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Circular RNA Cdyl promotes abdominal aortic
aneurysm formation by inducing M1 macrophage
polarization and M1-type inflammation
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Macrophage polarization plays a crucial role in regulating
abdominal aortic aneurysm (AAA) formation. Circular RNAs
(circRNAs) are important regulators of macrophage polariza-
tion during the development of cardiovascular diseases. How-
ever, the roles of circRNAs in regulating AAA formation
through modulation of macrophage polarization remain un-
known. In the present study, we compared circRNAmicroarray
data under two distinct polarizing conditions (M1 andM2mac-
rophages) and identified an M1-enriched circRNA, circCdyl.
Loss- and gain-of-function assay results demonstrated that
circCdyl overexpression accelerated angiotensin II (Ang II)-
and calcium chloride (CaCl2)-induced AAA formation by pro-
moting M1 polarization and M1-type inflammation, while
circCdyl deficiency showed the opposite effects. RNA pulldown,
mass spectrometry analysis, and RNA immunoprecipitation
(RIP) assays were conducted to elucidate the underlying mech-
anisms by which circCdyl regulates AAA formation and showed
that circCdyl promotes vascular inflammation and M1 polari-
zation by inhibiting interferon regulatory factor 4 (IRF4) entry
into the nucleus, significantly inducing AAA formation. In
addition, circCdyl was shown to act as a let-7c sponge, promot-
ing C/EBP-d expression inmacrophages to induceM1 polariza-
tion. Our results indicate an important role for circCdyl-medi-
ated macrophage polarization in AAA formation and provide a
potent therapeutic target for AAA treatment.

INTRODUCTION
Abdominal aortic aneurysm (AAA) is a chronic inflammatory and
degenerative disease characterized by inflammation, extracellular ma-
trix (ECM) degradation, and the impairment of vascular smoothmus-
cle cell (VSMC) homeostasis.1,2 Macrophages, categorized into two
subsets known as classically activated macrophages (M1-like) and
alternatively activated macrophages (M2-like), play a crucial role in
the resolution of the initial inflammatory phase, which dominates
the key pathogenesis of AAAand includesmatrix degeneration and in-
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duction of VSMC apoptosis. Generally, M1 cells exert a proinflamma-
tory effect and inducematrix degeneration, whileM2 cells facilitate the
resolution of inflammation and alleviate tissue remodeling.3–7 Macro-
phage polarization (also known as macrophage activation) has been
shown to participate in pathological conditions of the inflammatory
system, including the development of kidney disease, chronic pulmo-
nary granulomatous disease, osteoarthritis, and inflammatory bowel
disease.8–12 More importantly, previous studies have identified a
phenotypic switch fromM2 toM1 and an increase in totalmacrophage
accumulation with a higher M1/M2 ratio, both of which resulted in
doubled or tripled aortic diameters and substantially induced AAA
formation by enhancing vascular inflammation.13,14 Emerging evi-
dence has indicated that the regulation of differently polarized macro-
phages in situmay be a potential approach for modulating inflamma-
tion and AAA formation.14 In addition, certain protein-coding genes
and microRNAs (miRNAs), such as tumor necrosis factor (TNF)-a,
SIRT1, and miR-144-5p, have been shown to regulate AAA formation
by mediating macrophage polarization.15–17 However, the roles and
mechanisms by which circRNAs regulate AAA formation through
the modulation of macrophage polarization remain unknown.

Noncoding RNAs (ncRNAs), including miRNAs, long noncoding
RNAs (lncRNAs), and circular RNAs (circRNAs), have been func-
tionally implicated in mediating macrophage activation during the
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development of cardiovascular diseases, such as myocardial ischemia,
atherosclerosis, and viral myocarditis.18–20 CircRNAs are a class
of ncRNAs that are synthesized by head-to-tail splicing of linear
RNA molecules, which maintains their resistance to ribonuclease
(RNase).21,22 The structural stability, high conservation, tissue speci-
ficity, and miRNA/protein-binding capacity of circRNAs make these
molecules ideal therapeutic target candidates to regulate disease
development.23,24 Moreover, circRNAs have been shown to control
the regulation of vascular remodeling, VSMC apoptosis, cell prolifer-
ation, and the inflammatory response.25–27 CircRNAs also play
important roles in regulating inflammation during atherosclerosis,
alcoholic liver disease, and adipose inflammation.28–30 Recently, a mi-
croarray analysis comparing the circRNA expression profiles of bone
marrow-derived macrophages (BMDMs) under two distinct polar-
izing conditions (M1 and M2) indicated that circRNA Cdyl
(circCdyl) expression changed 7-fold in M1 compared to M2 and
that this circRNA is homologous between humans and mice.31 In
addition, the sequence of circCdyl has been shown to be complemen-
tary to the seed sequence of let-7c, which is expressed at low levels in
AAA tissues and plays a vital role in facilitating M2 polarization, indi-
cating that circCdyl may function as a let-7c sponge to further regu-
late downstream gene expression during AAA formation.32,33 There-
fore, we postulated that circCdyl is likely to regulate AAA formation
by modulating macrophage polarization and M1-type inflammation.

To clarify the underlying mechanism by which circCdyl promotes
AAA formation, we conducted RNA pulldown assays of circCdyl
and observed that interferon (IFN) regulatory factor 4 (IRF4) was
the most abundant among the RNA-binding proteins identified by
mass spectrometry analysis. IRF4 has been shown to function as a
transcription factor in the nucleus and promote M2 polarization.34,35

In the present study, we further demonstrated that circCdyl upregu-
lation promoted M1 polarization and stimulated M1-type inflamma-
tion by preventing IRF4 from entering the cell nucleus and acting as a
sponge for let-7c to promote C/EBP-d expression in macrophages,
significantly aggravating angiotensin II (Ang II)- and calcium chlo-
ride (CaCl2)-induced AAA development.

RESULTS
circCdyl expression is associated with AAA formation

A previous study identified circRNAs that are differentially expressed
between two distinct polarized patterns of macrophage activation
(M1 and M2).31 Using these microarray data, we selected the top
five upregulated and downregulated circRNAs in M1 cells and
searched for circRNAs that are conserved between humans and
mice to facilitate their translation to clinical use in the future. Consid-
ering that overly short or long circRNA sequences are unfavorable for
constructing specific primers or effective small interfering RNAs
(siRNAs) and overexpression plasmids, we excluded circRNAs less
than 400 bp or more than 5,000 bp. Based on the above criteria, we
identified three circRNAs (Cdyl, Fut8, and Rnf2) (Figure S1A).

To determine whether these circRNAs are involved in AAA forma-
tion, we established Ang II-induced mouse AAA and saline-induced
916 Molecular Therapy Vol. 30 No 2 February 2022
normal aorta (NA) (Figure S1B). The quantitative PCR (qPCR) re-
sults showed that the expression of MMP9, MCP1, interleukin (IL)-
6, and TNF-a was upregulated in mouse AAA (Figure S1C). Of the
three circRNAs, circCdyl was most enriched in AAA tissues (Fig-
ure 1A). To determine the expression of circCdyl during the develop-
ment of AAA, we assessed circCdyl mRNA expression at 3, 7, and
14 days after Ang II infusion. We observed elevated circCdyl
mRNA on the third day and throughout the disease process (Fig-
ure S1D). Based on the above evidence, circCdyl was chosen for
further detailed analysis and functional characterization.

