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ABSTRACT
Objective: To assess the circular RNAs (circRNAs) expression profile and explore 

the potential functions in human thoracic aortic dissection (TAD). 
Methods: The differentially expressed circRNAs profiles of the aortic segments 

between human type A TAD patients (n=3) and age-matched normal donors (NA; n=3) 
were analyzed using the Arraystar human circRNAs microarray. Quantitative real-time 
PCR was used to validate the expression pattern of circRNAs, parental genes, and 
hsa-miR-320a; Western blotting confirmed MMP9 expression with additional samples. 
Bioinformatic tools including network analysis, Gene ontology, and KEGG pathway 
analysis were utilized.

Results: Among 8,173 detected circRNA genes, 156 upregulated and 
106 downregulated significantly in human TAD as compared to NA (P£0.05). 
Quantitative real-time PCR showed an elevated expression of the upregulated hsa_
circRNA_101238, hsa_circRNA_104634, hsa_circRNA_002271, hsa_circRNA_102771, 
hsa_circRNA_104349, COL1A1, and COL6A3 and reduced of the downregulated 
hsa_circRNA_102683, hsa_circRNA_005525, hsa_circRNA_103458, and FLNA. Gene 
ontology analysis revealed that the parental genes favored several pathological 
processes, such as negative regulation of cell proliferation and extracellular matrix 
organization. The circRNA-miRNA co-expression network predicted that 33 circRNAs 
might interact with at least one target miRNAs altered in TAD. KEGG pathway analysis 
revealed that 28 altered miRNAs were enriched on focal adhesion and vascular smooth 
muscle contraction. The hsa_circRNA_101238-miRNA-mRNA network indicated 
the highest degree of hsa-miR-320a. Quantitative real-time PCR and Western blot 
manifested the low expression of hsa-miR-320a and high of MMP9 in human TAD 
tissues, respectively.

Conclusions: This study revealed hundreds of differentially expressed circular 
RNAs in human TAD, suggesting that hsa_circRNA_101238 might inhibit the 
expression of hsa-miR-320a and increase that of MMP9 in TAD.
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INTRODUCTION

Thoracic aortic dissection (TAD), a life-threatening 
vascular disease, is characterized by the separation of 
aortic wall layers. The key pathological feature of TAD 
is the disruption of the aortic extracellular matrix (ECM) 
and depletion of aortic smooth muscle cells (SMCs) 
[1]. Despite advances in open or endovascular surgical 
techniques and medical therapy over the years, the overall 
morbidity and mortality of TAD remains high [2]. Owing 
to such challenging clinical dilemma, the molecular 
mechanisms responsible for initiating the dissection are 
not yet elucidated.

Hitherto, studies are primarily focused on mutations 
in several categories of TAD-associated protein-coding 
genes such as ECM genes (FBN1, LOX, COL3A1) [3-5] 
and SMCs genes (ACTA2, MYH11, FLNA) [6-8], which 
partially elucidated the general pathological processes 
of TAD. Recently, non-coding RNAs (ncRNAs) have 
been reported to play critical roles in aortic neurysmal 
disease[9]. Therefore, excluding the protein functions, 
efforts should be emphasized on understanding the 
non-protein functions in the progression of TAD and 
investigating the functions of ncRNAs that have received 
extensive attention due to their differential expression 
in TAD and normal aorta tissue [10, 11]. MicroRNAs 
(miRNAs), the most studied ncRNAs, have been shown 
to contribute towards the altered ECM and SMCs in an 
aortic aneurysm and dissection [9, 12].

Compared with miRNAs, Circular RNAs 
(circRNAs) are another new type of ncRNAs that are 
formed covalently closed loop structures [13]and widely 
expressed in human cells[14]. Most circRNAs are 
competing endogenous RNAs(ceRNA) and show tissue 
and developmental stage-specific expression[15]. It was 
reported that circRNAs could regulate the expression of 
parental gene [16, 17] or function as miRNAs sponges 
[18, 19]. It was demonstrated that circRNAs are involved 
in the progression of several types of diseases, such as 
cancer [20] and Alzheimer’s disease [21]. Moreover, 
some evidence postulates that circRNAs may be involved 
in vascular function. For example, 4464 tissue-specific 
circRNAs were detected in the human normal aorta. 
[22] Also, a recent study showed that circRNAs were 
aberrantly expressed in hypoxia in human umbilical 
endothelial cells and exhibited a physiological function 
in vitro [23]. In addition, circRNA cANRIL may be 
correlated with atherosclerotic vascular disease risk in 
vitro [24, 25]. Nonetheless, these circRNAs studies related 
to vascular function have been conducted on the cellular 
or normal blood vessel level. However, to the best of our 
knowledge, no study has been reported on circRNAs in 
human TAD tissue.

In the present study, we used circRNA microarray 
to acquire circRNA profiles in human TAD tissues as 
compared to normal tissues. Subsequently, we performed 

biomathematical analysis to explore the potential functions 
in human TAD. Thus, these data would lay a foundation 
for future investigations on the molecular functions of 
circRNAs in human TAD.

