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1 | INTRODUCTION

Abstract

Background: Circular RNAs (circRNAs) may act as biomarkers of coronary artery dis-
ease (CAD). However, the relationship between expression characteristics of circR-
NAs and coronary atherosclerosis has not been fully explored. The aim of this study
was to determine and characterize the circRNAs from human coronary artery.
Methods: The coronary artery segments were obtained from an 81-year-old male
patient with sudden death of myocardial infarction at autopsy. The coronary stenosis
and atherosclerosis were evaluated by hematoxylin and eosin (H&E) staining, and the
circRNAs expression profile was characterized by RNA sequencing (RNA-seq). The
differentially expressed circRNAs were validated by qRT-PCR.

Results: The analysis of H&E staining indicated that coronary atherosclerosis grade
and extent in the LM was more serious than that in other coronary arteries. Twenty-
seven circRNAs were selected for expression validation in coronary artery. CircRNAs
corresponding cyclization sites of 3 circRNAs (hsa_circ_0016868, hsa_circ_0001364,
hsa_circ_0006731) have been verified by Sanger sequencing.

Conclusion: The 3 circRNAs are suggested to play a pathological role underlying the
coronary arteries atherosclerosis and may serve as a valuable resource as diagnostic

or therapeutic targets against CAD.
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of CAD, including medications, cardiac interventional therapy,
and surgery operation.? The early diagnosis and treatment may

Coronary artery disease (CAD) is one of the major forms of ath-
erosclerosis and becomes a heavy burden on social economy and
public health worldwide.! The morbility and mortality of CAD
have maintained dismal, and prognosis has remained ineligible in

spite of the development of diagnosis and treatment strategies

reduce major mortality of CAD®; therefore, highly sensitive and
specific biomarkers are urgently needed for the earlier diagnosis
and treatment of CAD. Recently, circular RNAs (circRNAs) have
been suggested to become a potential class of biomarkers for
CAD.*
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CircRNAs are genetic regulators that have covalently linked
ends with no polyadenylated tails in contrast to linear RNAs. In ad-
dition, circRNAs regulate gene expression via multiple mechanisms
including sponging miRNA, binding RNA-binding proteins, seques-
tering agents, regulating transcript, and transforming into functional
proteins.>® Due to the characteristics of circRNAs including highly
stable and detectable in body fluids, abundantly expressed, evolu-
tionarily conserved in humans, circRNAs have been suggested as
better biomarkers than linear RNAs in clinical diagnosis, treatment,
and prognosis of CAD. 7*° However, the total amount of circRNAs
is low in blood to be easily detected.!* Therefore, the expression
characteristics of circRNAs and association with coronary athero-
sclerosis remain elusive.

In the present study, the transcriptome-wide circRNAs expres-
sion in coronary artery segments was profiled, and the differential
expression circRNAs were validated in coronary artery segments via
gRT-PCR method in order to explore the relationship between the
circular RNA expression content and severity of coronary athero-

sclerosis in coronary artery.

2 | MATERIALS AND METHODS
2.1 | Study subjects

The coronary artery samples were obtained from an autopsy case
at Department of Human Anatomy in Nanjing Medical University.
Informed consent was obtained from the bereaved family that path-
ological samples were used for the research only, and the autopsy
was conducted according to the guideline of the university. The
methods were performed in accordance with the approved guid-
ing principles, and all experimental protocols were approved by the
ethics committee of the Nanjing Medical University and the First
Affiliated Hospital of Nanjing Medical University.

The overall research technology roadmap of the present study is

shown in Figure S1A-D.

2.2 | Coronary artery segments preparation

The study included one autopsy performed at 2018 at the
Department of Human Anatomy in Nanjing Medical University.
The 81-year-old male subject died from heart attack, and the post-
mortem delay was about 1 hour. At autopsy, epicardial coronary
arteries were removed from the hearts. The epicardial coronary
artery of the autopsy was divided into 10 segments: the proximal
segment, the midsegment, the distal segment of the left anterior
descending (LAD), left circumflex (LCX), right coronary artery
(RCA), respectively, and the left main trunk (LM). And, every coro-
nary artery segment was divided into two groups: RNA group and
pathological group. The segments at the RNA group were snap-
frozen in liquid nitrogen and stored at -80°C for RNA-seq and vali-
dated by gRT-PCR. In addition, the segments at the pathological

group were fixed overnight in 10% formalin and embedded in par-
affin for histological analysis.

2.3 | Pathological analysis

The pathological analysis of the coronary arteries was conducted in
Department of Human Anatomy in Nanjing Medical University. The
specific steps of the pathological examination have been previously
described.*?

