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ARTICLE INFO ABSTRACT

Keywords: Background: Hepatocellular carcinoma (HCC) continues to endanger human health worldwide.
Hepatocellular carcinoma Regulatory networks of competing endogenous RNAs (ceRNAs) play important roles in HCC.
TP53

TP53 is the second most often altered gene in HCC and has a significant role in regulating target

E&Iré%%t;r;gl endogenous RNA genes such as miRNAs and IncRNAs.

TCL6 Methods: Data from patients with TP53 mutation were collected through the cBioPortal database
miR-139-5p and differential analysis was performed to screen RNAs related to TP53 mutation. The IncRNA-
MEX3A miRNA-mRNA relationship was predicted by the miRcode, miRDB, and TargetScan databases.

The ceRNA networks were screened and visualized by Cytoscape. Core ceRNA networks were
generated by differential analysis, coexpression analysis, prognostic analysis and subcellular
localization. Finally, methylation, mutation, PPI, GSEA, immunity and drug sensitivity analyses of
MEX3A were performed to determine the role of MEX3A in HCC.

Results: We identified 1508 DEmRNAs, 85 DEmiRNAs and 931 DEIncRNAs and obtained a ceRNA
network including 28 IncRNAs, 4 miRNAs and 31 mRNAs. Twenty hub DERNAs in the TP53-
altered-related ceRNA network were screened out by Cytoscape and the core ceRNA network
(LINC00491/TCL6-hsa-miR-139-5p-MEX3A) was obtained by multiple analyses. In addition, we
discovered that the methylation level of MEX3A was decreased and the mutation frequency was
raised in HCC. Furthermore, elevated MEX3A expression was associated with alterations in the
HCC immunological microenvironment.

Conclusion: We successfully constructed a reciprocal ceRNA network, which could provide new
ideas for exploring HCC mechanisms and therapeutic approaches.

1. Introduction

Primary liver cancer is a significant global health concern, ranking as the sixth most prevalent cancer and the third leading cause of
cancer mortality, with its incidence increasing annually. In 2020, there were 905,677 new cases of liver cancer and 830,180 liver
cancer-related deaths worldwide [1]. Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer, accounting
for approximately 75%-85 % of all liver malignancies. The primary risk factors for liver cancer include viral hepatitis, alcohol con-
sumption, obesity, type 2 diabetes, and smoking [1]. The 5-year survival rate for HCC is a mere 18 % [2], highlighting the urgent need
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Abbreviation

Abbreviation Full name

AFP Alpha fetoprotein

BP Biological process

CC Cellular component

ceRNA  Competing endogenous RNA
ceRNETs Competing endogenous RNA networks
cfDNA  Cell-free DNA

CNV Copy number variation

CTCs Circulating tumor cells

ctDNA  Circulating tumor DNA

CTLs Cytotoxic T lymphocytes

CTRP Cancer therapeutics response portal

DE Differentially expressed

DFS Disease-free survival

DSS Disease-specific survival
GSEA Gene Set Enrichment Analysis
HCC Hepatocellular carcinoma
ICIs Immune checkpoint inhibitors
IPS Immunophenoscore

KEGG  Kyoto Encyclopedia of Genes and Genomes
MEX3A Mex-3 RNA binding family member A

MF Molecular function

MREs MiRNA response elements
oS Overall survival

PFS Progression-free survival
PPI Protein-protein interaction

TACE Transarterial chemoembolization
TCGA The Cancer Genome Atlas
TCL6 T cell leukemia/lymphoma 6

TIDE Tumour immune dysfunction and exclusion
TIMER  Tumour immune estimation resource
TKIs Tyrosine kinase inhibitors

TP53 Tumour protein p53

for comprehensive understanding of the molecular mechanisms underlying HCC to improve liver cancer treatment. By 2030, HCC is
predicted to become the third leading cause of cancer-related mortality [3].

With the advancement of high-throughput sequencing technology, research on the pathogenic genes responsible for the devel-
opment of HCC has become increasingly sophisticated. Among the various driver gene mutations implicated in HCC, TP53 mutations
are the second most common, present in 25 %-30 % of HCC patients [4]. Strikingly, the prevalence of TP53 mutations increases to
almost 60 % in Hepatitis B virus-induced HCC [5]. Wild-type TP53 protein is essential for DNA damage repair, cell cycle regulation,
apoptosis, and cellular senescence [6]. Patients with TP53 mutations exhibit poorer prognoses than those without such mutations, with
lower overall survival (OS) and recurrence-free survival (RFS) [7]. Moreover, TP53 mutation impacts serum alpha fetoprotein (AFP)
levels [8], promotes HCC microvascular invasion [9], and contributes to a poorly differentiated tumor [10]. Hence, it is imperative to
understand the precise role of TP53 in the development of HCC.

