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Abstract

Pancreatic cancer (PC) remained one of the worst prognostic cancers.
Despite of extension of life expectancy with the combination of cytotoxic
chemotherapy for patients with PC, resistance and non-responsiveness cause
impediment of limited treatment efficacy. Overcoming these remains important
clinical unmet needs. In this study, the effect of artesunate (ART) -induced
ferroptosis on pancreatic cancer was evaluated by using PC cell lines and patient-
derived pancreatic cancer organoids (PDPCOs). Four commercial PC cell lines, and
5 PDPCOs with various KRAS mutation and oxaliplatin (OXA) resistance were
used in this study. Cell viability assay, migration and invasion assay, and spheres
formation assay were conducted to measure the efficacy of ART for PC. PDPCOs
with KRAS wild type did not show effective cell death by ART. PDPCOs with
KRASY"?Y mutation showed the most effective anti-cancer effect by ART, and ART
showed a synergistic effect in PDPCOs with KRAS mutation regardless of the
mutation subtype. Reactive oxygen species detection, lipid peroxidation assay, and
labile iron pool assay were conducted to evaluate ferroptosis. Molecular pathways
of action for ART-induced ferroptosis were evaluated by quantitative real-time PCR
and western blotting. ART showed a significant anticancer effect with ferroptosis to
PC cell lines and PDPCOs, rather than apoptosis. ART effectively induced
ferroptosis even in OXA-resistant PDPCOs, and the synergistic effect of ART with
OXA was shown accompanying by the enhanced level of ferroptosis. ART

effectively induced ferroptosis in PC to induce an elevated level of intracellular iron



level by overexpression of the iron-import metabolic pathway. The promising
anticancer effect and potential to overcome OXA resistance in PC of ART-induced
ferroptosis by dysregulation of iron homeostasis were confirmed in this study.
According to the comprehensive analytic results from differential expressed genes
analysis, gene set enrichment analysis, pathway analysis, and protein-protein
interaction network analysis, upregulation of ceruloplasmin was suspected as a key
biomarker for the prediction of ART unresponsiveness. Further clinical trials in
human subjects to overcome OXA resistance in PC using ART are needed in near

future.
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Chapter 1. Introduction

Pancreatic cancer (PC) remained one of the worst prognostic cancers, with an
estimated overall five-year survival rate under 10%, and it is expected to be the
second-most primary cause of death by 2030.!2 Despite advances in treatments
leading to better clinical outcomes, improving prognosis of PC is confronted with
great difficulty compared to other cancers. Combination therapy of cytotoxic
anticancer drugs has contributed a lot to the extension of life expectancy of patients
with PC, but resistance and non-responsiveness cause impediments of limited
treatment efficacy.** KRAS mutations are identified in 90% of PC that is known to
be induced the resistance and evasion of the cytotoxic effect of anticancer drugs.>
There remains the most important unmet need for anticancer drugs with de novo
mechanisms that can overcome the resistance of chemotherapy in PC.

Recently, several drugs were revealed to trigger regulated non-apoptotic cell
death, which is different from the traditional anticancer mechanisms that induce
apoptotic cell death.” Ferroptosis, a representative mechanism of non-apoptotic cell
death, was suggested to be a new promising way to kill cancer cells resistant to
chemotherapy.®® Cancer cells exhibit an increased iron demand compared with
normal cells, which can make cancer cells more vulnerable to iron-catalyzed cell
death mechanism.!® Ferroptosis inducers were suggested to overcome the resistance
of cytotoxic anticancer drugs through combination with existing cytotoxic anticancer
drugs with promising preclinical studies including renal cell carcinoma, colorectal
cancer, head and neck cancer, gastric cancer, lung cancer, glioblastoma, and breast

cancer.'"!” Ferroptosis was induced with several known drugs and substances



including erastin, sorafenib, sulfasalazine, glutamate, FIN56, Ras-selective lethal
compound 3, HMG-CoA reductases, and artesunate (ART).!8

ART, which is used as a treatment for malaria, is known to induce ferroptosis,
and showed promising cytotoxic effects for several types of cancers.!” There was a
study of the anticancer effect of ART in 2D-cultured PC cell lines, which reported
the lethal cytotoxic effect of ART for PC with constitutive-activated KRAS, and ART
did not affect normal human pancreatic ductal epithelial cells.? Since ART-induced
ferroptosis can be a breakthrough that overcomes the resistance to apoptosis of PC,
it is important to validate this more advanced manner. In this study, we tried to
evaluate the effect of ART on PC, using PC cell lines and patient-derived pancreatic
cancer organoids (PDPCOs) which were established from endoscopic ultrasound-
guided fine needle biopsy in our institution.?! Cancer organoids were proposed that
potentially fill the gap between simple cancer cell lines and complicated, but
physiologically relevant xenografts.?>** Further, preclinical studies with 2D-cultured
PC cell lines were conducted to evaluate the efficacy of ART in various conditions
including KRAS mutation, resistance to oxaliplatin, and combinatorial treatment and

PDPCOs, and to find the role and underlying mechanism of ART-induced ferroptosis.



Chapter 2. Materials and Methods

2.1. Cell cultures and chemicals

Panc-1, MiaPaCa-2, AsPC-1, and BxPC-3 cell lines were purchased from
the American Type Culture Collection (ATCC; Manassas, VA, USA) and the Korea
Cell Line Bank (KCLB, Korea). The AsPC-1 cells were cultured in RPMI (Gibco,
CA, USA) containing 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA)
and 1% penicillin/streptomycin (PS; Gibco). Panc-1, MiaPaCa-2, and BxPC-3 cells
were cultured in DMEM (Gibco) containing 10% FBS and 1% PS. Cells were
maintained at 37 °C in a humidified atmosphere of 95% air and 5% CO2 and
periodically screened for Mycoplasma contamination. The characteristics of PC cell
lines used in this study were shown in Table 1.

