hochberg algorithm (), and p values
are indicated. Source data are provided as a Source Data file.
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Fig. 5| C20U4V augmented MOF-Fe-induced ferroptosis and enhanced the
efficacy of PEF in vitro. a Quantification of Panc-1 colonies, n =3 independent
experiments. b Histograms and quantification of C11-BODIPY oxidation, n =6 inde-
pendent experiments. ¢ Percentage of DCFH-DA’ cells per FOV, n=8 (vehicle), 6
(MOF-Fe), or 7 (C20U4V, MOF-Fe + C20U4V) randomly selected FOVs (technical
replicates). The experiments were independently repeated three times with similar
results. d MDA content, n =35 independent experiments. e Volcano plots of lipi-
domics after treatment with MOF-Fe (3 pg Fe/mL) and C20U4V (20 uM) relative to
vehicle control, n =5 independent experiments. f Inmunofluorescence of JC-1
staining and quantification of aggregate-to-monomer ratio, n=6 (vehicle), 7 (MOF-
Fe, MOF-Fe + C20U4V), or 9 (C20U4V) randomly selected FOVs (technical repli-
cates). The experiments were independently repeated three times with similar
results. g Quantification of intracellular ATP, n =5 independent experiments.

h Representative TEM images of mitochondria (yellow arrows). The experiments
were independently repeated three times with similar results. Scale bar =1 pum. Panc-

1 cells in panels (b-h) were treated with MOF-Fe (3 pg Fe/mL for (e, h), and 5 pg Fe/
mL for (b-d, f, g)) and/or C20U4V (10 uM for (b-d, f-h), and 20 uM for (e)).

i Quantification of Panc-1 colonies, n =3 (vehicle, MOF-Fe) or 6 (PEF, PEF + MOF-Fe)
independent experiments. j Immunoblots of Panc-1 cells. The samples derived from
the same experiment but on different gels for NRF2, another for HMOX1, FTH1, and
B-actin, were processed in parallel. Quantification is provided in Supplementary 10j.
k, I GO_BP analysis for genes upregulated (k) and downregulated (I) in the PEF +
MOF-Fe + C20U4V group relative to the control group. m, GSEA on the Hallmark
gene set. Panc-1 cells in panels (j-m) were treated with PEF (600 V/cm) and incubated
with MOF-Fe (3 ug Fe/mL) and C20U4V (10 uM) for 48 h, n=4 (j) or 3 (k-m) inde-
pendent experiments. Data are presented as mean + SEM. Statistical significance was
determined using a one-tailed ratio-paired t-test (b), one-way ANOVA with Dunnett’s
multiple comparison (c, d, f, g, i), multiple two-tailed unpaired t-test without cor-
rection (e), GO (k, I), or GSEA (m) analysis adjusted with the Benjamini-Hochberg
algorithm, and p values are indicated. Source data are provided as a Source Data file.
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Fig. 6 | C20U4V augmented MOF-Fe-induced ferroptosis and enhanced the
efficacy of PEF against patient-derived organoids. a Bright-field images of
organoids and quantification of organoid abundance, n=8 randomly selected
FOVs; and diameter, n =39 (vehicle), 45 (MOF-Fe), or 54 (C20U4V, MOF-Fe +
C20U4V) randomly selected organoids (technical replicates) after treatment with
MOF-Fe (3 pg/mL) and C20U4V (3 pM). b H&E staining. ¢ Prussian staining. d Ki67
staining and quantification, n =15 (vehicle, MOF-Fe, C20U4V) or 13 (MOF-Fe +
C20U4V) randomly selected organoids (technical replicates). e Bright-field images
and quantification of organoid abundance, n =8 randomly selected FOVs; and

diameter, n =50 (vehicle, PEF) or 49 (MOF-Fe + C20U4V, PEF + MOF-Fe + C20U4V)
randomly selected organoids (technical replicates) after treatment with MOF-Fe
(3 pg/mL) + C20U4V (3 pM) and/or PEF (600 V/cm). Organoids generated from
patient #1 were used for panels (a-d), and those generated from patient #2 were
used for panel (e). All experiments were independently repeated three times with
similar results. Scale bar =100 um. Data were presented as mean + SEM. Statistical
significance was determined using one-way ANOVA with Dunnett’s multiple com-
parison (a, d, e), and p values are indicated. Source data are provided as a Source
Data file.

genes were enriched in those linked to cell division and DNA replica-
tion (Fig. 5k, I). GSEA revealed ten significantly changed Hallmark gene
sets (gsea-msigdb.org) when comparing the triple-treatment groups to
the vehicle control (Fig. 5m and Supplementary Table 2). The “Hall-
mark E2F targets” gene set, which is related to the progression of the
cell cycle, was downregulated with the lowest NES score (NES =-2.50,
p.adjust=1.67x10"%). By contrast, the “Hallmark unfolded protein
response” was upregulated with the highest NES score (NES=2.25,
p.adjust=1.21x10), indicating a high level of cellular stress.

In pancreatic cancer patient-derived organoids, the dual-
treatment significantly reduced organoid number compared to the
vehicle control and yielded smaller organoids than all other groups
(Fig. 6a). Organoids in the vehicle control exhibited glandular
structures consisting of simple cuboidal epithelium with enlarged
nuclei. Those treated with MOF-Fe or C20U4V formed fewer and
smaller glandular structures, which consisted of simple or stratified

epithelial cells of variant sizes. In contrast, the dual-treatment abol-
ished glandular formation, resulting in cell clusters with newly-
formed lumens (Fig. 6b). Prussian Blue staining was observed in
MOF-Fe and the dual-treatment groups (Fig. 6¢), and organoids in the
dual-treatment group exhibited significantly fewer Ki67* cells than all
other groups (Fig. 6d). The efficacy of “PEF + MOF-Fe + C20U4V” tri-
ple treatment was then examined in organoids derived from another
patient. The triple-treatment produced fewer and smaller organoids
than all other groups (Fig. 6e). We also evaluated C20U5V to deter-
mine whether the sensitization effect was specific to C20U4V.
C20U5V was prepared by directly conjugating eicosapentaenoic acid
to (S,R,S)-AHPC. It moderately degraded FTHI1 in the presence of
MOF-Fe (Supplementary Fig. 7a). As shown in Supplementary Fig. 11,
Panc-1 cells treated with the MOF-Fe + C20U5V dual-treatment or
MOF-Fe alone showed similar levels of C11-BODIPY oxidation. MOF-
Fe and C20U5V synergistically inhibited colony formation in Panc-1
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Fig. 7 | Anti-tumor efficacy of PEF ablation, MOF-Fe, and M-C20U4V in KPC-
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M-C20U4YV. b, ¢ Representative histograms of hydrodynamic diameter (b) and
surface Z-potential (c) of M-C20U4V. Experiments were independently repeated
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independent experiments. e Immunoblots and quantification of FTHLin Panc-1cells
treated with MOF-Fe and M-C20U4, n =3 independent experiments. f, g Quantifi-
cation of Panc-1 colonies (f) and HSA synergy scores (g) after treatment with MOF-
Fe or M-C20U4V (in C20U4V-equivalent concentration), n =3 independent
experiments. h, i, Biodistribution of DiR-labeled M-C20U4V in KPC-A719 tumors
(h). Micelles were intravenously injected 4 h prior to PEF ablation, and the tumor
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Days from Enrollment

