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S I G N A L  T R A N S D U C T I O N

Clockophagy is a novel selective autophagy process 
favoring ferroptosis
Minghua Yang1*, Pan Chen2, Jiao Liu3, Shan Zhu3,4, Guido Kroemer5,6,7,8,9,10,11,  
Daniel J. Klionsky12, Michael T. Lotze2, Herbert J. Zeh13, Rui Kang13, Daolin Tang3,13*

Ferroptosis is a form of nonapoptotic regulated cell death driven by iron-dependent lipid peroxidation. Auto-
phagy involves a lysosomal degradation pathway that can either promote or impede cell death. A high level of 
autophagy has been associated with ferroptosis, but the mechanisms underpinning this relationship are largely 
elusive. We characterize the contribution of autophagy to ferroptosis in human cancer cell lines and mouse 
tumor models. We show that “clockophagy,” the selective degradation of the core circadian clock protein 
ARNTL by autophagy, is critical for ferroptosis. We identify SQSTM1 as a cargo receptor responsible for auto-
phagic ARNTL degradation. ARNTL inhibits ferroptosis by repressing the transcription of Egln2, thus activating 
the prosurvival transcription factor HIF1A. Genetic or pharmacological interventions blocking ARNTL degrada-
tion or inhibiting EGLN2 activation diminished, whereas destabilizing HIF1A facilitated, ferroptotic tumor cell 
death. Thus, our findings reveal a new pathway, initiated by the autophagic removal of ARNTL, that facilitates 
ferroptosis induction.

INTRODUCTION
Cell death plays a major role in physiological and pathological pro-
cesses, meaning that derangements in its molecular control contribute 
to the pathogenesis of human diseases. Different stimuli can trigger 
different types of cell death, which are categorized into accidental 
cell death (ACD) and regulated cell death (RCD) (1). Unlike ACD, 
which is an uncontrolled process, RCD is a tightly fine-tuned process 
that is accompanied by stereotyped biochemical and morphological 
alterations that reflect the activation of distinct RCD subroutines 
(1). Apart from apoptosis, defined in 1972, a number of new forms 
of RCD have been identified over the past decade. Among them, 
ferroptosis was described in cancer cells in 2012. This nonapoptotic 
form of RCD is driven by the iron-induced production of reactive 
oxygen species (ROS) and subsequent lipid peroxidation (2). Small- 
molecule compounds such as erastin or RSL3 have been established 
as pharmacological stimulators of ferroptosis that act by inhibiting 
the cystine-glutamate exchanger system xc− or the lipid hydroper-
oxidase GPX4 (glutathione peroxidase 4) (2, 3). Although GPX4 
plays an important role in the suppression of ferroptosis, Gpx4 deple-
tion may also be involved in the induction of apoptosis (4), necroptosis 
(5), and pyroptosis (6) under some conditions. The therapeutic in-
duction or inhibition of ferroptosis is becoming an attractive strategy 

for intervening in human diseases including cancer, neurodegener-
ation, and ischemic disease (7, 8).

Macroautophagy (hereafter referred to as autophagy) is a phylo-
genetically ancient degradation process relying on the formation of 
specialized membrane structures including phagophores, autopha-
gosomes, and autolysosomes (9). Autophagy plays a complex role 
in human health and disease (10). At the molecular level, autophagy 
is executed by autophagy-related (ATG) proteins that can undergo 
multiple posttranslational modifications (11). Autophagy often pre-
cedes cell death that it may either postpone or accelerate, depending 
on the precise circumstances. Autophagy can either act nonspecifi-
cally to remove cytoplasmic structures or selectively degrade sub-
strates such as aggregated proteins, damaged organelles, and invading 
pathogens. This selective autophagy requires a cargo receptor for 
the recognition of its substrate (12). Recently, accumulating evidence 
indicates that autophagy contributes to ferroptosis (13). However, 
the precise molecular mechanisms that link ferroptosis to autophagy 
remain poorly understood.

The circadian rhythm is the endogenous oscillating mechanism 
that controls various cellular processes, including iron metabolism, oxi-
dative stress, and cell death (14). The transcription factor ARNTL/BMAL1 
(aryl hydrocarbon receptor nuclear translocator-like protein 1/brain and 
muscle ARNT-like 1) is a central component of the mammalian circa-
dian clock because it regulates the expression of other clock-controlled 
genes such as those coding for the PER (period circadian regulator) and 
CRY (cryptochrome circadian regulator) families (15). Although the 
disruption of circadian clock signaling is involved in apoptosis (14), the 
expression and function of ARNTL in ferroptosis remain unknown.

In this study, we provide the first evidence that a novel mode of selective 
autophagy, “clockophagy,” i.e., the autophagic degradation of the key cir-
cadian clock protein ARNTL depending on the cargo receptor SQSTM1/
p62 (sequestosome 1), markedly promotes ferroptosis through EGLN2/
PHD1 (egl nine homolog 2/hypoxia-inducible factor prolyl hydrox-
ylase 1)– mediated oxidative injury. The disruption of the ARNTL 
pathway improves the anticancer activity of ferroptosis activators in vitro 
and in vivo. These findings shed new light on the molecular mech-
anism of autophagy-dependent cell death.
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RESULTS
Selective degradation of ARNTL in ferroptosis
We investigated the effects of type 1 and type 2 ferroptosis inducers 
on the expression of ARNTL in human cancer cell lines. Type 1 
ferroptosis activators are system xc− inhibitors such as erastin, sul-
fasalazine, and sorafenib. Type 2 ferropoptosis inducers are GPX4 
inhibitors including RSL3 and FIN56. Consistent with previous studies 
(2, 16), Calu-1 (a human non–small cell lung cancer cell line) cells 
were sensitive to these ferroptosis activators, whereas THP1 (a human 
acute monocytic leukemia cell line) cells were resistant to them (Fig. 1A). 
Immunoblot analyses revealed that the protein expression of ARNTL 
was suppressed by type 2 activators (RSL3 and FIN56) but not by 
type 1 activators (erastin, sulfasalazine, and sorafenib) in Calu-1 cells 
(Fig. 1B). RSL3 and FIN56, but not erastin, also suppressed ARNTL 
protein expression in other ferroptosis-sensitive cell lines including 
HT1080 (a human fibrosarcoma cell line) and HL-60 (a human pro-
myelocytic leukemia cell line) (Fig. 1C). In contrast, THP1 cells were 
refractory to alterations in the protein expression of ARNTL follow-
ing treatment with type 1 and type 2 activators (Fig. 1B).

