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Abstract: Atherosclerosis, a chronic inflammatory disease, is the primary cause of most cardiovascular diseases. 
Circular RNAs (circRNAs) were reported to serve as post-transcriptional regulators and diagnostic markers in vari-
ous diseases, but the underlying correlation between circRNAs and atherosclerosis remains elusive. In this study, 
we downloaded the microarray dataset GSE107522 from the Gene Expression Omnibus (GEO) and identified nine 
differentially expressed circRNAs (DECs). DECs expression in exosomes were investigated, and hsa_circ_0005699 
was selected for subsequent analysis. We then identified 14 RNA-binding proteins (RBPs) and 71 possible hsa_
circ_0005699-interacting microRNAs. Subsequently, target gene prediction and enrichment analyses were per-
formed. The enriched pathways of RBP eIF4AIII include spliceosome, cell cycle, and pathways in cancer. We con-
structed a protein-protein interaction network, and 20 hub genes were identified using Search Tool for the Retrieval 
of Interacting Genes/Proteins and Cytoscape. Hub gene analysis revealed significant enrichment in mRNA splicing 
via the spliceosome, RNA splicing, protein binding, neurotrophin signaling pathway, and Ras signaling pathway. Us-
ing DrugMatrix of the Enrichr database, we identified 16 most significant small-molecule compounds that interacted 
with hub genes. Finally, seven hub genes (NEDD4L, FBXO44, FBXO27, WSB1, FBXW8, UBE2F, and ASB1) in cluster 
1 were considered key targets associated with atherosclerosis according to MCODE analysis and the intersection 
between the module and hub genes. Thus, hsa_circ_0005699, RBP eIF4AIII, and the seven identified hub genes 
(NEDD4L, FBXO44, FBXO27, WSB1, FBXW8, UBE2F, and ASB1) could help to elucidate the pathogenesis and pro-
gression of atherosclerosis. This work may contribute to providing candidate targets for the diagnosis and treatment 
of atherosclerosis.
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Introduction

Cardiovascular disease (CVD) produces im- 
mense health and economic burdens world-
wide, causing approximately 17 million deaths 
per year [1]. The prevalence of CVD increases 
with advancing age in both men and women. 
Atherosclerosis, a chronic inflammatory dis-
ease, is the major cause of CVD, including  
myocardial infarction, heart failure, and stroke 
[2]. The pathogenesis of atherosclerosis com-
prises a series of steps, including endothelial 
dysfunction, fatty-streak formation, fibrous cap 
formation, and plaque instability and rupture 
[3]. Oxidized low-density lipoprotein (oxLDL) 
may promote the development of atherosclero-
sis by inducing the adhesion of monocytes to 

the arterial intima and stimulating the differen-
tiation of endometrial monocytes into resident 
macrophages [4]. Therefore, the identification 
of reliable biomarkers related to atherosclero-
sis has clinical and theoretical significance.

Circular RNAs (circRNAs) are covalently closed, 
single-stranded transcripts [5], which have 
been classified as non-coding RNAs with po- 
tential as post-transcriptional regulators and 
diagnostic markers [6-8]. Numerous recent 
studies have shown that many circRNAs have 
biological functions and their dysregulated 
expression is associated with complicated dis-
eases, such as hepatocellular carcinoma [9], 
breast cancer [10], and heart failure [11]. 
Despite the numerous identified circRNAs in 
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various diseases, atherosclerosis-associated 
circRNAs remain to be explored.

In the past few decades, microarray technology 
and bioinformatics analysis have been widely 
used to screen genetic variation at the geno- 
mic level. In the present study, the microarray 
dataset GSE107522 from the Gene Expression 
Omnibus (GEO) database was downloaded and 
analyzed to obtain differentially expressed cir-
cRNAs (DECs) between oxLDL-treated macro-
phages and control samples. RNA-binding pro-
teins (RBPs) and microRNA response elements 
(MREs) were then predicted by the Cancer-
Specific CircRNAs Database (CSCD, http://gb.
whu.edu.cn/CSCD/). Subsequently, Gene On- 
tology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment and pro-
tein-protein interaction (PPI) network analyses 
were performed to help to elucidate the molec-
ular mechanisms involved in the progression  
of atherosclerosis. Finally, key cluster and hub 
genes were screened out using hub gene and 
molecular complex detection (MCODE) analy-
ses. In addition, the results ROC analyses sh- 
owed that those circRNAs were potential pre-
dictors of atherosclerosis. The detailed work-
flow for this work is depicted in Figure 1.

