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ABSTRACT 
 

Background: Ferroptosis is associated with cancer progression and has a promising application for treating 
hepatocellular carcinoma (HCC). Long non-coding RNA (lncRNA) participates widely in the regulation of 
ferroptosis, but the key lncRNA regulators implicated in ferroptosis and their molecular mechanisms remain to 
be identified. 
Methods: Bioinformatic analysis was performed in R based on The Cancer Genome Atlas Program (TCGA) public 
database. The relative expression of genes was detected by real-time quantitative PCR. Cell viability was 
assessed by the CCK8 assay. The cell cycle and apoptosis were detected by flow cytometry. Migration and 
invasion of HCC cells were detected by Transwell assay and wound healing assay. Expression of relevant 
proteins was detected by Western blotting. A dual-luciferase reporter assay was used to detect interactions 
between PART1 (or SLC7A11) and miR-490-3p. 
Results: The PART1/miR-490-3p/SLC7A11 axis was identified as a potential regulatory pathway of ferroptosis 
in HCC. PART1 silencing reduced HCC cell proliferation, migration, and metastasis and promoted apoptosis 
and erastin-reduced ferroptosis. Further investigation revealed that PART1 acted as a competitive 
endogenous RNA (ceRNA) for miR-490-3p to enhance SLC7A11 expression. Overexpression of miR-490-3p 
downregulated the expression of SLC7A11, inhibiting the proliferation, invasion, and metastasis of HCC cells 
while promoting apoptosis and erastin-induced ferroptosis. Knockdown of PART1 in HCC cells significantly 
improved the sensitivity of HCC cells to sorafenib. 
Conclusion: Our results revealed that the PART1/miR-490-3p/SLC7A11 axis enhances HCC cell malignancy and 
suppresses ferroptosis, which provides a new perspective for understanding of the function of long chain 
non-coding RNAs in HCC. The PART1/miR-490-3p/SLC7A11 axis may be target for improving sorafenib 
sensitivity in HCC.  
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INTRODUCTION 
 
In 2020, hepatocellular carcinoma (HCC) ranked as  

the sixth most diagnosed cancer and the third leading 
cause of cancer-related death worldwide [1]. Compared 

to other cancers, HCC has a poorer prognosis, with a  
5-year survival rate of only 12.1%, and the median 
survival time for patients with advanced liver cancer  

is only approximately 1 year. Ferroptosis is a complex 
process of programed cell death that is distinct from 
apoptosis, necroptosis, pyroptosis, and autophagy [2–4], 

which is involved in the pathogenesis of cancer and  
has a promising application in the treatment of HCC  

[5–7]. A thorough investigation of the mechanisms of 
ferroptosis in HCC may reveal novel molecular targets 
for therapy. However, the complete elucidation of the 

molecular mechanism governing ferroptosis and drug 
resistance in HCC remains elusive. 
 

Long non-coding RNAs (lncRNAs) are defined as  
RNA transcripts that are longer than 200 nucleotides in 

length, have no protein-coding potential [8–11], and 
play essential roles in various biological processes  
and diseases [12]. LncRNAs share binding sites with 

miRNAs and compete to act as competing endogenous 
RNAs (ceRNAs) to further regulate target genes in 
cancer progression [13–15]. 

 
The lncRNA prostate androgen-regulated transcript 1 
(PART1) has recently been implicated in the 

pathogenesis of various cancers [16]. In HCC, PART1 
has been demonstrated to promote HCC progression  

by targeting the miR-590-3p/HMGB2 axis [17], and  
to promote proliferation, migration, and invasion  
by targeting the miR-149-5p/MAP2K1 axis [18]; it  

has been shown to enhance the proliferation and 
differentiation of Hep3B cells by targeting the miR-
3529-3p/FOXC2 axis [16]. In the present study, we 

constructed a ferroptosis-associated ceRNA network by 
data mining and found that PART1 may be involved in 

the regulation of ferroptosis in HCC through the miR-
490-3p/SLC7A11 axis. However, the effect of PART1 
as a ceRNA on ferroptosis during the progression of 

HCC has not yet been elucidated. 
 
In the axis, miR-490-3p is considered a critical 

microRNA that suppresses HCC cell proliferation and 
migration by targeting AURKA [19], TOMOD3 [20], 

PPM1F [21], or TNKS2 [22]. Solute carrier family 7 
membrane 11 (SLC7A11), a 12-pass transmembrane 
protein, is a component of the amino acid transporter 

system xc– and a critical negative regulator of 
ferroptosis [23, 24]. Downregulation or deficiency of 
SLC7A11 leads to intracellular cysteine depletion, 

hindering glutathione (GSH) biosynthesis, which 
indirectly leads to inhibition of glutathione peroxidase 4 

(GPX4) activity and results in lipid peroxide 
accumulation, triggering ferroptosis. Conversely, high 

expression of SLC7A11 protects cancer cells from 
oxidative stress and iron toxicity by promoting cystine 
uptake and synthesis of reduced GSH. SLC7A11  

has been shown to promote drug resistance, chemo-, 
and radioresistance in various cancers. For example, 

overexpression of SLC7A11 decreases the sensitivity  
of gliomas to temozolomide [25, 26] and renders 
melanoma resistant to BRAF inhibitors [27], whereas 

downregulation of SLC7A11 expression or blockade  
of SLC7A11 activity with specific inhibitors such as 
sulfasalazine (SSZ) effectively enhances the cytotoxicity 

of cisplatin or doxorubicin in colorectal, bladder,  
and triple-negative breast cancer cells [28–31]. Lung 

cancers with mutations in KEAP1 (an important  
tumor suppressor gene) are known to be radiotherapy-
resistant, which highlights the key role of SLC7A11 in 

radioresistance. Mutations or defects in KEAP1 in lung 
cancer cells result in constitutive activation of NRF2 
and aberrant expression of NRF2 transcriptional targets, 

including SLC7A11 [32]. NRF2 is a key transcription 
factor in the antioxidant response to ubiquitination  

and proteasomal degradation. SLC7A11 expression 
induced by KEAP1 deficiency or NRF2 overexpression 
have been shown to attenuate high-energy ionizing 

radiation (IR)-induced lipid peroxidation and promote 
radioresistance by inhibiting ferroptosis, demonstrating 
the potential of the NRF2/SLC7A11/ferroptosis axis  

as a target against therapeutic resistance [32, 33]. In 
HCC, Chen et al. found that SOCS2 acts as a bridge to 
transfer attached ubiquitin to SLC7A11 and promotes 