We next investigated whether pharmacological blockade of fer-
roptosis inhibits ARNTL down-regulation in ferroptosis-suscpetible 
Calu-1 and HT1080 cells. Ferroptosis inhibitors, such as desferriox-
amine, -mercaptoethanol, ferrostatin-1, and liproxstatin-1, reversed 
RSL3-induced ARNTL protein down-regulation in these cell lines 
(Fig. 1D). The mRNA level of ARNTL was not remarkably changed 
by RSL3 and FIN56 in the absence or presence of ferrostatin-1 or 
liproxstatin-1 (Fig. 1E). In contrast, the mRNA of ARNTL-targeted 
clock genes such as PER1 and CRY1 was down-regulated by RSL3 and 
FIN56, and this effect was reversed by ferrostatin-1 or liproxstatin-1 
(Fig. 1E). In addition, typical inducers of apoptosis—e.g., staurosporine—
or necroptosis—e.g., TCZ [TNF (tumor necrosis factor), Z-VAD-
FMK, and cycloheximide]—failed to induce ARNTL degradation 
(Fig. 1F). As a positive control, Z-VAD-FMK (a pan caspase inhibitor) 
and necrosulfonamide [a necroptosis inhibitor targeting MLKL 
(mixed lineage kinase domain–like pseudokinase)], but not ferrostatin-1 
or liproxstatin-1, inhibited staurosporine- and TZC-induced cell death, 
respectively (Fig. 1, G and H). Collectively, these findings suggest 
that type 2 ferroptosis activators selectively induce ARNTL protein 
degradation.

SQSTM1 is a receptor for autophagic ARNTL degradation
Mammalian cells have two intracellular protein degradation pathways, 
namely the ubiquitin-proteasome system and autophagy. MG-132, a 
proteasome inhibitor, failed to block RSL3-induced ARNTL protein 
degradation in Calu-1 and HT1080 cells (Fig. 2A). As a positive control, 
MG-132 inhibited TNF-induced NFKBIA/IB (nuclear factor B in-
hibitor ) degradation in THP1 cells (Fig. 2B), which is consistent with 
previous findings that TNF-induced NFKBIA degradation is protea-
some dependent (17). Unlike MG-132, spautin-1 (an early-stage inhibi-
tor of autophagy) and chloroquine (a late-stage inhibitor of autophagy) 
protected against RSL3-induced ARNTL protein degradation in Calu-1 
and HT1080 cells (Fig. 2A). These findings indicate that autophagy, 
but not proteasomes, may contribute to ARNTL protein degrada-
tion during ferroptosis.

We next addressed which autophagy pathway is involved in the 
regulation of ARNTL degradation. ATG5 and ATG7 are essential 
for starvation-induced autophagosome formation. The knockout of 
Atg5 or Atg7 inhibited the conversion of MAP1LC3B (microtubule- 
associated protein 1 light chain 3)–I to MAP1LC3B-II (a marker of 

autophagosome formation), as well as ARNTL degradation in mouse 
embryonic fibroblasts (MEFs) responding to RSL3 (Fig. 2C). Simi-
larly, the knockdown of Atg5 or Atg7 by specific short hairpin RNAs 
(shRNAs) suppressed RSL3-induced MAP1LC3B-II production and 
ARNTL degradation in HT1080 cells (Fig. 2D). However, the knockout 
of Atg9a, the transmembrane core ATG protein, which supplies 
membrane from vesicles to autophagosomes, failed to block these 
processes (Fig. 2C). Thus, ATG5 and ATG7, but not ATG9A, con-
tribute to autophagosome formation and subsequent autophagic 
degradation of ARNTL during RSL3-induced ferroptosis.

Specific cargo receptors are involved in selective autophagy (12). 
SQSTM1 is a multifunctional cargo receptor implicated in the auto-
phagic degradation of ubiquitinated substrates, including proteins 
and organelles. Mass spectrometry analysis identified SQSTM1 as 
an interactor of ARNTL under normal conditions (Fig. 2E). Immu-
noprecipitation analysis revealed that the SQSTM1-ARNTL inter-
action increased in RSL3-induced but not erastin-induced ferroptosis 
(Fig. 2F). In contrast, ARNTL failed to bind to other cargo receptors 
such as NBR1 (NBR1, autophagy cargo receptor), OPTN (optineurin), 
CALCOCO2/NDP52 (calcium binding and coiled-coil domain 2), 
and NCOA4 (nuclear receptor coactivator 4) be it in the absence or 
presence of RSL3 (Fig. 2F). Sqstm1 deletion diminished RSL3-induced 
ARNTL degradation in MEFs (Fig. 2G). Conversely, the expression 
of Sqstm1 complementary DNA (cDNA) in sqstm1−/− MEFs restored 
RSL3-induced ARNTL degradation (Fig. 2G). The knockdown of 
Sqstm1 (but not Nbr1, Optn, Calcoco2, or Ncoa4) by shRNA also 
blocked RSL3-induced ARNTL protein degradation (but not MAP1LC3B- 
II expression) in HT1080 cells (Fig. 2H). Immunoprecipitation analy-
sis further found that the ubiquitin-associated (UBA) domain of 
SQSTM1 was required for SQSTM1-ARNTL interaction in the ab-
sence or presence of RSL3 (fig. S1). Unlike the down-regulation of 
SQSTM1 that occurs in starvation-induced bulk autophagy (18), 
SQSTM1 up-regulation was observed in RSL3-induced selective 
autophagy (Fig. 2, F to H), indicating that SQSTM1 changes can be 
cell type and context specific.

