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Background: Circular RNAs (circRNAs) have been recently proposed as hub molecules
in various diseases, especially in tumours. We found that circRNAs derived from
ribonuclease P RNA component H1 (RPPH1) were highly expressed in colorectal
cancer (CRC) samples from Gene Expression Omnibus (GEO) datasets.

Objective:We sought to identify new circRNAs derived from RPPH1 and investigate their
regulation of the competing endogenous RNA (ceRNA) and RNA binding protein (RBP)
networks of CRC immune infiltration.

Methods: The circRNA expression profiles miRNA and mRNA data were extracted from
the GEO and The Cancer Genome Atlas (TCGA) datasets, respectively. The differentially
expressed (DE) RNAs were identified using R software and online server tools, and the
circRNA–miRNA–mRNA and circRNA–protein networks were constructed using
Cytoscape. The relationship between targeted genes and immune infiltration was
identified using the GEPIA2 and TIMER2 online server tools.

Results: A ceRNA network, including eight circRNAs, five miRNAs, and six mRNAs, was
revealed. Moreover, a circRNA–protein network, including eight circRNAs and 49
proteins, was established. The targeted genes, ENOX1, NCAM1, SAMD4A, and
ZC3H10, are closely related to CRC tumour-infiltrating macrophages.

Conclusions:We analysed the characteristics of circRNA from RPPH1 as competing for
endogenous RNA binding miRNA or protein in CRC macrophage infiltration. The results
point towards the development of a new diagnostic and therapeutic paradigm for CRC.
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INTRODUCTION

Colorectal cancer (CRC) is the most common malignant tumour
of the digestive tract. CRC cases diagnosed each year exceed 1.9
million globally and account for 935,000 cancer-related deaths
annually (1). Patients with advanced CRC have few treatment
options, poor prognosis, and high mortality rates. Chemotherapy,
targeted therapy, and immunotherapy are the most commonly
usedmethods to treat advanced CRC. However, patients are prone
to drug resistance, which often leads to treatment failure (2).
Therefore, it is vital to elucidate the pathogenesis of CRC to
develop and utilise new drugs.

Circular RNAs (circRNAs) are circular transcripts that are
more stable than their linear counterparts; they lack the termini
by which certain RNAses bind, conferring them resistance to
degradation by pH and enzymatically catalysed hydrolysis.
CircRNA can adsorb miRNAs (3) and proteins (4), and,
intriguingly, some circRNAs even have translation functions
(5). Emerging research has shown circRNAs’ important role in
various biological processes in tumour cells, especially in colon
cancer. Peng et al. (6) suggested that circCUL2 mediates the miR-
142-3p/ROCK2 axis to induce autophagy activation and regulate
cisplatin sensitivity. Meanwhile, circPTK2 is well expressed in
CRC tissue and cells and is associated with metastasis, making it
a novel therapeutic target for metastatic colorectal cancer (7).
Although studies have clarified the involvement of circRNAs in
the biological processes in tumour cells, the role of circRNAs in
immunoregulation remains unclear.

Macrophages take on two opposing roles: M1 macrophages
are pro-inflammatory, whereas M2 macrophages are anti-
inflammatory. M1 cells can swallow atypical or tumour cells
and have a positive effect on the resilience of the immune system
to tumour infiltration. Conversely, after induced polarisation to
the M2 form, macrophages can help tumour cells to escape
immune surveillance, promoting the proliferation and metastasis
of tumour cells (8). Several studies have shown that M2 and
tumour-associated macrophages (TAMs) are related to the poor
prognosis of colon cancer patients and may promote tumour
progression and metastasis (9, 10). Details of the polarisation
process of macrophages and the mechanisms by which they aid
tumour cells in immune system evasion remain undetermined.

Ribonuclease P NRA component H1 (RPPH1), a non-coding
RNA (ncRNA) found on chromosome 14, plays a key role in
several human tumours. Wu et al. (11) demonstrated that
RPPH1 promotes non-small-cell lung cancer progression and
resistance to standard cis-platinum drugs by targeting the
WNT2B signalling axis miR-326. RPPH1 expression was also
suggested to be associated with prognosis and further interfered
with tumour suppressor factor p21 in gastric cancer (12).
Moreover, Liang et al. (13) demonstrated that RPPH1
overexpression mediates macrophage M2 polarisation to
promote colorectal cancer metastasis. CD44v6, the sixth
variant exon of the CD44 gene, has been reported to
contribute to CRC progression (14, 15). NCAM1, a surface
biomarker of natural killer (NK) cells, is also known as CD56
(16). Gharagozloo (17) reported that patients with metastatic
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colorectal cancer had significantly lower CD56+ NKT cell counts
in the peripheral blood than did healthy individuals.

