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CircRNA Chordc1 protects mice from abdominal
aortic aneurysm by contributing to the phenotype
and growth of vascular smooth muscle cells
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Circular RNAs (circRNAs) have important potential in modu-
lating vascular smooth muscle cell (VSMC) activity, but their
roles in abdominal aortic aneurysm (AAA) are unknown. We
performed in situ hybridization and immunohistochemistry
and determined that circChordc1 (cysteine and histidine-rich
domain containing 1) was markedly downregulated in aneu-
rysm tissue compared with normal arteries. A gene gain and
loss strategy was used to confirm that circChordc1 transformed
VSMCs into a contracted phenotype and improved their
growth, which significantly suppressed aneurysm formation
and reduced the risk of rupture inmousemodels of angiotensin
(Ang) II- and CaCl2-induced AAA. RNA pull-down, immuno-
precipitation, and immunoblotting indicated that circChordc1
facilitated the VSMC phenotype and growth determination by
binding to vimentin and ANXA2 (annexin A2), which not only
increased vimentin phosphorylation to promote its degrada-
tion but also promoted the interaction between ANXA2 and
glycogen synthase kinase 3 beta (GSK3b) to induce the nuclear
entry of b-catenin. Thus, our present study revealed that circ-
Chordc1 optimized the VSMC phenotype and improved their
growth by inducing vimentin degradation and increasing the
activity of the GSK3b/b-catenin pathway, thereby extenuating
vascular wall remodeling and reversing pathological aneurysm
progression.

INTRODUCTION
The vascular smooth muscle cell (VSMC) phenotype and growth
characteristics determine the course of abdominal aortic aneurysm
(AAA), a common harmful vascular disorder associated with a high
risk of morbidity and mortality.1,2 In response to the effects of various
risk factors, such as hypertension, dyslipidemia, and smoking,
VSMCs are initially induced to adopt a degradative phenotype and
then gradually progress to terminal death. The orchestrated interac-
tion between these processes causes cellular and extracellular matrix
(ECM) abnormalities in the medial layer of the aortic wall, thus
This is an open access article under the CC BY-NC
inducing AAA formation and aggravating the disease course.3

Although an increasing number of studies have suggested that ge-
netic-based interventions can aid in regulating the VSMC phenotype
and growth,4,5 VSMC behavior is not fundamentally changed, which
may still lead to aortic dilation and aneurysm rupture. The explana-
tion for this outcome is that the appropriate function of VSMCs and
their quantity are not addressed simultaneously by these interven-
tions, which often lead to the excessive proliferation of degraded
VSMCs, thus worsening medial degeneration and exacerbating
AAA progression.6 An increased understanding of VSMC behavior
will enable the identification of strategies to improve vessel wall re-
modeling, which may reverse the outcome of aneurysms.7 According
to previous studies, several coding genes and noncoding genes,
including microRNAs and long noncoding RNAs with easy degrada-
tion or nonspecific expression patterns, are involved in the VSMC
phenotypic switch or growth in vitro,8,9 but their roles in determining
the AAA prognosis is unknown.

Circular RNAs (circRNAs), a novel class of noncoding RNAs charac-
terized by covalently closed loop structures with neither 50 to 30 polar-
ity nor a polyadenylated tail, are expressed in a tissue specific and sta-
ble manner.10 CircRNAs are involved in various vascular diseases,
including vascular dysfunction, carotid atherosclerosis disease, dia-
betes mellitus-related retinal vascular dysfunction, and chronic
thromboembolic pulmonary hypertension.11 Recently, research has
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revealed abundant differentially expressed circRNAs between human
AAA groups and control groups; moreover, circRNAs are involved in
VSMC proliferation, differentiation, and migration, which are core
mechanisms involved in the pathology of aneurysms.12–14 Of crucial
importance, certain circRNAs have been found to interact with
glycogen synthase kinase 3 beta (GSK3b) and a-smooth muscle actin,
which have been validated to modulate VSMC growth and the con-
tractile apparatus,15,16 the key component in vascular wall remodeling
along with the deterioration of AAA, Therefore, circRNAs may be a
key factor mediating the pathogenesis of AAA. Furthermore, a previ-
ous study profiling circRNA expression in AAA and normal mice
found that circRNA-001265, originating from cysteine and histi-
dine-rich domain containing 1 (Chordc1), was significantly reduced
in diseased arteries and related to VSMC dysfunction and loss,17 sug-
gesting that it may have the potential to control VSMC phenotype
and growth.

In this study, we named this newly discovered VSMC-enriched
circRNA circChordc1 and, using angiotensin (Ang) II- and CaCl2-
induced AAA mouse models, identified its role in VSMC behavior
and AAA outcomes. CircChordc1 prevented AAA pathology by
inducing VSMCs to a contractile phenotype and improving their
survival. These effects of circChordc1 were achieved through its pro-
motion of the phosphorylation-induced degradation of vimentin and
inhibition of GSK3b/b-catenin pathway activity. Based on our results,
circChordc1 is a novel molecular target that mitigates AAA formation
and exacerbation by contributing to VSMC phenotype and growth
and improving vascular wall remodeling.

RESULTS
Aortic tissues from patients with AAA exhibit phenotype

switching and increased apoptosis of VSMCs

Human AAA and corresponding adjacent normal aortic samples
were collected from 10 patients who underwent AAA resection sur-
gery. The clinical and laboratory features of the patients are shown
in Table S3. Computed tomography angiography revealed dilation
of the abdominal aorta in the patients with AAA (Figures S1A and
S1B). H&E staining of aortic aneurysm and adjacent normal tissues
showed that VSMCs exhibited a disordered arrangement in aneurysm
samples, while they were neatly arranged in parallel in adjacent
normal tissues (Figure S1C). Masson’s trichrome staining showed
attenuated collagen deposition in the aorta of the patients with
AAA (Figure S1D). Immunohistochemical (IHC) staining results re-
Figure 1. CircChordc1 is significantly downregulated in human and mouse AA
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vealed that the expression of the VSMC contractile marker smooth
muscle 22 (SM22) was substantially decreased in AAA tissues
compared with corresponding adjacent normal aortic tissues (Figures
S1E and S1F) and was accompanied by significantly increased syn-
thetic marker vimentin (Figure S1G). The patterns of contractile
markers (sm22 and calponin) and synthetic markers (vimentin and
osteopontin) identified using western blotting were concordant
with those of the IHC staining (Figures S1H and S1I). IHC staining
confirmed that the levels of a-SMA, a marker of SMCs, were substan-
tially decreased in human aortic aneurysm tissues, compared with
those in adjacent nonaneurysmal SMCs. In contrast, the caspase-3
protein, which serves as a crucial executor of cell apoptosis, was
expressed at high levels (Figures S2A–S2D). In addition, TUNEL
staining revealed that the apoptotic rate of VSMCs was dramatically
upregulated in AAA tissues (Figures S2E and S2F). Taken together,
these data show that there were phenotypic transforming and
increased apoptosis of VSMCs in the human AAA samples.

