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Abstract. Polypyrimidine tract‑binding protein 1 (PTBP1) 
plays an important role in tumor immunity, cell proliferation, 
apoptosis, and autophagy by regulating RNA metabolism. 
However, the specific function and mechanism of PTBP1 in 
ferroptosis remain unclear. In the present study, it was inves‑
tigated whether PTBP1 regulates ferroptosis and the exact 
mechanism. The iron, malondialdehyde (MDA), and GSH 
levels were detected in sorafenib (SF)‑treated liver cancer 
cells. si‑PTBP1 introduction into SF‑treated liver cancer cells 
resulted in a significant reduction in the levels of MDA and 
iron. Additionally, a significant recovery of GSH levels was 
observed after silencing PTBP1. StarBase v2.0 database was 
used to predict potential transcripts that can physically interact 
with PTBP1 and nuclear receptor coactivator 4 (NCOA4) 
mRNA was identified as the most enriched binding partner 
in the PTBP1‑RNA complex. A dual‑luciferase assay then 
demonstrated that PTBP1 directly interacted with NCOA4. 
PTBP1 silencing did not affect NCOA4 stability following 
treatment with cycloheximide. A pull‑down assay revealed 
that the PTBP1‑binding region was in the 5'‑UTR of the 
NCOA4 mRNA sequence. These results suggest that PTBP1 
mediates ferroptosis in liver cancer cells by regulating 
NCOA4 translation. In vivo experiments reconfirmed the role 
of the PTBP1‑NCOA4 axis in a xenograft transplantation 
model. It was observed that the mean tumor weight increased 
after PTBP1 knockout. In conclusion, silencing of PTBP1 

decreased the sensitivity of liver cancer cells to ferroptosis 
after SF treatment and regulated ferritinophagy by mediating 
NCOA4 translation.

Introduction

Approximately 19 million new cancer cases were reported 
globally in 2020, with hepatocellular carcinoma (HCC) 
patients accounting for ~900,000. The number of deaths due 
to liver cancer annually is ~83,000, which is second only to 
that due to lung cancer (1). In recent years, targeted therapy has 
rapidly developed. Sorafenib (SF), known as the first‑line drug 
for patients with advanced HCC, has been corroborated as not 
only a multikinase inhibitor but also a ferroptosis inducer (2,3). 
However, the underlying mechanism of SF‑induced ferroptosis 
remains elusive.

Ferroptosis is a form of programmed cell death mainly 
characterized by iron and lipid peroxide accumulation (4). 
Ferroptosis occurs widely in various human diseases, such 
as Parkinson's disease (5), cardiovascular diseases (6), and 
cancer (7). Ferroptosis is not an independent process and is 
associated with endoplasmic reticulum (ER) stress, autophagy, 
and apoptosis. Ferroptosis plays a common role in regulated 
cell death and is induced by the selective inhibition of the 
cystine/glutamate transporter system xC

− (8). In addition, ferri‑
tinophagy, the autophagic degradation of ferritin that leads 
to ferroptosis, is mediated by nuclear receptor coactivator 4 
(NCOA4) (9). p53, a tumor suppressor, plays an important role 
in apoptosis. Accumulating evidence has demonstrated that p53 
regulates metabolism and indirectly regulates ferroptosis (10).

Polypyrimidine tract‑binding protein 1 (PTBP1) shuttles 
between the nucleus and cytoplasm and has a molecular weight 
of 58 kDa (11). PTBP1 is not only involved in the regulation of 
mRNA splicing and translation but also participates in mRNA 
transport and metabolism (12). PTBP1 has diverse functions in 
numerous biological processes. In the nervous system, PTBP1 
is involved in regulating neuron development and growth (13). 
PTBP1 also mediates immune regulation. PTBP1 is involved in 
CD4+ cell activation (14), the alternative splicing of CD46 (15), 
and the production of antibodies to B‑cell receptors  (16). 
PTBP1 plays an important role in cholesterol synthesis and 
glycolysis. PTBP1 regulates cholesterol synthesis through the 
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low‑density lipoprotein receptor (LDLR). PTBP1 is involved 
in the process of glycolysis by upregulating PKM2 (17).

However, the specific function and mechanism of PTBP1 
in ferroptosis remain unclear. Therefore, it was investigated 
whether PTBP1 could regulate ferroptosis in SF‑treated liver 
cancer cells and investigated its molecular mechanism and 
function.