+M-C20U4V (N= 13)

(PEF ablation) independent mice. Representative fluorescence images (i) of major
organs and tumors include: heart (He), liver (Li), spleen (Sp), lung (Lu), kidneys (Ki),
stomach (St), intestines (In), bone (Bo), muscle (Mu), and tumor (Tu). j Tumor

growth curves of subcutaneous KPC-A719 models. n =6 (sham control, PEF, MOF-
Fe + M-C20U4V) or 14 (PEF ablation + MOF-Fe + M-C20U4V) independent mice.

k Animal survival of orthotopic KPC-A719 models, n = 6 (sham control, MOF-Fe + M-
C20U4V), 7 (PEF ablation), or 13 (PEF ablation + MOF-Fe + M-C20U4V) independent
mice. Data were presented as mean + SEM. Statistical significance was determined
using one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison (e,
j) or log-rank test (k), and p values are indicated. Source data are provided as a

Source Data file. The micelle schemes in Fig.7a were generated using PowerPoint.

cells. The PEF + MOF-Fe + C20U5V triple-treatment also yielded fewer
colonies than PEF or the dual-treatment.

C20U4V encapsulation in ROS-responsive polymeric micelles

C20U4V was insoluble in water and thus cannot be directly used in
vivo. We previously reported that ROS levels were elevated in PEF-
treated tumors*, and therefore prepared ROS-responsive polymeric
micelles to encapsulate C20U4V. Methoxypolyethylene glycol was

extended with e-caprolactone via controlled ring polymerization and
capped with 2-bromoisobutyryl bromide. The macroinitiator was then
reacted with 4-(4,4,5,5 tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl
acrylate via the atom radical polymerization to yield the resultant tri-
block copolymer, abbreviated as PEG-PCL-PB (Fig. 7a). Chemical
characterization of the products is included in Supplementary Figs.
76-80. The average degree of polymerization of the PCL and PB blocks
was about 11 and 15, respectively, which was calculated from
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comparing the integrals of methylene protons of the PEG block
(6=3.38, 3.64 ppm), the methylene protons of the PCL block (6 =1.65,
2.31, and 4.06 ppm), and the aromatic protons of the PB block (6 =7.21,
7.73 ppm, Supplementary Fig. 80).

C20U4V was encapsulated using the nanoprecipitation method
with a loading efficiency of 90% and a loading percentage of 9% by
weight. M-C20U4YV, the resulting formulation, exhibited an average
hydrodynamic size of 78.6 £14.5nm and a surface {-potential of
-0.2 £ 4.5mV (Fig. 7b, c). Incubation of M-C20U4V with 100 pM H,0,
accelerated the release of payload (Fig. 7d). C20U4V and M-C20U4V
showed similar ICso values in Panc-1, MIAPaCa-2, and KPC-A719
(<6 uM, Supplementary Fig. 12a). Blank micelles were non-toxic to
Panc-1 or MIAPaCa-2 cells at concentrations up to 268.5pug/mL,
equivalent to 30 pM C20U4V (Supplementary Fig. 12b). M-C20U4V
degraded FTH1 in MOF-Fe-treated Panc-1, MIAPaCa-2, and KPC-A719
cells over a 12-48 h time course (Fig. 7e and Supplementary Fig. 12c,
d). M-C20U4V and MOF-Fe inhibited Panc-1 colony formation with an
HSA synergy score above 20 (Fig. 7f, g). After labeling with DiR, a
near-infrared fluorescence dye, M-C20U4V was intravenously injec-
ted into mice bearing KPC-A719 tumors (Fig. 7h, i). Its uptake value in
untreated tumors was 11.2 + 2.4%ID/g (percent of injected dose per
gram of tissue). PEF ablation at 4 h after M-C20U4V injection did not
significantly change its tumor uptake (14.1+2.0%ID/g). Taken toge-
ther, we have prepared a ROS-responsive formulation in M-C20U4V
for in vivo evaluation.

MOF-Fe and M-C20U4V enhanced PEF ablation in vivo

The anti-tumor efficacy of PEF ablation, MOF-Fe, and M-C20U4V was
first evaluated in subcutaneous KPC-A719 tumor models, using a
treatment schedule outlined in Supplementary Fig. 12e. Growth curves
of individual tumors are shown in Supplementary Fig. 12g. As shown in
Fig. 7j, tumors of the MOF-Fe + M-C20U4V dual-treatment grew at a
similar rate to that of the sham control. Tumors in the PEF ablation
group experienced a brief growth delay for about 8 days, but then
bounced back quickly. In contrast, tumors receiving the PEF abla-
tion + MOF-Fe + M-C20U4V triple-treatment shrank to a minimal
volume for about 22 days, and then grew at a slower rate than those of
all other groups. Three out of 14 mice in the triple-treatment group had
no visible tumors at the study’s conclusion (day 60). The average
tumor size in the triple-treatment group on day 60 was significantly
smaller than those in all the other groups (p < 0.0001). A similar trend
of therapeutic efficacy was observed in KPC-A719 orthotopic models
(Fig. 7k), which are more relevant to human malignancy*’. Mice in the
triple-treatment group exhibited a median survival of 27 days, sig-
nificantly longer than those in the control (11 days, p <0.0001), PEF
ablation (12 days, p=0.001), or dual-treatment (14.5 days, p =0.005)
groups. No significant change in body weight was observed in either
model (Supplementary Fig. 12f, h)

Intratumoral immune cells in orthotopic KPC-A719 tumors were
analyzed with flow cytometry on day 4 after enrollment (Fig. 8a-j).
The gating strategy is shown in Supplementary Fig. 13a-c. Tumors in
the triple-treatment group contained significantly more CD45%,
CD3'T, and CD4'T cells than those in the other groups. The abun-
dance of CD8' and Interferon-y* (IFNy") CD8" T cells were similar in
PEF- and triple-treatment groups, both of which were higher than
those in the other two groups. There was no significant difference in
the CD8' T cell-to-Treg ratio among all groups. CD8" T cell depletion
alongside the triple-treatment resulted in significantly larger tumors
on day 11 post-enrollment (Supplementary Fig. 13d-h). Thus, CD8"
T cells at least partially contributed to the therapeutic efficacy of the
triple-treatment.