Noncoding RNAs (ncRNAs) are a class of RNAs that do not encode proteins, with IncRNAs, miRNAs, pseudogenes, and circRNAs
being primarily involved in posttranscriptional regulation [11]. LncRNAs, circRNAs, mRNAs, and pseudogenes can modulate miRNA
function by binding to miRNA response elements (MREs) in miRNA coding regions [12]. When multiple ncRNAs have the same MRE,
they compete for miRNA binding, resulting in the formation of competing endogenous RNAs (ceRNAs) [13]. These RNAs can engage in
crosstalk and create ceRNA networks (ceRNETSs), which regulate various cellular processes. Dysregulation of ceRNETs in normal cells
can cause malignant changes [14]. Although the composition and function of most ceRNETs remain unknown, exploring
ceRNA-related pathways in HCC can aid in the diagnosis and treatment of the disease.

In this study, we aimed to establish a comprehensive ceRNA network for HCC based on the TP53 mutation status. The workflow of
the study is depicted in Fig. 1. Firstly, we segregated 347 HCC samples into two groups, the TP53-mutated group and the TP53-wild
type group. We performed differential expression analysis to identify differentially expressed (DE) RNAs (IncRNAs, miRNAs, mRNAs),
and then constructed a IncRNA-miRNA-mRNA triple regulatory network. Furthermore, we conducted functional enrichment analysis
to understand the functional roles and underlying mechanisms of the ceRNA network. Key ceRNA networks were identified based on
the results of expression analysis, prognostic analysis, and subcellular localization prediction. We also performed correlation analysis
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Fig. 1. Flow chart of this study.

between the predicted genes and clinical parameters to determine their clinical significance. Our findings revealed that the
LINC00491/TCL6-hsa-miR-139-5p-MEX3A axis plays a pivotal role in HCC. We further explored the changes in MEX3A in HCC
through methylation and mutation analyses, ascertained the role of MEX3A in liver cancer through protein—protein interaction (PPI)
and Gene Set Enrichment Analysis (GSEA), and conducted immune infiltration analysis and related drug screening to investigate the
potential biological function of MEX3A in HCC.

2. Materials and methods
2.1. Data source

We acquired the IncRNA and mRNA expression data of 50 normal and 371 HCC patients, and miRNA expression data of 50 normal
and 375 HCC patients, from the Cancer Genome Atlas (TCGA) database. Clinical data was also obtained from TCGA. TP53 mutation
status was identified using cBioPortal (www.cbioportal.org/), and after merging the mutation data and transcriptome data, we
selected 347 patients (111 patients with TP53 mutation and 236 patients without TP53 mutation) for subsequent analysis. We also
obtained the copy number variation (CNV) data for TP53 and MEX3A from cBioPortal.

2.2. DE genes and functional enrichment analysis

To investigate the DE RNAs associated with TP53 mutation status in HCC, we performed a differential expression analysis [15,16].
Specifically, we applied a statistical threshold of p < 0.05 and log2|fold change| > 0.7 to identify DEIncRNAs, DEmRNAs, and
DEmiRNAs. The volcano plots of DE genes were constructed to visualize the expression differences, and the top 15 DE genes (including
IncRNAs, mRNAs, and miRNAs) were further displayed in heatmaps. To gain insights into the potential functions of these DE genes,
Kyoto Encyclopedia of Genes and Genomes (KEGG), biological process (BP), cellular component (CC), and molecular function (MF)
enrichment analyses were performed by Metascape for DEmRNAs and FunRich for DEmiRNAs’ targeted genes.

2.3. Construction of a ceRNA network in HCC

To investigate the interactions between IncRNAs and miRNAs, we utilized the miRcode database (http://www.mircode.org/) and
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integrated DEIncRNAs and DEmiRNAs to identify potential IncRNA-miRNA pairs. We then utilized the miRDB (http://mirdb.org/) and
TargetScan (http://www.targetscan.org/) databases to predict the targeted mRNAs of these miRNAs and intersected them with
DEmRNAs to generate miRNA-mRNA pairs. Using these predicted pairs, we constructed a ceRNA network for HCC utilizing Cytoscape.
The cytoHubba plug-in was used to identify a hub ceRNA network composed of 20 genes based on the betweenness among all nodes.

2.4. Prediction of the subcellular locations of IncRNAs

As a ceRNA, IncRNA can act as a miRNA sponge by binding to miRNA in the cytoplasm, which results in the reduced activity of
miRNA and indirectly upregulates the expression of miRNA target genes. To determine the subcellular location of the four IncRNAs, we
obtained their sequences from IncBook (https://ngdc.cncb.ac.cn/Incbook/) and submitted them to IncLocator (http://www.csbio.sjtu.
edu.cn/bioinf/IncLocator/) for prediction.

2.5. Co-expression analysis

We performed Pearson’s correlation analysis to investigate the potential regulatory relationships between IncRNA-miRNA,
IncRNA-mRNA, and miRNA-mRNA pairs in HCC. P-value <0.05 and |R| > 0.1 were used as the criteria to identify pairs with po-
tential regulatory effects.