Here, we aimed to further investigate the role of RPPH1 in the
molecular background of CRC by identifying circRNAs deriving
from this gene and assessing the association between
macrophages and targeted genes. In total, eight circRNAs
derived from RPPH1 were identified; their expression in CRC
cells was assessed, and bioinformatics tools were used to predict
their interactions.
METHODS

Datasets of CRC
The circRNA expression profiles (GSE126094) (18) were
downloaded from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/). The miRNA and
mRNA expression data for CRC were obtained from The Cancer
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/).
The colon cancer mutation data were also downloaded from
TCGA database.
Differentially Expressed circRNAs,
miRNAs, and mRNAs
The differentially expressed (DE) circRNAs and DEmRNAs were
screened in CRC patients and healthy individuals using the
Bioconductor Limma package (version 3.48.1) (19). The
thresholds of adjusted p < 0.05 and |log FC > 1| were used to
identify DEcircRNA from GSE126094 and DEmRNA from
TCGA colorectal cancer datasets. The starBase v2.0 online web
server (http://starbase.sysu.edu.cn/) (20) was used to analyse
DEmiRNA from TCGA colon cancer datasets.
Establishment of circRNA–miRNA–mRNA
Network
CircRNA was visualised using the CSCD2.0 database (http://gb.
whu.edu.cn/CSCD2/#). We first predicted the target-absorbed
miRNAs of eight circRNAs using the circBank database (21); we
then verified these prediction results and visualised the binding
sites of miRNA adsorption using the circMIR1.0 software. We
screened miRNAs with expression differences in the TCGA
colon cancer datasets and found those that overlapped with the
targeted miRNA. Next, the miRNA-forecasted mRNA and
overlapping portions between the DEmRNAs were chosen to
establish an miRNA–mRNA network related to CRC
tumorigenesis. The MiRWalk (22) database, a comprehensive
online target predition tool, was used for the prediction of
miRNA-targeted mRNA. To ensure more reliable results, a
score of >0.95 for miRNA–mRNA pairs present in both the
miRDB and miRTarbase miRNA-target prediction datasets were
chosen for further study. Finally, we used Cytoscape software
(version 3.6.0) (23) to visualise the competing endogenous RNA
(ceRNA) network.
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Construction of Protein–Protein
Interaction Network and Identification of
the Hub Genes
We constructed a protein–protein interaction (PPI) network via
the STRING database (https://string-db.org/) (24) based on the
DEmRNA in the ceRNA network. We set a score of >0.4 to filter
the criterion in this PPI network. The intersections between the
adjacent nodes determined to be ≥5 using R software were
regarded as hub genes. Subsequently, we established a
secondary circRNA–miRNA–mRNA subnetwork according to
the identified hub genes.

Survival and Drug Sensitivity Analysis of
the Hub Genes
To cross-validate the reliability of hub genes, the Xiantao search
tool (https://www.xiantao.love/) was used to compare six hub
genes by difference analysis and paired difference analysis
derived from the TCGA database. The PrognoScan (http://
www.prognoscan.org/) database was used to analyse the overall
survival (OS) derived from the GEO database. The
correspondence between hub genes and sensitivity to drugs
was explored using the online search tool GSCALite (25).

Construction of circRNA–Protein
Regulatory Network
We used the RBPmap tool (http://rbpmap.technion.ac.il/) to
study the interaction between these circRNAs and RBPs (26).
This tool takes custom RNA sequences as input and provides a
list of RBP binding sites and assigns them probability values.

Relationship Between Targeted Genes and
Immune Cells
We used the GEPIA2 server (http://gepia2.cancer-pku.cn/) to
analyse the relationship between the expression of the four genes
and the state of immune cell infiltration. Then, the XCELL,
TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCP-
COUNTER, and EPIC algorithms were used to further evaluate
the macrophage immune infiltration of CRC with TIMER2
(http://timer.cistrome.org/) (27).

Cell Culture and qRT-PCR Assays
Six CRC cell lines, namely, Caco-2, HCT-116, HT-29, SW-480,
SW-620, and DLD-1, and normal intestinal mucosal epithelial
cells (NCM-460) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium with 10% fetal bovine serum.
Total RNA was extracted from CRC cell lines and reverse
transcribed into cDNA with random primers, following the
manufacturers’ instructions. The amplified region of the
primer design included the circRNA looped linker region.
The main benefit of this approach is that it ensures the
specificity of the primer. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression was used as an internal
reference to normalise circRNAs and mRNA, and U6 expression
was used as internal reference for miRNAs. Table 1 and
Supplementary Table S1 described the circRNA, miRNA, and
mRNA primers. Excel software was used for PCR data analysis,
Frontiers in Oncology | www.frontiersin.org 3
and GraphPad was used for mapping. First, the quantification
cycle (Cq) mean of the internal reference gene in the sample was
calculated, and then, the Cq difference (DCq) between the target
gene and internal reference gene was determined. Furthermore,
the 2^−DDCq formula was used to calculate the expression level.
Finally, based on the expression level of NCM-460 cells, the
relative expression level of the target genes in other colon cancer
cell lines were calculated.
RESULTS

