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Background: Arteriosclerosis obliterans (ASO) is the leading cause of nontraumatic lower-extremity amputations. Multiple
researches have suggested that circular RNAs (circRNAs) played vital regulatory functions in cancer and cardiovascular disease.
Nevertheless, the underlying effect and pathological mechanism of circRNAs in the formation and progression of ASO are still
indistinct.

Methods and Results: This study used microarray analysis to investigate the expression portrait of circRNAs in normal lower
extremity arteries and ASO arteries. Bioinformatics analysis was conducted using the KEGG database to study the enrichment of
differentially expressed circRNAs (DE circRNAs) and predict their functions. The accuracy of microarray assay was verified by
evaluating expression of the top 5 upregulated and 5 downregulated circRNAs (raw density of normal group >200) using RT-qPCR.
A circRNA-miRNA-mRNA interaction network was further predicted using software. Compared to the normal lower extremity group,
the ASO arteries with HE and EVG staining presented hyperplastic fibrous membrane and luminal stenosis. A total of 12,735
circRNAs were identified, including 1196 DE circRNAs with 276 upregulated and 920 downregulated in ASO group based on |log2
(FO)| > 1 and padj < 0.05. Among selected 10 circRNAs, RT-qPCR confirmed that hsa circ 0003266, hsa circ 0118936 and
hsa_circ_ 0067161 were upregulated while hsa_circ 0091934 and hsa circ 0092022 were downregulated in ASO group (p < 0.05).
GO analysis presented that the DE circRNAs were primarily enriched in protein binding, intracellular part and organelle organization.
KEGG pathway analysis indicated that MAPK signaling pathway, human T-cell leukemia virus 1 infection, proteoglycans in cancer
were associated with the DE circRNAs. The circRNA-miRNA-mRNA interactive network revealed that both mRNAs and miRNAs
linked to circRNAs played an indispensable role in ASO.

Conclusion: This study described the expression portrait of circRNAs in human ASO arteries, and revealed the molecular back-
ground for further investigations of the circRNA regulatory mechanism in the formation and progression of ASO.

Keywords: arteriosclerosis obliterans, circular RNA, gene ontology analysis, pathway analysis, circRNA-miRNA-mRNA interaction
network

Introduction
Arteriosclerosis obliterans (ASO) is a chronic disorder with atherosclerosis involving lower extremity arteries leading to
arterial stenosis or occlusion. The incidence continues to increase with age, affecting about 202 million people worldwide
to varying degree.' Despite the proposed theories of lipid infiltration, arterial intimal injury, and chronic inflammation,
the molecular mechanism underlying ASO pathogenesis remains unclear.*

As a kind of non-coding RNA, circRNAs (CircularRNAs, circular RNA molecule) are characterized by the deletion
of 5°- terminal cap and 3’- terminal poly (A) tail and circular covalently closed structure. Due to the circular structure,
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circRNAs are resistant to RNase degradation and have greater stability in vivo.” Recently, some studies have suggested
that circRNAs played essential molecular regulated roles in diabetes, neuropathy, cardiovascular disease and cancer.®®
For example, through the FUS/VEGF-A axis, CircFnde3b promoted cardiac repair after myocardial infarction.” Circular
RNA Cdy! induced M1 polarization of macrophage and aggravated vascular inflammation to accelerate the formation of
abdominal aortic aneurysm by inhibiting the nuclear translocation of interferon regulatory factor 4 (IRF4).'"® However,
the substantial function and regulatory mechanism of circRNAs in the formation and progression of ASO remain rarely
clear.

In the current study, we collected and detected the expression of circRNA in human normal lower extremity arteries
and ASO arteries to describe the circRNA expression profile in ASO patients. This study laid a molecular foundation for
elucidating the pathogenesis, identifying therapeutic targets, and developing early predictive diagnostic and biomarkers

for ASO, thereby providing substantial theoretical significance and application value.

Materials and Methods

Sample Attainment

The flowchart outlining the study can be found in Figure 1. Approved by the Research Ethics Committee of the first
affiliated Hospital of Sun Yat-sen University (authorized number: [2022]235), this study followed by the Helsinki
Declaration. With the consent of donors or their family members, the ASO artery specimens were taken from lower
limb amputation specimens of three patients with severe ASO, and normal arterial samples were taken from three normal
donors without ASO. The obtained vascular tissues, approximately 3 cm in length, were divided into two sections. One
half was fixed with paraformaldehyde (4%) for subsequent morphology observation. The other half was frozen in liquid
nitrogen followed by RNA extraction.

