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EPSTII promotes monocyte adhesion to endothelial cells

in vitro via upregulating VCAM-1 and ICAM-1 expression

Yan-rou Bei', Shun-chi Zhang? Yu Song® Mao-lin Tang?, Ke-lan Zhang? Min Jiang®, Run-chao He® Shao-guo Wu? Xue-hui Liu'?,
Li-mei Wu?, Xiao-yan Dai* and Yan-wei Hu'?

Atherosclerosis is a chronic inflammatory disease of arterial wall, and circulating monocyte adhesion to endothelial cells is a crucial
step in the pathogenesis of atherosclerosis. Epithelial-stromal interaction 1 (EPSTI1) is a novel gene, which is dramatically induced
by epithelial-stromal interaction in human breast cancer. EPSTI1 expression is not only restricted to the breast but also in other
normal tissues. In this study we investigated the role of EPSTIT in monocyte-endothelial cell adhesion and its expression pattern in
atherosclerotic plaques. We showed that EPSTI1 was dramatically upregulated in human and mouse atherosclerotic plaques when
compared with normal arteries. In addition, the expression of EPSTI1 in endothelial cells of human and mouse atherosclerotic
plaques is significantly higher than that of the normal arteries. Furthermore, we demonstrated that EPSTIT promoted human
monocytic THP-1 cell adhesion to human umbilical vein endothelial cells (HUVECs) via upregulating VCAM-1 and ICAM-1 expression
in HUVECs. Treatment with LPS (100, 500, 1000 ng/mL) induced EPSTI1 expression in HUVECs at both mRNA and protein levels in a
dose- and time-dependent manner. Knockdown of EPSTI1 significantly inhibited LPS-induced monocyte-endothelial cell adhesion
via downregulation of VCAM-1 and ICAM-1. Moreover, we revealed that LPS induced EPSTI1 expression through p65 nuclear
translocation. Thus, we conclude that EPSTI1 promotes THP-1 cell adhesion to endothelial cells by upregulating VCAM-1 and ICAM-

1 expression, implying its potential role in the development of atherosclerosis.
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INTRODUCTION

Atherosclerosis is the primary pathological foundation of life-
threatening cardiovascular diseases, including myocardial infarc-
tion and stroke [1]. It is a chronic inflammatory disease and mainly
involves large and medium-sized arteries, characterized by
endothelial dysfunction, inflammatory cell recruitment, vascular
smooth muscle cell migration and proliferation, as well as
extracellular lipid and fibrous tissue deposition, consequently
contributing to the formation of atherosclerotic plaque [2].
Endothelial dysfunction is a crucial step in the initiation of
atherosclerosis [3, 4]. The phenotypic characteristics of endothelial
dysfunction include upregulation of cellular adhesion molecules,
such as intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1), which recruit circulating
monocyte to vascular walls [5, 6]. Increasing studies have revealed
that the enhanced adhesion and migration of circulating
monocyte to vascular endothelial cells are typical features of the
inflammatory response during atherosclerosis formation [3, 7, 8].
However, the mechanism by which monocyte in circulating blood
are recruited and firmly adhere to vascular endothelial cells has
not been fully clarified.

Epithelial-stromal interaction 1 (EPSTI1), located on chromo-
some 13qg13.3, was initially identified as a novel gene, which is
dramatically induced by epithelial-stromal interaction in human
breast cancer [9]. It has been predicted that EPSTI1 protein has
307 amino acids and a molecular mass of 35.4kDa [9]. EPSTI1
expression is not only restricted to the breast but also in other
normal tissues, including the spleen, small intestine, salivary
glands, testes, germinal centers of lymph nodes, and placenta
[9-11]. The role of EPSTIT in cancer malignancy has been well
studied [12-14]. Recently, the role of EPSTI1 in the immune
response has received increasing attention. For example, EPSTI1
has been revealed to be upregulated in the peripheral blood cells
of patients with systemic lupus erythematosus and histiocytic
necrotizing lymphadenitis [15]. In addition, Kim et al. observed
that EPSTI1T was highly expressed in macrophages exposed to
interferon-y and lipopolysaccharide (LPS) and could function as a
modulator of macrophage activation and polarization [11]. Also,
EPSTI1T was revealed to be associated with abnormal B-cell
activation in primary Sjogren syndrome [16]. Although EPSTI1 is
known to promote inflammatory response and be involved in
autoimmune diseases, the effect of EPSTI1 on the adhesion of
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circulating monocyte to vascular endothelial cells and its
implication in atherosclerosis remain unexplored.

