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Abstract: Background: Hepatocellular carcinoma (HCC) is one of the leading causes of tumor-related death. MicroRNAs (miRNAs) belong to a subfamily of functional non-coding RNAs (ncRNAs) and are essential regulators of
tumorigenesis. They affect tumor-related therapeutic response, tumor metastasis, and clinical outcomes of several
human malignant tumors. However, the prognostic value of miRNAs and their role in the tumor immune microenvironment (TIME) of HCC have not been clarified. Materials and methods: Raw RNA-sequencing data (mRNA and
miRNA) and clinicopathological characteristics of HCC samples were downloaded from the TCGA-GDC database.
The Perl programming language, R software, Cytoscape software, and several online databases were used to clarify
the clinical significance and biological functions of miRNAs and their target genes in HCC. Results: A total of 424
mRNA-sequencing samples and 425 miRNA-sequencing samples were obtained from the TCGA database. There
were 344 HCC cases with complete information in the TCGA dataset and they were randomly categorized into two
subgroups. Six miRNAs were identified as independent prognostic biomarkers for HCC patients by univariate and
multivariate Cox regression analysis. The constructed prognostic signature, which contains these six miRNAs, was
significantly correlated with overall survival (OS). In addition, this prognostic signature is superior to single miRNA in
predicting short-term prognosis of HCC patients. We also found that the prognostic signature was significantly associated with tumor-related immune cell infiltration, TIME, and immunotherapeutic response. Furthermore, a total of
4568 potential target genes of six miRNAs were identified. The miRNA-mRNA co-expression network, protein-protein
interaction (PPI) network, and functional and pathway enrichment analysis demonstrated that these miRNA-related
target genes have important biological effects during the initiation and progression of HCC. Conclusions: This study
demonstrates that the miRNA signature can accurately predict the prognosis of HCC patients and provide a basis
for novel immunotherapy treatments.
Keywords: Hepatocellular carcinoma, miRNA, prognosis, tumor immune microenvironment, immunotherapeutic
response

Introduction
Primary liver cancer is common and is the third
leading cause of tumor-related deaths globally
[1, 2]. Hepatocellular carcinoma (HCC) is the
predominant histological subtype of primary
liver cancer, accounting for more than 75% of
liver cancer. The development of HCC is a long
and multi-step process, with chronic hepatitis
caused by varied etiological factors progressing to cirrhosis and then malignant tumors [3,

4]. Hepatitis B and C viral infection [5, 6], alcohol intake [7] and cirrhosis [8] are three major
risk factors of HCC and explain 80% of HCC
occurrence and progression. Radical surgical
resection is the main potentially curative treatment for HCC. However, the overall survival
(OS) is not satisfactory, with a median OS of no
more than 1 year in the United States [9, 10].
Therefore, it is crucial to explore the mechanism of tumorigenesis and develop novel prediction biomarkers of the prognosis for patients
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with HCC so as to improve individualized treatments.
MicroRNAs (miRNAs) are a group of functional
non-coding RNAs (ncRNAs) and are essential
regulators of gene expression at the post-transcriptional level [11]. They affect a series of
genetic pathways, including apoptosis, cell proliferation, and cell cycle checkpoints [12, 13].
The differential expression of miRNAs between
tumor and normal tissues is involved in the
pathogenesis of human malignant tumors, including HCC [14], ovarian cancer [15], nasopharyngeal carcinoma [16], and osteosarcoma
[17]. Up-regulated or down-regulated expression of target genes is critical for tumor initiation and metastasis. Moreover, increasing evidence has confirmed that dysregulation of
miRNAs could also serve as a prognostic biomarker to predict OS of patients with malignant
tumors [18, 19]. Since the discovery of the first
miRNA in 1993, a series of miRNAs, such as
hsa-let-7a, hsa-miR-155, hsa-miR-223, and
hsa-miR-224, were discovered successively
and they were found to function as tumor-related suppressors and prognostic biomarkers
for clinical outcome prediction of human malignant tumors [20-23].
In this study, the expression levels and prognostic value of miRNAs in HCC were systematically analyzed by several comprehensive bioinformatics analysis tools. Then, six miRNAs were
identified as independent prognostic factors by
univariate and multivariate Cox regression to
construct a prognostic signature for predicting
the OS of HCC patients. The prognostic signature was an independent prognostic indicator
and was significantly associated with tumorrelated immune cell infiltration, tumor immune
microenvironment (TIME), and immunotherapeutic response. Finally, the target genes of
six miRNAs and their functions were explored,
providing new insights into the molecular mechanism and management of HCC.
Materials and methods
Data collection and processing
The raw RNA-sequencing transcriptomic data
(mRNAs and miRNAs) and corresponding clinicopathological characteristics of HCC samples
were downloaded from TCGA (The Cancer
Genome Atlas) (https://portal.gdc.cancer.gov;
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until March 3, 2021) database. The “Perl programming language” (version strawberry-perl5.32.1.1; https://www.perl.org) was used to
obtain the expression profile for each raw RNAsequencing transcriptomic data. Moreover, the
data of 377 HCC patients with clinicopathological characteristics were extracted using Perl
programming language. In our study, 344 HCC
cases from the TCGA dataset were included
and 33 cases were excluded due to survival
time less than 30 days (n = 27) or the lack of
complete miRNA expression information (n =
6). All patients were randomly categorized into
two groups (training group = 172, testing group = 172) via the “caret” package with the
function of creating data partitions (Table 1).
Differential expression analysis
The abnormal expression of mRNAs and miRNAs in paracancerous tissues and HCC samples were screened using the Wilcoxon test in
R (version R 3.6.3, https://www.r-project.org/).
The false discovery rate (FDR) < 0.05 and |log2
FC (Fold change)| ≥ 2 were defined as criteria
for mRNA, and FDR < 0.05 and |log2 FC| ≥ 1
were the thresholds for miRNA. Subsequently,
the “edgeR” and “pheatmap” packages in R
software were used to map the volcano plot of
all abnormally expressed mRNAs or miRNAs
and the heatmap of top 20 up-regulated or
down-regulated differentially expressed mRNAs
or miRNAs in HCC samples and paracancerous
tissues.
Cox regression analysis and survival analysis
of single miRNA
To assess the relationship between miRNA
expression level and OS in HCC patients, a univariate Cox regression model was established
for the training cohort. Eighteen significant miRNAs (P < 0.05) were selected for the multivariate Cox regression model construction. Six
candidate miRNAs strongly correlated with OS
in HCC patients were identified. The potential
correlation between these miRNAs was also
explored. We used the “heatmap” package to
explore the association between the expression levels of these six miRNAs and clinicopathological characteristics in HCC patients. These
candidate miRNAs were then subjected to survival analysis using the “survival” package in R
software. The receiver operating characteristic
(ROC) curve and area under the curve (AUC)
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Table 1. Clinical features of the hepatocellular carcinoma patient in TCGA cohort
Characteristic
Age

Gender
Histological grade

Stage

T classification

N classification

M classification

Survival status

Variable
<60 years
≥60 years
Not available
Male
Female
G1
G2
G3
G4
Gx
Stage I
Stage II
Stage III
Stage IV
Not available
T1
T2
T3
T4
Tx
N0
N1
Nx
M0
M1
Mx
Dead
Alive

n (%)
172 (45.6%)
204 (54.1%)
1 (0.3%)
122 (32.4%)
255 (67.6%)
55 (14.6%)
180 (47.7%)
124 (32.9%)
13 (3.5%)
5 (1.3%)
175 (46.4%)
87 (23.1%)
86 (22.8%)
5 (1.3%)
24 (6.4%)
185 (49.0%)
95 (25.2%)
81 (21.5%)
13 (3.5%)
3 (0.8%)
257 (68.1%)
4 (1.1%)
116 (30.8%)
272 (72.1%)
4 (1.1%)
101 (26.8%)
128 (34.0%)
249 (66.0%)

