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circGNAQ, a circular RNA enriched in vascular
endothelium, inhibits endothelial cell
senescence and atherosclerosis progression

Wei-peng Wu,'* Meng-yuan Zhou,'* Dong-liang Liu,* Xue Min,'* Tong Shao,' Zi-yang Xu,' Xia Jing,'

Meng-yun Cai,' Shun Xu,! Xin Liang,! Miaohua Mo,' Xinguang Liu,'~> and Xing-dong Xiong'-*

nstitute of Aging Research, Guangdong Provincial Key Laboratory of Medical Molecular Diagnostics, Guangdong Medical University, Dongguan 523808, P.R. China;

2Institute of Biochemistry & Molecular Biology, Guangdong Medical University, Zhanjiang 524023, P.R. China

Endothelial cell senescence is one of the most important causes of
vascular dysfunction and atherosclerosis. Circular RNAs (circR-
NAs) are endogenous RNA molecules with covalently closed-
loop structures, which have been reported to be abnormally
expressed in many human diseases. However, the potential role
of circRNAs in endothelial cell senescence and atherosclerosis re-
mains largely unknown. Here, we compared the expression pat-
terns of circRNAs in young and senescent human endothelial
cells with RNA sequencing. Among the differentially expressed
circRNAs, circGNAQ, a circRNA enriched in vascular endothe-
lium, was significantly downregulated in senescent endothelial
cells. circGNAQ silencing triggered endothelial cell senescence,
as determined by a rise in senescence-associated B-galactosidase
activity, reduced cell proliferation, and suppressed angiogenesis;
circGNAQ overexpression showed the opposite effects. Mecha-
nistic studies revealed that circGNAQ acted as an endogenous
miR-146a-5p sponge to increase the expression of its target
gene PLK2 by decoying the miR-146a-5p, thereby delaying endo-
thelial cell senescence. In vivo studies showed that circGNAQ
overexpression in the endothelium inhibited endothelial cell
senescence and atherosclerosis progression. These results suggest
that circGNAQ plays critical roles in endothelial cell senescence
and consequently the pathogenesis of atherosclerosis, implying
that the management of circGNAQ provides a potential thera-
peutic approach for limiting the progression of atherosclerosis.

INTRODUCTION

Aging is an important risk factor for cardiovascular diseases, and the
incidence of cardiovascular events increases with age."> Vascular endo-
thelial cells (ECs) are critically involved in the maintenance of vascular
homeostasis by regulating vascular tone and integrity.”* A dysfunc-
tional endothelium has lost this tightly regulated balance and displays
oxidant, vasoconstrictor, proinflammatory, and prothrombotic proper-
ties.* Recent studies have shown that the integrity of EC function is
compromised with aging, and EC senescence plays pivotal roles in the
evolution of age-related vascular disorders, such as atherosclerosis.”®
Therefore, it is critical to explore the mechanisms underlying EC senes-
cence so as to better predict and prevent endothelial contributions to the
pathogenesis of cardiovascular diseases associated with aging.
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Circular RNAs (circRNAs) are a large, novel type of endogenous tran-
scripts that comprise a closed continuous loop whereby the 3’ and 5’
ends are joined together.”® In the 1990s, only a handful of circRNAs
were identified in humans and rodents and found to be produced in
the back-splicing of precursor mRNA (pre-mRNA).” However, these
circRNAs were present at low levels and considered to be functionless
by-products of splicing.'” Recently, high-throughput transcriptome
sequencing technology and novel computational approaches have
shown that the expression of circRNAs is widespread.>'" Further-
more, in biological experiments many circRNAs have been demon-
strated to be highly expressed in a tissue-specific or cell type-specific
manner.'>" Salient features of circRNAs also include remarkable sta-
bility, high abundance, and evolutionary conservation.'”"” Studies
have shown that circRNAs can function as microRNA (miRNA)
sponges,” binding partners of proteins,'® and regulators of gene
expression'” or can be translated into proteins.'® With accumulated
knowledge of characteristics and functions of circRNAs, it has been
described that circRNAs play critical roles in human diseases, such
as cancer, >’ neurological disorders,>""* 16.23.24
However, the overall pathophysiological contributions of circRNAs
to age-related vascular diseases remain largely unknown.

and heart disease.

In this study, we analyzed the expression profile of circRNAs in young
and senescent ECs by using RNA sequencing (RNA-seq). We further
identified that circGNAQ (hsa_circ_0006459), a circRNA enriched in
the vascular endothelium, was significantly downregulated in senes-
cent ECs. Further functional and mechanistic investigations revealed
that circGNAQ may act as a competing endogenous RNA (ceRNA)
to regulate the expression of Polo-like kinase 2 (PLK2) by decoying
the miR-146a-5p, thereby delaying EC senescence. Additionally,
circGNAQ overexpression in the endothelium delayed vascular EC
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Figure 1. Identification of endothelial cell senescence-associated circRNAs
(A) Representative images of SA-B-gal staining in young and senescent HUVECs. Y, young; S, senescent. (B) Western blot analysis of the levels of p16 and pRb in young and
senescent HUVECs. (C and D) Volcano plot showing circRNA expression in HUVECs and HCAECs (senescent versus young). The red and green dots represent circRNAs
with statistically significant differences in expression. (E) Circos plots showing all circRNAs from young and senescent HUVECS. (F) gRT-PCR analysis of changes in circRNA
expression in young and senescent HUVECs. (G) gRT-PCR analysis of changes in circRNA expression in young and senescent HCAECs. Data are presented as the mean +
SD of three independent experiments. *p < 0.05; **p < 0.01; **p < 0.001 by Student’s t test.

senescence and prevented atherosclerosis progression in vivo. In this
work, we shed light on the roles of circGNAQ in EC senescence and
atherosclerosis, which may represent a promising strategy for vascular
aging and age-related vascular disease interventions.