Short-term response of KPC-A719 orthotopic tumors were also
examined on day 9 after enrollment. Tumors of the sham control
presented a mixture of small or medium-sized irregular glands and
poorly differentiated sarcoma-like tumor cells. Some tumor glands

formed a cancer nest surrounded by desmoplastic stroma. Tumor cells
exhibited enlarged and hyperchromatic nucleus, multiple nucleoli,
and pathological mitosis (Supplementary Fig. 14). Necrotic regions
were visible in tumors treated with MOF-Fe + M-C20U4V, especially
around the sites of MOF-Fe accumulation. Infiltration by macrophages
and neutrophils were present at the borders between the necrotic and
viable regions. Both PEF and the triple treatment induced extensive
areas of necrosis. Residual cancer cells were present outside the
ablation zone of PEF-ablated tumors, whereas extensive infiltration by
neutrophils and macrophages were observed in the triple treatment
group. Tumors in the triple-treatment groups had the lowest propor-
tion of Ki67" proliferating cells, and the highest percentage of FTHI",
4-HNE' or HMOXI" pixels among all four groups (Fig. 8k-n). The triple
treatment induced IFNy levels comparable to those from PEF ablation
alone (Fig. 80). It also resulted in a massive infiltration of CD68" mac-
rophages, accompanied by a reduction in CD206" M2 macrophages
(Supplementary Fig. 15a, b). Together, we have shown that the triple-
treatment exhibited satisfactory anti-tumor efficacy and activated anti-
tumor immunity.

Lastly, we investigated the acute toxicity of the triple treatment
in mice bearing KPC-A719 tumors (Supplementary Fig. S15¢c, d). No
pathological change was found in the heart, liver, spleen, lung, or
kidneys. The indexes of liver function (alanine transaminase, aspar-
tate transaminase), kidney function (creatine and blood urea nitro-
gen), and heart (creatine kinase) function were similar between
treated and control mice.

Discussion

In this study, we demonstrated that low-intensity PEF upregulated
ferroptosis suppressor genes in pancreatic cancer cells. Although
MOF-Fe transiently suppressed tumor recurrence following PEF abla-
tion, subsequent FTH1 upregulation quickly diminished its therapeutic
efficacy. C20U4V, an arachidonic acid-derived PROTAC, enhanced
MOF-Fe-induced ferroptosis via FTH1 degradation, and sensitized both
pancreatic cancer cell lines and patient-derived organoids to PEF. We
then developed M-C20U4V, a ROS-responsive polymeric micelles
nano-formulation. Finally, the combination of MOF-Fe and M-C20U4V
induced ferroptosis and potentiated PEF ablation in vivo.

The tumor recurrence rate following IRE varies across different
tumor types. It remains a clinical challenge, particularly in the context
of pancreatic cancer. Twenty-three out of 50 patients with pancreatic
cancer developed local recurrence after IRE in the PANFIRE-2 phase Il
study*. In a recent analysis on a multi-institutional database, 32 (17%)
out of 187 patients with pancreatic cancer had local recurrence fol-
lowing IRE®. Various strategies have been explored to reduce the risk
of tumor recurrence, including chemotherapy, radiotherapy, immu-
notherapy, and targeted therapy®’®**¢, However, the biological
effects of these strategies primarily converge on apoptotic pathways.
Cancer cells that harbor mutations in the apoptotic cascades, includ-
ing those in caspases and the Bcl-2 family, may develop treatment
resistance”’. In this study, we explored the feasibility of lowering the
risk of tumor recurrence by inducing ferroptosis in residual cancer
cells. Ferroptosis has been reported to overcome resistance to con-
ventional therapies*S.

Low-intensity PEF exerts multiple biological changes without
completely eliminating cancer cells. These effects include Ca*" influx,
ROS elevation, and damage to DNA, proteins, and membranes®. In this
study, we found that PEF triggered NRF2-orchestrated antioxidant
responses and upregulated a suite of ferroptosis-suppressor genes
(Fig. le-l). The NRF2 pathway is also known to promote tumor
aggressiveness and therapeutic resistance®. In this context, our find-
ings help explain the observation that residual cancer cells grew more
rapidly following IRE compared to their untreated counterparts®. Iron-
catalyzed ROS production is essential for initiating ferroptosis. Iron-
based nanoparticles can undergo endocytosis independently of
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transferrin receptors and are therefore promising candidates for
inducing intracellular iron overload. We postulated that nanoparticles
with faster iron release would be more effective at inducing iron
overload and thus selected MOF-Fe for this study. Accordingly, MOF-
Fe elevated intracellular ferrous ion levels to a greater extent than
SPIO, and more effectively suppressed colony formation in Panc-1 cells
(Fig. 2d-f). However, in IRE-treated tumor models, MOF-Fe only tran-
siently delayed tumor recurrence (Fig. 2I). This observation aligns with
other reports showing that iron-based nanoparticles exhibit limited
toxicity to cancer cells, likely because intracellular iron levels are
tightly regulated via iron homeostasis mechanisms™. Iron homeostasis
is critical for sustaining the proper functional integrity of cells. Briefly,
extracellular ferric ions bound to transferrin or hyaluronate are
recognized by their respective receptors, i.e., transferrin receptor and
CD44, before being endocytosed and transported into lysosomes™.
Ferric ions are then released from these bound complexes and
reduced to ferrous ions by members of the six-transmembrane epi-
thelial antigen of the prostate (STEAP) family proteins. The ferrous
ions are transported into the cytosol by divalent metal-ion transporter
1(DMTI) to form the labile iron pool, which is then parcelled to various
organelles to support essential physiological functions. Excess ferrous
ions can be exported out of the cell by ferroportin or sequestered in
ferritin for later use®.

Disruption of iron homeostasis can amplify the cytotoxicity of
iron-based nanoparticles. Simultaneous downregulation of ferroportin
and lipocalin-2, two proteins involved in iron export, enhanced SPIO-
induced ferroptosis®. Ferumoxytol nanoparticles exhibited greater
toxicity to primary acute myeloid leukemia cells that had lower fer-
roportin expression®™. Recently, activation of lysosomal iron has
emerged as an effective strategy for triggering ferroptosis and thereby
eliminating drug-resistant persister cancer (DTP) cells'®. Salinomycin
sequestered iron in lysosomes to the point of iron overload, ultimately
causing ferroptotic death in breast cancer stem cells®. These results
underscore the potential of using iron-based nanoparticles to elim-
inate drug-resistant cancer cells, as these nanoparticles are endocy-
tosed via the endosome-lysosome route and are often designed to
release their payloads within acidic lysosomes. In addition, certain
types of cancer cells exhibit iron addiction, a trait that renders them
particularly vulnerable to ferroptosis. Indeed, ovarian tumor-initiating
cells have been reported to accumulate excess iron and rely on iron for
proliferation. Treatment with erastin effectively induced ferroptotic
cell death in these cells and reduced tumor burden in vivo”.

