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Abstract
Background: Atherosclerosis (AS) is a systemic, chronic and multifocal disease and is the primary
pathological basis of cardiovascular diseases, such as coronary heart disease (CHD) and peripheral
arterial disease (PAD). Our study attempted to identify aberrant exosome-derived circRNAs in AS and
determine their potential clinical value.

Methods: The expression of mRNA, circRNA and lncRNA in the blood exosomes of CHD patients and
healthy controls was obtained from the exoRBase database. The corresponding miRNAs of mRNA,
circRNA and lncRNA were predicted via ENCORI and the miRcode database. The circRNA/lncRNA-miRNA-
mRNA interaction network was established based on a competitive endogenous RNA regulatory
mechanism. Aberrant circRNAs in the aforementioned network were validated in patients with PAD by
real-time quantitative reverse transcription-polymerase chain reaction (RT-qPCR).

Results: Based on the cutoff criteria of P<0.05, we identi�ed 85 differentially expressed circRNAs (4 up-
and 81 downregulated), 43 differentially expressed lncRNAs (24 up- and 19 downregulated) and 312
differentially expressed genes (55 up- and 257 downregulated). Gene Ontology (GO) analysis revealed
that the biological process (BP) terms of the DEGs were signi�cantly enriched in the positive regulation of
phosphoprotein phosphatase activity and the positive regulation of protein dephosphorylation. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis demonstrated that DEGs
were closely related to the glucagon signaling pathway and estrogen signaling pathway. The relative
expression level of hsa_circ_0001360 was signi�cantly downregulated in blood exosomes from patients
with PAD, exhibiting an area under the curve of 0.92 (P=0.0283).

Conclusion: The circRNA/lncRNA-miRNA-mRNA interaction network might help to elucidate the
pathogenesis of AS. Hsa_circ_0001360 was signi�cantly downregulated in blood exosomes in patients
with PAD, and this RNA might represent an important diagnostic biomarker of AS.

Background
Atherosclerosis (AS) is a systemic, chronic and multifocal disease and is the primary pathological basis
of cardiovascular diseases. Coronary heart disease (CHD) and peripheral arterial disease (PAD) are
common clinical manifestations of cardiovascular diseases[1, 2]. Epidemiological studies have revealed
that more than 16 million adults suffered from CHD in the United States during 2016[3], and the number
suffering from PAD was nearly 8 million[4]. PAD and CHD are highly correlated and responsible for
adverse limb and cardiovascular events, resulting in patient disabilities and mortalities worldwide[5, 6].
Hence, both conditions place a great burden on patients’ physical and psychological health, as well as
society’s healthcare resources[7-9]. The pathological process of AS involves lipid deposition, intimal
injury, platelet activation, in�ammatory cell in�ltration, and vascular smooth muscle cell migration[10].
However, based on the high prevalence of AS, we believe that there is still novel insight to be gained
regarding AS.
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Exosomes, membrane-bound extracellular vesicles, are characterized by nanosized endocytic vesicles
secreted by cells with a diameter of 30~100 nm and contain biological molecules, such as noncoding
RNA, mRNA and proteins, that are derived from the corresponding cells[11, 12]. Noncoding RNA refers to
RNA that does not encode proteins, including circular RNAs (circRNAs), long noncoding RNAs (lncRNAs),
microRNAs (miRNAs), and RNA with unknown functions, and it plays an important role in bioprocesses,
including cell proliferation, differentiation, and migration[13, 14]. These bioactive molecules enable
exosomes to function as potent communicating intermediaries that can transmit genetic information and
subsequently participate in physiological and pathological processes[15, 16]. Recent studies have also
determined that exosomes play a crucial role in intercellular communication in the in�ammatory
response, which implies a close relationship between exosomes and AS[17-19]. However, to the best of
our knowledge, the exosome-related noncoding RNAs involved in the pathogenesis of AS have not fully
elucidated to date.

In the present study, we constructed a circRNA/lncRNA-miRNA-mRNA network in blood exosomes derived
from patients with CHD based on a biological database. Next, we validated the aberrant circRNAs in the
aforementioned network in patients with PAD by real-time quantitative reverse transcription-polymerase
chain reaction (RT-qPCR). A receiver operating characteristic (ROC) curve was plotted to analyze the
clinical implications of these results. We attempted to provide novel diagnostic biomarkers for AS and
contribute to our understanding of the pathogenesis of AS.

