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A circular intronic RNA ciPVT1 delays endothelial cell
senescence by regulating the miR-24-3p/CDK4/pRb axis
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1 | INTRODUCTION

Abstract

Circular RNAs (circRNAs) have been established to be involved in numerous processes
in the human genome, but their function in vascular aging remains largely unknown.
In this study, we aimed to characterize and analyze the function of a circular intronic
RNA, ciPVT1, in endothelial cell senescence. We observed significant downregula-
tion of ciPVT1 in senescent endothelial cells. In proliferating endothelial cells, ciPVT1
knockdown induced a premature senescence-like phenotype, inhibited proliferation,
and led to an impairment in angiogenesis. An in vivo angiogenic plug assay revealed
that ciPVT1 silencing significantly inhibited endothelial tube formation and decreased
hemoglobin content. Conversely, overexpression of ciPVT1 in old endothelial cells
delayed senescence, promoted proliferation, and increased angiogenic activity.
Mechanistic studies revealed that ciPVT1 can sponge miR-24-3p to upregulate the
expression of CDK4, resulting in enhanced Rb phosphorylation. Moreover, enforced
expression of ciPVT1 reversed the senescence induction effect of miR-24-3p in en-
dothelial cells. In summary, the present study reveals a pivotal role for ciPVT1 in regu-
lating endothelial cell senescence and may have important implications in the search

of strategies to counteract the development of age-associated vascular pathologies.
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pressure, promotion of angiogenesis, and control of the coagula-

tion process (Tesauro et al., 2017). Similar to other normal diploid
Endothelial cells (ECs) line the inner surface of the blood vessels cells, ECs have a finite cell lifespan and ultimately enter a state of
and form a protective barrier with multifunctional properties that replicative senescence (Foreman & Tang, 2003). Many stimuli such

include maintenance of vascular homeostasis, regulation of blood as oxidative stress and inflammation can also induce and promote
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cellular senescence in ECs (Donato et al.,, 2015). Endothelial cell

senescence is associated with endothelial dysfunction which is an
independent risk factor for the development of atherosclerosis and
hypertension (Herrera et al., 2010). Therefore, clarifying the under-
lying mechanism of endothelial cell senescence may contribute to
the development of approaches to prevent and treat age-associated
cardiovascular diseases.

Circular RNAs (circRNAs) comprise a large class of endoge-
nous biomolecules that are produced by a non-canonical splic-
ing event called backsplicing. During backsplicing, a downstream
splice-donor site is covalently linked to an upstream splice-acceptor
site, resulting in the formation of exonic circRNAs or exon-intron
circRNAs (Barrett et al., 2015; Li et al., 2015; Zhang et al., 2014).
Alternatively, circular intronic RNAs (ciRNAs), another class of cir-
cular RNA molecules, are generated from intronic lariat precursors
that escape from the debranching step of canonical linear splicing
(Zhang et al., 2013). In the past 40 years, circRNA was observed
in the cytoplasm of eukaryotic cells by electron microscopy and
considered as a by-product of a splicing error (Hsu & Coca-Prados,
1979). With the advent of high-throughput RNA sequencing and
circRNA-specific bioinformatics algorithms, large numbers of cir-
cRNAs have been successively identified in a wide range of mam-
malian tissues. Some of them are abundant, stable, and specifically
expressed in tissues, suggesting that they may have regulatory
functions in the cell (Jeck & Sharpless, 2014; Memczak et al., 2013;
Salzman et al., 2013; Wang et al., 2014). The known action modes
of circRNAs are to serve as microRNA (miRNA) sponges, bind and
sequester RNA-binding proteins, modulate transcription and splic-
ing, and encode peptides or proteins (Chen, 2016; Kristensen et al.,
2019). Several lines of evidence indicate that circRNAs are involved
in the regulation of various physiological and pathophysiological
processes (Boeckel et al., 2015; Wang et al., 2016; Zheng et al.,
2016). However, the role of circRNAs in endothelial cell senescence
remains largely unknown.

In the current study, we identified and characterized a circular
intronic RNA ciPVT1, which originates from intron 4 of the PVT1
gene, was markedly reduced in senescent endothelial cells. Further
functional and mechanistic investigations revealed that ciPVT1 may
act as a competing endogenous RNA (ceRNA) to regulate CDK4 and
its downstream gene by decoying miR-24-3p, thereby delaying en-
dothelial cell senescence.