Differentially Expressed circRNAs,
miRNAs, and mRNAs in Colon Cancer
The total number of 321 DEcircRNAs (179 upexpressed and 142
downexpressed) in GSE126094 was identified (Figure 1A). Eight
co-upregulated circRNAs (hsa_circ_0000511, hsa_circ_0000512,
hsa_circ_0000514, hsa_circ_0000515, hsa_circ_0000517,
hsa_circ_0000518, hsa_circ_0000519, and hsa_circ_0000520)
originating from the RPPH1 gene were identified (Figure 1B).
Figure 1C shows eight circRNA-binding sites that potentially
competitively bind to miRNA and RBPs. circMIR1.0 predicted
the miRNAs bound by circRNAs and the corresponding binding
regions (Figure 2A). Since eight circRNAs had the same nucleic
acid sequences in multiple regions, their predicted miRNAs were
mostly similar. Six downregulated miRNAs were identified in
TCGA colon datasets containing 450 colon cancer and eight
normal samples (hsa-miR-1296-5p, hsa-miR-296-5p, hsa-miR-
326, hsa-miR-328-3p, hsa-miR-1306-5p, and hsa-miR-1976)
(Figures 2B–G). A total of 7,877 DEmRNAs (5,590
upexpressed and 2,287 downexpressed) were authenticated
from the TCGA colon cancer datasets.

CircRNA–miRNA–mRNA and PPI Networks
Cytoscape v3.6.0 was used to analyse and establish a circRNA–
miRNA–mRNA network based on regulated and differentially
expressed ceRNAs. The network included 8 circRNAs, 6
miRNAs, and 162 mRNAs (Figure 3). As described in
TABLE 1 | Primers for circular RNA (circRNA) amplification.

Primer name Sequence (5′ to 3′)

hsa_circ_0000511-F TTTGCCGGAGCTTGGAACA
hsa_circ_0000511-R CGTTCTCTGGGAACTCACCTC
hsa_circ_0000512-F AGTTCAATGGCTGAGGTGAGG
hsa_circ_0000512-R TGTTCCAAGCTCCGGCAAAG
hsa_circ_0000514-F GGTCAGACTGGGCAGGAGAT
hsa_circ_0000514-R CCCGTTCTCTGGGAACTCAC
hsa_circ_0000515-F GGTCAGACTGGGCAGGAGAT
hsa_circ_0000515-R GAGTGACAGGACGCACTCAG
hsa_circ_0000517-F GGGAGGTGAGTTCCCAGAG
hsa_circ_0000517-R CAGGGAGAGCCCTGTTAGG
hsa_circ_0000518-F GTGAGTTCCCAGAGAACGGG
hsa_circ_0000518-R GAGTGACAGGACGCACTCAG
hsa_circ_0000519-F CTAACAGGGCTCTCCCTGAG
hsa_circ_0000519-R CAGACCTTCCCAAGGGACAT
hsa_circ_0000520-F GGGAAGGTCTGAGACTAGGG
hsa_circ_0000520-R GGACATGGGAGTGGAGTGAC
January 202
2 | Volume 11 | Article 779706

https://string-db.org/
https://www.xiantao.love/
http://www.prognoscan.org/
http://www.prognoscan.org/
http://rbpmap.technion.ac.il/
http://gepia2.cancer-pku.cn/
http://timer.cistrome.org/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Feng et al. circRNA-Based Immunomodulatory Networks in Colorectal Cancer
Figure 4, to show the interaction of target genes in CRC, we
constructed a PPI network based on the STRING database to
include 151 differentially expressed genes predicted to be
regulated by miRNAs.

Hub Gene and ceRNA Subnetwork
Genes from the PPI network in the STRING database, with
adjacent differential gene interaction nodes ≥ 5 were regarded as
hub genes potentially related to CRC: WNT5A, POLA1, SYP,
NCAPG, NCAM1, and CD44 (Figure 5A). The ceRNA
subnetwork, containing eight circRNAs, five miRNAs, and six
mRNAs, as was established, is indicated in Figure 5B
(hsa_c i r c_0000511\hsa -miR-296-5p\NCAM1, hsa_
circ_0000511\hsa-miR-296-5p\CD44, hsa_circ_0000511\hsa-
miR-1976\SYP, hsa_circ_0000512\hsa-miR-296-5p\NCAM1,
Frontiers in Oncology | www.frontiersin.org 4
hsa_circ_0000512\hsa-miR-296-5p\CD44, hsa_circ_0000512
\hsa-miR-1976\SYP, hsa_circ_0000514\hsa-miR-296-5p
\NCAM1, hsa_circ_0000514\hsa-miR-296-5p\CD44,
hsa_circ_0000514\hsa-miR-1976\SYP, hsa_circ_0000515\hsa-
miR-296-5p\NCAM1, hsa_circ_0000515\hsa-miR-296-5p
\ CD 4 4 , h s a _ c i r c _ 0 0 0 0 5 1 5 \ h s a -m i R - 1 9 7 6 \ S Y P ,
hsa_c i r c_0000515\hsa-miR-1306-5p\NCAPG, hsa_
circ_0000515\hsa-miR-326\WNT5A, hsa_circ_0000515\hsa-
miR-1296-5p\POLA1, hsa_circ_0000517\hsa-miR-1306-5p
\NCAPG, hsa_c i rc_0000517\hsa-miR-326\WNT5A,
hsa_circ_0000517\hsa-miR-1296-5p\POLA1, hsa_circ_0000518
\hsa-miR-1306-5p\NCAPG, hsa_circ_0000518\hsa-miR-326
\WNT5A, hsa_circ_0000518\hsa-miR-1296-5p\POLA1,
hsa_circ_0000519\hsa-miR-1296-5p\POLA1, and hsa_circ_
0000520\hsa-miR-1296-5p\POLA1).
A

