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Objective: To investigate the exact role of GRP78 in artesunate-induced ferroptosis in

KRAS mutant pancreatic cancer cells.

Methods: Artesunate-induced KRAS mutant human pancreatic cancer cells (AsPC-1 and

PaTU8988) ferroptosis was confirmed by fluorescent staining experiments and CCK8.

Western blot and short-hairpin RNA-based knockdown assays were conducted to detect

GRP78 activity and its role in artesunate-induced ferroptosis.

Results: Artesunate induced AsPC-1 and PaTU8988 cell death in ferroptosis manner, rather

than necrosis or apoptosis. In addition, artesunate increased the mRNA and protein levels of

GRP78 in a concentration-dependent manner in AsPC-1 and PaTU8988 cells. Knockdown

GRP78 enhanced artesunate-induced ferroptosis of pancreatic cancer cells in vitro and

in vivo.

Conclusion: Combining artesunate with GRP78 inhibition may be a novel maneuver for

effective killing of KRAS mutant pancreatic ductal adenocarcinoma cells.
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Introduction
Despite technical advances in radiation delivery and the advent of new agents, overall

survival remains poor in pancreatic ductal adenocarcinoma (PDAC) patients, espe-

cially in tumor cells bearing constitutively active oncogenic KRAS. Many cytokines

and chemokines are the downstream targets of mutant KRAS that result in resistance to

apoptosis and cell death.1 Thus, the efficient strategies to kill KRASmutant pancreatic

cancer cells remain to be resolved. Several researches revealed that KRAS mutant

cancer cells dependent on more glutamine and glucose metabolism to sustain cancer

cell survival.2 Based on the metabolism and redox treatment may improve the sensi-

tivity of KRAS mutant pancreatic cancer cells to treatment.

Ferroptosis is a novel form of regulated cell death (RCD), which is caused by the

iron-dependent accumulation of lipid hydroperoxides. Different from the other types of

RCD, ferroptosis is driven by loss of activity of the lipid repair enzyme glutathione

peroxidase 4 (GPX4) and subsequent accumulation of lipid-based reactive oxygen

species (ROS) at the biochemical level. Moreover, ferroptosis is characterized by the

presence of smaller than normal mitochondria with condensed mitochondrial mem-

brane densities, reduction or vanishing of mitochondria crista, and outer mitochondrial

membrane rupture at the morphology level.1 It was reported that ferroptosis inducers

can specifically kill KRAS mutant tumor cells.3–5 Several small molecules, such as

erastin, sulfasalazine, sorafenib, and artesunate, have been identified that they can

specially induce cancer cells ferroptosis.6–8
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Among these inducers, artesunate is an Artemisinin

derivative and often used as a first-line drug for the treat-

ment of malaria.9 Previous studies confirmed that artesu-

nate activated apoptosis or necroptosis in a cancer type-

dependent manner. It was recently shown that artesunate

can also trigger cancer cells ferroptosis by inducing exces-

sive accumulation of ROS in the cells. Eling et al found

artesunate could specially activate the ferroptosis in KRAS

mutant pancreatic cancer cells.2 However, the precise

mechanisms for artesunate inducing KRAS mutant pan-

creatic cancer cells ferroptosis are still to be elucidated.

78-kDa Glucose-regulated protein 78 (GRP78) is one

of the most active molecular chaperone components in the

endoplasmic reticulum of cancer cells and is overex-

pressed in different kinds of cancers.10,11 Moreover,

GRP78 is correlated with tumor progression. The expres-

sion of GRP78 may be related to resistance against antic-

ancer therapy in which apoptosis signaling is involved.

Studies also have shown that the level of GRP78 is highly

associated with the resistance of pancreatic cancer to the

ferroptosis inducers, erastin, and sulfasalazine, indicating

that GRP78 plays an important role in anti-ferroptosis.12

Therefore, we are interested in if GRP78 is also involved

in the artesunate-induced KRAS mutant pancreatic cancer

cells ferroptosis.

To test this hypothesis, we used the Lipid Peroxidation

Assay and confirmed that artesunate triggered KRAS

mutant pancreatic cancer cells ferroptosis in vitro and

in vivo. We found that inhibiting GRP78 by shRNA

enhanced the effect of artesunate inducing pancreatic can-

cer cell ferroptosis.

Materials and methods
Cell culture and agents
Human pancreatic cancer cell lines (PaTU8988 and AsPC-

1) were obtained from the Cell Bank of the China Academy

of Sciences (Shanghai, China). PaTU8988 cells were cul-

tured in high glucose Dulbecco’s modified Eagle medium

(DMEM) containing 10% fetal bovine serum and antibio-

tics (100 units/mL penicillin, 100 mg/mL streptomycin).