The MOF-Fe-induced upregulation of FTH1 and FTL (Fig. 2n, o and
Supplementary Fig. 7i) could be attributed to cellular responses aimed
at sequestering excess iron. FTH1 expression correlated inversely with
the sensitivity of Panc-1 cells to MOF-Fe-induced ferroptosis (Fig. 3 and
Supplementary Figs. 5, 6). FTH1 overexpression also alleviated the
cytotoxicity of erastin and RSL3. Previous reports have shown that
FTH1 mitigated erastin-induced ferroptosis in neuronal cells®, and
ferritin upregulation abolished ROS production in oligodendroglial
cells following treatment with iron oxide nanoparticles™. In addition to
iron storage, ferritin and its two subunits also regulate cancer cell
plasticity via epigenetic modulation of epithelial-to-mesenchymal
(EMT)-related genes. FTH1 overexpression promoted lipid droplet
formation and radiotherapy resistance. It also stabilized hypoxia-
inducible factor 1a (HIF-1a), a transcription factor that subsequently
activated angiogenesis and drove tumor progression®’. Consequently,
FTH1 upregulation correlates with worse prognosis across many can-
cer types®, including pancreatic cancer (Supplementary Fig. 4g)

MOF-Fe substantially elevated FTH1 expression within 24 h
(Fig. 20). Since RNA interference typically takes 24 h to take effect*, we
switched to methods that are capable of degrading pre-existing FTHI.
Several natural product derivatives exhibit such activity, including
artesunate, baicalin (extracted from S. baicalensis Georgi), and CT-1 (a
derivative of cryptotanshinone)® . We endeavored to identify an

FTHI-degrading PROTAC through rational design and screening. Ara-
chidonic acid binds to a U-shaped pocket between two FTHI1 subunits
of ferritin (K4 = 60 pM) via interactions between its carboxylate group
and adjacent arginine residues”. Oleic acid, an MUFA, exhibited similar
interactions with FTH1*. DeFer-2 was prepared using oleic acid and
(S,R,S)-AHPC to degrade ferritin and trigger pyroptosis in melanoma
cells®. However, exogenous MUFAs inhibit ferroptosis by suppressing
ROS accumulation and reducing PUFA oxidation®. In contrast, PUFAs
are susceptible to oxidation at their bis-allylic carbons. Notably, PUFA
peroxidation by lipoxygenases, coupled with the presence of a labile
iron pool, is actually required for ferroptosis®. Arachidonic acid-
derived C20U4V degraded FTH1 in MOF-Fe-treated pancreatic cancer
cells, and potentiated ferroptosis (Fig. 5). FTH1 degradation was also
achieved by several other PUFA-based PROTACs (Fig. 4d and Supple-
mentary Fig. 7a). In particular, eicosapentaenoic acid-based C20U5V
exhibited efficacy similar to that of C20U4V in sensitizing pancreatic
cancer cells to MOF-Fe and PEF (Supplementary Fig. 11).

The poor water solubility of C20U4V prompted us to develop a
ROS-responsive nano-formulation (M-C20U4V), which accumulated in
PEF-treated tumors (Fig. 7h, i). The triple combination treatment with
PEF, MOF-Fe, and M-C20U4YV exhibited satisfactory anti-tumor efficacy
in both subcutaneous and orthotopic KPC-A719 pancreatic tumor
models (Fig. 7j, k). Both PEF ablation and ferroptosis are known to
stimulate anti-tumor immunity>”. Accordingly, the triple-treatment
increased tumor infiltration by CD45' leukocytes, CD3" T cells, CD4"
T cells, and CD8' T cells (Fig. 8a-d). On the other hand, the impact of
ferroptosis on CD8" T cells remains ambiguous. While CD8" T cells
were susceptible to GPX4 inhibition®, their tumoricidal activity also
depended on the proper function of acyl-CoA synthetase long chain
family member 4 (ACSL4), a key pro-ferroptosis protein®’. We
observed a greater frequency of IFNy'CD8" T cells in tumors from the
triple-treatment group compared to those from the sham control
group (Fig. 8e, 0), suggesting that the activity of CD8" T cells were
likely preserved.

Our study has several limitations. Firstly, the mechanism under-
lying FTH1 upregulation by MOF-Fe was not exhaustively investigated.
Other mechanisms may also be involved, including transcriptional
regulation by HIF-1a, pro-inflammatory cytokines, oncogenes, and
non-coding RNAs; as well as post-translational regulation by iron reg-
ulatory proteins®%. Secondly, MOF-Fe and C20U4V were not integrated
on a single nanoplatform. Physical absorption of C20U4V onto MOF-Fe
was limited by insufficient loading efficiency. The intrinsic oxidative
capacity of MOF-Fe may also catalyze the oxidation of C20U4V during
storage®®. Future liposomal or lipid nanoparticles integrating excessive
iron and FTH1 degraders may exhibit potential for clinical translation.
It should be noted that the binding affinity of PUFA to ferritin remains
suboptimal, which can be improved using more advanced techniques
for targeted protein degradation, such as the degron-tagging systems.

In summary, we have shown that although MOF-Fe transiently
suppressed tumor relapse following IRE, its efficacy was rapidly
diminished by FTHI1 upregulation. C20U4V degraded FTH1 and
potentiated MOF-Fe-induced ferroptosis. The combination of MOF-Fe
and M-C20U4V efficiently induced ferroptosis and enhanced the effi-
cacy of PEF ablation in murine pancreatic tumor models. Collectively,
our results suggest that disruption of iron homeostasis is a feasible
strategy to reduce the risk of tumor recurrence after IRE.

Method

Research compliance

All animal studies were approved by the Institutional Animal Care and
Use Committee of Huazhong University of Science and Technology,
complied with the ARRIVE guidelines, and were conducted in accor-
dance with the National Research Council’s Guide for the Care and Use
of Laboratory Animals at specific pathogen-free facilities. Informed
consent was obtained from all patients involved in the study.
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Information on sex and gender was obtained by self-reporting from
human participants with consent to share at the individual level. The
study on patient-derived organoids was approved by the Ethics Com-
mittee of Tongji Medical College, Huazhong University of Science and
Technology. Approval number: [2021] IEC (284), approval date: March
3, 2021. All experiments were conducted in compliance with the Hel-
sinki Declaration.

Chemicals and reagents

All chemicals were purchased from Aladdin Biochemical Technology
(Shanghai, China) or Sigma-Aldrich (MO, USA) and used as received.
Ferroptosis inhibitors were obtained from TOPSCIENCE (Shanghai,
China). Superparamagnetic iron oxide (SPIO) nanoparticles (average
size=7nm, carboxylate modified) were purchased from XFNANO
(Nanjing, China). All small-molecule probes used in the manuscript
meet the community requirements in https://www.chemicalprobes.
org/information-centre.