Materials and methods

Culture of cell lines and transfection. Cellcook Biotech Company 
provided 4 cell lines used in the study, including Huh‑7 (cat. 
no. CC0102), Hep3B (cat. no. CC0103), HepG2 (cat. no. CC0118), 
and 293T (cat. no. CC4003). The Huh‑7, HepG2 and Hep3B cell 
lines used in the present study were authenticated by STR profiling. 
All cells were cultured in DMEM or MEM, (Gibco; Thermo 
Fisher Scientific, Inc.) in an incubator at  37˚C under 5% CO2. 
Additionally, 10% fetal bovine serum and 1% penicillin‑strepto‑
mycin solution (both from Gibco; ThermoFisher Scientific, Inc.) 
were added to the medium. Small‑interfering RNAs (siRNAs) 
targeting PTBP1 and the NCOA4‑overexpression plasmid 
(pcDNA 3.1; NM_001145262.2) were obtained from Shanghai 
GenePharma Co., Ltd. Huh‑7 and HepG2 cells (5x105) seeded 
in six‑well plates were transfected with si‑PTBP1 or si‑NC 
(75 pmol/well) and oe‑NCOA4 or pcDNA 3.1 (5 µg/well), and 
LipofectamineTM 2000 reagent (7.5 µl/well) was used to enhance 
the transfection according to the manufacturer's instructions. The 
sequences of these siRNAs or shRNAs are provided in Table SI. 
Short hairpin RNAs (shRNAs) against PTBP1 were synthesized 
by Shanghai Genechem Co., Ltd. Overexpression or knock‑
down was confirmed by western blot analysis (WB) or reverse 
transcription‑quantitative polymerase chain reaction (RT‑qPCR) 
analyses. Cells were treated with 5 µM SF or dimethyl sulfoxide 
(DMSO) for 24 h before use in the subsequent experiments.

RNA extraction and RT‑qPCR. The cell and tissue samples 
were lysed, and the total RNA was extracted with TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). After 
genomic DNA extraction, Hiscript RT superMix was used to 
obtain cDNA according to the manufacturer's instructions. 
Two‑step RT‑qPCR (Vazyme Biotech Co., Ltd.) was performed 
on a real‑time fluorescence quantitative PCR system (CFX96; 
BioRad Laboratories, Inc.) according to the manufacturer's 
instructions for ChamQ Universal SYBR qPCR Master Mix 
(Vazyme Biotech Co., Ltd.). The qPCR amplification protocol 
was as follows: 95˚C for 30 sec and followed by 40 cycles at 
95˚C for 10 sec; and 60˚C for 30 sec. The 2‑ΔΔCq method was 
used to quantify the relative expression levels, with GAPDH 
selected as the reference gene  (18). The primer sequences 
(5'‑3') are listed in Table SII.

WB. Radioimmunoprecipitation lysis buffer (Beyotime 
Institute of Biotechnology) was used to extract proteins from 
the tissues and cells. The BCA assay method was performed 
to determine protein concentration. The proteins were fully 
denatured for 5 min. A total of 10 µl protein per lane was 
loaded for gel electrophoresis and 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis was used for protein 
separation. Next, the proteins were transferred onto polyvi‑
nylidene difluoride (PVDF) membranes (MilliporeSigma) and 

the membranes were blocked with 5% fat‑free milk at room 
temperature for 2 h. The membranes were then incubated 
overnight at 4˚C with primary antibodies, washed three times, 
and then incubated with goat anti‑rabbit IgG HRP‑conjugated 
secondary antibodies (cat. no. E‑AB‑1003; 1:5,000 dilution; 
Elabscience Biotechnology, Inc.) for 1 h at room tempera‑
ture. The following antibodies were used: anti‑PTBP1 (cat. 
no.  72669; 1:1,000; Cell Signaling Technology, Inc.), 
anti‑ferritin heavy chain 1 (FTH1; cat. no. ab75973; 1:1,000; 
Abcam), anti‑NCOA4 (cat. no. 66849; 1:1,000; Cell Signaling 
Technology, Inc.), anti‑GAPDH (cat. no. 5174; 1:1,000; Cell 
Signaling Technology, Inc.), and anti‑glutathione peroxidase 4 
(cat. no. ab231174; GPX4; 1:1,000; Abcam). The membranes 
were detected by chemiluminescence (MilliporeSigma). 
ImageJ software (version 1.53; National Institutes of Health) 
was used for densitometric analysis.

Cell Counting Kit‑8 (CCK‑8) and bioinformatics analyses. Cell 
survival of Huh‑7 and HepG2 was detected with Cell Counting 
Kit‑8 (cat. no. E‑CK‑A362; Elabscience Biotechnology, Inc.) 
according to the manufacturer's instructions. Cells  (5x103) 
were seeded into 96‑well plates and treated with SF or DMSO 
for 24 h. A total of 10 µl of CCK‑8 reagent was added to each 
well and incubation followed for 3 h at 37˚C in a 5% CO2 
incubator. The OD value at 450 nm was measured using a 
microplate spectrophotometer (BioTek Instruments, Inc.) and 
the cell survival rate was calculated.

