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Hsa_circ_0001879 promotes the progression of atherosclerosis by regulating the 
proliferation and migration of oxidation of low density lipoprotein (ox-LDL)- 
induced vascular endothelial cells via the miR-6873-5p-HDAC9 axis
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ABSTRACT
Atherosclerosis (AS) is a typical vascular disease. Emerging evidence has shown that circRNAs play 
key roles in the progression of AS, but the potential function and underlying mechanism of 
hsa_circ_0001879 remains unknown. We detected the expression level of hsa_circ_0001879 was 
determined by qRT-PCR, and the proliferation rate and migration ability of HUVECs were mea
sured by CCK-8 assay and Transwell assay, respectively. Proliferative markers and epithelium 
mesenchymal transition (EMT) markers were measured through immunoblotting. A dual luciferase 
activity assay was performed to detect the interaction between circRNAs, miRNAs, and mRNAs. 
Hsa_circ_0001879 was upregulated in AS patients. Hsa_circ_0001879 inhibited the proliferation 
and migration ability of Human umbilical vein endothelial cells (HUVECs). Hsa_circ_0001879 
directly bound to miR-6873-5p and acted as a sponge. miR-6873-5p-induced HDAC9 mRNA 
degradation was inhibited by hsa_circ_0001879. Hsa_circ_0001879 decreased the proliferation 
and migration of HUVECs by inhibiting miR-6873-5p-induced HDAC9 degradation.
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Background

Atherosclerosis (AS) is a major chronic disease char
acterized by the formation of atherosclerotic plaques, 
which pose a high risk to the cardiovascular system 
[1]. During the progression of AS, endothelial cells 
(ECs) and smooth muscle cells are the key agents 
regulating the progression of AS [2–4]. The pathogen
esis of AS can be summarized as follows: an increase in 
oxidation of low density lipoprotein (ox-LDL), the 
dysfunction of ECs and an increase in the apoptosis 
of ECs caused by mitochondrial damage [5]. 
Discovering the potential mechanism of ox-LDL in 
the progression of AS will help us better understand its 
pathogenesis.

circRNAs are noncoding RNAs formed through 
the back-splicing of pre-mRNAs. circRNAs do not 
have a polyA tail or cap [6]. With the advancement 
of high-throughput sequencing, circRNAs were 
reported to be involved in the progression of AS [7]. 

Hsa_circ_0001445 reverses ox-LDL-induced inhibi
tion of HUVEC proliferation by targeting SRSF1 [8]. 
Inhibiting circ_UBR4 (hsa_circ_0010283) suppressed 
the proliferation, migration, and cell cycle progression 
of human vascular smooth muscle cells and promotes 
the progression of AS [9]. Circ_0004104 protects vas
cular endothelial cells from low-density lipoprotein- 
induced dysfunction by targeting the miR-328-3p/ 
TRIM14 axis [10]. Circ_0093887 upregulates 
CCND2 and SUCNR1 expression to inhibit ox-LDL- 
induced endothelial cell dysfunction by functioning as 
a miR-876-3p sponge to compete with endogenous 
RNA [11], circ-SATB2 was upregulated in proliferat
ing vascular smooth muscle cells (VSMCs) and regu
lated the phenotypic differentiation, proliferation, 
migration and apoptosis of VSMCs by miR-939- 
STIM1 axes [12], hsa_circ_0004104 was reported to 
regulated the macrophage function and was suggested 
as a potential therapy target for AS [13]. CicRNA
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circANRIL from the INK4/ARF locus was reported to 
regulate the expression of INK4/ARF and be asso
ciated with atherosclerotic vascular disease (ASVD) 
risk as well [14]. hsa_circ_0001879 was reported to be 
the biomarker of coronary artery disease [15], how
ever, the potential function and underlying mechan
ism was still unknown.