RESULTS

Identification of endothelial cell senescence-associated
circRNAs

Compared with the young ECs, senescent ECs displayed a flattened
and enlarged morphology and increased senescence-associated
B-galactosidase (SA-B-gal) activity, a widely used senescence marker
(Figure 1A). The expression of senescent marker p16 was increased,

whereas that of pRb was decreased, in senescent ECs (Figure 1B).
RNA-seq was performed on young and senescent ECs (Figures 1C
and 1D). We mapped the RNA-seq data to the human reference
genome (GRCH38/hg38) by HISAT2. Counts of reads mapping
across an identified back-splice were normalized by transcripts per
million (TPM), which could be used to quantitatively compare the
back-splices between different samples. With a cutoff criterion of
log, fold change > 1.0 and p < 0.01, differentially expressed circR-
NAs were identified by RNA-seq in human umbilical vein endothe-
lial cells (HUVECs) and human coronary artery endothelial cells
(HCAECs). The majority of the identified circRNAs were generated
from exons, and the others originated from introns (Figure SIA).
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Figure 2. Characterization of circGNAQ in endothelial cells
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(A) Genomic loci of the circGNAQ gene. circGNAQ is produced at the GNAQ gene locus containing exons 4-5. The back-splice junction of circGNAQ was identified by
Sanger sequencing. (B) Northern blot analysis showed the expression of circGNAQ after infection with lentiviruses expressing circGNAQ. RNase R digestion did not affect
circGNAQ levels (lower) but degraded linear RNAs (upper). (C) gRT-PCR results show the abundance of circRNAs and linear RNAs in HUVECs treated with RNase R. The
levels of circGNAQ and GNAQ were normalized to the values measured after mock treatments (n = 3). (D) gRT-PCR analysis of circGNAQ levels in the aorta tissue of young
(n=10, 1.5 months old)and old (n = 11, 24 months old) C57BL/6 mice. (E) gRT-PCR analysis of circGNAQ levels in various tissues of C57BL/6 mice. (F) circGNAQ and GNAQ
expression was detected by gRT-PCR in the aortic intima from 8-week-old C57BL/6 mice (n = 4; each sample represents RNA pooled from two mice). As a control, total
RNAs obtained from the leftover samples after endothelium-enriched RNA preparation (media + adventitial regions: M+A) were used. *p < 0.05; **p < 0.01; **p < 0.001 by

Student’s t test.

Furthermore, most of the identified circRNAs were <5,000 nucleo-
tides in length (Figure S1B). Interestingly, differentially expressed
circRNAs were enriched in senescent ECs compared with young
ECs (Figure 1E). These differentially expressed circRNAs may
have potential function in EC senescence and need to be further
explored.

Characterization of circGNAQ in endothelial cells

To verify the RNA-seq results, we examined differentially expressed
circRNAs between young and senescent ECs by quantitative real-
time PCR (qRT-PCR) using circRNA-specific divergent primers (Ta-
ble S1). Among them, circGNAQ expression was consistently and
significantly downregulated in senescent ECs compared with young
ECs (Figures 1F and 1G). However, the expression of GNAQ
mRNA had no apparent change (Figure S1C). We confirmed the
head-to-tail splicing in the RT-PCR product of circGNAQ with ex-
pected size by Sanger sequencing (Figure 2A). The sequence is consis-
tent with circBase database annotation. Subsequently, we treated
RNAs extracted from HUVECs with or without RNase R. By northern
blotting and qRT-PCR, we confirmed that although RNase R
treatment decreased GNAQ linear mRNA levels, it did not affect
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circGNAQ levels (Figures 2B and 2C). These results confirmed the
characteristics of circGNAQ as a circRNA and implied that its func-
tion may benefit from the biological stability of this molecule.

Next, the endogenous circGNAQ expression was assessed in hu-
mans and mice. Consistent with the RNA-seq and validation results,
circGNAQ was downregulated in the aorta tissue of aged C57BL/6
mice (Figure 2D) and the whole blood of older adults (Figure S1D).
We found that circGNAQ was commonly expressed in various tis-
sues and relatively more highly expressed in the aorta tissue (Fig-
ure 2E). Of note, circGNAQ expression in the vascular endothelium
evidently exceeded that in the aortic media and adventitia (M+A)
(Figure 2F), which implied its important role in endothelium func-
tion. Since EC senescence plays pivotal roles in atherosclerosis, we
further evaluated whether circGNAQ is associated with atheroscle-
rotic progression. As shown in Figure 2G, circGNAQ expression
was reduced in the aortic intima of Ldlr~’~ mice after high-fat
diet (HFD) for 4, 8, or 12 weeks. These data demonstrate that the
aortic intimal expression of circGNAQ fell with atherosclerotic pro-
gression, suggesting that it may be involved in the pathogenesis of
atherosclerosis.
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circGNAQ suppresses cellular senescence in endothelial cells
To explore the biological function of circGNAQ in EC senescence, the
circGNAQ lentivirus and short interfering RNAs (siRNAs) targeting
the junction of circGNAQ were established and transfected into ECs.
The results showed that circGNAQ siRNAs significantly decreased
the expression of circGNAQ but had no effect on GNAQ mRNA
(Figure 3A; Figure S2A). Similarly, circGNAQ was successfully overex-
pressed in HUVECs and HCAECs, whereas GNAQ mRNA expression
had no obvious change (Figure 3B; Figure S2B). These data indicated
that the expression of GNAQ was unaffected by circGNAQ.

In this study, silencing of circGNAQ led to reduced percentage of
5-bromo-2'-deoxyuridine (BrdU)-positive cells and increased SA-
B-gal activity in HUVECs and HCAEC:s (Figures 3C and 3E; Figures
S2C and S2E). Conversely, stably overexpressing circGNAQ exhibited
the opposite effect (Figures 3D and 3F; Figures S2D and S2F). Addi-
tionally, knockdown of circGNAQ significantly impaired the tube
formation of HUVECs and HCAECs, whereas overexpression of
circGNAQ promoted tube formation (Figures 3G and 3H; Figures
S2G and S2H). As circGNAQ had an effect on the tube formation
ability of ECs, we then directly assessed whether circGNAQ induced
angiogenesis in vivo. The results showed that the angiogenesis was
decreased in the plugs supplemented with HUVECs after circGNAQ
silencing compared with the si-NC group (Figure 3I). Moreover,
silencing of circGNAQ led to an upregulation of senescent marker
p16, whereas overexpression of circGNAQ reduced p16 expression
(Figures 3] and 3K). Taken together, our results showed that circG-
NAQ could play a suppressive role in EC senescence. Given this
evidence, we set out to investigate the underlying mechanism of
circGNAQ regulation of the senescent phenotype in ECs.

circGNAQ acts as a sponge for miR-146a-5p in endothelial cells

To observe the cellular localization of circGNAQ, we conducted qRT-
PCR analysis for nuclear and cytoplasmic circGNAQ RNA. The re-
sults showed that the circGNAQ transcript was preferentially located
in the cytoplasm, and there was no significant change in the localiza-
tion of circGNAQ between young and senescent ECs (Figure 4A).
RNA fluorescence in situ hybridization (FISH) also showed that
circGNAQ was predominantly localized in the cytoplasm (Figure 4K).

