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NRF2 controls iron homeostasis and ferroptosis through
HERC2 and VAMP8
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Enhancing the intracellular labile iron pool (LIP) represents a powerful, yet untapped strategy for driving fer-
roptotic death of cancer cells. Here, we show that NRF2 maintains iron homeostasis by controlling HERC2 (E3
ubiquitin ligase for NCOA4 and FBXL5) and VAMP8 (mediates autophagosome-lysosome fusion). NFE2L2/NRF2
knockout cells have low HERC2 expression, leading to a simultaneous increase in ferritin and NCOA4 and recruit-
ment of apoferritin into the autophagosome. NFE2L2/NRF2 knockout cells also have low VAMP8 expression,
which leads to ferritinophagy blockage. Therefore, deletion of NFE2L2/NRF2 results in apoferritin accumulation
in the autophagosome, an elevated LIP, and enhanced sensitivity to ferroptosis. Concordantly, NRF2 levels cor-
relate with HERC2 and VAMP8 in human ovarian cancer tissues, as well as ferroptosis resistance in a panel of
ovarian cancer cell lines. Last, the feasibility of inhibiting NRF2 to increase the LIP and kill cancer cells via fer-
roptosis was demonstrated in preclinical models, signifying the impact of NRF2 inhibition in cancer treatment.
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INTRODUCTION
The transcription factor nuclear factor erythroid 2–related factor 2
(NFE2L2/NRF2) was originally identified as a master regulator of
cellular redox homeostasis and xenobiotic detoxification (1–3).
Since then, NRF2 has been shown to regulate genes that are impor-
tant for proteostasis, the pentose phosphate pathway, and the me-
tabolism of amino acids and carbohydrates (4–9). In normal tissues,
NRF2 protein levels are kept low through interaction with KEAP1
(an adaptor for an E3 ubiquitin ligase complex) that targets NRF2
for ubiquitylation and subsequent proteasomal degradation (10–
13). Controlled activation of NRF2 in normal cells prevents
cancer initiation induced by chemical carcinogens (14). However,
recent evidence reveals that an oncogenic activity of NRF2, i.e.,
high NFE2L2/NRF2 expression, largely due to somatic mutation
of Kelch-like ECH-associated protein 1 (KEAP1), promotes tumor
progression, metastasis, and resistance to anticancer therapies (15–
19). Clinically, high expression of NRF2 in patient tumors strongly
correlates with a poor prognosis (20). Therefore, it is important to
understand molecular mechanisms by which NRF2 helps cancer
cells evade cell death to facilitate the development of innovative
therapeutic strategies for effective treatment of cancer.

One hurdle in cancer treatment is acquired resistance, when the
cancer cells are gradually desensitized to pro-apoptotic signals. In
the hopes of discovering compounds to treat apoptosis-resistant
Ras mutant cancer cells, a form of cell death termed ferroptosis

was discovered (21, 22). Ferroptosis is an iron- and lipid peroxida-
tion–driven form of cell death that is morphologically distinct from
necrosis, apoptosis, and autophagy (22–25). The compounds dis-
covered in this screen to induce ferroptosis, erastin, and RSL-3
were later found to inhibit the system xc-cystine/glutamate anti-
porter and key lipid peroxide reducing enzyme glutathione (GSH)
peroxidase 4 (GPX4), respectively (26, 27). Over the past decade,
many ferroptosis inducers [erastin, RSL-3, sorafenib, FIN-56, and
sulfasalazine (SAS)] have been used to kill different cancer cell
types in vitro (23). Imidazole ketone erastin (IKE), a modified
form of erastin, was recently developed for in vivo use and shown
to be pharmacologically stable, safe, and efficacious in the different
murine cancer models tested (28, 29). Therefore, IKE has the poten-
tial to be used clinically to treat patients with aggressive, resistant,
and metastatic cancer through ferroptotic cell death (30).

Ferroptosis is an oxidative form of cell death that is triggered
when there is excessive lipid peroxidation. Many critical ferroptosis
proteins identified, such as solute carrier family 7 member 11
(SLC7A11; a subunit of the cystine/glutamate antiporter xCT) and
the catalytic and modifier subunits of glutamate cysteine ligase
(GCLC/GCLM), both of which control the level of GSH (a cofactor
for GPX4), are well-defined NRF2 target genes (23, 31). Hence, the
anti-ferroptotic activity of NRF2 was naturally thought to be derived
from its antioxidant target genes (23). However, another essential
aspect of ferroptosis is the labile iron pool (LIP), as iron chelation
abolishes ferroptotic cell death in cells treated with a ferroptosis
inducer (22, 23). Although an increasing number of pro-ferroptotic
factors that control lipid peroxidation have been revealed (32–34),
information regarding dysregulation of iron homeostasis during
ferroptotic cell death is limited. The current study was designed
to dissect the detailed molecular mechanisms by which NRF2 pro-
tects cancer cells against ferroptotic cell death via mitigation of both
lipid peroxidation and free iron. Our results demonstrate that NRF2
controls ferritin synthesis and degradation through HECT and RLD
domain containing E3 ubiquitin protein ligase 2 (HERC2), vesicle-
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associated membrane protein 8 (VAMP8), and nuclear receptor co-
activator 4 (NCOA4), thus altering the intracellular LIP and dictat-
ing cancer cell susceptibility to ferroptotic cell death. Furthermore,
the importance of this role of NRF2 in controlling iron homeostasis
to dictate ferroptosis was demonstrated by the fact that HERC2/
VAMP8 double knockout (KO) cells behaved equivalently to
NFE2L2/NRF2 KO cells. Also, NCOA4 KO in NFE2L2/NRF2 KO
cells protected against ferroptotic cell death. These results clearly
validate the antioxidant-independent function of NRF2 in mediat-
ing the ferroptotic response. We also demonstrated that cancer cells
with high NRF2 levels were more resistant to ferroptosis and that
NRF2 inhibition sensitized these cancer cells to ferroptosis induc-
ers. Last, using preclinical models, we provide solid evidence that
ovarian tumor spheroids, xenografts, and patient-derived tumors
can be sensitized to ferroptotic cell death by enhancing toxic free
iron accumulation through NRF2 inhibition. Collectively, this
study not only offers basic knowledge regarding how NRF2 controls
iron homeostasis but also indicates the translational value of inhib-
iting NRF2 to enhance the LIP and drive cancer cell death through
ferroptosis.

RESULTS
NFE2L2/NRF2 deletion sensitizes ovarian cancer cells to
ferroptosis
One of the many cancers that have been shown to have high levels of
NRF2 is epithelial ovarian cancer, the most lethal gynecological
cancer due to its aggressiveness, propensity to develop drug resis-
tance, recurrence, and metastatic potential. Although more than
80% of ovarian cancer patients respond to first-line chemotherapy,
the majority will develop recurrent tumors that are drug resistant
and fatal. Treatment relapses of ovarian cancer patients continue
to represent a major obstacle for its clinical management (35, 36).
To determine the role of NRF2 in mediating ovarian cancer cell re-
sistance to ferroptosis, CRISPR-Cas9 gene editing was used to es-
tablish NFE2L2/NRF2 KO SKOV-3 ovarian carcinoma cells, and
three different NFE2L2/NRF2 KO clones, which were established
using two different single-guide RNAs (sgRNAs), were chosen for
further study. Successful deletion of NFE2L2/NRF2 was confirmed,
with NRF2 protein levels being undetectable in all three KO cell
lines, as well as lower mRNA and protein levels of several NRF2
target genes (fig. S1, A and B). Compared to wild type (WT),
NFE2L2/NRF2 KO cells treated with IKE, a ferroptosis inducer
that inhibits system xc-, exhibited a notable increase in the
number of cells undergoing the “ballooning”morphology indicative
of ferroptotic cell death (representative images of 24-hour treatment
are presented in Fig. 1A: left panel shows ferroptotic cell morphol-
ogy; right panel is the percentage of ferroptotic cells). IKE induced
18.66% ferroptotic cells in NFE2L2/NRF2 WT cells versus 76% in
NFE2L2/NRF2 KO cells (Table 1). Consistent with the pro-ferrop-
totic change in morphology (Fig. 1A), IKE treatment resulted in an
~30% decrease in cell viability in NFE2L2/NRF2 WT, as compared
to an ~75% decrease inNFE2L2/NRF2 KO cells at 24 hours, as mea-
sured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Fig. 1B). Furthermore, IKE-induced ferrop-
totic cell death was completely abolished by deferoxamine (DFO; an
iron chelator), ferrostatin 1 (Fer-1; an inhibitor of lipid peroxida-
tion), but not Z-VAD-fmk (a pan-caspase inhibitor) (Fig. 1B), indi-
cating the importance of free iron accumulation and lipid

peroxidation in promoting ferroptosis. Consistent with a ferropto-
sis-dependent decrease in cell viability, higher levels of lipid perox-
ides were also observed in IKE-treated NFE2L2/NRF2 KO cells,
which could be reversed when the cells were cotreated with DFO
(Fig. 1C). Next, more ferroptotic cell death in IKE-treated
NFE2L2/NRF2 KO cells compared to NFE2L2/NRF2 WT cells was
further confirmed via assessment of key ferroptosis markers, in-
cluding higher mRNA levels of prostaglandin endoperoxide syn-
thase 2 (PTGS2) and its protein product cyclooxygenase 2
(COX2) (Fig. 1, D and E), as well as increased 4-hydroxynonenal
(4-HNE) protein adduct formation (Fig. 1D). In addition,
NFE2L2/NRF2 KO cells had decreased total GSH levels, higher
levels of reactive oxygen species (ROS), and more malondialdehyde
(MDA) formation under untreated conditions (Fig. 1, F to H); IKE
treatment further exacerbated the differences in these measure-
ments between NFE2L2/NRF2 WT and KO cells (Fig. 1, F to H).
Similar results were obtained when a less specific ferroptosis
inducer, SAS, was used (fig. S1, C to J).