Histological Observation

Three ASO arterial samples and three normal lower extremity arterial tissues were acquired and fixed in paraformalde-
hyde (4%). After dehydrated by alcohol, samples were subsequently embedded in paraffin wax for 5-um sections. Next,
hematoxylin (blue) and eosin (pink) were adopted to stained and presented the nuclei and cytoplasm, respectively. Medial
elastin destruction was evaluated by Verhoeff-Van Gieson (Biosci, China). Finally, the tissue sections were observed
under a 10X or 20X microscope (Olympus, Japan) to identify any histological alterations. The severity of medial elastin
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degradation was evaluated as previously describe grade 1, no degradation; grade 2, mild elastin degradation; grade

3, severe eclastin degradation; grade 4, aortic rupture.
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Figure | Analytical process of this study.
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Microarray Assay

The circRNA expression portrait of normal lower extremity arterial (n = 3) and ASO (n = 3) was characterized at KangChen
Bio-tech (Shanghai, China) using an Arraystar Human Circular RNA Array V2 analysis. Concisely, after extracting by TRIzol
reagent (Invitrogen, Co. Ltd), total RNA of arterial tissues snap-frozen in liquid nitrogen were performed on 1% agarose gels
to exclude degradation and contamination. In order to eliminate linear RNAs completely and purify circRNAs, the quantified
RNA of each sample was processed with the RNase R (Epicentre, Inc). Next, RNA was fragmented and reverse transcripted
into fluorescent cRNA with an Arraystar Super RNA Labeling Kit (Arraystar) in a random primer method. The labeled cRNAs
(pmol Cy3/ug cRNA) was enriched according to a RNeasy Mini Kit (Qiagen), and the specific activity and concentration were
measured by NanoDrop ND-1000 (Thermo Scientific, United States). Each labeled cRNA was fragmented for 30 minutes at
60°C after it was mixed with recommended fragmentation buffer and blocking agent. Diluted with 25 pL hybridization buffer,
the mixture was then dispensed into the gasket slide and gathered to the circRNA sequencing slide for incubation at 65°C for
17 hours in the Agilent Hybridization Oven. Agilent Feature Extraction software (version 11.0.1.1) was applied to profile array
images acquired after washing the slides with the Agilent Scanner G2505C. All the primary and processed sequencing data
originated from this study were uploaded to the NCBI Gene Expression Omnibus (GEO) database (GSE152280).

Identified DE circRNAs

The R software limma package was adopted to evaluate the expression difference between the two groups. The p value
was adjusted by Benjamini and Hochberg to control the error detection rate. Differentially expressed circRNAs were
determined as possessing adjusted p value found by limma package. Significant differentially expressed circRNAs were
designated as those with |log2(fold change) | > 1 and padj < 0.05.

Gene Ontology and KEGG Pathway Enrichment Analysis of circRNAs

GO analysis was implemented by the R package “Goseq” to identify the host genes of differentially expressed circRNAs, in
which gene length deviation was rectified. GO terms with threshold p < 0.05 as well as those with adjusted p < 0.05 were
supposed to be significantly enriched in genes with differential expression. Additionally, pathway enrichment analysis for host
genes of differentially expressed circRNA was performed using the R package “Cluster Profiler” based on KEGG analysis.
Pathways were significantly enriched if they had an adjusted p value less than 0.05. Histograms and bubble charts illustrated
the top ten significantly enriched GO terms and signal pathways of differentially expressed genes, respectively.

