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Pancreatic ductal adenocarcinoma (PDA) cells reprogram both mitochondrial and lysosomal functions to support
growth. At the same time, this causes significant dishomeostasis of free radicals. While this is compensated by the
upregulation of detoxification mechanisms, it also represents a potential vulnerability.

Here we demonstrate that PDA cells are sensitive to the inhibition of the mevalonate pathway (MVP), which
supports the biosynthesis of critical antioxidant intermediates and protect from ferroptosis. We attacked the

susceptibility of PDA cells to ferroptotic death with selenorganic compounds, including dibenzyl diselenide
(DBDS) that exhibits potent pro-oxidant properties and inhibits tumor growth in vitro and in vivo. DBDS treatment
induces the mobilization of iron from mitochondria enabling uncontrolled lipid peroxidation. Finally, we showed
that DBDS and statins act synergistically to promote ferroptosis and provide evidence that combined treatment is
a viable strategy to combat PDA.

1. Introduction

Pancreatic ductal adenocarcinoma (PDA) is an aggressive malig-
nancy typically diagnosed at late stages when therapeutic options are
inefficacious. PDA cells are characterized by several metabolic distur-
bances that lead to elevation of reactive oxygen species (ROS) [1]. While
this promotes carcinogenesis through multiple mechanisms, including
cysteine/methionine oxidation [2,3], genomic instability [4] and
altered stromal interactions [5], cancer cells carefully control ROS levels
to avoid the accumulation of toxic species.

Refractoriness to cell death is a well-recognized hallmark of cancer
that contributes to tumorigenesis and to therapy resistance [6]. Cumu-
lating evidence indicates that ROS signaling can dictate sensitivity to
non-apoptotic forms of programmed cell death, such as necroptosis and
ferroptosis [7].

Necroptosis is triggered by diverse cues that converge on the acti-
vation of Receptor-Interacting Protein Kinase 1/3 (RIPK1, RIPK3) and
assembly of effector complex (necrosome) that induces membrane per-
meabilization [8]. Perhaps counterintuitively, necroptosis supports
pancreatic carcinogenesis in mice [9] and promotes cell migration [10]
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indicating heterogeneous contribution to PDA pathology [11,12].

Ferroptosis is driven by a chain of Fenton reactions (iron- and oxygen
radicals-mediated) that generate toxic phospholipid hydroxyperoxides
on cell membranes [13,14]. A variety of cellular systems dictate the
balance between accumulation of these noxious radicals and their
detoxification in normal, unperturbed cells [14]. In contrast, PDA cells
rewire organelle function leading to significant increase of both iron
availability and ROS production [15-18]. This increases cell-intrinsic
susceptibility to ferroptotic death that is quenched by a variety of
antioxidant mechanisms unless environmental cues destabilize defense
systems [19]. Among those, the most critical role is played by gluta-
thione peroxidase 4 (GPX4), a selenocysteine-containing protein (sele-
noprotein) that detoxifies peroxidated lipids using reduced Glutathione
(GSH) as co-factor [20]. Thanks to the apparent lack of transcriptional
regulation, it can be harnessed for cancer therapy although efficacy
remains variable and toxicity elevated [19,21]. In fact, inducing fer-
roptosis has been shown to inhibit PDA growth in vitro and in vivo
[22-24] although opposite effects have been also reported [25,26].
There is hot demand for a better understanding of the molecular events
that determine susceptibility to ferroptotic death as well as for the
development of novel chemical inducers.

In living organisms, selenium (Se) is a trace element that can be
incorporated in cysteines in spite of sulfur, generating selenocysteine.
Only 25 selenoproteins have been identified in humans and most of
them are involved in redox stabilization, in part because of the unique
biochemical properties of their seleno group [27,28]. These very same
properties can be exploited for the rational design of selenorganic
compounds with unique redox-modifying potential [29,30]. Intrigu-
ingly, these can be easily synthetized but their impact on cell biology
and their effective applicability in medicinal chemistry is unclear and
still under debate [31].

Selenium uptake and metabolism impact ferroptosis susceptibility
[32-36]. More in general, cellular metabolism pathways participates in
the defense against ROS-associated ferroptosis [21,37]. Among these,
the mevalonate pathway (MVP) is upregulated in PDA [38] and gener-
ates a number of radical-trapping isoprenoids that mitigate oxidative
stress [21,37].