Confocal microscopy analysis further found that the colocaliza-
tion between MAP1LC3B, SQSTM1, LAMP2 (lysosomal-associated 
membrane protein 2), and ARNTL was enhanced by RSL3 but not 
by erastin (fig. S2, A to C). Moreover, RSL3-induced colocalization 
between ARNTL, MAP1LC3B, and SQSTM1 (but not LAMP2) was 
enhanced by chloroquine (fig. S2, A to C). Western blot analysis of 
lysosomal fractions confirmed an increased expression of ARNTL 
in response to RSL3 but not erastin (fig. S2D). Collectively, these 
findings suggest that SQSTM1 is a direct receptor for the autophagic 
degradation of ARNTL in lysosome during RSL3-induced ferroptosis.

Autophagy-mediated ARNTL degradation  
promotes ferroptosis
We next investigated the impact of autophagy-mediated ARNTL 
degradation on ferroptosis. First, ARNTL was overexpressed by gene 
transfection in ferroptosis-sensitive cell lines (Calu-1 and HT1080) 
(Fig. 3A). The overexpression of ARNTL reduced RSL3- and FIN56- 
induced malondialdehyde (MDA; an end-product of lipid peroxi-
dation) production (Fig. 3B) and cell death (Fig. 3C). Although the 
basic expression of ARNTL was not affected by type 1 activators 
(erastin, sulfasalazine, and sorafenib) (Fig. 1B), the overexpression 
of ARNTL inhibited type 1 activator–induced cell death and MDA 
production in Calu-1 and HT1080 cells (Fig. 3, B and C), indicating 
an ARNTL expression threshold effect on type 1 activator– induced 
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Fig. 1. Selective degradation of ARNTL in ferroptosis. (A) Cell viability of Calu-1 and THP1 cells following treatment with erastin (10 M), sulfasalazine (500 M), 
sorafenib (10 M), RSL3 (0.5 M), or FIN56 (5 M) for 12 hours (n = 3, *P < 0.05 versus control group). (B) In parallel, Western blot analyses were conducted to assess the 
expression of the indicated proteins in Calu-1 and THP1 cells. (C) Immunoblot analysis of the indicated proteins in HT1080 and HL-60 cells following treatment with erastin 
(10 M), RSL3 (0.5 M), or FIN56 (5 M) for 12 hours. (D) Western blot analysis of the indicated proteins in HT1080 and Calu-1 cells following treatment with RSL3 (0.5 M) 
for 12 hours in the absence or presence of desferrioxamine (10 M), -mercaptoethanol (5 M), ferrostatin-1 (0.5 M), or liproxstatin-1 (0.5 M). (E) Quantitative poly-
merase chain reaction (qPCR) analysis of the indicated mRNAs in HT1080 cells following treatment with RSL3 (0.5 M) or FIN56 (5 M) for 12 hours in the absence or 
presence of ferrostatin-1 (0.5 M) or liproxstatin-1 (0.5 M) (n = 3, *P < 0.05). (F) Western blot analysis of the indicated proteins in HT1080 and Calu-1 cells following treat-
ment with staurosporine (1 M) or TZC [TNF (50 nM), ZVAD-FMK (20 M), and cycloheximide (10 g/ml)] for 12 hours. (G) Viability of HT1080 cells following treatment with 
staurosporine (1 M) for 12 hours in the absence or presence of Z-VAD-FMK (20 M), ferrostatin-1 (0.5 M), or liproxstatin-1 (0.5 M) (n = 3, *P < 0.05). (H) Viability of 
HT1080 cells after treatment with TZC [TNF (50 nM), ZVAD-FMK (20 M), and cycloheximide (10 g/ml)] for 12 hours in the absence or presence of necrosulfonamide (1 M), 
ferrostatin-1 (0.5 M), or liproxstatin-1 (0.5 M) (n = 3, *P < 0.05). AU, arbitrary units.
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Fig. 2. Contribution of SQSTM1 to the autophagic degradation of ARNTL. (A) Western blot analysis of the indicated proteins in HT1080 and Calu-1 cells following 
treatment with RSL3 (0.5 M) in the absence or presence of MG-132 (2.5 M), spautin-1 (5 M), or chloroquine (50 M) for 12 hours. (B) Western blot analysis of the indi-
cated proteins in THP1 cells after treatment with TNF (10 ng/ml) in the absence or presence of MG-132 (2.5 M) for 1 hour. (C) Western blot analysis of the indicated proteins 
in wild-type, atg5−/−, atg7−/−, and atg9a−/− mouse embryonic fibroblasts (MEFs) after treatment with RSL3 (0.5 M) for 12 hours. (D) Western blot analysis of the indicated 
protein expression in control, ATG5 knockdown (ATG5KD), and ATG7 knockdown (ATG7KD) HT1080 cells following treatment with RSL3 (0.5 M) for 12 hours. (E) Mass spec-
trometry analysis identified SQSTM1 as a direct binding protein of ARNTL in HT1080 cells. These are gels of the proteins that bind to ARNTL, stained with Coomassie Bril-
liant Blue. Ab, antibody; IgG, immunoglobulin G. (F) Immunoprecipitation (IP) analysis of ARNTL-binding proteins in HT1080 cells following treatment with erastin (10 M) 
or RSL3 (0.5 M) for 6 hours. IB, immunoblot. (G) Western blot analysis of the indicated proteins in wild-type cells, sqstm1−/− MEFs, or sqstm1−/− cells transfected with 
Sqstm1 complementary DNA (cDNA) (sqstm1−/− + cDNA) following treatment with RSL3 (0.5 M) for 12 hours. (H) Western blot analysis of the indicated proteins in control 
and the indicated gene knockdown HT1080 cells following treatment with RSL3 (0.5 M) for 12 hours. ACTB, actin beta.
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ferroptosis. In contrast, knockdown of Arntl by two different shRNAs 
(Fig. 3D) restored MDA production (Fig. 3E) and cell death induc-
tion by type 1 and type 2 ferroptosis activators (Fig. 3F) in THP1 
cells, indicating that ARNTL depletion can overcome resistance to 
ferroptosis.

