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ABSTRACT
Macroautophagy (hereafter referred to as “autophagy”) is a lysosome-mediated degradation process 
that plays a complex role in cellular stress, either promoting survival or triggering death. Early studies 
suggest that ferroptosis, an iron-dependent form of regulated cell death, is not related to autophagy. 
Conversely, recent evidence indicates that the molecular machinery of autophagy facilitates ferroptosis 
through the selective degradation of anti-ferroptosis regulators. However, the mechanism of autophagy- 
dependent ferroptosis remains incompletely understood. Here, we examine the early dynamic change in 
protein expression of autophagic (e.g., MAP1LC3B and SQSTM1) or ferroptotic (e.g., SLC7A11 and GPX4) 
regulators in 60 human cancer cell lines in response to two classical ferroptosis activators (erastin and 
RSL3) in the absence or presence of the lysosomal inhibitor chloroquine. Compared to erastin, RSL3 
exhibits wider and stronger activity in the upregulation of MAP1LC3B-II or downregulation of SQSTM1 in 
80% (48/60) or 63% (38/60) of cell lines, respectively. Both RSL3 and erastin failed to affect SLC7A11 
expression, but they led to GPX4 downregulation in 12% (7/60) and 3% (2/60) of cell lines, respectively. 
Additionally, the intracellular iron exporter SLC40A1/ferroportin-1 was identified as a new substrate for 
autophagic elimination, and its degradation by SQSTM1 promoted ferroptosis in vitro and in xenograft 
tumor mouse models. Together, these findings show tumor heterogeneity in autophagy-dependent 
ferroptosis, which might have different biological behaviors with regard to the dynamic characteristics 
of cell death.
Abbreviations: ATG: Autophagy-related; CQ: Chloroquine; GPX4: Glutathione peroxidase 4; MAP1LC3B/ 
LC3: Microtubule-associated protein 1 light chain 3 beta: NCOA4: Nuclear Receptor Coactivator 4; ROS: 
Reactive Oxygen Species; SLC40A1/ferroportin-1: Solute Carrier family 40 Member 1; SLC7A11: Solute 
Carrier Family 7 Member 11; SQSTM1/p62: Sequestosome 1
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Introduction

Macroautophagy (hereafter referred to as “autophagy”) is 
a conserved cellular pathway characterized by the formation of 
lipid-related membrane structures (e.g., phagophores, autopha-
gosomes, and autolysosomes) that function to engulf and 
degrade various cargos (e.g., superfluous proteins, damaged 
organelles, or invading pathogens), and it plays a major role in 
human health and disease, including malignant tumors [1–3]. 
The fine-tuning of this process is orchestrated by a family of 
autophagy-related (ATG) proteins, which involves 
a complicated array of protein-protein interactions and various 
posttranslational modifications [4,5]. In particular, the switch of 
the ubiquitin-like protein MAP1LC3/LC3 (microtubule- 
associated protein 1 light chain 3) from MAP1LC3-I (the cyto-
solic form) to MAP1LC3-II (the membrane-bound form) drives 
autophagosome formation [6], whereas the autophagy substrate 

SQSTM1/p62 (sequestosome 1) is one of the major receptors 
responsible for selective autophagy that functions by interacting 
simultaneously with cargoes and MAP1LC3 [7]. Consequently, 
a stressful situation can trigger a protective autophagic response 
to maintain homeostasis for cell survival [8,9]. However, uncon-
trolled or impaired autophagy may be harmful to cellular func-
tion, leading to death [10,11]. This type of regulated cell death 
was named autophagy-dependent cell death by the 
Nomenclature Committee on Cell Death, a key point of the 
definition being that the components of the autophagy machin-
ery induce cell death [12]. Understanding the phenotype and 
function of autophagy in survival and death is important for the 
development of effective anticancer strategies [13].

Cell death occurs in various forms, which display differ-
ent hallmarks that underly their molecular mechanisms and 
signal pathways [14]. The recently identified process of 
ferroptosis, an iron-dependent form of non-apoptotic cell 
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death [15,16], provides an example for exploring the role of 
autophagy in driving cell death [17]. Although the exact 
effector molecule for it remains unidentified, ferroptosis 
can be initiated by the activation of iron accumulation or 
the inhibition of a specific antioxidant system, which results 
in lipid peroxidation, the metabolic process of oxidative 
degradation of lipids [18–20]. Oxidative stress and the 
resulting lipid peroxidation products (e.g., malondialdehyde 
[MDA] and 4-hydroxynonenal) are involved in the induc-
tion of autophagosome formation [21–23]. An excessive 
activation of autophagy seems to be an important driver of 
ferroptosis [17,24,25]. Specifically, certain selective types of 
autophagy (e.g., ferritinophagy [26–28], lipophagy [29], 
clockophagy [30,31], and chaperone-mediated autophagy 
[32]), facilitate ferroptotic cancer cell death through the 
degradation of ferroptosis repressors (e.g., ferritin, 
ARNTL/BMAL1 [aryl hydrocarbon receptor nuclear trans-
locator-like], GPX4 [glutathione peroxidase 4], and lipid 
droplets), regulating iron or lipid metabolism. Moreover, 
the depletion of key autophagy genes, such as ATG5, 
ATG7, BECN1, and MAP1LC3B, inhibits ferroptotic cancer 
cell death [17,33–37]. However, most of the studies showing 
this focused on the impact of autophagy in the late stage of 
the process of ferroptosis, and did not explicitly consider the 
early response to autophagy-dependent ferroptosis. 
Additionally, the mixed types of cell death associated with 
autophagy may be more common in the late stage of oxida-
tive damage [38–43], increasing the complexity and uncer-
tainty of interpretation of results.