Materials and methods

Collection of clinical samples

The blood of patients with atherosclerosis and 
healthy people were collected from the affiliat-
ed Hospital of Inner Mongolia Medical Univer- 
sity (Inner Mongolia, China). The clinical blood 
samples were collected according to estab-
lished clinical protocols with informed consent 
from all patients. The blood samples were 
stored in liquid nitrogen prior to being subject-
ed to further experiments. The protocols for  
collecting and using the clinical samples were 
approved by the Institutional Research Ethics 
Committee of the affiliated Hospital of Inner 
Mongolia Medical University (Inner Mongolia, 
China).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from plasma samples 
using TRIzol (Thermol Fisher Scientific, MA, 
USA) and reverse transcription was performed 
using miScript II RT Kit (Qiagen, MD, USA) and 
cDNA amplification using the SYBR Green 
Master Mix kit (Takara, Otsu, Japan). Total RNA 
was pretreated to enrich circRNA using Circ- 

Figure 1. Design workflow for the identification of 
candidate targets associated with atherosclerosis by 
bioinformatics analysis. circRNA, circular RNA; CSCD, 
Cancer-Specific CircRNAs Database; MRE, microRNA 
response elements; RBP, RNA-binding protein; GO, 
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; PPI, protein-protein interaction; 
MCODE, Molecular Complex Detection.
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RNA Enrichment Kit (Cloud-seq Inc., USA). RNA 
libraries were constructed by using pretreated 
RNAs with TruSeq Stranded Total RNA Library 
Prep Kit (Illumina, San Diego, CA, USA) accord-
ing to the manufacturer’s instructions. Libra- 
ries were controlled for quality and quantified 
using the BioAnalyzer 2100 system (Agilent 
Technologies, Inc., USA). The libraries were 
denatured as single-stranded DNA molecules, 
captured on Illumina flow cells, amplified in  
situ as clusters and finally sequenced for 150 
cycles on Illumina HiSeq Sequencer (USA) ac- 
cording to the manufacturer’s instructions.

Data collection and preprocessing

The GSE107522 dataset and GPL19978 plat-
form annotation file (Agilent-069978 Arraystar 
Human CircRNA microarray V1) were down- 
loaded from the GEO [12] database (https://
www.ncbi.nlm.nih.gov/geo/). By writing perl 
scripts to annotate the probe of the GSE107- 
522 expression matrix according to the plat-
form annotation file, we obtained the circRNA 
expression matrix. The ID of the circRNA was 
then circularized to the ID in the circBase for-
mat according to the Agilent circRNA annota-
tion file. The GSE107522 dataset contained 
three macrophage control samples and three 
oxLDL-treated macrophages samples.

Differential expression analysis

DECs were screened using |log2FC| >1 and 
P<0.05 as the screening conditions in R soft-
ware with the Limma package loaded (R ver-
sion 3.6.1: https://www.r-project.org/). Next, 
the heat map was drawn using the selected 
DECs using the pheatmap package. Further- 
more, we retrieved DEC-related information in 
the circBase [13] database (http://www.cir-
cbase.org/). The expression level of DECs in 
exosomes was then searched in the exorbase 
[14] database (http://www.exorbase.org/). 

Analyses of GO and KEGG enrichment

GO is an important bioinformatics tool to anno-
tate genes and analyze the biological process-
es of these genes. GO analysis included biolo- 
gical processes (BP), cellular components (CC), 
and molecular functions (MF). KEGG (http://
www.genome.jp/) is a systematic analysis of 
gene function to identify biological regulatory 
pathways. The official gene symbol was trans-

formed into the gene ID using the org.Hs.eg.db 
package. GO and KEGG pathway analyses were 
performed using the clusterProfiler package, 
and cluster analysis was performed using the 
GO plot package. Differences associated with 
P<0.05 and q<0.05 were considered signifi- 
cant.

Prediction and analysis of RBPs

The RBPs of DECs were predicted using the 
CSCD [15] (http://gb.whu.edu.cn/CSCD/) and 
the Circular RNA Interactome database [16] 
(https://circinteractome.nia.nih.gov/). Next, we 
obtained the intersection of RBP prediction 
from these two databases using the venny 2.1 
online website (https://bioinfogp.cnb.csic.es/
tools/venny/). KEGG pathway analysis of the 
RBPs shared by the two databases was then 
performed under the path module of the star-
Base [17] database (http://starbase.sysu.edu.
cn/).

