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Abstract

Ferroptosis has been reported as a unique form of cell death. However, in recent years, researchers 

have increasingly challenged the uniqueness of ferroptosis compared to other types of cell death. 

In this study, we examined whether ferroptosis shares cell death pathways with other types of cell 

death, especially autophagy, via the autophagic process. Here, we observed that ferroptosis 

inducers (artesunate and erastin) and autophagy inducers (bortezomib and XIE62–1004) led to 

autophagosome formation via the endoplasmic reticulum (ER) stress response. Unlike XIE62–

1004, artesunate, erastin, and bortezomib, which affect glutathione production or utilization, 

induced oxidative stress responses - an increase in the levels of heme oxygenase-1 and lipid 

peroxidation. Oxidative stress responses were attenuated by deletion of autophagy related gene-5 

or treatment with autophagy inhibitors (bafilomycin and chloroquine). Our studies provide an 

overview of common death pathways - the ER stress response-associated autophagic process in 

ferroptosis and autophagy. We also highlight the role the glutathione redox system plays in the 

outcome of the autophagic process.
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Introduction

Ferroptosis is a metabolic stress-related form of cell death [Tarangelo and Dixon, 2018; 

Tarangelo et al., 2018; Hirschhorn and Stockwell, 2019]. Although this type of cell death 

was reported as early as the 1950s [de Duve and Beaufy, 1959; Kerr, 1965], the molecular 

mechanism of ferroptosis was systematically characterized by Stockwell’s group in 2012 

[Dixon et al., 2012]. For instance, Maellaro et al. reported that glutathione-depleting agents 

generate oxidative stress and lipid peroxidation, which leads to liver necrosis [Maellaro et 

al., 1990]. This report described what we now know as cell death with ferroptotic 

characteristics that are attributed to cell death mechanisms. Several researchers have 

reported in recent years that deprivation of cystine by inhibiting the cystine/glutamate 

antiporter (system xc
−) or inhibition of glutathione synthesis/utilization leads to a unique 

alteration of morphology and ferroptotic cell death [Conrad and Friedmann Angeli, 2015; 

Dixon et al., 2012; Friedmann Angeli et al., 2014; Lisewski et al., 2014; Xie et al., 2016; 

_S1_Reference52_S1_Reference52Yang et al., 2014b]. Ferroptosis is considered different 

from other types of cell death in various ways. For example, ferroptosis does not result in 

biochemical and morphological changes like uncontrolled release of cell death products into 

the extracellular space and loss of cell membrane integrity, like what occurs during necrosis 

[Zong and Thompson, 2006]; formation of double membrane-layered autophagic vacuoles 

that fuse with a lysosome/vacuole whose hydrolytic enzymes degrade the sequestered 

organelle, like what occurs during autophagy [Monastyrska and Klionsky, 2006]; or cell 

shrinkage, plasma membrane blebbing, chromatin condensation, nuclear fragmentation, 

DNA laddering, and caspase-dependent cleavage of various cellular proteins, like what 

occurs during apoptosis [He et al., 2009]. Instead, ferroptosis manifests primarily as 

increased mitochondrial membrane density and mitochondrial shrinkage [Yu et al., 2017]. 

Although scientists have claimed that this iron-dependent form of programmed cell death is 

distinct from other types of cell death, recent studies have challenged the uniqueness of 

ferroptotic cell death [Gao et al., 2016; Hou et al., 2016]. We and other researchers 

previously reported that ferroptotic agent induces endoplasmic reticulum (ER) stress [Dixon 

et al., 2014; Hong et al., 2018; Lee et al., 2019; Rahmani et al., 2007]. In this study, we 

examined whether ferroptosis shares cell death processes with other types of cell death, 

especially autophagy, via the ER stress response.

