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Construction of a circRNA-miRNA-mRNA
regulatory network in glioblastoma multiforme

based on bioinformatics analysis
Dongpo Hu, MS2*@©, Kangjing Chen, MS®

Abstract

This study aimed to investigate the functional roles and molecular regulatory mechanisms of circular RNAs in the developmerD
glioblastoma multiforme. Differentially expressed circular RNAs were identified by integrating RNA sequencing data and circular
RNA microarray data from the Gene Expression Omnibus database. CircAtlas and Circlnteractome databases were used to predict
microRNAs (miRNAs) interacting with these circular RNAs. Survival analysis of the miRNAs was performed using data from the
Chinese Glioma Genome Atlas. The miRTarBase database was used to predict miRNA target genes, followed by the construction
of a circular RNA-miRNA-messenger RNA regulatory network specific to glioblastoma multiforme. Functional enrichment analysis
was carried out using the DAVID website, and protein—protein interaction networks were created using the Search Tool for the
Retrieval of Interacting Genes/Proteins website and Cytoscape. Hub genes were identified, and their expression and prognostic
relevance in glioblastoma multiforme were further examined. Four differentially expressed circRNAs and 10 associated miRNAs
related to glioblastoma multiforme prognosis were identified. Functional enrichment showed the miRNAs target genes were mainly
involved in apoptosis, cell cycle regulation and enriched in cancer-related pathways like mitogen-activated protein kinase and
PIBK-Akt. Through the circRNA-miRNA-messenger RNA regulatory network and survival analysis, 3 core genes (core hub genes:
catenin beta 1, BCL2, nuclear factor kappa B subunit 1) were identified as significantly downregulated in glioblastoma multiforme
and associated with patient survival. This study highlights the potential regulatory roles of circular RNAs in glioblastoma multiforme
pathogenesis and their involvement in key molecular pathways. The findings offer a theoretical foundation for understanding
glioblastoma multiforme development and may facilitate the identification of novel biomarkers for this aggressive cancer.
Abbreviations: CGGA = Chinese Glioma Genome Atlas, circRNAs = circular ribonucleic acids, CTNNB1 = core hub genes:
catenin beta 1, DE-circRNAs = differentially expressed circribonucleic acids, GBM = glioblastoma multiforme, GO = gene ontology,
JUN = Jun proto-oncogene, KEGG = Kyoto Encyclopedia of Genes and Genomes, NFKB1 = nuclear factor kappa B subunit 1,
PIKBCA = phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha.
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1. Introduction Circular ribonucleic acids (circRNAs) are a novel type
of RNA molecules formed through a back-splicing process,
where the downstream 5' splice donor is covalently linked
to the upstream 3' splice acceptor.®* Recent studies have
demonstrated that the circular structure of circRNAs makes
them highly stable and conserved, circRNAs modulate dis-
ease pathogenesis through their interactions with microRNAs
(miRNAs), RNA-binding proteins, and other regulatory fac-
tors, thereby emerging as promising candidate disease bio-
markers.[*®7l Furthermore, circRNAs have been implicated in
the regulation of numerous pathological conditions via the
competitive endogenous RNA mechanism.®°! For instance,
CDR1as can upregulate the expression of E2F3 by sequestering

Glioblastoma Multiforme (GBM) is the most common and
malignant type of primary brain tumor in adults, account-
ing for 48.6% of primary malignant brain tumors.!!l Its
incidence rate remains high. The highly invasive and
treatment-resistant nature of GBM poses a significant chal-
lenge in the field of neuro-oncology. Despite treatments such
as surgical resection and chemoradiotherapy, the prognosis
for most patients remains poor.l”! Therefore, it is imperative
to conduct in-depth research on the pathogenesis of GBM,
explore new treatment strategies, and identify more accu-
rate molecular markers.
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miR-7-5p, thereby promoting cell growth and glucose metab-
olism in nasopharyngeal carcinoma cells.l' In hepatocellular
carcinoma, circACTN4 sequesters miR-424-5p, facilitating
tumor growth and metastasis.!'!! Accumulating evidence sug-
gests that circRNAs exhibit elevated expression in the brain
and neuronal tissues, and are intimately associated with glio-
mas.'>3 However, the precise regulatory mechanisms under-
lying the involvement of circRNAs in glioma pathogenesis
warrant further investigation.