PPI network construction of target genes

The MREs of DECs were predicted using the 
CSCD (http://gb.whu.edu.cn/CSCD/). The MRE 
target gene prediction files were then down-
loaded from the miRDB [18] database (http://
www.mirdb.org/), miRTarbase [19] database 
(http://mirtarbase.mbc.nctu.edu.tw/php/index.
php) and TargetScan (http://www.targetscan.
org/vert_72/). Using perl script, we obtained 
the target genes predicted by all three data- 
bases. The PPI network of the target genes was 
constructed using the STRING [20] database 
(https://string-db.org/), and interactions with a 
combined score greater than 0.9 were consid-
ered to be statistically significant. The PPI net-
work was drawn using the Network Analyzer 
plug-in of Cytoscape [21], an open-source bio-
informatics software program to visualize mo- 
lecular interaction networks.

Hub gene selection and analysis

CytoHubba [22] is a Cytoscape plug-in to 
explore PPI network hub genes. We screened 
the top 20 hub genes by the degree method in 
CytoHubba. The redder color represents a 
greater gene degree. The function of the hub 
genes was then analyzed using the DAVID [23] 
online database (https://david.ncifcrf.gov/sum-
mary.jsp). Small-molecule compounds that can 
interact with hub genes were predicted by 
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DrugMatrix analysis in the Enrichr [24] on- 
line database (http://amp.pharm.mssm.edu/
Enrichr/). Additionally, P<0.05 was set as the 
screening standard. 

MCODE analysis

As reported previously, MCODE is a useful tool 
that is widely used to assess densely connect-
ed regions in large PPI networks probably 
involved in molecular complexes [25]. Thus, 
MCODE was used to identify the core protein 
complex in the PPI network constructed in this 
work. Briefly, the PPT network obtained by 
STRING was analyzed using the MCODE plug- 
in of Cytoscape. The parameters were set as 
follows: degree cutoff =2; cluster finding = hair-
cut; node score cutoff =0.2; K-score =4; maxi-
mum depth =100.

Statistical analysis

All the data were subjected to statistical analy-
sis by using SPSS 24.0 and GraphPad Prism 7. 
The results were tested for variance normality 
and homogeneity. Two treatment groups were 
compared by the unpaired Students t test. 
Mann-Whitney test was used to evaluate the 
non-normally distributed data. Statistical differ-
ence of multiple groups determined by a one-
way analysis of variance. Multivariate logistic 
regression analysis was applied to evaluate the 
relationship between cerebrovascular athero-
sclerosis and related risk factors. ROC was 
used to characterize the predictive function of 
distinguishing cerebral atherosclerosis from 
the control group, and the area under the ROC 
curve (AUC) was calculated to evaluate the 
diagnostic performance of the selected mark-
ers. The correlation coefficient analysis of 
Spearman is used to analyze the correlation. 
Kaplan-Meier method and logarithmic rank  
test were used to analyze the event-free curve. 
P<0.05 was considered to demonstrate statis-
tically significant differences.

Results

Identification of DECs 

After the standardization of GSE107522, we 
obtained 9 DECs (Figure 2A) and the heat map 
for the DECs (Figure 2B). Compared with the 
control group, eight circRNAs were up-regulat-

ed and one circRNA was down-regulated in 
oxLDL-treated THP-1 macrophages (Table 1). To 
screen the target circRNA from these nine  
DECs for subsequent analysis, we retrieved in- 
formation in the circBase database. We found 
that the gene symbols of hsa_circ_0003645 
and hsa_circ_0005699 were both C16orf62 
and both genes were expressed in many sam-
ples. Interestingly, by comparing the nucleic 
acid sequences, we found that hsa_circ_000- 
5699 contained the nucleic acid sequence of 
hsa_circ_0003645 (Figure 2C).

Expression level in human blood exosomes

By searching the expression level of C16orf62 
in human blood exosomes in the exorbase 
database, we found that the expression level  
of this gene in exosomes ranked 20%-30%,  
and the gene could generate 27 circRNAs (Fig- 
ure 3A). By further investigation of the expres-
sion levels of these 27 circRNAs in human 
blood exosomes, we found that hsa_circ_00- 
05699 ranked first and hsa_circ_0003645 
ranked third (Figure 3B). Therefore, we chose 
hsa_circ_0005699 for subsequent analysis. 
Additionally, hsa_circ_0005699 was found to 
be down-regulated in the blood exosomes of 
patients with coronary heart disease (CHD in 
Figure 3B) and up-regulated in colorectal can-
cer (CRC in Figure 3B) patients. These results 
revealed that hsa_circ_0005699 might be 
transported by exosomes to regulate target 
cells.