Synthesis and characterization of MOF-Fe

MOF-Fe was synthesized using the hydrothermal method via previous
reports. Briefly, ferric chloride hexahydrate (FeCls-6H,0, 0.675g,
2.5 mmol) and amino terephthalic acid (0.226 g, 1.25 mmol) were dis-
solved in dimethyl formamide (DMF, 25 mL) along with acetic acid
(1mL). The mixture was heated in a Teflon-coated autoclave at 120 °C
for 20 h. The product was collected by centrifuge, washed with DMF
and ethanol, and then dried under vacuum. The particles were then
dispersed in an aqueous solution of PEI (MW + 25,000, 10 mg/mL), and
uncoated PEI was removed by centrifuging. The resulting nano-
particles, termed MOF-Fe, were stored at 4 °C and used within one
week. Iron content was determined with an iron analysis kit (Solarbio,
Beijing, China). MOF-Fe morphology and size were examined using
scanning electron microscopy (SEM, Clara, TESCAN, Shanghai, China).
Surface -potential was measured on Malvern Zetasizer Nano-ZS
(Malvern Instruments, MA, USA).

Synthesis of ferritin-degrading PROTACs

C20U4V synthesis is described as an example. (S,R,S)-AHPC mono-
hydrochloride (70 mg, 0.16 mmol) and arachidonic acid (48 mg,
0.16 mmol) were added to a round-bottom flask and dissolved with
N,N-dimethylformamide (DMF, 2 mL). After adding N, N-diisopropy-
lethylamine (115 pL, 0.64 mmol) and HATU (124 mg, 0.32 mmol), the
mixture was stirred for 2h at room temperature and diluted with
distilled water (20 mL). After extraction with ethyl acetate, the organic
phase was collected, washed with brine, dried over anhydrous sodium
sulfate, and filtered. The filtrate was concentrated at 40 °C under
reduced pressure. The crude product was purified using flash column
chromatography on silica gel (dichloromethane/methanol = 20/1, vol/
vol) to yield a colorless oil. The synthesis procedures and structure
characterization ("H-NMR, ®C-NMR, and ESI mass spectra) of all the
chimeras are included in the Supplementary Information.

Synthesis of ROS-sensitive MPEG-PCL-PB

Step 1: Methoxy polyethylene glycol (1.00 g, 0.2 mmol) was dissolved
in anhydrous toluene (1 mL) in a round-bottom flask. e-Caprolactone
(0.23 mL, 2.2 mmol) and Sn(Oct), (15.2 yL, 4.7 mmol) were added, and
the solution was stirred at 105 °C for 12 h under a nitrogen atmosphere.
The mixture was precipitated in petroleum ether and dried in a
vacuum. The product, PEG-PCL, was obtained as a white solid (1.2 g,
yield =96%).

Step 2: PEG-PCL (1.2 g, 0.2 mmol) was dissolved in DCM (5 mL)
along with triethylamine (0.38 mL, 3 mmol) in an ice-water bath under
a nitrogen atmosphere. 2-Bromoisobutyrl bromide (0.11 mL, 2 mmol)
was dropped in. The reaction was gradually warmed to room tem-
perature and stirred overnight. The mixture was concentrated at 40 °C
under reduced pressure. The crude product was redissolved in

tetrahydrofuran (THF) and reprecipitated in hexane to afford PEG-PCL-
BIBB as a pale-yellow solid (1.1g, yield =90%).

Step 3: (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)
methanol (8.6 g, 37 mmol) and triethylamine (6.2 mL, 44 mmol) was
dissolved in dichloromethane (DCM, 30 mL) in an ice-water bath under
anitrogen atmosphere. Acryloyl chloride (3.6 mL, 44 mmol) was added
dropwise. The reaction was stirred at room temperature for 2 h and
quenched with water. The mixture was extracted with ethyl acetate
(3x50mL), and then the organic phase was washed with saturated
aqueous sodium chloride solution (50 mL). The mixture was con-
centrated at 40 °C under reduced pressure. The crude product was
purified by silica gel column chromatography (hexane/EA =10:1, v/v)
to afford 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl acrylate
as a white solid (11g, yield = 92%).

Step 4: PEG-PCL-BIBB (0.5 g, 0.077 mmol), 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzyl acrylate (1.2g, 3.85mmol) and tris(2-
dimethylaminoethyl)amine (MegTREN, 40 pL, 0.15mmol) was dis-
solved in anisole (2 mL). The mixture was evacuated and refilled with
nitrogen for three cycles. Cuprous bromide (CuBr, 22 mg, 0.15 mmol)
was added under nitrogen protection, and the mixture was stirred at
60 °C for 24 h. Anisole was removed under reduced pressure. The
residue was redissolved in DCM, passed through a neutral alumina
column to remove the catalyst, condensed under reduced pressure to
afford PEG-PCL-PB as a pale gray solid (0.45 g). The chemical structures
were confirmed by 'H-NMR (Supplementary Information).

M-C20U4V polymeric micelles

Drug-loaded micelles were prepared using the nanoprecipitation
method. Briefly, MPEG-PCL-PB (100 mg) and C20U4V (10 mg) was
dissolved in acetone (1 mL) and rotated in the dark for 1 h. Ultrapure
water (2 mL) was added quickly to the acetone solution under vig-
orous vortexing, and the mixture was rotated at 100 mBar, 45 °C for
10 min to remove acetone. After dialyzing against ultrapure water at
4 °C, the final dispersion was filtered through a 0.22-um syringe filter
to yield the drug-loaded micelles M-C20U4V. Drug loading capacity
was measured using high-performance liquid chromatography (E
Classical 3100, EliteHPLC, Dalian, China) equipped with an
ultraviolet-visible detector (wavelength = 254 nm). The micelles were
dissolved in dimethyl sulfoxide (DMSO) to release the payload, fil-
tered with a 0.22-um filter, and eluted through a C18 reverse-phase
column (@4.6 x 200 mm, 5-pm particles). The mobile phase was a
gradient mixture of (A) ultrapure water and (B) acetonitrile, from 10%
B at Omin to 90%B at 20 min. Size and surface {-potential of
M-C20U4V were examined on Malvern Zetasizer Nano-ZS (Malvern
Instruments, MA, USA).

Cell lines and animal models

Panc-1 and MIAPaCa-2 human pancreatic cancer cell lines were pur-
chased from the Cell Resource Center, Peking Union Medical College,
the Headquarters of the National Infrastructure of Cell Line Resources.
All cell lines were authenticated with short-tandem repeat (STR) pro-
filing. KPC-A719 cells were isolated from the established tumor of a
female Kras®2Y*; p53R72+ pdx-1-Cre (KPC) genetically engineered
mouse. Gene mutations were verified by Sanger sequencing. All cells
were routinely tested for mycoplasma contamination.