CircChordc1 is significantly downregulated in human and

mouse AAA tissues

A previous expression profiling study identified that circRNAs are
differentially expressed between normal and AAA tissues. From
this transcriptomic dataset, the top 10 downregulated circRNAs
were chosen as candidates. According to the conservation between
humans and mice, and the correlation with apoptosis, three circR-
NAs, including circChordc1, circFrivd4b, and circSh3rf1, were
selected, and subsequent quantitative real-time PCR assays suggested
that circChordc1 was the most significantly differentially expressed
circRNA between human and mouse normal and AAA groups (Fig-
ures 1A–1D). CircChordc1 has a length of 265 bp and is formed by
the circularization of exon 2, exon 3, and exon 4 of the Chordc1
gene, which is located on chromosome 9 (qA2), as reported in circ-
Base (mmu_circ_0001747) (Figure 1E). Furthermore, circChordc1
is conserved among humans and mice (Figure S3A). Among cells
that comprise the vessel tissue, smooth muscle cells (SMCs) were
the main cells expressing circChordc1, followed by endothelial cells
and fibroblasts (Figure S3B). Next, we verified that circChordc1 was
more stable than the linear transcript (Figures 1F and 1G). We per-
formed immunofluorescence staining (Figure 1H) and used quantita-
tive real-time PCR to isolate the cytoplasmic and nuclear RNAs of
VSMCs (Figure 1I) to identify the distribution of circChordc1 in sub-
cellular components. CircChordc1 was predominantly located in the
cytoplasm of VSMCs. Quantitative real-time PCR assays (Figure 1J)
A tissues
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suggested markedly higher circChordc1 levels in the corresponding
adjacent normal aortic tissues than in human AAA tissues. In addi-
tion, an angiotensin II (Ang II)-induced mouse AAA model and a
CaCl2-induced mouse AAA model were established to investigate
the different circChordc1 levels in the aortas of AAAmice and control
mice. As macroscopically observed, both types of AAA model mice
showed more pronounced aortic bulges than the control mice, con-
firming that we had successfully established well-accepted AAA
models. Quantitative real-time PCR assays revealed dramatically
higher levels of circChordc1 in control mice than in Ang II-induced
and CaCl2-induced AAA mice (p < 0.05; Figures 2K–2N).

CircChordc1 regulates the proliferation, apoptosis, and

phenotypic switching of VSMCs

To further explore the role of circChordc1 in vascular VSMC physi-
ology in vitro, VSMCs were rendered deficient in circChordc1
through transfection of three different small interfering RNAs
(siRNAs) for 48 h. We chose the siRNA with the highest silencing ef-
ficiency for subsequent in vitro experiments (Figure S4A). Moreover,
we designed circChordc1 constructs to increase circChordc1 levels in
VSMCs (Figure S4B). No significant differences were seen in the
mRNA and protein levels of Chordc1 between the circChordc1 inter-
vention groups and control groups (Figures S4C–S4F). Knockdown of
circChordc1 enhanced the apoptotic rate of VSMCs (Figures 2A–2D),
increased the proportion of cells in the G0/G1 phase of VSMCs (Fig-
ures 2E and 2F), and decreased the proportion of Ki-67-positive and
PH3-positive VSMCs (Figures 2G–2J), as assessed by flow cytometry,
TUNEL staining, and immunofluorescence. Furthermore, as shown
by western blotting, the caspase-3 protein was markedly increased
in VSMCs with reduced circChordc1, while the expression level of
PH3 was significantly decreased (Figures 2K–2L). Accumulating evi-
dence has proven that the phenotypic switching of SMCs can trigger
their apoptosis. We subsequently investigated whether circChordc1
affects SMC phenotype switching. Interestingly, we found that circ-
Chordc1 knockdown in vitro reduced the levels of some contractile
markers, including SM22 and calponin, and increased the expression
of several synthetic markers, including vimentin and osteopontin
(Figures 2M–2O).

Targeting circChordc1 influences Ang II-induced AAA formation

To investigate a potential causal relationship between circChordc1
and AAA development, we obtained overexpressed circChordc1
(circChordc1-OE) and their respective control viruses (adeno-associ-
Figure 2. CircChordc1 regulates the proliferation, apoptosis, and phenotypic s

(A and B) The results of the FCM analysis and the relative expression in VSMCs after tr

TUNEL immunofluorescence staining in VSMCs after treatment with scr-RNA or sh-circ

Quantification of the percentage of TUNEL-positive VSMCs in the scr-RNA and sh-circC

analysis after VSMCs were treated with scr-RNA or sh-circChordc1. n = 6, *p < 0.05 v
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positive VSMCs. Scale bar, = 50 mm. (H) Quantification of Ki-67-positive VSMCs. n = 6,

treated with scr-RNA or sh-circChordc1. The white arrows indicate pH3-positive VSMCs

scr-RNA group. (K and L) Western blotting results and densitometric analysis of PH3 and

per group. (M) Immunofluorescence staining for SM22 and vimentin in VSMCs treated w