To elucidate the mechanisms responsible for the roles of circGNAQ
in EC senescence, we investigated its effects on the expression of its
host gene GNAQ. However, our results indicated that silencing or
overexpression of circGNAQ did not affect the pre-mRNA, mRNA,
and protein levels of its parental gene GNAQ (Figures 4B-4E). Simi-
larly, there was no significant change in the protein level of GNAQ
between young and senescent HUVECs (Figure 4F). Alternatively,
circRNAs could serve as essential regulators of RNA-binding pro-
teins.'*” Unfortunately, the RNA pull-down assay showed that there
were no specific bands significantly enriched by the circGNAQ probe
(Figure 4G).

Given that circRNAs can reportedly function as sponges for miRNAs
and that circGNAQ is stable and located in the cytoplasm, we tried to

explore whether circGNAQ could bind to miRNAs. By circRNA
in wvivo precipitation (circRIP) experiments, we purified the
circGNAQ-associated miRNAs and analyzed the 188 candidate
miRNAs in the complex. Interestingly, we found a specific enrich-
ment of circGNAQ and miR-146a-5p compared with the controls
(Table S2), indicating that miR-146a-5p could be the circGNAQ-
associated miRNA in ECs. Next, we predicted the miR-146a-5p bind-
ing sites of circGNAQ), using the bioinformatics database RNAhybrid
(https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/), and circGNAQ
contains one site that is complementary to miR-146a-5p. To further
confirm this result, we performed a luciferase assay using miR-
146a-5p. Luciferase reporters were constructed by inserting either
the wild-type circGNAQ-miR-146a-5p sequence (WT) or the
sequence with mutated binding sites of miR-146a-5p (Mut) into the
3" UTR of Gaussia luciferase (GLuc) (Figure 4I). Upregulation of
miR-146a-5p remarkably reduced the luciferase activities of the WT
reporter but not the mutant (Figure 4]), suggesting that miR-146a-
5p could interact with circGNAQ via the complementary seed region.
In this study, we also performed RNA immunoprecipitation (RIP)
assay to observe the enrichment of argonaute 2 (AGO2) on
circGNAQ and miR-146a-5p in vascular ECs. Our data revealed
that circGANQ and miR-146a-5p were both enriched by AGO2
through RIP assay (Figure 4H). Using an RNA FISH assay, we
demonstrated that circGNAQ and miR-146a-5p were co-localized
in the cytoplasm (Figure 4K). To support that circGNAQ could func-
tion as a ceRNA to sponge miR-146a-5p, copy number analysis re-
vealed that the observed miR-146-5p-to-circGNAQ ratio seemed to
be compatible with a sponge activity (Figure 4L). In addition, miR-
146a-5p mimic or anti-miR-146a-5p transfection did not affect the
expression level of circGNAQ (Figure S3), indicating that miR-
146a-5p had no effect on the degradation of circGNAQ. Together,
these data revealed that circGNAQ could act as a sponge for miR-
146a-5p in ECs. Moreover, our results revealed that miR-146a-5p
overexpression significantly increased senescence of ECs, whereas
miR-146a-5p knockdown dramatically decreased EC senescence (Fig-
ures S4A and S$4B). Collectively, these results suggest that circGNAQ
functions as a negative regulator of miR-146a-5p, and thus suppresses
EC senescence.

circGNAQ/miR-146a-5p/PLK2 axis regulates endothelial cell
senescence

To address whether circGNAQ inhibits cellular senescence via inter-
acting with miR-146a-5p, we transfected miR-146a-5p mimics into
circGNAQ lentivirus-infected ECs. SA-B-gal staining displayed that
overexpression of circGNAQ resulted in a significant decrease of
SA-B-gal-positive cells and the effect could be abrogated by miR-
146a-5p mimics (Figure 5A). In addition, the circGNAQ lentivirus-
infected ECs transfected with miR-146a-5p mimics showed impair-
ment in tube formation compared with circGNAQ overexpression
alone (Figure 5B). PLK2 is a validated target of miR-146a.”° We
confirmed that miR-146a-5p negatively regulates PLK2 expression
in ECs (Figures S4C and S$4D). In this study, downregulation of
circGNAQ reduced the protein levels of PLK2 (Figure S5). Upregula-
tion of circGNAQ enhanced the protein levels of PLK2 and decreased
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Figure 3. circGNAQ suppresses cellular senescence in endothelial cells
(A) gRT-PCR analysis of the levels of circGNAQ and GNAQ in young HUVECs after transfection of negative control (si-NC) or si-circGNAQ-1/2. (B) gRT-PCR analysis of
the levels of circGNAQ and GNAQ in senescent HUVEGCs after infection with lentiviruses expressing circCon or circGNAQ. (C, E, and G) BrdU assays, SA-B-gal staining,
and tube formation in young HUVECs after transfection with si-NC or si-circGNAQ-1/2. (D, F, and H) BrdU assays, SA-B-gal staining, and tube formation in senescent
HUVECs after infection with lentiviruses expressing circCon or circGNAQ. (1) circGNAQ and angiogenesis in vivo. Left, Representative photomicrographs of Matrigel plugs.
VEGF(—), negative control; VEGF(+), positive control. Right, Quantification of hemoglobin in the homogenized Matrigel plugs; results are expressed as hemoglobin content
in the Matrigel plug (mg/dL). (J) Western blot analysis of p16 in young HUVECs after transfection of si-NC or si-circGNAQ-1/2. (K) Western blot analysis of p16 in
senescent HUVECSs after infection with lentiviruses expressing circCon or circGNAQ. Data are presented as the mean + SD of three independent experiments. *p < 0.05;