In this study, we hypothesized that hsa_
circ_0001879 was engaged in the progression of AS 
and we tried to uncover the underlying mechanism, 
thus, we evaluated the expression of hsa_circ_0001879 
in AS patients and found that hsa_circ_0001879 was 
upregulated. After establishing stable cell lines, the 
proliferation rate and migration ability of the cells 
were detected by CCK-8 assay and Transwell assay, 
respectively. Hsa_circ_0001879 inhibited the prolif
eration and migration of HUVECs. A dual luciferase 
activity assay showed that hsa_circ_0001879 inhibited 
miR-6873-5p-induced HDAC9 degradation by acting 
as a competing endogenous RNA.

Results

Hsa_circ_0001879 was upregulated in AS 
patients and ox-LDL-treated HUVECs

We hypothesized that hsa_circ_0001879 was engaged 
in the progression of AS and we tried to uncover the 
underlying mechanism, thus, we evaluated the expres
sion of hsa_circ_0001879 in AS patients and found 
that hsa_circ_0001879 was upregulated. After estab
lishing stable cell lines, the proliferation rate and 
migration ability of the cells were detected by CCK-8 
assay and Transwell assay, respectively. 
Hsa_circ_0001879 inhibited the proliferation and 
migration of HUVECs. A dual luciferase activity 
assay showed that hsa_circ_0001879 inhibited miR- 
6873-5p-induced HDAC9 degradation by acting as 
a competing endogenous RNA.

To detect the expression level of hsa_circ_0001879 
in AS, we collected 20 samples from 20 AS patients 
and 20 normal tissues from volunteers. qRT-PCR was 
performed to measure the expression of hsa_
circ_0001879. The results are shown in Figure 1a. 
Hsa_circ_0001879 expression was upregulated in AS 
patients. We next treated HUVECs with ox-LDL at 
different concentrations (mg/ml), and changes in cell 
viability (Figure 1b,*,p < 0.05,**,p < 0.01,***,p < 0.001) 
and the apoptosis rate were measured(Figure 1c,*, 

p < 0.05,**,p < 0.01,***,p < 0.001). Cell viability 
decreased with the application of ox-LDL, and the 
apoptosis rate increased. The expression level of hsa_
circ_0001879 was increased in ox-LDL treated 
HUVECs in dosage dependent manner (Figure 1d,*, 
p < 0.05,**,p < 0.01,***,p < 0.001).

Hsa_circ_0001879 inhibited the proliferation and 
migration of ox-LDL-treated HUVECs

To determine the biology and underlying mechanism 
of hsa_circ_001879, we established stable overexpres
sion and knockdown cell lines. The results are shown 
in Figure 2a (***, p < 0.001). We next detected the 
viability and migration ability of ox-LDL-treated 
HUVECs (100 mg/ml). The results showed that ox- 
LDL inhibited the proliferation (Figure 2b, p < 0.001) 
and migration of HUVECs (Figures 2c,Figures 2d, *, 
p < 0.05, **, p < 0.01, ***, p < 0.001). This inhibition 
was completely relieved by knocking down hsa_
circ_0001879. Overexpression of hsa_circ_0001879 
had a cooperative effect with ox-LDL.

Hsa_circ_0001879 inhibited the expression of 
proliferation markers and the EMT

After showing that hsa_circ_0001879 inhibited the 
proliferation and migration of HUVECs, we measured 
the expression of PCNA and EMT markers, which are 
key markers reflecting the proliferation status and 
migration ability of cells. The results showed that 
PCNA expression was decreased in ox-LDL-treated 
cells and was restored in sh-hsa_circ_0001879 cells 
and decreased in hsa_circ_0001879-overexpressing 
cells (Figure 3).