The 33 candidate genes were selected to explore the 
specific mechanism of PTBP1 in ferroptosis using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
(https://www.kegg.jp). In addition, RBPmap (http://rbpmap.
technion.ac.il; version 1.2) was used to identify a potential 
binding region of PTBP1.

C11‑BODIPY 581/591 fluorescent probe staining. According 
to the instructions, C11‑BODIPY 581/591 (cat. no. RM02821; 
ABclonal Biotech Co., Ltd.) was diluted at 1:200, added to a 
Petri dish, and incubated at 37˚C for 1 h. Huh‑7 or HepG2 
cells were then incubated with 4% paraformaldehyde (Wuhan 
Servicebio Technology, Co., Ltd.) for 10 min in the dark. The 
fluorescence intensity of the sample was observed under a 
confocal microscope (Nikon A1+; Nikon Corporation).

Lipid peroxidation assay. Lipid peroxidation was evaluated 
with a lipid peroxidation [malondialdehyde (MDA)] assay kit 
(cat. no. ab118970; Abcam) according to the manufacturer's 
instructions. After the Huh‑7 and HepG2 cells were completely 
lysed with MDA lysis buffer, the supernatant was extracted by 
centrifugation for 10 min, and a part of the sample was stored 
for protein quantification. Subsequently, 600 µl thiobarbituric 
acid (TBA) solution was added to the samples, and the samples 
were incubated at 95˚C for 60 min. Finally, 200 µl of each 
sample were added to a 96‑well plate. The experiment was 
performed three times. After measuring the absorbance of the 
sample, the MDA concentration was calculated based on the 
standard curve.

Glutathione assay. The treated Huh‑7 and HepG2 cells 
were detected with a glutathione (GSH) detection kit (cat. 
no. A006‑2‑1); Nanjing Jiancheng Bioengineering Institute) 
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according to the manufacturer's instructions, mixed well, and 
incubated for 5 min at room temperature. The absorbance was 
measured at 405 nm. Moreover, the protein concentration in 
the samples was determined according to the standard curve 
determined by a BCA assay. The GSH content was calculated 
based on the standard curve.

Intracellular iron. An iron assay kit (cat. no. ab83366; Abcam) 
was used to test the intracellular iron levels according to the 
manufacturer's instructions. Following the addition of 200 µl 
of iron assay buffer, the samples were incubated for 10 min at 
room temperature to completely lyse the Huh‑7 and HepG2 
cells. An ultrasonic cell wall‑breaking apparatus (JY‑IIN; 
Ningbo Scientz Biotechnology Co., Ltd.) was used to lyse the 
cells, which were then centrifuged at 12,000 x g for 10 min 
at 4˚C, and 150 µl of the supernatant were collected. After 
adding 100 µl of iron probe, the sample was incubated at 
room temperature for 1 h, and the absorbance was measured 
at 593 nm.

RNA immunoprecipitation (RIP) assay. The RIP assay was 
performed using an EZ‑Magna RIP kit (cat. no.  17‑700; 
MilliporeSigma) according to the manufacturer's instructions. 
Huh‑7 cells were lysed on ice for 5 min. Immunoprecipitation 
was performed by adding 100 µl of magnetic beads protein 
A/G and 5 µg of anti‑PTBP1 (cat. no. 32‑4800; Thermo Fisher 
Scientific, Inc.), and the samples were incubated at room 
temperature for 30 min. The samples were added to the immu‑
noprecipitated magnetic bead complex, incubated overnight at 
4˚C, treated with protease K buffer, and incubated at 55˚C for 
30 min for protein digestion, and 400 µl of phenol, chloroform, 
and isoamyl alcohol solution were added for RNA purification. 
The obtained RNA was sequenced by RT‑qPCR, and the DNA 
amplified by qPCR was analyzed by agarose gel electrophoresis. 
Additionally, 1% agarose gels were selected for electrophoresis 
and ethidium bromide (1  µg/ml) solution was applied for 
staining of the agarose gel for 20 min at room temperature.

Dual‑luciferase reporter assay. Psi‑check2 luciferase vector 
(Promega Corporation) with or without NCOA4 and pcDNA3.1 
or oe‑PTBP1 were co‑transfected into 293T cells with the aid 
of LipofectamineTM 2000 reagent. The cells were collected 48 h 
post‑transfection to detect luciferase activity. After the cells 
were lysed, 100 µl Stop & Glo® Reagent (Promega Corporation) 
were added to the samples. The Renilla luciferase and firefly 
luciferase values were determined by dual‑luciferase reporter 
system (part no. E1910; Promega Corporation) and the method 
of comparison with firefly luciferase activity was adopted to 
normalize luciferase activity.