**p < 0.01; **p < 0.001 by Student’s t test.
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Figure 4. circGNAQ acts as a sponge for miR-146a-5p in endothelial cells

(A) Levels of circGNAQ in the nuclear and cytoplasmic fractions of HUVECs. GAPDH and MALAT 1 were used as positive controls in the cytoplasm and nucleus, respectively. (B)
gRT-PCR analysis of the levels of circGNAQ, GNAQ, and GNAQ pre-mRNA in young HUVECs after transfection of si-NC or si-circGNAQ-1/2. (C) gRT-PCR analysis of the
levels of circGNAQ, GNAQ, and GNAQ pre-mRNA in young HUVECs after infection with lentiviruses expressing circCon or circGNAQ. (D) Western blot analysis of GNAQ in
HUVECs after transfection of si-NC or si-circGNAQ-1/2. (E) Western blot analysis of GNAQ in HUVECs after infection with lentiviruses expressing circCon or circGNAQ. (F)
Western blot analysis of GNAQ in young and senescent HUVECs. (G) RNA pull-down assay by biotin-labeled circGNAQ and its antisense RNA followed by silver staining of
protein extract from HUVECSs. S, sense strand of circGNAQ; AS, anti-sense strand of circGNAQ. (H) RIP was performed with AGO2 antibody in HUVECs, and then the
enrichment of circGNAQ and miR-146a-5p was detected. (I) Schematic illustration demonstrates complementarity to the miR-146a-5p seed sequence with circGNAQ. Red
letters indicate mutated nucleotides. (J) The luciferase activity of circGNAQ-WT or circGNAQ-Mut in HEK293T cells after co-transfection with miR-146a-5p. (K) Co-localization
between miR-146a-5p and circGNAQ was observed by RNA FISH in HUVECs. Nuclei were stained with DAPI. Scale bar, 20 um. (L) Absolute quantification for circGNAQ and
miR-146a-5p in young and senescent HUVECs. Data are presented as the mean + SD of three independent experiments. *p < 0.05; “*p < 0.01; ***p < 0.001 by Student’s t test.
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Figure 5. circGNAQ/miR-146a-5p/PLK2 axis regulates endothelial cell senescence

(A) SA-B-gal staining in circGNAQ lentivirus-infected endothelial cells after transfection with mimic NC or miR-146a-5p. (B) Angiogenesis assay in circGNAQ lentivirus-in-
fected endothelial cells after transfection with mimic NC or miR-146a-5p. (C—E) Western blot analysis of PLK2 and p16 in circGNAQ lentivirus-infected endothelial cells after
transfection with mimic NC or miR-146a-5p. Data are presented as the mean + SD of three independent experiments. *p < 0.05; **p < 0.01 by Student’s t test.

the levels of p16, and the effect could be reversed by miR-146a-5p
mimics (Figures 5C-5E). Collectively, co-transfection of miR-146a-
5p mimics could reverse circGNAQ overexpression-mediated effects
in ECs.

PLK2 protein apparently decreased in the senescent HUVECs and
was downregulated in the aorta of old mice (Figures 6A and 6B).
Furthermore, we specifically knocked down PLK2 expression using
designed si-PLK2-1/2. The inhibition of PLK2 in ECs was confirmed
(Figure 6C), and silencing of PLK2 promoted cellular senescence and
inhibited cell proliferation and tube formation (Figures 6D-6F).
Moreover, western blot assays confirmed that knockdown of PLK2
led to an upregulation of pl6 (Figure 6G). These data indicated
that PLK2 could inhibit EC senescence. Here we further investigated
whether circGNAQ played a role in EC senescence through PLK2
regulation. As shown in Figure S6, PLK2 siRNAs significantly atten-
uated the effects of circGNAQ on PLK2. In addition, silencing of
PLK2 could diminish the effect of circGNAQ overexpression on pro-
liferation and tube formation and attenuated the effects of circGNAQ
on the inhibition of EC senescence (Figure S6). Our data showed that
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the phenotype could be reversed by knockdown of PLK2 in the
circGNAQ overexpression cells, suggesting that the role of circGNAQ
in EC senescence is dependent on PLK2 expression. Collectively,
circGNAQ served as a sponge for miR-146a-5p to regulate PLK2
and suppress cellular senescence via the ccRNA mechanism in ECs.

circGNAQ inhibits endothelial cell senescence and reduces
atherosclerosis in LdIr”™ mice

Since circGNAQ levels decrease in senescent ECs and aged aortas, we
hypothesized that EC-specific overexpression of circGNAQ may pre-
vent the progression of atherosclerosis. Therefore, we generated a re-
combinant adeno-associated virus (AAV) cassette with circGNAQ
expression driven by a mouse Tie2 promoter, which ensures endothe-
lium-specific expression.”’” *° Ldlr~'~ mice were injected with the
AAV particles and fed a HFD for 12 weeks (Figure 7A). As shown
in Figure 7B, the expression of circGNAQ in the aortic intima
from mice injected with AAV-circGNAQ was 2.8-fold higher than
that in mice injected with the AAV-circCon (mock vector with no
circGNAQ sequence), whereas no overexpression of GNAQ was
observed. Consistent with in vitro data, overexpression of circGNAQ
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Figure 6. PLK2 regulates endothelial cell senescence

(A) Young and senescent HUVECs were extracted, and levels of PLK2, p16, and pRb in the extracts were determined by western blotting. (B) Levels of PLK2 protein
measured by western blotting in the aortas of 1.5- and 24-month-old mice (n = 6 per group). (C) gRT-PCR analysis of the levels of PLK2 in young HUVECs and HCAECs after
transfection of si-NC or si-PLK2-1/2. (D) SA-B-gal staining in young HUVECs and HCAECs after transfection with si-NC or si-PLK2-1/2. (E) BrdU assay in young HUVECs and
HCAECs after transfection with si-NC or si-PLK2-1/2, respectively. (F) Angiogenesis assay in young HUVECs and HCAECs after transfection with si-NC or si-PLK2-1/2. (G)
Western blot analysis of p16 in young HUVECs after transfection of si-NC or si-PLK2-1/2. Data are presented as the mean + SD of three independent experiments. *p < 0.05;

