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Abstract

Background and aims: Long noncoding RNAs are involved in the pathogenesis of
atherosclerosis. As long non-coding RNAs maternally expressed gene 3 (Meg3) prevents cellular
senescence of hepatic vascular endothelium and obesity-induced insulin resistance, we decided to
examine its role in cellular senescence and atherosclerosis.

Methods and Results: By analyzing our data and human and mouse data from the Gene
Expression Omnibus database, we found that Meg3 expression was reduced in humans and mice
with cardiovascular disease, indicating its potential role in atherosclerosis. In Ld/r’~ mice fed

a Western diet for 12 weeks, Meg3 silencing by chemically modified antisense oligonucleotides
attenuated the formation of atherosclerotic lesions by 34.9% and 20.1% in male and female mice,
respectively, revealed by en-face Oil Red O staining, which did not correlate with changes in
plasma lipid profiles. Real-time quantitative PCR analysis of cellular senescence markers p21
and p16 revealed that Meg3 deficiency aggravates hepatic cellular senescence but not cellular
senescence at aortic roots. Human Meg3 transgenic mice were generated to examine the role of
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Meg3 gain-of-function in the development of atherosclerosis induced by PCSK9 overexpression.
Meg3 overexpression promotes atherosclerotic lesion formation by 29.2% in Meg3 knock-in
mice independent of its effects on lipid profiles. Meg3 overexpression inhibits hepatic cellular
senescence, while it promotes aortic cellular senescence likely by impairing mitochondrial
function and delaying cell cycle progression.

Conclusions: Our data demonstrate that Meg3 promotes the formation of atherosclerotic
lesions independent of its effects on plasma lipid profiles. In addition, Meg3 regulates cellular
senescence in a tissue-specific manner during atherosclerosis. Thus, we demonstrated that Meg3
has multifaceted roles in cellular senescence and atherosclerosis.
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1. Introduction

Atherosclerosis is a chronic vessel wall disease characterized by low-grade inflammation
and lipid accumulation. Many studies greatly improved our understanding of the cellular
and molecular mechanisms that contribute to atherosclerosis in recent years [1-3]. Among
many new developments, cellular senescence is one of the exciting areas of research [4-6].
Cellular senescence of different cell types within the vessel wall plays an important role

in controlling lesion progression, inflammation, and stability [7-9]. Cellular senescence is
a very complex process tightly regulated in health and disease. Emerging evidence has
demonstrated that long noncoding RNAs regulate cellular senescence through different
mechanisms and signaling pathways such as DNA damage response, and subsequently
control the initiation and progression of atherosclerosis. For example, the decreased
expression of long noncoding RNA small nucleolar host gene-12 accelerated atherosclerotic
lesion formation by increasing DNA damage and cellular senescence in the vascular
endothelium of La/r =~ mice [10]. Similarly, long non-coding RNA NORAD attenuated
endothelial cell senescence and atherosclerosis [11]. These studies demonstrated that long
noncoding RNAs in the vascular endothelium are important players in the pathogenesis of
atherosclerosis by regulating cellular senescence.

Maternally expressed gene 3 (Meg3) is a long noncoding RNA that has been involved

in the regulation of different pathophysiological processes. For example, Meg3 silencing
alleviates lipopolysaccharide-induced acute lung injury by acting as a molecular sponge

of microRNA-7b to modulate inflammasome activation [12]. Meg3 promotes pyroptosis in
testicular ischemia-reperfusion injury by targeting microRNA-29a [13]. In addition, Meg3
is specifically expressed in megakaryocytes derived from cord blood hematopoietic stem/
progenitor cells but not adult bone marrow [14] and the DLK1-DIO3 cluster noncoding
RNAs including Meg3 are upregulated in megakaryopoiesis [15], indicating Meg3 is
involved in megakaryopoiesis and thrombopoiesis. Moreover, the plasma levels of Meg3
increase in patients with type 2 diabetes, suggesting it is involved in metabolic disease [16].
Indeed, it suppresses lipid accumulation and inflammation in vitro and the development of
fatty liver disease in vivo through histone modification [17]. Recently, it was demonstrated
that Meg3 expression is induced in mice and humans with Alzheimer’s disease [18], which

Atherosclerosis. Author manuscript; available in PMC 2024 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng et al.

Page 3

contributes to the neuronal cell loss by activating necroptosis. It was reported that Meg3
expression is induced by aging and inhibition of Meg3 improves endothelial cell function
both in vitro and in vivo [19]. We found that Meg3 limits DNA damage /n vitro [20].
Moreover, we found that it prevents cellular senescence of hepatic vascular endothelium
in obesity [21]. However, its role in atherosclerosis has not been previously examined.

In this study, we examined the role of Meg3 in developing atherosclerosis and regulating
cellular senescence using loss-of-function and gain-of-function experiments in different
mouse models.

2. Materials and methods

2.1. Study approval

All mice studies were approved by the University of Nebraska — Lincoln Institutional
Animal Care and Use Committee, IACUC protocol #2245 and #2246.

2.2. The generation of Meg3 knock-in mice

2.3.