2 | RESULTS

21 |
ECs

Identification and characteristics of ciPVT1 in

Replicative senescent ECs displayed a flattened and enlarged
morphology, and increased SA-B-gal activity compared with pro-
liferating ECs (Figure 1a,b). Western blot analysis revealed that
senescent ECs expressed lower levels of pRb, while they ex-
pressed higher levels of P16 and P21 (Figure 1c). According to

our previous RNA-seq data (the dataset is available from Gene
Expression Omnibus, GSE151475), ciPVT1 was markedly down-
regulated in both senescent HUVECs and HCAECs, suggesting
that ciPVT1 may play a role in endothelial cell senescence. Then,
the expression of ciPVT1 was validated to be in accordance with
our RNA-seq results by RT-qPCR (Figure 1d). Additionally, the
expression of ciPVT1 declined in ECs during continual passaging
(Figure S1a,c). Consistent with our observation in ECs, ciPVT1 lev-
els in human arteries were significantly lower in old individuals
than those in young individuals (Figure 1e). Moreover, we further
established another typical cellular senescence model, H,0,-
induced premature senescence of ECs. As shown in Figure S2a-c,
H,O, treatment significantly increased SA-p-gal-positive cells and
the protein levels of P53 and P21. Similarly, the expression levels
of ciPVT1 also decreased in H,0,-induced senescent ECs (Figure
S2d), which further indicated the association of ciPVT1 with EC
senescence.

CiPVT1 (circBase ID: hsa_circ_0008849) was derived from in-
tron 4 of the PVT1 gene (Figure 1f). We confirmed the head-to-tail
splicing in the RT-PCR product of ciPVT1 with expected size by
Sanger sequencing (Figure 1f). Moreover, RT-gPCR confirmed that
ciPVT1 was resistant to RNase R, while PVT1 RNA level was signifi-
cantly reduced after RNase R treatment (Figure 1g). Using cDNA
and genomic DNA (gDNA) from HUVECs and HCAECs as tem-
plates, ciPVT1 was only amplified by divergent primers in cDNA,
and no amplification product was observed in gDNA (Figure 1h).
Collectively, these findings demonstrated that ciPVT1 is a circu-
lar and stable transcript, significantly downregulated in senescent
ECs.

2.2 | CiPVT1 delayed senescence, induced
proliferation, and increased angiogenic activity of ECs

To investigate the role of ciPVT1 in endothelial cell senescence, we
designed two small interfering RNAs (siRNAs) targeting the back-
splice sequence. As expected, the siRNAs directed against the back-
splice sequence inhibited only the circular transcript of ciPVT1 but
did not affect the expression of the PVT1 linear species (Figure 2a).
Silencing ciPVT1 triggered an enlarged and flattened cell morphol-
ogy accompanied by increased SA-B-gal activity (Figure 2b,c). There
is also evidence shown that senescent endothelial cells do not
proliferate and that their angiogenic capacity is impaired (Ungvari
et al., 2018). As shown in Figure 2d-g, reduced ciPVT1 expression
inhibited proliferation and impinged on the ability of ECs to form
capillary-like networks. Moreover, the in vivo angiogenic activity
of endothelial cells was investigated using the Matrigel plug assay.
We found that the plugs mixed with si-ciPVT1-transfected HUVECs
showed less new vessel formation macroscopically and had lower
hemoglobin content in the Matrigel plugs than the si-negative con-
trol (si-NC) group (Figure 2h,i). H&E and CD31 immunofluorescence
staining also revealed obviously less numbers of vessel or capillary-
like structures in the Matrigel plugs of the si-ciPVT1 groups (Figure
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FIGURE 1 Validation and characteristics of ciPVT1 in ECs. (a) Micrographs to visualize SA-B-gal activity in proliferating and senescent
ECs. (b) SA-B-gal staining positive cells were counted and presented as percentage of total cells. (c) Western blot analysis of the levels of P21,
P16, pRb, and p-actin in proliferating (P) and senescent (S) ECs. (d) RT-gPCR analysis of ciPVT1 expression in proliferating and senescent
ECs. (e) The expression levels of ciPVT1 were validated in blood vessels of young (n = 7) and old (n = 4) individuals using RT-qPCR. (f)
Scheme illustrating the production of ciPVT1. PCR primers used to specifically detect ciPVT1 by RT-gPCR are indicated by black arrows.
The presence of ciPVT1 was validated by RT-PCR, followed by Sanger sequencing. Red arrow represents “head-to-tail” ciPVT1 splicing sites.
(g) RT-gPCR analysis of ciPVT1 and PVT1 RNA after treatment with RNase R in HUVECs. The relative levels of ciPVT1 and PVT1 RNA were
normalized to the value measured in the mock treatment. (h) RT-PCR or PCR assay indicating the detection of ciPVT1 using divergent and
convergent primers from cDNA or genomic DNA (gDNA) of ECs. B-actin was used as negative control. Data are presented as mean + SD;