2.6. Methylation analysis of MEX3A

We utilized the Tumor Immune Estimation Resource (TIMER) database to explore the correlation between MEX3A expression and
three DNA methyltransferases. To examine the methylation status of MEX3A in normal and HCC tissues, we performed an analysis
using UALCAN (http://ualcan.path.uab.edu/). We also investigated the association between MEX3A expression and its methylation
level through cBioPortal. Moreover, we assessed the relationships between various methylation sites and their impact on expression
and prognosis using MethSurv (https://biit.cs.ut.ee/methsurv/) and MEXPRESS (https://mexpress.be/).

2.7. PPI and GSEA

In order to investigate the potential mechanism of MEX3A in HCC, we conducted a thorough analysis of its PPI using GeneMANIA
(http://genemania.org/). Moreover, to identify the key signaling pathways and immune-related pathways that might be implicated in
this process, we performed GSEA based on the expression of MEX3A. By doing so, we aimed to shed light on the underlying molecular
mechanisms of MEX3A in HCC.

2.8. Immune cell infiltration, immune checkpoints and immune therapy analysis

We utilized the ESTIMATE algorithm to calculate immune, stromal, and ESTIMATE scores in our analysis. To determine the
correlation between MEX3A expression and immune cell infiltration, we employed several algorithms including TIMER, CIBERSORT,
CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, and EPIC. Furthermore, we used ten immune checkpoints, namely ADORA2A,
CSF1R, CTLA4, IL10, IL10RB, LGALS9, PDCD1, TGFB1, TGFBR1, and VTCN1, to assess their association with MEX3A expression using
the TIMER algorithm. To evaluate the immune dysfunction and exclusion in HCC patients, we utilized the Tumor Immune Dysfunction
and Exclusion (TIDE) algorithm. By uploading the transcriptome data to the TIDE website (http://tide.dfci.harvard.edu), we obtained
the TIDE score and the responsiveness of HCC patients to immunotherapy. The immunophenoscore (IPS), including MHC molecules,
effector cells, immune checkpoints and immunosuppressive cells, can determine immunogenicity. We obtained IPS, IPS-CTLA4
blocker, IPS-PD1/PDL1/PDL2 blocker and IPS-CTLA4-and PD1/PDL1/PDL2 blocker from The Cancer Immunome Atlas (TCIA,
https://tcia.at/).

2.9. Clinical correlation analysis

We conducted a comparative analysis of the expression levels of LINC00491, TCL6, hsa-miR-139-5p, MEX3A, and TP53 across
different tumor stages and degrees of tumor differentiation. Additionally, we utilized the prognostic data available on cBioPortal to
calculate OS, disease-free survival (DFS), disease-specific survival (DSS), and progression-free survival (PFS) to gain insights into the
potential clinical significance of these genes.

2.10. Drug sensitivity analysis

We performed drug sensitivity analysis of MEX3A using GSCALite (http://bioinfo.life.hust.edu.cn/GSCA/) by analyzing the small
molecules and drugs obtained from the cancer therapeutics response portal (CTRP). The top six drugs that showed the highest cor-
relation with MEX3A expression levels were selected for further investigation. To gain a better understanding of the chemical
structures of these drugs, we generated 3D figures of the six drugs using PubChem (https://pubchem.ncbi.nlm.nih.gov/).
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Fig. 2. Overview of the tumor suppressor TP53 in HCC. (A) RNA expression of TP53 in various normal tissues. (B) Relative TP53 expression in
normal and tumor tissues of HCC patients. (C) TP53 expression in different tumor stages. (D) TP53 expression in different degrees of tumor dif-
ferentiation. (E) Frequency of genetic alterations with TP53 in HCC from cBioPortal. (F) TP53 expression in different copy-number alterations of
TP53. (G) Correlation between expression and copy-number values of TP53. Prognostic analysis between TP53 mutated and wild type groups,
including OS (H), DFS (I), DSS (J), and PFS (K). HCC, Hepatocellular carcinoma; OS, Overall survival; DFS, Disease Free survival; DSS, Disease-
sApeciﬁc survival; PFS, Progression Free survival.

2.11. Dual luciferase reporter gene assay

The dual-luciferase reporter assay was performed in accordance with the manual provided with the Dual Luciferase Reporter Assay
Kit (Vazyme, China). First, the amount of plasmid needed for transfection was calculated. Cell lysis and fuorescence intensity as-
sessments were performed 48h after transfection.
3. Results
3.1. Functional analysis of TP53 in HCC

TP53 is a well-known tumor-associated gene that encodes a tumor suppressor protein and plays a crucial role in various human

cancers, including HCC. In this study, we first investigated the role of TP53 in HCC. Using the HPA database, we analyzed the RNA
expression levels of TP53 in various tissues (Fig. 2A) and found that TP53 was upregulated in HCC compared to normal tissues
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up-regulated genes and blue represents down-regulated genes. (B) The hub ceRNA network of 20 genes identified by Cytoscape.
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(Fig. 2B). Further analysis of the relationship between TP53 and clinicopathological features revealed that TP53 expression showed no
significant difference in different tumor stages (Fig. 2C) but increased with increasing tumor grade (Fig. 2D).

