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Abstract: hsa_circ_0021001 is downregulated in intracranial aneurysm (IA), and this downregulation influences
the growth of human brain vascular smooth muscle cells (hBVSMCs). However, the mechanism by which hsa_
circ_0021001 contributes to hBVSMC dysfunction in IA remains unclear. In this study, the expressions of miR-152-
3p, hsa_circ_0021001, and Gremlin 1 (GREM1) were detected using qRT-PCR. Cell viability was assessed using
CCK-8 assays, protein levels of GREM1 and proliferating cell nuclear antigen (PCNA) were evaluated using western
blotting. In addition, RNA immunoprecipitation (RIP) and dual-luciferase reporter assays were performed to validate
the correlation among hsa_circ_0021001, GREM1, and miR-152-3p. Our results indicated that overexpression of
hsa_circ_0021001 or GREM1 inhibited hBVSMC viability and migration, promoted cell apoptosis, decreased PCNA
levels, and increased a-SMA levels. Additionally, miR-152-3p was shown to directly bind to both GREM1 and hsa_
circ_0021001, reversing the effects of hsa_circ_0021001 on PCNA and a-SMA expression, hBVSMC viability, cell
migration, and apoptosis. Inhibition of miR-152-3p suppressed hBVSMC viability and migration and promoted apop-
tosis, while GREM1 knockdwon rescued these cellular phenotypesthe and restored PCNA and a-SMA expression.
In conclusion, hsa_circ_0021001 modulates GREM1 expression via miR-152-3p in hBVSMCs, thereby regulating
|IA-associated phenotypic alterations by suppressing cell viability and migration. It also promotes apoptosis through
the miR-152-3p/GREM1 axis.
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Introduction

Intracranial aneurysms (lAs) are characterized
by aberrant dilation of cerebral arteries, and
rupture of an IA can lead to fatal subarachnoid
hemorrhage [1]. Although the precise mecha-
nisms underlying IA formation remain incom-
pletely elucidated, alterations in the extracellu-
lar matrix of the vascular wall and dysfunction
of vascular smooth muscle cells (VSMCs) have
been implicated in its pathogenesis [2]. Par-
ticularly, phenotypic VSMC alterations, includ-
ing enhanced proliferation and migration, are
considered key contributors to IA pathogenesis
[3]. However, the specific molecular pathways
mediating these phenotypic alterations remain
elusive.

Previous studies have demonstrated that IA
pathophysiology involves complex interactions

among various cellular components and mo-
lecular pathways within the arterial wall [4,
5]. Among these, the phenotypic transition of
VSMCs from a contractile to a synthetic pheno-
type represents a key event in IA progression
[6]. Aneurysm formation is associated with
degeneration of the medial layer due to VSMC
dissociation, migration from the media to inti-
ma, and enhanced proliferation [7]. Therefore,
investigating VSMC proliferation and migration
is of great significance for understanding IA
pathogenesis. Assessing these functional alter-
ations provides a more comprehensive under-
standing of VSMC phenotypic transition and
their role in IA development, aligning with cur-
rent perspectives on vascular remodeling.

Circular RNAs (circRNAs) are a class of non-
coding RNAs characterized by a closed loop
structure [8-10]. These RNAs can originate from
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exons, introns, or intergenic eukaryotic regions
and exhibit tissue-specific expression pattern
[11, 12]. Furthermore, circRNAs have been
reported to play critical roles in IA progres-
sion [13-15]. For instance, circGNAQ regulates
VSMC phenotypes and promotes apoptosis
in 1A [16]; hsa_circ_0008433 modulates
VSMC function in IA pathogenesis [17]; and
circ_0008571 regulates VSMCs’ phenotype
through miR-145-5p in IA [18].

hsa_circ_0021001 has been detected in
peripheral blood and proposed as an IA bio-
marker [19]. However, its molecular mecha-
nism in IA remains unclear although previous
studies have shown that circRNA is lowly
expressed in IA, and its biological function was
validated by knocking down [20]. Additionally,
because the hsa_circ_0021001 in this study
is lowly expressed in IA, we validated its bio-
logical function by overexpressing hsa_circ_
0021001.