Autophagy leads to programmed cell death through the lysosomal degradation of unfolded 

or misfolded proteins and intracellular structures or organelles [Ding et al., 2007; Rashid et 

al., 2015]. Autophagy is activated in response to a variety of environmental stressors such as 

energy depletion, nutritional starvation, and ER stress [Kroemer et al., 2010]. Under ER 

stress conditions, binding immunoglobulin protein (BiP), which is a major ER chaperone 

protein, dissociates from the unfolded protein response (UPR) sensors ATF6 (activating 

transcription factor 6), PERK (PKR-like ER kinase/pancreatic eIF2α kinase), and IRE1 

(inositol requiring protein-1) and initiates the UPR signaling pathways [Lee, 2005]. 

Dissociated BiP translocates from the ER to the cytosol. There, the N-terminal of BiP 

becomes arginylated through arginyltransferase 1 (ATE1)-encoded Arg-tRNA transferases 

[Cha-Molstad et al., 2015]. Cytosolic arginylated BiP (R-BiP) activates p62 via binding to 

its ZZ-type zinc finger domain, promotes p62 aggregates with ubiquitinated proteins, and 
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interacts with microtubule-associated proteins 1A/1B light chain 3B (LC3) on the 

autophagosome double membrane, which then leads to lysosomal proteolysis [Bjorkoy et al., 

2005; Cha-Molstad et al., 2015; Cha-Molstad et al., 2017; Lee, 2005].

Several researchers have observed that ER stress is linked to autophagy, mitochondrial 

biogenesis, hypoxia signaling, and oxidative stress responses [Bravo et al., 2012; Rashid et 

al., 2015; Schonenberger and Kovacs, 2015; Verfaillie et al., 2010]. Interestingly, ferroptotic 

agent also induces ER stress through the UPR and activates ER stress-related response genes 

such as DR5 (death receptor 5), PUMA (p53 upregulated modulator of apoptosis), ATF4 

(activating transcription factor 4), and CHOP (C/EBP (CCAAT‐enhancer‐binding protein)‐
homologous protein) [Dixon et al., 2014; Lee et al., 2019; Ohoka et al., 2005; Rahmani et 

al., 2007; Su and Kilberg, 2008]. In this study, we observed that ferroptotic agent triggers an 

autophagic cell death process through arginylation of BiP, LC3 lipidation and puncta 

formation, and autophagosome formation. However, results from studies with the autophagy 

inducer XIE62–1004 reveal that, unlike ferroptotic agent, XIE62–1004 neither enhances the 

level of heme oxygenase-1 (HO-1), a marker of oxidative stress, nor alters the intracellular 

level of glutathione, even though this small molecule induces LC3 lipidation and puncta 

formation. Our studies suggest that ferroptosis and autophagy share the same ER stress 

response-triggered autophagic cell death process. However, glutathione production and 

utilization are probably two of the endogenous effectors involved in regulating the various 

types of cell death. Reduction of glutathione production and utilization leads to ferroptosis 

rather than autophagy.

Materials and methods

Cell lines and cell culture conditions

Human colorectal carcinoma HCT116 cells were previously obtained from American Type 

Culture Collection (ATCC, Manassas, VA). Human melanoma M24met cells were kindly 

provided by B. M. Mueller (Scripps Research Institute, La Jolla, CA). HCT116 cells and 

M24met cells were cultured in McCoy’s 5A and Roswell Park Memorial Institute medium‐
1640 supplemented with 2 mM glutamine, respectively. Mouse embryonic fibroblasts 

(MEFs) and their ATG5-deficient (ATG5−/−) cells were obtained from D. Tang (UT 

Southwestern, Dallas, TX). These cells were cultured in Dulbecco modified Eagle medium. 

Autophagy-related gene 7 (ATG7)-deficient (ATG7−/−) HCT116 cells were obtained from D. 

Tang (UT Southwestern, Dallas, TX). All cell lines were maintained with 10% fetal bovine 

serum and incubated in a humidified atmosphere of 5% CO2 at 37°C.

Chemicals and reagents

ART, ERA, and BOR were purchased from Selleckchem (Houston, TX). Baf.A1 and CQ 

were purchased from Sigma Aldrich (St. Louis, MO). XIE62–1004 was obtained from Dr. 

Y.T. Kwon (Seoul National University, Korea).