Divergent primers amplified circCdyl from cDNA but not from
genomic DNA, indicating that this RNA species is circular in form
(Figure 1B). The circCdyl nucleotide sequence was strongly
conserved, with >95% homology among humans, rats, and mice (Fig-
ure 1C). qPCR results demonstrated that circCdyl had greater stabil-
ity than the linear transcript when treated with RNase or actinomycin
D (Figures 1D and 1E). In addition, no difference in linear Cdyl was
observed between macrophages stimulated with lipopolysaccharide
(LPS) and IFN-g and control macrophages (Figures S2C–S2E). Simi-
larly, linear Cdyl in mouse AAA tissues did not differ from that
observed in NA tissues. In addition, we studied the role of linear
Cdyl in macrophages and observed that linear Cdyl overexpression
had no effect on the expression of inducible nitric oxide synthase
(iNOS), Arg1, and MMP9 in macrophages stimulated with LPS and
IFN-g. The different trends for circCdyl and linear Cdyl transcript
expression suggest an important function of circCdyl. To determine
the distribution of circCdyl, mouse vascular, liver, lung, brain, heart,
and muscle tissues were collected, and the qPCR results showed that
circCdyl was expressed in these tissues and was enriched in the
vascular tissue (Figure 1F). Moreover, we detected circCdyl expres-
sion in macrophages, VSMCs, and endothelial cells, which are cell
types that mediate inflammation during AAA. We observed that
circCdyl was highly expressed in mouse macrophage RAW264.7 cells
and primary macrophages compared to other cell types (Figure 1G).
We then separated cytoplasmic RNA and nuclear RNA, and circCdyl
was observed to be primarily located in the cytoplasm ofmacrophages
(Figure 1H). Moreover, in situ hybridization (ISH) showed that
circCdyl was highly accumulated in the vascular wall of AAA (Fig-
ure 1I). Finally, to further investigate the expression of circCdyl in
human AAA, we collected human AAA tissues and their control adja-
cent aortic sections without aneurysms from patients undergoing
open surgery. Immunohistochemical (IHC) results revealed the
decrease of smooth muscle 22a (SM22a, a marker of VSMC) expres-
sion in human AAA, which confirmed characteristics of AAA
(Figure S1E). We observed that circCdyl mRNA levels were also up-
regulated in human AAA tissues (Figure 1J).

These results indicate that circCdyl may be involved in AAA
formation.

circCdyl knockdown promotes Ang II-induced AAA formation

To evaluate the effect of circCdyl on AAA, we constructed an ad-
eno-associated virus serotype 2 (AAV2) construct to knock down



Figure 1. circCdyl is significantly upregulated in AAA

(A) Relative expression of circCdyl, circFut8, and circRnf2 in mouse AAA and NA tissues (qPCR). **p < 0.01 versus the NA group; n = 10 per group. (B) Divergent primers

amplify circCdyl from cDNA but not genomic DNA (gDNA); the divergent and convergent primers are indicated by the direction of the arrow. (C) Mouse genomic loci of the

circCdyl in Cdyl genes. The expression of circCdyl was validated by reverse transcriptase polymerase chain reaction (RT-PCR) followed by Sanger sequencing. Its conserved

analogs in humans, rats, andmice, as well as the per base conservation score, are also depicted. (D) Abundances of circCdyl and Cdyl mRNA in RAW264.7 cells treated with

RNase R (RNase+) or untreated (RNase�). **p < 0.01 versus RNase�; NS, not significant versus RNase�; n = 5 per group. (E) Abundances of circCdyl and Cdyl mRNA in

RAW264.7 cells treated with actinomycin D at the indicated time points (qPCR). **p < 0.01 versus Cdyl mRNA; n = 6 per group. (F) Relative expression of circCdyl in multiple

mouse tissues (qPCR). **p < 0.01 versus vascular tissue; n = 6 per group. (G) Relative expression of circCdyl in several vascular cell types (qPCR). **p < 0.01 versus; n = 6 per

group. (H) Abundance of circCdyl and Cdyl mRNA in either the cytoplasm or nucleus of RAW264.7 cells (qPCR). (I) In situ hybridization and densitometric analysis of aortic

circCdyl in Ang II-treated mice (scale bars, 200 and 50 mm). **p < 0.01 versus NA; n = 5 per group. (J) Relative expression of circCdyl in human AAA and NA tissues (qPCR).

**p < 0.01 versus NA; n = 10 per group.
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circCdyl (Sh-circCdyl). Male ApoE�/� mice were randomly allo-
cated to two groups and transfected with Sh-circCdyl or negative
control virus (Scr-RNA). To determine the intervention effect,
aortas were collected from the mice in the two groups on the
30th day. The qPCR results showed that circCdyl mRNA expres-
sion was inhibited in the Sh-circCdyl group compared to the Scr-
RNA group (Figure S3A), suggesting that the transfection was
successful. According to the results of previous studies, AAV2 vi-
ruses typically displayed relatively higher transfection efficiency
in macrophages. In vivo, they usually take effect 15 days after
Molecular Therapy Vol. 30 No 2 February 2022 917
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Figure 2. Knockdown of circCdyl attenuates Ang II-induced AAA formation and decreases the levels of inflammatory molecules associated with M1

macrophages

(A) Images showing the characteristics of aortas from Ang II-infused ApoE�/� mice transfected with circCdyl-knockdown AAV (Sh-circCdyl) or corresponding control AAV

(Scr-RNA). (B) Incidence of AAA in Ang II-infused ApoE�/�mice in the two indicated groups. **p < 0.01; n = 36 per group. (C) Survival curves of Ang II-infused ApoE�/�mice in

(legend continued on next page)
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transfection and reach a relative high effect at 1 month, and they
can last for more than 2 months.36,37 Therefore, we generated
Ang II-infused AAA models in the two groups of mice on the
30th day after viral transfection. Blood pressure is an important
factor contributing to AAA formation.38,39 Our results showed
that Ang II infusion markedly increased the systolic blood pressure
of mice in both the Sh-circCdyl and Scr-RNA groups during the
experimental period, but there were no significant differences be-
tween mice in the two groups (Figure S3B).

