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PNO1 inhibits autophagy-mediated ferroptosis by GSH
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Effective strategies for hepatocellular carcinoma, which is the second leading cause of death worldwide, remain limited. A growing
body of emerging evidence suggests that ferroptosis activation is a novel promising approach for the treatment of this malignancy.
Nevertheless, the potential therapeutic targets and molecular mechanisms of ferroptosis remain elusive. In this study, we found that
PNO1 is a bona fide inhibitor of ferroptosis and that autophagy induced by PNO1 promotes cystine/glutamate antiporter SLC7A11
while increasing the synthesis and accumulation of intracellular glutamate. This increase is followed by an equally proportional
addition in cystine uptake, which consequently enhances system Xc- activity that leads to the inhibition of ferroptosis. In the
maintenance of redox homeostasis, system Xc- activated via PNO1-autophagy metabolism is responsible for maintaining cysteine
for glutathione (GSH) synthesis, and the final GSH metabolic reprogramming protects HCC cells from ferroptosis. The combination
of PNO1 inhibition with drugs causing ferroptosis induction, particularly sorafenib, the first-line drug associated with ferroptosis in
liver cancer shows therapeutic promise in vitro and in vivo. Together, our findings indicated that PNO1 protects HCC cells from
ferroptotic death through autophagy-mediated GSH metabolic remodeling, and we identified a candidate therapeutic target that
may potentiate the effect of ferroptosis-based antitumor therapy.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the second cause of malignant
cancer death, particularly in China [1]. It has high incidence and
mortality rates and lacks efficient therapy [2]. Indeed, given that
the liver is a hub for glucose, lipid, and amino acid metabolism [3],
the metabolic dysfunction and ROS inhibition that are triggered to
maintain redox homeostasis protect tumor cells from death when
they are exposed to conventional chemotherapy and radiation [4].
Notably, an increasing number of reports have suggested a novel
therapeutic opportunity that targets ferroptosis, a new form of cell
death that is regulated by cellular metabolism, redox homeostasis,
and signaling pathways related to cancer [5–7]. Although the
physiological function of ferroptosis remains obscure, numerous
studies have shown that the activation of ferroptosis contributes to
various cancer treatments, such as immune checkpoint blockade
[8] and radiotherapy [9], indicating that ferroptosis plays an
important role in tumor suppression. Furthermore, traditional drug-
resistant tumor cells are still vulnerable to ferroptosis inhibitors

[10, 11]. However, sorafenib, the ferroptosis-linked clinical drug
applied in HCC despite its limited benefits and common resistance,
is not a bona fide inducer of ferroptosis because it cannot induce
widespread ferroptosis in all HCC cell lines [12]. Given the above-
mentioned facts, discovering new ferroptosis target genes and
their underlying mechanism in HCC is urgently required.
Studies on identifying the molecular regulators, in addition to

cystine/glutamate metabolic transporters (SLC7A11 and xCT) and
the final key peroxidase GPX4 involved in the synthesis of GSH,
that regulate ferroptosis have increased [13]. Autophagy meets
the altered metabolism and energy requirements of tumors by
regulating the digestion of intracellular macromolecules and
organelles [14]. Furthermore, ample support for the claim that the
results of metabolic reprogramming and the regulation of redox
requirements generated by autophagy may affect ferroptosis
exists. However, the exact mechanism that regulates ferroptosis
and network cascades between autophagy and ferroptosis is
unclear.
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In the present study, we observed that in HCC cell lines, the
RNA-binding protein partner of NOB1 (PNO1) plays a fundamental
role in GSH metabolic reprogramming against ferroptosis by
promoting autophagy. Mechanistically, PNO1 increases intracel-
lular glutamate by promoting autophagy, which utilizing macro-
molecules and organelles to resynthesize new amino acids. The
increment in intracellular glutamate could activate system Xc-.
Then, the uptake of cystine is increased, and the biosynthesis of
GSH expands. Further analysis showed that the suppression of
PNO1 increases the sensitivity of tumor cells to ferroptosis by
inhibiting autophagy. We also demonstrated that PNO1 inhibition
repressed SLC7A11 transcription through p53 to promote
ferroptosis. In conclusion, this research critically evaluates PNO1
as a negative modulator of ferroptosis and provides a potential
therapeutic strategy that targets PNO1 to strengthen sorafenib
sensitivity against ferroptosis in HCC.

MATERIAL AND METHODS
Antibodies and reagents
The following antibodies were used: anti-PNO1 was from Santa Cruz
Biotechnology, anti-β-actin was from Cell Signaling Technology, anti-
SLC7A11/Xc- from Proteintech, anti-GPX4 from Bioss antibodies; anti-LC3B,
anti-SQSTM1/p62 from Cell Signaling Technology (Beverly, Massachusetts).
Erastin (S7242), ferrostatin-1 (S7243), and RSL3(S8155) were all purchased
from Selleck Chemicals. P62Sorafenib(S125098) was obtained from
Aladdin. BODIPY 581/591(D3861) was from Invitrogen; DCFH-DA was from
Beyotime; DMEM was from Corning.

