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ARTICLE INFO ABSTRACT

Keywords: Inflammatory macrophages play a crucial role in atherosclerosis development. The long non-
Atherosclerosis coding RNA growth arrest-specific 5 (GAS5) regulates THP-1 macrophage inflammation by
GAS5 sponging microRNAs. The purpose of this study was to investigate the regulatory mechanism of
ﬁllfliizmato response GASS in atherosclerosis development. GSE40231, GSE21545, and GSE28829 datasets from the
Apoptosis Ty resp Gene Expression Omnibus database were integrated after adjusting for batch effect. Differential
Macrophage analysis was performed on the integrated dataset and validated using the Genotype-Tissue

Expression and GSE57691 datasets. Potential biological functions of GAS5 and annexin A2
(ANXAZ2) were identified using gene set enrichment analysis (GSEA). ssGSEA, CIBERSORTx, and
ImmuCellAI algorithms were used to identify immune infiltration in plaque samples. GAS5 and
ANXA2 expression levels in RAW264.7 cells treated with oxidized low-density lipoprotein (ox-
LDL) were measured by qRT-PCR and Western blot. Small interfering and short hairpin RNA were
used to silence GAS5 expression. Plasmids of ANXA2 were used to establish ANXA2 over-
expression. Apoptosis and inflammatory markers in macrophages were detected by Western blot.
Aortic samples from APOE™/~ mice were collected to validate the expression of GAS5 and
ANXAZ2. GASS5 expression was significantly increased during atherosclerosis. GAS5 expression was
positively correlated with macrophage activation and ANXA2 expression in plaques. Furthermore,
ANXA2 upregulation was also related to the activation of macrophage. GSEA indicated similar
biological functions for GAS5 and ANXA2 in plaques. Moreover, in vitro experiments showed that
both GAS5 and ANXA2 contributed to macrophage apoptosis and inflammation. Rescue assays
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revealed that the inflammatory effects of GAS5 on macrophages were ANXA2-dependent. In vivo
experiments confirmed the highly expression of Gas5 and Anxa2 in the plaque group. We iden-
tified the atherogenic roles of GAS5 and ANXAZ2 in the inflammatory response of macrophages.
The inflammatory response in ox-LDL-treated macrophages was found to be mediated by GAS5-
ANXA2 regulation, opening new avenues for atherosclerosis therapy.

1. Introduction

Atherosclerosis, mainly manifested as ischemic heart disease and ischemic stroke, is a leading cause of death worldwide, and its
incidence has increased recently [1,2]. Vascular inflammation plays a central role in atherosclerosis and promotes plaque formation
and instability [3,4]. With the development of single-cell sequencing technology, the phenotypic trans-differentiation of immune cells
has been revealed [5,6]. Macrophage are classified into three subtypes: inflammatory, resident, and highly triggering receptor
expressed on myeloid cells 2 (TREM2-high) [7,8]. Inflammatory macrophages enriched in cytokines and chemokines within the intima
of the plaque are considered the main cause of lesion inflammation [9,10].

Long noncoding RNAs (IncRNAs) have emerged as key mechanistic regulators of gene expression and protein function in the
pathogenesis of atherosclerosis [11,12]. Growth arrest-specific 5 (GAS5), a widely studied IncRNA, is abundant in macrophages and
endothelial cells in plaques and may be involved in the development of atherosclerosis [13-15]. GAS5 regulates macrophage
inflammation, apoptosis, and lipid accumulation by sponging micro-RNAs [16-18]. However, the mechanism by which GAS5 induces
the trans-differentiation of macrophages into the inflammatory subtype has not been investigated. According to our previous study,
GASS5 can directly bind to annexin A2 (ANXA2), which was identified using an RNA pull-down assay [19]. In the present study, we
further investigated the correlation between GAS5 and ANXA2 expression in atherosclerosis. Based on various datasets, we found that
GASS5 and its downstream target, ANXA2, are associated with the development of atherosclerosis and macrophage activation. Further
experiments suggested that GAS5 could bind directly to ANXA2 and knockdown of both could reverse the inflammatory macrophage
differentiation.

