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ABSTRACT
Objective: Although differentially expressed circRNAs have been proposed to be closely associated with epithelial-mesenchymal transition
(EMT), the roles of circRNAs remain unclear in endothelial-to-mesenchymal transition (EndMT), which is a subcategory of EMT. Herein, we
characterized the expression and potential function of circRNAs during TGF-β1-induced EndMT in rat coronary artery endothelial cells (CAEC).
Methods: High-throughput RNA sequencing was performed for unbiasedly profiling the expression of circRNAs. Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) biological pathway analysis were performed using online forecasting databases. Real-time quantitative polymerase chain reaction (RT-qPCR) was used for confirming the circRNA expression obtained from the sequencing data.
Results: Among the candidated circRNAs, 102 circRNAs were differentially expressed, among which 66 circRNAs and 36 circRNAs were upregulated and down-regulated, respectively, in TGF-β1-treated rat CAEC. GO analysis findings revealed that numerous differentially expressed
circRNAs were closely associated with the biological process. KEGG signaling pathway analysis suggested that the abnormal expression of
circRNAs had been implicated in regulating the dynamics endothelial cell junctions. Furthermore, we also found that three EndMT-related circRNAs, chr5:90817794|90827570, chr8:71336875|71337745, and chr6:22033342|22038870, were significantly up-regulated in TGF-β1-treated rat CAEC.
Conclusion: The findings of this study reveal a comprehensive expression and potential functions of differentially expressed circRNAs during
TGF-β1-induced EndMT. These findings provide mechanistic insights into the role of circRNAs in EndMT-related cardiovascular diseases (CVDs).
(Anatol J Cardiol 2018; 19: 192-7)
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Introduction
Endothelial-to-mesenchymal transition (EndMT) refers to a
pronounced change in the phenotype of normal endothelial cells
that are transdifferentiated into mesenchyma-like cells, which are
characterized by induced α-smooth muscle actin (α-SMA) and
fibroblast-specific protein-1 (FSP-1) expression and collagen deposition (1). On the contrary, specific markers, platelet endothelial
cell adhesion molecule-1 (PECAM-1/CD31) and vascular endothelial-cadherin (VE-cadherin), of endothelial cells are down-regulated (2). The course of EndMT can be accelerated by various
physiologic and pathologic conditions, such as hyperglycemia (3),
hypoxia (4), inflammatory cytokines (5), and a variety of growth
factors (6). Recent reports have documented that a high incidence
of EndMT drives cardiovascular diseases (CVD), including cardiac
neovascularization (7), myocardial fibrosis (8) and atherosclerotic

lesions (9). However, molecular mechanisms responsible for the
development and progression of EndMT remain to be fully established.
The profibrotic factor transforming growth factor β (TGF-β)
plays a crucial role in driving EndMT progression through drosophila mothers against decapentaplegic (Smad)-dependent and
independent manner (6). Aortic endothelial cells are stimulated
with the TGF-β1 mediated induction of α-SMA expression and
concomitant loss in VE-cadherin expression, leading to EndMT
(8). In the process of EndMT, TGF-β1 exerts its biological function
by regulating messenger RNA (mRNA), microRNA (miRNA), and
long non-coding RNA (lncRNA) (10, 11).
Circular RNAs (circRNAs), a known class of special non-coding RNAs, are generally formed by backsplicing and are characterized by high stability, covalently closed continuous loop, without 5' to 3' polarity and polyadenylated tail, which give them the
distinct ability to counteract RNA exonucleolytic digestion (12). Up
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till now, circRNAs have been identified as a special kind of endogenous non-coding RNA, which is ubiquitously expressed in
various normal and abnormal human tissues (13). CircRNAs have
been proposed as significant regulators for understanding growth
and development, tissue regeneration, underlying pathological
mechanisms, and therapeutic targets for diseases. Emerging evidence shows that circRNAs may play essential roles in the initiation and development of CVDs (14, 15). CircRNA_000203 can act
as miRNA sponges in regulating the expression of miR-26b-5p and
contributes to the pro-fibrosis effect in cardiac fibroblasts (14).
Heart-related circRNA protects the heart from pathological hypertrophy and heart failure by targeting miR-223 (16). Moreover, long
non-coding RNA called Antisense Non-coding RNA in the INK4
Locus(ANRIL),one of the INK4/ARF proteins, is reported to play
vital roles in proliferation inhibition in cancer and other diseases
(17). Burd et al. (18) reported that the expression of circular ANRIL
is correlated with the INK/ARF transcription and atherosclerotic
vascular disease atherosclerosis risk. However, the relationship
between circRNAs and TGF-β1-induced EndMT is rarely reported.
Here, we utilized high-throughput sequencing and experimental validation in vitro to uncover the differentially expressed
circRNAs in TGF-β1-treated rat coronary artery endothelial cells
(CAECs). Next, we performed GO and KEGG biological pathway
analysis for predicting potential functions of differentially expressed circRNAs during TGF-β1-induced EndMT. Furthermore,
EndMT-related circRNAs were validated using RT-qPCR.