In this study, we report that EPSTI1 is significantly upregulated
in human atherosclerotic plaques versus normal arteries. Further-
more, the expression of EPSTI1 in endothelial cells of human and
mouse atherosclerotic plaques is higher than that of the normal
arteries. EPSTI1 elevates VCAM-1 and ICAM-1 mRNA and protein
levels, resulting in increased THP-1 cell adhesion to endothelial
cells. Additional, LPS-induced VCAM-1 and ICAM-1 expression and
subsequent THP-1-endothelial cell adhesion are abrogated by
EPSTI1 loss. Mechanistically, we demonstrated that LPS positively
regulates the EPSTI1 level in a p65-dependent manner. Our results
reveal a previously undescribed role of EPSTIT in monocyte-
endothelial cell adhesion and suggest its potential implication in
atherosclerosis.

MATERIALS AND METHODS

Subjects

Atherosclerotic arterial samples were collected from patients
undergoing carotid endarterectomy or abdominal aorta surgery at
Nanfang Hospital. Arteries without macroscopic evidence of
atherosclerosis were collected from individuals who died either
in a road traffic accident or due to cerebral edema. The tissue
samples collected were snap-frozen in liquid nitrogen before the
analyses of this study. The study was approved by the Committee
for Ethical Review of Research Involving Human Subjects, South-
ern Medical University. Informed consent was obtained from the
participants or relatives of deceased individuals.

Animals and treatments

Male 8-week-old ApoE™'~ mice were purchased from Beijing
HFK Bioscience Company (Beijing, China). ApoE™'~ mice were
randomly divided into normal diet group and Western diet group.
A Western diet (0.15% cholesterol and 21% fat) was obtained from
Guangdong Medical Laboratory Animal Center. All mice were fed
for 12 weeks, given ad libitum access to water, and kept on a 12-h
light-dark cycle. All animal experiments were approved by the
Animal Research Ethics Committees of Guangzhou Medical
University. Animal care and use were performed in accordance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Cell culture

Primary human umbilical vein endothelial cells (HUVECs) were
purchased from the American Type Culture Collection (ATCC)
(PCS-100-010; Manassas, VA, USA) and cultured in endothelial cell
culture medium (ECM) (1001; ScienCell, Carlsbad, CA, USA)
supplemented with 15% fetal bovine serum (FBS) (10091-148;
Gibco, Gaithersburg, MD, USA). HUVECs from passages 4-6 were
used in the following experiments. HUVECs were grown to 80%
confluence before treatment with 0, 100, 500, or 1000 ng/mL of
LPS (tlrl-smlps; InvivoGen, San Diego, CA, USA) or 500 ng/mL LPS
for 0, 6, 12, or 24 h. THP-1 (human monocyte) cells (TIB-202; ATCC)
were cultured in RPMI-1640 medium (22409; Gibco) supplemen-
ted with 10% FBS. Cells were seeded in 6- or 12-well plates and
60 mm dishes and incubated in a 5% CO, atmosphere at 37 °C.

Preparation of LPS solution

LPS dry powder was dissolved according to the manufacturer’s
instructions. Stock LPS solution was made using 5 mg dry powder
added to 1 mL phosphate-buffered saline (PBS), and then diluted
according to the needs of the experiment.

Real-time quantitative PCR (qPCR)

Total RNA was extracted using TRIzol reagent (21101; Accurate
Biology, Changsha, China) following the instructions of the
manufacturer. The concentration and purity of RNAs were measured
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Table 1. DNA sequence of all used primer pairs.

Gene Sequence (5'-3")

GAPDH-F GCACCGTCAAGGCTGAGAAC
GAPDH-R TGGTGAAGACGCCAGTGGA
EPSTI1-F ACTGGCTTCTCCTTGTCCTCATTTATG
EPSTIT-R AATGTAGCATTTCCCTGGCAGTAGAG
VCAM-1-F TCTCATTGACTTGCAGCACCACAG
VCAM-1-R CCTCATTCGTCACCTTCCCATTCAG
ICAM-1-F GGTAGCAGCCGCAGTCATAATGG
ICAM-1-R GTGGCTTGTGTGTTCGGTTTCATG
p65-F TGGGAATCCAGTGTGTGAAGAAGC
p65-R CCGCACAGCATTCAGGTCGTAG

using a NanoDrop One instrument (Thermo Fisher Scientific,
Waltham, MA, USA). Then, a Reverse Transcription Kit (11706;
Accurate Biology) was used to synthesize cDNA. The expression
levels were evaluated using a LightCycler” 480 Instrument Il (Roche,
Basel, Switzerland) using a SYBR Green real-time PCR premix kit
(11701; Accurate Biology). The primers used are listed in Table 1.

