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Background: The macrophages are involved in all stages of cardiovascular diseases,
demonstrating the correlation between inflammation, atherosclerosis, and myocardial
infarction (MI). Here, we aim to investigate macrophages-related genes in the
deterioration of atherosclerosis.

Methods: GSE41571 was downloaded and the abundance of immune cells was
estimated by utilizing the xCell. By utilizing the limma test and correlation analysis,
differentially expressed macrophages-related genes (DEMRGs) were documented. The
functional pathways and the protein—protein interaction (PPI) network were analyzed and
the hub DEMRGs were obtained. The hub DEMRGs and their interactions were analyzed
using NetworkAnalyst 3.0 and for validation, the expressions of hub DEMRGs were
analyzed using the GSE135055 and GSE116250 datasets as well as atherosclerosis
and MI mice model.

Results: A total of 509 differentially expressed genes (DEGs) were correlated with
the abundance of macrophages and were identified as DEMRGs (Pearson correlation
coefficients (PCC) > 0.6), which were mainly enriched in extracellular structure
organization, lysosomal membrane, MHC protein complex binding, and so on. After
screening out, 28 hub DEMRGs were obtained with degrees >20, including GNAI1
(degree = 113), MRPS2 (degree = 56), HCK (degree = 45), SOCS3 (degree = 40),
NET1 (degree = 28), and so on. After validating using Gene Expression Omnibus (GEO)
datasets and the atherosclerosis and MI mice model, eight proteins were validated using
ApoE-/- and C57 mice. The expression levels of proteins, including SYNJ2, NET1, FZD7,
LCP2, HCK, GNB2, and PPP4C were positively correlated to left ventricular ejection
fraction (LVEF), while that of EIF4AEBP1 was negatively correlated to LVEF.

Conclusion: The screened hub DEMRGs, SYNJ2, NET1, FZD7, LCP2, HCK, GNB2,
EIF4EBP1, and PPP4C, may be therapeutic targets for treatment and prediction in
the patients with plaque progression and MI recurrent events. The kit of the eight hub
DEMRGs may test plaque progression and Ml recurrent events and help in the diagnosis
and treatment of Ml-induced heart failure (HF), thus decreasing mortality and morbidity.

Keywords: macrophages, PPI, differentially expressed genes, immune infiltration, GO/KEGG pathways analysis,
GSEA, atherosclerosis, progression
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INTRODUCTION

Coronary artery disease (CAD) leads to considerable mortality
and contributes to about one in every seven deaths in low- and
middle-income countries (1). Acute myocardial infarction (MI)
mortality has increased 5.6-fold in the last three decades and
obesity has become the major cause of morbidity and mortality
in some chronic diseases, for instance, diabetes and CAD (2).
Young patients with type 2 diabetic MI develop higher long-
term adverse events, suggesting that more aggressive secondary
prevention is needed for those patients (2, 3). According to
conservative estimates, China has 330 million people with CAD,
which may result in an unacceptable burden due to recurrent
cardiovascular events.

Myocardial infarction promotes atherosclerosis and thus MI
progresses by releasing the progenitor cells and hematopoietic
stem cells from the bone marrow niche, further increasing
the number of monocytes (4, 5). The vasomotor function of
the endothelium can be consistently impaired when patients
develop ST-segment elevation myocardial infarction (STEMI),
which is highly correlated to atherosclerosis development and
plaque progression (6). Therefore, biomarkers associated with
plaque progression should be investigated for coronary disease
progression and MI recurrence, which may help decrease the
adverse cardiovascular events.

Macrophages participate in all stages of CAD, suggesting
the correlation between inflammation and atherosclerosis
(7, 8). The migration of macrophages populating the plaques
decreased, resulting in inflammation-resolved failure and
further complicated atherosclerotic plaque (9). However, the
correlations between these biomarkers of macrophages and
molecular mechanisms in atherosclerosis and MI recurrence are
still unclear.

In this study, the abundance of macrophages in plaques was
analyzed using immune infiltration analysis. The differentially
expressed macrophages-related genes (DEMRGs) between
ruptured and stable plaques were investigated and the hub genes
were explored and validated utilizing Gene Expression Omnibus
(GEO) datasets and mice model, which may provide potential
targets for plaque progression and adverse cardiovascular events.

METHODS
Data Source

Using the keywords “atherosclerosis” and “Homo sapiens”,
GSE41571 from the GEO was downloaded (10). There
were five ruptured plaques and six stable plaques based

Abbreviations: CAD, Coronary artery disease; MI, Myocardial infarction; STEMI,
ST-segment elevation myocardial infarction; DEMRGs, Differentially expressed
macrophages-related genes; HE, Heart failure; GEO, Gene Expression Omnibus;
PCC, Pearson correlation coefficients; DEGs, Differentially expressed genes; GO,
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene
Set Enrichment Analysis; PPI, Protein-protein internet; TE Transcription
factor; CTD, Comparative Toxicogenomics Database; ROC, Receiver
operation characteristic; AUC, Area under curve; ECG, Electrocardiogram;
LVEE, Left ventricular ejection fraction; LVES, Left ventricular fraction
shorten; IPH, Intraplaque hemorrhage; DCM, Dilated cardiomyopathy; ICM,
Ischemic cardiomyopathy.

on the Affymetrix Human Genome U133 Plus 2.0 Array.
At first, raw transcriptomic data were processed with log2
transformation utilizing a robust multichip average algorithm
(Supplementary Figure S1) (11).

Evaluation of Immune Cells

xCell can digitally portray the tissue cellular heterogeneity
landscape (12). To obtain the abundance of stroma and
immune cells in the plaques, xCell analysis was utilized in the
GSE41571 dataset.

Identification of DEMRGs

The differentially expressed genes (DEGs) were explored by
utilizing the “limma” package. Log2|fold change|>1 and p <
0.05 were the thresholds. Then, Pearson correlation analysis was
applied to obtain the DEGs related to macrophages. The DEGs
with Pearson correlation coefficients (PCC) >0.6 were regarded
as DEMRGs.

Enrichment Analysis

To understand the functions of DEMRGs, Gene Ontology
(GO)/Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis, as well as Gene Set Enrichment Analysis
(GSEA) analysis, were applied utilizing the “clusterProfiler”
package in R (13). A p < 0.05 was set as the significance threshold
for enrichment analyses.

Protein-Protein Interaction (PPI) Network

Analysis

NetworkAnalyst 3.0 is a comprehensive network visual analyzed
platform for gene expression analysis (14). To explore the
hub genes, DEMRGs were uploaded to NetworkAnalyst 3.0
to investigate the protein network interaction diagram and
significant PPIs were identified with a combined score of >0.4.
The nodes with a connectivity degree >20 were regarded as the
hub DEMRGs. GO and KEGG pathway analysis was also utilized
to understand the functions of hub DEMRGs.

The Hub DEMRGs and Their Interactions
The hub DEMRGs and their interactions were analyzed
using NetworkAnalyst 3.0. Specifically, transcription factors
(TFs)-miRNA coregulatory interactions with five screened
hub DEMRGs were shown using the RegNetwork repository
where the literature curated regulatory interaction information
was collected (applicable for human and mouse data only).
Left ventricle tissue-specific PPIs were shown using the
DifferentialNet database (Filter is 15), which shows the
differential PPIs across human tissues. The hub DEMRGs-
chemical interactions were shown using the Comparative
Toxicogenomics Database (CTD). The hub DEMRGs-drugs
interactions were shown using the DrugBank database (Version
5.0). The hub DEMRGs were also validated in THP-1 cells from
the Immuno-Navigator database.
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Validation of the Hub DEMRGs Using GEO

Datasets

To explore the correlation between the hub DEMRGs and
plaque progression, we performed the GSE163154 dataset to
investigate the expressions of the hub DEMRGs in plaques with
or without intraplaque hemorrhage (15). Then, the expression
patterns of the screened DEMRGs in the left ventricular
remodeling process induced by heart failure were validated in
the independent datasets, including GSE135055 (n = 30) (16)
and GSE116250 (n = 64) (17, 18). The information is shown in
Supplementary Table S1.