Cell transfection
The packaging plasmids and expression plasmids (sh-PNO1#1, sh-PNO1#2,
sh-Ctrl, sh-p53 and sh-Ctrl, PNO1 and Vector) were transfected into
HEK293T cells. Then Hep3B and HLE cells were infected with a lentivirus to
produce stable PNO1 KD or OE cells.

Western blotting analysis
The cells were collected and lysed on ice with 1×SDS lysis buffer
supplemented with 1mM NaF, 1 mM Na3VO4, 1×protease, and phospha-
tase inhibitor cocktail (Hoffman-la Roche Ltd, Basel, Switzerland) for
30min. The proteins were then loaded on gels and separated by SDS-
PAGE. Then, proteins were transferred to PVDF membranes. After blocking
with 5% non-fat milk, the membrane was incubated with various primary
antibodies overnight at 4 °C, followed by incubation with secondary
antibodies. The primary antibodies were: anti-PNO1(1:1000), anti-β-actin
(1:1000), anti-SLC7A11/Xc- (1:1000), anti-GPX4 (1:1000).

Colony formation assay
1000 cells were plated at 12-well plates in DMEM medium supplemented
with 10% FBS for the colony formation assay. After 2 weeks of incubation,
the surviving colonies were fixed and stained with 0.5% crystal violet,
imaged and counted.

Cell viability assay
Cells were plated in a 96-well plate at 2000 cells/well for 24 h. Then treated
with erastin or sorafenib with or without ferrostatin-1 at indicated
concentrations for 24 h. Treated cells of erastin with rapamycin or
chloroquine for 24 h and then added 10 μL of CCK-8 reagent (Dojindo)
in each well in a 37 °C incubator for 3 h. The OD value of the wavelength at
450 nm was measured.

Quantitative real-time polymerase chain reaction
Total RNA was isolated using TRIzol (Ambion) according to the
manufacturer’s instructions. cDNA quantitative RT-PCR kit (Takara, Japan)
was performed for reverse transcription. SYBR Green-based real-time PCR
was using SYBR Green master mix (Takara, Japan). For analysis, the cycle
threshold (Ct) values were normalized to expression levels of β-actin.

PI staining
Cells were plated in a 12-well plate for 24 h. And then some cells treated
with erastin, sorafenib with or without ferrostatin-1. Some cells treated

with erastin and co-treated with rapamycin or chloroquine at indicated
concentrations for 24 h. Afterward, 1 ml DMEM medium added with 1 µL of
PI reagents(1 mg/ml) and Hoechst reagents for 20min. Subsequently, cells
were visualized using a fluorescent microscope.

Immunohistochemistry
The tumor tissue microarray assay (TMA) was infiltrated in xylene, rehydrated
through an ethanol series, and then retrieved the antigen in citrate. The
percentage immunoreactivity score was evaluated on a 4-point scale: 0.0<10%
positive cells; 1.10–40% positive cells; 2.40–70% positive cells; and 3.70–100%
positive cells. The primary antibodies were anti-PNO1, anti-SLC7A11/Xc-.

Lipid ROS analysis
The treatment of cells was just as same as the analysis of ROS. After
centrifugation and washing, cells were resuspended in 500 μL phosphate-
buffered saline (PBS) containing 5 μM C11-BODIPY (581/591) (D3861,
Invitrogen), and incubated for 30min at 37 °C in an incubator. And analyzed
using a flow cytometer (FAC Suite, BD Biosciences) equipped with a 488 nm
laser for excitation. The data analysis was performed by using Flow Jo software.

Glutathione assay
The cell lysate’s relative GSH concentration was measured using an assay
kit from Nanjing Jiancheng (#A006-2) according to the manufacturer’s
instructions. The luminescence of yellow product of the reaction was
measured at 405 nm and normalized by protein concentration.

Glutamate assay
The intracellular glutamate concentration was measured by assay kit from
Nanjing Jiancheng (#A074-1) according to the manufacturer’s instructions,
and the reaction product was measured spectrophotometrically at 340 nm.
The values were also normalized by protein concentration.

Cystine uptake
The cystine uptake level was measured by assay kit from DOJINDO
Laboratories (UP05-DOJINDO) according to the manufacturer’s instruc-
tions, data were normalized by CCK8 based cell number quantification.

Cysteine assay
The intracellular and mouse tissue cysteine concentration was measured
by an assay kit from Nanjing Jiancheng (#A126-1) and the product was
measured spectrophotometrically at 600 nm according to the manufac-
turer’s instructions.

