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Background: Intracranial aneurysm is an abnormal expansion in the intracranial
arteries, which is associated with growth and apoptosis of vascular smooth muscle cells.
Circular RNAs (circRNAs) have implicated in the progression of intracranial aneurysms.
The purpose of this paper is to study the function and mechanism of circRNA dedicator
of cytokinesis 1 (circ_DOCK1) in regulating proliferation and apoptosis of human brain
vascular smooth muscle cells (HBVSMCs).

Methods: HBVSMCs were exposed to hydrogen peroxide (H2O2). Cell proliferation
and apoptosis were detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) and flow cytometry, respectively. Circ_DOCK1, microRNA (miR)-
409-3p, and myeloid cell leukemia sequence 1 (MCL1) levels were examined by
quantitative reverse transcription polymerase chain reaction or western blotting. The
target association was assessed by dual-luciferase reporter, RNA pull-down, and RNA
immunoprecipitation assays.

Results: Exposure to H2O2 decreased proliferation and increased apoptosis of
HBVSMCs. Circ_DOCK1 expression was reduced in H2O2-treated HBVSMCs.
Circ_DOCK1 overexpression rescued H2O2-caused reduction of proliferation and PCNA
expression and attenuated H2O2-induced apoptosis and expression of Bcl-2, Bax,
and cleaved PARP. MiR-409-3p was targeted by circ_DOCK1 and upregulated in
H2O2-treated HBVSMCs. MiR-409-3p upregulation mitigated the role of circ_DOCK1
in proliferation and apoptosis of H2O2-treated HBVSMCs. MCL1 was targeted via miR-
409-3p and downregulated via H2O2 treatment. Circ_DOCK1 overexpression enhanced
MCL1 expression via modulating miR-409-3p. MiR-409-3p knockdown weakened
H2O2-induced proliferation reduction and apoptosis promotion via regulating MCL1.

Conclusion: Circ_DOCK1 overexpression mitigated H2O2-caused proliferation
inhibition and apoptosis promotion in HBVSMCs by modulating miR-409-3p/MCL1 axis.
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INTRODUCTION

Intracranial aneurysm is an abnormal expansion in the
intracranial arteries which could lead to aneurysm rupture
(Brinjikji et al., 2016). The therapeutic strategies against
intracranial aneurysm mainly include surgical and endovascular
approaches (Lozano et al., 2019). However, the majority of
cases with vascular remodeling undergo eventual rupture
(Frosen et al., 2004). Smooth muscle cells are responsible in
maintaining the vascular structure and are associated with
cerebrovascular diseases, including intracranial aneurysm
(Frosen and Joutel, 2018). The vascular smooth muscle
cell apoptosis can lead to the degradation of vascular wall,
thus inducing the development and rupture of intracranial
aneurysm (Liu Z. et al., 2019). Hence, exploring the
mechanism of vascular smooth muscle cell proliferation
and apoptosis may help in finding novel ways for intracranial
aneurysm treatment.

Non-coding RNAs are important regulators for vascular
smooth muscle cell processes in vascular diseases (Leeper and
Maegdefessel, 2018). Circular RNAs (circRNAs) are a type of
non-coding RNAs without 5′ and 3′ ends, which can function
as microRNA (miRNA) sponges to take part in the regulation of
vascular smooth muscle cell processes in intracranial aneurysm
(Huang et al., 2019). For instance, hsa_circ_0021001 can act as a
potential biomarker for intracranial aneurysm, and patients with
low expression of hsa_circ_0021001 have the worse outcomes
(Teng et al., 2017). The circRNA dedicator of cytokinesis
1 (circ_DOCK1, also called hsa_circ_0020397 according to
the circRNA ID of circBase database) is downregulated in
artery wall tissues and vascular smooth muscle cells of
intracranial aneurysm patients, and it promotes vascular smooth
muscle cell proliferation (Wang et al., 2019; Yin and Liu,
2021). Although the reports also uncovered the miR-138/KDR
and miR-502-5p/GREM1 networks underlying the regulation
of circ_DOCK1, our understanding of its molecular basis
is still limited.

MiRNAs are a group of short non-coding RNAs that modulate
mRNA expression, which are involved in intracranial aneurysm
progression (Liu et al., 2014) and are associated with the
regulation of vascular smooth muscle cell proliferation and
apoptosis (Wang and Atanasov, 2019). For instance, miR-448-3p
and miR-205 are associated with the progression of intracranial
aneurysm (Zhang et al., 2018; Zhong et al., 2019). Furthermore,
miR-409-3p is a differentially expressed miRNA in intracranial
aneurysm (Bekelis et al., 2016). Nevertheless, the function and
mechanism of miR-409-3p in vascular smooth muscle cell
dysfunction in intracranial aneurysm remains unknown.

Myeloid cell leukemia sequence 1 (MCL1) is a key member
of B cell lymphoma-2 (Bcl-2) prosurvival family, which controls
cell proliferation and apoptosis (Ertel et al., 2013). Furthermore,
MCL1 contributes to vascular smooth muscle cell proliferation
and inhibits apoptosis in vascular diseases, including intracranial
aneurysm (Lee et al., 2015; Zhao W. et al., 2018). CircInteractome
and starBase algorithms predict miR-409-3p might bind to
circ_DOCK1 and MCL1. Thus, we hypothesized circ_DOCK1
might indirectly regulate MCL1 by miR-409-3p to participate

in the regulation of vascular smooth muscle cell dysfunction in
intracranial aneurysm.

Oxidative stress is well known as a contributor to the
development and rupture of intracranial aneurysm (Starke et al.,
2013). Hydrogen peroxide (H2O2), an inducer of oxidative
stress, is involved in apoptosis of vascular smooth muscle
cells (Meng et al., 2018). Moreover, H2O2 has been used to
establish an in vitro of intracranial aneurysm via inducing the
apoptosis of vascular smooth muscle cells (Zhao W. et al.,
2018; Shi et al., 2019). In this study, we established the cellular
model of intracranial aneurysm using H2O2-treated human
brain vascular smooth muscle cells (HBVSMCs). Moreover,
we analyzed the function of circ_DOCK1 on H2O2-caused
HBVSMC dysfunction and explored the potential regulatory
network of circ_DOCK1/miR-409-3p/MCL1. This study may
propose novel insight into the vascular smooth muscle cell
dysfunction in intracranial aneurysm.