In recent years, bioinformatics analysis has become an
invaluable tool in cancer research, including the study of
GBM. By leveraging large-scale genomic and transcriptomic
data, bioinformatics approaches enable the identification of
key molecular players and regulatory networks involved in dis-
ease progression. In this study, we obtained circRNA expres-
sion profiles from GBM patients and normal brain tissues from
the Gene Expression Omnibus (GEO) database. We identified
differentially expressed circribonucleic acids (DE-circRNAs)
associated with GBM and constructed a competing endoge-
nous RNA regulatory network in GBM. This work lays the
foundation for elucidating the pathogenic mechanisms of
GBM and provides a theoretical basis for the future develop-
ment of biomarkers.

2. Methods

2.1. Data collection and differential expression analysis

The sequencing data and circRNA microarray data for GBM
patients and healthy brain samples were both obtained from
the GEO database (https://www.ncbi.nlm.nih.gov/gds). The
dataset GSE165926 contains microarray data from 12 GBM
patient brain tissues and 4 normal brain tissues, with the plat-
form GPL21825. The GEO2R tool was used to perform differ-
ential analysis on GSE165926, and circRNAs with an adjusted
P-value < .05 and llog,FCl >2 were considered DE-circRNAs.
GSE153692 is a high-throughput sequencing dataset compris-
ing 3 GBM patient brain tissues and 3 normal brain tissues.
The DESeq2 package!" in R was used to perform differential
analysis on GSE153692, and circRNAs with P <.05 and
llog,FCl > 2 were considered DE-circRNAs. The intersection of
the 2 datasets was taken to obtain the final list of DE-circRNAs.
All datasets used in this study were obtained from publicly
accessible open-access databases; therefore, no ethical approval
or patient consent was required.

2.2. Prediction of miRNA binding sites on circRNAs

The Circular RNA Interactome database!™! and the circAtlas
3.0 database' was used to Predicted the miRNA Binding Sites
on DE-circRNAs, The intersection of the results from both data-
bases was used for subsequent analysis.

2.3. Survival analysis

The miRNA expression profiles and clinical data of GBM
patients’ brain tissues were downloaded from the Chinese
Glioma Genome Atlas (CGGA).['" Based on the miRNA expres-
sion levels, patients were divided into high and low expression
groups. Survival analysis was performed using the survival
package (https://github.com/therneau/survival) in R. miRNAs
with P <.05 were considered to significantly affect the survival
of GBM patients and were used for subsequent analysis.

2.4. Target gene prediction

For each miRNA, we predicted all its downstream target genes
using the experimentally validated miRNA-target interaction
database miRTarBase.!'®!

Medicine

2.5. Construction of the circRNA-miRNA-mRNA network

From the Search Tool for the Retrieval of Interacting Genes/
Proteins database,'”’ we obtained protein—protein interaction
information for all the target proteins. By integrating the regula-
tory relationships among DE-circRNAs, miRNAs, and miRNA
target genes, we constructed a circRNA-miRNA-messenger
RNA (mRNA) regulatory network. The network was visualized
using Cytoscape 3.10.1 software (https://cytoscape.org/).

2.6. Enrichment analyses

The target genes were subjected to Gene Ontology (GO) func-
tional enrichment analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis using
the DAVID database.*”! GO terms or KEGG pathways with a
false discovery rate value <0.05 were considered significantly
enriched.

2.7. Identification of hub genes and expression analysis

In Cytoscape software, we utilized the CytoHubba plugin and
employed the Maximal Clique Centrality algorithm to identify
hub genes.?!! The top 5 ranked genes were selected as the core
hub genes.

In the UCSC Xena database,*?! we selected TCGA-GBM and
GTEx brain tissue samples, and analyzed the expression levels
of the core hub genes. Student 7 test was used to assess the dif-
ferential expression of the core hub genes between GBM and
normal brain tissues.

3. Results

3.1. Identification of DE-circRNAs

Differential expression analysis of the GSE165926 dataset
was performed using GEO2R, with the threshold of adjusted
P-value .05 and llog,FCl > 2, yielding 642 upregulated and
962 downregulated DE-circRNAs (Fig. 1A). For the GSE153692
dataset, differential expression analysis was conducted using
DESeq2, with the criteria of P, <.05 and llog,FCl > 2, result-
ing in 5 upregulated and 14 downregulated DE-circRNAs
(Fig. 1B). By taking the intersection of the up- and downreg-
ulated circRNAs from the 2 datasets, 2 upregulated circRNAs,
“hsa_circ_0001730” and “hsa_circ_0019223,” and 3 downreg-
ulated circRNAs, “hsa_circ_0005054,” “hsa_circ_0005114,”
and “hsa_circ_0006916,” were identified (Table 1). These 5 cir-
cRNAs will be the subjects of further investigation.