ART was purchased from Tokyo Chemical Company (TCI; Shanghai,
China). OXA was purchased from Sigma-Aldrich (St. Louis, Mom USA).
Ferrostatin-1 (Fer-1), Trolox, and Deferoxamine (DFO) were purchased from
Selleckchem (Houston, TX, USA). Carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-fluoro-methyl ketone (zVAD.fmk) was purchased from R&D Systems, Inc.

(Minneapolis, MN, USA).

2.2. PDPCO culture

The collection of PC patient data and tissue for an organoid generation was

performed by the guidelines under the approval of the Institutional Review Board of
b



Seoul National University Hospital (IRB no. 1102-098-357; 1712-056-905; 2003-
189-1112, Seoul, Korea). Patient-derived cell lines and PDPCOs were established
from core biopsy tissue from endoscopic ultrasound-guided fine needle biopsy by
one experienced endoscopist. PDPCOs were provided by Korean Cell Line Bank
(SNU-3947-TO, SNU-4206-TO, SNU-4305-TO, SNU-4340-TO, and SNU-4354-
TO). All organoids were grown in a medium consisting of Wnt3a/R-
spondinl/Noggin-conditioned medium (50% vol/vol), containing 1xB27
supplement (Life Technologies, Carlsbad, CA, USA), 0.5 mM N-acetyl-L-cysteine
(Sigma-Aldrich), 10 mM nicotinamide (Sigma-Aldrich), 50 ng/mL human epithelial
growth factor (EGF; PeproTech Inc., Cranbury, NJ, USA), 500 nM A83-01, 100
ng/mL human fibroblast growth factor 10 (FGF10; PeproTech), and 10 nM gastrin
(R&D Systems, Inc.; Minneapolis, MN, USA) in Advanced DMEM/F12 (Life
Technologies) medium. For passaging, organoids were collected, washed, and
disrupted either by mechanical shearing or digestion with TrypLE Express (Life
Technologies), and organoid fragments were replated in fresh Matrigel (Corning, NY,
USA) or BME type 2 (Trevigen, Gaithersburg, MD, USA). The detailed procedure
and methods for the establishment and maintenance of patient-derived cell lines and
PDPCOs were described in the previous study.?! The characteristics of PDPCOs used

in this study were shown in Table 1.

2.3. Cell viability assay

Cells were plated in triplicate (3,000 cells/well) and incubated in a medium

containing 10% FBS. For cytotoxicity assay, after 24 hours, the complete medium



was replaced with the test medium containing the vehicle control and various doses
(0~ 100 uM) of drugs (ART or OXA, respectively) at 48 hours at 37°C. For inhibitor
assay, cells were preincubated with Fer-1 (1 uM, 2 hours), Trolox (40 uM, 6 hours),
DFO (AsPC-1 and Panc-1, 1 pM, 6 hours; MiaPaCa-2, 6 uM, 6 hours), and z-
VAD.fmk (10 uM, 2 hours) before treatment with ART. For drug combination
experiments, cells were treated with the OXA (AsPC-1 and Panc-1, 100 uM;
MiaPaCa-2, 25 uM) and ART (AsPC-1, 10 uM; Panc-1 and MiaPaCa-2, 20 pM) for
24 hours. Cell viability was assessed by measuring intracellular levels of ATP using
the Cell Titer-Glo luminescent cell viability assay kit (Promega, Madison, USA).
Drug cytotoxicity in 3D spheroid assembly cultures was performed as
previously described.?® Briefly, cells (1,000 cells/well) were seeded in U-bottom-
shaped 96-well plates (Corning) and grown into spheroids for 2 days, followed by
drug treatment at the above concentrations. For cytotoxicity experiments in the
PDPCO model, organoids dissociated into single cells, and 600 viable cells were
seeded per well in 50 puL (50% Matrigel or BME: 50% human complete organoid
media). After 72 hours of ART and/or OXA treatment, 3D cell viability was assessed
by measuring the intracellular levels of ATP using the Cell Titer-Glo 3D luminescent
cell viability assay kit (Promega). Luminescence was measured on a Luminometer
(Glomax®Explore Multimode Microplate Reader, Promega, USA). Data were
normalized to the control group (vehicle), and the half maximal inhibitory
concentration (ICso) value calculations were made using Hill’s equation for

GraphPad Prism software 8 (GraphPad Inc., San Diego, CA, USA).



2.4. Migration and invasion assay

Transwell migration assays were performed in a chamber system, and 2—5
x 10° cells suspended in 100 uL DMEM without serum were added to the upper
chamber of a 6.5 mm (8 pum pore size) 24-well transwell (Corning).?* DMEM with
10% FBS was placed into the bottom wells. Invasion assays were the same chamber
system using Matrigel (corning) coating. Then, the upper chamber was washed with
PBS, fixed with 4% paraformaldehyde for 10 min, and stained with crystal violet.
Images were acquired using an inverted microscope (Nikon, Tokyo, Japan) and

calculated staining cells.
2.5. Spheres formation assay

Cells were collected and washed to remove serum, then suspended in
serum-free DMEM/F12 supplemented with 20 ng/ml human EGF (PeproTech), 20
ng/ml human recombinant basic fibroblast growth factor (bFGF, PeproTech), and
1XB27 supplement (life technology). The cells were subsequently cultured in ultra-
low attachment 96-well plates (Corning) at a density of 2,000 cells/well. Sphere-
forming efficacy was calculated by counting the number of spheroids with a size of

100 um or more.?’
2.6. ROS detection

The intracellular ROS and mitochondrial-generated superoxide were
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determined by H2DCFDA (Invitrogen) and MitoSOX red (Invitrogen) using flow
cytometry analysis because some ferroptosis inducers lead to cell death step by step
as mitochondrial hyperpolarization, mitochondrial ROS generation, mitochondrial
dysfunction, and ferroptotic execution.?®? Cells were incubated with 10 uyM DCFH-
DA probe (15 min) and 2.5 puM MitoSox red (30 min) at 37°C. The cell suspension
was immediately analyzed on a BD FACSCaliber (BD Biosciences, Franklin Lakes,

NJ, USA). All data were processed using the FlowJo™ 10 software.