**p < 0.01; **p < 0.001; ***p < 0.0001 by Student’s t test.

decreased SA-B-gal activity in the aortas and the aortic roots (ARs)
(Figures 7C and 7D) of Ldlr~'~ mice. When we examined additional
measures of cellular senescence, we found that the abundance of p16
in the intimal layer of the aorta was lower in circGNAQ-treated mice
than in circCon-treated mice (Figure 7E). These findings were in
agreement with our SA-B-gal staining results. To explore the potential
therapeutic benefit of circGNAQ in atherosclerosis, we next evaluated
its ability to retard the progression of atherosclerosis. As expected,
overexpression of circGNAQ attenuated plaque lesion formation in
the aortas and in the ARs (Figures 7F and 7G). Taken together, these
results suggested that circGNAQ could inhibit EC senescence and
have protective effects against atherosclerotic lesion formation.

DISCUSSION

In this study, we screened for differentially expressed circRNAs
in young and senescent ECs by RNA-seq. A novel circ RNA,
circGNAQ (hsa_circ_0006459), was found to be decreased in senes-
cent ECs and aging blood vessels. Interestingly, circGNAQ was en-

riched in vascular endothelium, suggesting that circGNAQ could be
involved in regulating vascular function. Moreover, circGNAQ de-
layed cellular senescence by harboring miR-146a-5p to abolish the
suppressive effect on the target gene PLK2 in ECs. Additionally,
circGNAQ overexpression inhibited EC senescence and prevented
atherosclerosis progression in Ldlr~’~ mice. Thus, our data suggest
that circGNAQ could play an important role in EC senescence and
atherosclerosis.

It has been demonstrated that circRNAs execute their function
through several molecular mechanisms, such as acting as miRNA
sponges,”’>* binding partners of protein,'® and regulators of parental
gene expression.'”*” In this study, the pre-mRNA, mRNA, and pro-
tein levels of GNAQ were not significantly changed after circGNAQ
silencing or overexpression in ECs, suggesting that circGNAQ has no
effect on the expression of its parental gene GNAQ. The RNA pull-
down assay revealed that specific proteins did not significantly enrich
by the circGNAQ probe. These results limit the possibility that
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circGNAQ functions as a regulator of parental gene expression and/
or a partner of specific proteins.

Growing evidence has indicated that some circRNAs could serve as
sponges for miRNAs, regulating the expression of miRNA target genes
in multiple human diseases.>'' Here we showed that circGNAQ was
primarily expressed in the cytoplasm of ECs and contained a conserved
miR-146a-5p target site that was validated by circRIP, luciferase assay,
RIP, and FISH analyses. Therefore, we inferred that circGNAQ might
protect ECs against senescence via sponging miR-146a-5p. Itis reported
that miR-146a expression is upregulated not only in HUVECs but also
in human aortic endothelial cells (HAECs) and in senescent HCAECs,
confirming that its upregulation is associated with the senescent pheno-
type in different vascular cell types.”* Another study showed that signif-
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Figure 7. circGNAQ reduces atherosclerosis in
LdIr’~ mice

Ldir~~ mice received tail vein injection of AAV-circCon or
AAV-circGNAQ and were fed a high-fat diet for 12 weeks
as described in Materials and methods. (A) Schema
of experimental procedure. (B) Quantification of the
circGNAQ expression in the aortic intima from AAV-
circCon and AAV-circGNAQ groups (n = 4; each sample
represents RNA pooled from two mice). (C and D) SA-
B-gal activity assays of whole aorta and aortic root
sections. Scale bars, 250 pm. (E) Immunofluorescence
staining of p16 and CD31 in the atherosclerotic lesions.
Arrows indicate p16 positive staining in the endothelium.
Scale bars, 100 um. (F and G) Lesion areas were detected
by oil red O (ORO) staining of whole aorta and aortic root
sections. Scale bars, 250 um. n = 4-6 per group. *p <
0.05; *p < 0.01; **p < 0.001 by Student’s t test. Error
bars indicate SD.
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icant miR-146a modulation was observed in se-
nescent versus young ECs.”> miR-146a is also
found to be upregulated in senescent HCA2
fibroblasts and exhibited a role in the cell non-
autonomous effects of cellular senescence, a phe-
nomenon linked to both cancer and aging.”®
These findings are consistent with our observa-
tion that miR-146a-5p is associated with pro-
moted EC senescence. Together, our findings
demonstrated that circGNAQ served as a senes-
cence suppressor by sponging miR-146a-5p in
ECs and revealed the significance of interaction
between circGNAQ and miR-146a-5p in EC
senescence.

PLK?2 is a serine-threonine kinase that acts as a
critical regulator of cell cycle progression.””
Deng et al. reported that miR-146a regulates line-
age-negative bone marrow cell (lin-BMC) senes-
cence by suppressing its target PLK2 expression.*®
A report by Yang et al. found that PLK2 can con-
trol angiogenesis during vascular development by specifically regulating
EC lamellipodia.”® Additionally, PLK2 has been observed to mediate
angiogenesis through regulating RAP1 activity and localization during
vascular development.”® In this study, PLK2 knockdown could mimic
the effects of circGNAQ silencing, which promoted EC senescence
and inhibited tube formation. During EC dysfunction, circGNAQ over-
expression becomes a sink for miR-146a-5p and releases the repressive
effect of miR-146a-5p on PLK2 expression. Therefore, the circGNAQ/
miR-146a-5p/PLK2 axis is responsible for regulating EC senescence.