*p < 0.05, ***p < 0.001
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FIGURE 2 Knockdown of ciPVT1 promoted senescence, inhibited proliferation, and angiogenesis of ECs. (a) RT-qPCR analysis of ciPVT1
and PVT1 RNA expression in proliferating ECs 3 days after transfection with si-NC, si-ciPVT1-1, and si-ciPVT1-2. (b) Representative
photographs of SA-B-gal staining of ECs transfected with si-NC, si-ciPVT1-1, and si-ciPVT1-2. (c) The SA-B-gal-positive cells were counted
and presented as percentage of total cells. (d) Representative images of the indicated cells stained with DAPI (blue fluorescence) and BrdU,
as a measurement of DNA synthesis (green fluorescence) in si-NC-, si-ciPVT1-1-, and si-ciPVT1-2-transfected ECs. (e) The BrdU-positive
cells were counted and presented as percentage of total cells. (f and g) Representative micrographs and statistical summary of in vitro
Matrigel assays in si-NC-, si-ciPVT1-1-, and si-ciPVT1-2-transfected ECs. (h) CiPVT1 and angiogenesis in vivo. Athymic nude mice received a
subcutaneous injection of Matrigel plugs supplemented with saline, VEGF, or mixed with HUVECs transfected with si-NC, si-ciPVT1-1, and
si-ciPVT1-2. Representative gross appearance of Matrigel plugs. (i) Quantification of hemoglobin (Hb) in the homogenized Matrigel plugs.
Data are presented as mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001
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S3). In addition, cell cycle analysis illustrated that silencing of ciPVT1
decreased the number of cells in S phase, but increased the num-
ber of cells in G1 phase as compared with the controls (Figure
S4). Next, ECs were infected with the ciPVT1 lentivirus and, as a
result, the expression of ciPVT1, but not PVT1 RNA, significantly
increased (Figure S5a). Overexpression of ciPVT1 delayed senes-
cence, promoted proliferation, and increased angiogenic activity of
ECs (Figure S5b-g). Taken together, these results imply the involve-
ment of ciPVT1 in the regulation of the endothelial cell senescent

phenotype.

2.3 | CiPVT1 may function as a sponge for
miR-24-3p

Growing evidence has shown that circRNAs might play different
roles based on their subcellular localization (Zhou et al., 2018). To
determine the cellular localization of ciPVT1, RT-qPCR analysis
was conducted for nuclear and cytoplasmic ciPVT1 RNA. Results
showed that ciPVT1 was preferentially localized within the cyto-
plasm in both proliferating and senescent endothelial cells, suggest-
ing its post-transcriptional regulatory potential (Figure 3a). Given
that circRNAs have been reported to function as sponges for miR-
NAs and that ciPVT1 is stable and primarily located in the cytoplasm,
we investigated whether ciPVT1 could bind to miRNAs. circRIP was
performed to identify ciPVT1-associated miRNAs using a biotin-
labeled probe specifically against ciPVT1. We found a specific en-
richment of ciPVT1 and several miRNAs compared with the control
in ciPVT1-overexpressing stable cells (Table S1). Among them, miR-
24-3p showed the highest enrichment in the circRIP assay (Table S1).
A potential binding site of miR-24-3p was found within the ciPVT1
sequence using RNAhybrid (Figure 3b). To validate the bioinformat-
ics prediction, a dual-luciferase reporter assay was applied in 293T
cells. The full length of ciPVT1-wild type (WT) and mutant version
without the miR-24-3p binding site were subcloned into the lucif-
erase reporter vector pEZX-GAO02 (Figure 3b). The results showed
that miR-24-3p could significantly decrease the luciferase activity
of the WT group, but not the mutant one (Figure 3c), suggesting
that there might be a direct interaction between ciPVT1 sequence
and miR-24-3p. We then used a biotin-labeled miR-24-3p probe to
pull-down circRNAs and observed obvious enrichment of ciPVT1
compared with the control probe (Figure 3d). Moreover, RNA FISH
assay revealed that ciPVT1 and miR-24-3p were co-localized in the
cytoplasm (Figure 3e). We quantified the absolute copy number
of ciPVT1 and miR-24-3p in HUVECs (Figure 3f). Results showed
that the observed ciPVT1/miR-24-3p ratio seemed to be compat-
ible with a sponge activity. Furthermore, ciPVT1 did not show sig-
nificant changes after overexpression or inhibition of miR-24-3p
(Figure 3g), and overexpressing or silencing of ciPVT1 had no impact
on the expression of miR-24-3p (Figure 3h), suggesting that ciPVT1
and miR-24-3p may not be digested by each other. Collectively, the
above results demonstrate that ciPVT1 functions as a sponge for
miR-24-3p.

Aging

2.4 | MiR-24-3p promoted senescence, reduced
proliferation, and impaired the capillary tube network
formation ability of ECs

It has been reported that miR-24 is upregulated in senescent HDFs
(human diploid fibroblasts) and HUVECs, suggesting its role in cellu-
lar senescence (Dellago et al., 2013; Khee et al., 2014). To investigate
the function of miR-24-3p in endothelial cell senescence, HUVECs
and HCAECs were transfected with miR-24-3p or miR-NC and anti-
miR-24-3p or anti-miR-NC. Overexpression of miR-24-3p increased
the number of SA-p-gal-positive cells, inhibited cell proliferation, and
impaired the tube formation ability of proliferating ECs (Figure 4a-f).
In contrast, transfection of anti-miR-24-3p showed opposite effects
in senescent ECs (Figure 4a-f). These results confirm the crucial role
of miR-24-3p in endothelial cell senescence.