AsPC-1 cells were cultured in Roswell Park Memorial

Institute 1640 (RPMI-1640) containing 10% fetal bovine

serum and antibiotics (100 units/mL penicillin, 100 mg/mL

streptomycin). They were maintained at 37°C 5% CO2 and

saturated humidity. Artesunate (#HY-N0193), Z-VAD-

FMK (#HY-16658), Necrosulfonamide (#HY-100573),

Ferrostatin-1 (Fer-1, #HY-100), and Deferoxamine

mesylate (DFO, #HY-B0988) were obtained from

MedChemExpress (MCE).

Cell counting kit-8 (CCK8) assays
Pancreatic cancer cells were treated with artesunate (20

µM) with or without the following death inhibitor: i) Fer-1

(1 µM); ii）DFO (100 nM); iii) ZVAD-FMK (1 µM); and

iv) necrosulfonamide (0.5 µM) for 24 hrs. CCK8 was

carried out according to the manufacturer’s instructions.

The absorbance (OD value) of each well was measured at

450 nm with a microplate reader.

Lipid peroxidation assay
Pancreatic cancer cells were treated with or without arte-

sunate (20 µM) and Fer-1 (1 µM). The relative malondial-

dehyde (MDA) concentration was assessed using a Lipid

Peroxidation Assay Kit (#ab118970; Abcam), and the

experiments were carried out according to the manufac-

turer’s instructions.

Lipid component fluorescent staining
Wide-field fluorescence microscopy was performed using

60× objective Zeiss inverted fluorescence microscope.

Cells were seeded in 8-well microscope slides for live

cell imaging or fixation in PBS containing 4% paraformal-

dehyde. For live cell imaging, cells were stained with

tetramethylrhodamine methyl ester (TMRM, 50 nM) for

20 mins at 37°C or stained with BODIPY C11 (#D2861,

Invitrogen) for 30 mins at 37°C. Staining with Alexa Fluor

546 human transferrin (HTF546, 5 μg/ml) was used to

monitor the uptake of whole transferrin in viable cells

over a specified period of time.

For immunofluorescence, fixed cells were permeabi-

lized with 0.3% PBS, blocked with 3% BSA, and incubated

with antibodies against cytochrome C or SMAC for 2 hrs at

room temperature. Fluorescence staining was performed for

1 hr at room temperature using a cross-adsorbed secondary

antibody Alexa Fluor 488 or Alexa Fluor 546. Images of

representative cells were captured using the Z-axis scan

function. The acquired images were analyzed and prepared

by using Image J and Fiji. The degree of lipid peroxidation

was determined by dividing the average green intensity

[oxidized BODIPY C11] by the average red intensity per

cell [reduced BODIPY C11].

Cell transfection and viral infection
AsPC-1 and PaTU8988 cells (5×105 cells per well) were

grown in a 6-well plate overnight followed by transfection
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with pcmv6-GRP78 or pcmv6-vector with Lipofectamine

2000 (Invitrogen) according to the manufacturer’s instruc-

tions. Cancer cells RNAi and gene transfection were per-

formed as previously described.12 The following specific

shRNA sequences were used:

The human GRP78-shRNA1:

5ʹ-GTACCGGAGATTCAGCAACTGGTTAAAGCTCG

AGCTTTAACCAGTTGCTGAATCTTTTTTTG-3ʹ

The human GRP78-shRNA2:

5ʹ-CCGGGAAATCGAAAGGATGGTTAATCTCGAG

ATTAACCATCCTuTCGATTTCTTTTTG-3ʹ

Quantitative real-time PCR (qRT-PCR)
AsPC-1 and PaTU8988 cells were cultured in 6-well plates

in different concentrations of artesunate (0, 10, 20, and 40

µM). Total RNA was extracted from cultured cancer cells

using the RNeasy Kit (Qiagen). For mRNA analysis, cDNA

was synthesized from 1 μg total RNA using the RevertAid

RT Reverse Transcription Kit (Thermo Fisher Scientific).

SYBR Green-based real-time PCR was subsequently per-

formed in triplicate using the SYBR Green master mix

(Thermo Fisher Scientific) on an Applied Biosystems

StepOnePlus real-time PCR machine (Thermo Fisher

Scientific). For analysis, the threshold cycle (Ct) values for

each gene were normalized to those of GAPDH. The follow-

ing gene-specific primers were used:

GRP78 (5ʹ-CTGTCCAGGCTGGTGTGCTCT-3ʹ, 5ʹ-C

TTGGTAGGCACCACTGTGTTC-3ʹ).

