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CircHIPK3 relieves vascular calcification via @
mediating SIRT1/PGC-1a0/MFN2 pathway
by interacting with FUS
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Abstract

Background Circular RNAs (circRNAs) have been reported to regulate the biological processes of human diseases.
CircHIPK3 has been implicated in vascular calcification, but the downstream regulatory mechanisms remain unclear.
Our study aimed to understand the regulatory function of circHIPK3 in vascular calcification.

Methods CircHIPK3 expression in atherosclerosis (AS) serum samples and vascular smooth muscle cells

(VSMCs) calcification model was assessed by quantitative real-time polymerase chain reaction (QRT-PCR). The
binding relationships between fused in sarcoma (FUS) and circHIPK3 or sirtuin 1 (SIRT1) were verified by RNA
immunoprecipitation (RIP) assay and RNA pull-down assays. Alkaline phosphatase (ALP) activity and alizarin red
staining assays were performed to evaluate the biological effect of 3-glycerophosphate (3-GP) and circHIPK3 on
calcium deposition. gRT-PCR and western blot assays were used to examine the effect of 3-GP, circHIPK3, SIRT1,
mitofusin 2 (MFN2), and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) on VSMCs
calcification and the expression of calcification-related proteins.

Results In AS serum samples and VSMCs calcification model, the expression of circHIPK3 was significantly reduced.
CircHIPK3 overexpression inhibited ALP activity and calcium deposition in 3-GP-induced VSMCs. Moreover, circHIPK3
could recruit FUS to further stabilize SIRTT mRNA. CircHIPK3 promoted MFN2 expression to alleviate VSMCs
calcification via activating SIRT1/PGC-1a signaling.

Conclusion The positive regulation of circHIPK3/FUS/SIRT1/PGC-1a/MFN2 signaling pathway contributed to the
alleviate VSMCs calcification, revealing a novel regulatory axis for vascular calcification.
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Introduction

Vascular calcification is considered a pivotal factor to
result in various diseases such as atherosclerosis (AS),
cerebrovascular disease, and peripheral vascular disease
[1, 2]. The characterization of vascular calcification con-
tained the formation of abnormal calcium phosphate
crystal deposition and aberrant lipid accumulation [3].
There is no ideal approaches to prevent or reverse vascu-
lar calcification. Accordingly, understanding the molecu-
lar basis of vascular calcification progression may be
beneficial to its improvement.

Circular RNAs (circRNAs) are a class of non-coding
RNAs with closed-loop structure, and have gradually
regarded as critical players in many cancers and diseases.
Recently, extensive evidence has shown that circRNAs are
important participants in vascular calcification progres-
sion [4]. Previous studies suggested that circSMOc1-2
might be a key regulator of vascular calcification, and
its overexpression could prevent vascular calcification
by reducing calcium deposition [5]. Besides, circSamd4
was considered to be a biomarker for vascular calcifica-
tion diagnosis, which silencing had been confirmed to
promote vascular calcification progression [6, 7]. CircH-
IPK3 is derived from exon2 of the HIPK3 gene, and has
been found to be differentially expressed in AS model
[8]. Studies had shown that circHIPK3 might contribute
to vascular smooth muscle cells (VSMCs) proliferation
[9]. Additionally, recently study suggested that circHIPK3
could reduce cell mineralization and calcium content to
alleviate vascular calcification process [10]. Therefore,
circHIPK3 may play an important role in the process of
vascular calcification, and its role and new molecular
mechanism are worthy of further investigation.

Usually, circRNAs can bind to RNA binding proteins
(RBPs) to regulate gene expression at the transcriptional
level. Fused in sarcoma (FUS), an RNA binding protein, is

Table 1 The clinical characteristics of AS patients and healthy
normal controls

Characteristics AS (n=28) Health P value
(n=28)
Age, years 51241003 535+882 0.1762
Sex, male/female 16/12 15/13 0.7881
History of smoking, cases 12 11 0.7859
History of drinking, cases 10 8 0.5671
HDL-C, mmol/L 1.03+0.21 1.01+0.18 0.7035
LDL-C, mmol/L 3144015 3534017  <0.0001
Triglyceride, mmol/L 14+05 1206 0.1811
Total cholesterol, mmol/L 52+084 46+13 0.0423
Body mass index (kg/m?) 23124522 21144364 05299
Diabetes, cases 10 6 0.2367
Hypertension, cases 21 7 0.0002

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; P: AS vs. Health
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reported to bind to non-coding RNAs to further stabilize
the mRNA of the downstream target gene. For instance,
in acute promyelocytic leukemia, Tang et al. elucidated
that IncRNA KCNQ1OTT1 recruited FUS to stabilize the
mRNA of MAP3K1 [11]. In hepatocellular carcinoma,
circ_0004018 was reported to recruit FUS to stabilize
TIMP2 expression [12]. Here, we found that circH-
IPK3 could bind to FUS through bioinformatics predic-
tion (starBase: https://starbase.sysu.edu.cn/index.php)
[13]. However, the regulatory effects of between circH-
IPK3 and FUS in the VSMCs calcification still largely
unknown.

