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Background: In an atherosclerotic artery wall, monocyte-derived macrophages are the principal mediators that respond to
pathogens and inflammation. The present study aimed to investigate potential genetic changes in gene ex-
pression between normal tissue-resident macrophages and atherosclerotic macrophages in the human body.

Material/Methods: The expression profile data of GSE7074 acquired from the Gene Expression Omnibus (GEO) database, which
includes the transcriptome of 4 types of macrophages, was downloaded. Differentially expressed genes (DEGs)
were identified using R software, then we performed functional enrichment, protein-protein interaction (PPI)
network construction, key node and module analysis, and prediction of microRNAs (miRNAs)/transcription fac-
tors (TFs) targeting genes.

Results: After data processing, 236 DEGs were identified, including 21 upregulated genes and 215 downregulated genes.
The DEG set was enriched in 22 significant Gene Ontology (GO) terms and 25 Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways, and the PPI network constructed with these DEGs comprised 6 key nodes
with degrees >8. Key nodes in the PPl network and simultaneously involved in the prime modules, including
rhodopsin (RHO), coagulation factor V (F5), and bestrophin-1 (BEST1), are promising for the prediction of
atherosclerotic plaque formation. Furthermore, in the miRNA/TF-target network, hsa-miR-3177-5p might be
involved in the pathogenesis of atherosclerosis via regulating BEST1, and the transcription factor early growth
response-1 (EGR1) was found to be a potential promoter in atherogenesis.

Conclusions: The identified key hub genes, predicted miRNAs/TFs, and underlying molecular mechanisms may be involved
in atherogenesis, thus potentially contributing to the treatment and diagnosis of patients with atherosclerotic
disease.
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Background

Atherosclerosis is a chronic inflammatory disease in large ar-
teries; it can cause life-threatening cardiac or cerebral vascu-
lar events, such as myocardial infarction and ischemic stroke.
The main features of atherosclerotic lesions are that they con-
tain subintimal lipid deposition in certain parts of the arteries,
and they have the abnormal proliferation of smooth muscle
cells or fibrous matrix components [1,2]. This causes a healthy
arterial wall to thicken and lose elasticity, eventually leading
to atherosclerotic plaque formation.

Macrophage accumulation for depositional lipid elimination
in the subendothelial region of the arterial wall is a hallmark
of atherosclerosis. These cells laden with lipid facilitate in-
flammatory responses within the wall of the artery that can
cause diverse fatal consequences, such as rupture, hemor-
rhage, and calcification [3,4]. In early stages, atherogenesis
is propelled by the infiltration of monocytes underneath the
vascular endothelium. After their differentiation into macro-
phages, they tend to clear the excess depositional lipids and
lipoproteins in the neointima, causing the macrophages to be-
come engorged with lipids and terminally lacking the ability
to emigrate from the plaque [5,6]. Indeed, this process con-
tributes to the development of a local arterial inflammatory
state and thus generates a chronic and complicated athero-
sclerotic lesion [7]. The macrophages are present in various
lesion regions, such as the plaque shoulder, next to the ne-
crotic core, next to blood vessels, or in the zone next to the
rigid and calcified arterial zone [8]. Nevertheless, wherever
they are in the atherosclerotic plaque, macrophages are sen-
sitive to the complex micro-environment and they are contin-
uously facing stimuli, or external signals, including cytokines,
calcium, and iron [9-11]. Thus, macrophage phenotypes could
be influenced by these factors, which manifest different pat-
terns called polarization or activation. In turn, macrophages
also influence and mostly control the atherosclerosis-related
processes from initiation to maturity.

In recent years, several studies have revealed the role of genetic
changes or genetic transcription in the modulation of macro-
phage phenotype in atherosclerosis. Macrophages can display
a continuous phenotype described by different gene expres-
sion profiles with the ability to switch from one phenotype to
another based on external stimuli. Genetic factors have impor-
tant impacts on the regulation of macrophage phenotypes in-
volved in the pathogenesis of atherosclerosis. The expression
level of a few factors positively correlates with the expression of
macrophage markers such as LXRa, PPARY, and KLF4[9,12,13].
Therefore, transcription factors, or post-transcriptional regu-
lators, and other related signaling molecules play key roles in
the control of macrophage differentiation and polarization;
significant changes in expression levels of distinct transcripts
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clearly occur [14,15]. As mentioned above, evidence has shown
that the potential therapeutic targets for atherosclerotic dis-
ease may be hiding under the abnormally variable transcrip-
tome. Therefore, it is important to explore the possible mech-
anisms underlying global changes in gene expression during
the physiopathological process of macrophages, which may
help to provide more reliable and effective early diagnostic
molecular markers for blocking and controlling the progression
of atherosclerotic diseases. Microarray technology is an effi-
cient tool for obtaining accurate data on general gene expres-
sion levels, and it has been widely used to study overall pat-
terns of gene expression changes in different diseases. These
microarrays offer a new approach to study disease-related
genes and provide evidence for prognosis and potential mo-
lecular targeted therapy [16]. Recently, large amounts of gene
chip data have been uploaded to public databases, and using
these specific data provide a chance to deeply study the mo-
lecular mechanisms in diseases.