Western blot

Total protein was extracted with RIPA buffer (FD008; Fdbio
Science, Hangzhou, China) added with protease inhibitor cocktail
(HY-K0010; MedChemExpress, Monmouth Junction, NJ, USA).
Nuclear and cytoplasmic protein were extracted by using Nuclear
and Cytoplasmic Protein Extraction Kit (20126ES50; Yeasen,
Shanghai, China). Protein concentrations were measured using
the BCA protein assay (P0012; Beyotime, Shanghai, China). Protein
samples were separated using 10%-12% SDS-PAGE and trans-
ferred to nitrocellulose blotting membranes (P-N66485; Pall, Port
Washington, NY, USA). Membranes were blocked with 5%
skimmed milk (232100; BD-Biosciences, San Jose, CA, USA) in
TBS-T (20 mM Tris-HCI, pH 7.4, 150 mM Nacl, and 0.1% Tween 20)
for 1h at room temperature, and then incubated with the
appropriate primary and secondary antibodies. The primary
antibodies were as follows: rabbit anti-EPSTI1 antibody (11627-1-
AP, 1:1000 dilution; Proteintech, Rosemont, IL, USA), rabbit anti-
VCAM-1 antibody (ab134047, 1:1000 dilution; Abcam, Cambridge,
UK), rabbit anti-ICAM-1 antibody (ab282575, 1:1000 dilution;
Abcam), rabbit anti-p65 antibody (8242, 1:1,000 dilution; Cell
Signaling Technology, Danvers, MA, USA), rabbit anti-phospho-
p65 antibody (Ser536) (3033, 1:1000 dilution; Cell Signaling
Technology), and mouse-anti-GAPDH antibody (sc-1371791,
1:5000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The immunoblot signals were detected using an Amersham™
Imager 600 (GE Healthcare, Chicago, IL, USA) and the intensities of
the protein bands were semi-quantitatively analyzed using Image)J
software (National Institutes of Health, Bethesda, MD, USA).

Transfection with small interfering RNA (siRNA) and plasmids
The siRNAs against EPSTIT (siEPSTI1), VCAM-1 (siVCAM-1), ICAM-1
(silCAM-1), p65 (sip65), and an irrelevant 21-nucleotide control
siRNA (negative control, siNC) were purchased from Ribo
Biotechnology (Guangzhou, China). The siRNA sequences are
listed in Table 2. Two plasmids containing EPSTI1 and p65 full-
length cDNA were constructed by Tsingke Biotechnology (Beijing,
China) and named pcDNA3.0-EPSTI1 and pcDNA3.0-p65, while the
empty vector, pcDNA-3.0, served as a negative control. Electro-
phoresis and sequencing were then performed. HUVECs (2 x 10°
cells/well) were transfected with jetPRIME" transfection reagent
(114-15; Yeasen) according to the manufacturer’s instructions. The
gPCR and Western blot analysis were performed after 24-48 h of
transfection to verify the transfection efficiency.
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Table 2. The siRNA sequences used in the study.

Gene Sequence (5'-3)

si-EPSTIT #1 CCGCTGAGTTCTGAGCAA
si-EPSTIN #2 GTCAGAAACTGAAGTCAGA
SiEPSTIT #3 ACACCTTGATAGCACCAAA
siVCAM-1 #1 GGATAATCCTGAAGAAAAA
siVCAM-1 #2 GGAAGTCCCTGGAAACCAA
siVCAM-1 #3 GGCTCACAATTAAGAAGTT
SiICAM-1 #1 GCAAGAAGATAGCCAACCA
SilCAM-1 #2 CCAACGTGATTCTGACGAA
SilCAM-1 #3 GACTGTCACTCGAGATCTT
sip65 #1 GATTGAGGAGAAACGTAAA
Sip65 #2 CCCACGAGCTTGTAGGAAA
Sip65 #3 GCATCCAGACCAACAACAA