Subcutaneous tumor models were established by inoculating
2x10° KPC-A719 cells at the lower left back of 8-week-old C57BL/6
female mice (Hubei Biont Biological Technology, Wuhan, China).
Orthotopic models were established by directly injecting 5 x 10° KPC-
A719 cells in 15 pL Hank’s balanced salt solution (HBSS) into the head of
the pancreas'®. Tumor growth was monitored using a caliper (sub-
cutaneous model) or by palpation under anesthesia (orthotopic
model). Mice were enrolled for treatment once the tumors reached
7 mm in one dimension, and those with orthotopic tumors exceeding
10 mm in one dimension were not enrolled. The maximal tumor
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burden for subcutaneous models permitted by the institutional review
board is: maximal diameter exceeding 20 mm, the calculated tumor
size above 3000 mm® as determined by the formula: size=0.5x
length x width?, or the tumor weight more than 15% of mouse body
weight, whichever is reached first. The maximal tumor size/burden was
not exceeded in the study. Mice bearing orthotopic tumors were
euthanized once they reached humane endpoints defined by the
National Institute of Health, including rapid weight loss, anorexia,
lethargy, abnormal posture, etc.

Pancreatic cancer patient-derived organoids

Patient information, including sex and gender, is summarized in Sup-
plementary Table 3. Sex and gender of participants were determined
based on self-report. The information was collected with consent for
sharing individual-level data. Disaggregated number for the individual
experiments was provided in the source data. Sex or gender were not
considered in the study design because pancreatic cancer occurs
across the whole population. Patient-derived organoids were cultured
according to a previous report®. Briefly, patient tumor tissues were
minced into fragments and digested with organoid tissue digestion
solution (D23013, D1 Medical Technology, Shanghai, China).
Phosphate-buffered saline (PBS) was added to stop the digestion, and
the cell suspension was passed through a 100-um-mesh and cen-
trifuged. The cell pellet was re-dispersed in PBS and mixed with diluted
Matrigel (D23016, D1 Medical Technology) to a density of 100-1000
cells/pL. Fifty pL of the mixture was added to the center of one well of a
24-well plate, and incubated at 37 °C for 15 min. Each well was then
added with 500 pL of organoid culture medium (K211IMOS, D1 Medical
Technology), and the plate was returned to incubation at 37 °C.

Treatment with pulsed electric field (PEF)

Electric pulses were generated from an HW-EO1 electroporation sys-
tem (Huiwei Medical, Ningbo, China). For in vitro studies, electric
pulses were delivered to adherent cells using a Petri Pulser electrode
composed of 13 gold-plated electrodes 2 mm apart (Catalog# 45-0130,
BTX Harvard Apparatus, MA, USA), or to cell suspension in an elec-
troporation cuvette fitted with two aluminum plate electrodes 4 mm
apart (Catalog# 1652081, Bio-Rad, Hercules, CA, USA). PEF parameters
were: pulse intensity = 0 to 600 V/cm, pulse duration= 100 ps, pulse
repetition frequency =1 Hz, number of pulses = 99.

For in vivo studies, electric pulses were delivered using a two-
needle array electrode with a 5-mm gap (Catalog# 45-0168, BTX Har-
vard Apparatus). PEF parameters were: pulse voltage =500 or 1150V,
pulse duration =100 ps, pulse repetition frequency =1Hz, number of
pulses =99. The electrode was inserted to completely penetrate the
tumor nodule. After one round of PEF treatment, electrodes were
retrieved and inserted along the orthogonal direction to deliver 99
more pulses with the same parameters. PEF in vivo at 1150V was
denoted as PEF ablation throughout the manuscript, while low-
intensity PEF in other experiments was specified with the exact pulse
intensity or voltage.

RNA sequencing and data analysis

RNA sequencing was performed at Novogene Co. Ltd. Total RNA was
extracted from treated cells and assessed for quantity and quality
using RNA Nano 6000 assay kit for the Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA). mRNA was isolated using
poly-T oligo-attached magnetic beads and fragmented with divalent
cations at elevated temperature in a buffer for first-strand synthesis.
First-strand cDNA was prepared using random hexamer primers and
M-MuLV reverse transcriptase. Second-strand cDNA was synthesized
using DNA polymerase | and dNTPs. The cDNAs were then end-pro-
cessed, purified on an AMPure XP system (Beckman Coulter, Beverly,
CA, USA), amplified through PCR reactions, and further purified with
AMPure XP beads to generate the libraries. Qualified libraries were

pooled and sequenced on an lllumina NovaSeq 6000 platform. After
cleaning and quality validation, paired-end clean reads of the
sequencing data were aligned to the reference genome using Hisat2
(v2.05). The number of reads mapped to each gene was counted using
featureCounts (v1.5.0-p3).

Differential expression analysis was performed using the edegR R
package (v4.4.2). P values were adjusted via Benjamini and Hochberg's
algorithm to control the false discovery rate (FDR). Differentially
expressed genes (DEGs) with a p.adjusted <0.05 and a |fold-change|
>1.5 was considered statistically significant. Gene ontology (GO)
enrichment analysis of DEGs were conducted using clusterProfiler R
package (v4.14.4). Gene set enrichment analysis (GSEA) was performed
using GSEABase R package (v1.68.0).

Quantitative proteomics analysis

Quantitative proteomics was performed at Novogene Co. Ltd. Panc-1
cells (n=2 or 3 independent experiments specified in corresponding
figure legends) were lysed under ultrasonication with DB lysis buffer
composed of 8 M urea and 100 mM triethyl ammonium bicarbonate
(TEAB) at pH 8.5, and centrifuged at 12,000xg for 15 min at 4 °C. The
supernatant was incubated with dithiothreitol (DTT) at 56 °C for 1h,
and alkylated with iodoacetamide for 1 h. Protein quality was verified
using electrophoresis. The samples were digested with trypsin in the
DB lysis buffer overnight, acidified with formic acid to pH 3, and cen-
trifuged at 12,000x%g for 5 min. The supernatant was eluted through a
C18 desalting column and lyophilized.

The lyophilized powder was dissolved in 0.1% formic acid, and
injected into a Vanquish Neo upgraded UHPLC system equipped with a
C18 pre-column (5 mm x 300 pm, 5pm, Thermo 174500) heated at
50 °C and a C18 analytic column (PepMap™ Neo UHPLC 150 um x 15
cm, 2 um, Thermo ES906). The mobile phases were: A (0.1% formic
acid in 100% water) and B (0.1% formic acid in 80% acetonitrile). The
elution conditions were: flow rate=2.5mL/min, gradient=4%B
(0 min), 5%B (0.2 min), 75%B (4 min), 65% B (5.8 min), 99%B (6.2 min).
The eluent was analyzed on a Thermo Orbitrap Astral mass spectro-
meter operated in a data-independent acquisition mode. The full scan
was performed with the following parameters: scanning range = 380 to
980 m/z, primary resolution =240,000 (200 m/z), AGC = 500%, parent
ion window size = 2 m/z, number of DIA window =300, NCE = 25%. The
second scan was then acquired with the following parameters: scan-
ning range =150 to 2000 m/z, sub-ion resolution Astral=80,000,
maximal injection time =3 ms.