2.7. Lipid peroxidation assay

A lipid peroxidation assay was conducted to evaluate for excessive
phospholipid peroxidative level, which distinguishes ferroptosis from other cell
death mechanisms.*® The relative malondialdehyde (MDA) concentration in cell
lysates was assessed using a Lipid Peroxidation Assay Kit (Abcam, Cambridge, MA,
USA) according to the manufacturer’s instructions. Briefly, the MDA in the sample
reacted with thiobarbituric acid (TBA) to generate an MDA-TBA adduct. The MDA-
TBA adduct was quantified colorimetrically (OD = 532 nm) or fluorometrically
(Ex/Em = 532/553 nm).

The relative lipid ROS level in cells was assessed using C11-BODIPY dye
(Thermo Fisher Scientific). Cells were treated with 5 uM C11-BODIPY for 30 min,
harvested, and washed twice with PBS. Oxidation of the polyunsaturated butadienyl

portion of the dye results in a shift of the fluorescence emission peak from ~590 to

~510 nm, which was detected by flow cytometry (BD Bioscience). The relative

lipid peroxidation level was calculated using the mean fluorescence intensity (MFI).



2.8. Labile iron pool (LIP) assay

Total cellular iron was measured using the Calcein-AM assay Kit (Thermo
Fisher). In brief, cells were washed with PBS and subsequently stained with Calcein-
AM (1 pM) in PBS for 15 min at 37°C. Calcein-AM was removed from the cells,
and the cell suspension was immediately analyzed on a BD FACSCaliber (BD
Biosciences, Franklin Lakes, NJ, USA).?! Data were processed using the FlowJo™

10 software.

2.9. Evaluation of the combination effect of drugs

To analyze drug combination profiling data, we calculated synergy scores
with SynergyFinder (version 2.0) that implemented four reference synergy models
(highest single agent, Bliss, Loewe, and zero interaction potency) and their
extensions to calculate synergy scores for higher-order combination data.*?
According to the synergy score, the interaction between two drugs is likely to be
antagonistic (less than -10), additive (from -10 to 10), and synergistic (larger than
10). This platform is freely available for use on the website:

[https://synergyfinder.fimm.fi/synergy/synfin_docs/].

2.10. Quantitative real-time PCR (qPCR)



Total RNA was isolated from cells using the AccuPrep® Universal RNA
Extraction Kit (Bioneer, Daejeon, Korea) according to the manufacturer's protocol.
Genomic DNA was removed by DNase treatment using RNase-Free-DNase Set
(Qiagen, Hilden, Germany). c¢cDNA was synthesized using AccuPower®
RocketScript Cycle RT PreMix (Bioneer). Data were normalized to the expression
levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or B-actin. The
following primer sequences (5’-3’) were used: GPX4, (forward)
GCCAGGGAGTAACGAAGAGAT, (reverse) TTGATGGCATTTCCCAGGATG;
SLC7A11, (forward) ACAGGGATTGGCTTCGTCAT, (reverse)
GGGCAGATTGCCAAGATCTCA; Transferrin, (forward)
TGTTCCGGTCGGAAACCAAG, (reverse) TTTGGTTGCCACTTCCCCAT;
Transferrin Receptor 1 (TFRC), (forward) GGACGCGCTAGTCTTCT, (reverse)
CATCTACTTGCCGAGCCAGG. Data analysis was based on the relative
quantitative method, and ACT value was used to determine the relative fold change

in the expression.

2.11. Western blotting

Cells were collected and homogenized in RIPA lysis buffer (Thermo Fisher)
on ice. Subsequently, the cell lysates were centrifuged at 4 °C to separate the proteins.
Proteins were quantified using a Bicinchoninic Acid Protein Assay kit (Thermo
Fisher). Western blotting was performed using anti-SLC7A11, SLC3A2, SLC11A2
(DMT1), NCOA4, FTH (Cell signaling Technology, Danvers, MA, USA), and
Transferrin Receptor (Thermo Fisher) antibodies. Anti-B-actin (BD Biosciences)

antibodies were used as a loading control. : :
1] 211
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2.12. KRAS Mutation Profiling and Differential expressed

gene analysis

Once the organoids were confirmed to be expanded after thawing, we
performed whole exome sequencing, RNA- sequencing. The profiling of KRAS
mutation was extracted from mutational profiles of whole-exome sequencing of
PDPCOs provided by the Korean Cell Line Bank. Total DNA was isolated from the
PDPCOs pellet using QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) and the
captured targets were subjected to sequencing using HiSeq 2500 (Illumina, San
Diego, CA, USA). Total RNA was isolated from cell lysate using TRIzol (Qiagen,
Hilden, Germany) and Qiagen RNeasy Kit (Qiagen, Hilden, Germany). Paired-end
sequencing reads from cDNA libraries (101bp) were generated with an Illumina
NovaSeq6000 instrument. The abundance of these transcripts in each sample was
calculated as transcript per million mapped reads values and normalized with
EdgeR.** Of the 62,000 Ensemble genes, we removed genes with minimal CPM
values < 0.5. Differentially expressed genes (DEGs) analysis was performed with
DESeq?2 package using a threshold of false discovery rate < 0.1 and fold-change >
2.3* Gene set enrichment analysis between ART responders and ART non-responders
was performed using gene ontology as gene set database.’® For pathway analysis,
generally applicable gene set enrichment was used as a method, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) as gene sets.’**’ For each of the
significant KEGG pathways, the fold-changes of related genes on a pathway diagram
using the Pathview Bioconductor package were used.’® Also protein-protein