The aim of this study was to investigate the
downstream targets of hsa_circ_0021001 in
IA and elucidate its role in regulating human
brain VSMC (hBVSMC) phenotype. This work
may provide novel insight into the pathogen-
esis of IA and identify therapeutic targets.

Materials and methods
Cell culture

Human 293T cells were obtained from Ameri-
can Type Culture Collection, or ATCC. hBVSMCs
were obtained from Creative Bioarray and de-
rived from human cerebral arteries. All cells
were cultured in DMEM supplemented with glu-
tamine, 10% FBS, and penicillin/streptomycin,
and maintained in a humidified atmosphere
with 5% CO, at 37°C.

Cell transfection

hBVSMCs were transfected with 50 nM miR-
152-3p mimic, si-GREM1, or miR-152-3p in-
hibitor using Lipofectamine 2000 (Invitrogen,
USA) according to the manufacturer’s pro-
tocol. To overexpress hsa_circ_0021001 in
hBVSMCs, cells were transfected with 1 yg of
hsa_circ_0021001 plasmid or a control vector
(Guangzhou Geneseed Biotech Co., Ltd.). After
2 days of transfection, cells were used for sub-
sequent assays. The sequences were as fol-
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lows: si-GREM1: 5’AAAUCGAUGGAUAUGCAAC-
GA3’; si-NC: 5’UUCUCCGAACGUGUCACGU TT3..
The forward Alu sequence: 5’ ctccacctcccaggt-
tcaagcgattctecteectcagectecccgagtagetgggacca-
caggcatgcaccaccatccccagctaatttttgeattattagt-
agagttgggatttcttcaccgtgttggecaggecggtcttgga-
ctcectgacctcaagtgatccaactgectcagectctcaaagtg-
ctaggattacagggatctatactttictgatattataaagata-
gttatcttctccaagggaaaaaatcatcticatggaaattaatt-
acttttttacaaattgtgaatttgacccttaagagttttcttectg-
atatttaaaattgaaaaaaaaattgttgacattaatatttct-
tcttte3’, and backward Alu sequence: 5’ tag-
ctaacaactccatactttttggttgtttattaatgtgaaatttctg-
ctaaatgaaatacttttgtgtgtgtttgtggtagaagagacca-
cttcagttaaataaggaaatcaagagaggatcaatttagg-
aagattcagatatacagccgggtgcagtggetcatgectgta-
atccctgcacttagggaggetgaggegggtggatgacctg-
aggttaggagttcaagaccagcctggecaacatggegaa-
acccccatctctactaaaaataacaaaaattagetgggt-

gtggtggtgggtgtctataatcccagecaacttgggaggcet-
gaggcaggagaatcac3'.

Quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

Total RNA (10 ng) was reverse transcribed
using the iScript cDNA Synthesis Kit (170-
8891, Bio-Rad). Then, qRT-PCR was performed
using the SYBR Green PCR Kit (204001,
Qiagen) on a Bio-Rad cycler. Relative expres-
sion levels of GREM1, hsa_circ_0021001, and
miR-152-3p were determined using the 22T
method, normalized to GAPDH (for mRNA/cir-
cRNA) or U6 (for miRNA). All experiments were
performed in triplicate. Primer sequences are
shown in Table 1.

Cell viability analysis

Cell proliferation was assessed using the
CCK-8 assays (CO038, Beyotime, China). Bri-
efly, 1 x 10* cells per well were seeded in a
96-well plate and incubated for 24 h. Cells were
then treated with CCK-8 solution (10 uL) for 1 h,
and absorbance was measured at 450 nm
using a microplate reader.

