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Abstract

A growing number of studies have shown that competitive endogenous RNA (ceRNA) regulatory networks might play
important roles during the process of hepatocellular carcinoma (HCC). This study assessed the role of the ceRNA network
in immune cell infiltration in HCC. Immune-related gene sets were downloaded from Molecular Signatures Database,
and differentially expressed genes were screened based on TCGA HCC transcriptome data. The corresponding miRNAs
with low expression and good prognostic implications, and the corresponding IncRNAs with high expression and poor
prognostic were identified to construct ceRNA networks. The networks were utilized for clinical correlation analysis
and risk model construction, and the CIBERSORT algorithm was applied to assess immune cell infiltration. In this study,
the mRNA-miRNA-IncRNA model was used to construct a ceRNA network in HCC using immune-related differentially
expressed mRNAs. Assessment of the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAP8 ceRNA network axis
in HCC showed that a high risk/poor prognosis was significantly correlated with tumor stage and invasion depth. MMP9
was positively correlated with resting MO macrophages and NK cells and negatively correlated with activated mast
cells, resting mast cells, monocytes and activated NK cells. DUXAP8 was positively correlated with M2 macrophages
and negatively correlated with MIR4435-2HG, which was positively correlated with M2 macrophages and negatively
correlated with activated mast cells, CD8 T cells and follicular helper T cells. The correlation of the MIR4435-2HG/hsa-miR-
1-3p/MMP9/hsa-miR-29-3p/DUXAP8 ceRNA network axis with immune cell infiltration provides further information on
the mechanism of HCC development. The result might improve our understanding the interactions between immune
related genes and non-coding RNAs in the occurrence and development of HCC, and the relevant RNAs might be used
as diagnostic and prognostic biomarkers and molecular targets in HCC patients.
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1 Introduction

Primary liver cancer is one of the most common malignancies, and approximately 80% of primary liver cancers are
hepatocellular carcinoma (HCC) [1]. There are many treatment options for liver cancer, including surgical resection,
drug therapy, liver transplantation, and early treatment [2]. However, most liver cancers are already in an advanced
stage at diagnosis, so the prognosis is extremely poor; surveys show that the 2-year survival rate of liver cancer
patients is less than 50%, while the 5-year survival rate is approximately 10% [3]. With in-depth research on the mecha-
nism of liver cancer, there has been a great development in the treatment of liver cancer, and now the role of tumor
immune cells in liver cancer has been well characterized. In the tumor microenvironment, immune cells can recognize
tumor cells and can remove them or promote their development [4]. Tumor immunotherapy is the use of immune
principles to activate or strengthen the body's immune system to remove or inhibit the development of cancer cells
in the body [5]. Tumor immunotherapy currently holds good promise for many cancers and has been extensively
studied in liver cancer [6]. Immune checkpoint inhibitors, such as anti-PD-1, anti-PD-L1, and anti-CTLA-4 antibodies,
have been used in the clinic and have shown promising efficacy in patients with advanced liver cancer [7]. Therefore,
exploring the mechanisms related to immune infiltration can facilitate the development of liver cancer treatment.

Recently, accruing results suggested that long non-coding RNAs (IncRNAs) and microRNAs (miRNAs) could play
essential roles in the proliferation, migration, and invasion of various tumor cells [8]. And the interactions of mMRNA,
miRNA, and IncRNA play multiple roles in the development of liver cancer [9]. The competing endogenous RNA
(ceRNA) network has a major regulatory role in liver cancer, and IncRNAs act as endogenous molecular sponges
competing for the binding of miRNAs and regulating the expression levels of mRNAs, which in turn affects the devel-
opment of HCC [10]. For example, mCM3AP-AS1 in HCC targets miR-194-5p to promote the expression of FOXA1 and
exert oncogenic effects [11]. Another study also constructed a ceRNA network related to HCC recurrence, and revealed
that four mRNAs (ADH4, DNASE1L3, HGFAC and MELK) could be used as potential biomarkers for HCC recurrence
prediction and targeted therapies [12]. However, the immune cell-related mRNA-miRNA-IncRNA ceRNA network in
HCC has not been reported. The aim of this study was to identify an immune related competing endogenous RNA
(ceRNA) regulatory axis in HCC through comprehensive bioinformatics analysis. The finding of this study can be help-
ful in improving our understanding of the roles and underlying mechanisms of the interactions between immune
related genes and non-coding RNAs in the occurrence and development of HCC, and the relevant RNAs may be used
as diagnostic and prognostic biomarkers and molecular targets in HCC patients.

2 Materials and methods
2.1 Analysis process of this study

This study was carried out by using comprehensive bioinformatics analysis. Firstly, immune-related differentially
expressed mRNAs (immune-DEmRNAs) were identified through immune gene-related sets from Molecular Signa-
tures Database (MSigDB) v7.4 [13] and the expression data of hepatocellular carcinoma from The Cancer and Tumor
Genome Atlas (TCGA) database (https://www.cancer.gov/tcga). Then, gene function enrichment and survival analy-
ses of immune-DEmRNAs in HCC were performed. Considering the expression and survival analyses of immune-
DEmRNAs, the key genes were selected for subsequent study. The upstream miRNAs and IncRNAs were predicted by
using online bioinformatic tools, and the immune cell-related mRNA-miRNA-IncRNA ceRNA network was constructed.
Subsequently, the constructed ceRNA networks were analyzed for clinical correlation assessment and risk model
construction, and the CIBERSORT algorithm was used to analyze the proportion of infiltrating immune cells in TCGA
tumor samples. Finally, the relationships between the genes in the ceRNA network and the prognosis and infiltration
of immune cells in HCC were assessed.