The present study aimed to re-analyze the data of GSE7074
(a data set derived from the GEO database, which contains
the required transcriptome data) using bioinformatics meth-
ods to identify significant differentially expressed genes (DEGs)
of resident macrophages in human normal tissue (alveolus,
spleen, liver) and in atherosclerotic plaque. After PCA analy-
sis, functional annotation and pathway enrichment were then
performed, followed by the construction of protein-protein in-
teraction (PPI) networks, analysis of key nodes, and the reg-
ulatory relationship prediction between microRNA/transcrip-
tion factors (TFs) and DEGs. These analyses allowed us to
discover key genes and to develop new insights for under-
standing the role of macrophages in atherosclerotic plaque
formation, as well as suggesting potential new directions in
the study of atherosclerosis.

Material and Methods

Microarray data

The microarray data of GSE7074 were downloaded from Gene
Expression Omnibus (GEO); the platform for this dataset is
GPL4868, AMC-MAD Homo sapiens 19k ver 1.0. The dataset
contained 30 samples, including atherosclerotic (carotid arteries)
and nonatherosclerotic (lung, liver, and spleen, macrophages
were isolated and derived from the patients without any clini-
cal symptoms of systemic inflammation or malignancies) tis-
sues, that were uploaded by Eijgelaar W) and Horrevoets AJ [17].
Series matrix files and platform information were downloaded,
and expression profile data preprocessing was performed using
the R software package (R version 3.5.0). Data preprocessing
included converting and rejecting the unqualified data, calibra-
tion, filling in of missing data, and standardization.
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PCA analysis, identification of DEGs, and hierarchical
clustering analysis

Principal component analysis (PCA) is a dimension reduction
approach, which can effectively represent the effects of the
measurements or dataset consisting of a large number of inter-
related variables [18]. PCA for this dataset was conducted using
R software, and the results were visualized. After the probe ID
was converted into a universal name for genes (official gene
symbol), gene differential expression analysis was performed
using the limma package (from the Bioconductor, http://www.
bioconductor.org/), in R as well. Gene expression levels of sam-
ples with an adjusted P value <0.05 and |log2-fold change
(FC)| »0.58 were considered as valid DEGs. Clustering analysis
was then performed using the pheatmap package (from the
Comprehensive R Archive Network, https://cran.r-project.org).

Functional and pathway enrichment analyses of DEGs

The DAVID online analysis database (https://david.ncifcrf.gov/)
provides functional classification and annotation analyses of
candidate genes [19], and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis offers a way to de-
tect the potential various types of biochemistry pathways.
The functional and pathway enrichment analyses were per-
formed using the DAVID database and the KOBAS database
(http://kobas.cbipku.edu.cn), respectively. To comprehensively
evaluate the relevant pathways, or biological procedures,
of macrophages in atherosclerotic plaque, Gene Ontology (GO)
and pathway enrichment analyses on DEGs were carried out
through the online tools with a threshold of P values <0.05.

Protein—protein interaction (PPI) network construction

The STRING database (http://string-db.org/) is an interactive
online tool for identifying interactions or associations between
proteins [20]. In the present study, STRING was used to pre-
dict the interactions among proteins encoded by DEGs. A com-
bined score >0.4 of PPI pairs was considered significant and
was chosen to be visualized by constructing a PPl network.
The proteins in the network act as the “nodes” and nodes in
the central positions may be core roles, which mean that they
can be the pivotal candidate proteins/genes with crucial bio-
logical functions in the regulatory network. Moreover, the hub
nodes were identified by a high score based on the method
of degree ranking.