MATERIALS AND METHODS

Cell Culture and H2O2 Treatment
Human brain vascular smooth muscle cells (Cat. No. CP-H116)
were purchased from Procell (Wuhan, China) and cultured in
specific complete medium for vascular smooth muscle cell culture
(Cat. No. CM-H116; Procell) at 37◦C and 5% CO2. To establish
an in vitro of intracranial aneurysm as reported (Zhao W. et al.,
2018; Shi et al., 2019), cells were incubated with 0, 30, 90, or
180 µM of H2O2 (Sigma, St. Louis, MO, United States) for 6 h.

Cell Transfection
Circular RNAs dedicator of cytokinesis 1 overexpression vector
was constructed by Geneseed (Guangzhou, China), and the
pCD5-ciR vector was regarded as a negative control (vector).
MiR-409-3p mimic, mimic negative control (miR-NC), miR-
409-3p inhibitor (anti-miR-409-3p), inhibitor negative control
(anti-miR-NC), small interfering RNA (siRNA) for MCL1 (si-
MCL1), and negative control of siRNA (si-NC) were generated
by Genomeditech (Shanghai, China), and the oligonucleotide
sequences are shown in Table 1. For cell transfection, HBVSMCs
were incubated with 1 µg constructed vectors or 30 nM
oligonucleotides and 5 µl Lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, MA, United States). After 24 h, transfected
cells were harvested for expression analysis or subjected to H2O2
(180 µM) exposure.

TABLE 1 | The sequences of oligonucleotides used in this study.

Name Sequence (5′-3′)

si-MCL1 AAAAGCUUCCCUUGUACAGUA

si-NC AAGACAUUGUGUGUCCGCCTT

miR-409-3p mimic GAAUGUUGCUCGGUGAACCCCU

miR-NC CGAUCGCAUCAGCAUCGAUUGC

Anti-miR-409-3p AGGGGUUCACCGAGCAACAUUC

Anti-miR-NC CUAACGCAUGCACAGUCGUACG
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Quantitative Reverse Transcription
Polymerase Chain Reaction
Human brain vascular smooth muscle cells were lysed in
Trizol (Thermo Fisher Scientific), and total RNA was isolated
following the accompanying instructions. Then 1 µg RNA was
reverse transcribed using miRNA Reverse Transcriptase kit or
M-MLV Reverse Transcriptase kit (Thermo Fisher Scientific)
according to the accompanying instructions. For quantitative
reverse transcription polymerase chain reaction (qRT-PCR)
analysis, cDNA was mixed with SYBR (Vazyme, Nanjing, China)
and designed primers. The primer pairs were synthesized by
Sangon (Shanghai, China), and the sequences are shown in
Table 2. The qRT-PCR was performed on CFX96TM Real-
time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA, United States). Relative expression level was detected by
the 2−11Ct method with U6 or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as an internal control.

RNase R Digestion and Actinomycin D
Analyses
The circular structure of circ_DOCK1 was analyzed by RNase
R digestion and actinomycin D analyses. For RNase R digestion
analysis, RNA was treated with 2 U/µg RNase R (Geneseed)
for 20 min, followed by reverse transcription and qRT-PCR for
detection of circ_DOCK1 and linear DOCK1 expression.

For actinomycin D analysis, HBVSMCs were challenged by
2 µg/ml actinomycin D (Sigma) for 0, 8, 16, or 24 h, followed by
collection for RNA isolation. The isolated RNA was used for qRT-
PCR to measure circ_DOCK1 and linear DOCK1 expression.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl
Tetrazolium Bromide
Cell proliferation was analyzed by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT). After the treatment
of H2O2 or not, 1 × 104 HBVSMCs were placed in 96-well
plates. After incubation for 0, 24, or 48 h, 10 µl 5 mg/ml MTT
(Solarbio, Beijing, China) was added, and cells were continuously
cultured for 4 h. The medium was then discarded, and 100 µl
dimethyl sulfoxide (DMSO) (Beyotime, Shanghai, China) was
added. Optical density (OD) value at 570 nm was determined via
a microplate reader (Bio-Rad Laboratories).

TABLE 2 | The sequences for primers used for qRT-PCR.

Name Sequence (5′-3′)

Forward Reverse

miR-409-3p GCCGAGGAATGTTGCTCGGTG CTCAACTGGTGTCGTGGA

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

circ_DOCK1 GTGAACCGAACCGTCATTTC CCTCGGTACCACCCTTCATA

DOCK1 ATGAAGCCTCATCCCCTCTTT TCACCCGGGATGACTGTTTC

MCL1 GCCTTCCAAGGATGGGTTTG AGGTTGCTAGGGTGCAACTC

GAPDH TTCTTTTGCGTCGCCAGGTG GGAGGGAGAGAACAGTGAGC

Flow Cytometry
Cell apoptosis was measured with an Annexin V-fluorescein
isothiocyanate (FITC) apoptosis detection kit (Beyotime)
following the instruction. After exposure to H2O2 or not, 2× 105

HBVSMCs were added in 12-well plates and cultured for 48 h.
Next, cells were collected, interacted with Annexin V-binding
buffer, and then dyed with 10 µl Annexin V-FITC and propidium
iodide (PI). The apoptotic cells (with Annexin V-FITC positive
and PI positive or negative) were measured with a flow cytometer
(Agilent, Beijing, China).