interaction network analyses between results from DEGs and suspected key

10 A 2-1H



mechanism of action of ART were conducted for further identification of core DEGs
for the responsiveness of ART using the STRING database.** This database is freely

available for use on the website: [http://string-db.org].

2.13. Statistical analysis

All data represent the mean + standard error mean and were analyzed using
a two-tailed Student’s t-test. qPCR data are expressed as the mean + standard

deviation using a two-tailed Student's /-test. Statistical analyses and data processing

were performed using Prism software 8 (GraphPad Inc.). A difference was

considered statistically significant at the P < 0.05 level.

2.14. Ethics

This study was approved by the institutional review board of the Seoul
National University Hospital, Korea (IRB No. H-2201-138-1294, IACUC No. 21-

0249-S1A0), and all methods were carried out by relevant guidelines and regulations.

11 A=



Chapter 3. Results

3.1. Anticancer effect of artesunate in various pancreatic
cancer cell lines and patient-derived pancreatic cancer

organoids

Four PC cell lines (BxPC-3, AsPC-1, Panc-1, MiaPaCa-2) were treated with
ART to confirm the anticancer effect. Most 3D-cultured PC cell lines showed a good
response to ART but the response was remarkably decreased in the BxPC-3
(KRASWT) cell line with uncheckable ICsy of ART. (Figure 1A) The anticancer effect
of ART was also confirmed in various PDPCOs. (Figure 1C) SNU-4354-TO, which
harbored KRASYT, showed the least sensitivity to ART than other PDPCOs with

KRAS mutation.

3.2. Anticancer effect of artesunate in oxaliplatin-resistant

patient-derived pancreatic cancer organoids

ART maintains its efficacy to induce cell death in the patient-derived 2D-
cultural model (SNU-4340-T) and organoid model (SNU-4340-TO), but the
cytotoxic effect of OXA was remarkably weakened in the organoid model in
comparison with the 2D-cultural model. (Figure 2A, Figure 2B) Three PDPCOs
(SNU-3947-TO, SNU-4206-TO, SNU-4340-TO) showed OXA-resistance (Figure
2C), and ART showed the effective cytotoxic effect on these OXA-resistant PDPCOs.

7]
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(Figure 2D)
3.3. Combinatorial effect of artesunate with oxaliplatin

The combinatorial anticancer effect of ART with OXA was evaluated in
three PC cell lines with KRAS mutation. All PC cell lines showed sensitivity to ART
and OXA, respectively. It was observed that more significant cell death occurred
with a combination of ART and OXA. (Figure 3A) The synergy score was 33.78 in
AsPC-1,29.539 in MiaPaCa-2, and 21.189 in Panc-1. According to the synergy score,
ART and OXA showed synergistic effects in all PC cell lines. ART and OXA showed
effective inhibition of invasion and migration of 2D-cultured PC cell lines, and the
combinatorial effect of ART and OXA were also observed. (Figure 3B, Figure 3C)
ART showed better efficacy to inhibit sphere formation of PC cell lines than OXA,
and a combination of both drugs showed significantly better efficacy. (Figure 3D,
Figure 3E)

The effect of ART, OXA, and their combinatorial treatment was evaluated
in 4 PDPCOs including one KRASWT PDPCO (SNU-4354-TO), 3 KRAS-mutated
PDPCOs (SNU-3947-TO, SNU-4305-TO, SNU-4340-TO). (Figure 4A, Figure 4B)
ART did not show a significant effect in a KRASY' PDPCO. In KRAS-mutated
PDPCOs, there were differences in responsiveness to ART according to the subtype
of KRAS mutation. PDPCOs with KRASS!?P (SNU-3947-TO and SNU-4305-TO)
did not show a response to ART single treatment, but PDPCOs with KRASY!?Y
(SNU-4340-TO) showed a response to ART single treatment in comparison with the
vehicle. PDPCOs showed more sensitivity to the combination of both drugs than

each single drug. Combinatorial treatment of ART and OXA effectively induced cellI :
13 A =T



death even in these PDPCOs with OXA resistance. The synergy score was 6.849 in
SNU-4354-TO (KRAS wild type), which means additive interaction. The synergy
score was 10.511 in SNU-3947-TO, 13.316 in SNU-4305-TO, 10.718 in SNU-4340-
TO, and 20.838 in SNU-4206-TO. ART and OXA showed synergistic effects in all

PDPCOs that harbored KRAS mutation.
3.4. Anticancer effect of artesunate-induced ferroptosis

The cytotoxic effect of ART on 2D-cultured PC cell lines was blocked with
the pretreatment of Fer-1, DFO, and Trolox. (Figure 5A) PC cell lines treated with
ART showed elevated levels of C11-BODIPY fluorescence by lipid peroxidation,
which was inhibited with Fer-1. (Figure 5B) Other methods for lipid peroxidation by
measurement of malondialdehyde concentration and its reversal with ferroptosis
inhibitors were confirmed. (Figure 5C) The elevated level of intracellular ROS was
detected by DCF-DA fluorescence assay for ART-induced ferroptosis, which was
inhibited with Fer-1. (Figure 5D) However, the apoptosis inhibitor (zZVAD.fmk) did

not inhibit the cytotoxic effects of ART for PC cell lines. (Figure 5E)