Animal models
Xenograft mouse model experiments were used male BALB/c nude mice
(4 weeks old) purchased from SPF Biotechnology (Beijing, China). Each
mouse was injected 5 × 106 tumor cells at the volume of 100 μL into the
subcutaneous tissue. The tumor volume and weight of the mice was
observed every 2 days. Mice were monitored daily and the tumor volume
calculated according to the equation volume= length × width2 × 1/2.

Gene set enrichment analysis
GSEA was performed to determine whether the expression of PNO1 is
related to p53 pathway on the basis of GSE88402.

RESULTS
PNO1 is a bona fide redox-responsive repressor of ferroptosis
Our previous study has shown that PNO1 is associated with the
progression of various cancers, including HCC [15] and lung
adenocarcinoma [16]. We further explored the molecular mechanism
of PNO1 in regulating the malignant progression of HCC by
performing differential protein enrichment analysis, which suggested
that PNO1 was significantly associated with ferroptosis (Fig. 1A).
Additionally, Hep3B and HLE cells were used to establish stable PNO1
downregulation (sh-PNO1) and PNO1 upregulation (PNO1) cell lines
and their control cells sh-Ctrl and Vector, respectively, to verify
whether PNO1 can regulate ferroptosis. Western Blotting
(WB) analysis and quantitative real-time polymerase chain reaction
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(qRT-PCR) were used to confirm the efficiency of PNO1 deletion and
overexpression (Fig. 1B–D). Then, colony formation assay was used to
assess the effect of PNO1 on HCC cell viability. Our results showed
that relative to the cell viability of control group cells, that of Hep3B
sh-PNO1 cells decreased, whereas that of HLE PNO1 cells increased
(Fig. 1E, F). These results demonstrated that PNO1 promoted cell
viability of HCC cell lines. Ferroptosis is characterized by the
morphological features of shrunken mitochondria with increased
membrane density [17]. We observed the changes in Hep3B sh-PNO1
cell lines through transmission electronic microscopy (Fig. 1G). We
measured cellular ROS and lipid ROS levels via flow cytometry to
investigate the effect of PNO1 on ferroptosis. DCFH-DA staining
revealed that the suppression of PNO1 expression significantly

promoted the accumulation of ROS. Conversely, PNO1 overexpression
decreased ROS levels in HLE cell lines (Fig. 1H, I). Similar results were
observed when we quantified the levels of lipid ROS via C11-BODIPY
staining (Fig. 1J, K). All these results suggested that PNO1 itself may
operate as a redox-responsive suppressor and that its inhibition can
promote ferroptosis to limit tumor growth in HCC cell lines.
Erastin, a small-molecule ferroptosis inducer, has been proven to

have a pivotal role in inducing ferroptosis [18, 19]. We treated HCC cell
lines with different concentrations of erastin and validated that sh-
PNO1 enhanced erastin-induced ferroptotic cell death. As expected,
we found that the suppression of PNO1 expression markedly
decreased the viability of cancer cells and cell viability in PNO1-
overexpressing cells increased relative to that in their parental cells

Fig. 1 PNO1 is a negative regulator of ferroptosis in HCC. A The proteomic analysis of Hep3B sh-Ctrl and sh-PNO1 cells. B Western Blotting
analysis of PNO1 protein level in Hep3B sh-PNO1 and HLE PNO1 cells compared with their parental cells. C, D The mRNA expression of PNO1
in Hep3B sh-PNO1 (C) and HLE PNO1 (D) cells was detected with qRT-PCR (*P < 0.05, **P < 0.01). E, F The colony formation assay shown the
growth effect of PNO1 in Hep3B sh-PNO1 (E) and HLE PNO1 cells (F) compared with their parental cells (***P < 0.001). G Representative
transmission electron microscopy images of Hep3B sh-Ctrl and sh-PNO1 cells. H, I The ROS levels in indicated Hep3B (H) and HLE cells were
assayed by DCFH-DA staining (I) (**P < 0.01, *P < 0.05). J, K The lipid ROS levels in indicated Hep3B (J) and HLE cells were measured by BODY
staining (K) (***P < 0.001).
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after erastin treatment (Fig. 2A, B). Similar results could be observed
by using RSL3, another iron death inducer [20] (Supplementary Fig.
2A, B), suggesting that sh-PNO1 enhanced ferroptosis-induced cell
death. Notably, in the presence of erastin, PNO1 suppression
increased erastin-induced cell death and lipid ROS accumulation,
whereas these effects could be rescued by treatment with the
ferroptosis inhibitor ferrostatin-1 (Fer-1) (Fig. 2C, E, G). However, the
opposite results were observed in PNO1 overexpression cells (Fig. 2D,
F, H). Therefore, under exposure to ferroptosis stimulation, sh-PNO1
dramatically amplified ferroptosis induction.
Given that ferroptosis is caused by the loss of cell redox balance,

glutathione (GSH) plays an important role in eliminating the
accumulation of lipid ROS [20, 21]. We next investigated whether
PNO1 KD is related to GSH synthesis and quantified the levels of
GSH with or without erastin treatment. Our results suggested that
GSH levels were suppressed in Hep3B sh-PNO1 cells and promoted

in HLE PNO1 cells (Fig. 2I, J). Moreover, similar results were found for
RSL3-induced cell death (Supplementary Fig. 1C, D) and lipid ROS
accumulation (Supplementary Fig. 2E, F). Taken together, sh-PNO1
could partly induce ferroptosis by inhibiting the synthesis of GSH.