Hsa_circ_0001879 directly targeted miR-6873-5p 
as a competing endogenous RNA

circRNAs exerts their functions by acting as com
peting endogenous RNAs (ceRNAs). We searched 
the circRNA database and identified miR-6873-5p 
as a potential target miRNA. We first measured 
the expression of miR-6873-5p in AS patient sam
ples. The results showed that miR-6873-5p was 
downregulated in the samples obtained from AS 
patients (Figure 4a, ***, p < 0.001). We next mea
sured miR-6873-5p in the stable cell line and ox- 
LDL-treated HUVECs (Figures 4b,4c, *, p < 0.05,
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**, p < 0.01, ***, p < 0.001). miR-6873-5p expres
sion was upregulated in hsa_circ_0001879- 
overexpressing cells but was decreased in hsa_
circ_0001879-knockdown cell lines. The interac
tion between circRNAs and miRNAs was 
mediated by Ago2. We next performed a RIP 
assay and detected hsa_circ_0001879 and miR- 
6873-5p. The results showed that hsa_
circ_0001879 and miR-6873-5p were present in 
the protein-RNA complex (Figure 4d). We next 
established a mutant (mut) hsa_circ_0001879 
allele. We re-transfected the mut allele into the 
hsa_circ_0001879-knockdown cell lines and over
expressed the mut allele in HUVECs (figure 4f, 
***, p < 0.001). The results showed that miR- 
6873-5p was not restored in the mut allele-re- 
expressing cell lines and that cells transfected 
with mut hsa_circ_0001879 had no influence on 
miR-6873-5p, (Figure 4g, ***,p < 0.001).

Hsa_circ_0001879 inhibited miR-6873-5p- 
induced HDAC9 degradation

By searching TargetScan, we identified HDAC9 
as a potential target gene of miR-6873-5p. We 
first measured HDAC9 mRNA levels in cell 
lines. HDAC9 was decreased in hsa_
circ_0001879-knockdown cells at both the 
mRNA and protein levels (Figures 5a,Figures 5b, 
***, p < 0.001). The potential binding site of 
HDAC9 and miR-6873-5p is shown in 
Figure 5c. We performed a dual luciferase activity 
reporting assay. The results showed that the luci
ferase activity increased in the MUT-HDAC9 
cells compared with the control WT-HDAC9 
cells, and this result further confirmed the inter
action (Figure 5d, ***, p < 0.001). We next trans
fected a miR-6873-5p inhibitor into the 
hsa_circ_0001879-knockdown cell line and 
a miR-6873-5p mimic into hsa_circ_0001879-

Figure 1. Hsa_circ_0001879 in upregulated in AS patients and ox-LDL-treated HUVECs. (a) 20 AS samples and 20 normal tissues 
were enrolled. The expression of hsa_circ_0001879 was measured and normalized. ***,p < 0.001. (b) HUVECs were treated with ox- 
LDL with different concentration (mg/ml). The relative cell viability and apoptosis rate (c) was measured, *, p < 0.05, **, p < 0.01, ***, 
p < 0.001.D, HUVECs were treated with ox-LDL and the relative level of hsa_circ_0001879 was detected and normalized, *, p < 0.05, 
**, p < 0.01, ***, p < 0.001.
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Figure 2. Hsa_circ_0001879 inhibits proliferation and migration of HUVECs. (a) we established hsa_circ_0001879 knocking down cell 
line using junction specific shRNA and overexpression cell line. hsa_circ_0001879 was detected and normalized to control, ***, p 
< 0.001. (b) after establishing stable cell line, ox-LDL was added (100 mg/ml) and relative cell viability was detected. (c) 
representative image of transwell assay of different cell lines.D, the statistical analysis of cells with indicated modifications in 
HUEVCs in (c), ***, p < 0.001.
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overexpressing cells. The results showed that the 
expression of HDAC9 was completely restored in 
both cell lines(Figure 5d). We next measured 
HDAC9 expression in cells cotransfected with 
mut hsa_circ_0001879. HDAC9 remained 
unchanged in the cells transfected with mut 
hs_circ_0001879. The results indicated that hsa_
circ_0001879 inhibited miR-6873-5p-induced 
HDAC9 degradation(Figure 5e).

