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Dear Editor,

Ferroptosis is a newly discovered form of regulated cell death
characterized by increased intracellular iron accumulation and
subsequent lipid peroxidation (Dixon et al., 2012). Studies have
revealed that ferroptosis plays an important role in multiple
physiological and pathological processes including degenerative
diseases, carcinogenesis, and cancer immunotherapy (Hassannia
etal,, 2019, Wang et al., 2019).

As an intracellular iron storage protein, ferritin is degraded via
the selective autophagy-mediated degradation process named
“ferritinophagy” to regulate iron homeostasis (Gao et al., 2016).
Targeting genes related to iron homeostasis have been corrobo-
rated to modulate cellular sensitivity to ferroptosis (Alvarez et
al., 2017, Protchenko et al., 2021). In consideration of an increased
iron demand in cancer cells than non-cancer cells to enable
growth, cancer cells are more vulnerable to iron-catalyzed fer-
roptosis, prompting ferroptosis induction can be employed as a
promising approach in cancer therapy (Shen et al., 2014, Torti et
al., 2018, Hassannia et al., 2019).

Several deubiquitinating enzymes (DUBs) including OTUB1
and BAP1 have been reported to mediate ferroptosis in human
cancers (Zhang et al., 2018, Liu et al., 2019). Ubiquitin-specific
peptidase 8 (USP8) is originally identified as a growth-regulated
DUB that accumulates upon growth stimulation. Although USP8
depletion suppresses cell proliferation in various cancer cells
and induces cell death in some cell lines (Islam et al., 2021),
whether a direct connection exists between USP8 and ferroptosis
remains unknown. Our previous study found that USP8 decreases
autophagic flux through deubiquitinating autophagy receptor
SQSTM1/p62 (sequestosome 1), thus negatively controls auto-
phagy (Peng et al., 2019). Considering the correlation between
autophagy and ferroptosis, we assume that USP8 may play a role
in regulating ferroptosis.

Firstly, USP8 knockdown (KD) mouse embryonic fibroblasts
(MEFs) were constructed and confirmed by immunoblotting

(Fig. 1A). Then, CCKS8 cell viability assay and PI staining showed
that knockdown of USP8 sensitized cells to ferroptosis (Fig. 1B
and 1C). Similar results were obtained in NCI-H1299 and HepG2
cells (Fig. S1A-C). Erastin-induced lipid peroxidation, which is
the typical marker of ferroptosis, was significantly accumulated
in shUSP8 cells by flow cytometry using the fluorescent probe
C11-BODIPY (Fig. 1D). Furthermore, the increased erastin-in-
duced cell death in USP8 KD cells can be reversed by deferox-
amine (DFO, an iron-chelating agent) and ferrostatin-1 (Fer-1, a
ferroptosis inhibitor) (Fig. 1E and 1F), but not apoptosis (Z-VAD-
FMK) or necrosis (Nec-1s) inhibitors (Fig. 1E), suggesting that
the increased erastin-induced cell death by USP8 knockdown is
a ferroptosis-dependent process. In addition, downregulation of
USP8 remarkably promoted erastin-induced ferroptotic events
including malondialdehyde (MDA, an end product of lipid per-
oxidation) production, enhanced intracellular ferrous iron
level, total reactive oxygen species (ROS) and lipid ROS level
(Figs. 1G-1 and S1D), which could be abolished by DFO or Fer-1
treatment. These results indicated that USP8 may be a specific
negative regulator of ferroptosis, instead of apoptosis or necro-
sis modulator.

To confirm whether USP8 suppression enhances the anti-can-
cer activity of erastin in vivo, we stably knocked down USP8 in
NCI-H1299 cell line by lentiviral vector. Knockdown of USP8 signif-
icantly enhanced erastin-induced ferroptotic cell death in colony
formation assay (Fig. 1J). Compared with the control shRNA group,
USP8 knockdown effectively reduced the size of tumors formed
in a xenografted mouse model (Fig. 1K). Immunohistochemistry
(IHC) analysis of the expression of prostaglandin-endoperoxide
synthase-2 (PTGS2), a marker for the assessment of oxidative
stress and ferroptosis in vivo, indicated the combination effect of
knocking down USP8 and erastin treatment in triggering tumor
ferroptosis in vivo (Fig. 1L).