Ai9 plasmid was purchased from Addgene (Plasmid #22799). The Ai9 plasmid was
linearized with Fsel to remove the tdTomato gene. Human Meg3 transcript variant 1
(NR_002766.2) was synthesized and cloned into the linearized Ai9 plasmid. The gene of
transcript variant 1 was used because we identified it as the most abundantly expressed
gene in the vascular endothelium [22]. The plasmid was sent to the Beth Israel Deaconess
Transgenic Core Facility to generate loxP-Stop-loxP-Meg3 Rosa26 knock-in (LSL-Meg3
K1) mice. The stop cassette upstream of Meg3 can be removed by Cre recombinase to
enable the expression of Meg3. Meg3 knock-in mice were bred with Cdh5CreERT2 Cre
mice [23,24] for two or three rounds to generate Cdh5CreERT2:LSL-Meg3 Kl mice (Meg3
KI). A single injection of tamoxifen (Sigma T5648; intraperitoneal 10 mg/kg) in corn oil
was performed in all control mice or Meg3 KI mice unless otherwise indicated to induce
Meg3 expression in the vascular endothelium of mice at 6 weeks of age.

Mouse models of atherosclerosis

Two different mouse models were used to induce atherosclerosis in our studies. First,
low-density-lipoprotein receptor (La/ knockout mice (La/r’=; JAX stock no. 002207)
were used to examine the role of Meg3 deficiency in atherosclerosis. Seven-week-old male
and female Ld/r =~ mice were randomly assigned into two groups and were fed a high-
cholesterol diet (Research Diets D12108Ci) for 12 weeks. Mice were injected with negative
control gapmeRs or Meg3 gapmeRs (7.v. 5 mg/kg) at week 0 and week 2, then weekly
injections from week 4 on a high-cholesterol diet. /n vivo-ready negative control A gapmeR
(5" A*A*C*A*C*G*T*C*T*A*T*A*C*G*C’3; * indicates phosphorothioate backbone
modification) and the Meg3 gapmeR (5’ T*C*A*T*C*A*G*T*C*A*G*T*A*G*G*T’3)
were purchased from Qiagen at large scale for mouse studies. The GeneGlobe ID of the
Meg3 gapmeR is LG00236638 and the negative control A gapmeR is LG00199023-FZA.
The Meg3 gapmeRs have been used in previous studies [19,21] from our and other groups to
effectively silence Meg3 expression in mice.
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Second, atherosclerosis was induced in Meg3 Kl mice by a single injection of the AAV8
virus expressing a gain-of-function mutant of proprotein convertase subtilisin/kexin type 9
(PCSKO9). Plasmid pAAV/D377Y-mPCSK9 was purchased from Addgene (Plasmid #58376).
AAV8 virus expressing gain-of-function PCSK9 was produced by the Penn Vector Core at
the University of Pennsylvania. Mice (7 weeks old) received a single dose of AAV8-PCSK9
at 1 x 101 genome copies/mouse. A week later, mice were fed a Western diet (Teklad diet
TD.88137) with 18.9 g/L glucose and 23.1 g/L fructose added to the drinking water for 16
weeks.

Atherosclerotic lesion quantification

Aortas were dissected from the mice and stained with Oil Red O (Electron Microscopy
Sciences # 26079-15). Lesion areas were measured by en-face analysis, as previously
described [11].

Aortic intima isolation

The thoracic aortas were dissected from the mice and carefully flushed with 1 x dPBS.
Intima was peeled using TRIzol reagent (Invitrogen # 15596026), flushing through the
aortas, followed by a 10-s pause, then collected in an Eppendorf tube with ~300 pl in total.

Lipid and lipoprotein analysis
Blood was collected through cardiac puncture. Triglycerides and total cholesterol levels in

plasma were measured using kits from Thermo Scientific # TR22421 and # TR13421, and
LDL cholesterol was measured using the kit from Crystal Chem #79980.

Reverse transcription and quantitative PCR analysis

RNA was isolated using TRIzol Reagent (Invitrogen) according to the manufacturer’s
instructions. 1 pug of RNA was converted to cDNASs using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems # 4368814). gPCR was conducted in the CFX
Connect Real-Time System (BioRad) using 2x SYBR Green gPCR Master Mix (Selleck
Chemicals LLC #B21203). Data were normalized by the Delta Delta Ct method. While
mouse B-actin gene (Actb), Gapdh, and Hprtwere used to normalize the expression of
SR-B1, Actbwas used to normalize all other gPCR data. Primers of the different genes are
listed in the Supplementary Table 1.

Public dataset and bioinformatics analysis

Publicly available datasets GSE221911 [25] and GSE205931 [26] were downloaded from
the Gene Expression Omnibus. Dataset GSE221911 is an RNA-seq profiling of blood

from patients with coronary artery disease (GSE221911). The counts were converted into
Counts Per Million for normalization. Data from ninety-five patients with dyslipidemia were
analyzed and compared. Dataset GSE205931 is a single-cell RNA-seq analysis of mouse
thoracic aorta. Mice were fed on a chow diet or a high-fat diet (Teklad TD.88137) for one
month.