Results
Screening of differentially expressed genes, circRNAs and lncRNAs

After expression pro�le normalization, the circRNA and gene expression matrix derived from 32 normal
and 6 CHD samples was later used to screen differentially expressed RNAs. Based on the cutoff criteria
of a P-value less than 0.05, we identi�ed 85 differentially expressed circRNAs (4 up- and 81
downregulated), 43 differentially expressed lncRNAs (24 up- and 19 downregulated) and 312
differentially expressed genes (55 up- and 257 downregulated). The expression pro�les of screened RNAs
are presented in volcano plots (Fig. 1A). Cluster heatmaps in Fig. 1B detail the most signi�cant
differentially expressed circRNAs (top 4 up- and 36 downregulated), lncRNAs (top 21 up- and 19
downregulated), and mRNAs (top 20 up- and 20 downregulated).

Construction of circRNA/lncRNA-miRNA-mRNA network

First, 176 miRNAs through previously identi�ed targeted mRNAs and 171 miRNAs with binding sites on
differentially expressed circRNAs were both predicted by ENCORI. Second, 166 miRNAs that included
binding sites of differentially expressed lncRNAs were obtained from the miRcode database. The
overlaps of predicted miRNAs were selected based on a competitive endogenous regulatory network.
Finally, the circRNA/lncRNA-miRNA-mRNA regulatory network of blood exosomes involved in AS was
constructed with Cytoscape 3.8.1. As a result, 72 overlapping miRNAs were selected, and the network was
visualized with Cytoscape 3.8.1 (Fig. 1C).
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KEGG and GO enrichment analyses of DEGs

The online tool DAVID v6.8 was used to extract and summarize functional annotations associated with
DEGs (Table I). GO analysis revealed that BP terms of the DEGs were signi�cantly enriched in positive
regulation of phosphoprotein phosphatase activity, positive regulation of protein dephosphorylation,
mRNA transport, intracellular transport of virus, positive regulation of cyclic nucleotide metabolic process,
and positive regulation of cyclic-nucleotide phosphodiesterase activity, that CC terms were primarily
enriched in nucleoplasm, cytoplasm, calcium channel complex, growth cone, microtubule cytoskeleton,
and intracellular membrane-bounded organelle, and that MF terms were primarily enriched in N-terminal
myristoylation domain binding, beta-adrenergic receptor kinase activity, histone methyltransferase
activity (H4-K20 speci�c), protein binding, protein phosphatase activator activity, and G-protein coupled
receptor kinase activity. KEGG pathway enrichment analysis demonstrated that DEGs were closely related
to the glucagon signaling pathway and estrogen signaling pathway.

Validation of differentially expressed circRNAs in blood exosomes from patients with PAD

Five paired blood exosome samples were collected from the control group (3 men; mean age, 65.8 y;
range, 56-79 y) and PAD group (4 men; mean age, 69.0 y; range, 58-78 y). The morphological
characteristics and size distribution of exosomes were further assessed by transmission electron
microscopy and nanoparticle tracking analysis (Fig. 2A and B). Fifteen circRNAs from the predicted
network were selected for subsequent validation through RT-qPCR assays, including hsa_circ_0000038,
hsa_circ_0001360, hsa_circ_0001020, hsa_circ_0000160, hsa_circ_0000639, hsa_circ_0001309,
hsa_circ_0000019, hsa_circ_0001540, hsa_circ_0001648, hsa_circ_0000842, hsa_circ_0001016,
hsa_circ_0000091, hsa_circ_0000043, hsa_circ_0001684, and hsa_circ_0000311. As shown in Fig. 2C, the
relative expression level of hsa_circ_0001360 was signi�cantly downregulated (P<0.05) in patients with
PAD, while no noticeable changes in other circRNAs were observed. Further ROC curve analysis was
performed to evaluate the potential diagnostic value of hsa_circ_0001360 in AS (Fig. 2D). The area under
the curve of hsa_circ_0001360 was 0.92 (P=0.0283) with a 95% con�dence interval of 0.7385-1.000. In
addition, the optimal cutoff value was 6 with a corresponding sensitivity and speci�city of 100% and
80%, respectively.