After 28 days of Ang II infusion, allmicewere sacrificed and the aortas
were collected. The incidence of AAA induced by Ang II infusion was
44.4% and 75% in the Sh-circCdyl group mice and the Scr-RNA
groupmice, respectively (Figures 2A and 2B). During the Ang II infu-
sion period, vascular ultrasound imaging showed milder dilation in
the abdominal aorta of mice in the Sh-circCdyl group compared to
those in the Scr-RNA group on the 14th and 28th days (Figure S3C).
circCdyl knockdown markedly decreased the mortality caused by
aortic rupture of Ang II-induced AAA (Figure 2C). Mice in the Sh-
circCdyl group also exhibited lower lumen diameters both on the
14th and the 28th days (Figure S3D). The maximal outer diameter
of the abdominal aorta frommice in the Sh-circCdyl groupwas signif-
icantly smaller than that of mice in the Scr-RNA group (Figure 2D).
Histological analysis showed that mice in the Sh-circCdyl group ex-
hibited a milder elastic degradation (Figure 2E). In addition, blood
samples were collected from aortas to separate the plasma for the
detection of inflammatory cytokines. The results showed that the
plasma concentrations of IL-6, MCP1, and TNF-a in mice in
the Sh-circCdyl group were all significantly decreased (Figure 2F).
We next investigated whether circCdyl could influence macrophage
polarization in vivo. The immunochemical staining results showed
that the expression of Arg1, a marker of M2 macrophages, was upre-
gulated in aortic walls in Sh-circCdyl group mice, while the levels of
the M1 markers iNOS and MMP9 and the inflammatory factors
MCP1 and IL-6 were decreased (Figures 3G–3I; Figures S4A–S4C).
IHC staining of CD68 also revealed less macrophage infiltration in
the Sh-circCdyl group than in the Scr-RNA group (Figure S4D).
The western blot results revealed upregulation of the M2-related
markers CD206 and Arg1 and a reduction of the M1-related markers
iNOS, MMP9, and CD38 (Figure 2J). Flow cytometry analysis
confirmed the increase of CD206+CD86� M2 macrophages and
decrease of CD86+CD206� M1 macrophages after knockdown of
circCdyl (Figure S5).

Overall, these results showed that knockdown of circCdyl attenuated
Ang II-induced AAA formation.
the two indicated groups. *p < 0.05; n = 36 per group. (D) Maximal abdominal aortic out

n = 12 per group. (E) EVG staining images and elastin degradation scores in the two ind

concentrations of IL-6, MCP1, and TNF-a from aortas of Ang II-infused ApoE�/� mice i

staining of Arg1 (G) and iNOS (H) and corresponding densitometric analysis (I) in the aor

50 mm). **p < 0.05; n = 6 per group. (J) CD206, Arg1, iNOS, MMP9, and CD38 levels in

(b-actin as the internal reference). **p < 0.01; n = 5 per group.
circCdyl overexpression promotes Ang II-induced AAA

formation

We next examined the effects of circCdyl overexpression on AAA.
C57BL/6J mice were randomly divided into two groups and trans-
fected with a circCdyl overexpression AAV2 (AAV-circCdyl) and a
corresponding sham control virus (AAV-GFP). The qPCR results
showed that circCdyl mRNA expression was increased in the aortas
of mice in the AAV-circCdyl group (Figure S6A), while no difference
in the systolic blood pressure of mice was observed between the two
groups (Figure S6B).

The results showed that Ang II stimulation could significantly induced
AAA in C57BL/6J mice transfected with AAV-circCdyl (Figure 3A).
Ultrasound imaging showed progressively greater dilation of mice in
the AAV-circCdyl group compared to that observed in the AAV-
GFP group (Figures S6C and S6D). Overexpression of circCdyl signif-
icantly increased the incidence of Ang II-induced AAA (Figure 3B).
Both the mortality and maximal abdominal aortic diameter were
markedly increased in AAV-circCdyl group mice (Figures 3C and
3D). In addition, we assessed the elastin of vessels by elastic vanGieson
(EVG) staining. The results showed that overexpression of circCdyl
further exacerbated Ang II-induced elastin degradation (Figure 3E).
Concomitantly, plasma IL-6, MCP1, and TNF-a concentrations
were increased in the AAV-circCdyl group mice (Figure 3F). IHC
staining showed that Ang II increased the expression of iNOS and
MMP9, markers of M1 macrophages, in mice in the AAV-circCdyl
group (Figures 3G–3I). The expression of MCP1 and IL-6 was also
increased and macrophage infiltration (CD68) was more obvious in
the AAV-circCdyl group (Figures S7A–S7C). The western blot results
also showed that circCdyl overexpression increased iNOS,MMP9, and
CD38 levels in the mouse aortas (Figure 3J). Consistently, flow cytom-
etry analysis revealed that circCdyl overexpression increased M1mac-
rophages while it decreased M2 macrophages (Figure S8).

These results suggest that overexpression of circCdyl promotes mouse
Ang II-induced AAA formation and increases inflammatory condi-
tions associated with M1 macrophages.

circCdyl overexpression promotes CaCl2-induced AAA

formation

To further validate the role of circCdyl in AAA, we examined the ef-
fects of circCdyl overexpression in another mouse AAA model; that
is, CaCl2-induced AAA model mice were evaluated.

Consistent with the abovementioned results, overexpression of
circCdyl increased the maximal abdominal aortic diameter in
er diameters in Ang II-infused ApoE�/� mice in the two indicated groups. **p < 0.01;

icated groups (scale bars, 200 and 50 mm). **p < 0.01; n = 12 per group. (F) Plasma

n the two indicated groups. **p < 0.01; n = 5 per group. (G–I) Immunohistochemical

tas of Ang II-infused ApoE�/� mice in the two indicated groups (scale bars, 200 and

the aortas of Ang II-infused ApoE�/� mice in the two indicated groups (western blot)
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Figure 3. Overexpression of circCdyl promotes Ang II-induced AAA formation and increases the levels of inflammatory molecules associated with M1

macrophages

(A) Images showing the characteristics of aortas from Ang II-infused C57BL/6J mice transfected with circCdyl-overexpressing AAV (AAV-circCdyl) or corresponding control

AAV (AAV-GFP). (B) Incidence of AAA in Ang II-infused C57BL/6J mice in the two indicated groups. **p < 0.01; n = 36 per group. (C) Survival curves of Ang II-infused C57BL/

6J mice in the two indicated groups. *p < 0.05; n = 36 per group. (D) Maximal abdominal aortic outer diameters from Ang II-infused C57BL/6J mice in the two indicated

(legend continued on next page)
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CaCl2-treated mice (Figures S9A and S9B). EVG staining showed that
the elastic lamellae were disrupted and degraded to a greater extent in
the AAV-circCdyl group (Figures S9C and S9D). IHC results revealed
that overexpression of circCdyl significantly enhanced the expression
of iNOS, MMP9, MCP1, and IL-6, as well as macrophage infiltration,
indicating the promoting effect of circCdyl onM1macrophage polar-
ization (Figures S9E–S9G S10A–S10C). Furthermore, we collected
blood samples from aortas and detected the levels of inflammatory
factors in plasma. As expected, overexpression of circCdyl elevated
the serum levels of TNF-a, IL-1b, and IL-6 compared to those in
the AAV-GFP group (Figure S9H). In addition, western blot showed
that CD38, iNOS, and MMP9 protein levels were increased in the
AAV-circCdyl group (Figures S9I and S9J).

