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Abstract: Objective: To explore the competing endogenous RNA (ceRNA) network related to ferroptosis in hepatocel-
lular carcinoma (HCC) and its promise for clinical application. Methods: We obtained RNA sequencing data for HCC
and relevant clinical information from The Cancer Genome Atlas (TCGA) database. To assess the involvement of
the autophagy, pyroptosis, and ferroptosis pathways in HCC, we used single-sample Gene Set Enrichment Analysis
(ssGSEA) to compute scores for each sample based on pre-defined gene sets. We conducted Weighted Gene Co-
Expression Network Analysis (WGCNA) to effectively modularize IncRNA, miRNA, and mRNA. Through extensive
correlation analyses, we pinpointed the most crucial ferroptosis-associated modules. Moreover, we utilized online
prediction tools to construct a corresponding ceRNA network. To establish the reliability of our results, we randomly
chose a ceRNA axis consisting of DNAJC27-AS1/miR-23b-3p/PPIF for experimental validation. We performed lu-
ciferase reporter assays to validate the binding sites of DNAJC27-AS1, miR-23b-3p, and PPIF. Results: We found
a significant correlation between the level of ferroptosis and the overall survival of patients with HCC. Thus, we
constructed a comprehensive ferroptosis-related ceRNA network. Our experimental findings revealed that DNAJC27-
AS1 and PPIF act as direct sponges of miR-23b-3p, and thus are capable of downregulating ferroptosis in HCC cells.
Conclusion: The ferroptosis-associated ceRNA network presented in this study represents a valuable resource for
advancing our understanding of the role of ferroptosis in HCC.
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Introduction

Hepatocellular carcinoma is the most common
type of liver cancer, with a high incidence and
mortality rate worldwide [1]. While there are
several treatment options available, the suc-
cess rates for these treatments are still unsat-
isfactory. The 5-year survival rate for HCC
patients, in particular, is only 18% [2]. The need
for expanding the therapeutic efficacy for HCC
remains unmet.

The strategy of inducing cell death is becoming
more popular as an approach to treat cancer,
including HCC [3]. Various forms of regulated
cell death (RCD) have been shown to have dif-
ferent effects on the progression of HCC [4].
Different types of regulated cell death (RCD)
have been found to have varying effects on the
progression of HCC. In 2012, Dixon et al. intro-
duced a new form of RCD known as ferroptosis,

which is distinguishable from apoptosis both by
its morphology and biochemical features [5].
Erastin, a selective inhibitor of cancer cell prolif-
eration, has been shown to trigger ferroptosis in
cancer cells [6].

Cystine is an important component for the pro-
duction of glutathione (GSH), a key regulator of
glutathione peroxidase 4 (GPX4) that helps to
reduce the levels of intracellular lipid peroxida-
tion. When there is dysfunction in the GPX4 and
related genes, accumulation of superoxide can
occur. This causes mitochondrial damage and
ultimately leads to ferroptosis [7]. Ferroptosis
can be induced by various factors, including
iron overload [8] and p53 dysregulation [9], and
is involved in a range of liver diseases such as
hepatic ischemia-reperfusion injury, liver fibro-
sis, nonalcoholic steatosis, and liver failure
[10]. Recent research has also reported the use
of inducing ferroptosis as a means of inhibiting
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liver cancer cells [11], and targeting ferroptosis
may be effective in treating sorafenib-resistant
HCC patients [12, 13]. Therefore, a better un-
derstanding of the regulatory networks involved
in ferroptosis in HCC is crucial.

Competing endogenous RNA (ceRNA) is a
sophisticated post-transcriptional regulatory
mechanism that involves INcCRNA and mRNA
competing with miRNA through response ele-
ments [14].