Sirtuin 1 (SIRT1), a nicotinamide adenine dinucleotide-
dependent histone deacetylase, is reported to participate
in cell metabolism, pathophysiology of aging differen-
tiation, and DNA damage [14—17]. SIRT1 is an attractive
candidate to mediate vascular calcification by regulat-
ing multifarious molecules, including Wnt signaling and
RUNX family transcription factor 2 (RUNX2) signaling
[18, 19]. In our results, the prediction results of star-
Base showed that SIRT1 could bind to FUS. Therefore,
we speculated that circHIPK3 could stabilize SIRT1 by
recruiting FUS.

In this work, we proposed to understand the biological
role of circHIPK3 in vascular calcification. Additionally,
we verified the existence of circHIPK3/FUS/SIRT1 axis.
More importantly, its specific regulatory mechanism was
further researched.

Materials and methods

AS and healthy samples

A total of 28 AS patients and 28 healthy normal controls
in this study were obtained from the Hainan General
Hospital, Hainan Affiliated Hospital of Hainan Medical
University. The serum samples were collected and stored
in -80 °C. The diagnosis of patients with AS was deter-
mined on the basis of carotid intima-media thickness
(CIMT) of the common carotid artery (CIMT >21.0 mm)
combination with chest radiography, carotid plaques
and the actual pathological indicators of the patient, and
patients with other clinical conditions were excluded. The
clinical characteristics of AS patients and healthy normal
controls are listed in Table 1. The work was agreed by
the Ethical Committee of the Hainan General Hospital,
Hainan Affiliated Hospital of Hainan Medical University.

Cell culture and treatment

VSMCs were purchased from American Type Culture
Collection (Manassas, VA, USA) and cultured in Dulbec-
co’s Modified Eagle Medium (11,995,065, Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS; 10,100,147, Gibco) at 37 °C in 5% CO,. For
observing the effect of B-glycerophosphate (f-GP) on the
expression of circHIPK3, VSMCs were incubated with 10
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mM B-GP in different time points for 0, 3, 6, 9, and 12d.
For establishing a vascular calcification model, VSMCs
were treated with 10 mM B-GP for 12 d as previously
described [20].

Cell transfection

Full-length sequences, including circHIPK3, SIRT1 and
mitofusin 2 (MFN2), were amplified and cloned into
pcDNA3.1 vector to construct circHIPK3, SIRT1 and
MEN?2 overexpression vectors. The siRNA negative con-
trol (si-NC), siSIRT1 and si-peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a)
were purchased from GenePharma (Shanghai, China).
The corresponding cell transfections were performed
using Lipo6000™ Transfection Reagent (C0526, Beyotime
Biotechnology, Shanghai, China).

Alkaline phosphatase (ALP) activity analysis

ALP activities in different groups were measured by ALP
Assay Kit (P0321M). Specifically, the cell lysis buffer for
Western and IP without inhibitors (P0013]Ja) was applied
to disrupt the VSMCs, and the supernatant was obtained
by centrifuging at 10,000 rpm/min for 10 min. All above
reagents were purchased from Beyotime Biotechnology.
Finally, the absorbance at 405 nm was measured using a
microplate reader, and the ALP activity was calculated
according to the definition of enzyme activity.

Alizarin red staining

As previously described [20], Alizarin red staining was
performed to detect the mineralized calcium deposits
for VSMCs in different treatments. The VSMCs were
rinsed by PBS for three times, fixed with 70% ethanol and
stained with alizarin red S solution (1%, pH 4.2) (G1452,
Solarbio, Shanghai, China) for 1 h. The VSMCs had
been washed 3 times with PBS and mineralized calcium
deposits were visualized by microscopy (Leica, Wetzlar,
Germany).

Western blot

The total proteins of VSMCs in different groups were
extracted by radioimmunoprecipitation analysis buffer

Table 2 Primers in this work are listed

Gene Forward (5’-3’) Reverse (5’-3')

circHIPK3  CTCAGCCAGTTAGTGTGGGG  TGTGAGGCCATACCTGTTCTG
SMA GCTCCCAGGCTAGAGAGCAT  CACCATCACCCCCTGATGTC
SM22a TGGGCACTACCGTGGAGA AGGCCAATGACATGCTTTCC
RUNX2 TATGGCACTTCGTCAGGAT CTTCCATCAGCGTCAACAC
OPG TCAGTTTGTGGCGAATAA TGGACCTGGTTACCTATC
SIRT1 GATGAACCGCTTGCTAT TGAGGGAAGACCCAATAA
PGC-1a  TCACCACCCAAATCCTTA TGACTCATAGTAATAGCAGGA
MFN2 GCCAGTGCTTCTCCCTCA GCTGGACCTGGTCATTGTAG
GAPDH GGGAAACTGTGGCGTGAT GGGTGTCGCTGTTGAAGT
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(RIPA, R0010) supplemented with 0.5% phenylmeth-
anesulfonyl fluoride (PMSF, P0100). The protein con-
centrations in different groups were quantified by the
bicinchoninic acid (BCA) protein assay kit (PC0020).
All above reagents were purchased from Solarbio. Then,
protein samples (20 ug total proteins) were submitted to
10% SDS-polyacrylamide gels and transferred to poly-
vinylidene difluoride membranes. After treated with 5%
nonfat milk in PBS containing 0.05% Tween-20, mem-
branes were hatched with primary antibodies at 4 °C
overnight followed by incubated with secondary anti-
body for 1 h at room temperature. The primary antibod-
ies were purchased from Abcam (Cambridge, MA, USA):
anti-RUNX2 (ab76956, 1: 2000), anti-osteoprotegerin
(OPG) (ab73400, 1:3000), anti-alpha smooth muscle
actin antibody (SMA) (ab265588, 1:2500), anti-smooth
muscle protein 22a (SM22a) (ab14106, 1:1000), anti-
FUS (ab243880, 1:1000), anti-SIRT1 (ab110304, 1:1000),
anti-PGC-1a (ab106814, 1:1000), anti-GAPDH (ab9485,
1:2500) and anti-MFN2 (ab124773, 1:1000). The blots
were visualized using an ECL chemiluminescent reagent
(POO18FS, Beyotime Biotechnology), and the densi-
tometry of each protein band was quantified by Image |
software. The blots were cut prior to hybridization with
antibodies, so there are no images showing full length
membranes.