In the present study, we examined how tumor heterogene-
ity regulates autophagy-dependent ferroptosis, and its impli-
cations for tumor therapy. We also demonstrated that 
SLC40A1/ferroportin-1 (solute carrier family 40 member 1) 
was a new autophagic substrate, contributing to ferroptosis 
resistance. Targeting autophagy-dependent SLC40A1 degra-
dation enhances ferroptosis-mediated tumor suppression 
in vitro and in vivo.

Results

Relationship between the autophagy markers and 
ferroptosis regulators in 60 human cancer cell lines

There are two classical ferroptosis activators, namely erastin 
and RSL3, that function as potential inhibitors of the cystine/ 
glutamate antiporter SLC7A11/xCT/system xc− or the antiox-
idant enzyme GPX4, respectively [44]. We used western blot 
analysis to examine the level and frequency of an early change 
in markers and/or components of the autophagy machinery 
(e.g., MAP1LC3B and SQSTM1) and ferroptosis (e.g., 
SLC7A11 and GPX4) in human cancer cell lines following 
treatment with erastin (20 µM) or RSL3 (0.5 µM) for 3 and 
6 h (Figure 1A). We established protein expression profiles for 
60 human cancer cell lines, including breast (n = 4), bone 
(n = 3), bladder (n = 3), central nervous system (n = 3), cervix 
(n = 2), colon (n = 4), gastric (n = 2), leukemia (n = 2), liver 
(n = 3), lung (n = 5), melanoma (n = 5), ovarian (n = 11), 
pancreas (n = 7), prostate (n = 2), and renal (n = 4) cancer 
cells (Figure 1B).

First, all 60 cancer cell lines expressed the MAP1LC3B, 
SQSTM1, SLC7A11, and GPX4 proteins (Fig. S1). Similarly, 
an open-access bioinformatic assay of RNA expression data 
generated in the Human Protein Atlas project (https://www. 
proteinatlas.org) showed that the basic mRNA expression for 
MAP1LC3B, SQSTM1, SLC7A11, and GPX4 were, respec-
tively, identified in 100%, 100%, 91%, and 100%, of 65 cancer 
cell lines. These findings suggest that these genes and proteins 
are widely expressed in various cancers, regardless of the type 
of cancer.

Second, the induced change of protein expression of 
MAP1LC3B-II, SQSTM1, or GPX4 was more visible in 
response to RSL3, compared to erastin, regardless of tumor 
types and treatment time (Figure 1B). For example, the level 
of MAP1LC3B-II was upregulated in 80% and 53% of cell 
lines in response to RSL3 and erastin, respectively (Figure 
1C). RSL3 and erastin did not suppress MAP1LC3B-II pro-
duction in all cells, indicating that autophagosome forma-
tion may not be impaired during the early response to 
ferroptotic stimulus. It is generally thought that the down-
regulation of SQSTM1 is a marker, and the consequence, of 
autophagy activation [45]. However, downregulated 
SQSTM1 was only observed in 63% and 7% of cell lines 
following treatment with RSL3 and erastin, respectively 
(Figure 1C). Whereas the degradation of GPX4 may be 
a common late event in ferroptosis [32,46–48], our study 
showed that only 3% and 12% of cell lines presented less 
GPX4 expression following treatment with erastin and RSL3, 
respectively. In contrast, 3% and 5% of cell lines were 
observed to have GPX4 upregulation following treatment 
with erastin and RSL3, respectively (Figure 1C). Notably, 
the turnover between the short and long form of the GPX4 
protein [49] was observed in certain RSL3-treated cancer 
cells (Fig. S1), although the mechanism and the function 
underlying the change of GPX4 size in ferroptosis remain 
unknown. In parallel, SLC7A11 expression was not changed 
in the absence or presence of erastin and RSL3 in all cancer 
cells (Figure 1C).

Third, the single or combined use of chloroquine (CQ) 
revealed a tumor type-dependent role in the regulation of 
protein expression of these autophagic or ferroptotic regula-
tors. A fundamental fact is that autophagy is a dynamic pro-
cess, and monitoring autophagic flux is therefore important to 
understanding the effects of mutations or drug treatments on 
autophagy activity [45]. Besides mediating autophagy, 
MAP1LC3-II and SQSTM1 can be degraded in a lysosome- 
dependent manner [50,51]. Thus, the lysosomal inhibitor CQ, 
which is frequently used as an antimalarial agent clinically, 
can restore MAP1LC3-II and SQSTM1 levels if the cells have 
an increased autophagic flux [45]. In general, we found that 
the frequency and levels of erastin- or RSL3-induced 
MAP1LC3B-II and SQSTM1 (but not GPX4 and SLC7A11) 
expression were further increased by CQ (Figure 1D).