A previous study has confirmed that CDK4 is a direct miR-24-3p
target (Lal et al., 2009). CDK4 is a key regulator of the transition
through the G1 phase of the cell cycle. The D-type cyclin/CDK4
complex phosphorylates and inactivates the retinoblastoma (Rb)
protein which is important for establishing senescent cell cycle
arrest (Rodier & Campisi, 2011). Western blot assays demon-
strated that the transfection of miR-24-3p mimics reduced endog-
enous CDK4 and phosphorylated Rb (pRb) protein levels in ECs
(Figure 4g,h). Anti-miR-24-3p increased CDK4 and pRb protein lev-
els in ECs (Figure 4i,j). However, the expression levels of Rb were
not altered by miR-24-3p overexpression or inhibition (Figure 4g-j).
These results reveal that miR-24-3p can induce senescence, inhibit
cell proliferation, and impair the tube formation ability of ECs via the
CDK4/pRb pathway.

2.5 | Overexpression of ciPVT1 alleviates miR-24-
3p-induced cellular senescence in ECs

Next, we examined whether ciPVT1 delayed senescence, promoted
cell proliferation, and increased angiogenic activity via interacting
with miR-24-3p. SA-B-gal staining showed that miR-24-3p could pro-
mote endothelial cell senescence and that the effect could be al-
leviated by overexpression of ciPVT1 (Figure 5a,b). MiR-24-3p could
impair the tube formation ability and inhibit cell proliferation of ECs.
Likewise, overexpression of ciPVT1 could rescue these phenotypes
induced by miR-24-3p overexpression (Figure 5c-f). Together, these
data suggest that ciPVT1 delayed endothelial cell senescence via

sponging miR-24-3p.

2.6 | CiPVT1 delayed endothelial cell senescence
by regulating the miR-24-3p/CDK4/pRb axis

As miR-24-3p facilitates endothelial cell senescence through tar-
geting CDK4 (Figure 4), we hypothesized that ciPVT1 competed by
binding to miR-24-3p and increased the levels of CDK4/pRb, thus
delaying the senescence of ECs. We detected the expression of



60f 13 . MIN ET AL.
% | WiLEY- Aging
(a) (c)
151 m Cytoplasm spliced site 2 19
= 2
ks = Nucleus % e
‘9 © l_|
o 1:0 1 3 1.04
D o
8 2
< S
Z 051 S 0.5
° ciPVT1-WT 5'...AAUGGGAACCUGAGCUGAGCAG...3' 2
2 ARAEERNA 3
% 0.0 hsa-miR-24-3p 3' GACAAGGACGACUUGACUCGGU 5' & 0.0
€ R 9 R 2 R L1 . .
Fe M ciPVT1-Mut 5'..AAUGGGAACCUGAGGACUCGAG...3 CIPVT1-WT -+ 4 - -
2 ¥ v R i . - -
K. M L S ciPVT1-Mut + +
R K\afR\ g () .
miR-NC  + = + -
miR-24-3p - + - +
(d) *kk
£ 107 — (f)
a 907 — =1 ciPVT1 =1 miR-24-3p
‘o 807 < 1507 .. w
B 707 z (| 1
= 60~ x l l
[] L
: 5 =
S e
= 1.0 5
& 32
5 0.5 22 5
S 2 1
w 0.0 T T 8
control miR-24-3p |
probe probe 0—==—=r— T
proliferating senescence
(9) (h)
= miR-NC =1 anti-miR-NC =acirCon .
1.5 o o 0 1.5m i ) i- =asi-ciPVT1-1
@ : 1.5 = anti-miR-24-3 = ciPVT1 3157 2s-NC
g | =miR-243p g Pog 215 asiciPvT1-2
L ] = =
= 1.0 = 1.0- &1.04 & |
= - < < 1.0
3 3 3 3
a & x x
© 0.5- o 0.5 £ 0.5 £0.51
2 2 [4] [
£ & 2 2
Q ) 2 b=
@ 0.0 T T @ 0.0 T 7 0.0 T ; 3 0.0 ' ,
HUVEC HCAEC HUVEC HCAEC HUVEC HCAEC o HUVEC HCAEC

