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Arteriosclerosis obliterans (ASO) of the lower extremities is
identified as a kind of cardiovascular disease with aberrant pro-
liferation and apoptosis of vascular smooth muscle cells
(VSMCs). Accumulating studies have demonstrated the vital
role of Yes1-associated transcriptional regulator (YAP1) in
VSMCs, while its upstream regulatory mechanism in VSMCs
in ASO of the lower extremities needs to be further elucidated.
Herein, hsa_circ_0024093, a circular RNA (circRNA) from
YAP1, was identified to positively regulate the protein
level of YAP1 in VSMCs. Functionally, silencing of hsa_
circ_0024093 obviously impeded cell proliferation and migra-
tion and promoted apoptosis in VSMCs in the in vitro model
of ASO of the lower extremities. Mechanistically, it was found
that hsa_circ_0024093 could regulate the expression of USP9X,
which further induced YAP1 deubiquitination to stabilize
YAP1 protein. In depth, it was revealed from mechanism ex-
periments that hsa_circ_0024093 sequestered miR-889-3p or
miR-4677-3p to enhance USP9X expression. Further, rescue as-
says validated that hsa_circ_0024093 regulated the miR-4677-
3p/miR-889-3p/USP9X axis to accelerate the proliferation
and migration of VSMCs in the in vitro model of ASO of the
lower extremities. These findings may provide a novel perspec-
tive for better understanding of ASO of the lower extremities.

INTRODUCTION
Atherosclerosis is one of the most common vascular diseases leading
to cerebral infarction, stroke, and cerebral ischemia-reperfusion
injury.1–3 Arteriosclerosis obliterans (ASO) of the lower extremities
is a disease causing limb dysfunction, and it may increase the risk
of claudication, resting pain, and gangrene.4,5 The main treatments
for ASO are open surgery, endovascular therapy, and physical ther-
apy.6 In addition, the damage caused by ASO is connected with the
abnormal proliferation andmigration of vascular smoothmuscle cells
(VSMCs).7 Therefore, a better understanding of molecular mecha-
nisms underlying the pathophysiological processes of VSMCs might
supply a novel concept for ASO of the lower extremities.

Circular RNAs (circRNAs) are a class of non-coding RNAs with cova-
lently closed loops generated from back-splicing of messenger RNAs
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(mRNAs).8,9 Emerging evidence has demonstrated that circRNAs
serve as modulators in regulating the progression of numerous dis-
eases. circUBXN7 inhibits cell growth and invasion by targeting
miR-1247-3p to regulate B4GALT3 expression in bladder cancer.10

Hsa_circ_0020123 acts as an oncogene in non-small cell lung cancer
through suppressing miR-144.11 Apart from the implication in can-
cers, circRNAs also play significant roles in cardiovascular diseases,
such as myocardial ischemia/reperfusion injury12 and coronary
atherosclerosis.13 However, the molecule mechanisms of circRNAs
in VSMCs in ASO of the lower extremities remain rarely clear.

Yes-associated protein 1 (YAP1) is a key modulator of the Hippo
signaling pathway and plays an important role in multiple biological
processes, including cell proliferation, apoptosis, and differentia-
tion.14 YAP1 facilitates cancer cell growth by inhibiting circRNA-
000425.15 circFAT1 targets miR-375 to regulate the expression of
YAP1 in osteosarcoma cells to facilitate proliferation, migration,
and invasion.16 However, the regulatory mechanism upstream of
YAP1 in VSMCs remains largely unknown in ASO of the lower ex-
tremities. Ubiquitination is a main post-translational modification
that affects the degradation of proteins.17 It is well known that the
deubiquitinase ubiquitin-specific peptidase 9 X-linked (USP9X) can
stabilize YAP1 to promote tumor cell survival.18 Here, we also inves-
tigated the correlation between USP9X and YAP1 in VSMCs.

It is well known that circRNAs can function as a competing endoge-
nous RNA (ceRNA) to sponge microRNAs (miRNAs) and
then post-transcriptionally regulate messenger RNAs (mRNAs).19
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Figure 1. Hsa_circ_0024093 positively regulates YAP1

protein in VSMCs

(A) The expression of several circRNAs derived from YAP1 in

VSMCs with or without 20 ng/mL PDGF-BB was detected.

(B) The expression of three circRNAs (hsa_circ_0024098,

hsa_circ_0024095, and hsa_circ_0024093) in VSMCs and

PDGF-BB-treated VSMCs under different transfections was

analyzed, respectively. (C) The mRNA level of YAP1 in

VSMCs under different treatment or transfections was

examined. (D and E) The protein level of YAP1 in indicated

VSMCs was detected. **p < 0.01; n.s., no significance.

Molecular Therapy: Nucleic Acids
circ-FOXM1 contributes to the progression of non-small cell lung can-
cer by targetingmiR-1304-5p to regulate PPDPF andMACC1.20 Hsa_
circ_0001368 inhibits the proliferation and invasion of gastric cancer
cells by targeting the miR-6506-5p/FOXO3 axis.21 In our study, we
also explored whether circRNA could act as a ceRNA in VSMCs in
the in vitro model of ASO of the lower extremities.