The classical INcRNA-miRNA-mRNA ceRNA net-
works have been widely studied and reported
in the progression and pathogenesis of various
cancers [15, 16]. In these ceRNA networks,
IncRNAs act as miRNA sponges, binding to and
inhibiting miRNA activity, which in turn results
in increased expression levels of target MRNAs.
Non-coding RNA has emerged as a critical regu-
lator of ferroptosis in cancer [17]. For example,
the IncRNA NEAT1 was shown to enhance eras-
tin-induced ferroptosis in HCC cells by promot-
ing MIOX expression through competitive bind-
ing to miR-362-3p [18]. Additionally, the inter-
action of P53RRA with G3BP1 can facilitate the
transposition of p53 into the nucleus and acti-
vate cell-cycle arrest, apoptosis, and ferropto-
sis [19]. These findings highlight the therapeu-
tic value of ceRNA for manipulating ferroptosis
for cancer treatment.

In this study, we used data from the TCGA
database to investigate the complex interplay
between ferroptosis and HCC. We analyzed
clinical and RNA expression data through
ssGSEA scoring and WGCNA analysis, which
allowed us to identify mRNAs, IncRNAs, and
miRNAs implicated in the regulation of ferropto-
sis. Using multiple online tools, we were able to
predict the IncRNA and mRNA targets of the
ferroptosis-associated miRNAs, and further
construct a ceRNA network based on hub miR-
NAs. Finally, we validated one ceRNA axis in the
network. Overall, our study lays the groundwork
for future research into the intricate regulatory
mechanisms of ferroptosis in the context of
HCC.

Methods
Data collection

The RNA sequencing data, along with associat-
ed clinical data, comprising 374 HCC samples
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and 50 adjacent samples, were acquired from
the TGCA database (http://portal.gdc.cancer.
gov/repository). The autophagy-related gene
set was obtained from the Human Autopha-
gy Database (http://www.autophagy.lu/index.
html), while the gene sets associated with fer-
roptosis and pyroptosis were summarized from
previously published studies [20, 21].

Identification of ferroptosis as the target analy-
Sis gene sets

The “limma” package was used to analyze dif-
ferentially expressed gene sets related to fer-
roptosis, autophagy, and pyroptosis. A cut-off
value was established, with the absolute value
of log fold change (|logFC|) set to be greater
than or equal to 1.5 with a P-value less than
0.05. Subsequently, the “GSVA” R package was
used to employ ssGSEA and obtain the enrich-
ment scores of the gene sets related to ferrop-
tosis, autophagy, and pyroptosis. The “survival”
R package was then used to compare the sur-
vival differences of the ssGSEA scores of the
different gene sets based on the median cutoff
value. Following analysis, the ferroptosis-asso-
ciated gene set was identified for further explo-
ration through survival analysis.

Analysis of co-expression module construction
of HCC

The co-expression analysis was conducted
using the mRNA, IncRNA, and miRNA expres-
sion data with the “WGCNA” package. The inde-
pendence and average connectivity degree of
different modules were tested using the gradi-
ent method, and power values ranging from 1
to 30 were used. The appropriate power value
was determined when the degree of indepen-
dence reached 0.8. The correlation between
each co-expression module and ferroptosis-
related ssGSEA scores was calculated, and the
module genes with the strongest correlation
were selected for construction of the ceRNA
network.

LncRNA-miRNA-mRNA network construction

To construct a INcCRNA-miRNA-mRNA network,
several steps were taken. First, miRNA-mRNA
and miRNA-IncRNA interactions were predicted
through various databases including miRmap
[22], miRanda [23], miRDB [24], TargetScan
[25], miRTarBase [26], miRcode [27], and
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Table 1. Sequence information of siRNA for study genes

Gene

Sense (5’-3)

Antisense (5'-3’)

DNAJC27-AS1 siRNA1
DNAJC27-AS1 siRNA2

GUGCCUCCAUAGUCAUUAUTT
GGAGCAGGGUGGAAAUUAATT

DNAJC27-AS1 siRNA3 GGCUCAGUUUCCUUAUAUATT
PPIF siRNA1 CUGACGAGAACUUUACACUTT
PPIF siRNA2 CAAGCAUGUUGUGUUCGGUTT
PPIF siRNA3 CAUCCAAGAAGAUUGUCAUTT

AUAAUGACUAUGGAGGCACTT
UUAAUUUCCACCCUGCUCCTT
UAUAUAAGGAAACUGAGCCTT
AGUGUAAAGUUCUCGUCAGTT
ACCGAACACAACAUGCUUGTT
AUGACAAUCUUCUUGGAUGTT