K48-linked polyubiquitination degradation of SLC7A11, 
ultimately leading to ferroptosis and radiosensitization 

[34]. Evidence suggests that SLC7A11 overexpression 
or upregulation inhibits ferroptosis (including sorafenib-
induced ferroptosis) and renders HCC cells resistant to 

sorafenib [35]. However, the regulatory mechanism of 
SLC7A11 remains unclear. Therefore, in this study, we 
aimed to elucidate whether PART1 is involved in the 

regulation of ferroptosis in HCC cells by modulating the  
miR-490-3p/SLC7A11 axis and affecting the sensitivity 

to sorafenib, which may provide an important theoretical 
basis for understanding the mechanism of HCC pro-
gression and ferroptosis, as well as providing a potential 

therapeutic target for the treatment of HCC. 
 

MATERIALS AND METHODS 
 
Bioinformatics analysis 

 

The ferroptosis-associated gene set obtained from the 
gene set enrichment analysis (GSEA) database 
(https://www.gsea-msigdb.org/gsea/index.jsp), contains 

64 genes. To identify the differentially expressed genes 
(DEGs) between HCC tissues and normal tissues, RNA 

https://www.gsea-msigdb.org/gsea/index.jsp
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sequencing data were downloaded from The Cancer 
Genome Atlas Program (TCGA) data portal (https://tcga-

data.nci.nih.gov/tcga/), including 374 liver cancer tissues 
and 50 normal liver tissues. DEGs were identified using 
the “limma” package in R. The screening criteria for 

DEGs were set as |log2Foldchange (FC)| >1 and P-value 
< 0.05. To analyze the correlation between ferroptosis-

related genes and prognosis of HCC patients, the clinical 
information of HCC patients with survival time >30 days 
was downloaded and used to perform survival analysis 

by the “survival” package in R. To further explore the 
role of lncRNA-based ceRNA network in regulating 
ferroptosis in HCC, the miRNA sequencing data of HCC 

patients were also downloaded from the TCGA database 
to screen for differentially expressed miRNAs. Then,  

the interaction between mRNA-mRNA, miRNA-mRNA, 
and lncRNA-miRNA was established in the STRING 
(https://cn.string-db.org/), TargetScanHuman (https:// 

www.targetscan.org/vert_72/), DIANA (https://diana.e-
ce.uth.gr/lncbasev2/ interactions) tools, respectively, and 
finally visualized in Cytoscape 3.8 software. 

 
Cell culture and transient transfection 

 
The normal hepatocyte line LO2 and the human HCC cell 
lines HCCLM3 and Huh7 were purchased from Procell 

Life Science and Technology Co., Ltd. (Wuhan, China).  
 
Cells were cultured in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% fetal  
bovine serum (FBS) in a humidified incubator at 37°C 
with 5% CO2, and were periodically checked for 

mycoplasma contamination. If necessary, penicillin-
streptomycin solution (100×) was added to prevent 

bacterial contamination. 
 
Transient transfection was performed according to  

the instructions of the Lipofectamine 3000 reagent 
(L3000008, Invitrogen, USA) [36]. Briefly, HCC cells 
were seeded on cell culture plates in triplicate. When 

grown to an appropriate confluence (30–50%), the cells 
were transfected with si-PART1.1, -PART1.2, -PART1.3, 

si-SLC7A11.1, -SLC7A11.2, -SLC7A11.3, siRNA 
negative control (siRNA-NC), miRNA mimics of miR-
490-3p or miRNA mimics NC at a final concentration of 

20 nM using the recommended volume of Lipofectamine 
3000 reagent. Opti-MEM™ reduced serum medium was 
used for the first 6 h of transfection and then changed to 

DMEM complete medium. Cells were harvested after 24–
72 h for subsequent assays. The sequences of the siRNAs 
and miRNA mimics are listed in Supplementary Table 1. 

 
Quantitative real-time PCR 

 
Total RNA was extracted from cells using the TRIzol 
(EX1880, G-CLONE, China) method according to the 

standard TRIzol extraction procedure. For mRNAs and 
lncRNAs, 2 μg total RNA was reverse transcribed into 

cDNA by using the Servicebio First Strand cDNA 
Synthesis Kit (G3330, Servicebio, China). For miRNA 
analysis, reverse transcription was performed using  

the One Step miRNA cDNA Synthesis Kit (D1801, 
HaiGene, China) with random primers. RT-qPCR was 

performed using 2 × Fast SYBR Green qPCR Master 
Mix (A2250B, Servicebio, China) or RAPA3G SYBR 
Green qPCR Mix (A2250, HaiGene, China) on a 

LightCycler 96 real-time quantitative PCR instrument. 
GAPDH or U6 was used as internal control, and the 
2−ΔΔCt method was used for fold-change calculation. The 

primers used in this study are listed in Supplementary 
Table 1. 