We aimed to explore the role and regulatorymechanismof circRNA in
VSMCs in the in vitro model of ASO of the lower extremities. Our
studymay contribute to the treatment of ASO of the lower extremities.

RESULTS
Hsa_circ_0024093 promotes the protein level of YAP1 in PDGF-

BB-treated VSMCs

It is well known that circRNAs play crucial roles in regulating the bio-
logical behaviors of diverse cell types, including VSMCs.22 In addition,
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it has been reported that PDGF-BB is a pluripotent
member of the PDGF family and can stimulate the
proliferation and migration of perivascular cells.23

Based on this, we employed PDGF-BB to induce
the proliferation and migration of VSMCs. It was
manifested that the proliferation of VSMCs was
facilitated by PDGF-BB in a dose-dependent
manner, with amarked promotion onVSMCpro-
liferation with treatment of at least 20 ng/mL
PDGF-BB (Figure S1A). On this basis, we further
tested the biological behaviors of VSMCs with
treatment of 20 ng/mL PDGF-BB. As shown in
Figure S1B, 5-ethynyl-29-deoxyuridine (EdU)-
positive stained cell ratewas significantly increased
in VSMCs with PDGF-BB treatment. Meanwhile,
we found through Cell Counting Kit-8 (CCK-8)
assay that the proliferative ability was obviously
promoted in PDGF-BB-treated VSMCs (Fig-
ure S1C). Simultaneously, we investigatedwhether
PDGF-BB stimulated migration of VSMCs via
Transwell assay. As expected, we found that the
number of migrated cells was elevated in PDGF-
BB-stimulatedVSMCs (Figure S1D).Consistently,
we observed that relative wound width was
apparently narrowed under PDGF-BB induction
(Figure S1E). In total, PDGF-BB induced the proliferation and migra-
tion of VSMCs. It has been reported that YAP1 is a transcriptional
regulator of Hippo signaling pathway and can also promote cell prolif-
eration in cancers.24 Through browsing the CircBase database: http://
www.circbase.org/, 15 circRNAs were discovered to be originated
from YAP1. To screen out the circRNA that could be upregulated by
PDGF-BB in VSMCs, we applied total RNA extraction and real-time
quantitative reverse-transcriptase polymerase chain reaction (real-
time qRT-PCR) to detect the changes in the expression of these circR-
NAs. Results disclosed that the expression levels of three circRNAs
(hsa_circ_0024098, hsa_circ_0024095, and hsa_circ_0024093) were
apparently upregulated in VSMCs with PDGF-BB treatment (Fig-
ure 1A). Then we overexpressed these three circRNAs in VSMCs while
silencing them in PDGF-BB-treated VSMCs (Figure 1B). Intriguingly,
real-time qRT-PCR analyzed that all these circRNAs had no impact on
the mRNA level of YAP1 in VSMCs (Figure 1C), while the results from
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western blot demonstrated that the protein level of YAP1was increased
in VSMCs with the overexpression of hsa_circ_0024093 and was
decreased in PDGF-BB-treated VSMCs with hsa_circ_0024093 defi-
ciency (Figures 1D and 1E; Figures S1F and S1G). These data could
indicate that hsa_circ_0024093 positively regulates YAP1 protein in
VSMCs.

Hsa_circ_0024093 promotes cell proliferation and migration

while inhibiting apoptosis of PDGF-BB-treated VSMCs

To further investigate the role of hsa_circ_0024093 in PDGF-BB-
treated VSMCs, functional experiments were conducted. As indicated
in Figure 2A, EdU-positive stained cell rate was cut down by hsa_
circ_0024093 knockdown. Consistently, the results of CCK-8
experiments revealed that hsa_circ_0024093 knockdown obviously
inhibited cell proliferation (Figure 2B). Furthermore, in the terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end label-
ing (TUNEL) assay, the percent of positive stained cells was increased
by hsa_circ_0024093 silencing (Figure 2C), suggesting that hsa_
circ_0024093 could suppress apoptosis of PDGF-BB-treated VSMCs.
Similarly, the results from flow cytometry analysis also indicated that
the apoptosis rate was enhanced by hsa_circ_0024093 knockdown in
PDGF-BB-treated VSMCs (Figure 2D). In addition, we also assessed
the impact of hsa_circ_0024093 knockdown on VSMC migration. It
was suggested in Transwell assays that the number of migrated cells
was markedly lessened by downregulated hsa_circ_0024093 (Fig-
ure 2E). Likewise, the results from wound-healing assays manifested
that downregulating hsa_circ_0024093 led to an evident inhibition of
the migration of PDGF-BB-treated VSMCs (Figure 2F). All these re-
sults could suggest that hsa_circ_0024093 promotes proliferation and
migration while inhibiting apoptosis of PDGF-BB-treated VSMCs.

