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Abstract: Hyperglycemia is reported to accelerate endothelial cell senescence that contributes to
diabetic complications. The underlying mechanism, however, remains elusive. We previously
demonstrated AQR as a susceptibility gene for type 2 diabetes mellitus (T2DM) and showed that it
was increased in multiple tissues in models with T2DM or metabolic syndrome. This study aimed to
investigate the role of AQR in hyperglycemia-induced senescence and its underlying mechanism.
Here, we retrieved several datasets of the aging models and found the expression of AQR was
increased by high glucose and by aging across species, including C. elegans (whole-body), rat (cardiac
tissues), and monkey (blood). we validated the increased AQR expression in senescent human
umbilical vein endothelial cells (HUVECs). When overexpressed, AQR promoted the endothelial
cell senescence, confirmed by an increased number of cells stained with senescence-associated beta-
galactosidase and upregulation of CDKN1A (P21) as well as the prohibited cellular colony formation
and G2/M phase arrest. To explore the mechanism by which AQR regulated the cellular senescence,
transcriptomic analyses of HUVECs with the overexpression and knockdown of the AQR were
performed. We identified 52 co-expressed genes that were enriched, in the terms of plasminogen
activation, innate immunity, immunity, and antiviral defense. Among co-expressed genes, PLAU
was selected to evaluate its contribution to senescence for its highest strength in the enrichment of
the biological process. We demonstrated that the knockdown of PLAU rescued senescence-related
phenotypes, endothelial cell activation, and inflammation in models induced by AQR or TNF-α. These
findings, for the first time, indicate that AQR/PLAU is a critical signaling axis in the modulation of
endothelial cell senescence, revealing a novel link between hyperglycemia and vascular dysfunction.
The study may have implications in the prevention of premature vascular aging associated with
T2DM.

Keywords: diabetes; AQR; endothelial senescence; PLAU; inflammation

1. Introduction

Diabetes mellitus, featured with hyperglycemia, is a common risk factor for many
other diseases, resulting in diabetic complications including nephropathy, retinopathy,
neuropathy, and cardiovascular diseases [1], and most of these complications are linked to
vascular dysfunction [2–4]. It has been reported that hyperglycemia promotes inflammation
and the production of reactive oxidative species (ROS) through multiple regulatory mecha-
nisms, impairing vascular cells (endothelial cell and smooth muscle cell) that eventually
damage vascular function [3,5–9]. In addition, there is growing evidence that hyper-
glycemia induces premature senescence in endothelial cells [10], smooth muscle cells [11],
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endothelial progenitor cells [12], and mesenchymal stem cells [13], suggesting that cellular
senescence in vessels may play an important role in the process of diabetic complications.
The mechanism by which hyperglycemia promotes senescence is yet to be fully elucidated.

AQR is a gene encoding intron-binding protein. Although AQR has been proposed to
be involved in RNA splicing, its function has not been well-characterized [14]. An earlier
study showed that knockdown of emb4, a homologous gene of AQR, extends the lifespan
of C. elegans with energy deficiencies [15]. We have reported AQR as a novel susceptibility
gene for T2DM, as the expression of AQR was increased in several animal models with
T2DM or metabolic syndrome, the alleles associated with decreased expression of AQR
exhibited a protective effect, and knockdown of AQR facilitated the glucose uptake and
restore the insulin sensitivity [16]. More recently AQR has been linked as a susceptibility
gene for estimated glomerular filtration rate, whose function largely relies on the integrity of
vasculatures in the kidney [17]. These observations support that AQR not only is important
to diabetes, but also has the potential to be involved in vascular aging.

In this study, we planned to test a hypothesis that AQR contributes to endothelial cell
senescence and to search for the possible mechanisms in different models.

