
fgene-11-01026 September 3, 2020 Time: 17:19 # 1

ORIGINAL RESEARCH
published: 04 September 2020

doi: 10.3389/fgene.2020.01026

Edited by:
Mohammadreza Hajjari,

Shahid Chamran University of Ahvaz,
Iran

Reviewed by:
Nadiah Abu,

National University of Malaysia,
Malaysia

Abbas Salavaty,
Australian Regenerative Medicine

Institute (ARMI), Australia

*Correspondence:
Yuhan Chen

cspnr1@126.com
Dehua Wu

18602062748@163.com

Specialty section:
This article was submitted to

RNA,
a section of the journal

Frontiers in Genetics

Received: 12 June 2020
Accepted: 11 August 2020

Published: 04 September 2020

Citation:
Zhou P, Zheng G, Li Y, Wu D and
Chen Y (2020) Construction of a
circRNA-miRNA-mRNA Network

Related to Macrophage Infiltration
in Hepatocellular Carcinoma.

Front. Genet. 11:1026.
doi: 10.3389/fgene.2020.01026

Construction of a
circRNA-miRNA-mRNA Network
Related to Macrophage Infiltration in
Hepatocellular Carcinoma
Peitao Zhou1, Guanglei Zheng2, Yalin Li2, Dehua Wu1* and Yuhan Chen1*

1 Department of Radiation Oncology, Nanfang Hospital, Southern Medical University, Guangzhou, China, 2 The First School
of Clinical Medicine, Southern Medical University, Guangzhou, China

Immune cells in the tumor microenvironment play a crucial role in regulating tumor
progression. The circular RNA (circRNA) regulatory network involved in immune cell
infiltration in hepatocellular carcinoma (HCC) remains largely unknown. In this study,
the “estimate the proportion of immune and cancer cells” (EPIC) application is
used to evaluate the fractions of immune cells, cancer-associated fibroblasts, and
endothelial cells in HCC from The Cancer Genome Atlas (TCGA) and Gene Expression
Omnibus (GEO) databases. Patients with a high macrophage fraction have better overall
survival, and macrophage fraction is an independent prognostic factor for HCC. Next,
the common differentially expressed mRNAs (DEmRNAs), miRNAs (DEmiRNAs), and
circRNAs (DEcircRNAs) between paired tumor and non-tumor tissues are screened out
from the TCGA and/or GEO databases. Through spearman correlation analysis, the
macrophage-related DEmRNAs are identified to construct a circRNA-miRNA-mRNA
regulatory network, which includes 6 DEcircRNAs, 7 DEmiRNAs, and 45 DEmRNAs.
Functional enrichment analysis reveals that these DEmRNAs are mainly involved in
immune-related processes. Furthermore, six hub DEmRNAs are identified to establish
a hub circRNA regulatory network. Among the DEmRNAs in the network, PRC1 is
identified as the most influential node. PRC1 high expression is correlated with poor
prognosis and low macrophage infiltration in HCC. Taken together, we identify a certain
circRNA regulatory network related to macrophage infiltration and provide novel insight
into the mechanism of study and therapeutic targets for HCC.

Keywords: circular RNA, regulatory network, macrophage, hepatocellular carcinoma, non-coding RNAs

INTRODUCTION

Primary liver cancer (PLC) is currently the fourth leading cause of cancer-related death and the
sixth most common malignant tumor worldwide (Villanueva, 2019). Hepatocellular carcinoma
(HCC) is the predominant form of PLC, accounting for 75–85% of all cases (Bray et al., 2018).
Despite advances in diagnosis and curative treatment, the optimal therapeutic methods are still
elusive, and the prognosis for HCC remains poor due to late diagnosis. Therefore, an urgent need
exists to identify sensitive and specific biomarkers for the early diagnosis and assessment of the
prognosis of HCC (Yang J. D. et al., 2019).
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The liver is recognized as a central immunological organ
in the human body and is continually exposed to large
numbers of circulating antigens and endotoxins from the
gastrointestinal tract (Heymann and Tacke, 2016). Hepatic
macrophages are essential for the maintenance of homeostasis
in the liver. In the liver, macrophages are mainly derived from
self-renewing tissue-resident phagocytes called Kupffer cells or
circulating bone marrow-derived monocytes (Dou et al., 2020).
HCC is an inflammation-related malignant tumor, and hepatic
macrophages play a key role in initiation and progression of
HCC (Tian et al., 2019). Macrophages are classified into two
major functional phenotypes, M1 (pro-inflammatory) and M2
macrophages (anti-inflammatory). Hepatic macrophages exert a
bidirectional role in the development of HCC, not only inhibiting
cancer progression, but also promoting tumorigenesis via M1 and
M2 macrophages, respectively. And hepatic macrophages may
emerge as a prognostic factor for HCC patients (Li et al., 2009).

Circular RNA (circRNA) is a class of covalently closed single-
stranded circRNA molecules formed by back-splicing. CircRNA
is abundant in eukaryotic cells, structurally stable, and highly
conserved with confirmation of tissue-, developmental stage-,
and disease-specificity (Jeck et al., 2013). Researchers have found
that circRNA can exert multiple functions, including acting as
a microRNA (miRNA) sponge to modulate the miRNA-mRNA
regulatory axis, directly binding to RNA-binding proteins and
even translating proteins (Lei et al., 2018). Notably, circRNA
plays an important role in cancer through the circRNA-miRNA-
mRNA regulatory axis and thereby affects the initiation and
progression of cancer (Kristensen et al., 2018). However, whether
certain circRNAs can serve as an miRNA sponge to affect the
activity of hepatic macrophages has not yet been reported.

The flow chart of this study design is shown in Supplementary
Figure S1. Briefly, we applied the Estimate the Proportion
of Immune and Cancer cells (EPIC) method (Racle et al.,
2017) to estimate the infiltrating immune cells, cancer-associated
fibroblasts (CAFs) and endothelial cells in HCC patients. We
suggest that macrophage fraction is an independent prognostic
factor for HCC from two independent data sets. Next, we
analyzed the macrophage-related differentially expressed mRNAs
(DEmRNAs) through correlation analysis and constructed the
circRNA-miRNA-mRNA regulatory network based on these
DEmRNAs. Moreover, six hub DEmRNAs were identified
to establish a hub circRNA regulatory network. Among the
DEmRNAs in the network, PRC1 was identified as the most
influential node. High expression of PRC1 was correlated with
poor prognosis and low macrophage infiltration of HCC in both
data sets. These findings indicate that certain circRNA regulatory
networks are involved in the process of macrophage infiltration
and provide clues for a mechanism of study and therapeutic
strategy development for HCC.