GPX4 is a central negative regulator of lipid peroxidation under 
various stress conditions. A previous study has shown that the in-
ducible knockout of Gpx4 leads to ferroptotic cell death in Pfa1 cells 
(19). Similar to RSL3 treatment (Fig. 2A), the knockout of Gpx4 
increased MAP1LC3B-II production (fig. S3). We observed that 
ARNTL down-regulation (Fig. 3G) and cell death (Fig. 3H) in gpx4−/− 
Pfa1 cells were reversed by ferroptosis inhibitors (e.g., ferrostatin-1 
and liproxstatin-1) or the knockdown of Atg5, Atg7, or Sqstm1. 
Transfection-enforced overexpression of ARNTL (Fig. 3I) decreased 
MDA production (Fig. 3J) and cell death in gpx4−/− Pfa1 cells (Fig. 3K), 
indicating that Gpx4 depletion–mediated ARNTL protein degradation 
is required for ferroptosis. Moreover, the knockout of Atg5, Atg7, or 
Sqstm1 (but not Atg9a) reduced RSL3- and FIN56-induced MDA 
production (Fig. 3L) and cell death in MEFs (Fig. 3M). The knock-
out of Atg5, Atg7, or Sqstm1 also reduced RSL3- and FIN56-induced 
cell death in HT1080 cells (Fig. 3N). Collectively, these findings suggest 
that autophagy-mediated ARNTL degradation promotes ferroptosis 
by the activation of lipid peroxidation.

ARNTL-mediated EGLN2 down-regulation blocks ferroptosis
ARNTL is a circadian transcription factor that regulates gene expres-
sion mainly via the binding of E-box motifs (CAGCTG or CACGTG) 
in their promoters. The Eukaryotic Promoter Database (https://
epd.vital-it.ch/index.php) lists 1666 human genes with E-box motifs. 
The gene ontology analysis of gene clusters by DAVID (Database for 
Annotation, Visualization and Integrated Discovery; https://david.
ncifcrf.gov/) online tool further revealed that 12 E-box–containing 
genes—EGLN2, NNT (nicotinamide nucleotide transhydrogenase), 
DNAJC16 [DnaJ heat shock protein family (Hsp40) n member C16], 
CUL5 (cullin 5), TXNRD1 (thioredoxin reductase 1), MLYCD [malonyl– 
CoA (coenzyme A) decarboxylase], GLRX5 (glutaredoxin 5), SH3BGR 
(SH3 domain binding glutamate rich protein), PPARG (peroxisome 
proliferator–activated receptor ), PDIA5 (protein disulfide isomerase 
family A member 5), DIO2 (iodothyronine deiodinase 2), and ERO1B 
(endoplasmic reticulum oxidoreductase 1)—may be involved in the 
regulation of oxidative stress. We used quantitative polymerase chain 
reactions (qPCRs) to determine whether these genes are directly 
controlled by ARNTL as part of ferroptosis. EGLN2 mRNA was 
up-regulated in both Calu-1 and HT1080 cells responding to RSL3 
(Fig. 4A). In contrast, the overexpression of ARNTL blocked RSL3- 
induced EGLN2 up-regulation in both Calu-1 and HT1080 cells 
(Fig. 4A). mRNAs coding for other EGLN family members, including 
EGLN1 and EGLN3, did not undergo any major changes in their 
abundance after treatment with RSL3 and/or following ARNTL over-
expression (Fig. 4A). Accordingly, a chromatin immunoprecipitation 
(ChIP) assay also found that ARNTL bonded to the promoter of EGLN2 
(but not EGLN1 and EGLN3) in Calu-1 and HT1080 cells (Fig. 4B). 
Reporter gene (Fig. 4C) and Western blot (Fig. 4D) analyses con-
firmed that EGLN2 was transrepressed by ARNTL in RSL3-induced 
ferroptosis. Thus, the knockdown of ARNTL by shRNA increased 
EGLN2 expression in Calu-1 and HT1080 cells (Fig. 4E). In addi-
tion to ARNTL down-regulation (Fig. 3G), EGLN2 up-regulation 
(Fig. 3G) in gpx4−/− Pfa1 cells was also reversed by ferroptosis inhibi-
tors (e.g., ferrostatin-1 and liproxstatin-1) or the knockdown of Atg5, 

Atg7, or Sqstm1, supporting that autophagy regulates ARNTL and 
EGLN2 expression in response to Gpx4 depletion–induced lipid 
peroxidation.

To determine whether the up-regulation of EGLN2 contributes 
to ferroptosis, we knocked down EGLN2 by shRNA in Calu-1 and 
HT1080 cells. The suppression of EGLN2 expression (Fig. 4F) limited 
RSL3-induced MDA production (Fig. 4G) and cell death (Fig. 4H) in 
control and ARNTL knockdown HT1080 cells. In contrast, transfection- 
enforced EGLN2 overexpression (Fig. 4I) increased RSL3-induced 
MDA production (Fig. 4J) and cell death (Fig. 4K) both in control 
and in ARNTL-overexpressing HT1080 cells. Collectively, these findings 
support the hypothesis that ARNTL suppresses ferroptosis through the 
down-regulation of EGLN2 expression.

EGLN2-mediated HIF1A down-regulation  
promotes ferroptosis
HIF1A (hypoxia-inducible factor 1 subunit ) is a transcription factor 
that mediates homeostatic responses to reduced oxygen availability 
in the microenvironment. Given that the major function of EGLN2 
is to suppress HIF1A activation (20), we sought to determine whether 
the expression of HIF1A is regulated by ARNTL- mediated EGLN2 
down-regulation. ARNTL overexpression inhibited EGLN2 expres-
sion, which in turn sustained HIF1A expression in Calu-1 and HT1080 
cells following RSL3 treatment (Fig. 4D). In contrast, ARNTL knock-
down promoted EGLN2 expression, correlating with reduced HIF1A 
expression in Calu-1 and HT1080 cells following RSL3 treatment 
(Fig. 4E). The knockdown of ARNTL partly reduced HIF1A expres-
sion under baseline conditions (Fig. 4E), indicating that other non- 
ARNTL pathways may contribute to basic HIF1A expression. 
Genetic or pharmacological inhibition of EGLN by means of a specific 
shRNA (Fig. 5A) or the administration of adaptaquin (Fig. 5B) in-
creased HIF1A expression in RSL3-treated Calu-1 and HT1080 cells. 
Together, these findings indicate that ARNTL promotes HIF1A 
expression through the down-regulation of EGLN2 in RSL3-induced 
ferroptosis.