Coronary atherosclerosis grade and extent of the coronary ar-
tery segments were analyzed by independent pathologists who at-
tempted to relate them to the current histological grading according
to American Heart Association (AHA) classification guidelines.*®

2.4 | RNA isolation, RNA-Seq library
preparation, and sequencing

Total RNA content in the coronary artery samples was isolated by
TRIzol (15 596 018, Invitrogen) following the manufacturer's in-
structions and detected by an Agilent Bioanalyzer 2100 (Agilent
technologies, US) for a RIN number to inspect RNA integration. RNA
degradation and contamination were detected using a 1% agarose
gel. In addition, NanoPhotometer® spectrophotometer (IMPLEN,
CA, USA) was used to measure RNA purity and concentration. The
input RNA sample material was prepared as a total of 3 p g RNA per
sample. The steps for RNA-Seq library preparation and sequencing

are the same as we previously described.*?

2.5 | Selection of circular RNAs

The differentially expressed circular RNAs that showed a two-fold
or greater change in the coronary artery samples were screened,
and the overlapping among the data sets was illustrated using Venn
diagrams. To further assess the association of circular RNA expres-
sion content with severity of coronary atherosclerosis, the expres-
sion levels of the differentially expressed circulars were validated by

gRT-PCR in coronary artery samples.

2.6 | gRT-PCR

Total RNA (1 ug) was used as a template to prepare cDNA (ReverTra
Ace gPCR RT Kit, TOYOBO, FSQ-101, Japan). The differentially ex-
pressed circRNAs were quantified using SYBR Green Realtime PCR
Master Mix (TOYOBO, QPK-212) on the ABI 7900HT sequence de-
tection system (Applied Biosystems, 7900HT). PCR was performed
with the following thermocycling conditions: An initial 1 minutes at
95°C, followed by 40 cycles of 95°C for 15 seconds, 60°C for 30 sec-
onds. PCR products were gel-extracted and Sanger-sequenced. The

primers were obtained from GeneCreate Bio Co. (Wuhan, China).
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TABLE 2 List of 12 cirRNAs that were co-overexpressed in the left anterior descending and right coronary artery samples

log2.FC

RCA-d
VS.

LAD-d
VS.

LAD-d
VS.

RCA-m

RCA-d vs.
RCA-p

LAD-m
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vs. RCA-p

RCA-m

LAD-p vs. LAD-p

LAD-m LAD-d RCA-p RCA-m RCA-d LAD-m

LAD-p

circRNAs

-1.0429
1.542

-1.3649
-1.458
-10.028

-10.121

-8.9983
-9.9983
-8.4133
-8.9983
8.9221
-10.873
-11.114

1.0117
-2.1176

-8.3998
-10.207
9.2726

-9.3841
-8.0621
1.1514

0
0
0
0

239.2344498
478.4688995

553.1483359
184.3827786
460.9569466
737.5311146

338.7533875 0O
135.501355
135.501355

1016.260163

178.396218
624.386763

0

hsa_circ_0001364

hsa_circ_0002500

-8.5358
-9.8577
-10.536

0

hsa_circ_0002607

8.1255

1.0117

1.0117
10.826

159.4896332
239.2344498

0

292.7400468

0

hsa_circ_0003632

-9.9848
-8.3998
9.6876
10.273

-10.969
-9.3841
-1.134
2.1514

535.188654
178.396218

0
0

hsa_circ_0006041

-1.1119
-9.8577
-9.1208
-9.8577
-9.1208

259.235256

0
0
0
0

553.1483359
460.9569466
276.574168

338.7533875 0O

hsa_circ_0006731

1.0946
2.0725
-1.3649
1.1794
-8.4434

877.1929825

880.7588076 390.3200625

135.501355
135.501355

hsa_circ_0008664

8.1255
-1.8952

1036.682616

585.4800937

0

hsa_circ_0008925

-8.4133
-10.221

-9.9848
-10.722
-9.7217

-8.0621
-9.3841

159.4896332
558.2137161

0

460.9569466
276.574168

535.188654
891.98109
445.990545

hsa_circ_0008985

-1.3102
-1.6321

338.7533875 O
135.501355

hsa_circ_0014174

1.4731

9.9221

-8.0621

518.470512

184.3827786

0

of expression levels of circRNAs by qRT-PCR in the other eight coro-
nary artery segments versus LM are shown in Table S4.

We validated that several of these circRNAs were indeed dif-
ferentially expressed in the artery samples (Figure 1A-J). In ad-
dition, circRNA corresponding cyclization sites of 3 circRNAs
(hsa_circ_0016868, hsa_circ_0001364, and hsa_circ_0006731)
have been verified by Sanger sequencing (Figure 2A-C). Therefore,
the objective circRNA validation rate was 3/27 in the present study.

4 | DISCUSSION

In this study, we reported the circRNAs validation results by qRT-
gPCR measurements in coronary artery samples based on the
RNA-seq profile, and the results revealed that 3 circRNAs (hsa_
circ_0016868, hsa_circ_0001364, and hsa_circ_0006731) have
been verified by qRT-PCR measurements and Sanger sequencing
among 27 differentially expressed circRNAs. Furthermore, the as-
sociation between the expression content of 3 validated circular
RNA and severity of coronary atherosclerosis in coronary artery was
explored.