and densitometric analysis of SM22, calponin, vimentin, and OPN protein levels in the
ated virus [AAV]-green fluorescent protein [GFP]) to perform func-
tion gained experiments. Immunofluorescence staining confirmed
that an enhanced aortic GFP signal was detected in the virus interven-
tion groups, indicating that the virus was successfully transfected into
the aortic wall (Figures 3A and S5A). Beginning on the 30th day, over-
expression interventions yielded a significant increase in circChordc1
levels, as confirmed by quantitative real-time PCR (Figure S5B). The
mice in the control group exhibited a more obvious bulge in the
abdominal aorta than those in the circChordc1-overexpressing group
(Figure 3B). In addition, enhanced circChordc1 triggered a substan-
tial decrease in the maximal abdominal aortic diameter (Figure 3C).
The incidence of AAA formation (Figure 3D) and the rupture rate
of AAA (Figure 3E) were nearly absent in the circChordc1-overex-
pressing group. Altogether, these data indicated that circChordc1 in-
hibited Ang II-induced AAA formation. Furthermore, we wondered
whether the inhibitory effect of circChordc1 on AAA formation
was related to the phenotypic switching and apoptosis of SMCs.
Consistent with our hypothesis, overexpressed circChordc1 signifi-
cantly increased the protein levels of contractile markers (sm22 and
calponin) and reduced the protein levels of synthetic markers (vimen-
tin and osteopontin), as assessed by western blotting (Figures 3F and
3G) and immunofluorescence staining (Figure 3H). In addition, the
TUNEL assay (Figures 3I and 3J) and the protein levels of caspase-
3 and a-SMA (Figures 3K–3N) unanimously indicated that the
apoptotic rate of SMCs was significantly decreased in the circ-
Chordc1-overexpressing group.Western blots produce similar results
to those findings (Figures 3O and 3P).

AAVs containing circChordc1 interference constructs (sh-circ-
Chordc1) and scr-RNA were obtained to reduce circChordc1 level.
Immunofluorescence staining indicated that the AAV containing
sh-circChordc1 was successfully transfected into the aortic wall (Fig-
ure 4A). The circChordc1 level was significantly decreased in the sh-
circChordc1 group (Figure S5C). The expression of circChordc1 in
aorta, hepatic, and skeletal muscle after modulation is shown in Fig-
ure S5D. Generally, the expression of circChordc1 in hepatic and skel-
etal muscle was changed. To investigate whether circChordc1 modu-
lated AAA formation in normolipidemic circumstances, we infused
Ang II into wild-type male C57BL/6J mice for 28 days. As a result,
the bulge in the abdominal aorta in scr-RNA mice was less obvious
than that in circChordc1 knockdown mice (Figure 4B). The maximal
abdominal aortic diameter (Figure 4C), AAA incidence (Figure 4D),
and the rupture rate of AAA (Figure 4E) were substantially higher in
witching of VSMCs
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the circChordc1 knockdown group than in the scr-RNA group.
Consistent with these findings, western blotting (Figures 4F and
4G) and immunofluorescence staining (Figure 4H) indicated that
knockdown of circChordc1 significantly reduced SM22 and calponin
levels while promoting the expression of vimentin and osteopontin.
In addition, knockdown of circChordc1 promoted SMC apoptosis,
as reflected by TUNEL assays (Figures 4I and 4J), and caspase-3
and a-SMA expression levels (Figures 4K–4N). Furthermore, western
blotting displayed an identical trendency with those findings (Figures
4O and 4P). Based on these results, the circChordc1 deficiency was
sufficiently potent to instigate AAA onset by prompting SMCs to ac-
quire a synthetic phenotype and undergo apoptosis upon Ang II
treatment.

Modulation of circChordc1 regulates AAA formation in CaCl2-

treated mice

To further examine whether the inhibitory effects of circChordc1 on
AAA formation are independent of Ang II stimulation, we established
a CaCl2-induced AAA model, another well-accepted type of AAA
model, to explore the role of circChordc1. Three weeks after admin-
istration of CaCl2 treatment to the infrarenal aorta, the maximal
abdominal aortic diameter was substantially increased in circChordc1
knockdown mice (Figures 5A and 5B), consistent with the findings in
Ang II-infused mice. Moreover, the protein expression patterns of
SM22, calponin, vimentin, and osteopontin identified using western
blotting (Figures 5C and 5D) and immunofluorescence staining (Fig-
ure 5E) were identical to those in the Ang II-induced AAA model
when circChordc1 expression was reduced. Decreased circChordc1
expression also increased the apoptotic rate of SMCs, as rrdemons-
trated by the TUNEL assay (Figures 5F and 5G), and caspase-3 and
a-SMA expression levels (Figures 5H–5K). In addition, western blot-
ting displayed an identical trendency with those findings (Figures 5L–
5M). These results therefore indicated that circChordc1 exerted a
protective effect in the CaCl2-induced mouse AAA model.

CircChordc1 interacts with ANXA2 to activate Wnt/b-catenin

signaling

Notably, circRNAs exert their functions through RNA-protein inter-
actions. We performed pull-down assays and mass spectrometry
analysis to determine proteins that potentially interact with circ-
Figure 3. Overexpressed circChordc1 inhibits Ang II-induced AAA formation

(A) Immunofluorescence staining for virus-borne green fluorescent protein (GFP) in the su