2.2 Data acquisition

Immune gene-related sets (IMMUNE_RESPONSE.gmt and IMMUNE_SYSTEM_PROCESS.gmt) (version 5.2) were acquired
from Molecular Signatures Database v7.4 on Gene Set Enrichment Analysis (GSEA) website (http://www.gsea-msigdb.
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org/gsea/index.jsp) [14]. The expression data of mMRNA and IncRNA (tumor: n = 374, normal: n = 50) and miRNA (tumor:
n = 374, normal: n = 50) were downloaded from The Cancer Genome Atlas (TCGA database, https://portal.gdc.cancer.
gov, Version 29.0-February 2, 2021).The relevant clinical data, including, age, sex, grade, TNM stage, invasion depth (T),
lymph node metastasis (N) and distant metastasis (M) (n = 235), and survival time (n = 370), were also obtained from
TCGA database The patients involved in the database have obtained ethical approval. Users can download relevant data
for free for research and publish relevant articles. This study is based on open-source data, so there are no ethical issues
and other conflicts of interest.

2.3 Screening of differentially expressed mRNAs, IncRNAs, and miRNAs

The online tool of Gene Expression Profiling Interactive Analysis (GEPIA) [15] was used to identify the differentially
expressed mRNAs, IncRNAs and miRNAs by combined the relevant data from TCGA database and Genotype-Tissue Expres-
sion (GTEx) database (version 8) (https://gtexportal.org) [16], with |log,-Fold Change (FC)| > 1 and adjust P value < 0.05.
The immune-related differentially expressed mRNAs (immune-DEmRNAs) were identified by compared the immune
gene-related sets IMMUNE_RESPONSE.gmt and IMMUNE_SYSTEM_PROCESS.gmt) with the list of differentially expressed
mRNAs in HCC.

2.4 Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis

Gene Ontology (GO) is a comprehensive database describing Gene functions, divided into Biological Process, Cellular
Component, and Molecular Function. KEGG (Kyoto Encyclopedia of Genes and Genomes) is a comprehensive database
incorporating genome, chemistry, and system function information. To reveal the function of immune-DEmRNAs, GO
and KEGG analyses were performed using the packages of clusterProfiler, org.Hs.eg.db, enrichplot, and ggplot2 with R
software (version 4.0.2). The enrichment was considered to be significant when the corrected p-value was less than 0.05.

2.5 Protein-protein interaction (PPI) network construction

STRING is a database for the analysis of functional protein association networks [17]. The PPI network for immune-
DEmMRNAs was constructed using STRING v11.5 (https://www.string-db.org/). The PPl network was set with a minimum
required interaction score of 0.4, and unconnected nodes were removed. The STRING protein network files were visual-
ized using Cytoscape software (version 3.8.2) [18].

2.6 ceRNA network construction

The mRNAs with significant differential expression levels and prognostic roles were screened in the PPl network of
up- and down-regulated immune-DEmRNAs. miRNAs upstream of mRNAs were predicted using the miRNet 2.0 online
tool (https://www.mirnet.ca/), which is a miRNA-centric network visual analytics platform [19]. miRNAs with significant
differential expression and prognostic role were screened. The miRNet online tool was used to predict eligible miRNAs
for IncRNAs and subsequently screened for prognostically useful IncRNAs (P < 0.05) based on TCGA liver cancer samples
using one-way Cox regression analysis. Finally, the eligible mRNAs, miRNAs, and IncRNAs were subjected to ceRNA net-
work construction, followed by extraction of subnetwork axes containing significantly differentially expressed IncRNAs.

2.7 Survival analysis

The overall survival (OS) of the differentially expressed mRNA or IncRNA was analyzed by using the survminer and
survival R packages, based on TCGA data for HCC (excluding patient information with no survival time). The patients
were split into two groups (high-expressed group and low-expressed group) by using median expression as the cut-
off value. The overall survival curve analysis of the differentially expressed miRNA was performed by using the online
tool of Kaplan-Meier plotter [20]. On the main interface of the Kaplan—-Meier plotter, “Start miRpower for liver cancer”
in “miRNA” was selected; the miRNA name to be searched was inputted and the default values for other options were
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selected. The patients were split into two groups by using the “Auto select best cutoff” option. The log-rank P value and
hazard ratio (HR) were calculated.

2.8 Clinical correlation analysis and risk model construction

Based on TCGA liver cancer clinical samples, the R software limma package and ggpubr package were used for clini-
cal characterization of the main genes of the ceRNA network axis, including age, sex, tumor stage, tumor infiltration,
lymphatic metastasis and distant metastasis. Multivariate Cox analysis was performed on the main genes of the ceRNA
network axis using the survival R package, and the genes with a P value < 0.05 were selected to construct a risk model,
where risk score = survival-related INcRNA1 coefficient x IncRNA1 expression + IncRNA2 coefficient X IncRNA2 expres-
sion +.....4+ IncRNAn coefficients X IncRNAn expression. Survival analysis was performed on the risk model, and the R
software package timeROC was used to plot ROC curves to assess the accuracy of the prognosis of this estimated risk
model. Univariate and multivariate Cox regression analyses were performed to assess clinical characteristics based on
the risk model. The Wilcoxon rank-sum or Kruskal-Wallis rank-sum test was used as the statistical significance test with
a Pvalue < 0.05 indicating statistical significance.