We also analyzed the alterations of TP53 in 114 (32 %) of 353 HCC patients and found various types of mutations, including in-
frame mutations, missense mutations, splice mutations, truncating mutations, and deep deletions (Fig. 2E). HCC samples with deep
and shallow deletions had lower TP53 expression than those with diploid and gain (Fig. 2F). Additionally, we observed a positive
correlation between TP53 copy number values and mRNA expression (Fig. 2G). Moreover, we found that patients in the TP53-mutated
group had worse survival outcomes than those in the TP53-wild type group, regardless of OS, DFS, DSS, or PFS (Fig. 2H-K).

3.2. DE RNA analysis based on TP53 mutations in HCC

To gain further insight into the interplay between TP53 mutations and the RNA network involved in HCC tumorigenesis, we
retrieved expression data for mRNA, IncRNA, and miRNA from both normal and HCC samples in TCGA. We divided the patients into
TP53-mutated and TP53-wild type groups. Based on the criteria for identifying DE RNAs, we identified 1508 DEmRNAs, 85 DEmi-
RNAs, and 931 DEIncRNAs. Of these, 1314 mRNAs, 82 miRNAs, and 884 IncRNAs were upregulated, while 194 mRNAs, 3 miRNAs, and
47 IncRNAs were downregulated (Figs. SIA-C). We generated a heatmap of the top 15 RNAs with the most significant expression
differences between the two groups (Figs. S1D-F).

3.3. Enrichment analysis of the DEmRNAs and DEmiRNAs’ targeted genes

To further investigate potential mechanisms underlying HCC, we conducted enrichment analyses using the Metascape database and
FunRich. KEGG analysis identified several pathways, including the cell cycle, drug metabolism, DNA replication, and p53 signaling
pathways (Fig. S2A), as well as different signaling events such as the ErbB receptor, IFN-gamma, IGF1, and LKB1 pathways (Fig. S2E).
BP analysis showed that most of the pathways were related to cell cycle processes (Fig. S2B), cell communication, and signal trans-
duction (Fig. S2F). The most significant pathways in CC were the chromosomal region (Fig. S2C), the nucleus, and the cytoplasm
(Fig. S2G). For MF items, the top 5 significant pathways involved in mRNA were gated channel activity, tubulin binding, ATPase acting
on DNA, signaling receptor regulator activity, and calcium ion binding (Fig. S2D). The most significant MF pathway was transcription
factor activity (Fig. S2H).

3.4. Construction of the ceRNA network and identification of the hub network in HCC

Using the miRcode, miRDB and TargetScan databases, we predicted IncRNA-miRNA pairs and miRNA-mRNA pairs to construct a
ceRNA network. The network, consisting of 28 IncRNAs (25 upregulated and 3 downregulated), 4 miRNAs (3 upregulated and 1
downregulated), and 31 mRNAs (28 upregulated and 3 downregulated), was visualized using Cytoscape (Fig. 3A). To identify the most
important nodes in the network, we calculated the betweenness of all nodes and selected the top 20 RNAs with the highest betweenness
scores. The hub ceRNA network, consisting of 12 IncRNAs, 4 miRNAs and 4 mRNAs, was constructed and identified as the hub ceRNA
ntwork (Fig. 3B).

3.5. Identification of the LINCO0491/TCL6-hsa-miR-139-5p-MEX3A axis in HCC

To investigate the ceRNA network underlying the pathogenesis of HCC, we first examined the expression differences of 20 RNAs
between TP53-mutated and TP53-wild type groups as well as normal liver and HCC tissues using the Mann-Whitney test. We found 4
upregulated mRNAs (HIVEP3, FRMD5, GRM1, MEX3A), 3 upregulated miRNAs (hsa-miR-301b-3p, hsa-miR-216b-5p, hsa-miR-217), 1
downregulated miRNA (hsa-miR-139-5p), 11 upregulated IncRNAs (H19, LINC00520, TET2-AS1, MIR4500HG, BPESC1, ALMS1-IT1,
LINC00189, LINC00470, TCL6, LINC00491, LINC00221) and 1 downregulated IncRNA (DIO30S) in the TP53-mutated group
compared with the TP53-wild type group (Fig. 4A and B). Further analysis of the expression levels of the 20 RNAs in normal and HCC
tissues showed 2 upregulated mRNAs (GRM1, MEX3A), 1 upregulated miRNA (hsa-miR-301b-3p), 1 downregulated miRNA (hsa-miR-
139-5p), 8 upregulated IncRNAs (H19, LINC00520, TET2-AS1, BPESC1, ALMS1-IT1, TCL6, LINC00491, LINC00221) and 1 down-
regulated IncRNA (DIO30S) in HCC (Fig. 4C and D). Combined with the differential analysis of 20 RNAs between TP53 mutated and
wild type groups as well as normal and HCC tissues, we believe that 2 mRNAs (GRM1, MEX3A), 2 miRNA (hsa-miR-301b-3p, hsa-miR-
139-5p), and 9 IncRNAs (H19, LINC00520, TET2-AS1, BPESC1, ALMS1-IT1, TCL6, LINC00491, LINC00221, DIO30S) were identified
as critical in HCC progression.