Methods
Isolation and culture of rat CAECs
Ten-week-old male Wistar rats (body weight, 280±20 g; n=10)
were obtained from Sun Yay-sen University Experimental Animal
Center (Guangzhou, China) and were allowed to acclimate to the
environment for 1 week. Rat CAECs were isolated as described
(19). Isolated cells were resuspended in Dulbecco’s modified
Eagle’s medium (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 20% fetal calf serum (Gibco; Thermo Fisher
Scientific, Inc.) in a 5% CO2 atmosphere at 37°C.
Immunofluorescence staining
Rat CAECs were fixed in 4% paraformaldehyde and permeabilized with 0.3% Trition-X100. After blocking with 10% BSA for 1
h, normal endothelial cells and TGF-β1-treated endothelial cells
were stained for CD31 (Abcam, Cambridge, UK) and FSP-1 (Abcam, Cambridge, UK). And then endothelial cells were incubated
with AlexaFluor-conjugated secondary antibodies (Invitrogen
Technology, USA) at room temperature in the dark for 1 h. Cells
were visualized under a scanning confocal microscope (LSM
510 META, Carl Zeiss, Germany; TCS SP5, Leica, Germany).
High-throughput RNA sequencing of circRNA
Rat CAECs were incubated in 10 ng/ml TGF-β1 (TGF-β1 group)
(Sigma, St. Louis, MO, USA) or vehicle solution (Control group),
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and cells were harvested. Total RNA was extracted using TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with
the manufacturer’s protocol. The concentration and purity of total RNA were measured using NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). After
removing ribosomal RNA and building a library, a high-throughput RNA sequencing was performed. According to the method
by Memczak et al. (20), the clean reads were aligned to the reference genome using Bowtie2 (http://bowtie-bio.sourceforge.net/
bowtie2/manual.shtml). For unmapped reads, the junctions were
picked out using back-splice algorithm. Lastly, circRNAs were
verified with the software developed by Shanghai OE Biotech
(Shanghai, China) which was considered as the reference sequence for further analysis. The expression level of circRNAs
was measured using “Mapped backsplicing junction reads per
million mapped reads” (RPM).
Gene Ontology (GO) enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) biological pathway analysis
Database for Annotation, Visualization and Integrated Discovery was used for analyzing the potential functions of differentially expressed circRNA-host genes. KEGG pathway analysis
was performed for determining the involvement of linear transcripts in different biological pathways, as described (21). KOBAS software was used for testing the statistical enrichment
of the differentially expressed circRNA-host genes in the KEGG
pathways (http://www.genome.jp/kegg/) (22).
Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)
For confirming the sequencing results, RT-qPCR detection
was performed for evaluating the expression levels of circRNAs
using a SYBR Green PCR kit (GeneCopoeia, Inc. Rockville, MD,
USA) with ABI7300 System (Applied Biosystems, Foster City, CA,
USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was utilized for normalizing circRNA expression. The relative
expression levels of circRNAs were calculated using the 2-ΔΔCt
method (23).
Validation of circRNA in Rat CAECs
PCR was performed using these convergent and divergent
primers, with cDNA or gDNA as templates. The PCR procedure
was performed as described (22). PCR products were separated
using agarose gel electrophoresis and visualized with UV-photography (GeneGenius; Syngene; UK).
Statistical analysis
Data are presented mean ± standard deviation for each
group. All statistical analyses were performed using PRISM version 7.0 (GraphPad Software, Inc., La Jolla, CA, USA). Student’s ttest was used for analyzing two-group differences. P<0.001 was
considered to indicate a statistically significant difference.
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Results
Rat CAEC isolation, morphological identification, and
EndMT establishment
After the rat CAEC was isolated, cellular morphology was
identified using phase contrast microscope. The results demonstrated that CAEC had typical endothelial cobblestone morphology (Fig. 1a, 1e). We also found that the CD31+ cells stained positively (green color) (Fig. 1b). Upon cultivation in TGF-β1 (10 ng/ml)
condition for 7 days, rat CAEC acquired the filamentous antennal
morphology, associated with the decreased CD31 expression
and the increased FSP1 expression, typical of EndMT (Fig. 1c,
1d, 1f). These results indicate that TGF-β1-based treatment can
be used for establishing the EndMT cell model.
Endothelial circRNA expression profile in TGF-β1-induced
EndMT
For investigating the differentially expressed circRNAs in
TGF-β1-induced EndMT, Rat CAEC was exposed to TGF-β1 (10
ng/mL) condition for 7 days, and then the circRNA expression
profile was screened using high-throughput circRNA sequencing. Differentially expressed circRNAs were selected using FDR
≤ 0.0001 and log2 (fold change) ≥1 or ≤-1. The results demonstrated that 102 circRNAs were differentially expressed between the
normal control and TGF-β1-treated groups, among which 66 circRNAs and 36 circRNAs were up-regulated and down-regulated,
respectively (Fig. 2a). For further analysis of the potential functions of differentially expressed circRNAs and their host genes,
GO annotations and KEGG pathways analysis were performed.
GO analysis was classified into the following three categories:
cellular component (CC), biological process (BP) and molecular function (MF). Notably, numerous differentially expressed
circRNAs were closely associated with BP, among which the
most enriched and meaningful BP terms were metabolic process, cellular process, CC organization, developmental process,
pigmentation, response to stimulus, localization, and biological
regulation. As for CC, cell, organelle, and cell part were the most
enriched terms. Furthermore, catalytic activity and binding were
the most enriched MF terms (Fig. 2b). KEGG signaling pathway
analysis was performed using their host genes and showed that
20 pathways were filtered according to Risk Factor (<0.05) and
associated with differentially expressed circRNAs and their host
genes. The top seven pathways were as follows: the regulation
of actin cytoskeleton, proteoglycans in cancer, protein processing in endoplasmic reticulum, focal adhesion, endocytosis,
cAMP signaling pathway, and bacterial invasion of epithelial
cells (Fig. 2c).
Verification of key circRNA expression during TGF-β1induced EndMT
Four
circRNAs
(chr5:90817794|90827570,
chr8:71336875|71337745,
chr6:22033342|22038870,
chr11:34060062|34073206) and their host genes associated with the
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Figure 1. TGF-β1-induced EndMT in rat CAEC. The morphology of rat
CAEC was shown as bright field image (a). Immunofluorescence staining
of CD31 (green) in rat CAEC (b). Immunofluorescence staining of CD31
(c) and FSP1 (d) in TGF-β1-treated rat CAEC. E&F: typical morphology
comparison for EndMT in rat CAEC between Control and TGF-β1 group