B

C

FIGURE 1 | Differentially expressed circular RNAs (circRNAs) from RPPH1 in colorectal cancer (CRC). (A) Volcano plots for differentially expressed circRNAs
(DEcircRNAs) in CRC from the GSE126094 dataset. (B) Heatmap of the eight differentially expressed circRNAs from the RPPH1 gene. (C) Interaction patterns of the
eight circRNAs based on CSCD2.
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Survival Analysis and Resistance of the
Hub Genes
The Xiantao search tool was used to compare six hub genes by
difference analysis and paired difference analysis derived from
the TCGA database, and PrognoScan was used to analyse the
overall survival (OS) derived from the GEO database. As shown
in Figure 6A, CD44 expression was significantly higher in CRC
patients than in the control (healthy individals). CD44-positive
Frontiers in Oncology | www.frontiersin.org 5
patients had a shorter survival than did CD-negtive patients in
the GSE12945 dataset. The hub genes POLA1, NCAPG, and
WNT5A were well expressed in CRC patients and had similar
prognosis results in the GSE17536 dataset (Figures 6B, E, F). In
contrast, Figures 6C, D show that the hub genes NCAM1 and
SYP were expressed at lower levels in colon cancer patients than
in the control. From the GSE17536 dataset, patients with lower
expression levels of POLA1, NCAPG, and WNT5A had better
A

B C D

E F G

FIGURE 2 | Targeted sponge miRNA with eight circular RNAs (circRNAs). (A) The position and quantity of miRNA adsorption via circMIR1.0 software. (B–G) Six
targeted sponge miRNAs with different expression levels in colorectal cancer (CRC) from starBase v2.0. (B) hsa-miR-1296-5p, (C) hsa-miR-296-5p, (D) hsa-miR-
326, (E) hsa-miR-328-3p, (F) hsa-miR-1306-5p, (G) hsa-miR-1976.
January 2022 | Volume 11 | Article 779706
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survival than those with higher expression levels. In some
instances, the expression levels of NCAM1 and SYP inhibited
CRC progression. Subsequently, we performed a drug sensitivity
(IC50) evaluation of the expression levels of the targeted-
network genes and found that a higher correlation represented
a higher drug resistance. The expression levels of POLA1 and
NCAPG were positively correlated with sensitivity to trametinib
and the 17-AAG (HSP90 inhibitor). CD44 expression was
positively correlated with sensitivity to the NPK76-II-72-1
(kinase inhibitor). Moreover, SYP expression was positively
correlated with sensitivity to docetaxel (Figure 7). Therefore,
drug sensitivity analysis could help toward the individualized
and precise treatment of tumour patients, reducing the
occurrence of tumour drug resistance.
Frontiers in Oncology | www.frontiersin.org 6
Copy Number Variation and Mutation of
Hub Genes
We analysed the copy number variation (CNV) and gene
mutation of hub genes in TCGA colon cancer data. In CRC
samples, the CNV mutation frequency of WNT5A reached 4%,
mainly with CNV deletion. This was followed by NCAM1, while
the CNV mutation frequency in CD44, SYP, and POLA1
was <1% (Figure 8A). Figure 8B shows the types of CNV
mutations and chromosomal statuses of the hub genes. Among
the 399 samples expressing the six hub genes, 49 (12.28%) were
found to have gene mutations, most of which were missense
mutations. NCAM1 accounted for 6%, NCAPG accounted for
5%, WNT5A and POLA1 both accounted for 3%, and CD44
accounted for 1% (Figure 8C).
FIGURE 3 | The circular RNA (circRNA)–miRNA–mRNA network in the colorectal cancer (CRC) by Cytoscape v3.6.0. The red and blue nodes represent
upregulation and downregulation, respectively.
January 2022 | Volume 11 | Article 779706
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A B

FIGURE 5 | Selecting hub genes and constructing circular RNA (circRNA)–miRNA–hub gene subnetwork. (A) Selecting hub genes: WNT5A, POLA1, SYP, NCAPG,
NCAM1, and CD44 by analysing the protein–protein interaction (PPI) network. Adjacent differential gene interaction nodes are ≥5. (B) Reconstructing a circRNA–
miRNA–hub gene subnetwork based on the circRNA–miRNA–mRNA network and hub genes.
FIGURE 4 | Protein–protein intersection (PPI) network analysis of differentially expressed mRNA (DEmRNA) involved in the competing endogenous RNA (ceRNA)
network.
Frontiers in Oncology | www.frontiersin.org January 2022 | Volume 11 | Article 7797067
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A B