FIGURE 3 CiPVT1 functioned as a sponge for miR-24-3p. (a) RT-qPCR analysis of ciPVT1 in either the cytoplasm or nucleus in
proliferating (P) and senescent (S) HUVECs. p-actin and MALAT1 were applied as positive controls in the cytoplasm and nucleus,
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CDK4/pRb after overexpressing or silencing ciPVT1. The results
showed that CDK4/pRb was upregulated when ciPVT1 was over-
expressed, and was downregulated when ciPVT1 was knocked
down (Figure 6a-d). This effect may be caused by the ability of
ciPVT1 to bind to the inhibitor of CDK4, miR-24-3p, and thus up-
regulate CDK4/pRb more efficiently. Next, we determined whether
ciPVT1 delays the senescence of ECs mainly by protecting CDK4
from downregulation by miR-24-3p. As expected, we observed that

exogenous miR-24-3p could significantly suppress the expression of
CDK4 and that the suppression was retarded after overexpression
of ciPVT1 (Figure 6e,f). We then mutated miR-24-3p-binding site on
ciPVT1 (ciPVT1-miR-mut). As shown in Figure Sé, overexpression of
a mutant ciPVT1 lacking the ability to bind miR-24-3p had no effect
on cellular senescence, proliferation, angiogenic activity of ECs and
the levels of CDK4/pRb, suggesting that ciPVT1 servers as a sponge
for miR-24-3p to regulate CDK4 via the ceRNA mechanism in ECs.
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Representative photographs of SA-p-gal staining of ECs transfected with miR-24-3p or miR-NC, and anti-miR-24-3p or anti-miR-NC. (b) The
number of senescent cells was counted and presented as percentage of SA-B-gal-positive cells. (c) Representative images of cells stained
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*p < 0.05, **p < 0.01, ***p < 0.001
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Consistent with the expression of ciPVT1 (Figure 1e), the expression
levels of CDK4 and pRb were also downregulated in human arteries
of old individuals (Figure 6g). These results confirmed that a recipro-
cal association exists in vivo between the expression levels of ciPVT1
and CDK4/pRb. Collectively, these observations demonstrate that
ciPVT1 delayed senescence, induced proliferation, and increased
angiogenic activity of ECs, at least partly, through the miR-24-3p/
CDK4/pRb pathway.

3 | DISCUSSION

Cellular senescence is characterized by permanent exit from the cell
cycle and the appearance of distinct morphological and functional
changes associated with an impairment of cellular homeostasis
(Campisi & d'Adda di Fagagna, 2007). In endothelial cells, the loss
of replicative capacity resulting from the senescent state militates

against the integrity of the endothelium and impairs successful angi-
ogenesis. Furthermore, the endothelial senescent phenotype is pro-
inflammatory, pro-atherosclerotic, and pro-thrombotic (Erusalimsky,
2009). Thus, endothelial cell senescence promotes endothelial dys-
function and may contribute to the pathogenesis of age-associated
vascular disorders. Studying the molecular mechanism underlying
endothelial cell senescence may provide new insights into manag-
ing vascular diseases. CircRNAs have recently gained attention
because of their roles in gene expression regulation and various
cellular processes (Barrett & Salzman, 2016). However, their func-
tion in endothelial cell senescence remains unknown. In this study,
we revealed a novel circRNA termed ciPVT1, which was obviously
diminished during endothelial cell aging. Gain-of-function and loss-
of-function studies demonstrated that ciPVT1 could suppress se-
nescence and increase angiogenic activity in ECs. These findings
suggest that ciPVT1 is an essential regulator of endothelial cell

senescence.
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FIGURE 6 CiPVT1 delayed endothelial cell senescence by regulating the miR-24-3p/CDK4/pRb axis. (a and b) Western blot analysis of the
levels of CDK4 and pRb in HUVECs and HCAECs transfected with si-NC, si-ciPVT1-1, and si-ciPVT1-2. (c and d) Western blot analysis of the
levels of CDK4 and pRb in HUVECs and HCAECs transfected with circControl (circCon) or ciPVT1-GFP lentivirus. (e and f) MiR-24-3p could
significantly suppress the expression of CDK4 and pRb, and the suppression was retarded after overexpression of ciPVT1 in HUVECs and
HCAECs. (g) CDK4, pRb protein expression in blood vessels of young (n = 7) and old (n = 4) individuals. Data are presented as mean + SD;

*p < 0.05, **p < 0.01, **p < 0.001

The ceRNA hypothesis states that RNA transcripts containing
the same miRNA response elements can competitively inhibit the
function of miRNAs, acting as RNA sponges to block and inhibit miR-
NAs from binding to their target sites (Salmena et al., 2011). Growing
evidence indicated that circRNAs could serve as sponges for miR-
NAs to regulate the expression of miRNA target genes (Ren et al.,
2020). The initial and seminal functional report on circRNA acting as
a miRNA sponge is CDR1as, which contains over 70 binding sites for
miR-7 (Memczak et al., 2013). Besides, circTP63 competitively binds
to miR-873-3p and prevents it from decreasing the level of FOXM1,
which upregulates CENPA and CENPB, and finally facilitates cell
cycle progression (Cheng et al., 2019). Moreover, circ-Sirtl, as a
miRNA sponge for miR-132/212, promotes host gene SIRT1 expres-
sion in vascular smooth muscle cells (Kong et al., 2019). In our study,
we investigated miRNAs which might interact with ciPVT1 and found
that miR-24-3p showed the highest enrichment in ciPVT1 circRIP as-
says. Then, we compared the sequence of ciPVT1 with that of miR-
24-3p using the bioinformatics program RNAhybrid and noticed that