RESULTS

General profiles of circRNA microarray and 
validation of differentially expressed circRNAs 
using qRT-PCR 

A total of 8,173 circRNAs were detected by 
Arraystar human circRNA Microarray (Supplemental 
Table S5). The differentially expressed circRNAs were 
displayed through fold-change filtering (Figure 1A). 
The volcano plot filter identified the differentially 
altered circRNAs with statistical significance between 
human TAD and NA samples (Figure 1B). Hierarchical 
clustering revealed the circRNA expression in human 
TAD and NA samples (Figure 1C). As a result, 262 
circRNAs were dysregulated in patients with TAD as 
compared to the NA tissue (fold-change≥1.5, P£0.05), 
among which 156 circRNAs were upregulated while 
106 were downregulated (Supplemental Table S6). 
Thus, we summarized the classification of dysregulated 
circRNAs as described below. Among the upregulated 
circRNAs, there were 2 intergenic, 12 sense overlapping, 
19 intronic, and 123 exonic(Figure 1D). Among the 
downregulated circRNAs, 3 were antisense, 5 sense 
overlapping, 9 intronic, and 89 exonic (Figure 1E). 
Moreover, to validate the circRNA microarray profiling 
expression results, qRT-PCR revealed five upregulated 
circRNAs (hsa_circRNA_101238, hsa_circRNA_104634, 
hsa_circRNA_002271, hsa_circRNA_102771, and hsa_
circRNA_104349) and three downregulated circRNAs 
(hsa_circRNA_102683, hsa_circRNA_005525, and 
hsa_circRNA_103458) as shown in Figure 1F. The data 
indicated that qRT-PCR results were in agreement with 
the microarray analysis regarding the expression levels of 
the eight circRNAs.

GO analysis and validation of the dysregulated 
circRNAs 

In order to explore whether circRNAs regulate the 
parental gene transcription, GO analysis of the genes 
producing differently expressed circRNAs was performed. 
Compared to the NA tissues, the data revealed that the gene 
expression profile of linear counterparts of differentially 
over-expressed circRNAs in TAD group favored regative 
regulation of cell proliferation and ECM organization 
(Figure 2A). On the other hand, the GO enrichment 
analysis on the downregulated transcripts of TAD showed 
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Figure 1: Differential expression of circRNAs in aortic tissues. A. Scatter plots are used to evaluate the difference in the 
expression of circRNAs between experimental and control groups. The values plotted on X and Y axes are the averaged normalized signal 
values of each group (log2 scaled). The middle green line indicates no difference between the two groups. The flanking green lines represent 
1.5-fold changes. The circRNAs above the top green line and below the bottom green line indicate >1.5-fold changes between the two 
groups. B. Volcano plots are used for visualizing differential expression between the two different conditions. The vertical lines correspond 
to 1.5-fold (log2 scaled) increase and decrease, respectively, and the horizontal line represents P = 0.05 (−log10 scaled). The red points in 
the plot represent the differentially expressed circRNAs with statistical significance. C. The hierarchical clustering of partial differentially 
expressed circRNAs. ‘Red’ indicates high relative expression, and ‘green’ indicates low relative expression. D. Upregulated circRNAs. E. 
Downregulated circRNAs. F. Validation of the differential expression of eight circRNAs. The data in the figures represents the average ± 
SD. * P < 0.05, and **P < 0.01 by Student’s t-test.
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Table 1: circRNAs that have at least one predicted target miRNA modified in TAD

MRE: miRNA response element.
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that closely related GO terms were actomyosin structure 
organization, actin cytoskeleton organization, and actin 
filament-based process. (Figure 2A). In addition, we also 
validated the upregulated parental genes, COL1A1 and 
COL6A3, and the downregulated parental gene, FLNA, 
between TAD and NA tissues (Figure 2B, 2C).

Construction of the circRNA-miRNA interaction 
network and functional annotations for target 
genes of altered miRNAs

To elucidate the function of circRNAs, the basic 
circRNA-miRNA connectivity was established by 
TargetScan coupled with miRanda. All the differentially 
expressed circRNAs were predicted according to the 
complementary miRNA matching sequence; the targeted 
miRNAs were ranked according to the mirSVR scores, 
thereby identifying the 5 highest ranking candidates (“Top 
5”) for further analysis (Figure 3A). In the panorama 
network, the red rectangle nodes represent upregulated 
circRNAs and the blue rectangle nodes represent 
downregulated circRNAs. Furthermore, 25 upregulated 
and eight downregulated circRNAs (Table 1), which have 

at least one predicted target miRNA modified in TAD were 
selected for further study. A network of circRNA-miRNA 
interaction between the 33 circRNAs described above and 
their target miRNAs was constructed using Cytoscape 
(Figure 3B). In the magnified network, rectangle nodes 
represent circRNAs and oval nodes represent their target 
miRNAs. Red color and blue color represents up and 
down regulation respectively. The co-expression network 
reveals that most of the 33 circRNAs predicted one or two 
TAD-associated miRNAs. Only hsa_circRNA_101238 
established interactions with the three altered miRNAs 
(hsa-miR-320a, hsa-miR-320b, and hsa-miR-320c). Then, 
we annotated target genes of the 28 altered miRNAs, 
which showed a strong correlation with focal adhesion, 
regulation of actin cytoskeleton, and vascular smooth 
muscle contraction (Figure 3C).