2. Materials and methods
2.1. Data source and preprocessing

Using the keywords “atherosclerosis” and “Homo sapiens”, datasets of plaque and normal tissue samples from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) were retrieved for analysis. The raw data (CEL files) of GSE40231 (n
= 80), GSE21545 (n = 126), and GSE28829 (n = 29), tested on GPL570 platform, which is based on the Affymetrix Human
GenomeU133 Plus 2.0 Array, were preprocessed and normalized using the RMA algorithm by affy package [20]. We then performed
ComBat function to remove the batch effects among these three datasets, and a total of 235 samples were assembled into an integrated
dataset using the sva R package [21]. Principal component analysis revealed that three datasets were appropriately integrated together
after removing batch (Supplementary Figs. 1A-B). The Genotype-Tissue Expression (GTEx) database (https://gtexportal.org/) was
downloaded, and plaque and normal sample datasets from coronary arteries were extracted according to the file “GTEx_-
Analysis_v8_Annotations_SampleAttributesDS.txt”. GTEx dataset (n = 432) and GSE57691 (n = 19 based on GPL10558) were used as
validation datasets for differential expression of GAS5 and ANXAZ2. To further validate the differential expression of GAS5 and ANXA2
in macrophages treated with oxidized low-density lipoprotein (ox-LDL), GSE54039 (THP-1 macrophage treated with ox-LDL) (n = 6)
tested on GPL13825 and GSE58913 (resident peritoneal macrophages treated with ox-LDL) (n = 6) tested on GPL17946 were enrolled
in our study. The characteristics of all datasets analyzed in our study are summarized in Supplementary Table 1. The gene probes were
aligned with the official gene symbol after log2 transformation and normalization. The median gene expression value was acquired if
more than one probe matched a gene symbol.

2.2. Differential analysis of GAS5

After upregulation of GAS5 was detected in the plaque group, plaque samples were further stratified into low and high GAS5 groups
according to median GASS5 expression. The limma package was used for the differential analysis [22]. Fold changes (FCs) were used to
facilitate comparisons between groups. Genes with |FC|>1.5 and an adjusted P value < 0.05 were defined as differentially expressed
genes (DEGs).

2.3. Enrichment analysis and immune cell evaluation

Genes ordered by FC value were subjected to Gene Set Enrichment analysis (GSEA) for exploring potential biological insights of
GAS5 and ANXA2. Reference hallmark gene sets (h.all.v7.5.1.symbols.gmt) were downloaded from the MSigDB database (http://
www.gsea-msigdb.org/gsea/downloads.jsp), GSEA was carried out using the R clusterProfiler package [23]. Hallmark terms with
absolute normalized enrichment score (NES) greater than 1 and a q value less than 0.05 were retained as statistically significant.

The single-sample GSEA (ssGSEA) algorithm from the R GSVA package was used to evaluate the immune cell enrichment scores
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based on a set of metagenes for 28 immune cell subpopulations [24,25]. Different immune cell proportions were assessed using the
Immune Cell Abundance Identifier (ImmuCellAl) from the ImmuCellAl package and further validated by CIBERSORTx (https://
cibersortx.stanford.edu/) [26,27]. In addition, we examined the associations of mono-macrophage proportions with GAS5 and
ANXA2 expression using two other algorithms: MCPcounter and the xCell R package [28,29]. Finally, 122 immunomodulators
including chemokines, receptors, major histocompatibility complex molecules, and immune stimulators were analyzed for correlations
with GAS5 expression [24]. Correlation between gene expression and different enrichment scores and proportions of immune cells
were tested using the Pearson’s correlation test.

2.4. Cell culture and treatment

All cell experiments were performed in RAW264.7 macrophages (American Type Culture Collection, Manassas, VA, USA) cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Waltham, MA, USA) containing 10 % fetal calf serum (FBS, PAN-Biotech
GmbH, Germany) and 1 % penicillin and streptomycin (P/S). Cells were incubated at 37 °C and 5 % CO2 in a humidified incu-
bator. After cultivation overnight, cells were treated with 20 pg/mL ox-LDL (Yiyuan Biotech, Guangzhou, China) for 24 h.