Pull‑down assay. The constructed biotin‑labeled NCOA4 
mRNA 5'‑untranslated region (UTR) fragment and the 
negative control fragment were obtained from Viagene 
Biotechnology Biotech, Inc. The probe sequence for the 
NCOA4 mRNA pulldown was as follows: Biotin‑5'‑GGU​
UAU​GCU​UUU​AAU​GGA​AGC​AGA​UAC​AAA​AU; nega‑
tive control sequence Biotin‑5'‑CGA​TAT​AGA​GAC​GAT​
TGG​CTG​GGC​CCC​TG. Huh‑7 cells were lysed using IP 
lysis buffer (cat. no. 87787; Thermo Fisher Scientific, Inc.) 
and centrifuged at 12,000 x g for 10 min at 4˚C. The 100‑µl 

lysates were subsequently added to the biotinylated probe and 
co‑incubated at room temperature for at least 30 min. The 
complexes were isolated using prepared strepavidin‑coupled 
Dynabeads according to the manufacturer's instructions (cat. 
no. 11205D; Thermo Fisher Scientific, Inc.). Following the 
addition of 1X protein sample loading buffer, the samples 
were incubated at 95˚C for 10 min and the products were 
analyzed using WB with antibodies against PTBP1 (cat. 
no. 72669; 1:1,000; Cell Signaling Technology, Inc.).

Cycloheximide (CHX) chase assay. To evaluate whether 
PTBP1 influenced the stability of NCOA4, Huh‑7 cells were 
transfected with PTBP1 siRNAs, incubated for 24 h, treated 
with 20 µg/µl CHX (Sigma‑Aldrich; Merck KGaA) for the 
indicated time‑points (0, 15, 30, 60 and 120 min) to inhibit 
protein synthesis, and subjected to WB.

Nascent protein analysis. A new protein synthesized analysis 
was performed using Click‑iT AHA for Nascent Protein 
Synthesis (cat. no.  C10102; Invitrogen; Thermo Fisher 
Scientific, Inc.) and Click‑iT Biotin protein analysis detection 
kits (cat. no. C33372; Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions. Methionine‑free 
medium was added to the cells to deplete methionine reserves 
and AHA for 4 h. After Huh‑7 cells lysed, the samples were 
prepared for the Click‑iT® detection reaction. Nascent proteins 
were pulled down and analyzed by WB.

Mouse xenograft model. A total of eight male BALB/c nude 
mice (4‑5 weeks old; weight, 13‑18 g) were obtained from 
Beijing Vital River Laboratories. The mice were raised 
in specific pathogen‑free conditions with food and water 
ad  libitum, and the rearing environment was maintained 
with a 12‑h  light/dark cycle at a temperature of 26‑28˚C 
and a relative humidity of 50±10%. All animal experiments 
were approved by the Animal Care and Use Committee 
of Shandong Provincial Qianfoshan Hospital (approval 
no. S725). The mice were randomly divided into the following 
two groups: The NC + SF and sh‑PTBP1 + SF groups. Hep3B 
cells (2x106) were subcutaneously injected into the right flank 
of each mouse. The mice were injected intraperitoneally with 
SF (10 mg/kg) every 2 days for 2 weeks. The mice were sacri‑
ficed by CO2 euthanasia four weeks later, and the tumors were 
harvested. The tumor volume was calculated as follows: V=0.5 
(length x width2). A portion of the hepatic tumor tissue was 
extracted to measure the iron, MDA, and GSH levels.