Ferritin is a pivotal intracellular protein that stores iron,
composed of ferritin light chain (FTL) and ferritin heavy chain
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Figure 1. USP8 knockdown facilitates ferroptosis induced by erastin via ferritinophagy. (A) Knockdown of USP8 in MEF cells was verified by
immunoblotting. (B) MEF cells were treated with indicated erastin for 24 h, cell viability was assayed using a CCK8 kit (n = 3). (C) MEF cells were treated
with 0.5 pmol/L or 1 umol/L erastin for 12 h, cell death was observed using PI staining by microscopy (black and white: phase contract; red: PI staining;
scale bar = 100 pm). (D) MEF cells were treated with 1 pmol/L erastin for 8h, and flow cytometric detection of lipid ROS was performed using BODIPY C11.
Representative data are shown and the statistical analysis is from three independent experiments. (E) MEF cells were treated with 0.5 umol/L erastin
with or without a cell death inhibitor (DFO, 10 pmol/L; Fer-1, 1 pmol/L; ZVAD-FMK, 10 pmol/L; nec-1s, 10 pmol/L) for 24 h. Cell viability was assayed
using a CCK8 kit. (F-I) Cells were treated with 1umol/L erastin alone or with a ferroptosis inhibitor (DFO, 10 pmol/L; Fer-1, 2 pmol/L), cell death was
quantified by PI staining coupled with flow cytometry (F); the lipid formation was measured by MDA assay (G); the intracellular ferrous iron level and
lipid ROS level (H, I) was assessed by flow cytometry. (J) Cells were treated with erastin (5 pmol/L) for 24 h and then re-plated in the same dilutions in
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1 (FTH1), which protects the cell from free iron participating in
the generation of free radicals via Fenton-like reactions (Dixon
et al.,, 2014). Considering USP8 is a deubiquitination enzyme, we
tested whether FTL, a substrate of ferritinophagy, is degraded
in USP8-regulated ferroptosis. Knockdown of USP8 did not influ-
ence the expression of FTL mRNA, whereas it remarkably pro-
moted ferritin degradation in erastin-induced HepG2 cells, and
this effect was rescued by RNAi-resistant USP8 expression (Fig.
1M). Consistently, in the presence of cycloheximide (CHX, an
inhibitor of protein translation), inhibition of USP8 promoted
the degradation of endogenous FTL protein in human liver can-
cer cell line HepG2 (Figs. 1N and S2A) and overexpression of
USP8 delayed the protein turnover of exogenous FTL protein in
HEK 293T cells (Figs. 10 and S2B). The decrease of ferritin in
shUSPS cells was partly abrogated by bafilomycin Al (BAF, an
autophagy inhibitor) but not bortezomib (BTZ, a proteasome
inhibitor) (Fig. 1P), indicating that USP8 knockdown destabilized
ferritin through autophagy-lysosome degradation pathway.
Ferritin is delivered to lysosome for degradation via autophagy,
which was referred to as “ferritinophagy” (Mancias et al., 2014).
We assumed that the regulation of ferritin mediated by USP8 is
an autophagy-related process. Then, we treated the control and
shUSP8 cells with erastin alone or in the presence of BAF and
detected the state of LC3, which is a typical marker of auto-
phagy process. Erastin treatment significantly promoted the
conversion from LC3I to LC3II in shUSP8 cells, this phenom-
enon was even more remarkable in the presence of BAF (Fig.
1Q). In addition, the increased autophagic flux event was also
observed in shUSP8 cells (Fig. S3). To further confirm the role of
ferritinophagy in USP8-mediated ferroptosis, we exploited two
typical pharmacological inhibitors of autophagy: BAF and chlo-
roquine (CQ) to block the autophagy. As expected, both BAF and
CQ treatments significantly attenuated erastin-induced cell
death and lipid ROS formation in shUSP8 MEFs (Fig. 1R). Taken
together, these data indicate that downregulation of USP8 trig-
gered ferritinophagy during ferroptosis and promoted the deg-
radation of ferritin.