NFE2L2/NRF2 deletion impairs iron homeostasis and
increases the LIP through depletion of its target
gene HERC2
As free iron (ferrous iron, Fe2+) is required to drive ferroptotic cell
death, the intracellular Fe2+ concentration was determined using a
Ferene-S–based colorimetric assay. Basal intracellular Fe2+ levels in-
creased ~3- to 5-fold in NFE2L2/NRF2 KO compared to NFE2L2/
NRF2 WT cells; IKE treatment further enhanced free Fe2+ levels
(Fig. 2A). Increased free iron levels in NFE2L2/NRF2 KO cells
under both untreated and IKE-treated conditions were verified by
immunofluorescence using the Fe2+-sensitive probe FerroOrange
(Fig. 2B). Please note that IKE treatment led to an increase in free
Fe2+ levels even in NFE2L2/NRF2 WT control cells, which is con-
sistent with previous reports when cells were treated with erastin
(22, 37). Next, expression of genes critical in maintaining iron ho-
meostasis was compared in NFE2L2/NRF2 WT versus KO cells.
Transferrin receptor 1 (TFRC/TFR1), the primary receptor control-
ling iron uptake, was moderately induced by IKE treatment at the
protein but not mRNA level in all the cell lines, whereas there was a
slight reduction in TFRC/TFR1 mRNA levels, but not protein, in all
NFE2L2/NRF2 KO cells compared to NFE2L2/NRF2 WT cells
(Fig. 2, C and D). In contrast,NFE2L2/NRF2 KO altered the expres-
sion of many proteins involved in ferritin synthesis and degradation
[HERC2, F-box and leucine-rich repeat protein 5 (FBXL5), iron
regulatory protein 2 (IRP2), and NCOA4] (Fig. 2, C and D),
which in turn would affect the LIP. First,NFE2L2/NRF2KO affected
ferritin synthesis as evidenced by the following findings: NFE2L2/
NRF2 KO cells exhibited altered levels of key iron sensor proteins
constituting the HERC2-FBXL5-IRP1/2-FTH1/FTL pathway, in-
cluding decreased HERC2, increased FBXL5, decreased IRP2, and
increased ferritin heavy/light chains (FTH1 and FTL) (Fig. 2D). As
shown in the model (Fig. 2E), HERC2 is an E3 ubiquitin ligase for
both FBXL5 and NCOA4; however, HERC2 binds FBXL5 in the
absence of free iron (Fe2+), whereas HERC2 binds NCOA4 only
in the presence of free iron (38–41). In addition, IRP2 binds to
the iron-responsive element in the 5′ untranslated region of FTH1
and FTL mRNA to repress the synthesis of ferritin during low free
iron conditions. Thus, this NFE2L2/NRF2 deletion–mediated de-
crease in IRP2 should ultimately result in enhanced synthesis of fer-
ritin in NFE2L2/NRF2-KO SKOV-3 cells. Consistent with this
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Fig. 1. NFE2L2/NRF2 deletion sensitizes ovarian cancer cells to ferroptosis. (A) WT or three individual CRISPR NFE2L2/NRF2 KO SKOV-3 ovarian cancer cell lines were
left untreated or treated with IKE (10 μM), and cell growth was monitored using the IncuCyte imaging system. Results shown here were at 24 hours after treatment.
Ferroptotic cells were identified on the basis of ferroptotic cell morphology (ballooning). More than 1000 cells were counted, and the percentage of ferroptotic cells was
plotted. Scale bar, 50 μm. (B)NFE2L2/NRF2WTand KO cell lines were cotreatedwith DFO (100 μM), Fer-1 (10 μM), or Z-VAD-fmk (20 μM), alonewith DMSO or IKE (10 μM) for
24 hours. Cell viability was measured by MTT assay. ns, not significant. (C to H) NFE2L2/NRF2 WT and KO cell lines were treated with 10 μM IKE for 12 hours before the
following end points were measured: (C) Lipid peroxide production was assessed by flow cytometry using C11-BODIPY581/591. DFO cotreatment: 100 μM, 12 hours. (D) 4-
Hydroxynonenal (4-HNE) protein adducts and COX2 protein levels were measured by immunoblot analysis. (E) mRNA levels of PTGS2 were measured by quantitative
reverse transcription polymerase chain reaction (qRT-PCR). (F) Total intracellular GSH levels were measured by QuantiChrom GSH assay. (G) ROS were measured by elec-
tron paramagnetic resonance (EPR) spectroscopy. (H) Malondialdehyde (MDA) formation was detected colorimetrically using the thiobarbituric acid reactive substance
(TBARS) assay. Data are represented as means ± SEM of three biological replicates. n = 3; *P < 0.05.
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notion, increased protein levels of both FTH1 and FTL were ob-
served (Fig. 2D) although their mRNA expression decreased
(Fig. 2C), which was in accordance with FTH1/FTL being NRF2
target genes (42). Second, NFE2L2/NRF2 KO also affected ferritin
degradation. NCOA4 is a critical cargo receptor that specifically re-
cruits ferritin to the autophagosome for degradation, a process
termed ferritinophagy (43). Both the mRNA and protein levels of
NCOA4 were increased in NFE2L2/NRF2 KO cells (Fig. 2, C and
D). The increased NCOA4 protein level seen in NFE2L2/NRF2
KO cells was partly due to decreased expression of HERC2, resulting
in its stabilization (Fig. 2, D and E). Collectively, these results indi-
cate that NFE2L2/NRF2 deletion impairs iron homeostasis by alter-
ing expression of proteins controlling ferritin synthesis and
degradation, resulting in an increased LIP and enhanced sensitivity
of cancer cells to ferroptosis.

Since both FBXL5-IRP2–mediated ferritin synthesis and
NCOA4-dependent ferritin degradation through the autophagy-ly-
sosome pathway can be controlled by the key E3 ubiquitin ligase
HERC2 (Fig. 2E) (41, 43), coupled with the result described in
Fig. 2D indicating a decrease in HERC2 protein levels in NFE2L2/
NRF2 KO cells, the possibility ofHERC2 being an NRF2 target gene
was explored. Consistent with the observed positive correlation
between the protein levels of NRF2 and HERC2 (Fig. 2D), a
higher level of HERC2 mRNA in NFE2L2/NRF2 WT cells was ob-
served in both untreated and IKE-treated conditions, compared to
NFE2L2/NRF2 KO cells (Fig. 2C). The NRF2 activators sulfora-
phane (SF), arsenic (As), and tert-butylhydroquinone (tBHQ) or
the NRF2 inhibitor brusatol (BRU) was able to increase or decrease
both the mRNA and protein level of HERC2, respectively (Fig. 2F).
In silico analysis identified 12 putative antioxidant response ele-
ments (AREs) in HERC2, which were individually cloned into the
promoter region of a firefly luciferase vector, followed by measure-
ment of firefly luciferase activity using a dual luciferase reporter
assay (renilla was used as an internal control). Three functional
AREs (ARE-1, ARE-2, and ARE-8) were identified as their lucifer-
ase activity was enhanced by SF treatment; one nonfunctional ARE
(ARE-11) was also included for comparison (Fig. 2G). Endogenous
binding of NRF2 to these three AREs was further verified to occur
in WT, but not NFE2L2/NRF2 KO, cells by chromatin immunopre-
cipitation (ChIP)–polymerase chain reaction (PCR) (Fig. 2H). Last,
using biotinylated 41–base pair (bp) DNA probes containing the
WT ARE-1, ARE-2, ARE-8, or their mutated ARE sequences (mt-

AREs), NRF2 was confirmed to specifically bind to ARE-1, ARE-2,
and ARE-8, but not their mutant counterparts (Fig. 2I). These
results demonstrate that the HERC2 promoter, intron1, and
exon1 contain functional AREs that are regulated by NRF2. In ad-
dition, NRF2 activators were able to induce NRF2 and HERC2
protein levels in two additional ovarian cell lines with low basal
levels of NRF2 (Fig. 2J). More broadly, a positive correlation
between NRF2 and HERC2 was also observed in most ovarian
cell lines tested where NFE2L2/NRF2 expression was reduced by
transient knockdown using two different NFE2L2/NRF2 small in-
terfering RNAs (siRNAs) (fig. S2).

VAMP8 down-regulation in NFE2L2/NRF2 KO cells results in
a defect of ferritinophagy and autophagosomal
accumulation of apoferritin/NCOA4
As shown in Fig. 2D, the protein levels of FTH1, FTL, and NCOA4
were increased in NFE2L2/NRF2 KO cells, indicative of a defect in
ferritin degradation. Since ferritin is degraded by the autophagy-ly-
sosome pathway, a process termed ferritinophagy (see a model illus-
tration for ferritinophagy in Fig. 3A), this prompted us to examine
the possibility that the observed increase in these proteins was a
result of blockage of autophagic flux.NFE2L2/NRF2KO cells exhib-
ited a larger number of microtubule-associated protein 1A/1B-light
chain 3 (LC3)–positive autophagosomes, but not autolysosomes, as
assessed by monomeric–red fluorescent protein (mRFP)–green
fluorescent protein (GFP)–LC3 tandem–based immunofluores-
cence (Fig. 3B). This result indicates that there was no defect in au-
tophagosome formation, but instead a blockage at the later stage of
the pathway in NFE2L2/NRF2 KO cells. Transmission electron mi-
croscopy (TEM) also indicated an accumulation of protein aggre-
gates and double-membrane autophagosomes in NFE2L2/NRF2
KO cells (Fig. 3C). Next, the snap receptor (SNARE) complex
[VAMP8, synaptosome-associated protein 29 (SNAP29), and syn-
taxin (STX17)], which plays a critical role in mediating autophago-
some-lysosome fusion (44), was examined. Unexpectedly, the
protein level of VAMP8, a lysosomal SNARE protein, was markedly
reduced, while there were no obvious changes in STX17 or SNAP29
protein levels in NFE2L2/NRF2 KO cells (Fig. 3D). Furthermore,
NFE2L2/NRF2 KO cells had ~30 to 40% lower VAMP8 mRNA
levels compared to WT cells (Fig. 3E). Transcription of lysosomal
genes has been shown to be regulated by transcription factor EB
(TFEB), whose activity is controlled by serine phosphorylation. Pre-
vious studies indicate that phosphorylation at S142/S138 inactivates
TFEB by enhancing its nuclear export, whereas S211 phosphoryla-
tion mediates cytosolic retention. Thus, the net effect of TFEB phos-
phorylation at these sites is less nuclear localization and reduced
transcription of lysosomal genes (45–49). Therefore, the phosphor-
ylation status of TFEB and mammalian target of rapamycin
(mTOR), one of the upstream kinases for TFEB, were assessed.
Basal phosphorylation of mTOR at S2448 was higher in NFE2L2/
NRF2 KO cells, while the total mTOR level remained unchanged;
TFEB phosphorylation was also enhanced at S211 and S142 with
no changes in its total protein expression (Fig. 3F). Consistently,
when cells with nuclear localization of TFEB were counted, signifi-
cantly more cells with nuclear TFEB localization in NFE2L2/NRF2
WT cells than NFE2L2/NRF2 KO cells were identified (Fig. 3G).
TFEB binds to DNA sequences containing an EBOX motif
(CANNTG), and in silico analysis identified six putative EBOX
motifs in the promoter region of VAMP8. Using a dual luciferase

Table 1. The percentage of ferroptotic cells following IKE treatment
(10 μM, 24 hours).