Table 2. Sequences of primers used for amplification of target genes

Gene Primer sequence (5'-3")
PPIF-F CGCTTTCCTGACGAGAACTTT
PPIF-R TCTTTGACGTGACCGAACACA
DNAJC27AS1-F GAGAGTCCGTGTGAGAACCG
DNAJC27AS1-R CCACCCACACTCTGAAGGAC

miR-23b-3p-RT

miR-23b-3p-F GCTAATCACATTGCCAGGGAT
GAPDH-F GGAGCGAGATCCCTCCAAAAT
GAPDH-R GGCTGTTGTCATACTTCTCATGG
U6B-2Q-F CTCGCTTCGGCAGCACA
U6-2Q-R AACGCTTCACGAATTTGCGT
Universal R (URP) Long A GTGCAGGGTCCGAGGT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGGTA

F: Forward, R: Reverse.

STRBase [28]. Secondly, both the IncRNAs
and mRNAs were identified by negatively co-
expressing them with one same miRNA. Finally,
the identified IncRNAs, mRNAs, and miRNAs
were intersected to identify candidates for net-
work construction. The ceRNA regulatory net-
work was visualized using Cytoscape 3.8.1.

Cell lines and cell transfection

HepG2 cells, BEL7402 cells, Hep2b, and HUH7
cells were obtained from the American Type
Culture Collection (ATCC) and cultured in
Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS) from Hyclone, 100 U/mL of penicillin from
Gibco, and 0.1 mg/mL of streptomycin from
Gibco. The cells were maintained at 37°C in a
humidified atmosphere of 95% O, and 5% CO,,.

The overexpression plasmids and siRNAs of
DNAJC27-AS1, PPIF, and inhibitors of miR508-
3p were provided by GenePharma Co., Ltd.
(Shanghai, China). The overexpression plasmid
vector used was a pEX-3 vector, while the siRNA
sequences for DNAJC27-AS1 and PPIF can be
found in Table 1. Cells were transfected with
varying siRNAs in MEM medium using 90 nM of
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each siRNA duplex or with 0.8 ug of different
plasmids using Lipofectamine 2000 transfec-
tion reagent (Thermo Fisher Scientific, Inc.,
USA) according to the manufacturer’s instruc-
tions. After 48 h of transfection, cells were har-
vested for further experiments.

Fluorescence quantitative real-time PCR

Quantitative RT-PCR was carried out according
to the manufacturer’s instructions. First, total
RNA was isolated using the TRIpure Reagent
(RP1001, Bioteke Co., Ltd., Beijing, China), and
reverse transcription was performed on 1 ug of
RNA using the BeyoRT Il M-MLV kit (D7160L,
Beyotime, Shanghai, China). The resulting
cDNAs were then used for semi-quantitative
PCR using 2xTaq PCR MasterMix (PC1150,
Solarbio Life Science Co., Ltd., Beijing, China)
and SYBR Green (SY1020, Solarbio Life Scien-
ce Co., Ltd.). The gPCR instrument (Light-
Cycler®480 Il, Roche, Switzerland) was used to
amplify the samples, and fluorescence was
measured after each extension step. Melting
curves were used to confirm the specificity of
the PCR products. Finally, the 22T method
was employed for data analysis. Specific primer
sets for each gene are detailed in Table 2.
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Luciferase reporter assay

Based on the mentioned predictions, the wild-
type (wt) binding site sequence was amplified
by PCR and cloned into a dual-luciferase report-
er vector, pmirGLO. A site-directed mutation
(mut) was also created at the possible target
site of the target gene. The obtained recombi-
nant plasmids were co-transfected with miR-
23b-3p mimics into logarithmically growing
293T cells. Two experimental groups were cre-
ated, with the first group consisting of pmirGLO-
WiDNAJC27-AS1+NC mimics, pmirGLO-mutD-
NAJC27-AS1+NC mimics, pmirGLO-wtDNAJC27-
AS1+miR-23b-3p mimics, and pmirGLO-mutD-
NAJC27-AS1+miR-23b-3p mimics. The second
group consisted of pmirGLO-PPIF-wtUTR+NC
mimics, pmirGLO-PPIF-mutUTR+NC mimics,
pmirGLO-PPIF-wtUTR+miR-23b-3p mimics, and
pmMirGLO-PPIF-mutUTR+miR-23b-3p mimics. Af-
ter 48 hours, luciferase activity was measur-
ed with a multifunction microplate reader
(M200Pro, Tecan, Switzerland), and the Dual
Luciferase Reporter Gene Assay Kit (cat. no.
KGAF040) from KeyGEN BioTECH Co., Ltd.
(Jiangsu, China) was used. The control was set
as the first group in each experiment.