Taken together, these results further indicated that circCdyl overex-
pression promoted AAA formation in CaCl2-induced models.

circCdyl promotesM1 polarization by inhibiting the entry of IRF4

into the nucleus

To better elucidate the function of circCdyl in macrophages, we per-
formed RNA pulldown assays of circCdyl using biotinylated probes
targeting the circCdyl backspliced sequence (Figure 4A), and the pre-
cipitates were subjected to mass spectrometry analysis. Several RNA-
binding proteins were identified bymass spectrometry analysis (Table
S5), the most abundant of which was IRF4, which has been reported
to promote the macrophage M2 program.34,35 The interaction be-
tween circCdyl and IRF4 was confirmed through RNA pulldown
followed by western blotting and RNA immunoprecipitation (RIP)
(Figures 4A and 4B). Next, we investigated the molecular conse-
quences of the interaction between circCdyl and IRF4. Mouse perito-
neal macrophages were collected fromC57BL/6J mice and then trans-
fected with siRNA against circCdyl (si-circCdyl), scramble siRNA
(si-scramble), a circCdyl overexpression plasmid (oe-circCdyl), or
the corresponding negative control plasmid (oe-vector). The qPCR
and western blot results showed that the IRF4 mRNA and protein
levels were not altered when circCdyl was inhibited or overexpressed
(Figures 4C–4E), suggesting that the effect of circCdyl on IRF4 may
occur through alternate means.

As IRF4 has been reported to be a transcription factor that functions
in the nucleus; therefore, we subsequently explored the effect of
circCdyl on the entry of IRF4 into the nucleus.40 Mouse peritoneal
macrophages were transfected with oe-circCdyl or oe-vector and
then stimulated with 20 ng/mL IL-4 for 24 h to induce M2 phenotype
macrophages. Cytoplasmic and nuclear proteins were extracted sepa-
rately to determine the level of IRF4 in the cytoplasm and nucleus.
The western blot results showed that IRF4 protein levels were elevated
in the cytoplasm but decreased in the nucleus upon IRF4 overexpres-
groups. **p < 0.01; n = 12 per group. (E) EVG staining images and elastin degradation s

group. (F) Plasma concentrations of IL-6, MCP1, and TNF-a in the aortas of Ang II-infu

Immunohistochemical staining of iNOS (G) and MMP9 (H) and corresponding densitom

groups (scale bars, 200 and 50 mm). **p < 0.01; n = 6 per group. (J) CD38, iNOS, and MM

(western blot) (b-actin as the internal reference). **p < 0.01; n = 5 per group.
sion (Figures 4F and 4G). In addition, mouse peritoneal macrophages
were transfected with si-circCdyl or si-scramble and stimulated with
IL-4. The results showed that IRF4 protein levels were decreased in
the cytoplasm and increased in the nucleus (Figures 4H and 4I).
The above results suggest that circCdyl inhibits the entry of IRF4
into the nucleus.

Subsequently, we assessed whether circCdyl impacts macrophage po-
larization through its interaction with IRF4. To this end, RAW264.7
macrophages were treated with IL-4 to induce M2 polarization and
then transfected with oe-vector, oe-circCdyl, or oe-circCdyl together
with an IRF4 overexpression plasmid (oe-IRF4). Flow cytometry anal-
ysis showed that circCdyl overexpression decreased the proportion of
M2 macrophages. However, IRF4 overexpression reversed this inhibi-
tory effect of circCdyl overexpression on M2 polarization (Figures 5A
and 5B). Then, we analyzed the effects of circCdyl overexpression on
the M1 polarization of macrophages. To this end, we stimulated
RAW264.7 macrophages with 100 ng/mL LPS and 50 ng/mL IFN-g
for 24 h to induce M1 polarization. The overexpression of circCdyl
increased the M1 proportion in LPS+IFN-g-treated macrophages,
whereas IRF4 reversed this effect (Figures 5C and 5D). We further
investigated the effect of circCdyl knockdownonmacrophage polariza-
tion and observed that, conversely, circCdyl knockdown (si-circCdyl)
promotedM2 polarization induced by IL-4 and inhibitedM1 polariza-
tion induced by LPS and IFN-g. Furthermore, IRF4 knockdown
(si-IRF4) abolished the effects of circCdyl knockdown on macrophage
polarization (Figures 6A–6D). The results were consistent with the
western blot findings for the M1 marker proteins CD38, iNOS, and
MMP9 and the M2 marker proteins CD206 and Arg1 in mouse
peritoneal macrophages and human THP-1 cells treated with IL-4 or
LPS+IFN-g (Figures 7A–7D; Figures S11A–S11D).

As ECs and VSMCs are important sources of aortic inflammation
during AAA formation, we assessed the effect of circCdyl in the
two cell types. We observed that circCdyl overexpression had no
effect on the expression of inflammation factors in ECs (iNOS,
MCP1, and ICAM-1) (Figures S12A–S12C) and VSMCs (IL-6,
MCP1, and MMP2) (Figures S12D–S12F). These results suggest
that circCdyl primarily affects the inflammation status of
macrophages.

Overall, we demonstrated that circCdyl promotes M1 polarization by
binding IRF4 and inhibiting its entry into the nucleus.

circCdyl acts as a sponge for let-7c and promotes C/EBP-

d expression in macrophages

circRNAs often function through a competing endogenous RNA
(ceRNA) mechanism. As circCdyl is abundant in the cytoplasm, we
core in the two indicated groups (scale bars, 200 and 50 mm). **p < 0.01; n = 12 per

sed C57BL/6J mice in the two indicated groups. **p < 0.01; n = 5 per group. (G–I)

etric analysis (I) in aortas from Ang II-infused C57BL/6J mice in the two indicated

P9 levels in the aortas of Ang II-infused C57BL/6J mice in the two indicated groups
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Figure 4. circCdyl binds to IRF4 and inhibits its entry into the nucleus

(A) Silver-stained sodium dodecyl sulfate polyacrylamide gel electrophoresis gel of proteins immunoprecipitated by circCdyl and its antisense circRNA. The red box indicates

the region of the gel that was excised and processed for mass spectrometry. IRF4 protein expression was assayed by western blotting. (B) RNA immunoprecipitation (RIP)

experiments were performed using an antibody against IRF4 or negative immunoglobulin G (IgG). **p < 0.01 versus IgG; n = 3 per group. RIP-derived RNA was measured by

(legend continued on next page)
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Figure 5. Overexpression of IRF4 inhibits circCdyl induced M1 polarization

(A and C) Flow cytometry plots and quantitative analysis of macrophage differentiation in Raw264.7 cells treated with or without IL-4 (20 ng/mL) and transfected with oe-

vector, oe-circCdyl, or oe-circCdyl together with oe-IRF4. **p < 0.01; n = 5 per group. (B and D) Flow cytometry plots and quantitative analysis of macrophage differentiation

in Raw264.7 cells treated with or without LPS (100 ng/mL) and IFN-g (50 ng/mL) and transfected with oe-vector, oe-circCdyl, or oe-circCdyl together with oe-IRF4. **p <