The rate-limiting enzyme in the MVP is targeted by a class of highly
selective drugs called statins. The anti-neoplastic properties of statins are
still unclear, despite widespread use [39]. Simvastatin treatment in PDA
cells reduces the abundance of the MVP-derived Coenzyme Q (CoQ), an
electron-shuttling co-factor, and elicits the production of reactive oxy-
gen species (ROS) [40]. Hence, statins clearly interfere with the fer-
roptotic regulatory penumbra and can induce ferroptosis [14,41-44].
However, statin consumption shows negligible benefit for cancer pa-
tients and is insufficient to trigger therapeutically-relevant tumor cell
death in vivo.

Here, we expand on previous findings and demonstrate that statin
treatment unleashes ROS elevation in PDA cells and promotes death by
ferroptosis. We then characterized an organic seleno compound,
dibenzyl diselenide (DBDS) as a ferroptotic inducer able to suppress PDA
growth both in vitro and in vivo. Mechanistically, DBDS impairs mito-
chondrial structure and function, also liberating organelle-buffered iron.
We strategically combined MVP targeting and DBDS administration to
attack both the core and regulatory cellular systems that dictate sensi-
tivity to ferroptosis. Our data point to a synergistic effect between DBDS
and statin treatment.

2. Material and methods

Cell lines. All PDA cell lines were cultured in DMEM supplemented
with 10 % Fetal Bovine Serum (FBS) (Biowest, S1810) supplemented
with 0.3 mg/mL Glutamine. Human pancreatic duct epithelial cells
(HPDE) were kindly donated by R. Perera (UCSF, USA) and cultured in
RPMI medium supplemented with 10 % FBS. Pancl were kindly pro-
vided by I. Szabd (University of Padova); MiaPaca-2, AsPC1 were kindly
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provided by V. Corbo (University of Verona); KP4 were donated by R.
Zoncu (UC Berkeley, USA).

Cell lines in the lab have been authenticated by short tandem repeat
(STR) profiling using the Geneprint® 10 System (Promega). Data were
matched against the ATCC reference database. All cell lines were
matched to their identity with a score >80 %.

Primary KPCY-derived cells were described in Ref. [45] and pur-
chased from Krasfast Inc. (Boston, USA): KPCY 6419c5 (#EUP005),
KPCY 2838¢3 (#EUP013).

Reagents. The following inhibitors were used (concentration, unless
otherwise indicated): simvastatin (TargetMol, T0687, 20 pM),
ferrostatin-1 (Merck SML0583, 2 pM). The following supplements were
used at concentrations indicated in figure legends: mevalonate (Merck,
94259, 500 pM), farnesyl pyrophosphate (Merck #F6892, 100 pM)
isopentenyl pyrophosphate (Merck #F6892, 100 uM), isopentenyl py-
rophosphate (Merck #10503, 100 pM), geranylgeranyl pyrophosphate
(Merck #G6025, 100 pM), squalene (Merck, $3626, 15-30 pM), Coen-
zyme Q (Merck C9538, 15 pM).

The following antibodies were used for immunofluorescence: anti-
4HNE (Ab48506; 1:250) anti-TOMM20 (GTX 133756; 1:400).

Synthesis of selenium organic compounds. Diphenyl diselenide (DPDS),
Diphenylselenide (DPS) and Phenylseleninic acid (PSA) were purchased
from Sigma Aldrich and used without further purifications. Dibenzyl
diselenide (DBDS) and 2,2-diselanediyldibenzoic acid (DSBA) were
prepared as reported [46]. Ebselen was prepared as reported in
Ref. [47]; PhSeZnCl was prepared as reported in Ref. [48]. All the
spectroscopic data of the prepared compounds match those reported in
literature.

Compounds named “OL1”, “OL2” and “OL3” were newly synthesized
by the Sancineto group and their structure and synthesis are protected
by a pending patent.

Synthesis of DBDS loaded gold nano architectures (DBDS-NAs). Silica
shell was formed with a modified Stober reaction. The array suspension
was added to 70 mL of absolute ethanol (Sigma-Aldrich, 24105) previ-
ously supplemented with 40 pL of tetraethyl orthosilicate (TEOS, 98 %,
Sigma-Aldrich, 131903) and 2.4 mL of ammonium hydroxide (Sigma-
Aldrich, 221228). The mixture was gently shaken at room temperature
for 3 h. DBDS-NAs were collected by 30-min centrifugation at 3220 rcf.
NAs were washed with ethanol and with Milli-Q® water to discard
unreacted precursors. A short spin (14 s at 14462 rcf) was employed to
remove the bigger DBDS-NAs, while the supernatant was washed in
ethanol and stored in ethanol at —20 °C.

Cell growth and proliferation. Cell growth in vitro was measured by
manual counting of live cells with Burker chamber, as previously re-
ported [38]. Alternatively, ATPlight assay (Promega) was applied ac-
cording to manufacturer’s instructions. Crystal Violet (Merck #C0775;
0.1 % for 20 min) staining was performed according to manufacturer’s
instruction.