Autophagy induced by PNO1 mediates GSH metabolism
reprogramming
GSH is crucial in ferroptosis because it can eliminate the lipid ROS,
and GSH is well known to be synthesized by glutamate, cysteine, and
glycine [22, 23]. Then, we attempted to address the mechanism
underlying GSH synthesis and PNO1-mediated ferroptosis. We found
that erastin treatment would upregulate the concentrations of
intracellular glutamate (Fig. 3A, B) and downregulate cysteine levels
(Fig. 3C, D). Moreover, low expression of PNO1 reversed the
upregulation of glutamate concentration induced by erastin treat-
ment but not influencing the concentration of cysteine (Fig. 3A, C).

Fig. 2 PNO1 suppression enhances ferroptosis in HCC cell lines. A, B Cell viability was assayed in Hep3B sh-PNO1 cells (A) and HLE cells (B)
treated with or without erastin (0–20 μM for Hep3B, 0–40 μM for HLE) for 24 h controlled with their parental cells (**P < 0.01, ***P < 0.001).
C, D Cell viability was assayed in indicated Hep3B (C) and HLE (D) cells treated with or without erastin (5 μM for Hep3B, 10 μM for HLE) and
ferrostatin-1 (5 μM) for 24 h (***P < 0.001, **P < 0.01). E, F Cell death was assayed in indicated Hep3B (E) and HLE (F) cells treated with or
without erastin (5 μM for Hep3B, 10 μM for HLE) and ferrostatin-1 (5 μM) for 24 h by PI staining (***P < 0.001, **P < 0.01). G, H The lipid ROS
levels were assayed in indicated Hep3B (G) and HLE (H) cells treated with or without erastin (5 μM for Hep3B, 10 μM for HLE) and ferrostatin-1
(5 μM) for 24 h (***P < 0.001, *P < 0.05, **P < 0.01). I, J The relative GSH levels were measured in indicated Hep3B (I) and HLE (J) cells treated
with or without erastin (5 μM for Hep3B, 10 μM for HLE) for 24 h (***P < 0.001, **P < 0.01).
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In addition, PNO1 could still affect the intracellular glutamate levels
(Fig. 3B) but not the cysteine levels (Fig. 3D) when treated with
erastin. On the whole, the above results suggested that PNO1 mainly
promotes the levels of intracellular glutamate in HCC cell lines to
regulate the synthesis of GSH.

In addition, studies shown that the metabolism of glutamate is
related to ferroptosis [24], and high level of intracellular glutamate
could enhance system Xc- activity [25]. In our previous study, we
investigated that PNO1 promote autophagy in HCC via the MAPK
signaling pathway [15]. Mukhopadhyay et al. found that
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autophagy inhibition diminished the activity of system Xc- in
PDAC [26]. Then, we treated HCC cells with the autophagy inducer
rapamycin and the autophagy inhibitor chloroquine (CQ) to
determine whether PNO1-mediated autophagy is related to the
activity of system Xc- in HCC. First, we detected the levels of
autophagy-related proteins via Western Blotting. The low expres-
sion of PNO1 downregulated the levels of LC3B II and p62, the
major indicators in the development of autophagy [27], as
expected, the results could be reversed by autophagy inducer
rapamycin. PNO1 overexpression increased LC3B II and p62 levels,
which could be further increased by CQ (Fig. 3E). Taken together,
the results suggested that PNO1 promote autophagy in HCC,
consistence with our previous study [15]. To determine whether
PNO1-mediated autophagy is related to ferroptotic cell death in
HCC cancer cells, we used rapamycin or CQ co-treated with erastin
to verify cell viability and cell death through CCK8 (Fig. 3F, G) and
PI staining (Fig. 3H, I) experiments. Moreover, the levels of
intracellular glutamate and cystine uptake downregulated by sh-
PNO1 were reversed after treatment with rapamycin (Fig. 3J, L). In
addition, in the parental and HLE PNO1 cells treated with CQ, the
high levels of intracellular glutamate and cystine uptake induced
by PNO1 could be reversed (Fig. 3K, M). These results verified our
hypothesis that PNO1-induced autophagy promotes the concen-
trations of intracellular glutamate and then activates system Xc-.
Consistently, the cysteine and GSH levels (Fig. 3N–Q) and lipid ROS
levels (Fig. 3R, S) indicated that PNO1-induced autophagy highly
activated GSH biosynthesis to inhibit lipid ROS generation. These
data collectively suggested that PNO1-induced autophagy inhibits
ferroptosis in HCC cells mainly via GSH metabolic reprogramming.