progression of EndMT were selected and experimentally tested
using RT-qPCR. The expression levels of chr5:90817794|90827570,
chr8:71336875|71337745, and chr6:22033342|22038870 were dramatically increased in TGF-β1-treated rat CAEC compared with
normal control group (p < 0.001) (Fig. 3a); these results showed
the same trend of high-throughput sequencing. However, the expression tendency of chr11:34060062|34073206 showed an inconsistent result between RT-qPCR and high-throughput sequencing. In addition, both convergent and divergent primers were
designed for detecting the circular or linear form of these three
circRNAs (chr5:90817794|90827570, chr8:71336875|71337745, and
chr6:22033342|22038870). The results demonstrated that the
circular form was only amplified using the divergent primers
and cDNA as template; however, the amplified bands showed
no signs of genomic DNA (gDNA) with divergent primers. Both
cDNA and gDNA could amplify linear RNA using convergent
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Figure 2. Endothelial circRNA expression profile in TGF-β1-induced
EndMT. Hierarchical cluster analysis and heat map showed the differently expressed circRNAs in rat CAEC with or without TGF-β1 treatment
(a). GO annotations of differently expressed circRNA-host genes in rat
CAEC with the threshold of P<0.05 were listed (b). KEGG pathway analysis was performed to determine the correlation between differentially
expressed circRNA and pathways during TGF-β1-induced EndMT (c)
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primers by RT-qPCR assay (Fig. 3b). These findings confirmed
that a head-to-tail splicing existed in these circRNAs.