Western Blotting
Human brain vascular smooth muscle cells were lysed in RIPA
buffer (Beyotime), and protein was obtained after a centrifugation
at 10,000 × g for 5 min. The protein was quantified with a
bicinchoninic acid kit (Thermo Fisher Scientific) according to the
instructions. The samples (20 µg) were separated by a sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and then
transferred on nitrocellulose membrane (Bio-Rad Laboratories).
The membranes were incubated in 3% bovine serum albumin
(Solarbio) for 1 h, and then interacted with primary antibodies
overnight and secondary antibody for 2 h. All antibodies
were purchased from Abcam (Cambridge, United Kingdom),
including proliferating cell nuclear antigen (PCNA) (ab152112,
1:2,000 dilution), Bcl-2 (ab194583, 1:500 dilution), Bcl-2-
associated X (Bax) (ab53154, 1:500 dilution), cleaved poly-
ADP ribose polymerase (PARP) (ab32064, 1:3,000 dilution),
MCL1 (ab243136, 1:2,000 dilution), GAPDH (ab9485, 1:5,000
dilution), and horseradish peroxidase-labeled IgG (ab6721,
1:10,000 dilution). Next, the membranes were interacted with
enhanced chemiluminescence (Solarbio), and the blots were
analyzed via Quantity One software (Bio-Rad Laboratories) with
GAPDH as a normalized reference.

Dual-Luciferase Reporter Assay
The binding sites of miRNAs to circ_DOCK1 were predicted by
the web-based program CircInteractome1. The molecular targets
of miR-409-3p were predicted using the online database starBase
(which are based on miRNA target prediction programs, i.e.,
TargetScan, miRanda, microT, PITA, miRmap, and PicTar)2. The
wild-type (WT) sequence (. . .AACAUU. . .) of circ_DOCK1 or
MCL1 was inserted in the pmir-GLO vector (Promega, Madison,
WI, United States), generating the circ_DOCK1-WT and MCL1-
WT luciferase reporter vectors. The mutant (MUT) luciferase
reporter vectors (circ_DOCK1-MUT and MCL1-MUT) were
constructed using the mutated sequence (. . .CCACGG. . .). These
luciferase reporter vectors and miR-409-3p mimic or miR-NC
were cotransfected into HBVSMCs. After 24 h, luciferase activity
was measured with a dual-luciferase analysis kit (Promega).

RNA Pull-Down and RNA
Immunoprecipitation Assays
A PierceTM Magnetic RNA-Protein Pull-Down kit (Thermo
Fisher Scientific) was used for RNA pull-down assay. Briefly,

1https://circinteractome.nia.nih.gov/
2http://starbase.sysu.edu.cn/
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FIGURE 1 | Circ_DOCK1 expression in H2O2-treated HBVSMCs. (A) Cell proliferation was investigated by MTT in HBVSMCs after stimulation of different doses of
H2O2 or not. (B) Cell apoptosis was examined via flow cytometry in HBVSMCs after exposure to different doses of H2O2 or not. (C) Circ_DOCK1 abundance was
detected by qRT-PCR in HBVSMCs after treatment of different doses of H2O2 or not. (D,E) Circ_DOCK1 and linear DOCK1 abundances were detected after
incubation of RNase R or actinomycin D. *P < 0.05.

FIGURE 2 | The effect of circ_DOCK1 on proliferation and apoptosis of HBVSMCs under H2O2. (A) Circ_DOCK1 abundance was examined in HBVSMCs
transfected with vector or circ_DOCK1 overexpression vector. Cell proliferation (B), PCNA expression (C), apoptosis (D), and levels of Bcl-2, Bax, and cleaved PARP
(E) were determined in HBVSMCs transfected with vector or circ_DOCK1 overexpression vector before treatment of H2O2 or not. *P < 0.05.
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FIGURE 3 | The target association of circ_DOCK1 and miR-409-3p in HBVSMCs. (A) The binding sequence of circ_DOCK1 and miR-409-3p was predicted by
CircInteractome. (B) Luciferase activity of circ_DOCK1-WT and circ_DOCK1-MUT vectors was examined in HBVSMCs with transfection of miR-NC or miR-409-3p
mimic. (C) MiR-409-3p enrichment was detected after RNA pull-down. (D) MiR-409-3p expression was examined in HBVSMCs transfected with vector or
circ_DOCK1 overexpression vector. (E) MiR-409-3p abundance was examined in HBVSMCs after stimulation of H2O2 or not. *P < 0.05.

the biotin-labeled circ_DOCK1-WT, circ_DOCK1-MUT, and
negative control (bio-NC) were generated and interacted with the
magnetic beads. HBVSMCs were lysed and incubated with the
magnetic beads for 8 h. MiR-409-3p level enriched on the beads
was detected by qRT-PCR.

A Magna RIPTM RNA-Binding Protein Immunoprecipitation
kit (Sigma) was used for RNA immunoprecipitation (RIP)
analysis. In brief, HBVSMC lysates were incubated with anti-
Ago2 or anti-IgG-coated magnetic beads for 6 h. MCL1 and
miR-409-3p levels enriched on the beads were measured via qRT-
PCR.

Statistical Analysis
All experiments were repeated three times with four replicates.
Results were expressed as mean ± standard deviation (SD).
Statistical analysis was processed by GraphPad Prism 8
(GraphPad Inc., La Jolla, CA, United States) and SPSS version 19
software (SPSS Inc., Chicago, IL, United States). The difference
was compared by Student’s t test or one-way analysis of
variance followed by Tukey’s post hoc test, as appropriate. It was
statistically significant at P < 0.05.

RESULTS

Circ_DOCK1 Expression Is Reduced in
H2O2-Treated HBVSMCs
To analyze whether circ_DOCK1 was involved in intracranial
aneurysms, a H2O2-caused cellular model was established

using HBVSMCs. As shown in Figures 1A,B, stimulation of
H2O2 led to obvious proliferation reduction and apoptosis
promotion in a concentration-dependent pattern, suggesting
the successful establishment of the in vitro model. Moreover,
circ_DOCK1 expression was examined in this model. Results
displayed that circ_DOCK1 abundance was evidently decreased
in HBVSMCs after treatment of H2O2 in a dose-dependent
pattern (Figure 1C). Additionally, the stability of circ_DOCK1
was analyzed via RNase R digestion and actinomycin D analyses.
Circ_DOCK1, rather than DOCK1, was resistant to RNase
R and actinomycin D, indicating circ_DOCK1 had a stable
circular structure (Figures 1D,E). These results suggested that
the downregulated circ_DOCK1 might be associated with H2O2-
induced HBVSMC injury.