MATERIALS AND METHODS

Data Collection
Three hundred and eighty-three cases (including 50 paired
tumor and non-tumor samples) of transcriptome data, 98

cases (including 49 paired tumor and non-tumor samples)
of miRNA-sequencing (miRNA-seq) data, and corresponding
clinical information of HCC cases with overall survival (OS)
time more than 30 days were downloaded from The Cancer
Genome Atlas (TCGA) data portal1. Four hundred and thirty-five
cases (including 214 paired tumor and non-tumor samples) of
mRNA microarray data and corresponding clinical information
on HCC cases with OS time more than 1 month were
obtained from GSE14520 in the Gene Expression Omnibus
(GEO) database2. The circRNA microarray data were retrieved
from GSE94508 (five pairs of HCC and non-tumor tissues),
GSE97332 (seven pairs of HCC and non-tumor tissues), and
GSE78520 (three pairs of HCC and non-tumor tissues) in
the GEO database. In this study, we mainly focus on the
commonly differentially expressed RNAs (DERNAs) between
HCC and paired non-tumor tissues, attempting to explore
the consistently altered RNAs. Therefore, we did not specify
the etiology of HCC cases. The TCGA transcriptome data
were preprocessed by RNA-sequencing by the expectation-
maximization-processed transcript per million measure. The
raw data of the microarray data sets were preprocessed via
background correction and normalization.

Immune Cell Fractions and Survival
Analysis
Unlike CIBERSORT or xCELL algorithms, the EPIC application
could generate an absolute score that represents a cell fraction
(Sturm et al., 2019). Six cell fractions, including four immune
cells (B cells, CD4 T cells, CD8 T cells, and macrophages) as well
as CAFs and endothelial cells of HCC were calculated by EPIC
application, a public resource at https://gfellerlab.shinyapps.io/
EPIC_1-1/. The association between cell fractions and survival
was assessed by Kaplan–Meier survival analysis and the log-
rank test. Additionally, univariate and multivariate survival
analyses were performed to determine prognostic cell fractions
in HCC patients.

Screening out DERNAs
Fifty paired tumor and non-tumor samples from TCGA and
214 paired tumor and non-tumor samples from GSE14520
were used to screen out DEmRNAs. Due to the limited
number of miRNA probes detected on most microarrays, we
used TCGA miRNA-seq data for study. Forty-nine paired
tumor and non-tumor samples from TCGA were used to
screen out differentially expressed miRNA (DEmiRNAs).
The DEmRNAs and DEmiRNAs between tumor and non-
tumor cases were identified by R package “Bioconductor
Limma.” The adjusted P-value (false discovery rate, FDR)
of each gene was calculated by the Benjamini–Hochberg
method. FDR < 0.05 and |log2FC| > 1 were used as the
threshold for DEmRNA and DEmiRNA selection. Finally, the
DEmRNAs and DEmiRNAs were visualized by the volcano
plot and fold-change (FC) filtering. The differentially expressed
circRNAs (DEcircRNAs) between tumor and non-tumor cases

1https://tcga-data.nci.nih.gov/tcga/
2http://www.ncbi.nlm.nih.gov/gds/
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from multiple studies were identified by the robust rank
aggregation method according to the significance score <0.01
and |log2FC| > 2 (Kolde et al., 2012). The DEcircRNAs were
visualized by a heat map.

Construction of the Macrophage-Related
circRNA-miRNA-mRNA Network
The macrophage-related DEmRNAs were evaluated by the
Spearman correlation analysis of the DEmRNAs and macrophage
fraction. The Spearman correlation coefficient R > 0.15
and P < 0.05 were used as screening thresholds. Next,
the DEcircRNA-targeted miRNAs were predicted by circRNA
interactome3 using the context score percentile >75. The
DEmiRNA-targeted genes were predicted by the microRNA data
integration portal (miRDIP), which integrates more than 20
miRNA-related databases for miRNA target prediction (Tokar
et al., 2018). Among the macrophage-related DEmRNAs, the
potential targets of DEmiRNAs were selected with a very
high score (top 1%) in miRDIP. As the sponge of miRNAs,

3https://circinteractome.nia.nih.gov/

the expression level of circRNAs usually does not affect
the expression of miRNAs. In addition, some miRNAs may
suppress highly expressed mRNAs in a compensatory elevated
expression manner (Chen et al., 2020). Thus, circRNA-miRNA
and miRNA-mRNA pairs were selected without the constraint
that their expression patterns must be different. Finally, the
circRNA-miRNA-mRNA regulatory network was constructed
after taking the intersection of circRNA-miRNA pairs and
miRNA-mRNA pairs. The regulatory network was visualized
using Cytoscape 3.4.04.

Functional Enrichment and Subnetwork
Analysis
Gene ontology (GO) and pathway analysis of DEmRNAs were
carried out by Metascape5 (Zhou et al., 2019). A GO term
or pathway with a P-value < 0.05 was considered statistically
significant. The significantly enriched GO terms and pathways
of DE mRNAs were ranked by −log10 (P-value). The potential

4http://cytoscape.org/
5https://metascape.org/gp/index

FIGURE 1 | The prognostic value of six cell fractions in HCC patients from TCGA. (A) The composition of six cell fractions in HCC patients (n = 343). (B) The OS
analysis of HCC patients with top (n = 86) and bottom 25% (n = 85) infiltration level of six cell fractions.
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interactions between DEmRNAs were predicted by the Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING)
database6. The degree, closeness, and subnetwork analysis of the
DEmRNAs were calculated by cytohubba and MCODE plugin of
cytoscape. The most influential nodes within the network were
evaluated by the integrated value of influence (IVI) method. The
IVI method is a novel influential node-detection method that
improves the performance of current tools and accurately detects
influential nodes (Salavaty et al., 2020).