Seurat (4.3.0) was used to analyze single-cell RNA-seq data. Data from a chow diet sample
and a high-fat diet sample were merged into one Seurat project. After quality control
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filtering [411 (5%) < nCount_RNA <6088 (95%); 300 < nFeature_RNA <2000; and <10%
mitochondrial reads], data were normalized using the normalizedData function and scaled
using the ScaleData function. After the Principal Component Analysis, the batch effects
were corrected using Harmony. The Harmony-corrected data was analyzed for graph-based
clustering using the top 20 principal components at a resolution of 0.15. Five cell clusters
were manually annotated based on marker genes of each cell type from published single-cell
RNA-seq studies of mouse arteries [27-30]. To identify differentially expressed genes in

the EC cluster, the cells of the EC cluster in each sample were randomly split into three
replicates, and gene expression counts were then aggregated to generate pseudo-bulk data
for each sample. Aggregated gene expression counts were used as inputs in DEseq2 (1.38.3)
analysis. A volcano plot was generated in RStudio to show the differentially expressed genes
(fold change >1.5 and p value < 0.05).

Immunostaining and histological analysis

Livers cryostat sections were prepared as previously described [21]. Aortic roots were
embedded in OCT Tissue Tek (Fisher Scientific # 4585) and cut into serial cryostat sections
at 5 um. Primary antibodies at dilutions, 1:100 for p21 (Abcam # ab188224), 1:100 for
CD31 (BD Pharmingen # 550274), 1:500 for CD68 (BioLegend # 137001), 1:500 Vimentin
(D21H3) XP® Rabbit mAb (CST #5741), and 1:400 for Ki67 (CST # 9129S) were used

for staining. Secondary antibodies were Cy3-Goat Anti-Rat IgG (code: 112-165-143) from
the Jackson ImmunoResearch and DyLight™ 649 Goat Anti-Rabbit IgG Antibody (H + L)
from the Vector Laboratories (SKU DI-1659). Images were captured using a Nikon Ti-2
inverted fluorescence microscope or an A1R-Ti2 confocal system. Images were quantified
using ImageJ [31]. For Figs. 3B and 5B, we counted p21 and CD31 double-positive cells
within four regions of interest in the whole liver vasculature. For the images of aortic root
staining, two to three different valves of each section were used for quantification.

2.10. Bulk RNA-seq for the aortas from Meg3 knock-in mice

The aortic arch and thoracic aorta were carefully dissected from each mouse and
perivascular fat was removed. The samples were cut into small pieces in 1.5 ml tubes
containing 100 pl 1 x dPBS on ice. The minced tissues were transferred into pre-chilled
homogenization tubes with six metal beads in each tube and 900 ul of TRIzol reagent
(Invitrogen) was added to each sample for homogenization. After homogenization, the total
RNA was isolated according to the manufacturer’s instructions and sent to Novogene for
sequencing and standard data analysis to identify differentially expressed genes.

Gene set enrichment analysis: Gene Ontology enrichment analyses and Hallmark terms
enrichment analyses were performed on the lists of genes using the Gene Set Enrichment
Analysis (GSEA) software (GSEA v4.2.3 for Windows) [32,33]. The reference gene sets
are “h.all.v2023.2.Hs.symbols.gmt” and “c5.90.bp.v2023.2.symbols.gmt” in the Molecular
Signatures Database. Package ggplot2 (version 3.3.5) was used to plot gene ontology plots
in R (version 4.1.2).
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2.11. Statistical analysis

GraphPad Prism 9.2 software package and R statistical packages were used for statistical
analysis. The Shapiro—Wilk test was used to check normality. For two-group comparisons,
we used the two-tailed unpaired Student’s t-test for data with normal distribution, and the
F-test for equality of variances was used before using the #test; the nonparametric Mann-
Whitney U'test was used for data without passing a normality test. For repeated measures,
we performed statistical analysis with a two-way repeated measures ANOVA comparing two
groups. All data in graphs were presented as mean + SEM, and a p < 0.05 was considered
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results

3.1. Meg3 expression was reduced in humans and mice with cardiovascular disease

To examine whether Meg3 is involved in the pathogenesis of atherosclerosis, we first
examined Meg3 expression in humans with coronary artery disease (CAD). In CAD patients
with severe stenosis, the blood levels of Meg3 were reduced from 2.3 to 1.2 counts per
millions by RNA-seq (Fig. 1A). Moreover, the levels of Meg3 expression were reduced by
67.2% in the aortic arches of La/r '~ mice fed a Western diet containing 1.25% cholesterol
(Fig. 1B). Consistent with the results, data analysis of our previous study [10] revealed

that Meg3 expression was reduced from 39.7 to 21.7 counts per millions by RNA-seq in
aortic intima of atherosclerotic £ a/r~~ mice (Fig. 1C). Furthermore, we analyzed a public
dataset of single-cell RNA-seq [26]. Cell clusters were annotated into endothelial cells (EC),
smooth muscle cells (SMC), macrophages (M®), fibroblasts (Fib), and T cells (Tcell) (Fig.
1D and E). Meg3 expression is highest in fibroblasts and lowest in macrophages and T

cells. At the same time, it had comparable and middle expression in smooth muscle cells
and ECs (Fig. 1F). Cells with Meg3 expression lower than 0.01 are in grey (Fig. 1F).

We performed a pseudo-bulk analysis of the single-cell RNA-seq data and identified 214
differentially expressed genes in ECs (Fig. 1G). Meg3 is one of the differentially expressed
genes, and its expression was reduced by 77.3% in the ECs of the aortas isolated from mice
fed on a high-fat diet (Fig. 1H). Together, these data demonstrated that Meg3 expression was
reduced in humans and mice with cardiovascular disease, indicating its potential role in the
pathogenesis of atherosclerosis.

