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KEYWORDS Abstract GTPase-activating SH3 domain-binding protein 2 (G3BP2) is a mediator that re-
Atherosclerosis; sponds to environmental stresses through stress granule formation and is involved in the pro-
Endothelial cells gression of chronic diseases. However, no studies have examined the contribution of G3BP2 in
(ECs); the oscillatory shear stress (0SS)-induced endothelial dysfunction. Here we assessed the ef-
G3BP2; fects of G3BP2 in endothelial cells (ECs) function and investigated the underlying mechanism.
Oscillatory shear Using shear stress apparatus and partial ligation model, we identified that stress granule-
stress (OSS); related genes in ECs could be induced by OSS with RNA-seq, and then confirmed that G3BP2
YAP was highly and specifically expressed in athero-susceptible endothelia in the OSS regions.

G3bp2~'~Apoe™’~ mice had significantly decreased atherosclerotic lesions associated with
deficiency of G3BP2 in protecting endothelial barrier function, decreasing monocyte adhesion
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to ECs and inhibiting the proinflammatory cytokine levels. Furthermore, loss of G3BP2 dimin-
ished OSS-induced inflammation in ECs by increasing YAP nucleocytoplasmic shuttling and
phosphorylation. These data demonstrate that G3BP2 is a critical OSS regulated gene in regu-
lating ECs function and that G3BP2 inhibition in ECs is a promising atheroprotective therapeu-

tic strategy.

Copyright © 2022, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Cardiovascular disease is a multifactorial vascular disease
and remains the leading cause of mortality and morbidity
worldwide."? Since many forms of cellular stress, including
oxidative stress, immune stress, endoplasmic reticulum
stress and oscillatory shear stress (0OSS), can result in
atherogenesis,>™> atherosclerosis is considered to be a
chronic disease in response to a dysfunctional stress
response. Various cellular stresses, such as heat shock,
oxidative stress, viral infection and mechanical force,® can
induce the formation of stress granules (SGs), a kind of
liquid—liquid phase separation.’ Transient SGs assembly is a
cytoprotective response to adverse environmental condi-
tions, whereas continuous SG assembly will lead to chronic
diseases, such as Alzheimer’s disease, cancer progression
and metastasis.”'°

Because of long-term exposure to OSS of blood flow,
atherosclerosis develops preferentially near arterial bi-
furcations, branching ostia and curvature.'’ Endothelial
cells (ECs), localized inside vessels, are exquisitely sensi-
tive to the haemodynamic force generated by blood flow,
and endothelial dysfunction caused by 0SS plays a vital role
in atherosclerotic development and progression.'>'3
Recently, a study indicated that SGs are induced during
atherogenesis and increased with vascular disease pro-
gression.'* They mainly focus on SGs in smooth muscle cells
(SMCs) and macrophages, but the role and mechanism of
SGs in ECs due to OSS exposure are unclear.

G3BP2 is a major component of SGs and plays a vital role
in regulating SGs formation induced by cellular stress by
controlling mRNA stability and translation’® ' and is highly
associated with phase separation in dysfunctional. Recent
studies have suggested that OSS-induced vascular inflam-
matory diseases are associated with mRNA stability and
translation in response to environmental stresses.'” " And
endothelial integrin-YAP signal pathway was activated
under 0SS, which led to endothelial inflammation and
atherogenesis.” We hypothesized that 0SS-induced
atherogenesis may be related to G3BP2-associated SG for-
mation in ECs and G3BP2 may involve in integrin-YAP
mediated atherogenesis.

To the best of our knowledge, this study is the first to
show 0SS upregulated G3BP2 expression and SGs formation
with endothelial dysfunction. Using RNA sequencing,
immunofluorescence, immunohistochemistry, quantitative
PCR, and Western blotting analysis as well as surgical
intervention, a flow chamber system and G3bp2~'~Apoe™'~
mice, we confirmed that loss of G3BP2 could inhibit OSS-

induced atherosclerotic lesions formation in Apoe™'~ mice

by enhancing endothelial barrier function and decreasing
proinflammatory cytokine levels. Moreover, endothelial
G3BP2 was found to regulate the phosphorylation of YAP, a
flow-response transcriptional coregulator induced by 0SS.?’
Together, our results identify that G3BP2 represents a
critical controller of 0SS-induced endothelial dysfunction,
and the inhibition of G3BP2 in ECs reduces atherosclerosis
formation.

Materials and methods

Mice

Six to 8-week-old Apoe™'~ mice were purchased from Bei-
jing Vital River Laboratory Animal Technology Co., Ltd.,
and G3bp2 knockout mice (B6/JGpt-G3bp2em2Cd1082/
Gpt) were generated by the Model Animal Research Center
of Nanjing University. Eight-week-old Apoe™~, G3bp2*/
~Apoe™’~ or G3bp2~'~Apoe™’~ mice were obtained by
G3bp2™'~Apoe™ “self-crossing (Fig. S1) and used for all
animal studies according to the approved protocol of the
Committee on Animal Care at Xinxiang Medical University,
and all procedures were conformed to the guidelines from
Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes. Mice
were identified with PCR.