TCGA, The Cancer Genome Atlas.

were used to assess the sensitivity and specificity of the six miRNAs for predicting the shortterm survival of HCC patients.
Construction and assessment of the prognostic miRNA-based signature
The six candidate miRNAs identified by univariate and multivariate Cox regression analysis
were used to calculate the risk score for each
HCC patient in the training dataset. The computational formula was as follows: Risk score =
/ni = 1 Coef (i) # x (i) , where Coef (i) and x (i) represent
the coefficient based on multivariate Cox regression analysis and the expression level of
each miRNA, respectively. Subsequently, the
HCC patients were categorized into the low-
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risk group and high-risk group with taking the
median risk scores of the training group, testing group, and the entire as cut-off values. The
“survival” and “survival ROC” packages in R
software were used to build the Kaplan-Meier
(K-M) survival curve and the time-dependent
ROC (Td-ROC) curve for the training group, testing group, and the entire. These curves were
applied to evaluate the prognostic accuracy for
each HCC patient. Furthermore, the dot plot
was employed to display the survival status of
each patient, and the accuracy of the risk score
in predicting the survival of HCC patients was
verified. The heatmap was used to display differences in expression levels between two risk
subgroups, and the association of expression
levels with clinicopathological features was assessed using the log-rank test. Principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) were further performed to display the different distribution states between two risk subgroups. To
further evaluate whether the miRNA-based
prognostic signature was an independent indicator for OS, we constructed the univariate and
multivariate Cox regression model by “survival”
packages in R software. The Cox regression
model can be used to evaluate whether these
clinicopathological variables such as age, sex,
histologic neoplasm grade, TMN-classification,
and prognostic signature containing six miRNAs were related to patient survival outcomes.
P < 0.05 was considered to indicate statistical
significance.
Construction of nomogram and decision curve
analysis
To further verify the benefits of the miRNA signature in clinical utilization, a nomogram was
developed to predict clinical outcomes of HCC
patients based on two independent prognostic
factors, namely miRNA signature and clinicopathological stage. Both factors were significant in univariate and multivariate Cox regression analysis. The calibration curves were
assessed to exhibit the discrimination between actual clinical outcomes and nomogrampredicted outcomes of patients with HCC. Furthermore, we conducted decision curve analysis (DCA) to show the benefits of miRNA signature and clinical stage. Without interference
variables, the line of “None” would present
the expected net benefit, and the line of “All”
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would show the expected net benefit for patients who received interventions.
Immune status and immune function analysis
The single-sample gene set enrichment analysis (ssGSEA) algorithm can characterize the
infiltration level of immune cells and the activity of immune-related pathways in a single
tumor sample based on the expression levels
of immune cell-specific markers. In this study,
ssGSEA analysis was performed using the
“limma”, “GSVA”, and “GSEABase” packages
of R software. Furthermore, based on the
Estimation of STromal and immune cells in
Malignant Tumor tissues using the Expression
data (ESTIMATE) algorithm, the ESTIMATE score can be obtained. The stromal and immune
scores for patients in the high- and low-risk
subgroups can be obtained using CIBERSORT,
which is an algorithm for analyzing the infiltration level of immune cells in tumor tissues
based on transcriptome data. The relationship
between miRNA signature and 22 tumor-related immune cells was also explored by the
CIBERSORT algorithm. Furthermore, we also
analyzed the association between miRNA signature and chemotactic activities for tumorrelated immune cells.
Immunotherapy response analysis
To investigate the role of miRNA signature in
predicting immunotherapy response based on
immune checkpoint blockades (ICBs), the difference and correlation between the expression of ICBs and human leukocyte antigen
(HLA) key genes in two risk subgroups were
explored. Tumor mutational burden (TMB) and
microsatellite instability (MSI) were important
predictors for immunotherapy response with
higher efficiency than other clinicopathological
features. The TMB analysis and MSI analysis
were combined to explore the potential associations between the constructed signature and
immunotherapy response in HCC. Furthermore,
the tumor immune dysfunction and exclusion
(TIDE) algorithm was applied to predict the
immunotherapy response of the two risk subgroups.
Prediction of prognosis-related miRNA target
genes
The prognosis-related miRNA target genes
were selected based on the following criteria:
3613

at least in two of the following databases,
namely TargetScan (Release 7.2, http://www.
targetscan.org/vert_72), miRTarBase (Release 8.0, http://mirtarbase.cuhk.edu.cn), and
miRDB (version 6.0, http://mirdb.org) databases. Subsequently, the Venn diagram was applied to display the overlapping target genes
in the three online databases based on the
“VennDiagram” package in R software. In addition, the GO (Gene Ontology) term functional
analysis and KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway enrichment analysis were performed for miRNA-related target
genes.
The miRNA-target gene network and the PPI
network
The Cytoscape (version 3.8.2, www.cytoscape.
org/) was used to visualize the interaction network of prognosis-related miRNAs and corresponding target genes. According to the requirement that the minimum of the interaction
should be greater than 0.4, the potential protein-protein interaction (PPI) network of the
miRNA-related target genes was constructed
using STRING (https://string-db.org/) online
database. In addition, the CytoHubba plugin in
Cytoscape software was adopted to select the
core gene network, and the function-genes network was explored using GeneMANIA (http://
www.genemania.org) online database.
Construction of a lncRNA-miRNA-mRNA regulatory axis
Differential expression of the six miRNAs related target genes was analyzed between the normal and tumor tissues using the GEPIA2 (http://
gepia2.cancer-pku.cn) database, with P < 0.01
and |log2 fold change (FC)| ≥1.0. Subsequently,
the upstream lncRNAs of these miRNAs were
predicted using ENCORI (https://starbase.sysu.
edu.cn/) database. Unfortunately, data on hsamiR-5003-3p is not available in the ENCORI
database. GEPIA2 database was also used to
detect the differential expression levels of these predicted lncRNAs between HCC and normal tissues. We extracted as above differentially expressed RNAs to construct mRNA-miRNA-lncRNA network.
Comprehensive analysis of hub target genes
To further explore the association of biological
function of hub target genes with the initiation
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Table 2. MicroRNA (miRNA) primers used for qPCR
miRNA