(B) Images of the macroscopic features of ApoE�/� mouse aortas with Ang II stimulation
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Chordc1 and to explore the underlying mechanism by which circ-
Chordc1 regulates SMC growth (Figure 6A). ANXA2 was detected
to specifically bind to circChordc1 (Figure 6B), which was verified
by western blotting (Figure 6C). We then confirmed the interactions
between circChordc1 and ANXA2 by performing RNA immunopre-
cipitation (RIP) assays (Figure 6D). RNA-FISH (fluorescence in situ
hybridization) and immunofluorescence assay results revealed that
circChordc1 was colocalized with ANXA2 in the cytoplasm of hu-
man aortic SMCs (Figure 6E). A substantial increase in ANXA2
expression was observed in AAA aortas compared with that in
normal aortas of humans and mice (Figures S6A–S6I). Our data
showed that ANXA2, which has been established to play a critical
role in regulating cell survival, could significantly promote VSMC
proliferation (Figures S7A and S7B). We next investigated whether
the interactions between circChordc1 and ANXA2 affected
ANXA2 levels. The mRNA and protein expression of ANXA2 was
detected when circChordc1 was overexpressed or knocked down.
Enhanced circChordc1 significantly increased ANXA2 protein levels
in VSMCs (Figures 6F and 6G), while reduced circChordc1
decreased the level of ANXA2 (Figures 6H and 6I). However, no sig-
nificant differences in the mRNA level of ANXA2 were noted be-
tween the intervention groups (Figure S7C), which was further
confirmed in the Ang II-induced and CaCl2-induced AAA models
(p < 0.05; Figures S7D–S7I). To further clarify the molecular regula-
tory mechanism underlying the interaction between circChordc1
and ANXA2, we treated circChordc1-knockdown VSMCs with the
protein synthesis inhibitor cycloheximide (CHX). The half-life of
ANXA2 in circChordc1-knockdown VSMCs was notably shorter
than that in the control VSMCs, which demonstrated that circ-
Chordc1 could delay ANXA2 degradation (Figure 6J). It has been
reported that ANXA2 can alter the subcellular localization of b-cat-
enin and bind to GSK3b, disrupting the formation of the GSK3b/
b-catenin complex in hepatocellular carcinoma cells.18 Coimmuno-
precipitation (coIP) and immunofluorescence assays were per-
formed to confirm that ANXA2 could directly bind with GSK-3b
in VSMCs (Figures 6K–6L). We observed that GSK-3b interacted
with more endogenous b-catenin in ANXA2-knockdown VSMCs
than in control VSMCs using coIP assays (Figure 6M). coIP assays
indicated that ANXA2 directly bound GSK3b, and knockdown of
circChordc1 attenuated the binding of ANXA2/GSK3b, thus
prarenal aortas of male mice in different virus-mediated groups and the saline group.

or Ang II stimulation and circChordc1 overexpression. (C) Maximal AAA diameter of
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increasing GSK3b/b-catenin interactions (Figure 6N). Furthermore,
immunoblotting revealed that ANXA2 knockdown significantly in-
hibited the nuclear translocation of b-catenin (Figures 6O–6P).
Overexpressed circChordc1 accelerated VSMC proliferation, which
was blocked by the inhibition of ANXA2 (Figures 6Q–6R). Thus,
circChordc1 promotes VSMC proliferation and apoptosis by regu-
lating the ANXA2/GSK-3b/b-catenin pathway.

CircChordc1 targeted vimentin to regulate SMC phenotype

switching

We studied several phenotype switching-related RNA binding pro-
teins identified by mass spectrometry to investigate the molecular
mechanism by which circChordc1 regulates VSMC phenotype
switching. Vimentin, the VSMC synthetic phenotype marker, was
the most abundant among these proteins (Figure 7A). Furthermore,
we performed western blotting and RIP to confirm the interaction
between circChordc1 and vimentin (Figures 7B and 7C). We sought
to determine whether circChordc1 attenuated VSMC phenotypic
transformation through effects on vimentin. The immunofluores-
cence staining indicated that vimentin was substantially upregu-
lated in mouse AAA samples compared with control samples
(Figure 7D). In addition, western blotting revealed that enhanced
circChordc1 inhibited vimentin expression levels (Figures 7E, 7F,
S8A, and S8B). It has been reported that several serine residues
within the N-terminal head domain of vimentin are phosphorylated
by various kinases, and phosphorylated vimentin is in turn disas-
sembled and presents in the soluble fraction in the cytoplasm.
Therefore, we applied two antibodies to detect phosphorylation at
two sites (Ser83 and Ser39) in vimentin to examine whether circ-
Chordc1 could regulate vimentin phosphorylation in VSMCs.
Interestingly, we found that circChordc1 significantly increased
the phosphorylation level of vimentin at Ser39 but not at Ser83 in
VSMCs (Figure 7G). Moreover, overexpressed circChordc1
increased the expression of the VSMC contractile phenotype
marker sm22, which were offset by enhanced vimentin (Figures
7H–7J). A similar situation was also observed in the effect of circ-
Chordc1 on caspase-3 (Figure 7K–7L). The above findings collec-
tively suggest that circChordc1 increases vimentin phosphorylation
to promote its degradation and determines the phenotype and
growth of VSMCs.
Figure 4. Reduced circChordc1 promotes Ang II-induced AAA formation

(A) Immunofluorescence staining of virus-borne GFP in the suprarenal aortas of male

macroscopic features of C57BL/6Jmouse aortas with Ang II stimulation or Ang II stimula
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DISCUSSION
In this study, we identified that VSMC-specific circChordc1 could
prevent the switch of VSMCs to a degradative phenotype and pro-
mote their growth, thus significantly reducing AAA formation and
deterioration. CircChordc1 directly binds to vimentin and ANXA2,
which not only induces vimentin degradation but also induces
GSK3b signaling and promotes b-catenin entry into the nucleus to
optimize the VSMC phenotype and increase growth (Figure 8). Based
on these findings, circChordc1, which determines VSMC behavior,
potentially represents an effective therapeutic target for AAA.

VSMCs featuring an impaired contractile apparatus and disturbed
growth are proposed to be the key factors leading to the initiation
and deterioration of AAA. In this study, we confirmed the effects of
circChordc1 on the VSMC phenotype and growth and the role of circ-
Chordc1 in reversing the course of aneurysm. As shown in this study,
circChordc1 could inhibit the degradation of VSMCs and promote
their growth, thus reducing the probability of aneurysm formation
and rupture by approximately 70% in mice. Accumulating studies
have reported alterations in the phenotype and growth of VSMCs
following interference with some gene targets,19–21 while in vivo evi-
dence regarding the role of suchmodifications in AAA is lacking. This
study provided in vivo data indicating the critical roles of circChordc1
in regulating the VSMC phenotype and growth and aneurysm course.
More importantly, our results showed that, when the degradation of
vimentin was blocked, enhanced circChordc1 did not significantly
improve the prognosis of aneurysms. It has been suggested that
methods that reduce the apoptosis of VSMCs while failing to alter
their phenotype are ineffective in reversing thoracic aortic aneurysms,
as the phenotype of the proliferating cells is central to disease
outcome.6,22 Our study further indicated the critical effects of
VSMC phenotype and growth on AAA progression. On the other
hand, this study showed that circChordc1 interacts with other
molecules to control the function and quantity of VSMCs. Although
combination strategies targeting multiple factors to induce comple-
mentary effects may be used to improve VSMC phenotype and
growth, unfortunately these strategies are limited by the ineffective
cooperation and low efficiency reported in previous studies.23,24