Discussion
Extensive studies have previously demonstrated the association between blood exosomes, AS and
cardiovascular diseases[15]. CircRNAs, characterized by a conserved ring structure and stronger
resistance to RNase, could serve as miRNA sponges through a competitive endogenous regulatory
mechanism and subsequently participate in the regulation of gene expression[13]. Recently, circRNAs
derived from blood exosomes have attracted increasing attention. Based on the high prevalence of AS
and cardiovascular disease, circRNAs derived from blood exosomes might also play an important role in
the diagnosis and treatment of cardiovascular diseases.
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Our study comprehensively constructed a circRNA/lncRNA-miRNA-mRNA regulatory network based on the
exoRBase database. We identi�ed 85 signi�cantly differentiated circRNAs, 43 signi�cantly differentiated
lncRNAs and 312 signi�cantly differentiated mRNAs in blood exosomes from CHD patients. The most
meaningful BP, CC and MF terms were primarily enriched in positive regulation of protein
dephosphorylation, cytoplasm, and histone methyltransferase activity (H4-K20 speci�c), respectively.
These biological processes are implicated in the pathogenesis of AS[20-22].

In addition, KEGG analyses showed that signi�cantly differentiated mRNAs were primarily involved in
“Glucagon signaling pathway”, “Estrogen signaling pathway”, “Phototransduction”, and “RNA transport”.
Glucagon is a peptide hormone secreted by alpha cells of the pancreas and plays a pivotal role in
maintaining glucose homeostasis in humans. Disruption of the glucagon signaling pathway leads
to metabolic disorders and diabetes, which is an identi�ed risk factor for AS[23]. A previous study also
demonstrated that the glucagon signaling pathway was implicated in familial hypercholesterolemia[24],
suggesting a potential link between the glucagon signaling pathway and AS. In addition, the role of
estrogen in AS has become a heavily researched topic in recent years. The incidence of cardiovascular
disease in middle-aged women is lower than that in middle-aged men. However, the percentage of
cardiovascular disease in postmenopausal women is gradually increasing, and the prevalence in women
aged 65-70 y is equal to that in men[25]. Therefore, an increasing number of studies have focused on the
protective effect of estrogen on AS. Extensive evidence has suggested that the resistance of estrogen to
AS is mostly based on the regulation of estrogen in endothelial cells, vascular smooth muscle cells, lipid
metabolism and anticoagulant effects[26-28].

Our results also revealed that both calmodulin1 and calmodulin2 were signi�cantly downregulated in the
blood exosomes of CHD patients and were involved in the glucagon signaling pathway and estrogen
signaling pathway. Calmodulin is a multifunctional protein that exists in all kinds of eukaryotic cells and
can bind to calcium ions. Calmodulin is involved in a variety of intracellular signal transduction pathways
and plays a key role in Ca2+-dependent signal transduction pathways. Known as a dynamic Ca2+ sensor,
calmodulin can respond to a wide range of Ca2+ concentrations and transmit downstream signals. In
addition, multiple studies have reported the interaction between calmodulin and Akt, suggesting that
calmodulin may be involved in Akt activity. Long et al[29] further demonstrated that ATPase plasma
membrane Ca2+ transporting 1 (ATP2B1) gene silencing-induced enhanced insulin sensitivity in
endothelial cells was dependent on increased intracellular Ca2+ concentration and the resultant activation
of the Ca2+/calmodulin/eNOS/Akt signaling pathway. These �ndings might help to elucidate the
pathogenesis of AS.

Owing to the considerable progress made in sequencing technologies, circRNAs have been widely
identi�ed and function as critical regulatory elements in transcription and posttranscription[13].
Enhanced stability conferred by a covalently closed loop enables endogenous transcript circRNAs to
become ideal candidates for potential diagnostic biomarkers and therapeutic regimens. In our study,
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based on the circRNA/lncRNA-miRNA-mRNA regulatory network concerning CHD, we identi�ed 15
circRNAs (1 up- and 14 downregulated).

Since CHD and PAD share the same risk factors and a common pathogenesis of AS, there may be a
potential relationship between PAD and CHD. People with a family history of CHD have a 2.5-fold risk for
PAD. However, no established guidelines were available to support the screening test for potential PAD in
patients with CHD. Moreover, early identi�cation of high-risk patients with CHD and/or PAD could
contribute to better prevention and treatment of AS itself and AS-related adverse cardiovascular events
and subsequently a reduction in both morbidities and mortalities. Thus, these differentially expressed
circRNAs were intentionally validated in blood exosomes in patients with PAD (with no concomitant
CHD). Among these circRNAs, the expression level of hsa_circ_0001360 was clearly decreased in the PAD
group compared with the control group (P<0.05). Additionally, hsa_circ_0001360 may serve as a novel
diagnostic biomarker for CHD and potential PAD according to ROC analysis. These �ndings
demonstrated the role played by hsa_circ_0001360 in the progression of AS.