Statistical Analysis
The median expression level of hub genes (DTL, EZH2, ITGA6,
KIF4A, LAMC1, and PRC1) was used as the cutoff value. Based
on the cutoff value, HCC patients from TCGA or GSE14520 were
divided into high- and low-expression groups. OS differences
between high- and low-expression groups were evaluated
by Kaplan–Meier survival analysis and log-rank tests. The
macrophage fraction levels between high- and low-expression
groups were evaluated by the Mann–Whitney–Wilcoxon test. All

6https://stringdb.org/

tests were analyzed using R software version 3.4.2, and P < 0.05
was considered statistically significant.

RESULTS

High Macrophage Fraction Correlates
With Good Prognosis for HCC
Estimate the Proportion of Immune and Cancer cells, a
computer-based tool for cell fraction analysis in a tumor, can
evaluate fractions of immune cells (B cells, CD4 T cells, CD8 T
cells, macrophages, and NK cells), CAFs, and endothelial cells.
Here, we applied EPIC to evaluate the infiltrations of cell types
in TCGA HCC patients. Because the fraction of NK cells is
zero in most patients, we excluded NK cells from our analysis.
There existed differences in the compositions of six cell fractions
between HCC patients (Figure 1A). In order to better clarify
the impacts of these cell fraction differences on the survival of
HCC patients, we selected the top and bottom 25% of each
cell fraction for prognostic analysis. The Kaplan–Meier survival
curves show that patients with high B cell, endothelial cell, and

FIGURE 2 | The prognostic value of six cell fractions in HCC patients from GSE14520. (A) The composition of six cell fractions in HCC patients (n = 221). (B) The
OS analysis of HCC patients with top (n = 55) and bottom 25% (n = 56) infiltration levels of six cell fractions.
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macrophage fractions had better OS than patients with lower
corresponding cell fractions (Figure 1B). In addition, we used
the data of HCC patients from GSE14520 for verification. The
compositions of six cell fractions were different between HCC
patients (Figure 2A). The prognostic analysis of each cell fraction
also shows that patients with a high macrophage fraction had
a good prognosis (Figure 2B). Furthermore, the multivariate
Cox regression analysis shows that macrophage fraction was the
independent prognostic factor for HCC patients in both TCGA
and GSE14520 data sets (Tables 1, 2). These results suggest that
high macrophage fraction is associated with a good prognosis
for HCC patients, and macrophage infiltration may play an
important role in suppressing the progression of HCC.

Screening Out DEmRNAs Associated
With Macrophages
One thousand, one hundred eighty DEmRNAs (794 up and 386
down) were screened out from 50 paired cancer and adjacent
tissues of TCGA HCC patients (Figure 3A). Eight hundred
thirty-seven DEmRNAs (566 up and 271 down) were found to
associate with macrophages by Spearman correlation analysis.
Eight hundred thirty-one DEmRNAs (356 up and 475 down)
were identified from 214 matched cancer and adjacent tissues
of GSE14520 HCC patients (Figure 3A). Spearman correlation
analysis revealed 705 DEmRNAs (275 up and 430 down)
related to macrophages. Finally, 274 DEmRNAs (116 up and
158 down) associated with macrophages were obtained after

TABLE 1 | Univariate and multivariate Cox regression analysis of cell fractions in
HCC patients from TCGA.

Parameters Overall survival

Univariate Multivariate

HR 95% CI P-value HR 95% CI P-value

B cells 0.85 0.72–1 0.056

CAFs 1.08 0.78–1.48 0.646

CD4_Tcells 0.94 0.89–0.99 0.029 0.96 0.91–1.02 0.192

CD8_Tcells 0.98 0.91–1.05 0.503

Endothelial 0.93 0.88–0.98 0.007 0.96 0.91–1.02 0.169

Macrophages 0.36 0.18–0.72 0.004 0.46 0.22–0.97 0.041

TABLE 2 | Univariate and multivariate Cox regression analysis of cell fractions in
HCC patients from GSE14520.

Parameters Overall Survival

Univariate Multivariate

HR 95% CI P-value HR 95% CI P-value

B cells 0.56 0.24–1.29 0.174

CAFs 1.44 0.38–5.49 0.594

CD4_Tcells 0.81 0.66–1 0.049 0.88 0.72–1.09 0.239

CD8_Tcells 0.74 0.5–1.07 0.112

Endothelial 0.91 0.74–1.12 0.382

Macrophages 0.04 0.01–0.21 <0.001 0.05 0.01–0.3 0.001

taking the intersection of the results from TCGA and GSE14520
(Figure 3B). Enrichment analysis of these DEmRNAs shows that
these genes could be enriched in immune-related processes, such
as acute inflammatory response, initial triggering of complement,
response to tumor necrosis factor, positive chemotaxis, positive
regulation of adaptive immune response, and negative regulation
of defense response (Supplementary Figure S2).

Construction of the
circRNA-miRNA-mRNA Regulatory
Network Related to Macrophages
By screening miRNA-seq data from paired tumor and adjacent
non-tumor tissues in TCGA HCC cases, a total of 121 DEmiRNAs
(29 up and 92 down) were obtained (Figure 3A). From
the circRNA microarray data of paired tumor and adjacent
non-tumor tissues in three GEO data sets, a total of 22
DEcircRNAs (8 up and 14 down) were identified (Figure 3C).
Two hundred ninety-two circRNA-miRNA pairs and 4820
miRNA-mRNA pairs were predicted by circinteractome and
miRDIP, respectively. After taking the intersection of these
RNA pairs and DEmRNAs coexpressed with macrophages, 45
DEmRNAs, 7 DEmiRNAs, and 6 DEcircRNAs were utilized
to construct a macrophage-related circRNA-miRNA-mRNA
regulatory network. This network contains 9 circRNA-miRNA
pairs and 52 miRNA-mRNA pairs (Figure 4).