Our current study proved that circChordc1 efficiently regulates the
VSMC phenotype and growth and significantly improves the
mice in different virus-mediated groups and the saline group. (B) Images of the

tion alone and circChordc1 knockdown (C). Maximal AAA diameter of the abdominal

ordc1 knockdown. (D) The incidence of AAA in the Ang II-induced AAA group or

e rupture rate of AAA in the Ang II-induced AAA group or circChordc1-knockdown

ts and densitometric analysis of SM22, calponin, vimentin, and OPN protein levels in

nockdown. n = 6, *p < 0.05 versus Ang II + scr-RNA group. (H) Immunofluorescence

II stimulation alone and circChordc1 knockdown. Scale bar, 50 mm. (I and J) TUNEL

stimulation and circChordc1 knockdown and quantification of TUNEL-positive cells.

hemistry staining for caspase-3 and a-SMA in C57BL/6J mouse aortas with Ang II

caspase-3 and a-SMA expression levels in C57BL/6Jmouse aortas. n = 6, *p < 0.05
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prognosis of aneurysms, suggesting that it may be an ideal target for
AAA intervention. Finally, it is worth mentioning that we verified the
effect of circChordc1 on aneurysm outcomes using Ang II- and
CaCl2-induced AAA models, which further suggested that VSMC
phenotype and growth modulation by circChordc1 meaningfully
affected aneurysm development. Therefore, our study first identified
that circChordc1 can decrease vascular wall vulnerability to dilatation
and slow AAA development by controlling the VSMC phenotype and
growth.

In this study, we verified that a novel circRNA affected the develop-
ment of AAA by modulating the VSMC phenotype and growth.
With enhanced circChordc1 expression, VSMCs transitioned to the
contractile phenotype marked by SM22, and VSMC proliferation,
as assessed by PH3 and Ki-67, increased following a significant
decrease in VSMC apoptosis, as assessed by TUNEL and caspase-3
staining. These effects significantly reduced the rate of aortic aneu-
rysm formation and the risk of aortic aneurysm rupture. Given the
potential influence of circRNAs on cell behavior and vascular dis-
eases,25,26 this study further confirmed the critical role of circChordc1
in regulating the phenotype and growth of VSMCs and aneurysms.
Recently, noncoding RNAs (mainly microRNAs and long noncoding
RNAs) have been shown to exert an important effect on VSMC
behavior and to serve as key regulators of the development and pro-
gression of aortic aneurysms,27 but their unstable structure, poor con-
versation, and uncertain potency in vertebrates have been challenges
plaguing their utilization.28,29 This study indicated that circChordc1,
which has a covalent bond ring structure, could be an ideal target to
control the VSMC phenotype and growth. First, we found that circ-
Chordc1 tolerated RNase treatment without being degraded and
participated in VSMC phenotypic transition and growth, two key
processes during aneurysm development. Moreover, circChordc1
was enriched in the human aorta, and the circChordc1 levels detected
in human aortic aneurysm specimens were lower than those in
normal aorta specimens, which suggested the value of circChordc1
in clinical interventions. Finally, circChordc1 was enriched in
VSMCs, and targeting circChordc1 would avoid the effect on other
cells, including endothelial cells and macrophages, which may lead
to intimal hyperplasia and inflammation. Collectively, these findings
suggest that circChordc1 could be an ideal target involved in VSMC
phenotype and growth that could be utilized to improve the prognosis
of AAA.
Figure 5. Modulation of circChordc1 regulates AAA formation in CaCl2-treated

(A) Images of themacroscopic features of C57BL/6Jmouse aortas with CaCl2 stimulatio

of the abdominal region in C57BL/6J mice with CaCl2 stimulation or CaCl2 stimulation

tometric analysis of SM22, calponin, vimentin, and OPN protein levels in aortas fromC57

knockdown. n = 6, *p < 0.05 versus CaCl2+scr-RNA group. (E) Immunofluorescence sta

or CaCl2 stimulation and circChordc1 knockdown. Scale bar, 50 mm. (F and G) TUNEL im

or CaCl2 stimulation and circChordc1 knockdown and quantification of TUNEL-positi

Immunohistochemistry staining for caspase-3 and a-SMA in C57BL/6J mouse aortas w

quantification of caspase-3 and a-SMA expression levels in C57BL/6Jmouse aortas. n =

detecting the expression levels of caspase-3 and a-SMA in C57BL/6J mouse aortas w

Quantification of caspase-3 and a-SMA protein levels in aortas. n = 6, *p < 0.05 versu
CircRNAs generally perform biological functions by acting on RNA
binding proteins that subsequently influence the activity of associated
proteins.30 This study revealed that the contribution of circChordc1
to VSMC phenotype and growth was achieved by its interaction
with vimentin and ANXA2. A previous study indicated that the level
of vimentin, serving as a marker of the dedifferentiated phenotype for
VSMCs, was positively correlated with the degeneration of contractile
VSMCs.31 With RNA pull-down and RIP assays, we determined that
circChordc1 could bind to vimentin directly and reduce its level.
Furthermore, we performed immunoprecipitation assays and found
that circChordc1 could bind to vimentin, and this interaction further
recruited phosphorylating groups to induce phosphorylation of vi-
mentin at Ser39. It has been reported that phosphorylation of serine
residues on vimentin inhibits subunit polymerization, thus promot-
ing the decomposition of vimentin filaments and increasing the solu-
bility of the protein,32 and these effects were shown to be involved in
VSMC behavior during aneurysm. Moreover, we showed that
ANXA2 was also a protein interacting with circChordc1. ANXA2 ex-
hibited a feedback increase in aneurysm as an attempt to protect the
aorta from further expansion and ultimate rupture. We found the
presence of ANXA2 in pull-down products by mass spectrometry
analysis, which was further confirmed by immunoblot. CircRNAs
have been found to perform a variety of biological functions through
regulation of proteins at the posttranscriptional level.33 The level of
circChordc1 was positively related to the ANXA2 protein level but
did not affect its gene expression, which indicates that the regulation
of ANXA2 by circChordc1 mainly occurs at the translation level. This
was further verified by the addition of CHX, which suggested that
circChordc1 could increase ANXA2 expression by reducing its degra-
dation. ANXA2 has been found to activate the GSK3b/b-catenin
signaling pathway and facilitate VSMC growth. This study indicated
that silencing ANXA2 could offset the proliferative effect of overex-
pressed circChordc1 on VSMCs, further suggesting the critical role
of ANXA2 in VSMC growth. b-Catenin entering the nucleus has
been shown to promote VSMC proliferation and reduce VSMC
apoptosis.34 In line with this, the present immunoprecipitation and
western blotting results showed that silenced circChordc1 reduced
the level of ANXA2, which bind to GSK3b and promoted the b-cat-
enin nucleation. Therefore, circChordc1 could reduce vimentin levels
and increase ANXA2 expression to recruit GSK3b and promote the
nucleation of b-catenin, thus contributing to shifting the phenotype
of VSMCs and improving their growth.
mice
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BL/6Jmice with CaCl2 stimulation alone or CaCl2 stimulation alone and circChordc1