Next, we conducted Kaplan-Meier (KM) survival analysis among the 20 RNAs to identify those that were significantly associated
with HCC prognosis. Three mRNAs (HIVEP3, FRMD5, MEX3A) showed higher expression levels, indicating a shorter survival time
(Fig. S3A). The higher the hsa-miR-301b-5p expression is, the worse the prognosis. The effect of hsa-miR-139-5p showed the opposite
result (Fig. S3B). The results of the effects of IncRNAs on prognosis showed that the expression levels of LINC00520, BPESC1, ALMS1-
IT1, LINC00470, TCL6, LINC00491, and LINC00221 were negatively correlated with prognosis, while DIO30S expression was posi-
tively correlated with prognosis (Fig. S3C).

In summary, the mRNA with intersection is MEX3A, the miRNAs with intersection are hsa-miR-301b-3p, hsa-miR-139-5p, and the
IncRNAs with intersection are LINC00520, BPESC1, ALMS1-IT1, TCL6, LINC00491, LINC00221, DIO30S. Based on the molecular
sponge mechanism of ceRNA network, we believe that miRNA expression is negatively correlated with mRNA. Since MEX3A is highly
expressed in tumors, we selected hsa-miR-139-5p, which is lowly expressed in tumors, and excluded hsa-miR-301b-3p. Similarly, we
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Fig. 7. Methylation analysis of MEX3A. (A) Correlation between MEX3A and three DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B). (B)
Promoter methylation level of MEX3A in normal and HCC tissues using UALCAN. (C) Correlation between expression and methylation level of
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methylation site using MEXPRESS. (F) Overall survival analysis of three methylation sites (cg11400774, cg02951552 and cg20289609) of MEX3A in

HCC patients.
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Fig. 8. Immune checkpoints and immunotherapy related to MEX3A in HCC. (A) The distribution of expression of 10 immune checkpoint genes in
different tumor stages. (B) Correlation between MEX3A expression and 10 immune checkpoint genes. (C) Correlation between MEX3A expression
and TIDE score. (D) Difference of TIDE score between the low- and high-MEX3A expression groups. (E) The comparison of beneficiaries from
immunotherapy between the low and high-MEX3A expression groups. (F) Differences of IPS, IPS-CTLA4 blocker, IPS-PD1/PDL1/PDL2 blocker and
IPS-CTLA4 and PD1/PDL1/PDL2 blocker between the low and high-MEX3A expression groups. TIDE, Tumor Immune Dysfunction and Exclusion. *P
< 0.05; **P < 0.01; ***P < 0.001.

selected IncRNAs (LINC00520, BPESC1, ALMS1-IT1, TCL6, LINC00491, LINC00221) that were highly expressed in tumors. LINC00520
and LINC00221 did not have a potential predictive relationship with hsa-miR-139-5p, so we excluded these two IncRNAs. Finally, 4
IncRNAs (BPESC1, ALMS1-IT1, TCL6, LINC00491), hsa-miR-139-5p and MEX3A were included for further analysis.

We predicted the subcellular localization of the 4 IncRNAs and found that they were mainly located in the cytoplasm (Fig. 5A).
Correlation analysis indicated that hsa-miR-139-5p was negatively related to BPESC1, LINC00491, and TCL6 (Fig. 5B), while MEX3A
was positively related to ALMS1-IT1, LINC00491, and TCL6 (Fig. 5C). Notably, MEX3A and hsa-miR-139-5p showed a significant
negative correlation (Fig. 5D). These findings suggested that LINC00491/TCL6 may act as a ceRNA to regulate MEX3A expression by
sponging hsa-miR-139-5p (Fig. 5E). The binding sites between LINC00491/TCL6/MEX3A and hsa-miR-139-5p shown in Fig. 5F. In
addition, Fig. 5G shows that luciferase activities of wild-type LINC00491, TCL6 and MEX3A in HEPG2 cells was obviously reduced
after co-transfection of miR-106a-3p mimic, but did not change the activities of mutant form, which suggest that miR-139-5p is a direct
target of LINC00491, TCL6 and MEX3A.