Fourth, we evaluated the relationship between the expres-
sion of autophagy markers and ferroptosis regulators after 
quantifying the intensity of protein bands from western 
blots (Figure 2). Within the erastin treatment group, the 
association of MAP1LC3B-II with SQSTM1 (r = 0.353; 
P < 0.01), SLC7A11 (r = 0.371; P < 0.01) or GPX4 
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Figure 1. Protein expression profiles of MAP1LC3B-II, SQSTM1, GPX4, and SLC7A11 in cancer cell lines. (A) Schematic representation of western blot and detection 
procedures. Sixty cancer cell lines were treated with erastin (20 µM) or RSL3 (0.5 µM) in the absence or presence of chloroquine (CQ, 50 µM) for 3 and 6 h. We 
collected protein from each cell line in 3 biologically independent samples and mixed them together for western blot analysis. (B) Protein profile of MAP1LC3B-II, 
SQSTM1, GPX4, and SLC7A11 levels in response to erastin or RSL3 in the indicated cancer cell lines (data are shown in a heat map as the mean of biologically 
independent samples). The original western blot data are shown in Fig. S1. The relative intensities of the bands from western blots were analyzed and normalized to

AUTOPHAGY 3363



(r = 0.521; P < 0.0001) was observed at 3 h. Similar relation-
ships were further found between MAP1LC3B-II and 
SQSTM1 (r = 0.521; P < 0.001), SLC7A11 (r = 0.423; 
P < 0.001), or GPX4 (r = 0.536; P < 0.0001) groups after 
cells were treated with erastin for 6 h. Within the RSL3 
treatment group, MAP1LC3B-II and SQSTM1 were slightly 
correlated (r = 0.257; P < 0.05) at 3 h, whereas this relation-
ship was not observed at 6 h (r = 0.003; P > 0.05). Overall, in 
the early induction of ferroptosis, the protein relationship 
between MAP1LC3B-II, SLC7A11, and GPX4 was weak.

MAP1LC3B-II-inducible cancer cells are sensitive to 
ferroptosis induction

Based on whether cells were induced to produce MAP1LC3B- 
II in response to erastin or RSL3 (Figures 1B and Figures 3A), 
we divided the cell lines into two groups, namely MAP1LC3B- 
II–inducible cells (e.g., HT1080, PANC1, and 5637) and 
MAP1LC3B-II–noninducible cells (e.g., BX-PC3, MCF-7, 
and NCI-H460). Erastin or RSL3 induced cell death (mea-
sured by propidium iodide staining) (Figure 3A) and lipid 
peroxidation (measured by linoleamide alkyne staining) 
(Figure 3B) in MAP1LC3B-II-inducible cells, but not in 
MAP1LC3B-II-noninducible cells. CQ inhibited erastin- or 
RSL3-induced cell death (Figure 3A) and lipid peroxidation 
(Figure 3B) in HT1080, PANC1, and 5637 cells. Importantly, 
the knockdown of core autophagy regulators ATG5, ATG7, or 
ATG4B by shRNA (Figure 3C) inhibited cell death (Figure 
3D) and lipid peroxidation (Figure 3E) in HT1080 and 
PANC1 cells following treatment with erastin or RSL3, indi-
cating that autophagy facilitates ferroptosis. In RSL3-treated 
PANC1 cells, MAP1LC3B puncta appeared in a time- 
dependent manner in the cytoplasm and perinuclear region 
(Figure 3F). RSL3 also caused a time-dependent increase in 
the colocalization between MAP1LC3B and lysosomes 
(stained by LAMP1 [lysosomal associated membrane pro-
tein 1]) (Figure 3F). These results support previous findings 
that the components of various cytosolic organelles can be 
degraded by autophagy during ferroptosis [52].

We further tested whether there is a positive relationship 
between the levels of MAP1LC3B-II, cell death, and lipid 
peroxidation in 10 ovarian cancer cell lines. In general, the 
levels of cell death and lipid peroxidation paralleled the 
MAP1LC3B-II level in ovarian cancer cell lines in response 
to erastin or RSL3 (Figure 4A-E). In addition, CQ inhibited 
erastin- or RSL3-induced cell death and lipid peroxidation in 
MAP1LC3B-II-inducible ovarian cancer cell lines (PEO4 and 
SKOV3) (Figure 4A-E), indicating that ferroptosis may occur 
in an autophagy-dependent manner.

Autophagy mediates SLC40A1 degradation during 
ferroptosis

Because ferroptosis is an iron-dependent form of cell death 
[53], we investigated the effects of autophagy machinery on 
the protein expression of iron metabolism-related regulators 
in HT1080 cells. As a positive control, the knockdown of 
ATG5 or ATG7 reversed erastin-induced downregulation of 
FTH1 (ferritin heavy chain 1) (Figure 5A), which is a well- 
known autophagic substrate that inhibits ferroptosis by stor-
ing iron [26–28]. Surprisingly, the protein expression of 
SLC40A1, the key intracellular iron export protein reported 
in mammalian cells [54], was also inhibited by erastin (Figure 
5A). This erastin-induced SLC40A1 protein downregulation 
was reversed by the knockdown of ATG5 or ATG7 (Figure 
5A). Other iron metabolism-related proteins, such as TFRC 
(transferrin receptor) and STEAP3 (STEAP3 metalloreduc-
tase), were not affected by the knockdown of ATG5 or 
ATG7 (Figure 5A). Moreover, the pharmacological inhibition 
of autophagy by CQ or bafilomycin A1 also blocked erastin- 
induced SLC40A1 protein downregulation (Figure 5B). 
However, proteasome inhibitors, such as MG132 or carfilzo-
mib, failed to inhibit the downregulation of SLC40A1 by 
erastin (Figure 5C). These findings suggest that autophagy 
mediates SLC40A1 degradation during ferroptosis.

To identify autophagy receptor proteins involved in 
SLC40A1 degradation, we performed immunoprecipitation 
experiments in HT1080 cells. This assay showed that 
SLC40A1 bound to SQSTM1 during erastin-induced ferrop-
tosis (Figure 5D). In contrast, erastin failed to induce the 
binding of SLC40A1 to other autophagy receptors, such as 
NBR1 (NBR1 autophagy cargo receptor), CALCOCO2/ 
NDP52 (calcium-binding and coiled-coil domain 2), OPTN 
(optineurin), and NCOA4 (nuclear receptor coactivator 4) 
(Figure 5D). The knockdown of SQSTM1 inhibited erastin- 
induced SLC40A1 protein degradation in HT1080 and 
PANC1 cells (Figure 5E). These findings suggest that 
SQSTM1 mediates the autophagic degradation of SLC40A1 
caused by erastin.