RBP prediction and KEGG pathway analysis

Dysregulation of RBP is associated with many 
diseases, such as cardiomyopathy, neurologi-
cal diseases, and various cancers [26]. Thus, 
we conducted RBP prediction of hsa_circ_ 
0005699 in CSCD and CircRNA Interactome 
databases. The CSCD online database reveal- 
ed 14 RBPs of hsa_circ_0005699 (Table 2). 
The CircRNA Interactome database showed 
that hsa_circ_0005699 only contained RBP 
eIF4AIII. To identify the function of eIF4AIII, 
KEGG pathway analysis was then performed 
using the starBase database. The outcome of 
eIF4AIII analysis revealed significant enrich-
ment in many pathways, including Spliceo- 
some, Cell Cycle, and Pathways in Cancer 
(Table 3).
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MRE prediction and GO and KEGG path-
way analyses of targets genes for hsa_
circ_0005699-associated miRNAs

By inhibiting target genes, miRNAs have been 
reported to play a multifaceted role in many  
diseases [27]. To identify miRNAs that hsa_
circ_0005699 may interact with, we perform- 
ed MRE analysis using the CSCD database. 
hsa_circ_0005699 may interact with 71 miR-
NAs. Based on the MRE target gene predic- 
tion files from miRDB, miRTarbase, and Tar- 
getScan, we found 616 target genes of these 
miRNAs that were then subjected to GO and 

Figure 2. Identification of DECs associated with atherosclerosis in the GEO database. A. Volcano plot of detectable 
DECs associated with atherosclerosis from the GSE107522 dataset analyzed by R software with the limma pack-
age loaded. Red plots stand for up-regulated circRNAs, and green ones represent down-regulated circRNAs with 
|log2FC| >1 and P<0.05. The black plots indicate nonsignificant genes. The abscissa shows the -log10 of the 
adjusted p-value for each gene, indicating the strength of the association. The ordinate presents the FC in circulat-
ing the gene expression between the samples and control. B. Heat map of DECs as analyzed by pheatmap. C. The 
nucleic acid sequences of hsa_circ_0003645 and hsa_circ_0005699, derived from circBase database (http://
www.circbase.org/), were compared. DECs, differentially expressed circRNAs; GEO, gene expression omnibus; FC, 
fold change.

Table 1. DECs in oxLDL-treated macrophages
circBase ID Log2FC AveExpr P-Value
hsa_circ_0008896 2.18 11.54 0.01
hsa_circ_0003645 2.03 9.76 0.04
hsa_circ_0050486 1.84 11.51 0.03
hsa_circ_0005699 1.67 8.91 0.04
hsa_circ_0007478 1.4 13.03 0
hsa_circ_0064924 1.16 6.86 0.03
hsa_circ_0026218 1.14 5.85 0.01
hsa_circ_0092283 1.11 9.97 0.04
hsa_circ_0001834 -1.03 12.41 0.05
DECs, differentially expressed circRNAs; circRNA, circular 
RNA; oxLDL, oxidized low-density lipoprotein.
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KEGG pathway enrichment analyses. GO analy-
sis results showed (Figure 4A) that changes  
in BP were significantly enriched in small 
GTPase-mediated signal transduction, cova- 
lent chromatin modification, and histone modi-
fication. Changes in CC were mainly enriched in 
the transcription factor complex, nuclear peri- 
phery, and transcriptional repressor complex. 
Changes in MF were significantly enriched in 
DNA-binding transcription activator activity, 
RNA polymerase II specific, and repressing 
transcription factor binding. The GO enrich- 
ment results were then clustered by cluster- 
Profiler package (Figure 4B). The KEGG path-
way results showed that these target genes 

Figure 3. Expression levels of DECs in human blood exosomes according to the exorbase database (http://www.
exorbase.org/). A. The detailed information of C16orf62 in exosomes was obtained from the exorbase database. B. 
The detailed information of circRNAs (mainly hsa_circ_0005699 and hsa_circ_0003645) generated by C16orf62 
in exosomes was analyzed using the exorbase database. hsa_circ_0005699 ranked first, and hsa_circ_0003645 
ranked third. hsa_circ_0005699 was down-regulated in the blood exosomes of patients with CHD and up-regulated 
in CRC patients. DECs, differentially expressed circRNAs; CHD, coronary heart disease; CRC, colorectal cancer; HCC, 
hepatocellular carcinoma; PAAD, pancreatic adenocarcinoma.