Several circRNAs have already been identified as important for cardio-
vascular biology.23’39 For example, circANRIL, circACTA2, and
circLRP6 have recently been identified in smooth muscle cells
(SMCs) and are involved in the regulation of SMC migration,
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proliferation, and phenotypic modulation.”>**** A recent study
showed that circMAP3K5 contributed to TET2-mediated SMC differ-
entiation by sequestering miR-22-3p and attenuated intimal hyperpla-
sia.*! circRNAs have also been identified as regulators of various path-
ways that are involved in aging and cellular senescence.’”***>** Du
et al. found that circ-Foxo3 promotes cardiac senescence by interact-
ing with multiple factors associated with stress and senescence re-
sponses.'® Here, we have shown that the expression of circGNAQ
was significantly decreased during replicative senescence of ECs.
There is emerging evidence that EC senescence contributes to the
pathogenesis of human atherosclerosis.***® Therefore, we anticipate
that circGNAQ overexpression in the endothelium may play a protec-
tive role against arteriosclerosis. In this study, we showed that AAV-
Tie2-circGNAQ, targeting ECs, could inhibit vascular EC senescence
and reduce aortic atherosclerosis in mice. Our results may reveal an
important role of circGNAQ in delaying EC senescence and provide
a fresh perspective on circRNAs in atherosclerosis.

In summary, our study provided a portrayal of circRNAs in young and
senescent ECs. We further characterized and functionally evaluated a
novel circRNA, circGNAQ, that is enriched in vascular endothelium.
Our findings revealed that circGNAQ expression was significantly
decreased in senescent ECs. Functionally and mechanistically,
circGNAQ prevented EC senescence by sponging miR-146a-5p and
upregulating PLK2 expression, indicating its role as a senescence
suppressor in the vascular aging process. Furthermore, the in vivo
overexpression of circGNAQ delayed EC senescence and prevented
atherosclerosis progression. Hence, circGNAQ-based gene therapy
could serve as a novel therapeutic strategy to protect against athero-
sclerosis development.

MATERIALS AND METHODS

Cell culture

HUVECs and HCAECs were purchased from ScienCell (Carlsbad,
CA, USA). The cells were cultured in endothelial cell medium
(ECM) supplemented with 5% fetal bovine serum and 1% endothelial
cell growth supplement (ECGS, ScienCell) at 37°C in 5% CO, and
95% humidity. Replicative senescent ECs were prepared by culturing
HUVEC:s for an extended period until passages 20-22. HUVECs in
passages 4-5 were used as proliferating young control cells.

RNA sequencing, identification, and quantification of circRNAs
The total RNAs extracted from young and senescent ECs (HUVECs
and HCAECs) were treated with the Epicenter Ribo-Zero rRNA
Removal Kit (Epicenter, USA) for deleting rRNA, according to the
manufacturer’s instructions. Next, the rRNA-depleted and RNase
R-digested RNA samples were fragmented and cDNA synthesized
with random primer. The PCR amplification products of cDNA
were purified, and then the libraries were quality controlled and
sequenced by HiSeq 2500 (Illumina, USA).

qRT-PCR analysis
Total RNA was used for gene expression analysis by reverse transcrip-
tion followed by qRT-PCR analysis. Reverse transcription was per-

formed with the PrimeScript RT Reagent Kit with gDNA Eraser
(Takara, Japan). qPCR was carried out with gene-specific primers
and the TB Green Premix Ex Taq Kit (Takara, Japan) in a Light Cycler
96 instrument (Roche). B-Actin was used as an internal reference for
the quantification of circRNA and mRNA, and U6 was used for
miRNA. Each reaction was performed in triplicate, and analysis
was performed with the 272" method as described previously.*’
All primers used are listed in Table S3. Whole blood collection for
RNA isolation was approved by the Ethics Committee of the Affili-
ated Hospital of Guangdong Medical University.

Digital PCR analysis

A chip-based digital PCR (dPCR) platform (QuantStudio 3D Dig-
ital PCR System; Life Technologies, USA) was used for quantifica-
tion of the copy number of circGNAQ and miR-146a-5p using
cDNA synthesized from RNA isolated from young and senescent
HUVECs, as described above. The reaction conditions were as fol-
lows: hot start at 96°C for 10 min, denaturation at 98°C for 30 s,
annealing/extension at 64°C for 2 min for a total of 39 cycles, fol-
lowed by a final extension step at 64°C for 2 min. The data analysis
was performed with QuantStudio 3D AnalysisSuite Cloud Software
version 3.1.2.

RNase R treatment

For the RNA digestion assay, 10 ng of RNA isolated from HUVECs
was either untreated (mock) or treated with 1 pL of RNase R
(Epicenter, USA) in the presence of 1x RNase R buffer and 1 pL of
RiboLock RNase Inhibitor (Thermo Scientific, USA) and incubated
for 15 min at 37°C, followed by qRT-PCR analysis of circRNA that
was resistant to RNase R treatment. Forward and reverse primers
(Table S3) were used to sequence the amplified PCR products and
identify the junction sequence.

Northern blots

Total RNA with or without RNase R treatment and digoxigenin
(DIG)-labeled RNA molecular weight marker (Roche) were loaded
on a 1% agarose gel containing 1% formaldehyde and were run in
1x MOPS buffer. The RNA was then transferred onto Amersham
Hybond-N1 membranes (GE Healthcare, Pittsburgh, PA) by capillary
transfer. Membranes were then crosslinked, pre-hybridized (Roche),
and hybridized with a 3'-DIG-labeled probe versus circGNAQ. The
membranes were then washed twice in 2x saline sodium citrate
(SSC) with 0.1% SDS at room temperature and washed two additional
times at 68°C. After washing, the membranes were exposed and
analyzed. The prober sequence is listed in Table S4.

Preparation of nuclear and cytoplasmic fractions

The nuclear and cytoplasmic fractions were extracted with the PARIS
Kit (Invitrogen, USA) according to the manufacturer’s instructions.
Briefly, cells (2 x 10°) were washed with PBS and immediately lysed
on ice with 300 pL of cell fractionation buffer for 10 min. The nuclear
and cytoplasmic portions were separated by centrifuging at 500 x g
for 5 min. Finally, RNA extraction was carried out according to the
manufacturer’s instructions.
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Transfection and viral infection

Transfection of miRNA mimics/inhibitors or siRNAs was performed
with Lipofectamine RNAIMAX (Life Technologies, USA) according
to the manufacturer’s instructions. To knock down circGNAQ, two
siRNAs targeting the back-splice junction site of circGNAQ and a
siRNA-NC were synthesized by RiboBio (Guangzhou, China), after
efficiency examination by qRT-PCR. miRNA mimics/inhibitors or
siRNAs were purchased from RiboBio (Guangzhou, China).