Hsa_circ_0024093 enhances the stability of YAP1 protein

Previously, we discovered that hsa_circ_0024093 could regulate the
protein level of YAP1. Here, we wanted to know the underlying mech-
anism inVSMCs. To test the influence of hsa_circ_0024093 on the sta-
bility of YAP1 protein, we treated VSMCs and PDGF-BB-treated
VSMCs with the protein synthesis inhibitor cycloheximide (CHX).
The data revealed that after inhibiting protein synthesis with CHX,
the degradation rate of existing YAP1 protein was slowed down
when hsa_circ_0024093 was overexpressed in VSMCs but accelerated
when hsa_circ_0024093 was silenced in PDGF-BB-treated VSMCs
(Figures 3A and 3B), indicating that YAP1 stability was positively
affected by hsa_circ_0024093. Moreover, we also tested the regulation
of hsa_circ_0024093 on YAP1 protein by the proteasome inhibitor
MG132. The results fromwestern blot indicated thatMG132 treatment
had no apparent effect on the protein level of YAP1 in hsa_
circ_0024093-overexpressed VSMCs, but it markedly enhanced the
YAP1 protein level in the control group (Figure 3C). Meanwhile, the
reduced level of YAP1 protein induced by hsa_circ_0024093 deficiency
was reversed underMG132 treatment (Figure 3D). These data implied
that hsa_circ_0024093 hampered the degradation of the YAP1 protein
level caused by the ubiquitin proteasome system. To further confirm
this, we analyzed the impact of hsa_circ_0024093 on YAP1 ubiquitina-
tion. As anticipated, upregulated hsa_circ_0024093 decreased the
ubiquitination level of YAP1 protein in VSMCs, while downregulated
hsa_circ_0024093 accelerated YAP1 ubiquitination in PDGF-BB-
treated VSMCs (Figures 3E and 3F; Figure S2A), with the accordingly
enhanced free ubiquitin under hsa_circ_0024093 overexpression and
lowered free ubiquitin upon hsa_circ_0024093 silence (Figure S2B).
All these results could indicate that hsa_circ_0024093 hinders YAP1
ubiquitination to enhance the stability of YAP1 protein.

Hsa_circ_0024093 regulates USP9X to stabilize YAP1 protein

It is well known that F-box and WD repeat domain containing 7
(FBXW7) and b-TRCP regulatory factors, which belong to F-box
protein family, could affect the degradation of proteins by ubiquitina-
tion.25,26 Hence, we wondered whether hsa_circ_0024093 could regu-
late FBXW7 and b-TRCP to affect the ubiquitination of YAP1 protein.
Data from real-time qRT-PCR and western blot showed that overex-
pressing or silencing hsa_circ_0024093 had no significant impacts on
the mRNA and protein levels of FBXW7 and b-TRCP in VSMCs or
PDGF-BB-treated VSMCs (Figures S2C and S2D), indicating that
hsa_circ_0024093 did not depend on FBXW7 and b-TRCP to regulate
YAP1 protein. In addition, it has been shown that USP9X induces
YAP1 deubiquitination to enhance cell proliferation and metastasis
in breast carcinoma.18 Thus, we further speculated whether hsa_
circ_0024093 could affect USP9X to promote YAP1 deubiquitination
and stabilize YAP1 protein. It was validated that the mRNA and pro-
tein levels of USP9Xwere obviously elevated due to hsa_circ_0024093
upregulation but notably lessened owing to hsa_circ_0024093 down-
regulation (Figures 3G and 3H). In addition, the results from RNA
immunoprecipitation (RIP) assays attested that the enrichment of
hsa_circ_0024093 had no difference between USP9X groups and
IgG groups (Figure S2E), suggesting that hsa_circ_0024093 could
not combine with USP9X in VSMCs or PDGF-BB-treated VSMCs.
These data could mean that hsa_circ_0024093 positively modulates
USP9X to hinder YAP1 ubiquitination in VSMCs.

USP9X induces YAP1 deubiquitination to stabilize YAP1

A former report demonstrated that USP9X can modulate angiomotin
(AMOT) family, including angiomotin like 2 (AMOTL2), to affect the
phosphorylation and cytoplasmic sequestration of YAP1.27,28 To
check whether USP9X could regulate AMOT or AMOTL2 to modu-
late YAP1, we then increased the expression of USP9X in VSMCs and
decreased USP9X expression in PDGF-BB-treated VSMCs (Figures
S3A and S3B). According to the data from real-time qRT-PCR and
western blot, we found that the mRNA and protein levels of
AMOT and AMOTL2 were not apparently changed when USP9X
was overexpressed in VSMCs or silenced in PDGF-BB-treated
VSMCs (Figures S3C and S3D), which verified that USP9X could
not modulate AMOT and AMOTL2 to activate YAP1 phosphoryla-
tion. In other words, hsa_circ_0024093 promoted the stability of
YAP1 not via the USP9X/AMOT/AMOT2 axis.

A previous report has demonstrated that deubiquitinase USP9X can
regulate the stability of FBXW7 to affect the progression of colorectal
cancer.29 Inconsistently, here we detected that changes in USP9X
expression had no impact on the mRNA and protein levels of
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 513
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Figure 2. Hsa_circ_0024093 promotes proliferation and migration while inhibiting apoptosis of PDGF-BB-treated VSMCs

(A and B) EdU assay (scale bar, 100 mm) and CCK-8 assay illustrated the proliferation of PDGF-BB-treated VSMCs under hsa_circ_0024093 depletion. (C) TUNEL assay

(scale bar, 80 mm) assessed the TUNEL-positive stained cell rate in PDGF-BB-treated VSMCs under hsa_circ_0024093 knockdown. (D) The apoptosis rate of PDGF-BB-

treated VSMCs after hsa_circ_0024093 knockdownwas examined by flow cytometry analysis. (E) Transwell assay (scale bar, 50 mm) detected the number ofmigrated cells in