Construction of the Hub
circRNA-miRNA-mRNA Regulatory
Network Related to Macrophages
Enrichment analysis of 45 macrophage-related DEmRNAs
reveals that these genes could be enriched in immune-related
processes, such as response to lipopolysaccharide, cytokine-
mediated signaling pathway, and antigen processing and
presentation of exogenous peptide antigen (Supplementary
Figure S3). The potential interactions of 45 DEmRNAs were
analyzed on the STRING database (Figure 5A). The degree and
closeness of the DEmRNAs were calculated by the cytohubba
plugin of cytoscape (Supplementary Table 1). Two subnetworks
of DEmRNAs were obtained through the MCODE plugin
of cytoscape (Figure 5B). Based on the top 10 DEmRNAs
ranked by degree and closeness as well as seven DEmRNAs
enriched in two subnetworks, six hub DEmRNAs, namely
enhancer of zeste homolog 2 (EZH2), kinesin family member
4A (KIF4A), polycomb repressive complex 1 (PRC1), integrin
alpha 6 (ITGA6), denticleless E3 ubiquitin protein ligase homolog
(DTL), and Laminin C1 (LAMC1), were finally screened out.
A hub circRNA-miRNA-mRNA regulatory network related
to macrophages was constructed based on these six hub
DEmRNAs (Figure 5C). Among this hub network, all DEmRNAs
were upregulated. Hsa-miR-182-5p was up-regulated while
hsa-miR-142-5p and hsa-miR-375 were down-regulated. Four
DEcircRNAs, except hsa_circ_0072088, were downregulated in
HCC. We further analyzed the expression of 6 hub DEmRNAs
in different GEO data sets of HCC by using HCCDB, a
database of the HCC expression atlas (Lian et al., 2018).
As shown in Supplementary Figure S4 and Supplementary

Frontiers in Genetics | www.frontiersin.org 5 September 2020 | Volume 11 | Article 1026

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-01026 September 3, 2020 Time: 17:19 # 6

Zhou et al. Macrophage Related circRNA Network in HCC

FIGURE 3 | The DEmRNAs, DEmiRNAs, and DEcircRNAs identified from paired tumor and adjacent non-tumor cases. (A) The DEmRNAs were screened out from
TCGA and GSE14520. The DEmiRNAs were screened out from TCGA. (B) Identification of DEmRNA-related macrophages from TCGA and GSE14520. (C) The
DEcircRNAs were screened out from three GEO data sets.

Tables 2, six hub DEmRNAs were upregulated in most GEO
data sets or the International Cancer Genome Consortium
(ICGC) project, which is consistent with the results from TCGA.
For hub miRNAs, all of them, except hsa-miR-127-5p, were
significantly dysregulated in HCC from some GEO data sets
analyzed by dbDEMC 2.0 (Supplementary Table 3), a database
of differentially expressed miRNAs in human cancers (Yang et al.,
2017). The expression status of hsa-miR-182-5p, hsa-miR-142-
5p, and hsa-miR-375 in HCC were in line with the TCGA results.

High Expression of DTL or PRC1 Is
Associated With Poor Prognosis and
Low Macrophage Infiltration of HCC
Next, we analyzed the prognostic value of these six hub
DEmRNAs. High expression of DTL, EZH2, KIF4A, or PRC1
was associated with poor prognosis of HCC patients from
TCGA (Figure 6A). In GSE14520, HCC patients with high
DTL or PRC1 expression had shorter OS (Figure 6B). Data
from both TCGA and GSE14520 show that high expression of

DTL or PRC1 was associated with poor prognosis of patients
with HCC. PRC1 or DTL expression status was also identified
to have prognostic value for HCC patients in other GEO
data sets or the ICGC project (Supplementary Figure 4). In
addition, we further applied the IVI method to test whether
PRC1 or DTL was the most influential node within the
network. Those coexpressed DEmRNAs with co-expression value
>0.3 calculated by STRING were selected for IVI analysis
(Supplementary Table 4). According to the results, both PRC1
and KIF4A had the highest IVI values (Supplementary Table 5).
However, KIF4A high expression was correlated with the poor
survival of HCC patients in TCGA but not in GSE14520.
Therefore, a core circRNA-miRNA-mRNA regulatory network
was constructed based on PRC1 (Figure 5D). Furthermore,
we analyzed the macrophage fractions of HCC cases with
different PRC1 or DTL expression in TCGA and GSE14520,
respectively. Patients with PRC1 or DTL high expression showed
low macrophage fractions in both TCGA (Figure 7A) and
GSE14520 (Figure 7B). Combined with the poor prognosis of
low macrophage infiltration mentioned before, the reason for
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FIGURE 4 | Construction of the circRNA-miRNA-mRNA network based on 45 DEmRNAs related to macrophages. The network was constructed after taking the
intersection of DEcircRNA-DEmiRNA pairs and DEmiRNA-macrophage-related DEmRNA pairs. The red diamond, yellow rectangle, and light green ellipse indicate
circRNA, miRNA, and mRNA, respectively.

the poor prognosis of HCC patients with PRC1 or DTL high
expression may be explained to some extent.

DISCUSSION

As important innate immune cells in the tumor immune
microenvironment, macrophages play pivotal roles in the
tumorigenesis and development of cancer as well as impact the
efficacy of immunotherapy (Cai et al., 2019). In addition to using

long non-coding RNA as the biomarker for cancers (Hajjari
and Salavaty, 2015), numerous studies have confirmed that
circRNA acts as an miRNA sponge to modulate the pathogenesis
of cancer, which facilitates it to serve as a diagnostic and
prognostic biomarker and even a therapeutic target for HCC
(Fu et al., 2018). In the present study, we demonstrate that
macrophage infiltration is an independent prognostic factor for
HCC. Based on identified macrophage-related DEmRNAs, a
circRNA-miRNA-mRNA regulatory network was constructed.
We also constructed a hub circRNA–miRNA-mRNA network,
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FIGURE 5 | Construction of the hub circRNA-miRNA-mRNA network. (A) PPI network analysis of 45 DEmRNAs related to macrophage. (B) Two subnetworks of PPI
network analyzed by the MCODE plugin of cytoscape. (C) Construction of the circRNA-miRNA-mRNA network based on six hub DEmRNAs related to
macrophages. (D) Construction of the circRNA-miRNA-mRNA network based on PRC1. PRC1 was identified as the most influential node by the IVI method. The red
diamond, yellow rectangle, and light green ellipse indicate circRNA, miRNA, and mRNA, respectively.

containing six hub DEmRNAs, among which two hub DEmRNAs
were found to be associated with poor prognosis and low
macrophage infiltration of HCC.