2.5. Cell transfection

Small interfering RNA targeting Gas5 (si-Gas5) and a negative control (si-NC), were purchased from Gene Pharma (Shanghai,
China). The sequence of si-Gas5 was 5-GGCACUGCAAACACAAUGATT-3), and the sequence of si-NC was 5-UUCUCCGAACGUGU-
CACGUTT-3'. Briefly, RAW264.7 cells were seeded into 6-well plates at 1 x 10° cells/well and incubated overnight. When the cells
were approximately 50 % confluence, mixtures of Lipofectamine™3000 and Opti-MEM medium (Thermo Fisher Scientific, Waltham,
MA, USA), and of siRNA and Opti-MEM medium and were preprepared, separately. The two mixtures were co-incubated for 15 min at
room temperature and added to the cells. After transfection at 37 °C for 24 h, the cells were treated with ox-LDL (20 pg/mL) for 24 h.
Transfection efficiency was verified by qRT-PCR.

Lentivirus particles carrying short hairpin RNA targeting Gas5(sh-Gas5) and empty vectors (sh-NC) were provided by GenePharma
(Shanghai, China). RAW264.7 cells were transfected at a multiplicity of infection (MOI) of 10 in the presence of 15 pg/mL polybrene.
The growth medium was replaced 24 h after infection. After 72 h of incubation, the cells were screened with 2.0 pg/mL puromycin and
cultured in a humidified incubator (95 % air, 5 % CO2, and 37 °C).

Overexpression plasmids targeting ANXA2 were constructed by Tsingke Biotechnology Co., Ltd., (Beijing, China), and transfected
into Escherichia coli DH5a receptor cells. The cells were cultured overnight at 37 °C. A Plasmid Extraction Mini Kit (Tsingke
Biotechnology, Beijing, China) was used to extract the overexpressed plasmid for subsequent transfection experiments with Lip-
ofectamine™3000. The transfection medium was replaced 4-6 h later with fresh complete culture medium. After 72 h, the proteins
were extracted for subsequent Western blot analysis.

2.6. Quantitative reverse-transcription polymerase chain reaction (qRT-PCR)

Total RNA was extracted from cells using TRIzol reagent (Solarbio, Invitrogen, Waltham, MA, USA). cDNA was synthesized from
mRNAs using a Fast All-in-One RT Kit (ES Science, China). qRT-PCR was performed using SYBR Green (Thermo Fisher Scientific) and a
CFX96 detection system (Bio-Rad, Hercules, CA, USA) to measure gene expression. The relative quantitative g-ddcr technique was used
to measure relative gene expression by adjusting the values to that of the reference gene p-actin (mRNA). The primers used are listed in
Table 1.

2.7. Western blot assays

Western blotting was used to detect the expression of related proteins. RIPA lysate and phenylmethylsulfonyl fluoride were used at
a 100:1 ratio to prepare cell suspensions. A premade 12 % gel was used in sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The antibodies were then diluted in the following proportions before storing at 4 °C for 12 h: Bax (1:2000; Pro-teintech, Rosemont, IL,
USA), Bcl-2 (1:1000; Proteintech), caspase-3 (1:1000; Proteintech), IL-1$(1:1000; Santa, Cruz Biotechnology, Dallas, TX USA), TNF-«
(1:1000; Proteintech), and ANXA2 (1:1000; Proteintech). The samples were transferred onto PVDF membranes. After blocking with 5
% skim milk, the membranes were incubated with primary antibodies overnight at 4 °C. The membranes were then incubated with

Table 1
The Sequences of specific primers.
Gene name Primer sequence (5' to 3")
Gas5 Forward: 5-GCTCCTGTGACAAGTGGACA-3,
Reverse: 5-TCTTCTATTTGAGCCTCCATCCA-3';
Anxa2 Forward: 5-TGGAGAACGCCTTCCTGAAC-3,
Reverse: CCCTTGGTGTCTTGCTGGAT-3'.
p-actin Forward: 5-TGGAATCCTGTGGCATCCATGAAAC-3,