Table 2. RNA-binding proteins of hsa_circ_0005699 in the CSCD database
Name Total RNA-binding protein
hsa_circ_0005699 14 AGO1, FMRP, DGCR8, AGO2, eIF4AIII, HuR, IGF2BP3, FUS, LIN28, IGF2BP1, PTB, IGF2BP2, TDP-43, UPF1
CSCD, Cancer-Specific CircRNAs Database.

Table 3. KEGG Pathway Enrichment Analysis 
of eIF4AIII
Pathway Name Log10 (FDR)
KEGG_Spliceosome -10.07172
KEGG_Cell_Cycle -9.44379
KEGG_Ribosome -8.32863
KEGG_Pathways_In_Cancer -7.61845
KEGG_Lysosome -6.63144
KEGG_Endocytosis -6.27261
KEGG_Pancreatic_Cancer -6.23871
KEGG_Focal_Adhesion -6.22948
KEGG_Mapk_Signaling_Pathway -4.91146
KEGG_Wnt_Signaling_Pathway -2.18551
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 4. GO and KEGG pathway analyses of target genes for hsa_circ_0005699-associated miRNAs. A. GO enrich-
ment analysis of target genes obtained from the clusterProfiler package. B. Clustered GO enrichment was analyzed 
using the GO plot package. C. KEGG pathway enrichment analysis of target genes obtained from the clusterProfiler 
package. These target genes were significantly enriched in the PI3K-Akt signaling pathway, MAPK signaling pathway, 
and FoxO signaling pathway. D. Clustered KEGG pathway enrichment was analyzed using the GOplot package. GO, 
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological processes; CC, cellular compo-
nents; MF, molecular functions.

were significantly enriched in the PI3K-Akt sig-
naling pathway, MAPK signaling pathway, and 
FoxO signaling pathway (Figure 4C). Similarly, 
clustering analysis was then performed on the 
KEGG enrichment results using the clusterPro-
filer package (Figure 4D). 

Hub gene selection and analysis

To determine the hub genes among the target 
genes, the PPI network of target genes was 
constructed using the STRING database (Fig- 
ure 5A), followed by analysis using Cytoscape 
software. Subsequently, using the degree me- 
thod of CytoHubba, the top 20 genes were 
identified as hub genes (Figure 5B). The top-20 
hub genes are listed in Table 4. To determine 
the function of these hub genes, we performed 
GO and KEGG enrichment analyses in the 
DAVID database. These 20 hub genes were 
mainly enriched in mRNA splicing, via the spli-
ceosome, RNA splicing, protein binding, neuro-
trophin signaling pathway, and Ras signaling 
pathway (Table 5). Finally, using DrugMatrix of 
the Enrichr database, we found the 16 most 
significant small-molecule compounds that can 
interact with these hub genes, such as metha-
pyrilene, stavudine, and loratadine (Table 6).

MCODE analysis and overlapped genes

Based on the PPI network constructed above, 
the network clusters were subsequently ana-
lyzed using the MCODE plug-in software. Ac- 
cording to the operating conditions described 
in the Materials and methods section, four  
clusters were obtained (Figure 6). Subsequ- 
ently, the genes previously generated in these 
four clusters and hub genes were overlapped  
to further screen out the most vital cluster.  
As indicated in Table 7, the common genes in 
cluster 1 and the top-20 hub genes included 
NEDD4L, FBXO44, FBXO27, WSB1, FBXW8, 
UBE2F, and ASB1, accounting for 35% in clus-
ter 1. The common genes in cluster 2 and the 
top-20 hub genes included RNPS1, CDC5L, 
SNRPB, U2AF2, GTF2F1, and SRSF2, account-

ing for 30% in cluster 2. The common genes in 
cluster 4 and the top-20 hub genes included 
NRAS, MAPK1, TNRC6A, and RHOA, account- 
ing for 8% in cluster 4. However, no intersec- 
tion was found between cluster 3 and the top-
20 hub genes. Accordingly, seven hub genes in 
cluster 1-NEDD4L, FBXO44, FBXO27, WSB1, 
FBXW8, UBE2F, and ASB1-were considered the 
key targets associated with atherosclerosis.