ciPVT1 contains a target site of miR-24-3p. Dual-luciferase reporter,
RNA pull-down and FISH assays further confirmed that ciPVT1 could
directly interact with miR-24-3p. Studies have revealed that miR-24
is upregulated in senescent HDFs and HUVECs (Dellago et al., 2013;
Khee et al., 2014). In this study, we found that miR-24-3p triggered
endothelial cell senescence through targeting CDK4, resulting in
downregulation of pRb. Further rescue experiments showed that
ciPVT1 delayed endothelial cell senescence through the miR-24-3p/
CDK4/pRb pathway. Our finding expands the understanding of the
underlying mechanism of endothelial cell senescence.

CiPVT1 is an 855-nt long circRNA which generated through
backsplicing of intron 4 of the gene that encodes for long non-
coding RNA PVT1 (IncRNA-NR_003367). Previous studies have
suggested that PVT1-encoded IncRNA or miRNAs have onco-
genic functions (Onagoruwa et al., 2020). In this study, we found
no significant change of IncRNA PVT1 expression in senescent
ECs (Figure S1b,d) or H,O,-induced senescent ECs (Figure S2d).
Twenty-six circular PVT1 isoforms have been annotated in the
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Circinteractome Database (https://circinteractome.nia. nih.gov/

index.html) (Dudekula et al., 2016), the most common isoform is a
410-nt exonic circRNA circPVT1 (hsa_circ_0001821). This 410-nt
circRNA was first characterized as a new proliferative factor and
prognostic marker in gastric cancer (Chen et al., 2017). CircPVT1
is regulated through the mutant-p53/YAP/TEAD complex via its
regulatory region and behaves as an oncogene in head and neck
squamous cell carcinoma (Verduci et al., 2017). Interestingly,
circPVT1 is also a senescence-associated circRNA exhibiting
markedly reduced levels in senescent fibroblasts (Panda et al,,
2017). However, we found that circPVT1 levels did not change
significantly in senescent ECs relative to proliferating ECs (Figure
S7). Thus, our data indicate that the circular intronic RNA ciPVT1,
but not IncRNA PVT1 or circPVT1, is associated with endothelial
cell senescence.

In conclusion, we characterized and functionally analyzed a
ciRNA derived from intron 4 of the PVT1 gene. We demonstrated
that ciPVT1 is downregulated in senescent endothelial cells.
Mechanistically, ciPVT1 delays endothelial cell senescence through
targeting the miR-24-3p/CDK4/pRb pathway. Therefore, ciPVT1
could potentially be used as a promising target to prevent endothe-

lial cell senescence and its related vascular complications.

4 | MATERIALS AND METHODS

4.1 | Cell culture and senescence induction

Human umbilical vein endothelial cells (HUVECs) and human
coronary artery endothelial cells (HCAECs) were purchased from
ScienCell Research Laboratories. The cells were cultured in en-
dothelial cell medium supplemented with 5% fetal bovine serum and
1% endothelial cell growth supplement at 37°C in a humidified at-
mosphere of 5% CO,,.

Replicative senescence model was established by serial passag-
ing of ECs. HUVECs used at PDL <8 are referred to as “proliferating”
cells, and PDL >29 as “senescent” cells. HCAECs used at PDL <9 are
referred to as “proliferating” cells, and PDL >24 as “senescent” cells.
The number of population doublings (PD) was calculated according
to the equation PD = log,F/log,l (F, final population number; |, ini-
tial population number). The population-doubling levels (PDLs) were
calculated using the following formula: PDL(end) = PDL(initial) + PD.
For H,0,-induced senescence, proliferating ECs were treated with
100 pmol/L H,0, for 1 h and incubated in complete medium for
7 days.

4.2 | RNAsolation, RT-gPCR analysis, and RNase
R treatment

Total RNA was extracted from endothelial cells using TRIzol rea-
gent (Thermo Fisher Scientific) according to the manufacturer's
protocol. For miRNA, total RNA was reverse transcribed using the

All-in-One miRNA RT-gPCR Detection Kit (GeneCopoeia) according
to the manufacturer's recommendations. RT-gPCR was carried out
in a LightCycler 96 System (Roche) with All-in-One miRNA RT-gPCR
Detection Kit (GeneCopoeia). Primers specific for miR-24-3p and U6
were all obtained from GeneCopoeia. For circRNA and mRNA, total
RNA was reverse transcribed using the PrimeScript RT Reagent Kit
with gDNA Eraser (Takara Bio), and RT-qgPCR was performed in a
LightCycler 96 System with TB Green Premix Ex Taq Il (Takara Bio).
CircRNA was amplified using divergent primers to target the splice
junction. B-actin was used as internal reference for quantification of
circRNA and mRNA, while U6 for miRNA. The specific primers used
are listed in Table S2. The relative expression of genes was calcu-
lated using the 27*2°T method. For RNase R treatment, 2 ng of total
RNA was incubated for 15 min at 37°C with or without 5 U/pg RNase
R (Lucigen), and then analyzed by RT-qPCR.