3.5. Role of ART-induced ferroptosis in combinatorial effect

with OXA

PC cell lines treated with ART showed elevated MFI levels of C11-
BODIPY fluorescence by lipid peroxidation, and it was enhanced with combinatorial

treatment with OXA. (Figure 6A) ART increased the MFI level of Calcein-AM

14 A2t



fluorescence which was accompanied by the increased amount of intracellular labile
iron pool (LIP). (Figure 6B) Increased ROS level, which was detected by DCF-DA
fluorescence, was induced by ART and OXA of each single treatment, and
combinatorial treatment showed a higher level of ROS. (Figure 6C) ART and OXA
made mitochondrial damage with the increased levels of mitochondrial ROS, which
was detected by MitoSOX fluorescence. (Figure 6D) ART induced a higher level of
mitochondrial ROS than OXA, and combinatorial treatment lead to the significantly

high level of mitochondrial ROS than each single treatment.

3.6. Key mechanism associated with artesunate-induced

ferroptosis in pancreatic cancer

To explore the key mechanism of artesunate-induced ferroptosis in
pancreatic cancer, the expression patterns of the four genes, which are cornerstones
for ferroptosis, were identified in each cell line, and consistent overexpression
patterns were found in the genes involved in iron hemostasis, and they were most
upregulated in the combinatorial treatment. (Figure 7A) Protein level expression
showed also consistent with the result of RNA expression pattern, and it seems the
key pathway of ART-induced ferroptosis is dysregulation of iron metabolism and
homeostasis, which were regulated with transferrin receptor, DMT1 (SLC11A2),
NCOAA4, and ferritin heavy chain. (Figure 7B) The overexpression level of RNA and
level of protein associated with system Xc™ transporter (GPX4, SLC7A11, SLC3A2)
is observed, which means increasing the intracellular reductive capacity, rather than

killing cancer cells.
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3.7. Result of differential expressed gene analysis and gene set

enrichment analysis according to response for artesunate

To find a predictive factor of responders for ART, DEGs analysis was
conducted for responders to ART (SNU-4206-TO, SNU-4340-TO) and non-
responders to ART (SNU-4354-TO, SNU-3947-TO, SNU-4305-TO). A total of 148
genes were upregulated and 279 genes were downregulated in ART non-responders.
(Figure 8A, 8B) The range of log2 fold change of DEGs was measured from -
25.4291 to 26.60278. (Figure 8C) The top 50 genes were extracted by conducting
gene enrichment analysis using KEGG genesets among total differential expressed
gene sets between responders and non-responders to ART. In addition, functional
protein association networks analysis with three iron homeostasis-related genes
(TFRC, DMT1 (SLC11A2), FTH1), which were revealed as a key target proteins of
ART-induced ferroptosis in PC in this study. Finally, the upregulation of
ceruloplasmin (CP) was suspected to be a predictive factor for the non-
responsiveness of ART. (Figure 8D) In addition, KEGG pathway analysis for
ferroptosis showed CP act at an important step of iron homeostasis that converts Fe**
to Fe*" and promotes the binding of iron to transferrin. (Figure 8E) Based on the
results, Figure 9 showed a schematic diagram of ART-induced ferroptosis, and role

of .
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Chapter 4. Discussion

ART showed a significant anticancer effect with ferroptosis to PC in this study,
and its effect was maintained not only in 2D-cultural PC cell lines but also in
PDPCOs. ART effectively induced cell death in PDPCOs that show resistance to
OXA. Also, the synergistic effect of ART with OXA was shown with the enhanced
level of ferroptosis. It is shown to respond more effectively to ART in the PDPCOs
harbored KRAS®'?Y mutation, and ART showed a synergistic effect in PDPCOs with
KRAS mutation regardless of the subtype. ART effectively induced ferroptosis in PC
to induce the elevated level of intracellular iron level by overexpression of iron-
import metabolic pathway including TFRC and DMT1 (SLC11A2). Upregulated
expression of CP was suspected to be involved in inhibiting the effect of ART-
induced dysregulation of iron homeostasis.

Ferroptosis is dependent upon intracellular iron, and its morphological,
biochemical, and genetic features are distinct from apoptosis, necroptosis, and
autophagy.® Ferroptosis is a result of metabolic dysfunction involving ROS
accumulation, elevated level of intracellular iron, and peroxidation of
polyunsaturated fatty acid, and the main regulatory pathways are modulation of their
metabolism.” According to the findings of the current study, ART induces ferroptosis
by upregulation of iron import with TFRC and DMT1 (SLC11A2), which result in
the increased level of ferritin and activation of ferrinophagy to elevate levels of
intracellular LIP and make PC cell prone to lipid peroxidation. In this aspect, ART
was classified as a class IV ferroptosis inducer (FIN), which induces ferroptosis by

direct iron overload or excessive activity of heme oxygenase 1. This finding is
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consistent with the differential mRNA expression profile of genes involved in iron
homeostasis in the previous study that suggested ART interactions with lysosomal
iron to generate a sufficient level of ROS to overcome the capacity of the antioxidant
response leading to lipid peroxidation and ferroptosis in PC cells.?® In the current
study, it was confirmed that these differential gene expression patterns leads to
different phenotype. Meanwhile, the Xc™ system (SLC7A11 and SLC3A2) was
overexpressed by ART treatment rather than directly inhibited in the current study,
which can be interpreted as increasing their expression of them to compensate for
the increased oxidative stress.