Inducing autophagic degradation of SLC40A1 overcomes 
ferroptosis resistance

To determine whether SLC40A1 expression is related to fer-
roptosis resistance, we produced a PANC1 cell line resistant 
to ferroptosis (termed PANC1R) by gradually increasing the 
drug concentration of erastin. Compared with parental cells, 
PANC1R cells were resistant to erastin-induced cell death 
(Figure 6A). Of note, the levels of MAP1LC3B and ATG5 
were significantly downregulated, whereas the levels of 

loading controls using ImageJ software. The cutoffs (P < 0.05) were set to a 25% change in relative intensity compared to the untreated group. 
Downregulation = relative intensity change of <0.75-fold; upregulation = relative intensity change of >1.25-fold. (C) The frequency assay of the level of MAP1LC3B- 
II, SQSTM1, GPX4, and SLC7A11 in response to erastin or RSL3 in 60 cancer cell lines (n = 3 biologically independent samples). The cutoffs (P < 0.05) were set to 
a 25% change in relative intensity compared to the untreated group. Downregulation = relative intensity change of <0.75 fold; upregulation = relative intensity 
change of >1.25-fold. Yes = changed percentage in 60 cancer cell lines; No = unchanged percentage in 60 cancer cell lines; Yes + No = 100%. (D) The frequency 
assay of the effects of CQ on the protein level of MAP1LC3B-II, SQSTM1, GPX4, and SLC7A11 in response to erastin or RSL3 in 60 cancer cell lines (n = 3 biologically 
independent samples). The cutoffs (P < 0.05) were set to a 25% change in relative intensity compared to the untreated group. Downregulation = relative intensity 
change of <0.75-fold; upregulation = relative intensity change of >1.25-fold. Downregulation + no change + upregulation = 100%.
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SLC40A1 and SQSTM1 were significantly upregulated, in 
PANC1R cells (Figure 6B). In contrast, the expression of 
FTH1 and NCOA4 were mildly changed in PANC1R cells. 
Thus, the autophagy-mediated SLC40A1 degradation pathway 
may be impaired in PANC1R cells.

To evaluate the role of autophagy-mediated SLC40A1 
degradation in the regulation of ferroptosis, we overexpressed 
ATG5 in PANC1R cells (Figure 6C). The overexpression of 

ATG5 restored SLC40A1 degradation (Figure 6C) and 
enhanced erastin-induced cell death (Figure 6D), iron accu-
mulation (Figure 6E), and lipid peroxidation (Figure 6F) in 
PANC1R cells. Similar to the overexpression of ATG5, the 
knockdown of SLC40A1 by shRNA (Figure 6C) also restored 
the sensitivity of PANC1R cells to the erastin-induced ferrop-
totic response (Figure 6D-Figure 6F). In parental PANC1 
cells, the knockdown of SLC40A1 (Figure 6G) further 

Figure 2. Relationship between protein level of MAP1LC3B-II with SQSTM1, GPX4, and SLC7A11 in 60 cancer cell lines (n = 3 biologically independent samples). The 
Pearson correlation coefficient was used to assay the relationship between the indicated two proteins under the indicated conditions after quantifying the intensity 
of protein bands from western blots.
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Figure 3. The role of autophagy in mediating ferroptosis. (A, B) The indicated cancer cell lines were treated with erastin (20 µM) or RSL3 (0.5 µM) in the absence or 
presence of chloroquine (CQ, 50 µM) for 6 h and then cell death (A) and lipid peroxidation (B) were assayed using propidium iodide (PI) or linoleamide alkyne (LAA) 
staining, respectively. A representative western blot, PI, or LAA image is shown (bar: 50 μm). Data are shown in a heat map as the mean of biologically independent 
samples. (C) Western blot analysis of ATG5, ATG7, or ATG4B expression in indicated gene knockdown HT1080 and PANC1 cells. (D, E) Analysis of cell death (D) and 
lipid peroxidation (E) in the indicated control and autophagy-deficient cells following treatment with erastin (20 µM) or RSL3 (0.5 µM) for 6 h (n = 3 biologically 
independent samples; *P < 0.05 versus control shRNA group). (F) Analysis of colocalization between MAP1LC3B (shown in green) and LAMP1 (shown in red) in PANC1 
cells following treatment with RSL3 (0.5 µM) for 3–12 h (n = 10 random fields; *P < 0.05 versus control group; bar: 15 µm).
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Figure 4. MAP1LC3B-II–inducible ovarian cancer cell lines are sensitive to ferroptosis. (A-C) Heatmap of the levels of MAP1LC3B-II (A), cell death (B), and lipid 
peroxidation (C) in 10 ovarian cancer cell lines following treatment with erastin (20 µM) or RSL3 (0.5 µM) for 6 h (data are shown as the mean of 3 biologically 
independent samples). (D, E) Analysis of cell death (D) and lipid peroxidation (E) in PEO4 and SKOV3 cells following treatment with erastin (20 µM) or RSL3 (0.5 µM) in 
the absence or presence of chloroquine (CQ, 50 µM) for 6 h (n = 3 biologically independent samples; *P < 0.05 versus erastin or RSL3 group).

