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Abstract

Background: Endothelial cell injury and dysfunction are the critical steps in the formation of
atherosclerosis. N6-methyladenosine modification (m6A) has been reported to participate in various
diseases. In this work, we aimed to study the effects of methyltransferases RNA-binding motif
protein 15 (RBM15) on vascular endothelial cell injury and senescence. Methods: HUVECs were
stimulated with oxidized low-density lipoprotein (ox-LDL) to establish in vitro model. Cell viability
was measured by cell counting kit 8 (CCK-8). Protein and RNA expression correlated with oxidative
stress and cell senescence were by western blot and quantitative PCR (qPCR) assay. Production of
inflammatory cytokines was detected by Enzyme-linked immunosorbent assay (ELISA). SA-}3-Gal
assay was performed to evaluate cell senescence. Cell injury was measured by SOD activity and MDA
level. The m6A enrichment on SIRT6 and mRNA stability were detected by MeRIP assay and
actinomycin D treatment, respectively. Results: The ox-LDL suppressed the viability, induced
production of proinflammatory factors TNF-a, IL-6, and IL-1{3, downregulated RBM15 expression,
and induced senescence in HUVECs, whereas overexpression of RBM15 reversed these effects.
RBM15 elevated the m6A enrichment and enhanced SIRT6 mRNA stability and expression.
Knockdown of SIRT6 abolished the protective effects of RBM15 on HUVECs. Conclusion: RBM15
epigenetically regulated the m6A enrichment of SIRT6 in vascular endothelial cells to alleviate cell
injury and senescence.
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Introduction

Atherosclerosis is a multifactorial inflammatory process characterized by the deposition of
oxidized low-density lipoprotein (ox-LDL), endothelial cell injury, and plaque accumulation in the
vessel wall [1]. As a major risk factor for atherosclerosis, hypercholesterolemia leads to the deposition
of ox-LDL within the endovascular wall [2]. Ox-LDL induces endothelial cell injury through the LOX-
1-ROS-NF-kB and p53-Bax/bcl-2-caspase-3 pathways, resulting in excessive reactive oxygen species
(ROS) production, release of adhesion molecules, and damage to low-density lipoprotein receptors
[3]. Endothelial cell injury and dysfunction are considered the initial steps in the formation of
atherosclerosis [4]. In atherosclerotic lesions of coronary arteries, senescence-associated -
galactosidase (SA-3-gal), a marker of cellular senescence, has been found in endothelial cells [5].
Senescence of vascular endothelial cells may play a key role in vascular aging and the development
of atherosclerosis [6]. Moreover, ox-LDL can induce endothelial cell senescence by promoting
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excessive lipid deposition and overexpression of senescence-related proteins, such as p21 and p53
[7].

Epigenetics refers to the regulatory processes that control heritable gene expression without
altering the DN A sequence [8,9]. Various types of epigenetic modifications have been identified, such
as DNA methylation, histone modifications, chromatin remodeling, and regulation by non-coding
RNAs, among which DNA and RNA methylation modifications are particularly important [10,11].
With the rapid development of specific antibodies and high-throughput sequencing technologies,
N6-methyladenosine modification (m6A) has evolved from prokaryotes to eukaryotes [12]. The basic
process of m6A modification involves installation by m6A methyltransferases, removal by m6A
demethylases, and recognition by m6A reader proteins, thereby regulating RNA metabolism
methyltransferases [13].

Increasing evidence suggests that m6A can influence the expression of target genes, thereby
regulating various physiological processes [14]. m6A modification is the most prevalent mRNA
modification in eukaryotic cells and is a reversible chemical process dynamically controlled by the
balanced activity of m6A methyltransferases and demethylases [15]. Due to its critical role in RNA
translation, stability, and alternative splicing, m6A modification is implicated in tumorigenesis,
making it a potential key target [16]. And dysregulation of methyltransferases, such as
methyltransferase-like 3 (METTL3) and RNA-binding motif protein 15 (RBM15), has been reported
in various diseases [17]. In this study, we aimed to investigate the role of RBM15 in damage and
senescence of endothelial cells during atherosclerosis.