Cell line % Ferroptotic cells

NRF2 WT 18.66 ± 2.6

NRF2 KO-1 71.15 ± 5.2

NRF2 KO-2 79 ± 7.2

NRF2 KO-3 78 ± 7.9

NRF2 KO-1,2,3 76.05 ± 6.76

VAMP8 KO 40 ± 5.28

HERC2 KO 42 ± 6.35

DKO 71.25 ± 9.35
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assay, one functional EBOX (−1932CACTTG−1927) was identified, as
demonstrated by increased EBOX-driven firefly luciferase activity
in the presence of mTOR inhibitors (torin and rapamycin) and
adenosine monophosphate–activated protein kinase (AMPK) acti-
vator (AICAR), as well as a decreased luciferase activity following
mTOR activation (amino acids) (Fig. 3H). These results indicate
that NFE2L2/NRF2 KO leads to ferritinophagy blockage through

TFEB phosphorylation and nuclear exclusion, which decreases the
transcription of VAMP8, although the precise mechanism by which
deletion of NFE2L2/NRF2 leads to activation of mTOR, or possibly
other kinases that may regulate TFEB phosphorylation and nuclear
localization, requires further investigation. The notion that mTOR
was activated in NFE2L2/NRF2 KO cells, resulting in decreased
VAMP8 transcription, was further supported by the results in fig.

Fig. 2. NFE2L2/NRF2 deletion impairs
iron homeostasis and increases the LIP
through depletion of its target gene
HERC2. (A and B) NFE2L2/NRF2 WT and KO
SKOV-3 cell lines were treated with 10 μM
IKE for 12 hours before the LIP was mea-
sured by (A) Ferene-S absorbance (*P < 0.05,
n = 3) or (B) FerroOrange immunofluores-
cence. Scale bar, 25 μm. (C and D) mRNA or
protein levels of genes involved in iron
metabolism/storage were measured in
NFE2L2/NRF2 WT and NFE2L2/NRF2 KO
SKOV-3 cells treated with IKE (10 μM,
12 hours) by (C) qRT-PCR (*P < 0.05, n = 3) or
(D) immunoblot analysis. (E) Model
showing HERC2 regulation of ferritin syn-
thesis and NCOA4-mediated ferritin degra-
dation. Green dot = ferrous iron;
Ub, ubiquitin. (F) HERC2 mRNA (right;
*P < 0.05, n = 3) and protein levels (left) in
NFE2L2/NRF2 WT SKOV-3 cells treated with
DMSO (Ctrl), sulforaphane (SF; 5 μM),
arsenic (As; 1 μM), tert-butylhydroquinone
(tBHQ; 25 μM), or brusatol (BRU; 20 nM) for
12 hours. (G) NFE2L2/NRF2 WT SKOV-3 cells
were transfected with the indicated anti-
oxidant response element (ARE) firefly and
thymidine kinase renilla luciferase vectors
and then treatedwith DMSO or SF (5 μM) for
12 hours, and luciferase activity was mea-
sured. *P < 0.05, n = 3. (H) NRF2-ARE
binding was determined via ChIP-PCR.
*P < 0.05, n = 3. (I) Biotinylated ARE pull-
down of three putative HERC2 WT or
mutant (mt) AREs using cell lysate from
NFE2L2/NRF2 WT or NFE2L2/NRF2 KO SKOV-
3 cells. DNA binding proteins were pulled
down using streptavidin beads, and NRF2
was detected by immunoblot analysis. (J)
NRF2 and HERC2 protein levels in ovarian
surface epithelial (OSE) and MES-OV ovarian
cell lines following treatment with SF (5
μM), As (1 μM), or tBHQ (25 μM) for 12 hours.

Anandhan et al., Sci. Adv. 9, eade9585 (2023) 1 February 2023 5 of 19

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversity of A
rizona on February 01, 2023



S3. Rapamycin treatment reduced phosphorylated mTOR levels in
NFE2L2/NRF2 KO cells without affecting the total mTOR level, in-
dicating inactivation of mTOR by rapamycin in NFE2L2/NRF2 KO
cells. Rapamycin increased VAMP8 expression in NFE2L2/NRF2
KO cells, which partially rescued the blockage of ferritinophagy
flux as indicated by the reduced level of NCOA4, p62, and LC3-II
in rapamycin-treated NFE2L2/NRF2 KO cells (fig. S3C). Similar to
DFO, rapamycin also reduced the number of ferroptotic cells (fig.
S3A) and improved cell survival in response to SAS in NFE2L2/
NRF2KO cells (fig. S3B). Similar to HERC2, the positive correlation
between NRF2 and VAMP8 in a variety of ovarian cell lines was also
observed when NFE2L2/NRF2 expression was reduced by NFE2L2/
NRF2 siRNAs (fig. S2). Immortalized normal ovarian surface epi-
thelial (OSE) (50) and fallopian tube (FT-246) (51) cell lines had

a low basal protein level of NRF2 and an undetectable level of
VAMP8, while NFE2L2/NRF2 knockdown in the ovarian cancer
cell lines tested all resulted in a decrease in VAMP8 (fig. S2).

We have shown that decreased HERC2 expression led to en-
hanced protein synthesis of FTH1/FTL and enhanced NCOA4
protein stability, and that decreased VAMP8 expression resulted
in ferritinophagy blockage in NFE2L2/NRF2 KO cells. Next, the
effect of NFE2L2/NRF2 deletion on autophagic ferritin turnover
and intracellular free iron was assessed. Immunofluorescence anal-
ysis revealed that while WT cells had very little FTH1/FTL signal
(less ferritin aggregates shown as puncta), NFE2L2/NRF2 KO cells
had significantly more FTH1/FTL aggregates, most of which colo-
calized with LC3-positive puncta (Fig. 3I, Table 2, and fig. S4A).
However, while FTH1/FTL colocalized with LC3, indicating

Fig. 3. VAMP8 down-regulation in NFE2L2/NRF2 KO cells results in a defect of ferritinophagy and autophagosomal accumulation of apoferritin/NCOA4. (A)
Illustration of the ferritinophagy pathway. (B) Immunofluorescence analysis of autophagy flux in NFE2L2/NRF2 WT and NFE2L2/NRF2 KO SKOV-3 cells transfected with
an mRFP-GFP-LC3 tandem reporter for 24 hours. Yellow puncta, autophagosomes; red puncta, autolysosomes. Scale bar, 10 μm. (C) Representative TEM micrographs of
WT and NFE2L2/NRF2 KO cells. Arrows indicate autophagosomes or protein aggregates. (D) Protein levels of three SNARE proteins that direct autophagosome-lysosome
fusion. (E) VAMP8mRNA levels in NFE2L2/NRF2WT and KO cells. *P < 0.05, n = 3. (F) Total or phosphorylated protein levels of mTOR and TFEB. (G) Nuclear localization of
TFEB was detected by indirect immunofluorescence (top); 4′,6-diamidino-2-phenylindole (DAPI) was used for nuclear staining, and the number of TFEB nuclear-positive
cells was counted and plotted (bottom). *P < 0.05, n = 3. Scale bar, 50 μm. (H) One functional EBOX in the promoter of VAMP8was identified. The 41-bp EBOX-containing
sequence was shown above. Relative EBOX luciferase activity was measured by dual luciferase assay, following treatment with mTOR inhibitors [torin, 100 nM, 24 hours;
rapamycin (Rap), 1 μM, 24 hours; and AICAR, 1 mM, 4 hours] or mTOR activation by amino acids (AA). (I and J) Indirect immunofluorescence of (I) FTH1 and LC3, and (J)
FTH1 and LAMP1 in NFE2L2/NRF2 WT or KO SKOV-3 cells. Inset shows magnified puncta. (K) Cells were treated with or without ferric ammonium citrate (FAC; 100 μM,
12 hours). Ferric iron deposits were assessed by Perls Prussian blue staining, followed by indirect immunofluorescence of FTH1/LC3. Scale bars, 10 μm.
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recruitment of ferritin to the autophagosome, FTH1/FTL failed to
be delivered to the lysosome, as very few FTH1/FTL aggregates co-
localized with LAMP1-positive lysosomes in NFE2L2/NRF2 KO
cells (Fig. 3J, Table 2, and fig. S4B). These results support a
model whereby FTH1/FTL was recruited by NCOA4 into autopha-
gosomes, which then accumulated due to the blockage of VAMP8-
mediated autophagosome-lysosome fusion in NFE2L2/NRF2 KO
cells. In addition, accumulation of FTH1 aggregates was observed
in other ovarian cell lines where NFE2L2/NRF2 was knocked
down via siRNA (fig. S4C). Paradoxically, enhanced ferritin synthe-
sis and blockage of ferritin degradation (inhibition of ferritinopha-
gy) in NFE2L2/NRF2 KO cells should have resulted in a decrease,
rather than a significant increase, of the LIP (Fig. 2, A and B). We
hypothesized that the availability of higher than normal NCOA4, a
critical cargo receptor that recruits ferritin to the autophagosome,
would overwhelm the other proteins, such as poly(RC) binding
protein 1 (PCBP1), needed to deliver iron to ferritin (52), resulting
in NCOA4-mediated recruitment of apoferritin into the autophago-
some. As shown in Fig. 3K, NFE2L2/NRF2 WT cells showed an in-
crease in Perls staining (dark dots in the cytosol) after ferric
ammonium citrate (FAC) treatment, indicative of ferric iron
stored in ferritin cages, while the NFE2L2/NRF2 KO cells had
very limited Perls staining after FAC treatment, although these
cells contained many ferritin aggregates colocalized with LC3
(Fig. 3K), indicating recruitment of apoferritin into autophago-
somes in NFE2L2/NRF2 KO cells. This result suggests that the ex-
cessive amount of NCOA4 resulted in the rapid recruitment of
apoferritin into autophagosomes before iron incorporation into
the ferritin complex. Next, the effect of siRNA-mediated knock-
down of NCOA4 on alleviating the increased LIP and ferroptosis
observed in NFE2L2/NRF2 KO cells was tested. NCOA4-siRNA
had a slight effect on the protein levels of FTH1/FTL (increased)

and LC3-I/LC3-II (decreased) in both the WT and KO cell lines
(fig. S4D). Knockdown of NCOA4 alleviated 4-HNE–adducted
protein formation in IKE-treated NFE2L2/NRF2 KO cells (fig. S4,
D and E). The protection afforded by NCOA4 knockdown in
NFE2L2/NRF2 KO cells was also visualized by a reduction in
FTH1 puncta formation, decreased Fe2+-sensitive FerroOrange
fluorescence intensity, and fewer cells undergoing ferroptotic
death (fig. S4F). Consistent with these results, NCOA4 knockdown
significantly enhanced the survival ofNFE2L2/NRF2KO cells under
IKE treatment (fig. S4G). In addition, the mRNA levels of ferropor-
tin (SLC40A1) were significantly higher in the NFE2L2/NRF2 KO
cells compared to WT (fig. S4H), demonstrating that the accumu-
lation of free labile iron observed in the NFE2L2/NRF2 KO cells is
most likely not due to changes in ferroportin expression, despite
previous reports (53).