Cell viability assay

The CellTiter 96® AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, 

WI) was used to determine cell viability. In brief, cells (1 × 104) were seeded in the wells of 
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a 96-well plate. Two days later, cells were treated and CellTiter 96® AQueous One Solution 

Reagent was added. After 1 hr of incubation at 37°C, the absorbance at 490nm was recorded 

using an ELISA plate reader and viability was determined.

Western blot analysis and antibodies

Immunoblotting was carried out as previously described [Hong et al., 2018]. The following 

antibodies were used in this study: anti-CHOP, anti‐BiP, anti‐HO-1, and anti‐LC3, which 

came from Cell Signaling Technology (Beverly, MA); anti-R-BiP (Cha-Molstad et al., 

2015), which came from Dr. Y.T. Kwon (Seoul National University, Korea); and anti‐actin, 

anti‐rabbit IgG‐horseradish peroxidase (HRP), and anti‐mouse IgG‐HRP, which came from 

Santa Cruz Biotechnology (Santa Cruz, CA).

Lipid peroxidation assay

The concentration of malondialdehyde (MDA), an end product of lipid peroxidation of 

polyunsaturated fatty acids, was measured using a Lipid Peroxidation (MDA) Assay Kit 

(#MAK085, Sigma-Aldrich) according to the manufacturer’s instructions. In brief, cells (6 × 

105) were plated onto 70-mm Petri dish. Two days later, cells were treated and harvested. 

Cells were homogenized on ice in MDA lysis buffer and centrifuged at 13,000 g for 10 min. 

Supernatant was saved and incubated at 95 °C for 60 min with thiobarbituric acid (TBA) 

solution. The MDA-TBA adduct was quantified colorimetrically at 532 nm.

ROS assay

Intracellular reactive oxygen species (ROS) level was detected with a microplate reader 

using a ROS Detection Assay Kit (# K936–100, Biovision, CA) according the 

manufacturer’s instructions. We utilized H2DCFDA (2′,7′-Dichlorodihydrofluorescein 

diacetate), a unique cell-permeable fluorogenic probe. In brief, cells (3 × 104) were seeded 

in the wells of a six-well plate. After three days, cells were treated, washed, stained with 

H2DCFDA, transferred to microplate, and analyzed with microplate reader.

Measurement of protein concentrations

Protein concentration was determined using a Pierce™ BCA protein assay kit (Thermo 

Fisher Scientific, Waltham, MA).

Measurement of glutathione concentrations

Total glutathione concentration was detected with a microplate reader at 412 nm using a 

Glutathione Assay Kit (# CS0260, Sigma-Aldrich, St. Louis, MO) according the 

manufacturer’s instructions. In brief, cells (3 × 105) were plated onto 60-mm Petri dish. 

After two days, cells were treated, deproteinized with the 5% 5-Sulfosalicylic Acid Solution, 

centrifuged to remove the precipitated protein, and then measured glutathione concentrations 

using a microplate reader.

LC3 imaging

LC3 imaging was carried out as previously described [Song et al., 2018]. Briefly, LC3-GFP-

expressing HCT116 cells were grown on coverslips. Cells were fixed in 4% 
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paraformaldehyde for 20 min at room temperature. Nuclei were stained with 40,6-

diamidino-2-phenylindole (DAPI; Cell Signaling). Cells were examined with an 

OlympusFluoview 1000 confocal microscope.

Statistical analysis

All values are represented as mean ± SD. Statistical analysis was performed using one‐way 

ANOVA analysis as indicated using SigmaPlot software. P values of less than 0.05 were 

defined as statistically significant. Where indicated, *P < 0.05; **P < 0.01; ***P < 0.001.

Results

Assessment of morphological alterations and viability during treatment with ER stress-
inducing agents

To investigate whether the ER stress response plays an important role in the cell death 

process possibly shared between ferroptosis and autophagy, we chose to study the ferroptotic 

agents artesunate (ART) and erastin (ERA) and the autophagic agent bortezomib (BOR). 