Transwell assay

Cell migration was assessed using Transwell
chambers according to previous experimental
methods [21]. Briefly, cells were seeded into
the upper chamber in serum-free medium,
while the lower chamber contained medium
supplemented with 20% FBS. After 24 h incu-
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Table 1. Sequences of primers

Proteins were separated by SDS-

name primer sequence

PAGE and transferred onto nitro-

hsa_circ_0021001 F
hsa_circ_0021001 R

5’-GCAGACCCAGCATGCACTG-3’
5’-GGATCTCCATTGTGGCTGCC-3’

cellulose membrane (Amersham,
UK), which was then probed with
primary antibodies against PCNA
(1:1000), GREM1 (1:5000), and
GAPDH (1:10000). After washing,
membranes were incubated with
HRP-labelled secondary anti-rabbit
IgG antibody (1:1000, #7074, CST,
USA) for 1 h and visualized using
an enhanced chemiluminescence

miR-152-3p F 5’-TCGGCAGGTCAGTGCATGACAGAA-3’
miR-152-3p R 5’-CTCAACTGGTGTCGTGGA-3’
GREM1F 5’-GAGTTGCCTTGAGAGGGTCC-3’
GREM1R 5’-TACTCGGGGATCGGCAAATG-3’
GAPDH F 5’-TGACGTGCCGCCTGGAGAAAC-3’
GAPDH R 5’-CCGGCATCGAAGGTGGAAGAG-3’
UG F 5-GAGGGCCTATTTCCCATGATT-3’

UG R 5’-TAATTAGAATTAATTTGACT-3’

kit (#6883, CST). GAPDH served

bation, migrated cells were fixed, stained with
crystal violet, and photographed.

Cell apoptosis

Cell apoptosis was detected using flow cytom-
etry (40302ES, Yeasen) according to the manu-
facturer’s instructions. Cells were stained with
Annexin V-FITC and PI, and apoptosis was quan-
tified by flow cytometry.

Dual-luciferase reporter (DLR) assay

The 3’-UTR of GREM1 and hsa_circ_0021001
containing the predicted miR-152-3p binding
regions were cloned into the pMIR-REPORT
vector (Fubio). Cells were co-transfected with
pRL-TK plasmid (50 ng), miRNA mimic (20 nM),
and the indicated reporter plasmid (200 ng)
for 24 h. Luciferase activity was measured
using a dual-luciferase reporter assay system,
and Renilla luciferase activity was used for
normalization.

RNA immunoprecipitation (RIP) assay

RIP assays were performed to verify interac-
tions between miR-152-3p and hsa_circ_
0021001. Briefly, cells transfected with miR-
152-3p mimics were lysed and incubated with
anti-Argonaute-2 antibody (@ab32381, Abcam,
UK) or control IgG (ab172730, Abcam, UK) and
Protein A/G magnetic beads. After centrifuga-
tion, the immunoprecipitated RNA was extract-
ed, and enrichment of miR-152-3p and hsa_
circ_0021001 was determined using qRT-PCR.

Western blotting

Total protein was extracted from cells or tis-
sues using RIPA buffer with protease inhibitors.
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as an internal control.
Statistical analysis

Data were analyzed using GraphPad Prism 8.0
and were presented as means + standard error
(SE) or geometric mean with 95% confidence
intervals (Cls). Comparisons between two two
groups were performed using Student’s t-test,
and among multiple groups using one-way
ANOVA followed by Tukey's post-hoc test.
Repeated-measures ANOVA was applied for
time-course data such as CCK-8 assays. A
p-value < 0.05 was considered statistically
significant.