2.9 Immune cell infiltration analysis

The percentage of tumor-infiltrating immune cells in all HCC samples from the TCGA database were calculated using the
cell type identification by estimating relative subsets of RNA transcripts (CIBERSORT) algorithm [21]. The multiple com-
parisons error adjustment was performed by using the Benjamini-Hochberg false discovery rate (FDR) approach, and then
samples were screened according to adjust P < 0.05. In this study, 56 HCC samples were selected at the cutoff P value,
and that this P value represented the statistical significance of the deconvolution of particular sample by CIBERSORT.
Then, a correlation analysis between gene expression and tumor immune cells in the 56 HCC samples was conducted by
using R software packages ggplot2, ggpubr, and ggExtra, and the Pearson coefficient was used for significance testing.

2.10 Statistical analysis

Statistical analysis was performed using R software (version 4.0.2). Independent sample t test was employed to analyze
the differential expression levels of mMRNAs, IncRNAs and miRNAs in HCC patients and control individuals. The overall
survival (OS) of the differentially expressed mRNA or IncRNA was analyzed by using the survminer and survival R pack-
ages. The overall survival of miRNA was performed using Kaplan—-Meier plotter. The Wilcoxon rank-sum test was applied
for the analysis of the difference between tumor immune cells and gene expression level in HCC. A value of P < 0.05
was considered statistically significant.

3 Results

3.1 Screening of immune-related, differentially expressed mRNAs (immune-DEmRNAs) for hepatocellular
carcinoma

Immune-related gene sets were obtained from Molecular Signatures Database v7.4 on Gene Set Enrichment Analysis
(GSEA) website. There were 235 genes in IMMUNE_RESPONSE gene set and 332 genes in IMMUNE_SYSTEM_PROCESS
gene set. According to TCGA HCC data, 7168 differentially expressed mRNAs were identified. Among them, 45 immune-
related, differentially expressed mRNAs (immune-DEmRNAs) were found in both datasets. Compared with normal liver
tissue samples, 28 immune-DEmMRNAs were upregulated and 17 immune-DEmRNAs were downregulated in HCC tissue
samples (Supplementary Table 1).

3.2 Gene ontology (GO) and KEGG pathway analyses of the immune-DEmRNAs
To further analyze the biological functions and related pathways of immune-DEmRNAs, GO and KEGG analyses were

performed. As shown in Fig. 1a, the upregulated gene-related GO terms were the cellular response to tumor necrosis
factor, the external side of the plasma membrane, receptor-like activity, and so on. As shown in Fig. 1b, the upregulated
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genes associated with KEGG pathways included cytokine-cytokine receptor interaction, hematopoietic cell lineage, IL-17
signaling pathway, and TNF signaling pathway. As shown in Fig. 1¢, the downregulated gene-related GO terms were the
positive regulation of cell adhesion, the external side of plasma membrane, chemokine activity, and so on. As shown in
Fig. 1d, the downregulated gene-related KEGG pathways included the chemokine signaling pathway, cytokine-cytokine
receptor interaction, human cytomegalovirus infection, viral protein interaction with cytokine and cytokine receptor.

3.3 PPl network construction and further analysis of immune-DEmRNAs

As shown in Fig. 2a, the immune-DEmRNA PPI network was constructed based on the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) database. The PPl network included 19 upregulated genes (CCL20, CD34, APLN,
CCL25,CD7, PTGDR2, THY1, TNFRSF4, CD24, IKBKG, MMP9, TRAF2, INHA, PDCD1, TCF7, APOAA4, IL32, TREM2, and GBP2),
and 16 downregulated genes (TLR4, CCL2 CCR1, CCL4, SAAT, CXCL12, CD4, IRF8, CD1D, APOA1, MBL2, HAMP, RSAD?2,
FCN2, NFIL3, and CHST4). These genes were further analyzed using the Gene Expression Profiling Interactive Analysis
(GEPIA) differential expression module and the TCGA dataset containing information on survival time for liver cancer
patients (n = 370). Among the 35 upregulated and downregulated genes, five genes (APLN, CCL20, MMP9, TNFRSF4,
and TRAF2) were highly expressed in HCC and predicted a poor prognosis (Fig. 2b-f).
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Fig. 1 Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of immune-related up- and down-regulated

genes in HCC. a, b showed GO and KEGG analyses of upregulated genes in HCC, respectively. ¢, d showed GO and KEGG analyses of down-
regulated genes in HCC, respectively
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3.4 Prediction and screening of miRNAs upstream of mRNAs

To predict miRNAs upstream of 5 genes (APLN, CCL20, MMP9, TNFRSF4, and TRAF2), the miRNet online tool was used.
The total of 25 upstream miRNAs were identified (Supplementary Table S2). According to the previous section result of
that mRNAs were highly expressed in HCC and predicted a poor prognosis in HCC patients, miRNAs should theoretically
be expressed at low levels in HCC and predict a good prognosis in HCC patients. Among 25 miRNAs, the expression
levels of 14 miRNAs were significantly lower in HCC patients, and 10 miRNAs were predicted a good prognosis by using
Kaplan—Meier plotter online tools. The hazard ratio for death and p value were listed in Supplementary Table S3. The
intersection of both was taken; nine candidate miRNAs (hsa-mir-29b-3p, hsa-mir-145-5p, hsa-mir-195-5p, hsa-mir-497-5p,
hsa-mir- 1-3p, hsa-mir-101-3p, hsa-let-7a-5p, hsa-mir-126-3p, and hsa-mir-194-5p) were screened out and a volcano
plot was shown in Fig. 3a. The differential expression and prognostic implications of these nine miRNAs were shown in
Fig. 3b—j. A network diagram was constructed for these nine miRNAs and the corresponding mRNAs (Fig. 3k). No eligible

upstream miRNA of TNFRSF4 was identified.
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3.5 Prediction and screening of IncRNAs upstream of miRNAs and ceRNA network construction