 
Western blotting 

 

Proteins from HCCLM3 and Huh7 cells transfected with 
siRNA, miRNA mimics, or negative controls were 
extracted using nuclear and cytosolic protein extraction 

kits (KGP150, Keygen, China) and quantified using a 
BCA kit (PA101, Biomed, China). Samples were 

subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to PVDF 
membranes (BS-PVDF, Biosharp, China). The PVDF 

membranes were then blocked with skimmed milk 
powder (5%) for 2 h at 25°C, before incubating with 
primary antibodies overnight at 4°C. The samples were 

further incubated at room temperature with secondary 
antibodies for 1.5 h and the protein bands were detected 
using an enhanced chemiluminescence solution (BL520A, 

Biosharp, China). The relative expression of proteins was 
analyzed using ImageJ software. Antibodies used in this 

study include anti-SLC7A11 (NB300, Novus, Chian), 
anti-N-cadherin (13116T, CST, USA), anti-vimentin 
(5741T, CST, USA), anti-E-cadherin (3195T, CST, 

USA), anti-Bcl2 (ab32124, Abcam, UK), anti-Caspase3 
(ab32351, Abcam, UK), anti-Bax (ab32503, Abcam, 
UK), anti-NF-kB p65 (ab32536, Abcam, UK), anti-

Erk1/2 (4370T, CST, USA), β-actin (BL005B, Biosharp, 
China). 

 
Malondialdehyde (MDA) assay  

 

The concentration of MDA in cell lysates was 
determined using a lipid peroxidation assay kit (BC0025, 
Solarbio, China) according to the manufacturer’s 

instructions. Briefly, HCC cells transfected with siRNA-
PART1 or siRNA NC were treated with 5 μM erastin for 
24 h and lysed with an extraction solution. Subsequently, 

thiobarbituric acid (TBA) solution was added to the 
samples to generate the MDA-TBA adduct by reacting 

with MDA. The concentration of MDA in the samples 
was determined by measuring the absorbance of the 
MDA-TBA adduct at 520 nm.  

https://tcga-data.nci.nih.gov/tcga/
https://tcga-data.nci.nih.gov/tcga/
https://cn.string-db.org/
https://www.targetscan.org/vert_72/
https://www.targetscan.org/vert_72/
https://diana.e-ce.uth.gr/lncbasev2/
https://diana.e-ce.uth.gr/lncbasev2/
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Iron assay 

 

Huh7 and HCCLM3 cells transfected with siRNA-
PART1 or siRNA NC were treated with 5 μM  
erastin for 24 h, and the level of intracellular ferrous 

iron (Fe2+) was determined using an iron assay kit 
according to the manufacturer’s instructions (BC4355, 

Solarbio, China). 
 
CCK-8 assay 

 
HCCLM3 or Huh7 cells (5 × 103 cells/well) were 
seeded in 96-well plates and cultured for 0, 24, 48, 72, 

and 96 h. At predetermined time points, 10 μl of CCK-8 
reagent (GK10001-30, Glpbio, China) was added to the 

wells and incubated for an additional 2 h at 37°C. 
Finally, the absorbance at 450 nm was detected using a 
microplate reader (Molecular Devices, USA). 

 
Dual-luciferase reporter gene assay  
 

The pmirGLO dual-luciferase miRNA target expression 
vector was used to quantitatively evaluate microRNA 

(miRNA) activity by inserting miRNA target sites 3′ of 
the firefly luciferase gene (luc2). Renilla luciferase 
(hRluc-neo) was used as the control reporter for 

normalization. The reporter vectors pmirGLO-PART1-
WT and -MUT contain the predicted miRNA target 
sequences of the wild-type and mutant versions of 

PART1, respectively. The reporter vectors pmirGLO-
SLC7A11-WT and -MUT contain the predicted wild-
type and mutant versions of the 3′-UTR of SLC7A11 

mRNA, respectively. For the dual luciferase assay, 
HCC cells were seeded at a density of 5 × 104 cells/well 

in 24-well plates, and wild-type (-WT) or mutant (-MUT) 
luciferase reporter plasmids were transfected into the 
cells together with miR-490-3p mimics. After 48 h, the 

luciferase activity was measured using a luciferase 
reporter assay kit (KGAF040, Keygen, China). 
 

Cell apoptosis assay  

 

After 72 h of transfection, 1 × 106 of HCCLM3 and 
Huh7 cells were trypsinized and gently resuspended 
with 500 μl of binding buffer. Subsequently, 5 µl of 

propidium iodide (PI) and 5 µl of Annexin V-FITC 
(KGA108, Keygen, China) were added to the samples 
and incubated for 15 min in the dark. Apoptotic cells 

were detected using a FACS Calibur flow cytometer 
(BD Bioscience, USA), and the apoptosis ratio was 
analyzed using Flowjo v10 software.  

 
Cell cycle assay  

 
HCC cells were harvested after transfection for 72 h and 
fixed in 70% (v/v) ethanol at 4°C for 4 h. After washing 

once with phosphate buffered saline (PBS), PI solution 
containing RNAase (DA0023, LEAGENE, China) was 

added and incubated for 30 min at 37°C, followed by 
detection by flow cytometry. The percentage of cells at 
different stages of the cell cycle was analyzed using 

ModFit 3.0. 
 

Transwell assay  

 
Transwell assays were performed to evaluate the 

migration and invasion ability of HCC cells. Briefly, 
4 × 104 of HCC cells in 100 μl of medium were added 
to the upper chamber (precoated with 3 mg/ml of 

Matrigel for the invasion assay), and 600 μl of DMEM 
supplemented with 10% FBS was added to the lower 

culture wells. After incubation at 37°C for 48 h, the cells 
were fixed with 4% paraformaldehyde for 30 min and 
stained with 0.1% crystal violet for 2 h at room 

temperature. Non-migrated cells were gently removed 
with cotton swabs, and cells were counted in random 
fields (20×) using an inverted phase-contrast microscope. 

 
Wound healing assay 

 
Approximately 2.5 × 105 HCCLM3 and Huh7 cells 
were seeded in 24-well plates and incubated overnight 

to obtain a fully confluent monolayer of cells. Using  
a 200 μl pipette tip, the wells were slowly scratched  
and then the culture wells were washed three times  

with PBS. Subsequently, the cells were further cultured 
in 1 ml serum-free medium for 48 h. Wound healing 
was photographed under an inverted microscope at 0 

and 48 h, and the percentage of wound healing was 
calculated using ImageJ software. 