Circ_DOCK1 Overexpression Attenuates
H2O2-Induced HBVSMC Injury
To study the function of circ_DOCK1 in H2O2-induced
model, HBVSMCs were transfected with vector or circ_DOCK1
overexpression vector before the stimulation of H2O2. The
transfection of circ_DOCK1 overexpression vector markedly
elevated circ_DOCK1 abundance in HBVSMCs (Figure 2A).
Furthermore, circ_DOCK1 overexpression mitigated H2O2-
induced decrease of cell proliferation and proliferation-related
PCNA expression (Figures 2B,C). Additionally, circ_DOCK1
upregulation weakened H2O2-caused apoptosis of HBVSMCs
(Figure 2D). Moreover, the antiapoptotic Bcl-2 and proapoptotic
Bax and cleaved PARP levels were detected in HBVSMCs.
Results showed H2O2 significantly inhibited Bcl-2 abundance
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and increased Bax and cleaved PARP expression, and
this effect was reversed by circ_DOCK1 overexpression
(Figure 2E). These results indicated circ_DOCK1 mitigated
H2O2-induced HBVSMC damage.

MiR-409-3p Is Targeted by circ_DOCK1
and Upregulated in H2O2-Treated
HBVSMCs
To explore the regulatory mechanism addressed by circ_DOCK1,
the downstream miRNAs were predicted by CircInteractome.
MiR-409-3p was a potential target, and the target sites are
shown in Figure 3A. To validate their target relationship,
the circ_DOCK1-WT and circ_DOCK1-MUT vectors were
constructed. Moreover, miR-409-3p mimic effectively reduced
the luciferase activity of circ_DOCK1-WT, but it induced little
effect on the activity of circ_DOCK1-MUT when the binding
sites (AACAUU) were mutated to CCACGG (Figure 3B). In
addition, miR-409-3p could enrich with bio-circ_DOCK1-WT,
but little enrichment was induced in bio-circ_DOCK1-MUT
(Figure 3C). Additionally, miR-409-3p abundance in HBVSMCs
was markedly decreased via circ_DOCK1 overexpression
(Figure 3D). Furthermore, miR-409-3p abundance was
evidently enhanced in HBVSMCs after exposure to H2O2

(Figure 3E). These results suggested that miR-409-3p was
targeted via circ_DOCK1.

MiR-409-3p Overexpression Mitigates
the Effect of circ_DOCK1 on Cell
Proliferation and Apoptosis in
H2O2-Treated HBVSMCs
To analyze whether miR-409-3p was required for circ_DOCK1
to regulate HBVSMC injury, HBVSMCs were transfected
with vector, circ_DOCK1 overexpression vector, circ_DOCK1
overexpression vector+miR-NC, or miR-409-3p mimic prior to
exposure to H2O2. After the transfection, miR-409-3p expression
was markedly reduced by circ_DOCK1 overexpression, which
was rescued via addition of miR-409-3p mimic (Figure 4A).
Moreover, miR-409-3p upregulation abolished the influence of
circ_DOCK1 on cell proliferation and PCNA expression in
HBVSMCs under H2O2 (Figures 4B,C). Additionally, miR-
409-3p overexpression reversed the influence of circ_DOCK1
on apoptosis and abundances of related proteins (Bcl-2, Bax,
and cleaved PARP) in H2O2-treated HBVSMCs (Figures 4D,E).
These results indicated that circ_DOCK1 modulated H2O2-
induced HBVSMC damage by targeting miR-409-3p.

FIGURE 4 | The mitigative role of miR-409-3p in circ_DOCK1-modulated regulation of proliferation and apoptosis of HBVSMCs under H2O2. (A) MiR-409-3p
abundance was examined in HBVSMCs with transfection of vector, circ_DOCK1 overexpression vector, circ_DOCK1 overexpression vector + miR-NC, or
miR-409-3p mimic. Cell proliferation (B), PCNA expression (C), apoptosis (D), and abundances of Bcl-2, Bax, and cleaved PARP (E) were determined in HBVSMCs
transfected with vector, circ_DOCK1 overexpression vector, circ_DOCK1 overexpression vector + miR-NC, or miR-409-3p mimic before treatment of H2O2 or not.
*P < 0.05.
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MCL1 Is Targeted by miR-409-3p and
Modulated Via circ_DOCK1/miR-409-3p
Axis
To further explore the regulatory network, the molecular
targets of miR-409-3p were analyzed via starBase. MCL1 was a
potential target, and the target sites of miR-409-3p on MCL1
are exhibited in Figure 5A. To confirm this interaction, the
MCL1-WT and MCL1-MUT vectors were constructed. MiR-
409-3p mimic caused significant loss of luciferase activity of
MCL1-WT, but it did not change the activity of MCL1-MUT
(Figure 5B), and lots of MCL1 and miR-409-3p could be
enriched in Ago2-based complex (Figure 5C). Furthermore, the
effect of miR-409-3p on MCL1 expression was investigated in
HBVSMCs transfected with miR-NC, miR-409-3p mimic, anti-
miR-NC, or anti-miR-409-3p. The overexpression or knockdown
efficacy of miR-409-3p mimic or anti-miR-409-3p is validated
in Figure 5D. In addition, MCL1 expression was markedly
decreased via miR-409-3p overexpression and increased by miR-
409-3p knockdown (Figures 5E,F). Moreover, MCL1 abundance
in HBVSMCs was evidently decreased by treatment of H2O2

(Figures 5G,H). Additionally, the influence of circ_DOCK1
on MCL1 expression was analyzed in HBVSMCs transfected
with vector, circ_DOCK1 overexpression vector + miR-NC, or
miR-409-3p mimic. Results showed circ_DOCK1 overexpression
significantly upregulated MCL1 expression, which was decreased
by miR-409-3p overexpression (Figures 5I,J). These results
indicated that circ_DOCK1/miR-409-3p axis could target MCL1.