PDGF-BB-treated VSMCs with or without hsa_circ_0024093 downregulation. (F) Wound-healing assays (scale bar, 100 mm) tested the migration of PDGF-BB-treated

VSMCs under indicated contexts. **p < 0.01.
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FBXW7 in VSMCs with or without PDGF-BB treatment (Figures S3E
and S3F). Therefore, we then speculated that USP9X could directly
affect YAP1 ubiquitination in VSMCs. As shown in Figures S4A and
S4B, we discovered that under the treatment of CHX, YAP1 protein
514 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
was degraded much more slowly in the face of USP9X upregulation
in VSMCs but much faster in response to USP9X downregulation in
PDGF-BB-treated VSMCs. Moreover, we found that the protein level
of YAP1 in control VSMCs was obviously promoted under MG132



Figure 3. Hsa_circ_0024093 stabilizes YAP1 protein

(A) YAP1 protein level was detected under CHX treatment

in VSMCs with or without hsa_circ_0024093 over-

expression. (B) The protein level of YAP1 was examined

under CHX treatment in PDGF-BB-treated VSMCs under

hsa_circ_0024093 inhibition. (C and D) YAP1 protein level

was analyzed in VSMCs under diverse conditions. (E and F)

IP assay assessed the ubiquitination level of YAP1 in indi-

cated VSMCs. (G and H) The mRNA and protein levels of

USP9X in VSMCs under different transfections were

investigated. **p < 0.01.
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treatment, while no apparent changes in YAP1 level were discovered in
USP9X-upregulated VSMCs after MG132 treatment (Figure S4C).
However, the reduced YAP1 protein level due to USP9X depletion
was apparently recovered owing to MG132 treatment (Figure S4D).
Furthermore, the ubiquitination of YAP1 was reduced by USP9X up-
regulation in VSMCs and increased by USP9X knockdown in PDGF-
BB-treated VSMCs (Figures S4E and S4F). Collectively, USP9X
hampers YAP1 ubiquitination to stabilize YAP1 protein in VSMCs.

Hsa_circ_0024093 sequesters miR-889-3p and miR-4677-3p to

upregulate USP9X

Next, we aimed to uncover the in-depth mechanism whereby hsa_-
circ_0024093 affected USP9X expression. As we know, the subcellular
Molecular Thera
distribution of circRNAs is correlated with their
regulatory mechanism.30 Through subcellular
fractionation and fluorescence in situ hybridiza-
tion (FISH) assays, we observed that hsa_
circ_0024093 was mainly located in the cyto-
plasm of VSMCs with or without PDGF-BB
treatment (Figures 4A and 4B). On this basis,
we speculated that hsa_circ_0024093might func-
tion in VSMCs or PDGF-BB-treated VSMCs
through post-transcriptional regulation. The re-
sults from RIP assays indicated that both hsa_
circ_0024093 and USP9X were highly precipi-
tated in Ago2 groups (Figure 4C), suggesting
that they co-existed in the Ago2-related RNA-
induced silencing complexes (RISCs). Hence,
we screened out miRNAs that were simulta-
neously associated with hsa_circ_0024093 and
USP9X using the ENCORI database: http://
starbase.sysu.edu.cn and found 22 miRNAs
shared by both (Figure S5A). Furthermore, we
examined the expression of these 22 miRNAs in
VSMCs with or without PDGF-BB treatment.
The results disclosed that the expression of 3
miRNAs (miR-663a, miR-889-3p, and miR-
4677-3p) was obviously lessened under PDGF-
BB treatment (Figure S5B). To verify the correla-
tion between hsa_circ_0024093 and these three
miRNAs, RNA pull-down assays were conduct-
ed. Results indicated that miR-889-3p and miR-4677-3p were abun-
dantly precipitated by Bio-hsa_circ_0024093 (Figure S5C). In
addition, we revealed the binding site between hsa_circ_0024093
and miR-4677-3p/miR-889-3p using ENCORI (Figure 4D). To deter-
mine the effectiveness of these binding sites, we constructed wild-type
(WT) and mutant-type (MUT) hsa_circ_0024093 vectors for lucif-
erase reporter assay. The data illustrated that the luciferase activity
of hsa_circ_0024093-WT was definitely inhibited by upregulation
of miR-4677-3p or miR-889-3p in VSMCs or PDGF-BB-treated
VSMCs, while that of has_circ_0024093-MUT was hardly affected
under the same condition (Figure 4E). Similarly, the binding sites
of miR-889-3p or miR-4677-3p in the USP9X 30 UTR were also pre-
dicted on ENCORI (Figure 4F). Also, overexpressed miR-889-3p or
py: Nucleic Acids Vol. 26 December 2021 515
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Figure 4. Hsa_circ_0024093 sponges miR-889-3p and miR-4677-3p to upregulate USP9X

(A and B) Subcellular fractionation and FISH assays (scale bar, 20 mm) monitored the cellular location of hsa_circ_0024093. (C) Enrichment of hsa_circ_0024093 and USP9X

in anti-Ago2 in VSMCs and PDGF-BB-treated VSMCs was calculated. (D) The binding sites between hsa_circ_0024093 and miR-4677-3p/miR-889-3p were predicted on