Forward primer

Reverse primer

Reverse transcription primer

hsa-miR-326

GCCTCTGGGCCCTTC

GTTGTGGTTGGTTGGTTTGT

GGTTGTGGTTGGTTGGTTTGTATACCACAACCCTGGAG

hsa-miR-30d-5p

GCGTGTAAACATCCCCGAC

AGTGCAGGGTCCGAGGTATT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTCCA

hsa-let-7c-5p

GCGCGTGAGGTAGTAGGTTGT AGTGCAGGGTCCGAGGTATT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACCAT

hsa-miR-5003-3p CGCGCGTACTTTTCTAGGTTG

AGTGCAGGGTCCGAGGTATT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCCCAA

hsa-miR-760

GCGGCTCTGGGTCTG

TCCTCCTCTTCCTCTCCATT

GTCCTCCTCTTCCTCTCCATTATGAGGAGGACTCCCCA

hsa-miR-7-5p

AGGGTGGAAGACTAGTGATTT

GCCTCATCACCTCAACCTAA

GGCCTCATCACCTCAACCTAAATGATGAGGCCACAACA

and progression of HCC, a comprehensive analysis of the hub target genes was performed.
First, cBioPortal (https://www.cbioportal.org)
online database was used to explore the genetic mutation levels in HCC tissues, and then
datasets from TCGA (372 samples, PanCancer
Atlas) was applied for the next analysis. Subsequently, gene differential expression was
analyzed using the GEPIA2 database. A total of
369 HCC and 160 normal liver tissue specimens were obtained from the TCGA and
Genotype-Tissue Expression Portal (GTEx) datasets. Results were considered statistically
significant when P < 0.01 and |log2 FC| > 1.
Finally, two hub target genes (FOS and GNAO1)
were identified as the differentially expressed
genes (DEGs) between HCC tissues and normal
liver tissues. The Human Protein Atlas (HPA,
https://www.proteinatlas.org/) database was
used to assess the protein expression level of
the two DEGs in HCC tissues and normal liver
tissues. The association between the mRNA
expression levels of two DEGs with clinicopathological stages of HCC patients was explored using GEPIA2. TIMER (https://cistrome.shinyapps.io/timer/) is a web server for exploring
the infiltration of tumor-related immune cells.
In this study, the online database STRING was
used to analyze the association between the
two DEGs and the immune cell infiltration.
Since the immune-checkpoint inhibitors (ICIs)
based on PD-L1 (CD274), PD-1 (CD279/PDCD1), and CTLA4 have become an important
part of cancer immunotherapies, we comprehensively explored the correlation between the
two DEGs and these three ICIs using the TISIDB (http://cis.hku.hk/TISIDB/index.php) database.
Quantitative real-time polymerase chain reaction (qRT-PCR)
To validate the expression levels of six hub
miRNAs in HCC cells, we explored the expres-
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sion level of six miRNAs in HepG2 cells and
HEK293T cells using qRT-PCR. The primer sequences for qRT-PCR are provided in Table 2.
According to the manufacturer’s instructions,
the total RNAs from HepG2 cells and HEK293T
cells were extracted using a Takara PrimeScript
RT reagent kit (RR037A) (Takara, Japan). Then,
the complementary DNA (cDNA) synthesis based on total RNAs was performed using the
Takara PrimeScript RT reagent kit. Afterward,
the qRT-PCR was employed using a ViiA 7 Dx
RT-PCR System (Applied Biosystems, Foster
City, USA).
Statistical analysis
All statistical analysis was performed using R
version 3.6.3. The Mann-Whitney U test was
used for continuous variables, and the chisquare test was used for categorical variables,
respectively. The survival analysis was calculated using the Kaplan-Meier method with logrank test. Correlation coefficient from the
Spearman rank correlation analysis. Univariate and multivariate Cox proportional hazard
regression analyses were used to identify independent prognostic factors. P < 0.05 was considered statistically significant.
Results
Identification of differentially expressed miRNAs and mRNAs in HCC
A total of 424 mRNA-sequencing samples (374
tumors and 50 paracancerous tissues) and
425 miRNAs-sequencing samples (375 tumors
and 50 paracancerous tissues) were included
for further bioinformatics analysis. By analyzing the RNA-sequencing data, we identified
2419 differentially expressed mRNAs (2161
up-regulated expressions and 258 down-regulated expressions) and 300 differentially expressed miRNAs (260 up-regulated expressi-
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ons and 40 down-regulated expressions). The
volcano plots of abnormally expressed mRNA
and miRNA are shown in Figure 1A, 1B, and the
heatmaps of top 20 up-regulated or down-regulated differentially expressed mRNAs and miRNAs are shown in Figure 1C, 1D.
Identification of independent risk miRNAs and
survival analysis of single miRNA in HCC
We identified the independent risk miRNAs by
univariate and multivariate COX regression
analysis. The univariate COX regression analysis showed that expression of 18 miRNAs were
significantly correlated with OS of HCC patients (P < 0.05, Figure 2A). The multivariate
COX regression analysis presented that six
miRNAs, including hsa-miR-326 (P = 0.025, HR
= 1.32, 95% CI: 1.03-1.68), hsa-miR-30d-5p (P
= 0.051, HR = 0.77, 95% CI: 0.60-1.00), hsalet-7c-5p (P = 0.007, HR = 0.76, 95% CI: 0.620.93), hsa-miR-5003-3p (P = 0.055, HR = 1.30,
95% CI: 0.99-1.71), hsa-miR-760 (P = 0.104,
HR = 1.23, 95% CI: 0.96-1.57) and hsa-miR-75p (P = 0.018, HR = 1.30, 95% CI: 1.04-1.61)
were independent prognostic factors for HCC
and good candidates for prognostic signature
construction (Figure 2B). Among these independent prognostic miRNAs, hsa-miR-30d-5p
and hsa-let-7c-5p were considered as protective factors (HR < 1), while hsa-miR-326, hsamiR-5003-3p, hsa-miR-760 and hsa-miR-7-5p
were considered as risk factors (HR > 1). In
order to explore the correlation between these
miRNAs, we calculated the coefficients of miRNAs in each sample. Correlation analysis showed that the expression of hsa-miR-760 was
positively correlated with hsa-miR-5003-3p,
hsa-miR-7-5p and negatively correlated with
hsa-let-7c-5p. Moreover, there was a positive
correlation between hsa-miR-326, hsa-let-7c5p, hsa-miR-760 and hsa-miR-5003-3p, and
the correlation between hsa-miR-326 and hasmiR-30d-5p was negative (Figure S1A, S1B).
Afterward, we assessed the relationship between the expression of these six miRNAs and
clinicopathological characteristics of HCC patients. The results indicated that these miRNAs
had significant effects on the initiation and progression of HCC (Figure S2). K-M survival curve
is a visual tool used by clinicians to predict
prognostic power. As shown in Figure 3A-F, high
expression of hsa-miR-5003-3p (P = 3.798e-
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02), hsa-miR-760 (P = 2.733e-02), hsa-miR326 (P = 6.125e-03), and hsa-let-7c-5p (P =
4.773e-02) indicated short OS of HCC patients, while high expression of hsa-miR-30d5p (P = 7.804e-03) and hsa-miR-7-5p (P =
8.795e-05) indicated long OS. We then performed a ROC curve analysis and calculated
the AUC of these six miRNAs for 1-year OS
(Figure 3G-L).
Construction of prognostic signature based on
six miRNAs
To further explore the relationship between
the miRNA expression and the prognosis of
HCC patients, six miRNAs (hsa-miR-5003-3p,
hsa-miR-760, hsa-miR-326, hsa-let-7c-5p, hsamiR-30d-5p, and hsa-miR-7-5p) were selected based on the multivariate COX regression
analysis to construct the prognostic signa
ture. Risk score (prognostic signature) =
(0.275193671 × expression level of hsamiR-326) + (-0.255664678 × expression value
of hsa-miR-30d-5p) + (-0.273074476 × expression value of hsa-let-7c-5p) + (0.265755663 ×
expression value of hsa-miR-5003-3p) +
(0.204810683 × expression value of hsamiR-760) + (0.25904901 × expression value
of hsa-miR-7-5p). Subsequently, HCC patients
were classified into the high-risk group and lowrisk group based on the median risk scores of
the training group, testing group and the entire
as cut-off values. Furthermore, we assessed
the associations between clinicopathological
characteristics and prognostic signature (Table
3). The statistical analysis showed that six-miRNA signature based on risk scores was related
with gender (P = 0.011), histological grade (P =
0.024), clinical stage (P < 0.001), T classification (P < 0.001), N classification (P = 0.019),
and survival status (P < 0.001). Kaplan-Meier
survival analysis showed that clinical outcomes
were significantly better in the low-risk subgroup than in the high-risk subgroup (P =
1.151e-07) (Figure 4A).
Effectiveness validation of the prognostic
signature
Several methods were applied to validate the
prognostic efficiency of miRNA signature in
HCC patients. Firstly, ROC analysis was employed to assess the sensitivity and specificity
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Figure 1. The differentially expressed miRNAs and mRNAs in HCC tissues. Upregulated expression (red); downregulated expression (blue). A. The volcano plot of
differentially expressed mRNAs. B. The volcano plot of differentially expressed miRNAs. C. The heatmap of top 20 upregulated/downregulated differently expressed
mRNA. D. The heatmap of top 20 upregulated/downregulated differently expressed miRNA.
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Figure 2. The results of the univariate and multivariate COX proportional hazard regression analyses. A. Univariate
COX analysis to identify the prognosis-related factors. B. Multivariate COX analysis to identify the prognosis-related
factors.