3.2. Meg3 deficiency reduces the formation of atherosclerotic lesions

To assess whether Meg3 is involved in atherosclerosis development, £allr =~ mice were
fed a Western diet (1.25% cholesterol) for 12 weeks. Mice were injected with chemically
modified antisense oligonucleotides (gapmeRs) at 5 mg/kg on Day1 of the Western diet
followed by intravenous injection as indicated in Fig. 2A. Meg3 knockdown has no
effects on body weights in either females or males throughout the experiments (Fig.

2B; Supplementary Fig. S1A). Quantitative PCR revealed that mice injected with Meg3
gapmeRs displayed markedly reduced Meg3 expression in the aortic intima and media
(Supplementary Fig. S1B). In male mice, Oil Red O staining of the aortas revealed a 34.9%
reduction in lesion areas in Meg3 gapmeR-treated mice than in control gapmeR-treated
mice (Fig. 2C). In female mice, the lesion areas were reduced by 20.1% in Meg3 gapmeR-
treated mice (Fig: 2D). Meg3 deficiency did not alter plasma lipid contents including
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total cholesterol, LDL cholesterol, and triglyceride in male mice (Fig. 2E). However, it
induced the plasma levels of total cholesterol and LDL cholesterol by 23.7% and 43.5%
(Fig. 2E), respectively, in female mice. In addition, we found that the expression of
endothelial scavenger receptor class B type 1 (SR-B1), a receptor mediating the delivery

of LDL into arteries [34], was reduced in the aortic intima when Meg3 expression is
silenced (Supplementary Fig. S1C). This at least in part explains the decreased lesion
formation in Meg3 gapmeR-treated female mice despite the increased plasma levels of total
cholesterol and LDL cholesterol. These results demonstrate that Meg3 deficiency attenuates
the formation of atherosclerotic lesions in £La/r =~ mice.

3.3. Meg3 deficiency induces cellular senescence in the liver but not the aorta

We previously showed that Meg3 deficiency aggravated cellular senescence of hepatic
endothelium in mice fed a 60% high-fat diet [21]. Consistent with the results, the expression
of cyclin-dependent kinase inhibitor p16 was increased by 2.3-, 1.7-fold, and 2.0-fold

at mRNA levels in the livers of Meg3 gapmeR-treated male, female, and all La/r '~

mice, respectively (Fig. 3A). The expression of cyclin-dependent kinase inhibitor p21 was
increased by 1.6-, 1.4-fold, and 1.5-fold at mRNA levels in the livers of Meg3 gapmeR-tread
male, female, and all mice, respectively, but does not reach significance when data are
separated by sex (Fig. 3A). These changes were associated with 92.0% reduction in Meg3
expression in the hepatic endothelium (Supplementary Fig. S1B). Moreover, we observed
an increase in the number of p21-positive cells in the hepatic endothelium of mice that
received Meg3 gapmeRs (Fig. 3B; arrowheads indicate p21 and p31 double-positive cells).
While Meg3 silencing had no effects on the expression of CD68 and TNF-a at mMRNA
levels, it induced the expression of IL6 mMRNAs in the livers, suggesting Meg3 knockdown
resulted in hepatic inflammation (Supplementary Fig. S1D). Our data demonstrate that
Meg3 deficiency aggravates the cellular senescence of hepatic endothelium in Lalr =/~

mice fed a high-cholesterol diet. Thus, we decided to examine whether Meg3 deficiency
contributes to cellular senescence at the aortic roots by staining the nuclear proteins Ki67
and p21 (Fig. 3C and D). Surprisingly, neither the number of Ki67 nor p21 positive cells
differs between the two groups of mice at the aortic roots (Fig. 3C and D). Consistent with
the results, the levels of p16 and p21 mRNAs were not changed by Meg3 deficiency in the
aortic intima and media (Supplementary Fig. S2A). These data suggest that Meg3 deficiency
does not aggravate the cellular senescence at the aortic roots. To determine whether Meg3
deficiency regulates macrophage accumulation, we examined macrophage marker CD68 by
staining at the aortic roots, where vimentin was stained to visualize the tissue morphology.
As shown in Fig. 3E, the CD68 positive areas were not different between the two groups

of mice, suggesting that macrophage accumulation is not affected by Meg3 deficiency. In
addition, the mRNA levels of CD68, TNF-a., and IL6 were not changed by Meg3 deficiency
in the aortic intima and media (Supplementary Fig. S2B). Our data demonstrate that Meg3
deficiency has an organ-specific role in regulating cellular senescence.