Receiver operation characteristic (ROC) curve and joint ROC
curve analyses were conducted to investigate the diagnostic value
of the DEMRGs and the area under the curve (AUC) was
determined using the “pROC” package.

Validation of the Hub DEMRGs Using Mice

Models

To further validate the hub DEMRGs effects, atherosclerosis
and MI mice models were utilized. Adult experimental C57Bl/6]
and ApoE’/ ~ male mice were purchased (Charles River). Mice
were maintained in an specific pathogen free (SPF) environment
(temperature: 23-25°C; humidity: 55-60%) with free access to
food and water and a 12/12 light-dark cycle. The protocols were
approved by the Institute of Radiation Medicine, the Chinese
Academy of Medical Science, China, which conform to the Guide
for the Care and Use of Laboratory Animals.

To construct the atherosclerosis model, the ApoE~/~ male
mice (n = 6 per group) were fed a Western diet for 6 months
(HFHC100244). To construct the MI model, the ApoE_/_ (n=7
per group) and C57Bl/6] (n = 6 per group) male mice were
fed with the Western diet for 6 months and the MI mice
model was constructed with left coronary descending ligation
through gaseous anesthesia (1.5-2% isoflurane, MSS-3, England).
Sham animals underwent the same procedure without ligation.
To reduce mice pain in animal experiments, the animals were
euthanized by cervical dislocation after isoflurane anesthesia (5%,
MSS-3, England).

Echocardiographic Examination

Cardiac function was evaluated using the Vevo® 2100 System
equipped with a 30 MHz transducer (FUJIFILM VisualSonics,
Inc. Toronto, Canada). The investigator was blinded to group
assignment. Mice were anesthetized through inhalation of
isoflurane (1-1.5%, MSS-3, England). Left ventricular ejection
fraction (LVEE %) and left ventricular fraction shortening (LVEFS,
%) of mice in the atherosclerosis and MI model 2 days after
MI were measured with M-mode through a two-dimensional
parasternal long axis.

Enzyme-Linked Immunosorbent Assay

In the atherosclerosis mice model, the aorta root was collected
from ApoE-/- mice and was control fed with high fat diet.
In the MI mice model, the infarcted area and border zones
were collected together in MI mice, and the same areas in
SHAM mice were also collected. The proteins were extracted
according to the kit instruction (BC3710, Solarbio). For further

validations, the protein level of SYNJ2, NET1, FZD7, TBL1XR1,
GNB2, PPP4C, EIF4EBP1, HCK, and LCP2 were explored
with the 4°Cincubation overnight of mouse SYNJ2 primary
antibodies (1:1,000, 13893-1-AP, Proteintech), mouse NET1
primary antibodies (1:500, 28180-1-AP, Proteintech), mouse
FZD7 primary antibodies (1:500, 16974-1-AP, Proteintech),
mouse TBL1XR1 primary antibodies (1:1,000, 55312-1-AP,
Proteintech), mouse GNB2 primary antibodies (1:500, 16090-
1-AP, Proteintech), mouse PPP4C primary antibodies (1:250,
10262-1-AP, Proteintech), mouse EIF4EBP1 primary antibodies
(1:500, 60246-1-1g, Proteintech), mouse HCK primary antibodies
(1:500, 11600-1-AP, Proteintech), and mouse LCP2 primary
antibodies (1:500, 12728-1-AP, Proteintech), respectively. The
serum matrix (MILLIPLEX Analyst Kit, Millipore) was used as
the positive control in the validation.

Statistical Analysis

All data are presented as the mean 4 SD. Statistical analyses
were performed using SPSS 23.0. The Shapiro-Wilk normality
test and Welch’s ¢-test were used and the Spearman correlation
analysis was applied among LVEF and protein levels of
screened hub DEMRGs. A value of p < 0.05 was considered
statistically significant.

RESULTS
DEMRGs in Plaque Progression

The xCell analysis was applied to obtain the immune cell
abundance in the GSE41571 dataset. The plaques in the
ruptured stage demonstrated a higher infiltration of plasma
B cells, myeloid-activated dendritic cells, and macrophages
(Figure 1A; Supplementary Figure S2). A total of 1,043 DEGs
were obtained and out of these, 701 were highly correlated
(PCC > 0.6) with the abundance of M0 macrophages, 768
were highly correlated (PCC > 0.6) with the abundance of M1
macrophages, and 693 were highly correlated (PCC > 0.6) with
the abundance of M2 macrophages (Figures 1B-D). It was found
that MO macrophages are unpolarized; M1 macrophages are pro-
inflammatory, and; M2 macrophages are anti-inflammatory, and
a Venn diagram was used to identify the same DEGs among MO,
M1, and M2 macrophages out of which 509 DEGs were identified
as DEMRGs (Figure 2A).

Functional Enrichment for DEMRGs

The list of DEMRGs was uploaded to the Xiantao web
page (www.xiantao.love) for functional analysis, which
was involved in extracellular structure organization,
lysosomal membrane, and MHC protein complex binding.
Besides, KEGG enrichment analysis demonstrated that
the pathways correlated to DEMRGs mainly included
lysosome, protein digestion and absorption, phagosome,
and toxoplasmosis (Figure 2B; Supplementary Figure S3;
Table 1). GSEA analysis showed that DEMRGs mainly included
REACTOME_DEVELOPMENTAL_BIOLOGY, NABA_MATR
ISOME, and REACTOME_SIGNALING_BY_RECEPTOR_
TYROSINE_KINASES (Table 2). Interestingly, the
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FIGURE 1 | Identification of differentially expressed genes (DEGs) in ruptured plaques and stable plaques. (A) Abundance of immune cells estimated by the xCell
algorithm in GSE41571. (B) Upset diagram of plasm B cells, fibroblasts, activated myeloid dendritic cells, MO, M1, and M2 Macrophages-related DEGs with Pearson
correlation coefficients >0.6. (C,D) Heatmap (C) and Volcano plot (D) of DEGs between ruptured plaques and stable plaques.
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FIGURE 2 | Enrichment pathway analysis of the DEMRGs. (A) Venn diagram showed 509 differentially expressed genes (DEGs) among MO, M1, and M2 macrophages
were regarded as DEMRGs. (B) The significant Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched by DEMRGs. (C)
The gene sets associated with DEMRGs using Gene Set Enrichment Analysis (GSEA) analysis. DEMRGs, differentially expressed macrophages-related genes.
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TABLE 1 | The significant GO and KEGG pathways enriched by 509 DEGs.