PNO1 inhibition promotes ferroptosis partly via repressing
SLC7A11 expression
Genes linked to the ferroptosis signaling pathway in Hep3B
control and sh-PNO1 cells were observed in detail through KEGG
enrichment analysis based on our proteomics analysis to further
investigate the function of PNO1 in ferroptosis regulation. Notably,
SLC7A11 and GPX4 genes associated with PNO1-triggered
ferroptosis were mainly enriched (Fig.4A). Considering that
SLC7A11 is the catalytic subunit of system Xc-, the expression of
SLC7A11 is related to the activity of the system to a certain extent
[9, 28]. Consistent with mRNA expression levels (Fig.4C and D),
SLC7A11 and GPX4 protein levels were markedly reduced by sh-
PNO1 and showed the opposite effect under PNO1 overexpres-
sion (Fig. 4B). A tissue microarray of a large cohort of 128 HCC
samples was evaluated through immunohistochemistry to further
explore the expression pattern of SLC7A11 in patients with HCC.
As expected, SLC7A11 was positively correlated with PNO1
expression in HCC tumor tissues (p < 0.05; Supplementary Fig.
1A, B). Furthermore, SLC7A11 overexpression was associated with
poor disease-free survival and overall survival (p < 0.001) (Supple-
mentary Fig. 1C, D). Consistently, some studies have shown that

the overexpression of SLC7A11 suppresses ferroptosis and that
SLC7A11 is highly expressed in human tumors [28]. The SLC7A11
recombinant protein was added to sh-PNO1 Hep3B cells to
demonstrate that ferroptosis regulation by PNO1 is specifically
dependent on system Xc- (Supplementary Fig. 1E). The addition of
SLC7A11 recombinant protein partially restored GSH levels and
mitigated lipid peroxidation (Fig. 4E, F). These results suggested
that the activity of system Xc- represents an important mechanism
in sh-PNO1-induced ferroptosis. Then, to investigate how PNO1
regulated SLC7A11 expression, we explore the KEGG pathway
enrichment analysis and found that p53 pathway was the
enriched signaling pathways (Fig. 1A). And further analysis
revealed that PNO1 was negatively correlated with p53 pathway
(Fig. 4G, H). Jiang et al. have demonstrated that p53 is the
transcriptional regulator of SLC7A11, the research shown that p53
activation reduced SLC7A11 protein levels [28]. Previous studies
also revealed that BAP1, NRF2 or ATF4 are all the transcriptional
regulators of SLC7A11 [29–31]. Consequently, we examined
protein levels of p53, ATF4, BAP1, and NRF2, the results shown
that sh-PNO1 upregulated p53 expression but had no significant
effect on the others (Fig. 4I). Then we knockdown p53 expression
in sh-PNO1 cell lines, and found the protein level of SLC7A11 was
upregulated significantly (Fig. 4J). Taken together, our results
suggest that PNO1 regulated SLC7A11 transcription primarily
through p53 in HCC.

The inhibition of PNO1 can synergistically enhance
sorafenib-induced ferroptosis
Sorafenib, an anticancer drug, has been reported to induce
ferroptosis via system Xc- in cancer cells [19]. However, sorafenib
resistance appears quickly after treatment, so it is badly needed to
find a strategy to increase sorafenib efficiency. Thus, we next to
investigate if targeting PNO1 can enhance the therapeutic effect of
sorafenib. Then, we treated HCC cells with various concentrations of
sorafenib to induce ferroptosis. Sorafenib-induced ferroptotic cell
death was obviously enhanced by the suppression of PNO1 (Fig. 5A)
and weakened by the overexpression of PNO1 (Fig. 5B). Given the
above results, we treated Hep3B sh-PNO1 cells with 5 μM sorafenib
and HLE PNO1 cells with 10 μM sorafenib for further experiments.
Additionally, we treated cancer cells with sorafenib with or without
ferrostatin-1 to test whether the increase in ferroptotic cell death was
specifically caused by sorafenib. Obviously, the cell viability (Fig. 5C,
D) and cell death (Fig. 5E, F) of cancer cells could be reversed after
treatment with ferrostatin-1. As shown in Fig. 5G, H, strong evidence
was found that PNO1 suppression increases sorafenib-induced lipid
ROS accumulation and that PNO1 overexpression decreases lipid
ROS levels. Further results suggested that the downregulation of
GSH levels induced by sorafenib were enhanced by PNO1 inhibition
and weakened by PNO1 overexpression (Fig. 5I, J). The above
evidence suggested that treatment with sh-PNO1 could be a
potential strategy against sorafenib-induced ferroptosis.