Monocyte adhesion assay

THP-1 cells were suspended in serum-free medium (1 x 10° cells/
mL) and stained with Dil (C1036; Beyotime) for 10 min at 37 °C.
HUVECs cultured in 12-well plates were stained with Hoechst
33342 (C1028; Beyotime) for 10 min at 37 °C. Labeled THP-1 cells
and HUVECs were washed three times with PBS. The THP-1 cells
were then plated in HUVECs for a 4 h co-incubation in a 5% CO,
atmosphere at 37°C. After washing with PBS three times to
remove the unadhered THP-1 cells, adhered THP-1 cells were
counted from three randomly selected areas.

Cell viability assay

Cell viability was detected by using Cell Counting Kit-8 (CCKS,
FD3788; Fdbio Science). First, HUVECs (0.5 x 10* cells/well) were
seeded into 96-well plates and incubated overnight. Next, HUVECs
were treated with LPS (either 0-1000 ng/mL for 24 h or 500 ng/mL
for 0-24 h). Then 10 pL of CCK-8 reagent was added per well and
the plates were incubated for 2 h in darkness at 37 °C. Finally, the
absorbance was determined at 450 nm using PerkinElmer VICTOR
1420 (PerkinElmer, Templeton, MA, USA).

Immunohistochemistry assay

The tissues of human atherosclerotic plaques and normal arterial
were sliced into 4 um sections, dewaxed in xylene, and rehydrated.
They were then incubated for 30 min in 10 mM citrate buffer for
antigen retrieval, and the tissues were incubated with 3% H,0, for
15 min at room temperature to eliminate endogenous peroxidase
activity. Next, they were washed three times with PBS, blocked
with 5% bovine serum albumin (abs9157; Absin, Shanghai, China)
for 1 h, followed by incubation with EPSTIT antibody (11627-1-AP,
1:100 dilution; Proteintech) at 4 °C overnight. Sections were then
rinsed with PBS, incubated with enzyme-enhanced IgG Polymer
anti-Rabbit IHC antibody (GK500705; Gene Tech, South San
Francisco, CA, USA) for 30 min at room temperature and counter-
stained with hematoxylin for 3 min. After washing three times with
PBS, the results were observed using a microscope, and the
expression of EPSTI1 was quantitated using ImageJ software.

Immunofluorescence assay

Sections were fixed in ice-cold acetone for 30 min, washed
with PBS, and blocked with 10% goat serum for 1h at room
temperature, followed by incubation with CD31 antibody
(MA3105, 1:100; InvivoGen) and EPSTI1 antibody (11627-1-AP,
1:100 dilution; Proteintech) at 4 °C overnight. Sections were rinsed
with PBS, incubated with secondary antibodies for 1h at room
temperature, then mounted with flourished mounting medium
with 4/,6-diamidino-2-phenylindole (DAPI). Images were captured
by a Nikon A1R confocal microscope and analyzed using ImageJ.
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Statistical analysis

Data were analyzed as the mean + SD using GraphPad 8 software
(GraphPad, San Diego, CA, USA). All experiments were repeated at
least three times. The unpaired two-sided Student’s t-test or one-
way analysis of variance test was used to calculate P values. A
value of P<0.05 was considered statistically significant.

RESULTS

EPSTI1 is dramatically upregulated in human and mouse
atherosclerotic plaques

To identify differentially expressed genes in atherosclerotic
plaques, we have previously performed an expression microarray
analysis of human aortic atherosclerotic plaques versus normal
aortic tissues [17]. The results showed that EPSTIT expression was
significantly higher in atherosclerotic plaques than normal aortic
tissues (Fig. 1a). gPCR analysis confirmed that the mRNA level of
EPSTI1 was significantly upregulated in atherosclerotic plaques
compared to normal aortic tissues (Fig. 1b). Consistently, both
immunoblot and immunohistochemistry analyses showed EPSTI1
was elevated in human atherosclerotic plaques (Fig. 1c, d). It is
well known that endothelial activation is a crucial step in the
initiation of atherosclerosis [4]. Therefore, in order to further
determine the endothelial expression of EPSTI1 in atherosclerotic
plaques, we performed an immunofluorescence assay on human
normal aortas and atherosclerotic plaques. As shown in Fig. 1e,
double immunostaining of EPSTI1 and the endothelial cell marker
CD31 demonstrated that the normal aortic intima was intact and
smooth. EPSTI1 was mainly expressed in endothelial cells of the
normal aortas. Furthermore, the expression of EPSTIT in endothe-
lial cells of atherosclerotic plaques was higher than that of the
normal aortas. We also used mouse aortic root sections to confirm
these findings in mouse models. As shown in Fig. 1f, the results
showed that EPSTI1 was more expressed in endothelial cells than
in smooth muscle cells of normal aortas. Together, these data
demonstrate that EPSTI1 is markedly induced in endothelial cells
of human and mouse atherosclerotic lesions, implying a potential
involvement of EPSTI1 in atherosclerosis development.