 
Determination of sorafenib sensitivity in HCC 

 

The sensitivity of HCC to sorafenib was determined 
using the CCK-8 assay (Glpbio, China, GK10001-30) 
according to the manufacturer’s instructions. Multiple 

concentrations of sorafenib were applied to HCC cells 
for 24 h to determine the IC50 values of HCCLM3 and 

Huh7. Then, siRNA-PART1 was transfected into the 
two HCC cell lines to silence PART1. The IC50 values 
were determined by the viability of the siRNA-PART1 

and siRNA-NC cells under multiple concentrations of 
sorafenib intervention. 
 

Statistical analysis  
 
Data are expressed as the mean ± standard deviation 

(SD). Unpaired two-tailed Student’s t-tests were used 
to compare the differences between the two groups. 

All statistical tests were performed using GraphPad 
Prism version 9.0 (GraphPad Software, Inc., USA).  
All experiments were repeated at least three times 
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independently. P < 0.05 indicates statistically 
significant differences.  

 

RESULTS 
 

Prognostic ferroptosis-associated lncRNA-based 

ceRNA network in HCC 

 

To screen for ferroptosis-related genes that are 
associated with the prognosis of patients with HCC, the 
ferroptosis molecular signature gene set (containing 64 

ferroptosis-associated genes) was collected from the 
GSEA database. Based on the RNA sequencing data in 

TCGA database, 17 differentially expressed ferroptosis-
related genes were identified in HCC, including 11 
upregulated genes and six downregulated genes (Figure 

1A). Of these, nine genes were associated with OS in 
patients with HCC by Kaplan–Meier survival analysis, 
namely SLC7A11, SALC38A1, HSPB1, CTH, TFRC, 

AIFM2, NOX4, ACSL4, and AKR1C3. With the 
exception of CTH, high expression of other genes was 

correlated with poor OS in patients with HCC (Figure 
1B and Supplementary Figure 1). Furthermore, we 
screened 2,670 upregulated and 137 downregulated 

lncRNAs and 329 upregulated and 38 downregulated 
miRNAs between tumor and normal samples based on 
the gene expression data of patients with HCC in TCGA 

database. Subsequently, a prognostic ferroptosis-related 
lncRNA-based ceRNA network was established to 
explore the potential lncRNA/miRNA regulatory axis in 

HCC (Figure 1C). The ferroptosis-associated ceRNA 
network comprised eight prognosis-related mRNAs, 92 

differentially expressed miRNAs, and 353 differentially 
expressed lncRNAs. 
 

Among the numerous regulatory pathways, PART1 
and SLC7A11 were identified as the predicted target 
genes of miR-490-3p. The expression of miR-490-3p 

was significantly reduced and negatively correlated 
with PART1 and SLC7A11 in HCC tissues (Figure 

1D). The expression of PART1, miR-490-3p, and 
SLC7A11 was then validated by RT-qPCR in HCC 
cell lines. Compared to the normal hepatocyte line 

LO2, the expression of PART1 and SLC7A11 was 
significantly elevated, whereas miR-490-3p was 
significantly suppressed in the HCCLM3 and Huh7 

HCC cell lines (Figure 1E–1G). Furthermore, low 
expression of miR-490-3p and high expression of 

PART1 were significantly associated with poorer 
prognosis in patients with HCC (Figure 1H, 1I). 
Therefore, we hypothesized that the PART1/miRNA-

490-3p/SLC7A11 axis represents a regulatory pathway 
involved in ferroptosis and that it may impact the 
prognosis of patients with HCC (Figure 1J). Our 

subsequent studies focused on validating the hypothesis 
through a series of in vitro experiments. 

PART1 promotes the proliferation of HCC cells and 

inhibits apoptosis 

 
In this study, two human HCC cell lines, HCCLM3 
and Huh7, were used for the following experiments. 

The HCCLM3 cell line has unique high metastatic 
properties and is widely used in basic and clinical 

studies on the pathogenesis of HCC as well as for 
antitumor drug screening. The Huh7 cell line is 
characterized by a fetoprotein (AFP)-positive, highly 

differentiated, epithelial-like adherent growth, which  
is suitable for studying carcinogenesis, metabolism, 
and regulation of gene expression. To evaluate the  

role of PART1 in the proliferation and apoptosis of 
HCC cells, lncRNA PART1 was knocked down by a 

single-gene small interfering RNA (siRNA) set, which 
comprised three pairs of candidate siRNAs. As shown 
in Figure 2A, si-PART1-1, -PART1-2, and -PART1-3 

significantly decreased the expression of PART1 in  
the HCCLM3 and Huh7 HCC cell lines compared  
to siRNA-NC. Because of their higher knockdown 

efficiency, si-PART1.1 and -PART1-3 were selected 
for further experiments. Compared to the siRNA-NC  

group, the CCK-8 assay demonstrated that PART1 
downregulation significantly inhibited the proliferation 
of Huh7 and HCCLM3 cells (Figure 2B), and flow 

cytometry revealed that PART1 knockdown reduced 
the proportion of cells in the G2/S phase (Figure 2C). 
In addition, we observed that the knockdown of 

PART1 led to an increase in apoptosis in HCCLM3 
and Huh7 cells (Figure 2D). Furthermore, Western 
blotting showed that the expression of the anti-

apoptotic factor Bcl2 was significantly downregulated 
in the si-PART1 group of HCC cells, whereas the 

expression of the pro-apoptotic factor Bax and cleaved 
caspase3 was significantly upregulated. Sustained 
activation of the NF-κB signaling pathway stimulates 

cell growth, inhibits apoptosis, leads to uncontrolled 
cell proliferation, and significantly promotes tumor 
metastasis. ERK signaling is closely associated with 

cell proliferation and can influence various tumor 
phenotypes. Western blotting showed that transfection 

of HCCLM3 or Huh7 cells with siRNA-PART1 
significantly decreased the expression of p65 and 
ERK1/2 compared to the siRNA-NC group (Figure 

3D). Taken together, these data suggest that PART1 
promotes the proliferation of HCC cells and inhibits 
their apoptosis. 