2. Results
2.1. The Expression of AQR Is Increased with Aging

Previously, we reported that AQR participates in glucose metabolism via the AKT/
mTOR pathway, a well-known pathway involved in the process of cellular senescence.
To further verify this, we detected the expression of AQR in young (PDL 6, 8, and 9.5)
and aged (PDL 26, 29, and 30.5) HUVECs, and found that the expression of AQR was
significantly upregulated by 85.92% ± 23.75% in aged cells (Figure 1A). Western blotting
also validated its increased expression in aged (PDL 27) HUVECs compared with young
HUVECs. Quality control of the samples was confirmed by the expression of a senescence-
related marker P21 (Figure 1B). Furthermore, a high concentration of glucose (25 mM)
elevated AQR expression by 46.25% ± 8.898% at mRNA level, compared to normal glucose
condition (5.5 mM) (Figure 1C). The expression of AQR was also elevated at protein
level (Figure 1D). Besides, the expression of AQR was upregulated in a publicly available
RNA-seq dataset of human retinal endothelial cells treated with high glucose (25 mM)
(Figure S1A). Subsequently, we retrieved a few other publicly available expression datasets
(GSE122892, GSE421, and GSE152406) of aging models generated in different species
and found that the expression of AQR was significantly elevated in the aged C. elegans
and the whole blood of aged monkeys, while slightly increased in the heart of aged rats
(Figure 1E–G).
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Figure 1. The expression of AQR is increased with aging. (A) qPCR analysis shows the expression
of AQR was upregulated in young and aged HUVECs (Young: PDL 6, PDL 8, and PDL 9.5; Aged:
PDL 26, PDL 29, and PDL 30.5; data are presented as mean ± SEM, and * referred to p < 0.05; relative
expression levels were calculated as fold change of aged group compared with the young group).
(B) The expression of AQR was upregulated in aged (PDL 27) generations of HUVECs at protein level,
quantified by western blot, compared with the young group (PDL 8). (C) qPCR analysis shows the
expression of AQR was upregulated in HUVECs treated with low glucose (5.5 mM) and high glucose
(25 mM) for 3 days, data are presented as mean ± SEM, and * referred to p < 0.05; relative expression
levels were calculated as fold change of high glucose group compared with the low glucose group.
(D) The expression of AQR was upregulated in HUVECs treated with high glucose at protein level
quantified by western blot, compared with the low glucose group. (E) Differential expression analysis
of AQR homolog gene, emb-4, in fer-15 worms during aging (Young: adult day 1; Aged: adult day 7;
GEO dataset: GSE122892, Platform: GPL25147, Probe id: WBGene00001258 (Y80D3A.2 (emb-4)), n = 3
per group, data are presented as mean ± SEM, and * referred to p < 0.05; relative expression levels
were calculated as fold change of old group compared to the young group). (F) Differential expression
analysis of AQR in the whole blood of Macaca fascicularis (Young: 2–3 years old; Aged: 20–26 years
old; GEO dataset: GSE152406, Platform: GPL16027-10477, Probe id: A_01_P1685651; n = 12 in the
young group, n = 14 in the aged group; data are presented as mean ± SEM, and * referred to p < 0.05;
relative expression levels were analyzed by the GEO2R). (G) Differential expression analysis of AQR
in male rat hearts (Young: 2–3 months old; Aged: 20–22 months old; GEO dataset: GSE421, Platform:
GPL85-10790, Probe id: rc_AA893708_at; n = 5 in the young group, n = 6 in the aged group; data are
presented as mean ± SEM, and * referred to p < 0.05; relative expression levels were analyzed by the
GEO2R).

2.2. AQR Arrests Cell Cycle at G2/M and Promotes Cellular Senescence in HUVECs

To investigate the role of AQR in endothelial senescence, we measured the proliferation
and cell cycle changes in HUVECs with a time series experiment upon the overexpres-
sion and knockdown of AQR. We overexpressed AQR using recombinant adenoviruses
in HUVECs (Figure S1B) and found that it resulted in increased positive β-gal staining
(Figure 2A,B) compared to the control group. Colony formation assay showed that AQR
overexpression decreased the colony formation efficiency in HUVECs (Figure 2C,D). To
further explore the AQR-mediated senescence in HUVECs, we performed cell cycle anal-
yses using a flow cytometer. We found that the proportion of cell count in G0/G1 was
decreased upon AQR overexpression, while that in G2/M phases was increased about
20% (Figure 2E–H). We then examined the effect of AQR on senescence biomarker, P21,
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in HUVECs at the protein level. AQR overexpression increased the expression of P21
(Figure 2I), while its knockdown decreased P21 expression (Figure 2J).
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Figure 2. AQR arrests the cell cycle at G2/M and promotes cellular senescence in HUVECs.
(A,B) Overexpression of AQR in HUVECs resulted in positive β-gal staining, (C,D) and de-
creased colony formation efficiency compared with the control group (EGFP). * referred to p < 0.05.
(E–G) Overexpression of AQR increased the proportion of cells in the G2/M phase. Cell cycle analysis
was performed by FACSverse. (H) Bar plots of cell percentages at different stages of the cell cycle,
* referred to p < 0.05 versus the EGFP group in G0/G1; ++ referred to p < 0.01 versus the EGFP
group in G2/M. (I) Western blot shows overexpression of AQR increased P21 expression in HUVECs.
(J) Western blot shows knockdown of AQR decreased P21 expression in HUVECs.