Total RNA extraction and quantitative real-time
polymerase chain reaction (qRT-PCR)

The total RNA extraction of tissue samples and cells with
different transfections was performed by Total RNA
Extraction Reagent (R401-01). The cDNA was obtained
according to the protocol of HiScript II (R212-01). PCR
amplification was performed using SYBR qPCR Mix
(Q711-02/03). All above reagents were purchased from
Vazyme (Nanjing, China). CircHIPK3, RUNX2, OPG,
SMA, SM22a, SIRT1, PGC-1a and MFN2 expressions
were normalized by GAPDH. The primer sequences are
displayed in Table 2.

ELISA

The concentrations of PGC-1a and MFN2 in cell cul-
ture supernatant were detected by PGC-la ELISA Kit
and MEN2 ELISA Kit (Shanghai Jianglai industrial Lim-
ited By Share Ltd., Shanghai, China) according to kit
instructions.

RNA immunoprecipitation (RIP) assay

RNA Binding Protein Immunoprecipitation Assay Kit
(KT102-01; Saicheng Biotech Co., Ltd, Guangzhou,
China) was applied to carry out RIP assay. Briefly, 4x 10’
VSMCs were lysed and then 100 pL of supernatant was
collected to incubate with the magnetic beads. The mag-
netic beads were previously conjugated with anti-FUS
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antibodies (1:1000; ab24:3880; Abcam) and control anti-
IgG antibodies. The magnetic beads were eluted and the
RNA complex was purified to obtain the RNA for qRT-
PCR analysis.

RNA pull-down assay

RNA pull-down assay was performed by RNA pull-down
kit (KT103-01; Guangzhou Saicheng Biotech Co., Ltd). In
brief, 4x10” VSMCs were lysed and centrifuged to col-
lect the supernatant. The magnetic beads (50 pL) were
conjugated with biotinylated circHIPK3 or SIRT1 probes
and incubated with the supernatant (100 pL) at 4 °C over-
night. Next, the beads were eluted from the RNA-protein
complex. The FUS protein was detected by western blot
assay.

RNA degradation assay

VSMCs in logarithmic phase were collected and incu-
bated with 0.5 pM actinomycin D (Act D) for 0, 3, 6, 9,
and 12 h. After incubation, VSMCs in different groups
were collected and lysed to measure the SIRT1 mRNA
expression by qRT-PCR.

Statistical analysis

All experiments were performed in triplicate, with each
independent experiment set 3 times to generate an aver-
age value. Data are presented as meanstSD. Results
were analyzed with one-way ANOVA and ¢-test using
GraphPad Prism 7.0 and SPSS 19.0 software. P<0.05 was
considered statistically significant (*P<0.05; **P<0.01;
*#**P<0.001).
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Result

CircHIPK3 is poorly expressed in AS and vascular
calcification model

To research the function of circHIPK3 in AS, its expres-
sion was tested in the serum samples of AS patients
and healthy normal controls. We found that circHIPK3
expression in AS serum samples was down-regulated
compared with healthy samples by qRT-PCR analysis
(Fig. 1A). In VSMCs incubated with 10 mM B-GP for 0, 3,
6, 9 and 12 days, circHIPK3 expression was significantly
decreased in a time dependent manner (Fig. 1B). There-
fore, we choose the stimulation condition (10 mM B-GP
for 12 days) for further experiments.

Overexpression of circHIPK3 ameliorates 3-GP-induced
calcification

In Figure. S1A, the expression of circHIPK3 was dra-
matically up-regulated nearly 3-fold in circHIPK3 group
compared with control or pcDNA3.1 group. To explore
the role of circHIPK3 in B-GP-induced VSMCs calcifi-
cation, circHIPK3 overexpressed VSMCs were treated
with B-GP for 12 days. The qRT-PCR result exhibited that
circHIPK3 overexpression vector markedly enhanced
circHIPK3 expression suppressed by the stimulation of
B-GP (Fig. 2A). Next, ALP activity and alizarin red stain-
ing were performed for the identification of VSMCs
calcification. ALP activity and extensive mineralized cal-
cium deposits were increased in VSMCs treated with 10
mM B-GP over a time span of 12 days. However, overex-
pression of circHIPK3 remarkably weakened ALP activity
and calcium deposition in f-GP-treated VSMCs (Fig. 2B
and C). In addition, B-GP induction reduced the expres-
sion of SMA and SM22a and increased the expression
of RUNX2 and OPG in VSMCs, while these effects were
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Fig. 1 CircHIPK3 expression is down-regulated in AS and 3-GP-induced VSMCs. (A) Relative expressions of circHIPK3 in AS and heathy serum samples
were assessed by gRT-PCR. (B) CircHIPK3 expression level was analyzed in VSMCs cultured with 10 mM (3-GP for 0, 3, 6, 9 and 12 days. *P<0.05, **P<0.01,