GO ID Description GeneRatio BgRatio p-value p-adjust g-value
BP G0:0043312 neutrophil degranulation 33/438 485/18670 4.91e-08 7.95e-05 6.90e-05
BP G0:0002283 neutrophil activation involved in immune response 33/438 488/18670 5.68e-08 7.95e-05 6.90e-05
BP G0:0043062 extracellular structure organization 30/438 422/18670 7.82e-08 7.95e-05 6.90e-05
BP GO0:0042119 neutrophil activation 33/438 498/18670 9.14e-08 7.95e-05 6.90e-05
BP G0:0002446 neutrophil mediated immunity 33/438 499/18670 9.58e-08 7.95e-05 6.90e-05
CC GO:0005774 vacuolar membrane 38/455 412/19717 3.97e-13 1.83e-10 1.52e-10
CC G0:0005765 lysosomal membrane 34/455 354/19717 2.31e-12 3.84e-10 3.20e-10
CC G0:0098852 lytic vacuole membrane 34/455 355/19717 2.50e-12 3.84e-10 3.20e-10
CC G0:0062023 collagen-containing extracellular matrix 35/455 406/19717 2.36e-11 2.71e-09 2.26e-09
CC G0:0005581 collagen trimer 14/455 87/19717 1.16e-08 1.07e-06 8.87e-07
MF G0:0005201 extracellular matrix structural constituent 24/441 163/17697 2.45e-12 1.64e-09 1.56e-09
MF GO0:0003779 actin binding 31/441 431/17697 1.37e-07 4.59e-05 4.38e-05
MF G0:0030020 extracellular matrix structural constituent conferring tensile strength 9/441 41/17697 5.90e-07 1.32e-04 1.26e-04
MF G0:0050839 cell adhesion molecule binding 30/441 499/17697 8.67e-06 0.001 0.001

MF G0:0023023 MHC protein complex binding 6/441 25/17697 2.74e-05 0.004 0.003

KEGG hsa04142 Lysosome 18/224 128/8076 1.21e-08 3.31e-06 3.04e-06
KEGG hsa04974 Protein digestion and absorption 12/224 103/8076 2.55e-05 0.0083 0.003

KEGG hsa04145 Phagosome 12/224 152/8076 0.001 0.050 0.046

KEGG hsa05145 Toxoplasmosis 10/224 112/8076 0.001 0.050 0.046

KEGG hsa04940 Type | diabetes mellitus 6/224 43/8076 0.001 0.050 0.046

DEGs, Different Expressed Genes; GO, Gene ONTOLOGY; BF, Biological Process; CC, cellular component; MF, Molecular Function; KEGG, Kyoto Encyclopedia of Genes and Genomes.

normalized enrichment score (NES) of
REACTOME_LEISHMANIA_INFECTION and
REACTOME_SLC_MEDIATED_TRANSMEMBRANE_TRAN
SPORT were 2.117895264 and 1.643584603, respectively, while
other NES were negative (Figure 2C).

PPI Network Analysis

The PPI network of DEMRGs was constructed utilizing
the NetworkAnalyst 3.0, which demonstrated 28 hub genes
(Figure 3A; Supplementary Table S2). The DEMRGs with
connective degrees >20 were considered as hub DEMRGs
in the network, including GNAIl (degree = 113), MRPS2
(degree = 56), HCK (degree = 45), SOCS3 (degree = 40), NET1
(degree = 28) and, etc. These genes were involved in GO such
as regulation of cardiac muscle tissue development, membrane
microdomain, transmembrane receptor protein kinase activity,
peptidyl-tyrosine modification, and Wnt-activated receptor
activity. Besides, KEGG enrichment analysis demonstrated
that the signaling pathways correlated to the hub DEMRGs
were mainly involved in Dopaminergic synapse, and PI3K-Akt
signaling pathway (Figures 3B,C; Supplementary Figure S4;
Table 3).

The Hub DEMRGs and Their Interactions

The hub DEMRGs and their interactions were analyzed
using NetworkAnalyst 3.0. Left ventricle tissue-specific PPI
demonstrated UBC, FN1, PPPICA, YAP1, SOCS3 were core
regulators in the network (Figure 3D). TFs-miRNA coregulatory
interactions with hub DEMRGs and THP-1 cell-specific PPI
demonstrated that SOCS3, LCP2, STRN, and TBL1XR1 were

hub genes in the network (Supplementary Figure S5). The
hub DEMRGs-chemical interactions and the hub DEMRGs-
drugs interactions were also analyzed, which demonstrated the
chemicals and drugs of the targets, for instance, GNAII, FLT1,
and HCK that can be used to impede plaques progression and
prevent MI recurrent events (Figure 4).

Validations of Hub DEMRGs Using GEO

Datasets

To investigate the function of screened hub DEMRGs, the hub
DEMRGs expression patterns were validated in the GSE163154
dataset. Compared to non-intraplaque hemorrhage patients, the
patients with intraplaque hemorrhage had higher expressions
of the proteins including HCK, GNB2, PPP1CA, RPS6KA1,
PPP4C, NAPA, LCP2, and EIF4EBP1, while the patients had
lower expressions of the proteins, such as GNAIll, YAPI,
SMC3, SYNJ2, NET1, FZD6, FZD7, IL6ST, and TBL1XRI1
(Figures 5A-C). ROC analysis also showed that these DEMRGs
may act as diagnostic biomarkers for patients with intraplaque
hemorrhage. Intriguingly, the joint ROC of the 17 DEMRGs was
1 (Figures 5D,E).

Next, the DEMRGs expression patterns were validated in
two independent datasets (GSE116250 (n = 64) and GSE135055
(n = 30)). In the GSE116250 dataset, SEC61A1, GNB2, FNI1,
SYNJ2, PPP4C, NET1, FZD7, HES1, MYH10, and TBL1XR1
were highly expressed and EIF4EBP1 and IL6ST were lowly
expressed in patients with dilated cardiomyopathy (Figure 6A).
HCK, SEC61A1, GNB2, SOCS3, FN1, SYNJ2, PPP4C, NET],
FZD7, LCP2, HESI, and TBL1XR1 were highly expressed,
and STRN, EIF4EBP1, and IL6ST were lowly expressed
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TABLE 2 | The gene set enrichment analysis of 509 DEGs.

ID Setsize EnrichmentScore NES p-value p.adjust g-values Rank
REACTOME_DEVELOPMENTAL _ 42 —0.455736963 —1.810929732 0.003215434 0.077020202 0.054492291 96
BIOLOGY

REACTOME_COLLAGEN_BIOSYNTHESIS_ 10 —0.658049427 —1.851927505 0.003968254 0.077020202 0.054492291 94
AND_MODIFYING_ENZYMES

REACTOME_NERVOUS_SYSTEM_ 29 —0.516762957 —1.911346319 0.004424779 0.077020202 0.054492291 96
DEVELOPMENT

REACTOME_SIGNALING_BY_RECEPTOR_ 29 —0.48960486 —1.81089692 0.009955752 0.077020202 0.054492291 108
TYROSINE_KINASES

REACTOME_VESICLE_MEDIATED_ 27 —0.5008811 —1.816707985 0.011261261 0.077020202 0.054492291 95
TRANSPORT

REACTOME_DEGRADATION_OF_THE_ 13 —0.581448267 —1.771341344 0.011363636 0.077020202 0.054492291 105
EXTRACELLULAR_MATRIX

REACTOME_COLLAGEN_FORMATION 11 —0.618867217 —1.789243746 0.011673152 0.077020202 0.054492291 94
REACTOME_ADAPTIVE_IMMUNE _ 38 —0.446518499 —1.740047653 0.011866235 0.077020202 0.054492291 98
SYSTEM