The upstream IncRNAs of 9 miRNAs (hsa-mir-29b-3p, hsa-mir-145-5p, hsa-mir-195-5p, hsa-mir-497-5p, hsa-mir-1-3p, hsa-
mir-101-3p, hsa-let-7a-5p, hsa-mir-126-3p, and hsa-mir-194-5p) were predicted by using the miRNet online tool. A total
of 289 IncRNAs were predicted based on these 9 miRNAs, and subsequent one-way Cox regression analysis of these 289
IncRNAs showed that 15 IncRNAs were related to a poor prognosis in liver cancer patients (Fig. 4a). The corresponding
ceRNA network was constructed based on these 15 IncRNAs (Fig. 4b), but there were no eligible IncRNAs for hsa-mir-
126-3p. Theoretically, upstream IncRNAs should have a poor prognostic implication and significantly higher expression
in HCC patients than in control individuals. In this study, the differential expression levels of the 15 IncRNAs in HCC were
assessed, and two IncRNAs (DUXAP8 and MIR4435-2HG) were identified with higher expression levels in HCC (Fig. 4c, d).
According to these results, a ceRNA network axis, the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAPS axis,
was constructed, and it was used for further analysis in the next step (Fig. 4e).

3.6 Construction of a risk model for the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAP8 ceRNA
network axis

Multivariate Cox regression analysis of the expression levels of MIR4435-2HG, MMP9 and DUXAP8 showed that
MIR4435-2HG and DUXAP8 were reliable prognostic indicators in HCC patients (P < 0.05) (Fig. 5a).Based on the
correlation coefficient between the expression of these two genes, a risk model was constructed: risk score = (1.37
X expression value of DUXAP8 + 0.0896 X expression value of MIR4435-2HG) (Fig. 5b). Subsequently, HCC patients
were divided into high-risk and low-risk groups according to the median risk score, and then survival analysis was
performed for these two groups. As shown in Fig. 5¢, the survival of the high-risk group was significantly smaller
than that of the low-risk group (P < 0.01). Based on the risk model, the correlation between the risk scores and
clinical characteristics was analyzed, and the result showed that the risk scores were significantly correlated with
TNM stage and invasion depth (T) (P < 0.05) (Fig. 5d). The patients were then divided into two different subgroups,
TNM stage I-1l and stage llI-1V, for survival analysis; as shown in Fig. 5e, the survival rates of the high-risk groups
in both the stage I-1l and stage IlI-IV subgroups were significantly less than that of the low-risk groups (P < 0.05).
The patients were then divided into two different subgroups, T1-2 and T3-4, and the survival rates of the high-risk
groups in both the T1-2 and T3-4 subgroups was significantly lower than that of the low-risk groups (P < 0.05)
(Fig. 5f). Therefore, TNM stage and invasion depth were considered as potential prognostic factors for the risk
model. Then, candidate variables for the risk model were assessed by performing univariate Cox regression and
multivariate Cox regression analysis of the clinical characteristics. In the univariate Cox regression analysis, TNM
stage, invasion depth, metastatic distance, and risk score were prognostic factors for overall survival in HCC in this
risk model (P < 0.05) (Fig. 5g). In the multivariate Cox regression analysis, only the risk score was a prognostic fac-
tor for this risk model (P < 0.05) (Fig. 5h). Taken together, the results suggested that the abnormal expression of
MIR4435-2HG and DUXAP8 might be closely associated with the development of HCC. As shown in the graphical
abstract, MIR4435-2HG and DUXAP8 were highly expressed in HCC tissues, and survival time was significantly lower
in the high expression group. It suggested that MIR4435-2HG might compete for the binding of has-miR-1-3p,
thereby promoting the expression of MMP9 to induce oncogenic effects. Moreover, DUXAP8 also might promote
MMP9 expression by competing for binding has-mir-29b-3p.

3.7 Analysis of the correlations between the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAP8
ceRNA network axis and tumor immune cell infiltration in HCC

To explore the correlation of the expression levels of MIR4435-2HG, MMP9 and DUXAP8 with tumor-infiltrating
immune cells, the proportions of immune cell subsets were identified using the CIBERSORT algorithm, and 22 immune
cells in HCC samples and the correlation between them were analyzed. The distribution of tumor-infiltrating immune
cell (TIC) abundance in all HCC samples was estimated by CIBERSORT algorithm, and 56 HCC samples with adjust
P < 0.05 were selected for the following analysis (Fig. 6a). Correlation analysis showed that MMP9 was positively
correlated with resting MO macrophages and NK cells and negatively correlated with activated mast cells, resting
mast cells, monocytes and activated NK cells (Fig. 6b). DUXAP8 was positively correlated with M2 macrophages and
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Fig. 3 miRNAs with significant differential expression and prognostic implications in HCC. a Nine miRNAs that were expressed at low levels
in HCC and predict good prognosis in HCC patients were integrated by Venn diagram. The differential expression and prognostic implica-
tions of these nine MiRNAs hsa-mir-29b-3p (b), hsa-mir-145-5p (c), hsa-mir-195-5p (d), hsa-mir-497-5p (e), hsa-mir-1-3p (f), hsa-mir-101-3p
(g), hsa-let-7a-5p (h), hsa-mir-126-3p (i), and hsa-mir-194-5p (j) were analyzed in HCC. k The interaction between mRNA and miRNA