Recently, USP8 was proved to be a negative regulator of auto-
phagy by deubiquitinating SQSTM1 (Peng et al., 2019). To explore
the function of SQSTM1 in USP8-induced ferritinophagy, we gen-
erated USP8/SQSTM1 double knockdown HepG2 cell lines (Fig.
2A). The results showed that erastin-induced cell death in shUSP8
cells was reversed by concurrent knockdown of SQSTM1 (Figs. 2B,
2C and S4). Moreover, we constructed SQSTM1 knockdown HepG2
cells as control, shSQSTM1 cells were resistant to elastin-induced
ferroptosis, and knockdown of ATG7 or SQSTM1 greatly reduced
the sensitivity of the shUSP8 MEF cells to erastin-induced ferrop-
tosis and decreased lipid ROS level (Fig. 2C and 2D), while reconsti-
tuting SQSTM1 in shUSP8/shSQSTM1 MEF cells partially restored
cellular ferroptosis sensitivity (Fig. 2D), indicating USP8-mediated

ferroptosis is an autophagy-dependent process involving SQSTM1
participation.

As two important marker proteins of ferritinophagy, nuclear
receptor coactivator 4 (NCOA4) and FTL are always degraded
under ferroptosis, which may be regulated by SQSTM1. In accord-
ance to our expectation, depletion of SQSTM1 almost abolished
erastin-mediated downregulation of endogenous NCOA4 and
FTL (Fig. 2E). In addition, overexpression of wild type SQSTM1
dramatically promoted the degradation of NCOA4, but not the
LIR (LC3-interacting region) deletion mutant SQSTMIALIR,
which is deficient in mediating selective autophagy (Figs. 2F
and S6A). Previous studies have proved that ubiquitination
of SQSTM1 promotes its activity as autophagic receptor and
USP8 removes the ubiquitination of SQSTM1 mainly at K420
position to suppress autophagic flux (Peng et al., 2019). Then
we observed increased ubiquitination of SQSTM1 under eras-
tin treatment, which was significantly reduced by USP8, sug-
gesting USP8-regulated SQSTM1 ubiquitination was involved
in USP8-mediated ferroptosis (Fig. 2G). Interestingly, we also
detected increased ubiquitination of SQSTM1 under iron over-
load induced by ferric ammonium citrate (FAC) (Fig. S5), imply-
ing SQSTM1 may be an iron sensor protein in response to iron
overload stress. In order to further prove SQSTM1 is vital to fer-
ritinophagy, we re-transfected wild type SQSTM1, SQSTM1ALIR,
or SQSTM1,,,,, into SQSTM1~~ MEF cells, and then treated with
erastin. The results showed that protein level of NCOA4 and FTL
only decreased in wild-type SQSTM1-expressing cells, but not
in SQSTM1ALIR and SQSTM1,,,, cells, and the protein level of
endogenous LC3II only increased in wild-type SQSTM1 recon-
stituted cells (Fig. 2H). Furthermore, compared with wild-type
SQSTMI, the introduction of SQSTM1,,,,. attenuated the deg-
radation of NCOA4 and FTL, suggesting that ubiquitination of
SQSTM1 is critical to promoting the degradation of these two
proteins (Figs. 21 and S6B).

Accordingly, we propose that USP8-regulated ferroptosis is
SQSTM1-dependent and SQSTM1’s function as autophagic receptor
plays a crucial role in aiding this process. To verify this hypothesis,
we executed endogenous Co-IP assay in HepG2 cells and verified
the interaction between SQSTM1 and NCOA4 (Fig. 2J). Results of
exogeneous Co-IP assay in HEK 293T cells indicated that neither
PB1 or UBA domain of SQSTM1 participated in the interaction with
NCOA4 implying that the middle fragment of SQSTM1(103-338
aa) mediates the interaction with NCOA4 (Fig. S7A). Besides that,
both N (1-238 aa) and C (239-614 aa) fragments of NCOA4 interact
with SQSTM1 (Fig. S7B). Results of fluorescent image also repre-
sented the colocalization between SQSTM1 and NCOA4 (Fig. S8A).
In in vitro GST pull-down assay, his-NCOA4 was detected only in
the GST-SQSTM1 affinity column, suggesting a direct interaction
between the two proteins (Fig. 2K). Although NCOAA4 is regarded as
a ferritinophagy receptor, there is no direct evidence of interaction