Methods

Patient information and clinical sample collection
AS samples and normal tissues were randomly 

collected from patients in the department of 
Cardiology, Guangdong Provincial Hospital of 
Traditional Chinese Medicine; The Second 
Affiliated Hospital of Guangzhou University of 
Chinese Medicine. The including criteria was 
detailed as below: samples from patients with per
ipheral vascular AS were included and the samples 
were confirmed by pathologists. The normal tis
sues were normal peripheral vascular tissues from 
donors. This study was approved by the Ethics 
Committee of The Department of Cardiology, 
Guangdong Provincial Hospital of Traditional 

Chinese Medicine; The Second Affiliated Hospital 
of Guangzhou University of Chinese Medicine. 
Clinical samples were collected from patients 
after written and informed consent was obtained.

Stable cell line construction

The hsa_circ_0001879 plasmid was generated by 
chemical synthesis of the complete sequence of 
hsa_circ_0001879, and additional circularization 
promoter ALU sequences were added upstream 
and downstream, the sequence was detailed as 
below: 5ʹTCTGACAACTGAACTGCTCTCGCCT 
TGAACCTGTTTTGGCACTAA AATAAAATCT 
GTTCAATTAACGAATTCTGAAATATGCTAT
CTTACAG -GTGAATATATTTTTTCTTGAGGA 
TCCACTAATTTGGGATGATAACGCCAAAAC
AGGTTCAAGGCGAGAGCAGTTCAGTTGTC
AGAA3ʹ, the sequence of hsa_circ_0001879 was 
cloned between AG and GT in the blank. The 
hsa_circ_0001879 shRNA-1 sequence was 
GGCTGTTCGGGAAAGTGTCAA, and the 
shRNA-2 sequence was CGGCTGTTCGGGAAA 
GTGTCA. The plasmids were transfected with 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s

Figure 3. Hsa_circ_0001879 promotes the expression of PCNA and EMT progress. Cells with indicated modification was collected 
and subjected to immunoblotting, PCNA and EMT markers were measured.
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Figure 4. Hsa_circ_0001879 interacted with miR-6873-5p and act as compete endogenous RNA. (a) the miRNA-6873-5p level of the whole 
in-house cohort was detected and normalized, ***, p < 0.001. (b) the miRNA-6873-5p in different cell lines was detected and normalized, 
***, p < 0.001. (c) HUVECs were treated with ox-LDL with different concentration (mg/ml), the relative miRNA level was detected, *, p 
< 0.05, **, p < 0.01, ***, p < 0.001. (d) RIP assay using AGO2 antibody and control IgG was applied. Relative hsa_circ_0001879 and miR- 
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instructions. After transfecting, cells were treated 
with puromycin for 3 days and stable cell lines 
were established.

qRT-PCR analysis

Tissues and cells were harvested and lysed with 
TRIzol (Sigma 93,289) following the manufact- 
urer’s protocol. After purification and reverse 
transcription, cDNA was harvested. Specific pri- 

mers were used for gene amplification. qPCR was 
performed using the SYBR Green detection 
RT-PCR system (Takara Bio, Inc.) with RT mix 
(cat. no., RR036B; Takara Bio, Inc.) and SYBR 
Green (cat.no., 740,703; Takara Bio, Inc.). The 
thermocycling conditions were as follows: initial 
denaturation at 95°C for 5 s; 40 cycles at 95°C for 5 
s of denaturation, 95°C for 35 s and 60°C for 30 s 
for annealing and elongation and 60°C for 30 s for 
final extension; and GAPDH was used for

6873-5p level was detected. (e) the interaction residue between miR-6873-5p and hsa_circ_0001879 was shown and mutant allele was 
established accordingly. (f) We re-express MUT- circ_0001879 described in E in HUEVCs knocking down cell lines. Relative circ_0001879 
level (left) and miRNA level (right) were detected, ***, p < 0.001. (g) We overexpress MUT- circ_0001879 and WT- circ_0001879 in HUEVCs. 
Relative circ_0001879 level (left) and miRNA level (right) were detected, ***, p < 0.001.