Figure 5. Autophagy mediates SLC40A1 degradation during ferroptosis. (A) Analysis of iron metabolism-related protein expression in the indicated HT1080 cells 
following treatment with erastin (10 µM) for 12 h (n = 3 biologically independent samples; *P < 0.05). (B, C) HT1080 cells were treated with erastin (10 µM) in the 
absence or presence of the indicated autophagy inhibitors (CQ, 50 μM; bafilomycin A1, 100 nM) or proteasome inhibitors (MG132, 0.5 μM; carfilzomib, 25 nM) for 12 h 
and then the protein expression of SLC40A1 was assayed (n = 3 biologically independent samples; *P < 0.05). (D) Immunoprecipitation (IP) assay of the interaction 
between SLC40A1 and the indicated autophagy receptors in HT1080 cells following treatment with erastin (10 µM) for 6 h (n = 3 biologically independent samples; 
*P < 0.05). (E) Analysis of SLC40A1 protein expression in the indicated HT1080 or PANC1 cells following treatment with erastin (10 µM) for 12 h (n = 3 biologically 
independent samples; *P < 0.05).

AUTOPHAGY 3367



Figure 6. SLC40A1 contributes to ferroptosis resistance. (A) Analysis of erastin-induced cell death in control or erastin-resistant PANC1 cells (PANC1R) (n = 3 
biologically independent samples; *P < 0.05 versus PANC1 group). (B) Analysis of the indicated protein expression in PANC1 and PANC1R cells. (C) Analysis of ATG5 
and SLC40A1 protein expression in control, ATG5-overexpression, or SLC40A1-knockdown PANC1R cells. (D-F) Indicated PANC1R cells were treated with erastin 
(20 µM) for 12 and 24 h, and cell death (D), intracellular iron (E), and intracellular lipid peroxidation (F) were assayed (n = 3 biologically independent samples; 
*P < 0.05). (G) Analysis of SLC40A1 protein expression in control and SLC40A1-knockdown PANC1 cells. (H-J) The indicated PANC1 cells were treated with erastin 
(20 µM) in the absence or presence of liproxstatin-1 (“Lip1,” 500 nM), deferoxamine (“DFO,” 10 μM), or Z-VAD-FMK (“ZVAD,” 10 μM) for 12 h and then cell death (H), 
intracellular iron (I), and intracellular lipid peroxidation (J) were assayed (n = 3 biologically independent samples; *P < 0.05 versus erastin alone group).
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enhanced erastin-induced cell death (Figure 6H), iron accu-
mulation (Figure 6I), and lipid peroxidation (Figure 6J). The 
ferroptosis inhibitor liproxstatin-1 and iron chelator deferox-
amine (but not the apoptosis inhibitor Z-VAD-FMK) inhib-
ited the ferroptotic activity of erastin in SLC40A1-knockdown 
PANC1 cells (Figure 6H-J). Collectively, these findings sug-
gest that SLC40A1 is a repressor of ferroptosis.

SLC40A1 inhibits ferroptotic cell death in vivo

Next, we investigated whether the suppression of SLC40A1 
might enhance the anticancer activity of imidazole ketone 
erastin (IKE), an erastin analog with high metabolic stability 
in vivo [55]. Control as well as stable SLC40A1-knockdown 
PANC1 cells were implanted subcutaneously into the right 
flank of immunodeficient female mice (Figure 7A). One week 

later, tumor-bearing mice were treated with IKE (40 mg/kg, i. 
p., once every other day) in the absence or presence of 
liproxstatin-1 (10 mg/kg, i.p., once every other day). After 
3 weeks of treatment, IKE-mediated tumor suppression in 
the SLC40A1-knockdown group was greater than that in the 
control group (Figure 7B). This SLC40A1-knockdown- 
mediated tumor suppression effect was associated with 
increased levels of intra-tumoral MDA (one of the final pro-
ducts of polyunsaturated fatty acid peroxidation) (Figure 7C), 
iron (Figure 7D), mRNA expression of PTGS2 (prostaglandin- 
endoperoxide synthase 2; a marker of ferroptosis in vivo [56]) 
(Figure 7E), and elevated plasma concentrations of HMGB1 
(high mobility group box 1; an alarm signal during regulated 
cell death, including ferroptotic death [57]) (Figure 7F). In 
contrast, liproxstatin-1 inhibited the anticancer activity of IKE 
in control and SLC40A1-knockdown cells (Figure 7A-Figure 

Figure 7. Knockdown of SLC40A1 promotes ferroptotic cell death in vivo. (A) Athymic nude mice were injected subcutaneously with control or SLC40A1-knockdown 
PANC1 cells for 1 week, and then treated with IKE (40 mg/kg, i.p., once every other day) in the absence or presence of liproxstatin-1 (Lip1, 10 mg/kg, i.p., once every 
other day) at day 7 for 3 weeks. Western blot analysis of SLC40A1 expression in isolated tumors from control shRNA and SLC40A1 shRNA groups at day 21. (B-G) 
At day 21 after treatment, tumor volume (B), MDA (C), iron (D), and PTGS2 mRNA (E) in isolated tumors and serum HMGB1 (F) were assayed (n = 5 mice/group; 
*P < 0.05). (G) In parallel, CASP3 activity in isolated tumors was assayed (n = 5 mice/group). (H) Schematic representation of autophagic degradation of SLC40A1 in 
promoting intracellular iron accumulation and subsequent oxidative damage-mediated ferroptosis.
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7F). However, the knockdown of SLC40A1 or the administra-
tion of liproxstatin-1 did not change the activity of CASP3/ 
caspase-3 (a marker of apoptosis) (Figure 7G). These animal 
studies support the hypothesis that SLC40A1 acts as 
a negative regulator of IKE-induced ferroptosis in vivo.