We used the EPIC tool to identify the proportion of six
cell types in HCC patients in both the TCGA and GEO
data sets and found that patients with a high macrophage
fraction had better OS. Hepatic macrophages, derived from

resident Kupffer cells and recruited circulating monocytes, are
considered to be a double-edged sword in the pathogenesis
of HCC (Weston et al., 2019). Hepatic macrophage in HCC
is a highly heterogeneous and plastic population, containing
both tumor-suppressive (M1 macrophages) and tumor-
promotive (M2 macrophages) subtypes, which are related
to different prognoses in HCC patients (Tian et al., 2019;
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FIGURE 6 | The Kaplan–Meier survival analysis of six hub macrophage-related DEmRNAs in HCC cases from TCGA (A) and GSE14520 (B).

Dou et al., 2020). Rohr-Udilova et al. (2018) show that
an increase in M1 macrophages may contribute to the
favorable prognosis of HCC patients. Further studies
demonstrate that CD68 + CD169 + macrophages and
CD68+CD38+macrophages are associated with better
survival while CD68+CD163+ (M2 macrophages) and total
CD68+ macrophages indicate a worse survival in patients
with HCC (Li et al., 2017; Lam et al., 2019). Using single-
cell analysis, MacParland et al. (2018) classified Kupffer
cells into two populations, CD68+MARCO− (macrophage
receptor with collagenous structure) and CD68+MARCO+
macrophages. High intratumoral MARCO expression correlates

with favorable prognosis of HCC while downregulation of
MARCO promotes tumor cell migration and invasion, resulting
in tumor progression (Sun et al., 2017). Our analysis indicates
that high macrophage fraction had better OS in HCC patients
from TCGA and GEO data sets. Combining our results with
previous evidence, we carefully assume that HCC patients with
a high macrophage fraction show better OS, which is likely
attributed to the fact that M1 macrophages may be the dominant
tumor-infiltrating macrophages. However, in EPIC, macrophages
have not been classified into different polarization status for
further analysis. It may be interesting and valuable to investigate
the polarization status of macrophages in HCC in future study.
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FIGURE 7 | The macrophage fractions in HCC cases with different expression levels of PRC1 or DTL from TCGA (A) and GSE14520 (B).

In order to further demonstrate the RNA regulatory network
related to macrophage infiltration in HCC, we screened out
the macrophage-related DEmRNAs between tumor and non-
tumor tissues and then constructed the circRNA-miRNA-
mRNA network. Finally, six DEcircRNAs were included in the
regulatory network. Among them, previous studies confirm
that hsa_circ_0072088 (circZFR) and hsa_circ_0091570 could
function as miRNA sponges to affect the progression of HCC
(Tan et al., 2019; Wang et al., 2019; Yang X. et al., 2019). However,
to date, none of the six DEcircRNAs have been reported to
modulate macrophage functions related to HCC. Further studies
should focus on the mechanism in which circRNA serves as an
miRNA sponge to modulate the macrophage activity to affect the
tumor microenvironment of HCC.

In this study, we identified seven DEmiRNAs in the
regulatory network. Previous studies have demonstrated the
important role of some miRNAs in modulating functions
of macrophages in the liver. It is reported that miR-142-5p
could regulate macrophage profibrogenic gene expression to
promote liver fibrosis (Su et al., 2015). Additionally, miR-182-5p
inhibits proinflammatory cytokine production from LPS-induced
macrophages to attenuate liver ischemia-reperfusion injury
(Jiang et al., 2016). Moreover, miR-375 could reduce Kupffer

cell apoptosis to improve immune function during liver failure
(Ke et al., 2019). There is no report about these miRNAs being
involved in the regulation of macrophage infiltration related
to the pathogenesis of HCC. However, most of these miRNAs
have been reported to play crucial roles in the development
of HCC (Lou et al., 2017; Cao et al., 2018). Combination
with the miRNA regulatory effect in modulating macrophage
infiltration and activity may be a promising direction for future
mechanism studies of HCC.

To further identify the key circRNAs involved in the
regulatory network, we performed PPI network analysis, and
six hub DEmRNAs (EZH2, DTL, PRC1, KIF4A, ITGA6, and
LAMC1) were identified for the construction of the hub
circRNA regulatory network, including nine circRNA-miRNA-
mRNA axes. Among the six hub DEmRNAs, EZH2 has been
demonstrated to be highly expressed in HCC, and injection
of EZH2 inhibitor GSK126 induces CXCL10 production from
macrophages and causes plasma cell polarization, inhibition
of the antitumor T cell response, and hepatoma growth
(Wei et al., 2019). Additionally, inhibition of EZH2 is also
able to affect the macrophage activity in some other cancer
types, such as suppressing macrophage infiltration in lung
cancer and shifting microglia toward the M1 phenotype in
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glioblastoma (Yin et al., 2017; Xia et al., 2019). Although
the role of DTL, PRC1, KIF4A, ITGA6, and LAMC1 in the
regulation of HCC-related macrophages remains unknown, the
findings of the mentioned hub DEmRNAs in the regulation of
macrophage activity in other diseases may provide the clues
for HCC. For instance, PRC1, a microtubule binding and
bundling protein, is pivotal in maintaining the mitotic spindle
midzone. PRC1 promotes tumor cell self-renewal and induces
the recruitment of M2-like tumor-associated macrophages and
regulatory T cells, leading to metastasis initiation of double-
negative prostate cancer (Su et al., 2019). In addition, PRC1 binds
to the motor protein KIF4A to form central spindles and the
midzone properly, which is essential for cell-cycle progression
and cytokinesis (Wijeratne and Subramanian, 2018). Increasing
KIF4A can promote the recruitment of macrophages toward oral
squamous cell carcinoma cells and educate them to M2 polarized
macrophages through regulating CCL2/CCR2 (Zhang et al.,
2017). Based on these reports, we speculate that some identified
DEmRNAs in HCC cells may affect macrophage infiltration
through releasing certain cytokines.

Among the network, PRC1 was identified as the most
influential node by the IVI method. High expression of PRC1 was
associated with poor prognosis and low macrophage infiltration
in HCC, indicating PRC1 may play an important role in
regulating macrophage infiltration into HCC tissues. Therefore,
we constructed a core circRNA-miRNA-mRNA regulatory
axis based on PRC1, namely hsa_circ_0004913/hsa-miR-182-
5p/PRC1. Based on the effect of PRC1 on macrophages (Su et al.,
2019), we hypothesize that hsa_circ_0004913 acts as the hsa-miR-
182-5p sponge to relieve PRC1 inhibition, leading to a decrease in
M1 macrophages and an increase in M2 macrophage infiltration,
thereby promoting the progression of HCC.