Interestingly, core differential expressed gene analysis between ART responder
and ART non-responder identified the overexpression of CP is related to the
resistance of ART. CP is a copper-containing glycoprotein that performs a major role
in iron homeostasis by suppressing ferrous iron-mediated oxidative stress.** CP
converts Fe?" to Fe**_as ferroxidase and induces binding of iron to TFRC.***! Recent
study reported the inhibitory effect of CP for ferroptosis by regulating iron
homeostasis in hepatocellular carcinoma cells.*? CP assists ferroportin to export Fe?*
and suppresses ferroptosis and knockdown of CP promotes ferroptosis in
hepatocellular cells by the accumulation of intracellular Fe**.** Also, elevated CP
promoted HIF1 @ expression by reducing intracellular iron forming a positive
feedback loop.* The expression and function of copper and copper metabolism

MURRI domain 10 suppress HIF1 @/ CP loop to enhance ferroptosis by disrupting

copper-iron homeostasis.* Taken together with the results of the current study, it
suggested that the expression level of CP can be an important biomarker in predicting

the ferroptosis of PC.
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Constitutive activation of KRAS drives many of the features of cancer,
continuous proliferation, resistance to apoptosis, alteration of the tumor
microenvironment, reconstruction of metabolism, immune evasion, cell migration,
and metastasis.** According to the landscape of genomic alterations in PC, 93% of
PC harbor KRAS mutation, and PC cells are highly resistant to apoptosis initiation
and execution.®* In the current study, ART showed a better effect in the 3D cultural
PC cell lines and PDPCOs that harbor mutations in KRAS in comparison with KRAS
wild-type cell lines and PDPCOs. This result was in line with the previous study,
which reported the most effective ART-mediated death induction in PC cells
expressing mutationally-active KRAS.?® While PC cells are insensitive to apoptotic
signaling, KRAS mutation may alter the metabolic environment of PC cells
sensitized to ferroptosis.?’ This feature, prone to ferroptosis, was suggested to be
induced by metabolic reprogramming by KRAS mutation lead up-regulation of
transferrin receptor and down-regulation of ferritin.®!1%46 This mechanism, KRAS-
driven ferroaddiction, causes iron dependency that explains the induction of
ferroptosis is less effective in KRAS wild-type PC cell lines and PDPCOs. However,
the response to ART differs among KRAS mutation PDPCOs according to the
subtype of KRAS mutation in the current study. PDPCOs with KRAS®"?Y showed
effective cell death by ART, but KRASY'?P did not. In this context, KRASS!?Y
mutation seemed to be the most proper target for ART-induced anti-cancer treatment,
but all PDPCOs that harbored KRAS mutation showed a synergistic effect of ART
and OXA regardless of responsiveness to ART, while only additive effect was shown
in KRAS wild type PDPCO. It seems that PC cells with KRAS mutation have a more
important meaning from the perspective of overcoming the resistance of OXA. It has
been reported that the PC with KRAS mutation has a worse prognosis than the PC
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with KRAS wild type, and the KRAS®!'?P mutation has the worst prognosis among
KRAS mutation subtypes.*’® The RAS protein is differentially coupled to
downstream signaling pathways depending on the type of mutation.>! The mutation
subtype KRASS!?P is associated with phosphorylation and coupling of the
PI3K/AKT and MEK pathway, while the mutation subtype KRASS!?Y mainly
activates the RAF/Ral pathway and induces de-phosphorylation of AKT.*! The PC
with KRASS!?P mutation was known to be more relevant with disease progression,
metastatic features, and resistance to chemotherapeutic agents.”>> These aspects
could be one of the possible explanations for the different responses to ART in the
current study. It is better to conduct further research with a focus on subtypes of
KRAS mutation in the future to find more proper indications for ART treatment.
OXA is a representative mainstay drug used in PC treatment, and it seems to be
important to defeat resistance or non-responsiveness of PC for it. The current study
suggested that ART might have an effect to overcome OXA resistance in PC, and the
consistent results were confirmed in different PDPCOs. Overcoming the OXA
resistance was explained with ART-induced ferroptosis, which was a completely
different regulated cell death from apoptosis. But the synergistic effect of OXA and
ART was not explained clearly with this explanation. Recently, intracellular
conditions, which were prone to ferroptosis such as suppressing the
KIF20A/NUAK1/Nrf2/GPX4 signaling pathway, restore or enhance sensitivity to
oxaliplatin.'>>* GPX4 is the main negative regulator of ferroptosis by reduction of
lipid hydroperoxides, which was directly inhibited by class IT or ITI FINs.*% Nrf2
is a key regulator of anti-oxidant response including the expression of system X¢~.5"-
5% In addition, a recent study reported that OXA also kills tumor cells via oxidative

stress by inhibiting the Nrf2 signaling pathway to induce ferroptosis.®® The
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synergistic effect of OXA and ART in the current study might be explained by the
enhanced responsiveness of tumor cells to OXA by ART-induced oxidative stress
enough to induce ferroptosis. Further study for validation of combinatorial treatment
of ART and OXA in human subjects is needed. Like several clinical trials in other
malignancies including breast cancer (ClinicalTrials.gov ID: NCT00764036),
colorectal cancer (ClinicalTrials.gov ID: NCT02633098), hepatocellular carcinoma
(ClinicalTrials.gov ID: NCT02304289), further clinical trial to evaluate the efficacy
of ART for PC in combinatorial treatment and overcome chemo-resistance might be
conducted in near future.