2.3. PLAU Is Co-Expressed with AQR during HUVEC Senescence

To investigate the mechanism by which AQR regulated the cellular senescence, we
performed RNA sequencing of HUVECs after overexpression or knockdown of AQR
(Figure S1C,D). In addition to the regulation of cell proliferation, we found the enriched
biological processes of differentially expressed genes with overexpressed AQR included
inflammatory response, p53 signaling, and other senescence-related signaling pathways,
consistent with the AQR overexpression phenotype (Figure S1E). To further validate the
differential co-expression of genes with AQR, we combined these two datasets, including
1945 differentially expressed genes upon the knockdown of AQR and 1555 differentially
expressed genes upon the overexpression of AQR (fold change > 1.5). There were 345 genes
that overlapped among these two datasets, and at a cutoff value of q-value < 0.05, 52
genes were retained as differentially co-expressed with AQR, which may be potential
targets and were, therefore, chosen for the subsequent annotated keywords analysis (Fig-
ure 3A,C). Enrichment analysis showed that these genes were mainly enriched in the
immune response-associated pathway and plasminogen activation (Figure 3B). We then
validated the 52 differentially co-expressed genes upon AQR overexpression and knock-
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down using qPCR. Our results showed that cell proliferation-related genes BIRC5, CCL14,
FGF16, GAB2, PIK3CD, PLAU, and RARRES3 were co-expressed with AQR at mRNA
level (Figure 3D,E). Western blotting further confirmed that the overexpression of AQR
increased the expression of PLAU, while the knockdown of AQR decreased its expression
at protein level (Figure 3F). In addition, we measured the expressions of PLAU and P21 in
different generations of HUVECs and found that both their expressions were upregulated
in senescent HUVECs (Figure 3G).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  5  of  13 
 

 

(Figure 3D, E). Western blotting  further confirmed  that  the overexpression of AQR  in‐

creased the expression of PLAU, while the knockdown of AQR decreased its expression 

at protein level (Figure 3F). In addition, we measured the expressions of PLAU and P21 

in different generations of HUVECs and found that both their expressions were upregu‐

lated in senescent HUVECs (Figure 3G). 

 

Figure 3. PLAU differentially co‐expresses with AQR during HUVEC senescence. (A) Venn diagram 

showing the 52 differentially co‐expressed genes with AQR corresponding to AQR overexpression 

and knockdown (fold change > 1.5, and q‐value < 0.05). (B) Annotated keywords of the 52 differen‐

tially co‐expressed genes. (C) Heatmap of the 52 differentially co‐expressed genes of AQR according 

to their fold change in overexpression and knockdown of AQR. (D) qPCR results of the prioritized 

genes in the overexpression experiment. (E) qPCR results of the prioritized genes in the knockdown 

experiment.  (F) Western  blot  shows AQR knockdown decreased PLAU  expression, while AQR 

overexpression increased PLAU expression. (G) Western blot shows the expression of PLAU was 

increased  in HUVECs during aging and positively co‐expressed with P21. Data are presented as 

mean ± SEM, n = 3–6 per group, and * referred to p < 0.05 versus the scramble or EGFP control group. 

Figure 3. PLAU differentially co-expresses with AQR during HUVEC senescence. (A) Venn diagram
showing the 52 differentially co-expressed genes with AQR corresponding to AQR overexpression and
knockdown (fold change > 1.5, and q-value < 0.05). (B) Annotated keywords of the 52 differentially
co-expressed genes. (C) Heatmap of the 52 differentially co-expressed genes of AQR according to
their fold change in overexpression and knockdown of AQR. (D) qPCR results of the prioritized
genes in the overexpression experiment. (E) qPCR results of the prioritized genes in the knockdown
experiment. (F) Western blot shows AQR knockdown decreased PLAU expression, while AQR
overexpression increased PLAU expression. (G) Western blot shows the expression of PLAU was
increased in HUVECs during aging and positively co-expressed with P21. Data are presented as
mean ± SEM, n = 3–6 per group, and * referred to p < 0.05 versus the scramble or EGFP control group.