CONCLUSION

In conclusion, we suggest that macrophage fraction serves as an
independent prognostic factor for HCC. Next, we identified the
macrophage-related DEmRNAs and constructed the circRNA-
miRNA-mRNA regulatory network based on these DEmRNAs.
Moreover, six hub DEmRNAs were identified to establish a
hub circRNA regulatory network through PPI analysis. PRC1,
the most influential node among the network, was associated
with poor prognosis and low macrophage infiltration of HCC.
However, there are some limitations in this study. First, we
did not specify the etiology of the HCC cases. These identified

RNAs may be common rather than representative in HCC
with different etiologies. To gain insight into the etiology-
associated circRNA regulatory networks in HCC is another
focus in our future study. Second, the sample size of HCC
tissues with circRNA data was small. There are only 15 pairs
of tumor and non-tumor samples although we have included
three GEO data sets for study. Moreover, most of the results
are based solely on bioinformatics models, and other studies
are needed to verify our hypothesis. Taken together, our
findings indicate that certain circRNA regulatory networks are
involved in the process of macrophage infiltration and provide
a novel insight into the mechanism of study and therapeutic
targets for HCC.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. The
data can be found here: TCGA; GSE14520; GSE94508;
GSE97332; GSE78520.

AUTHOR CONTRIBUTIONS

YC and DW designed the study. PZ performed the specific
procedures and wrote the manuscript. GZ and YL analyzed the
data and made the pictures and graphs. All authors have read and
approved the manuscript.

FUNDING

This study was supported by the Outstanding Youth
Development Scheme of Nanfang Hospital, Southern Medical
University (grant no. 2019J006), President Foundation of
Nanfang Hospital, Southern Medical University (grant no.
2018C001), Natural Science Foundation of Guangdong Province
(grant no. 2019A1515011652), and National Natural Science
Foundation of China (grant no. 81903132).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2020.01026/full#supplementary-material

REFERENCES
Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.

(2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68,
394–424. doi: 10.3322/caac.21492

Cai, J., Qi, Q., Qian, X., Han, J., Zhu, X., Zhang, Q., et al. (2019). The role of
PD-1/PD-L1 axis and macrophage in the progression and treatment of cancer.
J. Cancer Res. Clin. Oncol. 145, 1377–1385. doi: 10.1007/s00432-019-02879-2

Cao, M. Q., You, A. B., Zhu, X. D., Zhang, W., Zhang, Y. Y., Zhang, S. Z.,
et al. (2018). miR-182-5p promotes hepatocellular carcinoma progression

by repressing FOXO3a. J. Hematol. Oncol. 11:12. doi: 10.1186/s13045-018-
0555-y

Chen, Y., Yuan, B., Chen, G., Zhang, L., Zhuang, Y., Niu, H., et al. (2020). Circular
RNA RSF1 promotes inflammatory and fibrotic phenotypes of irradiated
hepatic stellate cell by modulating miR-146a-5p. J. Cell. Physiol. doi: 10.1002/
jcp.29483 Online ahead of print

Dou, L., Shi, X., He, X., and Gao, Y. (2020). Macrophage phenotype and function
in liver disorder. Front. Immunol. 10:3112. doi: 10.3389/fimmu.2019.03112

Fu, L., Jiang, Z., Li, T., Hu, Y., and Guo, J. (2018). Circular RNAs in hepatocellular
carcinoma: functions and implications. Cancer Med. 7, 3101–3109. doi: 10.
1002/cam4.1574

Frontiers in Genetics | www.frontiersin.org 11 September 2020 | Volume 11 | Article 1026

https://www.frontiersin.org/articles/10.3389/fgene.2020.01026/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2020.01026/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1007/s00432-019-02879-2
https://doi.org/10.1186/s13045-018-0555-y
https://doi.org/10.1186/s13045-018-0555-y
https://doi.org/10.1002/jcp.29483
https://doi.org/10.1002/jcp.29483
https://doi.org/10.3389/fimmu.2019.03112
https://doi.org/10.1002/cam4.1574
https://doi.org/10.1002/cam4.1574
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-01026 September 3, 2020 Time: 17:19 # 12

Zhou et al. Macrophage Related circRNA Network in HCC

Hajjari, M., and Salavaty, A. (2015). HOTAIR: an oncogenic long non-coding RNA
in different cancers. Cancer Biol. Med. 12, 1–9. doi: 10.7497/j.issn.2095-3941.
2015.0006

Heymann, F., and Tacke, F. (2016). Immunology in the liver–from homeostasis
to disease. Nat. Rev. Gastroenterol. Hepatol. 13, 88–110. doi: 10.1038/nrgastro.
2015.200

Jeck, W. R., Sorrentino, J. A., Wang, K., Slevin, M. K., Burd, C. E., Liu, J., et al.
(2013). Circular RNAs are abundant, conserved, and associated with ALU
repeats. RNA 19, 141–157. doi: 10.1261/rna.035667.112

Jiang, W., Liu, G., and Tang, W. (2016). MicroRNA-182-5p ameliorates liver
ischemia-reperfusion injury by suppressing toll-like receptor 4. Transplant
Proc. 48, 2809–2814. doi: 10.1016/j.transproceed.2016.06.043

Ke, Q. H., Chen, H. Y., He, Z. L., Lv, Z., Xu, X. F., Qian, Y. G., et al. (2019). Silencing
of microRNA-375 affects immune function in mice with liver failure by
upregulating astrocyte elevated gene-1 through reducing apoptosis of Kupffer
cells. J. Cell. Biochem. 120, 253–263. doi: 10.1002/jcb.27338

Kolde, R., Laur, S., Adler, P., and Vilo, J. (2012). Robust rank aggregation for gene
list integration and meta-analysis. Bioinformatics 28, 573–580. doi: 10.1093/
bioinformatics/btr709

Kristensen, L. S., Hansen, T. B., Venø, M. T., and Kjems, J. (2018). Circular RNAs
in cancer: opportunities and challenges in the field. Oncogene 37, 555–565.
doi: 10.1038/onc.2017.361