***p<0.001
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Fig. 2 Overexpression of circHIPK3 attenuates 3-GP-induced calcification in VSMCs. In control, 3-GP (12d), 3-GP + pcDNA3.1 and 3-GP + circHIPK3 group,
(A) The expression of circHIPK3 was validated by gRT-PCR analysis. (B) ALP activity was examined in all groups. (C) Alizarin red S staining of VSMCs was ob-
served in different treatments. gRT-PCR (D) and western blot (E) analysis of SMA, SM22a, RUNX2 and OPG were performed. *P < 0.05, **P < 0.01, ***P < 0.001

eliminated by circHIPK3 overexpression (Fig. 2D and E).
Collectively, our findings suggest that circHIPK3 overex-
pression may reduce the B-GP-induced calcification of
VSMCs.

CircHIPK3 binds to FUS to stabilize SIRTT mRNA

Through starBase (https://starbase.sysu.edu.cn/index.
php), we found 6 targets (UPF1, PTBP1, TAF15, FTO,
FUS and U2AF2) that could bind to circHIPK3 and
SIRT1. In the previous study, we detected the bind-
ing of these targets with circHIPK3 and SIRT1 through
RIP assay, and found that 5 targets (UPF1, PTBPI,
TAF15, FTO and U2AF2) could not simultaneously
combine with circHIPK3 and SIRT1 together (Figure.
S2). However, FUS could simultaneously bind to both
circHIPK3 and SIRT1, which showed that anti-FUS anti-
bodies enriched a prominent higher level of circHIPK3
and SIRT1 (Fig. 3A), so FUS was chosen to our research.

RNA pull-down assay exhibited that circHIPK3 or SIRT1
notably enriched FUS proteins (Fig. 3B). The knockdown
of circHIPK3 markedly decreased the relative enrichment
of FUS (Fig. 3C). Furthermore, depletion of FUS reversed
the increased mRNA and protein levels of SIRT1 induced
by overexpressing circHIPK3 (Fig. 3D and E). The stabil-
ity of SIRT1 in all groups was determined after Act D
treatment. The knockdown of FUS prominently reduced
the high stability of SIRT1 mRNA levels mediated by the
overexpression of circHIPK3 (Fig. 3F).

SIRT1 promotes MFN2 expression to inhibit VSMCs
calcification via PGC-1a

In intestinal epithelial cells, SIRT1/PGC-la pathway
was reported to regulate the autophagy and oxidative
damage [21]. The activation the PGC-1a/TERT path-
way effectively ameliorated AS [22]. In addition, MFN2
was a downstream target of PGC-1a [23]. The functional
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Fig. 3 CircHIPK3 interacts with FUS to inhibit SIRTT mRNA degradation. (A) RIP and (B) RNA pull-down assays were conducted to confirm the interaction
for circHIPK3 and FUS or SIRT1 and FUS. (C) The effect of knockdown of circHIPK3 on the relative enrichment of FUS was detected by RIP. The mRNA (D)
and protein (E) expression levels of SIRT1 in VSMCs transfected with pcDNA3.1, circHIPK3 vector, circHIPK3 +si-NC, and circHIPK3 + si-FUS group. (F)The
stability of SIRTT mRNA in VSMCs was determined after Act D treatment for 0, 3,6, 9, and 12 h. *P<0.05, **P < 0.01, ***P<0.001

relationships were subsequently examined among
SIRT1, PGC-1a and MFN2. The qRT-PCR and west-
ern blot results showed a significant increase of SIRT1
expression in SIRT1 overexpressing-vector transfection
group compared with pcDNA 3.1 group (Figure. S1B).
Compared with si-NC group, a noteworthy decrease of
PGC-1la was detected in si-PGC-1a group (Figure. S1C).
SIRT1 overexpression positively rescued the inhibi-
tory effect of B-GP treatment on the mRNA and protein
expressions of SIRT1, PGC-la and MFN2. Compared
with B-GP+SIRT1 group, the mRNA and protein lev-
els of PGC-1a and MFN2 were reduced when PGC-1a
was inhibited, while SIRT1 had no significant influence
(Fig. 4A and B), suggesting that SIRT1 located in the
upstream of PGC-1a and MFN2. Besides, ELISA results