NRF2 regulates iron homeostasis through HERC2, VAMP8,
and NCOA4
Collectively, our results have revealed a previously undiscovered
function of NRF2, i.e., NRF2 regulates iron homeostasis and ferrop-
tosis through HERC2, VAMP8, and NCOA4 (illustration in Fig. 4).
By controlling their protein levels, NRF2 regulates both ferritin syn-
thesis and degradation. First, HERC2, an E3 ubiquitin ligase for
FBXL5 and NCOA4, is an NRF2 target gene; deletion of NRF2
results in reduced HERC2 expression, increased stability of
FBXL5 and NCOA4, decreased IRP2 protein stability, and enhanced
FTH synthesis. Second, NRF2 indirectly controls VAMP8 through
the mTOR-TFEB axis. InNFE2L2/NRF2 KO cells, decreased TFEB-
dependent transcription of VAMP8 results in blockage of autopha-
gosome-lysosome fusion and inhibition of ferritinophagy. Third,
excessive accumulation of NCOA4 in NFE2L2/NRF2 KO cells
causes recruitment of apoferritin into autophagosomes, leading to
autophagosomal accumulation of apoferritin/NCOA4, increased
LIP, and enhanced sensitivity to ferroptotic cell death.

Contribution of the NRF2-HERC2 and NRF2-VAMP8/NCOA4
axes in controlling iron homeostasis and dictating
ferroptosis sensitivity
To further validate the contribution of the newly identified function
of NRF2 in iron homeostasis, and to ensure the anti-ferroptotic
function of NRF2 extends beyond just its mediation of redox
balance, HERC2 and VAMP8 single or double KO cells were gener-
ated. Like what was observed in NFE2L2/NRF2 KO cells, KO of
HERC2 or VAMP8 resulted in increased protein levels of FTH1
and NCOA4, as well as the ferroptosis markers COX2 and 4-
HNE, with double- KO of HERC2/VAMP8 exhibiting a more pro-
nounced phenotype than single KO (Fig. 5A). Also, KO of HERC2
or double KO significantly increased free iron levels as measured by
both FerroOrange (Fig. 5B, FerroOrange panel) and Ferene-S color-
imetric assay (Fig. 5B, bar graph, bottom), but decreased ferric iron–
loaded ferritin cages (Fig. 5B, Perls staining). Consistently, KO en-
hanced ferroptotic cell death (Fig. 5, C and D) and reduced cell sur-
vival (Fig. 5E). The percentage of ferroptotic cells was ~20% in IKE-
treated WT cells versus ~75% in the HERC2/VAMP8 double KO
cells (Fig. 5D), with an ~30% decrease in cell viability in NFE2L2/
NRF2 WT compared to an ~80% decrease in HERC2/VAMP8
double KO cells at 24 hours (Fig. 5E). A comparison of the percent-
age of ferroptotic cells in NFE2L2/NRF2 WT and the different KO
cell lines following IKE treatment shows that cells with double KO

Table 2. Mander’s and Pearson’s coefficients for ferritin (FTH1/FTL)
colocalization with autophagosome (LC3) versus lysosome (LAMP1).

Mander’s coefficient Pearson’s coefficient

LC3/FTH1 FTH1/LC3

NRF2 WT 0.466 0.356 r = 0.696

NRF2 KO-1 0.543 0.684 r = 0.825

NRF2 KO-2 0.516 0.678 r = 0.819

LAMP1/FTH1 FTH1/LAMP1

NRF2 WT 0.336 0.426 r = 0.701

NRF2 KO-1 0.187 0.325 r = 0.305

NRF2 KO-2 0.195 0.321 r = 0.225

LC3/FTL FTL/LC3

NRF2 WT 0.358 0.222 r = 0.676

NRF2 KO-1 0.695 0.725 r = 0.850

NRF2 KO-2 0.622 0.756 r = 0.785

LAMP1/FTL FTL/ LAMP1

NRF2 WT 0.329 0.252 r = 0.621

NRF2 KO-1 0.185 0.318 r = 0.252

NRF2 KO-2 0.105 0.345 r = 0.325
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of HERC2/VAMP8 exhibit an equivalent ferroptosis sensitivity as
NFE2L2/NRF2 KO cells (Table 1). These results demonstrated
that HERC2/VAMP8 double KO cells behaved like NFE2L2/NRF2
KO cells, as indicated by a similar accumulation of apoferritin/
NCOA4, increased LIP, enhanced ferroptosis markers (COX2 and
4-HNE), and increased sensitivity to ferroptotic cell death.

As shown in our model (Fig. 4), NFE2L2/NRF2 KO cells exhibit
excessive accumulation of NCOA4, which is a critical factor in me-
diating the recruitment of apoferritin into autophagosomes, leading
to the observed increase in the LIP and enhanced sensitivity to fer-
roptotic cell death. To fully confirm this mechanism, and also val-
idate the NCOA4 siRNA knockdown results presented in fig. S4 (D
to G), CRISPR NCOA4 KO NFE2L2/NRF2 WT and NFE2L2/NRF2
KO cell lines were generated. NCOA4 KO in NFE2L2/NRF2 WT

cells enhanced ferroptosis as indicated by increased COX2 and 4-
HNE (Fig. 5F), which was accompanied by increased ferroptosis
and decreased survival (Fig. 5, H, I, and J). A marked contrast
was observed when NCOA4 was knocked out in NFE2L2/NRF2
KO cells, as NCOA4 deletion reduced FTH1 protein levels,
reduced ferroptosis markers COX2 and 4-HNE (Fig. 5F), decreased
LIP as measured by both FerroOrange (Fig. 5G, FerroOrange panel)
and Ferene-S colorimetic assay (Fig. 5G, bar graph, bottom), in-
creased ferric iron–loaded ferritin cages (Fig. 5G, Perls staining),
decreased percentage of ferroptotic cells (Fig. 5, H and I), and re-
stored NFE2L2/NRF2 KO cell survival following IKE treatment to
that of NFE2L2/NRF2 WT cells (Fig. 5J). In addition, overexpres-
sion of VAMP8 in NFE2L2/NRF2 KO SKOV3 cells alleviated au-
tophagy blockage, as indicated by reduced protein levels of FTH1,

Fig. 4. NRF2 regulates iron homeostasis through HERC2, VAMP8, and NCOA4. NRF2 regulates iron homeostasis by controlling both ferritin synthesis and degrada-
tion. First, HERC2, an E3 ubiquitin ligase for FBXL5 and NCOA4, is an NRF2 target gene; deletion of NFE2L2/NRF2 results in reduced HERC2 expression, increased stability of
FBXL5 and NCOA4, decreased IRP2 protein stability, and enhanced FTH synthesis. Second, NRF2 indirectly controls VAMP8 through the mTOR-TFEB axis. In NFE2L2/NRF2
KO cells, decreased TFEB-dependent transcription of VAMP8 results in blockage of autophagosome-lysosome fusion and inhibition of ferritinophagy. Third, excessive
accumulation of NCOA4 in NFE2L2/NRF2 KO cells causes recruitment of apoferritin into autophagosomes, leading to autophagosomal accumulation of apoferritin/
NCOA4, increased LIP, and enhanced sensitivity to ferroptotic cell death. Green dot, ferrous iron; red dot, ferric iron.
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NCOA4, and LC3-I/II (Fig. 5K), as well as reduced ferroptosis sen-
sitivity in IKE-treated NFE2L2/NRF2 KO but not NFE2L2/NRF2
WT cells (Fig. 5L). Together, these results demonstrate the signifi-
cance of NRF2-mediated iron sensing, by controlling ferritin syn-
thesis/degradation, in determining a cancer cell’s response to
ferroptosis inducers.

NRF2 expression correlates with HERC2 and VAMP8 levels
in human cancer tissues, as well as ferroptosis resistance of
cancer cell lines
The translational relevance of this study was evaluated using human
ovarian patient tissues to test whether there is a correlation between
the expression of HERC2, VAMP8, and NRF2. NRF2 protein levels
correlated strongly with HERC2 and VAMP8 (SLC7A11, a known
NRF2 target gene, was used as a positive control) (Fig. 6A and fig.