Materials and Methods

Cell Lines and Treatment

HUVECs were bought from American Type Culture Collection (ATCC, USA) and incubated in
endothelial cell medium (Thermo, USA) that added with 5% fetal bovine serum (FBS; Procell, China)
and 1% penicillin/streptomycin reagent (Gibco, USA). HUVECs were stimulated with 100 pug/mL ox-
LDL (low-density lipoprotein, MCE, USA) for 24 h to induce cell damage. The SIRT6 siRNA and
RBM15 overexpression vectors were purchased from GenePharma (Shanghai, China) Cell
transfection of plasmid (2 pg) and siRNA (50 nM) was performed using Lipofectamine 2000 reagent
and Lipofectamine RNAIMAX reagent (Invitrogen, USA) following the manufacturer’s instruction.
At 48 h after transfection, the cells were collected for subsequent experiments.

Cell Viability

Cell viability was determined by 1 counting kit 8 (CCK-8) assay kit (Beyotime, China). In short,
cells stimulated with ox-LDL and transfected with indicated oligonucleotides were seeded into 96-
well plates at a density of 5,000 cells per well. Cells were incubated in 37°C incubator for 48 h, and
CCK-8 reagent was added for another 2-hour incubation. Then optical density (OD) values at 450 nm
were measured.

Western Blot

The total proteins were extracted from HUVECs using RIPA lysis buffer (Beyotime, China) that
contains protease and phosphatase inhibitors (Sigma, USA), and the concentrations of proteins were
determined using the BCA assay kit (Beyotime, China). An equal amount of protein was separated
using 8% to 10% SDS-PAGE and blotted to nitrocellulose (NC) membranes (Millipore, USA). The
blots were blocked with 5% skim milk for 2 h and incubated with primary antibodies for RBM15, p21,
p53, SIRT6, and B-actin overnight at 4°C. After that, the membranes were hatched in horseradish
peroxidase (HRP)-conjugated secondary ant-mouse or anti-rabbit antibody for 1 h at room
temperature. The blots were then incubated with ECL reagent (Thermo, USA) and visualized by an
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imaging system (Tanon, China). All antibodies were bought from Abcam (USA) and diluted at 1:2000
in PBST buffer.

Quantitative PCR (qPCR) Assay

Total RNA was extracted from HUVECs using Trizol reagent (Invitrogen, USA) according to the
manufacturer’s instruction. The cDNA synthesis reaction was conducted using First-Strand Synthesis
Kit (Transgen, China). Next, cONA was amplified and quantified using SYBR Green PCR system
(Transgen, China). The relative levels of target genes were calculated using the 2-AACt method. {3-
actin was used as internal control.

Enzyme-Linked Immunosorbent Assay (ELISA)

The TNF-a, IL-6, and IL-1f3 levels were measured by ELISA assay. In short, HUVECs were
seeded into 6-well plates and cultured for 48 h, then cell culture medium was collected and analyzed
with ELISA kits (Thermo, USA).

SA-B-Gal Assay

HUVECs were plated in 24-well plates after indicated induction and treatment. The cells were
then fixed and stained with SA-B-gal staining working solution. Cells were then observed under
optical microscopy (Leica, Germany).

Detection of SOD Activity

The SOD activity was measured by Total SOD activity detection kit (Beyotime, China) according
to manufacturer’s protocol. Cells were homogenized and reacted with working solution at 37°C
incubator for 30 min. The values at OD 450 nm were measured and calculated.

Detection of MDA Production

Malondialdehyde (MDA) is the production of oxidative stress. HUVECs were lysed and the
MDA level was measured by Malondialdehyde (MDA) Fluorometric Assay Kit in accordance with
manufacturer’s protocol.

MeRIP-gPCR Experiment

The m6A modification level in SIRT6 mRNA was determined through Magna MeRIP m6A Kit
(Millipore, Germany) according to the manufacturer’s protocol. Total RNA was extracted, purified,
and sonicated, followed by incubation with magnetic beads that conjugated with anti-m6A antibody.
The methylated RNA was then eluted from beads and purified. SIRT6 mRNA level was analyzed by
qPCR assay.

mRNA Stability Detection

At 48 h after transfection, HUVECs were treated with actinomycin D at 5 ug/ml (Sigma, USA)
for 0, 3, and 6 h. Total RNA was then extracted, and SIRT6 mRNA level was analyzed via qPCR assay.