suggested that SIRT1 overexpression enhanced the
concentrations of PGC-1a and MFN2 in -GP-treated
VSMCs, and this effect could be reversed by PGC-la
knockdown (Fig. 4 C). Next, ALP activity and alizarin red
staining assays revealed that the overexpression of SIRT1
retarded the promotion effect on VSMCs calcification by
treating the f-GP. ALP activity and calcium deposition
were promoted in B-GP+SIRT1+si-PGC-1a group as
compared with B-GP+SIRT1+si-PGC-1a group (Fig. 4D
and E). SIRT1 overexpression enhanced the expression
of SMA and SM22-a, while reduced the expression of
RUNX2 and OPG in pB-GP-induced VSMCs. However,
these effects also were reversed by PGC-1a knockdown
(Fig. 4F and G). Hence, SIRT1 reduced B-GP-induced
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Fig. 4 SIRT1 promotes MFN2 expression to mediate VSMCs calcification via PGC-1a. In control, 3-GP, 3-GP +SIRT1 and B-GP +SIRT1 +si-PGC-1a group,
gRT-PCR (A) and western blot (B) analysis of SIRT1, PGC-1a and MFN2 was performed. (C) ELISA was used to detect the concentrations of SIRT1 and PGC-
1a. The quantitative analysis of ALP activity (D) and alizarin red staining (E) was performed in all group. Relative mRNA (F) and protein (G) levels of SMA,
SM22a, RUNX2 and OPG were detected in different groups. *P< 0.05, **P < 0.01, ***P < 0.001

calcification in VSMCs via promoting MFN2 expression
mediated by PGC-1a.

CircHIPK3 promotes MFN2 to alleviate VSMCs calcification
via SIRT1/PGC-1a

In order to explore the roles of circHIPK3/SIRT1 axis in
VSMCs calcification, the expression levels of circHIPK3,

SIRT1, PGC-1a and MEN2 were tested in control, B-GP,
B-GP+circHIPK3,  pB-GP+circHIPK3+siSIRT1, and
B-GP+circHIPK3+siSIRT1+MFN2 group. Compared
with si-NC group, a noteworthy decrease of SIRT1 was
detected in siSIRT1 group (Figure. S1B). The high mRNA
and protein levels of MFN2 were observed in VSMCs
transfected with MFN2-overexpressing vector compared
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with pcDNA 3.1 group (Figure. S1D). As presented, a  12-day stimulation with B-GP, the low expression levels
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of circHIPK3, SIRT1, PGC-1a and MEN2 were observed.
CircHIPK3 overexpression alleviated these reductions
for SIRT1, PGC-1a and MFN2. The knockdown of SIRT1
inhibited the expression of PGC-la and MFN2, and

____!___.;
FUS

circHIPK3
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had no significant influence on the expression of circH-
IPK3 in PB-GP+circHIPK3+siSIRT1 group, suggest-
ing that SIRT1, PGC-1a and MEN2 could be regulated
by circHIPK3. In B-GP+circHIPK3+siSIRT1+MFN2

SIRT1 mRNA

|
|
|
|
\
|
|
|
|
\

Relieve Vascular calcification

Fig. 6 Mechanism diagram of this study. CircHIPK3 stabilized SIRTT mRNA by interacting with FUS and relieved VSMCs calcification via PGC-1a/MFN2

signaling pathway
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group, MFN2 overexpression only restored the mRNA
and protein levels of MFN2, indicating that MFN2 was
regulated by circHIPK3/SIRT1/PGC-1la axis (Fig. 5A
and B). The administration of siSIRT1 in B-GP/circH-
IPK3-treated cells displayed the enhanced ALP activity
and the accumulation of mineralized calcium deposits
compared with PB-GP+circHIPK3 group, while these
effects were attenuated by the co-overexpression of
MEN2 (Fig. 5 C and D). Inhibition of SIRT1 reversed
the activation effect of circHIPK3 on SMA and SM22-a
resulted from co-processing with B-GP and circHIPK3.
MEN2 overexpression rescued inhibitory effect caused
by B-GP+circHIPK3+siSIRT1 treatment on the mRNA
and protein levels of SMA and SM22-a. And the contrary
results were observed in RUNX2 and OPG (Fig. 5E and
F). To sum up, our data suggested that circHIPK3 might
relieve vascular calcification process through the FUS/
SIRT1/PGC-1a/MFN2 axis (Fig. 6).

Discussion

In this paper, we explored the role and mechanism of
circHIPK3 in vascular calcification. Our data demon-
strated that the expression level of circHIPK3 was down-
regulated in AS and B-GP-induced vascular calcification
model. Functional experiments suggested that circHIPK3
overexpression could relieve vascular calcification pro-
cess. These results provide new evidence for circHIPK3
as a potential target for vascular calcification therapy.

FUS protein belongs to FET family of RNA-binding
proteins and involves in the regulation of gene expres-
sion. Commonly, FUS is researched as a RBP for non-
coding RNAs in oncology and various diseases. On the
one hand, FUS binds to circRNAs to further stabilize the
mRNA of the downstream target gene. In laryngeal squa-
mous cell cancer, FUS combined with hsa_circ_0006232
to promote the stabilization of EZH2 [24]. Besides,
circ0005276 was found to recruit FUS to increase mRNA
stability of XIAD, thereby promoting prostate cancer
progression [25]. CircFndc3b performed its function
to recruit FUS to increase vascular endothelial growth
factor-A expression to modulate cardiac repair [26].
Through starBase prediction and further screening, we
found that FUS had binding sites with circHIPK3 and
SIRT1. Further analysis revealed that circHIPK3 could
bind to FUS, and circHIPK3 recruited the FUS to stabi-
lize SIRT1 mRNA.