Statistical analyses. The statistical analyses were performed 
using GraphPad 8 software (GraphPad Software, Inc.). The 
data are presented as line charts or bar charts. The differences 
between two independent samples were compared using an 
independent‑samples t‑test. All experiments were repeated 
three times. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Silencing of PTBP1 positively regulates the sensitivity of liver 
cancer cells to ferroptosis. For a preliminary verification of 
whether PTBP1 was associated with ferroptosis in liver cancer, 
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Huh‑7 and HepG2 cells were treated with SF (5 µM) for 24 h. 
RT‑qPCR and WB were performed to observe the relative 
expression of PTBP1. PTBP1 was significantly increased in 
the SF groups compared with the blank and DMSO groups in 
the HepG2 and Huh‑7 cell lines (Fig. 1A and B). These results 
suggest that PTBP1 is a key factor in SF‑induced ferroptosis. 
The CCK‑8 results revealed that liver cancer cells viability 
significantly decreased under SF induction. Compared with the 
NC + SF group, the cell viability was higher in the si‑PTBP1 
group, suggesting that the sensitivity to ferroptosis decreased 
after silencing of PTBP1 (Fig. 1C and D). Next, the iron, MDA, 
and GSH levels were detected. The MDA and iron levels were 
significantly reduced in the si‑PTBP1+ SF group compared 
with those in the NC + SF group (Fig. 1E and F). Additionally, 
cells transfected with si‑PTBP1 showed an increase in intracel‑
lular GSH levels after SF treated for 24 h (Fig. 1G). The liquid 
peroxide levels were observed using C11 BODIPY 581/591. 
When C11‑BODIPY is oxidized, the fluorescence signal 
changes from red (nonoxidized) to green (oxidized) (19). The 
green fluorescence signal intensity (oxidized) was significantly 
weakened after transfection of si‑PTBP1, as observed under 
a confocal microscope (Fig.  1H). Correspondingly, these 
results indicate that decreased PTBP1 expression reduced the 
sensitivity to ferroptosis.

PTBP1 targets NCOA4 and regulates ferroptosis in liver 
cancer cells. To explore the specific mechanism of PTBP1 in 
ferroptosis, 33 genes in the ferroptosis pathway (map04216) 
were first selected using the KEGG database as candidate 
molecules (Table SIII). Subsequently, 14,331 downstream genes 
of PTBP1 were predicted by StarBase v2.0 (http://starbase.
sysu.edu.cn) (Fig. 2A). Finally, 15 key genes were identified 
as PTBP1 targets (number of binding sites >20) (Fig. 2B). The 
downstream binding sites of PTBP1 were further verified using 
a RIP‑qPCR assay. The fold changes of NCOA4, ATG7, ATG5, 
ACSL4 and PCBP2 enriched by anti‑PTBP1 were significantly 
higher than those in the anti‑IgG group (Fig. 2C). NCOA4 
was finally selected as the major target because of the highest 
fold change among the 15 candidate genes. The RT‑qPCR 
amplification products of NCOA4 were subjected to nucleic 
acid gel electrophoresis. The results revealed that PTBP1 
interacts with NCOA4 mRNA (Fig. 2D). To verify the direct 
interaction between PTBP1 and NCOA4, a dual‑luciferase 
assay was performed and it was revealed that PTBP1 overex‑
pression increased luciferase activity in 293T cells transfected 
with psi‑check2‑NCOA4 but not in those transfected with 
pcDNA3.1, suggesting that PTBP1 can directly interact with 
NCOA4 (Fig. 2E).

PTBP1 regulates the translation of NCOA4 by targeting the 
NCOA4 mRNA 5'‑UTR. The relative NCOA4 mRNA levels 
in Huh‑7 cells showed no significant change after PTBP1 
silencing (Fig. 3A), whereas NCOA4 protein expression was 
significantly reduced (Fig. 3B). NCOA4 stability remained 
unaffected after the cells were treated with CHX (20 µg/µl) 
(Fig. 3C). Nascent protein of NCOA4 was detected, and it was 
observed that NCOA4 was significantly decreased after the 
PTBP1 knockdown (Fig. 3D). To identify a potential binding 
region of PTBP1, the sites matching PBTP1 were predicted with 
an RBPmap. The results showed that two binding sites strongly 

matched to the 5'‑UTR (Fig. 3E). Biotinylated segments of the 
5'‑UTR of NCOA4 mRNA were then synthesized to perform 
pull‑down assays, and the products were analyzed using WB. It 
was observed that PTBP1 expression was markedly enhanced in 
the NCOA4 5'‑UTR group in Huh‑7 cells (Fig. 3F). These results 
indicate that the PTBP1‑binding region was in the 5'‑UTR of the 
NCOA4 mRNA sequence and that PTBP1 promotes NCOA4 
translation by interacting with the NCOA4 mRNA 5'‑UTR. To 
explore the specific role of PTBP1 in the ferroptosis pathway, 
WB was performed. GPX4 and FTH1 expression increased 
after transfecting si‑PTBP1 into SF‑induced liver cancer cells 
(Fig. 3G). GPX4 converts potentially toxic lipid hydroperoxides 
(L‑OOH) to nontoxic lipid alcohols (L‑OH), while GPX4 inhibi‑
tion causes the accumulation of lipid hydroperoxides, increasing 
ferroptosis sensitivity (4).