REACTOME_LEISHMANIA_INFECTION 10 0.590600566 2.117895264 0.012145749 0.077020202 0.054492291 157
PID_INTEGRIN1_PATHWAY 13 —0.575607133 —1.753546738 0.012626263 0.077020202 0.054492291 105
NABA_MATRISOME 47 —0.406963953 —1.643327996 0.016985138 0.094190311 0.066640254 105
KEGG_CHEMOKINE_SIGNALING_ 12 —0.568058265 —1.685702571 0.023017903 0.108313156 0.076632259 77
PATHWAY

REACTOME_SIGNALING_BY_GPCR 27 —0.465333042 —1.687774311 0.023648649 0.108313156 0.076632259 77
REACTOME_TRANSPORT_OF_SMALL _ 25 —0.467801517 —1.67862867 0.024858757 0.108313156 0.076632259 50
MOLECULES

REACTOME_INTEGRIN_CELL_SURFACE_ 11 —0.57654683 —1.666888763 0.028534371 0.110060624 0.077868603 105
INTERACTIONS

REACTOME_MEMBRANE_TRAFFICKING 22 —0.479364201 —1.661487991 0.02886836 0.110060624 0.077868603 95
KEGG_ENDOCYTOSIS 10 —0.584690143 —1.645474815 0.035714286 0.128151261 0.090667846 65
REACTOME_INNATE_IMMUNE_SYSTEM 53 —0.367172397 —1.508970204 0.04 0.135555556 0.095906433 95
REACTOME_SLC_MEDIATED_ 10 0.458333333 1.643584603 0.044534413 0.137169312 0.097048176 257
TRANSMEMBRANE_TRANSPORT

KEGG_ECM_RECEPTOR_INTERACTION 10 —0.57270396 —1.611742482 0.044973545 0.137169312 0.097048176 94

NES, normalized enrichment score.

in patients with ischemic cardiomyopathy (Figure 6C). The
ROC curves demonstrated that the hub DEMRGs mentioned
above may act as diagnostic biomarkers for HF patients
with dilated and ischemic cardiomyopathy (Figures 6B,D).
To further validate this finding, the associations between
the DEMRGs and HF were examined in the GSE135055
dataset, which demonstrated that the seven DEMRGs including
MRPS21, STRN, EN1, NET1, FZD7, MYH10, and TBL1XR1
were all highly expressed in patients with heart failure and
may act as diagnostic biomarkers for HF patients as well
(Figures 6E,F).

Validations of Hub DEMRGs Using

Atherosclerosis and Ml Mice Model

Using the Venn diagram, the nine proteins, for instance,
SYNJ2, NET1, FZD7, TBL1XR1, GNB2, PPP4C, EIF4EBPI,
HCK, and LCP2 were differentially expressed in intraplaque
hemorrhage and ischemic cardiomyopathy GEO datasets
(Supplementary Figure S6; Table4). To validate the
correlation between the hub DEMRGs and atherosclerosis,
the atherosclerosis mice model was applied and ELISA

was utilized to investigate the 9 proteins expression. LCP2,
EIF4EBP1, HCK, and PPP4C were demonstrated to be highly
expressed, and SYNJ2 was demonstrated to be lowly expressed
in atherosclerosis compared to the control group, which can
be diagnostic biomarkers for patients with atherosclerosis
(Figure 7A; Supplementary Figure S7).

To validate the correlation between the hub DEMRGs
and plaque progression, the MI mice model was applied
and ELISA was utilized to investigate the expression of the
nine proteins. FZD7, LCP2, HCK, GNB2, and PPP4C were
highly expressed and EIF4EBP1 was lowly expressed in the
MI group (ApoE-/- and C57Bl/6]). Interestingly, SYNJ2 and
NET1 were highly expressed only in ApoE-/- mice model
but not in the C57 mice model, which may act as potential
therapeutic targets for MI recurrence (Figure 7B). To explore
the cardiac function of the hub genes, correlation analysis
was used and the protein expressions, including SYNJ2, NET1,
FZD7, LCP2, HCK, GNB2, and PPP4C were demonstrated to
positively correlate to LVEE, however, that of EIF4EBP1 was
demonstrated to negatively correlate to LVEF (Figures 7C-J;
Supplementary Figure S8).
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DISCUSSION

The etiology of stable CAD and MI is relatively clear, however, the
knowledge of diagnostic biomarkers and treatment targets is still
limited (19, 20). MI occurrence can lead to plaque progression
by increasing the number of monocytes and macrophages and
plaque progression can, in turn, deteriorate MI (4-6). xCell

is a recently published method based on Single sample gene
set enrichment analysis (ssGSEA) that estimates the abundance
scores of 64 immune cell types, including adaptive and innate
immune cells, hematopoietic progenitors, epithelial cells, and
extracellular matrix cells. It sometimes may not be accurate and
calibration parameters should be manually adjusted if the high
score from the analysis corresponds to the clearly wrong cell type.
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TABLE 3 | The significant GO and KEGG pathways enriched by hub DEMRGs.

GO ID Description GeneRatio BgRatio p-value p.adjust g-value
BP G0:0018108 Peptidyl-tyrosine phosphorylation 8/30 363/18670 7.62e-08 5.68e-05 3.51e-05
BP G0:0018212 Peptidyl-tyrosine modification 8/30 366/18670 8.11e-08 5.68e-05 3.51e-05
BP GO:0055024 Regulation of cardiac muscle tissue development 5/30 100/18670 5.11e-07 2.38e-04 1.47e-04
BP G0:0048738 Cardiac muscle tissue development 6/30 233/18670 1.64e-06 5.73e-04 3.55e-04
BP G0:0055025 Positive regulation of cardiac muscle tissue development 4/30 62/18670 2.83e-06 6.83e-04 4.23e-04
CC G0:0043197 Dendritic spine 4/30 169/19717 1.20e-04 0.008 0.006
CC GO0:0044309 Neuron spine 4/30 17119717 1.26e-04 0.008 0.006
CC G0:0098978 Glutamatergic synapse 5/30 349/19717 1.67e-04 0.008 0.006
CC GO:0045121 Membrane raft 4/30 315/19717 0.001 0.087 0.027
CC GO0:0098857 Membrane microdomain 4/30 316/19717 0.001 0.037 0.027
MF GO:0004713 Protein tyrosine kinase activity 4/30 134/17697 7.39e-05 0.012 0.008
MF GO:0004714 Transmembrane receptor protein tyrosine kinase activity 3/30 62/17697 1.55e-04 0.012 0.008
MF GO:0019199 Transmembrane Receptor Protein Kinase Activity 3/30 79/17697 3.19e-04 0.015 0.010
MF G0:0042813 Whnt-activated receptor activity 2/30 17/17697 3.72e-04 0.015 0.010
MF GO:0051721 Protein phosphatase 2A binding 2/30 32/17697 0.001 0.035 0.023
KEGG hsa05205 Proteoglycans in cancer 7/28 205/8076 4.61e-06 7.43e-04 4.71e-04
KEGG hsa04728 Dopaminergic synapse 5/28 132/8076 7.86e-05 0.005 0.003
KEGG hsa04550 Signaling pathways regulating pluripotency of stem cells 5/28 143/8076 1.15e-04 0.005 0.003
KEGG hsa05224 Breast cancer 5/28 147/8076 1.31e-04 0.005 0.003
KEGG hsa04151 PI3K-Akt signaling pathway 7/28 354/8076 1.56e-04 0.005 0.003

DEMRGs, Different Expressed Macrophages-related Genes; GO, Gene ONTOLOGY; BR, Biological Process; CC, cellular component; MF, Molecular Function; KEGG, Kyoto Encyclopedia
of Genes andGenomes.
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In this study, using the xCell immune analysis, we obtained a total
of 1,043 DEGs in the GSE41571 dataset and 509 of these DEGs
were considered the DEMRGs.