Cells were pulsed with EdU (5-ethynyl-2'-deoxyuridine) for 1 h, fixed
and EdU-containing nuclei were developed and imaged. Percentage of
EdU + nuclei (counterstained with DAPI) was measured in each ac-
quired field. Data show average of at least 5 fields/well; three biological
replicates per condition.

Fluorescent probes and imaging. The following dyes were added at
endpoint: 1 pM DCFDA (2,7'-dichlorofluorescein diacetate, Merck,
D6883) for 10 min; 1 pM of MitoSOX™ Red reagent (Life Technologies,
M36007) 10 min; 5 pM C11-BODIPY-581/591 (Thermo, D3861) 15 min;
100 nM of Image-iT™ TMRM Reagent (Thermo, 134361) 15 min; 5 pM of
Mito-FerroGreen (Dojindo Molecular Technologies, M489) 30 min; 1 pM
of BioTracker™ FerroOrange Live Cell Dye (Merck, SCT210) 30 min. For
the examination of propidium iodide incorporation, 2 pg/ml of propi-
dium iodide solution in water (Life Technologies, P3566) was added at
time O to the cells. Staining was carried out in cells plated on 8 multi-
well chamber (Ibidi, 80806).

The following dyes were added before the treatments with simva-
statin and DBDS:1 pM of Liperfluo (Dojindo Molecular Technologies,
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1L248-10) for 30 min; 1 pM of BioTracker™ FerroOrange Live Cell Dye
(Merck, SCT210) for 30 min.

For image acquisition, cells were placed in the temperature (37 °C)-
controlled coverslip holder of a Leica Stellaris confocal microscope
equipped with a charge-coupled camera. For multichannel acquisitions,
a main beam splitter 405/488/555/639 was used.

Images were analyzed by using a protocol for automatization anal-
ysis with the Columbus software. Cytoplasmic and mitochondrial ROS in
the cells were calculated as a ratio between the mean fluorescence in-
tensity and the area of each cell. Lipid peroxidation was calculated as a
ratio between non-oxidized C11 (591 nm, red) and oxidized C11 (510
nm, green) for each cell. Immunofiluorescence

PANC-1 and KP4 cells were seeded on round microscopes glass
slides, treated as indicated and then stained. Cells were fixed with 4 %
paraformaldehyde for 15 min and permeabilized with 0.1 % TritonX/
PBS for 10 min at room temperature.

Primary antibodies were incubated overnight at 4° in blocking so-
lution. Secondary antibodies (Jackson ImmunoResearch) were incu-
bated in blocking solution for 1 h at RT. As the final step nuclei were
counterstained with Hoechst 33342 for 15 min at room temperature and
the slides were mounted with the ProLong Glass mountant (Invitrogen,
P36982). Cells were immediately imaged by confocal microscopy.

GSH quantification assay. KP4 cells were treated with 10 pM of DBDS
for 10 min and the Glutathione Assay Kit (GSH, GSSG and Total)
(amsbio, K6264-100) was used according to manufacturer’s
instructions.

Cell toxicity assay. Cells were treated as indicated and toxicity was
evaluated using Promega’s CellTox® assay per manufacturer’s
instructions.

IC50 calculation. The half maximal inhibitory concentration (IC50)
was measured at decreasing concentrations of DBDS using Crystal Vio-
let. Cells were seeded at low density, treated with indicated concen-
trations of DBDS the day after and stained with Crystal Violet after
additional two days. The dye was solubilized and absorbance quantified
as a measure of cell viability upon treatment. Data were analyzed and
plotted using GraphPad Prism™.

Tumor xenografts. C57BL/6J mice were injected subcutaneously (2.5
x 10° cells/mouse) with both KPCY 2838c3 and KPCY 6419¢5 (Kera-
fast™) in contralateral flanks. When tumors became palpable, mice were
treated with DBDS (1 mg/kg or 100 pg/kg, i.p) three times/week, sim-
vastatin (10 mg/kg, i.p) five times/week or vehicle (1 % DMSO). Tumor
volume was evaluated every other day using calipers and expressed in
mm?> using the formula: V = /6 x (Dmax2 x Dmin/2).