Western blotting

TP53 antibody (cat. no. PAA928Ra01. Con-
centration used: 1/800), and PPIF antibody
(cat. no. PAB549Hu01. Concentration used:
1/1000) were purchased from Uscn Life
Science Inc., Wuhan, China. SLC7A11 anti-
body (cat. no. ab175186. Concentration used:
1/1000), GPX4 antibody (cat. no. ab40993.
Concentration used: 1/1000), and GAPDH anti-
body (cat. no. ab8245. Concentration used:
1/1000) were purchased from Abcam (Cam-
bridge, UK). HepG2 and BEL7402 cells were
collected and rinsed with PBS post-treatment
with drugs or genetic modifications. The total
cellular protein was extracted using a protein
extraction buffer including NaCl, Tris (pH 7.2),
EDTA, Triton X-100, glycerol, and SDS. Equal
amounts of proteins (50 pg/lane) were sepa-
rated by 10% SDS-PAGE and transferred onto
PVDF membranes. The membranes were then
immunoblotted with primary antibodies, fol-
lowed by incubation with peroxidase-conjugat-
ed goat anti-mouse or anti-rabbit secondary
antibodies. Staining was conducted using an
enhanced chemiluminescence system, and
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image acquisition was conducted using a scan-
ner (CanoScan 5600F, Tokyo, Japan).

Reactive oxygen species (ROS) and mitochon-
drial membrane potential detection

The Cellular ROS Assay Kit (cat. no. ab113851,
Abcam) and Novocyte Flow Cytometer (ACEA,
Bioscience, USA) were employed to quantify the
levels of ROS in cells. The JC-1 assay kit (cat.
no. M8650, Solarbio Life Science Co., Ltd.) was
used to measure the mitochondrial membrane
potential of the cells and flow cytometry analy-
sis with excitation set to 488 nm was used for
detection. All steps were strictly in accordance
with the instructions.

Cell viability and GSH assay

The Cell Counting Kit-8 (CCK-8) (cat. no. CKO4.
Dojindo Laboratories, Kumamoto, Japan) was
utilized to detect the cell viability. To detect
GSH levels, a GSH ELISA kit (cat. no. CEA294Ge,
Uscn Life Science Inc.) was employed. All
steps were strictly in accordance with the
instructions.

Statistical analysis

Statistical analysis of the data was performed
using GraphPad Prism 8 software (GraphPad,
Inc., San Diego, CA, USA). Normally distributed
data were presented as mean + standard devi-
ation and compared using Student’s t-test for
two groups or one-way analysis of variance
(ANOVA) for multiple groups. Post-hoc analysis
was conducted using Tukey’s multiple compari-
son test, and P values were corrected using the
Bonferroni method. Non-normally distributed
data were presented as median and interquar-
tile range and analyzed using non-parametric
tests. Spearman’s correlation analysis was per-
formed to test the correlation between vari-
ables. All statistical analyses were two-sided,
and P<0.05 or less than the adjusted value was
considered significant.

Results

Ferroptosis was associated with the overall
survival of HCC patients

The flowchart depicting the methodology uti-

lized in this study is presented in Figure 1.
Initially, ssGSEA was conducted to determine

Am J Transl Res 2023;15(6):3912-3927



Ferroptosis-related competing endogenous RNA network in hepatocellular carcinoma

ceRNA regi

lat

genes in HCC

ism of ferroptosi

'

TCGA-mRNA data and gene sets of interest

sSGSEA analysis of samples based on autophagy,
pyroptosis, and ferroptosis gene sets

!

based on enrichment scores

'

Difference analysis, survival analysis

Select a phenotype with survival significance or
significant difference in enrichment scores

'

Ferroptosis

|

WGCNA of IncRNAs or mRNAs or miRNAs

exhibited poorer prognosis
(P=0.018), as illustrated in
Figure 2D-F.