The expression of hsa_circ_0005699 expres-
sion in plasma and low-density lipoprotein 
cholesterol (LDL-C) level with cerebral athero-
sclerosis

To further confirm the role of hsa_circ_0005- 
699 in the involvements of CVDs, we investi-
gated the expression levels of hsa_circ_ 
0005699 in the plasma samples from heal- 
thy control and patients with atherosclerosis. 
The qRT-PCR results showed that hsa_circ_ 
0005699 expression levels were up-regulated 
in the plasma isolated from atherosclerotic 
patients compared to heathy controls (Figure 
7A, P=0.0015), and hsa_circ_0005699 expre- 
ssion in the plasma was positively related with 
cerebral atherosclerosis and LDL-C level (Fig- 
ure 7B, r=0.08651, P=0.0135). Subsequent 
ROC analysis was adopted to predict the im- 
pact of hsa_circ_0005699 in the plasma and 
LDL-C level on cerebral atherosclerosis. The 
AUC of hsa_circ_0005699 in the plasma was 
0.723 (95% CI 0.6068-0.8393, P=0.0033) 
(Figure 7C) and the AUC of LDL-C level was 
0.723 (95% CI 0.6068-0.8393, P=0.0033) 
(Figure 7D). Interestingly, the AUC of the com- 
bination of hsa_circ_0005699 in the plasma 
and LDL-C level was 0.723 (95% CI 0.6068-
0.8393, P=0.0033) (Figure 7E). These results 
indicated that the combination of hsa_circ_ 
0005699 and LDL-C had more effectively than 
either hsa_circ_0005699 or LDL-C alone.

Discussion

Atherosclerosis, induced by chronic inflamma-
tion and perturbed by lipid accumulation, is  
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Figure 5. PPI networks of target genes and hub gene selection. A. The PPI networks of target genes were constructed based on the STRING database (http://string-
db.org). B. The top-20 hub genes were identified according to the degree method of CytoHubba. PPI, protein-protein interaction; STRING, Search Tool for the Retrieval 
of Interacting Genes.
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Table 4. List of the top-20 hub genes
Total Hub gene name
20 NUP43, MAPK1, GTF2F1, TP53, U2AF2, CDC5L, FBXO41, NEDD4L, FBXW8, FBXO27, WSB1, TNRC6A, 

ASB1, SNRPB, FBXO44, RNPS1, NRAS, UBE2F, RHOA, SRSF2

Table 5. GO and KEGG pathway enrichment analyses of the hub genes
Category Term Count P-Value
GOTERM_BP_DIRECT GO: 0000398~mRNA splicing, via spliceosome 6 0.00
GOTERM_BP_DIRECT GO: 0006406~mRNA export from nucleus 4 0.00
GOTERM_BP_DIRECT GO: 0016032~viral process 4 0.00
GOTERM_BP_DIRECT GO: 0016567~protein ubiquitination 4 0.00
GOTERM_BP_DIRECT GO: 0008380~RNA splicing 3 0.01
GOTERM_CC_DIRECT GO: 0005654~nucleoplasm 10 0.00
GOTERM_CC_DIRECT GO: 0019005~SCF ubiquitin ligase complex 3 0.00
GOTERM_CC_DIRECT GO: 0005681~spliceosomal complex 3 0.00
GOTERM_CC_DIRECT GO: 0005622~intracellular 6 0.01
GOTERM_MF_DIRECT GO: 0005515~protein binding 17 0.00
GOTERM_MF_DIRECT GO: 0000166~nucleotide binding 4 0.00
GOTERM_MF_DIRECT GO: 0008134~transcription factor binding 3 0.03
KEGG_PATHWAY hsa05216: Thyroid cancer 3 0.00
KEGG_PATHWAY hsa04722: Neurotrophin signaling pathway 4 0.00
KEGG_PATHWAY hsa03040: Spliceosome 4 0.00
KEGG_PATHWAY hsa05219: Bladder cancer 3 0.00
KEGG_PATHWAY hsa05213: Endometrial cancer 3 0.00
KEGG_PATHWAY hsa05161: Hepatitis B 3 0.03
KEGG_PATHWAY hsa05200: Pathways in cancer 4 0.03
KEGG_PATHWAY hsa04014: Ras signaling pathway 3 0.04
KEGG_PATHWAY hsa04010: MAPK signaling pathway 3 0.05
Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological processes; CC, cellular 
components; MF, molecular functions.

recognized as the primary cause of most car-
diovascular diseases [28]. The initial pathology 
manifestation is the recruitment of monocytes 
into the subendothelial space and the accu- 
mulation of oxLDL to form fatty-streak lesions 
[29]. Recently, circRNAs have received atten-
tion in the development of various diseases. 
For example, Tan S et al. found a novel onco-
genic circRNA F-circEA-2a that can promote  
cell migration and invasion in non-small cell 
lung cancer [30]. Hsiao KY et al. identified a 
group of novel circRNAs expressed in colorec- 
tal cancer, and circCCDC66 promotes colon 
cancer growth and metastasis by protecting 
multiple oncogenes from being attacked by 
miRNAs [31]. However, the potential circRNAs 
associated with the pathogenesis and develop-
ment of atherosclerosis remain to be further 
explored.