Fig. 3 PNO1 regulates the metabolism biosynthesis of GSH through autophagy. A, B The intracellular glutamate levels of indicated Hep3B
(A) and HLE (B) cells treated with or without erastin (5 μM for Hep3B, 10 μM for HLE) for 24 h (*P < 0.05, ***P < 0.001, **P < 0.01). C, D The
cysteine levels of indicated Hep3B (C) and HLE (D) cells treated with or without erastin (5 μM for Hep3B, 10 μM for HLE) for 24 h (***P < 0.001).
E Autophagy-related protein levels in Hep3B and HLE cells by Western Blotting. F, G Cell viability was assayed in indicated Hep3B (F) and HLE
(G) cells treated with or without erastin (5 μM for Hep3B, 10 μM for HLE) and rapamycin (25 μM for Hep3B) or CQ (25 μM for HLE) for 24 h
(***P < 0.001, **P < 0.01). H, I Cell death was assayed in indicated Hep3B (H) and HLE (I) cells treated with or without erastin (5 μM for Hep3B,
10 μM for HLE) and rapamycin (25 μM for Hep3B) or CQ (25 μM for HLE) for 24 h (***P < 0.001, **P < 0.01). J, K The intracellular glutamate levels
of indicated Hep3B (J) cells treated with or without rapamycin (25 μM) for 24 h and indicated HLE (K) cells treated with or without CQ (25 μM)
for 24 h (**P < 0.01, *P < 0.05, ***P < 0.001). L, M The cystine uptake levels of indicated Hep3B (L) cells treated with or without rapamycin
(25 μM) for 24 h and indicated HLE (M) cells treated with or without CQ (25 μM) for 24 h (***P < 0.001, **P < 0.01). N, O The cysteine levels of
indicated Hep3B (N) cells treated with or without rapamycin (25 μM) for 24 h and indicated HLE (O) cells treated with or without CQ (25 μM) for
24 h (***P < 0.001, **P < 0.01). P, Q The relative GSH levels of indicated Hep3B (P) cells treated with or without rapamycin (25 μM) for 24 h and
indicated HLE (Q) cells treated with or without CQ (25 μM) for 24 h (***P < 0.001, **P < 0.01). R, S The lipid ROS levels of indicated Hep3B (R)
cells treated with or without rapamycin (25 μM) for 24 h and indicated HLE (S) cells treated with or without CQ (25 μM) for 24 h (***P < 0.001,
*P < 0.05).
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Fig. 4 PNO1 regulates the expression of SLC7A11 via p53. A Cluster analysis of the correlation between PNO1 expression and ferroptosis-
related proteins. B Western Blotting analysis of ferroptosis-related protein levels in indicated Hep3B and HLE cells. C, D The mRNA expression
of ferroptosis-related genes was shown in indicated Hep3B (C) and HLE (D) cells (*P < 0.05, **P < 0.01, ***P < 0.001). E The relative GSH levels of
Hep3B sh-Ctrl and sh-PNO1 cells treated with SLC7A11 recombinant protein (***P < 0.001, **P < 0.01). F The lipid ROS levels of Hep3B sh-Ctrl
and sh-PNO1 cells treated with SLC7A11 recombinant protein (*P < 0.05, **P < 0.01). G Heatmap showing the correlation between expression
of PNO1 and p53 pathway-related proteins. H GSEA showing the correlation between PNO1 expression and the p53 pathway genes. I The
protein levels of SLC7A11 transcriptional regulators in indicated Hep3B cells. J The protein levels of SLC7A11 in sh-p53 cells.
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PNO1 synergizing with sorafenib to induce ferroptosis in vivo
Nude mice were subcutaneously injected with Hep3B sh-PNO1 and
HLE PNO1 cells and their control cells (5 × 106 cells/mouse) to
further validate the oncogenic activity of PNO1 in vivo. Tumor
volumes were measured every other day from the second week
after the injection. All mice were sacrificed at the end of the fourth
week. The primary tumors are shown in Fig. 6A, D. In accordance
with our previous research, tumor weights and sizes were higher in
the sh-Ctrl group than in the sh-PNO1 group. Notably, the results of
tumor weights and sizes provided in Fig. 6B, C suggested that sh-
PNO1 significantly enhanced the sorafenib sensitivity of HCC cells.
Similarly, high tumor weights and sizes were observed in the HLE
PNO1 group (Fig. 6E, F). Moreover, WB analysis showed that the
protein levels of the ferroptosis-related indicators SLC7A11 and
GPX4 were higher in the Hep3B sh-Ctrl and HLE PNO1 groups than