ENCORI. (E) Luciferase activity of hsa_circ_0024093-WT/MUT in indicated VSMCs with the transfection of miR-4677-3p mimics or miR-889-3p mimics was detected. (F)

The binding sites of miR-889-3p/miR-4677-3p in the USP9X 30 UTR were also predicted on ENCORI. (G) Luciferase activity of USP9X-WT/MUT in indicated VSMCs with

overexpression of miR-889-3p or miR-4677-3p was detected. (H) Luciferase activity of USP9X-WT under different treatment and transfections was investigated. **p < 0.01;

n.s., no significance.
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miR-4677-3p reduced the luciferase activity of USP9X-WT while
exerting no effect on that of USP9X-MUT in VSMCs or PDGF-BB-
treated VSMCs (Figure 4G). Further, the suppressive effect of miR-
889-3p or miR-4677-3p upregulation on the luciferase activity of
USP9X-WT was offset by hsa_circ_0024093 overexpression in
VSMCs or PDGF-BB-treated VSMCs (Figure 4H). Together, hsa_
circ_0024093 sponges miR-889-3p and miR-4677-3p to positively
regulate USP9X.
516 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Hsa_circ_0024093 facilitates proliferation and impedes

apoptosis of PDGF-BB-treated VSMCs through the miR-889-3p/

miR-4677-3p/USP9X axis

To further determine whether hsa_circ_0024093 functioned through
miR-889-3p/miR-4677-3p/USP9X signaling, rescue experiments
were conducted in PDGF-BB-treated VSMCs. As observed from the
data of EdU assays, the reduced number of EdU-positive stained cells
due to hsa_circ_0024093 knockdown was reversed by co-transfection



Figure 5. Hsa_circ_0024093 affects proliferation and apoptosis of PDGF-BB-treated VSMCs through the miR-889-3p/miR-4677-3p/USP9X axis

(A and B) EdU assays (scale bar, 100 mm) and CCK-8 assays detected the proliferation of PDGF-BB-treated VSMCs responding to different transfections. (C and D) TUNEL

assay (scale bar, 80 mm) and flow cytometry analysis revealed cell apoptosis under diverse conditions. *p < 0.05, **p < 0.01.
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of USP9X, while such recovery was partially mitigated after miR-889-
3p overexpression and fully offset upon co-upregulation of miR-889-
3p and miR-4677-3p (Figure 5A). Likewise, such trends were also
discovered based on the results from CCK-8 assay (Figure 5B). In
the meantime, the results from TUNEL assay and flow cytometry
analysis manifested that cell apoptosis stimulated by the silencing
of hsa_circ_0024093 was fully abolished after USP9X upregulation,
whose effect was then partly counteracted by elevated miR-889-3p
and completely countervailed under co-elevation of miR-889-3p
and miR-4677-3p (Figures 5C and 5D). Overall, hsa_circ_0024093
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 517
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Figure 6. Hsa_circ_0024093 affects migration of PDGF-BB-treated VSMCs by miR-889-3p/miR-4677-3p/USP9X signaling

(A and B) Transwell assay (scale bar, 50 mm) and wound-healing assay (scale bar, 100 mm) examined the migration of PDGF-BB-treated VSMCs with different transfections.

*p < 0.05, **p < 0.01.
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promotes proliferation and impedes apoptosis of PDGF-BB-treated
VSMCs through the miR-889-3p/miR-4677-3p/USP9X axis.

Hsa_circ_0024093 induces migration of PDGF-BB-treated

VSMCs by the miR-889-3p/miR-4677-3p/USP9X axis

In addition, we also would like to know whether hsa_circ_0024093
affected migration of PDGF-BB-treated VSMCs by regulating the
miR-889-3p/miR-4677-3p/USP9X pathway. The outcomes of Trans-
well assays showed that hsa_circ_0024093 knockdown weakened the
cell migration, which was restored in response to an augment in
USP9X expression level; moreover, the restoration of cell migration
induced by USP9X overexpression was partly offset by augmented
expression of miR-889-3p but fully counteracted under co-upregula-
tion of miR-889-3p and miR-4677-3p (Figure 6A). Consistently, the
results from wound-healing assay indicated that the reduced
wound-healing rate induced by hsa_circ_0024093 knockdown was
reversed by USP9X overexpression, whereas the reversion was partly
mitigated in response to miR-889-3p upregulation but fully offset un-
der the elevation of both miR-889-3p and miR-4677-3p (Figure 6B).
All these results suggested that hsa_circ_0024093 mediated the miR-
518 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
889-3p/miR-4677-3p/USP9X pathway to accelerate migration of
PDGF-BB-treated VSMCs. In summary, the present work discovered
that hsa_circ_0024093 mediated USP9X to enhance YAP1 protein
stability by promoting YAP1 deubiquitination and regulated the
miR-4677-3p/miR-889-3p/USP9X axis to accelerate VSMC prolifer-
ation and migration in ASO of the lower extremities.