Statistics

Data in this study were shown as mean + standard deviation (SD) of three independent
experiments. Data analysis was performed by using GraphPad Prism Version 7 (GraphPad Software,
USA). The difference between two groups was analyzed using student’s t-test, and the difference
among more groups was determined by one-way ANOVA with Tukey’s post-hoc test. Statistical
significance was set when p value was less than 0.05.
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Results

RBM15 Affects ox-LDL-Induced Damage of HUVECs

To evaluate the role of RBM15 in vascular damage, we established an ox-LDL-induced HUVEC
model. We observed that ox-LDL induction notably reduced the expression of RBM15 in HUVECs,
which is recovered by transfection with RBM15 overexpression vectors (Figure 1A). Besides, the
viability of HUVECs suppressed by ox-LDL was significantly reversed by RBM15 overexpression
(Figure 1B). Simultaneously, ox-LDL elevated the production of proinflammatory factors TNF-«, IL-
6, and IL-1§3, and RBM15 overexpression repressed this elevation (Figure 1C-E). These data indicated
that RBM15 expression is correlated with HUVEC phenotypes.
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Figure 1. RBM15 affects ox-LDL-induced damage of HUVECs. (A) RBM15 expression was analyzed by western
blot. (B) Cell viability was detected by CCK-8 assay. (C-E) Levels of TNF-a, IL-6, and IL-13 were measured by
ELISA. **p<0.001 vs NC group, ###p<0.001 vs ox-LDL.

RBM15 Modulates ox-LDL-Induced Senescence of HUVECs

The results from SA-{3-Gal staining showed enhanced senescence of HUVECs under ox-LDL
induction, and overexpression of RBM15 reversed this effect (Figure 2A). Moreover, the biomarkers
of senescence, including p21 and p53, were notably elevated by ox-LDL and recovered by RBM15
(Figure 2B). The activity of SOD was reduced, and MDA level was increased by ox-LDL, which was
reversed by RBM15 overexpression (Figure 2C and D). These data indicated that RBM15 modulated
the senescence and damages of HUVECs.
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Figure 2. RBM15 modulates ox-LDL-induced senescence of HUVECs. (A) SA-f-Gal staining of HUVECs. (B)
Expression of p21 and p53 in HUVECs was measured by western blot. (C) Activity of SOD in HUVECs. (D)
MDA production was measured. ***p<0.001 vs NC group, ##p<0.01, #4#p<0.001 vs ox-LDL.

RBM15 Epigenetically Regulates SIRT6 Function in HUVECs

We next explored the potential molecular mechanisms underlying RBM15-regulated HUVEC
behaviors. Results from qPCR assay showed that overexpression of RBM15 could elevate the RNA
and protein level of SIRT6 in HUVECs (Fig. 3A and B). Analysis by MeRIP-qPCR assay indicated that
overexpression of RBM15 elevated the m6A enrichment on SIRT6 mRNA (Figure 3C). HUVECs were
treated with actinomycin D to inhibit mRNA translation, and overexpression of RBM15 elevated the
mRNA level of RBM15 and its stability (Figure 3D). These data indicated that RBM15 regulated the
m6A modification of RBM15 in HUVECs.
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Figure 3. RBM15 epigenetically regulates SIRT6 function in HUVECs. (A and B) The RNA and protein level of
RBM15 in HUVECs was measured by qPCR assay and western blot, respectively. (C) The enrichment of m6A
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on RBM15 mRNA was detected by MeRIP-qPCR assay. (D) HUVECs were treated with actinomycin D for 0, 3,
and 6 hours, then RNA level of RBM15 was measured by qPCR assay. **p<0.001 vs NC group.