 
Downregulation of PART1 inhibits the migration, 

invasion and metastasis of HCC cells 

 
To elucidate the role of PART1 in HCC cell migration, 
invasion, and metastasis, wound healing, Transwells, 

and epithelial-mesenchymal transition (EMT)-related 
marker assays were performed. Wound healing assays 
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showed a significant reduction in wound closure  

in HCCLM3 and Huh7 cells transfected with si- 

PART1 compared to the siRNA-NC group, indicating  

that PART1 knockdown significantly inhibited the 
migration of HCC cells (Figure 3A, 3B). Furthermore, 

the Transwell assay showed that the depletion of 
 

 
 

Figure 1. The prognostic ferroptosis-associated lncRNA-based ceRNA network in HCC. (A) Differentially expressed ferroptosis-
associated genes in HCC. (B) Kaplan-Meier survival analysis for SCL7A11 in HCC patients. (C) The prognostic ferroptosis-associated ceRNA 
regulatory network based on lncRNA in HCC. Ellipse: LncRNA, diamond: miRNA, hexagon: mRNA, dark colors indicate up-regulated 
expressions and light colors indicate down-regulated expressions. (D) Correlation of miRNA-490-3p with the expression of PART1 and 
SLC7A11. (E–G) Relative expression of PART1, miRNA-490-3p, and SLC7A11 in HCC cell lines HCCLM and Huh7. (H–I) Kaplan-Meier survival 
analysis for PART1 and miRNA-490-3p in patients with HCC. (J) The PART1/miRNA/SLC7A11 axis in HCC derived from the ceRNA mechanism. 
*p < 0.05, **p < 0.01. 
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PART1 in HCCLM3 and Huh7 cells substantially 
hindered cell migration and invasion (Figure 3B, 3C). 

EMT activation is considered to be a critical process 
closely associated with cancer cell metastasis, during 
which epithelial cells acquire the characteristics of 

mesenchymal cells, with increased cell motility and 

migration capacity [37]. EMT is typically characterized 
by the upregulation of N-cadherin and Vimentin, 

followed by the downregulation of E-cadherin. As 
shown in Figure 3D, E-cadherin was significantly 
upregulated at the translational level in HCCLM and 

Huh7 cells transfected with si-PART1 compared to the
 

 
 

Figure 2. PART1 promotes proliferation and inhibits apoptosis of HCC cells. (A) The relative expression of PART1 was measured by 
RT-qPCR in HCCLM3 and Huh7 cells transfected with siRNA-PART1.1, -PART1.2, and -PART1.3. (B) CCK-8 assay was conducted to evaluate 
the proliferation of HCCLM3 and Huh7 cells transfected with siRNA-PART1.1 and -PART1.3. (C, D) The cell cycle and cell apoptosis rate of 
HCCLM3 and Huh7 cells transfected with siRNA-PART1.1 and -PART1.3 were assessed by flow cytometry analysis. *p < 0.05, **p < 0.01, 
***p < 0.001. 
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siRNA-NC group, whereas N-cadherin and Vimentin 
were significantly downregulated. These results suggest 

that PART1 overexpression promotes the migration, 
invasion, and metastasis of HCC cells. 
 

PART1 protects HCC cells against erastin-induced 

ferroptosis 

 
Because ferroptosis is characterized by the 
accumulation of intracellular iron and lipid reactive 

oxygen species (ROS), to clarify the role of PART1 in 
ferroptosis in HCC cells, the lipid peroxidation marker 

MDA and intracellular iron were detected in erastin-
induced ferroptosis. Erastin is a classical inducer  
of ferroptosis that blocks the entry of extracellular 

cysteine into the cell by inhibiting system xc - activity, 
which in turn blocks the synthesis of intracellular  

GSH and weakens the antioxidant capacity of the  
cell, ultimately leading to the onset of ferroptosis. 
GSEA showed that PART1 expression was positively

 

 
 

Figure 3. Downregulation of PART1 inhibits migration, invasion, and metastasis of HCC cells. (A) The migration and invasion 
were examined by wound healing assay in HCCLM3 and Huh7 cells transfected with siRNA-PART1.1 and -PART1.3. (B, C) The migration and 
invasion were illustrated by Transwell assay (40 × objective lens) in HCCLM3 and Huh7 cells transfected with siRNA-PART1.1 and -PART1.3. 
(D) The expression of apoptosis and EMT-related proteins (E-cadherin, vimentin, and N-cadherin) was detected by Western blotting. 
*p < 0.05, **p < 0.01, ***p < 0.001.  
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correlated with the enrichment of the WP_Ferroptosis 
gene set (Figure 4A). Compared to the siRNA-NC 

group, HCCLM3 or Huh7 cells transfected with si-
PART1 showed significantly increases in the levels of 
MDA and intracellular iron (Figure 4B, 4C), suggesting 

that PART1 may be involved in regulating erastin-
induced ferroptosis. 

 
Knockdown of SLC7A11 inhibited cell proliferation 

and facilitated ferroptosis in HCC cells 

 
As mentioned above, PART1 may act as a ceRNA to 
regulate the expression of SLC7A11. To determine 

whether PART1 acts by regulating SLC7A11 
expression, we first observed the effects of SLC7A11 

knockdown on HCC cells. Compared to the negative 
control group, transient transfection of HCCLM3  
and Huh7 cells with si-PART1 significantly reduced 

the expression of SLC7A11 at the transcript and 
translation levels (Figure 5A and Figure 6B). 
Transfection of HCCLM3 and Huh7 cells with si-

SLC7A11 to reduce SLC7A11 expression significantly 
decreased cell viability, inhibited cell proliferation, 

attenuated migration and invasion, and increased 
apoptosis compared to the negative control group 
(Figure 5B–5D and Figure 6A–6C). Furthermore, 

impaired cell motility and increased apoptosis were 
verified by Western blotting. As shown in Figure  
6D, the apoptosis-related proteins Bax and caspase3 

were upregulated, whereas Bcl2, p65, and ERK1/2 
were downregulated. Furthermore, E-cadherin was 
upregulated, whereas N-cadherin and Vimentin  

were downregulated in HCCLM3 and Huh7 cells 
transfected with si-SLC7A11 compared to the negative 

control group (Figure 6D). The levels of intra- 
cellular MDA and iron were significantly increased in 

HCCLM3 and Huh7 cells transiently transfected with 
si-SLC7A11 compared to the control group (Figure 

6E). These results suggest that PART1 overexpression 
enhances the malignant phenotype of HCC and inhibits 
ferroptosis by increasing SLC7A11 expression. 