Identification of ferroptosis-
associated genes using
WGCNA

The analysis showed that
the WGCNA reached a scale
independence value of 0.805,
ensuring a relatively high-
average connectivity (Figure
3A). Following the construc-
tion of a clustering tree and
the division of mRNA genes
into different modules, corre-
lation analysis was conducted
between gene expression in

12

Ferroptosis-related mRNAs and IncRNAs

Ferroptosis-related miRNAs

) each module and ferroptosis-

related ssGSEA scores. The

| genes in the royal blue and

¥ 2

Enrichment analysis
; modules

|

ceRNA network construction

|

Target gene prediction for genes in corresponding

Select one ceRNA axis for laboratory validation

I

salmon modules had the mo-
st positive correlation, while
the grey module had the most
negative correlation, with the
enrichment scores (Figure
3B, 3C). In the WGCNA analy-
sis of INnCRNAs, the genes in
the dark green and dark red
modules had the most posi-

¥ v

¥

ROS, GSH, CCKS, JC-1 qPCR, Western blot

tive correlation, while the
genes in the blue module had

Dual Luciferase Reporter
assay

Figure 1. Flow chart in this study.

the expression levels of genes associated with
pyroptosis, autophagy, and ferroptosis for each
sample. Further, the enrichment scores of the
genes were analyzed and depicted by a heat
map and boxplot, as shown in Figure 2A and
2B. Subsequently, a comparative analysis of
the enrichment scores between cancerous and
non-cancerous tissues was performed. It was
observed that while the ferroptosis-related
enrichment scores remained unchanged, there
was a significant difference in the pyroptosis
and autophagy-related scores between the two
tissues, as depicted in Figure 2C. Moreover,
Kaplan-Meier survival analysis was conducted
to find a correlation between these enrich-
ment scores and patient prognosis. Strikingly,
patients with higher ferroptosis-related scores
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the most negative correlation
with the enrichment scores
(Figure 3D-F). Additionally,
the miRNAs in the turquoise
module had the most positive correlation, while
the miRNAs in the red module had the most
negative correlation with the enrichment scores
(Figure 3G-I). Overall, these findings suggest
that the different modules and their respective
genes and miRNAs play important roles in regu-
lating ferroptosis.

The construction of a ceRNA network related
to ferroptosis in HCC

After utilizing several bioinformatic tools to pre-
dict the miRNA-mRNA and miRNA-IncRNA inter-
actions within the modules that had the stron-
gest correlation with ferroptosis enrichment
scores, we identified a total of 652 pairs of miR-
NAs that positively correlated with ferroptosis
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Figure 3. Analysis of network topology for various soft-thresholding powers, clustering dendrograms for the three types of genes, and heatmap for the relationships
of the module trait. A. In the WGCNA analysis of mRNA, the soft-thresholding power was set to 6. B. A total of 20 mMRNA co-expression modules were constructed
and shown in different colors. C. Each color corresponds to a module eigengene of mRNA; each cell contains the corresponding ferroptosis correlation and P-value.
D-F. In the WGCNA analysis of IncCRNA, the soft-thresholding power was set to 4, a total of 18 mRNA co-expression modules were constructed, and the corresponding
correlation between modules and ferroptosis is shown. G-I. The WGCNA analysis of miRNA.

3918 Am J Transl Res 2023;15(6):3912-3927



Ferroptosis-related competing endogenous RNA network in hepatocellular carcinoma

ML

IncRNA
miRNA
mRNA

IncRNA

mMiRNA

mRNA

IncRNA
miRNA
mRNA

IncRNA

miRNA

mRNA

Figure 4. ceRNA network construction. A. The ceRNA network consists of the negative ferroptosis-related IncRNAs
and mRNAs and the positive ferroptosis-related miRNAs. B. The ceRNA network consists of the positive ferroptosis-
related INcRNAs and mRNAs and the negative ferroptosis-related miRNAs.

and mRNAs that negatively correlated with
ferroptosis. In addition, 33 pairs of miRNAs
that negatively correlate with ferroptosis and
mMRNASs that positively correlate with ferroptosis
were discovered.