Prediction of hsa_circRNA_101238-targeted 
miRNA-mRNA network and validation of the 
expression of hsa-miR-320a and MMP9

In order to explore the potent competing endogenous 
RNA (ceRNA) molecules of circRNAs, the circRNA- 

Figure 2: GO analysis and validation of the dysregulated circRNAs gene symbols. A. GO annotation of the linear counterparts 
of upregulated and downregulated circRNAs with top 10 enrichment score encompassing the domains of physiological processes. Both 
up and down regulated circRNAs are significantly altered with ≥1.5 fold-change and P£0.05. B., C. Validation of the upregulated parental 
genes, COL1A1 and COL6A3, and the down-regulated parental gene, FLNA. 
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miRNA-mRNA network was predicted. According to the 
initial microarray data analysis, the “Top 5” predicted 
miRNA targets of hsa_circRNA_101238 were hsa-miR-
320b, hsa-miR-320a, hsa-miR-138-5p, hsa-miR-593-
5p, and hsa-miR-320c (Figure 4A) out of which, three 
were downregulated in the TAD aortic specimen [4]. 
Therefore, hsa_circRNA_101238 was selected for further 
analysis. The genomic locus of hsa_circRNA_101238 is 
on chromosome 13, and the predicted sequence of the 
best linear transcript is NM_175854. Presuming that hsa_
circRNA_101238 is an upstream molecular sponge for its 

target miRNAs, we predicted a hsa_circRNA_101238-
miRNA-mRNA network using TargetScan and miRanda. 
Through target gene prediction, 46 genes (Supplementary 
Table S7) out of the 5 miRNAs mentioned above were 
collected. Each mRNA was experimentally validated by 
at least one of the following methods including qPCR, 
Western blot, and microarray. Then, the integrated 
hsa_circRNA_101238-miRNA-mRNA network was 
determined (Figure 4B) in parallel with the analysis of the 
effect of hsa_circRNA_101238 on MMP9 expression by 
functioning as a ceRNA. Furthermore, we examined the 
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Figure 3: The circRNA-miRNA co-expression network and functional annotations for target genes of altered miRNAs. 
A. The panorama network comprising 156 upregulated circRNAs (red rectangle nodes), 106 downregulated circRNAs (green rectangle 
nodes), and their top 5 target miRNAs. B. A magnified network consists of 25 upregulated circRNAs(red rectangle nodes) and their 24 target 
downregulated miRNAs (green oval nodes), eight downregulated circRNAs (green rectangle nodes) and their seven target upregulated 
miRNAs (red oval nodes). C. Functional annotations for the target genes of altered miRNAs.
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expression levels of hsa-miR-320a, hsa-miR-138-5p, hsa-
miR-593-5p and MMP9 in the TAD tissues as compared 
to the NA. The low expression of hsa-miR-320a, hsa-miR-
138-5p and hsa-miR-593-5p was validated in the TAD 

tissues using qRT-PCR (Figure 4C), whereas the high 
expression of MMP9 in the TAD tissues was detected by 
Western blotting (Figure 4D). The luciferase reporter was 
constructed to determine whether hsa_circRNA_101238 

Figure 4: The biomathematically predicted hsa_circRNA_101238-targeted miRNA-mRNA network based on 
sequence-pairing prediction and validation for the expression of hsa-miR-320a and MMP9. A.hsa_circRNA_101238 and 
its top 5 predicted miRNA targets. B. 5 miRNAs and 46 genes were targeted in the present hsa_circRNA_101238-miRNA-mRNA network. 
In this figure, hsa-miR-320a exhibited the highest degree, followed by hsa-miR-138-5p, hsa-miR-593-5p, hsa-miR-320b, and hsa-miR-
320c. C. qRT-PCR analysis shows the expression of hsa-miR-320a, hsa-miR-138-5p and hsa-miR-593-5p in the TAD tissues as compared 
to the normal controls. *P<0.05, n = 3. D. Western blot analysis shows the level of MMP9 protein in the TAD tissues as compared to 
NA. β-actin is an internal control. **P < 0.01, n = 3. E. Luciferase reporter analysis of either wild-type or mutant hsa-miR-320a activity. 
hsa_circRNA_101238 was co-transfected with the wild-type or mutant vector. The presented values are the mean ± SEM of 3 different 
preparations *P < 0.05.
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can directly target the hsa-miR-320a. The luciferase 
signal of hsa-miR-320a was suppressed by the wild-type 
hsa_circRNA_101238, whereas the luciferase signal 
of hsa-miR-320a was not affected by the mutant hsa_
circRNA_101238 (Figure 4E).

DISCUSSION

In the present study, we found that the differential 
expression of circRNAs between human TAD tissues 
and normal control tissues was universal. With GO 
analysis of their parental genes and construction of the 
circRNA-miRNA co-expression network, the dysregulated 
circRNAs could be involved in the pathological 
processes of TAD. Importantly, the upregulated hsa_
circRNA_101238 might inhibit the expression of hsa-
miR-320a by acting as an miRNA sponge, and in turn, 
increasing the expressions of several TAD-associated 
mRNAs, especially MMP9. 

Increasing evidence indicates that circRNAs 
expression has spatio-temporal features. 1,903 circRNAs 
were identified in mouse tissues [18]. The expression 
abundance of circRNAs in 13 different human tissues 
were compared [26]. We identified 8173 circRNAs in 
human thoracic aortas as a circRNA-abundant tissue. 
Traditionally, circRNAs mainly arise from back-spliced 
exons [27, 28]. In accordance with previous researches, we 
found nearly 79% upregulated circRNAs belong to exonic 
and 84% downregulated circRNAs belong to exonic. 