Discussion

Tumor heterogeneity represents an ongoing challenge in can-
cer treatment [58] – tumor cell lines from different patients 
have different genetic backgrounds and therapy responses, 
although they may have the same histopathology. In this 
study, we describe the protein level relationship between the 
main autophagy markers and ferroptosis regulators in 60 
human cancer cell lines from 15 tissues following treatment 
with two classical ferroptosis activators. Generally, the basic 
expression levels of MAP1LC3B, SQSTM1, SLC7A11 and 
GPX4 are ubiquitous in these cell lines. In contrast, the 
upregulation of MAP1LC3B-II or the downregulation of 
SQSTM1 are more common than changes in the expression 
of SLC7A11 and GPX4 in the early stages of ferroptosis. 
Although the upregulation of GPX4 might also occur in 
some cases, the downregulation of GPX4 appeared to occur 
in an autophagy-dependent or -independent manner, indicat-
ing that complex modulation mechanisms are involved in the 
regulation of GPX4 levels during ferroptosis [36]. CQ, which 
in many cases causes significant upregulation of MAP1LC3B- 
II, instead appeared to play a context-dependent role in the 
regulation of SQSTM1 and GPX4 levels during ferroptosis. 
Thus, autophagy may have multiple subroutine types to mod-
ulate ferroptotic cancer cell death [52].

Recently, there has been a growing interest in the study of 
the mechanism and implication of ferroptosis in human dis-
ease, including cancer [59]. However, cancer cells have the 
ability to activate different signaling pathways to shape the cell 
death response in a context-dependent manner [60]. For 
example, the original concept of ferroptosis was linked to 
oncogenic RAS mutations causing the death of cancer cells 
[15]. Later studies showed that both RAS-dependent and - 
independent pathways can lead to ferroptotic cancer cell 
death [61]. Similarly, TP53 (tumor protein p53; a tumor sup-
pressor) also plays a dual role in regulating ferroptosis sensi-
tivity [62,63]. In established tumors, increased autophagy 
usually promotes survival during tumor therapy [13]. 
However, cancer cells can use autophagy machinery to trigger 
ferroptotic cell death [52]. Our current research indicates that 
monitoring the early autophagic response can predict the 
sensitivity to subsequent ferroptotic cell death. In particular, 
in 10 different ovarian cancer cell lines, we observed that 
a high expression of MAP1LC3B-II is positively correlated 
with ferroptosis sensitivity. Overall, these findings may open 
up new ways to use autophagic pathways to inhibit tumor 
development.

Our study highlights that SLC40A1 is a previously uniden-
tified autophagic substrate that limits ferroptosis (Figure 7H). 
SLC40A1 is a transmembrane protein that transports iron 
from the inside of the cell to the outside [54]. SLC40A1 
emerges as a critical regulator of tumor growth and 

progression in multiple cancer types by regulating iron home-
ostasis [64]. SLC40A1 can be regulated at many different 
levels, including transcription, posttranscription, and post-
translational modification levels [54]. For example, the degra-
dation of SLC40A1 protein by the ubiquitin-proteasome 
system is important for its endocytosis in macrophages [65]. 
We demonstrate that autophagy, but not the proteasome, is 
required for SLC40A1 degradation during ferroptotic cancer 
cell death. Subsequent immunoprecipitation and RNAi 
experiments identify that SQSTM1, as an autophagy receptor, 
can recognize and drive the degradation of SLC40A1 during 
ferroptosis. Although the structural basis for the autophagic 
degradation of SLC40A1 remains unknown, the development 
of acquired resistance to erastin is related to the impaired 
autophagy-dependent degradation of SLC40A1. 
Consequently, inducing the autophagic degradation of 
SLC40A1 restores the drug sensitivity of ferroptosis-resistant 
cancer cells. In the xenograft tumor mouse models, genetically 
inhibiting SLC40A1 enhances the tumor suppression effect of 
ferroptosis therapy. These findings are consistent with those 
of other studies, emphasizing the importance of autophagy- 
mediated iron accumulation in the initiation of ferroptosis 
[26–28].

In summary, we provide a relative integrated view of the 
autophagy response in the early stage of ferroptotic death in 
multiple different cancer cell lines. We show that the protein 
profile of autophagy markers or ferroptosis regulators are changed 
by erastin and RSL3 in a tumor- or cell type-dependent manner. 
With these findings, we hope to provide new information for 
further identification and characterization of tumor heterogeneity 
in targeted therapeutics, and advance our understanding of the 
mechanism and regulation of autophagy-dependent ferroptosis. 
Given the known link between oxidative stress and tumorigenesis 
[66,67], it is even more important to map the pathological role of 
autophagy-dependent ferroptosis in tumor formation and devel-
opment [68,69]. In addition, establishing tools for real-time mon-
itoring of the specific autophagy response in ferroptotic death 
in situ is definitely critical for understanding the dynamic beha-
vior of the autophagy-ferroptosis system.