Reverse: 5-TAAAACGCAGCTCAGTAACAGTCCG-3'
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secondary antibodies for 2 h at room temperature. The signal was acquired using a Bio-Rad Universal Hood II imaging system.
2.8. Animal experiments

Male C57BL/6 J background mice (8-12weeks old) deficient in the gene encoding apolipoprotein-E (ApoE ") and wild-type
controls (C57BL/6 J) were obtained from experimental Animal Center of Tongji University. The ApoE knockout mice were fed a
Western-type high-fat, high-cholesterol diet(D12109C, Research Diets, New Jersey, USA) (AS group) for 16 weeks in order to develop
atherosclerotic lesions, and these wild-type controls mice were maintained on a standard rodent chow maintained on a standard rodent
chow (1010001, Xietong Shengwu) (WT group). Mice were maintained in a carefully controlled environment that included a 12 h
light/dark cycle, a constant temperature of 22 + 2 °C, humidity levels maintained at 55 & 10 %, noise below 85 dB, and provided with
unrestricted access to both food and water. The aortic arch samples were collected for further experiments.

2.9. Statistical analyses

After testing for normality and equal variance, the corresponding statistical analyses were performed. Relevant descriptions are
provided in the legends of each figure. The in vitro studies were performed at least three times to ensure the stability of individual
results, and the data are presented as mean =+ standard deviation. Differences between two groups were compared using an unpaired
Student’s t-test or nonparametric Mann-Whitney U test according to data normality. Correlation analysis was performed using
Pearson’s correlation test. P value < 0.05 was considered statistical significance. All statistical analyses were performed using R
software (R-project.org, version 4.1.2).

3. Results
3.1. GASS is upregulated in plaque and associated with inflammatory activation

A flow diagram of our study is shown in Fig. 1. Higher GAS5 expression was observed in the plaque group (n = 195) in the in-
tegrated dataset (Fig. 2A). Similarly, upregulation of GAS5 in plaques was observed in both the GTEx and GSE57691 datasets (Sup-
plementary Figs. 1C-D). Receiver operating characteristic curve analysis showed fair predictive value of GAS5 for atherosclerosis in
GSE57691 (Supplementary Fig. 1E). The plaque samples were classified into two groups according to GAS5 expression. A total of 341
DEGs, of which 333 were upregulated and 8 downregulated, were identified during differential analysis (Fig. 2B and Supplementary
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Fig. 1. Flowchart of the study.
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Fig. 2. Differential analysis of GAS5 in the integrated dataset (n = 235). (A) Boxplot of GAS5 expression in plaque (n = 195) and normal tissues (n
= 40). (B) Volcano plot of differentially expressed genes that were upregulated in the high (n = 97) and low (n = 98) GAS5 expression groups. (C)
Heatmap of the top 10 upregulated and downregulated genes in the high-GAS5 group. (D) Dot plot showing hallmark gene set enrichment analysis
(GSEA) of differentially expressed genes in the high-GAS5 group ordered according to fold change value. **P < 0.01, as obtained using the Wil-
coxon test.

Table 2). The ten most highly upregulated (CD69, TCIM, EGR3, NR4A2, EDNRB, SELE, PTX3, KLHL5, SHPRH, and CMTR2) and
downregulated (PRB1, PYY2, KCNS1, ADRA2C, HSPB6, DDX6, TALAM1, SLC7A8, BANF1, and TRAPPC1) genes are shown in Fig. 2C.
Interestingly, only hallmark terms MYOGENESIS and KRAS_SIGNALING_DN were suppressed, while others (n = 32) were activated in
the high GAS5 group (Fig. 2D and Supplementary Table 3). In addition, we performed a differential analysis between the plaque and
normal groups in the integrated dataset (Supplementary Table 4). GSEA showed that most signaling pathways upregulated in plaques
overlapped with those upregulated the in high GAS5 group, including the hallmark terms INTERFERON_GAMMA_RESPONSE,
APOPTOSIS, TNFA_SIGNALING_VIA NFKB, and INFLAMMATORY_RESPONSE. (Supplementary Figs. 1F-G). These results demon-
strated upregulation of GAS5 in plaques and suggested the role of GAS5 in the inflammatory response during atherosclerosis devel-
opment (e.g. hallmark terms INTERFERON_GAMMA_RESPONSE, TNFA_RESPONSE, APOPTOSIS_PATHWAY).
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3.2. GASS5 expression is positively correlated with macrophage activation