EPSTI1 promotes THP-1 cell adhesion to HUVECs

Given that monocyte adhesion to endothelial cells is known to
be the critical step in the initiation of atherosclerosis [18], we
determined the effect of EPSTIT on monocyte-endothelial cell
adhesion by performing gain- and loss-of-function studies. On the
one hand, HUVECs were transfected with EPSTI1 over-expressing or
pcDNA-mock vector. Using qPCR and Western blot analyses, we
confirmed the overexpression of EPSTI1 in HUVECs (Fig. 2a, b). To
detect cell adhesion, we incubated the Dil-labeled THP-1 cells with
Hoechst 33342-labeled HUVECs. The data showed that EPSTI1
overexpression significantly increased the number of THP-1 cells
adhered to HUVECs (Fig. 2¢). On the other hand, HUVECs were
transfected with either negative control siRNA or siRNAs targeting
EPSTIT (siEPSTIT #1, siEPSTI1 #2, and siEPSTIT #3). The data
demonstrated that EPSTI1 expression was effectively knocked down
by EPSTI1 siRNAs, and the most effective one, siEPSTIT #2, was
selected for function assay (Fig. 2d, e). As expected, EPSTI
deficiency significantly decreased the number of THP-1 cells
adhered to HUVECs (Fig. 2f). In sum, these results suggest that
EPSTI1 potentiates monocyte-endothelial cell adhesion.

EPSTIT promotes THP-1 cell adhesion to endothelial cells by
upregulating the expression of VCAM-1 and ICAM-1

We next sought to dissect how EPSTIT affects monocyte-
endothelial cell adhesion. It is well-known that VCAM-1 and
ICAM-1 bind to monocyte cell-surface ligands and mediate
monocyte rolling and firm adhesion [19]. We first detect the
effect of EPSTI1 on the expression of VCAM-1 and ICAM-1 in
HUVECs. As shown in Fig. 3a, b, EPSTIT overexpression increased
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Fig. 1

Normal Aortic
aorta plaque

EPSTI1 is dramatically upregulated in human and mouse atherosclerotic plaques. a RNA-seq analysis of EPSTI1 expression in human

normal arteries and atherosclerotic plaques (n = 3). Normal: Normal arteries. AS: Atherosclerotic plaques. b gPCR analysis of EPSTIT mRNA
level in human normal arteries and atherosclerotic plaques (n = 8). ¢ Western blot analysis of EPSTI1 protein level in human normal arteries
and atherosclerotic plaques (n =4). d Immunohistochemistry analysis of EPSTI1 protein level in human normal arteries and atherosclerotic
plaques (n =4). Scale bar: 500 pm. e Immunofluorescence assay of EPSTI1 expression in endothelial cells of human normal aortas and
atherosclerotic plaques (n = 3). Scale bar: 100 um. f Immunofluorescence assay of EPSTI1 expression in endothelial cells of normal aortas and
aortic plaques in mice (n = 3). Scale bar: 100 um. All data are expressed as mean + SD. "P < 0.05.

both mRNA and protein levels of VCAM-1 and ICAM-1 in HUVECs.
In contrast, EPSTI1 knockdown by specific siRNA led to a decrease
in VCAM-1 and ICAM-1 expression (Fig. 3c, d). We further asked
whether VCAM-1 and ICAM-1 are required for EPSTI1-promoted
THP-1 cell adhesion to endothelial cells. SiVCAM-1 #1 and silCAM-1
#2 were selected to knockdown VCAM-1 and ICAM-1, respectively,
in the following experiments (Fig. 3e, f). Cell adhesion assay
showed that EPSTIT overexpression-increased THP-1 cell-
endothelial cell adhesion could be partially reversed by siVCAM-
1 #1 or silCAM-1 #2 transfection, while completely blocked by
siVCAM-1 #1 and silCAM-1 #2 transfection (Fig. 3g). Together,
these results demonstrate that EPSTI1 promotes monocyte

SPRINGERNATURE

adhesion to endothelial cells via the VCAM-1 and ICAM-1

upregulation.