in other groups (Fig. 6G, H). Subsequently, we examined
ferroptosis-related indicators through qRT-PCR and obtained similar
results (Fig. 6I, J). Compared with the control treatment, sh-PNO1
treatment significantly decreased intracellular glutamate (Fig. 6K)
and cysteine (Fig. 6M) levels, whereas PNO1 overexpression
increased intracellular glutamate and cysteine levels (Fig. 6L, N).
Moreover, GSH levels were obviously decreased in the group under
treatment with sh-PNO1 combined with sorafenib (Fig. 6O). In line
with the previous results, GSH levels were higher in the HLE PNO1
group than in other groups (Fig. 6P). In addition, the accumulation
of malondialdehyde (MDA), a product of lipid peroxidation similar
to lipid ROS, increased in the Hep3B sh-PNO1 group and decreased
in the HLE PNO1 group (Fig. 6Q, R). In conclusion, PNO1
overexpression promoted HCC proliferation and inhibited ferrop-
tosis, whereas PNO1 inhibition promoted ferroptosis in vivo.

Fig. 5 PNO1 inhibition enhances vulnerability of the ferroptosis induced by sorafenib. A, B Cell viability was assayed in Hep3B sh-PNO1
cells (A) and HLE cells (B) treated with or without sorafenib (0–10 μM) for 24 h controlled with their parental cells (***P < 0.001). C, D Cell viability
was assayed in indicated Hep3B (C) and HLE (D) cells treated with or without sorafenib (5 μM for Hep3B, 10 μM for HLE) and ferrostatin-1 (5 μM)
for 24 h (***P < 0.001). E, F Cell death was assayed in indicated Hep3B (E) and HLE (F) cells treated with or without sorafenib (5 μM for Hep3B,
10 μM for HLE) and ferrostatin-1 (5 μM) for 24 h (***P < 0.001). G, H The lipid ROS levels were assayed in indicated Hep3B (G) and HLE (H) cells
treated with or without sorafenib (5 μM for Hep3B, 10 μM for HLE) for 24 h (**P < 0.01, ***P < 0.001, *P < 0.05). I, J The relative GSH levels were
measured in indicated Hep3B (I) and HLE (J) cells treated with or without sorafenib (5 μM for Hep3B, 10 μM for HLE) for 24 h (***P < 0.001).
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The working model depicting the role of ferroptosis in PNO1
inhibition
We concluded that PNO1 inhibits autophagy-mediated ferroptosis
via GSH metabolic reprogramming as demonstrated above. The
increased levels of intracellular glutamate generated by PNO1-
induced autophagy activate system Xc- and import additional
cysteine, finally upregulating GSH biosynthesis against ferroptosis.
We also demonstrated that PNO1 inhibition repressed SLC7A11
through p53 to promote ferroptosis. These observations sug-
gested that sh-PNO1 could be a new target in HCC therapy (Fig. 7).

DISCUSSION
Despite the advances in the research and medical treatment of
HCC, therapeutic strategies for this malignancy remain limited.
Given the special metabolic functions of liver, the dysregulation of
metabolic products could lead to various diseases, including
cancer [3]. When tumor cells are exposed to metabolic or oxidative
stress, they would trigger the inhibition of ROS, leading to the
induction of drug resistance [4]. Therefore, exploring the
molecular mechanisms of the redox balance of cancer cells is
necessary to overcome the limitations of therapy.

Fig. 6 PNO1 promotes ferroptotic cancer cell death in vivo. A–C Images of tumors from nude mice (A), Tumor volumes (B), and weights (C)
in Hep3B sh-ctrl and sh-PNO1 groups after treatment with sorafenib (**P < 0.01, *P < 0.05). D–F Images of tumors from nude mice (D), Tumor
volumes (E), and weights (F) in HLE vector and PNO1 groups (**P < 0.01, *P < 0.05). G, H Western Blotting analysis of ferroptosis-related
proteins of Hep3B sh-ctrl, sh-PNO1 groups (G) and HLE vector, PNO1 groups (H) in established xenograft model assessed. I, J The mRNA
expression of ferroptosis-related genes in Hep3B sh-ctrl, sh-PNO1 groups (I) and HLE vector, PNO1 groups (J) was observed (***P < 0.001,
**P < 0.01, *P < 0.05). K, L The intracellular glutamate levels were measured in Hep3B sh-ctrl, sh-PNO1 groups (K) and HLE vector, PNO1 groups
(L) (*P < 0.05, ***P < 0.001). M, N The cysteine levels were assayed in Hep3B sh-ctrl, sh-PNO1 groups (M) and HLE vector, PNO1 groups (N)
(*P < 0.05). O, P The relative GSH levels of Hep3B sh-ctrl, sh-PNO1 groups (O) and HLE vector, PNO1 groups (P) were shown (*P < 0.05). Q, R The
relative MDA levels of Hep3B sh-ctrl, sh-PNO1 groups (Q) and HLE vector, PNO1 groups (R) were detected (**P < 0.01, *P < 0.05).
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A growing number of studies have attempted to understand
the molecular mechanisms of ferroptosis, which may lay the
foundation for ferroptosis-targeting therapy. Many studies have
already suggested that cellular metabolism is tightly linked to the
regulation of ferroptosis and unsurprisingly involves amino acid
metabolism [24, 32, 33]. For example, cysteine starvation could
induce ferroptosis by downregulating GSH levels because cysteine
is the limiting amino acid in GSH synthesis [34]. Additionally,
glutamate levels can regulate system Xc- because glutamate is
exchanged for cysteine equally through system Xc-, the system
contactor that regulates ferroptosis. Our study confirmed that
PNO1 overexpression leads to the accumulation of intracellular
glutamate, which would activate system Xc- to import additional
cysteine [25] and eventually increase the biosynthesis of GSH.
Finally, the GSH metabolic reprogramming triggered by PNO1
protects HCC cancer cells from ferroptosis. The experiments
presented here demonstrated that PNO1 is a negative regulator of
ferroptosis in HCC cells.
Moreover, ferroptosis is associated with autophagy [35], which is