Western blot
Protein concentrations were determined by bicinchoninic

acid (BCA) method. Western blot assay was performed as

described previously. The antibodies were GRP78

(#ab32618, Abcam), GAPDH (#ab9485, Abcam), and

mouse anti-Flag (Sigma). Secondary antibody (either anti-

rabbit or anti-mouse) was purchased from Boster

Biotechnology Company (China). The ECL luminescent

reagent was developed, and the bands were analyzed using

BandScan Image J software.

Xenograft tumor models
Animal studies were approved by the Committee on the

Use of Live Animals for Teaching and Research of Jiangsu

University. Four-week-old female BALB/c nude mice

were purchased from the Animal Center of Yangzhou

University and maintained in Animal Center of Jiangsu

University in compliance with the Guideline for the Care

and Use of Laboratory Animals (NIH Publication No. 85-

23, revised 1996).

AsPC-1 cells (1×106) with a control or GRP78 shRNA

transfection were injected into right subcutaneous flank of

nude mice (five mice per group). The nude mice were

randomized into two groups and treated with DMSO or

artesunate (30 mg/kg/i.p.), respectively. Artesunate was

administered every two days. The tumor growth speed

and volume were monitored every two days until the end

point at day 35. All the tumor size and weight in the

artesunate-treated groups were measured by using

a caliper and an electronic balance. Tumor volume was

calculated using the formula length×width2×π/6. Fresh

tumor weight were measured following the mice were

euthanized.

Statistical analysis
All data are presented as the mean±standard error of the

mean (SEM). Two-tailed Mann–Whitney U tests were used

to compare the statistical differences between the treatment

groups. The significances of differences between groups

were analyzed using Student’s t-tests, one-way analysis of

variance (ANOVA), or two-way ANOVA. P<0.05 was con-

sidered to reflect a statistically significant difference. All the

experiments were repeated at least three times.

Results
Artesunate induced ferroptosis in KRAS

mutant pancreatic cancer cells
To examine the role of artesunate inducing cell death,

KRAS mutated pancreatic cancer cells (AsPC-1 and

PaTU8988) were treated with 20 µM artesunate. CCK8

assay showed artesunate dramatically induced cell death

(Figure 1A), and the effect can be reversed by Fer-1

(ferroptosis-specific inhibitor), rather than ZVAD-FMK

(apoptosis inhibitor) and necrosulfonamide (necrosis inhi-

bitor) (Figure 1A). These results indicate that the antic-

ancer activity of artesunate depends on the induction of

ferroptosis but not apoptosis or necrosis.

To further confirm the role of artesunate inducing

KRAS mutated pancreatic cancer cells ferroptosis, we

accessed MDA concentration and lipid oxidized level in

AsPC-1, which are indicator of ferroptosis. Compared to

the control group, artesunate induced higher concentration

MDA (Figures 1B and S1A) and higher level lipid perox-

idation (Figure 1C). Also, these can be reversed by DFO

(iron chelator) and Fer-1.
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Artesunate increases the expression of

GRP78 in KRAS mutant pancreatic cancer

cells
GRP78 plays an important role in cell survival. We next

access the expression level of GPR78 in AsPC-1 and

PaTU8988 following artesunate treatment. qRT-PCR

showed that mRNA expression level of GRP78 increased

in a concentration-dependent manner following 24-hrsar-

tesunate treatment in AsPC-1 and PaTU8988 (Figure 2A).

The similar result can be acquired at the protein level of

GRP78 by Western blot in AsPC-1 and PaTU8988 (Figure

2B). These results indicate that artesunate could induce the

expression of GRP78 at the mRNA and protein level in

KRAS mutant pancreatic cancer cells.

GRP78 mediates artesunate-induced

ferroptosis resistance in KRAS mutant

pancreatic cancer cells in vitro
To elucidate the functional role of GRP78 in artesunate-

induced ferroptosis resistance, overexpression (Flag-GRP

78) and two stable GRP78 knockdown cell clones (GRP78

shRNA1 and shRNA2) were established and highly silencing

efficiencywere confirmed byWestern blot (Figure 3A and C)

and qRT-PCR (Figure 3B and D). Silencing GRP78 in pan-

creatic cancer cells substantially inhibited the cell viability

and colony forming ability in the presence of artesunate,

while overexpression GRP78 rescued this phenomenon

(Figure 4A and B). Compared to the control group, the

concentrations of MDA level are higher in the shGRP78

group and lower in GRP78 overexpression group in the

presence of artesunate (Figure 4C).