EPSTIT is involved in LPS-induced expression of VCAM-1 and
ICAM-1 and monocyte-endothelial cell adhesion

LPS is a well-characterized vascular injury factor and increases
VCAM-1 and ICAM-1 expression [20, 21]. Therefore, we explored
whether LPS affects the EPSTI1 level. HUVECs were treated with
serial dilutions of LPS (0-1000 ng/mL) for 24 h or with constant
doses of LPS (500 ng/mL) for 0-24 h. Cell viability was significantly
reduced with the treatment of 100, 500, and 1000 ng/mL of LPS
(Fig. 4a), and the percentage of viable cells decreased at 6, 12, and

Acta Pharmacologica Sinica (2023) 44:71-80
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Scale bar: 200 pm. All data are expressed as mean + SD. "P < 0.05.

24 h (Fig. 4b). Our results were consistent with previous findings
[22, 23]. gPCR and Western blot analyses revealed that LPS
significantly upregulated the mRNA and protein levels of EPSTI1
(Fig. 4c—f). Furthermore, LPS significantly induced the expression
of EPSTI1 after 6h. The level of EPSTI1 peaked at 12h and
decreased at 24 h, but was still higher than the basic level.

Acta Pharmacologica Sinica (2023) 44:71-80

Consistent with previous findings [20, 24], LPS dramatically
upregulated VCAM-1 and ICAM-1T mRNA and protein levels. Their
expression peaked at 6h, then declined and remained high
(Fig. 4c-f). To dissect causal links between EPSTI1, VCAM-1 and
ICAM-1, we treated EPSTI1-deficient HUVECs with LPS and
determined the VCAM-1 and ICAM-1 expression. The data showed
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Fig.3 EPSTI1 promotes THP-1 cell adhesion to endothelial cells by upregulating the expression of VCAM-1 and ICAM-1. a, b HUVECs were
transfected with pcDNA-mock or pcDNA-EPSTI1 for 48 h. a gPCR analysis of VCAM-1 and ICAM-1 mRNA levels (n = 4). b Western blot analysis
of VCAM-1 and ICAM-1 protein levels (n = 4). ¢, d HUVECs were transfected with siNC or siEPSTI1 #2 for 48 h. (c) qPCR analysis of VCAM-1 and
ICAM-T mRNA levels (n = 4). (d) Western blot analysis of VCAM-1 and ICAM-1 protein levels (n = 4). e HUVECs were transfected with siNC or
siRNAs targeting VCAM-1 for 48 h, followed by Western blot analysis of VCAM-1 protein level (n = 3). f HUVECs were transfected with siNC or
siRNAs targeting ICAM-1 for 48 h, followed by Western blot analysis of ICAM-1 protein level (n = 3). g HUVECs were transfected with pcDNA-
mock or pcDNA-EPSTI1 for 24 h, and then transfected with siNC, siVCAM1 #1, or silCAM-1 #2. At a total of 48 h later, Hoechst 33342-labeled
HUVECs were incubated with Dil-labeled THP-1 cells for 4 h, and the adhesion of THP-1 cell to HUVECs was visualized by fluorescence
microscopy (n = 3). Scale bar: 200 um. All data are expressed as mean + SD. "P < 0.05.

that EPSTIT knockdown abolished LPS-induced upregulation of
VCAM-1 and ICAM-1 (Fig. 4g, h). Additionally, LPS-increased THP-1
cell adhesion to HUVECs was negated by EPSTIT loss (Fig. 4i).
Taken together, we revealed that EPSTIT mediates LPS-induced
VCAM-1 and ICAM-1 upregulation and subsequently enhances
THP-1 cell adhesion to HUVECs.