of the prognostic signature in training datasets.
The AUC values were 0.781, 0.806, 0.786 for
1-, 2-, 3-year survival, respectively (Figure 4B).
The results also showed that the prognostic
signature was significantly associated with OS
and outperformed single miRNA in terms of
efficiency in predicting the short-term prognosis of HCC patients. The AUC value of risk score
was 0.781. It was significantly higher than that
of age (AUC = 0.454), gender (AUC = 0.475),
clinical stage (AUC = 0.778), or clinical grade
(AUC = 0.416) (Figure 4C), indicating high specificity and sensitivity of the prognostic signature. Secondly, the distribution of risk scores
and survival status of HCC patients in high-risk
and low-risk subgroups are presented (Figure
4D, 4E). It can be seen that patients with low
risk scores had a larger survival rate than those
with high risk scores. Thirdly, the heatmap was
presented. It was found that the expression
levels of hsa-miR-326, hsa-miR-5003-3p, hsamiR-760, and hsa-miR-7-5p (risk factors with
HR > 1) were higher in the high-risk subgroup,
while the expression levels of hsa-let-7c-5p,
and hsa-miR-30d-5p (protective factors with
HR < 1) were higher in the low-risk subgroup.
In addition, the expressions of the six miRNAs
were associated with survival status (P <
0.001), clinical stage (P < 0.01), and T classification (P < 0.01) (Figure 4F). Fourthly, the
results of t-SNE (t-distributed stochastic neighbor embedding) and PCA (principal component
analysis) were analyzed and it was demonstrated that patients with different risk scores were
well-differentiated into two clusters (Figure 4G,
4H). Fifthly, the univariate and multivariate COX
analysis was conducted and it was indicated
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that risk score (P = 0.002, HR = 1.367, 95% CI:
1.126-1.659) and the clinical stage (P = 0.001,
HR = 1.902, 95% CI: 1.290-2.806) were independent prognostic factors for OS (Figure 4I,
4J).
Internal validation of the prognostic signature
To confirm that the constructed prognostic signature based on six miRNAs has similar accuracy in predicting the OS of HCC patients in
different datasets, the testing group (172 HCC
patients) and the entire group (344 HCC
patients with complete survival information)
were enrolled as the validation datasets. Firstly,
we analyzed the impact of miRNA signature
on HCC patient prognosis using the K-M curve.
As expected, the miRNA signature significantly
affected the OS in the testing group (P =
5.141e-05) (Figure 5A) and the entire group (P
= 9.966e-11) (Figure S3A). Moreover, the ROC
curves were also applied to investigate whether the miRNA signature could predict OS in
HCC. The AUC values (AUC > 0.7) in the testing
group and the entire group were high (AUC >
0.7), indicating moderate sensitivity and specificity of the miRNA signature (Figures 5B, 5C,
S3B, S3C). Secondly, the risk score distribution
and the survival status of each HCC patient in
two groups were plotted, and the relationship
between the expression of the six miRNAs and
clinicopathological characteristics was displayed, which was similar to that in the training
group (Figures 5D-F, S3D-F). Thirdly, in order to
verify the grouping result, we further analyzed
the two risk subgroups by PCA and t-SNE. The
results also demonstrated a distinction bet-
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Figure 3. Kaplan-Meier survival curves and receiver operating characteristic for six prognosis-related miRNAs. (A-F) Kaplan-Meier survival curves, (G-L) Receiver
operating characteristic, (A, G) hsa-miR-5003-3p, (B, H) hsa-miR-760, (C, I) hsa-miR-326, (D, J) hsa-miR-30d-5p, (E, K) hsa-miR-7-5p, (F, L) hsa-let-7c-5p.
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Table 3. Clinicopathological features of the HCC patients in TCGA cohort and the relationship between clinicopathological features and miRNA signature
characteristics

Variable

n (%)

Age

≤ 60
166 (48.3%)
> 60
178 (51.7%)
Gender
Male
236 (68.6%)
Female
108 (31.4%)
Histological grade
G1
53 (15.4%)
G2
160 (46.5%)
G3
114 (33.1%)
G4
13 (3.8%)
Not available
4 (1.2%)
Stage
I
162 (47.1%)
II
77 (22.4%)
III
80 (23.3%)
IV
3 (0.9%)
Not available
22 (6.5%)
T classification
T1
169 (49.1%)
T2
84 (24.4%)
T3
75 (21.8%)
T4
13 (3.8%)
Not available
3 (0.9%)
M classification
M0
248 (72.1%)
M1
3 (0.9%)
Not available 93 (27.0%)
N classification
N0
241 (70.0%)
N1
3 (0.9%)
Not available 100 (29.1%)
Survival status
Dead
117 (34.0%)
Alive
227 (66.0%)

Risk Score based on miRNA signature
High-Risk
Low-Risk
88
78
90
88
111
125
67
41
20
33
77
83
71
43
8
5
2
2
62
100
41
36
59
21
2
1
14
8
65
104
47
37
54
21
11
2
1
2
133
115
2
1
43
50
135
106
2
1
41
59
91
26
87
140

χ2

P

0.207

0.667

6.679

0.011

10.682a

0.024

29.425a p < 0.001

31.327a

P < 0.001

1.826a

0.418

6.711a

0.019

48.126

P < 0.001

Notes: adenotes that Fisher’s exact test was applied when there were at least 1 expected count less than 5. HCC, Hepatocellular carcinoma, TCGA, The Cancer Genome Atlas.