Flow cytometry. AnnexinV-FITC/PI apoptosis detection kit (Canvax
CAO011) was used according to manufacturer’s instructions. Staining for
ROS uptake, ferroptosis and iron detection were carried out by incu-
bating cells in plates with the indicated reagents in medium without
phenol red: 1 pM DCFDA, 1 pM MitoSOX, 5 pM C11-BODIPY-581/591, 1
pM FerroOrange Live Cell Dye and 5 pM of LiperFluo. BD Canto-
CALIBUR was for acquisition and analysis. Cells were gated based on
SSC-A or FSC-A to eliminate cell debris and on SSC-A to eliminate cell
doublets. The median fluorescence intensity was measured for each in-
dependent biological sample based on at least 3 x 10* gated events. For
C11-BODIPY-581/591, the signals from both non-oxidized C11 (PE-A)
and oxidized C11 (FITC-A) were acquired, and ratio of medians (FITC-A
to PE-A) was calculated for each sample.

Metals quantification using Inductively Coupled Plasma-Mass Spec-
trometry (ICP-MS). Cell pellets and organs from DMSO- or DBDS-injected
mice were dried at 80 °C. Upon transfer into 10 mL-pressured vials,
samples were digested at 100 °C using aqua regia made of 3:1 hydro-
chloric acid (34-37 % in HCIl; TraceMetal Grade, Thermo Fisher Scien-
tific, #A508-P500) and nitric acid (65 % Suprapur®; Sigma-Aldrich,
#1.00441). When dried, 2.5 mL of 3 % nitric acid solution was used
to dilute the samples that were run into ICP-MS. Metal content in cell
pellets and organs was quantified by analysis against standard calibra-
tion curves (Selenium and Iron standard 10 ppm, TraceCERT® Periodic
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table mix 1 for ICP, Sigma-Aldrich, #92091), using 10 ppm Hg (10000
ppm; Sigma-Aldrich, #75111) in 3 % nitric acid solution as internal
standard.

Western blotting. For immunoblotting cells were lysed in lysis buffer
(25 mM Tris-HCI pH7.4, 150 mM NaCl, 1 mM EDTA, 5 % glycerol, 1 %
NP-40), supplemented with PhosSTOP phosphatase inhibitor cocktail
(Roche) and protease inhibitor cocktail (Roche). 50 pg of protein per
sample were resolved on 10 % SDS-Urea PAGE gel and transferred to
PVDF membranes. Membranes were blocked in 10 % milk for 1h at room
temperature. Incubation with the appropriate dilution of primary anti-
body was carried out at 4 °C o/n. RIPK1 (BD Transduction Laboratories,
Cat#610459, 1:1000), RIPK3 (Cell signaling, Cat#13526S, 1:1000).
Horseradish peroxidase conjugated secondary antibodies were used at a
dilution of 1:5000. Loading control antibody p-actin HRP-conjugated
(Sigma-Aldrich, Cat# A3854, 1:4000) was incubate for 45 min at
room temperature.

Generation of RIPK3-deficient cells. Two 21 bp single guide sequences
targeting the second exon of the human RIPK3 gene
(ENSG00000129465) were designed using CRISPRdirect (https://crispr.
dbcls.jp/). Sequences:

Crispr_RIPK3_232: 5-CACCGAACCAGGAGCTCGTCGGCAA-3’

Crispr_RIPK3_232 compl: 5~ AAACTTGCCGACGAGCTCCTGGTTC-3’

Crispr_RIPK3_274: 5-CACCGCGGGCGCAACATAGGAAGTG -3’

Crispr_RIPK3_274 compl: 5-~AAACCACTTCCTATGTTGCGCCCGC-3’

The oligonucleotides were then phosphorylated with T4 poly-
nucleotide kinase, annealed and cloned in the BbsI-digested px458
plasmid (pSpCas9(BB)-2A-GFP, Addgene #48138). Constructs were
verified by sequencing and employed to co-transfect HT29 cells.
Twenty-four hours after transfection EGFP-expressing cells were FACS
sorted and isolated clones were amplified. The Cas9 cleavage efficiency
of the RIPK3 gene in the selected clones has been verified by Western
blot.

Statistical Analysis. Data are presented as the means of experimental
replicates with their respective standard deviations (SD), unless other-
wise indicated. For cell number quantifications, Student two-tailed t
tests (two-sample equal variance, two-tailed distribution) were used for
analyses, unless otherwise indicated. Repeated-measures ANOVA with
Tukey—Kramer adjustment for multiple comparisons was used to eval-
uate significant differences in tumor growth. For survival, log-rank test
was performed using GraphPad Prism. For quantifications of fluores-
cence intensities in cell populations, one-way ANOVA was used. Sig-
nificance was defined as follows: *, P < 0.05; **, P < 0.01; *** P <
0.001.