To overexpress circGNAQ, the full-length cDNA of circGNAQ was
amplified in HEK293T cells. To construct lentivirus-circGNAQ
(LV-circGNAQ), circGNAQ cDNA was inserted into pLCDH-ciR
(Geneseed, China), which was reconstructed by inserting the front
circular frame and back circular frame to promote RNA circulariza-
tion. The front circular frame contains the endogenous flanking
genomic sequences with EcoRI restriction enzyme site and an AG
splice acceptor, and the back circular frame contains part of the in-
verted upstream sequence with BamHI site and a GT splice donor.
A mock vector with no circGNAQ sequence served as a control, called
circCon. Cell transfections of circGNAQ and circCon were conducted
by lentiviral infection. Briefly, cells were infected with 1 x 10° recom-
binant lentivirus-transducing units and 8 pg/mL polybrene (Sigma),
followed by 2 pg/mL puromycin treatment for 1 week.

Senescence-associated -galactosidase staining

Cellular senescence was assessed through detecting the activity of
B-galactosidase with a SA-B-gal staining kit (Beyotime) according to
the manufacturer’s instructions. Briefly, cells were fixed with a fixative
solution for 15 min at room temperature. After rinsing with PBS, cells
were incubated with freshly prepared staining solution overnight at
37°C. The percentage of positively stained cells (blue cells) versus
the total number of cells was determined for six randomly selected
microscopic fields. The images were captured at 100x magnification
with a Nikon Eclipse TS100 microscope (Nikon, Japan). SA-B-gal ac-
tivity was also examined in tissue. Briefly, sections from the AR were
fixed for 10 min, stained for 1 week, and observed by light microscopy.
Whole aortas were stained for SA-B-gal as described previously.*®

BrdU incorporation

Cell proliferation was analyzed by the BrdU incorporation assay.
Briefly, cells were exposed to 40 pM BrdU for 1 h before fixation.
The formaldehyde-fixed cells were permeabilized with 0.05% trypsin,
followed by blocking for 1 h in 3% bovine serum albumin. Incorporated
BrdU was detected by incubating for 30 min to 1 h with anti-BrdU
mouse monoclonal antibody (CST, USA). Detection was performed
with an anti-mouse immunoglobulin G (IgG) antibody conjugated
with Alexa Fluor 488 (CST, USA). BrdU-positive cells were visualized
and images were captured at 100x magnification with a fluorescence
microscope (Olympus, Japan) and presented as the percentage of
BrdU-positive nuclei over the total number of nuclei counted.

In vitro angiogenesis assay

The in vitro angiogenic activity of endothelial cells was determined by
the Matrigel tube formation assay. Matrigel matrix basement mem-
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brane (BD Biosciences, USA) was thawed at 4°C, pipetted into pre-
cooled 48-well plates, and incubated at 37°C for 1 h. After Matrigel
polymerization, treated cells were suspended in ECM, added to the
Matrigel-coated wells at a density of 3 x 10* cells/well, and incubated
at 37°C for 4-6 h. Quantification of angiogenic activity was calculated
by measuring the length of tube walls formed between discrete ECs in
each well relative to the control. The tube length was quantified with
Image]J software.

In vivo Matrigel plug assay

Athymic nude mice received a 400-puL subcutaneous injection of Ma-
trigel plugs supplemented with saline (VEGF—, negative control) or
VEGEF (250 ng/mL, positive control) or mixed with HUVECs after
transfection of si-NC or si-circGNAQ-1/2. Seven days after implanta-
tion, animals were sacrificed by cervical dislocation and the Matrigel
plugs were removed and photographed. To evaluate angiogenesis, the
hemoglobin content of the removed Matrigel plug was measured
with the Quanti Chrom Hemoglobin Assay Kit (BioAssay Systems,
DIHB-250).

Western blot analysis

Cell lysates were prepared in RIPA buffer (Beyotime) containing pro-
tease inhibitors and were separated by SDS polyacrylamide gel electro-
phoresis (SDS-PAGE), and transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). Incubation with
primary antibodies recognizing p16 (CST, USA), p21 (CST, USA),
pRb (CST, USA), GNAQ (Abcam, USA), PLK2 (CST, USA), tubulin,
and B-actin (Santa Cruz, USA) was followed by incubation with the
appropriate secondary antibodies conjugated to horseradish peroxi-
dase (HRP) (Millipore, Billerica, MA, USA). Signals were developed
with enhanced chemiluminescence.

circRNA in vivo precipitation

Biotin-labeled circGNAQ and control probes were synthesized by In-
vitrogen. The circRIP assay was performed according to the reported
literature with minor alterations.'™* circGNAQ-overexpressing
HUVECs were seeded in a 10-cm dish at a density that allowed
them to grow for 48 h without reaching complete confluence. Then,
the cells were washed with ice-cold PBS, fixed by 1% formaldehyde
for 10 min, lysed, and sonicated. After centrifugation, 50 uL of the su-
pernatant was retained as input and the remaining part was incubated
with a circGNAQ-specific probe-streptavidin Dynabeads mixture for
3 h at 37°C. Subsequently, the probe-Dynabeads-circRNA mixture
was washed and incubated with 200 mL of lysis buffer and proteinase
K to reverse the formaldehyde crosslinking. Finally, RNA was ex-
tracted from the mixture with TRIzol reagent (Invitrogen). Purified
mRNA and miRNA were detected by qRT-PCR assay using the
All-in-One miRNA qRT-PCR Detection Kit (GeneCopoeia, USA).