3.4. Human Meg3 knock-in promotes the development of atherosclerosis in mice

Human Meg3 (hMeg3) transgenic mice were generated to examine the role of gain-of-
function of Meg3 in the development of atherosclerosis (Fig. 4A). A floxed stop cassette
was inserted between the promoter and hMeg3 gene. Four groups of mice were generated by
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crossing the hMeg3 transgenic mice with Cdh5(PAC)-CreERT2 mice [23,24], and they are:
hMeg3-;Cre—, hMeg3-;Cre+, hMeg3+; Cre—, and hMeg3+; Cre+ (Fig. 4A). These mice were
born with the expected Mendelian ratios and did not exhibit any obvious abnormalities. We
first examined whether the excision of the stop cassette can turn on the hMeg3 expression.
We found a single injection of tamoxifen (/,0. 10 mg/kg) induced hMeg3 expression by
59.9- and 7.4-fold in the aortic intima and liver endothelial cells of hMeg3+; Cre + mice,
respectively, compared with that in corn-oil treated hMeg3+; Cre + mice (Supplementary
Fig. S3A). Thus, we decided to treat mice with tamoxifen at 10 mg/kg to remove the

stop cassette and turn on hMeg3 expression in the following studies. The control group

of mice were administered tamoxifen at 10 mg/kg as well. The overexpression of PCSK9
was used to induce atherosclerosis (Fig. 4B). We switched to an AAV8-mPCSK9-induced
mouse model of atherosclerosis because the breeding pairs of and Meg3 KI mice often did
not produce a litter or produce a smaller litter. One week after the tamoxifen injection,

both the control mice and Meg3 KI mice received a single injection of AAV-mPCSK?9 and
fed a high-cholesterol diet with drinking water supplemented with fructose and sucrose

for 16 weeks. Both female and male Meg3 Kl mice had increased body weights (Fig.

4C). We examined hMeg3 and mouse Meg3 expression in the aortic intima and media
(Supplementary Fig. S3B) and found that hMeg3 expression is induced by 77.2- and 7.5-fold
in the aortic intima and media of hMeg3+; Cre + mice, respectively, than that in hMeg3+;
Cre-mice (Supplementary Fig. S3B). Surprisingly, hMeg3 is expressed in aortic intima

and media in the absence of Cre expression (Supplementary Fig. S3B). It is not due to

false amplification of genomic DNA, as hMeg3 expression was detected in DNAase-treated
RNA samples compared with non-treated samples (Supplementary Fig. S3C), despite its
expression being reduced in DNAase-treated RNA samples when it has extremely low
expression (e.g. in hMeg3+; Cre-mice). These data suggest that the CAG promoter can
drive the expression of hMeg3 at a low level even without the removal of the loxP-flanked
stop cassette. Because of that, we decided not to include hMeg3+; Cre-mice in the Meg3

KI group, so comparisons were performed between the control group (hMeg3-;Cre- and
hMeg3-;Cre+) and the Meg3 KI group (hMeg3+; Cre+). Meg3 Kl mice displayed a 29.2%
increase in lesion areas revealed by en-face Oil Red O staining of aortas compared with

the control mice when mice were not separated by sex (Fig. 4D). However, lesion areas
were not different between control and Meg3 KI mice in either male or female mice (Fig.
4D). Plasma levels of triglycerides, total cholesterol, and LDL cholesterol were not different
between control and Meg3 KI groups of either female or male mice (Fig. 4E). These results
demonstrated that Meg3 gain-of-function promotes atherosclerotic lesion formation in mice
independent of any effects on lipid homeostasis.

3.5. Human Meg3 knock-in has mild effects on hepatic cellular senescence and
inflammation and aortic cellular senescence

Cyclin-dependent kinase inhibitors p21 and p16 are markers of cellular senescence [35-38].
The mRNA levels of p16 were reduced by 40.6% in the livers of Meg3 KI mice. But the
difference was not observed in mice separated by sex (Fig. 5A). The expression of p21
tends to be decreased at MRNA levels in the livers of Meg3 Kl mice (Fig. 5A). Dual
staining of p21 and CD31 revealed that the number of p21 and CD31 double-positive

cells tends to be reduced by 34.4% (p = 0.065) and 28.6% (p= 0.077) in the livers of
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female and all Meg3 KI mice, respectively (Fig. 5B). To examine the effects of Meg3 on
hepatic inflammation, we detected the mRNA levels of CD68, TNFa, and IL6. While Meg3
overexpression tends to decrease IL6 mMRNA levels in the liver, it reduces the expression of
CD68 and TNF-a at mMRNA levels when mice were not separated by sex (Supplementary
Fig. S4), suggesting Meg3 overexpression inhibits hepatic inflammation. Next, we examined
cellular senescence at aortic roots by gPCR analysis of p16 and p21 and by immunostaining
of p21 and Ki67. We found that the expression of p16 mRNA but not p21 was induced
1.5-fold in the aortic media of either female or all Meg3 KI mice (Fig. 5C). The numbers

of Ki67-positive cells are not different between all comparisons (Fig. 5D). The number of
p21-positive cells is increased by 1.3-fold at the aortic roots between control and Meg3

KI mice when mice are not separated by sex (Fig. 5E). These data suggest that Meg3
overexpression likely promotes aortic cellular senescence. Lastly, we examined the effects of
Meg3 overexpression on macrophage accumulation, TNFa expression, and IL6 expression
in aortic intima and media. The expression of TNFa mRNAs and macrophage marker CD68
mRNAs was not different between any comparisons (Supplementary Fig. S5). While the
expression of IL6 mMRNAS tends to be increased in the aortic media of Meg3 KI mice, it was
increased by 1.6-fold in the aortic intima of Meg3 KI mice when data are not separated by
sex (Supplementary Fig. S5). Moreover, we found that Meg3 overexpression did not alter
macrophage content revealed by CD68 staining at the aortic roots of mice (Fig. 5F). These
data indicate that Meg3 overexpression promotes the inflammatory response characterized
by IL6 mRNA expression in the aorta.