4.3 | Cell transfection

SiRNA targeting ciPVT1 and non-specific negative control were
purchased from RiboBio. The miRNA mimics/inhibitor and cor-
responding negative control for miR-24-3p were synthesized by
GenePharma. The sequences used are listed in Table S2. Transfection
was carried out using Lipofectamine RNAiMax Reagent (Thermo

Fisher Scientific) according to the manufacturer's instructions.

4.4 | Infection of ECs with lentivirus

Endothelial cells were infected with circControl (circCon), ciPVT1, or
ciPVT1-miR-mut lentivirus (Geneseed) at a multiplicity of infection
of 10, followed by gentle swirling, incubation, and replacement of

fresh feed medium.

4.5 | Senescence-associated B-galactosidase (SA-B-
gal) staining

The Senescence B-Galactosidase Staining Kit (Beyotime, Shanghai,
China) was used for SA-B-gal staining according to the manufactur-
er's instructions. Briefly, cells were washed with PBS and fixed in SA-
B-gal fixing solution for 15 min at room temperature. Subsequently,
cells were washed thrice with PBS and stained with working solution
at 37°C overnight. The images were taken at 100x magnification
using an Eclipse TS100 Inverted Microscope (Nikon Corporation).
The percentage of positively stained cells was determined by count-
ing the cells in six randomly chosen microscopic fields.

4.6 | BrdU incorporation assay

BrdU (5-bromo-2-deoxyuridine) incorporation assay was per-
formed to evaluate the capability of cell proliferation. Briefly, cells
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were incubated for 1 h with 40 uM BrdU in normal medium at
37°C and then fixed with 4% paraformaldehyde. The fixed cells
were treated with 0.05% trypsin to permeabilize them, followed
by incubation with 3% BSA for 1 h at room temperature or over-
night at 4°C. Cells were further incubated with a mouse anti-BrdU
monoclonal antibody (Cell Signaling Technology), followed by an
Alexa Fluor 488-conjugated secondary antibody (Cell Signaling
Technology). Finally, cells were stained with DAPI (Sigma-Aldrich)
as a counterstain, and images were captured at 100x magnifi-
cation under an Invitrogen EVOS FL Auto Cell Imaging System
(Thermo Fisher Scientific).

4.7 | Invitro angiogenesis assay

For tube formation assays, HUVECs and HCAECs were seeded at
a density of 3 x 10% on 48-well plates coated with 150 ul Matrigel
(BD Biosciences). After culturing for 4-6 h, the cells were imaged
at 100x magnification using an Eclipse TS100 Inverted Microscope
and analyzed using the Image J programme. Tube length was de-
termined by drawing a line along each tube and measuring the line

in pixels.

4.8 | Luciferase reporter assay

RNAhybrid was used to predict the potential binding site of miR-
24-3p within the ciPVT1 sequence. The sequences of ciPVT1 and
its corresponding mutant version without the miR-24-3p binding
site, termed ciPVT1-WT or ciPVT1-Mut, respectively, were synthe-
sized and subcloned into the luciferase reporter vector pEZX-GA02
(GeneCopoeia). All constructed plasmids were validated by sequenc-
ing. Luciferase reporter vectors were co-transfected with miR-
24-3p or miR-NC into 293T cells using Lipofectamine 3000 Reagent
(Thermo Fisher Scientific). The relative luciferase activity was meas-
ured using the LucPair Duo-Luciferase Assay Kit (GeneCopoeia) ac-

cording to the manufacturer's instructions.

4.9 | RNA pull-down assay

The biotinylated miR-24-3p probes (5 UGGCUCAGUUCAGCAG
GAACAG -Biotin 3') and the control probe (5" UUCUCCGAACGUGU
CACGU-Biotin 3') were synthesized by CLOUD-SEQ Company
(Shanghai, China). 1 x 10”7 HUVECs were harvested, incubated in
lysis buffer on ice for 10 min and the supernatant was collected by
centrifugation. The probes were incubated with streptavidin-coated
magnetic beads to generate probe-coated magnetic beads. The cell
lysates were incubated with probe-coated beads at 4°C overnight.
After washing with the wash buffer, the RNA complexes bound to
the beads were eluted and extracted using TRIzol. The abundance
of ciPVT1 in the pull-down materials was evaluated by RT-qPCR
analysis.