SIRT1/PGC-1la pathway was reported to involve in
a variety of biological processes. In ischemic heart rat
model, SIRT1-PGC-1la pathway participated in energy
metabolism mediated by Danqi Tablet [23]. 20-HETE
inhibited the SIRT1/PGC-la signaling to accelerate
the neuronal apoptosis [27]. The activation of SIRT1/
PGC-1a pathway relieved the cellular injury in the proxi-
mal tubule induced by kidney ischemia-reperfusion
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[28]. PGC-1a was reported as an upstream mediator of
MEN2 in alcoholic liver disease and liver ischaemia-
reperfusion injury [29, 30]. However, the relationship of
SIRT1, PGC-1a and MFN?2 in the process of VSMCs cal-
cification had not explored. In our work, we found that
SIRT1 promoted the expression of PGC-1la and MFN2.
Besides, we confirmed that SIRT1 overexpression inhib-
ited VSMCs calcification, which was consistent with
previous results [31]. Further knockdown of PGC-1la
on the basis of overexpression of SIRT1 resulted in a
decrease in the expression of MFN2 and aggravated the
VSMCs calcification, confirming that SITR1 repressed
VSMCs calcification by increasing MFN2 expression via
regulating PGC-1a. In addition, SIRT1 knockdown also
reversed the inhibitory effect of circHIPK3 on VSMCs
calcification, and these effects were eliminated by MFN2
overexpression. Moreover, overexpression of MFN2 had
no significant influence on the expression of SIRT1 and
PGC-1a, but mitigated the degree of VSMCs calcifica-
tion in B-GP+circHIPK3+siSIRT1 group, further sug-
gesting that PGC-1a was upstream of MEN2. Therefore,
we speculated that circHIPK3 regulated SIRT1/PGC-1a/
MEN?2 axis to alleviate VSMCs calcification by recruiting
FUS.

Of course, there are some limitations to our study. Vas-
cular calcification is a highly complex process, and a sin-
gle circRNA is not sufficient. Our study only explored the
underlying molecular mechanism affecting the process of
vascular calcification at the basic level, and revealed that
circHIPK3 may participate in the process of vascular cal-
cification through the FUS/SIRT1/PGC-1a/MFN2 axis.
More circRNAs or pathways involved in vascular calcifi-
cation need to be further explored. In addition, we have
not explored the existence of circHIPK3/FUS/SIRT1/
PGC-1a/MEN2 axis by more animal experiments and
clinical level verifications. This study urgently needs fur-
ther investigation to reveal the underlying mechanism of
circHIPK3 in VSMCs calcification.

In summary, our present results revealed the inhibi-
tory effect and mechanism of circHIPK3 in VSMCs cal-
cification, and confirmed the existence of circHIPK3/
FUS/SIRT1/PGC-1a/MEN2 axis. Our study may provide
a novel strategy for the therapy of vascular calcification-
related diseases.

Abbreviations

AS Atherosclerosis
circRNAs  Circular RNAs
B-GP B-glycerophosphate
FUS Fused in sarcoma
MFN2 Mitofusin 2
OPG Osteoprotegerin
PGC-1a Peroxisome proliferator-activated receptor-gamma
coactivator-1alpha
ALP Alkaline phosphatase
RBP RNA binding protein
RUNX2 Runt-related protein 2



Feng et al. BMC Cardiovascular Disorders (2023) 23:583

SIRT1 Sirtuin 1

SMA Smooth muscle actin

SM22a Smooth muscle protein 22a
VSMCs Vascular smooth muscle cells

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512872-023-03602-3.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3

Supplementary Material 4

Acknowledgements
Not applicable.

Authors’ contributions

Guarantor of integrity of the entire study: Siyi Feng; Study concepts: Wenbo
Zhang, Siyi Feng; Study design: Wenbo Zhang, Siyi Feng; Definition of
intellectual content: Wenbo Zhang; Literature research: Wenbo Zhang; Clinical
studies: Wenbo Zhang, Zhanxiang Xiao, Youfei Qi, Hao Chen, Sahua Liu, Haimei
Luo; Experimental studies: Wenbo Zhang; Data acquisition: Siyi Feng; Data
analysis: Wenbo Zhang, Siyi Feng, Hao Chen; Statistical analysis: Wenbo Zhang,
Hongfei Wu, Hao Chen; Manuscript preparation: Wenbo Zhang; Manuscript
editing: Wenbo Zhang, Siyi Feng; Manuscript review: Wenbo Zhang,
Zhanxiang Xiao, Youfei Qi.

Funding
This work was supported by Hainan Provincial Natural Science Foundation of
China (821RC1117).

Data Availability
The datasets used or analyzed during the current study are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All methods were carried out in accordance with relevant guidelines and
regulations. All experimental protocols were approved by the Ethical
Committee of the Hainan General Hospital, Hainan Affiliated Hospital of
Hainan Medical University. Informed consent was obtained from all subjects
and/or their legal guardians.

Consent for publication
Not applicable.

Competing interests

The authors declare that they have no competing interest. No benefits in any
form have been or will be received from any commercial party related directly
or indirectly to the subject of this manuscript.