DISCUSSION
ASO of the lower extremities is a type of cardiovascular disease. The
proliferation and migration of VSMCs are important symbols for
arteriosclerosis development.31 Increasing evidence has proved that
circRNAs play significant roles in regulating the function of VSMCs.
circ-SATB2 promotes STIM1 expression to regulate VSMC prolifer-
ation and differentiation through targeting miR-939.32 circRNA
WDR77 promotes VSMC proliferation and migration by targeting
miR-124 to regulate FGF2 expression.33 circ_Lrp6 affects the prolifer-
ation, migration, and differentiation of VSMCs through targeting
miRNA-145.34 Interestingly, despite numerous supports for the
implication of circRNAs in the function of VSMCs, few circRNAs
have been recognized in ASO of the lower extremities. YAP1 is the
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core effector of the Hippo signaling pathway, and reports have indi-
cated that YAP1 can facilitate cell proliferation and migration while
suppressing apoptosis in VSMCs.35,36 In this study, we focused on
YAP1-derived circRNAs, which could be the upstream of YAP1 in
VSMCs of ASO of the lower extremities. As a result, we discovered
that hsa_circ_0024093, a kind of circRNA originated from YAP1,
was the positive regulator of YAP1 protein in VSMCs. By means of
loss-of-function assays, we further confirmed that hsa_circ_0024093
facilitated cell proliferation and migration and impeded apoptosis in
VSMCs, which was consistent with the role of YAP1 in VSMCs. All
these findings supported the promoting role of hsa_circ_0024093 in
VSMCs in the in vitro model of ASO of the lower extremities.

In addition, our study found that hsa_circ_0024093 could stabilize
YAP1 protein through promoting YAP1 deubiquitination. As we
know, b-TRCP and FBXW7 are members of F-box protein family,
which can facilitate the ubiquitination and degradation of proteins.37

Of note, a former study has reported that b-TRCP could increase
YAP1 ubiquitination and degradation.38 Nevertheless, our study dis-
closed that hsa_circ_0024093 had no impact on either b-TRCP or
FBXW7. Instead, we found that hsa_circ_0024093 stabilized YAP1
through targeting USP9X, a deubiquitinating enzyme that hampers
protein ubiquitination mediated by the ubiquitin proteasome sys-
tem.39 Previously, USP9X has been reported to affect YAP1 in two
ways: it can directly promote YAP1 deubiquitination,18 and it can
stimulate YAP1 phosphorylation through modulating AMOT or
AMOTL2.40 Intriguingly, our study found that USP9X could not
regulate AMOT or AMOTL2 to affect YAP1 phosphorylation but sta-
bilized YAP1 by hindering YAP1 ubiquitination. Previously, Khan
et al.29 pointed out that USP9X can also modulate FBXW7 stability
in colorectal cancer. Currently, our study proved that USP9X could
not regulate FBXW7 expression in VSMCs. Conclusively, all these re-
sults verified that hsa_circ_0024093 regulated USP9X to directly
hinder YAP1 ubiquitination, therefore stabilizing YAP1 protein in
VSMCs.

We also investigated the mechanism whereby hsa_circ_0024093
regulated USP9X in VSMCs. Our study found that hsa_
circ_0024093 was mainly located in the cytoplasm, implying the po-
tential regulation of hsa_circ_0024093 on protein-coding genes at
the post-transcriptional level.41 Further, miR-889-3p and miR-
4677-3p were screened out as the shared miRNAs for hsa_
circ_0024093 and USP9X in VSMCs. As we know, miR-889-3p
has been reported to facilitate the proliferation of osteosarcoma cells
through targeting MNDA.42 In addition, Zhong et al.43 found that
miR-4677-3p targets ZEB1 to inhibit the progression of lung adeno-
carcinoma. Interestingly, there are both similarities and differences
between our study and these previous reports. The present study re-
vealed that miR-889-3p and miR-4677-3p were sponged by hsa_
circ_0024093, and, in this manner, hsa_circ_0024093 served as a
ceRNA of USP9X in VSMCs. Through rescue experiments, we
further found that hsa_circ_0024093 affected the proliferation and
migration of VSMCs via targeting the miR-889-3p/miR-4677-3p/
USP9X axis.
In conclusion, our study specified the functional role of hsa_
circ_0024093 in VSMCs in the in vitromodel of ASO of the lower ex-
tremities. The findings may provide a promising target for better un-
derstanding of ASO of the lower extremities.

MATERIALS AND METHODS
Cell culture and treatment

VSMCs purchased from ATCC (Manassas, VA, USA) were cultured
with 10% fetal bovine serum (FBS) and 1% antibiotics in F-12K me-
dium (Thermo Fisher Scientific, Rockford, IL, USA) at 37�C and 5%
CO2. VSMCs were divided into two groups, including the control
group (without any treatment) and the PDGF-BB (20 ng/mL; Thermo
Fisher Scientific) group, and cells in both groups were subsequently
incubated at 37�C.

Real-time qRT-PCR

Total RNA was extracted from VSMCs with TRIzol Reagent (Invitro-
gen, Carlsbad, CA, USA), for producing cDNA with PrimeScript RT
Reagent Kit (Promega, Madison, WI, USA). Following the user guide,
qPCR was conducted by using the SYBR Green PCR Kit (Takara)
with StepOnePlus Real-time PCR Systems (Applied Biosystems, Fos-
ter City, CA, USA). Gene expression was calculated with the 2�DDCt

method, standardized to GAPDH or U6. Each experiment was
repeated at least three times.