negatively correlated with naive B cells and regulatory T cells (Fig. 6¢). MIR4435-2HG was positively correlated with
M2 macrophages and negatively correlated with activated mast cells, CD8 T cells and follicular helper T cells (Fig. 6d).
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Fig. 4 Identification of upstream IncRNAs of miRNAs and the construction of ceRNA network. a Screening of 15 IncRNAs related to a poor
prognosis in liver cancer patients. b Construction of corresponding ceRNA networks based on these 15 IncRNAs. DUXAP8 (c) and MIR4435-
2HG (d) were highly expressed in HCC. e The ceRNA MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAP8 network axis

4 Discussion

In recent decades, significant progress has been made in the early diagnosis, surgical treatment, and liver transplantation
for HCC, and the incidence and mortality of HCC have been significantly reduced; however, the prognosis of HCC remains
poor, the mortality rate is still high, and the mechanism of HCC development is still unclear [22]. It is crucial to develop
efficient treatment methods and to elucidate the molecular mechanisms of HCC. Immunotherapy has great potential in
the treatment of tumors, and great progress has been made in the treatment of HCC [23]. A clear understanding of the
link between tumor immune cells and tumor molecular mechanisms could facilitate improvements in the effectiveness of
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Fig. 5 Construction of risk models for MIR4435-2HG and DUXAP8. a Multifactorial Cox regression analysis of MIR4435-2HG, MMP9, and
DUXAPS. b Classification of HCC patients into two groups (high-risk and low-risk groups) according to the median risk scores. ¢ Classification
of liver cancer patients into high-risk and low-risk groups according to the median risk scores. d Correlation of TNM stage and depth of inva-
sion (T) with risk scores. e Survival curves for the stage I-Il (n = 163) and stage lll-IV (n = 72) groups. f Survival curves for the T1-2 (n = 167)
and T3-4 (n = 68) groups. g Univariate Cox and h multivariate Cox regression analysis

immunotherapy. The ceRNA network hypothesis suggests that IncRNAs act as endogenous molecular sponges compet-
ing for the binding of miRNAs and regulating the expression levels of mRNAs, which in turn affects tumor development
[9]. For example, HOXD-AS1 was found to competitively bind miR-130a-3p and inhibit the degradation of the target
gene SOX4, thus promoting the metastasis of HCC cells [24]. However, ceRNA networks are still understudied in HCC.
In this study, an immune related competing endogenous RNA (ceRNA) regulatory axis (MIR4435-2HG/hsa-miR-1-3p/
MMP9/hsa-miR-29-3p/DUXAP8) in HCC was constructed through comprehensive bioinformatics analysis. In this ceRNA
network axis, each RNA was significantly differentially expressed and had a prognostic role in liver cancer. Two miRNAs
(hsa-miR-1-3p and hsa-miR-29-3p) were expressed at low levels in liver cancer and were related to a good prognosis
for liver cancer patients. MMP9 and two IncRNAs (MIR4435-2HG and DUXAP8) were highly expressed in HCC and were
associated with a poor prognosis in patients with HCC and with immune tumor cell infiltration.

In the present study, the mRNA-miRNA-IncRNA model was used for the first time to construct a ceRNA network
in HCC using immune-related mRNAs. Among the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAP8
ceRNA network axis components, MMP9 is a member of the matrix metalloproteinase (MMP) family, a class of metal
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(n = 56). Scatter plot showing the correlation of MMP9 (b), DUXAPS8 (c), and MIR4435-2HG (d) with tumor immune cells

ion-dependent proteases that increases the invasive and migratory ability of tumor cells because MMPs degrade
a variety of proteins in the cell periphery [25]. In this study, MMP9 was highly expressed in HCC and was related to
a poor prognosis for patients with HCC. Moreover, the expression level of MMP9 was significantly correlated with
sex, grade, TNM stage, and invasion depth in HCC. The previous report showed that high expression of MMP9 could
promote metastasis of tumor cells, promotes tumor angiogenesis, and inhibits apoptosis [26]. LncRNA FLJ33360 has
been reported to inhibit miRNA-140 to increase the expression of MMP9 to accelerate the development of HCC [27].
In this study, the two miRNAs (hsa-miR-1-3p and hsa-miR-29-3p) were identified with lower expression levels in HCC
and they were related to a good prognosis for HCC patients. The results of the study on hepatoma cell lines showed
that overexpression of hsa-miR-1-3p could promote the apoptosis and inhibit the proliferation of hepatoma cells.
Further analysis showed that hsa-miR-1-3p could inhibit Sox9 to achieve an antitumor effect [28]. However, there
is no study on the role of hsa-miR-29-3p in HCC. Another study showed that hsa-miR-29-3p was expressed at low
levels in nasopharyngeal carcinoma and could target COLT1A1 to improve the radiosensitivity of nasopharyngeal
carcinoma cells [29].
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In this study, according to the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAP8 ceRNA network axis, a risk
model was constructed for MIR4435-2HG and DUXAPS, and the survival rate of the high-risk patient group was signifi-
cantly lower than that of the low-risk group. Moreover, TNM stage and invasion depth were potential prognostic factors
in the risk model, and the risk score could be used as an independent prognostic indicator for patients with HCC. In a
recent study, MIR4435-2HG was found to be highly expressed in HCC tissues; survival time was significantly lower in the
high expression group, and MIR4435-2HG was found to compete for the binding of miR-22-3p, thereby promoting the
expression of YWHAZ to induce oncogenic effects [30]. DUXAP8 binding to miR-490-5p accelerated the expression of
the oncogene BUB1, further promoting the value added and migration of HCC cells [31]. In terms of the diagnostic value
in liver cancer, the expression of MMP9, MIR4435-2HG, and DUXAPS8 has the potential to differentiate between normal
individuals and HCC patients. Taken together, the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAP8 ceRNA
network axis might be closely associated with the development of HCC.