3. Results

Consistent with our previous findings [38], PDA cell growth in vitro is
sensitive to statins (e.g.: simvastatin) while supplementation with
mevalonate rescues cell number after treatment (Suppl. Figs. 1A-C).
These data point to a pro-survival role of MVP intermediates down-
stream HMGCR and are in line with a growing body of evidence [49,50].

3.1. Mevalonate pathway inhibition induces ferroptosis

Multiple intermediates downstream of mevalonate are known to
stabilize redox stress (Suppl. Fig. 1B, highlighted in color bold). Hence,
we tested ROS production in statin-treated PDA cells. We found that
simvastatin massively induces both cytoplasmic and mitochondrial
redox species (Fig. 1A-B; Suppl. Fig. 1D), while mevalonate addition
completely suppresses ROS elevation (Fig. 1D). These findings suggest
that the mevalonate pathway is sustained in PDA to keep ROS levels in
check.

Deregulation of MVP intermediates sensitizes cancer cell to ferrop-
tosis [21]. In line, simvastatin-treated PDA cells exhibit a strong increase
of peroxidated lipid species, normalized by supplementation with
mevalonate and CoQ (Fig. 1C-S; Suppl. Figs. 1E-F). Similarly, levels of


https://crispr.dbcls.jp/
https://crispr.dbcls.jp/

R. Noe¢ et al. Redox Biology 68 (2023) 102962

A DCFDA  MitoSOX B C

3 DCFDA - MitoSox - LiperFluo
E E 7 * __E\ 7 *k E 7 -
SUim
— S 300 . =7 < 600 bt
= ' 9 8 1500 ° 8
9 S 2000 = $ 400
> s ™ 4 o © 1000 o
E NS ; @ @ ®
® 9 1000 o 2 200
cl ) o 500 o
g e = = =
®2 L g w0 Lol
E 3 simvastatin: +  simvastatin: + simvastatin: +
D simvastatin E F

DMSO  simvastatin mevalonate

*k %
> —
a 0.08_ = 500005 s
: & 40000 =
) 3 o = 1 6= o
E @ £ 30000
§ T 004 3
2 O Z 20000,
(3} i [}
s bl O 10000
S

-y © 0.00. _ 0
g simvastatin: + + simvastatin: + 4+

50y ferrostatin-1: + ferrostatin-1: +
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supplementation with mevalonate (500 pM) for 2 h and stained for the detection of cytoplasmic (DCFDA, green) or mitochondrial (MitoSOX, red) ROS. Nuclei
counterstained with HOECHST. Representative images (quantification in Suppl. Fig. 1). B-C, Flow cytometry analysis of KP4 treated with simvastatin (20 pM)
showing enhanced ROS (B) and lipid peroxides (C) levels. D, KP4 cells were treated with simvastatin (20 pM) w/or w/o supplementation with mevalonate (500 pM)
and incubated with C11-BODIPY after 1 h. Representative images of split channels (red: reduced C11; green: oxidized C11) and merge. E-F, KP4 cells were treated
with simvastatin (20 pM) and/or Ferrostatin-1 (2 pM) and stained with C11-BODIPY (E). Graph shows the ratio between oxidized and reduced C11, quantified by
flow cytometry (ratio of mean fluorescence intensity (MFI) for each sample). In F, cells were counted after 2 days. For all panels, experiments are representative of 2
independent biological repeats. Dots denote biological replicates. Bars show mean, +SD (*, P < 0.05; **, P < 0.01; ***, P < 0.001; calculated over vehicle-treated
cells unless otherwise indicated). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

lipid peroxides were normalized by addition of Ferrostatin-1 (Fer-1), a respectively; Fig. 2B). When compared to Ebselen, which is in phase II/
selective inhibitor of ferroptosis [51] (Fig. 1E) also able to improve cell III clinical testing for infectious and auto-immune diseases, or newly-
viability of simvastatin-treated cells (Fig. 1F). synthesized PhSeZnCl [52], DBDS showed superior ability to reduce
These data support the hypothesis that PDA cells sustain the syn- tumor cell growth (Fig. 2C; Suppl. Figs. 2B-C). Time lapse examination
thesis of sterol intermediates that collectively dampen cell-intrinsic of propidium iodide incorporation revealed the ability of DBDS to
oxidative stress. induce cell death rapidly (<5 min, peak at 60 min; Suppl. Fig. 2D).
Interestingly, this is not linked to altered intracellular availability of

3.2. Organic seleno compounds show anti-neoplastic properties in vitro selenium because the addition of inorganic selenium at low micromolar

concentrations did not inhibit — but rather promoted — cell growth
We set out to find novel molecules able to induce ROS and ferroptosis (Suppl. Fig. 2E).