ining for SM22 and vimentin in C57BL/6J mouse aortas with CaCl2 stimulation alone

munofluorescence staining in C57BL/6Jmouse aortas with CaCl2 stimulation alone

ve cells. n = 6, *p < 0.05 versus CaCl2+scr-RNA group. Scale bar, 50 mm. (H–K)

ith CaCl2 stimulation alone or CaCl2 stimulation and circChordc1 knockdown and

6, *p < 0.05 versus CaCl2+scr-RNA group. Scale bar, 50 mm. (L) Western blot assay

ith CaCl2 stimulation alone or CaCl2 stimulation and circChordc1 knockdown. (M)

s CaCl2+scr-RNA group.

Molecular Therapy: Nucleic Acids Vol. 27 March 2022 91

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

92 Molecular Therapy: Nucleic Acids Vol. 27 March 2022



www.moleculartherapy.org
Nevertheless, there are still some limitations of our study. The present
results showed that circChordc1 increased the ANXA2 level by block-
ing its degradation, but the detailed mechanism that mediates the
regulation of ANXA2 degradation needs to be further explored.
While circChordc1 derived from linear RNA splicing was decreased
in the AAA samples, whether Chordc1 participates in the formation
of aneurysms and the regulation of circChordc1 still needs to be
investigated. CircRNAs are known to carry out their functions by
serving as molecular sponges, and numerous miRNAs have been
confirmed to be key contributors to aneurysm pathology. Although
we have suggested that circChordc1 plays a regulatory role in
VSMC phenotype and growth by interacting with downstream pro-
teins, examining whether circChordc1 acts on miRNAs is also
warranted.

In conclusion, VSMC-specific circChordc1 extenuates the formation
and outcome of AAA by facilitating VSMC phenotype and growth.
CircChordc1 interacts with vimentin and ANXA2, which promotes
the degradation of vimentin, and binds to GSK3b to increase b-cate-
nin nucleation, thus transitioning VSMCs to the contracted pheno-
type and reducing their apoptosis. Thus, circChordc1 is involved in
VSMC phenotype and growth and could be an ideal target for pre-
venting AAA formation and progression.

MATERIALS AND METHODS
The human tissue protocols conformed to the principles in the Decla-
ration of Helsinki and were approved by Zhongshan People’s Hospital
and NanFang Hospital (ethical approval number: NFEC-2019-086;
Tables S1 and S2). Informed consent was provided before inclusion
of participants in the study. The animal protocols were approved by
the Animal Research Committee at Southern Medical University,
and all procedures were performed in accordance with the Guide for
the Care andUse of Laboratory Animals published by theNational In-
stitutes of Health (Eighth Edition).

Patient specimens

Aneurysm samples and adjacent normal aortic samples were collected
from patients who underwent AAA resection surgery at Zhongshan
People’s Hospital and NanFang Hospital. The detailed characteristics,
including age, sex, smoking status, and hypertension status, of sub-
jects with AAA are presented in Table S3. Aneurysm tissues were
Figure 6. CircChordc1 interacts with ANXA2 to activate Wnt/b-catenin signalin

(A) ChIRP assays were performed with a probe against circChordc1 and a control probe

spectrometry to identify interacting proteins. (B) ANXA2 was identified by mass spectrom

anti-ANXA2 antibody or a negative IgG antibody. n = 5 per group, *p < 0.05 versus IgG

circChordc1 level was normalized against the input. (E) Colocalization of circChordc1 (red

bar, 50 mm. (F–I) Western blot assays detecting the expression levels of ANXA2 when ci

quantification of ANXA2 protein levels in VSMCs. n = 6, *p < 0.05 versus vector or si-scr g

cycloheximide (CHX) (20 mg/mL) for the indicated times. ANXA2 protein levels were ass

indicated that ANXA2 could interact with GSK-3b. (L) Colocalization of GSK-3b (red) and

The interactions between GSK-3b and b-catenin were explored by coIP assay in ANXA

circChordc1 knockdown cells. (O and P) Protein expression levels of b-catenin in the n

western blotting. n = 6, *p < 0.05 versus si-scr group. (Q and R) Immunofluorescen

overexpression and ANXA2 knockdown and quantification of Ki-67-positive VSMCs. n
fixed with formalin for IHC staining or frozen fresh in liquid nitrogen
for western blotting and quantitative real-time PCR.

Experimental animals and AAA models

We used 10- to 12-week-old male C57BL/6 mice (CaCl2 model and
Ang II infusion model) and 12- to 16-week-old male ApoE�/� mice
on a C57BL/6 background (Ang II infusion model) for further animal
experiments. For the Ang II-induced AAA model, all age-matched
male mice were infused with Ang II (1 mg/kg per min, Sigma-Aldrich)
or normal saline via an osmotic minipump (Alzet, Model, 2004;
DURECT, Cupertino, CA) for 28 days. The detailed manipulation
was performed as described previously.35–37 For the CaCl2-induced
AAA model, 10- to 12-week-old male C57BL/6 mice were anesthe-
tized and underwent laparotomy. The abdominal aorta below the
renal arteries and bifurcation of the iliac arteries was dissociated
from the surrounding retroperitoneal structures. Then, the external
surface of the aorta was spread on a cotton gauze moistened with
0.5 mol/L CaCl2 for 15 min. Sham control mice were processed
with NaCl (0.9%) instead of CaCl2. The aorta was rinsed with 0.9%
sterile saline, and then the incision was sutured. After 3 weeks,
CaCl2-induced AAA mice were sacrificed, and the abdominal aortas
were harvested for further IHC and immunofluorescence staining.