All the raw files were analyzed using the DIA-NN library search
software (version 1.9.2). The library search parameters were: a mass
tolerance of 10 ppm for precursor ions and 0.02 Da for fragment ions.
Cysteine was modified by alkylation, methionine by oxidation, and
N-terminal modifications include acetylation, loss of methionine, and
loss of both methionine and acetylation. Two missed cleavage sites
were allowed at most. The search results were further filtered by
retaining only credible peptide spectrum matches with a confidence
level above 99%. Differential expression of proteins was analyzed using
EdgeR R package (v 4.2.2), and adjusted with Benjamini-Hochberg
(BH) algorithm. Differentially expressed proteins with a p value <0.1
and [fold-change| >1.3 were considered statistically significant.

Lipidomics

The lipidomics study was conducted at LipidALL Technology. Panc-1
cells were treated with MOF-Fe and/or C20U4V for 48 h (n=5 inde-
pendent experiments), homogenized in a mixture of chloroform/
methanol/H,O (v/v/v=3/6/1), and incubated at 1500 RPM for 1h at
4 °C. Lipids were twice extracted from the mixture using chloroform,
and the combined organic phase was pooled and dried in a SpeedVac
under OH mode. The aqueous phase and cell pellet were also dried ina
SpeedVac vacuum concentrator under H,O mode for protein quanti-
fication. Lipidomics analyses were conducted using an ExionLC-AD-
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Sciex QTRAP 6500 PLUS as previously reported”. Oxidized phos-
pholipids were separated by normal phase-HPLC using a TUP-HB silica
column (150 mm x 2.1 mm, 3 um) with the following conditions: mobile
phase A = chloroform/methanol/ammonium hydroxide = 89.5/10/0.5,
mobile phase B=_chloroform/methanol/ammonium hydroxide/
water =55/39/0.5/5.5. Individual lipid species were quantified by
referencing to spiked internal standards. For each phospholipid, the
statistical significance of the change between two comparison groups
was determined using multiple two-tailed unpaired t-tests without
correction. Differentially expressed phospholipids with a p value <0.05
and [fold-change| >1.3 were considered statistically significant.

Quantitative RT-PCR and immunoblotting
Total RNA was extracted using a FastPure cell/tissue total RNA isola-
tion kit (Catalog# RC101-01, Vazyme, Nanjing, China), and transcribed
to cDNA using HiScript Il RT supermix (Vazyme). Quantitative RT-PCR
was conducted using ChamQ SYBR qPCR master mix (Vazyme) with
primers listed in Supplementary Table 4 on a Bio-Rad CFX96 real-time
PCR system (Bio-Rad). The relative mRNA expression was calculated
using the 272" algorithm and normalized to that of 18S endogenous
control. The original Ct values are included in the Source Data file.
Cells were lysed in radio-immunoprecipitation analysis (RIPA)
buffer supplemented with protease/phosphatase inhibitors. Protein
lysate was denatured, fractionated on tris-glycine polyacrylamide gels,
and transferred to polyvinylidene fluoride (PVDF) membranes. The
membranes were blocked with 5% non-fat milk, and sequentially
incubated with primary antibodies (Supplementary Table S5), horse-
radish peroxidase-conjugated secondary antibodies, and enhanced
chemiluminescence substrate. The blots were scanned using a Tanon
5200 Chem-Image system (Tanon Science & Technology, Shanghai,
China) and analyzed using Image J (v1.54 g).

Generation of gene knockdown and overexpression cell lines
Gene knockdown plasmids were constructed by ligating pLKO.1 vector
with non-targeting shRNA (NC) or shRNAs targeting human FTHI
(ShFTHI) or VHL (shVHL, Supplementary Table 6). The coding
sequences of human FTH1 were amplified by RT-PCR using the corre-
sponding primers (Supplementary Table 7) and cloned into pHAGE -
puro vector. The coding sequence for FTHI restoration
(Supplementary Table 8) was cloned into the pTSBX-CMV-EF1-BSD
vector. The obtained recombinant lentiviral plasmids were verified
with sequencing and co-transfected with pMD2.G envelope plasmid
and psPAX2 packaging plasmid into 293 T cells using polyethylene
imide (PEI; Polysciences, PA, USA). After 24 h, the transfection medium
was changed to complete growth medium, which was collected after
another 48 h, sterile-filtered, and used as lentivirus supernatant. Panc-1
cells were transduced with the lentivirus supernatant in the presence
of polybrene (4 pg/mL, Yeasen Biotechnology, Shanghai, China) and
selected with puromycin (2.5 pg/mL) or blasticidin (10 pg/mL). Effi-
ciency or gene knockdown or overexpression was confirmed by
immunoblotting.

FTHI Ubiquitylation determined with immunoprecipitation

The coding sequences of human FTH1 and ubiquitin (Ub) were
amplified by RT-PCR using the corresponding primers (Supplementary
Table 7) and cloned into pRK-Flag and pCMV-HA vectors, respectively.
The obtained plasmids were verified by sequencing and co-transfected
into HEK-293T cells for 48 h. The cells were treated with C20U4V
(10 uM) for 6 h in the presence of the proteosome inhibitor MG132
(10 puM). Protein lysates were extracted using the immunoprecipitation
lysis buffer. Protein A+ G magnetic beads were incubated with anti-
Flag antibody at 4 °C for 4 h, washed, and mixed with the protein lysate
at 4 °C overnight (P2179S, Beyotime Biotech, Shanghai, China). The
beads were collected on a magnetic separation rack and washed.
Target proteins were dissociated from the beads and denatured by

heating in 2x SDS buffer at 95°C for 5min, and analyzed by
immunoblotting.

FTH1 pull-down assay

Biotin-PEG3-arachidonic acid (BPAA) was first synthesized. Briefly,
arachidonic acid (87.3 mg, 0.29 mmol) was first activated with HATU
(181.7 mg, 0.48 mmol) and DIPEA (124 mg, 0.96 mmol) in dichlor-
omethane (DCM, 3 mL) for 10 min at room temperature. Biotin-PEG3-
NH2 (100 mg, 0.24 mmol) was then added, and the mixture was stirred
overnight in the dark. The crude product was condensed in vacuo and
purified via flash column chromatography on silica gel (petroleum
ether then DCM) to yield a brown solid (yield =90%). The chemical
structure was confirmed by 'H-NMR, *C NMR and ESI mass spectrum
(Supplementary Figs. 74, 75, 110).

For the pull-down assay, Panc-1 cells were seeded and incubated
with MOF-Fe and different concentrations of BPAA for 24 h. The cells
were lysed, and incubated with streptavidin-coated magnetic beads for
4 h at 4 °C. After washing, the absorbed proteins were dissociated from
the beads and denatured by heating in 2x SDS buffer at 95 °C for 5 min,
and analyzed by immunoblotting.