Partial ligation model

Apoe™'~, G3bp2*'~Apoe™’~ or G3bp2~'~Apoe™’~ mice
(7—8 weeks) were anaesthetized by continuous inhaling in
1.5%—2% isoflurane (Abbott Laboratories, China) during
surgery (15—20 min) and carotid arteries were separated
using operating instruments. The right carotid artery (RCA)
was separated but not ligated as sham group, and the left
carotid artery (LCA) was separated and ligated as ligation
group. For ligation, we ligated three branches of the LCA,
including the external carotid artery (ECA), internal carotid
artery (ICA) and occipital artery (OA) using a 9—0 ligature,
but the superior thyroid artery (STA) was not ligated. Ul-
trasonography was used to measure the velocity of blood
flow 24 h after ligation via the Vevo 2100 animal ultrasound
instrument (VisualSonics, Canada). All mice were fed a
high-fat diet (MD12015, Jiangsu Medicience Biomedical Co.,
Ltd, the concentration of cholesterol was 0.15%) for 4
weeks after surgery. Mice were sacrificed by exsanguination
in isoflurane and carotids were collected.
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Cell culture, shear stress apparatus and lentiviral
infections

The plasma fibronectin (ScienCell, Cat# 8248)-coated culture
vessels (40 ug/ml) were prepared 12 h before subculture.
Primary human umbilical vein endothelial cells (HUVECs)
(ScienCell, Cat# 8000) were maintained in endothelial cell
medium (ECM, ScienCell, Cat# 1001) containing 5% foetal
bovine serum (FBS, ScienCell, Cat# 0025), 1% penicillin/
streptomycin (ScienCell, Cat# 0503) and endothelial growth
supplement (EGS, ScienCell, Cat# 1052) at 37 °C in an incu-
bator containing 5% CO,, and up to eight passages were used.

HUVECs were seeded on fibronectin-coated slides. After
culture for 12 h in ECM, the slides were treated with shear
stress using a parallel-plate flow chamber with a piston pump
that exerts a frequency of 1 Hz and 0.5 + 4 dyn/cm? of shear
stress according to our previous study.'? Briefly, the fluid
shear stress (7) was calculated as this equations: 7 = 6 Qu/
wh?, where Q was the flow volume and p was the viscosity of
the ECM. The flow chamber was created by a gasket with
dimensions of 5 cm in length, 2.5 cm in width (w) and
0.025 cm in height (h). Samples were collected at 6 h after
exerting shear stress.

The U6/RFP-Puro lentiviral vectors for G3BP2 were pur-
chased from GenePharma and transfected into second or
third generation primary HUVECs in opti-MEM (Gibco,
Cat#31985062) supplemented with 5 ng/mL polybrene. After
transfection for 12 h, the medium was changed to ECM
(containing 2 pg/mL puromycin). The efficiency of trans-
fection was checked using a fluorescence microscope
(Olympus, Japan).

RNA sequencing and analysis

Total RNA samples for Next-Generation Sequencing (NGS)
were extracted from HUVECs treated with or without OSS for
6 h, and 0OSS-treated sh-Control and sh-G3BP2 HUVECs using
TRIzol (Takara Biomedical Technology, 9109). Quality assur-
ance for the RNA samples were carried out using Nanodrop
2100 (Thermo, US), Qubit 3.0 (Thermo, US) and Agilent 2100
Bioanalyzer (Agilent Technologies, US). RNA libraries were
generated using the Illumina Truseq Stranded Total RNA kit.
Then, their concentrations and insert sizes were performed
using Qubit 3.0 and Agilent 2100 Bioanalyzer, respectively.
Paired-end sequencing was performed on an Illumina Hiseq
2500 sequencing platform. Raw read were filtered using the
HISAT2 package (http://ccb.jhu.edu/software/hisat2/
index.shtml), and then mapped to the reference human
genome GRCh 38. The differentially expressed genes (Fold
change >2 or < —2, false discovery rate <0.05) were per-
formed on enrichment analysis (GSEA), classification by gene
ontology categories and DAVID tool. And pathway enrich-
ment was performed on the Kyoto Encyclopedia of Gene and
Genomes (KEGG) Database. Gene expression data have been
uploaded to NCBI for public availability under accession
PRINA706049.

Immunofluorescence

The frozen sections of carotid arteries were incubated at
60 °C for 2 min, and the carotid arteries or aortic arches

were fixed with 4% paraformaldehyde for 30 min. Then
the samples were washed with PBS and permeabilized/
blocked with 0.1% Triton-X100 (in 5% BSA). Subsequently,
the samples were added with the primary antibody in a
wet box at 4 °C overnight. Primary antibodies included
anti-G3BP2 (ab86135), anti-CD31 (AF3628), anti-YAP
(Cell Signaling Technology, #14074), anti-pYAP (Cell
Signaling Technology, #13008), anti-VE-cadherin (sc-
9989) and anti-integrin B3 (sc-365679). After the samples
were washed with PBST (PBS with 0.1% Tween-20) 5
times, the samples were incubated with secondary an-
tibodies for 1 h and then with DAPI for 10 min at room
temperature (protected from light). The fluorescent
signal of sections was detected by SP8 confocal micro-
scopy (Lecia, Germany).