described as the process of recycling degradation products,
maintaining cell homeostasis, and recombining protein and amino
acids [36]. Therefore, we posited that cellular metabolism may be the
potential bond between ferroptosis and PNO1-induced autophagy in
HCC. Most of the current research has revealed that mechanistically,
autophagy stimulates ferroptosis mainly via autophagy genes and
that other related signaling pathways promote ferroptosis [37, 38].
Although our experimental results have obviously shown that
autophagy inhibits ferroptosis, we could not find the mechanistic
explanation for this effect on the basis of present research. Notably,

Kuanqing Liu et al. revealed that in budding yeast, autophagy
promotes glutamate synthesis by providing ammonium. Their result
provides important insight into the role of autophagy in diseases,
such as cancer [39]. Moreover, similar metabolic reactions have been
observed in breast cancer cells, which can recycle ammonium to
synthesize glutamate and support nitrogen anabolism [40]. These
studies may present some evidence to support the observations on
autophagy-mediated ferroptosis in our experiments. In addition, GSH,
as an antioxidant reagent, plays an important role in resistance
against ferroptosis. Our study revealed that GSH metabolic
reprogramming regulated by PNO1-induced autophagy occurs
through the promotion of glutamate and cysteine accumulation.
We also observed that lipid ROS levels are regulated by rapamycin
and CQ, suggesting the significant correlation between autophagy
and ferroptosis induced by PNO1. On the basis of the measured
cystine uptake levels after treatment with rapamycin or CQ, we
concluded that PNO1-induced autophagy could activate system Xc-

by increasing the levels of intracellular glutamate [25]. These results
revealed that PNO1 promotes autophagy to inhibit ferroptosis via
GSH metabolic reprogramming.
Given that ROS levels are still regulated by PNO1 following

treatment by the GPX4 inhibitor RSL3, the effect of PNO1 on
ferroptosis might not be perfectly ascribable to the SLC7A11-GPX4
axis. In this study, PNO1 is located upstream of GPX4 and thus would
not affect ferroptosis under GPX4 blockage. Although the underlying
mechanism is still unclear, we posited that PNO1 might also regulate
ferroptosis through other mechanisms in HCC cell lines.
Drug resistance to sorafenib, the first-line clinical medicine for

advanced HCC, always occurs immediately in most patients

Fig. 7 A scheme shown the role of PNO1 on the regulation of ferroptosis in HCC. PNO1 induced autophagy promotes the accumulation of
intracellular glutamate, which enhanced the system Xc- activity followed upregulating cysteine level. This leads to GSH metabolism
biosynthesis and finally inhibit ferroptosis. PNO1 suppression downregulates the accumulation of GSH and induces ferroptosis in HCC.
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[41, 42]. A growing number of studies have revealed that in
various cancers, sorafenib induces ferroptosis by inhibiting system
Xc-19. Therefore, the suppression of ferroptosis might be a new
strategy against sorafenib resistance. In this study, we observed
the similar functions of sorafenib in HCC cancer cells. Sorafenib
treatment substantially increased lipid ROS levels but decreased
GSH levels in HCC cells. Additionally, our study found that sh-
PNO1 enhances the effect of sorafenib treatment on ferroptosis
in vitro and in vivo.
Taken together, our results confirmed that PNO1-induced

autophagy inhibits ferroptosis via GSH metabolic reprogramming
in vitro and in vivo. We also investigated that PNO1 inhibition
promoted ferroptosis via repressing SLC7A11 expression. Out
provides a potential therapeutic strategy for liver cancer that
combines PNO1 targeting and ferroptosis activators.

DATA AVAILABILITY
All data are fully available without restrictions.
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