0.01; n = 5 per group.
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next hypothesized that circCdyl also functions in this manner. There-
fore, using the RNA22 v2 miRNA target detection bioinformatics
tool, we observed that the seed sequence of let-7c was complementary
to the sequence of circCdyl (Figure S13A). Importantly, let-7c was re-
qPCR analysis, and IRF4 was expressed as a percentage of the input. (C) Total IRF4

overexpressed (detected by qPCR). NS, not significant; n = 5 per group. (D and E) Tot

overexpressed (detected by western blotting, b-actin as the internal reference). NS, not

peritoneal macrophages stimulated with IL-4 and overexpressing circCdyl (detected by w

I) Cytoplasmic and nuclear IRF4 protein levels in peritoneal macrophages stimulated wit

reference). **p < 0.01; n = 5 per group.
ported by previous studies to be expressed at low levels in AAA tissues
and to play a crucial role in promoting M2 macrophage polarization
by targeting C/EBP-d.32,33 Based on these results, we next generated
luciferase constructs with wild-type circCdyl (circCdyl-WT) and a
mRNA expression in peritoneal macrophages in which circCdyl was inhibited or

al IRF4 protein levels in peritoneal macrophages in which circCdyl was inhibited or

significant; n = 5 per group. (F and G) Cytoplasmic and nuclear IRF4 protein levels in

estern blotting, b-actin as the internal reference). **p < 0.01; n = 5 per group. (H and

h IL-4 and silenced for circCdyl (detected by western blotting, b-actin as the internal
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Figure 6. Knockdown of IRF4 circCdyl abolishes circCdyl knockdown induced M2 polarization

(A and C) Flow cytometry plots and quantitative analysis of macrophage differentiation in Raw264.7 cells treated with or without IL-4 (20 ng/mL) and transfected with si-

scramble, si-circCdyl, or si-circCdyl together with si-IRF4. **p < 0.01; n = 5 per group. (B and D) Flow cytometry plots and quantitative analysis of macrophage differentiation

in Raw264.7 cells treated with or without LPS (100 ng/mL) and IFN-g (50 ng/mL) and transfected with si-scramble, si-circCdyl, or si-circCdyl together with si-IRF4. **p < 0.01;

n = 5 per group.
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mutated form devoid of the let-7c binding site (circCdyl-mut). The
results showed that in mouse RAW264.7 cells, let-7c suppressed the
luciferase activity of Luc-circCdyl-WT but had a lower effect on
Luc-circCdyl-mut (Figure 8A), further indicating that circCdyl
directly binds let-7c.

Next, to determine the direct interactions between let-7c and the C/
EBP-d 30 UTR, we generated luciferase constructs with wild-type C/
EBP-d (C/EBP-d-WT) and a mutated let-7c binding site construct
(C/EBP-d-mut). Consistent with a previous study showing that let-
7c inhibits C/EBP-d expression, the luciferase reporter assay results
924 Molecular Therapy Vol. 30 No 2 February 2022
showed that in macrophages, let-7c directly targets C/EBP-d (Fig-
ure 8B). The overexpression of circCdyl increased the luciferase activ-
ity of C/EBP-d-WT, which was inhibited by let-7c mimics, while
circCdyl overexpression had no impact on the luciferase activity of
C/EBP-d-mut (Figure 8C). The western blot results showed that C/
EBP-d expression was markedly reduced by transfection with let-7c
mimics and increased by transfection with let-7c inhibitors in
RAW264.7 cells (Figures 8D and 8E). We also observed that C/
EBP-d expression was significantly upregulated after transfection
with oe-circCdyl (Figures 8F and 8G), while a let-7c mimic abolished
the promoting effect of circCdyl on C/EBP-d (Figures 8H and HI).



Figure 7. circCdyl induces M1 macrophage

polarization through its interaction with IRF4.

(A) iNOS, MMP9, and CD38 protein levels in peritoneal

macrophages transfected with oe-vector, oe-circCdyl, or

oe-circCdyl + oe-IRF4 and then stimulated with LPS+

IFN-g (24 h). **p < 0.01; n = 5 per group. (B) CD206 and

Arg1 protein levels in peritoneal macrophages transfected

with oe-vector, oe-circCdyl, or oe-circCdyl + oe-IRF4 and

then stimulatedwith IL-4 (24 h). **p < 0.01; n = 5per group.

(C) iNOS, MMP9, and CD38 protein levels in peritoneal

macrophages transfected with si-scramble, si-circCdyl, or

si-circCdyl + si-IRF4 and then stimulated with LPS+IFN-g

(24 h). **p < 0.01; n = 5 per group. (D) CD206 and Arg1

protein levels in peritoneal macrophages transfected with

si-scramble, si-circCdyl, or si-circCdyl + si-IRF4 and then

stimulated with IL-4 (24 h). **p < 0.01; n = 5 per group.
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Moreover, we also showed that circCdyl knockdown significantly
repressed C/EBP-d expression, which was reversed by let-7c inhibi-
tors (Figures 8J and 8K). Notably, IRF4 overexpression did not affect
the expression of circCdyl or the let-7c-C/EBP-d pathway (Figures
S13B–S13D), demonstrating that another downstream target of
circCdyl, IRF4, does not affect the circCdyl/let-7c pathway by feed-
back regulation of circCdyl or directly interact with let-7c-C/EBP-
d pathway.

Collectively, these findings indicated that circCdyl acts as a sponge for
let-7c and increases C/EBP-d expression in macrophages to promote
M1 polarization.

DISCUSSION
In the present study, we identified an M1-enriched circRNA,
circCdyl, and demonstrated that circCdyl overexpression induced
Ang II- and CaCl2-induced AAA formation by promoting M1 polar-
ization and M1-type inflammation. Mechanistically, upregulated
circCdyl promotedM1 polarization by preventing IRF4 from entering
Molec
the cell nucleus and acting as a let-7c sponge to
stimulate C/EBP-d expression.

First, we provide evidence that circRNAs are
involved in macrophage polarization, as M1-en-
riched circCdyl positively regulated M1 polari-
zation both in vitro and in vivo. We further
demonstrated that downregulated circCdyl
inhibited M1 macrophage polarization, which
was sufficient to attenuate AAA formation,
while linear Cdyl had no effect on macrophage
polarization.15–17 Along with macrophage po-
larization, circCdyl knockdown notably miti-
gated the vascular inflammatory response and
elastin degradation, which are known to induce
AAA formation and even rupture.13,14 Given
that Ang II-induced C57BL/6J mice exhibited
much lower AAA incidence and mortality
than did ApoE�/� mice, we also assessed these effects in Ang II-
induced C57BL/6J mice and observed that circCdyl overexpression
significantly promoted aortic enlargement and elastin degradation
by stimulating M1 polarization and M1-type inflammation, indi-
cating that circCdyl upregulation was sufficient to aggravate AAA for-
mation.41,42 Recently, several studies have indicated that mRNAs and
miRNAs have important roles in regulating AAA formation by
modulating macrophage polarization.15–17 Our study showed that
circCdyl expression was clearly upregulated in human aortic aneu-
rysms compared to normal human aortas. Thus, targeting circCdyl
may be a potent therapeutic strategy to inhibit AAA formation.