 
PART1 promotes HCC progression and inhibits 

ferroptosis by sponging miR-490-3p in HCC cells 

 
Mechanistically, bioinformatic predictions revealed that 

miR-490-3p can target both the PART1 and 3′-UTR of 
SLC7A11 mRNA (Figure 7A). As shown in Figure 7B, 
miR-490-3p expression was significantly upregulated 

when transfected with miR-490-3p mimics in HCCLM3 
and Huh7 cells compared to the NC group. Next,  

dual luciferase reporter assays were performed to verify 
the predicted direct interactions between miR-490- 
3p and PART1 or SLC7A11. For the PART1/miR-490-

3p interaction assay, miR-490-3p mimics (or mimics 
NC) and pmirGLO-PART1-WT (or -MUT) were co-
transfected into HCCLM3 or Huh7. Compared to cells 

co-transfected with pmirGLO-PART1-WT and miR-
490-3p mimics NC, the relative luciferase activity  

was significantly reduced in cells co-transfected  
with pmirGLO-PART1-WT and miR-490-3p mimics 
(Figure 7C). Similarly, the relative luciferase activity 

was significantly reduced in cells co-transfected  
with pmirGLO-SLC7A11-WT and miR-490-3p mimics 
compared to cells co-transfected with mimics NC 

(Figure 7D). These results indicate that miR-490-3p  
can directly interact with PART1 and SLC7A11. In 
addition, silencing PART1 in HCCLM3 and Huh7 cells 

significantly upregulated the expression of miR-490-3p 
while downregulating the expression of SLC7A11 

(Figure 7E and Figure 5A). Meanwhile, miR-490-3p 
mimics significantly downregulated the expression of

 

 
 

Figure 4. PART1 protects HCC cells against erastin-induced ferroptosis. (A) GSEA of the WP_Ferroptosis gene set was performed in 
HCC patients with different PART1 expression levels. (B) The relative levels of MDA in HCCLM3 and Huh7 cells transfected with siRNA-
PART1.1 and -PART1.3 in the erastin-induced ferroptosis assay. (C) The relative levels of iron in HCCLM3 and Huh7 cells transfected with 
siRNA-PART1.1 and -PART1.3 in the erastin-induced ferroptosis assay. **p < 0.01, ***p < 0.001. 
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SLC7A11 (Figure 7F). The above results suggest  
that PART1 acts as an endogenous sponge for miR- 

490-3p in HCC cells to promote the expression of 
SLC7A11 and may promote HCC progression and 

inhibit ferroptosis through the miR-490-3p/SLC7A11 
axis. The results of in vitro experiments showed that the 

upregulation of miR-490-3p expression in HCC cells by 
miR-490-3p mimics inhibited the cell proliferation of 

 

 
 

Figure 5. SLC7A11 knockdown refrained cell proliferation and facilitated ferroptosis in HCC cells. (A) The relative expression of 
SLC7A11 was measured by RT-qPCR in HCCLM3 and Huh7 cells transfected with siRNA-PART1.1 and -PART1.3. (B) CCK-8 assay was 
conducted to evaluate the proliferation of HCCLM3 and Huh7 cells transfected with siRNA-SLC7A11.1 and -SLC7A11.3. (C, D) The cell 
apoptosis and cell cycle were assessed by flow cytometry analysis in HCCLM3 and Huh7 cells transfected with siRNA-SLC7A11.1 and  
-SLC7A11.3. *p < 0.05, **p < 0.01, ***p < 0.001. 



www.aging-us.com 11 AGING 

HCCLM3 and Huh7 cells (Figure 7G, 7J, 7K), induced 
apoptosis (Figure 7H, 7I), and enhanced the migration 

and invasive ability of HCC cells (Figure 7L–7O). 
Western blotting showed that the expression of Bax  
and caspase3 was significantly increased, while the  

anti-apoptotic factor Bcl2 was significantly decreased in 
the miR-490-3p mimics group compared to the mimics  

NC group (Figure 7P). Regarding the indicators of 
EMT, N-cadherin and Vimentin were significantly 
downregulated, while E-cadherin was upregulated in  

the miRNA-490-3p mimics group compared to the 
mimics NC group (Figure 7P). In addition, ROS and 
intracellular iron accumulated significantly in HCCLM3 

and Huh7 cells transfected with miRNA-490-3p mimics 
(Figure 7Q). 

Targeting the PART1/miR-490-3p/SLC7A11 axis 

enhances the sensitivity of HCC cells to sorafenib 

 
Recent studies have shown that sorafenib is also a 
ferroptosis inducer that directly targets SLC7A11 and 

induces ferroptosis by blocking cystine uptake [38]. 
This toxic effect on HCC cells is partly dependent  

on the induction of ferroptosis; therefore, promoting 
sorafenib-induced ferroptosis may enhance the efficacy 
of sorafenib for treating HCC. In addition, ferroptosis 

plays an important role in the resistance of cancer cells 
to sorafenib. To investigate the role of PART1 in the 
sorafenib treatment of HCC, si-PART1 was transfected 

into Huh7 and HCCLM3 cells to silence PART1. Then, 
the effect of sorafenib on the cell viability of HCC cells 

 

 
 