These agents are known to induce ER stress [Dixon et al., 2014; Hong et al., 2018] [Lee et 

al., 2019; Obeng et al., 2006; Yoo et al., 2014]. In the first step, we examined the effects of 

ART, ERA, or BOR on cell morphology and viability in human colon cancer HCT116 and 

human melanoma cancer M24met cells. Cells were treated with various doses of the drugs 

and we observed cell morphology under a light microscope (Figs. 1A and 1C). Data from 

phase-contrast images showed dose-dependent morphological alterations. The cells became 

round, shrunken, and detached. However, results from propidium iodide staining showed 

that not much DNA fragmentation was detected during treatment with the drugs (Figs. 1A 

and 1C). These results suggest that apoptosis didn’t occur in the cells during treatment with 

the drugs. Next, cell viability was determined using MTS assay. Our results show decreased 

cell viability, which was due to increased cytotoxicity during treatment with the drugs (Figs. 

1B and 1D).

Detection of the ER stress response and oxidative stress during treatment with ER stress-
inducing agents

Previous studies have shown that oxidative stress and ER stress are strongly connected [Cao 

and Kaufman, 2014; Malhotra and Kaufman, 2007]. To investigate this connection, we 

examined the ER stress response and oxidative stress during ART, ERA, and BOR 

treatments by assessing the ER stress response markers CHOP and BiP, as well as the 

oxidative-sensor protein HO-1. As shown in Figs. 2A and 2B, the levels of CHOP, BiP, and 

HO-1 expression were elevated during treatment with the drugs in both HCT116 and 

M24met cells. Moreover, we observed an increase in ROS levels and lipid peroxidation 

during treatment with the drugs ( Figs. 2C and 2D). Since ferroptotic agents are related to 

the glutathione antioxidant system, we investigated the relationship between oxidative stress 

and intracellular glutathione concentrations. Figure 2E shows that the intracellular levels of 

glutathione were decreased in a dose-dependent manner during treatments with ERA and 

BOR. These results suggest a connection between the ER stress response and oxidative 

stress during treatment with ER stress-inducing agents and involvement of the glutathione 

antioxidant system in the regulation of defense against oxidative stress.
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Arginylation of BiP and autophagic process during treatment with ART, ERA, or BOR

Several researchers have reported that BiP, which is located in the lumen of the ER, 

translocates to the cytoplasm during ER stress. During translocation, N-terminal BiP 

becomes arginylated by ATE1 [Cha-Molstad et al., 2015; Cha-Molstad et al., 2016]. R-BiP 

associates with p62, an autophagic adaptor, through interaction between its N-terminal 

arginine and the ZZ domain of p62 [Cha-Molstad et al., 2015; Cha-Molstad et al., 2016]. 

This interaction induces oligomerization and aggregation of p62 and increases the binding of 

p62 to the lipidated form of LC3, and then transports p62 to the autophagosome formation 

site [Cha-Molstad et al., 2015; Cha-Molstad et al., 2016; Shvets et al., 2011]. In this study, 

we examined whether ER stress agents induce arginylation of BiP during treatment with 

ART, ERA, or BOR. As shown in Fig. 3A, R-BiP was detected during treatment with the 

proteasome inhibitor BOR, but not ART. However, R-BiP was detected during treatment 

with ART or ERA in the presence of the proteasome inhibitor MG132: the amount of R-BiP 

induced by ART or ERA in the presence of MG132 was significantly larger than that by 

MG132 alone (Figs. 3A and 3B). These results suggest that R-BiP is a short-lived protein 

[Shim et al., 2018]. We further examined the autophagic process during treatments with 

ART, ERA, or BOR. Data from imaging and immunoblotting assays show that all three 

drugs induced puncta formation and lipidation of LC3 (Figs. 4A and 4B). These results 

suggest that the ER stress inducers ART, ERA, and BOR trigger autophagosome formation. 