In the correlation analysis of tumor immune cell infiltration, MMP9 was positively correlated with MO macrophages
and resting NK cells and negatively correlated with activated mast cells, resting mast cells, monocytes and activated NK
cells. Cox multivariate regression analysis showed that MO macrophages could be a poor prognostic factor in patients
with HCC [32]. The proportions of resting mast cells and activated NK cells were significantly lower in the group with
HCC than in the group without normal tissue [33]. In the present study, both DUXAP8 and MIR4435-2HG were positively
correlated with M2 macrophages, which have a role in promoting tumor development, angiogenesis, and tumor cell
metastasis and help tumor cells evade immune recognition [34, 35]. Several studies have shown that M2 macrophages
could play a significant role in the development of HCC. The IncRNA of LINC00662 activated Wnt/B-linked protein signal-
ing in macrophages in a paracrine manner and further promoted M2 macrophage polarization, which further promoted
the value added and metastasis of HCC cells and inhibited their apoptosis [36]. Furthermore, the study on HCC cells
cultured in M2 macrophage-conditioned medium showed fibroblast-like morphology, increased metastatic capacity
and expression of epithelial-mesenchymal transition (EMT) markers and the oncogene TLR4, further promoting HCC cell
migration [37]. Therefore, the result of this study suggested that the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/
DUXAP8 ceRNA network axis could be a potential target forimmunotherapy in HCC.

In summary, the MIR4435-2HG/hsa-miR-1-3p/MMP9/hsa-miR-29-3p/DUXAP8 ceRNA network axis was constructed
by using bioinformatical tools, and it might be closely associated with the development of HCC, associated with a poor
prognosis in HCC patients, and associated with tumor immune cell infiltration. The result might offer some insight into
the epigenetic processes occurring in high-risk HCC patients. And the relevant RNAs might be used as diagnostic and
prognostic biomarkers and molecular targets in HCC patients.

Authors’ contributions LZ, SH and YG conceived the study and designed the experiments. LZ, SH, JC and SM performed bioinformatics analysis.
FL and CL created the figures. LZ and SH wrote the manuscript. YG revised the manuscript. YG supervised the study. All authors contributed
to the article and approved the submitted version. All authors read and approved the final manuscript.

Funding This work was Funded by Science Research Project of Bengbu Medical College [No. 2020byzd080], and Research Foundation for
Advanced Talents of Bengbu Medical College [No. 15190016].

Data availability Publicly available datasets were analyzed in this study, these can be found in database of The Cancer Genome Atlas (https://
portal.gdc.cancer.gov). The authors confirm that the data supporting the findings of this study are available within the article.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


https://portal.gdc.cancer.gov
https://portal.gdc.cancer.gov
http://creativecommons.org/licenses/by/4.0/

Discover Oncology (2021) 12:38 | https://doi.org/10.1007/s12672-021-00436-3 Research

References

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Bray F, Ferlay J, Soerjomataram |, et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2018;68(6):394-424. https://doi.org/10.3322/caac.21492.

Abou-Alfa GK, Meyer T, Cheng AL, et al. Cabozantinib in patients with advanced and progressing hepatocellular carcinoma. N Engl J Med.
2018;379(1):54-63. https://doi.org/10.1056/NEJMoa1717002.

Golabi P, Fazel S, Otgonsuren M, et al. Mortality assessment of patients with hepatocellular carcinoma according to underlying disease
and treatment modalities. Medicine. 2017;96(9): €5904. https://doi.org/10.1097/md.0000000000005904.

Lee S, Loecher M, lyer R. Immunomodulation in hepatocellular cancer. J Gastrointest Oncol. 2018;9(1):208-19. https://doi.org/10.21037/
j90.2017.06.08.

Miao L, Qi J, Zhao Q, et al. Targeting the STING pathway in tumor-associated macrophages regulates innate immune sensing of gastric
cancer cells. Theranostics. 2020;10(2):498-515. https://doi.org/10.7150/thno.37745.

Sprinzl MF, Galle PR. Current progress in immunotherapy of hepatocellular carcinoma. J Hepatol. 2017;66(3):482-4. https://doi.org/10.
1016/j,jhep.2016.12.009.

Zongyi Y, Xiaowu L. Immunotherapy for hepatocellular carcinoma. Cancer Lett. 2020;1(470):8-17. https://doi.org/10.1016/j.canlet.2019.
12.002.

Li C, Xu X. Biological functions and clinical applications of exosomal non-coding RNAs in hepatocellular carcinoma. Cell Mol Life Sci.
2019;76(21):4203-19. https://doi.org/10.1007/s00018-019-03215-0.