Network module analysis

The plugin of MCODE in Cytoscape [21] was used to analyze
the significant module in the PPl network. The MCODE algo-
rithm can calculate the number of close interactions and en-
richments of the subnet module, and higher scores of the
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module presented indicate that the interaction relations in-
side the module were more closed. According to the analysis,
the modules with score >5 and node >5 were selected. Then,
pathway enrichment for the DEGs in modules was analyzed.

Prediction of miRNA-target gene regulatory relations

The miRNA and target genes regulatory network analysis was
performed using the Enrichr [22] (http://amp.pharm.mssm.edu/
Enrichr/). The predicted miRNAs and target DEGs were identi-
fied based on the network geometric test. With the threshold
of P value <0.05, the regulatory network between miRNA and
target DEGs was visualized using the Cytoscape.

Prediction of transcription factor (TF)-target network
The regulatory network between TFs and target DEGs were
predicted using Enrichr, with the threshold of P value <0.05,

and significant TFs and target DEGs relationships were visu-
alized using Cytoscape.

Results

PCA analysis and identification of DEGs in human
atherosclerotic macrophages

To better define the heterogeneity of gene expression lev-
els between human atherosclerotic macrophages and non-
atherosclerotic macrophages, a principal component analysis
was performed in R. The result was visualized using a 3D PCA
scatterplot (Figure 1), which indicated that most of the non-
atherosclerotic sample data in the present study had an ob-
vious distribution difference compare to the atherosclerotic
samples (points of different colors represent samples from
different groups), and this could offer a guide for the subse-
quent study. After the macrophage expression microarray da-
taset GSE7074 was standardized, the data were divided into
the atherosclerotic macrophage group or normal tissue mac-
rophage group, including 8 atherosclerotic samples and 22
normal samples from liver, lung, and spleen. After the objec-
tive dataset had been screened for gene differential expres-
sion analysis (adjusted P value <0.05, |log2-fold change (FC)|
>0.58), 236 DEGs were obtained, including 215 downregulated
genes and 21 upregulated genes (results of gene differential
expression analysis are shown in Table 1). The multiple dif-
ferential expression genes screened out from the dataset are
shown in Figure 2. Next, hierarchical cluster analysis was per-
formed to correctly distinguish DEGs between atherosclerotic
and nonatherosclerotic macrophage samples based on signif-
icantly different expression patterns (Figure 3), indicating that
the results were reliable and suitable for subsequent analyses.
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Figure 1. 3D principal component scatterplot, in which points of different colors represent different sample type attributions. LI — liver
Kupffer cell samples; LU — alveolar macrophage samples; SP — splenic macrophage samples; CA — atherosclerotic plaque-

residing macrophage samples.

Table 1. Screening DEGs acquired from analyzed data.

Gene names (upregulated DEGs)

ASAP2, ARL4C, SNRK, ITGA10, DISP1, SFRP2, NAB1, LOC339803, FCGBP, LRP12, LRRC29, AGPAT4-IT1, COL16A1, GHRL, AMMECRIL,

BVES-AS1, ASAP3, STPG1, B4GALT5, TRPM2, FAM64A

Gene names (downregulated DEGs)