Real-time PCR

Total RNAwas extracted using TRIzol reagent (Invitrogen) according
to the manufacturer’s protocol. Then, total RNA was synthesized into
cDNAs using reverse transcriptase (Takara Biotechnology, Dalian,
China) and primer sequences specific for the examined molecules.
Quantitative real-time PCR was performed using a SYBR Green
RT-PCR Kit (Takara Biotechnology) with the Light Cycler 480 II sys-
tem (Roche Diagnostics, Basel, Switzerland). Quantitative real-time
PCR was performed as described previously.38 Glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) mRNA was used as an internal
control. The primer sequences are presented in Table S4.

Injection of AAVs

For in vivo experiments, a circChordc1 AAV was constructed and
packaged by Vigene Biosciences (Jinan, China). AAV serotype 9
harboring shRNA sequences was generated by Vigene Biosciences.
Mice were injected with one of the viruses listed above (1 � 1011 vg).
The shRNA and mouse circChrodc1 sequences are listed in Table S4.
g

. Silver-stained SDS-PAGE gel bands marked by a red frame were excised for mass

etry. (C) ANXA2 was detected by western blotting. (D) RIP was performed using an

(Student’s t test). RNA was used for quantitative real-time PCR analysis, and the

) and ANXA2 (green) was visualized by FISH and immunofluorescence assays. Scale

rcChordc1 was overexpressed or silenced (b-tubulin was the internal reference) and

roup. (J) circChordc1 was downregulated in VSMCs, and the cells were treated with

essed by western blotting (b-tubulin is the internal reference). (K) coIP experiments

ANXA2 (green) was visualized by immunofluorescence assays. Scale bar, 50 mm. (M)

2-silenced cells. (N) coIP experiments were performed with ANXA2 and GSK-3b in

ucleus and cytosol in VSMCs treated with si-scr or si-circChordc1 as detected by

ce staining for Ki-67 in VSMCs with circChordc1 overexpression or circChordc1

= 6, *p < 0.05 versus vector group. Scale bar, 50 mm.

Molecular Therapy: Nucleic Acids Vol. 27 March 2022 93

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

94 Molecular Therapy: Nucleic Acids Vol. 27 March 2022



www.moleculartherapy.org
Thirty days later, the mice were randomly grouped and treated with
Ang II or CaCl2 as described above.

Cell culture and transfection

Human aortic VSMCs were purchased from Guangzhou Geneseed
Biotech and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS). Human aortic
VSMCs were then cultured in serum-free medium and treated with
the siRNA targeting circChordc1 or control siRNA (detailed informa-
tion regarding the siRNAs is provided in Table S4). All the cells were
incubated at 37�C in a humidified atmosphere of 5% CO2 for 48 h.
VSMCs were used in subsequent in vitro experiments.

Western blotting

Protein was extracted from cells or aortic tissues using a protein
extraction kit containing the protease inhibitor phenylmethanesul-
fonyl fluoride and protein phosphatase inhibitor. The concentration
was determined using a BCA Protein Assay Kit (Beyotime, P0010).
Proteins were denatured at 100�C for 10 min, electrophoretically
separated on a 10% SDS-PAGE gel, and transferred onto a nitrocellu-
lose membrane. Membranes were blocked with 10% bovine serum at
room temperature for 1 h. Membranes were then incubated with the
primary antibodies at 4�C overnight. Membranes were washed three
times for 15 min and probed with a secondary antibody for 1 h at
room temperature. Then, the membranes were washed three times
for 15 min again. The bands were detected using enhanced chemilu-
minescence (ECL Advance; no. RPN2235, GE Healthcare Life Sci-
ences). Finally, the signals were recorded using a ChemiDoc imaging
system (Bio-Rad Laboratories). Tubulin or b-actin was used as a
negative control. Details about the primary antibodies are available
in Table S5.

TUNEL assay

Human aortic VSMCs were transfected with three different siRNAs
and their respective control siRNAs. Then, the cells were cultured
in 10% FBS-DMEM for 48 h. They were fixed with 10% formalin
for 1 h, and apoptotic cells were directly stained with a TUNEL kit.
DAPI (Beyotime, China) staining was used to stain nuclei. The per-
centage of apoptotic cells (TUNEL-positive cells/DAPI-positive cells)
in the circChordc1-knockdown group was compared with that in the
control group. Images were collected using a Leica TCS SP8 fluores-
cence confocal microscope.
Figure 7. CircChordc1 targets vimentin to regulate SMC phenotype switching

(A) Vimentin was identified by mass spectrometry. (B) Vimentin was detected in the spec

or a negative IgG antibody. n = 5 per group, *p < 0.05 versus IgG (Student’s t test). RNA

normalized against the input. (D) Immunofluorescence staining in ApoE�/� mouse aorta

Western blot assay detecting the expression levels of vimentin when circChordc1 was o

versus vector group. (G) RNA pull-down and western blotting assays showing the target

circChordc1-overexpressing ApoE�/�mice and Ang II + circChordc1-overexpressing +

and densitometric analysis of SM22 in Ang II + circChordc1-overexpressing ApoE�/� m

mice. n = 6, *p < 0.05 versus Ang II group. (K and L) Immunohistochemistry staining

circChordc1-overexpression + vimentin-overexpression ApoE�/� mice and quantificatio

Ang II group. Scale bar, 50 mm.
Cell-cycle analysis

Human aortic VSMCs cultured in 6-well plates were transfected
with siRNAs or the control siRNA for 48 h. The VSMCs were
then trypsinized, harvested, and washed with phosphate-buffered
saline (PBS). Next, the cells were fixed with 75% ethanol at 4�C
for 2 h, followed by BD Pharmingen PI/RNase staining for
30 min at room temperature in the dark. Finally, the cell-cycle
phases were analyzed using a flow cytometer (BD, FACSCalibur;
San Jose, CA, USA).