In the present study, the microarray dataset 
GSE107522 was analyzed to obtain DECs 
between oxLDL-treated THP-1 macrophages 
and the control group. We found nine DECs, 
including eight up-regulated DECs and one 
down-regulated DEC. Studies have shown the 
value of circRNAs as potential biomarkers of 
CVD [8]. Therefore, these DECs may serve as 
potential biomarkers and therapeutic targets 
for atherosclerosis. Based on the analysis re- 
sults from circBase and exorbase databases, 
hsa_circ_0005699 was chosen for subse-
quent analysis because it has the highest 
expression level in human blood exosomes. 
Additionally, we found that hsa_circ_0005699 
is down-regulated in the blood exosomes of 
patients with coronary heart disease and up-
regulated in colorectal cancer patients. Stu- 
dies have shown that exosomal circRNAs have 
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potential applications as disease biomarkers 
and novel therapeutic targets [32]. Zhang X et 
al. proved that circNRIP1 could be transmitted 
by exosomal communication between gastric 
cancer cells, and exosomal circNRIP1 promot-
ed tumor metastasis in vivo [33]. Therefore, we 
speculate that macrophages may regulate ath-
erosclerosis progression by secreting exosomal 
hsa_circ_0005699. 

CircRNAs mainly play their roles by competing 
with RBPs and miRNAs to regulate their target 
genes. For example, Zhu YJ et al. revealed th- 
at circZKSCAN1 suppresses cell stemness in 
HCC by competing against the RBP FMRP [34]. 
Wang K et al. identified a circRNA that can 
inhibit cardiac hypertrophy and heart failure  
by acting as an endogenous miR-223 sponge 
[11]. In our study, we identified 14 RBPs, espe-
cially eIF4AIII, which may compete against  
hsa_circ_0005699. The outcome of KEGG 
pathway analysis regarding eIF4AIII revealed 
significant enrichment in Spliceosome, Cell 
Cycle, and Pathways in Cancer. These results 
elucidated that hsa_circ_0005699 may inter-
act with RBP eIF4AIII to regulate pathways to 
perform related functions.

Next, we identified 71 possible hsa_circ_ 
0005699-interacting miRNAs and 616 target 
genes of MREs. Studies have reported that 

mRNAs, long non-coding RNAs, and circRNAs 
can serve as competing endogenous RNAs 
(ceRNAs) to regulate expression by competing 
for miRNA binding through shared MREs [35]. 
For example, Cheng Z et al. found that circ- 
TP63 shares MREs with FOXM1 and competi-
tively binds to miR-873-3p, resulting in the pro-
motion of lung squamous cell carcinoma pro- 
gression by up-regulating FOXM1 [36]. Chen L 
et al. elucidated the endogenous competitive 
relationships among circRNA 100146, SF3B3, 
and miRNAs in non-small cell lung cancer, and 
circRNA 100146 affected tumor progression 
via the regulation of miR-361-3p and miR-615-
5p [37]. These results indicate that hsa_circ_ 
0005699 may exert an influence on the pro-
gression of atherosclerosis through the ceRNA 
mechanism.

These target genes were subjected to PPI net-
work construction, which identified 20 hub ge- 
nes. Subsequently, GO and KEGG enrichment 
analyses of the 20 hub genes found that they 
were mainly enriched in mRNA splicing, via the 
spliceosome, RNA splicing, protein binding, the 
neurotrophin signaling pathway, and the Ras 
signaling pathway. Furthermore, we identified 
16 small-molecule compounds that can inter-
act with the hub genes, suggesting that these 
small-molecule drugs, such as methapyrilene, 
stavudine, and loratadine, may have potential 
value in the treatment of atherosclerosis. 
Finally, MCODE and intersection analyses were 
performed to mine the key hub genes. Seven 
hub genes in cluster 1-NEDD4L, FBXO44, 
FBXO27, WSB1, FBXW8, UBE2F, and ASB1- 
were considered key targets associated with 
atherosclerosis. Several studies on these hub 
genes have been carried out in various diseas-
es. For example, NEDD4L was reported to be 
associated with cardiovascular disease [38] 
and glioma [39]. Only one article regarding the 
association of FBXO44 with disease revealed 
that the degradation of RGS2 protein regula- 
ted by FBXO44 solely depends on a Cullin 4B/
DDB1 complex, indicating a novel therapeutic 
approach to hypertension, anxiety, and other 
diseases associated with RGS2 dysregulation 
[40]. Regarding FBXO27 (also named SCF),  
several studies have outlined that it is closely 
related to autophagy [41, 42]. Additionally, 
WSB1 was shown to be involved in a few carci-
nomas [43, 44]. FBXW8 (also named CRL7) 
was reported to be associated with some can-