Received: 14 March 2023 / Accepted: 7 November 2023
Published online: 27 November 2023

References

1. WuM, Rementer C, Giachelli CM. Vascular calcification: an update on mecha-
nisms and challenges in treatment. Calcif Tissue Int. 2013;93(4):365-73.

2. Kraus MA, Kalra PA, Hunter J, Menoyo J, Stankus N. The prevalence of vascular
calcification in patients with end-stage renal Disease on hemodialysis: a
cross-sectional observational study. Ther Adv Chronic Dis. 2015;6(3):84-96.

3. LeeSJ, Lee IK, Jeon JH.Vascular calcification-new insights into its mechanism.
Int J Mol Sci 2020, 21(8).

20.

21.

22.

23.

24.

Page 11 of 12

Ma C, Gu R, Wang X, He S, Bai J, Zhang L, Zhang J, LiQ, Qu L, Xin W, et al.
circRNA CDR1as promotes pulmonary artery smooth muscle cell calcification
by upregulating CAMK2D and CNN3 via sponging miR-7-5p. Mol Therapy
Nucleic Acids. 2020;22:530-41.

Ryu J, Choe N, Kwon DH, Shin S, Lim YH, Yoon G, Kim JH, Kim HS, Lee IK, Ahn
Y, et al. Circular RNA circSmoc1-2 regulates vascular calcification by acting as
a mir-874-3p sponge in vascular smooth muscle cells. Mol Therapy Nucleic
Acids. 2022,27:645-55.

Ryu J, Kwon DH, Choe N, Shin S, Jeong G, Lim YH, Kim J, Park WJ, Kook H, Kim
YK. Characterization of circular RNAs in vascular smooth muscle cells with
vascular calcification. Mol Therapy Nucleic Acids. 2020;19:31-41.

ZhouY, LiuY, Xuan S, Jin T, Chen K, Wu Z, SuW, Chen L, Zong G. CircSamd4:
a novel biomarker for predicting vascular calcification. J Clin Lab Anal.
2022,36(1):24156.

Wei MY, Lv RR, Teng Z. Circular RNA circHIPK3 as a novel circRNA regulator of
autophagy and endothelial cell dysfunction in Atherosclerosis. Eur Rev Med
Pharmacol Sci. 2020;24(24):12849-58.

Wang S, Shi M, Li J, Zhang Y, Wang W, Xu P, Li Y. Endothelial cell-derived exo-
somal circHIPK3 promotes the proliferation of vascular smooth muscle cells
induced by high glucose via the miR-106a-5p/Foxo1/Vcam1 pathway. Aging.
2021;13(23):25241-55.

Zhang WB, Qi YF, Xiao ZX, Chen H, Liu SH, Li ZZ, Zeng ZF, Wu HF. CircHIPK3
Regulates Vascular Smooth Muscle Cell Calcification Via the miR-106a-5p/
MFN2 Axis. Journal of cardiovascular translational research 2022.

Tang D, LuoY, Jiang Y, Hu P, Peng H, Wu S, Zhang G, Wang Y. LncRNA
KCNQ1OT1 activated by c-Myc promotes cell proliferation via interacting
with FUS to stabilize MAP3K1 in acute promyelocytic Leukemia. Cell Death
Dis. 2021;12(9):795.

Wu'Y, Zhang M, Bi X, Hao L, Liu R, Zhang H. ESR1 mediated circ_0004018
suppresses angiogenesis in hepatocellular carcinoma via recruiting FUS and
stabilizing TIMP2 expression. Exp Cell Res. 2021;408(2):112804.

Li JH, Liu'S, Zhou H, Qu LH, Yang JH. starBase v2.0: decoding miRNA-ceRNA,
mMIiRNA-ncRNA and protein-RNA interaction networks from large-scale CLIP-
Seq data. Nucleic Acids Res. 2014;42(Database issue):D92-97.

Ponugoti B, Kim DH, Xiao Z, Smith Z, Miao J, Zang M, Wu SY, Chiang CM,
Veenstra TD, Kemper JK. SIRT1T deacetylates and inhibits SREBP-1 C activity in
regulation of hepatic lipid metabolism. J Biol Chem. 2010;285(44):33959-70.
Zeng Y, Yang K. Sirtuin 1 participates in the process of age-related retinal
degeneration. Biochem Biophys Res Commun. 2015;468(1-2):167-72.
Buhrmann C, Busch F, Shayan P, Shakibaei M. Sirtuin-1 (SIRT1) is required for
promoting chondrogenic differentiation of mesenchymal stem cells. J Biol
Chem. 2014,289(32):22048-62.

Gorenne |, Kumar S, Gray K, Figg N, Yu H, Mercer J, Bennett M. Vascular
smooth muscle cell sirtuin 1 protects against DNA damage and inhibits
Atherosclerosis. Circulation. 2013;127(3):386-96.

Bartoli-Leonard F, Wilkinson FL, Langford-Smith AWW, Alexander MY, Weston
R.The interplay of SIRT1 and wnt signaling in vascular calcification. Front
Cardiovasc Med. 2018;5:183.

Bartoli-Leonard F, Wilkinson FL, Schiro A, Inglott FS, Alexander MY, Weston R.
Suppression of SIRT1 in Diabetic conditions induces osteogenic differentia-
tion of human vascular smooth muscle cells via RUNX2 signalling. Sci Rep.
2019,9(1):878.