Quantitative Reverse Transcription PCR Validation

The top 5 up-regulated and 5 down-regulated circRNA (raw density of the normal group >200) were selected to measure
by quantitative real-time PCR, as shown in Table 1. Three ASO arterial samples and three normal lower extremity arterial
tissues were acquired for RNA acquisition according to the Trizol method (Invitrogen, Co. Ltd). Then, synthesis of
cDNA was performed using an All-in-One First-Strand cDNA Synthesis Kit (GeneCopoeia, Inc, Cat. No. QP007, China)
in accordance with the instructions of manufacturer. Next, RT-qPCR was carried out using the BlazeTaq SYBR™ Green
gPCR mix 2.0 kit (GeneCopoeia, Inc, Cat. No. QP041, China) to detect the expression of the selected circRNAs, with
GAPDH used as the internal reference gene. The relative circRNA expression was calculated by 2 2" method. Table 2
presents the specific primers used in the current study.

miRNA Target Prediction and Functional Enrichment Analysis

The differentially expressed circRNAs were selected to identify miRNA binding site in the exons and hereby establish the
miRNA-mRNA network according to the total integral and energy values of the predicted binding sites of all targets by Miranda
software. Finally, Cytoscape software was adopted to create a predictive cirtcRNA-miRNA-mRNA interactive network.

Statistics
The experimental data in this study were shown as mean = SD. After performing a normal distribution test for all continuous
variables and confirmation of the variance equality between different groups, significant differences between two
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Table | The Most Significantly 5 Up-Regulated and 5 Down-Regulated circRNAs (Raw Density of the
Normal Group 2200) in Microarray Analysis

ID NC Readcount | ASO Readcount Log2FC Pavl Padj

hsa_circ_0044097 1912.5 507.166667 4.0372972 0.001255 0.0139375
hsa_circ_0003266 1295.666667 417.166667 3.6559456 0.0008921 0.0130497
hsa_circ_0118936 1061.666667 333.666667 3.648185 0.0153102 0.0434825
hsa_circ_0092303 4272.333333 1250.666667 3.1383759 0.0086705 0.0309818
hsa_circ_0067161 1372.666667 514.333333 3.0774146 0.0001848 0.0096161
hsa_circ_0091934 380 8823.833333 29.338455 0.0002999 0.0110373
hsa_circ_0050900 349.166667 7802.666667 27.267452 0.001487 0.0145583
hsa_circ_0007386 147 43755 27.167938 0.0005477 0.0117977
hsa_circ_0050898 983.333333 18,144.83333 26.551027 0.0009403 0.0131719
hsa_circ_0092022 192 4946.833333 25.854846 0.0004893 0.0116737

Table 2 The Primer Sequences Used for RT-qPCR (from 5’ to 3’)

Gene Sequence 5’- 3’
hsa_circ_0044097 Forward CTGATCTCCGGACTCACACC
Reverse CCTTCTCAAGAGGCTCAGCA
hsa_circ_0003266 Forward GCTGCTTCATCACATGTCGT
Reverse GCAAGTCCTCAAAACCAGCA
hsa_circ_0118936 Forward | TGTATCTCCAGGGCAGCTTACT
Reverse | TTGGATGGTCAGAAGGGTTTG
hsa_circ_0092303 Forward CATCATCACAGCCCCTCCC
Reverse ACTTCCCACTTAAGCCCCTC
hsa_circ_0067161 Forward ACCCAGGGTCCGGTACTG
Reverse AGGAAGAGCACATTGGGGAT
hsa_circ_0091934 Forward | GGAGAATGAGGACGGCACTT
Reverse CCTTCGGGATCCGTCACTT
hsa_circ_0050900 Forward ATACCTCGACATCCCCAAGA
Reverse TGTTCTCGATCTGTGTGCCT
hsa_circ_0007386 Forward | GTTGCTGTACTTTGCCAACAA
Reverse ACGTGGAGAGAACTGGACTT
hsa_circ_0050898 Forward AGGTCTTAGCAGGGGACAA
Reverse TAGTCCACCATTCCGCCG
hsa_circ_0092022 Forward ATCGCCAACAAGACCACCTA
Reverse TAAAGTCGCAGGCACCTAGG
GAPDH Forward | ACAACTTTGGTATCGTGGAAGG
Reverse GCCATCACGCCACAGTTTC

independent groups were evaluated by unpaired Student’s #-test, whereas significant differences between multiple groups
were analyzed using one-way ANOVA with a post Bonferroni’s multiple comparisons test. For variables with a non-normal
distribution, a nonparametric Mann—Whitney test for two independent groups was applied. P-values less than 0.05 were
determined as statistically significant when analyzed by SPSS 25.0 (IBM Corporation, Armonk, NY, USA).