NCOA4 overexpression increases sensitivity to SF‑induced 
ferroptosis. A previous study revealed that NCOA4 is a key 
ferroptosis regulator that promotes iron accumulation in 
cells  (20). To verify whether PTBP1 regulates SF‑induced 
ferroptosis by mediating NCOA4 translation, rescue experi‑
ments were performed. The levels of iron, MDA, and GSH 
in liver cancer cells were detected. The levels of iron and 
MDA were significantly reduced following si‑PTBP1 trans‑
fection. The NCOA4 overexpression successfully reversed the 
decreased intracellular levels of iron and MDA in liver cancer 
cells (Fig. 4A and B). In addition, it was observed that the 
increased levels of GSH following transfection with si‑PTBP1 
were decreased after the overexpression of NCOA4 (Fig. 4C). 
Collectively, the findings indicated that NCOA4 may be a key 
downstream target of PTBP1 in ferroptosis regulation. Under 
SF‑induced conditions, PTBP1 promoted NCOA4 translation, 
accelerated FTH1 degradation, prompted a rapid increase 
in the intracellular iron levels, and stimulated intracellular 
reactive oxygen species (ROS) accumulation.

PTBP1 promotes sensitivity to ferroptosis in vivo. To explore 
whether PTBP1 regulates ferroptosis in xenograft models, 
four‑week‑old mice were randomly allocated into NC + SF 
and sh‑PTBP1 + SF groups (Fig. 5A). The tumor volumes 
were recorded every 3‑4 days, and the mice were observed for 
four weeks. The tumor volumes were significantly reduced in 
the NC + SF group (Fig. 5B), whereas the mean tumor weight 
was increased in the sh‑PTBP1 + SF group (Fig. 5C). Next, 
the relative levels of MDA, GSH, and iron were detected. 
The levels of MDA and iron in the tumors were significantly 
decreased after the knockout of PTBP1. The GSH deple‑
tion was rescued compared with that in the NC + SF group 
(Fig. 5D). Moreover, proteins were extracted from randomly 
selected tumor specimens to perform WB. The expression of 
FTH1 and GPX4 was increased in Hep3B cells transfected 
with sh‑PTBP1 (Fig. 5E). These results suggest that PTBP1 
promotes SF‑induced ferroptosis and reveal the biological role 
of PTBP1 in ferroptosis progression in vivo.

Discussion

Previous studies have reported that ferroptosis plays a key role 
in SF resistance and combination therapy. Increased MT‑1G 
expression was revealed to reduce intracellular GSH depletion, 
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inhibits ferroptosis, and promote SF resistance (21). GSTZ1 
deletion activated the NRF2 pathway and increased GPX4 
expression, thus suppressing SF‑induced ferroptosis  (22). 

YAP/TAZ was revealed to depend on TEAD to upregulate 
SLC7A11 expression and synergistically induce SLC7A11 
expression by maintaining the stability of the ATF4 protein. 

Figure 1. PTBP1 knockdown decreases the sensitivity of SF‑treated liver cancer cells to ferroptosis. PTBP1 (A) mRNA and (B) protein level changes following 
SF treatment (5 µM, 24 h). (C and D) SF inhibited the growth of liver cancer cells as revealed by the results of the CCK‑8 assay. (E‑G) Changes in the levels 
of ferroptosis indicators in liver cancer cells after SF treatment. Following silencing of PTBP1, the levels of (E) iron and (F) MDA significantly decreased, 
whereas that of (G) intracellular GSH significantly increased. (H) Representative confocal microscopic images of C11‑BODIPY 581/591 staining in SF‑treated 
liver cancer cells. *P<0.05, **P<0.01 and ***P<0.001 (Student's t‑test). PTBP1, polypyrimidine tract‑binding protein 1; SF, sorafenib; CCK‑8, Cell Counting 
Kit‑8; MDA, malondialdehyde; GSH, glutathione; NC, negative control; si‑, small interfering RNA.
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High SLC7A11 expression inhibited ferroptosis and promoted 
SF resistance (23). Disulfiram (DSF) was demonstrated to 
significantly activate p62 phosphorylation, resulting in the 
accumulation of iron and lipid peroxides in cells and induc‑
tion of ferroptosis. DSF enhanced the cytotoxicity of SF via 

ferroptosis and inhibited the growth of HCC cells (24). In the 
present study, it was demonstrated that SF upregulated the 
expression of PTBP1 in liver cancer cells. Compared with 
the control group, it was determined that the levels of iron 
and MDA were decreased after silencing of PTBP1. PTBP1 