This study has several limitations. First, the circRNA/lncRNA-miRNA-mRNA network was con�rmed based
on online databases and lacked further validation in blood exosomes from CHD. Second, the study was
limited by a small cohort size in a single center, and a large sample analysis was necessary to enhance
statistical power. Finally, the role played by hsa_circ_0001360 in the pathogenesis of AS should be
veri�ed in further in vivo/in vitro experiments.

Conclusion
Our study demonstrated differentially expressed RNAs in CHD, and a circRNA/lncRNA-miRNA-mRNA
network was established as a competitive endogenous RNA regulatory mechanism. Among the circRNAs,
hsa_circ_0001360 was signi�cantly downregulated in patients with PAD, which helped to elucidated the
role played by hsa_circ_0001360 in the pathogenesis of AS.

Materials And Methods
Ethics statement

The study was approved by the ethics committee of Huadong Hospital, a�liated with Fudan University
(2017K001). All procedures conformed to the principles outlined in the Declaration of Helsinki. All
patients provided written informed consent before enrollment in the study.

Data source and preprocessing

ExoRBase is a repository of human blood exosome-derived long RNA species, including circRNAs,
lncRNAs and mRNAs. Following detection by normalized RNA-sequencing data analysis, exoRBase
collected and integrated RNA expression pro�les involving healthy individuals and patients with
corresponding diseases[30]. The RNA expression pro�les of normal individuals (n=32) and patients with
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CHD (n=6) were downloaded from the exoRBase database followed by background correction and data
normalization in R software (version 4.0.2).

Screening of differentially expressed genes, circRNAs and lncRNAs

The limma and sva packages were applied to the RNA-sequencing data analysis to remove batch effects
and �lter differentially expressed genes, circRNAs and lncRNAs by comparing the CHD group to the
control group. Long RNA species with P-values of less than 0.05 were considered to be differentially
expressed genes, circRNAs and lncRNAs. The volcano plot and heatmap were created by GraphPad Prism
8.0 and TBTools, respectively.

Prediction of potential miRNAs for differentially expressed genes, circRNAs and lncRNAs

ENCORI, the encyclopedia of RNA interactomes (http://starbase.sysu.edu.cn/), was applied to the
prediction of potential miRNAs for differentially expressed genes and circRNAs. The predicted miRNAs of
genes were further validated by the TargetScan and miRanda databases. Only the intersecting miRNAs
were selected for subsequent analysis. The miRcode database (http://www.mircode.org/), which provides
transcriptome-wide microRNA target prediction, was used to study lncRNA-miRNA interactions.
LncRNAs/circRNAs and mRNAs with the same targeted miRNAs were selected to construct an interaction
network, and the results were visualized with Cytoscape 3.8.1.

Functional and pathway enrichment analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID,
https://david.ncifcrf.gov/home.jsp) v6.8 was applied to function and pathway enrichment analysis,
including Gene Ontology (GO) terms in the molecular function (MF), biological process (BP) and cellular
component (CC) categories for target genes and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses.

Patient sample collection

Patients with lower limb PAD (PAD Group) were recruited between August 2020 and November 2020.
Patients with PAD all satis�ed the diagnostic criteria[31], and they all had an intermittent claudication of
<200 m, an ABI of <0.9 and an occluded super�cial femoral artery of ³10 cm based on computed
tomography angiography. Age-matched healthy individuals were recruited as the control group (without
cardiovascular disease, diabetes or hyperlipidemia), and all participants had a normal ABI of
approximately 1.2. The exclusion criteria included (1) history of tumor or connective tissue disease, (2)
steroid use within 3 months, (3) recent infection, (4) failure to sign the informed consent form, and (5)
history of CHD.