plates for colony formation assay. After 7 days, cells were fixed, stained and photographed. (K) The 4-week-old immunodeficient nude mice (5 mice per
group) were injected subcutaneously with NCI-H1299 cells (5 x 10° cells per mouse) and treated with erastin (15 mg per kg intraperitoneal, twice every
other day) when the tumor volume reached for 100 mm?, for 20 days. Tumor volume was calculated every 4 days. (L) Staining of USP8, FTL and PTGS2
in isolated tumor at day 20 was assayed by immunohistochemistry analysis (scale bar = 100 pm). (M) HepG2 cells were treated with erastin (10 umol/L)
for 12 h, and FTL mRNA levels are assayed by gRT-PCR. Indicated cells were transfected with USP8-HA for 24 h followed by treatment with erastin
for 12 h, and FTL protein level was assayed by immunoblotting. (N) HepG2 cells were treated with 10 pmol/L erastin and 50 pg/mL CHX for indicated
period, protein levels were detected by immunoblotting. (O) HEK 293T cells were transfected with the indicated plasmids for 24 h and then treated
with 50 pg/mL CHX for indicated period, protein levels were detected by immunoblotting. (P) HepG2 cells were treated with BAF (200 nmol/L) or BTZ
(1 pmol/L) for 8 h, cell extracts were analyzed by immunoblotting using indicated antibodies. (Q) HepG2 cells were treated with erastin (10 pmol/L) for
12 h, BAF was added 8 h before cell harvest, and cell extracts were analyzed by immunoblotting using indicated antibodies. The accumulation of LC3II
(faster migrating form) is indicative of the induction of autophagy. (R) Indicated MEF cells were treated with 1 umol/L erastin alone or with autophagy
inhibitor (BAF, 20 nmol/L; CQ, 50 umol/L) for 12 h, cell death was quantified by PI staining; lipid ROS level was assessed by BODIPY C11 coupled with

flow cytometry. *P < 0.05, *P < 0.01, **P < 0.001, ns, not significant.
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Figure 2. The interaction between LC3 and NCOA4 mediated by SQSTM1 is involved in USP8-mediated ferritinophagy. (A) Knockdown of USP8 and
SQSTM1 in HepG2 cells by indicated shRNA was confirmed with immunoblotting. (B) Indicated HepG2 cells were treated with erastin (10 umol/L) alone
or in the presence with DFO or Fer-1, cell viability was quantified with a CCK8 kit. (C) Indicated MEF cells were treated with 1 pmol/L erastin alone or
with BAF (20 nmol/L) for 12 h, cell death and lipid ROS were assessed by flow cytometry. (D) Indicated MEF cells were transfected with empty vector
or SQSTM1-Flag for 24 h, and then treated with 1 pmol/L erastin alone or with BAF (20 nmol/L) for 12 h, cell death and lipid ROS level was assessed by
flow cytometry. (E) Wild-type MEF and SQSTM1~~ MEF cells were treated with 1 pmol/L erastin for 5 and 10 h, indicated protein level was assayed by
immunoblotting. (F) HEK 293T cells were transfected with NCOA4-HA and SQSTM1-Flag wild type or SQSTM1,, .-Flag for 24 h, then cells were treated
CHX (50 pg/mL) for indicated time before cell harvest, and protein levels were determined by immunoblotting. (G) HEK293T cells were co-transfected
with SQSTM1-His, HA-UB and USP8-flag for 24 h, followed by treatment with 10 umol/L erastin for 12 h. The cell lysates were subjected to pull down
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between NCOA4 and LC3. As NCOA4 does not have a canonical
LC3-interacting region motif (Mancias et al., 2014), we suspected
that SQSTM1 might bridge the binding of NCOA4 with LC3 dur-
ing ferritinophagy. To test this hypothesis, we evaluated whether
NCOA4 could be pulled down with LC3 by incubating with or with-
out SQSTM1. As showed in Fig. 2L, NCOA4 specifically interacted
with LC3 only when SQSTM1 was added, proving that SQSTM1
was necessary for NCOA4-LC3 recognition. Meanwhile, results
of immunostaining showed that NCOA4 colocalized with LC3
much stronger in the presence of SQSTM1 (Fig. S8B). In addition,
the NCOA4-LC3 interaction mediated by SQSTM1 was confirmed
in vivo, this interaction significantly decreased when SQSTM1,,, .
mutant was co-transfected (Fig. 2M), implying the ubiquitylation
of K420 is vital to the interaction between NCOA4 and LC3 in vivo.
Ubiquitination is the typical modification of autophagic substrates,
and enhanced ubiquitination modification of NCOA4 was observed
under erastin treatment (Fig. S9). Furthermore, the interaction
between NCOA4 and SQSTM1 was dramatically enhanced under
erastin treatment, which could be negatively modulated by wild
type USP8 but not deubiquitinase activity-deficient mutant C786A,
indicating the deubiquitinase activity of USP8 is essential to ferrop-
tosis regulation (Fig. 2N). Taking all these data into consideration,
we conclude that SQSTM1 acts as a platform, tethering NCOA4 to
LC3 during the process of ferritinophagy.