Results

Histopathology

As shown in Figure 2A, the ASO arterial samples presented the following characteristics compared to the normal lower
extremity arteries: the intima of the plaque surface was destroyed, and the lipid pool was covered by a hyperplastic
fibrous membrane (fibrous cap), lesions expanded to the media and destroyed the arterial wall resulting in fibrous
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Figure 2 (A and B) The histopathology features of HE and EVG stained normal and ASO arterial tissues sections. (C) Medial elastin destruction was graded as | (mild) to IV

(severe).
Notes: Scale bar = 100 and 200 pum. Nonparametric Mann-Whitney test, *p < 0.05 NC vs ASO, n=3/group. EVG, Verhoeff’s Van Gieson.

connective tissue hyperplasia, degeneration and other secondary lesions, hereby leading to luminal stenosis. In EVG
staining, the degree of elastin destruction, as evaluated by histological scores, was significantly aggravated in ASO
arterial samples as compared with normal lower extremity arteries (p < 0.05, Figure 2B and C).

circRNA Expression Portraits

Microarray sequencing assay recognized totally 12,735 circRNAs from the ASO group and normal group. According to the
threshold criteria of |log2(FC)| > 1 and padj < 0.05, a total of 1196 DE circRNAs, including 276 upregulated and 920
downregulated circRNAs, were identified. To further present the relative expression of DE circRNAs in the two groups,
a heatmap (Figure 3A) and volcano map (Figure 3B) were drawn based on the threshold of log2FC and -log10p. The top 5
most prominently upregulated and downregulated circRNAs (raw density of the normal group >200) are shown in Table 1.

circRNA Gene Symbols and Pathway Analysis

Both GO and KEGG pathways analyses were performed to explore the potential biological function of module genes.
Figure 4A illustrates the top 10 items at three gene ontology levels (biological processes,'® molecular function'* and cell
component). Specifically, circRNAs with differential expression were mainly enriched in protein binding, binding and
heterocyclic compound binding in molecular function.'> As for cell component,'* the most enriched items were
intracellular part, cytosol and intracellular organelle. In terms of biological processes enriched highly in the DE
circRNAs, organelle organization, developmental process, and anatomical structure development were identified.
According to KEGG pathway analysis (Figure 4B), DE circRNAs were primarily associated with biological pathways
such as focal adhesion, MAPK signaling pathway, proteoglycans in cancer, transcriptional misregulation in cancer,
human T-cell leukemia virus 1 infection, insulin signaling pathway, AGE-RACE signaling pathway in diabetic complica-

tions, adherents junction, ErbB signaling pathway and pancreatic cancer.

RT-gPCR Validation

The top 5 upregulated and 5 downregulated circRNA (raw density of normal group >200) were in-depth confirmed by RT-
gPCR on three ASO arterial samples and three normal lower extremity arteries. Compared to the normal group, three
circRNAs (hsa_circ 0003266, hsa circ 0118936 and hsa circ 0067161) were highly expressed while hsa circ 0091934
and hsa_circ_0092022 were considerably downregulated in the ASO group (p < 0.05). These proven outcomes revealed that
the majority of identified circRNAs by the microarray assay were dependable and deserved further research (Figure 5).
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Figure 3 Differentially expressed circRNAs between normal and ASO arterial tissues.

Notes: (A) Heat map showed the DE circRNAs in normal and ASO arterial tissues. The circRNA-seq samples (X-axis) were hierarchically clustered based on expression
similarity profiles at the top. On the left (Y-axis) means DE circRNAs, which were clustered based on the expression similarity. Colour differed from green to red with green
denoting relatively downregulated expression and red representing relatively up-expressed circRNAs. (B) Volcano plot exhibits the DE circRNAs in normal and ASO arterial
tissues. The log2 fold-change of circRNA expression between the ASO and normal group was represented on the X-axis, and the statistically significant degree of various
circRNA expression change was represented on the Y-axis. Each scattered box in the plot represented the expression value for each circRNA, the gray boxes meant no
significant difference of circRNAs expression, and the red boxes represented the significantly expressed circRNAs.