After predicting the binding of miRNAs to
IncRNAs, we were able to identify 11 pairs of
miRNAs that were positively correlated with fer-
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roptosis and IncRNAs that were negatively cor-
related with ferroptosis. Additionally, 13 pairs
of miRNAs that were negatively correlated with
ferroptosis and IncRNAs that were positively
correlated with ferroptosis were found. After
merging the aforementioned predictions, the
ceRNA network focusing on miRNAs linked to
ferroptosis either positively or negatively can
be seen in Figure 4A and 4B, correspondingly.
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Verification of the DNAJC27-AS1/miR-23b-3p/
PPIF ceRNA axis

To validate the credibility of the ferroptosis-
related ceRNA network, we randomly selected
two ceRNAs for experimental validation in the
laboratory, namely DNAJC27-AS1/miR-23b-3p/
PPIF and AC004988.1/miR-508-3p/C80rf33.
Through gPCR verification, it was found that the
expression levels of DNAJC27-AS1 and miR-
23b-3p showed significant differences in the
four human HCC cell lines. Therefore, we chose
DNAJC27-AS1/miR-23b-3p/PPIF as the target
for our validation experiments (Figure 5A-C).
We subsequently constructed overexpression
plasmids and siRNA for DNAJC27-AS1, miR-
23b-3p, and PPIF, and confirmed their efficacy
(Figures 5D-G, 6A, 6E).

Following the overexpression or interference
with miR-23b-3p, the expressions of DNAJC27-
AS1 and PPIF demonstrated opposite altera-
tions. Similarly, interference with DNAJC27-AS1
resulted in decreased PPIF expression, while
the overexpression of PPIF led to increased
DNAJC27-AS1 expression (Figure 6A-F). The
results from the dual luciferase reporter assay
confirmed that miR-23b-3p directly interacts
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with PPIF and DNAJC27-AS1, and modulates
their expression (Figure 6G, 6H).

DNAJC27-AS1/miR-23b-3p/PPIF can regu-
late ferroptosis in HCC cells through a ceRNA
mechanism

Knockdown of DNAJC27-AS1 expression elicit-
ed a concomitant decrease in GSH levels in
BEL7402 cells, which could be restored by
administration of Fer-1. Importantly, the GSH-
protective effect of Fer-1 was nullified by both
overexpression of PPIF and inhibition of miR-
23b-3p. In line with these findings, miR-23b-3p
mimics contributed to reduced GSH levels,
which, nonetheless, could be rescued upon
PPIF overexpression (Figure 7A). Encouragingly,
we demonstrated that the DNAJC27-AS1 over-
expression plasmid was capable of reinstating
GSH levels in HepG2 cells upon Erastin-
mediated depletion. Moreover, the observed
increase in GSH levels due to DNAJC27-AS1
upregulation was blunted upon PPIF downregu-
lation or miR-23b-3p upregulation (Figure 7B).
CCK8 assays and ROS detection highlighted
the cytoprotective roles of both DNAJC27-AS1
and PPIF in counteracting ROS-related cell
damage, whereas miRNA exacerbated these
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Figure 6. DNAJC27-AS1 and PPIF regulate each other’s expression through direct interaction with miR-23b-3p. A.
miR-23b-3p mimics can inhibit the transcription level of DNAJC27-AS1 and the efficiency verification of siDNAJC27-
AS1. B, C. Both miR-23b-3p mimics and siDNAJC27-AS1 can inhibit the transcriptional level and the expression of
PPIF. D. The miR-23b-3p inhibitor can elevate the transcriptional level of PPIF and the efficiency verification of the
PPIF overexpression plasmid. E, F. Both miR-23b-3p inhibitor and PPIF overexpression can elevate the transcrip-
tional level and the expression of DNAJC27-AS1. G. DNAJC27-AS1 and miR-23b-3p have direct interaction at posi-
tions 107 to 128 of DNAJC27-AS1. H. PPIF and miR-23b-3p have direct interaction at positions 109 to 116 of PPIF.
OE refers to overexpression. BEL refers to the BEL7402 cell line. NC refers to negative control. Wt refers to the wild
type. Mut refers to mutant. “*P<0.001.
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Figure 7. DNAJC27-AS1/miR-23b-3p/PPIF regulated ferroptosis in HCC cells. A. Detection of GSH content in BEL
cells. B. Detection of GSH content in HepG2 cells. C. Cell viability assays in BEL cells. D. Cell viability assays in
HepG2 cells. E. siDNAJC27-AS1 and miR-23b-3p mimic promote ROS production in BEL cells, while miR-23b-3p
inhibitor and PPIF overexpression reduce ROS production. F. DNAJC27-AS1 overexpression reduces ROS production
in HepG2 cells, while siPPIF promotes ROS production. LncRNA refers to DNAJC27-AS1. MiR refers to miR23b-3p.
BEL refers to the BEL7402 cell line. OE refers to overexpression. “P<0.05, “*P<0.01, “"P<0.001.