C D

E F

FIGURE 6 | Different expression and survival analysis of the hub genes by the Xiantao and PrognoScan search tools. (A) For CD44, (B) for POLA1, (C) for NCAM1,
(D) for SYP, (E) for NCAPG, and (F) for WNT5A. (***p ≤ 0.001).
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The CircRNA-Binding Protein Network
As depicted in Figure 1C for eight circRNAs, various protein-
binding sites were detected, and many RBPs were predicted to
bind to them. The RBPmap provided more information about
the number of RBPs and their binding sites. We selected RBPs
with p < 0.05, accompanied by high probability values
(Figure 9A; Supplementary Table S2). Since these circRNAs
all originate from the RPPH1 gene, their RNA-binding proteins
are all the same, although some specific regions have different
sequences and RBPs. Further analysis revealed that ZC3H10,
SAMD4A, and ENOX1 are closely related to anti-tumour
immunity against colon cancer. Figure 9B shows the number
Frontiers in Oncology | www.frontiersin.org 9
of sites and positions where has_circ_0000515 binds to ZC3H10,
SAMD4A, and ENOX1.

Relationship Between Immune-Related
Genes and Macrophages
We explored the possible molecular mechanisms underlying the
aetiology of CRC through immune cell infiltration. In particular,
the relationship between four target genes, namely, NCAM1,
ZC3H10, SAMD4A, and ENOX1, and macrophages
was investigated.

First, we used GEPIA2 to analyse the association between the
expression levels of the four genes and M1 macrophage (NOS2,
FIGURE 7 | Correlation between hub gene expression levels and small molecule/drug sensitivity via the online search tool GSCALite.
January 2022 | Volume 11 | Article 779706
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IRF5, and PTGS2), M2 macrophage (MS4A4A, VSIG4, MRC1,
CD163, and MSR1), and TAM (CCL2, CD68, and IL10) markers.
There was a positive correlation between ENOX1 expression and
the M2 macrophage (R = 0.7, p = 4.4E−42), and TAM (R = 0.73,
p = 2.4E−46), whereas the correlation with M1 macrophage
marker genes (R = 0.16, p = 0.0061) was poor (Figure 10A).
Figure 10B shows the correlation between NCAM1 and M2
macrophage (R = 0.47, p = 1.1E−16), TAM (R = 0.53, p = 3.3E
−21), and M1 macrophage (R = 0.21, p = 0.00046). Figure 10C
shows the correlation between SAMD4A and M2 macrophage
(R = 0.56, p = 3.8E−24), TAM (R = 0.58, p = 3.6E−26), and M1
macrophage (R = 0.30, p = 3.1E−07). Figure 10D shows the
correlation between ZC3H10 and M2 macrophage (R = 0.55, p =
3.7E−23), TAM (R = 0.54, p = 4.3E−22), and M1 macrophage
(R = 0.30, p = 3.1E−07). These results strongly suggest that these
genes are closely related to the polarisation of macrophages in
colon cancer development. We observed similar results between
ENOX1 expression and other different types of immune cells,
such as CD4+ cells (R = 0.70, p = 2.4E−42) and NK cells (R =
0.72, p = 3.5E−45) (Supplementary Figure S1). Similar to
ENOX1, the expression levels of NCAM1, SAMD4A, and
ZC3H10 were positively correlated with the marker expression
levels of immune cells (Supplementary Figures S2-4), indicating
that the expression levels of these genes are closely related to
tumour immunity.
Frontiers in Oncology | www.frontiersin.org 10
We then used the XCELL, TIMER, CIBERSORT,
CIBERSORT-ABS, QUANTISEQ, MCP-COUNTER, and EPIC
algorithms to further evaluate the macrophage immune
infiltration of CRC. All algorithms except XCELL found
positive correlations between these four immune-related genes
and M2 macrophages that were significantly higher than those
with M1 macrophages (Figure 11A). Significant correlation was
observed between the polarised M2 macrophages and ENOX1,
NCAM1, SAMD4A, and ZC3H10 with respect to tumour purity
(Figures 11B–E). The consistency of Figures 10 and 11 further
confirm the reliability of the relationship between these
expression levels of these genes and polarisation of macrophages.