in PDA. To this goal, we decided to interrogate a panel of organic seleno An .'flttractive ph.armacologica}l property of DBDS is its al?illity to be
compounds to exploit and maximize the intriguing biochemical prop- loaded into composite nano-architectures (DBDS-NAs) for efficient drug
erties of selenium. We screened molecules that contain highly diverse delivery. NAs are hybrid ultrasmall-in-nano architectures that comprise
heterogeneous functional groups, including selenides, diselenides and meta'l (Au'-based) ultraér.nall nanoparticles (3 nm). within a p.()lymerlc
one seleninic acid (Suppl. Fig. 2A). Each compound was added to in vitro matrix shielded by a silica shell [53]. NAs are highly versatile nano-
cultures of primary cells derived from autochthonous murine tumors platforms with a convenient biokinetics to avoid metal persistence after
(de1-Cre;LSL-TrpSﬂ/ﬂ;LSL-KrasGl 2Dﬂ/ﬂ; hereafter, KPC cells). We intranasal or intravenous administration [53,54]. Drugs can be included
found that diselenides and seleninic organic acids potently suppress cell in the inner core of NAs to protect them from the physiolog.ical envi-
growth in vitro (Fig. 2A). Dibenzyl diselenide (DBDS) showed the most ronment and improve their delivery to the target [55]. In this regard,
potent inhibition across murine and human cell lines (KPC and Pancl, DBDS was included in NAs without affecting their morphological



R. Noe¢ et al. Redox Biology 68 (2023) 102962
A o Cellviability 400 B
C——— 1000000 _ KPC 400000 _ Panc1
DMSO SeC
[72)
= 00 L
DSBA e N 3 300000
(8]
PSA + 600000 il ..;
200000 _|
DPDS E 400000 _ il E
DPS
g — g 100000 _|
OoL1 > >
oL2 0_ 0_
oL3 DSBA: —| DSBA: +
5 PSA + =l PSA ¢
DBDS DBDS: + | DBDS: +

*kk o)
%’
2 07- =8
% 0.6
S a
= =
[
3 05
sB
DBDS: + 2
Ebselen: +

DBDS-NAs DBDS DMSO

*%

o
]

~
|

Cell toxicity
(fluorescence over blank)
N
|

o
|

Fig. 2. Dibenzyl diselenide is an anti-neoplastic compound. A, Indicated selenocompounds (SeC) were administered to KPC cells (100 pM). The heatmap shows
percentage of growth relative to vehicle (DMSO)-treated cells (for each treatment, 100 %). DSBA: 2/,2-diselanediyldibenzoic acid; PSA: phenylseleninic acid; DPDS:
diphenyl diselenide; DPS: diphenylselenide; OL1: patented compound 1; OL2: patented compound 2; OL3: patented compound 3; DBDS: dibenzyl diselenide. B, KPC
or Pancl cells were treated with indicated compounds (1 uM and 10 pM, respectively) and counted after 3 days. C, KPC cells were treated with indicated compounds
and stained with Crystal Violet after 2 days. Right, representative images of culture plates after staining. Left, quantification of solubilized dye; cell viability expressed
as absorbance (blank subtracted). D, KPC cells were treated with DBDS or DBDS-loaded NAs (for both, final drug concentration: 1 uM). Representative images after 3
days. Scale bar: 100 pm. E, KPC cells were treated as in D and CellTox® assay was performed at endpoint. Experiments are representative of 2 independent biological
repeats. Dots denote experimental replicates. For B-E, bars show mean, +SD (*, P < 0.05; **, P < 0.01; ***, P < 0.001; calculated over vehicle-treated cells unless
otherwise indicated). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

features as demonstrated by Transmission Electron Microscopy (TEM)
images (diameter: 174 + 77 nm). Inductively coupled plasma-mass
spectrometry (ICP-MS) reported a mols ratio of Se/Au of 12 %, which
equates to a DBDS/Au mols ratio of 6 %. Interestingly, NAs-loaded DBDS
significantly reduce cell viability compared to low dose free DBDS
(Fig. 2D-E; Supp. Fig. 2F).

Collectively, these results point to DBDS as an attractive molecule
with a potent, yet poorly characterized anti-neoplastic activity.

3.3. DBDS inhibits tumor growth

To test the impact of DBDS on non-transformed cells, we compared
cell viability upon DBDS administration to either Human Pancreatic
Duct Epithelial (HPDE; primary from normal ducts) or human PDA (KP4;
tumor-derived) cell lines. We found that HPDE are negligibly affected by
DBDS at a dose that significantly reduces the viability of KP4 in vitro
(Fig. 3A). Importantly, treatment with DBDS alone decreases the growth
of PDA tumor xenografts in vivo (Fig. 3B-C; Suppl. Fig. 3A). DBDS
administration at 1 mg/kg (3x/week) is well tolerated in mice that

exhibit no signs of distress and a peak DBDS level of 0.9 pg per mL of
blood.