HIF1A degradation is mediated by the ubiquitin-proteasome 
pathway (21). As expected, MG-132 inhibited RSL3-induced HIF1A 
down-regulation but not ARNTL down-regulation and EGLN2 
up-regulation in HT1080 cells (fig. S4A). HIF1A can also be induced 
by iron-chelator desferrioxamine (22). As expected, desferrioxamine 
restored both ARNTL and HIF1A protein levels with decreased 
EGLN2 expression in HT1080 cells following RSL3 treatment (fig. 
S4B). Unlike RSL3 treatment (fig. S4, A and B), the expression of 
EGLN2 and HIF1A was not changed by erastin treatment (fig. S4C).

We next sought to investigate the function of HIF1A in ferroptosis. 
The administration of HIF1A inhibitors (e.g., chetomin and KC7F2) 
or knockdown of HIF1A restored RSL3-induced MDA production 
(Fig. 5C) and cell death (Fig. 5D) in EGLN2 knockdown or ARNTL- 
overexpressing HT1080 cells. Furthermore, hypoxia pretreatment 
induced HIF1A expression (Fig. 5E), as it limited RSL3- and FIN56- 
induced MDA production (Fig. 5F) and cell death (Fig. 5G) in Calu-1 
and HT1080 cells. In contrast, the formation of lipid droplets, the 
intracellular sites for neutral lipid storage, was restored by hypoxia- 
induced HIF1A activation in response to RSL3 and FIN56 (Fig. 5H). 
Moreover, the mRNA expression of FABP3 (fatty acid binding pro-
tein 3) and FABP7 (fatty acid binding protein 7), two key HIF1A 
target genes responsible for fatty acid uptake and lipid storage (23), 
was restored by HIF1A activation in Calu-1 and HT1080 cells fol-
lowing RSL3 and FIN56 treatment (Fig. 5I). Collectively, these findings 

https://epd.vital-it.ch/index.php
https://epd.vital-it.ch/index.php
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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confirmed that HIF1A is a prosurvival factor in ferroptosis, whereas 
EGLN2-mediated HIF1A down-regulation promotes ferroptosis.

The ARNTL pathway regulates ferroptosis in vivo
To determine whether the ARNTL pathway also regulates tumor 
sensitivity to ferroptosis activators in vivo, we subcutaneously inocu-
lated ARNTL, EGLN2, and HIF1A knockdown HT1080 cells into 
the right flank of immunodeficient mice. Beginning at day 7, these 
mice were systemically treated with (1S,3R)-RSL3, a metabolically 
stable RSL3 derivative that is suitable for in vivo experiments (3), 
for 2 weeks. Compared with the control shRNA group, RSL3 treat-
ment effectively reduced the size of tumors formed in mice carrying 
ARNTL or HIF1A knockdown cells (Fig. 6A). In contrast, mice with 
EGLN2 knockdown cells were resistant to RSL3 treatment. qPCR 
analyses of the expression of PTGS2 (prostaglandin-endoperoxide 
synthase 2), a marker for the assessment of ferroptosis in vivo (Fig. 6B) 
(3) and for the quantification of MDA (Fig. 6C), indicated that the 
ARNTL and HIF1A knockdown increased while EGLN2 knockdown 
inhibited ferroptosis in vivo. In contrast, CASP3 (caspase 3; a marker 
of apoptosis) activity (a marker of apoptosis) was not altered by RSL3 
in these gene- deficient tumors (Fig. 6D). Notably, the formation 
of lipid droplets (Fig. 6E) and the mRNA expression of FABP3 
(Fig. 6F) and FABP7 (Fig. 6G) decreased in ARNTL and HIF1A 
knockdown HT1080 tumors following RSL3 treatment. In contrast, 
they remained largely unaffected in EGLN2 knockdown HT1080 
cells (Fig. 6, E to G).

Spautin-1 (an autophagy inhibitor), adaptaquin (an EGLN2 
inhibitor), and liproxstatin-1 (a ferroptosis inhibitor) blocked the 
RSL3-mediated tumor growth reduction (fig. S5A), an effect that was 
associated with decreased PTGS2 mRNA expression (fig. S5B) and 
MDA production (fig. S5C). In contrast, the HIF1A inhibitor chetomin 
enhanced the anticancer activity of RSL3 (fig. S5A), PTGS2 mRNA 
expression (fig. S5B), and MDA production (fig. S5C), without 
affecting CASP3 activity (fig. S5D). In parallel, lipid droplet forma-
tion (fig. S5E) and the abundance of FABP3 (fig. S5F) and FABP7 
(fig. S5G) mRNAs were decreased by chetomin, contrasting with the 
observation that these parameters increased in response to spautin-1, 
adaptaquin, and liproxstatin-1. Collectively, these findings indicate 
that ARNTL antagonizes the anticancer activity of RSL3-mediated 
ferroptosis in vivo.

DISCUSSION
Excessive ROS generated from oxidative stress has long been impli-
cated in cell death and tissue injury. Regulating oxidative stress by 
controlled ROS-generating and ROS-scavenging mechanisms rep-
resents a promising therapeutic approach in various human diseases, 
including cancer and aging-associated diseases. Although ferropto-
sis is a recently identified form of ROS-dependent RCD (2), its mo-
lecular mechanism and biochemical functions still remain poorly 
understood. In this study, we uncovered a novel role for ARNTL in 
the blockade of ferroptotic cancer cell death through control of the 
EGLN2-HIF1A pathway (Fig. 6H). Thus, targeting the ARNTL- 
dependent pathway may represent a potential therapeutic avenue 
for enhancing ferroptosis-based anticancer therapy.

Lipid peroxidation plays a cardinal role in executing ferroptosis 
(7, 8). In contrast, antioxidant regulators such as GPX4 (3), system 
xc− (2), and NFE2L2/NRF2 (nuclear factor, erythroid 2 like 2) (24) 
act at different levels to limit oxidative injury leading to ferroptosis. 