To examine the effects of Meg3 overexpression on the transcriptome in the aorta, we did
bulk RNA-seq (Fig. 6A). It identified 940 up-regulated genes and 222 down-regulated genes
in the aortas of Meg3 Kl mice (Fig. 6B; Supplementary Table 2). Gene Set Enrichment
Analysis revealed that the top up-regulated Hallmark terms are Epithelial mesenchymal
transition, G2M checkpoint, Hedgehog signaling, and Mitotic spindle among others in

the aortas of Meg3 KI mice, while the top down-regulated Hallmark terms are oxidative
phosphorylation, adipogenesis, and others (Fig 6C and D). The top up-regulated Gene
Ontology biological process terms include chromosome separation, mitotic sister chromatid
separation, and others; and the top down-regulated terms include mitochondrial translation,
mitochondrial gene expression, respiratory, electron transport chain, and others (Fig. 6E and
F). Our data indicate Meg3 overexpression impairs mitochondrial function and delays cell
cycle progression which warrants future studies.

In summary, our data suggest that Meg3 overexpression inhibits hepatic cellular
senescence but promotes aortic cellular senescence and inflammation and the formation
of atherosclerotic lesions in Meg3 Kl mice likely through the regulation of mitochondrial
function and cell cycle progression independent of macrophage accumulation.

4. Discussion

Our studies indicate that Meg3 has complex roles in regulating cellular senescence

of the vascular endothelium and the development of atherosclerosis in response to
nutritional stress. Using gapmeRs to knock down Meg3 expression, we found that Meg3
deficiency resulted in the cellular senescence of hepatic endothelium but had no effects
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on it in the aortic endothelium. In addition, Meg3 deficiency reduced the formation

of atherosclerotic lesions. Consistent with the results, Meg3 knock-in mice displayed
an increase in atherosclerotic lesion formation in the aortas, and Meg3 overexpression
attenuates the cellular senescence in hepatic endothelium while tends to increase aortic
cellular senescence. Our data demonstrate that Meg3 has tissue-specific roles in cellular
senescence and Meg3 expression promotes the development of atherosclerosis.

Cell senescence is a stable form of cell cycle arrest characterized by a number of hallmarks,
including mitochondrial dysfunction, DNA damage, increased expression of cyclin-
dependent kinase inhibitors (e.g., p16 and p21), senescence-associated p-galactosidase
activity, and senescence-associated secretory phenotype [39-42]. Senescent cells can

be detected by examining a combination of non-exclusive markers [35-37,39,43-45],

such as DNA damage, cell proliferation, senescence-associated p-galactosidase activity,
increased expression of cyclin-dependent kinase inhibitors, decreased Lamin B1 expression,
mitochondrial dysfunction, and others. Among these senescent markers, cyclin-dependent
kinase inhibitor p16 is commonly used as an in vivo marker of senescence [35-37]. We
have previously demonstrated that Meg3 deficiency induced the DNA damage response and
cellular senescence in human umbilical vein endothelial cells and caused obesity-induced
insulin resistance by promoting the cellular senescence of hepatic endothelium in obese
mice [21]. In the current study, Meg3 deficiency did not cause cellular senescence in the
aortas in the mouse model of atherosclerosis, although it still caused the cellular senescence
of the hepatic endothelium. The discrepancy could result from at least two reasons. First,

a high-cholesterol diet could overwrite Meg3’s effect on the cellular senescence of the
aortic endothelium. Second, unknown mechanisms or molecules could be present in aortas
that compensate for the deficiency of Meg3 expression. In this study, we mainly assessed
cellular senescence by examining the expression of p21 and p16. However, their mMRNA
levels do not always correlate with their protein levels [46,47] and the expression of typical
housekeeping genes for normalization is altered in senescence [48]. We normalized our
guantitative PCR data using either Gapdh or B-actin genes and found that the effects of
Meg3 on p16 and p21 expression were not altered. Despite we examined p21 protein
expression by immunostaining, the assessment of other senescent markers such as Lamin B1
expression, or the phosphorylation of the histone H2AX will strengthen our results.

It remains uncharacterized how Meg3 modulates the formation of atherosclerotic lesions.
Hyperlipidemia is a key factor that drives the development of atherosclerosis. It is
counterintuitive that decreased lesion formation in the aorta is associated with increased
total and LDL plasma cholesterol in Meg3 gapmeR-treated mice. Potential explanations are:
1) cholesterol efflux is increased in the aorta of Ld/F/~ mice treated with Meg3 gapmeRs
and 2) the delivery of LDL into arteries through the endothelial scavenger receptor class

B type 1 (SR-B1) [34] is attenuated in the aorta when Meg3 expression is silenced. It is
known there are important sex differences in cholesterol metabolism [49]. Meg3 silencing
increased the levels of total cholesterol and LDL cholesterol in female but not male Lalr’~
mice, suggesting Meg3 has a sex-specific role in regulating cholesterol metabolism. Our
data suggest that the role of Meg3 in atherosclerosis is independent of lipid homeostasis
and macrophage infiltration. Several studies revealed that Meg3 is involved in the regulation
of Nlrp3 inflammasome and pyroptosis [12,50,51]. We speculate that Meg3 exacerbates the
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activation of NIrp3 inflammasome and subsequent pyroptosis in the aortas of mice fed a
high-cholesterol diet. In support of the speculation, Meg3 overexpression in the vascular
endothelium likely impairs mitochondrial function and delays cell cycle progression (Fig.
6). Increased oxidative stress due to mitochondrial dysfunction can sensitize gasdermin
cleavage, enhance their function, and cause pyroptosis [52,53]. Future studies are required to
investigate the possibility.