ween the high-risk subgroup and the low-risk
subgroup (Figures 5G, 5H, S3G, S3H). Additionally, we performed univariate and multivariate Cox regression analyses and found that
both risk score and stage were prognostic factors for HCC patients in the testing group and
the entire group regardless of other clinical
variables (Figures 5I, 5J, S3I, S3J).
Construction of the nomogram and DCA
Independent prognostic factors identified by
univariate and multivariate Cox regression analyses were used to construct a nomogram for
predicting OS in HCC patients for 1, 3 and 5
years (Figure 6A). Furthermore, calibration curves for predicting OS for 1, 3, and 5 years and
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DCA showed that the miRNA signature had high
predictive accuracy and significant clinical potential (Figure 6B-E).
Comparison of the immune activity and TIME
between two subgroups
An increasing number of studies indicated that tumorigenesis is also affected by TIME.
Therefore, it is necessary to explore the impact
of miRNA signature on TIME in HCC tissues.
The miRNAs regulate tumor-related immune
cells that affect the tumor-infiltrating lymphocytes (TILs), which are the ultimate targets of
tumor immunotherapy based on ICBs. According to the correlation analysis, three TILs were
significantly correlated with the six-miRNA sig-
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Figure 4. Construction and evaluation of a prognostic miRNA-related signature for hepatocellular carcinoma (HCC) in training cohort. A. Kaplan-Meier survival curves
for the high- and low-risk subgroups. B. Time dependent receiver operating characteristic (ROC) curves of prognostic signature predicting the overall survival (OS)
at 1-, 2-, and 3-years. C. ROC curves for prognostic signature and other clinicalpathological characteristics in predicting the OS of HCC patients. D. Distribution of
miRNA-related risk score between the high- and low-risk subgroups. E. Distribution of survival status of HCC patients in high- and low-risk subgroups. F. Heatmap
showed the relationship between the expression levels of six miRNAs and other clinicopathological�������������������������������������������������������������������
factors. G, H. Principal component
�����������������������������������������
analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) of prognostic signature between the high-risk and low-risk subgroups. I. Univariate Cox regression analyses of prognostic
signature and other clinicopathological characteristics. J. Multivariate Cox regression analyses prognostic signature and other clinicopathological characteristics.
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Figure 5. Validation and evaluation prognostic miRNA-related signature for hepatocellular carcinoma (HCC) in testing cohort. A. Kaplan-Meier survival curves for the
high- and low-risk subgroups. B. Time dependent receiver operating characteristic (ROC) curves of prognostic signature predicting the overall survival (OS) at 1-, 2-,
and 3-years. C. ROC curves for prognostic signature and other clinicalpathological characteristics in predicting the OS of HCC patients. D. Distribution of miRNA-related risk score between the high- and low-risk subgroups. E. Distribution of survival status of HCC patients in high- and low-risk subgroups. F. Heatmap showed the
relationship between the expression levels of six miRNAs and other clinicopathological factors. G, H. Principal component analysis (PCA) and t-distributed stochastic
neighbor embedding (t-SNE) of prognostic signature between the high-risk and low-risk subgroups. I. Univariate Cox regression analyses of prognostic signature and
other clinicopathological characteristics. J. Multivariate Cox regression analyses prognostic signature and other clinicopathological characteristics.
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Figure 6. Construction of a nomogram and decision curve analysis (DCA) for predicting the overall survival (OS) in
HCC patients. A. Nomogram for predicting the OS at 1-, 2-, and 3-years. B. DCA for the risk score (pastel-orange
lines) and clinical stage (pea green lines). C-E. The calibration curves exhibited discrimination of the nomogram for
1-, 2-, and 3-years.

nature. Among them, B-cell memory (R = 0.37,
P = 0.0075) and T-cell follicular helper (R =
0.32, P = 0.023) were positively correlated with
the signature (Figure 7A, 7B). In contrast, T-cell
CD4 memory resting (R = -0.29, P = 0.043) was
negatively correlated with the miRNA signature
(Figure 7C). In order to further explore whether
there was an association between other tumorinfiltrating immune cells (TIICs), immune functions, and miRNA signature, we used ssGSEA to
compare the enrichment scores of the activities of TIICs and immune functions in two risk
subgroups. According to Figure 7E, patients in
the high-risk subgroup had higher infiltration
levels of TIICs, especially in aDCs, immature
dendritic cells (iDCs), macrophages, T helper 2
(Th2)-cells, and regulatory T cells (Treg). The
infiltration abundance of 22 tumor-related immune cells in each patient in the two subgroups was presented in Figure S4A, S4B.
Except the Type-I and Type-II interferon (IFN)
response function pathways, immune function
pathways including APC-co-inhibition, APC-costimulation, CCR, check-point, HLA, MHC-cla-

3623

ss-I, and T-cell co-inhibition presented higher
activity in the high-risk subgroup than in the
low-risk subgroup (Figure 7F). Many of these
factors, including CXCL chemokines and CCL
chemokines are important for regulation and
chemotaxis of immune cells, especially monocytes/macrophages, T lymphocyte and Eosinophils. As listed in Table 4, the present miRNAs
signature was significantly positively correlated
with monocytes/macrophages related chemokines (CCL3, CCL8, and CCL13), mast cells
related chemokines (CCR1, CCR3, and CXCR4)
eosinophils related chemokines (CCL26, CCL13, and CCL3) and neutrophils related chemokines (CXCL8). These findings partially support
that the present miRNAs signature is positively
linked to immune cell infiltration and chemotactic activities. Additionally, the association between TIME and miRNA signature was also
explored. Difference and correlation analyses
showed that TumorPurity (Figure S4C, P =
0.300), ImmuneScore (Figure S4D, P = 0.056),
StromalScore (Figure S4E, P = 0.540), and
ESTIMATEScore (Figure S4F, P = 0.300) in the
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Figure 7. Immune cells infiltration and immune pathway enrichment between high-risk groups and low-risk groups. (A-C) The correlations between B cells memory
(A), T-cells follicular helper (B), T-cells CD4 memory resting (C) and risk scores. (D) The correlation between immune score and risk scores. (E) The scores of 16 immune cells between high- and low-risk subgroups are showed in boxplots. (F) The scores of 13 immune-related functions between high- and low-risk subgroups is
showed in boxplots. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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Table 4. The correlation between miRNAs signature
and chemotactic activity for immune cells
Immune cells
Chemokine
Monocytes/macrophages
CCL2
CCL3
CCL5
CCL7
CCL8
CCL13
CCL17
CCL22
T lymphocyte
CCL2
CCL1
CCL22
CCL17
Mast cells
CCR1
CCR2
CCR3
CCR4
CCR5
CXCR2
CXCR4
Eosinophils
CCL11
CCL24
CCL26
CCL5
CCL7
CCL13
CCL3
Neutrophils
CXCL8

R-value
0.03
0.31
0.12
0.12
0.15
0.25
0.0053
0.11
0.03
0.13
0.11
0.0053
0.22
0.022
0.24
0.076
0.14
0.077
0.25
0.092
-0.016
0.28
0.12
0.12
0.25
0.31
0.15

P-value
0.69
5.70E-05
0.14
0.11
0.046
8.70E-04
0.95
0.14
0.69
0.087
0.14
0.95
4.10E-03
0.78
1.60E-03
0.33
0.073
0.32
1.40E-03
0.24
0.83
2.20E-04
0.14
0.11
8.70E-04
5.70E-05
0.046

P value less than 0.05 is shown in bold.