Mechanistically, DBDS did not alter the proliferation of PDA cells
(Suppl. Fig. 3B) but led to the rapid (<1 h) generation of ROS, which
accumulate in both the cytoplasm (Fig. 3D; Suppl. Fig. 3C) and mito-
chondria (Fig. 3E; Suppl. Fig. 3D). We also found that DBDS induces
sudden collapse of mitochondria that quickly acquire highly fragmented
phenotype, convolute toward the nuclear periphery and exhibit signs of
impaired activity (Fig. 3F; Suppl. Fig. 3D). The breakdown of mito-
chondria shape and function likely explains the remarkable elevation of
mitochondria-derived radicals.

3.4. DBDS induces ferroptosis in PDA cells

We hypothesized that DBDS might trigger a deregulation of redox
balance that impairs cell fitness. Cell treated with DBDS rapidly die
(Suppl. Fig. 2D). To get insight into the mechanisms responsible for
DBDS-induced cell death, we performed propidium iodide/Annexin V
co-staining that showed absence of apoptotic cells upon treatment with
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DBDS (Suppl. Fig. 4A). We thus interrogated forms of non-canonical cell
death, focusing on necroptosis and ferroptosis that are ROS-sensitive
and have been described in multiple tumors, while pyroptosis is
thought to be mostly limited to the immune compartment [56]. Inter-
estingly, most PDA cells negligibly express the key necroptotic effector
RIPK3 (data not shown); this observation suggests that necroptosis is
likely not responsible for DBDS induced cell death. Nevertheless, we
tested the impact of DBDS administration on the viability of colon cancer
cell clones where RIPK3 had been genetically ablated. DBDS reduced cell
growth of both the parental cell line (HT29) and HT29 RIPK3-KO cells
(Suppl. Fig. 4B), further indicating that DBDS drives non-necroptotic cell
death. Of note, RIPK3-deficient cells showed enhanced sensitivity, in
line with previous findings in Ripk3-mutant mice that exhibit hyper-
sensitivity to ferroptotic death [57].

To test whether DBDS-induced oxidative stress leads to ferroptotic
death, we examined and quantified the peroxidation of membrane lipids
in PDA cells using C11-BODIPY. We observed a dose-dependent red-to-
green fluorescence shift upon DBDS treatment, which was prevented by
co-treatment with either Ferrostatin-1 or the anti-oxidant N-acetyl-
cysteine (NAC) (Fig. 4A; Suppl. Fig. 4C). In addition, we observed a
significant accumulation of 4-hydroxynonenal (4-HNE), a toxic
byproduct of lipid peroxides (Suppl. Fig. 4D) and augmented lipid per-
oxidation was also detected by a specific fluorescent probe — LiperFluo
(Suppl. Fig. 4E). Supplementation with Ferrostatin-1 could restore
viability of DBDS-treated cells (Fig. 4B). Together, these data indicate
that DBDS administration elicits ferroptosis in PDA.

A distinctive feature of ferroptosis is the requirement for labile iron
to drive radical-mediated attack to membrane lipids. In fact, DBDS in-
duces significant elevation of Fe2+ availability (Fig. 4C) without

changes in the balance between reduced and oxidized glutathione (GSH:
GSSG; Fig. 4D), which mediates primary defense against lipid peroxi-
dation. Similarly, GPX4 levels were not affected (data not shown). Our
data suggest that DBDS perturbs the integrity of mitochondria (Fig. 3F)
that buffer intracellular iron availability [58,59]. In fact, we observed
that DBDS administration elevated organelle-confined iron (Suppl.
Fig. 4F). This is likely liberated from Fe-S clusters or accumulates due to
halted heme biosynthesis.

While statins can induce ferroptosis targeting the cell’s “regulatory
penumbra” [14], DBDS directly attacks the core mechanisms that trigger
ferroptosis. Because the two compounds operate at opposite edges of a
complex biochemical spectrum, we anticipated that the combined
treatment of DBDS and simvastatin could have an additive — and perhaps
synergistic — effect on cell death. Indeed, combo administration syner-
gistically led to lower cell viability in vitro (Fig. 4E) and to a significant
reduction of tumor growth in vivo (Fig. 4F).

Our findings in PDA cells point to diselenides as novel ferroptosis
inducers and to MVP intermediates as critical ferroptosis-shielding
antioxidants.