Prediction of circRNA-miRNA-mRNA Network for Each circRNA

To further investigate and portrait the underlying roles of DE circRNAs in ASO, miRanda was used to explore and
predict the target miRNAs and mRNAs of the five circRNAs (hsa_circ_0003266, hsa circ_ 0118936, hsa_circ_ 0067161,
hsa_circ_0091934 and hsa_circ_0092022), which had been validated by RT-qPCR. According to the targeting relation-
ship and target prediction score of the binding site, the top 5 miRNAs probably binding to each circRNA and the 50
target genes were presented (Figure 6). Please see Supplementary Table 1 for detailed information of target genes.

Discussion

Arteriosclerosis obliterans is a systemic arteriosclerotic disease in the lower extremities, which is characterized by the
involvement of large and middle arteries, mostly in elderly patients.”'> Generally, the atherosclerotic artery wall will
experience mainly four phase pathological progress, including lipid stripes, fibrous plaques, atherosclerotic plaques and
secondary lesions.'®'” On the basis of lipid metabolism disorder, atherosclerosis is marked by intima beginning,
followed by accumulation of lipids, hemorrhage and thrombosis, fibrous tissue hyperplasia and calcareous precipitation,
medial calcification, resulting in arterial stiffness and luminal stenosis.'®!'? It is called atherosclerosis for the reason of
the lipid accumulation and plaque hardening in the artery intima. Mostly, the pathological manifestations of arterio-
sclerosis obliterans are caused by thrombosis regardless of the extent of atherosclerosis.'®° In this study, the ASO
sample showed a stable phenotype, and fibrous plaque played a dominant role in severe atherosclerosis of lower

extremity arterial.
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Notes: Sequencing-detected changes of the 10 selected circRNAs were confirmed using RT-qPCR in the normal and ASO arterial tissue groups (n = 3). Bars show means +
standard deviation. Bars show the mean and error bars the standard deviation. *p < 0.05 NC vs ASO.

CircRNA is a conservative endogenous product generated by back-splicing, distinguished by a covalent closed loop
structure.®®?' Many circRNAs are evolutionarily conserved and highly abundant in eukaryotes, and they mainly perform
crucial biological functions in the following way: acting as “sponges” to inhibit the microRNA or protein, regulating
protein function directly, being translated themselves.®®*'* Some studies have revealed the emerging roles of circRNAs
in cell proliferation, immune responses regulation, and metabolism processes.®* However, there are few reports about
circRNA expression changes and regulatory network in ASO. Using microarray assay, 276 upregulated and 920 down-
regulated circRNAs were distinguished in the present study. Among them, the top 5 upregulated and 5 downregulated
circRNAs (raw density of normal group >200) were selected for RT-qPCR validation. As a result, 5 circRNAs expression
were in accord with those of microarray assay, indicating that the expression of circRNA has changed in ASO. According
to the literature, hsa_circ_0003266 was upregulated in the plasma of patients with type 2 diabetes mellitus combined with
proliferative diabetic retinopathy,®* hsa_circ_0118936 was upregulated in the plasma of patients with primary biliary
cholangitis,” and hsa circ 0091934 was a diagnostic marker for congenital heart disease.”® In this study, hsa -
circ_0003266 and hsa circ 0118936 were upregulated in the ASO vascular tissue, while hsa circ 0091934 was down-
regulated, suggesting that these three circular RNAs may also be potential diagnostic or prognostic markers for ASO. As
for hsa_circ 0067161 and hsa circ 0092022, there are no studies on their relationship with the disease, so further
research on their relationship with ASO is interesting. Based on sequencing results, 50% of differentially expressed
circular RNA was validated with RT-qPCR. This may be due to the fact that the gene expression patterns of ASO differ at
different stages of development. ASO is a heterogeneous disease, and there may be different molecular subtypes or
circular RNA-specific subtypes that need to be further explored. Furthermore, due to the limited number of sequencing
and experimental validation samples, as well as the fact that the tissue samples used for sequencing and experimental
validation were not taken from the same patients, the validation results may differ from the sequencing results. Overall,
this study successfully confirmed the presence of five differential circRNAs that have not been previously explored in the
context of ASO diseases. However, further comprehensive investigations are warranted to delve into the specific roles
played by them in ASO diseases.

At present, the occurrence and development of ASO was explained by mainly the following mechanisms. Firstly, lipid
hypothesis believes that the permeability of vascular wall changes due to endothelial cell injury, focal exfoliation and
plasma lipoprotein enter the intima, resulting in macrophage clearance reaction, vascular wall smooth muscle cell

proliferation and plaque formation.”” ?° The second one is vascular endothelial damage-response theory caused by
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Figure 6 The construction of circRNA-miRNA-mRNA network.