There were several strengths in this study. First, intensive efforts were made to
confirm ferroptosis with various methods and materials. The definite marker of
ferroptosis is not determined, so it seemed to be important to check the consistent
experimental results from various stages of metabolic pathways, such as Lipid
peroxidation, ROS production, mitochondrial ROS production, and LIP assay. In
addition, three ferroptosis inhibitors, Fer-1, Trolox, and DFO, which suppress
different steps of ferroptosis, were used in current study and consistent results could
be confirmed.?**¢! Second, a large number of PDPCOs were used in the current
study to verify the effect of ART-induced ferroptosis. Scaffold-based models, such
as PDPCOs, reflects features modulation of the response to chemotherapy,
immunotherapy, and radiation, and more readily mimic cell-to-extracellular matrix
interactions.?>%? Since consistent results were confirmed in various PDPCOs in ART-
induced ferroptosis, overcoming OXA resistance, and synergistic effect with OXA,
ART seems to be a promising drug for PC treatment. Third, possible biomarkers were
suggested in this study that may possibly distinguish responders for ART. Although
additional verifications are needed in further studies, considering that the effect of
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ART may decrease in the case of having KRASS!?P

mutation or overexpression of
CP, these can be applied as a biomarker to reasonably find better individuals in future
clinical trials and precision medicine.

There were several limitations in this study. First, it is difficult to completely
explain the synergistic effect of OXA and ART. The efforts for the underlying
mechanism of this synergistic effect were performed in the current study, and further
induction of ferroptosis was found, but further explanation with a more sophisticated
study of molecular biological mechanisms is needed. In addition, it is necessary to
evaluate whether combination therapy with other chemotherapeutic agents or drug
resistance can be overcome with ART. Second, validation experiments with
xenograft models were not conducted. Considering the desmoplastic tumor
microenvironment and the action of the immune system of PC, it seems that in vivo
validation using the xenograft model cannot be completely replaced by cancer
organoids yet. Still, all PDPCOs, which were used in the current study, were
established using core biopsy tissues directly collected from patients in our

institution and harbor different features and environments. These might partly make

up for the shortcomings of in vitro models in the current study.
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Chapter 5. Conclusions

ART showed promising anticancer effects by ferroptosis for PC. The
mechanism of ART-induced ferroptosis is changing iron metabolism and iron
homeostasis. Effective cell death was observed in PC cell lines with KRAS mutation
and PDPCOs with KRAS mutation. PDPCOs with KRASS!?Y mutation subtype
showed the most effective cell death by ART. Effective cell death was also
maintained even in the OXA-resistant PDPCOs, and the synergistic anticancer effect
was confirmed by combinatorial treatment of OXA and ART. Upregulation of CP
level was suspected to be a biomarker for the prediction of responsiveness for ART.
Clinical trials in human subjects with proper features to overcome OXA resistance

in PC using ART are needed in near future.
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Tables

Table 1. List of pancreatic cancer cell lines and patients-derived

pancreatic cancer organoids used in the study

Type Name KRAS Feature

Cell line BxPC-3 Wild type Classical type

Cell line Panc-1 Mutation (G12D) Quasi-mesenchymal type
Cell line AsPc-1 Mutation (G12D) Classical type

Cell line MiaPaCa-2 Mutation (G12C) Quasi-mesenchymal type
Cell line SNU-4340-T Mutation (G12V) OXA resistant

PDPCO SNU-4354-TO Wild type OXA resistant

PDPCO SNU-3947-TO Mutation (G12D) OXA resistant

PDPCO SNU-4206-TO Mutation (G12V) OXA resistant

PDPCO SNU-4305-TO Mutation (G12D) OXA resistant

PDPCO SNU-4340-TO Mutation (G12V) OXA resistant
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Figure 1. Anticancer effect of artesunate in various pancreatic cancer. (A)

Figures

Cytotoxic effect of artesunate in 3D culture model after 48 hours (B) Cytotoxic effect

of artesunate in patients-derived pancreatic cancer organoids after 48 hours
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Figure 2. Anticancer effect of artesunate in oxaliplatin resistant patients-
derived pancreatic cancer organoids. (A) Cytotoxic effect of artesunate in 2D
culture model and organoid model (B) Cytotoxic effect of oxaliplatin in 2D culture
model and organoid model (C) Cytotoxic effect of artesunate in patients-derived
pancreatic cancer organoids model (D) Cytotoxic effect of oxaliplatin in patients-

derived pancreatic cancer organoids model
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Figure 3. Combinatorial effect of artesunate with oxaliplatin in pancreatic
cancer cell lines. (A) Cell viability test in pancreatic cancer cell lines (B, C)
Migration and invasion assay in pancreatic cancer cell lines (D, E) Sphere formation
ability test with pancreatic cancer cell lines
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Figure 4. Result of artesunate, oxaliplatin, and their combinatorial treatment
for patients-derived pancreatic cancer organoids. (A) Result of cell viability
assay for artesunate, oxaliplatin, and their combinatorial treatment for eight patients-
derived pancreatic cancer organoids (B) Representative confocal images of patients-

derived pancreatic cancer organoids
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Figure 5. Artesunate-induced ferroptosis is a key mechanism of anticancer

effect for pancreatic cancer. (A) cytotoxic effect of ART and reversal with

ferroptosis inhibitors (B) Lipid peroxidation with C11-BODIPY fluorescence assay

for ART-induced lipid peroxidation and its reversal with Fer-1 (C) Lipid peroxidation

assay with measurement of malondialdehyde concentration and its reversal with

ferroptosis inhibitors (D) DCF-DA fluorescence assay for ART-induced ferroptosis

and its reversal with Fer-1 (E) Cytotoxic effect of ART and no reverse effect with an

apoptosis inhibitor

A AsPC-1 Panc-1
@ -+ ART
= = Ferd+0RT =
= oot
e < Tolox+#RT 2~
3 H
= ]
B =
= =
o x]
0 0102 08 31412550 0 0102 08 3112550
Artesunate (M) Artesunate (M)
B
AsPC-1 Panc-1 MiaPaCa-2
LJ\ J\ #
=
Vehicle rd
s __A J \\ i
it
\ - -
N
oraoomymereenee
AsPC-1 Panc-1 MiaPaCa-2
R =
g
k] 2 2
& &
. . .
P rd & L
‘y" bl :é.g- ﬁ < :n‘&r ﬁ*" & :‘é\v
D Panc-1 MiaPaCa-2
x
H
Vehicle £\ &
+Fer - "
#FerAMART |
+ART