detrimental effects of ROS accumulation The ferroptosis markers, namely GPX4,
(Figure 7C-F). SLC7A11, and TP53, have confirmed the ability
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of the DNAJC27-AS1/miR-23b-3p/PPIF axis to
regulate ferroptosis in HCC (Figure 8A, 8B).
Our findings indicated that DNAJC27-AS1 and
PPIF can effectively restore the decreased
mitochondrial membrane potential in HCC cells
that has been induced by Erastin. Additionally,
miR-23b-3p has been identified as an active
inducer of mitochondrial membrane potential
by modulating the expression levels of DNAJ-
C27-AS1 and PPIF (Figure 8C, 8D). The regula-
tory mechanism of the identified ceRNA axis on
ferroptosis is illustrated in Figure 9.

Discussion

Hepatocellular carcinoma (HCC) ranks as the
second most frequent cause of cancer-related
death worldwide. It can evade established
anti-cancer therapies [29]. Sorafenib, an FDA-
approved drug for the systemic treatment of
advanced HCC, has been shown to be suscep-
tible to drug resistance. In this context, promot-
ing ferroptosis may represent a promising strat-
egy to overcome sorafenib resistance and
enhance its therapeutic effectiveness. Recent
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Figure 8. DNAJC27-AS1/miR-23b-3p/
PPIF regulated ferroptosis through a
ceRNA mechanism. A, B. Immunoblot-
ting of ferroptosis markers GPX4, TP53,
and SLC7A11 in each group of HCC cells.
BEL refers to the BEL7402 cell line. OE
refers to overexpression. “*P<0.001. C,
D. Mitochondrial membrane potential
detection of HepG2 cells in each group.

studies have revealed a number of pathways
and genes that are linked to ferroptosis and
sorafenib resistance in HCC, such as TP53
mutant [30], Rb protein [31], and the p62-
Keapl-Nrf2 pathway [32]. While we observed
no significant differences in the scores of
the ferroptosis gene set between cancerous
and non-cancerous tissues, the association
between ferroptosis and overall patient surviv-
al indicates its potential as a therapeutic
target.

Many IncRNAs are closely associated with the
occurrence and development of HCC. They may
regulate HCC progression by ceRNA mecha-
nisms. For example, the IncRNA MALAT1 has
been shown to promote HCC migration and
invasion through three ceRNA pathways:
MALAT1/miR-30a-5p/Vimentin, MALAT1/miR-
204/SIRT1, and MALAT1/miR-143-3p/ZEB1
[33-35]. Interestingly, the same IncRNA can
mediate different phenotypes by interacting
with different miRNAs. Another highly upregu-
lated IncRNA in HCC is HULC, which affects the
expression of CREB by sponging miR-372 to
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o
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Erastin’

enhance chromatin accessibility and transcrip-
tion [36]. HULC also increases ZEB1 expression
by sponging miR-200a-3p, thereby accelerating
the epithelial-mesenchymal transition of HCC
cells [37]. Moreover, the HULC/USP22/SIRT1
pathway has been shown to weaken the che-
mosensitivity of HCC cells toward chemothera-
peutic agents by acting as a protective autoph-
agy ceRNA pathway [38]. We identified several
modules that were most related to ferroptosis
and constructed a ferroptosis-related ceRNA
network in HCC. When multiple prediction soft-
ware programs indicated the exact interaction
between two RNAs, we incorporated this inter-
action into the network construction.