First, we performed ssGSEA and CIBERSORTx analyses on the integrated dataset. Macrophages, the main component of immune
cells, were activated in the plaque group (Supplementary Figs. 2A-B). Compared to the normal group, GAS5 expression was positively
correlated with immune cell proportions and enrichment scores, including for macrophage, gamma delta T cell, and eosinophil.
(Fig. 3A and B and Supplementary Fig. 3A). In particular, M1 macrophage, which is associated with the inflammatory macrophage
phenotype, was positively associated with GAS5 expression [8]. Furthermore, ImmuCellAl analysis was applied to validate the as-
sociation between GAS5 expression and the immune response. The estimated immune cell infiltration score was significantly higher in
the high-GAS5 group (Fig. 3C). In the high GAS5 group, only macrophages were more abundant (Fig. 3D), suggesting that GAS5 is
involved in macrophage activation in atherosclerosis. Furthermore, two other immune estimation algorithms (MCPCounter and xCell)
showed higher proportions of monocytic lineages (MCPCounter) and M1 macrophage (xCell) in the high-GAS5 group (Supplementary
Fig. 3B). In addition, we found that GAS5 expression correlated with most immunomodulators, especially chemokines (Supplementary
Fig. 3C and Supplementary Table 5). Taken together, the five algorithms indicated that GAS5 expression was strongly related to the
abundance of macrophage, particularly the M1 subtype.
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Fig. 3. Association of GAS5 expression with immune infiltration in the integrated dataset. (A) Correlation heatmap of GAS5 expression with 28
immune cell types as determined by ssGSEA of samples divided into normal (n = 40) and plaque (n = 195) groups. (B) Correlation between GAS5
expression and macrophage enrichment score (ImmuCellAl analysis). (C) Boxplot of immune cell infiltration score in high (n = 97) and low (n = 98)
GASS5 expression group determined by ImmuCellAl analysis. *P < 0.05, as obtained using unpaired Student’s t-test. (D) Boxplots of relative
abundance of 24 immune cell types assessed by ImmuCellAlI analysis in the high (n = 97) and low (n = 98) GAS5 expression groups. *P < 0.05, **P
< 0.01, and ***P < 0.01 as obtained using the Wilcoxon test.
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3.3. Correlation between GAS5 and ANXAZ2 in plaque

The negative association of GAS5 with ANXA2 expression in normal arterial samples (r = —0.32, P = 0.04) was reversed in plaque
samples (r = 0.19, P = 0.01) (Fig. 4A and B). In addition, expression levels were positively correlated in plaque samples (r = 0.19, P =
0.02) in the GTEx dataset, but not in normal samples (r = —0.07, P = 0.52) (Supplementary Figs. 4A-B). Differential analysis showed
higher ANXA2 expression in the plaque group than in the normal group (Fig. 4C). Furthermore, GSEA of ANXA2 revealed that most
hallmark terms (n = 33) were activated with only five suppressed (Fig. 4D and Supplementary Table 6). Intersection analysis was
performed to identify biological function similarities between GAS5 and ANXA2. We found that most of the hallmark items overlapped
(25 were activated and 1 suppressed; Fig. 4E). Common hallmark terms were associated with upregulated inflammation, apoptosis,
and suppressed myogenesis (Fig. 4F and Supplementary Fig. 4C). Accordingly, we hypothesized that ANXA2 is the target of GAS5
during atherosclerosis development and that both are related to the inflammatory response.