We observed that ARNTL is selectively degraded in response to 
type 2 ferroptosis activators (RSL3 and FIN56). Others have found 
that RSL3 binds and inactivates GPX4 (3), whereas FIN56 induces 
GPX4 degradation (25). Although the mechanism of GPX4 degra-
dation remains unclear, the molecular chaperone HSPA5 [heat shock 
protein family A (Hsp70) member 5] can bind and prevent GPX4 
degradation in pancreatic cancer cells (26). The NFE2L2-mediated 
transactivation of MTIG (metallothionein 1G; a metal-binding pro-
tein) and SLC7A11 (solute carrier family 7 member 11) blocks fer-
roptosis (27, 28). In contrast to type 2 activators, type 1 ferroptosis 
activator (e.g., erastin, sulfasalazine, and sorafenib), which targets 
system xc− activity, failed to cause ARNTL degradation, indicating 
that these two types of stimuli induce different downstream sig-
naling pathways, only one of which culminates in ARNTL degradation 
(for type 2 activators).

Historically, ferroptosis was described as nonautophagic cell death 
(2) until it was recently found that ferritinophagy-mediated ferritin 
degradation can promote ferroptosis via the release of free iron and 
subsequent Fenton reaction–induced oxidative injury (29, 30). No-
tably, autophagy plays a dual role in cell survival and cell death de-
pending on the context. On the one hand, free amino acids and fatty 
acids resulting from the autophagic degradation of unused protein 
aggregates or damaged organelles can be used for protein synthesis 
and energy production in adaptive response to environmental stresses 
(31). On the other hand, autophagy can lead to the degradation of 
prosurvival proteins, thereby promoting cell death (32). In addition 
to ferritinophagy (29, 30), the autophagy regulator BECN1 (beclin 1) 
promotes ferroptosis through the binding and inhibition of system 
xc−, and this process requires the activation of an energy sensor, 
adenosine monophosphate–activated protein kinase (33). The inhi-
bition of lysosomal activity and acid hydrolases released into the 
cytosol after lysosomal membrane permeabilization reportedly pre-
vents ferroptosis (34, 35). Moreover, the degradation of lipid droplets 
by autophagy promotes RSL3-induced ferroptosis in hepatocytes 
(36). Our current findings indicate that the degradation of ARNTL 
(“clockophagy”) by ATG5-, ATG7-, and SQSTM1-dependent selec-
tive autophagy promotes ferroptosis through the activation of lipid 
peroxidation. NCOA4 and SQSTM1 are cargo receptors required 
for ferritinophagy and clockophagy, respectively, thus favoring fer-
roptosis through distinct molecular routes. These findings support 
the notion that ferroptosis is a form of autophagy-dependent cell death 
that can be driven by free iron accumulation (downstream of ferri-
tinophagy) and transcriptional regulation (downstream of clockophagy).

Our findings raise the possibility that ARNTL serves a previously 
unknown prosurvival function by inhibiting the expression of EGLN2 
during ferroptosis. EGLN2, also known as PHD1 and HPH3, is a 
member of the EGLN family of proline hydroxylases. Under normal 
conditions, EGLN2 is an oxygen sensor and hydroxylates proline 
residues of HIF1A, favoring HIF1A degradation (20). Under hypoxic 
conditions, EGLN2 activity is decreased, thus increasing HIF1A protein 
stability (21). HIF1A is a master transcriptional regulator of the hy-
poxic response and favors cell survival regulation in response to 
various stresses. Our results indicate that ARNTL increases HIF1A 
levels and subsequent ferroptosis resistance through the direct down- 
regulation of EGLN1 expression. HIF1A inhibition restored ferroptosis 
sensitivity in EGLN1 knockdown or ARNTL-overexpressing cells. 
Lipid droplets are dynamic storage organelles that are found in 
most eukaryotic cells. HIF1A promotes lipid storage and reduces 
fatty acid -oxidation, which contributes to tumor cell survival (23, 37). 
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Our current data suggest that HIF1A limits ferroptosis, presumably 
by influencing lipid metabolism and storing lipids in droplets, thus 
minimizing peroxidation-mediated endomembrane damage (36).

In summary, we report a previously unappreciated mechanism 
by which selective autophagy promotes ferroptosis. The autophagy- 
mediated degradation of ARNTL facilitates EGLN2 expression, 
thus destabilizing the prosurvival factor HIF1A, ultimately favoring 
lipid peroxidation and cell death. Our results also suggest that tar-
geting this novel ARNTL-EGLN1-HIF1A pathway may enhance 
the anticancer activity of ferroptosis activators.

MATERIALS AND METHODS
Reagent
Reagent is as described in table S1.

Cell culture
All human tumor cell lines (Calu-1, THP1, HT1080, and HL-60) 
were obtained from the American Type Culture Collection. atg5−/−, 
atg7 −/−, atg9a−/−, sqstm1−/−, and gpx4−/− cells were gifts from N. Mizushima, 
M. Komatsu, T. Saitoh, T. Yanagawa, and M. Conrad, respectively. 
These cell lines were grown in Dulbecco’s modified Eagle’s medium or 
RPMI-1640 medium with 10% fetal bovine serum, 2 mM l-glutamine, 
and penicillin and streptomycin (100 U/ml). For hypoxia treatment, 
Petri dishes containing cells were incubated in a hypoxic chamber 
(Forma Scientific) with a 94:5:1 mixture of N2/CO2/O2. All cells were 
mycoplasma free and authenticated using short tandem repeat DNA 
profiling analysis.

Animal study
To generate murine subcutaneous tumors, 5 × 106 HT1080 cells in 
100 l of phosphate-buffered saline (PBS) were injected subcutane-
ously at the right of the dorsal midline in 6- to 8-week-old female 
athymic nude mice (no. 490, Charles River Laboratories). We con-
ducted all animal care and experiments in accordance with the As-
sociation for Assessment and Accreditation of Laboratory Animal 
Care guidelines (www.aaalac.org) and with approval from our insti-
tutional animal care and use committee. All mice were housed un-
der a 12-hour light-dark diurnal cycle with controlled temperature 
(21° to 23°C) and provided a standard rodent diet (no. 5001, LabDiet) 
and water ad libitum throughout all experiments.