Materials and methods

Reagents

Erastin (S7242), RSL3 (S8155), CQ (S4430), liproxstatin-1 
(S7699), IKE (S8877), Z-VAD-FMK (S7023), bafilomycin A1 
(S1413), MG132 (S2619), carfilzomib (S2853), and deferoxa-
mine (S5742) were obtained from Selleck Chemicals. The 
antibodies to MAP1LC3B (3868), ATG5 (12,994), ATG7 
(8558), ATG4B (5299), FTH1 (4393), TFRC (13,113), OPTN 
(70,928), NCOA4 (66,849), CALCOCO2 (60,732), LAMP1 
(15,665), and ACTB (3700) were obtained from Cell 
Signaling Technology. The antibodies to SLC7A11 
(ab175186), STEAP3 (ab249009), NBR1 (ab126175), and 
GPX4 (ab125066) were obtained from Abcam. The antibody 
to SQSTM1 (sc-28359) was obtained from Santa Cruz 
Biotechnology. The antibody to SLC40A1 (NBP1-21502) was 
obtained from NOVUS.
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Cell culture

All cell lines were obtained from the American Type Culture 
Collection (ATCC) and cultured in Dulbecco’s Modified 
Eagle’s Medium (Thermo Fisher Scientific, 11,995,073) or 
Roswell Park Memorial Institute 1640 Medium (Thermo 
Fisher Scientific, A1049101) supplemented with 10% heat- 
inactivated fetal bovine serum (Thermo Fisher Scientific, 
A3840001) and 1% penicillin and streptomycin (Thermo 
Fisher Scientific, 15,070–063) at 37°C, 95% humidity, and 5% 
CO2. Cell line identity was validated by short tandem repeat 
profiling, and routine mycoplasma testing was negative for 
contamination.

Cell death assay

A Countess II FL Automated Cell Counter (Thermo Fisher 
Scientific) was used to assay the percentages of dead cells after 
cell staining with ready-to-use propidium iodide (Thermo 
Fisher Scientific, R37108) for 15–30 min.

RNAi and gene transfection

Human ATG5 cDNA (SC128244) was obtained from OriGene 
Technologies Inc. Human ATG5-shRNA (sequence: 
CCGGCCTGAACAGAATCATCCTTAACTCGAGTTAAG-
GATGATTCTGTTCAGGTTTTTTG), human ATG7 shRNA 
(sequence: CCGGGCCTGCTGAGGAGCTCTCCATCTCG 
AGATGGAGAGCTCCTCAGCAGGCTTTTT), human 
ATG4B shRNA (sequence: 
CCGGGAAGCTTGCTGTCTTCGATACCTCGAGGTATCG-
AAGACAGCAAGCTTCTTTTTG), human SQSTM1 shRNA 
(sequence: CCGGCCTCTGGGCATTGAAGTTGATCT 
CGAGATCAACTTCAATGCCCAGAGGTTTTT), and 
human SLC40A1 shRNA (sequence: 
CCGGCCTGTGTGGAATCATCCTGATCTCGAGATCAG-
GATGATTCCACACAGGTTTTTG) were obtained from 
Sigma-Aldrich. Transfection with shRNA or cDNA was per-
formed with Lipofectamine 3000 (Invitrogen, L3000-015) 
according to the manufacturer’s instructions. Cells stably 
expressing the shRNA were selected with 1.0 μg/ml puromy-
cin (Sigma-Aldrich, P8833) over a period of 2 weeks.

qPCR analysis

Total RNA was extracted and purified from cultured cells 
using the RNeasy Plus Mini Kit (QIAGEN, 74,136). One μg 
of total RNA from each sample was reverse-transcribed into 
cDNA using the iScript cDNA synthesis kit (Bio-Rad, 
170–8891) in a volume of 20 μl; cDNA from cell samples 
was amplified. Quantitative real-time PCR was performed 
using SsoFast EvaGreen Supermix (Bio-Rad, 172–5204) on 
the C1000 Touch Thermocycler CFX96 Real-Time System 
(Bio-Rad) according to the manufacturer’s protocol. Analysis 
was performed using Bio-Rad CFX Manager software (Bio- 
Rad). The following primers were used: PTGS2 (5ʹ- 
CGGTGAAACTCTGGCTAGACAG-3ʹ and 5ʹ-GCAAAC 
CGTAGATGCTCAGGGA-3ʹ), RNA18S (5ʹ-CTACCAC 
ATCCAAGGAAGCA-3ʹ and 5ʹ-TTTTTCGTCA 

CTACCTCCCCG-3ʹ). The gene expression was calculated 
via the 2−ΔΔCt method and normalized to RNA18S [70].

Western blot

Cells were washed with 4- phosphate-buffered saline (PBS; 
Sigma-Aldrich, P5493) buffer and then lysed in Cell Lysis 
Buffer (Cell Signaling Technology, 9803) with a protease and 
phosphatase inhibitor single-use cocktail (Thermo Fisher 
Scientific, 78,442) on ice for 30 min. Protein was quantified 
using a bicinchoninic acid (BCA) assay (Thermo Fisher 
Scientific, UG23225), and 15 μg of each sample was resolved 
on 4%-12% Criterion XT Bis-Tris gels (Bio-Rad, 3,450,124) in 
XT MES running buffer (Bio-Rad, 1,610,789) and transferred 
to polyvinylidene fluoride membranes (Bio-Rad, 1,620,233) 
using the Trans-Blot Turbo Transfer Pack and System. 
Membranes were blocked with Tris-buffered saline containing 
0.1% Tween 20 detergent (TBST; Cell Signaling Technology, 
9997) and 5% skim milk (Cell Signaling Technology, 9999) for 
1 h, and incubated overnight at 4°C with the indicated pri-
mary antibodies (1:500–1:1000). Following 3 washes in TBST, 
membranes were incubated with goat anti-rabbit or anti- 
mouse IgG horseradish peroxidase secondary antibody 
(1:5000; Cell Signaling Technology, 7074S, 7076S) at room 
temperature for 1 h and washed. SuperSignal West Pico 
Chemiluminescent Substrate (Thermo Fisher Scientific, 
34,080) or Super Signal West Femto Maximum Sensitivity 
Substrate (Thermo Fisher Scientific, 34,095) were applied, 
and blots were analyzed using the ChemiDoc Touch 
Imaging System (Bio-Rad) and Image Lab Software (Bio- 
Rad). The relative intensities of the bands of western blots 
from multiple regions were automatically analyzed and nor-
malized to a loading control using ImageJ software (NIH). 
Then the density value was statistically analyzed to guide the 
classification of upregulation or downregulation of protein 
expression with a cutoff value of 25% (P < 0.05).