Biotin-labeled RNA pull-down

The RNA pull-down assay was conducted as previously described.””"
Briefly, the circGNAQ probe was synthesized and labeled with Biotin
RNA Labeling Mix (Roche) by in vitro transcription. The biotin-
labeled RNA was first folded in RNA structure buffer and then
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incubated with HUVEC whole-cell lysate at 4°C for 1 h with rotation.
After incubation, RN A-protein complexes were retrieved by streptavi-
din-coupled T1 beads (Dynabeads), washed five times in immunopre-
cipitation (IP) buffer, and eluted in Laemmli buffer. The binding pro-
teins were separated by SDS-PAGE and visualized by silver staining.

Dual-luciferase reporter assay

The sequences of circGNAQ and the corresponding mutant versions
without miR-146a-5p binding sites were synthesized and subcloned
into luciferase reporter vector pEZX-GA02 (GeneCopoeia, USA),
termed circGNAQ-WT and circGNAQ-Mut, respectively. At 24 h
before transfection, HEK293T cells were seeded in 24-well plates at
a density of 1 x 10°. The cells were co-transfected with 500 ng of re-
porter vectors and 50 nmol of miRNA mimic. After 48 h, the lucif-
erase activity was measured with the Secrete-Pair Dual Luminescence
Assay Kit (GeneCopoeia, USA). For each assay, one internal control
(secreted alkaline phosphatase, SEAP) and one negative control
(miRNA negative control) were used. To take into account the trans-
fection efficiency variability, the GLuc activity was first normalized to
the SEAP activity. The fold change was determined by comparing the
activity of the miRNA mimic to that of the miRNA negative control.

RNA immunoprecipitation

The Magna RIP Kit (Millipore, USA) was used according to the man-
ufacturer’s protocol. HUVECs were lysed in complete RIP lysis buffer,
and the cell extract was incubated with magnetic beads conjugated
with anti-Argonaute 2 (Ago2, Abcam, USA) or control anti-IgG anti-
body (Millipore, USA) for 6 h at 4°C. The beads were washed and
incubated with proteinase K to remove proteins. Finally, purified
RNA was subjected to qQRT-PCR analysis.

RNA fluorescent in situ hybridization

Cy3-labeled locked nucleic acid miR-146a-5p probe and FAM-
labeled circGNAQ probe were designed and synthesized by Gene-
Pharma (Suzhou, China). The signals of the probes were detected
with a Fluorescent In Situ Hybridization Kit (GenePharma, China)
according to the manufacturer’s instructions. The images were ac-
quired with a Nikon AISi Laser Scanning Confocal Microscope
(Nikon Instruments, Japan).

Mouse experiments

Animal studies were approved by the Animal Care Committee of
Guangdong Medical University and conformed to the Guide for the
Care and Use of Laboratory Animals published by the US National In-
stitutes of Health (NIH Publication, 8th Edition, 2011). C57BL/6 mice
(male, 6-8 weeks) were purchased from the Laboratory Animal
Centre of Southern Medical University (Guangzhou, China). Six-
week-old male low-density lipoprotein receptor knockout (Ldl™"™)
mice, which have been widely used to investigate the mechanisms
of atherogenesis,” were purchased from GemPharmatech (Nanjing,
Jiangsu, China) and then randomized into 2 groups to form groups
with equivalent mean body weights. Recombinant AAV carrying
circGNAQ and empty vector with the mouse endothelial specific
promoter Tie2 (AAV-Tie2-circGNAQ and AAV-Tie2-empty) were

manufactured by Hanbio Biotechnology (Shanghai, China). AAV-
Tie2-empty served as negative control. AAV-Tie2-circGNAQ/empty
vectors (1.6 x 10'! vector genomes [vg]/mice) were delivered
by intravenous injection. Mice were subsequently maintained on a
HFD (Guangdong Medical Lab Animal Center, China) for 12 weeks.
Aortas were carefully excised from mice and examined for immuno-
histology and characterization of atherosclerotic lesions.

Intimal RNA isolation from aorta tissue

Isolation of intimal RNA from aorta was modified from a previous
study.5 * In brief, the mice were sacrificed and aortas were isolated
and cleaned of peri-adventitial tissue. After being flushed with PBS,
the lumen of aorta was flushed with TRIzol by a 29-gauge insulin sy-
ringe into a microfuge tube. The TRIzol elute was used for RNA extrac-
tion to determine the gene expression in vascular ECs. The aorta left
over after flushing with TRIzol was used to prepare RNA from M+A.

Atherosclerotic lesion analysis

The hearts and aortas were then perfused with PBS through the left
ventricle. The hearts were embedded in OCT compound (Sakura Fine-
tek, 4583). The aortas were dissected from the proximal ascending
aorta to the bifurcation of the iliac artery, and adventitial fat was
removed. For en face analysis, the aortas were split longitudinally,
pinned onto flat plates, and fixed overnight in 10% formaldehyde in
PBS. Fixed aortas were stained with oil red O solution for 15 min
and briefly washed with PBS. Images of the aortas were captured
with a digital camera. The percentage of the luminal surface area
stained by oil red O was determined and analyzed with Image]J soft-
ware. For analyzing AR plaque lesions, cryosectioning was performed.
Briefly, 10-pm-thick cryostat sections, selected 80 um apart and
covering 320 pm of the sinus, were stained with oil red O and counter-
stained in Mayer’s hematoxylin for quantification of atherosclerosis.
Images were quantitated with Image] software. For each mouse, lesion
size (um?) was determined from the average of 5 cross sections, and
the results of each group are expressed as lesion size (um?) + SEM.

Immunofluorescence

Frozen tissue sections of atherosclerotic lesions were incubated with
antibodies against CD31 as a marker for ECs and against p16 as a
senescence marker overnight at 4°C and then stained with fluoro-
phore-conjugated secondary antibodies, after which DAPI staining
was performed and cells were observed with a confocal microscope.

Statistical analysis

Statistical analyses were performed with SPSS 19.0 (IBM, SPSS, Chi-
cago, IL, USA) and GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA, USA). Data are shown as mean =+ standard deviation
(SD) or SEM. The differences between groups were assessed with the
Student’s t test. A p value < 0.05 was considered statistically significant.

Data availability

Raw and normalized data files for the RNA-seq analysis have been
deposited in the NCBI Gene Expression Omnibus under accession
number: GSE151475.
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