Histological analyses

After sacrificing the mice, aortic tissue from the ascending aorta to the
bifurcation of the iliac artery was isolated, and the whole aorta was
perfused with saline. Then, the aorta was fixed with 4% paraformal-
dehyde in PBS for 5 min. Aortic tissues were harvested, fixed for 24
h, and embedded in a paraffin solution. Cross-sections (5 mm
each) were prepared at intervals of approximately 500 mm. At least
10 sections were analyzed per mouse. IHC staining and immunoflu-
orescence staining were performed.

Aneurysm quantification

All surviving mice were euthanized and dissected ventrally to verify
the occurrence of AAA. Ten milliliters of PBS was injected into the
left cardiac ventricle and exited through the severed right atrium.
Then, the aorta was dissected under an anatomical microscope, and
the aorta was photographed. The suprarenal aorta was identified as
the passage below the last pair of intercostal arteries and above the
right renal branch.

The maximum width of the abdominal aorta was analyzed using
Image-Pro Plus software (Media Cybernetics) to quantify the
AAA size. We adopted the established human aneurysm definition,
which requires a >50% increase in the external width of the supra-
renal aorta of treated mice compared with control mice, to confirm
the formation of aneurysms. Necropsies were performed if mice
died during the experimental treatment before being euthanized.
If mice died before sacrifice, we performed necropsies to verify
whether aortic ruptures occurred. Mice that died of aortic rupture
were used only for the calculation of mortality and rupture rates
and were excluded from the tissue degradation analysis. AAAs
were judged by an independent investigator who was blinded to
the experimental treatments.
ific band by western blotting. (C) RIP was performed using an anti-vimentin antibody

was used for quantitative real-time PCR analysis, and the level of circChordc1 was

s from the control group and Ang II-induced AAA group. Scale bar, 50 mm. (E and F)

verexpressed and quantification of vimentin protein levels in VSMCs. n = 6, *p < 0.05

sites for circChordc1 on vimentin. (H) SM22 immunofluorescence staining in AngII +

vimentin-overexpression ApoE�/�mice. Scale bar, 50 mm. (I and J) Western blotting

ice and Ang II + circChordc1-overexpressing + vimentin-overexpression ApoE�/�

for caspase-3 in Ang II + circChordc1-overexpression ApoE�/� mice and Ang II +

n of caspase-3 expression levels in ApoE�/� mouse aortas. n = 6, *p < 0.05 versus
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and progression.
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IHC staining

Sections (5 mm) of the specimens were deparaffinized, and 3% (v/v)
hydrogen peroxide in 10% PBS was applied for 10 min to quench
endogenous peroxidase activity. Subsequently, sections were incu-
bated with 10% bovine serum in PBS to block nonspecific binding
sites at room temperature for 1 h. Sections were incubated over-
night at 4�C with primary antibodies against caspase-3, a-SMA,
and SM22, followed by an incubation with a biotinylated secondary
antibody at 37�C for 1 h and subsequent incubation with horse-
radish peroxidase-labeled streptavidin solution at 37�C. Sections
were then stained with diaminobenzidine and counterstained
with hematoxylin. Details of the primary antibodies are available
in Table S6.

Immunofluorescence staining

Immunofluorescence staining was performed as described previ-
ously.39 For VSMCs, the cells were fixed with 4% polyoxymethylene,
96 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
permeabilized with 0.5% Triton X-100, and
blocked with 5% BSA in PBS for 1 h. The cells
were incubated with primary antibodies against
b-tubulin, Ki67, and PH3 at 4�C overnight.
Then, the cells were washed 3 times with PBS
and incubated with Alexa Fluor-labeled second-
ary antibodies (at maximum excitation wave-
lengths of 488 and 594 nm). For the aorta samples,
frozen sections were fixed with acetone and
blocked with 5% bovine serum in PBS for 1 h at
room temperature. Slides were incubated with an-
tibodies against SM22 and vimentin at 4�C over-
night. Then, the sections were washed 3 times
with PBS and incubated with Alexa Fluor-labeled
secondary antibodies. DAPI was applied to label
the cell nuclei. Finally, imageswere captured using
a Leica TCS SP8 fluorescence confocal micro-
scope. Details of the primary antibodies are pro-
vided in Table S7.

RIP assay

RIP experiments were performed as described
previously.35

RNA-FISH

Human aortic VSMCs on coverslips were fixed
with 4% paraformaldehyde, washed 3 times
with PBS, and then permeabilized with 0.2% Triton X-100 in PBS
for 30 min. Human aortic VSMCs were hybridized with hybridization
buffer (RiboBio, Guangzhou, China) and incubated with a labeled hu-
man circChrodc1 probe (50-TATGTGCAAGCATCTTGGCCT-30)
overnight at 37�C. The circChrodc1 probe was purchased from Ber-
sinBio (Guangzhou, China). The cells were then sequentially washed
with 2� SSC, 1� SSC, and 0.5� SSC and incubated with a mouse
anti-digoxin antibody conjugated with AP (Boster Biotechnology,
Wuhan, China). Subsequently, the cells were incubated with DAPI
(Beyotime Biotechnology, Shanghai). Images were obtained using a
Leica (TCS Sp8) confocal microscope.

Chromatin isolation by RNA purification

The chromatin isolation by RNA purification (ChIRP) assay was
performed using the Magna ChIRP RNA Interactome Kit (Milli-
pore, USA) following the manufacturer’s guidelines. In brief, a
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total of 1 � 107 cells was lysed in complete lysis buffer for each re-
action, and the DNA was then sheared into small fragments
through sonication. Then the lysate was incubated with biotin-
labeled probes that could hybridize with circChrodc1. We divided
probes into the “odd” group and the “even” group according to
their orders, and probes targeting LacZ were selected as nonspecific
controls. Finally, the probes were extracted by streptavidin mag-
netic beads, and the combined DNA was isolated for quantitative
real-time PCR. The material purchasing information is provided
in Table S8.

Statistical analyses

Quantitative data are presented as the mean ± standard deviation,
which were analyzed using SPSS version 20.0 (SPSS, Chicago, IL,
USA). Student’s t tests were used for normally distributed datasets
when statistically comparing the data from two groups. The differ-
ences between multiple groups were analyzed with one-way analysis
of variance, followed by Bonferroni tests for equal variances and Dun-
nett’s C test for unequal variances. Fisher’s exact test was performed
to analyze aneurysm incidence. A p value <0.05 indicated statistical
significance.
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