3.2. Prediction of miRNA binding sites for DE-circRNAs

To explore the functions of these DE-circRNAs, circAtlas and
circInteractome were utilized to predict the miRNA binding
sites of the 5 DE-circRNAs. The results showed that “hsa_
circ_0001730,”> “hsa_circ_0019223,” “hsa_circ_0005054,”
“hsa_circ_0005114,” and “hsa_circ_0006916” had 47, 31,70,
64, and 65 miRNA binding sites, respectively, in the circAtlas
database, and 12, 54,16, 294, and 20 miRNA binding sites,
respectively (Fig. 2A-E), in the circInteractome database. By
taking the intersection of the results from circAtlas and circln-
teractome, we obtained 2, 4, 1, 5, and 3 miRNA bindings for
each circRNA, respectively (Table 2).

3.3. Survival analysis of circRNA-associated miRNAs in
GBM
To further refine the selection, we performed survival analysis

on the 14 miRNAs by integrating the miRNA expression and
clinical data from the CGGA database, survival analysis was
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Figure 1. Volcano plots of DE-circRNAs. (A) GSE165926 dataset. (B) GSE153692 dataset. DE-circRNAs = differentially expressed circ ribonucleic acids.

DE-circRNAs in GBM.
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Figure 2. Prediction of circRNA-miRNA interactions based on the circAtlas and circinteractome databases. (A) circRNA-miRNA interactions of hsa_
circ_0001730. (B) circRNA-mIRNA interactions of hsa_circ_0005114. (C) circRNA-miRNA interactions of hsa_circ_0005114. (D) circRNA-miRNA interactions of
hsa_circ_0006916. (E) circRNA-mIiRNA interactions of hsa_circ_0019223. circRNAs = circular ribonucleic acids, miRNA = microRNA.

conducted using the survival package in R. The results showed
that  “hsa-miR-139-5p,” “hsa-miR-346,” “hsa-miR-571,”
“hsa-miR-885-3p,”  “hsa-miR-885-5p,”  “hsa-miR-1182,”
“hsa-miR-1183,” “hsa-miR-1225-5p,” “hsa-miR-1231,” and

“hsa-miR-1283” exhibited significant impacts on survival
in GBM patients. Notably, high expression of these miRNAs
was associated with significantly prolonged survival in GBM
patients. It is worth mentioning that hsa_circ_0005054 binds
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circRNA-miRNA binding prediction.
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Figure 3. Survival analysis of miRNAs. (A) hsa-miR-139-5p. (B) hsa-miR-346. (C) hsa-miR-1182. (D) hsa-miR-1183. (E) hsa-miR-571. (F) hsa-miR-1225-5p. (G)
hsa-miR-885-3p. (H) hsa-miR-1231. (I) hsa-miR-1283. (J) hsa-miR-885-5p. miRNA = microRNA.

to only one miRNA, hsa-miR-502-5p, which did not show a
significant effect on survival in GBM (Fig. 3A-]). Therefore,
hsa_circ_0005054 was excluded from subsequent analyses.

3.4. Functional analysis of miRNA target genes

The experimentally validated miRNA target gene database
miRTarBase was utilized to predict the target genes of the
aforementioned 10 miRNAs. The results showed that these
10 miRNAs bound to a large number of target genes. Among
them, hsa-miR-139-5p bound to the highest number of tar-
get genes (105), while hsa-miR-1225-5p bound to the lowest
number (36). We integrated all target genes, a total number
of 711 target genes were obtained. The DAVID database was
employed to perform KEGG pathway and GO functional
enrichment analyses. The results indicated significant enrich-
ment in biological processes such as transcription processes,
phosphorylation of serine residues, cell apoptosis, cell divi-
sion regulation, and cytokine response. The cellular compo-
nents were mainly enriched in the cytoplasm, transcription
complexes, and telomeres. The molecular functions were pri-
marily enriched in protein binding, transcription activator
activity, protein binding,and substrate recognition for ubiquitin-
mediated proteolysis (Fig.4). The KEGG pathway analysis
revealed enrichment in the mitogen-activated protein kinase
(MAPK) signaling pathway, PI3K-Akt signaling pathway,
PD-L1 expression and PD-1 checkpoint pathway in cancer
(Fig. 5A). To further understand the molecular mechanisms
underlying GBM pathogenesis, we also performed KEGG
pathway enrichment analysis on differentially expressed