Cell transfection

The pcDNA3.1 circRNA vectors and short hairpin RNAs (shRNAs)
designed for circRNAs were acquired from GenePharma (Shanghai,
China), as well the control vectors and control shRNAs. In addition,
miR-889-3p mimics, miR-4677-3p mimics, NC mimics, and shRNAs
specific to USP9X and pcDNA3.1/USP9X were also synthesized by
GenePharma. Cells were transfected for 48 h using Lipofectamine
3000 reagent (Invitrogen). Each experiment was repeated at least
three times.

EdU assay

EdU assay was undertaken in VSMCs after PDGF-BB treatment
or transfection using the BeyoClick EdU Cell Proliferation Kit
(Beyotime, Shanghai, China) with Alexa Fluor 594. Cells were coun-
terstained with EdU and DAPI and then assayed with inverted micro-
scope (Olympus, Tokyo, Japan). Each experiment was repeated at
least three times.

CCK-8 assay

After PDGF-BB treatment or indicated transfections, VSMCs in 96-
well plates were seeded at the density of 1 � 105 cells/well all night.
10 mL of CCK-8 reagent (MedChem Express, Monmouth Junction,
NJ, USA) was then added to each well for 3 h. The absorbance at
450 nmwas detected. Each experimentwas repeated at least three times.

TUNEL assay

The treated or transfected VSMCswere washed in PBS and fixed using
4% paraformaldehyde (PFA). Then, TUNEL reagent (Merck, Darm-
stadt, Germany) was used for staining apoptotic cells, and DAPI was
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 519
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employed to stain cell nuclei. After that, cells in five randomnon-over-
lapping microscopic fields were counted under optical microscopy
(Olympus). Each experiment was repeated at least three times.

Flow cytometry analysis

Cell apoptosis was also estimated with double Annexin V/propidium
iodide (PI) staining kit (Invitrogen). After staining with fluorescein
isothiocyanate (FITC)-Annexin V and PI for 15 min, cells were as-
sayed by use of a flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA). Each experiment was repeated at least three times.

Transwell assay

After PDGF-BB treatment or transfections, cells in serum-free me-
dium were added to upper Transwell chambers, and complete culture
medium was added to lower chambers. The Transwell chamber was
fixed after 24 h, and then cell migration was assessed after staining
cells with crystal violet solution. Cells in five random fields were cho-
sen for counting. Each experiment was repeated at least three times.

Wound-healing assay

Cell samples were cultured until 90% confluence in 6-well plates, and
then a scratch was created using a 200 mL pipette tip. After culturing
in serum-free medium for 0 and 24 h, the wound closure was imaged
under the microscope (Olympus). Each experiment was repeated at
least three times.

Western blot

Cells were lysedwithRIPA lysis buffer after treatment or transfections,
and then proteins in cell lysates were separated via 12% SDS-PAGE
and shifted to polyvinylidene fluoride (PVDF) membranes. After be-
ing sealed in 5% nonfat milk, membranes were probed with primary
antibodies against loading control GAPDH (ab8245, 1/10,000; Ab-
cam, Cambridge, MA, USA) and YAP1 (ab52771, 1/5,000; Abcam),
b-TRCP (#4394, 1/1,000; Cell Signaling Technology, Boston, MA,
USA), FBXW7 (ab109617, 1 mg/mL; Abcam), USP9X (#14898, 1/
1,000; Cell Signaling Technology), AMOT (16870-1-AP, 1/1,000; Pro-
teintech, Chicago, IL, USA), and AMOTL2 (23351-1-AP, 1/1,000;
Proteintech) all night. After that, membranes were subjected to incu-
bation with horseradish peroxidase (HRP)-tagged secondary anti-
bodies for 2 h. The protein signals were examined after washing in
TBST, by use of enhanced chemiluminescence (ECL) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Each experiment was repeated
at least three times.

CHX and MG132 treatments

To test the impact of hsa_circ_0024093 on the stability of YAP1 pro-
tein, VSMCs (treated with or without PDGF-BB) were subjected to
25 mg/mL CHX treatment, the protein synthesis inhibitor, for 0, 4,
8, or 12 h. For assessing the influence of hsa_circ_0024093 on
YAP1 ubiquitination, indicated VSMCs were processed with 20 mM
of MG132, the proteasome inhibitor that inhibits protein ubiquitina-
tion mediated by proteasomes. After treatments for indicated times,
protein levels were analyzed via western blot. Each experiment was
repeated at least three times.
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Immunoprecipitation (IP)

After indicated treatment or transfection, the VSMC samples were
lysed with RIPA buffer and washed in PBS. The lysates were collected
for IP assay. Then, 1 mg protein in the lysates was subjected to YAP1
antibody (#14074; Cell Signaling Technology); ubiquitin antibody
(10201-2-AP; Proteintech) was used in control group. After incuba-
tion for 4 h at 4�C, proteins in the precipitates were eluted and
then detected using western blot. Each experiment was repeated at
least three times.

RIP

Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Milli-
pore, Bedford, MA, USA) was applied for RIP assay with human
Ago2 antibody, USP9X antibody, and control IgG antibody. Cells
were cultured in RIP buffer containing antibody-bound magnetic
beads. One night later, RNAs in the precipitates were analyzed by
real-time qRT-PCR. Each experiment was repeated at least three
times.