4. Conclusions

The metabolic makeup of PDA predisposes cancer cells to ferroptosis,
which is gaining interest as an actionable process that might selectively
kill cancer cells [60,61]. Increased iron bioavailability [16], mitochon-
drial remodeling [62] and enhanced activity [63], sustained lipid
scavenging [64] are all distinctive features of PDA and together
contribute to elevated levels of lipid peroxidation [14].

Building from prior investigations [38], we speculated that PDA cells
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upregulate the mevalonate pathway (MVP) to quench
tumorigenesis-associated oxidative stress and escape ferroptosis. In fact,
multiple MVP intermediates are redox-stabilizing lipid species. We
demonstrated that statins administration elicits oxidative stress and
ferroptotic death in multiple PDA cells, in line with results obtained in
other tumor types [65-68]. Statins usage inconsistently correlates to
cancer outcome - including PDA risk and survival [39] while their
administration has modest impact on tumor growth in animal models
[38]. This is possibly due to the presence of abundant stromal elements
that influence the redox state of the cell [69,70] and might alleviate
pro-ferroptotic signals [22,37]. As new strategies are being developed to
specifically curtail the massive stromal compartment of PDA tumors, it
will be interesting to test the effect of statins in combination with
stroma-targeting therapeutics.

In this study, we explored synergism with selenorganic compounds
and found that statins and diselenides cooperatively elicit ferroptosis.
Despite mounting evidence showing that selenium (Se) possesses unique
biological chemistry features and is essential in the regulation of fer-
roptosis [33], the activity of organic compounds containing Se has not
been well characterized. Screening multiple molecules with hetoroge-
neous functional groups, we now report that dibenzyl diselenide (DBDS)
is a potent pro-oxidant and a unique ferroptosis inducer. In fact, DBDS
treatment is sufficient to markedly suppress tumor growth both in vitro
and in vivo.

We were able to document DBDS-induced oxidative stress by moni-
toring both cytoplasmic and mitochondrial ROS. This suggests the
intriguing possibility that DBDS might operate at the mitochondrial
level; indeed, DBDS administration rapidly induces a stress-like, fer-
roptosis-associated response where mitochondria acquire a more

fragmented morphology and relocate close to the nuclear periphery
while their function falters [71,72]. Interestingly, this is associated with
increased abundance of mitochondrial Fe2+ that leads — in turn — to
elevated levels of labile iron in the whole cell. We reckon that DBDS
sensitizes cells to ferroptotic death through the release of iron from
mitochondria, where is largely confined for the synthesis of
iron-containing prosthetic groups: heme and iron-sulfur (Fe-S) clusters
[73]. Mitochondria control intracellular iron abundance and processing
[58] and mitochondrial damage has been shown to impair iron ho-
meostasis while promoting non-apoptotic death [43,74,75]. We report
that a similar mechanism applies to DBDS-induced ferroptosis. Of note,
Se groups are highly reactive and can dimerize under particular condi-
tions. Se can replace the sulfur ions of the Fe-S cluster [76] and
Se-substituted clusters possess smaller donor strength and significantly
reduced activity [77,78]. Together, these observations add to the evi-
dence supporting a role of mitochondria in the induction of ferroptosis
[21,24] and suggest the intriguing possibility that certain configurations
of organic Se might displace Fe-S clusters.

Selenium displays significant chemical flexibility in biological envi-
ronments. While commonly known for its anti-oxidant properties,
mounting evidence shows bivalent behavior [79]. Our data clearly in-
dicates that selenorganic compounds often promote oxidative stress,
although we cannot conclusively determine whether this is due to
inherent chemical properties of diselenides or is indirectly caused by the
disruption of mitochondria. Alternatively, DBDS might suppress central
mechanisms of ROS detoxification. In line, diselenides have been shown
to inhibit glutathione-S-transferase (GST) at high concentrations [80,
81] and they also might replace Se atoms in selenoproteins, most
notably GPX4. These are intriguing possibilities that were not directly
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tested in our work, although GSH and GPX4 levels were not affected by
DBDS.

In closing, our work identifies a metabolic vulnerability in PDA cells
that can be attacked by a combination of statins, a class of well-tolerated
drugs, and diselenides, a family of incompletely characterized molecules
with unique chemical features. This proof-of-concept strategy hinges on
the intrinsic biochemical plasticity of ferroptosis, fostering its core ex-
ecutors (e.g.: iron availability, ROS) while disrupting regulatory defense
systems (radical-trapping isoprenoids). We also uncovered novel prop-
erties of Se-containing organic compounds that represent attractive
building blocks for the design of novel specific ferroptosis inducers.
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