LPS induces the expression of EPSTI1 through p65

Since LPS rapidly activates p65 nuclear translocation, which strongly
enhances the transcription of inflammatory factors and adhesion
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molecules [25], we finally asked whether p65 is involved in LPS-
induced EPSTI1 expression. By transfecting p65 over-expressing
plasmid, we found that p65 promoted both mRNA and protein levels
of EPSTI1 (Fig. 5a, b). In contrast, p65 knock-downed by specific sip65
#1 (Fig. 5¢, d) showed decreased expression of EPSTI1 (Fig. 5e, f).
Consistent with previous findings [26, 27], LPS significantly induced
p65 nuclear translocation in HUVECs (Fig. 5g). Furthermore, LPS-
elevated EPSTIT mRNA and protein levels were down-regulated by
p65 deficiency (Fig. 5h, i). Collectively, these findings demonstrated a
p65-dependent upregulation of EPSTIT upon LPS treatment.
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Fig. 4 EPSTI1 is involved in LPS-induced expression of VCAM-1 and ICAM-1 and monocyte-endothelial cell adhesion. a, ¢, d HUVECs were
treated with 0, 100, 500, or 1000 ng/mL LPS for 24 h. b, e, f HUVECs were treated with 500 ng/mL LPS for 0, 6, 12, or 24 h. a, b Cell viability of
HUVECs after treatment with LPS (n =5). ¢, e gPCR analysis of EPSTI1, VCAM-1 and ICAM-1 mRNA levels (n = 4). d, f Western blot analysis of
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500 ng/mL LPS for 12 h. g gPCR analysis of EPSTI1, VCAM-1 and ICAM-1 mRNA levels (n = 4). h Western blot analysis of EPSTI1, VCAM-1 and
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DISCUSSION
The present study discovers a significant increase in the EPSTI1
expression in endothelial cells of human and mouse athero-
sclerotic plaques and the effect of EPSTI1 on instigating
monocyte-endothelial cell adhesion. We further found that EPSTI1
induces THP-1 cell adhesion to HUVECs by upregulating VCAM-1
and ICAM-1. EPSTI1 supports LPS-induced VCAM-1 and ICAM-1
expression and THP-1-endothelial cell adhesion. Finally, we
revealed that LPS increases EPSTI1 via p65. Our findings suggest
that EPSTI1 may be involved in atherogenesis (Fig. 6).

EPSTI1 has been widely reported to play an essential role in a
variety of cellular behaviors in cancers, such as cell proliferation,
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migration, and invasion [14, 28, 29]. Recently, increasing studies
have reported that EPSTIT plays a vital role in the activation of
immune responses in several chronic inflammatory diseases such
as multiple sclerosis and systemic lupus erythematosus [30, 31].
Atherosclerosis is also regarded as a chronic inflammatory disease
of the arterial wall [32]. We have previously reported the role of
TM4SF19, and long non-coding RNAs, such as NEXN-AS1 and RP11-
728F11.4, in the pathogenesis of atherosclerosis [33-35]. By
analyzing our previous RNA-sequencing data performed in human
atherosclerotic plaques [17], we found that EPSTI1 showed
significantly higher expression in atherosclerotic plaques than
normal aortic tissues. In addition, given that endothelial activation
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Fig. 5 LPS induces the expression of EPSTI1 through p65. a, b HUVECs were transfected with pcDNA-mock or pcDNA-p65 for 48 h. a qPCR
analysis of p65 and EPSTIT mRNA levels (n = 4). b Western blot analysis of p65 and EPSTI1 protein levels (n = 3). ¢, d HUVECs were transfected
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protein level (n=3). g Western blot analysis of p65 nuclear protein level of HUVECs after treatment with 500 ng/mL LPS for 12h (n=3).
h, i HUVECs were transfected with the siNC or sip65 #1 for 36 h and then treated with 500 ng/mL LPS for 12 h. h gPCR analysis of EPSTIT mRNA
level (n = 4). i Western blot analysis of EPSTI1 protein level (n =4). All data are expressed as mean + SD. "P<0.05.

is a critical step in the initiation of atherosclerosis [4], we performed
double immunostaining of EPSTIT and the endothelial cell marker
CD31 in human and mouse atherosclerotic plaques. And we found
that EPSTI1 was dominantly expressed in endothelial cells of the
normal aortas and the expression of EPSTI1 in endothelial cells of
atherosclerotic plagues was higher than that of the normal aortas.