As endogenous transcripts, circRNAs display differential
expression among species, developmental stages, and various
pathologies. Due to the characteristics of increased stability com-
pared with the linear transcripts, circRNAs have been proposed
as potential candidates for biomarker of diagnostic and thera-
peutic interventions.!® Recently, circRNAs have been explored
in CAD and represented to act important roles in CAD. Wang
et al have identified that two circular RNAs (Hsa_circ_0001879
and Hsa_circ_0004104) as novel biomarkers for CAD.}® Mao
et al demonstrated that the circ-SATB2 regulates vascular smooth
muscle cell proliferation and differentiation through upregulates
STIM1 expression via miR-939.17 Li X et al reported that hsa-cir-
cRNA11783-2 level in peripheral blood is associated with CAD and
type 2 diabetes mellitus.'® However, in the above studies, due to
the absence of experimental confirmation of the circular nature
of the validated circRNAs, the false-positive results by detec-
tion of linear RNA molecules with sequences closely resembled
to the specific backsplice junction have not been avoided.” In
the present study, among 27 differentially expression circRNAs,
10 circRNAs have been validated successfully by means of qRT-
PCR assays. And they have been shown to be expressed differ-
ently in the coronary artery samples. However, only 3 circRNAs
(hsa_circ_0016868, hsa_circ_0001364, and hsa_circ_0006731)
circular nature of the identified transcripts have been verified by
Sanger sequencing. Because circRNAs are subtly expressed in cir-
culating blood, it is difficult to accurately measure their contents
in peripheral blood by gRT-PCR. But in our study, circRNAs were
highly expressed in coronary arteries, and the expression levels
have shown notable difference in different segments of coronary
artery. Hsa_circ_0016868 showed significant subtler expression
levels in LAD-p and LAD-m than LM. Hsa_circ_0001364 had a sig-
nificantly subtler expression in LAD-p, LAD-m, LCX-p, RCA-m, and
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A) Back-splicing junction site
40 50 60
Y N I N N .-
G ATGCATTTCGTG AGAGCCT TAGA

RAC-d compared to LM. Hsa_circ_0006731 was significant subtler
expression in LAD-m and LCX-d than LM. And with the results of

hematoxylin and eosin (H&E), different degrees of coronary ar-

tery stenosis were precisely presented. Moreover, some circRNAs
showed tissue-specific expression patterns in human. This will
help to further explore the relationship between the progression
of coronary atherosclerosis and circRNAs.

It has been reported that the mechanisms involved in cardiovas-
cular aging and the potential for targeting novel pathways implicate
in endothelial dysfunction, mitochondrial oxidative stress, chromatin
remodeling and genomic instability.?® Likewise, it has been reported
that cardiovascular diseases are closely related to the expression
of circRNA and that they point to a high abundance of specific car-
diac-expressed circRNA.?! Besides, upregulation of atherosclero-
sis-susceptible genes, such as indoleamine 2,3-dioxygenasel (IDO1),
MMP8, and CD40, and downregulation of anti-atherosclerosis genes,

such as apolipoprotein Al (ApoA 1), RNASE1, by overexpression of

il
T

FIGURE 2 The cyclization site of
gRT-PCR products confirmed by Sanger
sequencing "A, hsa_circ_0016868, B, hsa_

- -
CGTCT circ_0001364, C, hsa_circ_0006731"

circRNAs in CAD patients might contribute to the pathogenesis of
atherosclerosis and CAD.!' CircRNAs have been demonstrated to
play important roles in a variety of inflammation-related diseases by
acting as miRNA sponges and thus may influence the progression
of coronary atherosclerosis by regulating inflammatory response.??
Therefore, the mechanism of the effect of differentially expressed
circRNAs in coronary arteries on coronary atherosclerosis still needs
to be further explored.

There are still some limitations in this study. The human coro-
nary artery samples of the present study are only from one patient,
and the sample size is a little small; Besides, the verification of the
circRNA profile by gqRT-PCR needs to be conducted in another in-
dependent large-size sample cohort. Additionally, since this study
does not include functional validation assays, it has not been spec-
ulated that circRNA may be involved in the specific mechanisms of
atherosclerosis development. The case died from heart attack, and

postmortem delay was about 1 hour. Therefore, we do not have any
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information of the possible effects of death on the degradation of
circRNAs.

In conclusion, in this work, we found 27 differentially expres-
sion circRNAs and successfully validated 10 circRNAs by gRT-PCR
assays. However, we only verified 3 circRNAs (hsa_circ_0016868,
hsa_circ_0001364, and hsa_circ_0006731) circular nature of the
identified transcripts by Sanger sequencing. The results indicate that
the identified circRNAs may play an important role in the develop-
ment of human atherosclerosis.
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