Cl4orf2, ZNRD1, SPRYD7, BTD, LHX3, NSUN5, FAM118B, ZNF460, RAD51, AGTRAP, FAM20C, PSMB10, GPX3, PKIG, CYFIP2,
TNFRSF25, LRRC4C, AMOTL2, EFNAS5, PTHLH, ELAC1, BRD2, U2SURP, NOX4, SOX14, RP1, ALDH1A1, HS3ST3A1, HMGN4, AR,
OLFML2B, HOXB5, KCNK1, PID1, EYA3, C140rf169, OGDH, ENAM, OXA1L, ZNF608, IGSFIB, KRT8P12, TBCE, DENR, SENP3, PDE6A,
POLR3B, IL2RB, PIK3CB, IL17RA, PROS1, SLC1A7, SEC23IP, ATP9A, ZNF609, STARD3, RPS6KA3, TUBAS8, LOC158402, HCRP1,
TMEM38A, NDUFB10, JPH2, VIPR1, FAM189A2, SRR, DLK1, SHROOM?2, MPO, FGF11, NPTXR, CD302, STMN1, DRD5, CYP4F8,
KCNQ10T1, CD79A, ZNF277, GBA, PRTFDC1, MAD2L2, VPS11, MYO15A, PDCD10, MYL9, IQCC, TNFAIP6, Clorf159, HAX1, FSCNI1,
FBXO21, SNORA71B, FBX024, GPD1L, FPR3, UBL7-AS1, ARNTL2, NDRG4, P2RX4, DRD3, RNASE7, PEX11B, HDLBP, PROP1, HOXC®6,
FAM204A, MIS18A, KCNJ2, NRSN2, GCNT3, SNAPC2, SLC52A1, SPARCL1, POLR2F, PAX4, PRDM1, CRTAC1, RHO, XXYLT1, KIAA1324,
MOGAT3, POLD4, DGAT1, RNLS, CRYBB1, ATP13A1, ZNF496, EIF2B4, NOCT, CHGB, DNAJC2, SLC25A40, LOC340085, ZNF154,
FAM131A, HIST1H3E, NOC3L, CCNJ, ARL6IP5, NKX2-8, XCL1, XKR8, ERBB3, VPREB3, ICOS, IL3, GOSR2, OR5L2, KIFC1, BCO1,
DUSP22, F5, CLCNKB, CDC42EP2, ACSS2, ZNF148, NLRP1, PDE6G, SCD5, XCR1, SLC39A10, CNTLN, HCRTR2, LINCO0115, TULP2,
CCM2, SGO1, VIPR2, FUT8, WNT2B, PDPK1, AP1S1, ZNF593, TSTA3, IFT20, MGAT3, AIPL1, POLD2, OR1A1, NAA20, ABCA4, TRAF4,
ATP6V1G1, LRRC8A, SPSB4, HIST1H2BL, EFHD1, HIC1, MAP3K12, ROM1, PSMD6-AS2, LOC100507547, YOD1, NDUFA3, MEF2C-AS1,
LHX2, SH2B1, AES, KCNE5, CNGA3, CAPZB, SEMA3F, C2, ARNTL, DNMT3L, OPLAH, ARHGEF17, MNS1, ANXA9, TFPI, DYNC2LI1, ICE2,

GCLC, PRO1596, BEST1

Enrichment analyses of DEGs

Biological annotation and KEGG pathway enrichment of the DEGs
were performed using the DAVID online analysis tool and KOBAS
online database (functional classification, annotation analyses,
and the potentially related biochemistry pathways of candidate
genes), respectively. With a threshold of P<0.05, 22 GO terms
and 25 KEGG pathways were enriched from 54 terms and 182
pathways. The results are presented in Figures 4-6, and mainly
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involved ‘visual perception’ (GO Biological Process [BP] term,
P=6.21E-06), ‘phototransduction’ (GO BP term, P=1.39E-04),
‘photoreceptor disc membrane’ (GO Cellular Component [CC]
term, P=0.001328569), ‘integral component of plasma mem-
brane’ (GO CC term, P=0.007973519), and the KEGG pathways
of ‘Purine metabolism’ (P=0.001546974), ‘Phototransduction’
(P=0.002534266), and ‘Metabolic pathways’ (P=0.002834313)
categories. The top 10 significant results of the GO term and
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Figure 2. Differential expression of data between atherosclerotic
Volcano and nonatherosclerotic macrophage samples. Black
plots represent down- and upregulated genes, and red
or green dots were significant differentially expressed
genes. LogFC — log2-fold change.

KEGG pathway enrichment analysis of DEGs in atherosclerotic
AAAAAAAAAAAAAAAAAA macrophages are shown in Tables 2 and 3.

logFC

Analyzing all DEGs using a PPI network and modules
identification

-3 ' : Considering the comprehensive nature of network construc-
, , , , : . : : tion and the whole process, all DEGs from the groups were
0 1 2 3 4 5 6 7 sent to the STRING website to obtain the PPI information

~log10(adj. P-value) (associations between the candidate genes/proteins). After
processing, a subset of 222 nodes with 186 interactions was

Figure 3. Hierarchical clustering heatmap of
DEGs. The bottom horizontal axis
shows the names of samples and the

Type vertical axis shows the clusters of

ath DEGs. Colors towards red represent

nor gene expression value relatively
upregulated and colors towards green
represent gene expression value
relatively downregulated. nor — normal