Permeability experiment

The in vivo endothelial barrier function was measured by
using Evans blue. Eight-week-old mice were injected with
5 mg/kg 1% Evans blue (#E2129, Sigma) via the tail vein for
45 min. Then, they were anaesthetized and perfused with
normal saline. Evans blue dye in the descending aorta was
photographed via a digital camera (Nikon, Japan), extrac-
ted by formamide and quantified using spectrophotometry
(Thermo, US).

Immunohistochemical and morphometric analyses

The paraffin-embedded sections of carotid arteries were
dewaxed in xylene two times for 10 min, rehydrated in
descending grades of ethanol (each grade for 5 min), and
treated with sodium citrate-induced antigen retrieval for
10 min at 95 °C. Then the endogenous enzyme activity
was inactivated in 3% H,0, for 10 min at room tempera-
ture. Sections were blocked with QuickBlock Reagent
(Beyotime Biotechnology, P0260) for 10 min and incu-
bated with the following primary antibodies, respec-
tively: anti-ICAM (10020-1-AP), VCAM (66294-1-1g), anti-
CD31 (AF3628), anti-MCP-1 (25542-1-AP). After the sec-
tions were washed in PBS 5 times, the sections were
incubated with secondary antibodies for 30 min and
stained with DAB at room temperature. Subsequently, the
sections were counterstained with haematoxylin, dehy-
drated in descending grades of ethanol, and fixed with
neutral balsam. Images were acquired using a NIKON
Eclipse Ci microscope with NIS Ver46000 software and
analyzed using Image J software.

Quantitative PCR

RNA was extracted from different treated HUVECs using
RNAiso Plus (#9109, Takara Biomedical Technology)
following the manufacturer’s instructions and detected by
using a Nanodrop 2000 spectrophotometer (Thermo, US).
Quantitative PCR for specific genes was performed using
the reverse transcription PCR Reagent Kit (Takara Biomed-
ical Technology Co., Ltd., RR047A) and measured by a
Roche Lightcycler 480 Detection System. Gene primers used
for quantitative PCR are shown in Table S1.
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Western blotting

Total protein was extracted from HUVECs or tissues using cold
lysis buffer (P0013, Beyotime Biotechnology) and determined
using a BCA Protein Assay Kit (P0010, Beyotime Biotechnology)
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Figure 1  OSS increases the expression of G3BP2 in ECs. (A) Diagram of a mechanical loading device with a parallel flow chamber.
(B) KEGG enrichment pathway analysis of the mRNA profile in HUVECs treated with OSS. Red bar means the pathway we interested
in. (C) Heatmap of selected significant mRNAs in SGs and inflammation. (D) Representative images showing immunofluorescence
staining of G3BP2 (green) markers in HUVECs treated with static or OSS for 6 h and statistical data of G3BP2 in HUVECs (n = 6).
Scale bars, 20 um in the original image and 5 pm in the magnified image. (E) Diagram of aortic arch (red shading indicates the lesser
area of aortic arch) (F) Representative photomicrographs showing en face staining of G3BP2 (green) and CD31 (red) in the aortic
arch of Apoe™’~ mice fed a normal diet for 8 weeks, and quantitative analysis of the G3BP2-positive area in ECs (n = 6). Scale bars,
50 um. All data shown are mean + SEM and are analyzed using the unpaired two-tailed Student’s t-test, ***P < 0.001.
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weeks. L means lumen. Scale bars, 20 um. (C) Quantitative analysis of G3BP1 and G3BP2 levels in ECs and SMCs (n = 6). Scale bars,
20 um in the original image and 5 um in the magnified image. (D) Representative photomicrographs showing en face staining of
G3BP2 (green) and CD31 (red) in the carotids of Apoe™’~ mice after ligation for 24 h and quantitative analysis of G3BP2 levels in ECs
(n = 6). Scale bars, 20 um in the original image and 5 um in the magnified image. All data shown are mean + SEM and are analyzed
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Signaling Technology, #5174), anti-YAP (Cell Signaling Tech-
nology, #14074), anti-pYAP (Cell Signaling Technology,
#13008). After the membranes were washed in TBS 5 times,
the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies and detected by the ECL
Plus Kit (P0018S, Beyotime Biotechnology).

Monocyte adhesion assay

Monocyte adhesion induced by dysfunctional ECs was car-
ried out using a shear stress apparatus, as previously
described.'? Briefly, HUVECs were subjected to either static
or 0SS for 6 h and then activated by 40 pg/mL ox-LDL in
serum-free ECM for 6 h at 37 °C. Separately, THP-1 cells
cultured in RPMI medium (Solarbio, Cat#31800) were
labelled with BCECF-AM (2 pM, medium dilution). After the
cells were washed with DPBS (ScienCell, Cat#0303), HUVECs
were exposed to labelled THP-1 cells for 30 min. The non-
adherent THP-1 cells were washed away with DPBS. The
adherent THP-1 cells were imaged under a fluorescence
microscope and counted using Image J software.