high- and low-risk subgroups had no significant difference. As shown in Figure 7D, there
was a significant positive correlation between
the ImmuneScore (R = 0.14, P = 0.0082) and
miRNA signature. However, ESTIMATEScore
(Figure S4G, R = 0.08, P = 0.14), StromalScore
(Figure S4H, R = 0.033, P = 0.55), and TumorPurity (Figure S4I, R = -0.08, P = 0.14) were
not significantly associated between high- and
low-risk subgroups. Therefore, the present signature might reflect the status of TIICs in the
TIME of HCC tissues.
Comparison of immunotherapy response between two subgroups
To explore the role of the constructed signature in the immunotherapy response to HCC,
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we evaluated the association between miRNA signature and ICB-related genes as
well as HLA-related genes. In addition to
KDR (VEGFR-2), ICB related genes, including CD96, LAG3, KDR, CSF1R, TGFB1,
HAVCR2, TGFBR1, VTCN1, LGALS9, CTLA4,
IL10, TIGIT, IL10RB, and PDCD1 (PD-1),
showed higher expression levels in the highrisk subgroup than in the low-risk subgroup
(Figure 8A). These findings indicated that
the signature could be used as an indicator
to assess the immunotherapy response.
Furthermore, 11 of 24 HLA-related genes
showed significant differential expression
between two risk subgroups (Figure 8B).
ICBs based on PD-L1, PD-1, and CTLA4
have become therapeutic pillars in cancer
immunotherapies. Therefore, we performed
a comprehensive analysis of the correlation
between the constructed signature and
three ICBs. The expressions of PD-L1 (R =
0.12, P = 0.022), PD-1 (R = 0.22, P = 3.5e05), and CTLA4 (R = 0.31, P = 4.8e-09)
were significantly positively correlated with
the signature (Figure 8D, 8E). The TMB is
considered a promising indicator for predicting the tumor immunotherapy response to
ICB and is significantly related to TIME. We
assessed the TMB values of HCC patients
from TCGA datasets and found that there
was no significant difference in the two risk
subgroups and TMB values were not associated with the signature (Figure S5A). However, the K-M curve indicated that the
miRNA signature combined with TMB had a
potential predictive value for the prognosis
of HCC patients (Figure 8C, P < 0.001). The
TIDE algorithm was first developed by Jiang et
al. [24] to estimate biological mechanisms of
tumor immune escape, including cytotoxic T
lymphocyte (CTL) dysfunction and CTL exclusion caused by immunosuppressive factors.
The TIDE score could be a reliable biomarker to
predict the response in cancer patients treated
with ICIs [24]. Generally, for cancer patients
with higher TIDE scores, the possibility of antitumor immune escape is higher, which may
decrease the beneficial response of ICB treatment. In this study, no association was found
between miRNA signature and TIDE score as
well as CTL dysfunction (Figure S5B, S5C).
Patients in the high-risk subgroup had a higher
score of CTL exclusion than those in the lowrisk subgroup (Figure 8G). These results sug-
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Figure 8. Comparison of the immunotherapeutic response between high-risk groups and low-risk groups. (A) The expression levels of immune checkpoint blockades
(ICBs) between high-risk groups and low-risk groups. (B) The expression levels of human leukocyte antigen (HLA)-related genes between high-risk groups and lowrisk groups. (C) Kaplan-Meier survival analysis of TMB value combining with prognostic signature. (D-F) The correlations between CTLA4 (D), PDCD1 (E), CD274 (F)
and risk scores. (G) The violin plot of different prediction score of exclusion in two subgroups.
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gest that HCC patients in the high-risk subgroup
may have a lower T cell infiltration, which may
promote tumor immune escape and immunotherapy resistance [25]. The MSI is another biomarker to predict the prognosis and immunotherapy response of ICB. In this study, the
association of MSI with miRNA signature was
explored and there was no significant difference between the two risk subgroups (Figure
S5D).
Identification of miRNA-associated target
genes and construction of the miRNA-target
gene network, PPI network, and survival analysis
A total of 4568 potential target genes of six
prognostic-related miRNAs (4006 target genes
overlapping in two databases and 562 target
genes overlapping bin three databases) were
identified from three independent online databases. The Venn diagram showed the coexpressed potential target genes and DEGs
(Figure 9A). In addition, the related target
genes of the six prognostic-related miRNAs
were also displayed in Venn diagrams (Figure
S6). The interaction network visualizes the connection between prognostic miRNAs and corresponding target genes (Figure 9B). It was found
that hsa-miR-326 and hsa-let-7c-5p had the
most significant nodes and edges in the miRNA-target gene network. A PPI network was
constructed using the STRING to explore the
potential interactions among these target
genes. As expected, a total of 126 nodes and
154 edges were obtained in the PPI network,
with a local clustering coefficient of 0.424
(Figure 9C). Subsequently, the hub interaction
network and the top ten target genes (GRIN1,
FOS, KCNC1, GRIN2A, GNAO1, LIN28B, KCNQ3,
CDC25A, FOXM1, and HMGA2) were screened
based on the calculated connectivity in the PPI
network (Figure 9D). Furthermore, the functiongene network also demonstrated that the 10
key target genes were mainly involved in the
regulation of neurotransmitter receptor activity, response to light stimulus, cognition, postsynapse, regulation of cation transmembrane
transport, regulation of ion transmembrane
transport, and regulation of signaling receptor
activity (Figure 9E). Sankey diagrams display
the relationship of between miRNA and hub
genes, in the risk subgroups (Figure 9F).
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Construction of a lncRNA-miRNA-mRNA regulatory axis
To better understand the mechanism of six
prognosis-related miRNA in the occurrence and
development of HCC, we used GEPIA2 database to identify the differentially expressed
genes from miRNAs target genes. As a result,
eight differentially expressed genes, including
CYP39A1, RRM2, MMP11, GNAO1, FOS, CLEC4M, MFSD2A, FOXM1 and CDCA5, were selected as the target genes for five miRNAs
(Figure S7A). Next, the upstream lncRNAs of
these miRNAs were predicted using ENCORI
database. A total of 651 possible lncRNAs
were forecasted for five miRNAs. Unfortunately,
data on hsa-miR-5003-3p is not available in
the ENCORI database. Then, the expression
levels of these lncRNAs in HCC were determined using GEPIA2. As shown in Figures S7B,
among all the 651 lncRNAs, only 14 lncRNAs
had significantly differential expression between HCC tissues and normal tissues. Finally, the
lncRNA-miRNA-mRNA regulatory axis containing these five miRNAs were identified as crucial ceRNA interactions and may play a vital
role in the progression of HCC (Figure 10).
Further in vivo and in vitro studies should be
conducted to verify this hypothesis.
Functional enrichment analysis
The functional enrichment analysis of prognosis-related miRNA target genes was performed
based on GO functional enrichment and KEGG
pathway enrichment. As shown in Figure 11,
the miRNA target genes in the BP (biological
process) functional ontology were mainly enriched in the regulation of membrane potential,
regulation of ion transmembrane transport,
and regulation of cation transmembrane transport (Figure 11A). The category of CC (cellular
component) indicated that miRNA target genes
were primarily clustered in the cation channel
complex, ion channel complex, and transmembrane transporter complex (Figure 11B). The
miRNA target genes in the MF (molecular function) functional ontology were mainly enriched
in ion channel activity, channel activity, and
passive transmembrane transporter activity
(Figure 11C). In addition, the KEGG pathway
enrichment analysis revealed that typical pathways were overrepresented in prognosis-related miRNA target genes, including neuroactive
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Figure 9. Identification and functional analysis of miRNA-target genes. A. Venn diagram depicting overlap to display co-expression genes between differential expression genes (DEGs) and miRNA-target genes. B. MiRNA-target genes network. C. Protein-protein interaction (PPI) information network for miRNA target genes. D. The
core genes information network screened from PPI network. E. The genes-function network of hub genes. F. Sankey diagrams constructed to display the relationship
of six miRNAs, ten hub genes and two risk subgroups.
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Figure 10. The lncRNA-miRNA-mRNA regulatory axis.