Previous studies have reported that circRNA usually exerts synergistic
effects with its originated gene in the biological process.25,43,44 For
example, both SIRT1 and its circular transcript can regulate vascular
inflammation through inhibition of nuclear factor kB (NF-kB). In
addition, the siRNA designed for the circRNA often has some inter-
vention effects on the linear mRNA. Therefore, except for the role of
circCdyl on macrophage polarization and AAA formation, it is
ular Therapy Vol. 30 No 2 February 2022 925
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Figure 8. circCdyl acts as a sponge for let-7c and promotes C/EBP-d expression in macrophages

(A) Results of luciferase reporter assays. RAW264.7 cells were cotransfected with let-7c mimic or mimic-NC and a luciferase reporter containing wild-type circCdyl (circCdyl-

WT) or mutant circCdyl (circCdyl-mut). Luciferase activity was analyzed after 24 h. **p < 0.01; n = 3 per group. (B) Results of luciferase reporter assays. RAW264.7 cells were

cotransfected with let-7c mimic or mimic-NC and a luciferase reporter containing wild-type C/EBP-d (C/EBP-d-WT) or mutant C/EBP-d (C/EBP-d-mut). Luciferase activity

was analyzed after 24 h. **p < 0.01; n = 3 per group. (C) Results of luciferase reporter assays. RAW264.7 cells were cotransfected with or without let-7c mimic, oe-circCdyl or

oe-vector, and C/EBP-d-WT or C/EBP-d-mut. Luciferase activity was analyzed after 24 h. **p < 0.01; n = 3 per group. (D and E) C/EBP-d protein levels in RAW264.7 cells

(legend continued on next page)
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crucial to investigate whether linear Cdyl affects the M1/M2 status of
macrophages. Our results showed that the level of linear Cdyl did not
increase inM1macrophages or mouse AAA tissues. Also, overexpres-
sion of linear Cdyl had no effect on macrophage polarization. The
different expression trend and effect for circCdyl and the linear tran-
script indicate an important role of circCdyl in macrophage polariza-
tion. In addition, it is also important to investigate whether the
remaining ncRNAs from the same originated gene are differentially
expressed. Cdyl transcribes three circularizing transcript variants
(transcript variants in the circBase database). In the process of
screening the target gene from microarray data, we observed that
only the target circCdyl transcript (derived from the backsplicing of
exon 2, circBase: mmu_circ_0000451) was differently expressed be-
tween M1 and M2 macrophages, while the other two transcripts
had no differences in expression.

To better understand the crucial role of circCdyl in AAA formation,
we elucidated two mechanisms through which circCdyl fulfills its
functions. circRNAs often associate with RNA-binding proteins to
exert their biological functions. Using the RNA pulldown, mass spec-
trometry, and RIP approaches, we demonstrated that circCdyl
interacts with IRF4, which has been shown to promote M2 polariza-
tion.34,35 As an important transcription factor involved in macro-
phage polarization, the inflammatory response, and SMC prolifera-
tion, IRF4 plays important roles in cardiovascular diseases, such
as cardiomyopathy, myocardial infarction, and neointima forma-
tion.40,45,46 Our results further revealed that circCdyl induces M1 po-
larization by preventing IRF4 from entering the nucleus through flow
cytometry analysis and rescue experiments. Subsequently, we investi-
gated another mechanism by which circCdyl regulates AAA forma-
tion. According to the bioinformatics analysis results, we predicted
that circCdyl may regulate macrophage polarization by endogenously
interacting with let-7c, which is expressed at low levels in AAA tissues
and promotes M2 polarization by inhibiting C/EBP-d expression.32,33

In concert with our prediction, we successfully examined the interac-
tions between let-7c and C/EBP-d, circCdyl and let-7c, and circCdyl
and C/EBP-d in macrophages by luciferase reporter gene assays. In
addition, C/EBP-d expression was markedly inhibited by functional
let-7c mimics or when circCdyl associated with let-7c. This inhibition
was reversed when oe-circCdyl was present or when there was a
crucial mutation in the circCdyl-let-7c or let-7c-C/EBP-d base-pair-
ing region. Therefore, we concluded that circCdyl acts as an endoge-
nous let-7c sponge to regulate C/EBP-d expression in macrophages.
To investigate the association between the two mechanisms, we
postulated two possible mechanisms based on the features of these
two pathways: (1) IRF4 may regulate the circCdyl/let-7c/C/EBP-d
pathway by modulating circCdyl expression, thereby creating a feed-
back loop; and (2) IRF4 may affect C/EBP-d expression by regulating
transfected with mimic-NC, let-7c mimic, inhibitor-NC, or let-7c inhibitor and then stimu

levels in RAW264.7 cells transfected with oe-circCdyl or oe-vector and then stimulated w

RAW264.7 cells transfected with oe-vector +mimic-NC, oe-circCdyl +mimic-NC, oe-ve

g (24 h). **p < 0.01; n = 5 per group. (J and K) C/EBP-d protein levels in RAW264.

scramble+let-7c inhibitor, or si-circCdyl+let-7c inhibitor and then stimulated with LPS+
let-7c. Subsequently, we designed additional experiments and
observed that IRF4 had no role in regulating the expression of
circCdyl, let-7c, and C/EBP-d, indicating that these two pathways
may have independent roles in promoting M1 polarization. Our
mechanistic studies further demonstrated that circCdyl is a crucial
regulator of AAA formation by controlling macrophage polarization.

We note certain limitations in this study. First, we used AAV infec-
tion to overexpress or knock down circCdyl in two AAA models.
Although our results fromAAV-infected mice consistently confirmed
the effects of circCdyl onmacrophage polarization and AAA develop-
ment, the use of conventional genetic models to demonstrate our
findings would be stricter. Second, the elucidation of upstream
signaling pathways and a more specific mechanism of the regulation
of circCdyl expression in AAA formation may require further inves-
tigation. Third, under the current circumstance that most patients are
willing to choose interventional surgery rather than open surgery, we
find it difficult to collect enough clinical samples for experimental use,
which limited the clinical translation in the future.

In summary, upregulation of circRNA Cdyl stimulated the inflamma-
tory response and promoted M1 polarization by inhibiting the entry
of IRF4 into the nucleus and sponging let-7c to increase C/EBP-
d expression, significantly inducing AAA formation. Thus, the newly
discovered circCdyl is likely to be a potential therapeutic target to pre-
vent AAA formation.

MATERIALS AND METHODS
Data availability

The data, analytical methods, and study materials that support the
findings of this study are available from the corresponding author
on reasonable request.

Animal experiments

We obtained C57BL/6J mice and ApoE�/�mice from Southern Med-
ical University. The mice were housed under pathogen-free condi-
tions with a 12-h dark/12-h light cycle and fed a normal chow diet
and water. All of the protocols for animal experiments were approved
by the Animal Care and Use Committee of the Institute of Basic Med-
ical Sciences, Chinese Academy of Medical Sciences, and Southern
Medical University and are in accordance with the NIH Animal
Research Advisory Committee Guidelines.