To confirm ART, ERA, and BOR-induced autophagosome formation and their role in 

oxidative stress, we employed autophagy related gene 5 (ATG5)-deficient MEFs. Since 

ATG5 is required for autophagosome formation through involvement of the extension of the 

phagophoric membrane in autophagic vesicles, autophagosome formation is inhibited in 

ATG5-deficient (ATG5−/−) cells [Young et al., 2012]. As shown in Fig. 4C, ART, ERA, and 

BOR-increased lipidation of LC3 (LC3-II) and expression of HO-1 (oxidative stress) were 

inhibited in ATG5−/− cells. Data from malondialdehyde (MDA) assay confirmed that ERA 

and BOR-induced lipid peroxidation was suppressed in ATG5−/− cells (Fig. 4D). These 

results were confirmed using autophagy related gene 7 (ATG7)-deficient HCT116 cells. As 

shown in Fig. 4E, ART, ERA, and BOR-increased lipidation of LC3 (LC3-II) and expression 

of HO-1 were inhibited in ATG7−/− cells. These results suggest that autophagosome 

formation plays an important role in oxidative stress during treatment with ER stress 

inducers. We further examined these observations with autophagy inhibitors. As shown in 

Fig. 5A, the amount of the lipidated form of LC3 was further increased during treatment 

with ART or BOR in the presence of the autophagy inhibitors chloroquine (CQ) and 

bafilomycin A1 (Baf.A1). In contrast, the levels of ART or BOR-induced HO-1 was 

decreased in the presence of CQ or Baf.A1. These results suggest that oxidative stress was 

mediated through the autophagosome and prevented by blocking autophagic flux. Indeed, 

similar results were observed when the levels of ROS and lipid peroxidation were measured 

during treatment with ART, ERA, or BOR in the presence/absence of CQ or Baf.A1. The 

levels of ROS and lipid peroxidation were reduced in the presence of CQ or Baf.A1 during 

treatment with ART, ERA, or BOR (Figs. 5B and 5C).

Role of glutathione antioxidant system in the outcome of the autophagic process

To examine the role of the glutathione antioxidant system in the outcome of the autophagic 

process, we employed the autophagic inducer XIE62–1004, which is a ligand of p62. It 
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binds to the ZZ-domain of p62 and induces autophagy without inducing ER stress and 

affecting the glutathione antioxidant system. Indeed, lipidation of LC3 and LC3 puncta 

formation occurred during treatment with XIE62–1004 (Figs. 6A and 6B). However, 

XIE62–1004 treatment didn’t lead to elevation of BiP and HO-1 expression (Figs. 6A and 

6B). Moreover, unlike ERA, XIE62–1004 didn’t affect the level of glutathione (Fig. 6). 

These results suggest that the glutathione antioxidant system plays an important role in the 

inhibition of autophagy-associated oxidative stress.

Discussion

Several conclusions can be drawn upon considering the data presented here. First, the 

network of ART, ERA, and BOR-induced cell death pathways is mediated through the ER 

stress response. ER stress enhances the level of lipid peroxidation and production of ROS 

through promotion of the autophagic process during treatment with ART, ERA, or BOR. 

Moreover, the glutathione redox system plays an important role in the modulation of cell 

death caused by impaired lipid metabolism [Miess et al., 2018]. The inhibition of 

glutathione production/utilization promotes autophagic process-induced oxidative death by 

enhancing lipid peroxidation.

Our data from Figs 2, 4, and 5 clearly demonstrate that ER stress inducers promote ROS 

production via the autophagic process and subsequently generate oxidative stress-induced 

responses such as HO-1 gene expression and lipid peroxidation. Several researchers have 

reported that ROS generation occurs due to the autophagic degradation of the iron storage 

macromolecule ferritin [Bresgen and Eckl, 2015; Hou et al., 2016]. It is well known that 

autophagosomes containing ferritin fuse with lysosomes and form autophagolysosomes. 