The dysregulated circRNAs may regulate the 
expression of parental genes and play a role in the 
pathological processes of diseases. With GO analysis, our 
findings demonstrated that some dysregulated circRNAs 
might participate in the pathological processes of TAD, 
such as negative regulation of cell proliferation, ECM 
organization, actomyosin structural organization, actin 
cytoskeleton organization, and actin filament-based 
process. For example, hsa_circRNA_051799, the most 
upregulated circRNA in the current study, was spliced 
by BAX, which is elevated in apoptotic SMC [29, 30], 
indicating that hsa_circRNA_051799 might negative 
regulation of the cell proliferation. In addition, the 
upregulated circRNAs, hsa_circRNA_081069, hsa_
circRNA_102121, and hsa_circRNA_058819 were derived 
from COL1A2, COL1A1, and COL6A3, respectively. 
The expression of COL1 and COL6, which are the vital 
components of the ECM, is enhanced in TAD [31]. 
Therefore, hsa_circRNA_081069, hsa_circRNA_102121, 
and hsa_circRNA_058819 might promote the ECM 
organization. Moreover, the downregulated circRNAs, 
hsa_circRNA_405537, and hsa_circRNA_064175, were 
spliced from MYH10 and ARPC4. MYH10 and ARPC4, 
members of actomyosin and actin, were not explored 
extensively in TAD; however, MYH11 and ACTA2, 
similar to MYH10 and ARPC4, were demonstrated 
to activate the phenotype of SMCs [6, 7]. Thus, it was 

possible to alter the actomyosin structure organization 
and actin cytoskeleton organization in TAD. Also, 
the downregulated circRNAs, hsa_circRNA_105039, 
hsa_circRNA_105038, hsa_circRNA_092022, and hsa_
circRNA_105040 were spliced from filamin A (FLNA). 
Reportedly, FLNA mutations are associated with TAD 
[8]. A comparative microarray study of gene expression 
profiles in TAD showed a decreased expression of FLNA 
[32]. FLNA is a well-known classic and crucial member in 
actin filament-based process. Thus, hsa_circRNA_105039, 
hsa_circRNA_105038, hsa_circRNA_092022, and hsa_
circRNA_105040 might alter the actin filament-based 
process involved in TAD by regulating FLNA. 

Intriguingly, the circRNA-miRNA co-expression 
network constructed in our study postulated that circRNAs 
might be essential for the development and progression 
of TAD as they harbor the miRNA binding sites. Our 
results also demonstrated that some upregulated circRNAs 
might inhibit the expression of several downregulated 
TAD-associated miRNAs. For instance, the upregulated 
hsa_circRNA_101238 interacted with hsa-miR-320a, 
hsa-miR-320b, hsa-miR-320c, which were reportedly 
downregulated in a miRNAs expression profiling analysis 
of TAD aortic specimen [4]. The upregulated hsa_
circRNA_104634 and hsa_circRNA_104349 interacted 
with hsa-miR-145-3p and hsa-miR-26a-3p, respectively 
that have been demonstrated to increase SMC phenotype 
or apoptosis [23-24]. In addition, we found that some 
downregulated circRNAs might inhibit the expression 
of several upregulated TAD-associated miRNAs. For 
example, the downregulated hsa_circRNA_102683 and 
hsa_circRNA_104033 inhibited hsa-miR-29b-1-5p and 
hsa-miR-195-3p, respectively, which has been shown 
to target the aortic wall apoptosis and ECM degradation 
or stimulation of the collagen remodeling [25-26]. 
Furthermore, we used the KEGG pathway analysis to 
annotate the predicted genes of 28 altered miRNAs. 
According to our annotation, the altered miRNAs 
associated with focal adhesion, vascular smooth muscle 
contraction pathway, and regulation of actin cytoskeleton, 
and that are involved in TAD [9, 30] Hence, together 
with the interactions of TAD-associated miRNA, those 
circRNAs may be critical for the development and 
progression of TAD. 

Additionally, the potential function of hsa_
circRNA_101238 has been analyzed for the first time in 
human TAD. The circRNAs could function as miRNA 
sponges and might compete against other endogenous 
RNAs. ciRS-7 may act as an miR-7 sponge to inhibit 
miR-7 activity, resulting in an increased expression of 
miR-7 target genes [16]. Similarly, SRY was another 
miRNA sponge that harbored 16 binding sites for miR-
138 [13]. Under the circRNA-miRNA-mRNA network, 
we inferred that the upregulated hsa_circRNA_101238 
and the downregulated hsa-miR-320a interaction resulted 
in an elevated expression of several TAD-associated 
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mRNAs such as MMP9. This speculation was partially 
supported by our PCR and Western blot evidence. We 
found that hsa_circRNA_101238 and MMP9 were highly 
expressed in human TAD tissues as compared to NA 
tissues, whereas hsa-miR-320a was lowly expressed. A 
previous study showed that the increased expression of 
MMP9 in human TAD cases was in agreement with our 
results [33]. In addition, MMP9 was directly declined by 
miR-320 via its 3′ UTR target sequences as assessed by 
luciferase reporter gene assays [34]. Also, the expression 
of miR-320a that targets MMP9 mRNA, was significantly 
decreased in B cells in patients with multiple sclerosis 
and may contribute towards an increased blood-brain 
barrier permeability and neurological disability [35]. 
Therefore, hsa_circRNA_101238 may initially inhibit the 
expression of hsa-miR-320a, subsequently increasing the 
expression of the target genes, and finally participating in 
the pathogenesis of TAD. 