Int. J. Mol. Sci. 2022, 23, 2879 6 of 13

2.4. PLAU Knockdown Rescues the AQR-Induced Endothelial Cell Dysfunction

To investigate the effects of AQR on endothelial cell function, we overexpressed and
suppressed the AQR in HUVEC. IL6 is an important member of the senescence-associated
secretory phenotype (SASP), while ICAM1 and VCAM1 are major adhesion molecules
that indicate the function of vascular endothelial cells. We found that the expressions of
VCAM1, ICAM1, and IL6 were increased upon the overexpression of AQR (Figure 4A).
Given that ICAM1 plays an important role in promoting the adhesion of endothelial cells,
we then determined the effects of AQR on cell adhesion function in HUVECs. We found
overexpression of AQR increased the number of adherent THP-1 cells to HUVECs up to
1.5-fold, with or without TNF-α stimulation (Figure 4B,C). In addition, the knockdown
of AQR decreased the expressions of VCAM1, ICAM1, and IL6 (Figure 4D), while the
knockdown of PLAU only decreased the expressions of VCAM1 and IL6 (Figure 4E). To
further investigate the mechanism by which AQR regulated PLAU in cellular senescence,
we first overexpressed the AQR, then suppressed the expression of PLAU, and subsequently
detected the expression of P21. We found knockdown of PLAU in HUVECs alleviated the
upregulated expression of P21 induced by AQR (Figure 4F).
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Figure 4. PLAU knockdown rescues the AQR-induced endothelial cell dysfunction. (A) qPCR re-
sults show AQR overexpression increased the expressions of ICAM1, VCAM1, and IL6 in HUVECs.
Data are presented as mean ± SEM, and * referred to p < 0.05 versus EGFP control group. (B) Rep-
resentative images show that AQR overexpression increased TNF-α mediated THP-1 monocytes
adhesion to HUVECs. HUVECs were infected with Adv-AQR or Adv-EGFP. After 24 h, the cells
were treated in the presence or absence of 10 ng/mL TNF-α for 6h and incubated with THP-1 cells
for another 1 h. The attached THP-1 cells were photographed and analyzed by light microscopy.
Scale bar = 200 µm. (C) Quantification results of TNF-α mediated THP-1 monocytes adhesion to
HUVECs by overexpression of AQR. Data are presented as mean ± SEM, and * referred to p < 0.05
versus EGFP control group. (D) qPCR results show AQR knockdown decreased the expressions of
ICAM1, VCAM1, and IL6 in HUVECs. Data are presented as mean ± SEM, and * referred to p < 0.05
versus scramble control group. (E) qPCR results show PLAU knockdown decreased the expressions
of VCAM1 and IL6 in HUVECs. Data are presented as mean ± SEM. n.s. was not significant, and
* referred to p < 0.05 versus the scramble group. (F) Western blot shows PLAU knockdown inhibited
the upregulated expression of P21 induced by AQR overexpression.