Results

Effects of hsa_circ_0021001 on hBVSMC vi-
ability and migration

To investigate the stability and localization of
hsa_circ_0021001, hBVSMC RNA was treated
with RNase R. The results showed that hsa_
circ_0021001 was resistant to RNase R-me-
diated degradation, while the corresponding
linear transcript was markedly digested (Figure
1A). Furthermore, reverse transcription using
random and oligo(dT),, primers revealed that
hsa_circ_0021001 levels were reduced com-
pared to those of the linear transcript when
oligo(dT),, primers were used (Figure 1B), con-
sistent with its circular nature. Moreover, the
actinomycin D assay demonstrated that hsa_
circ_0021001 had a longer half-life than the
linear RNA (Figure 1C), suggesting high cellu-
lar stability. Subcellular fractionation assay in-
dicated that hsa_circ_0021001 was substan-
tially enriched in the cytoplasm of hBVSMCs
(Figure 1D). Collectively, these data indicate
that hsa_circ_0021001 is a circular, abun-
dant, and stable transcript in IA.
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Figure 1. Effects of hsa_circ_0021001 on hBVSMC viability. A. RNase R assay showing the resistance of hsa_circ_0021001 to exonuclease digestion in hB-
VSMCs. B. qRT-PCR analysis of hsa_circ_0021001 and linear ARFIP2 mRNA expression using random and oligo(dT)18 primers in hBVSMCs. C. gRT-PCR analysis of
circ_0021001 and linear ARFIP2 mRNA after treatment with Actinomycin D in hBVSMCs. D. Subcellular localization of hsa_circ_0021001 in nuclear and cytoplasmic
fractions of hBVSMC. E. gRT-PCR analysis of hsa_circ_0021001 expression after transfection. F. hBVSMC viability was assessed using the CCK-8 assay. G-I. qRT-
PCR and western blot analyses of PCNA and a-SMA levels in hBVSMCs. J. Flow cytometry analysis of cell apoptosis. K. Transwell assay detecting cell migration, with
representative images captured at 200-fold magnification. *P < 0.05.
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Figure 2. miR-152-3p is a target of hsa_circ_0021001. A. Schematics of the predicted binding sites between hsa_
circ_0021001 and miR-152-3p. B. Dual-luciferase reporter assay in 293 T cells co-transfected with the reporter
plasmid and miR-152-3p mimic or miRNA NC. C. RNA immunoprecipitation (RIP) assay showing enrichment of
hsa_circ_0021001 and miR-152-3p in hBVSMCs using Anti-Ago2 or Anti-IgG antibodies. D. qRT-PCR analysis of
miR-152-3p expression in hBVSMCs transfected with vector, hsa_circ_0021001, hsa_circ_0021001 + miR-NC, or

hsa_circ_0021001 + miR-152-3p mimic. *P < 0.05.

To test the effect of hsa_circ_0021001 on
hBVSMC viability, cells were transfected with
a specific hsa_circ_0021001 overexpression
plasmid, and gRT-PCR confirmed that hsa_
circ_0021001 was markedly upregulated in
hBVSMCs following transfection (Figure 1E).
In addition, CCK-8 assays demonstrated that
hBVSMC viability was substantially suppress-
ed after hsa_circ_0021001 overexpression
(Figure 1F). gPCR and western blot analyses
revealed that PCNA levels were significantly
decreased, while o-SMA levels were signifi-
cantly elevated after hsa_circ_0021001 trans-
fection (Figure 1G-l). Furthermore, hsa_circ_
0021001 transfection significantly promoted
cell apoptosis (Figure 1J) and suppressed cell
migration (Figure 1K). Overall, these results
indicate that hsa_circ_0021001 supresses
hBVSMC viability and migration while promot-
ing apoptosis.

miR-152-3p was identified as a target of hsa_
circ_0021001

The StarBase website was employed to predict
potential interaction between miR-152-3p and
hsa_circ_0021001 (Figure 2A). DLR assay in
293T cells showed that co-transfection of both
WT-hsa_circ_0021001 and miR-152-3p mimic
substantially reduced luciferase activity com-
pared to controls (Figure 2B). Moreover, RIP
analysis revealed that both hsa_circ_0021001
and miR-152-3p were elevated in the Anti-Ago2
antibody compared to Anti-IgG antibody (Figure
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2C). In addition, hsa_circ_0021001 overex-
pression in hBVSMCs decreased miR-152-3p
levels, which were restored by co-transfection
with the miR-152-3p mimic (Figure 2D). Colle-
ctively, these data suggest that hsa_circ_
0021001 directly targets and suppresses miR-
152-3p expression in hBVSMCs.

Hsa_circ_0021001 suppressed hBVSMC vi-
ability and migration by targeting miR-152-3p

To determine whether miR-152-3p mediates
the effects of hsa_circ_0021001 on hBVS-
MCs, rescue experiments were performed. The
results revealed that co-transfection with the
miR-152-3p mimic reversed the inhibitory
effects of hsa_circ_0021001 overexpression
on hBVSMC viability (Figure 3A), counteracted
the downregulation of PCNA and the upre-
gulation of a-SMA induced by hsa_circ_
0021001 (Figure 3B-D), and attenuated hsa_
circ_0021001-induced apoptosis (Figure 3E).
Additionally, miR-152-3p mimic attenuated
hsa_circ_0021001-mediated suppression of
hBVSMC migration (Figure 3F). These find-
ings indicate that hsa_circ_0021001 modu-
lates hBVSMCs viability, apoptosis, and migra-
tion by targeting miR-152-3p.