Digestion of ferritin in the autophagolysosomes results in the release of ferrous iron (Fe2+) 

[Asano et al., 2011; Bogdan et al., 2016]. Ferrous iron, a reduced form of iron, reacts with 

lipid peroxides (ROOH) to produce alkoxy radicals, whereas ferric iron (Fe3+), an oxidized 

form of iron, reacts more slowly to produce peroxyl radicals [Braughler et al., 1986]. Both 

radicals can become involved in the propagation of the chain reaction. The end products of 

these complex metal ion-catalyzed breakdowns of lipid hydroperoxides lead to ferroptosis 

[Asano et al., 2011; Bogdan et al., 2016]. Nuclear receptor coactivator 4 (NCOA4), a cargo 

receptor protein, mediates ferritin degradation, and its overexpression increases ferritin 

degradation and promotes ferroptosis [Mancias et al., 2014; Hou et al., 2016]. Involvement 

of lysosomes in ferroptosis has been confirmed by recent observations. Several lysosomal 

inhibitors prevent cell death during treatment with ferroptosis-inducing compounds such as 

erastin and RSL3 [Torii et al., 2016]. Bafilomycin A1, which disrupts autophagic flux by 

inhibiting both Ca-P60A/SERCA-dependent autophagosome-lysosome fusion and vacuolar-

type H(+)-ATPase-dependent acidification [Mauvezin and Neufeld, 2015], protects cells 

from ferroptosis. This is probably due to inhibition of ferritinophagic degradation of ferritin 

[Gao et al., 2016; Gryzik et al., 2017; Hou et al., 2016; Torii et al., 2016; Yang et al., 2014a]. 

Our data from Fig. 5 also clearly demonstrate that the autophagy inhibitors CQ and Baf.A1 

inhibit ROS generation and lipid peroxidation.

Our studies clearly demonstrate that the proteasome inhibitor bortezomib induces oxidative 

stress (elevation of HO-1 expression, ROS production, and lipid peroxidation) (Fig. 2). Our 
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observations are consistent with those from previous reports [Furfaro et al., 2016; Tibullo et 

al., 2016]. Bortezomib enhances HO-1 expression in myeloma and neuroblastoma 

HTLA-230 cells [Furfaro et al., 2016; Tibullo et al., 2016]. Interestingly, bortezomib-

induced oxidative stress cannot be prevented because of the reduction of glutathione 

concentrations [Starheim et al., 2016; Zaal et al., 2017] (Fig. 2E). The role of the glutathione 

redox system in bortezomib-induced oxidative stress has been previously reported. Cysteine 

and glutathione supplement abolish bortezomib-induced cytotoxicity in several myeloma 

cell lines [Starheim et al., 2016; Zaal et al., 2017]. How the proteasome inhibitor bortezomib 

affects the glutathione redox system remains unanswered. Since the level of glutathione 

content is decreased during treatment with bortezomib, system xc
- cystine/glutamate 

antiporter and/or glutathione synthetase rather than glutathione peroxidase and transferase 

may be involved in the biological effects of bortezomib. One possibility is that bortezomib 

modulates the level of system xc
- cystine/glutamate antiporter and/or glutathione synthetase. 

Obviously, this possibility needs to be further examined to understand the effect of 

bortezomib on the glutathione redox system.
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ATF6 activating transcription factor 6
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ATG7 autophagy-related gene 7

Baf.A1 bafilomycin A1

BiP binding immunoglobulin protein

BOR bortezomib

C/EBP CCAAT-enhancer-binding proteins

CHOP CCAAT-enhancer-binding protein homologous protein

CQ chloroquine

DAPI 4’,6-diamidino-2-phenylindole

DR5 death receptor 5

Lee et al. Page 8

J Cell Physiol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



eIF2α eukaryotic initiation factor 2α

ER endoplasmic reticulum

ERA erastin

H2DCFDA 2′,7′-Dichlorodihydrofluorescein diacetate

HO-1 heme oxygenase-1

HRP horseradish peroxidase

IRE1 inositol requiring protein-1

MDA malondialdehyde

MEF mouse embryo fibroblast

NCOA4 nuclear receptor coactivator 4

PERK PKR-like ER kinase

PUMA p53 upregulated modulator of apoptosis

R-BiP arginylated BiP

ROS reactive oxygen species

TBA thiobarbituric acid

UPR unfolded protein response

WT wild-type
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Figure 1. Evaluation of morphological alterations and cytotoxicity during treatment with 
artesunate (ART), erastin (ERA), or bortezomib (BOR).
(A, B) HCT116 cells were treated with ART (10–50 μM), ERA (10–50 μM), or BOR (10–50 