Fig. 5. Contribution of the NRF2-
HERC2 and NRF2-VAMP8/NCOA4
axes in controlling iron homeo-
stasis and dictating ferroptosis
sensitivity. HERC2 and VAMP8
single or double KO cells were es-
tablished. (A) Status of HERC2/
VAMP8 KO was determined by im-
munoblot analysis, along with the
levels of the other indicated pro-
teins. (B) These four cell lines were
used to measure free iron using
FerroOrange (upper left) and
Ferene-S colorimetic assay
(bottom), or ferric iron–ferritin
cages by Perls staining after FAC
treatment (100 μM, 12 hours)
(upper right). Scale bars, 25 μm. (C)
These four cell lines were left un-
treated or treated with IKE (10 μM),
and cell growth was monitored
using the IncuCyte imaging system.
Results shown here were at 24
hours after treatment of IKE. Scale
bar, 50 μm. (D) Percentage of fer-
roptotic cells from (C). (E) Cell via-
bility measured by MTT assay. (F
and G) Pooled NCOA4 KO cells in
the NFE2L2/NRF2 WT or KO back-
ground were established and (F)
the levels of the indicated proteins
were determined by immunoblot
analysis, and (G) free iron was
measured using FerroOrange
(upper left) or Ferene-S (bottom),
or ferric iron–ferritin cages by Perls
staining after FAC treatment (100
μM, 12 hours) (upper right). Scale
bars, 25 μm. (H) These four cell lines
were left untreated or treated with
IKE (10 μM), and cell growth was
monitored using the IncuCyte
imaging system. Images shown
were at 24 hours after treatment
with IKE. Scale bar, 50 μm. (I) Per-
centage of ferroptotic cells from
(H). *P < 0.05, n = 3. (J) Cell viability
measured by MTT assay. *P < 0.05,
n = 3. (K) FTH1, NCOA4, and LC3-I/II
protein levels in NFE2L2/NRF2 WT
or KO cells overexpressing VAMP8
were determined by immunoblot
analysis. (L) Cell viability measured
by MTT assay.
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Fig. 6. NRF2 expression correlates with HERC2 and VAMP8 levels in human cancer tissues, as well as ferroptosis resistance. (A) Correlation between NRF2 ex-
pression and HERC2 or VAMP8 levels in human ovarian tissues was determined by immunohistochemistry analysis. HERC2, VAMP8, and SLC7A11 expression were imaged
(see fig. S4A), and average intensity was measured and plotted against NRF2. Normal tissue (n = 10) plotted as red dots; cancer tissue (n = 40) plotted as black dots. (B)
NRF2 and ferroptosis-related protein levels in various ovarian cancer cell lines were measured by immunoblot analysis (left). The expression of HERC2, VAMP8, and
SLC7A11 was quantified and plotted against NRF2 in each cell line (right). (C) Correlation between NRF2 expression and the GI50 of ferroptosis-inducing compounds
(IKE, erastin, RSL3, SAS, L-glutamate, and FIN56) and apoptosis-inducing compounds (cisplatin, mitomycin C, or staurosporine). Each cell line was treated with eight doses
of the indicated compound for 24 hours, and cell viability was measured by MTT assay. GI50 values were calculated by log-logistic fitting (Table 3). (D) Heatmap GI50
profiles were created using median-centered z-score analysis of the GI50 values.
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S5A). Notably, NRF2 expression was low in normal tissues but up-
regulated in tumors (Fig. 6A, red versus black dots). Similarly, there
was a positive correlation between NRF2 and HERC2, as well as
NRF2 and VAMP8 across a wide variety of different ovarian
cancer cell lines (Fig. 6B). Normal ovarian cell lines FT-246 and
OSE were excluded in the correlation curve because of the low
levels of HERC2 and VAMP8 (Fig. 6B). In support of our model,
most cancer cell lines showed a negative correlation between the
levels of NRF2 and either FTH1 or NCOA4 (Fig. 6B). Next, the re-
sponse of these cell lines to ferroptosis and other mode of cell death
inducers was measured (fig. S5B) and the 50% growth inhibition
concentration (GI50) for each individual compound was calculated
(Table 3). As expected, a positive correlation between NRF2 expres-
sion and GI50 values of the different ferroptosis inducers among
these cell lines was observed (Fig. 6C, top two rows). In contrast,
there was no correlation between NRF2 and GI50 values of the
other cytotoxic compounds that do not induce ferroptosis, includ-
ing chemotherapeutic drugs (cisplatin and mitomycin C) and the
apoptosis inducer staurosporine (Fig. 6C, bottom row). The
finding that NRF2 determines the resistance of ovarian cancer cell
lines to ferroptosis inducers was further illustrated in a heatmap in-
dicating the GI50 profiles of these cell lines in response to ferroptotic
inducers, as the three NFE2L2/NRF2 KO SKOV-3 cell lines were
clustered as the most sensitive to all ferroptotic inducers, far apart
from WT SKOV-3 (Fig. 6D, top). In contrast, the sensitivity of the
three NFE2L2/NRF2 KO SKOV-3 cell lines to other compounds in
relation to the other cell lines tested was only increased slightly
(Fig. 6D, bottom).

Genetic or pharmacological NRF2 inhibition enhanced
sensitivity to ferroptotic cell death in preclinical models
The results shown in Fig. 6 (C and D) indicated that NRF2 effective-
ly protected ovarian cancer cells from ferroptosis-inducing com-
pounds; thus, the idea of killing cancer cells using a combined
treatment of an NRF2 inhibitor and ferroptosis inducer was ex-
plored using three preclinical models. (i) Three-dimensional (3D)
tumor spheroids: InNFE2L2/NRF2-WT SKOV-3 cells, IKE resulted
in a dose-dependent decrease in tumor spheroid size and cell via-
bility, both of which were further decreased by adding BRU, an
NRF2 inhibitor (24-hour IKE treatment data; Fig. 7, A and B).
However, the same number of NFE2L2/NRF2-KO SKOV-3 cells
formed much smaller spheroids with a lower baseline viability
even in the absence of IKE treatment. Similar results were obtained
using two other ovarian cancer cell lines (OVCAR-8 and OVC-201)
(fig. S6A). (ii) NFE2L2/NRF2 WT and heterozygous SKOV-3 xeno-
grafts: NFE2L2/NRF2 WT xenografts implanted in NSG (nonobese
diabetic severe combined immunodeficient gamma) mice grew
quickly, and tumor growth was significantly inhibited by treatment
with IKE (Fig. 7C). The NFE2L2/NRF2 heterozygous tumor growth
curve before the tumor size reached 100 to 125 mm3 was the same as
NFE2L2/NRF2 WT; however, the growth of NFE2L2/NRF2 hetero-
zygous tumors after they reached 125 mm3 slowed as the tumor size
increased. Moreover, NRF2 heterozygous tumor size was signifi-
cantly smaller than NFE2L2/NRF2WT tumor size after daily injec-
tion of IKE (40 mg/kg) for 14 days (Fig. 7C). No obvious weight
changes in the treated mice were observed (fig. S6B). Furthermore,
IKE-treated NFE2L2/NRF2 WT and heterozygous tumor tissues
showed increased lipid droplet formation [arrowheads in hematox-
ylin and eosin (H&E) and Nile Red] and necrotic areas (arrows in

H&E) (fig. S6C). WT and NFE2L2/NRF2 heterozygous tumors
treated with IKE exhibited increased markers of ferroptosis, includ-
ing C11-BODIPY581/591 staining, 4-HNE, COX2 (immunifluores-
cence and immunoblots), PTGS2 mRNA level), LIP (FerroOrange
staining and Ferene-S assay), MDA, and ROS (Fig. 7D and fig. S6, D
to H). Several ferroptosis markers, such as 4-HNE protein adduct
formation, MDA production, and PTGS2mRNA levels, were signif-
icantly higher in IKE-treated NFE2L2/NRF2 heterozygous than in
IKE-treated WT tumors. (iii) Poorly differentiated ovarian carcino-
ma patient-derived xenografts (PDX): We established an ovarian
PDX tumor model using second passage patient tissues implanted
into an NSG mouse. Immunohistochemistry analysis of the patient
tissue before implantation confirmed the clinical diagnosis that the
case appeared to have originated from the ovary and was poorly dif-
ferentiated (Fig. 7E). PDX tumor growth decreased significantly in
the presence of BRU, IKE, or both in combination, with the dual
treatment having the greatest effect (Fig. 7F). None of the treatment
groups exhibited a significant decrease in mouse body weight (fig.
S6I). Lipid droplet formation (H&E and Nile Red staining) was in-
creased in both the IKE and IKE + BRU groups compared to BRU
alone or control (fig. S6J). All specific ferroptosis markers mea-
sured, such as 4-HNE adduct formation, COX2/PTGS2, and
MDA/ROS generation, were significantly increased in the presence
of IKE + BRU compared to IKE alone (Fig. 7, G to L). Collectively,
these results from three different preclinical models demonstrate
the effectiveness of combined NRF2 inhibition and ferroptosis in-
duction in treating cancer.

DISCUSSION
Cancer cells can thrive under high ROS conditions and excessive
iron accumulation through metabolic reprogramming. Along
these lines, many redox and iron regulatory signaling pathways
have been shown to be altered, with cancer cells having developed
an enhanced dependence on these changes (54). NRF2, one of
several key players responsible for metabolic reprogramming, is
up-regulated in many types of cancers to cope with the increased
metabolic demands of the cancer cell (3, 20, 55). Since NRF2-ad-
dicted cancer cells have been shown to be highly resistant to classical
chemotherapeutic drugs, we believe that enhancing toxic free iron
accumulation to drive cancer cell death through ferroptosis would
be the most effective way to kill these resistant cancer cells.
However, there has been no effective and safe way to enhance the
intracellular LIP, as iron administration would cause damage to
normal organs or cells, as reported previously (56, 57). In this
study, we have demonstrated that NRF2 inhibition can boost free
iron accumulation and sensitize cancer cells and xenograft tumors
to the ferroptosis inducer IKE. In contrast to feeding mice a high
iron-containing diet that causes organ damage, NRF2 inhibition
would selectively enhance free iron to toxic levels only in tumors
with high NRF2 expression, and not in normal tissues. This
creates an exploitable sensitivity of tumors to ferroptosis, thus pro-
viding a therapeutic window. The notion that specific NRF2 inhibi-
tion preferentially kills cancer cells without harming normal cells is
also supported by these previous findings: First, the basal level of
NRF2 in normal cells/tissues is low, whereas most cancer cells/
tumors have higher levels of NRF2 to survive the stressful tumor
microenvironment, which was also observed in the current study
(Fig. 6, A and B). Second, NRF2 KO cells and mice grow and
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Fig. 7. Genetic or pharmacological NRF2 inhibition enhanced sensitivity to ferroptotic cell death in preclinicalmodels. (A)NFE2L2/NRF2WTor KO SKOV-3 cell lines
were grown for 3 to 5 days until 3D sphere formation. Spheroids were treated with IKE (10 μM), BRU (20 nM), or IKE + BRU for 24 hours. Scale bar, 50 μm. (B) Cell viability of
NFE2L2/NRF2 WT and KO cell lines at 24-hour treatment assessed by CellTiter-Glo assay. *P < 0.05, n = 8. (C) NFE2L2/NRF2 WT or heterozygous (Het) SKOV-3 cells were
subcutaneously injected; once tumors reached 100 mm3, mice were intraperitoneally injected with IKE (40 mg/kg) or vehicle control for 14 days. Tumor volume was
measured and plotted as mean tumor burden (mm3). *P < 0.05, n = 15 per group. (D) Tumor tissues were probed with C11-BODIPY581/591, 4-HNE and COX2 antibodies, or
FerroOrange. Scale bar, 50 μm. (E) H&E of human ovarian tissue (P0) used for the PDXmodel. (F) PDX tissue (P1) was implanted; once tumor size reached ~100mm3, mice
were intraperitoneally injectedwith vehicle, BRU (0.25mg/kg), IKE (20mg/kg), or IKE + BRU for 14 days. Tumor sizewasmeasured and plotted same as (C). *P < 0.05, n = 10
per group. (G) Tumor tissues were probed with C11-BODIPY581/591, 4-HNE and COX2 antibodies, or FerroOrange. Scale bar, 50 μm. (H) 4-HNE adduct and COX2 protein
levels measured by immunoblot analysis. (I) LIP measured using Ferene-S. (J) PTGS2mRNA levels measured by RT-PCR. (K) ROS levels measured by EPR spectroscopy. (L)
MDA detected by TBARS assay. Data in (I) to (L) are represented as means ± SEM of tumor tissues from six individual mice (n = 6). *P < 0.05.
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develop normally, indicating that NRF2 is not essential for normal
cell growth or mouse development.