Our study has several additional limitations. We did not examine Meg3 expression by
quantitative PCR in human arteries and the hepatic endothelium of human livers. In addition,
there are weaknesses in studying human IncRNAs in mice despite strengths [54]. Human
IncRNAS (e.g. human Meg3 in this study) may not fully recapitulate its spatiotemporal
pattern expression profile in the vascular endothelium of mice, because of the absence of
human-specific regulatory cassettes or cofactors [54].

In conclusion, we demonstrated that Meg3 promotes the development of atherosclerosis in
response to a high-cholesterol diet (Fig. 7). Moreover, our data suggest that Meg3 has a
tissue-specific role in regulating the cellular senescence of vascular endothelium (Fig. 7).
Future studies will provide great insight into the mechanisms by which Meg3 regulates
atherosclerosis and cellular senescence of the vascular endothelium in a tissue-specific
manner.
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Fig. 1. Meg3 expression is reduced in mice and humans with cardiovascular diseases.
(A) Meg3 expression in the blood of patients with coronary artery disease by RNA-

sequencing. Patients were in three groups with low (n = 36), mild (n = 25), and severe

(n = 34) stenosis. (B) Meg3 expression in aortic arches from Lalr =/~ mice fed a chow

diet (n = 7) or high-cholesterol diet (n = 5) by gPCR. (C) Meg3 expression in aortic
intima from Lal/r =~ mice fed a chow diet or high-cholesterol diet for 2 weeks (2W) or

12 weeks (12W) by RNA-seq (n = 3 per group). (D) A Uniform Manifold Approximation
and Projection (UMAP) shows cell clusters in mouse aortas by cell type. Public dataset
GSE205931 downloaded from the Gene Expression Omnibus (GEO) database repository
was used for analysis in (D-F). It is a single-cell RNA-seq analysis of mouse thoracic aorta.
Mice were fed a chow diet or a high-fat diet (Teklad TD.88137) for one month. (E) A dot
plot shows the marker genes by cell type. (F) A feature plot shows the expression of Meg3
in different cell clusters. Cells with Meg3 expression less than 0.01 are shown in grey. The
maximum Meg3 expression is 3.97 in the endothelial cell cluster, which was selected to
be shown in the feature plot. (G) Differentially expressed genes identified by pseudo-bulk
analysis of the endothelial cell cluster identified by single-cell RNA-seq in aortas of mice

Atherosclerosis. Author manuscript; available in PMC 2024 May 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cheng et al.

Page 16

fed a chow diet or high-cholesterol diet. (H) Meg3 expression in the endothelial cell cluster
by single-cell RNA-seq in aortas of mice fed a chow diet or high-cholesterol diet (n = 3
per condition). Data represent mean = SEM; *p < 0.05, **p < 0.01. Two-tailed unpaired
Student’s t-test with unequal variances was used for (A) and (B), and two-tailed unpaired
Student’s t-test with equal variances was used for (C) and (H).
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Fig. 2. Meg3 deficiency reduces atherosclerotic lesion formation in Ldir™~ mice.
(A) Schematic diagram of the injection regimens for negative control and Meg3 gapmeRs.

(B) The body weights of mice at the endpoints are shown in grams. (C) Atherosclerotic
lesion areas were revealed by Oil Red O staining in the aortas of male mice treated with
negative gapmeRs and Meg3 gapmeRs. (D) Atherosclerotic lesion areas were revealed

by Oil Red O staining in the aortas of female mice treated with negative gapmeRs and
Meg3 gapmeRs. (E) Plasma levels of total cholesterol, LDL cholesterol, and triglycerides
in male and female mice. Data represent mean £ SEM; n = 10-12 mice per group; *p <
0.05. Two-tailed unpaired Student’s t-test was used for (C) (unequal variances), (D) (equal
variances), and (E) (equal variances).
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Fig. 3. Meg3 deficiency causes cellular senescence in the liver but not the aorta.
(A) Quantifications of p21 and p16 at mMRNA levels by qPCR in the livers of female and