4 samples; ath — atherosclerotic
samples.
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drawn out from STRING. A complex network of chosen DEGs
was constructed after removing the isolated nodes, as shown
in Figure 7. The top 10 leading degree hub nodes in the net-
work were: RHO, F5, BEST1, POLR2F, PDE6G, HIST1H2BL, PDE6A,
ABCA4, CNGA3, and AIPL1. Among them, there were 6 nodes
with degrees >8, only RHO, F5, and BEST1, the 3 most signifi-
cant downregulated genes ranked degree scores >9, which
were considered to be critical in this network (Table 4). Further,
from the PPI network, only 2 subnet modules were selected
with score >5 (module A=7.429 and module B=5). As shown in
Figure 8, module A consisted of 8 downregulated nodes with 26
edges, which were significantly enriched in ‘Phototransduction’
(hsa04744), ‘Purine metabolism’ (hsa00230), and ‘ABC trans-
porters’ (hsa02010). Module B was made up of 5 downregulated
nodes with 10 edges, and the genes were significantly enriched
in ‘Complement and coagulation cascades’ (hsa04610). RHO
and BEST1 were in module A, and F5 was counted in module B.

miRNA/TF prediction and analysis

In the miRNA-target regulatory network, 16 miRNAs were pre-
dicted in the DEGs with the threshold of P<0.05, and 4 miRNAs
were highlighted with degrees >30, including hsa-miR-4640-3p,
hsa-miR-3177-5p, hsa-miR-1908, hsa-miR-663. Among them,
hsa-miR-4640-3p and hsa-miR-3177-5p had the highest scores
(19.23667544 and 11.46519428, respectively), which could
target PPI network-crucial genes F5 and BEST1, respectively.
TFs were also predicted from the DEGs; 5 TFs were predicted,
including EGR1, CLOCK, GATA3, WRNIP1, and PBX3, among
which early growth response-1 (EGR1) was predicted to target 3
downregulated DEGs, and others were predicted to target 2.
Based on the obtained miRNA-target pairs, and TF-targets, we
constructed integrated networks using Cytoscape software,
as shown in Figures 9, 10.
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Table 2. The top ten results of GO enrichment analysis of differentially expressed genes.

GO ID Term Count P-value
GO: 0007601 Visual perception 13 6.21E-06
Go:0007603 Phototransduction, visible light 4 139604
Go:0097381 Photoreceptor disc membrane 4 0001328569
- Go:0005887 Integral component of plasma membrane % 0007973519
G0:0016056 Rhodopsin mediated signaling pathway 5 0008862666
Go:0042622 Photoreceptor outer segment membrane 5 0016475551
Go:0016477 Cell migration 7 0018312903
- Go:0000139 Golgi membrane o 0022394358
Go:0007596 Blood coaguiation 7 002453119
G0:0010620 Negative regulation of gene expression 6 0025500076
Table 3. The top ten results of KEGG pathway enrichment analysis of differentially expressed genes.
Term 1D Input.count P-value
Purine metabolism hsa00230 7 0.001546974

Phototransducton hsao4744 3 0002534266
 Metabolic pathways hsa01100 2 0002834313
 Homologous recombination hsao3ado 3 0003054876
 pyrimidine metabolism hsaoo240 s 000367646
RNApolymerase hsa03020 3 0003951027
_ Complement and coagulation cascades hsaoslo - s 0007059075
© cAMPsignaling pathway hsa04024 6 0012042269
Glutathione metabolism hsaooss0 3 0013195502
 mTOR signaling pathway hsa04150 s 0015864191

Discussion

Recent studies have revealed the functional and ontogenetic
diversity of tissue-resident macrophages, and data acquired
by high-throughput sequencing has confirmed the transcrip-
tional and epigenetic programs of these macrophages [23,24].
In contrast to most of the general histocytes which have the
same transcriptional program regardless of where they re-
side, these tissue-resident macrophages possess evolutionary
diversity and distinct functions in maintaining homeostasis,
and they also exhibit extensive plasticity during disease pro-
gression. Here, the gene data profiles present 3 different re-
gions of normal tissue-resident macrophages: Kupffer cells,
alveolar macrophages, and splenic macrophages. Compared
to Kupffer cells, splenic macrophage and alveolar macrophage
populations are essential parts of the tissue immune com-
partment and tend to be involved in anti-inflammatory set-
tings and the maintenance of a steady state. Many patholog-
ical studies have revealed a series of changes in blood vessels
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during atherogenesis and indicated that blood-derived inflam-
matory cells like monocytes/macrophages have a key role.
Tissue culture studies with endothelial cells, vascular smooth
muscle cells, and monocytes/macrophages suggested possi-
ble pathways of disease initiation and progression in athero-
sclerosis. Thus, this chronic inflammatory disease involving
monocytes/macrophages aggregation in the vessel wall is inevi-
tably related to tissue-resident microenvironmental changes,
cellular stress, and monocyte phenotypic diversity. This may
explain the obvious difference between the 3 kinds of non-
atherosclerotic macrophages and atherosclerotic macrophages
in PCA analysis. In the present study, we focused on exploring
the link between normal tissue-resident macrophages pheno-
typic changes as well as functional diversity and atheroscle-
rotic macrophages due to specific tissue microenvironmen-
tal changes or external stimuli, from macrophages resident in
the human alveolus, spleen, and liver compared with carotid
plaque. R software was used to analyze the dataset; 236 DEGs
were identified, and most of them are downregulated genes.
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Figure 7. Protein—protein interaction (PPI) network. The nodes indicate the genes and the lines represent the corresponding
interactions. The red circles represent the upregulated genes and the green represent the downregulated genes,
and the bigger circles represent the genes with high degree scores.