Salmena L, Poliseno L, Tay Y, et al. A ceRNA hypothesis: the Rosetta Stone of a hidden RNA language? Cell. 2011;146(3):353-8. https://doi.
org/10.1016/j.cell.2011.07.014.

Li B, Mao R, Liu C, et al. LncRNA FAL1 promotes cell proliferation and migration by acting as a CeRNA of miR-1236 in hepatocellular car-
cinoma cells. Life Sci. 2018;15(197):122-9. https://doi.org/10.1016/].Ifs.2018.02.006.

. Zhou ZH, Wang QL, Mao LH, et al. Chromatin accessibility changes are associated with enhanced growth and liver metastasis capacity

of acid-adapted colorectal cancer cells. Cell Cycle. 2019;18(4):511-22. https://doi.org/10.1080/15384101.2019.1578145.

. Yan P,Huang Z, MouT, et al. Comprehensive analyses of competing endogenous RNA networks reveal potential biomarkers for predicting

hepatocellular carcinoma recurrence. BMC Cancer. 2021;21(1):436. https://doi.org/10.1186/512885-021-08173-0.
Liberzon A, Birger C, Thorvaldsdottir H, et al. The molecular signatures database (MSigDB) hallmark gene set collection. Cell Syst.
2015;1(6):417-25. https://doi.org/10.1016/j.cels.2015.12.004.

. Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide

expression profiles. Proc Natl Acad Sci USA. 2005;102(43):15545-50. https://doi.org/10.1073/pnas.0506580102.

. Tang Z, Li C, Kang B, et al. GEPIA: a web server for cancer and normal gene expression profiling and interactive analyses. Nucleic Acids

Res. 2017;45(W1):W98-102. https://doi.org/10.1093/nar/gkx247.

. Consortium GT. The genotype-tissue expression (GTEx) project. Nat Genet. 2013;45(6):580-5. https://doi.org/10.1038/ng.2653.
. Szklarczyk D, Morris JH, Cook H, et al. The STRING database in 2017: quality-controlled protein-protein association networks, made broadly

accessible. Nucleic Acids Res. 2017;45(D1):D362-d368. https://doi.org/10.1093/nar/gkw937.

. Shannon P, Markiel A, Ozier O, et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks.

Genome Res. 2003;13(11):2498-504. https://doi.org/10.1101/gr.1239303.

. Chang L, Zhou G, Soufan O, et al. miRNet 2.0: network-based visual analytics for miRNA functional analysis and systems biology. Nucleic

Acids Res. 2020;48(W1):W244-51. https://doi.org/10.1093/nar/gkaa467.

Nagy A, Lanczky A, Menyhart O, et al. Validation of miRNA prognostic power in hepatocellular carcinoma using expression data of inde-
pendent datasets. Sci Rep. 2018;8(1):9227. https://doi.org/10.1038/5s41598-018-27521-y.

Newman AM, Steen CB, Liu CL, et al. Determining cell type abundance and expression from bulk tissues with digital cytometry. Nat
Biotechnol. 2019;37(7):773-82. https://doi.org/10.1038/s41587-019-0114-2.

Balogh J, Victor D 3rd, Asham EH, et al. Hepatocellular carcinoma: a review. J Hepatocell Carcinoma. 2016;3:41-53. https://doi.org/10.
2147/jhc.561146.

Xu F JinT, ZhuYY, et al. Immune checkpoint therapy in liver cancer. J Exp Clin Cancer Res CR. 2018;37(1):110. https://doi.org/10.1186/
s13046-018-0777-4.

Wang H, Huo X, Yang XR, et al. STAT3-mediated upregulation of IncRNA HOXD-AS1 as a ceRNA facilitates liver cancer metastasis by regu-
lating SOX4. Mol Cancer. 2017;16(1):136. https://doi.org/10.1186/512943-017-0680-1.

Kunte M, Desai K. The protein extract of Chlorella minutissima inhibits the expression of MMP-1, MMP-2 and MMP-9 in cancer cells through
upregulation of TIMP-3 and down regulation of c-Jun. Cell J. 2018;20(2):211-9. https://doi.org/10.22074/cellj.2018.5277.

Shokoohinia Y, Gheibi S, Kiani A, et al. Multi-spectroscopic and molecular modeling investigation of the interactions between
prantschimgin and matrix metalloproteinase 9 (MMP9). Lumin J Biol Chem Lumin. 2016;31(2):587-93. https://doi.org/10.1002/bio.2999.
Lu Z,YuY, Ding X, et al. LncRNA FLJ33360 accelerates the metastasis in hepatocellular carcinoma by targeting miRNA-140/MMP9 axis.
Am J Trans| Res. 2020;12(2):583-91.

Zhang H, Zhang Z, Gao L, et al. miR-1-3p suppresses proliferation of hepatocellular carcinoma through targeting SOX9. Onco Targets
Ther. 2019;12:2149-57. https://doi.org/10.2147/0tt.S197326.

GuoY, Zhai J, Zhang J, et al. Improved radiotherapy sensitivity of nasopharyngeal carcinoma cells by miR-29-3p targeting COL1A1 3'-UTR.
Med Sci Monit Int Med J Exp Clin Res. 2019;29(25):3161-9. https://doi.org/10.12659/msm.915624.

Shen X, Ding Y, Lu F, et al. Long noncoding RNA MIR4435-2HG promotes hepatocellular carcinoma proliferation and metastasis through
the miR-22-3p/YWHAZ axis. Am J Trans| Res. 2020;12(10):6381-94.