Although the occurrence of atherosclerosis is closely related to
prolonged hyperlipidemia, it is increasingly clear that there is an
immunological component to the progression of atherosclerosis,
as indicated by the accumulation of leukocytes in atherosclerotic
lesions [36, 37]. In fact, growing evidence suggests that the
adhesion of circulating monocyte to vascular endothelial cells
is an early step in the formation of atherosclerotic lesions
[18, 38, 39]. Thus, determining the extent of monocyte-
endothelial adhesion affected by EPSTI1 expression is critical to
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understanding the link between EPSTI1T and atherosclerosis.
Notably, our results showed that EPSTI1 positively promoted
THP-1 cell adhesion to HUVECs, suggesting that EPSTIT may
aggravate atherosclerosis by promoting monocyte recruitment
into the intima, where the cells are exposed to hyperlipidemia,
ingest lipids, and differentiate into macrophages, leading to the
lipid plaque formation [33].

The recruitment and adhesion of circulating monocyte occur
through a tightly regulated multi-step process mediated by
monocytic integrins and the endothelial cell surface adhesion
molecules [19, 40]. Studies have previously suggested that o4-
integrin and (32-integrin, abundantly expressed on circulating
monocyte, bind to endothelial VCAM-1 and ICAM-1, respectively,
which are upregulated in activated endothelial cells, resulting in the
firm adhesion of monocyte to endothelial cells [40, 41]. Consistent
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with previous studies, we demonstrated that EPSTIT promoted
monocyte-endothelial cell adhesion via positively modulating
VCAM-1 and ICAM-1 expression. Increasing studies have revealed
that pre-treatment with anti-VCAM-1 and anti-ICAM-1 significantly
lowered the recruitment of monocyte to the atherosclerotic plaque,
as well as lesion size [42-44], suggesting that anti-EPSTI1 may relieve
atherosclerosis by lowering the recruitment of monocyte to
endothelial cells via VCAM-1 and ICAM-1 suppression, which needs
further research in cell model and in vivo animal model of
atherosclerosis. Since LPS is a known pro-atherogenic metabolite,
which can promote the monocyte-endothelial cell adhesion via
enhancing VCAM-1 and ICAM-1 expression [20, 45, 46], the well-
established LPS-induced endothelial cells injured model was used in
the current study. In line with previous findings [20, 22, 45], LPS
significantly inhibited cell viability and induced VCAM-1 and ICAM-1
expression in a time- and concentration-dependent manner in
HUVEGCs. Notably, EPSTI1 expression was also significantly induced
by LPS in a time- and concentration-dependent manner at both
mMRNA and protein levels. Further studies revealed that knockdown
of EPSTIT not only reduced basal VCAM-1 and ICAM-1 expression,
but also inhibited LPS-induced VCAM-1 and ICAM-1 expression.
More importantly, knockdown of EPSTI1 significantly lowered the
adhesion of THP-1 cell to HUVECs, raising the possibility that EPSTI1
could serve as a therapeutic target for monocyte-endothelial cell
adhesion in atherosclerotic lesions. In addition, we also further
investigated how LPS regulated EPSTI1 expression. It is well known
that LPS induces activation of NF-kB p65, a central transcription
factor, enabling its translocation to the nucleus where it activates
the downstream gene transcription, including cell adhesion
molecules and inflammation factor [25, 47, 48]. Since p65 is the
most important downstream pathway in the LPS mediated signal
transduction pathway, we further found that LPS induced EPSTI
expression via p65.
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The results of this study provide strong evidence for the effect of
EPSTI1 on monocyte adhesion to endothelial cells. These findings
provide new insights into the pathogenesis and treatment of
atherosclerosis. However, several limitations of our study remain.
Firstly, the mechanism by which EPSTI1 regulates VCAM-1 and
ICAM-1 expression needs to be further investigated. Secondly, our
experiments were majorly carried out in vitro in cells. Therefore,
proper in vivo animal studies are required to verify our results.

In summary, our findings revealed the increased EPSTI1
expression in endothelial cells of atherosclerotic plaques and
demonstrated the critical role of EPSTIT in promoting monocyte
adhesion to endothelial cells by enhancing VCAM-1 and ICAM-1
expression. Our study provides new insight into how circulating
monocyte adhering to vascular endothelial cells is regulated by
EPSTI1, suggesting it as a potential therapeutic target for adjusting
monocyte-endothelial cell adhesion in atherosclerosis.
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