Over the years, an increasing number of NRF2 target genes have
been identified. NRF2 has been recognized to be crucial for promot-
ing cancer cell survival by controlling cellular redox homeostasis
(classical function), proteostasis, and metabolic stress (2–9). In
this study, we discovered a signaling network through which
NRF2 controls iron homeostasis through ferritin synthesis/degrada-
tion, thus dictating the intracellular LIP, and the sensitivity of
cancer cells to ferroptotic cell death. Mechanistically, NRF2 regu-
lates iron homeostasis via the following signaling pathways
(Fig. 4): (i) NRF2-HERC2-FBXL5-IRP1/2–dependent ferritin syn-
thesis, (ii) NRF2-TFEB-VAMP8–driven ferritinophagy for ferritin
degradation, and (iii) NRF2-HERC2-NCOA4–mediated recruit-
ment of ferritin to the autophagosome. Through these signaling
axes, NFE2L2/NRF2 deletion disrupted ferritin metabolism
through excessive ferritin synthesis and the accumulation of apofer-
ritin-NCOA4 complexes in autophagosomes, leading to the massive
toxic free iron accumulation that rendered NFE2L2/NRF2 KO cells
more susceptible to ferroptotic cell death. It is worth emphasizing
that our finding that NRF2 controls ferritin synthesis and degrada-
tion at the protein level is distinct from previous reports that NRF2
controls the mRNA levels of FTH1 and FTL. As shown in Fig. 2, the
protein levels of FTH1 and FTL are higher in NRF2- KO cells
(Fig. 2D), despite lower FTH1 and FTL mRNA levels (Fig. 2C),
which may be due to the fact that the formation of the ferritin
complex is primarily controlled by the UPS (HERC2, FBXL5,
NCOA4, and IRP1/2), lysosomal degradation (FTH1, FTL, and
NCOA4), and protein synthesis (FTH1 and FTL). Furthermore,
we demonstrated the important contribution of this newly discov-
ered NRF2-dependent regulation of iron metabolism in controlling
cancer cell susceptibility to ferroptotic cell death, as double KO of
HERC2 and VAMP8 in WT cells recapitulated the ferroptotic re-
sponse observed in NFE2L2/NRF2 KO cells. In addition, while
NCOA4 KO in NFE2L2/NRF2 WT enhanced ferroptosis, its KO in
NFE2L2/NRF2 KO cells was protective. Furthermore, overexpres-
sion ofVAMP8 inNFE2L2/NRF2KO SKOV3 cells reduced their fer-
roptosis sensitivity, while it had no effect in WT cells. These results
argue that NRF2-mediated ferritin metabolism and maintenance of
iron homeostasis is critical in determining a cancer cell’s response to
ferroptosis inducers.

It is important to note that the key is cellular localization/com-
partmentalization. The free LIP, as well as iron-loaded ferritin cages,
is typically located in the cytosol. In normal cells, low iron leads to
increased protein levels of NCOA4, which recruits ferritin to the au-
tophagosome for autophagic degradation and release of free iron
into the cytosol. In NRF2 KO cells, NRF2-dependent expression
of HERC2, which degrades NCOA4, is low, resulting in constitu-
tively higher levels of NCOA4 and recruitment of empty ferritin
(apoferritin) to the autophagosome. This decoupling of NCOA4
degradation from the LIP, combined with blockage of autophagy
flux (low VAMP8), results in ferritin sequestration away from
labile iron in the cytosol, hence the observed increase in the LIP.
It is also worth noting that this study is not merely claiming that
NRF2 has anti-ferroptotic functions, which as mentioned above is
already generally accepted because of the fact that several NRF2
target genes, including SLC7A11 (xCT) and GCLM, play a critical
role in modulating intracellular GSH levels and thus GPX4 activity
and sensitivity to inducers of ferroptosis. The important finding

from this study is that the anti-ferroptosis function of NRF2
extends beyond its regulation of the antioxidant response, which
is supported by our results (Fig. 5) showing the contribution of
the NRF2-HERC2 and NRF2-VAMP8/NCOA4 axes to controlling
iron homeostasis and dictating ferroptosis sensitivity. Another in-
teresting observation is that the double-KO HERC2/VAMP8 cells
behaved similarly to NFE2L2/NRF2 single KO cells, as evidenced
by a similar accumulation of apoferritin/NCOA4, increased LIP,
higher levels of ferroptosis markers (COX2 and 4-HNE adducts),
and enhanced sensitivity to ferroptotic cell death. Although ferrop-
tosis has been defined as both lipid peroxidation and iron depen-
dent, whether lipid peroxidation, iron, or both are essential for
ferroptosis induction is unclear. The fact that iron chelation can
block ferroptosis induction argues that the accumulation of free
iron alone is essential and sufficient to induce ferroptosis;
however, it is hard to totally isolate the ferroptotic effect of labile
iron from lipid peroxidation, since labile iron itself is redox active,
the accumulation of which would be expected to lead to increased
lipid peroxidation.

In summary, we not only identified a previously undiscovered
function of NRF2 in iron signaling by controlling ferritin synthe-
sis/degradation and maintenance of iron homeostasis through
HERC2, VAMP8, and NCOA4 but also provided evidence that
NRF2 inhibition can enhance free LIP and make cancer cells with
highNFE2L2/NRF2 expression specifically vulnerable to ferroptotic
inducers. Furthermore, we have also provided proof of concept for
the translational value of our findings using three preclinical
models, suggesting that a combination therapy tailored around
NRF2 inhibition and ferroptosis induction represents an effective
therapeutic strategy to treat cancer patients. This study signifies a
critical step before ferroptotic inducers can be successfully used in
the clinic as the next generation of cancer therapy to treat resistant,
refractory, and recurrent cancers.

MATERIALS AND METHODS
Chemicals and reagents
IKE and BRU were synthesized and used as described previously
(29, 58). SAS, SF, bixin, tBHQ, sodium (meta)arsenite (S7400),
Fer-1, and MTT were purchased from Sigma-Aldrich. Z-VAD-
fmk was purchased from ApexBio (A1902). 1-Hydroxy-3-methox-
ycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH; NOX-0.2), DFO,
diethyldithiocarbamic acid (DETC), and Krebs Hepes buffer
(NOX-07.6.1) were purchased from Noxygen. Protein A-agarose
beads (15918014) were obtained from Invitrogen.

Cell culture and generation of NRF2−/−, HERC2−/−, VAMP8−/

−, NCOA4−/−, and HERC2−/−/VAMP8−/− cell lines
SKOV-3, CAOV-3, MES-OV, SW-626, OVCAR-3, and OVCAR-8
ovarian cancer cells were purchased from the American Type
Culture Collection. HEY and A2780 cells were obtained from MD
Anderson. OSE, FT-246, OVC-201, OVC-205, OVC-302, and
OVC-205-mCherry cells were patient-derived cell lines generated
and reported previously (59). Cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (SKOV-3, CAOV-3, MES-OV, and
SW-626), DMEM:F12 (OSE and FT-246), or RPMI (A2780, HEY,
OVCAR-3, OVCAR-8, OVC-201, OVC-205, and OVC-302) sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin.
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CRISPR KO cell lines were generated using CRISPR-Cas9–me-
diated gene editing. We used sgRNA species previously designed
and published by Wang et al. (60) as an activity optimized pooled
sgRNA library. In this pooled library, there are 10 different species
of sgRNAs targeting each gene. For each gene, all 10 sgRNA species
were cloned into the pSpCas9(BB)-GFP plasmid (61), and genome
targeting efficiency of each sgRNA construct was determined by T7
endonuclease I assay. One or two of the highest efficiency sgRNAs
were selected for making KO cell lines. SKOV-3 cells were transfect-
ed with the selected sgRNA plasmid for 24 hours, and GFP-positive
cells were isolated using fluorescence-activated cell sorting and sub-
sequently plated at low confluency. Once individual colonies were
visible to the naked eye, they were isolated using a clonal ring and
expanded individually. Successful homozygous/heterozygous KO/
knockdown of a particular gene was confirmed by Sanger sequenc-
ing the sgRNA binding region (around 500 bp flanking the sgRNA
binding region) and by immunoblot analysis.

For pooled KO cell lines, for each gene, the top two most efficient
sgRNA species (as determined by T7 endonuclease I assay) were
cloned into pLentiCRISPRV2 (60). The resulting lentivirus
vectors were packaged and transduced into target cell lines at
high multiplicity of infection. Positively transduced cell lines were
selected for puromycin resistance. The resulting KO cell lines were
used as a pooled population. Status of KO was determined by im-
munoblot analysis.

The best sgRNAs used for making the NRF2−/−, HERC2−/−,
VAMP8−/−, NCOA4−/−, and HERC2−/−/VAMP8−/− cell lines are
listed below: NRF2: sgRNA-1, 5′-TATTTGACTTCAGTCAGC-
GA-3′ and sgRNA-2, 5′-TAGTTGTAACTGAGCGAAAA-3′;
HERC2: sgRNA-1, 5′-CACCGAACAGCCTGAAGCAGACGG-3′
and sgRNA-2, 5′-CACCGCAGCTGGCGGCACTTCGCGG-3′;
VAMP8: sgRNA-1, 5′-CACCGACATCTCCGCAACAAGACAG-
3′; NCOA4: sgRNA-1, 5′-CACCGGTATGGCTGTATGAACAGG-
3′ and sgRNA-2, 5′-CACCGGAATGTCTTAGAAGCCGTG-3′.