3.6. Correlation between clinical parameters and the ceRNA network

To highlight the significance of the ceRNA network we identified, we examined its correlation with several clinical parameters,
such as tumor stage, grade, DFS, DSS, and PFS. Our findings revealed that the expression of hsa-miR-139-5p was inversely associated
with tumor stage, indicating that its downregulation could be a contributing factor in HCC progression (Fig. 6A). Furthermore, we
observed that TCL6, hsa-miR-139-5p, and MEX3A expression levels were significantly associated with tumor grade (Fig. 6B). Notably,
patients with low hsa-miR-139-5p and high MEX3A expression had a shorter DFS (Fig. 6C). Regarding DSS and PFS, our results
demonstrated that two IncRNAs (LINC00491 and TCL6) and MEX3A were negatively correlated with patient prognosis, while the
expression of hsa-miR-139-5p was positively correlated with prognosis (Fig. 6D and E).

3.7. Analysis of the methylation, mutation status and function of MEX3A in HCC

We analyzed the methylation status of MEX3A in HCC using various databases. We investigated the correlations between MEX3A
and three DNA methyltransferases, which showed significant positive correlations (Fig. 7A). The promoter methylation of MEX3A was
found to be decreased in HCC compared to normal tissues (Fig. 7B), and we observed a negative correlation between the methylation
level of MEX3A and its mRNA level (Fig. 7C). A heatmap summarizing the methylation extents at various sites in MEX3A was also
generated (Fig. 7D). We further found that 12 of 19 methylation sites were significantly correlated with MEX3A expression (Fig. 7E).
Three methylation sites (cg11400774, cg02951552, and ¢g20289609) of MEX3A showed markedly negative correlations with its
expression, and we explored the correlation between each methylation site and prognosis, demonstrating that high methylation of the
three sites indicated a better prognosis (Fig. 7F). Seven of the other nine sites were also significantly correlated with the prognosis of
HCC (Fig. S4).

We also found that HCC samples with amplification and shallow deletion had higher MEX3A expression than those with diploid and
gain (Fig. S5A). Furthermore, we found a positive correlation between MEX3A copy number values and expression (Fig. S5B). The
alteration frequency of MEX3A in HCC was 11 %, dominated by amplification (Fig. S5C). To further elucidate the functions of MEX3A
in HCC, we performed PPI and GSEA analyses. The PPI network showed that MEX3A may be involved in the regulation of mRNA
processing and RNA splicing (Fig. S5D). GSEA analysis indicated that MEX3A was involved in various classical signaling pathways
associated with tumor occurrence and development, such as the JAK-STAT, MAPK, NOTCH, and p53 signaling pathways (Fig. S5E).

3.8. Immune landscape, immunotherapy analysis and drug screening related to MEX3A in HCC

Regarding immune-related pathways, GSEA analysis revealed that the high-MEX3A expression group had enriched chemokine
signaling and B- and T-cell receptor signaling pathways (Fig. S6A). The ESTIMATE algorithm revealed that the high-MEX3A expression
group had lower immune and stromal scores (Fig. S6B). We also assessed immune cell infiltration using seven algorithms, which
showed significant differences in a variety of immune cells, such as B cells, macrophages, monocytes, and Tregs, between the high- and
low-MEX3A expression groups (figs. S6C-D). We conducted an analysis of immune checkpoint expression in normal and different
tumor stages, with a focus on ADORA2A, CSF1R, CTLA4, IL10, IL10RB, LGALS9, TGFB1, TGFBR1, and VTCN1 (Fig. 8A). We also
performed a correlation analysis and observed positive associations between MEX3A expression and these immune checkpoints
(Fig. 8B). This prompted us to investigate the potential of MEX3A as a therapeutic target for immunotherapy. Using the TIDE website,
we predicted the responsiveness to immunotherapy based on TIDE scores and found a positive correlation between MEX3A expression
and TIDE score (Fig. 8C). Furthermore, we discovered that the high-MEX3A expression group had a higher TIDE score (Fig. 8D).
Notably, our immunotherapy predictions revealed that the low-MEX3A expression group had a better likelihood of responding to
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immunotherapy (Fig. 8E). To evaluate the benefits of immunotherapy (anti-CTLA4 and anti-PD1) for patients, we utilized the TCIA
website and compared the potential benefits between the high- and low-MEX3A expression groups (Fig. 8F). Our analysis demon-
strated that the low-MEX3A expression group had a higher IPS (immunophenoscore) than the high-MEX3A expression group across all
subgroups (CTLA4 blocker and/or PD1/PDL1/PDL2 blocker).

Finally, we explored the correlations between drug sensitivity and MEX3A expression using the GSCALite website. Our analysis
revealed significant negative correlations between MEX3A expression and the IC50 of various drugs (Fig. S7A), with six drugs
(CAY10618, GSK-J4, STF-31, belinostat, daporinad, and tivantinib) exhibiting the strongest relevance. We further obtained the 3D
structures of these six drugs through PubChem (Fig. S7B).