Figure 5. Circ_0001879 inhibited miR-6873-5p induced HDAC9 degradation. (a) the relative mRNA of HDAC9 in cells with indicated 
modifications. (b) immunoblot was used to detect HDAC9 in different cell line. (c) the interacting residue in HDAC9 and miR-6873-5p 
described in TargetScan. (d) we transfected dual luciferase reporting plasmid into HEK293T cell lines with WT-HDAC9 and MUT- 
HDAC9 accordingly. Relative luciferase activity was detected. (e) We applied miR-6873-5p inhibitor in circ_0001879 knocking down 
cell lines and miR-6873-5p mimic in circ_0001879 overexpression cells, immunoblot was used to detect HDAC9. (f) We re-express 
MUT- circ_0001879 described in E in HUEVCs knocking down cell lines and overexpress MUT- circ_0001879 and WT- circ_0001879 in 
HUEVCs. Immunoblot was used to detect HDAC9.
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normalization. RNA was examined by detecting 
the absorption of OD260/OD230, RNA with 
ratio: > 2 was retained.

The following key primers were used:
hsa_circ_0001879 (F) CCCTCCAAGTCCAGT 

AAGAAGT
hsa_circ_0001879 (R) AGATCCTAAGAGGTG 

CGAGTTTA
miR-6873-5p (F): CTTCTCTGTAAGGCAAA 

GT
miR-6873-5p (R): CTCTACAGCTATTCCGA 

AC
HDAC9 (F): AGTAGAGAGGCAT
HDAC9 (R): GGAGTGTCCTTTCGG
U6 (F): CTCGCTTCGCAGCACA
U6 (R): AACGCTTCACGAATTTGCG
GAPDH (F) GGAGCGAGATCCCTCCAAAAT
GAPDH (R) GGCTGTTGTCATACTTCTCA 

TGG

Cell culture

Human umbilical vein endothelial cells (HUVECs) 
were acquired from the American Type Culture 
Collection. Cells were cultured with complete 
F12K (Sigma D0697) containing 10% fetal bovine 
serum (Invitrogen F8687). The cells were treated 
with different concentrations of ox-LDL for 48 h.

Western blotting

The cells were harvested and washed three times 
with ice-cold PBS and lysed with RIPA buffer 
(Sigma 20–188). The protein was quantified using 
a BCA kit (Beyotime Institute of Biotechnology) 
according to the manufacturer’s protocol. After 
quantification, equal amounts of protein were 
separated by SDS-PAGE. Then, the proteins were 
transferred onto a polyvinylidene fluoride mem
brane and blocked with 5% milk for 1 h at room 
temperature. The membrane was incubated over
night with primary antibodies at 4°C, washed with 
TBST and then incubated with secondary antibo
dies (1:10,000; cat. no. 5724, KPL, Inc.) for 1 h at 
room temperature. Target proteins were detected 
using the ECL (EMD Millipore, MA, USA) 
method. The following antibodies were used:

anti-PCNA (ab18197, Abcam, 1:1000), anti-β- 
actin (CST, #3700, 1:1000), anti-N-cadherin (CST, 

#13,116, 1:1000), anti-E-cadherin (CST, #14,472, 
1:1000), and anti-vimentin (CST, #5741, 1:1000).

Dual-luciferase reporter assay

The fragment of hsa_circ_0001879 or HDAC9 3′ 
UTR containing the wild-type or mutant allele was 
inserted into the pmirGLO vector (LMAI Bio, 
Shanghai, China) to create a WT-hsa_circ_0001879, 
MUT-hsa_circ_0001879, WT-HDAC9, or MUT- 
HDAC9 reporter. The plasmids were transfected 
into HUVECs, and the relative luciferase activities 
were measured with a Dual-Lucy assay kit (Solarbio).

RNA Immunoprecipitation (RIP) assay

RIP analysis was performed using an EZ-Magna 
RIP kit (Millipore, Billerica, MA, USA) following 
the manufacturer’s instructions. After lysing cells 
with RIP lysis buffer, cell lysates were incubated 
with magnetic beads coated with anti-Ago2 or 
anti-IgG (as the control). Additionally, qRT-PCR 
analysis was performed to measure the levels of 
hsa_circ_0001879 and miR-6873-5p.