nM) for 24 h. The cells were stained with propidium iodide. (C, D) M24met cells were 

treated with ART (10–50 μM), ERA (1–5 μM), or BOR (10–50 nM) for 24 h. The cells were 

stained with propidium iodide. (A, C) Phase-contrast images or fluorescence images were 

visualized under a light or fluorescence microscope, respectively. Representative images are 

shown. (B, D) Cell viability was assessed using MTS assay. The values are indicated as 

mean ± SD from three independent experiments. p-values: *, 0.05; **, 0.01; ***, 0.001.
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Figure 2. Assessment of the endoplasmic reticulum stress response, oxidative stress response, 
lipid peroxidation, and glutathione content during treatment with ART, ERA, or BOR.
(A) HCT116 cells were treated with ART (10–50 μM), ERA (10–50 μM), or BOR (10–50 

nM) for 24 h. (B) M24met cells were treated with ART (10–50 μM), ERA (1–5 μM), or 

BOR (10–50 nM) for 24 h. Whole-cell extracts were analyzed with immunoblotting assay 

using indicated antibodies. Actin was used as a loading control. Densitometry analysis of the 

bands from CHOP, BiP, or HO-1 was performed (right panels). The values are indicated as 

mean ± SD from three independent experiments. p-values: *, 0.05; **, 0.01; ***, 0.001. (C) 

HCT116 cells were treated with ERA (1–50 μM) or BOR (1–50 nM) for 24 h. Glutathione 

content of the sample was assayed using a Glutathione Assay Kit. The values are indicated 

as mean ± SD from three independent experiments. p-values: ***, 0.001. (D) HCT116 cells 

were treated with ART (50 μM), ERA (50 μM), or BOR (50 nM) for 24 h. Intracellular 

reactive oxygen species were detected using the fluorescent dye CM-H2DCFDA. The values 

are indicated as mean ± SD from three independent experiments. p-values: **, 0.01; ***, 

0.001. (E) HCT116 cells were treated with ART (10–50 μM) or BOR (10–50 nM) for 24 h. 
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Lipid peroxidation was determined using malondialdehyde (MDA) assay. The values are 

indicated as mean ± SD from three independent experiments. p-values: ***, 0.001.
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Figure 3. Arginylation of BiP during treatment with ART, ERA, or BOR.
(A) HCT116 cells were treated with ART (50 μM) or BOR (50 nM) in the presence/absence 

of MG132 (10 μM) for 24 h. Western blotting analysis of BiP and arginylated BiP (R-BiP) 

was performed after treatment with indicated agents. Actin was used as a loading control. 

Densitometry analysis of the bands from the R-BiP or BiP was performed (right panel). The 

values are indicated as mean ± SD from three independent experiments. p-values: *, 0.05; 

**, 0.01; ***, 0.001. (B) HCT116 cells were treated with ERA (50 μM) in the presence/

absence of MG132 (10 μM) for 24 h. Whole-cell extracts were analyzed with 

immunoblotting assay using indicated antibodies. Actin was used as a loading control. 

Densitometry analysis of the bands from the R-BiP or BiP was performed (right panel). The 

values are indicated as mean ± SD from three independent experiments. p-values: ***, 

0.001.
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Fig 4. Assessment of autophagosome formation, oxidative stress, and lipid peroxidation during 
treatment with ART, ERA, or BOR.
(A) HCT116 cells expressing the GFP-LC3 gene were treated with ART (10–50 μM), ERA 

(10–50 μM), or BOR (10–50 nM) for 24 h. LC3 puncta was examined with a confocal 

microscope. (B) HCT116 cells were treated with ART (10–50 μM), ERA (10–50 μM), or 

BOR (10–50 nM) for 24 h. Western blotting analysis of LC3-ll levels was performed after 

treatment with indicated agents. Actin was used as a loading control. Densitometry analysis 

of the bands from the LC3-II was performed (lower panel). The values are indicated as mean 

± SD from three independent experiments. p-values: *, 0.05; **, 0.01; ***, 0.001. (C, D) 
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Wild-type (WT) MEFs or ATG5 knockout (ATG5−/−) MEFs were treated with ART (50 

μM), ERA (5 μM), or BOR (50 nM) for 24 h. (C) Whole-cell extracts were analyzed with 

immunoblotting assay using indicated antibodies. Actin was used as a loading control. 