RBM15 Modulates ox-LDL-Induced Damage and Senescence of HUVECs via SIRT6

Subsequently, we determined the role of RBM15/SIRT6 in ox-LDL-induced damage and
senescence of HUVECs. HUVECs were induced by ox-LDL and transfected with RBM15
overexpression vectors and siSIRT6. The results from western blot indicated that ox-LDL treatment
suppressed expression of RBM15 and SIRT6 in HUVECs, which is reversed by RBMI15
overexpression, and siSIRT6 effectively repressed SIRT6 expression caused by RBM15
overexpression in HUVECs (Figure 4A). Overexpression of RBM15 recovered the viability and
reduced senescence of HUVECs caused by ox-LDL, whereas knockdown of SIRT6 abolished these
effects (Figure 5B-D). The treatment with siSIRT6 also abolished the RBM15-repressed expression of
p21 and p53 (Figure 4E). Furthermore, RBM15 recovered the activity of SOD and reduced production
of MDA in ox-LDL-induced HUVECs, which was reversed by knockdown of SIRT6 (Figure 4F). These
data suggested that SIRT6 mediated the effects of RBM15 on damages and senescence of HUVECs.
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Figure 4. RBM15 modulates ox-LDL-induced damage and senescence of HUVECs via SIRT6. (A) Protein levels
of SIRT6 and RBM15 in HUVECs. (B) Cell viability was measured by CCK-8 assay. (C and D) SA-f3-Gal staining
of HUVECs and quantification. (E) Expression of p21 and p53 in HUVECs was measured by western blot. (F)
Activity of SOD and MDA production in HUVECs were measured. ***p<0.001 vs NC group, ##p<0.01, #4#p<0.001
vs ox-LDL, &&&p<0.001 vs ox-LDL + RBM15.

Discussion

In this study, we observed that RBM15 alleviated injury and senescence of cells that induced by
ox-LDL. The exploration on molecular mechanisms further revealed that RBM15 epigenetically
regulated the m6A enrichment on SIRT6 mRNA to enhance its stability and expression. The m6A
modification has been identified as one of the post-transcriptional regulatory markers in different
types of RNAs [18]. RNA m6A modification has been documented to play important roles in
regulating RNA splicing, translation, stability, translocation, and the high-level structure [19]. m6A
is installed by methyltransferase complex including METTL3, METTL14, WTAP, KIAA1429,
METTL16, RBM15, and ZC3H13 [20-24]. Numerous studies focusing on m6A RNA methylation have
demonstrated that the regulators of m6 A RNA methylation are involved in various human diseases
[25]. RBM15 is a writer of methyltransferase that was recently reported to participate in several cancer
types. For example, RBM15 is reported to be significantly increased in laryngeal cancer and was
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associated with unfavorable prognosis [26]. A tumor typing analysis reported that RBM15 level is
significantly higher in osteosarcoma than in the control cell line and RBM15 showed a negative and
positive correlation with T cells gamma delta and activated natural killer cells, respectively [27].
Besides, the knockdown of RBM15 suppressed the proliferation and metastasis and promoted cell
apoptosis in the colorectal cancer cell lines [28]. Here, we determined that RBM15 epigenetically
modulated the mRNA stability of SIRT6 and subsequently alleviated the oxidative stress and
senescence of HUVECs caused by ox-LDL, and knockdown of SIRT6 abolished the protective effects
of RBM15.

Mounting evidence suggests that SIRT6 acts as a multifaceted enzyme, functioning as a
deacetylase, mono-ADP-ribosyltransferase, and long fatty deacylase [29,30]. It plays integral roles in
various cellular signaling pathways, ranging from DNA damage repair in the early stages to disease
progression [31]. SIRT6 is intricately linked to aging, including genomic damage, telomere integrity,
and DNA repair mechanisms [32]. Moreover, it is involved in metabolic processes such as glycolysis,
gluconeogenesis, insulin secretion, lipid synthesis, lipolysis, and thermogenesis [33]. Additionally,
SIRT6 plays a crucial role in inflammation and the pathogenesis of cardiovascular diseases, including
atherosclerosis, cardiac hypertrophy, heart failure, and ischemia-reperfusion injury [34,35]. SIRT6 is
markedly reduced in vascular smooth muscle cells in human and mouse atherosclerotic plaques, and
overexpression of SIRT6 delayed senescence and downregulated the expression of inflammatory
cytokines in vascular smooth muscle cells [36]. Consistently, our work determined that knockdown
of SIRT6 promoted the HUVEC senescence and cell injury.

Conclusion

To summarize, we identified that the methyltransferase RBM15 epigenetically regulated the
mo6A enrichment of SIRT6 in vascular endothelial cells to alleviate cell injury and senescence. Our
findings provided a novel molecular mechanism underlying endothelial cell damage and senescence
during atherosclerosis and may provide a novel strategy for atherosclerosis therapy.
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