genes between GBM and normal brain tissues. As shown in
Figure 5B, this analysis revealed significant enrichment in mul-
tiple neurological and signaling pathways. The most signifi-
cantly enriched pathways included calcium signaling pathway,
pathways of neurodegeneration in multiple diseases, cAMP
signaling pathway, and neuroactive ligand-receptor inter-
action. Other notably enriched pathways included MAPK
signaling, PI3K-Akt signaling, GABAergic synapse, and dopa-
minergic synapse pathways. Interestingly, there was overlap
with pathways identified in our circRNA-miRNA-mRNA
network analysis, particularly the MAPK and PI3K-Akt sig-
naling pathways, suggesting these may be key mechanisms in
GBM development. These findings suggest that the circRNA-
miRNA-mRNA regulatory network may influence GBM
progression and patient outcomes by modulating fundamental
cellular processes and oncogenic signaling cascades.

3.5. Construction and analysis of the circRNA-miRNA-
mRNA regulatory network

To further elucidate the functional interactions and key players,
we queried the protein—protein interactions among the 711 tar-
get genes in Search Tool for the Retrieval of Interacting Genes/
Proteins database. By integrating the regulatory relationships
among all circRNAs, miRNAs, and mRNAs, we constructed a
circRNA-miRNA-mRNA regulatory network using Cytoscape
software (Fig. 6). Employing the cytoHubba plugin in Cytoscape,
we analyzed the circRNA-miRNA-mRNA regulatory net-
work and identified the top 5 ranked core hub genes: catenin
beta 1 (CTNNB1), BCL2 apoptosis regulator (BCL2), nuclear
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Figure 4. Gene ontology enrichment analysis.
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Figure 6. Network of circRNA-miRNA-mRNA interactions in GBM. The green circles represent circRNAs, the brown squares represent miRNAs, and the yellow
triangles represent mRNAs. circRNAs = circular ribonucleic acids, GBM = glioblastoma multiforme, miRNA = microRNA, mRNA = messenger RNA.

factor kappa B subunit 1 (NFKB1), phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), and Jun
proto-oncogene (JUN). These genes play crucial roles in cancer
development. For instance, CINNB1 is an important member
of the Wnt signaling pathway, mediating cell adhesion, and its
upregulation is associated with poor patient outcomes in various
cancers.”l BCL2 is a key regulator of cell apoptosis and plays a
significant role in cancer development and progression.?* NFKB1
is a transcription factor involved in inflammation and cancer./’!
PIK3CA is a critical component of the PI3K/Akt pathway, which
regulates cell growth and survival.?*! JUN is a proto-oncogene
that regulates cell proliferation and apoptosis.?”!

3.6. Downregulation of hub genes in GBM associates with
prognosis

To examine the clinical relevance of the hub genes in GBM, we
analyzed their expression patterns and prognostic significance.
Using the UCSC Xena database, we compared the expression lev-
els of these genes between GBM patient brain tissues and normal
brain tissues. Surprisingly, all 5 hub genes showed significantly
overexpressed expression in GBM tissues (Fig. 7A). Using the
Human Protein Atlas database and immunohistochemistry (IHC)
techniques, we further assessed the local expression pattern of
the 5 hub genes in GBM and normal brain tissue samples.*®! The
immunohistochemistry results confirmed significantly elevated
protein expression of these hub genes in GBM tissues compared
to normal brain tissues (Fig. 7E), providing further validation of
their upregulation at the protein level in GBM pathology. We then
integrated gene expression data with clinical information from
the CGGA database to assess the impact of these genes on patient
outcomes. Kaplan—-Meier survival analysis revealed that lower
expression of CTNNB1 (Fig. 7B), NFKB1 (Fig. 7C), and JUN
(Fig. 7D) was significantly correlated with favorable prognosis in
GBM patients. The results indicate that the hub genes we identi-
fied play important roles in GBM.

4. Discussion

GBM is a highly invasive primary brain tumor, and its treat-
ment and prognosis remain a significant clinical challenge.