Qualitative proteomics analysis

Qualitative proteomics was conducted at Novogene Co. Ltd. Proteins
were eluted off the magnetic beads from the pull-down assay, and
processed in a similar procedure as in the section “Quantitative pro-
teomics analysis”. The lyophilized samples were dissolved in 0.1%
formic acid, and injected into an EASY-nLC™ 1200 nano-upgraded
UHPLE system with a homemade C18 Nano-Trap column (4.5 cm x 75
pm, 3 pm). The mobile phases were: A (0.1% formic acid in 100% water)
and B (0.1% formic acid in 80% acetonitrile). The elution conditions
were: flow rate =800 nL/min, gradient= 2%B (0 min), 6%B (2.5 min),
6%B (5min), 25%B (25min), 40%B (27 min), 80%B (29 min), 80%B
(30 min). The eluent was analyzed on a timsTOF Pro2 mass spectro-
meter with a Captive Spray ion source (ion spray voltage=1.4kV,
drying gas temperature =180 °C) in a data-independent acquisition
mode. The full scan was performed using the following parameters: m/
z=100-1700, ramp time =100 ms, lock duty cycle =100%, scan win-
dow size =25Da, and number of mobility window =2. The resulting
spectra were searched using Spectronaut-Pulsar with the following
parameters: mass tolerance for precursor ion=10 ppm, mass toler-
ance = 0.02 Da, maximum missed cleavage sites = 2. Identified proteins
were analyzed using VennDiagram and GO R packages (v.4.2.2).

Immunofluorescence (IF) and Immunohistochemical (IHC), and
multiplex IF staining

For IF staining, cells seeded on glass coverslips were fixed with 4%
paraformaldehyde, and incubated with primary antibodies (Supple-
mentary Table S5) and fluorescence-labeled secondary antibodies. Cell
nuclei were counterstained with Hoechst 33342 or DAPI. Fluorescence
images were acquired under a confocal fluorescence microscope, and
analyzed with Image). For IHC staining, formalin-fixed paraffin-
embedded (FFPE) tumor sections were deparaffinated, hydrated, and
heated in antigen-retrieval buffer (10 mM sodium citrate with 0.1%
Tween-20, pH 6.0) at 95°C for 20 min. The tumor sections were
blocked with 5% bovine serum albumin (BSA), incubated with primary
antibodies (Supplementary Table S5), anti-rabbit poly(horseradish
peroxidase) (Catalog# SV0002, Boster Bio, Wuhan, China), and
visualized via 3,3’-diaminobenzidine (DAB) reaction. Cell nuclei were
counterstained with hematoxylin. Images were captured under a
bright-field microscope, and analyzed using ImageJ. For multiplex IF,
rehydrated FFPE sections were heated in an antigen-retrieval buffer
(EDTA, pH 9.0) in a pressured heater, and blocked with 3% H,0, and
10% goat serum. Each target was stained by sequential incubation with
the respective primary antibody, goat anti-rabbit IgG H&L (HRP)
(Catalog# ab205718, Abcam), and iFluor® tyramide (Supplementary
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Table S5). Cell nuclei were counterstained with DAPI. Images were
scanned using a fluorescence scanner (Pannoramics SCAN II, 3D HIS-
TECH, Budapest, Hungary) and analyzed.

Flow cytometry

Tumors were collected, weighed, and digested in RPMI-1640 medium
supplemented with collagenase IV (1 mg/mL), hyaluronidase (0.4 mg/
mL), DNase I (0.1 mg/mL), and BSA (10 mg/mL) in a 37 °C water bath for
30 min with constant shaking. The cell suspension was filtered through
a 40-um-mesh, treated with red blood cell lysis buffer, and resus-
pended in phosphate-buffered saline (PBS) supplemented with 2% fetal
bovine serum (FBS) and 1 mM EDTA. After staining with Zombie NIR
fixable viability kit (Catalog#423106, BioLegend, San Diego, CA, USA),
the cells were fixed and permeabilized by adding methanol pre-chilled
to —20 °C during vortexing and incubating on ice for 10 min. After
washing, the cells were stained with corresponding antibodies (Sup-
plementary Table S9), and analyzed on Beckman DXFLEX cytometer
(Beckman Coulter, Brea, CA, USA). Data were processed using FlowJo
Software V10 (BD Biosciences, San Jose, CA, USA).

Biodistribution of MOF-Fe and M-C20U4V

Tumors and major organs were collected 24 h after the intratumoral
injection of MOF-Fe. After weighing, the samples were digested with
nitric acid and dried. Iron content was measured using atomic
absorption spectroscopy (Varian AA-240FS, Agilent, Wuhan, China).
DiR-labeled M-C20U4V micelles were prepared in the same manner as
M-C20U4V except that DiR (25 mg/mL in DMSO, 10 pL) was also added
to the acetone solution. Micelles were intravenously injected into
tumor-bearing mice 4 h before PEF ablation. At 48 h post-injection,
major organs and tumors were collected, weighed, and measured for
their fluorescence intensity on a fluorescence scanner (Pearl Trilogy,
LI-COR, Shanghai, China).

Statistics and reproducibility

The details of data presentation, sample size, statistical analysis
method, and significance of differences are specified in figure legends.
Sample size was determined with reference to the experiment designs
reported in similar previous studies. Randomization was adopted for
all experiments. Researchers were blinded during data analyses since
the samples were code-named. Experiments were performed in a non-
blinded manner because the experiments involved multiple treat-
ments that required clear labeling for operation and data collection.
No data were excluded from the analysis. All experiments were inde-
pendently repeated at least three times with consistent results. Sig-
nificant difference was assessed using one-tailed or two-tailed
unpaired Student’s t-test, or one-tailed ratio-paired t-test for the
comparison of two data sets, and one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison for three or more
data sets. Log-rank test was used for Kaplan-Meier survival analysis.
Synergy score was calculated using Synergistic effects were deter-
mined using SynergyFinder Plus”™. A p value less than 0.05 was con-
sidered statistically significant. Data were analyzed using Prism
GraphPad 9 (GraphPad Software, San Diego, CA, USA).

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

Data availability

All the data supporting the findings of this study are presented within
the article and its supplementary information. Source Data are provided
with this paper. The raw RNA sequencing data are deposited in the
Genome Sequence Archive in the National Genomics Data Center, China
National Center for Bioinformation/Beijing Institute of Genomics,

Chinese Academy of Sciences, under the accession numbers
HRA009056 and HRAO11295. The mass spectrometry proteomics data
have been deposited at the ProteomeXchange Consortium via the iProX
partner repository’”” under the accession numbers PXD063472,
PXD068014 [https://www.iprox.cn/page/project.html?id=
IPX0013269000], and PXD068751. The complete, quantitative lipid
concentration dataset for lipidomics is deposited in the Open Archive
for Miscellaneous Data at the database, China National Center for
Bioinformation, under the accession number OMIX013110. All deposited
data are publicly accessible. Source data are provided with this paper.
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