Ang II-infused AAA model

Male C57BL/6J mice and ApoE�/� mice aged 9–12 weeks were used
in the experiment and randomly allocated into groups. The mice were
anesthetized by injecting a combination of ketamine (100 mg/kg) and
xylazine (5 mg/kg). Ang II (1.44 mg/kg/day, A9525, Sigma, USA) was
lated with LPS+IFN-g (24 h). **p < 0.01; n = 5 per group. (F and G) C/EBP-d protein

ith LPS+IFN-g (24 h). **p < 0.01; n = 5 per group. (H and I) C/EBP-d protein levels in

ctor + let-7cmimic, or oe-circCdyl+let-7cmimic and then stimulated with LPS + IFN-

7 cells transfected with si-scramble + inhibitor-NC, si-circCdyl + inhibitor-NC, si-

IFN-g (24 h). **p < 0.01; n = 5 per group.
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administered to mice using mini osmotic pumps (model 2004, Alzet,
USA). Saline was used in the normal control group. The pumps were
placed into the subcutaneous space of the dorsum of the neck. All
mice were treated with Ang II or saline for 28 days.

CaCl2-induced AAA model

Each mouse was fully anesthetized before the abdominal aorta was
surgically exposed. CaCl2-treated cotton gauze was then placed
directly on the abdominal aorta at approximately the center of the
section between the renal artery and the iliac bifurcation. Saline was
used in a sham operation in the control mice. The gauze was removed
after 15min, and the incision was closed. Themice were euthanized at
3 weeks after CaCl2 treatment, and the aortas were harvested for
further analysis.

AAV infection in mice

Murine circCdyl-overexpression AAV2, circCdyl-knockdown AAV2,
and the corresponding control AAV2 were all synthesized by Gene-
Chem (Shanghai, China). For the in vivo studies, 1 � 1011 viral
genome particles of AAV were delivered to the abdominal aorta
through injection in the tail vein. The injected mice were subjected
to AAA modeling after 30 days.

Systolic blood pressure measurement

Systolic blood pressure was measured using a tail-cuff instrument
(BP-2010 blood pressure meter, Softron, Japan) every 7 days. In brief,
the mice were fitted with a pneumatic pulse sensor on the tail and
placed in a container. Systolic blood pressure was measured 1 day
before Ang II treatment to determine the baseline value.

Aneurysm quantification

After 4 weeks of Ang II infusion, mice underwent whole-body perfu-
sion-fixation via the left ventricle with 10% formaldehyde at physio-
logical pressure. Then, the aortas were isolated and imaged for gross
morphological assessments. The maximal aortic diameter was
measured at the most dilated portion of the suprarenal aorta for the
Ang II-induced model and the subrenal aorta for the CaCl2-induced
model using the digital images with Image-Pro Plus (Media Cyber-
netics). Measurements were performed at least three times by two co-
workers blinded to the group information before analysis. Necropsies
were performed if the mice died during the experiment. Aortic
rupture was defined when there were blood clots in the thoracic cavity
(thoracic aortic rupture) or in the retroperitoneal cavity (abdominal
aortic rupture). Animals that died of aortic rupture were only used
for calculating the mortality and were excluded from the analysis of
maximal aortic diameter.

Flow cytometry

To determine the M1/M2 proportion in AAA lesions, aortas were cut
into small pieces and then digested with 1� aorta dissociation enzyme
stock solution (ADES) (125 U/mL collagenase type XI, 60 U/mL hy-
aluronidase type 1-s, 60 U/mL DNase I, and 450 U/mL collagenase
type I in 2.5 mL of PBS; all enzymes are from Sigma-Aldrich) at
37�C for 1 h. The single-cell suspensions were prepared by shearing
928 Molecular Therapy Vol. 30 No 2 February 2022
the aortas apart and passing them through a 70-mm cell strainer.
The cells were collected by centrifugation and resuspended for further
detection.

For flow cytometry analysis, cells were incubated with the following
fluorochrome-labeled antibodies specific for surface markers: anti-
F4/80-phycoerythrin (PE) (1:50, 123109, BioLegend) and anti-
CD86-fluorescein isothiocyanate (FITC) (1:50, 105005, BioLegend).
For intracellular staining, cells were fixed and permeabilized with fix-
ation and permeabilization solution (BD Biosciences) for 20 min and
then stained with an anti-CD206-allophycocyanin (APC) antibody
(1:50, 141707, BioLegend). Then, cells were subjected to flow cytom-
etry analysis, and the results were analyzed with FlowJo.

IHC staining

Abdominal aorta samples were used for histological analysis after
macroscopic analysis. In brief, aortic samples were fixed in 10% form-
aldehyde and embedded in paraffin. Serial sections (5 mm each) at
500-mm intervals were prepared. Then, the aortic sections were de-
paraffinized, and endogenous peroxidase activity was blocked with
3% hydrogen peroxide, followed by incubation with 10% bovine
serum to block nonspecific binding sites. The images were quantified
with Image-Pro Plus software (Media Cybernetics, USA) by a
researcher who was blinded to the group information. The primary
antibodies used are available in Table S2.

ISH

ISH was performed using a Panomics QuantiGene ViewRNA for ISH
tissue assay system (Affymetrix, Santa Clara, CA) to determine the
expression and distribution of circCdyl in mouse aortic tissues. In
brief, the aortic tissue sections were digested with proteinase K and
then hybridized at 37�C overnight with a custom-designed circCdyl
probe for mice. Then, the sections were incubated overnight with
an anti-digoxin-alkaline phosphatase (AP) Fab fragment. The cyto-
plasm was stained with nitroblue tetrazolium (NBT)/5-bromo-4-
chloro-3-indolyl phosphate (BCIP) in the dark, and circCdyl ISH
signals were identified as blue-purple speckles.

EVG staining

EVG staining was performed as previously described. Serial sections
of 5 mm were used for EVG staining. The grades for elastin degrada-
tion were evaluated following the previously described criteria: a score
of 1 indicates no degradation of elastin, a score of 2 indicates mild
degradation of elastin, a score of 3 indicates severe degradation of
elastin, and a score of 4 indicates rupture of aorta.