There are several limitations in this study. There 
are several limitations in this study. First, the data in this 
study is based on a small sample size. Future studies 
should endeavor to recruit larger number of TAD samples 
to confirm our results. Second, the sample collection time 
in our study was all at day. We will collect the sample 
at night and analysis how circadian rhythm affected the 
circRNA expression. Third, the study of circRNAs in TAD 
has just started, and the functional analysis is imperfect. 
Further functional studies should be done to improve this 
shortcoming in the future.

In conclusion, we found hundreds of differentially 
expressed circular RNAs in patients with TAD as 
compared to the NA tissue. Dysregulated circRNAs in 
human TAD tissue were associated with the pathological 
processes of disruption of the aortic ECM and depletion 
of aortic SMCs. Differentially expressed circular RNAs 
may play essentital roles in the development of TAD by 
regulating the expression of their parental genes or acting 
as miRNA sponges. Importantly, circRNA_101238-miR-
320a-MMP9 axis may be involved in the pathogenesis of 
TAD.

MATERIALS AND METHODS

Patients and specimens

This study was conducted in accordance with the 
Declaration of Helsinki and was approved by the Medical 
Ethics Committee of Guangzhou General Hospital of 
Guangzhou Military Region and Zhongshan Hospital, 
Sun Yat-sen University. Written informed consent 
was obtained from all patients. Aortic specimens were 
collected from six type A TAD patients undergoing aortic 
replacement in the intimal tear position at the hospital in 
2015. Normal thoracic aortas (NA) were obtained from 

six age- and gender-matched organ donors without aortic 
diseases. The specimens were immediately sliced into 
small pieces, frozen in liquid nitrogen, and preserved at 
-80 °C until further usage. For the circRNA microarray 
analysis, three TAD samples and three NA were randomly 
selected. The other six samples (three TAD tissues + three 
NA tissues) were prepared for qRT-PCR and Western blot 
analyses. The clinical characteristics of 12 patients were 
summarized in Supplementary Table 1.

Total RNA isolation and quality control

Total tissue RNA was extracted from human TAD 
and NA tissues using TRIzol reagent (Invitrogen, NY, 
USA), according to the manufacturer’s instructions. The 
quality and concentration of RNA samples (Supplementary 
Table 2) were determined using the NanoDrop ND-
1000 (Thermo Fisher Scientific, Wilmington, DE, 
USA). The genomic DNA (gDNA) contamination 
was excluded and the integrity of the total RNA were 
achieved by electrophoresis on a denaturing agarose gel 
(Supplementary Figure 1). The samples were preserved at 
-80 °C for validation experiments.

RNA labeling and hybridization

Sample labeling and array hybridization were 
performed according to the manufacturer’s protocol 
(Arraystar Inc.). Briefly, total RNA was digested with 
RNase R (Epicentre, Inc.) to remove linear RNAs and 
enrich the circular RNAs. These circular RNAs were 
amplified and transcribed into fluorescent cRNA utilizing 
a random priming method (Arraystar Super RNA Labeling 
Kit; Arraystar). The labeled cRNAs (Supplementary Table 
3) were hybridized onto the Arraystar Human circRNA 
Array V2.0 (8×15 K), with a total of 13,617 circRNA 
probes on the microarray. After washing the slides, the 
arrays were scanned using an Agilent G2505C Scanner. 
Agilent Feature Extraction software (version 11.0.1.1, 
USA) was used to analyze the acquired array images. 

circRNA microarray analysis

Agilent Feature Extraction software (version 
11.0.1.1, USA) was used to analyze the acquired array 
images. Quantile normalization and subsequent data 
processing were performed using the R software (version 
2.15). Low intensity filtering was performed after quantile 
normalization of the raw data and circRNAs that were 
found in at least three of the six samples and were flagged 
in “P” or “M” (“All Targets Value”) for further analysis. 
the log2-ratio was used for Quantile normalization. The 
differentially expressed circRNAs were selected according 
to the fold-change cut-off (fold change≥1.5) and P-value 
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£0.05 or by the Volcano plot filtering. Hierarchical 
clustering was performed to distinguish the circRNA 
expression pattern among the samples. ‘Red’ indicates 
high relative expression, and ‘green’ indicates low relative 
expression.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from TAD and NA 
tissues (three samples from each group, respectively) 
using TRIzol. For circRNA qRT-PCR analysis, out of 8 
circRNAs, top 5 targeted miRNAs associated with TAD 
were selected for further investigation. These differential 
expressions were confirmed using qRT-PCR (in triplicate). 
Divergent primers (instead of commonly used convergent 
primers) were designed and optimized for the eight 
circRNAs. The sequence of circRNA results was acquired 
from the database “circBase” (http://circbase.mdc-berlin.
de). For miRNA and mRNA analysis, total RNA was 
reverse transcribed using random primers. The relative 
expression of circRNAs and miRNA was determined 
using the 2-ΔΔCt method by normalizing the expression 
against that of the housekeeping gene U6, whereas the 
mRNA expression levels were reported relative to that 
of GAPDH. Primers were synthesized by Saicheng 
Biotech (Guangzhou, China) and the sequences listed in 
Supplementary Table 4. 