Table 4. Top 6 genes with the degree >8 in the protein-protein interaction (PPI) network.

Gene LogFC
RHO -1.325868022
"""""""" S -154s5108153
"""""""" BESTL  -3456209744
"""""""" HISTIH2BL  -1977145687
"""""""" PDESG  -159907313
"""""""" POLRF  -1305954127

Adj.P Degree
0.035374995 10
""""""" L1e0s 9
""""""" 26608 9
""""""" 0oooesss092 8
""""""" 0026771841 8
""""""" 001439862 8

LogFC — log2-fold change; Adj.P — adjusted P-value.

Specially, RHO, F5, and BEST1 were considered as important
genes. With high degrees in the PPI network, F5 could be tar-
geted by hsa-miR-4640-3p and BEST1 could be targeted by hsa-
miR-3177-5p, and the transcription factor EGR 1 was predicted
to target most DEGs. Meanwhile, both RHO and F5 were en-
riched in Golgi membrane cellular component, and both RHO
and BEST1 were enriched in visual perception biological pro-
cess and integral component of plasma membrane cellular
component. We believe that these genes may be closely re-
lated to atherosclerotic plaque formation and development.

As integral membrane proteins, bestrophins (Best) were first
found by genetic linkage of human BEST1 to a juvenile form
of macular degeneration called ‘best disease’ (best vitelliform
macular dystrophy) [25]. Belonging to a protein family, con-
sisting of 4 members (bestrophin 1-4), BEST1 has been func-
tionally proposed to be a regulator of Ca?*-activated Cl~ chan-
nel in heterologous studies [26-28]. Recent research showed
the role of BEST3 in TNFa-induced human endothelial in-
flammatory response and the underlying molecular mecha-
nisms, showing that overexpression of BEST3 significantly
attenuated TNFa-induced expression of adhesion molecules
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Figure 8. Subnet modules identified in
the PPl network. (A) Module A,
(B) module B. The green circles
represent the downregulated genes.

Figure 9. Regulatory network of miRNAs and target genes in the present study. The bigger triangles represent miRNAs possess more
targets. The green and red circles represent the downregulated and upregulated genes, respectively, identified in the study.
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Figure 10. Regulatory network of transcription factors and target
genes in the present study. The bigger rhombuses
represent transcription factors that possess more
targets. The green and red circles represent the
downregulated and upregulated genes, respectively,
identified in the study.

and chemokines, and subsequently inhibited the adhesion
of monocytes to human umbilical vein endothelial cells, sug-
gesting that BEST3, a member of the bestrophins family, may
be a novel approach for the treatment of vascular inflamma-
tory diseases [29]. Experiments using downregulated bestro-
phins in vivo support the hypothesis that bestrophins play key
roles in the cGMP-dependent Ca2*-activated Cl- current for
initiation of vasomotion, and the specific downregulation of
bestrophin-3 induces a secondary reduction of bestrophin-1
and -2 expressions [30]. This means that BEST1, along with
other members of the bestrophin family, may exert synergis-
tic effects in the maintenance of normal vasomotion and vas-
cular homeostasis. Disrupting the balance leads to vascular le-
sions, and abnormal vasomotion is believed to be a precursor
to atherosclerotic disease [31,32], which may be the initiation
of atherosclerosis. Thus, BEST1 is likely to be involved in the
progression of atherosclerotic inflammation, just like the role
of BEST3 in the endothelial inflammatory response. We also
predicted that BEST1 could be targeted by hsa-miR-3177-5p,
which has been shown to have important regulatory effects on
the expression of the 5-HT1A receptor in HEK-293 cells [33].
The 5-HT1A receptor is a subtype of serotonin receptor sys-
tem (5-HT receptor), and serotonin modulates vascular tonus
and mediates development and rupture of atherosclerotic
plaques [34,35]. Whole-blood levels of hsa-miR-3177-3p were
also identified to serve as a biomarker for vasospasm [36].
miR-3177 was proved to take part in the process of vascular
tonus or vasospasm modulating. Considering the specific reg-
ulatory function of BEST1 in vasculature as described above,
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it is no coincidence that both of miR-3177 and BEST1 can par-
ticipate in the regulation of vasomotion, and the regulatory re-
lationship between them seems to be clear. Thus, it was spec-
ulated that hsa-miR-3177-5p may take part in the regulation
of vasomotion by targeting BEST1, and the expression disor-
der of miR-3177-5p/BEST1 can cause abnormal vasomotion
and may be subsequently involved in the occurrence of athero-
sclerosis. Upregulation of miR-3177-5p and low expression of
BEST1 in atherosclerotic macrophages are likely to represent
the molecular phenotype of this vascular disease.