Figure 2. PTBP1 interacts with NCOA4 to enhance ferroptosis sensitivity. (A) Intersection between key genes involved in the ferroptosis pathway in the KEGG 
database and the candidate genes downstream of PTBP1 as predicted by StarBase v2.0. (B) A total of 15 candidate genes were identified, that satisfied the 
filtering criteria (number of binding sites >20). (C) The results of the RIP assay revealed the enrichment‑fold of 15 candidate genes in PTBP1‑RNA binding 
complexes in Huh‑7 cells, with anti‑IgG as the negative control. (D) Gel electrophoresis results revealed that the expression of the NCOA4‑amplified product in 
the anti‑PTBP1 group was significantly higher than that in the anti‑IgG group. (E) Dual‑luciferase reporter assay results demonstrated that the co‑transfection 
with overexpressed PTBP1 significantly enhanced the luciferase activity of NCOA4 in 293T cells. *P<0.05, **P<0.01 and ***P<0.001 (Student's t‑test). PTBP1, 
polypyrimidine tract‑binding protein 1; NCOA4, nuclear receptor coactivator 4; KEGG, Kyoto Encyclopedia of Genes and Genomes; RIP, RNA immunopre‑
cipitation; oe‑, overexpression; wt, wild‑type.
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Figure 3. PTBP1 promotes ferroptosis by regulating the translation of NCOA4. (A) Silencing of PTBP1 did not significantly alter the mRNA levels of NCOA4. 
(B) The protein level of NCOA4 was significantly decreased after transfection with si‑PTBP1 for 48 h. (C) Evaluation of NCOA4 stability in Huh‑7 cells 
treated with cycloheximide. (D) Nascent translation of NCOA4 in Huh‑7 cells. The protein level of NCOA4 markedly decreased after silencing of PTBP1. 
(E) RNA‑binding protein sites of PTBP1 were predicted by RBP mapping. (F) The results of the biotin pull‑down analysis revealed the interaction between 
PTBP1 and the NCAO4 mRNA 5'‑UTR. Biotinylated GAPDH 3'‑UTR was included as a negative control. (G) Function of PTBP1 in the ferroptosis pathway. 
Western blot analysis of the protein levels of PTBP1, NCOA4, FTH1 and GPX4, with GAPDH as a negative control. ***P<0.001 (Student's t‑test). PTBP1, 
polypyrimidine tract‑binding protein 1; NCOA4, nuclear receptor coactivator 4; si‑, small interfering RNA; RBP, RNA‑binding protein; FTH1, ferritin heavy 
chain 1; GPX4, glutathione peroxidase 4; NC, negative control; CHX, cycloheximide.
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Figure 4. NCOA4 overexpression increases the sensitivity of liver cancer cells to SF‑induced ferroptosis. (A) NCOA4 overexpression significantly reversed 
the si‑PTBP1‑mediated changes in the percentage of iron. (B) Changes in the percentage of MDA in Huh‑7 and HepG2 cells treated with SF. (C) Changes in 
the percentage of GSH in Huh‑7 and HepG2 cells treated with SF. *P<0.05, **P<0.01 and ***P<0.001 (Student's t‑test). NCOA4, nuclear receptor coactivator 4; 
SF, sorafenib; si‑, small interfering RNA; PTBP1, polypyrimidine tract‑binding protein 1; MDA, malondialdehyde; GSH, glutathione; NC, negative control; 
oe‑, overexpression.

Figure 5. Biological role of PTBP1 in vivo. Mice were divided into two groups, namely, the NC + SF group and the sh‑PTBP1 + SF group. (A) Representative 
images of nude mice after various treatments (mice that had succumbed and/or were deemed  inelegible were excluded). (B) The tumor volume was measured 
every 3‑4 days. An increase in the mean tumor volume was observed after silencing of PTBP1. (C) The mean tumor weight was decreased in the NC + SF group 
compared with that in the sh‑PTBP1 + SF group after SF treatment for two weeks. (D) The relative levels of ferroptosis indicators, including GSH, MDA, and 
iron. (E) Proteins were extracted from random mouse specimens, and the levels of PTBP1, FTH1, GPX4 and NCOA4 were assessed by a western blot analysis, 
with GAPDH as the internal reference. *P<0.05, **P<0.01 and ***P<0.001 (Student's t‑test). PTBP1, polypyrimidine tract‑binding protein 1; NC, negative 
control; SF, sorafenib; sh‑, short hairpin RNA; GSH, glutathione; MDA, malondialdehyde; FTH1, ferritin heavy chain 1; GPX4, glutathione peroxidase 4; 
NCOA4, nuclear receptor coactivator 4.
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enhanced the sensitivity of liver cancer cells to ferroptosis and 
helped solve the issue of SF resistance.

RBPs are active in ferroptosis. In colorectal cancer, 
SFRS9 enhanced its expression by binding GPX4 mRNA and 
inhibited SF and erastin‑induced ferroptosis (25). hnRNPA1 
induced cancer‑associated fibroblasts to secrete miR‑522 
exosomes, resulting in ALOX15 inhibition and ROS accu‑
mulation in cancer cells and ultimately reducing ferroptosis 
sensitivity (26). ZFP36 inhibited TAG6L1 mRNA stability and 
activated ferritinophagy to regulate ferroptosis sensitivity in 
hepatic stellate cells (27).