GRP78 mediates artesunate-induced

ferroptosis resistance in KRAS mutant

pancreatic cancer cells in vivo
To validate our in vitro observation that GRP78 mediates

ferroptosis resistance, stably GRP78 knockdown AsPC-1

(GRP78–AsPC-1) cells were used to establish the subcu-

taneously nude mice. Compared to the control group

(Crtrl shRNA + DMSO), artesunate treatment signifi-

cantly slows down the tumor growth rate (Figure 5A).
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Figure 1 Artesunate induced ferroptosis in KRAS mutant pancreatic cancer cells in vitro. (A) AsPC-1 and PaTU8988 were treated with DMSO (control), ART (artesunate,

20 µM), ART (20 µM) + Fer-1 (ferrostatin-1, ferroptosis-specific inhibitor), ART (20 µM) + ZVAD-FMK (apoptosis inhibitor) and ART (20 µM) + necrosulfonamide (necrosis

inhibitor) for 24 hrs. Cell viability was accessed by CCK8 assay. (B) AsPC-1 and PaTU8988 were treated with DMSO (control), ART (20 µM), ART (20 µM) + DFO

(deferoxamine mesylate, ferroptosis-specific inhibitor) for 24 hrs. The level of MDA was assayed. (C) AsPC-1 and PaTU8988 were treated DMSO (control), ART (20 µM),

ART (20 µM) + Fer-1 for 24 hrs. Immunofluorescence assays were performed to access level of oxidized C11-BODIPY. Red: reduced BODIPY C11; Blue: oxidized BODIPY

C11. Scale bar, 50 μm. Lipid peroxidation is presented as single cell quantification of oxidized vs reduced BODIPY C11 fluorescence intensity. Twenty cells per condition

were analyzed from three independent experiments. ART represents for artesunate. Experiments were repeated three times, and the data are expressed as the mean±SEM.

*P<0.05 relative to control, **P<0.01, ***P<0.001. Statistical analysis was performed using Student’s t-test.
Abbreviations: DMSO, dimethylsulfoxide; MDA, malondialdehyde; Fer-1, Ferrostatin-1; DFO, Deferoxamine mesylate.
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Figure 3 Knockdown or overexpression of GRP78 in KRAS mutant pancreatic cancer cells. (A) Western blot analysis of shRNA-mediated knockdown of GRP78 protein

expression in AsPC-1 and PaTU8988. GAPDH expression was detected as a loading control. (B) qRT-PCR analysis of shRNA-mediated knockdown of GRP78 mRNA
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*P<0.05 relative to control. Statistical analysis was performed using Student’s t-test.
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Compared to the Crtrl shRNA + artesunate group,

GRP78 shRNA1+ artesunate group exhibited lower

tumor growth rates (Figure 5A). Moreover, the tumor

weight was lower (Figure 5B) and the tumor volume

was smaller in the GRP78 shRNA1+ artesunate group

than the Crtrl shRNA + artesunate group. These results

suggested that GRP78 negatively regulated artesunate

induced ferroptosis in vivo.
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Discussion
In summary, in this study, we found that artesunate induced

KRAS mutant pancreatic cancer cells ferroptosis as well as

the elevation of GRP78. Furthermore, knockdown GRP78

enhanced the sensitivity of KRAS mutant pancreatic cancer

cells to artesunate-induced ferroptosis; therefore, combining

ART with GRP78 inhibitor may be a novel maneuver for

effective killing KRAS mutant PDAC cells.

PDAC is an extremely heterogeneous and universally

fatal disease.13 As the most frequently mutated gene,

KRAS mutant occurred in 95% PDAC.14,15 Throughout

the progressive accumulation of mutations, KRAS con-

tinues to drive PDAC development. Constitutive activation

of KRAS results in pancreatic cancer cells' unlimited pro-

liferation, resistance to apoptosis, and metastasis. In

addition to the abovementioned biology, KRAS also has

driven the alteration of glucose and glutamine utilization

that contribute to PDAC progression. It was reported that

KRAS mutant PDAC uses a unique form of glutamine

metabolism to regulate redox balance.16 Thus, the appre-

ciated connections between KRAS and dysregulated gluta-

mine metabolism signaling in PDAC may provide

attractive novel directions for targeted therapy. In this

study, we chose AsPC-1 and PaTu8988 as the study

model for their similarly in KRAS mutant, and more

aggressive and cell-death resistance to the traditional che-

motherapy and radiotherapy. AsPC1 cell line was derived

from metastatic human pancreatic carcinoma, while

PaTu8988 cell line was of pancreatic ductal cell origin.