Int. J. Mol. Sci. 2022, 23, 2879 7 of 13

2.5. Functional Involvement AQR and PLAU Is Validated in Senescent Model Induced by TNF-α

To investigate the effects of AQR and PLAU on induced senescence, we treated HU-
VECs with different doses of TNF-α, a known model of induced senescence, at different
time points. When treated with TNF-α, we found that expression of AQR was upregulated
in a dose-dependent manner (Figure 5A). The expressions of P21 and PLAU were signifi-
cantly increased by TNF-α (Figure S2A,C). qPCR results revealed that AQR and PLAU were
upregulated and co-expressed in TNF-α-induced HUVECs in a time-dependent manner
(Figure S2B). In response to TNF-α, the knockdown of AQR results in a reduced number
of adherent THP-1 cells to HUVECs (Figure 5B,C). However, the number of adherent
THP-1 cells to HUVECs was not affected by the knockdown of AQR in absence of TNF-α
(Figure S2D). P65 is a hub molecule that mediates the canonical senescence pathway. The
knockdown of AQR inhibited the phosphorylation of P65 (Figure S2E). Furthermore, the
knockdown of PLAU decreased the expressions of VCAM1 and IL6 in TNF-α-induced
HUVECs (Figure 5E), similar to that observed when AQR was knocked down (Figure 5D).
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Figure 5. Functional involvement of AQR and PLAU is validated in the senescence model induced
by TNF-α. (A) The expressions of AQR and ICAM1 were upregulated in response to TNF-α in a
dose-dependent manner, as determined by Western blot using β-actin as an internal control. Cells
were cultured for 24 h, followed by stimulation with different concentrations of TNF-α (0 ng/mL,
5 ng/mL, 10 ng/mL, 15 ng/mL, and 20 ng/mL) for 6 h. (B) Representative images show AQR
knockdown decreased TNF-α mediated THP-1 monocytes adhesion to HUVECs. HUVECs were
transfected with siAQR or scramble. After 24 h, the cells were treated in presence of 10 ng/mL TNF-α
for 6 h and incubated with THP-1 cells for another 1 h. The attached THP-1 cells were photographed
and analyzed by fluorescence and light microscopy. Scale bar = 200 µm. (C) Quantification results of
TNF-α mediated THP-1 monocytes adhesion to HUVECs by silencing of AQR. (D) qPCR analysis
shows the upregulated expressions of ICAM1, VCAM1, and IL6 in response to TNF-α were alleviated
by knockdown of AQR. (E) qPCR analysis shows that the upregulated expressions of VCAM1 and IL6
in response to TNF-α were alleviated by knockdown of PLAU. Data are presented as mean ± SEM,
n.s. was not significant, and * referred to p < 0.05 versus the scramble group.
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3. Discussion

We, in the current study, showed that the expression of AQR, a T2DM-susceptibility
gene, was induced by aging or by high glucose. The increased AQR promoted endothelial
cell senescence via PLAU-associated signaling pathways. Our study demonstrates that
AQR/PLAU is a novel but critical signaling axis mediating hyperglycemia-induced cellular
senescence that contributes to diabetic vascular complications. To our knowledge, this is the
first study to report that a T2DM-susceptibility gene directly promotes cellular senescence.

The diabetic complications are mostly attributed to vascular dysfunction. For exam-
ple, it is known that coronary artery disease, peripheral arterial disease, and stroke are
macrovascular complications, while diabetic nephropathy, neuropathy, and retinopathy are
microvascular complications [18]. The inflammation, ROS overproduction, and advanced
glycation end-products (AGEs) caused by hyperglycemia were considered as major con-
tributors to the complications’ etiologically, as they impair vascular function directly [19].
On the other hand, inflammation, ROS, and AGEs are well-known to promote cellular
senescence, and actually, hyperglycemia-induced endothelial cell senescence was observed
in vascular cells, such as endothelial cells [10,20–23], smooth muscle cells [11], endothelial
progenitor cells [12], and mesenchymal stem cells [13]. These observations suggest that
senescence may be serving as a shared downstream link to diabetic complications. Since
the endothelial cell is critical to vascular functions, including the maintenance of vessel
integrity, secretion, and participation of immune response [24], and is directly exposed to
high glucose in T2DM, the senescent endothelial cell may have a profound impact on the
pathogenesis of diabetic complications [20–23]. HUVEC is a widely used cellular model
to investigate the regulation of endothelial function, for example, senescence and angio-
genesis [25,26]. That was why we, in this study, used HUVEC to investigate the effect of
AQR on cellular senescence, and we showed that high glucose induces the overexpression
of the AQR gene which, in turn, promotes endothelial cell senescence, providing the first
evidence that AQR is a novel intervenor for hyperglycemia-induced senescence.

AQR was initially reported as a gene responding to retinoic acid, and it contains a
motif similar to RNA-dependent RNA polymerase [27]. Later, it was found that AQR was
involved in RNA processing and DNA damage repair [14,28]. We also demonstrated AQR
as a new susceptibility gene for T2DM [16]. More recently, AQR has been linked to stress
scores [29]. All these reports pointed out that AQR influences multiple biological processes
that are not well-characterized. Although we have demonstrated that AQR impacts glucose
uptake and insulin resistance associated with the aging process, whether AQR influences
cellular senescence has not yet been reported. In the current study, we presented that AQR,
upregulated in different tissues across species by aging and high glucose concentrations,
promotes endothelial cell senescence, providing a plausible explanation on why aging
increases the susceptibility to diabetes. Cellular senescence, as a state of permanent cell
cycle arrest, can occur in both G1 and G2 phase of the cell cycle, terminating the G0/G1
and G2/M progressions, respectively [30]. Two types of cell cycle arrests have distinct but
partially overlapped signaling molecules [31,32]. AQR arrests the cell cycle at G2/M phase,
however, the detailed mechanism needs to be further studied.