Reverse transcriptase and qPCR

Total RNA was extracted with TRIzol (Invitrogen). One microgram
of total RNA was used to synthesize cDNA using PrimeScript RT
master mix (TaKaRa Biotechnology, Dalian, China). qPCR was per-
formed with a SYBR Premix Ex Taq kit (TaKaRa Biotechnology,
Dalian, China) using a LightCycler 480 II system (Roche Diagnostics,
Basel, Switzerland). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA was used as an internal control to normalize
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gene expression using the 2�DDCt method. Primer sequences are listed
in Table S3.
Cytokine measurements

Mouse blood was collected from the abdominal aortas into tubes con-
taining citrate-phosphate-dextrose anticoagulant and centrifuged to
collect the plasma. Cytokine (TNF-a, MCP1, and IL-6) levels in
plasma were determined by an enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s protocol for each ELISA kit
(Cusabio, Wuhan, Hubei, China). Optical density values were
measured at a wavelength of 450 nm in an ELISA plate reader
(Spectra Max M5, Molecular Devices, CA, United States).
Protein extraction and western blotting

Radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl
[pH 7.6], 150 mM NaCl, 1% Nonidet P40 [NP-40], 1% sodium deox-
ycholate, and 0.1% SDS) was used to extract protein. Briefly, the aorta
tissues were snap-frozen in liquid nitrogen, pulverized by a homoge-
nizer in RIPA buffer, sonicated, and centrifuged at 4�C. The superna-
tants were then collected. After protein concentrations were deter-
mined using a bicinchoninic acid (BCA) kit (23225, Thermo Fisher
Scientific, USA), the samples were run on SDS-PAGE gels and then
transferred onto polyvinylidene fluoride (PVDF) membranes. The
membranes were blocked with 5% BSA in TBST at 37�C for 1 h
and subsequently incubated with primary antibody at 4�C overnight.
Then, the membranes were washed with Tris-buffered saline with
Tween 20 (TBST), incubated with a horseradish peroxidase-conju-
gated secondary antibody, and detected with an enhanced chemilu-
minescence reagent (Advance, no. RPN2235; GE Healthcare Life
Sciences). Western blots were replicated at least five times and quan-
tified with ImageJ (National Institutes of Health, Bethesda, MD,
USA). The intensity values were normalized to those of b-actin for to-
tal proteins and lamin B1 for nuclear proteins. Antibodies used for
western blotting are available in Table S4.
Cell culture and treatment

The mouse macrophage cell line (RAW264.7 cells), the mouse aortic
smooth muscle cell (AoSMC) line, the mouse endothelial cell (EC)
line, and human THP-1 cell line were all purchased from Geneseed
Biotech (Guangzhou, China). Cells were maintained in complete Dul-
becco’s modified Eagle’s medium (DMEM, Gibco-BRL, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco-BRL), penicillin
(100 U/mL), and streptomycin (100 mg/mL) in humidified air with
5% CO2 at 37�C.

For the isolation of primary peritoneal macrophages, mice were intra-
peritoneally administered 1 mL of 4% thioglycolate. Three days later,
cells were collected from peritoneal lavage and seeded into culture
dishes with RPMI 1640 medium (Gibco-BRL, USA) containing
10% FBS and 1% penicillin/streptomycin and cultured in a cell
incubator for 1 h. Then, the cells were washed with PBS, and nonad-
herent cells were discarded. The remaining adherent cells were
macrophages.
For siRNA or overexpression plasmid transfection, the cells were
seeded into six-well plates and cultured to a concentration of 106

cells/mL. The cells were then serum starved and transfected with
a siRNA against circCdyl (circBase: hsa_circ_0008285/mmu_-
circ_0000451, http://www.circbase.org/) (si-circCdyl) or a circCdyl
overexpression plasmid (oe-circCdyl) using Lipofectamine 2000 (In-
vitrogen, Thermo Fisher Scientific). After 6 h of incubation, the me-
dium was replaced with DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin and the cells were cultured for 24 h.
RNA pulldown

The probes for circCdyl and its antisense RNA for RNA pull-down
were designed and synthesized by Gzscbio (Guangzhou, China).
Mouse RAW264.7 cells were washed in PBS, lysed in co-immunopre-
cipitation buffer, and then incubated with biotinylated DNA oligonu-
cleotide probes against a circCdyl back-spliced sequence at room tem-
perature for 4 h before being incubated with streptavidin-coated
magnetic beads (Invitrogen, SA10004). Nonspecific binding of RNA
and protein complexes was prevented using RNase-free BSA and
yeast tRNA (Sigma, Shanghai, China). RNA complexes bound to
beads were extracted with TRIzol for qRT-PCR analysis, and proteins
were collected by SDS-PAGE and silver stained, with the specific
bands excised and analyzed by mass spectrometry.
RIP

RIP experiments were performed using a Magna RIP RNA-binding
protein immunoprecipitation kit (Millipore, Stafford, VA, USA) in
accordance with the manufacturer’s instructions. Anti-IRF4 anti-
bodies were used to co-immunoprecipitate RNA, and circCdyl
expression was measured by qRT-PCR.
Luciferase reporter assays

circCdyl-sv-wt and circCdyl-sv-mut were cloned into the luciferase
vector psiCHECK-2 (Gzscbio, Guangzhou, China). For luciferase re-
porter assays, the let-7c mimic was cotransfected into RAW264.7 cells
with the luciferase constructs described above using Lipofectamine
2000 (Invitrogen, Thermo Fisher Scientific). Luciferase activity was
measured by the Dual-Luciferase reporter assay system (Promega,
Madison, WI, USA).
Human tissue collection

All protocols using human aortic samples were approved by the
Research Ethics Committees of Nanfang Hospital (ethical approval
no. NFEC-2019-086). All procedures complied with the principles
of the Declaration of Helsinki. Human tissue samples were collected
from the abdominal aorta of patients undergoing open surgical repair.
Aortic dissection or other inflammatory aortic disease had been
excluded from these patients. Adjacent nonaneurysmal aortic seg-
ments were trimmed from the same patients and used as controls.
The samples were flash-frozen in liquid nitrogen and stored at
�80�C until RNA extraction was performed. Each subject signed
written informed consent for collection of aortic samples for research
purposes. Patient sex, age, smoking status, aortic diameter, and
Molecular Therapy Vol. 30 No 2 February 2022 929

http://www.circbase.org/
http://www.moleculartherapy.org


Molecular Therapy
related diseases were recorded (patient information is available in
Table S1).

Ultrasonic imaging

Ultrasonic B-mode images of the aortas were obtained from mice
anesthetized with 2% isoflurane using a Vevo 2100 imaging system
(Visual Sonics, ON, Canada) equipped with a 40-MHz probe. Ultra-
sonic imaging was performed 1 day before model establishment as
baseline and then measured on the 14th and 28th days. The aortic
lumen diameters were measured (corresponding to cardiac systole)
three times on the long axis of the suprarenal abdominal aorta by a
blinded investigator. Data for the diastolic abdominal aortic lumen
diameter are shown for individual animals.

Statistical analysis

Quantitative results are expressed as the means ± SD. The elastin
degradation scores are presented as medians and quartiles. The
normality and homogeneity of variance in the data were assessed
for multiple comparisons, and a Kruskal-Wallis test plus a post hoc
analysis (Dunn multiple comparison test) was used for variables
that did not pass a normality or equal variance test. Fisher’s exact
test was applied to the comparisons of AAA incidence, and the log-
rank (Mantel-Cox) test was used for survival analysis. Graphs were
created using Prism 6.0 (GraphPad), and statistical analysis was per-
formed with GraphPad Prism. A p < 0.05 was considered to be statis-
tically significant.
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