Cytotoxicity assays
Cells were seeded into 96-well plates and incubated with the in-
dicated treatments. Subsequently, 100 l of fresh medium was 
added to cells containing 10 l of Cell Counting Kit-8 solutions 
(no. CK04, Dojindo Laboratories) and incubated for 1 hour (37°C, 
5% CO2). Absorbance at 450 nm was measured using a micro-
plate reader (Tecan). Trypan blue staining was used to assay cell 
death.

Lysosome isolation
Lysosomes were isolated using a lysosome isolation kit (ab234047, 
Abcam) according to the manufacturer’s protocol. Briefly, cells were 
isolated in ice-cold lysosome isolation buffer for 2 min and homog-
enized using a precooled glass Dounce homogenizer (Sigma-Aldrich). 
The supernatant was collected by centrifugation (500g, 10 min) at 
4°C and layered onto discontinuous density gradient. The lysosomes 

were further isolated using an ultracentrifuge for 2 hours at 145,000g 
at 4°C.

Western blot analysis
Cells or lysosomes were lysed three times with 1× cell lysis buffer 
(no. 9803, Cell Signaling Technology) containing protease inhibitor 
on ice for 10 min. Protein was quantified using the bicinchoninic 
acid (BCA) assay (no. 23225, Thermo Fisher Scientific), and 20 to 
40 g of each sample was resolved on 4 to 12% Criterion XT Bis-Tris 
gels (no. 3450124, Bio-Rad) in XT MES running buffer (no. 1610789, 
Bio-Rad) and transferred to polyvinylidene difluoride membranes 
(no. 1620233, Bio-Rad) using the Trans-Blot Turbo Transfer Pack 
and System. Membranes were blocked with tris-buffered saline with 
Tween 20 (TBST) containing 5% skim milk for 1 hour and incubated 
overnight at 4°C with various primary antibodies. Following three 
washes in TBST, membranes were incubated with goat anti-rabbit 
or anti-mouse immunoglobulin G (IgG) horseradish peroxidase 
secondary antibody (no. 7074 or no. 7076, Cell Signaling Technology) 
at room temperature for 1 hour and washed. Chemiluminescence 
substrate was applied using the SuperSignal West Pico Chemiluminescent 
Substrate (no. 34080, Thermo Fisher Scientific) or the SuperSignal 
West Femto Maximum Sensitivity Substrate (no. 34095, Thermo Fisher 
Scientific), and blots were analyzed using the ChemiDoc Touch Imaging 
System (Bio-Rad) and Image Lab Software (Bio-Rad) (38).

Immunoprecipitation analysis
Cells were lysed at 4°C in ice-cold radioimmunoprecipitation assay 
buffer (no. 9806, Cell Signaling Technology), and cell lysates were 
cleared by brief centrifugation (13,000g, 15 min). Concentrations of 
proteins in the supernatant were determined using the BCA assay 
(no. 23225, Thermo Fisher Scientific). Before immunoprecipitation, 
samples containing equal amounts of proteins were precleared with 
protein A agarose beads (4°C, 3 hours; no. sc-2027, Santa Cruz Biotech-
nology) and subsequently incubated with various irrelevant IgG or 
specific antibodies (5 g/ml) in the presence of protein A agarose 
beads for 2 hours or overnight at 4°C with gentle shaking. Following 
incubation, agarose beads were washed extensively with PBS, and 
proteins were eluted by boiling in 2× sodium dodecyl sulfate sample 
buffer before SDS–polyacrylamide gel electrophoresis.

RNA interference and gene transfection
The transfection of shRNA or cDNA was performed with Lipofect-
amine 3000 (no. L3000-015, Thermo Fisher Scientific) or the Neon 
Transfection System (no. MPK5000, Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol.

qPCR analysis
Total RNA was extracted and purified from cultured cells using the 
RNeasy Plus Mini Kit (no. 74136, QIAGEN). First-strand cDNA was 
synthesized from 1 g of RNA using the iScript cDNA Synthesis Kit 
(no. 1708890, Bio-Rad). Briefly, 20-l reactions were prepared by 
combining 4 l of iScript Select reaction mix, 2 l of gene-specific 
enhancer solution, 1 l of reverse transcriptase, 1 l of gene-specific 
assay pool (20×, 2 M), and 12 l of RNA diluted in ribonuclease-free 
water. cDNA from various cell samples were then amplified by real- 
time qPCR with specific primers using the CFX96 Touch Real-Time 
PCR Detection System (Bio-Rad) with the CFX Manager Software 
(Bio-Rad).

http://www.aaalac.org/
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MDA assay
The relative MDA concentration in cell or tumor lysates was assessed 
using a Lipid Peroxidation (MDA) Assay Kit (no. ab118970, Abcam) 
according to the manufacturer’s instructions. Briefly, MDA in the 
sample reacts with thiobarbituric acid (TBA) to generate an MDA-
TBA adduct. The MDA-TBA adduct can be easily quantified color-
imetrically (optical density = 532 nm).

CASP3 activity assay
The activity of CASP3 was assayed by the CASP3 Activity Assay Kit 
(no. ab39383, Abcam) according to the manufacturer’s protocol. 
Briefly, the assay was based on the detection of cleavage of the fluoro-
genic substrate DEVD–AFC (7-amino-4-trifluoromethyl coumarin). 
DEVD-AFC emitted blue light ( maximum = 400 nm); upon cleavage 
of the substrate by CASP3 or related caspases, free AFC emitted a 
yellow-green fluorescence (excitation/emission = 400/505 nm), which 
can be quantified using a microplate reader (Tecan).

Lipid droplets assay
The level of lipid droplets was assayed using boron-dipyrromethene 
(BODIPY) 493/503 (no. D3922, Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. Briefly, cells were fixed with 
4% paraformaldehyde for 15 min at room temperature and then stained 
with 2 M BODIPY 493/503 working solution for 15 min at 37°C. 
After being washed with PBS, coverslips were mounted and imaged 
on a laser scanning confocal microscope (ZEISS LSM 800).