In the event of acute inflammation, a large number of
immune cells, especially monocytes, are recruited to the
inflammation site to repair the tissue and eventually restore
the tissue to homeostasis (21, 22). A network of macrophages

can actively take up material, including mitochondria, derived
from cardiomyocytes and support mitochondrial homeostasis
in the heart (23). Macrophages can also facilitate electrical
conduction in the physiological and pathological heart through
gap junctions (24-26). However, the specific mechanism
of the differentiation of MI-type macrophages to M2-type
macrophages and the role of M2-type macrophages has
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FIGURE 6 | Expression patterns of the hub differentially expressed macrophages-related genes (DEMRGs) were validated in the GSE116250 and GSE135055
datasets. (A) The expression level of the hub DEMRGs in patients with dilated cardiomyopathy compared to control. (B) The receiver operation characteristic (ROC)
curves of the validated DEMRGs in patients with dilated cardiomyopathy. (C) The expression level of the hub DEMRGs in patients with ischemic cardiomyopathy
compared to control. (D) The ROC curves of the validated DEMRGs in patients with ischemic cardiomyopathy. (E) The expression level of the hub DEMRGs in
patients with ischemia-induced heart failure compared to control. (F) The ROC curves of the validated DEMRGs in patients ischemia-induced heart failure. DCM,
dilated cardiomyopathy; ICM, ischemic cardiomyopathy; HF, heart failure. *p < 0.05; *p < 0.01; **p < 0.001; ns, not significant.
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TABLE 4 | The hub genes validated in GEO datasets.

GEO datasets Hub genes

Only ICM
Only HF
Only IPH

SOCS3
MRPS21

NAPA
GNAI1
YAP1
sMmc3
RPS6KA1
PPP1CA
FZD6
HEST
IL6ST
SEC61AT
STRN
HCK
LCcP2
FNA
GNB2
PPPAC
EIF4EBP1
SYNJ2
MYH10
NET
FZD7
TBLIXR1

ICM AND DCM NOT HF NOT IPH

ICM AND HF NOT DCM NOT IPH

ICM AND IPH NOT DCM NOT HF

ICM AND DCM AND HF NOT IPH
ICM AND DCM AND IPH NOT HF

DCM AND HF AND IPH NOT ICM
ICM AND DCM AND HF AND IPH

The hub genes validated in ICM and IPH GEO datasets were labeled blue.

not been fully clarified and needs further studies. In this
study, 509 macrophages-related DEGs were screened out
using the Venn diagram and further analysis was applied to
investigate the potential biomarkers for plaque progression and
MI recurrence.

After validation using GEO datasets and atherosclerosis and
MI mice model, it was found that the eight proteins, including
SYNJ2, NETI1, EIF4EBP1, FZD7, LCP2, HCK, GNB2, and
PPP4C, can act as diagnostic biomarkers in the deterioration
of atherosclerosis and also used as targets to help reduce
the mortality of patients. LCP2, EIF4EBP1, HCK, and PPP4C
were demonstrated to be highly expressed and SYNJ2 was
demonstrated to be lowly expressed in the atherosclerosis mice
model. FZD7, LCP2, HCK, GNB2, and PPP4C were highly
expressed and EIF4EBP1 was lowly expressed in the MI group
(ApoE-/- and C57Bl/6]), while SYNJ2 and NET1 were highly
expressed only in ApoE-/- mice model but not in C57 mice
model. To investigate the cardiac function, correlation analysis
was used and the expression levels of proteins, including
SYNJ2, NET1, FZD7, LCP2, HCK, GNB2, and PPP4C were
demonstrated to be positively correlated to LVEF, while that of
EIF4EBP1 was demonstrated to be negatively correlated to LVEF.

Neuroepithelial cell transforming 1 (NET1) deletion in
macrophages decreased RhoA activation, cell adhesion, and
motility. Similar to RhoA™/~/RhoB~/~ macrophages in the
mice model, Netl deletion did not reduce macrophage
recruitment to the peritoneum (27). However, Netl deletion
may impair macrophage recruitment in the atherosclerosis
mice model, which needs to be investigated. Interestingly,
podosome distribution and osteoclastogenesis were affected by

the osteoprotegerin-induced inhibition and RANKL-induced
promotion of the expression of genes in the Arhgef8/Netl and
RhoGTPase signaling pathway (28, 29). Eukaryotic translation
initiation factor 4E binding protein 1 (EIF4EBP1) expression
decreased in the MI mice model and Li XQ also reported
that the mRNA levels of e[F4E-BP1 and eIF4E decreased in
the macrophages pretreated with Lipopolysaccharide (LPS),
which was alleviated by Emodin (30). Lymphocyte cytosolic
protein 2 (LCP2) is a type of polysaccharide and showed
stronger immunomodulatory activity than LCP-1 (31). In the
PPI network, LCP2 demonstrated high degrees of connectivity
with ZAP70, UBASH3B, and C-C motif chemokine and its
receptor, which can regulate T-cell receptor signaling in activated
T-lymphocytes (32, 33). “HCK proto-oncogene, Src family
tyrosine kinase” (HCK) was identified as a hub gene using
weighted correlation network analysis (WGCNA) and validated
for the predictive value in identifying future MI-induced heart
failure (HF) and in atherosclerosis plaque progression (34,
35). SDF-1 treatment rapidly promoted the hematopoietic Lyn,
Fgr, and Hck Src phosphorylation in WT cells (36). Hck
tyrosine kinase promoted TNF and IL-6 expression induced
by TLR4 and HcK/Fgr kinase deficieny can decrease plaque
stability (37, 38). Besides, HCK is also essential for LPS-
induced inflammatory response and NLRP3 inflammasome
activation (39). G protein subunit beta 2 (GNB2), as a ubiquitin
ligase, was lowly expressed through DDX3 knockdown in
THP-1 cells (40). LPS inhibited the PKM2 ubiquitination by
downregulating the expression of Nedd4L, Nedd4, and Gnb2,
which can be rescued by Lycium barbarum polysaccharide
(41). Gnb2~/~ macrophages showed robust Ca2+ transients,
decreased cell velocity, and impeded chemokines expression
(42). Protein phosphatase 4 catalytic subunit (PPP4C) can
interact with cysteine proteinases in Theileria annulata, which
was involved in ubiquitylation regulating and maturation of
spliceosomal snRNPs and further infected macrophages and B
lymphocytes, resulting in severe lymphoproliferative diseases
(43). Synaptojanin 2 (SYNJ2) was reported as a cell-type-
specific methylation biomarker associated with aging, especially
in neuronal diseases, such as Alzheimer’s disease (44) and
progressive hearing loss (45). SYNJ2 knock-down impeded
the EGFR endocytic recycling and the formation of cellular
lamellipodia and invadopodia and prevented cell migration,
suggesting that SYNJ2 may act as a potential druggable target to
impair the cell migration (46). Moreover, wake upregulated many
genes related to metabolism, including Trio, Synj2, and Gem,
which were involved in the elongation of peripheral astrocytic
processes (47). However, the effects of SYNJ2 on macrophages
in plaque progression and cardiac neurophysiopathology are
unclear and need to be more investigated. Frizzled class receptor
7 (FZD7), as the membrane receptor of Wnt/b-catenin signal
pathway, controlled both vaso-obliteration and neovascular
phases in oxygen-induced retinopathy and single intravitreal
microinjection of a monoclonal antibody against Fzd7 or a
soluble Fzd7 receptor reduced retinal neovascularization (48).
Wnt5a/FZD7 can regulate ABCG2 expression and YTHDF1
promoted translation of FZD7 in an m6A-dependent manner and
mutated YTHDFI enhanced FZD7 expression, resulting in the
Wnt/B-catenin pathway over-activation (49, 50). FZD7-mediated
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PCP signaling increased YAP expression by activating RhoA,
which may also act as a potential target for macrophages in
CVD (51). Besides, epicardial erythropoietin treatment enhanced
FOS and Fzd7 expression and therefore, increased cardiac
repaired critical indicators expressions, such as SDF-1, CXCR4,
CD34, Bcl-2, cyclin D1, and MMP2, which elevated intracardiac
mesenchymal proliferation during early MI period (52).