F5 (Factor V) is part of the common pathway and plays a criti-
cal role in blood coagulation. It is a large, heavily glycosylated,
single-chain protein that is homologous to factor VIl and shares
a similar domain organization [37,38]. Interestingly, defects in
F5 may result in either hemorrhagic (FV deficiency) or throm-
botic phenotypes. The most prevalent form of factor V defi-
ciency is caused by an inherited genetic defect in the F5 gene
sequence (congenital factor V deficiency or parahemophilia),
and these mutations typically reduce protein expression or
cause a loss of protein function [39]. In particular, the missense
mutation in the factor V position 506 by glutamine is found in
patients presenting with venous thrombosis [40], called Factor V
Leiden (FVL). Early in 2007, a clinical trial proved that Factor V
Leiden mutation can influence the progression of atheroscle-
rosis [41], and a recent study has confirmed that homozygos-
ity for the FVL mutation in mice leads to enhanced arterial
thrombosis and atherosclerosis [42]. The mutation of F5 ulti-
mately alters the normal gene expression, and it participates
in the regulation of both anticoagulation function and coag-
ulation function. Our results showed that F5 gene expression
level is downregulated in atherosclerotic macrophages. Recent
evidence indicates that the mutation of this gene is likely as-
sociated with atherogenesis, and the mutations lead to gene
expression deficiency or severe biological function impairment
of the protein product. It was also reported that when mono-
cytes extravasate by crossing the vascular endothelium, they
differentiate into macrophages and gradually lose F5 expres-
sion [43]. However, there has been little research on the func-
tion of F5 in atherosclerosis, and it is unclear whether the sim-
ple change of F5 expression has a direct effect on promoting
internal progression, thrombosis, or rupture of atherosclerotic
plaque. In addition, miRNA-4640, which was identified in 2011
by next-generation sequencing of small RNAs in breast can-
cer [44], was predicted to target F5. As a relatively new miRNA
under study, miR-4640 has yet to be investigated in the con-
text of physiology and disease.

Simultaneously enriched in GO term ‘integral component of
plasma membrane cellular component’ with BEST1 in the pres-
ent analysis, another integral membrane protein, rhodopsin,
was first found in the rods of the retina and belongs to
the G-protein-coupled receptors (GPCRs). Rhodopsins are
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members of class A subfamily that are the largest group of
GPCRs. Studies have revealed that some rhodopsin-like G pro-
tein-coupled receptors play different roles in the pathogen-
esis of atherosclerosis. For instance, apelin (APJ) is a class A,
Rhodopsin-like G protein-coupled receptor and is widely ex-
pressed in the cardiovascular system and central nervous sys-
tem. A number of studies have shown that there is a close
relationship between APJ system and atherosclerosis: in the
Ang ll-induced atherosclerotic apolipoprotein E-deficient mouse
model, Chun et al. [45] found that apelin signaling blocked
atherogenesis by activating NO synthase (eNOS) phosphory-
lation pathways, and the APJ system was also found to be
involved in the development of atherosclerosis by affecting
vascular smooth muscle cells [46]. Low levels of plasma ape-
lin were correlated with the severity of carotid plaque vul-
nerability, whereas it was positively related to the stability of
atherosclerotic plaque [47,48]. Another class A or rhodopsin-
like G-protein-coupled receptor, neuropeptide Y (NPY) receptor,
plays a crucial role in various biological processes. Abnormal
regulation of NPY is involved in the development of a wide
range of diseases, including hypertension, atherosclerosis, and
metabolic disorders [49]. Our results also show that the ex-
pression level of rhodopsin is downregulated in atheroscle-
rotic macrophages. This suggests that rhodopsins have poten-
tial inhibitory effects on atherosclerosis, but this conclusion
is controversial, and more investigations are needed to dis-
close the mechanisms and pathways mediating the various
processes in atherosclerosis carried out by the archetype of
the largest class of GPCRs in the human genome.