Statistical analysis

All data analyses were performed with SPSS 20.0 sta
tistical software. The differences between two groups 
were compared by Student’s t-test. For multigroup 
analysis, one-way ANOVA followed by Tukey’s post 
hoc test was performed when making comparisons 
within datasets. A p value <0.05 was considered to 
indicate a significant difference compared to the 
control.

Discussion

Evidence has demonstrated that endothelial cell 
dysfunction contributes to the progression of 
atherosclerosis [16,17]. The ox-LDL-treated 
HUVEC model has been well-established [18].

In our study, we identified a novel circRNA 
induced by ox-LDL and inhibited the proliferation 
and migration of HUEVCs through directly binds 
with miR-6873-5p and finally inhibited the degrada
tion of HDAC9, EMT of endothelium cells and 
smooth muscle cells contributes critically to the pro
gression of AS and understanding the underlying
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mechanism helped us better understand the dis
ease [19].

CircRNAs play key roles in the progression of 
AS, especially in the function of endothelium 
vein cells. Hsa_circ_0030042 regulates autophagy 
and protects atherosclerotic plaque stability by 
targeting eIF4A3 [20]. The circular RNA 
circ_0003204 inhibits the proliferation, migra
tion and tube formation of endothelial cells in 
atherosclerosis via the miR-370-3p/TGFβR2/ 
phosph-SMAD3 axis [21]. circGNAQ was 
reported to inhibit endothelial cell senescence 
and atherosclerosis progression [22].However, 
the potential mechanism of circRNA on 
endothelium cells was rarely studied.

In summary, circRNAs exert their functions in 
three main ways: as competing endogenous RNAs, 
RNA-binding protein partners and facilitators of pep
tide translation [23]. In the progression of AS, 
circRNAs mainly act as ceRNAs. Hence, we investi
gated the potential mechanism of hsa_circ_0001879 as 
a miRNA sponge. By investigating the circRNA data
base, we identified miR-6873-5p and HDAC9 as the 
potential target axis. Mutant hsa_circ_0001879 was 
established to confirm the interaction between hsa_
circ_0001879 and miR-6873-5p. We next detected 
miR-6873-5p-induced HDAC9 degradation. When 
we re-expressed a miR-6873-5p inhibitor and a miR- 
6873-5p mimic, the change in HDAC9 level was com
pletely restored, indicating that hsa_circ_0001879 tar
gets miR-6873-5p and thereby inhibits HDAC9 
degradation.

The absence of HDAC9 attenuated AS progres
sion by reducing inflammation and reversing choles
terol transport [24]. HDAC9 has been reported to be 
an independent biomarker useful for predicting the 
risk of AS [25]. HDAC9 activates IKK and thus 
regulates atherosclerotic plaque vulnerability [26]. 
HDAC9 has also been reported to regulate E2F3 
and Rb1 and the progression of AS [27]. Most impor
tantly, HDAC9 has been shown to be critical for ox- 
LDL-induced endothelial dysfunction [28]. 
Understanding the potential mechanism of HDAC9 
in AS and its upstream regulation is urgently needed.

In conclusion, hsa_circ_0001879 increased the 
expression of HDAC9 by sponging miR-6873-5p, 
thereby preventing the cell growth and migration 
of HUVECs. These findings suggest that hsa_
circ_0001879 is a potential therapeutic target for AS.

Conclusion

Our study indicated that hsa_circ_0001879 pro
motes the progression of AS through inhibit 
miR-6873-5p induced HDAC degradation by act
ing as a competing endogenous RNA.

Highlights

● Hsa_circ_0001879 promotes the progression 
of AS

● Hsa_circ_0001879 directly bound to miR- 
6873-5p and acted as a sponge

● Hsa_circ_0001879 inhibited miR-6873-5p- 
induced HDAC9 degradation
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