Aging

410 | RNA fluorescence in situ hybridization (FISH)
Fluorescence in situ hybridization assay was executed to observe
the location of ciPVT1 and miR-24-3p in HUVECs. Cells were hy-
bridized with specific FAM-labeled ciPVT1 probes and Cy3-labeled
miR-24-3p probes (Geneseed, Guangzhou, China) at 37°C overnight,
and dyed with DAPI. The probes sequences were listed in Table S2.
The images were acquired using an A1Si Laser Scanning Confocal

Microscope (Nikon Instruments).

4.11 | Digital PCR analysis

Absolute RNA quantitation was performed using a chip-based dPCR
platform (QuantStudioTM 3D Digital PCR System; Life Technologies).
2 pg of total RNA for probe gPCR assay was used in a 20 pl reverse-
transcription reaction. The final 14.5 pl of TagMan PCR reaction
mixture was made up in the following way: 7.25 ul QS3D digital
PCR Master Mix v2, 0.725 ul TagManAssay (primer/probe mix), 5 pl
diluted cDNA (5 ng), 1.525 ul nuclease-free water and then loaded
into the QuantStudio™ 3D Digital PCR Chip, which has 20,000
mini-chambers. The reaction conditions were as follows: 96°C for
10 min, 39 cycles at 62°C for 30 s and at 98°C for 30 s, followed by
a final extension step at 62°C for 30 s, and then 10°C hold. The data
analysis was performed with QuantStudio 3D AnalysisSuite™ Cloud
Software version 3.1.2. The quality threshold was set to the default
of 0.5, the automatic fluorescence threshold was used, with a 95%

confidence level. The final result is expressed as cDNA copies per ul.

4.12 | Western blot analysis

Whole-cell lysates were prepared in RIPA buffer containing pro-
tease inhibitors, resolved on 10% SDS-PAGE gels, then electro-
transferred onto a PVDF membrane (MilliporeSigma). After blocking
with 5% milk in TBST, the membranes were incubated with primary
antibodies against CDK4 (1:1000; Cell Signaling Technology), pRb
(Ser807/811, 1:1000; Cell Signaling Technology), Rb (1:1000; Cell
Signaling Technology), p-actin (1:1000; Cell Signaling Technology)
at 4°C overnight. After incubation with HRP-conjugated secondary
antibody (1:20,000; Abcam) at room temperature for 2 h, the bands
were examined using Immobilon Western Chemiluminescent HRP
Substrate (MilliporeSigma). Band intensities were quantified with

Image J programme.

4.13 | Invivo Matrigel plug assay

To assess the angiogenic effects of ciPVT1 in vivo, we used a well-
established Matrigel plug assay. Six-week-old male BALB/c nude
mice were administered a subcutaneous injection of Matrigel (BD
Biosciences) supplemented with saline, VEGF, or mixed with HUVECs.
After 7 days, the animals were euthanized and the Matrigel plugs were
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removed, weighed, and photographed. To quantify neovasculariza-

tion, the hemoglobin concentration in Matrigel homogenates was
measured using the QuantiChrom Hemoglobin Assay Kit (DIHB-250;
BioAssay Systems). Formation of microvessels in the plugs was also
assessed by CD31 immunofluorescence and hematoxylin and eosin
(H&E) staining. Briefly, Matrigel plugs were embedded in OCT com-
pound (Sakura Finetek, 4583) and cut into 5-um-thick sections. After
blocking, the sections were incubated with CD31 antibody (Abcam)
followed by FITC-labeled secondary antibodies (Abcam) for 30 min.
Images of the sections were examined at a magnification of x100
under an Invitrogen EVOS FL Auto Cell Imaging System (Thermo Fisher
Scientific). Sections with a thickness of 5 pm were also stained with
hematoxylin and eosin (H&E). This work was approved by the Animal
Care Committee of Guangdong Medical University and adhered to the
Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication, 8th Edition, 2011).

4.14 | Study participants

Human arteries were obtained from young (n = 7; mean
age = 31 years) and old (n = 4; mean age = 61 years) individuals at
the Affiliated Hospital of Guangdong Medical University who un-
derwent resection of the intestine. Connective tissue surrounding
the blood vessels was removed on ice within 2 h after collection.
All samples were stored at -80°C until further RNA and protein
extraction. Primary criteria for inclusion were the absence of overt
life-threatening diseases such as cancer, serious cardiovascular
events, or severe forms of dementia. Informed consent was ob-
tained from all participants. Ethical approval was obtained from the
Ethics Committee of the Affiliated Hospital of Guangdong Medical

University.

4,15 | Statistical analysis

At least three independent experiments were conducted for each
assay. Data are expressed as mean + standard deviation (SD), and
the difference of data in different groups was investigated using
two-tailed Student's t test. Statistical analyses were performed
using SPSS Statistics version 20.0 (IBM). A value of p < 0.05 was
considered to be statistically significant.
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