Inhibition treatment

Sh-Control and sh-G3BP2 HUVECs were treated with OSS and
PBS/inhibitor for 6 h 10 mM verteporfin (HY-BO146, MedChe-
mExpress) was carried out to inhibit the YAP nucleus trans-
location and 40 pM integrin B3 blocking peptide (sc-365679P,
Santa Cruz Biotechnology) was used to inhibit the integrin 3.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
6.0. The results are reported as the mean + SEM. Statis-
tical significance between 2 groups was evaluated with
Student’s t test (unpaired, two-tailed) and statistical sig-
nificance among multiple groups was analyzed using ANOVA
followed by Bonferroni’s multiple comparison test. A sig-
nificant difference was accepted at the level of probability
less than 0.05. All biochemical experiments and repre-
sentative images were performed in at least three inde-
pendent experiments.

Results

G3BP2 and SG-related genes in ECs could be
induced by OSS in vitro

The formation of SG plays an indispensable role in the stress
response. Because ECs are sensors of shear stress, we
investigated the underlying genes that participated in OSS-
induced EC dysfunction through a parallel flow chamber
device,?? via next-generation sequencing (Fig. 1A). KEGG
enrichment analysis revealed seven enriched pathways,
including "MAPK signaling pathway’ and ‘fluid shear stress
and atherosclerosis’ (Fig. 1B, Fig. S2), from 2399 differen-
tially expressed genes, which including 902 downregulated
and 1497 upregulated (Fig. S3). Heat map analysis of the
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Figure 3  Loss of G3bp2 reduces 0SS-induced atherosclerotic lesion formation. (A) Plaque area in carotid artery in partial ligation
Apoe™'~, G3bp2*'~Apoe™'~ and G3bp2~'~“Apoe '~ mice on a high-fat diet for 4 weeks were analyzed by en face ORO staining. (B)
Percentage of lesion occupied area vs. total area of enface carotid from mice (n = 6). (C) Sections of the LCA were stained with
H&E, ORO, Masson and toluidine blue staining. Scale bar, 100 um. (D) Percentage of luminal surface occupied by lesion in carotid
(n = 18 sections from 6 mice, 3 sections per mouse, including distal, middle and proximal carotid section). (E, F) Quantification of
collagen area or necrotic area in lesion area in individual mice (n = 6). (G) Representative ORO stained descending aortas from
Apoe™'~, G3bp2™'~Apoe™'~ and G3bp2~'~Apoe™'~ mice fed a normal diet for 35 weeks. Scale bar, 5 mm. (H) Quantitative analysis
of the descending aorta, aortic arch, thoracic aorta and abdominal aorta is shown (n = 6). All values are mean + SEM and are
analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not
significant.
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Figure 4 Loss of G3BP2 decreases the levels of proinflammatory cytokines in the lesion area. Representative photomicrographs

showing immunohistochemical staining of CD68 (A), ICAM-1 (B), VCAM-1 (C) and MCP-1 (D) in the carotid sections of different
experimental groups, and quantitative analysis of positively stained lesion areas vs. total lesion area for ICAM-1, VCAM-1, CD68 and
MCP-1 (n = 6). Scale bars, 100 um in the original image and 20 um in the magnified image. All data shown are mean + SEM and are
analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001.

mRNA profile showed that 0SS-induced EC inflammation-
related genes, such as intercellular adhesion factor 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)
were highly expressed, which is consistent with previous
reports.”>** The expression of G3BP2 was significantly
increased in HUVECs treated with OSS, together with other
components of SGs (Fig. 1C, S4). The results were
confirmed by immunofluorescence, and G3BP2 was highly
expressed in OSS-treated ECs in vitro (Fig. 1D). Further-
more, we detected the expression of G3BP2 in the aortic
arch of Apoe™’~ mice fed a normal diet or high-fat diet for
8 weeks. These results demonstrated that the expression
level of G3BP2 at the lesser curvature of the aortic arch was
much higher than that at the greater curvature in Apoe™'~
mouse aortic ECs (Fig. 1E, F).

G3BP2, but not G3BP1, in ECs is sensitive to 0SS
in vivo

To investigate the expression of G3BPs in vivo, we estab-
lished the partial ligation model (Fig. 2A) using Apoe™’'~
mice.'? The results of ultrasonography showed that the
obvious 0SS in the LCA was produced compared with the
unidirectional shear stress in the RCA after ligation for 24 h
(Fig. S5), which was consistent with previous study.?®> We
detected both G3BP1 and G3BP2 in the LCA of ligated
Apoe™’~ mice fed a high-fat diet for 4 weeks, and the re-
sults showed that G3BP1 was mainly expressed in SMCs and

that G3BP2 was mainly expressed in ECs (Fig. 2B). The
expression of G3BP1 in the ECs had no significant change,
while the expression of G3BP2 in the ECs of the LCA was
highly increased compared with that in the ECs of the RCA
in Apoe™’~ mice after ligation for 24 h (Fig. 2C, D).
Together, these results suggested that G3BP2, not G3BP1,
was highly and specifically expressed in the ECs of the 0SS
area in vivo.

Depletion of G3BP2 inhibits the focal distribution of
atherosclerotic lesions induced by 0SS

To further investigate the function of G3BP2 in OSS induced
atherosclerosis formation, G3bp2 and Apoe double-
knockout mice were generated by crossing of G3bp2*/
~Apoe™’~ mice, which were obtained from fourth genera-
tion backcrossing between G3bp2™'~ mice and Apoe™’~
mice. Since monocytes play an important role in the for-
mation of atherosclerosis, we detected the monocyte per-
centages in the blood and spleens of mice with different
phenotypes and the results showed no significant differ-
ence among them (Fig. S6).