Expression Analysis of RPPH1 circRNAs,
miRNA, and mRNA in CRC Cells
The expression levels of the circRNAs derived from RPPH1
in CRC cells were detected using quantitative reverse
transcription PCR (qRT-PCR) assays (Supplementary Table
S3). Hsa_circ_0000511 (Figure 12A), hsa_circ_0000514
(Figure 12C), and hsa_circ_0000519 (Figure 12G) were more
expressed in all cancer cell lines than in the NCM-460 control
cells. Compared with NCM-460, hsa_circ_0000512 had the
highest expression levels in SW-620 cells and low expression in
SW-480, CACO-2, and DLD-1, and was not detected in HT-29
cells (Figure 12B). Hsa_circ_0000515 was found to be expressed
A B

C

FIGURE 8 | Copy number variation (CNV) and mutation of hub genes. (A) CNV frequency of hub genes. (B) Circle diagram of CNV with hub genes. Red represents
CNV gain; blue represents CNV loss. (C) Cascade of core gene mutations.
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in SW-480, SW-620, and CACO-2 but was not detected in other
CRC cell lines (Figure 12D). As shown in Figure 12E, the
expression of hsa_circ_0000517 was the highest in SW-620 cells
and the lowest in SW-480 cells and DLD-1 cells. The expression
levels of hsa_circ_0000518 and hsa_circ_0000520 were higher in
HCT-116, SW-620, and CACO-2 than in NCM-460
Frontiers in Oncology | www.frontiersin.org 11
(Figures 12F, H). From the above results, the expression levels
of circRNAs were low and even undetectable in CRC cell lines. In
our results, circRNAs from the RPPH1 gene were the highest in
SW-620 and CACO-2 and the lowest in NCM-460 and SW-480.
MiR-296-5p was highly expressed in NCM-460 and CACO-2
compared with others. However, CD44, NCAM1,SYP, and
A

B

FIGURE 9 | The circRNA–protein network and binding site in the CRC. (A) Circular RNA (circRNA)–protein network in colorectal cancer (CRC) according to the
RBPmap. The red nodes represent immune-related proteins, whereas the green nodes represent other proteins and eight circRNAs. (B) Chromosome positions and
ENOX1, NCAM1, SAMD4A, and ZC3H10 binding sites of hsa_circ_0000515.
A B

C D

FIGURE 10 | Correlation between targeted gene expression levels and markers of macrophages as analysed via GEPIA2. (A) for ENOX1, (B) for NCAM1, (C) for
SAMD4A, and (D) for ZC3H10.
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NCAPG showed higher expression levels than NCM-460 in the
majority of colon cancer cell lines (Supplementary Figure S6).
DISCUSSION

CRC is a complex malignant tumour of the digestive tract caused
by a wide variety of gene mutations and signal pathway disorders.
Research has revealed the importance of circRNAs as a new type
of transcriptional gene regulation molecule in the pathogenesis of
various human diseases, including malignant tumours. circRNA is
a closed circular nucleotide sequence that specifically binds a
variety of miRNAs and proteins. In recent years, the role of
circRNA in cancer tumorigenesis has gradually been uncovered
but has remained largely unknown in CRC. To explore the
important role of circRNA in CRC as the starting trigger point
Frontiers in Oncology | www.frontiersin.org 12
for oncogene activation, we first screened DEcircRNA from GEO
data and DEmiRNA and DEmRNA from TCGA data. After
predicting the interactions between circRNA, miRNA, and
proteins, and their effects on the strength of biology and
molecular mechanics, a circRNA–miRNA–mRNA and
circRNA–protein regulatory network was described. Then, a PPI
network model was constructed, and the following six genes were
identified as central genes: WNT5A, POLA1, SYP, NCAPG,
NCAM1, and CD44. We performed expression verification and
survival analysis on these six core genes based on TCGA and GEO
data, respectively, which further enhanced the reliability of the
ceRNA network. We also constructed a circRNA–protein gene
subnetwork based on related RNA-binding proteins and further
analysed their binding relationships. By combining the regulated
genes in ceRNA and circRNA binding protein genes, we
comprehensively analysed their correlation with tumour
immune regulation.
A

B C

D E

FIGURE 11 | Correlation between targeted gene expression levels and the infiltration level of macrophage cells. The XCELL, TIMER, CIBERSORT, CIBERSORT-
ABS, QUANTISEQ, MCP-COUNTER, and EPIC algorithms were applied for immune infiltration estimations with ENOX1, NCAM1, SAMD4A, and ZC3H10. (A)
Overview of the correlations between ENOX1, NCAM1, SAMD4A, and ZC3H10 and the macrophages. The CIBERSORT-ABS algorithm was used to estimate the
correlations between ENOX1, NCAM1, SAMD4A, and ZC3H10 and the M2 macrophages after tumour purity adjusting in panels (B–E). (B) ENOX1 and M2
macrophages, (C) NCAM1 and M2 macrophages, (D) SAMD4A and M2 macrophages, (E) ZC3H10 and M2 macrophages.
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An increasing number of studies have shown that the
abnormal expression of circRNA is related to the pathogenesis
of CRC, indicating that circRNAs are potential therapeutic
targets and biomarkers. Chen et al. (28) demonstrated that
circGLIS2 was higher in CRC patients than in healthy
individuals, and the overexpression of circGLIS2 sponged miR-
671 to activate the nuclear facor kappa B (NF-kB) signalling
pathway. Yang et al. (7) highlighted that circPTK2, a novel
circRNA, is elevated in CRC tissues, promotes the epithelial–
mesenchymal transition of colorectal cancer cells, and serves as a
potential target for late treatment and early diagnosis. However,
our understanding of these RNA molecules is lacking, and
further research is required to explore their relationship
with CRC.