Zhang H, Chu K, Zheng C, et al. Pseudogene DUXAP8 promotes cell proliferation and migration of hepatocellular carcinoma by sponging
miR-490-5p to induce BUB1 expression. Front Genet. 2020;11:666. https://doi.org/10.3389/fgene.2020.00666.

@ Springer


https://doi.org/10.3322/caac.21492
https://doi.org/10.1056/NEJMoa1717002
https://doi.org/10.1097/md.0000000000005904
https://doi.org/10.21037/jgo.2017.06.08
https://doi.org/10.21037/jgo.2017.06.08
https://doi.org/10.7150/thno.37745
https://doi.org/10.1016/j.jhep.2016.12.009
https://doi.org/10.1016/j.jhep.2016.12.009
https://doi.org/10.1016/j.canlet.2019.12.002
https://doi.org/10.1016/j.canlet.2019.12.002
https://doi.org/10.1007/s00018-019-03215-0
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1016/j.lfs.2018.02.006
https://doi.org/10.1080/15384101.2019.1578145
https://doi.org/10.1186/s12885-021-08173-0
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1038/ng.2653
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gkaa467
https://doi.org/10.1038/s41598-018-27521-y
https://doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.2147/jhc.S61146
https://doi.org/10.2147/jhc.S61146
https://doi.org/10.1186/s13046-018-0777-4
https://doi.org/10.1186/s13046-018-0777-4
https://doi.org/10.1186/s12943-017-0680-1
https://doi.org/10.22074/cellj.2018.5277
https://doi.org/10.1002/bio.2999
https://doi.org/10.2147/ott.S197326
https://doi.org/10.12659/msm.915624
https://doi.org/10.3389/fgene.2020.00666

Research Discover Oncology (2021)12:38 | https://doi.org/10.1007/512672-021-00436-3

32.

33.

34.

35.

36.

37.

Farha M, Jairath NK, Lawrence TS, et al. Characterization of the tumor immune microenvironment identifies MO macrophage-enriched
cluster as a poor prognostic factor in hepatocellular carcinoma. JCO Clin Cancer Inform. 2020;4:1002-13. https://doi.org/10.1200/cci.20.
00077.

Tang X, Shu Z, Zhang W, et al. Clinical significance of the immune cell landscape in hepatocellular carcinoma patients with different
degrees of fibrosis. Ann Transl Med. 2019;7(20):528. https://doi.org/10.21037/atm.2019.09.122.

Zhao X, Qu J, SunYY, et al. Prognostic significance of tumor-associated macrophages in breast cancer: a meta-analysis of the literature.
Oncotarget. 2017;8(18):30576-86. https://doi.org/10.18632/oncotarget.15736.

Solinas G, Germano G, Mantovani A, et al. Tumor-associated macrophages (TAM) as major players of the cancer-related inflammation. J
Leukoc Biol. 2009;86(5):1065-73. https://doi.org/10.1189/jlb.0609385.

Tian X, WuY, Yang, et al. Long noncoding RNA LINC00662 promotes M2 macrophage polarization and hepatocellular carcinoma progres-
sion via activating Wnt/[-catenin signaling. Mol Oncol. 2020;14(2):462-83. https://doi.org/10.1002/1878-0261.12606.

Yao RR, Li JH, Zhang R, et al. M2-polarized tumor-associated macrophages facilitated migration and epithelial-mesenchymal transition
of HCC cells via the TLR4/STAT3 signaling pathway. World J Surg Oncol. 2018;16(1):9. https://doi.org/10.1186/s12957-018-1312-y.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1200/cci.20.00077
https://doi.org/10.1200/cci.20.00077
https://doi.org/10.21037/atm.2019.09.122
https://doi.org/10.18632/oncotarget.15736
https://doi.org/10.1189/jlb.0609385
https://doi.org/10.1002/1878-0261.12606
https://doi.org/10.1186/s12957-018-1312-y

	Comprehensive analysis of the MIR4435-2HGmiR-1-3pMMP9miR-29-3pDUXAP8 ceRNA network axis in hepatocellular carcinoma
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Analysis process of this study
	2.2 Data acquisition
	2.3 Screening of differentially expressed mRNAs, lncRNAs, and miRNAs
	2.4 Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
	2.5 Protein–protein interaction (PPI) network construction
	2.6 ceRNA network construction
	2.7 Survival analysis
	2.8 Clinical correlation analysis and risk model construction
	2.9 Immune cell infiltration analysis
	2.10 Statistical analysis

	3 Results
	3.1 Screening of immune-related, differentially expressed mRNAs (immune-DEmRNAs) for hepatocellular carcinoma
	3.2 Gene ontology (GO) and KEGG pathway analyses of the immune-DEmRNAs
	3.3 PPI network construction and further analysis of immune-DEmRNAs
	3.4 Prediction and screening of miRNAs upstream of mRNAs
	3.5 Prediction and screening of lncRNAs upstream of miRNAs and ceRNA network construction
	3.6 Construction of a risk model for the MIR4435-2HGhsa-miR-1-3pMMP9hsa-miR-29-3pDUXAP8 ceRNA network axis
	3.7 Analysis of the correlations between the MIR4435-2HGhsa-miR-1-3pMMP9hsa-miR-29-3pDUXAP8 ceRNA network axis and tumor immune cell infiltration in HCC

	4 Discussion
	References