Exosome isolation
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Blood samples were collected from both groups at 8:00 am after fasting for at least 8 hours. Fresh blood
samples were subjected to centrifugation at a speed of 3000 g for 10 min at 4°C. The supernatant was
subsequently transferred to another tube, and serum exosomes were isolated using a Hieff™ Quick
exosome isolation kit (for Serum/Plasma, Yeasen Biotech Co., Ltd., Shanghai, China) according to the
manufacturer’s instructions. The morphological characteristics and size distribution of serum-derived
exosomes were further assessed by transmission electron microscopy and nanoparticle tracking analysis
as previously described[32].

RT-qPCR assays

Total RNA was extracted from serum exosomes with TRIzol reagent (Invitrogen, Carlsbad, Calif).
Subsequent reverse transcription of circRNA was conducted with Random Primers N6 from Hifair® III 1st
Strand cDNA Synthesis Kit (gDNA digester plus, Yeasen Biotech Co., Ltd.) following the instructions of the
manufacturer. The comparison of the expression level of target circRNA was performed by RT-qPCR
based on the ABI QuantStudio 5 Real-Time PCR System (Thermo Fisher Scienti�c, Waltham, MA, USA),
with GAPDH as an internal reference. Corresponding primers were designed with circPrimer 1.2
(http://www.bioinf.com.cn/, Supplementary Table I).

Statistical analysis

Statistical analysis was performed with Student’s t-test or the c2 test as appropriate using SPSS (version
24.0). A P-value of less than 0.05 was considered to be signi�cant.
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Category Term Count P-
Value*

GOTERM_BP_DIRECT GO:0032516~positive regulation of phosphoprotein
phosphatase activity

3 0.000

GOTERM_BP_DIRECT GO:0035307~positive regulation of protein
dephosphorylation

3 0.001

GOTERM_BP_DIRECT GO:0051028~mRNA transport 3 0.006

GOTERM_BP_DIRECT GO:0075733~intracellular transport of virus 3 0.007

GOTERM_BP_DIRECT GO:0030801~positive regulation of cyclic nucleotide
metabolic process

2 0.007

GOTERM_BP_DIRECT GO:0051343~positive regulation of cyclic-nucleotide
phosphodiesterase activity

2 0.012

GOTERM_CC_DIRECT GO:0005654~nucleoplasm 18 0.000

GOTERM_CC_DIRECT GO:0005737~cytoplasm 24 0.001

GOTERM_CC_DIRECT GO:0034704~calcium channel complex 3 0.002

GOTERM_CC_DIRECT GO:0030426~growth cone 3 0.033

GOTERM_CC_DIRECT GO:0015630~microtubule cytoskeleton 3 0.045

GOTERM_CC_DIRECT GO:0043231~intracellular membrane-bounded organelle 5 0.048

GOTERM_MF_DIRECT GO:0031997~N-terminal myristoylation domain binding 2 0.007

GOTERM_MF_DIRECT GO:0047696~beta-adrenergic receptor kinase activity 2 0.009

GOTERM_MF_DIRECT GO:0042799~histone methyltransferase activity (H4-
K20 speci�c)

2 0.011

GOTERM_MF_DIRECT GO:0005515~protein binding 28 0.013

GOTERM_MF_DIRECT GO:0072542~protein phosphatase activator activity 2 0.013

GOTERM_MF_DIRECT GO:0004703~G-protein coupled receptor kinase activity 2 0.016

KEGG_PATHWAY hsa04922: Glucagon signaling pathway 4 0.003

KEGG_PATHWAY hsa04915: Estrogen signaling pathway 3 0.036

KEGG_PATHWAY hsa04744: Phototransduction 2 0.079

KEGG_PATHWAY hsa03013: RNA transport 3 0.096
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*A P value of < 0.05 was considered statistically signi�cant.

Figures

Figure 1
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circRNA/lncRNA-miRNA-mRNA network construction. A, differentially expressed circRNA, lncRNA and
mRNA in normal and atherosclerotic samples shown in the volcano plot. B, differentially expressed
circRNA, lncRNA and mRNA in normal and atherosclerotic samples shown in the heatmap. C,
construction of circRNA/lncRNA-miRNA-mRNA network.

Figure 2
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Exosome identi�cation and key circRNA validation. A, the morphological characteristics of exosome was
assessed by transmission electron microscopy. B, the size distribution of exosome was measured by
nanoparticle tracking analysis. C, validation of the key circRNA in normal and atherosclerotic samples. D,
ROC curves analysis.
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