3.4. ANXAZ is associated with macrophage activation

The enrichment scores and abundances of different macrophage subtypes and gamma delta T cells were positively associated with
ANXA2 expression in the plaque group, as analyzed using both ssGSEA and CIBERSORTX algorithms (Supplementary Figs. 5A-B).
Similarly, higher macrophage activity was observed in the high-ANXA2 group (Fig. 5A and B). According to the result of ImmuCellAI,
MCPcounter, and xCell analyses, upregulated ANXA2 expression was associated with higher macrophage abundance according to the
results (Fig. 5C and Supplementary Figs. 5C-D). Additionally, we identified an increased immune cell infiltration score in the high-
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Fig. 4. Positive association of GAS5 with ANXA2 in plaque. The correlation between GAS5 and ANXA2 in (A) normal artery samples (n = 40) and
(B) plaque samples (n = 195). (C) Boxplot of ANXA2 expression in plaque (n = 195) and normal tissue (n = 40). (D) Dot plot showing hallmark gene
set enrichment analysis (GSEA) of differentially expressed genes in the high-ANXA2 group. (E) Intersection analysis of dysregulated terms from
GAS5 and ANXA2 GSEA. (F) The significantly co-enriched hallmark gene sets using GSEA with the immune gene set. **P < 0.01, as obtained using
the Wilcoxon test.
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Fig. 5. The association of GAS5 expression with immune infiltration in integrated dataset. (A) Correlation heatmap of ANXA2 with enrichment
scores of 28 types of immune cell as determined by ssGSEA of normal (n = 40) and plaque (n = 195) samples. (B) Correlation between ANXA2
expression and macrophage enrichment score as determined by ssGSEA. (C) Correlation between ANXA2 expression and macrophage abundance
through ImmuCellAl analysis. (D) Boxplot of immune cell infiltration score in high (n = 97) and low (n = 98) ANXA2 expression group determined
by ImmuCellAl analysis. (E) Boxplots of relative abundances of 24 types of immune cell as determined by ImmuCellAI analysis of the high (n = 97)
and low (n = 98) ANXA2 expression groups. ****P < 0.0001, as obtained using the Wilcoxon test.

ANXAZ2 group (Fig. 5D). Finally, we examined associations of immune cell types with GAS5 and ANXA2 expression in the plaque group.
Expression levels of both GAS5 and ANXA2 are positively correlated with macrophages, type 1 T helper cells, and NK cells (Fig. 5E).
Therefore, we hypothesized that both GAS5 and ANXA2 are associated with the macrophage during atherosclerosis development. Data
from GSE58913 and GSE54039 were used to examine changes in Anxa2 and Gas5 expression after ox-LDL treatment of macrophages.
Anxa2 expression was upregulated in mouse peritoneal macrophages after ox-LDL stimulation (Supplementary Fig. 6A). Furthermore,
increased GAS5 expression was observed in THP-1 macrophage-derived foam cells (Supplementary Fig. 6B). In summary, both GAS5
and ANXA2 were correlated with macrophage activation in atherosclerosis.

3.5. Si-Gas5 and Anxa2 overexpression regulates macrophage inflammation

To investigate the function of GAS5 in the macrophage during atherosclerosis development, we downregulated GAS5 in RAW264.7
cells. qRT-PCR showed that GAS5 expression was significantly lower and more stable in cells transfected with Gas5 si-308 compared
with cells transfected with Gas5 si-427 or Gas5 si-193 (Supplementary Fig. 6C). Therefore, Gas5 si-308 was selected for subsequent
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analyses because of its significant silencing efficiency (henceforth referred to as si-Gas5). qRT-PCR analysis of relative Gas5 and Anxa2
expression revealed that both were upregulated in cells treated with ox-LDL but downregulated following si-Gas5 transfection (Fig. 6A
and B). Western blot assays were used to examine changes in cell function after Gas5 knockdown (Fig. 6C). Protein expression of the
downstream target Anxa2 showed the same trend as RNA expression (Fig. 6D). Apoptosis markers (Bax, Bcl-2, and caspase-3) and
inflammatory molecules (IL-1 and TNF-a) were upregulated in macrophages after ox-LDL treatment but this change was reversed
after application of si-Gas5 (Fig. 6E-I).