Then, carotid artery ligation models were established by
using three different mouse genotypes, including G3bp2~/
~“Apoe™'~, G3bp2™'~Apoe™'~, and Apoe™’~, and these
mice were fed a 4-week high-fat diet after ligation ac-
cording to a previous study.?” Enface oil red O (ORO)
staining of the LCA showed that the atherosclerotic plaque
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Figure 5

Knockdown of G3BP2 reduces 0SS-induced monocyte adhesion. (A) KEGG enrichment pathway analysis and GO

enrichment analysis (B) for the mRNA profile in HUVECs transfected with G3BP2. Red bar means the pathway we interested in. (C)
Heatmap of selected significant mRNAs in SGs and inflammation. (D) THP-1 monocyte adhesion and quantification (E) in sh-Control
and sh-G3BP2 cells under static or 0SS (n = 6). THP-1 cells were stained with Hoechst. Image magnification at 40 x . Values are
mean + SEM and are analyzed using the unpaired two-tailed Student’s t-test. ***P < 0.001; ns, not significant. (F) Relative mRNA
levels of G3BP2, ICAM-1, VCAM-1 and MCP-1 in sh-Control and sh-G3BP2 HUVECs treated with static or OSS (n = 6). Values are
mean + SEM and are analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test. *P < 0.05; **P < 0.01;

***P < 0.001.

in both heterozygous and homozygous mice (G3bp2™’
~Apoe™'~, 55.39%; G3bp2~'~Apoe™’~, 30.33%) was reduced
compared with that in the control (Apoe™'~, 91.89%)
(Fig. 3A, B). Morphological examination in carotid sections
revealed features of atherosclerotic lesions with plenty of
lipid deposits and areas predominantly composed of fibrous
tissue. As shown in Figure 3C, D, the percentage of total
area occupied by lesion area was significantly smaller in
G3bp2t'~Apoe™'~ (53.25%) and G3bp2~'~Apoe™’~ (31.06%)

mice than in Apoe™’~ (90.64%) mice. Masson staining

showed that the collagen area percentage in G3bp2*’
~Apoe~'~ (28.82%) and G3BP2~'~Apoe™’~ (40.26%) mice
was increased compared with that in Apoe '~ mice
(14.32%) (Fig. 3E). Toluidine blue staining showed that the
necrotic area percentage in G3bp2*'~Apoe'~ (7.70%) and
G3bp2~'~ Apoe™’~ (4.99%) was significantly decreased
compared with that in the control Apoe™ ™ mice (19.62%)
(Fig. 3F).
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Deficiency of G3BP2 reduces leakage of EC layer. (A) Representative images showing Evans blue dye in descending

aortas of Apoe '~ and G3bp2*/~Apoe™’~ mice. (B) Quantification of the OD 620 nm of Evans blue in the aortas (n = 9). Values are
mean + SEM and are analyzed using the unpaired two-tailed Student’s t-test. ***P < 0.001. (C) Morphological analysis of VE-
Cadherin used for manual classification in five categories: fingers, straight, thick, thick/reticular and reticular adherence junc-
tions. (D) Representative images showing immunofluorescence of VE-Cadherin in HUVECs treated with OSS. (E) Morphological
assessment of VE-Cadherin in HUVECs (n = 5). Values are mean + SEM and are analyzed by one-way ANOVA followed by Bon-
ferroni’s multiple comparison test. Scale bar, 20 um **P < 0.01; ***P < 0.001.

Apoe™'~ mice suffer serious atherosclerosis if they fed a

short-term high-fat diet or a long-term normal diet, and the
atherosclerotic lesions in Apoe™~ mice are related to
055.%¢ As shown in Figure 3G and H, the percentages of
lesion-occupied area in the atheroprone area in G3bp2*’
~Apoe™'~ and G3bp2~'~Apoe™’~ mice were significantly
reduced compared with that in Apoe™’~ mice fed a normal
diet for 35 weeks. Combined, these data indicated that loss
of G3BP2 could reduce 0SS-induced plaque formation.

Depletion of G3BP2 inhibits atherogenesis induced
by OSS by lowering the level of inflammatory
cytokines

Among the multiple factors that could induce atherosclerosis in
Apoe™'~ mice, lipid-related factors are the most important
causes.” Interestingly, the results showed that there were
similar body weight and lipid levels, including total cholesterol
(TC), triglyceride (TG), high-density lipoprotein (HDL) and low-
density lipoprotein (LDL), among the three groups (Fig. S7),

which suggested that the atherogenesis effect of G3BP2 was
unlikely to be associated with lipid metabolism. Given that the
expression of inflammatory genes in response to atheroprone
shear stress in vivo was the critical step for atherosclerosis,
proinflammatory cytokines and CDé8, the marker of macro-
phages, were determined by immunohistochemical analysis.
The results revealed that the expression of VCAM-1, ICAM-1 and
MCP-1, and macrophages in the lesion area were significantly
decreased (Fig. 4).