Panc-1 MiaPaCa-2
. 5 . =
£, N
z N
N ER
& Vé.\éé y‘“‘«“h 'ﬁi\,.\vé\
< o

MiaPaCa-2
“+ ART
- Ferd +ART
£+ DFO # ART
- Trolox +ART

T
0102 0% 11 125 B
Artesunate (M)

AR

Panc-1
Lpid
,E .
—
Lipid

5
kN
.

@
[

MIA PaCa-2
Lipid

Lipi

5 8

Lipid

Cell viability (%)
S

b
&
e
S
5
%
s
S

%,
Y
W
Y
b
%ﬂ

R

-+ ART
- Fer-{ +ART
o DFO+ ART

-0~ Trolax + ART

S
Lipid

Cell viability (%)

MiaPaCa-2

< ART 3
o ZVAD.Jmk + ART

SES FLES
P S
E AsPC1 Panc-1
Alﬂl b
S £
2100 g
5 a
a ]
S 50 E
= -0~ ART e =
3 o 2VADfmk + ART 3
o
0 04 0.2 08 34 125 50 U 01 0z 08 31 125 30
Artesunate (M) Artesunate (uM)

t‘t 011 0:2 O:B 3:1 1":‘5 5‘0
Artesunate (uM)



Figure 6. Role of ferroptosis in the combinatorial effect of artesunate and
oxaliplatin. (A) Result of lipid peroxidation assay (B) Result of labile iron pool

assay (C) Result of detection of ROS level (D) Result of mitochondrial ROS assay
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Figure 7. Exploration of artesunate-induced ferroptosis. (A) Result of iron

metabolism-related RNA expression (B) Result of a western blot for iron

metabolism pathway
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Figure 8. Result of differential expressed gene analysis and gene set enrichment
analysis according to response for artesunate. (A) The number of differentially
expressed genes between ART responder and ART non-responder (B) Heatmap
of differentially expressed genes between ART responder and ART non-
responder (C) Volcano plot of differentially expressed genes between ART
responder and ART non-responder (D) Identification of core differentially
expressed genes between responders and non-responders. Consideration of top
50 genes from the comparison of enrichment analysis by KEGG pathway and
functional protein association networks analysis with iron homeostasis related
genes by Sting-DB. The bottom panel shows the result of identified genetic
alterations in the non-responders. (E) Ferroptosis-related pathway analysis

with KEGG database
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Figure 9. The schematic diagram for the mechanism of artesunate-induced

ferroptosis
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FRoln, & AFE T AL AMAESF U B FH Y
Q7twolEE o] g3Ete] olZH S UOlE  (artesunate) % HFEAA

(ferroptosis) 7} FAore] Abde] wAt Qg BrsmAr s 2

=

ATolMe 2 g AT AMEF 47H2k KRAS 22 ofdd 4
Holq FAAE vhefetA Edsta, S &2k (oxaliplain) A 34 =
Hol= ukd @4 #d HEAY ertwol:= s/E ARESEIHH
FAgetel dist of=EHFUOIES] Ees SAst7] A AE ABE
A1 (Cell viability assay), d©] % F-& 4] (migration and invasion assay),
T 34 &2 (spheres formation assay) = G33F3th. A4 S F KRAS

FARe Edwolsl gt ASel ofzEHiuolEd g Al¥AE

Wl Fow, B3] KRASON EQWlE sAAE AS ms)
Hojxtth,  olZHFUolEE SAEGEHY BT HF KRAS
=AMol 9] o A= FAIGOl AUA AT (synergistic effect) & Hol=

Aol A bS] AFAFT HE (Reactive oxygen species detection),

-

A4 #akst #4 (lipid peroxidation assay), =SHFsH H AFA 4

42 A = 1_l| ol



(labile iron pool assay) & AAlsto] HFEAAE F3 AEAE ofsf
Bt ofZHIFUOIE ik HFEAAS AE Ve Rl
$13 =4 A AIZE PCR (real-time quantitative polymerase chain reaction) 2}
A€l 55 (western blot) = E HASGTE olEHFUO|E&
A ZAFEAL (apoptosis) 7F obd HEFEAIAE S Y AlExET 9
g2 FH ALY eoteol=e tisiA Felvlst MEAME 'dE
Btk ol2HFUolEx SAREHde] AZAS Hole A

AT 7twoltolME g3H0F HFEAAE T HIAES

fFiestglon, ofZEsUolEe S EHRY WIARE AIYA

AF o - Ade WA (differentially expressed gene analysis), - AF | $F
= 4] (gene set enrichment analysis), 7]% 2] (pathway analysis) %!
G AT A S 2E U ELAE4 (protein-protein interaction network analysis)
5 FTFHoer uHEHst Ay, AEZZZAT (ceruloplasmin) S
g sk= Zlo] ofZHFUo|Ee i FA &S WEE dSshes

ol oA R Egd ¢ lodEt R &5 of=EFUH oI EE



of : AFS; SFZEFUOIE; HFEAL; 27bwols; oA AGH
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