Zhou P, Zhang X, Guo M, Guo R,Wang L, Zhang Z, Lin Z, Dong M, Dai H,

Ji X, et al. Ginsenoside Rb1 ameliorates CKD-associated vascular calci-
fication by inhibiting the Wnt/beta-catenin pathway. J Cell Mol Med.
2019;23(10):7088-98.

Liang D, ZhuoY, Guo Z, He L, Wang X, He Y, Li L, Dai H. SIRT1/PGC-1 pathway
activation triggers autophagy/mitophagy and attenuates oxidative damage
in intestinal epithelial cells. Biochimie. 2020;170:10-20.

ZhangY,Wang C, JinY,Yang Q Meng Q, Liu Q, DaiY, Cai L, Liu Z, Liu K, et al.
Activating the PGC-Talpha/TERT pathway by Catalpol ameliorates Athero-
sclerosis via modulating ROS production, DNA damage, and Telomere func-
tion: implications on Mitochondria and Telomere Link. Oxid Med Cell Longev.
2018;2018:2876350.

Meng H, Wang QY, Li N, He H, Lu WJ, Wang QX, Sun XQ, Jiao SH, Wang Y,

Tu PF. Dangi Tablet () regulates Energy Metabolism in Ischemic Heart Rat
Model through AMPK/SIRT1-PGC-1alpha pathway. Chin J Integr Med.
2021,27(8):597-603.

WuT,Wang G, Zeng X, Sun Z, Li S, Wang W, Yu B. Hsa_circ_0006232 promotes
laryngeal squamous cell cancer progression through FUS-mediated EZH2
stabilization. Cell Cycle. 2021;20(18):1799-811.


https://doi.org/10.1186/s12872-023-03602-3
https://doi.org/10.1186/s12872-023-03602-3

Feng et al. BMC Cardiovascular Disorders (2023) 23:583

25.

26.

27.

28.

Zhang Z, Feng Y, Li ZY, Cao XZ. Antiproliferative and apoptotic activity of
glycyrrhizinic acid in MCF-7 human Breast cancer cells and evaluation of its
effect on cell cycle, cell migration and m-TOR/PI3K/Akt signalling pathway.
Archives of Medical Science: AMS. 2019;15(1):174-82.

Garikipati VNS, Verma SK, Cheng Z, Liang D, Truongcao MM, Cimini M, Yue

Y, Huang G, Wang C, Benedict C, et al. Circular RNA CircFndc3b modulates
cardiac repair after Myocardial Infarction via FUS/VEGF-A axis. Nat Commun.
2019;10(1):4317.

Cui W, Wu X, ShiY, Guo W, Luo J, Liu H, Zheng L, Du Y, Wang P, Wang Q, et

al. 20-HETE synthesis inhibition attenuates traumatic brain injury-induced
mitochondrial dysfunction and neuronal apoptosis via the SIRT1/PGC-1alpha
pathway: a translational study. Cell Prolif. 2021,54(2):e12964.

Funk JA, Schnellmann RG. Accelerated recovery of renal mitochondrial and
tubule homeostasis with SIRT1/PGC-1alpha activation following ischemia-
reperfusion injury. Toxicol Appl Pharmacol. 2013;273(2):345-54.

Page 12 of 12

29. KaiJ Yang X, Wang Z, Wang F, Jia Y, Wang S, Tan S, Chen A, Shao J, Zhang F, et
al. Oroxylin a promotes PGC-1alpha/Mfn2 signaling to attenuate hepatocyte
pyroptosis via blocking mitochondrial ROS in alcoholic Liver Disease. Free
Radic Biol Med. 2020;153:89-102.

30. LiJ, KeW, Zhou Q WuY, Luo H, Zhou H, Yang B, Guo Y, Zheng Q, Zhang Y.
Tumour necrosis factor-alpha promotes liver ischaemia-reperfusion injury
through the PGC-Talpha/Mfn2 pathway. J Cell Mol Med. 2014;18(9):1863-73.

31, LuCL, Liao MT, Hou YC, Fang YW, Zheng CM, Liu WC, Chao CT, Lu KC, Ng YY.
Sirtuin-1 and its relevance in vascular calcification. Int J Mol Sci 2020, 21(5).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿CircHIPK3 relieves vascular calcification via mediating SIRT1/PGC-1α/MFN2 pathway by interacting with FUS
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿AS and healthy samples
	﻿Cell culture and treatment
	﻿Cell transfection
	﻿Alkaline phosphatase (ALP) activity analysis
	﻿Alizarin red staining
	﻿Western blot
	﻿Total RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
	﻿ELISA
	﻿RNA immunoprecipitation (RIP) assay
	﻿RNA pull-down assay
	﻿RNA degradation assay
	﻿Statistical analysis

	﻿Result
	﻿CircHIPK3 is poorly expressed in AS and vascular calcification model
	﻿Overexpression of circHIPK3 ameliorates β-GP-induced calcification
	﻿CircHIPK3 binds to FUS to stabilize SIRT1 mRNA
	﻿SIRT1 promotes MFN2 expression to inhibit VSMCs calcification via PGC-1α
	﻿CircHIPK3 promotes MFN2 to alleviate VSMCs calcification via SIRT1/PGC-1α

	﻿Discussion
	﻿References