male mice. (B) Immunostaining and quantification of p21 and CD31 double-positive cells
on liver sections of mice treated with control or Meg3 gapmeRs. Images from four different
views per liver were used for quantification. (C) Histological analysis of cross-sections of
the aortic roots from mice stained with CD31, Ki67, and DAPI. Images from 2 to 3 valves
per mouse sample were used for quantification. Ki67-positive cells were normalized by
DAPI-positive cells. (D) Histological analysis of cross-sections of the aortic roots from mice
stained with p21 and DAPI. Images from 2 to 3 valves per mouse sample were used for
quantification. p21-positive cells were normalized by DAPI-positive cells. (E) Histological
analysis of cross-sections of the aortic roots from mice stained with CD68, vimentin, and
DAPI. Images from 2 to 3 valves per mouse sample were used for quantification. The
CD68-positive area was normalized by the total lesion area outlined by the white dotted
lines. Data represent mean + SEM; n = 6-12 mice per group separated by sex; *p < 0.05,
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*** < 0.0001. Two-tailed unpaired Student’s t-test with unequal variances was used for p16
of males in (A), p21 and CD31 double-positive cells of males in (B) or the combined mice
(M + F) in (B); two-tailed unpaired Student’s t-test with equal variances was used for p16 of
females in (A), p21 in males or females (A), p21 and CD31 double-positive cells of females
in (B), and CD68* area of females in (E); and the Mann-Whitney Utest was used for p16
and p21 of the combined mice (M + F) in (A).
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Fig. 4. Meg3 knock-in mice develop more atherosclerotic lesions.
(A) Schematic diagram of control and human Meg3 knock-in (K1) mice. (B) Schematic

diagram of tamoxifen injection, AAV-mPCSK® injection, western diet, and special water
supplemented with fructose and sucrose. (C) Body weights of female and male mice. (D)
Atherosclerotic lesion areas were revealed by Oil Red O staining in the aortas of female
and male mice. (E) Plasma levels of total cholesterol, LDL cholesterol, and triglycerides

in female and male mice. Data represent mean £ SEM; n = 6-9 mice per group separated
by sex; *p < 0.05, ***p < 0.001. A two-way repeated measures ANOVA was used for the
statistical analysis in (C); two-tailed unpaired Student’s t-test with equal variances was used
for comparisons in (D) and (E).
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Fig. 5. Human Meg3 knock-in has mild effects on hepatic and aortic cellular senescence.
(A) Quantification of p16 and p21 mRNAs by gPCR in the livers of control and Meg3

Fold change

o

% cell number

% cell number

% lesion area

- N W

p21+ and CD31+ cells

in the livers

n.s. p=0.065 p=0.077

-
?

Male Female M+F
n= 6 4 8 4 14 8

p21 mRNA in media
ns. ns. ns.

Male Female M+F
6 4 84 1438

ki67+ cells
ns. ns. ns.

.
.

Male Female M+F
55 96 1411

p21+ cells

Male Female M+F
55 76 1211

cd68+ area

Male Female M+F
6 5 86 1311

Page 21

KI mice. (B) Quantification of p21-positive cells in the hepatic endothelium. Images from
four different views per liver were used for quantification. (C) Quantification of p16 and
p21 mRNAs by gPCR in the aortic intima and media of control and Meg3 Kl mice. (D)
Immunostaining of Ki67 and CD31 on the aortic root sections of control and Meg3 KI mice.
Images from 2 to 3 valves per mouse sample were used for quantification. Ki67-positive
cells were normalized by DAPI-positive cells. (E) Immunostaining of p21 on the aortic

root sections of control and Meg3 KI mice. Images from 2 to 3 valves per mouse sample
were used for quantification. p21-positive cells were normalized by DAPI-positive cells. (F)
Immunostaining of CD68 and vimentin on the aortic root sections of control and Meg3

KI mice. Images from 2 to 3 valves per mouse sample were used for quantification. The
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CD68-positive areas were normalized by the total lesion areas outlined by the white dotted
lines. Data represent mean + SEM; n = 4-9 mice per group separated by sex; *p < 0.05.
Two-tailed unpaired Student’s t-test with unequal variances was used for p16 of males or the
combined mice (M + F) in (A), p21 and CD31 double-positive cells of females in (B), and
p16 mRNA in media of the combined mice (M + F) in (F); two-tailed unpaired Student’s
t-test with equal variances was used for p16 of females in (A), p21 of males in (A), p21

and CD31 double-positive cells of males or the combined mice (M + F) in (B), p21-positive
cells of all comparisons in (D), and p16 mRNA in media of male or female mice in (F); and
the Mann-Whitney Utest was used for p21 in females or the combined mice (M + F) in
(A). The statistical analysis for some non-significant comparisons in (C), (E), and (F) is not
described.
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Fig. 6. Human Meg3 knock-in alters the transcriptome in mouse aortas.
(A) Schematic diagram of mice and RNA samples for bulk RNA-seq. (B) A Volcano plot

shows the differentially expressed genes in the aortas of control and Meg3 KI mice. (C)
Gene Set Enrichment Analysis revealed top Hallmark terms that are enriched in Meg3 KI
or control mice. (D) Enrichment plots of two top Hallmark terms. (E) Gene Set Enrichment
Analysis revealed top Gene Ontology Biological Process (GOBP) terms that are enriched
in Meg3 Kl or control mice. (F) Enrichment plots of two top Gene Ontology Biological
Process terms.
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Fig. 7. Multifaceted roles of Meg3 in cellular senescence and atherosclerosis.
Meg3 silencing induces cellular senescence in the liver and attenuates the formation of

atherosclerotic lesions in Ld/r’~ mice. Human Meg3 knock-in reduces hepatic cellular
senescence and accelerates the formation of atherosclerotic lesions induced by PCSK9
overexpression.
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