Table 6. List of the most significant small-mole-
cule compounds provided by DrugMatrix

Term P-Value Odds 
Ratio

Combined 
Score

Methapyrilene 7.89E-05 16.95 160.12
Stavudine 7.89E-05 16.95 160.12
L-Buthionine_Sulfoximine 1.31E-04 14.87 132.96
Loratadine 1.42E-04 14.55 128.82
Amikacin 1.77E-04 13.75 118.76
Valeric_Acid 1.82E-04 13.65 117.59
Sparteine 1.84E-04 13.61 117.01
Baclofen 1.96E-04 13.38 114.19
Maprotiline 1.99E-04 13.33 113.64
Emetine 2.01E-04 13.29 113.09
Oxaliplatin 2.12E-04 13.11 110.95
Microcystin 2.23E-04 12.94 108.87
Pantoprazole 2.25E-04 12.90 108.35
Nortriptyline 2.34E-04 12.78 106.85
Doxorubicin 2.45E-04 12.62 104.89
Chlorambucil 2.48E-04 12.58 104.41
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cers [45, 46]. A study conducted by Weihua 
Zhou et al. indicated that Neddylation E2 
UBE2F promoted the survival of lung cancer 
cells by activating CRL5 to degrade NOXA via 
the K11 linkage [47]. Regarding ABS1, its differ-
ential methylation in ischemic cardiomyopathy 
was assessed by the relationship with left ven-
tricular performance in end-stage heart failure 
patients [48]. However, few reports have inves-
tigated the relationship between these seven 

hub genes and atherosclerosis. Therefore, this 
work is the first to convey the possibility of 
seven hub genes (NEDD4L, FBXO44, FBXO27, 
WSB1, FBXW8, UBE2F, and ASB1) associated 
with atherosclerosis.

In conclusion, this study identified macrophage 
circRNA hsa_circ_0005699 as being associat-
ed with atherosclerosis and its possible rela- 
ted function genes. This work might provide a 

Figure 6. Top-4 module networks constructed by MCODE. The screening conditions were as follows: node score 
cutoff =0.2; K-score =2; maximum depth =100. MCODE, Molecular Complex Detection.

Table 7. List of the module genes and their overlap with the top-20 hub genes
Clusters Gene symbol Overlap with top-20 hub genes Proportion
1 UBE2H, UBE2Q1, FBXO27, ASB1, RNF115, UBE2G1, WSB1, FBXO41, NEDD4L, 

TRIM4, FBXW8, FBXO44, HACE1, UBE2F
NEDD4L, FBXO44, FBXO27, WSB1, 
FBXW8, UBE2F, ASB1

35%

2 SRSF11, CDC5L, U2AF2, GTF2F1, RNPS1, SNRPB, PTBP1, SRSF2, HNRNPA0, 
HNRNPA2B1, HNRNPF, EFTUD2

RNPS1, CDC5L, SNRPB, U2AF2, 
GTF2F1, SRSF2

30%

3 MRPS27, MRPL10, MTRF1L, MRPS14, MRPL52 / 0%

4 IGF2, BIRC5, TNRC6B, KMT2D, KIF23, ZWINT, CEBPB, CDK19, SIN3A, MED29, 
IRS1, SETD1B, NRAS, IL2RA, KMT2B, MED18, NHLRC2, MYC, TNRC6A, MED13, 
MAPK1, MAPK8, VEGFA, PPP2R5E, RHOA, TAOK1

NRAS, MAPK1, TNRC6A, RHOA 8%
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promising diagnostic biomarker and potentially 
effective drugs for atherosclerosis. However, 
the possible molecular mechanism of hsa_
circ_0005699 in the development of athero-
sclerosis remains to be explored, such as vali-
dation of the expression analysis of relevant 
genes, histology analysis, and immunohisto-
chemistry assay in atherosclerosis. Additional- 
ly, the functions of hsa_circ_0005699 and 
these molecular compounds in atherosclerosis 
need further experimental verification.
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