GREM1 was identified as a target of miR-152-
3p

StarBase predictions identified potential bind-
ing sites between GREM1 and miR-152-3p

Am J Transl Res 2026;18(6):5015-5027
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(Figure 4A). Subsequent DLR assays demon-
strated that the miR-152-3p mimic substantial-
ly decreased the luciferase activity of the wild-
type GREM1 3’ UTR reporter, rather than the
mutant reporter (Figure 4B). Moreover, RIP
assay confirmed that Anti-Ago2 antibody en-
riched both GREM1 and miR-152-3p compar-
ed to Anti-IgG antibody (Figure 4C), validating
GREM1 as a miR-152-3p target in hBVSMCs.
Functional assays showed that miR-152-3p
mimic decreased GREMZ1 expression, while
miR-152-3p inhibitor increased it. However,
these effects were reversed by knockdown
or overexpression, respectively (Figure 4D-G).
Collectively, these data indicate that miR-152-
3p targets GREM1 and negatively modulates
its expression in hBVSMCs.

GREM1 reversed the effects of miR-152-3p on
hBVSMC viability and migration

To investigate whether the miR-152-3p/GREM1
axis mediates hBVSMC dysfunction, hBVSMCs
were co-transfected with miR-152-3p inhibitor
and GREM1 siRNA. miR-152-3p inhibitor sup-
pessed hBVSMCs viability, whereas GREM1
silencing reversed this effect (Figure 5A). Si-
milarly, gPCR and western blot analyses re-
vealed that GREM1 silencing mitigated miR-
152-3p inhibitor-mediated decrease in PCNA
and increases in «-SMA (Figure 5B-D). Addi-
tionally, GREM1 knockdown suppressed the
miR-152-3p inhibitor-mediated increase in hBV-
SMC apoptosis (Figure 5E) and restored cell
migration (Figure 5F). These findings indicate
that miR-152-3p modulates hBVSMCs viability,
apoptosis, and migration via GREML1.

Hsa_circ_0021001 indirectly modulated
GREM1 through miR-152-3p in hBVSMCs

Given that hsa_circ_0021001 binds miR-152-
3p and GREM1 is a target of miR-152-3p,
we examined whether hsa_circ_0021001 indi-
rectly regulates GREM1 through miR-152-3p.
The results demonstrated that co-transfection
of miR-152-3p mimic restored oe-hsa_circ_
0021001-mediated GREM1 up-regulation both
at protein and mRNA levels (Figure 6A, 6B),
indicating that hsa_circ_0021001 indirectly
modulates GREM1 expression through miR-
152-3p in hBVSMCs.

Discussion

Intracranial aneurysms are pathologic dilations
of cerebral arteries caused by damage to the
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intracranial arterial wall. They represent a ma-
jor cause of subarachnoid hemorrhage, and if
ruptured, they result in severe complications
or death [22, 23]. Studies indicate that the
prevalence of IA is approximately 7.0% in in-
dividuals aged 35-75 years [24]. The pathogen-
esis of IA is complex and incompletely under-
stood. Moreover, phenotypic modulation of
VSMCs plays a critical role in IA development
[16, 25-27]. In vivo, the dynamic balance be-
tween VSMC proliferation and apoptosis main-
tains development; however, disruption of this
balance impairs VSMC function, reduces co-
llagen fiber synthesis, and diminishes repair
capacity, thus leading to IA formation [28].
Therefore, it is important to investigate the
functional roles of hBVSMCs in IA for the de-
velopment of effective therapeutic strategies.