Transfection and live cell fluorescent imaging
Cells were transfected using Lipofectamine 3000 (Thermo Fisher
Scientific, L3000150) according to the manufacturer’s instructions.
The pCMV-myc-VAMP8 plasmid were purchased from Addgene.
pcDNA5 FRT/TO SF-HERC2 (ShB-R) was a gift from D. Chan
(Addgene plasmid #55613). The plasmid containing mRFP-GFP-
LC3 was obtained from E. White (Cancer Institute of New Jersey,
Rutgers, NJ). For imaging, SKOV-3 cells were seeded in glass-
bottom 35-mm dishes. Cells were transfected with mRFP-GFP-
LC3 using Lipofectamine 3000. Twenty-four hours later, cells
were gently washed with 1× phosphate-buffered saline (PBS), and
DMEM without phenol red was added. Images were taken with a
Zeiss Observer Z1 microscope using the Slidebook 4.2.0.11 software
(Intelligent Imaging Innovations Inc.).

siRNA-mediated knockdown of NRF2, NCOA4, and VAMP8
To knock down protein levels of NRF2, NCOA4, and VAMP8,
1 × 105 cells were seeded in six-well plates and, 24 hours later,
treated with 5 nM nontargeted control (control), NFE2L2/NRF2,
NCOA4, or VAMP8 siRNA using Qiagen Hiperfect according to
the manufacturer ’s instructions. Four siRNA constructs against
each target of interest were obtained from Qiagen (Flexitube), and
the construct that obtained the maximum knockdown was used for

further study. Following 72 hours of transfection, knockdown cells
were subjected to immunoblot or immunofluorescence analysis.

mRNA extraction and real-time qRT-PCR
Total mRNA was extracted using TRIzol (Invitrogen) according to
the manufacturer’s instructions. cDNA was then synthesized using
2 μg of mRNA and a Transcriptor first-strand cDNA synthesis kit
(Promega). Real-time quantitative PCR (qPCR) was then per-
formed. GAPDH was used for qPCR normalization, and all exper-
iments were measured in triplicate. Primer sequences are as follows:
human-VAMP8: 5′-AATGATCGTGTGCGGAACCT-3′ (forward)
and 5′-GTGCTCAGATGTGGCTTCCA-3′ (reverse); human-
TFR1: 5′-TCGGAGAAACTGGACAGCAC-3′ (forward) and 5′-AT-
CACGCCAGACTTTGCTGA-3′ (reverse); human-ACSL4: 5′-
GGAATGACAGGCCAGTGTGA-3′ (forward) and 5′-TCAC-
CAGTGCAAAACCACCT-3′ (reverse); human-HERC2: 5′-
GCCTCGACTCCAAATGGTTG-3′ (forward) and 5′-
GACTCCTGCAACAGCTCACT-3′ (reverse); human-NCOA4: 5′-
GGGCAACCTCAGCCAGTTAT-3′ (forward) and 5′-GGGATCT-
GAAAATTCCCAACGG-3′ (reverse); human-PTGS2: 5′-
GTTCCACCCGCAGTACAGAA-3′ (forward) and 5′-AGGGCTT-
CAGCATAAAGCGT-3′ (reverse); human-FTH1: 5′-
CTTTGACCGCGATGATGTGG-3′ (forward) and 5′-CCTGAAG-
GAAGATTCGGCCA-3′ (reverse); human-FTL: 5′-CAGGCCTCC-
TACACCTACCT-3′ (forward) and 5′-
AGGGCCTGGTTCAGCTTTTT-3′ (reverse); human-SLC7A11:
5′-TGCCCAGATATGCATCGTCC-3′ (forward) and 5′-
TCTTCTTCTGGTACAACTTCCAGT-3′ (reverse); human-
AKR1C1: 5′-CATGCCTGTCCTGGGATTT-3′ (forward) and 5′-
AGAATCAATATGGCGGAAGC-3′ (reverse); human-GCLM: 5′-
GACAAAACACAGTTGGAACAGC-3′ (forward) and 5′-CAGT-
CAAATCTGGTGGCATC-3′ (reverse); human-NQO1: 5′-
AACTTTCAGAAGGGCCAGGT-3′ (forward) and 5′-
CTGGGCTCTCCTTGTTGC-3′ (reverse); human-GAPDH: 5′-
CTGACTTCAACAGCGACACC-3′ (forward) and 5′-
TGCTGTAGCCAAATTCGTTGT-3′ (reverse).

Chromatin immunoprecipitation–PCR
A ChIP assay was performed according to the manufacturer’s in-
structions (EZ-CHIPTM, Merck, Germany). Briefly, SKOV-3 WT
or NFE2L2/NRF2 KO cells were treated with 1% formaldehyde in
DMEM for 10 min to cross-link DNA-protein complexes. The
cells were then lysed using SDS lysis buffer containing 1 mM phe-
nylmethylsulfonyl fluoride (PMSF) and 1% protease inhibitor cock-
tail (Sigma-Aldrich). Solubilized chromatin was then incubated
with anti-NRF2 antibody (Santa Cruz Biotechnology) or normal
rabbit IgG (Santa Cruz Biotechnology) for 16 hours at 4°C with ro-
tation, and DNA-protein complexes were pulled down using
Protein G-agarose beads (Sigma-Aldrich). DNA from the immuno-
precipitated complexes and total chromatin input were extracted via
ethanol precipitation, and 1 μl of purified DNA was amplified and
run on an agarose gel. Primers were as follows: HERC2-ARE-1:
CTCCATCTCTTAAGTGGTGGTGGC (forward) and
GGGAAGGGAAAGCCTCCTTCCAAG (reverse); HERC2-ARE-
2: GAGCAGCCTCGTTGCGATTG (forward) and CCACCAC-
CACTTAAGAGATGGAGAGAG (reverse); HERC2-ARE-8:
CAGTCTGGTCTCGAACTCCTGACG (forward) and
CCCAAAATGCTGGGACTACAGACA (reverse); HERC2-ARE-
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11: GACGAAGTCTTGCTGTGTCGCCCA (forward) and GAT-
CAGGAAGTCAGGAGATTGAGACC (reverse).

Dual luciferase assay
For the dual luciferase assay, a 41-bp portion of the human HERC2
promoter containing the putative ARE sequence for NRF2 and the
human VAMP8 promoter containing the putative Coordinated Ly-
sosomal Expression and Regulation (CLEAR) sequence for TFEB
were amplified by PCR and then cloned into the pGL4.22 luciferase
vector (Promega). Next, SKOV-3 WT or NFE2L2/NRF2 KO cells
were cotransfected with 0.5 μg of a plasmid encoding a Firefly lucif-
erase under the control of either a HERC2-ARE– or VAMP8-
CLEAR–driven promoter, as well as 0.05 μg of a Renilla luciferase
plasmid under the control of a universal promoter as an internal
control. Luciferase activity was measured using the dual luciferase
reporter assay system (Promega). For relative luciferase activity
analysis, the value of Firefly luciferase was normalized to the
value of Renilla luciferase. The experiment was repeated three
times. The data are expressed as means ± SEM.
VAMP8-CLEAR; 5′-GCTGAAGCAGGAGAATCACTT-

GAACCTGGGAGGCGGAGGTT-3′

Biotinylated ARE pulldown
Biotin-DNA pulldown was performed as reported previously (62).
Briefly, cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer containing 1 mM dithiothreitol, 1 mM PMSF, and 1% prote-
ase inhibitor cocktail (Sigma-Aldrich). The cell lysates were pre-
cleared with streptavidin beads and incubated with 2 μg of
biotinylated DNA probes that spanned the ARE-containing se-
quences in the promoter region ofHERC2. The DNA-protein com-
plexes were pulled down by streptavidin beads, and complexes were
washed three times, resolved on an SDS–polyacrylamide gel electro-
phoresis (PAGE) gel, and subjected to immunoblot analysis. The
sequences of the 41-bp biotinylated DNA probes used are as
follows: HERC2-ARE-1, 5′-CTGTGGGGTAAAGCGGCAGATT-
CATGCTGCTGTCATTTGTC-3′; HERC2-mtARE-1, 5′-
CTGTGGGGTAAAGCGCGAGATAGTTGCTGCTGT-
CATTTGTC-3′; HERC2-ARE-2, 5′-ATCGCGGGCGCCGGCT-
GAGCCAGCGGCTCTTGGGAGGCTGC-3′; HERC2-mtARE-2,
5′-ATCGCGGGCGCCGGCACTGCCACGGGCTCTTGG-
GAGGCTGC-3′; HERC2-ARE-8, 5′-ATGAGGCATGATGCCT-
GACCCAGCCTTTTTTAAAATGAAGG-3′; HERC2-mtARE-8,
5′-ATGAGGCATGATGCCACTCCCACGCTTTTTTAAAAT-
GAAGG-3′.

Cell viability and ferroptotic cell count
Cell viability was detected using an MTT assay. Cells were seeded in
a 96-well plate. Twenty-four hours after treatment, 20 μl of MTT (5
mg/ml) in PBS solution was added directly to the cell culture
medium and allowed to incubate for 3 hours. The medium was
then removed, and solvent (isopropanol/HCl) was added to the
cells and absorbance was measured at 570 nm with the SpectraMax
iD5 Multi-Mode Microplate Reader (Molecular Devices). Morphol-
ogy and ferroptotic cells (bubbles) were detected via IncuCyte
(Essen Biosciences), and then ferroptotic cells were counted
manually.

Electron paramagnetic resonance spectroscopy
Electron paramagnetic resonance was performed as described pre-
viously (63). Briefly, relative production of ROS is represented as the
nanomolar concentration of oxidized spin trap divided by the time
of trap incubation time, then normalized to the total milligrams of
protein per well. Cells were plated in 24-well plates and, after appro-
priate treatment, incubated with spin trap in the presence of metal
chelators (200 μM CMH, 25 μM DFO, and 5 μM DETC in filtered
Krebs-Hepes buffer) (Noxygen) for 30 min before collection and
measurement. Cells were harvested in RIPA buffer [10 mM
sodium phosphate (pH 7.2), 150 mM NaCl, 1% sodium deoxycho-
late, 2 mM EDTA, 0.1% SDS, and 1% NP-40], and protein concen-
tration was determined with a BCA kit (Pierce; 23227). For
xenograft tumor tissues, samples were incubated with spin trap in
the presence of metal chelators for 30 min before collection and
measurement. The final data were normalized by tissue weight.

GSH assay
Intracellular GSH concentrations were measured using the Quanti-
Chrom GSH assay kit from BioAssay Systems (DIGT-250). The pro-
cedure was performed according to the manufacturer’s instructions.
Briefly, 5,5′-dithiobis(2-nitrobenzoic acid) reacts with intracellular
GSH to form a yellow product. Absorbance was measured at 412
nm, and GSH in cellular extracts was quantified via comparison
to a calibration curve generated using GSH as a standard. Data
were normalized to cellular protein content. Three independent ex-
periments were performed for the calculation of means and SDs.