Gene ontology (GO) and pathway analysis 

We conducted Gene Ontology (GO) analysis (http://
www.geneontology.org) to construct an annotation of 
genes and gene products in a wide variety of organisms. 
The gene functions encompassed physiological processes, 
molecular functions, and cellular components. The log10 
(P-value) denoted the enrichment score representing the 
significance of GO term enrichment among differentially 
expressed genes. The KEGG pathway analysis determined 
the involvement of target genes in different physiological 
processes. Also, the log10 (P-value) represented the 
significant enrichment score of the pathway correlations.

Identification of the circRNA-miRNA connectivity

The circRNA-miRNA connectivity was predicted 
with Arraystar’s home-made miRNA target prediction 
software based on TargetScan & miRanda. In order 
to establish circRNA-miRNA network, the Arraystar 
software was used to search MREs on the 262 
differentially expressed circRNAs, which were selected 
the top 5 putative target miRNAs according to seed match 
sequences. Next , the defined group of miRNAs, which 
were previously described as differentially expressed in 
TAD [10, 11, 36-39], were used for a MRE sequence 

analysis. The map of circRNA-miRNA interaction 
network was illustrated by Cytoscape3.01.

Prediction for circRNA-miRNA-mRNA network

Hsa_circ_101238 was used as a bait to enrich 
the circRNA-miRNA-mRNA network according to the 
miRNA target prediction GCBI (https://www.gcbi.com.
cn/gclib/html/index) based on TargetScan coupled with 
miRanda. Cytoscape was employed to build a circRNA-
miRNA-mRNA network of hsa_circ_101238. 

Luciferase reporter assay

Cells were seeded in 96-well plates at a density of 
5×103 cells per well 24 h before transfection. The cells 
were transfected with wild-type or mutated reporter 
vectors, miRNA mimics, miRNA inhibitor, and negative 
control. Lysates were harvested 24 h after transfection. 
Renilla luciferase activities were consecutively measured 
according to the dual-luciferase assay manual (Promega).

Western blot

Protein was extracted using lysis buffer and the 
concentration determined by a bicinchoninic acid (BCA) 
protein assay kit. The extract was resolved on a 12% 
SDS-PAGE and transferred to PVDF membranes. After 
blocking for 2 h, the membranes were incubated with 
primary antibody against MMP9 (1:500, Santa Cruz 
Biotechnology; Santa Cruz, CA, USA) at 4 °C overnight, 
followed by appropriate HRP conjugated secondary 
antibody at room temperature for 2 h. The immunoreactive 
bands were visualized by ECL and normalized to β-actin 
used as an internal control.

Statistical analysis

An unpaired Student’s t-test estimated the fold-
changes that were filtered to describe the differentially 
expressed circRNAs in TAD. A robust detection was 
evaluated with the following definition for statistical 
significance: a probe was selected as differentially 
expressed with a P≤0.05 and a fold-change ≥1.5; a probe 
was selected as differentially repressed with a P≤0.05 and 
a fold change ≥-1.5. The false discovery rate(FDR) was 
calculated to correct the P-value on microarray analysis. 
All other statistical data were analyzed by GraphPad 
Prism 5.0 (GraphPad Software, La Jolla, CA, USA). The 
significance of qRT-PCR and Western blot between the 
TAD and the NA tissue groups was assessed by Student’s 
t-test and P < 0.05 was considered statistically significant.
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filamin A; MMP9, matrix metalloproteinase 9; ECM, 
extracellular matrix; SMCs, smooth muscle cells.

ACKNOWLEDGMENTS AND FUNDING

This study was supported by grants to Jianping Bin 
from the National Basic Research Program of China (973 
Program) (No.2013CB733804), National Natural Science 
Foundation of China (No. 81571698, No. 81227801 
and No. 81271640), and the Team Program of Natural 
Science Foundation of Guangdong Province, China 
(S2011030003134).

CONFLICTS OF INTEREST

The authors declare that they have no competing 
interests.

REFERENCES

1. He R, Guo DC, Estrera AL, Safi HJ, Huynh TT, Yin Z, 
Cao SN, Lin J, Kurian T, Buja LM, Geng YJ, Milewicz 
DM. Characterization of the inflammatory and apoptotic 
cells in the aortas of patients with ascending thoracic aortic 
aneurysms and dissections. J Thorac Cardiovasc Surg. 
2006; 131:671–78. 

2. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry 
JD, Borden WB, Bravata DM, Dai S, Ford ES, Fox CS, 
Franco S, Fullerton HJ, Gillespie C, et al, and American 
Heart Association Statistics Committee and Stroke Statistics 
Subcommittee. Heart disease and stroke statistics—2013 
update: a report from the American Heart Association. 
Circulation. 2013; 127:e6–245. 

3. Dietz HC, Cutting GR, Pyeritz RE, Maslen CL, Sakai LY, 
Corson GM, Puffenberger EG, Hamosh A, Nanthakumar 
EJ, Curristin SM, Stetten G, Meyers DA, Francomano CA. 
Marfan syndrome caused by a recurrent de novo missense 
mutation in the fibrillin gene. Nature. 1991; 352:337–39. 