Densitometry analysis of the bands from the LC3-II or HO-1 was performed (right panel). 

The values are indicated as mean ± SD from three independent experiments. p-values: *, 

0.05; **, 0.01; ***, 0.001. (D) Lipid peroxidation was determined by malondialdehyde 

(MDA) assay. The values are indicated as mean ± SD from three independent experiments. 

p-values: *, 0.05; ***, 0.001. (E) Wild-type (WT) HCT116 or ATG7 knockout (ATG7−/−) 

HCT116 cells were treated with ART (50 μM), ERA (50 μM), or BOR (50 nM) for 24 h. 

Whole-cell extracts were analyzed with immunoblotting assay using indicated antibodies. 

Actin was used as a loading control. Densitometry analysis of the bands from LC3-II or 

HO-1 was performed (right panel). The values are indicated as mean ± SD from three 

independent experiments. p-values: **, 0.01; ***, 0.001.
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Figure 5. Effect of autophagic process inhibitors on lipid lipidation, oxidative stress, and lipid 
peroxidation during treatment with ART, ERA, or BOR.
(A, B) HCT116 cells were treated with 50 μM ART (A) or 50 nM BOR (B) in the presence/

absence of chloroquine (CQ) (10 μM) or bafilomycin A1 (Baf.A1) (600 nM) for 24 h. 

Whole-cell extracts were analyzed with immunoblotting assay using indicated antibodies. 

Actin was used as a loading control. Densitometry analysis of the bands from LC3-II or 

HO-1 was performed (right panels). The values are indicated as mean ± SD from three 

independent experiments. p-values: *, 0.05; ***, 0.001. (C) HCT116 cells were treated with 

ERA (50 μM) or BOR (50 nM) in the presence/absence of CQ (10 μM) or Baf.A1 (600 nM) 

for 24 h. Intracellular reactive oxygen species was detected using fluorescent dye CM-

H2DCFDA. The values are indicated as mean ± SD from three independent experiments. p-

values: *, 0.05; **, 0.01; ***, 0.001. (D) HCT116 and M24met cells were treated with ART 

(50 μM) or BOR (50 nM) in the presence/absence of CQ (10 μM) or Baf.A1 (600 nM) for 24 

h. Lipid peroxidation was analyzed using malondialdehyde assay. The values are indicated 

as mean ± SD from three independent experiments. p-values: **, 0.01; ***, 0.001.
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Figure 6. Assessment of endoplasmic reticulum stress response, lipid lipidation, autophagosome 
formation, oxidative stress, and glutathione content during treatment with the autophagy 
inducer XIE62-1004.
(A) HCT116 cells were treated with XIE62-1004 (1–30 μM) or ERA (50 μM) for 24 h. 

Whole-cell extracts were analyzed with immunoblotting assay using indicated antibodies. 

Actin was used as a loading control. Densitometry analysis of the bands from BiP, LC3-II, 

or HO-1 was performed (right panel). The values are indicated as mean ± SD from three 

independent experiments. p-values: **, 0.01; ***, 0.001. (B) HCT116 cells expressing the 

GFP-LC3 gene were treated with XIE62-1004 (10 or 30 μM) for 24 h. LC3 puncta were 

examined with a confocal microscope. (C) HCT116 cells were treated with XIE62–1004 (1–

30 μM) or ERA (1–50 μM) for 24 h. Glutathione content of the sample was assayed using a 

Glutathione Assay Kit. Error bars represent the mean ± SD from three independent 

experiments. p-values: **, 0.01; ***, 0.001.
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