After silencing Gas5 in ox-LDL-exposed macrophages, decreased Anxa2 expression and functional alterations in the cells were
observed. Hence, the regulatory functions of Anxa2 in macrophages treated with ox-LDL were explored using western blotting
(Fig. 7A). Anxa2 protein expression increased in ox-LDL-treated macrophages and was further upregulated following transfection with
an Anxa2 overexpression plasmid (OE-Anxa2) (Fig. 7B). Furthermore, OE-Anxa2 augmented the levels of apoptosis molecules Bax, Bcl-
2, and caspase-3, and pro-inflammatory proteins IL-1f and TNF-« following ox-LDL stimulation (Fig. 7C-G). These results suggested
that both Gas5 and Anxa2 regulated the inflammatory response of macrophages under ox-LDL treatment.
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Fig. 6. GAS5 regulated macrophage apoptosis and inflammation in vitroThe expression levels of (A) Gas5 and (B) Anxa2 were upregulated in the ox-
LDL-treated group and downregulated when incubated with a small interfering RNA Gas5 (si-Gas5). (C) Western blotting assays analyzing the effect
of Gas5 on apoptosis (Bax, Bcl-2, caspase-3) and inflammation (IL-1p and TNF-a levels) in RAW264.7 cells. Changes in expression levels of (D)
Anxa2, (E) Bax, (F) Bcl-2, (G) caspase-3, (H) IL-1p, and (I) TNF-« in ox-LDL-treated RAW264.7 cells after si-Gas5 treatment. Data are presented as
mean + standard error of the mean (SEM) of at least three independent experiments. #P > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001. For two
groups, data were compared using the Mann-Whitney U test.
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Data are presented as mean + SEM of at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. For two groups, data were
compared using the Mann-Whitney U test.

3.6. Macrophage inflammatory response is regulated by the GAS5-ANXAZ2 axis

To elucidate the effect of the GAS5-ANXAZ2 axis on macrophages, we simultaneously adjusted Gas5 and Anxa2 expression using
Gas5 shRNA and OE-Anxa. RT-qPCR showed that Gas5 expression decreased after sh-Gas5 treatment, indicating efficient transfection
(Fig. 8A). Western blotting revealed that the pro-inflammatory function of GAS5 was Anxa2-dependent (Fig. 8B). Anxa2 protein
expression was downregulated by sh-GAS5 and upregulated by OE-Anxa2 (Fig. 8C). Apoptosis (as indicated by Bax, Bcl-2, and caspase-
3 levels) and inflammation (by IL-1f and TNF-a levels) in ox-LDL-treated macrophage were inhibited by sh-Gas5 and this change was
reversed following OE-Anxa2 transfection (Fig. 8D-H). This result indicated the regulatory role of Gas5 in the macrophage inflam-
matory response is dependent on Anxa2.

3.7. Differential expression of Gas5 and Anxa2 in plaque through in vivo experiments
To validate the upregulation of Gas5 and Anxa2 during atherosclerosis development, the aorta arch samples from WT and AS group

were collected. We observed significant increase of Gas5 in AS group (Fig. 9A). Consistently, ANXA2 is upregulated in AS group,
compared with WT group (Fig. 9B).
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Fig. 8. The GAS5-ANXA2 axis contributed to the apoptosis and inflammation of macrophages. (A) The knockdown efficiency of a short hairpin RNA
targeting (sh-Gas5) on Gas5 in RAW264.7 cells. (B) Western blotting illustrated the effect of sh-Gas5 and sh-Gas5+OE-Annexin A2 on ANXA2,
apoptosis (Bax, Bcl-2, caspase-3), and inflammation (IL-1p, TNF-a) in RAW264.7 cells. Changes in expression levels of (C) Anxa2, (D) Bax, (E) Bcl-2,
(F) caspase-3, (G) IL-1p, and (H) TNF-a in ox-LDL-treated RAW264.7 cells treated with sh-Gas5, and by OE-Annexin A2. Data are presented as mean
+ SEM of at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. For two groups, data were compared using the Mann-
Whitney U test.

4. Discussion

Through bioinformatics analysis, we found that both GAS5 and ANXA2 are involved in atherosclerosis development and macro-
phage activation. In vitro experiments showed that the GAS5-ANXA2 axis regulated the inflammatory response of macrophages
following ox-LDL treatment.