There are some limitations. At first, only hub DEMRGs
were validated in GEO datasets and atherosclerosis and MI
mice model. The other neighbor DEMRGs are still needed to
be investigated. Second, the sample sizes were not too large,
however, after validation, the results are highly reliable.

CONCLUSION

Based on our current study, our research provided bioinformatics
analysis of macrophages-related genes biomarkers in the
deterioration of atherosclerosis. The screened hub DEMRGs,
SYNJ2, NETI1, FZD7, LCP2, HCK, GNB2, EIF4EBP1, and
PPP4C, may act as therapeutic targets for treatment and
prediction for the patients with plaque progression and MI
recurrent events. The kit of the eight hub DEMRGs may
test plaque progression and MI recurrent events and help
diagnose and treat MI-induced HE thus decreasing mortality
and morbidity.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: The data, including GSE41571, GSE163154,
GSE135055, and GSE116250 were downloaded from the Gene
Expression Omnibus (GEO) dataset.

ETHICS STATEMENT

The animal study was reviewed and approved by Protocols
were approved by Institute of Radiation Medicine, the Chinese

REFERENCES

1. Naghavi M, Abajobir AA, Abbafati C, Abbas KM, Abd-Allah F, Abera SE, et
al. Global, regional, and national age-sex specific mortality for 264 causes of
death, 1980-2016: a systematic analysis for the global burden of disease study
2016. Lancet. (2017) 390:1151-210. doi: 10.1016/S0140-6736(17)32152-9

2. Chang]J, Liu X, Sun Y. Mortality due to acutemyocardial infarction in China
from 1987 to 2014: Secular trends and ageperiod-cohort effects. Int J Cardiol.
(2017) 227:229-38. doi: 10.1016/j.ijjcard.2016.11.130

3. Singh A, Gupta A, DeFilippis EM, Qamar A, Biery DW, Almarzooq
Z, et al. Cardiovascular mortality after type 1 and type 2 myocardial
infarction in young adults. J Am Coll Cardiol. (2020) 75:1003-13.
doi: 10.1016/j.jacc.2019.12.052

4. Dutta P, Courties G, Wei Y, Leuschner F, Gorbatov R, Robbins CS, et al.
Myocardial infarction accelerates atherosclerosis. Nature. (2012) 487:325-9.
doi: 10.1038/nature11260

5. Marino A, Zhang Y, Rubinelli L, Riemma MA, Ip JE, Di Lorenzo
A. Pressure overload leads to coronary plaque formation, progression,

Academy of Medical Science, which conform to the Guide for the
Care and Use of Laboratory Animals.

AUTHOR CONTRIBUTIONS

YZ, YL, and BQ downloaded and analyzed the datasets. YZ,
YL, YW, WG, and ZQ carried out the PPI analysis and
investigated the hub genes. YZ validated the results in the
mice model. YZ, XC, ZQ, and TL wrote and supervised the
study. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by Tianjin Key Medical Discipline
(Specialty) Construction Project, the Tianjin “Project + Team”
Key Training Special Project, China (no. XC202040), the
Tianjin “131” Innovative Talent Team Project (no. 201939),
Key Project of Tianjin Natural Science Foundation (no.
21JCZDJC00240), the Tianjin Municipal Health and Health
Committee Science and Technology Project (no. ZD20001),
Tianjin Health Committee traditional Chinese medicine and
integrated traditional Chinese and Western medicine project
(no. 2021139), and the Tianjin Municipal Health and Health
Committee Science and Technology Talent Cultivation Project
(no. KJ20008).

ACKNOWLEDGMENTS

We would like to express our gratitude to all those who helped
us during the writing of this manuscript. Thanks to all the peer
reviewers for their opinions and suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2022.890321/full#supplementary-material

and myocardial events in ApoE-/- mice. JCI Insight. (2019) 4:e128220.
doi: 10.1172/jci.insight.128220

6. Horikoshi T, Obata JE, Nakamura T, Fujioka D, Watanabe Y, Nakamura K,
et al. Persistent dysfunction of coronary endothelial vasomotor responses
is related to atheroma plaque progression in the infarct-related coronary
artery of AMI survivors. ] Atheroscler Thromb. (2019) 26:1062-74.
doi: 10.5551/jat.48249

7. Geovanini GR, Libby P. Atherosclerosis and inflammation: overview and
updates. Clin Sci (Lond). (2018) 132:1243-52. doi: 10.1042/CS20180306

8. Swirski FK, Nahrendorf M. Leukocyte behavior in atherosclerosis,
myocardial infarction, and heart failure. Science. (2013) 339:161-6.
doi: 10.1126/science.1230719

9. Randolph GJ.
burden in  atherosclerosis.  Circ  Res.
doi: 10.1161/CIRCRESAHA.114.301174

10. Petretto E, Sarwar R, Grieve I, Lu H, Kumaran MK, Muckett PJ, et al.
Integrated genomic approaches implicate osteoglycin (Ogn) in the regulation
of left ventricular mass. Nat Genet. (2008) 40:546-52. doi: 10.1038/ng.134

Mechanisms that regulate

(2014)

macrophage
114:1757-71.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

June 2022 | Volume 9 | Article 890321


https://www.frontiersin.org/articles/10.3389/fcvm.2022.890321/full#supplementary-material
https://doi.org/10.1016/S0140-6736(17)32152-9
https://doi.org/10.1016/j.ijcard.2016.11.130
https://doi.org/10.1016/j.jacc.2019.12.052
https://doi.org/10.1038/nature11260
https://doi.org/10.1172/jci.insight.128220
https://doi.org/10.5551/jat.48249
https://doi.org/10.1042/CS20180306
https://doi.org/10.1126/science.1230719
https://doi.org/10.1161/CIRCRESAHA.114.301174
https://doi.org/10.1038/ng.134
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zheng et al.