Secrete-pair luminescence assay
Calu-1 and HT1080 cells were transfected with pEZX-PG04-Egln2- 
promoter–Gaussia luciferase/secreted alkaline phosphatase (no. 
HPRM51834-PG04, GeneCopoeia). After 48 hours, these cells were 
treated with RSL3 (0.5 M) for 12 hours. The EGLN2 promoter lucif-
erase activity was measured with a secrete-pair dual luminescence 
assay kit (no. SPDA-D010, GeneCopoeia) in accordance with the 
manufacturer’s guidelines.

In-gel trypsin digestion
In-gel trypsin digestion was carried out as previously described (39). 
Excised gel bands were washed with high-performance liquid chroma-
tography (HPLC) water and destained with 50% acetonitrile (ACN)/25 mM 
ammonium bicarbonate until there was no visible staining. Gel 
pieces were dehydrated with 100% ACN, reduced with 10 mM dithio-
threitol (DTT) at 56°C for 1 hour, followed by alkylation with 55 mM 
iodoacetamide (IAA) at room temperature for 45 min in the dark. 
Gel pieces were then again dehydrated with 100% ACN to remove 
excess DTT and IAA, rehydrated with trypsin (20 ng/l)/25 mM 
ammonium bicarbonate, and digested overnight at 37°C. The result-
ant tryptic peptides were extracted with 70% ACN/5% formic acid, 
vacuum dried, and reconstituted in 18 l of 0.1% formic acid.

Tandem mass spectrometry
Proteolytic peptides from in-gel trypsin digestion were analyzed us-
ing nanoflow reverse-phased liquid chromatography tandem mass 
spectrometry (LC-MS/MS). Tryptic peptides were loaded onto a C18 
column [PicoChip column packed with 10.5-cm ReproSil C18 (3 m 
and 120 Å) chromatography media with a column with an internal 
diameter of 75 m and a tip of 15 m; New Objective Inc., Woburn, 
MA, USA] using a Dionex HPLC system (Dionex UltiMate 3000, 
Thermo Fisher Scientific, San Jose, CA, USA) operated with a double- 

split system to provide an in-column nanoflow rate (~300 nl/min). 
Mobile phases used were 0.1% formic acid for A and 0.1% formic 
acid in ACN for B. Peptides were eluted off the column using a 52-min 
gradient (2 to 40% B in 42 min, 40 to 95% B in 1 min, 95% B for 1 min, 
and 2% B for 8 min) and injected into a linear ion trap MS (LTQ XL, 
Thermo Fisher Scientific) through electrospray.

The LTQ XL was operated in a date-dependent MS/MS mode in 
which each full MS spectrum [acquired at 30,000 automatic gain con-
trol (AGC) targets, 50-ms maximum ion accumulation time, and 
precursor ion selection range of mass/charge ratio 375 to 1800] was 
followed by MS/MS scans of the eight most abundant molecular ions 
determined from full MS scan (acquired on the basis of the setting 
of 1000 signal thresholds, 10,000 AGC targets, 100-ms maximum 
accumulation time, 2.0-Da isolation width, 30-ms activation time, 
and 35% normalized collision energy). Dynamic exclusion was en-
abled to minimize redundant selection of peptides previously selected 
for collision-induced dissociation.

Peptide identification by database search
MS/MS spectra were searched using Mascot search engine (version 
2.4.0, Matrix Science Ltd.) against the UniProt human proteome 
database. The modifications used were the following: static modifi-
cation of cysteine (carboxyamidomethylation, +57.05 Da), variable 
modification of methionine (oxidation, +15.99 Da), and protein 
N-terminal acetylation. The mass tolerance was set to 1.4 Da for the 
precursor ions and 0.8 Da for the fragment ions. Peptide identifica-
tions were filtered using PeptideProphet and ProteinProphet algo-
rithms with a protein threshold cutoff of 99% and a peptide threshold 
cutoff of 90% implemented in Scaffold (Proteome Software, Portland, 
OR, USA).

Immunofluorescence assay
The cells were fixed with 2% paraformaldehyde and incubated with 
primary antibodies in PBS with 1% bovine serum albumin over-
night at 4°C, followed by washing and the application of secondary 
antibodies (40). After final washing, sections were protected with 
coverslips with an anti-fading mounting medium sealed with nail 
polish and stored at 4°C for preservation. Immunofluorescence 
images were acquired using a confocal laser scanning microscope 
(ZEISS LSM 800).

Chromatin immunoprecipitation
A ChIP assay was performed using the Pierce ChIP Kit (no. 26156, 
Thermo Fisher Scientific) according to the manufacturer’s guidelines. 
One-twentieth of the immunoprecipitated DNA was used in qPCR. Results 
were shown as a percentage of input. ARNTL antibody (no. 14020) used 
for ChIP was acquired from Cell Signaling Technology.

Statistical analysis
Data are presented as means ± SEM. Unpaired Student’s t tests were 
used to compare the means of two groups. One-way analysis of 
variance (ANOVA) was used for comparison among the differ-
ent groups. When the ANOVA was significant, post hoc testing of 
differences between groups was performed using the least signifi-
cant difference test. The Kaplan-Meier method was used to com-
pare differences in mortality rates between groups. A P value of <0.05 
was considered statistically significant. We did not exclude samples 
or animals. For every figure, statistical tests are justified as appro-
priate. All data meet the assumptions of the tests (e.g., normal 
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distribution). No statistical methods were used to predetermine 
sample sizes, but our sample sizes are similar to those generally 
used in the field.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/7/eaaw2238/DC1
Fig. S1. SQSTM1’s UBA domain is required for the formation of the SQSTM1-ARNTL complex.
Fig. S2. Analysis of ARNTL localization in ferroptosis.
Fig. S3. Effects of gpx4 depletion on MAP1LC3B-II expression in Pfa1 cells.
Fig. S4. Effects of MG-132 and desferrioxamine on protein expressions in HT1080 cells.
Fig. S5. Effects of spautin-1, adaptaquin, liproxstatin-1, and chetomin on ferroptosis in vivo.
Table S1. Reagent sources.
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