4. Guo DC, Regalado ES, Gong L, Duan X, Santos-Cortez 
RL, Arnaud P, Ren Z, Cai B, Hostetler EM, Moran R, Liang 
D, Estrera A, Safi HJ, et al, and University of Washington 
Center for Mendelian Genomics. LOX Mutations 
Predispose to Thoracic Aortic Aneurysms and Dissections. 
Circ Res. 2016; 118:928–34. 

5. Superti-Furga A, Gugler E, Gitzelmann R, Steinmann B. 
Ehlers-Danlos syndrome type IV: a multi-exon deletion in 
one of the two COL3A1 alleles affecting structure, stability, 

and processing of type III procollagen. J Biol Chem. 1988; 
263:6226–32.

6. Guo DC, Pannu H, Tran-Fadulu V, Papke CL, Yu RK, 
Avidan N, Bourgeois S, Estrera AL, Safi HJ, Sparks 
E, Amor D, Ades L, McConnell V, et al. Mutations in 
smooth muscle alpha-actin (ACTA2) lead to thoracic aortic 
aneurysms and dissections. Nat Genet. 2007; 39:1488–93. 

7. Zhu L, Vranckx R, Khau Van Kien P, Lalande A, Boisset 
N, Mathieu F, Wegman M, Glancy L, Gasc JM, Brunotte F, 
Bruneval P, Wolf JE, Michel JB, Jeunemaitre X. Mutations 
in myosin heavy chain 11 cause a syndrome associating 
thoracic aortic aneurysm/aortic dissection and patent ductus 
arteriosus. Nat Genet. 2006; 38:343–49. 

8. Sheen VL, Jansen A, Chen MH, Parrini E, Morgan T, 
Ravenscroft R, Ganesh V, Underwood T, Wiley J, Leventer 
R, Vaid RR, Ruiz DE, Hutchins GM, et al. Filamin A 
mutations cause periventricular heterotopia with Ehlers-
Danlos syndrome. Neurology. 2005; 64:254–62. 

9. Duggirala A, Delogu F, Angelini TG, Smith T, Caputo M, 
Rajakaruna C, Emanueli C. Non coding RNAs in aortic 
aneurysmal disease. Front Genet. 2015; 6:125. 

10. Liao M, Zou S, Weng J, Hou L, Yang L, Zhao Z, Bao J, 
Jing Z. A microRNA profile comparison between thoracic 
aortic dissection and normal thoracic aorta indicates the 
potential role of microRNAs in contributing to thoracic 
aortic dissection pathogenesis. J Vasc Surg. 2011; 53:1341–
1349.e3. 

11. Wang XJ, Huang B, Yang YM, Zhang L, Su WJ, Tian L, 
Lu TY, Zhang S, Fan XH, Hui RT. Differential expression 
of microRNAs in aortic tissue and plasma in patients with 
acute aortic dissection. J Geriatr Cardiol. 2015; 12:655–61.

12. Fu XM, Zhou YZ, Cheng Z, Liao XB, Zhou XM. 
MicroRNAs: Novel Players in Aortic Aneurysm. BioMed 
research international. 2015; 2015:831641.

13. Li J, Yang J, Zhou P, Le Y, Zhou C, Wang S, Xu D, Lin 
HK, Gong Z. Circular RNAs in cancer: novel insights into 
origins, properties, functions and implications. Am J Cancer 
Res. 2015; 5:472–80.

14. Salzman J, Gawad C, Wang PL, Lacayo N, Brown PO. 
Circular RNAs are the predominant transcript isoform from 
hundreds of human genes in diverse cell types. PLoS One. 
2012; 7:e30733. 

15. Guo JU, Agarwal V, Guo H, Bartel DP. Expanded 
identification and characterization of mammalian circular 
RNAs. Genome Biol. 2014; 15:409. 

16. Zhang Y, Zhang XO, Chen T, Xiang JF, Yin QF, Xing YH, 
Zhu S, Yang L, Chen LL. Circular intronic long noncoding 
RNAs. Mol Cell. 2013; 51:792–806. 

17. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, Zhong G, 
Yu B, Hu W, Dai L, Zhu P, Chang Z, Wu Q, et al. Exon-
intron circular RNAs regulate transcription in the nucleus. 
Nat Struct Mol Biol. 2015; 22:256–64. 

18. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger 
J, Rybak A, Maier L, Mackowiak SD, Gregersen LH, 



Oncotarget81837www.impactjournals.com/oncotarget

Munschauer M, Loewer A, Ziebold U, Landthaler M, et 
al. Circular RNAs are a large class of animal RNAs with 
regulatory potency. Nature. 2013; 495:333–38. 

19. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, 
Damgaard CK, Kjems J. Natural RNA circles function as 
efficient microRNA sponges. Nature. 2013; 495:384–88. 

20. Li Y, Zheng Q, Bao C, Li S, Guo W, Zhao J, Chen D, Gu 
J, He X, Huang S. Circular RNA is enriched and stable in 
exosomes: a promising biomarker for cancer diagnosis. Cell 
Res. 2015; 25:981–84. 

21. Lukiw WJ. Circular RNA (circRNA) in Alzheimer’s disease 
(AD). Front Genet. 2013; 4:307. 

22. Xia S, Feng J, Lei L, Hu J, Xia L, Wang J, Xiang Y, Liu 
L, Zhong S, Han L, He C. Comprehensive characterization 
of tissue-specific circular RNAs in the human and mouse 
genomes. Brief Bioinform. 2016 Aug 20. [Epub ahead of 
print]. 