DEMRGs in Atherosclerosis

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Irizarry RA, Hobbs B, Collin F Beazer-Barclay YD, Antonellis KJ, Scherf
U, et al. Exploration, normalization, and summaries of high density
oligonucleotide array probe level data. Biostatistics. (2003) 4:249-64.
doi: 10.1093/biostatistics/4.2.249

Aran D, Hu Z, Butte AJ. xCell:
cellular  heterogeneity landscape.
doi: 10.1186/s13059-017-1349-1

Yu GC, Wang LG, Han YY, He QY. clusterProfiler: an R package for
comparing biological themes among gene clusters. Omics: a journal of
integrative biology. (2012) 16:284-7. doi: 10.1089/0mi.2011.0118

Zhou GY, Soufan O, Ewald ], Hancock REW, Basu N, Xia JG. NetworkAnalyst
3. 0: a visual analytics platform for comprehensive gene expression
profiling and meta-analysis. Nucleic Acids Res. (2019) 47:W234-41.
doi: 10.1093/nar/gkz240

Jin H, Goossens P, Juhasz P, Eijgelaar W, Manca M, Karel JMH, et al.
Integrative multiomics analysis of human atherosclerosis reveals a serum
response factor-driven network associated with intraplaque hemorrhage. Clin
Transl Med. (2021) 11:e458. doi: 10.1002/ctm2.458

Hua X, Wang YY, Jia P, Xiong Q, Hu YQ, Chang Y, et al. Multi-
level transcriptome sequencing identifies COL1Al as a candidate
marker in human heart failure progression. BMC Med. (2020) 18:2.
doi: 10.1186/512916-019-1469-4

Sweet ME, Cocciolo A, Slavov D, Jones KL, Sweet JP, Graw SL, et al.
Transcriptome analysis of human heart failure reveals dysregulated
cell adhesion in dilated cardiomyopathy and activated immune
pathways in ischemic heart failure. BMC Genomics. (2018) 19:812.
doi: 10.1186/512864-018-5213-9

Yamaguchi T, Sumida TS, Nomura S, Satoh M, Higo T, Ito M, et al. Cardiac
dopamine D1 receptor triggers ventricular arrhythmia in chronic heart failure.
Nat Commun. (2020) 11:4364. doi: 10.1038/s41467-020-18128-x

Chen DQ, Kong XS, Shen XB, Huang MZ, Zheng JP, Sun J, et al. Identification
of differentially expressed genes and signaling pathways in acute myocardial
infarction based on integrated bioinformatics analysis. Cardiovasc Ther.
(2019) 2019:8490707. doi: 10.1155/2019/8490707

Yang Y, Cai Y, Wu G, Chen X, Liu Y, Wang X, et al. Plasma long non-coding
rna, coromarker, a novel biomarker for diagnosis of coronary artery disease.
Clin Sci. (2015) 129:675-85. doi: 10.1042/CS20150121

Dal SD, Wang ], Zeng ZT, Kolaczkowska E, Wong CHY, Petri B, et al. A
dynamic spectrum of monocytes arising from the in situ reprogramming of
CCR2+ monocytes at a site of sterile injury. ] Exp Med. (2015) 212:447-56.
doi: 10.1084/jem.20141539

Amit I, Winter DR, Jung S. The role of the local environment and epigenetics
in shaping macrophage identity and their effect on tissue homeostasis. Nat
Immunol. (2016) 17:18-25. doi: 10.1038/ni.3325

Nicolds-Avila JA, Lechuga-Vieco AV, Esteban-Martinez L, Sanchez-Dfaz M,
Diaz-Garcia E, Santiago DJ, et al. A network of macrophages supports
mitochondrial homeostasis in the heart. Cell. (2020) 183:94-109.e23.
doi: 10.1016/j.cell.2020.08.031

Maarten H, Sebastian C, Ling X, Aguirre AD, King KR, Hanley A, et al.
Macrophages facilitate electrical conduction in the heart. Cell. (2017) 169:510-
22.€20, doi: 10.1016/j.cell.2017.03.050

Fei YD, Wang Q, Hou JW Li W, Cai XX, Yang YL, et al. Macrophages facilitate
post myocardial infarction arrhythmias: roles of gap junction and KCa3. I
Theranostics. (2019) 9:6396-411. doi: 10.7150/thno.34801

Xue JY, Yan XX, Yang YT, Chen M, Wu L, Gou Z, et al. Connexin
43 dephosphorylation contributes to arrhythmias and cardiomyocyte
apoptosis in ischemia/reperfusion hearts. Bas Res Cardiol. (2019) 114:40.
doi: 10.1007/s00395-019-0748-8

Zuo Y. d’Aigle ], Chauhan A, Frost JA. Genetic deletion of the Rho GEF Netl
impairs mouse macrophage motility and actin cytoskeletal organization. Small
GTPases. (2020) 11:293-300. doi: 10.1080/21541248.2017.1405772

Song R, GuJ, Liu X, Zhu J, Wang Q, Gao Q, et al. Inhibition of osteoclast bone
resorption activity through osteoprotegerin-induced damage of the sealing
zone. Int ] Mol Med. (2014) 34:856-62. doi: 10.3892/ijmm.2014.1846

Brazier H, Stephens S, Ory S, Fort P, Morrison N, Blangy A. Expression profile
of RhoGTPases and RhoGEFs during RANKL-stimulated osteoclastogenesis:
identification of essential genes in osteoclasts. ] Bone Miner Res. (2006)
21:1387-98. doi: 10.1359/jbmr.060613

digitally portraying the tissue

Genome  Biol. (2017)  18:220.

30.

31.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Li X, Shan C, Wu Z, Yu H, Yang A, Tan B. Emodin alleviated pulmonary
inflammation in rats with LPS-induced acute lung injury through inhibiting
the mTOR/HIF-1a/VEGF signaling pathway. Inflamm Res. (2020) 69:365-73.
doi: 10.1007/s00011-020-01331-3

Zheng T, Gu D, Wang X, Shen X, Yan L, Zhang W, et al. Purification,
characterization and immunomodulatory activity of polysaccharides from
Leccinum crocipodium (Letellier. ) Watliag Int J Biol Macromol. (2020)
148:647-56. doi: 10.1016/j.ijbiomac.2020.01.155

. Jia J, Wang W, Kuang D, Lu C, Li N, Tong P, et al. mRNA profiling reveals

response regulators of decreased fungal keratitis symptoms in a tree shrew
model. Gene. (2020) 737:144450. doi: 10.1016/j.gene.2020.144450

Wang Z, Wang Y, Peng M, Yi L. UBASH3B Is a Novel prognostic biomarker
and correlated with immune infiltrates in prostate cancer. Front Oncol. (2020)
9:1517. doi: 10.3389/fonc.2019.01517

Niu X, Zhang ], Zhang L, Hou Y, Pu S, Chu A, et al. Weighted gene co-
expression network analysis identifies critical genes in the development of
heart failure after acute myocardial infarction. Front Genet. (2019) 10:1214.
doi: 10.3389/fgene.2019.01214

Liu C, Zhang H, Chen Y, Wang S, Chen Z, Liu Z, et al. Identifying
RBM47, HCK, CD53, TYROBP, and HAVCR2 as hub genes in advanced
atherosclerotic plaques by network-based analysis and validation. Front Genet.
(2021) 11:602908. doi: 10.3389/fgene.2020.602908

Cheng M, Huang K, Zhou ], Yan D, Tang YL, Zhao TC, et al. A critical
role of Src family kinase in SDF-1/CXCR4-mediated bone-marrow progenitor
cell recruitment to the ischemic heart. ] Mol Cell Cardiol. (2015) 81:49-53.
doi: 10.1016/j.yjmcc.2015.01.024

Smolinska M]J, Page TH, Urbaniak AM, Mutch BE, Horwood NJ. Hck
tyrosine kinase regulates TLR4-induced TNF and IL-6 production via AP-1.
J Immunol. (2011) 187:6043-51. doi: 10.4049/jimmunol.1100967

Medina I, Cougoule C, Drechsler M, Bermudez B, Koenen RR, Sluimer
J, et al. Hck/Fgr kinase deficiency reduces plaque growth and stability by
blunting monocyte recruitment and intraplaque motility. Circulation. (2015)
132:490-501. doi: 10.1161/CIRCULATIONAHA.114.012316