Figure 6. The knockdown of SLC7A11 inhibited motility and promoted apoptosis in HCC cells. (A–C) The migration and invasion 
were detected by Transwell assay (40 × objective lens) in HCCLM3 and Huh7 cells transfected with siRNA-SLC7A11.1 and -SLC7A11.3. The 
protein markers of the apoptosis were detected by Western blotting. (D) The expression of apoptosis and EMT-related proteins (E-
cadherin, vimentin, and N-cadherin) was detected by Western blotting. (E) The relative levels of MDA and iron in HCCLM3 and Huh7 cells 
transfected with siRNA-SLC7A11.1 and -SLC7A11.3 in the erastin-induced ferroptosis assay. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 7. PART1 promotes HCC progression and inhibits ferroptosis by sponging miR-490-3p. (A) The interaction of miR-490-3p 
with PART1 and SLC7A11 predicted by ENCORI and LncBase v2 database. (B) The relative expression of miR-490-3p detected by RT-qPCR in 
HCCLM3 and Huh7 cells treated with miR-490-3p mimics or mimics NC. (C, D) Results of dual-luciferase reporter assay for miRNA-490-3p 
targeting PART1 and SLC7A11 mRNA 3'-UTR in HCCLM3 and Huh7 cells, respectively. (E) The relative expression of miR-490-3p in HCCLM3 
and Huh7 cells transfected with siRNA-PART1.1 and -PART1.3. (F) The relative expression of SLC7A11 detected by qPCR in HCCLM3 and 
Huh7 cells treated with miR-490-3p mimics or mimics NC. (G) The cell proliferation was measured by the CCK-8 assays in HCCLM3 and Huh7 
cells treated with miR-490-3p mimics or mimics NC. (H–K) The cell apoptosis and cell cycle were assessed by flow cytometry analysis 
in HCCLM3 and Huh7 cells treated with miR-490-3p mimics or mimics NC. (L, M) The migration was examined by wound healing assays in 
HCCLM3 and Huh7 cells treated with miR-490-3p mimics or mimics NC. (N, O) The cell migration and invasion were detected by Transwell 
assays (40 × objective lens) in HCCLM3 and Huh7 cells treated with miR-490-3p mimics or mimics NC. (P) The apoptosis and EMT-related 
proteins were detected by Western blotting. (Q) The relative levels of MDA and iron in HCCLM3 and Huh7 cells treated with miR-490-3p 
mimics or mimics NC in the erastin-induced ferroptosis assay. *p < 0.05, **p < 0.01, ***p < 0.001.  
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was determined using the CCK-8 assay. Under normal 
conditions, the IC50 values of sorafenib against 

HCCLM3 and Huh7 were approximately 17 and 7 μM, 
respectively (Figure 8A, 8B). Compared to the siRNA 
NC group, transfection with si-PART1 increased the 

sensitivity of HCCLM3 and Huh7 to sorafenib. The 
IC50 values of sorafenib against HCCLM3 cells in  

the siRNA-NC group and si-PART1 group were 17.04 
μM and 13.95 μM, respectively (Figure 8C). In Huh7  
cells, the IC50 values of sorafenib was 7.322 μM  

and 6.739 μM in the siRNA NC group and si-PART1 
groups, respectively (Figure 8D), suggesting that 
downregulation of PART1 expression increases the 

sensitivity of HCC cells to sorafenib. 
 

DISCUSSION 
 

Increasing evidence suggests that lncRNAs are 

extensively involved in ferroptosis in various cancers 
and that they have a significant impact on the  
cancer progression and treatment sensitivity. LncRNA 

PART1 is aberrantly expressed in various human 
cancers and is associated with abnormal proliferation, 

migration, invasion, apoptosis and poor prognosis.  
As a ceRNA, PART1 can promote invasion, migration, 

and proliferation by targeting miR-4516 in breast 
cancer cells [39], regulate LRG1 expression in 

colorectal cancer by sponging miR-150-5p [40], 
enhance tumorigenesis by regulating the miR-503-5p/ 
FOXK1 axis in ovarian cancer [41], and promote 

proliferation while inhibiting apoptosis in bladder 
cancer, among others. In HCC, PART1 has been 

shown to promote HCC progression by targeting the 
miR-590-3p/HMGB2 [17], miR-149-5p/MAP2K1 
[18], and miR-3529-3p/FOXC2 axis [16]. Here,  

we found that PART1 knockdown suppressed cell 
proliferation, invasion, migration, and metastasis while 
promoting apoptosis, which is consistent with the 

findings of previous reports. More importantly, to  
the best of our knowledge, this is the first study  

to uncover a novel mechanism by which PART1 
suppresses ferroptosis and promotes HCC progression 
by regulating the miR-490-3p/SLC7A11 axis, where 

PART1 acts as a ceRNA of SLC7A11 sponging miR-
490-3p to regulate the expression of SLC7A11, thus 
providing a deeper understanding of the ferroptosis 

mechanism in HCC.  
 

Accumulating evidence confirms the critical role of 
ferroptosis in tumor progression and resistance to 

 

 
 

Figure 8. Targeting the PART1/miR-490-3p/SLC7A11 axis enhances sorafenib sensitivity in HCC cells. (A, B) The IC50 values 
were measured by the CCK-8 assays in the HCCLM3 and Huh7 cells. (C, D) CCK-8 assays tested the IC50 values of sorafenib in HCCLM3 and 
Huh7 cells transfected with siRNA-PART1.1. 
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chemotherapy, radiotherapy, and even immunotherapy. 
Our study may have clinical significance for the 

diagnosis, prognostic assessment, and treatment of 
HCC. As reported in previous studies, PART1 is a 
promising biomarker for predicting the prognosis in 

pancreatic cancer [42], non-small cell lung cancer 
[43], and prostate cancer [44]. Additionally, miR-490-

3p is known to function as a tumor suppressor in 
various cancers [45]. Indeed, reducing miR-490-3p 
expression is associated with poor prognosis of HCC 