Immunoprecipitation analysis

Cells were lysed at 4°C in ice-cold radioimmunoprecipitation 
assay buffer (Millipore, 20–188) and cell lysates were cleared 
by a brief centrifugation (12,000 g, 10 min). Concentrations of 
proteins in the supernatant were determined by BCA assay. 
Prior to immunoprecipitation, samples containing equal 
amounts of proteins were pre-cleared with protein A/G 
Sepharose beads (4°C, 3 h) from Abcam (ab193262) and 
subsequently incubated with various irrelevant IgG or specific 
antibodies (2 µg/ml) in the presence of protein A/G Sepharose 
beads for 2 h or overnight at 4°C with gentle shaking [71]. 
Following incubation, protein A/G Sepharose beads were 
washed extensively with PBS and proteins were eluted by 
boiling 2 times in sodium dodecyl sulfate (SDS) sample buffer 
before SDS-polyacrylamide gel electrophoresis.

Lipid peroxidation assay

The relative MDA concentration in tumor tissue lysates was 
assessed using a Lipid Peroxidation (MDA) Assay Kit (Sigma- 
Aldrich, MAK085). Briefly, MDA in the sample reacted with 
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thiobarbituric acid (TBA) to generate an MDA-TBA adduct. 
The MDA-TBA adduct can be easily quantified colorimetri-
cally (OD = 532 nm). In addition, a linoleamide alkyne 
(Thermo Fisher Scientific, C10446) staining kit was used to 
detect lipid peroxidation in cells. In brief, cells were incubated 
with 50 μM of linoleamide alkyne for 1–2 h at 37°C, then 
fixed with 4% formaldehyde for 15 min at room temperature. 
The cells were next washed 3 times with PBS, permeabilized 
with 0.05% Triton X-100 (Cell Signaling Technology, 39,487) 
for 10 min, and blocked with 1% bovine serum albumin (BSA; 
Cell Signaling Technology, 9998) for 30 min. Then, the cells 
were washed and the click reaction was performed with 5 μM 
Alexa Fluor 488 azide (Thermo Fisher Scientific, A10266) for 
30 min. Finally, the cells were washed 1 time with 1% BSA 
and 2 times with PBS, and then imaged on a EVOS Cell 
Imaging System (Thermo Fisher Scientific). The signal inten-
sity was quantified using ImageJ software (n = 10 random 
fields).

Iron assay

The relative Fe2+ concentration in cells or tissues was assessed 
using an Iron Assay Kit (Sigma-Aldrich, MAK025). Briefly, cells or 
tissues were homogenized in 4–10 volumes of iron assay buffer, 
and the samples were centrifuged at 16,000 × g for 10 min to 
remove insoluble materials, followed by collection of the super-
natants. To measure ferrous iron, we added 50 µL samples to 
sample wells in a 96-well plate and brought the volume to 
100 µL per well with 5 µL of assay buffer. After incubation of the 
reaction at 37°C for 30 min, the absorbance at 593 nm was 
measured using a microplate reader. The relative level of Fe2+ in 
all groups was calculated and normalized to protein concentration. 
The control group was assigned a value of 100%, and the treatment 
group was then calculated relative to the control group.

HMGB1 assay

Plasma HMGB1 was assayed using an ELISA kit from Sino- 
Test Corporation (326054329) according to the manufac-
turer’s protocol.

Immunofluorescence analysis

Cells were cultured on glass coverslips and fixed in 3% for-
maldehyde for 30 min at room temperature prior to detergent 
extraction with 0.1% Triton X-100 for 10 min at 25°C. 
Coverslips were saturated with 2% BSA in PBS for 1 h at 
room temperature and processed for immunofluorescence 
with primary antibodies (MAP1LC3B [1:200] and LAMP1 
[1:200]), followed by Alexa Fluor 488- or Cy3-conjugated 
secondary antibodies (1:500; Thermo Fisher Scientific, 
A32731, A10521). Images were taken with a ZEISS LSM 800 
confocal microscope (ZEISS). The signal intensity was quan-
tified using ImageJ software (n = 10 random fields).

Animal model

We conducted all animal care and experiments in accordance 
with the Association for Assessment and Accreditation of 

Laboratory Animal Care guidelines and with approval from 
our institutional animal care and use committee. To generate 
murine subcutaneous tumors, 5 × 106 PANC1 cells (ATCC, 
CRL-1469) in 100 μl PBS were injected subcutaneously into 
the right of the dorsal midline in 6- to 8-week-old athymic 
nude female mice. Once the tumors reached 60–80 mm3 

at day 7, mice were randomly allocated into groups and 
then treated with IKE (40 mg/kg, i.p., once every other day) 
in the absence or presence of liproxstatin-1 (10 mg/kg, i.p., 
once every other day) at day 7 for 3 weeks. Tumors were 
measured twice weekly and volumes were calculated using the 
formula length × width2 × π/6.

Statistical analysis

Data are presented as mean ± SD except where otherwise 
indicated. Unpaired Student’s t tests were used to compare 
the means of two groups. A one-way or two-way ANOVA was 
used for comparison between the different groups. A P value 
of <0.05 was considered statistically significant. The exact 
value of n within the figures is indicated in the figure legends.
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