We defined PLAU as a downstream molecule of AQR-associated pathway, as knock-
down of PLAU rescued AQR-induced cellular senescence-related phenotype. PLAU en-
codes a urokinase-type plasminogen activator (uPA) that binds to its receptor, uPAR, to
participate in the maintenance of vascular integrity [33], tumorigenesis [34], and neuro
diseases [35]. In addition, it has been well-documented that PLAU is increased during
senescence and used as a biomarker for senescence, aging, and frailty, and it is also involved
in the inflammatory responses [36–38]. By far, whether PLAU causes cellular senescence has
not been reported in the existing studies. YAP upregulates the expression of PLAU [39], and
YAP promotes senescence in both endothelial cells and smooth muscle cells [40], suggesting
that PLAU may serve as a downstream molecule, contributing to YAP-induced vascular cell
senescence. However, in another study on glioma cells, glioblastoma cells, and astrocytes, it
was shown that YAP prevents senescence induced by several factors [41,42], and in cancer
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cells, PLAU accelerates proliferation [39,43–45]. These indicate that the involvement of
PLAU in cellular senescence is conditional and likely cell-type dependent.

Additionally, we showed that the activation of AQR/PLAU augmented inflammation.
Suppressing AQR alleviated the TNF-α-mediated upregulated expressions of IL6. The
canonical NF-kB p65 pathway was also inhibited by the knockdown of AQR. PLAU has
been known to be involved in the inflammatory response [46], and it has been reported
that abrogating the binding of the uPA to uPAR in vivo suppressed the fibrin-associated
inflammation [47]. Supportively, the increased expression of uPAR is associated with
complications in diabetes patients and predicts outcomes [36,48]. Our findings indicate
that the AQR/PLAU pathway regulates both inflammation and cellular senescence, likely
via NF-kB-associated downstream pathway.

In conclusion, this study provides the first evidence that the T2DM susceptibility gene,
AQR, promotes cellular senescence in HUVECs through PLAU-associated pathways. These
findings have potential clinical implications for interventions against cellular and vascular
aging.

4. Material and Methods
4.1. Cell Lines and Culture

Primary human umbilical vein endothelial cells (HUVECs) were isolated from the
umbilical cord obtained from donors under an approved protocol of the People’s Hospital of
Jiangxi Province (Nanchang, Jiangxi, China). Primary cells were cultured in ECM (ScienCell
Research Laboratories, Carlsbad, CA, USA) supplemented with 5% fetal bovine serum
(FBS), 100 mg/mL streptomycin/100 U/mL penicillin, and 1% endothelial cell growth
supplement (ECGS). HUVECs at population doubling level (PDL) 12 to 18 were used for
viral infection or transfection assays. THP-1 cells were cultured in RPMI medium 1640
(Gibco, Grand Island, NY, USA) containing 10% FBS.

4.2. siRNAs Transfection and Adenovirus Infection

HUVECs were seeded in six-well plates and transfected at 60–70% confluence with
50 nM scrambled RNA or siRNAs against human AQR and PLAU in Opti-MEM (Gibco,
Grand Island, NY, USA) using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, USA). The
medium was changed to ECM after transfection for 6 h, and the cells were maintained for
36 h before further experiments.

HUVECs were plated in six-well plates and infected with pAdeno-MCMV-AQR-
3FLAG-IRES2-EGFP (OBIO, Shanghai, China) recombinant adenovirus in a 2-mL culture
medium to overexpress AQR following the manufacturer’s guidelines. Recombinant
adenovirus of pAdeno-MCMV-EGFP-3FLAG (OBIO, Shanghai, China) was used as a
negative control.

4.3. Confocal Laser Scanning Microscopy Analysis

pAdeno-MCMV-AQR-3FLAG-IRES2-EGFP has a fluorescein-labeled EGFP by the
element IRES2 to verify the validity of exogenous AQR protein expressed in the HUVECs.
On the day before infection, HUVECs were seeded in 20 mm glass-bottom plates (Nest
Biotechnology, Wuxi, Jiangsu, China) for confocal visualization. HUVECs were then in-
fected with pAdeno-MCMV-AQR-3FLAG-IRES2-EGFP and pAdeno-MCMV-EGFP-3FLAG
at MOI100 for 24 h. The cells were then incubated with Hoechst 33342 dye for 2 h and then
observed using a two-channel confocal laser scanning microscope.