Evidence indicates that circRNAs are key re-
gulators in IA progression. For instance, circ_
FOXO03 modulates KLF6 by sponging miR-122-
5p, inhibiting H,O,-mediated hBVSMC proli-
feration, and thereby influencing IA progression
in a cellular model [29]. Similarly, circRNA
such as circLIFR regulate human VSMC prolif-
eration, migration, invasion, and apoptosis via
the miR-1299/KDR axis [30]. In addition, hsa_
circ_0008433 has been found to regulate
VSMC function in IA pathogenesis [17]. Nota-
bly, hsa_circ_0021001, identified in peripheral
blood, has emerged as a novel biomarker for
IA detection [19]. In the current study, hsa_
circ_0021001 overexpression significantly su-
ppressed hBVSMC viability and migration while
promoting apoptosis, implying that hsa_circ_
0021001 modulates VSMC phenotypic chan-
ge. Addtionally, aneurysm formation involves
degeneration of the arterial media due to VSMC
dissociation, migration from the media to the
intima, and increased proliferation [7]. Pre-
vious studies had reported that hsa_circ_
0021001 is downregulated in IA patients [19].
Thus, downregulation of hsa_circ_0021001 in
IA may promote hBVSMC phenotypic change,
leading to increased hBVSMC migration and
proliferation.

Previous studies suggested that circRNAs re-
gulate gene expression by functioning as
sponges for miRNAs [31-33]. Since hsa_
circ_0021001 is predominantly localized to
the cytoplasm of hBVSMCs, we hypothesized
that it modulates hBVSMC viability by spon-
ging miRNAs. Subsequent bioinformatic pre-
dictions identified miR-152-3p as a potential

Am J Transl Res 2026;18(6):5015-5027
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Figure 4. GREM1 is a target of miR-152-3p. A. Schematics of the predicted binding sites comparing GREM1 and miR-152-3p. B. Dual-luciferase reporter assay in
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and miR-152-3p in hBVSMCs using Anti-Ago2 or Anti-IgG antibodies. D-G. qRT-PCR and western blot analyses of GREM1 expression in hBVSMCs under different
treatment conditions. *P < 0.05.
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target of hsa_circ_0021001. Co-transfection
with the miR-152-3p mimic reversed hsa_circ_
0021001-induced decrease in hBVSMC viabili-
ty and migration, as well as the increase in
apoptosis. Notably, although miR-152-3p has
not been reported in hBVSMCs, it has been
implicated in the regulation of proliferation and
migration in various tumor cells. For example,
miR-152-3p promotes cell adhesion and hepat-
ic metastases in colorectal cancer [34], and
facilitates cell proliferation in chronic myeloid
leukemia by inhibiting p27 [35]. These findings
suggest that miR-152-3p may generally pro-
mote cell proliferation and migration.

DLR assays further identified GREM1 as a di-
rect target of miR-152-3p. hsa_circ_0021001
overexpression increased GREM1 expression,
while miR-152-3p mimic had opposite effects.
VSMCs exhibit phenotypeic plasticity, includ-
ing contractile, proliferative, migratory, and syn-
thetic states [36]. BMP-2 is known to promote
VSMC proliferation and migration, facilitating
the switch to a synthetic phenotype through
cytoskeletal remodeling, CD44, and matrix me-
talloproteinase pathways [37, 38]. GREM1, as
a BMP antagonist, binds to BMP-2, 4, and 7
and prevents their interaction with BMP recep-
tors on the cell membrane [39]. Thus, it is plau-
sible that GREM1 modulates hBVSMC pheno-
typic changes through suppressing the BMP
signaling pathway, a mechanism supported by
our findings. Collectively, hsa_circ_0021001
regulates hBVSMC phenotypic alterations in IA
by adsorbing miR-152-3p and thereby upregu-
lating GREM1..

This study has several limitations. First, the
expression of hsa_circ_0021001 in clinical IA
tissue samples was not detected in this study,
although previous studies have reported rele-
vant evidence. Second, the mechanistic inve-
stigation only focused on the circRNA/miRNA/
MRNA regulatory axis of hsa_circ_0021001,
without further exploration of other potential
molecular pathways. These aspects represent
important directions for future research. Ne-
vertheless, the current findings still provide
novel insight into the molecular mechanisms
underlying IA development and the functional
role of hBVSMCs in this process.

Conclusions

hsa_circ_0021001 suppresses phenotypic al-
terations of hBVSMCs in vitro by upregulating

5025

GREM1 through miR-152-3p sponging. The-
se results demonstrate that the hsa_circ_
0021001/miR-152-3p/GREM1 axis plays a cri-
tical role in modulating IA pathogenesis.
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