In vitro and in vivo results show that AsPC-1 and/or

A

B

C

Tu
rm

or
 v

ol
um

e(
m

m
3 )

Tu
rm

or
 w

ei
gh

t
(R

el
at

iv
e 

co
nt

ro
l)

1500

1000

500

0

1.5

1.0

0.5

0.0

0 7 14 21 28 35
Days

Ctrl shRNA+DMSO

Ctrl shRNA Ctrl shRNA

Ctrl shRNA+ART
GRP78 shRNA+ART

GRP78 shRNA1 GRP78 shRNA1

+ART +ART

*

*

*

Figure 5 Knockdown GRP78 enhanced artesunate-induced ferroptosis in AsPC-1 cells in vivo. Cultured GRP78 knockdown AsPC-1(GRP78 shRNA1) cells and control

cancer cells were transplanted subcutaneously with 1×106 cells/mouse into the right subcutaneous flank of nude mice (five mice per group). The nude mice were randomized

into two groups and treated with DMSO or artesunate (30 mg/kg/i.p.), respectively. The tumor-growth rate (A), tumor weight (B), and tumor volume (C) were measured at
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PaTu8988 cells were sensitive to artesunate-induced

ferroptosis.

Ferroptosis is a newly discovered programmed cell death,

could be triggered by the accumulation of glutamate, poly-

unsaturated fatty acid-phospholipids, or by depletion of

endogenous inhibitors of ferroptosis, such as GSH,

NADPH, GPX4.2,17 It was reported that erastin has the

ability to reduce glutathione (GSH) level by directly inhibit-

ing cystine/glutamate antiporter system Xc− with activation

of the ER stress response and ferroptosis.15 Also, Buthionine

sulfoximine (BSO) inhibits GSH synthesis with decreased

GPX activity and increased ROS levels, which results in

ferroptosis in KRAS-mutated cells.18 Therefore, inducing

ferroptosis represents a potential therapeutic treatment to

kill such asKRAS-mutated pancreatic cancer cells. artesunate

is a water-soluble derivative of Artemisinin.19 Recent studies

have shown that Artemisinin and its derivatives can be used

not only to treat malaria but also to kill tumor cells, which can

cause excessive accumulation of iron ions and oxygen-free

radicals in tumor cells, leading to the accumulation of lipids

in tumor cells. The component undergoes a peroxidation

reaction, resulting in the death of tumor cells, thereby achiev-

ing the effect of inhibiting tumor growth.2 Our study found

that artesunate can induced KRAS-mutated pancreatic cancer

cells death in a ferroptosis manner depending on accumula-

tion oxidizing lipid components, which is consist to the

former research. Moreover, we further confirmed that

GRP78 negatively regulated artesunate-induced ferroptosis.

As one of the most active endoplasmic reticulum cha-

perone protein, GRP78 is overexpressed in different kinds

of cancers and involved in tumorigenesis, metastasis, and

angiogenesis.10 GRP78 conferred breast cancer cells resis-

tance BIK-mediated apoptosis. Overexpression of GRP78

decreases the sensitivity of glioma cells to cisplatin-

induced cell death. Zhu et al reported that GRP78 formed

complex with GPX4 in pancreatic cancer cells which

further mediating erastin induced ferroptosis resistance.

Our study firstly confirmed that GRP78 could also con-

ferred KRAS mutant pancreatic cancer cells resistance to

artesunate induced ferroptosis. The exact mechanism

needs further investigation.

Conclusion
In this study, we provide the evidence that artesunate

induced ferroptosis in human KRAS mutant PDAC cells.

Inhibition of the GRP78 increased artesunate sensitivity

and reversed the ferroptosis resistance in KRAS mutant

PDAC cells (Figure 6). More in vivo and clinical

investigations should be conducted to explore this promis-

ing artesunate based and GRP78 inhibition combination

cancer therapy for patients with oncogenic KRAS

mutation.

Abbreviation list
GRP78, 78-kDa glucose-regulated protein; CCK8, Cell

CountingKit-8; RCD, regulated cell death; GPX4, glutathione

peroxidase 4; DMEM, dulbecco’s modified eagle medium;

MDA, malondialdehyde; DMSO, dimethylsulfoxide; BCA,

bicinchoninic acid; PBS, phosphate buffer saline; BSA,

bovine serum albumin; PDAC, pancreatic ductal

adenocarcinoma.
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