23. Boeckel JN, Jaé N, Heumüller AW, Chen W, Boon RA, 
Stellos K, Zeiher AM, John D, Uchida S, Dimmeler S. 
Identification and Characterization of Hypoxia-Regulated 
Endothelial Circular RNA. Circ Res. 2015; 117:884–90. 

24. Burd CE, Jeck WR, Liu Y, Sanoff HK, Wang Z, Sharpless 
NE, Sharpless NE. Expression of linear and novel circular 
forms of an INK4/ARF-associated non-coding RNA 
correlates with atherosclerosis risk. PLoS Genet. 2010; 
6:e1001233. 

25. Holdt LM, Stahringer A, Sass K, Pichler G, Kulak NA, 
Wilfert W, Kohlmaier A, Herbst A, Northoff BH, Nicolaou 
A, Gäbel G, Beutner F, Scholz M, et al. Circular non-coding 
RNA ANRIL modulates ribosomal RNA maturation and 
atherosclerosis in humans. Nat Commun. 2016; 7:12429. 

26. Leeper NJ, Raiesdana A, Kojima Y, Chun HJ, Azuma J, 
Maegdefessel L, Kundu RK, Quertermous T, Tsao PS, Spin 
JM. MicroRNA-26a is a novel regulator of vascular smooth 
muscle cell function. J Cell Physiol. 2011; 226:1035–43. 

27. Cordes KR, Sheehy NT, White MP, Berry EC, Morton 
SU, Muth AN, Lee TH, Miano JM, Ivey KN, Srivastava D. 
miR-145 and miR-143 regulate smooth muscle cell fate and 
plasticity. Nature. 2009; 460:705–10.

28. Merk DR, Chin JT, Dake BA, Maegdefessel L, Miller 
MO, Kimura N, Tsao PS, Iosef C, Berry GJ, Mohr FW, 
Spin JM, Alvira CM, Robbins RC, Fischbein MP. miR-
29b participates in early aneurysm development in Marfan 
syndrome. Circ Res. 2012; 110:312–24. 

29. Zampetaki A, Attia R, Mayr U, Gomes RS, Phinikaridou A, 
Yin X, Langley SR, Willeit P, Lu R, Fanshawe B, Fava M, 
Barallobre-Barreiro J, Molenaar C, et al. Role of miR-195 
in aortic aneurysmal disease. Circ Res. 2014; 115:857–66. 

30. Bachmayr-Heyda A, Reiner AT, Auer K, Sukhbaatar N, 
Aust S, Bachleitner-Hofmann T, Mesteri I, Grunt TW, 
Zeillinger R, Pils D. Correlation of circular RNA abundance 
with proliferation—exemplified with colorectal and ovarian 
cancer, idiopathic lung fibrosis, and normal human tissues. 
Sci Rep. 2015; 5:8057. 

31. Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, 
Bartok O, Hanan M, Evantal N, Memczak S, Rajewsky N, 
Kadener S. circRNA biogenesis competes with pre-mRNA 
splicing. Mol Cell. 2014; 56:55–66. 

32. Vicens Q, Westhof E. Biogenesis of Circular RNAs. Cell. 
2014; 159:13–14. 

33. Durdu S, Deniz GC, Balci D, Zaim C, Dogan A, Can A, 
Akcali KC, Akar AR. Apoptotic vascular smooth muscle 
cell depletion via BCL2 family of proteins in human 
ascending aortic aneurysm and dissection. Cardiovasc Ther. 
2012; 30:308–16. 

34. Wu D, Shen YH, Russell L, Coselli JS, LeMaire SA. 
Molecular mechanisms of thoracic aortic dissection. J Surg 
Res. 2013; 184:907–24. 

35. Sariola H, Viljanen T, Luosto R. Histological pattern and 
changes in extracellular matrix in aortic dissections. J Clin 
Pathol. 1986; 39:1074–81. 

36. Weis-Müller BT, Modlich O, Drobinskaya I, Unay D, 
Huber R, Bojar H, Schipke JD, Feindt P, Gams E, Müller 
W, Goecke T, Sandmann W. Gene expression in acute 
Stanford type A dissection: a comparative microarray study. 
J Transl Med. 2006; 4:29. 

37. Wang X, LeMaire SA, Chen L, Shen YH, Gan Y, Bartsch 
H, Carter SA, Utama B, Ou H, Coselli JS, Wang XL. 
Increased collagen deposition and elevated expression of 
connective tissue growth factor in human thoracic aortic 
dissection. Circulation. 2006; 114:I200–05. 

38. Bronisz A, Godlewski J, Wallace JA, Merchant AS, 
Nowicki MO, Mathsyaraja H, Srinivasan R, Trimboli 
AJ, Martin CK, Li F, Yu L, Fernandez SA, Pécot T, et 
al. Reprogramming of the tumour microenvironment by 
stromal PTEN-regulated miR-320. Nat Cell Biol. 2011; 
14:159–67. 

39. Aung LL, Mouradian MM, Dhib-Jalbut S, Balashov 
KE. MMP-9 expression is increased in B lymphocytes 
during multiple sclerosis exacerbation and is regulated by 
microRNA-320a. J Neuroimmunol. 2015; 278:185–89. 