Eight circRNAs (hsa_circ_0000511, has_circ_0000512,
has_circ_0000514, has_circ_0000515, has_circ_0000517,
has_circ_0000518, has_circ_0000519, and has_circ_0000520)
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originating from the RPPH1 gene were identified in the
ceRNA network. Five of these eight circRNAs were reported to
be involved in the development of malignant tumours.
Has_circ_0000511 is overexpressed in cervical cancer and
regulates the miR-296-5p/HMGA1 signalling pathway axis to
inhibit HeLa and SiHa proliferation and invasion (29).
Has_circ_0000515 can sponge miR-326 to promote cervical
cancer progression by releasing ELK1 transcription and
regulate the miR-296-5p/CXCL10 signalling pathway axis to
induce the pathogenesis of breast cancer (30). Hsa_
circ_0000517 was found to be significantly upregulated in
hepatocellular carcinoma (HCC), and the expression of
hsa_circ_0000517 was associated with HCC progression.
Hsa_circ_0000517 acts as a miRNA sponge to regulate HCC
growth and metastasis through hsa_circ_0000517/miR-326/
IGF1R and the SMAD6 signalling pathway axis (31–33).
Another circRNA, hsa_circ_0000518, was found to be
A B C

D

G H

E F

FIGURE 12 | Relative circular RNA (circRNA) expression in colorectal cancer (CRC) cells and NCM-460 normal cells by qRT-PCR. (A) For hsa_circ_0000511, (B) for
hsa_circ_0000512, (C) for hsa_circ_0000514, (D) for hsa_circ_0000515, (E) for hsa_circ_0000517, (F) for hsa_circ_0000518, (G) for hsa_circ_0000519, and (H) for
hsa_circ_0000520. (***p≤0.001, **p≤0.01, *p≤0.05).
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significantly elevated in breast cancer and can promote the
progression, apoptosis, migration, and invasion of breast
cancer cells by targeting miR-326/FGFR1 (34). Controversially,
hsa_circ_0000520 has been reported in gastric, breast, and
cervical cancers. Sun et al. (35) and Lv et al. (36) found that
hsa_circ_0000520 was significantly downregulated in gastric
cancer, and its overexpression may attenuate the PI3K-Akt
signalling pathway, causing the reversal of resistance to
Herceptin in gastric cancer cells.

Zang (37) and Zhou (38) simultaneously reported that
hsa_circ_0000520 was highly expressed in breast cancer, which
suggested the regulatory mechanism of hsa_circ_0000520/miR-
1296. Zheng et al. (39) reported that silencing hsa_circ_0000520
blocks cell cycle progression and promotes apoptosis via the
miR-1296/CDK2 signalling pathway axis. In contrast, Zhang
et al. (40) reported that hsa_circ_0000520 overexpression
decreased PAX5 expression by sponging miR-146b-3p and
repressing cervical cancer cell proliferation. Our results also
confirmed that these circRNAs are highly expressed in colon
cancer tissues and cell lines. Nevertheless, whether they play a
key role in the pathogenesis of colon cancer remains an open
question requiring further exploration.

To elucidate the molecular mechanism of action of circRPPH1,
circRNA–miRNA–mRNA and circRNA–protein networks were
constructed. The six hub genes and four immune-related genes
have been partially reported previously. The interaction between
the proteins CD44 and MUC5AC conferred colon cancer cell
resistance to 5-FU via the downregulation of p53 and p21 (41).
Increasing numbers of studies have indicated that NK cells have
achieved good efficacy in treating and killing tumours, especially
in colon cancer, and have good prospects for transformation (42,
43). Ma (44) constructed an immune-related module that consists
of SYP and 13 other genes, which may be innovative biomarkers
for the prediction of colon cancer prognosis and response to
immunological therapy. Opinion is divided over the importance of
WNT5A—an essential protein of the non-canonical Wnt/b-
catenin signalling pathway—in colon cancer (45). Cecilia (46),
Cheng (47), and Li (48) argued that WNT5A is a protective factor
that delays disease progression in colon cancer patients. In
contrast, Elvira (49) asserts that high WNT5A expression could
induce colon cancer cell migration and invasion. POLA1 has been
reported to influence the occurrence and development of tumours
(50–52), and its expression can be suppressed by the novel
compound ST1926 (53) and antitumor toxin CD437 (54).
NCAPG has been reported as an oncogene in liver cancer (55),
gastric cancer (56), breast cancer (57), and other tumours but has
not yet been studied in CRC. Figure 10 combined with Figure 11
shows that the correlations between the ENOX1, ZC3H10, and
SAMD4A genes and the M2 macrophages and TAMs were much
better than those with the M1 macrophages. Existing studies
generally believe that macrophage polarisation and TAMs are
extremely important for tumour immune evasion and the
establishment of an immune microenvironment. Hence, it could
conceivably be hypothesised that these genes help colorectal
cancer cells escape immune monitoring and clearance to a
certain extent. At present, there is very little research on these
Frontiers in Oncology | www.frontiersin.org 14
three genes related to immunity; this is a new research direction
worth exploring. The NADH oxidase ENOX1 targets tumour
vasculature and can be used in tumour treatment (58, 59).
Coincidentally, Zhou et al. (60) also reported SAMD4A as a
novel breast tumour angiogenesis suppressor in breast cancer.
ZC3H10 regulates lipid metabolism and may also offer novel
routes toward treatments for obesity (61).
CONCLUSION