4. Discussion

Primary liver cancer, specifically HCC, is a significant public health concern as it is the sixth most prevalent cancer worldwide and
the third leading cause of cancer mortality [1]. However, the symptoms of HCC are often subtle and can go unnoticed in the early
stages, leading to a delayed diagnosis and a limited range of treatment options. Consequently, most HCC patients are diagnosed at an
advanced stage, where the therapeutic efficacy of standard treatment modalities such as surgical resection, liver transplantation,
ablation, and transarterial chemoembolization (TACE) is poor. This is reflected in the low five-year survival rate for liver cancer. To
address this issue, complementary systemic therapies such as immune checkpoint inhibitors (ICIs), tyrosine kinase inhibitors (TKIs),
and monoclonal antibodies are being developed and used in advanced cancer patients [17]. Therefore, it is essential to investigate the
novel pathogenesis of HCC to enhance our ability to identify, prevent, and treat the disease, with the ultimate goal of improving patient
outcomes.

Currently, the advancements in omics liquid biopsy have developed rapidly as a diagnostic and monitoring tool. The term “liquid
biopsy” encompasses circulating tumor DNA (ctDNA)/cell-free DNA (cfDNA), circulating tumor cells (CTCs), circulating miRNAs, and
exosomes [18,19]. The use of liquid biopsy may make it possible to improve HCC early diagnosis. According to a study, the frequency
of detected mutations of ctDNA responded with the physical mutations in the pathocellular carcinoma were 44 % (RAS), 63.0 %
(TERT), 48.1 % (TP53), and 37.0 % (CTNNB1) respectively [20]. Additionally, in Chinese cohorts with high HBV infection frequency,
38.6 % of HCC patients contained a mutation gene and TP53 had the highest mutation rate (60.0 %) [21]. HCC has a high incidence of
ctDNA TP53 mutation identification. Despite this, because the TP53 mutation is common in many malignant tumors, there is little
evidence that it is tissue-specific in HCC ctDNA [22]. TP53 acts as a transcription factor and participates in cancer-related biological
processes by regulating target genes such as miRNAs and IncRNAs [23,24]. However, the downstream changes in the ceRNA network
mediated by TP53 mutations are not yet fully understood. Therefore, exploring the mutation of TP53 in HCC patients and identifying
characteristic TP53 mutations is particularly important for improving the early diagnosis of HCC. In this study, we aimed to shed light
on this topic by analyzing TP53-related transcriptomic and mutational data in HCC patients obtained from the TCGA and cBioPortal
databases. We compared data from TP53-mutated patients with TP53-wild type patients to identify downstream DE IncRNAs, miRNAs,
and mRNAs. Next, we used the miRcode database to predict IncRNA-miRNA pairs and the miRDB and TargetScan databases to predict
miRNA-mRNA pairs. By combining this information, we constructed a ceRNA network (LINC00491/TCL6-has-miR-139-5p-MEX3A),
which we visualized using Cytoscape. Our findings provide novel insights into the role of TP53 mutations in HCC and may contribute to
the development of new therapeutic strategies for this disease.

Studies have shown that LINC00491 is highly expressed in HCC tumor tissues and cells. Interference with LINC00491 expression in
MHCC-97H and LF cell lines, which are associated with HCC, significantly reduced tumor cell proliferation, migration, and invasion, as
well as tumor cell cycle progression. In BALB/c mice, knockout of LINC00491 resulted in a significant reduction in HCC tumor volume
and weight [25]. Overexpression of LINC00491 promoted proliferation and distant lung metastases in mice in another study [26].
TCL6 was initially linked to T-cell leukemia and clear cell renal cell carcinoma [27,28]. However, recent research has found that
Lnc-TCL6 shows a substantial increase in whole blood at an early clinical stage and is strongly predictive of liver cirrhosis. Further-
more, TCL6 expression is significantly linked to HBV infection status and projected risk-metastasis features [29,30]. The KM analysis in
this research also revealed that TCL6 and LINC00491 expression levels were negatively correlated with the prognosis of HCC patients.

MicroRNAs (miRNAs) play a critical role in ceRNA networks by connecting IncRNAs and mRNAs through shared MRE structures.
Among the DEmiRNAs driven by TP53 mutation, miR-139-5p exhibited the most significant differential expression, and its expression
was notably downregulated in HCC tumor tissues. Moreover, low levels of miR-139-5p were associated with poor prognosis. Previous
research has demonstrated that silencing miR-139-5p promoted cell viability, colony formation, migration, and invasion of HCC cells,
whereas overexpressing miR-139-5p had the opposite effect. In a xenograft mouse model, miR-139 also inhibited HCC growth [31].
Interestingly, TP53 could directly bind to the TP53 responsive site in the 5' flanking region of miR-139-5p in the colon cancer cell line
HCT116, which activated miR-139-5p transcription and suppressed phosphodiesterase 4D protein production, thereby inhibiting
colon cancer progression [32]. These findings are consistent with the data in our study, which also showed lower expression of
miR-139-5p in the TP53 mutated group.