In the present study, among the 5 predicted TFs, early growth
response-1 (EGR1) had the most targeted-DEGs in the TF-target
regulatory network. EGR1 is thought to play an important
role in the pathogenesis of atherosclerosis, and critical work
in the identification of the biological link between EGR1 and
atherosclerosis came from experiments by the laboratories
of McCaffrey et al. [50], who found that transcripts for EGR1
were upregulated in human atherosclerotic plaque and the
lesions of the LDL (low-density lipoprotein) receptor-defi-
cient mice fed with a high-fat diet. Moreover, immunohisto-
chemistry localized EGR1 to macrophages, endothelial cells,
and vascular smooth muscle cells (SMC). Within the athero-
sclerotic plaque, increased EGR1 expression in the lesion
was positively correlated with elevated expression of sev-
eral known EGR1 target genes, such as TNF, ICAM-1, and
M-CSF, suggesting that EGR1 is transcriptionally active in
human atheroma [50]. In the present study, EGR1 was pre-
dicted to target 3 DEGs: ERBB3 (erb-b2 receptor tyrosine ki-
nase 3), AR (androgen receptor), and NAB1 (NGFI-A binding
protein 1). It was shown that ERBB signaling plays a role in
the control of proinflammatory activation of monocytes [51].
Experiments using the ARKO mouse model suggest an athero-
protective role for AR [52]. EGR-1 is the partner identified for
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NAB1, and it appears that NAB1 serves as a repressor for the
EGR-1-responsive expression of proinflammatory associated
genes in many cells [53,54]. Specific function of ERBB3 and
NAB1 remain unclear, as the EGR-1 downstreams influence
an inflammatory reaction in macrophages in atherosclerotic
plague. Nonetheless, from the current evidence, it is highly
likely that these unascertained downstream interacting part-
ners of EGR1 also participate in the process of atherogenesis;
thus, whether and how these genes contribute to atherogene-
sis suppression involved in the EGR1 associate-regulatory net-
work is a promising direction of research in the future. Taken
together, these findings provide definitive mechanistic sup-
port for the link between transcription factor EGR1 and the
pathogenesis of atherosclerosis, and suggest that the pres-
ent analytic results have theoretical significance.

However, the present study has some limitations: the num-
ber of specimens in the existing database limited our ef-
forts to include more samples in the study, and a finite num-
ber of macrophage examples were included in the analysis,
which might affect the values of these results and findings.
The dataset GSE7074 had been used in another study [55].
Compared to the previous research, our results demonstrated
distinct DEGs. A possible reason for this difference may be
that macrophage samples used in the previous study con-
tained peripheral blood-derived macrophages from patients
with atherosclerosis, which is obviously distinct from the in
situ atherosclerotic tissue-derived macrophages used in the
present study. Furthermore, the previous study used the on-
line differential gene analysis platform GEO2R, but we utilized
the rigorous code of R software for data processing, and the
criteria and thresholds defined in differential gene screening
are not all the same. The findings obtained from the micro-
array method still need experimental verifications, and the
clinical significance of the DEGs and predicted miRNAs/TFs in
disease need further elucidation.

Conclusions

We found 236 significantly mutual DEGs from transcriptomic
comparisons of human atherosclerotic and nonatherosclerotic
macrophages covering the majority of the human body’s inter-
nal environment. Specially, 3 highlighted downregulated genes
(RHO, F5, and BEST1) in the PPI network were identified as po-
tential suppressors or diagnostic biomarkers for atheroscle-
rosis formation and development. Moreover, hsa-miR-3177-5p
was predicted as the potential upstream regulator for BEST1
and might be involved in the progression of atherosclerosis,
and the transcription factor EGR1 was the potential facilita-
tor in atherogenesis and could serve as an underlying target
for atherosclerosis treatment. These findings provide the the-
oretical basis for the future study in this disease and provide
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insight into the underlying molecular mechanisms within the
initiation and progression of the disease. However, more work
is needed to better define the specific role of these genes in
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