Lam, J. H., Ng, H. H. M., Lim, C. J., Sim, X. N., Malavasi, F., Li, H., et al.
(2019). Expression of CD38 on macrophages predicts improved prognosis in
hepatocellular carcinoma. Front. Immunol. 10:2093. doi: 10.3389/fimmu.2019.
02093

Lei, K., Bai, H., Wei, Z., Xie, C., Wang, J., Li, J., et al. (2018). The mechanism
and function of circular RNAs in human diseases. Exp. Cell Res. 368, 147–158.
doi: 10.1016/j.yexcr.2018.05.002

Li, J. Q., Yu, X. J., Wang, Y. C., Huang, L. Y., Liu, C. Q., Zheng, L., et al. (2017).
Distinct patterns and prognostic values of tumor-infiltrating macrophages in
hepatocellular carcinoma and gastric cancer. J. Transl. Med. 15:37. doi: 10.1186/
s12967-017-1139-2

Li, Y. W., Qiu, S. J., Fan, J., Gao, Q., Zhou, J., Xiao, Y. S., et al. (2009). Tumor-
infiltrating macrophages can predict favorable prognosis in hepatocellular
carcinoma after resection. J. Cancer Res. Clin. Oncol. 135, 439–449. doi: 10.1007/
s00432-008-0469-0

Lian, Q., Wang, S., Zhang, G., Wang, D., Luo, G., Tang, J., et al. (2018). HCCDB:
a database of hepatocellular carcinoma expression atlas. Genomics Proteomics
Bioinformatics 16, 269–275. doi: 10.1016/j.gpb.2018.07.003

Lou, K., Chen, N., Li, Z., Zhang, B., Wang, X., Chen, Y., et al. (2017). MicroRNA-
142-5p overexpression inhibits cell growth and induces apoptosis by regulating
FOXO in hepatocellular carcinoma cells. Oncol. Res. 25, 65–73. doi: 10.3727/
096504016x14719078133366

MacParland, S. A., Liu, J. C., Ma, X. Z., Innes, B. T., Bartczak, A. M., Gage,
B. K., et al. (2018). Single cell RNA sequencing of human liver reveals distinct
intrahepatic macrophage populations. Nat. Commun. 9:4383. doi: 10.1038/
s41467-018-06318-7

Racle, J., de Jonge, K., Baumgaertner, P., Speiser, D. E., and Gfeller, D. (2017).
Simultaneous enumeration of cancer and immune cell types from bulk tumor
gene expression data. Elife 6:e26476. doi: 10.7554/eLife.26476

Rohr-Udilova, N., Klinglmüller, F., Schulte-Hermann, R., Stift, J., Herac, M.,
Salzmann, M., et al. (2018). Deviations of the immune cell landscape between
healthy liver and hepatocellular carcinoma. Sci. Rep. 8:6220. doi: 10.1038/
s41598-018-24437-5

Salavaty, A., Ramialison, M., and Currie, P. D. (2020). Integrated value of influence:
an integrative method for the identification of the most influential nodes within
networks. Patterns 1:100052. doi: 10.1016/j.patter.2020.100052

Sturm, G., Finotello, F., Petitprez, F., Zhang, J. D., Baumbach, J., Fridman,
W. H., et al. (2019). Comprehensive evaluation of transcriptome-based cell-type
quantification methods for immuno-oncology. Bioinformatics 35, i436–i445.
doi: 10.1093/bioinformatics/btz363

Su, S., Zhao, Q., He, C., Huang, D., Liu, J., Chen, F., et al. (2015). miR-142-5p
and miR-130a-3p are regulated by IL-4 and IL-13 and control profibrogenic
macrophage program. Nat. Commun. 6:8523. doi: 10.1038/ncomms9523

Su, W., Han, H. H., Wang, Y., Zhang, B., Zhou, B., Cheng, Y., et al. (2019).
The Polycomb Repressor Complex 1 Drives Double-Negative Prostate Cancer
Metastasis by Coordinating Stemness and Immune Suppression. Cancer Cell 36,
139.e10–155.e10. doi: 10.1016/j.ccell.2019.06.009

Sun, H., Song, J., Weng, C., Xu, J., Huang, M., Huang, Q., et al. (2017). Association
of decreased expression of the macrophage scavenger receptor MARCO with
tumor progression and poor prognosis in human hepatocellular carcinoma.
J. Gastroenterol. Hepatol. 32, 1107–1114. doi: 10.1111/jgh.13633

Tan, A., Li, Q., and Chen, L. (2019). CircZFR promotes hepatocellular carcinoma
progression through regulating miR-3619-5p/CTNNB1 axis and activating
Wnt/beta-catenin pathway. Arch. Biochem. Biophys. 661, 196–202. doi: 10.1016/
j.abb.2018.11.020

Tian, Z., Hou, X., Liu, W., Han, Z., and Wei, L. (2019). Macrophages
and hepatocellular carcinoma. Cell Biosci. 9:79. doi: 10.1186/s13578-019-03
42-347

Tokar, T., Pastrello, C., Rossos, A. E. M., Abovsky, M., Hauschild, A. C., Tsay,
M., et al. (2018). mirDIP 4.1-integrative database of human microRNA target
predictions. Nucleic Acids Res. 46, D360–D370. doi: 10.1093/nar/gkx1144

Villanueva, A. (2019). Hepatocellular carcinoma. N. Engl. J. Med. 380, 1450–1462.
doi: 10.1056/NEJMra1713263

Wang, Y. G., Wang, T., Ding, M., Xiang, S. H., Shi, M., and Zhai, B.
(2019). hsa_circ_0091570 acts as a ceRNA to suppress hepatocellular cancer
progression by sponging hsa-miR-1307. Cancer Lett. 460, 128–138. doi: 10.
1016/j.canlet.2019.06.007

Wei, Y., Lao, X. M., Xiao, X., Wang, X. Y., Wu, Z. J., Zeng, Q. H., et al. (2019).
Plasma cell polarization to the immunoglobulin G phenotype in hepatocellular
carcinomas involves epigenetic alterations and promotes hepatoma progression
in Mice. Gastroenterology 156, 1890.e16–1904.e16. doi: 10.1053/j.gastro.2019.
01.250