[46], Helicobacter pylori-induced gastric cancer [47], 
non-small cell lung cancer [48], colorectal cancer [49],  
and triple negative breast cancer [50]. Furthermore, 

numerous studies have confirmed that SLC7A11 is 
overexpressed in a variety of cancers and is associated 

with poor patient prognosis [51]. Consistent with 
previous results, PART1, miR-490-3p and SLC7A1 
were found to be aberrantly expressed in HCC and 

both were observed to be associated with poor 
prognosis in patients with HCC; thus, dysregulation of 
the PART1/miR-490-3p/SLC7A11 axis could serve as 

a diagnostic and prognostic marker for patients with 
HCC. Most patients with early-stage HCC have almost 

no symptoms and are often at the middle to late stage  
at the time of detection, thus screening for markers  
of early HCC is important for improving patient 

prognosis. It has been reported that miR-490-3p and 
SLC7A11 are promising molecular markers for early 
cancer diagnosis and prognosis [45, 52]. However, 

more clinical samples and data are required to 
determine the efficacy of miR-490-3p and SCL7A11 
in diagnosing early HCC. Recently, Du et al. found 

that PART1 was secreted by exosomes in oral 
squamous cell carcinoma (OSCC). Overexpression  

of exosome-mediated lncRNA PART1 inhibited the 
viabilities, migration, and invasiveness of OSCC cells 
but facilitated OSCC cell apoptosis [53]. However, 

whether it can be secreted via exosomes in HCC cells 
and whether it affects patient prognosis remain unclear. 
Exosomes are an important source for obtaining 

serological marker; however, further studies are 
needed to determine whether PART1 can be secreted 

via exosomes and used as a serological marker  
in patients with HCC. In addition, as mentioned  
above, high expression of SLC7A11 has a significant 

effect on tumor chemotherapy, radiotherapy, and even 
immunotherapy. miR-490-3p functions as a tumor 
suppressor by suppressing the proliferation, apoptosis, 

autophagy, EMT, migration, and invasion of HCC  
[19, 20, 54, 55]. In this study, we identified SCL7A11 
as a target gene of miR-490-3p. Overexpression of 

miR-490-3p significantly decreased the expression of 
SLC7A11 and increased ROS and iron accumulation, 

highlighting the potential of miR-490-3p to modulate 
the progression of HCC by regulating SLC7A11.  
It is worth exploring the possible combinations of 

treatments targeting miR-490-3p in the future for a 
better therapeutic outcome for patients with HCC.  

 
This study has some limitation that warrant discussion. 
PART1 has more than one target gene, and other 

potential targets of PART1 should be investigated in 
future studies. For example, previous studies have 

shown that PART1 is associated with apoptosis in 
tumor cells. Yu et al. found that PART1 knockdown 
facilitated apoptosis of OSCC [56], and Zheng et  

al. found that PART1 downregulation triggered cell 
apoptosis in glioma cell lines via sponging miR-190a-
3p and inactivating the PTEN/AKT pathway [57]. 

Consistent with these findings, we found that silencing 
PART1 decreased Bcl2 protein expression in HCC 

cells but increased Bax protein expression and 
promoted apoptosis in HCC cells. Bcl2 and Bax are 
important apoptosis-regulating genes. The homodimers 

of Bcl2 and Bax inhibit and induce apoptosis, 
respectively, whereas when they form a heterodimer, 
Bax can inhibit the anti-apoptotic function of Bcl2 and 

promote apoptosis. These data suggest that PART1  
is an important lncRNA that mediates the cross-

regulation between apoptosis and ferroptosis during 
the malignant progression of HCC. Current research 
suggests that PART1 plays a dual role in cancer by 

regulating cell proliferation, apoptosis, invasion and 
metastasis through multiple potential mechanisms 
[58]; that is, PART1 is upregulated in HCC, prostate 

cancer, and lung cancer and plays a role in promoting 
tumor growth. In contrast, PART1 is downregulated  
in esophageal squamous cell carcinoma and glioma 

and may suppress tumors. Thus, understanding the 
mechanisms that regulate PART1 expression in 

different tumors may be necessary for the development 
of novel therapeutic interventions against HCC and 
other tumors. In addition, the effects of PART1 and 

miR-490-3p on HCC growth and metastasis in vivo, 
especially on the sensitivity to sorafenib treatment, 
should be determined. 

 
In conclusion, we found that PART1 promoted the 

malignant progression and alleviated ferroptosis in HCC 
through the miR-490-3p /SLC7A11 axis. Our findings 
provide new insights into the mechanism by which 

PART1 promotes HCC development of HCC and 
suggest that the PART1/miR-490-3p/SLC7A11 axis is a 
potential diagnostic biomarker and therapeutic target for 

HCC, which functions by modulating ferroptosis. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figure 
 

 
 

Supplementary Figure 1. Kaplan-Meier survival analysis for the differentially expressed prognosis-related ferroptosis-
associated genes in patients with HCC. 
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Supplementary Table 
 

Supplementary Table 1. The sequences of siRNAs and miRNA mimics. 

Item Sense (5′–3′) (including overhangs) Antisense (5′–3′) (including overhangs) 

siRNA-PART1-1 GGUGUGAAAUAAAGGUUAATT UUAACCUUUAUUUCACACCTT 

siRNA-PART1-2 GAAAGUUGUUGAAUAUAAATT UUUAUAUUCAACAACUUUCTT 

siRNA-PART1-3 GAGUUGACUUUGUGUUAUATT UAUAACACAAAGUCAACUCTT 

siRNA-SLC7A11-1 GGAAGAGAUUCAAGUAUUATT UAAUACUUGAAUCUCUUCCTT 

siRNA-SLC7A11-2 GGAGUUAUGUUUAAGUAAATT UUUACUUAAACAUAACUCCTT 

siRNA-SLC7A11-3 GAGUUAGUUUGGUAUUAAATT UUUAAUACCAAACUAACUCTT 

miR-490-3p mimics CAACCUGGAGGACUCCAUGCUG GCAUGGAGUCCUCCAGGUUGUU 

The sequences of primers 

Item F R 

PART1 CAGCCATCTCACCAGACACC CAGCCTGAATCCTCAATAATCC 

SLC7A11 TCTCCAAAGGAGGTTACCTGC AGACTCCCCTCAGTAAAGTGAC  

miR-490-3p CAACCTGGAGGACTCCAT TCCAGTTTTTTTTTTTTTTTCAGCA 

 
 