MiR-409-3p Knockdown Mitigates
H2O2-Induced HBVSMC Injury by
Regulating MCL1
To study the function of miR-409-3p/MCL1 axis in HBVSMC
injury, HBVSMCs were transfected with anti-miR-NC, anti-
miR-409-3p, anti-miR-409-3p + si-NC, or si-MCL1 prior to
exposure to H2O2. MCL1 abundance was obviously enhanced
by miR-409-3p knockdown in HBVSMCs, which was reduced
via addition of si-MCL1 (Figures 6A,B). In addition, miR-
409-3p knockdown attenuated H2O2-mediated proliferation
inhibition by rescuing cell proliferation and PCNA level, and

FIGURE 5 | The target relationship of miR-409-3p and MCL1 in HBVSMCs. (A) The binding sequence of miR-409-3p and MCL1 was predicted using starBase.
(B) Luciferase activity of MCL1-WT and MCL1-MUT vectors was detected in HBVSMCs with transfection of miR-NC or miR-409-3p mimic. (C) MCL1 and
miR-409-3p enrichment levels were measured after Ago2 RIP. (D–F) MiR-409-3p and MCL1 levels were examined in HBVSMCs transfected with miR-NC,
miR-409-3p mimic, anti-miR-NC, or anti-miR-409-3p. (G,H) MCL1 abundance was detected in HBVSMCs after stimulation of H2O2 or not. (I,J) MCL1 expression
was measured in HBVSMCs transfected with vector, circ_DOCK1 overexpression vector, circ_DOCK1 overexpression vector + miR-NC, or miR-409-3p mimic.
*P < 0.05.
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this function was abrogated via interference of MCL1 using si-
MCL1 (Figures 6C,D). Moreover, miR-409-3p downregulation
weakened H2O2-induced apoptosis by decreasing apoptotic rate
and expression of Bax and cleaved PARP and increasing Bcl-
2 abundance, and these events were reversed by interference of
MCL1 (Figures 6E,F). These findings suggested that miR-409-3p
regulated H2O2-induced HBVSMC damage by targeting MCL1.

DISCUSSION

Intracranial aneurysm is local dilatation in cerebral arteries, and
about 2–5% cases can develop to rupture (Xu et al., 2019).
Smooth muscle cells are one key cell type-forming media in
intracranial arteries and have significant roles in intracranial
aneurysm formation and rupture (Starke et al., 2014). The
apoptosis and impaired proliferation of brain vascular smooth
muscle cells are related to intracranial aneurysm progression
(Miyata et al., 2020; Wei et al., 2020). In our study, we
established an in vitro model of intracranial aneurysm using

H2O2-challenged HBVSMCs as previously reported (Zhao W.
et al., 2018; Shi et al., 2019). We found that circ_DOCK1 could
attenuate H2O2-induced apoptosis promotion and proliferation
inhibition in HBVSMCs. Moreover, we provided a novel
molecular explanation, the miR-409-3p/MCL1 axis, for the
function of circ_DOCK1 (Figure 7). Such analysis was hampered
at present by the lack of in vivo assays using the animal models of
intracranial aneurysm.

Circular RNAs are relevant to vascular smooth muscle cell
dysfunction and intracranial aneurysm development (Huang
et al., 2019; Maguire and Xiao, 2020). Multiple evidences have
reported that circ_DOCK1 could facilitate cell proliferation and
constrain apoptosis in various cancers, like thyroid cancer, oral
squamous cell carcinoma, bladder cancer, and colorectal cancer
(Zhang et al., 2017; Wang et al., 2018; Liu P. et al., 2019;
Cui and Xue, 2020). Moreover, circ_DOCK1 could increase
proliferation of human umbilical artery smooth muscle cells
(Wang et al., 2019). These all suggested the pro-proliferation
and antiapoptotic functions of circ_DOCK1 in various cell lines.
PCNA is a proliferation-related factor that regulates cell cycle

FIGURE 6 | The effect of miR-409-3p and MCL1 knockdown on proliferation and apoptosis of HBVSMCs under H2O2. (A,B) MCL1 abundance was determined in
HBVSMCs transfected with anti-miR-NC, anti-miR-409-3p, anti-miR-409-3p + si-NC, or si-MCL1. Cell proliferation (C), PCNA expression (D), apoptosis (E), and
expression of Bcl-2, Bax, and cleaved PARP (F) were measured in HBVSMCs with transfection of anti-miR-NC, anti-miR-409-3p, anti-miR-409-3p + si-NC, or
si-MCL1 before treatment of H2O2 or not. *P < 0.05.

FIGURE 7 | The schematic diagram of the circ_DOCK1/miR-409-3p/MCL1 axis in H2O2-induced HBVSMC injury. Circ_DOCK1 modulated miR-409-3p/MCL1 axis
to regulate H2O2-induced apoptosis promotion and proliferation inhibition in HBVSMCs.
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process and DNA replication (Strzalka and Ziemienowicz, 2011).
The antiapoptotic Bcl-2 and proapoptotic Bax are important
players in intrinsic apoptosis (Cui and Placzek, 2018; Carpenter
and Brady, 2021). PARP is a multifunction protein associated
with DNA damage and cell apoptosis (Kumar et al., 2020). By
combining the detection of these biomarkers, we found that
circ_DOCK1 mitigated H2O2-driven proliferation inhibition and
apoptosis promotion in HBVSMCs.