Weston, C. J., Zimmermann, H. W., and Adams, D. H. (2019). The role of myeloid-
derived cells in the progression of liver disease. Front. Immunol. 10:893. doi:
10.3389/fimmu.2019.00893

Wijeratne, S., and Subramanian, R. (2018). Geometry of antiparallel microtubule
bundles regulates relative sliding and stalling by PRC1 and Kif4A. Elife
7:e32595. doi: 10.7554/eLife.32595

Xia, L., Zhu, X., Zhang, L., Xu, Y., Chen, G., and Luo, J. (2019). EZH2 enhances
expression of CCL5 to promote recruitment of macrophages and invasion in
lung cancer. Biotechnol. Appl. Biochem. doi: 10.1002/bab.1875 Online ahead of
print

Yang, J. D., Hainaut, P., Gores, G. J., Amadou, A., Plymoth, A., and Roberts,
L. R. (2019). A global view of hepatocellular carcinoma: trends, risk, prevention
and management. Nat. Rev. Gastroenterol. Hepatol. 16, 589–604. doi: 10.1038/
s41575-019-0186-y

Yang, X., Liu, L., Zou, H., Zheng, Y. W., and Wang, K. P. (2019). circZFR
promotes cell proliferation and migration by regulating miR-511/AKT1 axis
in hepatocellular carcinoma. Dig. Liver Dis. 51, 1446–1455. doi: 10.1016/j.dld.
2019.04.012

Yang, Z., Wu, L., Wang, A., Tang, W., Zhao, Y., Zhao, H., et al. (2017). dbDEMC 2.0:
updated database of differentially expressed miRNAs in human cancers. Nucleic
Acids Res. 45, D812–D818. doi: 10.1093/nar/gkw1079

Yin, Y. T., Qiu, S. W., Li, X. P., Huang, B., Xu, Y., and Peng, Y. (2017). EZH2
suppression in glioblastoma shifts microglia toward M1 phenotype in tumor
microenvironment. J. Neuroinflamm. 14:220. doi: 10.1186/s12974-017-09
93-994

Zhang, Y., Liu, S. H., Qu, D. W., Wang, K. T., Zhang, L., Jing, X. X., et al.
(2017). Kif4A mediate the accumulation and reeducation of THP-1 derived
macrophages via regulation of CCL2-CCR2 expression in crosstalking with
OSCC. Sci. Rep. 7:2226. doi: 10.1038/s41598-017-02261-2267

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O.,
et al. (2019). Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat. Commun. 10:1523. doi: 10.1038/s41467-019-09234-
9236

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zhou, Zheng, Li, Wu and Chen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 12 September 2020 | Volume 11 | Article 1026

https://doi.org/10.7497/j.issn.2095-3941.2015.0006
https://doi.org/10.7497/j.issn.2095-3941.2015.0006
https://doi.org/10.1038/nrgastro.2015.200
https://doi.org/10.1038/nrgastro.2015.200
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1016/j.transproceed.2016.06.043
https://doi.org/10.1002/jcb.27338
https://doi.org/10.1093/bioinformatics/btr709
https://doi.org/10.1093/bioinformatics/btr709
https://doi.org/10.1038/onc.2017.361
https://doi.org/10.3389/fimmu.2019.02093
https://doi.org/10.3389/fimmu.2019.02093
https://doi.org/10.1016/j.yexcr.2018.05.002
https://doi.org/10.1186/s12967-017-1139-2
https://doi.org/10.1186/s12967-017-1139-2
https://doi.org/10.1007/s00432-008-0469-0
https://doi.org/10.1007/s00432-008-0469-0
https://doi.org/10.1016/j.gpb.2018.07.003
https://doi.org/10.3727/096504016x14719078133366
https://doi.org/10.3727/096504016x14719078133366
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.7554/eLife.26476
https://doi.org/10.1038/s41598-018-24437-5
https://doi.org/10.1038/s41598-018-24437-5
https://doi.org/10.1016/j.patter.2020.100052
https://doi.org/10.1093/bioinformatics/btz363
https://doi.org/10.1038/ncomms9523
https://doi.org/10.1016/j.ccell.2019.06.009
https://doi.org/10.1111/jgh.13633
https://doi.org/10.1016/j.abb.2018.11.020
https://doi.org/10.1016/j.abb.2018.11.020
https://doi.org/10.1186/s13578-019-0342-347
https://doi.org/10.1186/s13578-019-0342-347
https://doi.org/10.1093/nar/gkx1144
https://doi.org/10.1056/NEJMra1713263
https://doi.org/10.1016/j.canlet.2019.06.007
https://doi.org/10.1016/j.canlet.2019.06.007
https://doi.org/10.1053/j.gastro.2019.01.250
https://doi.org/10.1053/j.gastro.2019.01.250
https://doi.org/10.3389/fimmu.2019.00893
https://doi.org/10.3389/fimmu.2019.00893
https://doi.org/10.7554/eLife.32595
https://doi.org/10.1002/bab.1875
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.1016/j.dld.2019.04.012
https://doi.org/10.1016/j.dld.2019.04.012
https://doi.org/10.1093/nar/gkw1079
https://doi.org/10.1186/s12974-017-0993-994
https://doi.org/10.1186/s12974-017-0993-994
https://doi.org/10.1038/s41598-017-02261-2267
https://doi.org/10.1038/s41467-019-09234-9236
https://doi.org/10.1038/s41467-019-09234-9236
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Construction of a circRNA-miRNA-mRNA Network Related to Macrophage Infiltration in Hepatocellular Carcinoma
	Introduction
	Materials and Methods
	Data Collection
	Immune Cell Fractions and Survival Analysis
	Screening out DERNAs
	Construction of the Macrophage-Related circRNA-miRNA-mRNA Network
	Functional Enrichment and Subnetwork Analysis
	Statistical Analysis

	Results
	High Macrophage Fraction Correlates With Good Prognosis for HCC
	Screening Out DEmRNAs Associated With Macrophages
	Construction of the circRNA-miRNA-mRNA Regulatory Network Related to Macrophages
	Construction of the Hub circRNA-miRNA-mRNA Regulatory Network Related to Macrophages
	High Expression of DTL or PRC1 Is Associated With Poor Prognosis and Low Macrophage Infiltration of HCC

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