Notes: Based on the ceRNA (circRNA-miRNA-mRNA) interaction information from Cytoscape, 5 validated and consistent circRNAs (hsa_circ_0003266, hsa_-
circ_0118936, hsa_circ_0067161, hsa_circ_0091934 and hsa_circ_0092022) were annotated in detail. According to the prediction outcome of miRNA and mRNA, the
top 5 miRNAs may be regulated by these 5 validated circRNAs, and the top 50 target genes of each miRNA were presented. Brown: circRNAs. Red: miRNAs. Blue: mRNAs.

mechanical interference, exposure to toxins, or endogenous inflammatory signals and so on. Once endothelial injured,
Low-density lipoprotein (LDL) and other plasma factors accumulate and platelets adhere at the injury site. Subsequently,
vascular smooth muscle cells are stimulated to proliferate, migrate and form thickened neointima by o particles released
by platelets, resulting in arterial lumen stenosis.*>>' The third mechanism — inflammation theory holds that inflammation
is the core of atherosclerosis.®> A range of inflammatory cytokines and various growth factors, such as monocyte
chemoattractant protein-1 (MCP-1), interleukin-1 (/L-1), interleukin-3 (/L-3) interleukin-6 (/L-6) and interleukin-18 (/L-
18), tumor necrosis factor-a (TNF-a) are synthesized and secreted by arterial wall cells and macrophages-monocytes
under certain conditions, leading to inflammation and atherosclerosis.*® > Fourthly, the hemodynamic theory holds that
blood flow changes and low shear stress may be involved in the occurrence of atherosclerosis.”® In the case of
hemodynamic changes, the continuity between arterial intimal endothelial cells is interrupted, and then platelets adhere
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and gather on the intima, forming mural thrombus. Cytokines, released by platelets and macrophages, enter the arterial
wall and accelerate the phenotype switching, proliferation and migration of smooth muscle cells in atherosclerotic
lesions.>’

The fact that circRNAs participated in the inflammation regulation, oxidative stress and signal transduction pathways,
relating to diabetes, neuropathy, and cancer, has been confirmed by a variety of studies.?***® In addition, it was reported
that circRNAs were associated with cardiovascular disease, including ASO.”*’ Similarly, the present study found
differential expression of circRNAs in ASO. Bioinformatics analysis was used to further predicted the possible
mechanism of circRNAs. According to the result of GO analysis, circRNAs were involved in a variety of cellular
biological function, such as protein binding, intracellular part, organelle organization and other processes. Several studies
have confirmed that circRNAs were associated with inflammation and oxidative stress by regulating protein binding and
metabolism.******! So, we presumed that circRNAs may participate in the process of ASO by affecting inflammation
and oxidative stress through protein binding and metabolism. As for KEGG enrichment analysis, the DE circRNAs were
mainly enriched in metabolism relevant pathways, including MAPK signaling pathway, AGE-RACE signaling pathway
in diabetic complications and Insulin signaling pathway, which were equal to the GO analysis. Therefore, it was likely
that circRNAs could regulate the formation and progression of ASO by participating and modulating these signal
pathways. As an inhibitor of miRNAs, circRNAs usually regulate the target gene expression to promote cellular
biological function by adsorbing multiple miRNAs.**** In order to better explore possible mechanism, Miranda was
applied to predict the target miRNAs and mRNAs of the selected five circRNAs. Massive miRNA binding sites were
found and all these five circRNAs regulate the relevant target genes via the ceRNA (competing endogenous RNA)
mechanism. Moreover, some of these targeted prediction miRNAs were reported in ASO. However, further study is
warranted to verify the correlation of circRNA-miRNA-mRNA interactive network in ASO.

Through sequencing and RT-qPCR validation, five circular RNAs with specific expression in ASO tissues were
identified. However, further experimental studies are needed to investigate their roles in the diagnosis and treatment of
ASO, due to the limited sample size.

Conclusion
To sum up, the circRNA expression profile of the ASO arterial tissue was described in the present study. Further efforts
are urgent to determine the specific roles and the underlying molecular mechanisms of these identified circRNAs in ASO.
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