b

14

Control
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Figure 3. Verification of key circRNA expression during TGF-β1-induced
EndMT. EndMT-related circRNAs were validated using RT-qPCR in rat
CAEC with or without TGF-β1 treatment (A). The convergent and divergent primers were designed for detecting the circular or linear form of
EndMT-related circRNAs (B). *P<0.001 vs. Control

In the present study, to the best of our knowledge, we reported for the first time that circRNAs were involved in TGFβ1-induced EndMT in rat CAEC, and 66 of 102 differentially expressed circRNAs were markedly up-regulated and 36 of 102
were down-regulated in TGF-β1-treated rat CAEC. In addition,
102 differentially expressed circRNAs originated from 120 host
genes. We also found that 13 host genes could produce more
than two circRNAs during TGF-β1-induced EndMT.
For elaborating the regulatory roles of circRNAs during TGFβ1-induced EndMT, GO analysis was performed to annotate the
biological functions of host linear transcripts in the progression of EndMT. The most enriched terms were cell, organelle,
cell part, cellular process, and binding, which share similarity
with circRNAs functions (21, 24). CircRNA was reported to bind
to specific miRNAs, which can inhibit the expression of miRNAs
and deregulate the target genes of miRNAs (20, 25). For example,
circCDR1as harbors more than 70 conserved binding sites for
sponging miR-7 (20). Similarly, sex-determining region Y (SRY)based circRNA possesses 18 putative binding sites for miR-138
(25). These circRNAs can bind to miRNAs regulation of functional gene expression.
KEGG signaling pathway analysis suggested that regulation of actin cytoskeleton and focal adhesion were the top two
pathways that were closely connected with circRNAs abnormal
expression during TGF-β1-induced EndMT. The endothelial actin cytoskeletal is involved in cell migration, proliferation, barrier
properties of the endothelium, and vascular remodeling, which
attributes to its contractile machinery and is mediated by the
Rho GTPases (26, 27). Reorganization of the actin cytoskeleton
is also associated with EMT and EndMT, and the expression of
numerous actin regulatory genes is up-regulated (28-30). Cell–
cell adhesion complexes anchored to the actin cytoskeleton are
critical to the establishment of homotypic cell–cell junctions (31).
The expression of endothelial cell–cell adhesion proteins such
as E-cadherin is down-regulated, but mesenchymal markers
such as N-cadherin, vimentin, and fibronectin are up-regulated
in the process of EndMT (32). Both actin cytoskeleton and focal adhesion have been implicated in regulating the dynamics
endothelial cell junctions. These findings suggest that circRNA
may regulate actin cytoskeleton and focal adhesion alteration of
cell–cell junctions during TGF-β1-induced EndMT.
The roles of circRNAs in the endothelial cells have recently
been rapidly elaborated, suggesting that circRNAs mainly exhibits miRNA decoys to regulate the circRNA-miRNA-mRNA interaction network (33-35). For example, circRNA_0010729 regulates
vascular endothelial cell proliferation and apoptosis by inhibiting
miR-186 and induction of HIF-1α (36). CircRNA-HIPK3 can inhibit
miR-30a-3p activity, which leads to the up-regulation of VEGFC,
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FZD4, and WNT2 expression (35). A recent report demonstrates
that the production of numerous abundant circRNAs is regulated
in response to TGF-β-induced EMT in human mammary epithelial cells (37). In this study, circRNAs were regulated as a response to TGF-β in rat CAEC, and endothelial cell–cell adhesion
was closely associated with differentially expressed circRNAs,
suggesting that they carried out functions associated with the
mesenchymal transition. Moreover, TGF-β1 is increased by circRNA_010567 and promotes myocardial fibrosis in diabetic mice
(15). This may create a strong positive feedback loop between
TGF-β1 and circRNAs in some pathologic conditions.
Study limitations
The present study is very preliminary. In vitro and in vivo experiments are needed to investigate the mechanism of the three
End-β-1-induced circRNAs in myocardial fibrosis.

Conclusion
In summary, our data indicated that the abundant and aberrantly expressed circRNAs were explored during TGF-β1-induced
EndMT using high-throughput sequencing technology. Our data
provide rational and mechanistic insights into the role of circRNAs during TGF-β1-induced EndMT. Moreover, we also found
that three EndMT-related circRNAs, chr5:90817794|90827570,
chr8:71336875|71337745, and chr6:22033342|22038870 were significantly up-regulated in TGF-β1-treated rat CAEC. Examining
the roles of individual circRNAs in EndMT-induced myocardial
fibrosis will be the subject of future investigations.
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