PTBP1, an RNA‑binding protein, also plays an important 
role in ferroptosis in liver cancer cells. A previous study reported 
that PTBP1 was involved in autophagy regulation. The binding 
of lncRNA ZNF649‑AS1 to PTBP1 enhanced the stability 
of ATG5 mRNA and promoted autophagy in breast cancer 
cells (28). Hou et al reported that silencing ATG5 and ATG7 
significantly decreased the level of intracellular iron and weak‑
ened the sensitivity to ferroptosis (29). In the present study, it was 
further hypothesized that PTBP1 regulates ferroptosis through 
ferritinophagy. The results in the present study indicated an 
interaction between PTBP1 and NCOA4 mRNA through RIP 
and dual‑luciferase gene reporter assays. It was confirmed that 
PTBP1 regulates ferroptosis by interacting with NCOA4.

In 1996, NCOA4 was first discovered, and its 614‑amino 
acid sequence was detected for the first time. The calculated 
molecular weight was 70 kDa (30). The two transcript isoforms 
of NCOA4 in humans are NCOA4α and NCOA4β, both of 
which have an N‑terminal coiled‑coil domain. NCOA4β only 

has a partial C‑terminal domain, which also leads to some 
functional differences (31).

Research has reported that the binding sites of NCOA4 
and FTH1 are located in the NCOA4α C‑terminal domain 
but not in NCOA4β (32). Initially, NCOA4 was considered a 
steroid receptor coactivator widely distributed in humans (30). 
As research progressed, NCOA4 was identified as a cargo 
receptor that targets ferritin to autophagosomes during 
selective autophagy (33). The process of selective autophagy 
involves specific receptor proteins that target selected cargoes 
for autophagic degradation. As a selective autophagy receptor 
protein, NCOA4 plays an important role in ferroptosis.

Ferr itinophagy plays a key role in fer roptosis. 
Ferritinophagy mainly mediates ferritin degradation and 
enhances ferroptosis sensitivity  (29,34). PTBP1 promotes 
‘ferritinophagy’ by upregulating NCOA4 expression. In the 
present study the interaction between PTBP1 and the NCOA4 
mRNA 5'‑UTR was confirmed by a pulldown assay using 
biotin‑labeled RNA fragments. The eukaryotic 5'‑UTR plays 
an important role in controlling translation efficiency (35). 
The qPCR results showed that the NCOA4 mRNA levels 
were unchanged after PTBP1 silencing. However, NCOA4 
protein expression was significantly reduced. It was inferred 
that PBTP1 is involved in the positive regulation of NCOA4 
translation and contributes to the sensitivity of liver cancer 
cells to ferroptosis. NCOA4 binds ferritin via its C‑terminal 
domain and interacts with LC3B to deliver selective cargo to 
autophagosomes (36). Ferritinophagy mainly recruits ferritin 
for degradation in the lysosome and the release of free iron. 

Figure 6. Schematic of the proposed mechanism of action of PTBP1 in ferroptosis in liver cancer cells. PTBP1, polypyrimidine tract‑binding protein 1; 
NCOA4, nuclear receptor coactivator 4: ROS, reacitve oxygen species.
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When iron accumulates in cells, ROS are generated via the 
Fenton reaction, which can lead to ferroptosis  (37). As a 
feedback mechanism, the NCOA4 expression level is closely 
related to the cytoplasmic iron levels (33). In previous research 
it was revealed that when the intracellular iron level was high, 
NCOA4 was degraded via the HERC2‑mediated proteasomal 
degradation pathway (32).

In the present study, the effect of PTBP1 on ferroptosis was 
verified in liver cancer cells. However, whether PTBP1 plays 
the same role under the stimulation of ferroptosis inducers, 
such as RSL3 and erastin, remains to be determined. Further 
investigation is required. In addition, whether PTBP1 is 
involved in regulating ferroptosis by mediating other genes in 
the ferroptosis pathway remains unclear.

Overall, ferroptosis provides a new direction for tumor 
treatment. In the present study, the interaction between PTBP1 
and NCOA4 significantly promoted the activation of ferritin‑
ophagy, enhanced the degradation of ferritin, and accelerated 
the accumulation of intracellular iron (Fig. 6). The findings of 
the present study revealed the function of PTBP1 in ferrop‑
tosis. Furthermore, studying the specific mechanism of SF in 
liver cancer may aid in solving the issue of SF resistance.
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