Taken together, these data demonstrated that G3BP2
was a critical mediator of the ECs response to 0SS, and the
depletion of G3BP2 could inhibit atherosclerotic plaque
formation and decrease the levels of proinflammatory cy-
tokines and macrophages in plaques induced by OSS.

Knockdown of G3BP2 could enhance the barrier of
the EC layer

To further investigate the underlying mechanism of G3BP2
in OSS induced endothelial function, we analyzed mRNA
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Figure 7 G3BP2 regulates 0SS-induced EC inflammation via the YAP signaling pathway. (A) Representative images showing dual-
immunofluorescence staining of G3BP2 (green) and YAP (red) markers in the endothelial layer of en face carotids of the ligation
model and statistical data of the YAP fluorescence intensities between the nucleus and cytoplasm (n = 6). Scale bars, 20 um in the
original image and 10 um in the magnified image. Values are mean + SEM and are analyzed using the unpaired two-tailed Student’s
t-test. ***P < 0.001. (B) Representative photomicrographs showing dual-immunofluorescence staining of G3BP2 (green) and YAP

(red) in HUVECs and the ratio of the mean YAP fluorescence intensities between the nucleus and cytoplasm (n

6). Scale bar,

20 pm in the original image and 10 pm in the magnified image. Values are mean + SEM and are analyzed using the unpaired two-
tailed Student’s t-test. **P < 0.01. (C) Representative photomicrographs showing immunofluorescence staining of p-YAP and CD31
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profiles in OSS-treated sh-Control and sh-G3BP2 HUVECs.
There were 1372 significantly expressed genes identified by
RNA sequencing (P < 0.05 and fold change cut-off > 1.5),
including 594 downregulated and 779 upregulated (Fig. S8).
KEGG enrichment analysis revealed eight enriched path-
ways (Fig. 5A), including ‘fluid shear stress and athero-
sclerosis’, ‘leukocyte transendothelial migration’ and ‘cell
adhesion molecules (CAMs)’. Gene Ontology (GO) enrich-
ment for biological process analysis indicated that G3BP2 is
related to the regulation of cell—cell adhesion (Fig. 5B, S9,
S10). Interestingly, heat map analysis of the mRNA profile
showed that G3BP2 together with other components of SGs
was significantly decreased in sh-G3BP2 HUVECs (Fig. 5C).
Indeed, we observed that the THP-1 monocyte adhesion
number was increased in sh-Control cells after treatment
with OSS for 6 h but that monocyte adhesion was decreased
in sh-G3BP2 cells (Fig. 5D, E). Further investigation
demonstrated that the mRNA levels of proinflammatory
cytokines, including ICAM-1, ICAM-1 and MCP-1, were
decreased in sh-G3BP2 HUVECs compared with those in sh-
Control HUVECs (Fig. 5F).

Previous studies have demonstrated that EC inflamma-
tion can lead to an increase in endothelial permeability?®

and that leukocyte transendothelial migration is associated
with the permeability of the EC layer,?®*° which will
facilitate the infiltration of blood monocytes into the aortic
intima.>" Given the reduction in THP-1 monocyte adhesion
of ECs with loss of G3BP2 in response to atheroprone shear
stress in vitro, we assessed the permeability of ECs in the
aorta of G3bp2*™/~Apoe™'~ mice using Evans blue staining,
and the results showed that loss of G3BP2 resulted in a
decrease in Evans blue deposition in the aorta, particularly
in the aortic arch and abdominal aorta (Fig. 6A, B).
Vascular endothelial VE-Cadherin is an indispensable
adhesion molecule at endothelial junctions and plays a vital
role in controlling endothelial permeability, leukocyte
transendothelial migration and atherogenesis.>° To accu-
rately describe the differences in VE-Cadherin, five
morphological categories were defined as previously
described in the order of junctional strength from unstable
to stable: fingers, straight junctions, thick junctions, thick
to reticular junctions and reticular junctions (Fig. 6C).32 In
static HUVECs, the main VE-Cadherin pattern is a reticular
junction in both sh-Control and sh-G3BP2 HUVECs. After
being processed with OSS for 6 h, the ratio of the reticular
junction to whole VE-Cadherin was decreased and the ratio