As a novel class of RNA molecules, circRNAs have emerged
as important players in the development and progression of
many diseases, including GBM. Existing studies indicate that
circRNAs play crucial roles in GBM pathogenesis. For exam-
ple, circSMARCAS can regulate splicing factors such as SRSF1,
SRSF3, and PTB to inhibit tumor cell migration.?” In contrast,
circNTSE binds to miR-422a, promoting the occurrence of
GBM.B% Therefore, further investigating the regulatory rela-
tionships of circRNAs in GBM can aid in understanding their
functions in cancer and provide a basis for improved diagnosis
and treatment of GBM.

In this study, we systematically analyzed the circRNA
expression profiles in 2 GBM datasets, GSE165926 and
GSE153692, using bioinformatics methods. We identified 4
DE-circRNAs across different datasets: hsa_circ_0001730,
hsa_circ_0019223, hsa_circ_0005114, and hsa_circ_0006916,
suggesting their potential regulatory roles in GBM. Previous
studies have shown that hsa_circ_0001730, hsa_circ_0019223,
and hsa_circ_0006916 can exert regulatory functions by bind-
ing to miRNAs in hepatocellular carcinoma, but their roles
in gliomas remain unclear.’'-33l Notably, previous studies
found that hsa_circ_0005114 is downregulated in gliomas
and is a potential therapeutic target.®* Therefore, we fur-
ther predicted the miRNAs bound by these 4 DE-circRNAs.
Among the 14 candidate miRNAs, hsa-miR-139-5p, hsa-miR-
346,hsa-miR-571, hsa-miR-885-3p, hsa-miR-885-5p, hsa-
miR-1182, hsa-miR-1183, hsa-miR-1225-5p, hsa-miR-1231
and hsa-miR-1283 were found to be associated with signifi-
cantly longer survival in GBM patients when highly expressed,
indicating their potential regulatory roles in GBM. Next, we
predicted the target genes of these miRNAs using the exper-
imentally validated miRNA-target interaction database miR-
TarBase, followed by GO and KEGG functional enrichment
analyses. The results showed significant enrichment of target
genes in functions related to transcription, protein phosphor-
ylation, cell apoptosis, cell division regulation, and cytokine
response. Additionally, these genes are involved in important
cancer-related signaling pathways, such as the MAPK signaling
pathway, the PI3K-Akt signaling pathway, PD-L1 expression,
and the PD-1 checkpoint pathway in cancer. Dysregulation of
these functions and pathways is closely associated with cancer
development and progression.
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Figure 7. Expression and survival analysis of hub genes. (A) Expression of hub genes. (B) Survival curve of CTNNBH1. (C) Survival curve of NFKB1. (D) Survival
curve of JUN. (E) Representative IHC micrographs of 5 hub genes in GBM and normal tissue from the HPA database.?® CTNNB1 = core hub genes: catenin
beta 1, HPA = Human Protein Atlas, GBM = glioblastoma multiforme, JUN = Jun proto-oncogene, NFKB1 = nuclear factor kappa B subunit 1.

Finally, we constructed a circRNA-miRNA-mRNA regulatory
network and analyzed the network to identify the top 5 ranked
hub genes: CTNNB1, BCL2, NFKB1, PIK3CA, and JUN. These
genes play crucial roles in cancer development. Expression anal-
ysis revealed that all hub genes were significantly upregulated in
gliomas. Furthermore, survival analysis (P < .05) demonstrated
that higher expression levels of CTNNB1, BCL2, NFKB1, and
PIK3CA were associated with longer survival times in GBM
patients, indicating their potential prognostic value.

In summary, through comprehensive bioinformatics analyses,
this study identified 4 DE-circRNAs in GBM and constructed
a circRNA-miRNA-mRNA regulatory network. Functional
enrichment analyses suggested the involvement of these cir-
cRNAs in critical cancer-related pathways. Additionally, 5 hub
genes with pivotal roles in cancer development and progression
were identified. These findings provide valuable insights into the
regulatory mechanisms of circRNAs in GBM, laying a founda-
tion for potential biomarkers and therapeutic targets. However,
this preliminary study has several limitations. It relies on pub-
licly available datasets, which may introduce variability due to
differences in sample handling and methodologies. Moreover,
the circRNA-miRNA-mRNA network is based on predictive

databases, and future work will involve experimental valida-
tion to confirm these interactions and further substantiate our
findings.
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