In summary, we report that USP8 inhibition promotes fer-
roptosis by promoting ferritin degradation in cancer cells.
Mechanistically, autophagy receptor SQSTM1/p62 acts as a plat-
form to promote the interaction between NCOA4 and LC3, thus
promoting ferritin degradation to enhance ferroptosis sensitivity,
this process is regulated by USP8 (Fig. 20). The suppression of
USP8-SQSTM1-NCOA4-ferritin axis through up-regulating ferri-
tinophagy and intracellular iron levels sensitized cancer cells to
ferroptosis. These results indicate that USP8 plays a major role
in modulating ferritinophagy and ferroptotic responses in cancer
cells and reveal that USP8 may be a potential target in ferropto-
sis-mediated cancer therapy. Moreover, two research groups have
reported USP8 mutations in pituitary tumors results in adren-
ocorticotropic hormone (ATCH) over-secretion (Ma et al., 2015).
Our current data imply that serum ferritin may be used as a new
biomarker for early diagnosis for Cushing’s disease patients with
USP8 mutation, which need further explorations.
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using the Ni?-NTA beads under denaturation conditions, followed by immunoblotting. (H) SQSTM1~~ MEF cells were transfected with wild type SQSTM1,
or SQSTM1,,,, mutant plasmids via electroporation, 24 h after transfection, cells were treated with 10 umol/L erastin for 10 h, indicated protein level
was assayed by immunoblotting. (I) HEK293T cells were transfected with NCOA4-HA and FTL-Flag and SQSTM1-His wild type or SQSTM1,,,..-Flag for
24 h, then cells were treated CHX (50 pg/mL) for indicated time before cell harvest, and protein levels were determined by immunoblotting. (J) HepG2
cells were harvested and immunoprecipitated with anti-SQSTM1 antibody, followed by immunoblotting using indicated antibodies. (K) Purified fusion
proteins GST-SQSTM1 and His-NCOA4 were used for the in vitro GST pull down assay, GST protein was used as negative control. His-NCOA4 was incubated
with GST or GST-SQSTM1 overnight, and then the protein was detected by immunoblotting. (L) Purified His-NCOA4 was incubated with purified GST-LC3
in the absence or presence with His-SQSTM1 in GST pulldown assay and then the protein was detected by immunoblotting. (M) HEK293T cells were
co-transfected with GFP-LC3, NCOA4-flag and SQSTM1-His wild type or K420R mutant for 36 h, the cell lysates were immunoprecipitated with flag beads
and immunoblotted with antibodies against GFP, His and Flag. (N) HEK293T cells were co-transfected with SQSTM1-myc, NCOA4-flag and USP8-HA
wild type or C786A mutant for 24 h and then treated with 10 pmol/L erastin for 12 h, the cell lysates were immunoprecipitated with flag beads and
immunoblotted with indicated antibodies. (O) Schematic diagram depicting the regulation of USP8 in ferroptosis. Inhibition of USP8-SQSTM1-NCOA4-
ferritin axis facilities the sensitivity of cancer cell to ferroptosis through regulating cellular iron level, which is triggered through the initiation of
ferritinophagy derived from SQSTM1-mediated autophagy. *P < 0.05, *P < 0.01, **P < 0.001, ns, not significant.
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