in the original image and 5 um in the magnified image. Values are mean + SEM and are analyzed using the unpaired two-tailed
Student’s t-test. **P < 0.01. (D) Representative images showing immunofluorescence of p-YAP in sh-Control and sh-G3BP2 HUVECs
treated with static or OSS and assessment of the percentage of the p-YAP positively stained area per field (n = 6). Scale bar, 20 um.
Values are mean + SEM and are analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test. *P < 0.05;
***P < 0.001. (E, F) Western blotting quantification of G3BP2, YAP and p-YAP relative to GAPDH in different groups. Values are
mean + SEM and are analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test. ***P < 0.001; ns, not sig-
nificant. (G) Expression of the YAP target genes CTGF, CYR61 and ANKRD1 in sh-Control and sh-G3BP2 HUVECs treated with static or
0SS (n = 3). Values are mean + SEM and are analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test.
*P < 0.05; **P < 0.01; ***P < 0.001. (H) Representative images showing dual-immunofluorescence staining of G3BP2 (green) in sh-
Control and sh-G3BP2 HUVECs treated with PBS or verteporfin and assessment of the percentage of the G3BP2 positively stained
area per field (n = 6). Scale bar, 10 um. Values are mean + SEM and are analyzed by one-way ANOVA followed by Bonferroni’s
multiple comparison test. *P < 0.05; ***P < 0.001. (I) Expression of the YAP target genes CTGF, CYR61, VCAM-1 and MCP-1 in sh-
Control and sh-G3BP2 HUVECs treated with OSS and PBS/verteporfin (n = 4). Values are mean + SEM and are analyzed by one-way
ANOVA followed by Bonferroni’s multiple comparison test. ***P < 0.001.
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to fingers was increased in sh-Control, while the trend in sh-
G3BP2 was the opposite (Fig. 6D, E). Moreover, in vivo
studies showed that VE-Cadherin in ECs was significantly
increased in the plaques of G3bp2*/~Apoe™~ mice fed a
high-fat diet for 8 weeks (Fig. S11).

Collectively, these observations suggested that G3BP2
deficiency may protect endothelial barrier function from
0SS by stabilizing VE-Cadherin at endothelial junctions.

G3BP2 promotes EC permeability and inflammation
under OSS via the YAP signaling pathway

Recent studies have found that the integrin B3-YAP cascade
mediates the atheroprone effect of disturbed flow,?° and
YAP regulates the adherens junctional morphology of ECs.*?
Likewise, our RNA sequencing analysis also identified that
integrin B3 of sh-G3BP2 was significantly reduced compared
to that of sh-Control treated with 0SS (Fig. S12A). More-
over, immunofluorescence experiments confirmed that
deficiency of G3BP2 could reduce the expression of integrin
B3 in the EC layer of plaques in Apoe ~/~ mice (Fig. S12B),
and inhibition of integrin B3 could decrease the expression
of G3BP2 (Fig. 512C). The result of Figure 6 showed the
morphological changes in VE-cadherin in sh-G3BP2 cells.
Therefore, we hypothesized that G3BP2 may mediate OSS-
induced atherogenesis via the integrin B3-YAP cascade.
Indeed, the immunofluorescence experiment showed that
the nuclear transport of YAP was increased and the phos-
phorylation of YAP was decreased, and G3BP2 colocalized
with YAP in the cytoplasm in ECs exposed to 0SS
(Fig. 7A—C). Interestingly, loss of G3BP2 alleviated the
decrease in phosphorylated YAP and the increase in YAP
induced by OSS (Fig. 7D). The Western blotting results
showed that the ratio of p-YAP to total YAP was increased in
sh-G3BP2 HUVECs, contrary to that in sh-Control HUVECs
treated with OSS (Fig. 7E, F). And the RNA expression levels
of well characterized YAP downstream genes, including
CTGF, CYR61 and ANKRD1,2" were significantly decreased in
sh-G3BP2 HUVECs (Fig. 7G). In addition, YAP inhibitor ver-
teporfin cannot decrease the expression level of G3BP2
induced by 0SS (Fig. 7H), but can significantly reduce the
mMRNA expression level of YAP-targeting downstream genes,
including CTGF, CYR61, VCAM-1 and MCP-1 (Fig. 7I).
Together, these results suggested that G3BP2 may mediate
endothelial inflammation induced by OSS by regulating
downstream YAP phosphorylation (Fig. 8).

Discussion

Atherosclerotic plaques preferentially occur regions of
curvature and bifurcation of vasculature with low and
disturbed shear stress.®*> Haemodynamic stress induces
physiological changes in ECs, with a major role in the
initiation and formation of early-stage atherosclerosis.
Environmental stress exposure leads to the formation of
dynamic ribonucleoprotein aggregates called SGs. With
many years of research in the area of cancer and virus
infection, the potential function of SGs in cardiovascular
disease was proposed in these two years ago, and our
previous studies has revealed that downregulation of G3BP2
could inhibit atherosclerotic plaque formation.>* In this

study, we found that abnormal-expressed G3BP2 in the ECs
are induced by OSS and the loss of G3BP2 could slow the
progression of focal atherosclerotic lesion formation.
Further investigation of the underlying mechanism sug-
gested that the integrin B3-YAP pathway mediates this
process.

To the best of our knowledge, this is the first report to
demonstrate that G3BP2 is a shear stress sensitive gene and
involves in OSS-induce endothelial dysfunction. This protein
has been implicated in cardiovascular disease as one of the
SG components.’ Since our RNA sequencing data indicated
that G3BP2 and other components of SG, were significantly
increased in HUVECs treated with OSS, we hypothesized
that G3BP2 might be involved in atherosclerotic plaque
formation induced by 0SS. Since a previous study have re-
ported that G3BP1, another member of the G3BP family,
contributes to the SMC stress response and atheroscle-
rosis,’* we detected the expression of G3BP1 and G3BP2 in
the artery. Interestingly, we found that G3BP2 was highly
and specifically expressed in ECs, while G3BP1 was highly
and mainly expressed in SMCs, which is consistent with the
previous study.