Lipid peroxidation assay
The relative intracellular MDA concentration was assessed using the
Lipid Peroxidation (MDA) Assay Kit from Sigma-Aldrich
(MAKO85). Briefly, MDA in the sample reacts with thiobarbituric
acid (TBA) to generate an MDA-TBA adduct. The MDA-TBA
adduct can be easily quantified colorimetrically (optical
density = 532 nm). C11-BODIPY581/591 dye (Thermo Fisher Scien-
tific, D3861) was used to detect lipid peroxidation in live cells. For
imaging, cells were incubated with 2 μM C11-BODIPY581/591 and
fluorescence was measured on a fluorescence microscope at ~510
nm. For flow cytometry, 5 × 105 cells were seeded in six-well
plates and allowed to adhere overnight at 37°C. Then, cells were
treated with dimethyl sulfoxide (DMSO) or SAS (2.5 mM)for 12
hours. Cells were then trypsinized, washed, suspended in Hanks’
balanced salt solution (HBSS) containing 2 μMC11-BODIPY581/

591, and incubated at 37°C for 15 min. Cells were pelleted and resus-
pended in HBSS. Oxidation of the polyunsaturated butadienyl
portion of the dye results in a shift of the fluorescence emission
peak from ∼590 nm to ∼510 nm.

Iron measurement
Intracellular ferrous (Fe2+) iron levels were determined using the
iron assay kit from Sigma-Aldrich (MAKO25). In this assay, iron
is released by the addition of an acidic buffer. Ferrous iron is
reacted with a chromagen resulting in a colorimetric (593 nm)
product, proportional to the iron present. Intracellular chelatable
iron was determined using the fluorescent probe FerroOrange
from Dojindo (F374). FerroOrange is a fluorescent probe that
enables live-cell fluorescence imaging of intracellular Fe2+. Cells
were incubated with 1 μM for 20 min, and images were captured
using a fluorescence microscope at excitation of 543 nm and

Anandhan et al., Sci. Adv. 9, eade9585 (2023) 1 February 2023 16 of 19

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversity of A
rizona on February 01, 2023



emission of 580 nm. For the Perls staining, cells were fixed with 2%
paraformaldehyde (PFA), incubated in Perls solution [1%
K4Fe(CN)6 and 1% HCl] for 15 min, and then incubated with
0.05% diaminobenzidine (DAB) and hydrogen peroxide (0.5%)
for an additional 15 min. For coimmunostaining, cells were first
stained with Perl’s solution and DAB and then incubated with
anti-LC3, followed by incubation with an Alexa Fluor 594–conju-
gated anti-rabbit secondary antibody.

Indirect immunofluorescence
Cells were fixed in 2% PFA for 20 min and then washed in PBS. Cells
were blocked with 10% FBS for 1 hour and then incubated with
primary antibodies: anti-FTH1 (1:250; sc-376594), anti-FTL
(1:250; sc-74513), anti-LC3 (1:1000; Sigma-Aldrich, L7543), anti-
LAMP1 (1:1000; Cell Signaling Technology, #9091S), and anti-
TFEB (1:1000; ab-220695) at 4°C for 16 hours. Cells were incubated
with either an anti-mouse Alexa Fluor 488 or anti-rabbit Alexa
Fluor 594 (1:1000) secondary antibody for 1 hour. Images were ac-
quired with a Zeiss Observer Z1 fluorescence microscope using the
Slidebook 4.2.0.11 software (Intelligent Imaging Innovations Inc.).
Mander’s (M1 and M2) and Pearson’s coefficient values for signal
overlap were determined using ImageJ [National Institutes of
Health (NIH)]. The threshold values were calculated using a
Costes approach. For colocalization of FTH1/LC3, FTL/LC3,
FTH1/LAMP1, and FTL/LAMP1, >25 cells from three independent
experiments were analyzed and presented in Table 2.

Immunoblot analysis
Cells were harvested in 1× sample buffer [62.5 mM tris-HCl (pH
6.9), 3% SDS, 10% glycerol, 5% β-mercaptoethanol, and 0.1% bril-
liant blue]. Lysates were boiled, sonicated, and resolved by SDS-
PAGE and then subjected to the following primary antibodies:
anti-NCOA4 (1:2000; Bethyl Laboratories, ARA70), anti-FTH1
(1:1000; sc-376594), anti-NRF2 (1:1000; sc-13032), anti-FTL
(1:1000; sc-74513), anti-GPX4 (1:1000; sc-166570), anti AKR1C1
(1:1000; sc-398596), anti-GCLM (1:1000; sc-166603), anti-NQO1
(1:1000; sc-32793), anti-4-HNE (1:2000; ab-46545), anti-COX2
(1:1000: sc-166475), anti-LC3 (1:2000; Sigma-Aldrich, L7543),
anti-HERC2 (1:1000; Bethyl Laboratories, A301-905), anti-TFR1
(1:1000; ab-84036), anti-IRP2 (1:1000; sc-33682), anti-FBXL5
(1:500; Sigma-Aldrich, AV43104), anti-TFEB (1:1000; ab-220695),
anti–phospho-TFEB (S142, 1:1000; Millipore, ABE197), anti–
phospho-mTOR (S2448, 1:1000; Cell Signaling Technology,
#5536), anti-mTOR (1:1000; Cell Signaling Technology, #2983),
anti-SLC7A11 (1:1000; Cell Signaling Technology, #12691), anti-
VAMP8 (1:1000. Ab-76021), anti-STX17 (1:1000; Invitrogen,
PA5-40127), anti-SNAP29 (1:2000; ProteinTech, 12704-1-AP),
and anti–β-actin (1:5000; Sigma-Aldrich, A2066) at 4°C for over-
night. Then, membranes were incubated with anti-mouse or anti-
rabbit horseradish peroxidase (HRP)–conjugated secondary anti-
bodies (1:3000; Sigma-Aldrich) for 1 hour. All immunoblot
images were taken using the Azure 600 system (Azure Biosystems)
and analyzed using ImageJ (NIH).

Immunohistochemistry
Slides containing fixed normal (N = 10) and ovarian cancer (N = 40)
tissue were processed for NRF2, HERC2, SLC7A11, and VAMP8 ex-
pression as described previously (64). Briefly, sodium citrate buffer
(0.01 M, pH 6.0) was used for antigen retrieval, and endogenous

peroxidase activity was blocked using 0.3% H2O2. Slides were
blocked with 5% bovine serum albumin for 30 min and then incu-
bated with primary antibodies against NRF2 (1:100), HERC2
(1:500), SLC7A11 (1:500), and VAMP8 (1:200) overnight at 4°C.
The next day, slides were washed with PBS and stained using the
EnVision + System-HRP Kit (Dako) as per the manufacturer’s in-
structions. Images were taken on a Nikon Eclipse 50i microscope
using NIS Elements software v4.0. The expression of NRF2,
HERC2, VAMP8, and SLC7A11 was measured as the mean inten-
sity of immunoreactivity using ImageJ.

Tumor spheroid assay
Ovarian cancer cell lines were trypsinized and resuspended in com-
plete growth medium, and 20 μl of cell suspension containing 250 to
500 cells was added to each well of the hanging drop array plates
from XCENTRIC. The water reservoir on the hanging drop array
plates was filled with 2.5 ml of sterile deionized water (DIW).
Hanging drop array plates were then placed on top of a six-well
plate containing sterile DIW, and the two plates were wrapped in
parafilm and placed in a humidified 37°C carbon dioxide incubator.
Two to five microliters of fresh growth medium were added to the
hanging drops every other day to maintain the 20-μl drop volume.
Once spheroids were formed, cells were treated with IKE and BRU
at the indicated concentrations for 24 hours and cell viability was
measured by ATP CellTiter-Glo assay (Promega, G9682).

Xenograft/PDX models
NSG (NOD.Cg-Prkdcscid⋅Il2rgtm1Wjl/SzJ) female mice, 7 to 8 weeks
old, were injected subcutaneously with 2 × 107 SKOV-3 NFE2L2/
NRF2 WT or KO cells. The mice were treated after the tumor size
reached 100 mm3. Mice were randomly allocated into treatment
groups and dosed with IKE (40 mg/kg) or vehicle control (5%
DMSO/95% HBSS at pH 4) once daily by intraperitoneal injection
for 14 days. IKE concentration was determined on the basis of pre-
vious in vivo pharmacokinetic studies (29). Tumor volume was
measured daily with an electronic caliper and calculated using the
following formula: 0.5 × length × width2. Three hours after the final
dosage, mice were euthanized and tumor tissue was dissected,
weighed, divided into four to six segments, frozen, and stored at
−80°C. Tumor volume change was analyzed in GraphPad Prism,
with significance determined by one-way analysis of vari-
ance (ANOVA).

PDX model: Patient tumor samples were obtained from the Bio-
specimen Repository at the University of Arizona Cancer Center
following Institutional Review Board approval. Patient tumor
tissues were cleaned, cut into 3-mm3 pieces, and implanted asepti-
cally into the mammary pads of female NSG mice for P1 tumors.
Once P1 tumors grew to 1.5 to 2 cm3, they were isolated and cut
into 3-mm3 pieces for implantation into the experimental mice
(P2 tumor). Treatment started once the tumor size reached 100
mm3 using the following four groups: vehicle control, BRU (0.25
mg/kg), IKE (20 mg/kg), or IKE + BRU once daily for 14 days.

Transmission electron microscopy
For TEM, 6 × 105 WT or NFE2L2/NRF2 KO SKOV-3 cells were
seeded in six-well plates and, 24 hours later, processed as described
previously (65). Briefly, cells were fixed in 2.5% glutaraldehyde + 2%
PFA in 0.1 M piperazine-N,N′-bis(2-ethanesulfonic acid) or Pipes
buffer (pH 7.4) for 1 hour at room temperature. Samples were
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postfixed in 1% osmium tetroxide in Pipes buffer for 1 hour follow-
ing a wash in 0.05 M Pipes buffer + 0.05 M glycine and 2 × 10 min
washes in 0.1 M Pipes. Following two more 10-min washes in DIW,
samples for TEM were block-stained in 2% aqueous uranyl acetate,
washed in DIW, dehydrated through a graded series of alcohols, in-
filtrated with 1:1 alcohol and Spurr’s resin overnight, and then em-
bedded in 100% Spurr ’s resin overnight at 60°C. Sections were
viewed using a FEI Tecnai Spirit electron microscope (FEI
Company, Hillsboro, OR) operated at 100 kV. Eight-bit TIFF
images were captured through an AMT 4-megapixel camera.

Statistical analysis
Experimental replicates were independent and performed on sepa-
rate days. Collected data were analyzed using an unpaired Student’s
t test or one-way/two-way ANOVA, and the appropriate post hoc
test using GraphPad Prism or the SigmaPlot/Stat package. Data
were plotted as means ± SD or SEM using the same package for stat-
istical analysis. Relative densitometry analysis of Western blots was
performed using ImageJ (NIH).

Supplementary Materials
This PDF file includes:
Figs. S1 to S6

View/request a protocol for this paper from Bio-protocol.
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