Next, we wanted to explore a regulatory network mediated
by circ_DOCK1. Bekelis et al. (2016) identified 20 upregulated
miRNAs in aneurysm tissues. After analyzing the interaction
between them and circ_DOCK1 using CircInteractome, we found
that only miR-409-3p had potential to bind to circ_DOCK1.
Hence, we analyzed and confirmed that miR-409-3p was targeted
by circ_DOCK1. Previous studies reported miR-409-3p could
repress cell proliferation in papillary thyroid carcinoma, breast
cancer, tongue squamous cell carcinoma, and osteosarcoma
(Zhang et al., 2016; Chen and Dai, 2018; Zhao Z. et al., 2018;
Wu et al., 2019). These reports all suggested the antiproliferation
function of miR-409-3p in various cells. Similarly, our study
validated the antiproliferation and proapoptotic roles of miR-
409-3p in H2O2-treated HBVSMCs. Moreover, we further
confirmed that circ_DOCK1 exhibited the protective function on
H2O2-induced HBVSMC damage by inhibiting miR-409-3p.

We further explored the downstream targets of miR-409-3p,
and found the anti-apoptotic MCL1 was targeted by miR-409-
3p. Previous reports suggested that MCL1 could promote cell
proliferation and inhibit apoptosis in pulmonary artery smooth
muscle cells and rat thoracic aortic smooth muscle cells (Lee
et al., 2015; Chen et al., 2018). Moreover, Zhao W. et al. (2018)
showed MCL1 attenuated HBVSMC apoptosis by regulating the
mitochondrial apoptotic pathway. Our results first identified
MCL1 as a functional target of miR-409-3p. Furthermore, we
first demonstrated that circ_DOCK1 could modulate MCL1
expression through miR-409-3p.

Previous work showed that H2O2 enhanced apoptosis of
vascular smooth muscle cells depending on the regulation

of miR-26a/PTEN/AKT/mTOR pathway (Peng et al., 2018).
Moreover, Zhao W. et al. (2018) reported that H2O2 induced
miR-29a expression in HBVSMCs and miR-29a knockdown
abolished H2O2-dirven HBVSMC apoptosis, suggesting
that H2O2 promoted HBVSMC apoptosis by upregulating
miR-29a. Our data suggested that H2O2 drove HBVSMC
apoptosis partially by regulating miR-409-3p/MCL1 axis via
downregulating circ_DOCK1. With these findings, we envision
that circ_DOCK1 may be a starting point for the development of
circRNA-based therapies against intracranial aneurysm.

CONCLUSION

In conclusion, circ_DOCK1 promoted cell proliferation and
inhibited apoptosis in H2O2-treated HBVSMCs at least in part
by regulating miR-409-3p/MCL1 axis. This study proposed
the importance of circ_DOCK1/miR-409-3p/MCL1 axis in
regulating HBVSMC dysfunction and provided a potential
therapeutic target for intracranial aneurysm treatment.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

XD designed and performed the experiments and obtained the
data. XW and LH performed the statistical analysis. ZZ and SJ
wrote the sections of the manuscript. YT wrote the first draft of
the manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

REFERENCES
Bekelis, K., kerley-Hamilton, J. S., Teegarden, A., Tomlinson, C. R., Kuintzle,

R., Simmons, N., et al. (2016). MicroRNA and gene expression changes in
unruptured human cerebral aneurysms. J. Neurosurg. 125, 1390–1399. doi:
10.3171/2015.11.jns151841

Brinjikji, W., Zhu, Y. Q., Lanzino, G., Cloft, H. J., Murad, M. H., Wang, Z., et al.
(2016). Risk factors for growth of intracranial aneurysms: a systematic review
and meta-analysis. AJNR Am. J. Neuroradiol. 37, 615–620.

Carpenter, R., and Brady, M. F. (2021). “BAX gene,” in StatPearls [Internet],
(Treasure Island, FL: StatPearls Publishing).

Chen, H., and Dai, J. (2018). miR-409-3p suppresses the proliferation, invasion and
migration of tongue squamous cell carcinoma via targeting RDX. Oncol. Lett.
16, 543–551.

Chen, J., Li, Y., Li, Y., Xie, L., Wang, J., Zhang, Y., et al. (2018). Effect of miR-29b
on the proliferation and apoptosis of pulmonary artery smooth muscle cells by
targeting Mcl-1 and CCND2. Biomed. Res. Int. 2018:6051407.

Cui, J., and Placzek, W. J. (2018). Post-transcriptional regulation of anti-apoptotic
BCL2 family members. Int. J. Mol. Sci. 19:308. doi: 10.3390/ijms19010308

Cui, W., and Xue, J. (2020). Circular RNA DOCK1 downregulates microRNA-124
to induce the growth of human thyroid cancer cell lines. Biofactors 46, 591–599.
doi: 10.1002/biof.1662

Ertel, F., Nguyen, M., Roulston, A., and Shore, G. C. (2013). Programming cancer
cells for high expression levels of Mcl1. EMBO Rep. 14, 328–336. doi: 10.1038/
embor.2013.20

Frosen, J., and Joutel, A. (2018). Smooth muscle cells of intracranial vessels: from
development to disease. Cardiovasc. Res. 114, 501–512. doi: 10.1093/cvr/cvy002

Frosen, J., Piippo, A., Paetau, A., Kangasniemi, M., Niemela, M., Hernesniemi, J.,
et al. (2004). Remodeling of saccular cerebral artery aneurysm wall is associated
with rupture: histological analysis of 24 unruptured and 42 ruptured cases.
Stroke 35, 2287–2293. doi: 10.1161/01.str.0000140636.30204.da

Huang, Q., Huang, Q. Y., Sun, Y., and Wu, S. (2019). High-throughput data reveals
novel circular RNAs via competitive endogenous RNA networks associated with
human intracranial aneurysms. Med. Sci. Monit. 25, 4819–4830. doi: 10.12659/
msm.917081

Kumar, M., Jaiswal, R. K., Yadava, P. K., and Singh, R. P. (2020). An assessment of
poly (ADP-ribose) polymerase-1 role in normal and cancer cells. Biofactors 46,
894–905. doi: 10.1002/biof.1688