Kong X, Liao Y, Zhou L, Zhang Y, Cheng ], Yuan Z, et al. Hematopoietic
Cell Kinase (HCK) Is essential for NLRP3 inflammasome activation and
lipopolysaccharide-induced inflammatory response in vivo. Front Pharmacol.
(2020) 11:581011. doi: 10.3389/fphar.2020.581011

Ku YC, Lai MH, Lo CC, Cheng YC, Qiu JT, Tarn WY, et al. DDX3
Participates in translational control of inflammation induced by infections
and injuries. Mol Cell Biol. (2018) 39:e00285-18. doi: 10.1128/MCB.00
285-18

Ding H, Wang JJ, Zhang XY, Yin L, Feng T. Lycium barbarum
polysaccharide antagonizes LPS-induced inflammation by altering the
glycolysis and differentiation of macrophages by triggering the degradation
of PKM2. Biol Pharm Bull. (2021) 44:379-88. doi: 10.1248/bpb.b20-
00752

van den Bos E, Ambrosy B, Horsthemke M, Walbaum S, Bachg AC,
Wettschureck N, et al. Knockout mouse models reveal the contributions of
G protein subunits to complement C5a receptor-mediated chemotaxis. ] Biol
Chem. (2020) 295:7726-42. doi: 10.1074/jbc.RA119.011984

Zhao S, Guan G, Liu J, Liu A, Li Y, Yin H, et al. Screening and
identification of host proteins interacting with Theileria annulata cysteine
proteinase (TaCP) by yeast-two-hybrid system. Parasit Vectors. (2017) 10:536.
doi: 10.1186/s13071-017-2421-0

Gasparoni G, Bultmann S, Lutsik P, Kraus TFJ, Sordon S, Vlcek J, et al. DNA
methylation analysis on purified neurons and glia dissects age and Alzheimer’s
disease-specific changes in the human cortex. Epigenetics Chromatin. (2018)
11:41. doi: 10.1186/s13072-018-0211-3

Martelletti E, Ingham NJ, Houston O, Pass JC, Chen J, Marcotti W, et al.
Synaptojanin2 mutation causes progressive high-frequency hearing loss in
mice. Front Cell Neurosci. (2020) 14:561857. doi: 10.3389/fncel.2020.561857
Ben-Chetrit N, Chetrit D, Russell R, Kérner C, Mancini M, Abdul-Hai A,
et al. Synaptojanin 2 is a druggable mediator of metastasis and the gene
is overexpressed and amplified in breast cancer. Sci Signal. (2015) 8:ra7.
doi: 10.1126/scisignal.2005537

Bellesi M, de Vivo L, Tononi G, Cirelli C. Effects of sleep and wake on
astrocytes: clues from molecular and ultrastructural studies. BMC Biol. (2015)
13:66. doi: 10.1186/s12915-015-0176-7

Frontiers in Cardiovascular Medicine | www.frontiersin.org

June 2022 | Volume 9 | Article 890321


https://doi.org/10.1093/biostatistics/4.2.249
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/nar/gkz240
https://doi.org/10.1002/ctm2.458
https://doi.org/10.1186/s12916-019-1469-4
https://doi.org/10.1186/s12864-018-5213-9
https://doi.org/10.1038/s41467-020-18128-x
https://doi.org/10.1155/2019/8490707
https://doi.org/10.1042/CS20150121
https://doi.org/10.1084/jem.20141539
https://doi.org/10.1038/ni.3325
https://doi.org/10.1016/j.cell.2020.08.031
https://doi.org/10.1016/j.cell.2017.03.050
https://doi.org/10.7150/thno.34801
https://doi.org/10.1007/s00395-019-0748-8
https://doi.org/10.1080/21541248.2017.1405772
https://doi.org/10.3892/ijmm.2014.1846
https://doi.org/10.1359/jbmr.060613
https://doi.org/10.1007/s00011-020-01331-3
https://doi.org/10.1016/j.ijbiomac.2020.01.155
https://doi.org/10.1016/j.gene.2020.144450
https://doi.org/10.3389/fonc.2019.01517
https://doi.org/10.3389/fgene.2019.01214
https://doi.org/10.3389/fgene.2020.602908
https://doi.org/10.1016/j.yjmcc.2015.01.024
https://doi.org/10.4049/jimmunol.1100967
https://doi.org/10.1161/CIRCULATIONAHA.114.012316
https://doi.org/10.3389/fphar.2020.581011
https://doi.org/10.1128/MCB.00285-18
https://doi.org/10.1248/bpb.b20-00752
https://doi.org/10.1074/jbc.RA119.011984
https://doi.org/10.1186/s13071-017-2421-0
https://doi.org/10.1186/s13072-018-0211-3
https://doi.org/10.3389/fncel.2020.561857
https://doi.org/10.1126/scisignal.2005537
https://doi.org/10.1186/s12915-015-0176-7
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zheng et al.

DEMRGs in Atherosclerosis

48.

49.

50.

51.

52.

Bats ML, Bougaran P, Peghaire C, Gueniot F, Abelanet A, Chan H, et al.
Therapies targeting Frizzled-7/p-catenin pathway prevent the development of
pathological angiogenesis in an ischemic retinopathy model. FASEB J. (2020)
34:1288-303. doi: 10.1096/f.201901886R

Zhang Z, Gao S, Xu Y, Zhao C. Regulation of ABCG2 expression by Wnt5a
through FZD7 in human pancreatic cancer cells. Mol Med Rep. (2021) 23:52.
doi: 10.3892/mmr.2020.11690

Pi J, Wang W, Ji M, Wang X, Wei X, Jin ], et al. YTHDF1
promotes gastric carcinogenesis by controlling translation of FZD?7.
Cancer Res. (2021) 81:2651-65. doi: 10.1158/0008-5472.CAN-20-
0066

Xu H, Xia H, Zhou S, Tang Q, Bi F. Cholesterol activates the Wnt/PCP-YAP
signaling in SOAT1-targeted treatment of colon cancer. Cell Death Discov.
(2021) 7:38. doi: 10.1038/s41420-021-00421-3

Klopsch C, Skorska A, Ludwig M, Lemcke H, Maass G, Gaebel R, et
al. Intramyocardial angiogenetic stem cells and epicardial erythropoietin
save the acute ischemic heart. Dis Model Mech. (2018) 11:dmm033282.
doi: 10.1242/dmm.033282

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zheng, Qi, Gao, Qi, Liu, Wang, Feng, Cheng, Luo and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

16

June 2022 | Volume 9 | Article 890321


https://doi.org/10.1096/fj.201901886R
https://doi.org/10.3892/mmr.2020.11690
https://doi.org/10.1158/0008-5472.CAN-20-0066
https://doi.org/10.1038/s41420-021-00421-3
https://doi.org/10.1242/dmm.033282
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Macrophages-Related Genes Biomarkers in the Deterioration of Atherosclerosis
	Introduction
	Methods
	Data Source
	Evaluation of Immune Cells
	Identification of DEMRGs
	Enrichment Analysis
	Protein–Protein Interaction (PPI) Network Analysis
	The Hub DEMRGs and Their Interactions
	Validation of the Hub DEMRGs Using GEO Datasets
	Validation of the Hub DEMRGs Using Mice Models
	Echocardiographic Examination
	Enzyme-Linked Immunosorbent Assay
	Statistical Analysis

	Results
	DEMRGs in Plaque Progression
	Functional Enrichment for DEMRGs
	PPI Network Analysis
	The Hub DEMRGs and Their Interactions
	Validations of Hub DEMRGs Using GEO Datasets
	Validations of Hub DEMRGs Using Atherosclerosis and MI Mice Model

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