To further investigate the underlying mechanism of
G3BP2 in atherogenesis, G3bp2™/~Apoe™'~ and G3bp2~’
~Apoe™'~ mice were generated. Interestingly, our findings
showed that atherosclerosis formation in ligated carotids in
these mice can be significantly reduced compared with that
in Apoe™’~ mice without affecting lipid metabolism.
Moreover, the lesions in descending aortas of G3bp2"’
~“Apoe™’~ and G3bp2~'~Apoe™’~ mice were reduced
compared with those of Apoe™’~ mice fed a normal diet for
35 weeks. Together, these data suggest that a G3BP2 defi-
ciency can inhibit the focal distribution of atherosclerotic
lesions induced by OSS.

The endothelial monolayers line the luminal surface of
blood vessels constituting a permeable barrier.>> Long-term
shear stress stimulation promotes the dysfunction of the
endothelial barrier. Endothelial barrier dysfunction could
lead to vascular leakage, leukocyte transmigration and
inflammation, finally resulting in cardiovascular dis-
orders.>*~3 Our data showed that the expression level of
inflammatory cytokines and the recruitment of macro-
phages in lesions were significantly relieved in G3BP2-
knockdown or -knockout Apoe™'~ mice. Further adhesion
experiments showed that the number of monocyte adhe-
sions was reduced in sh-G3BP2 HUVECs treated with OSS.
Moreover, our findings showed that knockdown of G3BP2
did not affect the monocyte percentage in the blood and
spleen. Therefore, we hypothesized that inhibition of
atherosclerosis formation caused by G3BP2 might be linked
to endothelial permeability. Both in vivo and in vitro results
showed that loss of G3BP2 could reduce endothelial
permeability. Adherens junctions play a crucial role in
endothelial permeability and VE-Cadherin is the core
component of adherens junctions.?*>*C VE-cadherin has
been reported to correlate with the effect of shear stress
on endothelial permeability.*'"*? The redistribution of VE-
cadherin in response to short-time shear stress has a
connection with the preferential localization of athero-
sclerosis in regions where blood flow patterns are low and
disturbed.** And loss of VE-cadherin enhances endothelial
permeability and leukocyte transendothelial migration,
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which accelerates the formation of atherosclerotic pla-
ques.®® Our results showed that loss of G3BP2 could
enhance adherens junctions under short-term exposure to
0SS by altering the morphology of VE-Cadherin, and in-
crease the expression of VE-Cadherin of ECs under long-
term exposure to OSS. These data imply that loss of
G3BP2 protects endothelial barrier function by stabilizing
VE-Cadherin from 0SS, further reducing the monocyte
adhesion and infiltration into the vascular wall and
contributing to its anti-atherosclerotic effect.

0SS could activate the integrin B3-YAP cascade and
contribute to the expression of inflammatory genes.?%?'
Inhibition of integrin B3 or YAP activity and upregulation of
p-YAP lead to an atheroprotective effect.** Our observa-
tions nicely correlated with the results of these previous
studies. The G3BP2 downregulation effect induced by in-
hibition of integrin B3, and the colocalization of G3BP2 and
YAP implies a potential correlation between G3BP2 and the
integrin B3-YAP signaling pathway. Regulation of YAP-
targeting downstream proinflammatory gene expression
via regulating YAP nucleus translocation in sh-G3BP2
HUVECs further confirmed that the atheroprotective ef-
fect of G3BP2 inhibition was mediated by the integrin B3-
YAP signaling pathway. Verteporfin could inhibit the tran-
scriptional activity of YAP, but had no effect on G3BP2
expression level induced by 0SS, which indicated that
G3BP2 was the upstream regulator of YAP. Since loss of
G3BP2 also reduced the expression level of integrin B3,
there may be a positive regulation between integrin 3 and
G3BP2, and further studies elucidating the exact mecha-
nism underlying these results will be valuable.

Conclusion

Our study confirmed the role of G3BP2 in OSS induced
atherogenesis, which regulates the endothelial barrier func-
tion and the secretion of pro-inflammatory cytokines via the
YAP signaling pathway. Since G3BP2 has been found to be a
new target for anticancer therapy’ and has been identified as
anovel and attractive therapeutic target for atherosclerosis in
the present study, further studies using conditional knockout
mice to investigate the underlying mechanism of G3BP2 and
application of mechano-sensitivity for targeted drug delivery
systems could be invaluable.*>*®
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Abbreviations

ECA external carotid artery

ECs endothelial cells

G3BP2 ras-GAP/RNA binding protein

HDL high density lipoprotein

HUVECs human umbilical vein endothelial cells
ICA internal carotid artery

ICAM-1 intercellular adhesion molecule-1
KEGG Kyoto encyclopedia of gene and genomes
LCA left carotid artery

LDL low density lipoprotein

MCP-1  monocyte chemotactic protein 1

NF-kB  nuclear factor kappa B

OA occipital artery

ORO oil red O

0ss oscillatory shear stress
RCA right carotid artery
SGs stress granules

SMCs  smooth muscle cells

STA superior thyroid artery

TC total cholesterol

TG triglyceride

THP-1  human leukemic monocyte

TIA1 T-cell intracellular antigen 1
VCAM-1 vascular cell adhesion molecule-1
VP verteporfin
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