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 May 2021 | Volume 9 | Article 655628

https://doi.org/10.3171/2015.11.jns151841
https://doi.org/10.3171/2015.11.jns151841
https://doi.org/10.3390/ijms19010308
https://doi.org/10.1002/biof.1662
https://doi.org/10.1038/embor.2013.20
https://doi.org/10.1038/embor.2013.20
https://doi.org/10.1093/cvr/cvy002
https://doi.org/10.1161/01.str.0000140636.30204.da
https://doi.org/10.12659/msm.917081
https://doi.org/10.12659/msm.917081
https://doi.org/10.1002/biof.1688
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-655628 May 19, 2021 Time: 18:1 # 10

Ding et al. Circ_DOCK1 Regulates HBVSMCs Development

Lee, J., Lim, S., Song, B. W., Cha, M. J., Ham, O., Lee, S. Y., et al. (2015). MicroRNA-
29b inhibits migration and proliferation of vascular smooth muscle cells in
neointimal formation. J. Cell Biochem. 116, 598–608. doi: 10.1002/jcb.25011

Leeper, N. J., and Maegdefessel, L. (2018). Non-coding RNAs: key regulators of
smooth muscle cell fate in vascular disease. Cardiovasc. Res. 114, 611–621.
doi: 10.1093/cvr/cvx249

Liu, D., Han, L., Wu, X., Yang, X., Zhang, Q., and Jiang, F. (2014). Genome-wide
microRNA changes in human intracranial aneurysms. BMC Neurol. 14:188.
doi: 10.1186/s12883-014-0188-x

Liu, P., Li, X., Guo, X., Chen, J., Li, C., Chen, M., et al. (2019). Circular
RNA DOCK1 promotes bladder carcinoma progression via modulating
circDOCK1/hsa-miR-132-3p/Sox5 signalling pathway. Cell Prolif. 52:e12614.

Liu, Z., Ajimu, K., Yalikun, N., Zheng, Y., and Xu, F. (2019). Potential therapeutic
strategies for intracranial aneurysms targeting aneurysm pathogenesis. Front.
Neurosci. 13:1238. doi: 10.3389/fnins.2019.01238

Lozano, C. S., Lozano, A. M., and Spears, J. (2019). The changing landscape of
treatment for intracranial aneurysm. Can. J. Neurol. Sci. 46, 159–165. doi:
10.1017/cjn.2019.7

Maguire, E. M., and Xiao, Q. (2020). Noncoding RNAs in vascular smooth muscle
cell function and neointimal hyperplasia. FEBS J. 287, 5260–5283. doi: 10.1111/
febs.15357

Meng, Y. Y., Wu, C. W., Yu, B., Li, H., Chen, M., and Qi, G. X. (2018). PARP-
1 involvement in autophagy and their roles in apoptosis of vascular smooth
muscle cells under oxidative stress. Folia Biol. 64, 103–111.

Miyata, T., Minami, M., Kataoka, H., Hayashi, K., Ikedo, T., Yang, T., et al. (2020).
Osteoprotegerin prevents intracranial aneurysm progression by promoting
collagen biosynthesis and vascular smooth muscle cell proliferation. J. Am.
Heart Assoc. 9:e015731.

Peng, J., He, X., Zhang, L., and Liu, P. (2018). MicroRNA-26a protects vascular
smooth muscle cells against H2O2-induced injury through activation of the
PTEN/AKT/mTOR pathway. Int. J. Mol. Med. 42, 1367–1378.

Shi, Y., Li, S., Song, Y., Liu, P., Yang, Z., Liu, Y., et al. (2019). Nrf-2 signaling inhibits
intracranial aneurysm formation and progression by modulating vascular
smooth muscle cell phenotype and function. J. Neuroinflam. 16:185.

Starke, R. M., Chalouhi, N., Ali, M. S., Jabbour, P. M., Tjoumakaris, S. I.,
Gonzalez, L. F., et al. (2013). The role of oxidative stress in cerebral aneurysm
formation and rupture. Curr. Neurovasc. Res. 10, 247–255. doi: 10.2174/
15672026113109990003

Starke, R. M., Chalouhi, N., Ding, D., Raper, D. M., McKisic, M. S.,
Owens, G. K., et al. (2014). Vascular smooth muscle cells in cerebral
aneurysm pathogenesis. Transl. Stroke Res. 5, 338–346. doi: 10.1007/s12975-013
-0290-1

Strzalka, W., and Ziemienowicz, A. (2011). Proliferating cell nuclear antigen
(PCNA): a key factor in DNA replication and cell cycle regulation. Ann. Bot.
107, 1127–1140. doi: 10.1093/aob/mcq243

Teng, L., Chen, Y., Chen, H., He, X., Wang, J., Peng, Y., et al. (2017). Circular
RNA hsa_circ_0021001 in peripheral blood: a potential novel biomarker in
the screening of intracranial aneurysm. Oncotarget 8, 107125–107133. doi: 10.
18632/oncotarget.22349

Wang, D., and Atanasov, A. G. (2019). The microRNAs regulating vascular smooth
muscle cell proliferation: a minireview. Int. J. Mol. Sci. 20:324. doi: 10.3390/
ijms20020324

Wang, L., Wei, Y., Yan, Y., Wang, H., Yang, J., Zheng, Z., et al. (2018). CircDOCK1
suppresses cell apoptosis via inhibition of miR196a5p by targeting BIRC3 in
OSCC. Oncol. Rep. 39, 951–966.

Wang, Y., Wang, Y., Li, Y., Wang, B., Miao, Z., Liu, X., et al. (2019). Decreased
expression of circ_0020397 in intracranial aneurysms may be contributing to
decreased vascular smooth muscle cell proliferation via increased expression
of miR-138 and subsequent decreased KDR expression. Cell Adh. Migr. 13,
220–228.