Macrophages, which can be divided into tissue-resident and monocyte-derived, play key roles in atherogenesis and progression
[30]. Depending on stimuli, macrophages transition toward either the inflammatory (also recognized as M1) or TREM2 (also recog-
nized as M2) phenotype [31,32]. Inflammatory macrophages, which are enriched in cytokines (such as IL1a, IL1f, and TNF) and
chemokines (such as CXCL2, CXCL1, CCL3, CCL4, and CXCL10), induce atherogenesis by regulating functional alterations in endo-
thelial cells, phenotypic switches in smooth muscle cells, imbalances of effector and regulatory T cells, and extracellular matrix
remodeling [30,33-35]. In the present study, we identified that both GAS5 and ANXAZ2 participated in the immune response. Although
expression levels of both GAS5 and ANXAZ2 correlated with different T cell subtypes (such as activated CD4, central memory CD8, and
effector memory CD4 T cells), these associations were not consistent across the three algorithms (CIBERSORTX, xCell, and
MCPCounter) (Supplementary Figs. 3A and 7). Only the activation of macrophages in plaques were correlated with GAS5 and ANXA2
expression. Interestingly, CIBERSORTx analysis showed that GAS5 and ANXA2 expression levels were significantly correlated with
M1but not M2 macrophages, indicating that the GAS5-ANXA2 axis may play a critical role in the macrophage inflammatory response.
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Fig. 9. In vivo experiments identify the differentially expressed GAS5 and ANXA2 in aorta of mice. (A) qRT-PCR indicates the upregulated Gas5
expression in atherosclerosis (AS) group. (B) Western blot assays show that ANXA2 is upregulated in AS group. Data are presented as mean + SEM of
at least three independent experiments. Significance is indicated as follows: *P < 0.05, **P < 0.01, and ***P < 0.001. For two groups, data were
compared using the Mann-Whitney U test.

Previous studies have revealed the potential atherogenic role of GAS5 through its upregulation in endothelial cells and macro-
phages following ox-LDL stimulation [13,36]. GAS5 knockdown suppressed apoptosis, inflammation, and cholesterol efflux in ox-LDL
treated THP-1 cells [16,17,37,38]. A study of 98 patients with coronary heart disease revealed that circulating GAS5 was associated
with decreased high-density lipoprotein cholesterol and increased C-reactive protein and Gensini scores [39]. However, the potential
relationship between GAS5 and macrophages in plaques is unclear. Hence, we explored the association of GAS5 with inflammatory
macrophages in human plaque samples and validated a new regulatory mechanism for GAS5 in mouse macrophages.

ANXA2, a member of the conserved annexin X family, is a calcium-regulated phospholipid-binding protein [40-42]. ANXA2 exists
in the cytoplasm and cell membranes and is presents in different cell lines, including endothelial cells, macrophages, and tumor cells
[43]. Monomers and heterotetramers of ANXA2, which are composed of two copies of ANXA2 monomers and two copies of SI00A10,
activate fibrinolysis, and inhibit PCSK9 levels and cholesterol accumulation [44-46]. Zhang et al. found that ANXA2 deficiency
suppressed endothelial cell activation and atherosclerosis development in regions with disturbed blood flow in mice [47]. However,
the association between ANXA2, macrophage, and atherosclerosis in human datasets has not yet been elucidated. In the present study,
we identified a significant correlation between ANXA2 expression and atherosclerosis in a large cohort. Furthermore, we found that
Anxa2 regulated the inflammatory response of ox-LDL-treated macrophages using both bioinformatic and in vitro analyses.

In conclusion, the atherogenic roles of GAS5 and ANXA2 in the inflammatory response of macrophages (inflammation and
apoptosis) was identified. We found that ANXA2 is a novel target of GAS5 in macrophages during atherosclerosis development. We
have provided a new perspective on macrophage inflammation and GAS5 using multiple large datasets and several immune analysis
algorithms. Additionally, our analysis identified a new GAS5 target, and described the association of ANXA2 with atherosclerosis and
macrophage inflammatory responses. Furthermore, in vivo experiments help validate differences between GAS5 and ANXA2 expression
in plaque and normal groups.
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