ligand-receptor interaction and microRNAs in
cancer (Figure 11D). These results suggest
that top significantly clustered GO function
enrichment and KEGG pathways have important biological effects during the initiation and
progression of HCC.
Comprehensive analysis of hub target genes
Several online databases were applied to further understand the potential biological mechanisms and clinical significance of the hub target genes. First, the mutation analysis of hub
target genes was performed using the cBioPortal database and it was found that 100% of
hub target genes were mutated in 345 cases
(data from TCGA, Liver Hepatocellular Carcinoma, PanCancer Atlas) (Figure 12A). Further
analysis showed that mutations were present
in all hub target genes, with FOXM1 having the
highest mutation rate of 80%, followed by
KCNC1 of 77%, FOS of 70%, GNAO1 of 66%,
GRIN1 of 63%, HMGA2 of 59%, CDC25A of
55%, KCNQ3 of 54%, GRIN2A of 23%, and
LIN28B had the lowest rate of 2.6% (Figure
12B). These results indicated that these hub
genes might play a significant role as pro-oncogenes in the initiation and progression of HCC.
Second, the differential expression analysis of
hub target genes was performed between normal liver tissues and HCC tissues. According to
our criteria, two genes (FOS and GNAO1) were
identified as significant DEGs and served as
candidates for the next analysis (Figure 12C,
12D). Third, we analyzed the protein expression
levels of two hub genes based on immunohistochemistry staining using the Human Protein
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Atlas database (Figure 12E,
12F). Fourth, we assessed
the correlation between the
expression levels of two hub
genes and the clinicopathological stage of HCC patients by
GEPIA. The expression of GNAO1 was significantly correlated with the clinicopathological
stage of HCC patients, whereas the expression of FOS did
not significantly vary with the
clinicopathological stage (Figure 12I, 12J). Fifth, the immune status analysis showed
that the expression of FOS was
positively correlated with infiltration of five tumor-related immune cell types,
including CD8+ T cells, CD4+ T cells, neutrophils, macrophages, and dendritic cells (Figure
12K). Noteworthy, the expression of GNAO1 did
not show a significant correlation with infiltration of tumor-related immune cell types (Figure
12L). Sixth, we assessed the gene expression
correlation between FOS, GNAO1, and key ICBs
(CD274, CTLA4, and PDCD1). The expression of
FOS was significantly correlated with CD274 (r
= 0.317, P = 4.87e-10), CTLA4 (r = 0.150, P =
3.67e-03), and PDCD1 (r = 0.130, P = 1.21e02) (Figure 12M). Only CD274 (r = 0.201, P =
9.59e-05) was significantly correlated with the
expression of GNAO1 (Figure 12N).
qRT-PCR detection of miRNA
To investigate the expression level of six miRNAs in the prognostic signature, qRT-PCR was
performed in HepG2 cells and HEK293T cells.
The expression levels of miR-326 and miR-760
were increased in HepG2 cells (Figure 13A,
13B). However, miR-5003-3p, miR-7-5p, let-7c5p, and miR-30d-5p had lower expression levels in HepG2 cells than in HEK293T cells
(Figure 13C-E).
Discussion
Primary liver cancer remains one of the top four
leading causes of cancer-related death and is
the sixth most common type of malignant tumor [1, 26]. Because of the insidious onset of
HCC, the diagnosis is often delayed. Despite
remarkable improvements in surgery, radiotherapy, and chemotherapy, the OS of HCC

Am J Transl Res 2022;14(6):3610-3637

A miRNAs prognostic signature for hepatocellular carcinoma

Figure 11. Function enrichment (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of miRNA-target genes. (A) The category of biological processes (BP). (B) The category of cellular component (CC), (C) the category of molecular function (MF). (D) The KEGG enrichment analysis of miRNA-target
genes.
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Figure 12. Comprehensive analysis of hub target genes. A. Summary for genetic alterations of hub target genes
in hepatocellular carcinoma (HCC). B. The Oncoprint of ten hub target genes in TCGA LIHC dataset. C, D. The
expression level of hub differential expression genes in tumor tissues and normal tissues from HCC samples. E,
F. Immunohistochemical staining of the expression levels FOS and GNAO1 in normal tissues. G, H. Immunohistochemical staining of the expression levels FOS and GNAO1 in HCC tissues. I, J. Correlation between FOS and GNAO1
expression and clinicopathological stage in HCC patients. K, L. Correlation between FOS and GNAO1 expression
and tumor-infiltrating immune cells. M, N. Correlation analysis between FOS, GNAO1 and the expression levels of
immune checkpoints.