The gene encoding DNAJC27-AS1 is situated in
the central region of the long arm of chromo-
some 2. A comprehensive investigation into
open-angle glaucoma revealed that the biopro-
cess of DNAJC27-AS1 is enriched in regulating
key cancer-associated and ferroptosis-related
pathways, specifically the MAPK and Wnt path-
ways [39]. Our research confirms that DNAJC27-
AS1 modulates the ferroptotic response in
HCC cells, with overexpression of DNAJC27-
AS1 leading to reduced cellular death induced
by Erastin and decreased levels of ROS, while
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Figure 9. Schematic illustration of the mechanism of DNAJC27-AS1/
miR-23b-3p/PPIF ceRNA axis regulating ferroptosis in HCC cells.
MMP refers to mitochondrial membrane potential. L-ROS refers to
lipid ROS. VDACs refers to voltage-dependent anion channels.

restoring the GSH levels that are typically
reduced when Erastin is present. Furthermore,
DNAJC27-AS1 directly interacts with miR-23b-
3p to regulate the expression of its target gene,
PPIF.

Previous studies have highlighted miR-23b-3p
as an oncogene in HCC, with elevated levels
predicting a poorer prognosis for patients [40].
It also was found that the level of circulating
miR-23b-3p in the serum of HCC patients
was significantly increased after sorafenib
treatment [41]. SNGH16 and EGF1 regulate
autophagy and sorafenib resistance in HCC
cells through a ceRNA mechanism by regulating
miR-23b-3p [42]. In addition, IncRNA HOTAIR
increased the expression of ZEB1 by sponging
miR-23b-3p, thereby promoting HCC invasion
and metastasis [43]. However, to date, there is
no comprehensive report on any correlation
between miR-23b-3p and ferroptosis in HCC.
Our study sheds light on this aspect and uncov-
ers the intricate mechanisms underlying the
regulation of HCC cell ferroptosis by miR-23b-
3p through a ceRNA mode.

The PPIF gene encodes a protein that functions
as a peptidyl-prolyl cis-trans isomerase, cata-
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lyzing the isomerization of proline imine pep-
tide bonds in oligopeptides and contributing
to protein folding [44]. In this study, we have
identified PPIF as a negative regulator of ferrop-
tosis in liver cancer cells. Overexpression of
PPIF can effectively rescue ferroptosis caused
by DNAJC27-AS1 knockdown or miR-23b-3p
mimics. Importantly, we have elucidated the
regulatory role and the mechanism of the
DNAJC27-AS1/miR-23b-3p/PPIF ceRNA axis in
modulating ferroptosis in HCC.

Although this study is innovative in establishing
a ferroptosis-associated ceRNA network in
HCC, there are still some limitations that need
to be addressed. First, the other ceRNA axes
included in the constructed ceRNA network still
need to be validated in future studies. Second,
the experiments were carried out only in vitro,
so further in vivo experiments and clinical trials
are indispensable. Third, additional RNA inter-
action experiments are required to confirm the
results.

Conclusion

In summary, our analysis has identified key
IncRNAs, mRNAs, and miRNAs that are closely
associated with ferroptosis in HCC. We have
constructed a comprehensive ceRNA network
incorporating these gene modules, which
serves as a valuable resource for investigating
the mechanisms of ferroptosis in HCC. More-
over, we have validated the significance of one
of the ceRNA interactions in this network - the
DNAJC27-AS1/miR-23b-3p/PPIF pathway - pro-
viding concrete evidence of the relevance of
our findings. Our study might represent a step
towards unlocking the mysteries of ferroptosis
in HCC.
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