MEX3A is a member of the MEX3 family and has been implicated in cancer progression. Elevated expression of MEX3A has been
observed in several human cancers, including liver, colon, gastric, bladder, and breast cancer. Studies have shown that MEX3A
promotes tumor cell proliferation, invasion, and migration in gastric and breast cancer [33-37]. Notably, a dual-luciferase assay found
that miR-139-5p can bind to and inhibit MEX3A expression in breast cancer cells, confirming the binding site predicted in our research
[36]. We also analyzed the methylation status and mutation of MEX3A in HCC. Methylation of MEX3A was decreased and mRNA
expression was elevated in HCC. There was a positive association between the three DNA methyltransferases and MEX3A. We iden-
tified 12 methylation sites linked to MEX3A expression and investigated the relationships between these sites. MEX3A mutations were
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also identified in HCC, with a frequency of 11 % mainly due to amplifications. We found a positive correlation between MEX3A copy
number values and expression. In addition, we analyzed the immune landscape, immunotherapy, and drug screening related to MEX3A
in HCC. We found that the high MEX3A expression group had lower immune and stromal scores, and significant differences in immune
cells and immune checkpoints compared to the low expression group. Immunotherapy predictions suggested better responsiveness of
the low MEX3A expression group to immunotherapy. We also screened six MEX3A-related drugs (CAY10618, GSK-J4, STF-31, beli-
nostat, daporinad, and tivantinib) to explore the feasibility of treating HCC by targeting MEX3A.

Based on the GSEA results, we found that MEX3A was associated with a variety of classical signaling pathways, such as JAK-STAT,
MAPK, P53, WNT and so on. Fang et al. found that MEX3A can promote HCC progression and inhibit sorafenib chemotherapy
sensitivity through Hippo signaling pathway [38]. In addition, MEX3A can regulate the malignant progression of breast cancer and
lung cancer by activating the PI3K/AKT pathway [39,40]. MEX3A promoted tumor progression by activating EMT and regulating the
Wnt/p-catenin pathway via DVL3 in endometrial cancer [41]. Xiang et al. found that MEX3A may promote nasopharyngeal carcinoma
development and progression via the miR-3163/SCIN axis by regulating NF-xB signaling [42]. MEX3A was also found to be involved in
the p53 signaling pathway, and knockdown of MEX3A in ovarian cancer did not alter p53 mRNA levels but increased p53 protein
stability. MEX3A-mediated p53 protein degradation was the key to inhibit ferroptosis and promote tumorigenesis [43]. In our core
ceRNA network, TCL6 and LINC00491 were identified as the key IncRNAs. Immune-related pathways such as JAK-STAT signaling
pathway were regulated by TCL6 in breast cancer [44]. In addition, TCL6 promoted the development of lung cancer through AKT
signaling pathway by interacting with PDK1 [44]. Kulkarni et al. found that TCL6 recruited STAU1 and mediated the attenuation of Src
mRNA in renal clear cell carcinoma, which subsequently significantly downregulated the AKT and EMT pathways [45]. In addition,
LINCO00491 directly interacted with MTSS1 to promote lung cancer proliferation, migration and invasion by affecting the ubiquiti-
nation of MTSS1, thereby activating Wnt/p-catenin signaling pathway [45]. KEGG analysis identified TP53 mutation had a major
effect on the cell cycle pathway. TP53 can protect cells from growth and division, thus mediating cell-cycle arrest, DNA repair and
apoptosis After being activated by various cellular stressors. The cell cycle pathway is altered in at least half of HCC patients with
frequent TP53 mutations (12%-48 %), and especially the TP53 R249S mutation related to AFB1 exposure may provide a special
growth and survival advantage in human liver cancer cells [46-48]. In the protein regulatory aspect, cytoplasmic TP53 R249S mutant
was reported to form complex with TANK-binding protein kinase 1 or viral hepatitis B protein X to evade innate immune surveillance
or promote HCC proliferation [49,50]. Transcriptionally, TP53 R249S could interact with other transcriptional factors, such as c-Myc
to enhance ribosomal DNA transcription [51], or direct promoter occupancy and activation of chromatin regulators [52].

There are some limitations that should be addressed. Firstly, experimental validation is required to confirm the predicted binding
affinities of the IncRNAs, miRNAs, and mRNAs in cellular experiments. Secondly, it is essential to further explore the role and
mechanism of the ceRNA network (LINC00491/TCL6-has-miR-139-5p-MEX3A) in HCC through in vivo and in vitro experiments.
These experiments will provide more conclusive evidence regarding the functionality of the ceRNA network and its potential as a
therapeutic target in HCC.

5. Conclusion

In this study, we utilized a variety of bioinformatic techniques to establish a ceRNA network linked with HCC, based on TP53
mutations. The network provides innovative insights into targeting the pathogenic processes and treatment options for HCC.
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