tumors [29-32]. However, the
potential prognostic value of
miRNAs in primary liver cancer
has not been clarified.
It has been revealed that differential miRNA expression profiles can be involved in various malignant tumorigenesis,
tumor cell proliferation, and
metastasis as oncogenes or
tumor suppressor genes [3335]. miRNA is also a potential
prognostic biomarker to predict the prognosis of HCC patients [36]. In this study, we
identified six novel miRNAs
(hsa-miR-5003-3p, hsa-miR760, hsa-miR-326, hsa-let-7c5p, hsa-miR-30d-5p, and hsamiR-7-5p) as potential prognostic biomarker candidates
Figure 13. Quantitative real-time polymerase chain reaction (qRT-PCR) analfor HCC patients. The AUC deyses of six prognosis-related miRNAs in in HepG2 cells and HEK293T cells.
monstrated that a single mi(A) hsa-miR-326 (B) hsa-miR-760 (C) hsa-miR-5003-3p (D) hsa-miR-7-5p (E)
RNA might provide a complehsa-let-7c-5p (F) hsa-miR-30d-5p.
mentary method for accurate
OS prediction in HCC. In addipatients remains unsatisfactory [2, 26]. Theretion, a prognostic signature based on six candidate miRNAs was established. It was signififore, it is important to explore the mechanisms
cantly correlated with OS and more efficient
of tumorigenesis and develop novel markers to
than a single miRNA in predicting the shortpredict the prognosis of primary liver cancer so
term prognosis of HCC patients. In the test
as to enable individualized treatment. Although
cohort, we verified the prognostic power of
the widely used 8th edition of the TNM staging
miRNA signature, and then constructed a presystem based on AJCC (American Joint Comdictive nomogram and conducted DCA in HCC.
mittee on Cancer) is significantly correlated
It was demonstrated that the signature had a
with the prognosis of patients with primary liver
significant prognostic value and could act as
cancer, it still has inherent defects and cannot
an auxiliary for clinical decisions. In addition to
predict the prognosis at the same clinicopathomiRNA signature, the nomogram also includlogical stage. The miRNAs belong to a subfamied other independent prognostic factors (the
ly of ncRNAs and are negative regulators of
tumor stage, etc.) to predict the clinical outgene expression. They also affect cellular procomes of patients with HCC. It was suggested
cesses contributing to malignant tumor prothat the constructed miRNA signature and
gression [27, 28]. Increasing studies have idnomogram may help predict the clinical outentified the value of miRNAs as potential progcomes of HCC.
nostic biomarkers in several human malignant
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Several studies demonstrated that miRNAs
play significant regulatory roles in various physiological processes, including organogenesis,
differentiation, apoptosis, and cell proliferation
[37]. Epithelial-mesenchymal transition (EMT)
is proposed to be involved in tumor cell metastasis. Hsa-miR-5003-3p plays an essential role
in tumor cell metastasis by promoting EMT
through binding to E-cadherin and dual regulation of Snail stability and may be a potential
therapeutic target for immunotherapy of metastatic cancers [38]. Hsa-miR-760 is a negative
regulator of tumor suppressor gene expression
by binding to nucleus accumbens associated
protein-1 (NACC-1) or HMGA2 and can promote
cellular processes contributing to malignant
tumor progression [39, 40]. Sun et al. [19] presented that high expression of hsa-miR-760
was associated with poor prognosis in HCC
patients, which is consistent with the finding in
the present study. Many studies have shown
that hsa-miR-326 was a direct target of circular
RNAs in the initiation and progression of HCC,
including hsa-circ-PTN [41], hsa-circ-102272
[42], hsa-circ-0000517 [43], and hsa-circ0005397 [44]. In addition, circular RNAs regulated the expression of miRNA-related target
genes by sponging miR-326. Hsa-let-7c-5p was
a direct target of CDKN2B antisense RNA 1
(CDKN2B-AS1), promoting nucleosome assembly protein 1 like 1 (NAP1L1) expression, thereby activating PI3K/AKT/mTOR signaling in HCC
cells [45]. Previous reports have shown that
hsa-miR-30d-5p and hsa-miR-7-5p have tumor
suppressive functions in non-small cell lung
cancer and renal cell carcinoma [46, 47].
In recent years, great efforts have been made
in exploring effective therapeutic strategies for
HCC, and liver transplantation (LT), radical surgical resection transcatheter arterial chemoembolization (TACE), radiofrequency ablation
(RFA), targeted therapy, and immunotherapy
have been proposed. In particular, immunotherapies, such as Pembrolizumab, Nivolumab,
and Camrelizumab, are becoming effective therapeutic strategies with promising survival outcomes [48, 49]. The liver which contains various immune cells is one of the largest immune
organs in the human body [50]. HCC is an
immune-related tumor, and its pathogenesis
and progression are correlated with the evasion from anti-tumor immune response [51,
52]. More importantly, HCC is an aggressive
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malignancy with high immunohistochemical heterogeneity, and HCC tissues have different
activities in response to tumor-related immune
cells [2, 8]. Therefore, it is necessary to better
understand the characteristics of the complex
immunohistochemical heterogeneity and immunoregulatory networks so as to develop
novel therapeutic interventions, including targeted therapy and immunotherapy. TILs belonging to TIICs are associated with tumorigenesis
and have important effects on the immunoregulatory networks. These cells are also significant components of the TIME and have complex interactions with tumor cells and other
stromal cells. In this study, we found that the
scores of aDCs, iDCs, macrophages, Th2-cells,
and Treg were significantly higher in the highrisk group than in the low-risk group. These
results indicated that the constructed miRNA
signature has an immune infiltration relationship with immune cells.
In the past decade, the effect of tumorigenesis
on the immune system and tumor cell evasion
from immune surveillance have been widely
accepted as one of the key hallmarks of cancer. Additionally, immunotherapy has emerged
as the pillar of advanced HCC treatment as it
unravels the unknown biological mechanisms
of cancer immunity [53]. ICIs, especially PD-1,
PD-L1, and CTLA4, have emerged as the firstline immunotherapy strategy for multiple malignant tumors, such as advanced HCC, nonsmall-cell lung cancer, classical Hodgkin lymphoma (cHL) [54-56]. The immunoglobulin gene superfamily PD-1 is a cell surface receptor,
which is highly expressed in tumor-infiltrating
activated T cells [57]. The mechanism by which
tumor cells escape from immune surveillance
is the upregulation of the expression of PD-L1
in tumor cells, which binds to PD-1 and stimulates peripheral T cell depletion (termed adaptive immune resistance) [58]. Therefore, management of the PD-1/PD-L1 immune inhibitory
axis allows reprogramming of the TIME and
immune surveillance. A member of CD28 immunoglobulin-related receptor CTLA-4 has an
important effect on negatively modulated T cell
activation and proliferation [59]. Anti-CTLA-4
drugs are recognized as key immune checkpoints targeting advanced HCC [60]. According
to this study, the expression levels of ICBs except the KDR (VEGFR-2), namely, CD96, LAG3,
KDR, CSF1R, TGFB1, HAVCR2, TGFBR1, VTCN1,
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LGALS9, CTLA4, IL10, TIGIT, IL10RB, and PDCD1 (PD-1), were significantly higher in the
high-risk subgroup. This result indicated that
patients in the high-risk subgroup might have a
better response to immunotherapy.
This study has several limitations. Firstly, the
study simply relied on bioinformatics analysis
without conducting biological experiments to
verify the results. Secondly, molecular mechanisms and functions of prognosis-related miRNAs and tumor-infiltrating immune cells were
inadequately studied. Thus, further large-scale
and prospective clinical trials are needed to
confirm the findings of this study.
Conclusions
In conclusion, based on six miRNAs, we constructed a prognostic signature with strong
predictive power for HCC patients. Through
internal verification, it was confirmed that this
signature outperformed other clinicopathological parameters in terms of prediction efficiency. Additionally, we constructed a nomogram
using independent prognostic factors that may
help predict prognosis for HCC patients. Furthermore, the signature can distinguish HCC
with different immunological characteristics to
reflect the TIME and guide immunotherapy.
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Figure S1. Correlation analysis among six miRNAs. A, B. Pearson correlation analysis of the six miRNAs in HCC.
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Figure S2. The relationships between six miRNAs and clinicopathological parameters. (A) age (B) gender (C) clinical grade (D) clinical
stage (E) T classification (F) N classification (G) M classification.
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Figure S3. Validation and evaluation prognostic miRNA-related signature for hepatocellular carcinoma (HCC) in entire cohort. (A) Kaplan-Meier survival curves for the
high- and low-risk subgroups. (B) Time dependent receiver operating characteristic (ROC) curves of prognostic signature predicting the overall survival (OS) at 1-, 2-,
and 3-years. (C) ROC curves for prognostic signature and other clinicalpathological characteristics in predicting the OS of HCC patients. (D) Distribution of miRNArelated risk score between the high- and low-risk subgroups. (E) Distribution of survival status of HCC patients in high- and low-risk subgroups. (F) Heatmap showed
the relationship between the expression levels of six miRNAs and other clinicopathological factors. (G, H) Principal component analysis (PCA) and t-distributed
stochastic neighbor embedding (t-SNE) of prognostic signature between the high-risk and low-risk subgroups. (I) Univariate Cox regression analyses of prognostic
signature and other clinicopathological characteristics. (J) Multivariate Cox regression analyses prognostic signature and other clinicopathological characteristics.
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Figure S4. The relationships between miRNA signature and tumor immune microenvironment (TIME). A. Heatmap for the immune cells infiltrating status between
low- and high-risk subgroups. B. The composition of tumor-related immune cells in two risk subgroups. C-F. The comparison of TumorPurity, ImmuneScore, StromaScore, ESTIMATEScore in high- and low-risk subgroups. G-I. Correlation between the risk score and ESTIMATEScore, StromaScore, TumorPurity.
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Figure S5. The comparison of TIDE (A), Dysfunction (B), MSI (C), tumor tmbation burden (D) in high- and low-risk
subgroups.
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Figure S6. Venn diagram depicting overlap to display co-expression target genes of six miRNAs among three online databases. (A) hsa-miR-5003-3p, (B) hsamiR-760, (C) hsa-miR-326, (D) hsa-miR-30d-5p, (E) hsa-miR-7-5p, (F) hsa-let-7c-5p.

7

A miRNAs prognostic signature for hepatocellular carcinoma

Figure S7. The differential expression levels of miRNA related genes and lncRNAs. A. miRNA related gene. B. lncRNAs.
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