Wei, L., Yang, C., Wang, G., Li, K., Zhang, Y., Guan, H., et al. (2020). Interleukin
enhancer binding factor 2 regulates cell viability and apoptosis of human brain
vascular smooth muscle cells. J. Mol. Neurosci. 71, 225–233. doi: 10.1007/
s12031-020-01638-0

Wu, L., Zhang, Y., Huang, Z., Gu, H., Zhou, K., Yin, X., et al. (2019). MiR-409-3p
inhibits cell proliferation and invasion of osteosarcoma by targeting zinc-finger
E-Box-binding Homeobox-1. Front. Pharmacol. 10:137. doi: 10.3389/fphar.
2019.00137

Xu, Z., Rui, Y. N., Hagan, J. P., and Kim, D. H. (2019). Intracranial aneurysms:
pathology, genetics, and molecular mechanisms. Neuromol. Med. 21, 325–343.
doi: 10.1007/s12017-019-08537-7

Yin, K., and Liu, X. (2021). Circ_0020397 regulates the viability of vascular smooth
muscle cells by up-regulating GREM1 expression via miR-502-5p in intracranial
aneurysm. Life Sci. 265:118800. doi: 10.1016/j.lfs.2020.118800

Zhang, G., Liu, Z., Xu, H., and Yang, Q. (2016). miR-409-3p suppresses breast
cancer cell growth and invasion by targeting Akt1. Biochem. Biophys. Res.
Commun. 469, 189–195. doi: 10.1016/j.bbrc.2015.11.099

Zhang, J. Z., Chen, D., Lv, L. Q., Xu, Z., Li, Y. M., Wang, J. Y., et al. (2018). miR-
448-3p controls intracranial aneurysm by regulating KLF5 expression. Biochem.
Biophys. Res. Commun. 505, 1211–1215. doi: 10.1016/j.bbrc.2018.10.032

Zhang, X. L., Xu, L. L., and Wang, F. (2017). Hsa_circ_0020397 regulates colorectal
cancer cell viability, apoptosis and invasion by promoting the expression of the
miR-138 targets TERT and PD-L1. Cell Biol. Int. 41, 1056–1064. doi: 10.1002/
cbin.10826

Zhao, W., Zhang, H., and Su, J. Y. (2018). MicroRNA-29a contributes to
intracranial aneurysm by regulating the mitochondrial apoptotic pathway. Mol.
Med. Rep. 18, 2945–2954.

Zhao, Z., Yang, F., Liu, Y., Fu, K., and Jing, S. (2018). MicroRNA-409-3p suppresses
cell proliferation and cell cycle progression by targeting cyclin D2 in papillary
thyroid carcinoma. Oncol. Lett. 16, 5237–5242.

Zhong, Z., Wu, J., Yuan, K., Song, Z., Ma, Z., Zhong, Y., et al. (2019).
Upregulation of microRNA-205 is a potential biomarker for intracranial
aneurysms. Neuroreport 30, 812–816. doi: 10.1097/wnr.0000000000001279

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ding, Wang, Han, Zhao, Jia and Tuo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 May 2021 | Volume 9 | Article 655628

https://doi.org/10.1002/jcb.25011
https://doi.org/10.1093/cvr/cvx249
https://doi.org/10.1186/s12883-014-0188-x
https://doi.org/10.3389/fnins.2019.01238
https://doi.org/10.1017/cjn.2019.7
https://doi.org/10.1017/cjn.2019.7
https://doi.org/10.1111/febs.15357
https://doi.org/10.1111/febs.15357
https://doi.org/10.2174/15672026113109990003
https://doi.org/10.2174/15672026113109990003
https://doi.org/10.1007/s12975-013-0290-1
https://doi.org/10.1007/s12975-013-0290-1
https://doi.org/10.1093/aob/mcq243
https://doi.org/10.18632/oncotarget.22349
https://doi.org/10.18632/oncotarget.22349
https://doi.org/10.3390/ijms20020324
https://doi.org/10.3390/ijms20020324
https://doi.org/10.1007/s12031-020-01638-0
https://doi.org/10.1007/s12031-020-01638-0
https://doi.org/10.3389/fphar.2019.00137
https://doi.org/10.3389/fphar.2019.00137
https://doi.org/10.1007/s12017-019-08537-7
https://doi.org/10.1016/j.lfs.2020.118800
https://doi.org/10.1016/j.bbrc.2015.11.099
https://doi.org/10.1016/j.bbrc.2018.10.032
https://doi.org/10.1002/cbin.10826
https://doi.org/10.1002/cbin.10826
https://doi.org/10.1097/wnr.0000000000001279
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	CircRNA DOCK1 Regulates miR-409-3p/MCL1  Axis to Modulate Proliferation and Apoptosis of Human Brain Vascular Smooth Muscle Cells
	Introduction
	Materials and Methods
	Cell Culture and H2O2 Treatment
	Cell Transfection
	Quantitative Reverse Transcription Polymerase Chain Reaction
	RNase R Digestion and Actinomycin D Analyses
	3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl Tetrazolium Bromide
	Flow Cytometry
	Western Blotting
	Dual-Luciferase Reporter Assay
	RNA Pull-Down and RNA Immunoprecipitation Assays
	Statistical Analysis

	Results
	Circ_DOCK1 Expression Is Reduced in H2O2-Treated HBVSMCs
	Circ_DOCK1 Overexpression Attenuates H2O2-Induced HBVSMC Injury
	MiR-409-3p Is Targeted by circ_DOCK1 and Upregulated in H2O2-Treated HBVSMCs
	MiR-409-3p Overexpression Mitigates the Effect of circ_DOCK1 on Cell Proliferation and Apoptosis in H2O2-Treated HBVSMCs
	MCL1 Is Targeted by miR-409-3p and Modulated Via circ_DOCK1/miR-409-3p Axis
	MiR-409-3p Knockdown Mitigates H2O2-Induced HBVSMC Injury by Regulating MCL1

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	References