Subcellular fractionation

PARIS Kit (Invitrogen) was applied for subcellular fractionation as
per the user guide. Cell samples were lysed with cell fractionation
buffer and then centrifuged. The isolated RNAs were extracted and
purified for real-time qRT-PCR, with GAPDH and U6 as respective
cytoplasmic and nuclear indicators. Each experiment was repeated
at least three times.

FISH

For RNA FISH assay, the hsa_circ_0024093-specific probe was de-
signed and synthesized by Ribobio (Guangzhou, China). Cells in
the slides were hybridized with FISH probe overnight and then coun-
terstained in DAPI solution. After that, cells were visualized using an
Olympus fluorescence microscope. Each experiment was repeated at
least three times.

RNA pull-down assay

RNA pull-down assay was undertaken in VSMCs treated with or
without PDGF-BB by use of Pierce Magnetic RNA-Protein Pull-
Down Kit (Thermo Fisher Scientific). Cells were lysed by using lysis
buffer, and then the lysates were mixed with Bio-hsa_circ_0024093-
WT/MUT probes and streptavidin-coated magnetic beads. Following
overnight incubation, RNAs in the pulled-down complexes were
studied by real-time qRT-PCR. Each experiment was repeated at least
three times.

Luciferase reporter assay

The full-length sequences of hsa_circ_0024093 or USP9X 30 UTR
fragments covering wild-type or mutant miR-889-3p/miR-4677-3p
binding sites were separately inserted into the pmirGLO dual-lucif-
erase vectors for luciferase reporter assay. The acquired constructs
were co-transfected with NC mimics, miR-889-3p mimics, or miR-
4677-3p mimics, or together with vectors covering hsa_circ_0024093,
in VSMCs or PDGF-BB-treated VSMCs for 48 h. Relative luciferase
activities were studied using dual-luciferase reporter assay system
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(Promega, Madison,WI, USA). Each experiment was repeated at least
three times.

Statistical analyses

Data were presented as the mean ± standard deviation (SD) of three
individually conducted experiments. Statistical analyses of data
collected from this study were accomplished by Student’s t test or
one-way ANOVA using GraphPad Prism 7 (La Jolla, CA, USA),
with p < 0.05 as the threshold of statistical significance.
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Figure S1. PDGF-BB facilitates the proliferation and migration of VSMCs. 

A. The proliferation of VSMCs treated with different doses of PDGF-BB was 

examined. B-C. EdU (bar value = 100 μm) and CCK-8 assays detected the 

proliferation of VSMCs treated with or without 20 ng/ml PDGF-BB. D-E. 

Transwell assay (bar value = 50 μm) and wound healing assay (bar value = 100 μm) 

assay examined the migration ability of VSMCs with or without PDGF-BB 

treatment. F-G. The quantification bar graphs of blots in Figure 1D-E were shown. 

**P<0.01. 



Figure S2. Hsa_circ_0024093 regulates YAP1 ubiquitination not depending on 

FBXW7 or β-TRCP. 

A. The ubiquitination level of YAP1 in indicated VSMCs was detected. B. The 

level of free ubiquitin in lysates after IP was detected in indicated VSMCs. C-D. 

The mRNA level and protein level of FBXW7 and β-TRCP in indicated VSMCs 

were analyzed. E. The enrichment of hsa_circ_0024093 in USP9X groups was 

detected. n.s. meant no significance. 



Figure S3. US9PX cannot regulate the expression of AMOT, AMOTL2 and 

FBXW7 in VSMCs. 

A-B. USP9X expression in VSMCs with USP9X overexpression or in PDGF-BB 

treated VSMCs with USP9X knockdown was measured via RT-qPCR and western 

blot analyses. C-D. The mRNA and protein levels of AMOT and AMOTL2 were 

evaluated in USP9X-overexpressed VSMCs or in PDGF-BB treated VSMCs with 

USP9X down-regulation. E-F. The mRNA and protein levels of FBXW7 were 

calculated in USP9X-overexpressed VSMCs or in PDGF-BB treated VSMCs with 

USP9X silencing. **P<0.01, n.s. meant no significance. 



Figure S4. US9PX enhances the stability of YAP1. 

A. The protein level of YAP1 was detected under CHX treatment in VSMCs in 

response to USP9X overexpression. B. The protein level of YAP1 under CHX 

treatment was calculated in PDGF-BB treated VSMCs with USP9X deficiency. 

C-D. YAP1 protein level in VSMCs under different treatment or transfections was 

investigated. E-F. The ubiquitination level of YAP1 in VSMCs under different 

contexts was assessed. 



Figure S5. Hsa_circ_0024093 interacts with miR-889-3p and miR-4677-3p in 

VSMCs. 

A. ENCORI database predicted 22 miRNAs binding with hsa_circ_0024093 and 

USP9X. B. The level of miR-663a, miR-889-3p and miR-4677-3p was examined in 

VSMCs with or without PDGF-BB treatment. C. The enrichment of miR-663a, 

miR-889-3p and miR-4677-3p in Bio-hsa_circ_0024093 groups was detected. 

**P<0.01.  
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