In this study, we discovered novel circRNAs derived from the
RPPH1 gene in CRC. The circRNAs work with other
differentially expressed RNAs to constitute a pair of
immunoregulatory circRNA–miRNA–mRNA and circRNA–
protein networks that act upon CRC. We further explored the
relationship between regulated genes and immune cell
behaviours. Futher research is required to elucidate the
functional behaviour of these two molecular networks. We
believe that the interaction networks of these eight circRNAs,
five target genes, and four immune-related proteins offer a new
paradigm for the understanding of CRC pathogenesis and could
lead to entirely new approaches to treatment.
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Supplementary Figure S1 | Correlation between ENOX1 expression and
markers of immune cells as analysed through GEPIA2. (A) for B cell, (B) for CD4+ T
cell, (C) for CD8+ T cell, (D) for dendritic cell, (E) for effector regulatory T (Treg) cell,
(F) for eosinophils, (G) for exhausted T cell, (H) for mast cell, (I) for monocyte, (J) for
neutrophils, (K) for natural killer (NK) cell, (L) for resting regulatory T (Treg) cell, (M)
for T follicular helper (Tfh) cell, (N) for T helper type 1 (Th1) cell, (O) for Th2 cell, (P) for
Th17 cell.

Supplementary Figure S2 | Correlation between NCAM1 expression and markers
of immune cells as analysed through GEPIA2. (A) for B cell, (B) for CD4+ T cell, (C) for
CD8+ T cell, (D) for dendritic cell, (E) for effector regulatory T (Treg) cell, (F) for
eosinophils, (G) for exhausted T cell, (H) for mast cell, (I) for monocyte, (J) for neutrophils,
(K) for natural killer (NK) cell, (L) for resting regulatory T (Treg) cell, (M) for T follicular helper
(Tfh) cell, (N) for T helper type 1 (Th1) cell, (O) for Th2 cell, (P) for Th17 cell.

Supplementary Figure S3 | Correlation between SAMD4A expression and markers
of immune cells as analysed through GEPIA2. (A) for B cell, (B) for CD4+ T cell, (C)
for CD8+ T cell, (D) for dendritic cell, (E) for effector regulatory T (Treg) cell, (F) for
eosinophils, (G) for exhausted T cell, (H) for mast cell, (I) for monocyte, (J) for neutrophils,
(K) for natural killer (NK) cell, (L) for resting regulatory T (Treg) cell, (M) for T follicular helper
(Tfh) cell, (N) for T helper type 1 (Th1) cell, (O) for Th2 cell, (P) for Th17 cell.
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Supplementary Figure S4 | Correlation between ZC3H10 expression and
markers of immune cells as analysed through GEPIA2. (A) for B cell, (B) for CD4+ T
cell, (C) for CD8+ T cell, (D) for dendritic cell, (E) for effector regulatory T (Treg) cell,
(F) for eosinophils, (G) for exhausted T cell, (H) for mast cell, (I) for monocyte, (J) for
neutrophils, (K) for natural killer (NK) cell, (L) for resting regulatory T (Treg) cell, (M)
for T follicular helper (Tfh) cell, (N) for T helper type 1 (Th1) cell, (O) for Th2 cell, and
(P) for Th17 cell.

Supplementary Figure S5 | Melting curve of eight circular RNAs (circRNAs)
and GAPDH in colorectal cancer (CRC). (A) for hsa_circ_0000511, (B) for
hsa_circ_0000512, (C) for hsa_circ_0000514, (D) for hsa_circ_0000515, (E)
for hsa_circ_0000517, (F) for hsa_circ_0000518, (G) for hsa_circ_0000519, (H) for
hsa_circ_0000520, and (I) for GAPDH.

Supplementary Figure S6 | Relative miRNAs and mRNA expression in
colorectal cancer (CRC) cells and NCM-460 normal cell. (A) for miRNA-296-5p, (B)
for miRNA-1976, (C) for miRNA-1306-5p, (D) for miRNA-326, (E) for miRNA-1296-
5p, (F) for NCAM1, (G) for CD44, (H) for SYP, (I) for NCAPG, (J) for WNT5A, and
(K) for POLA1.

Supplementary Table S1 | Primers for miRNAs and mRNAs amplification in the
competing endogenous RNA (ceRNA) network.

Supplementary Table S2 | The protein binding with eight circular RNAs
(circRNAs) from the RBPmap tool.

Supplementary Table S3 | Expression levels of eight circular RNAs (circRNAs) in
colorectal cancer (CRC) cells as detected by qRT-PCR assays.
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