4.4. Quantitative RT-PCR

Total RNA was extracted from HUVECs using TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA) and reverse-transcribed into cDNAs using random primers (Sangon, Shanghai,
China) and M-MLV reverse transcriptase (Promega, Madison, WI, USA), as per the manu-
facturer’s guidelines. Quantitative PCR (qPCR) was then performed using SYBR Green
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Real-Time PCR Master Mixes (TaKaRa, Shiga, Japan) based on the manufacturer’s protocol.
The primer sequences used are listed in Table S1.

4.5. Western Blot Analysis

For western blotting, cells were lysed in RIPA buffer (Bmassay, Beijing, China) con-
taining protease inhibitors (Bmassay, Beijing, China). Whole-cell lysates were separated
by SDS-PAGE and then transferred to PVDF membranes (Millipore, Boston, MA, USA)
pre-activated in methyl alcohol. Membranes were incubated overnight at 4 ◦C with primary
antibodies, followed by incubation with HRP-conjugated anti-rabbit IgG or anti-mouse
IgG (Cell Signaling Technology, Boston, MA, USA) secondary antibodies for subsequent
detection by ECL. Primary antibodies included β-actin (Proteintech, Wuhan, Hubei, China),
AQR, PLAU, ICAM1 (Abcam, Cambridge, UK), anti-NF-κB p65, anti-NF-κB p-p65, and P21
(Cell Signaling Technology, Boston, MA, USA)

4.6. Cell Cycle Analysis

HUVECs were cultured in 60 mm dishes. HUVECs that underwent overexpression of
AQR were digested using trypsin without EDTA, washed twice with PBS, and fixed using
75% ethanol overnight at 4 ◦C. The ethanol was then removed using PBS and the RNase A
(1% w/v) was added. HUVECs were stained using the propidium iodide (PI, 50 mg/mL) at
room temperature for 15 min. DNAs labeled with PI were analyzed using the FACSverse
(BD Biosciences, San Jose, CA, USA).

4.7. Monocyte-HUVEC Adhesion Assays

To mimic monocyte-endothelial cell interactions in vivo, THP-1 monocytes were co-
cultured with HUVECs to assess their attachment in vitro. HUVECs used in the experiment
were pretreated with TNF-α at a final concentration of 10 ng/mL for 6 h. After the TNF-a
treatment, THP-1 monocytes were labeled with 10 µM BCECF-AM (Abcam, Cambridge,
UK) at 37 ◦C for 30 min and added to the treated HUVEC monolayer that underwent
knockdown of AQR, followed by incubation for 1 h. The cells were then gently washed
with PBS to remove any unattached THP-1 cells. A fluorescence microscope was used to
quantify the BCECF-AM labeled THP-1 cells adhered to the HUVECs.

4.8. Colony Formation Assay

HUVECs were seeded at 200 cells per well in 12-well plates. The medium was changed
every 3 days, and cells were fixed and stained with 0.5% crystal violet in 75% ethanol on
day 7. Colonies containing more than 50 cells were counted in each well.

4.9. RNA Sequencing Analysis

Cultured HUVECs were harvested 36 h after overexpression of AQR or knockdown of
AQR, and total RNA was extracted using the TRIzol method. RNA libraries of knockdown
of AQR were prepared to perform the single-end RNA sequencing in the Beijing Genomics
Institute (BGI, Beijing, China). RNA libraries of overexpressed AQR were prepared to per-
form the pair end RNA sequencing on the HiSeq2500 platform (Majorbio, Shanghai, China).
Fastq data were aligned to the human genome using the HISAT2 software. Differential
expression analyses were performed using the Cufflinks software. Fold change > 1.5 and
p value < 0.05 were set as the thresholds for differential expression. Enrichment analyses
including gene ontologies and pathways were performed on the String website.

4.10. Statistical Analyses

Statistical analyses were performed in GraphPad Prism (Version 8.0.1). Quantitative
data are presented as mean ± standard error of the mean (SEM). Differences between the
two groups were analyzed using student’s t-tests. Differences among multiple groups were
analyzed using ANOVA, followed by post-hoc tests. p < 0.05 was considered as statistically
significant.
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