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Abstract N\
This study was aimed to explore the crucial genes and microRNAs (miRNAs) associated with the carotid atherosclerosis (CA).

Two public datasets GSE28829 and GSE43292 were obtained from Gene Expression Omnibus databases to analyze the
differentially expressed genes (DEGs) between primary and advanced atherosclerotic plaque tissues. The Gene Ontology (GO)
terms, pathways, and protein—protein interactions (PPIs) of these DEGs were analyzed. miRNAs and transcription factor (TF) were
predicted.

A total of 112 upregulated and 179 downregulated intersection DEGs were identified between 2 datasets. In the PPI network,
HSP90ABT (degree=19), RAP1A (degree=14), and integrin subunit beta 1 ((TGB1) had higher degrees. A total of 23 miRNAs were
predicted, such as miR-126, miR-155, miR-19A, and miR-19B. Four TFs were associated with upregulated DEGs, while 10 TFs were
identified to be associated with downregulated genes.

Our study suggests the important roles of HSPOOAB1, RAP1A, and integrins proteins of ITGB1, ITGA11, ITGA9, and ITGB2 in the
progression of CA plague. Additionally, miR-126, miR-155, miR-19B, and miR-19A may be considered as biomarkers of CA.

Abbreviations: CA = carotid atherosclerosis, DEG = differentially expressed gene, GO = Gene Ontology, HSP90ABT = heat
shock protein 90 kDa alpha, class B member 1, IMT = intima-media thickness, ITGA11 = integrin subunit alpha 11, /TGB1 = integrin
subunit beta 1, KEGG = Kyoto Encyclopedia of Genes and Genomes, MATR3 = matrin 3, PPl = protein—protein interaction, RAPTA

= ras-related protein, TF = transcription factor, ZNF638 = zinc finger protein 638.
Keywords: carotid atherosclerosis, diagnosis, gene, microRNA, protein—protein interaction network, regulatory network

1. Introduction

Cardiovascular disease is the prime cause of death among the
elderly and is a major determinant of chronic disability.!"!
Carotid atherosclerosis (CA), a common type of cardiovascular
disease, appears to be highly prevalent in the ageing population.
According to a recent epidemiological survey, up to 12% of men
and 5% of women over the age of 80 suffer from asymptomatic
moderate atherosclerotic carotid artery stenosis, while 3% and
1%, respectively, suffer from severe carotid stenosis.””! CA has
become one of the main causes leading to morbidity and death
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around the world and has been predicted to be “the number one
killer” by 2020.13! Recent studies have revealed that CA plays a
major role in cerebral stroke induced by ischemic in senior
people.* The first characterization in CA pathogenesis is intima-
media thickness (IMT) in the middle membrane of cervical
artery, and then gradually formation of atherosclerotic plaque.
Although the previous studies have showed that IMT in carotid
artery is an independent risk factor to predict the cerebral
stroke, its potential relationships in stroke evaluation remained
unclear.!°!

IMT can directly reflect the extent of atherosclerosis, which,
together with carotid atherosclerotic plaque, could serve as good
clinical markers of atherosclerosis.l”! It has been reported that the
formation of carotid IMT and plaque is regulated by many
genes.!®?! For instance, alanine-glyoxylate aminotransferase 2
gene (AGXT2)'Y! was recently reported to have a closely
relationship with arteriosclerotic changes through carotid IMT in
Japanese subjects, indicating that AGXT2 genotype may be an
important factor underlying atherosclerosis. Tanja et all*!!
showed that the promoter variants of 3 specific candidate genes,
matrix metalloproteinase-3, interleukin-6, and hepatic lipase
gene were respectively related to matrix deposition, inflamma-
tion, and lipid metabolism, all of which could lead to an increased
carotid IMT. Moreover, microRNAs (miRNAs) have also been
revealed to play a major role in atherosclerosis, such as miR-
320b, let-7, and miR-29b."*71*1 Although numerous genes and
miRNAs associated with the pathogenesis of CA have been
identified, it is far from enough for the development of novel
therapeutic targets.

Recently, it is possible to analyze the genome-wide mRNA
or miRNAs expression thanks to the development of micro-
arrays.'>! In this study, 2 public gene expression profiles
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(GSE28829 and GSE43292) were downloaded from Gene
Expression Omnibus databases. Both of 2 dataset contained
atherosclerotic plaque tissues of primary and advanced stages,
which may help to uncover the biomarkers of CA develop from
primary to advanced stages. The differentially expressed genes
(DEGs) between primary and advanced atherosclerotic plaque
tissues were identified. The gene functional enrichment analyses
as well as protein—protein interaction (PPI) network analysis were
separately performed for the DEGs. Additionally, the miRNAs of
DEGs were predicted. We aimed to explore more crucial genes
and miRNAs associated with the CA progression.

2. Materials and methods

2.1. Data sources

The mRNA expression profiles data, GSE28829 and GSE43292,
were downloaded from the Gene Expression Omnibus database.
GSE28829, which included 13 primary atherosclerotic plaques
and 16 advanced atherosclerotic plaques, was sequenced on the
platform of GPL570-Affymetrix Human Genome U133 plus 2.0
Array [HG-U133_Plus_2]. GSE43292, including 32 atheroma
plaque and 32 macroscopically intact samples, was sequenced on
the platform of GPL6244-Affymetrix Human Gene 1.0 ST Array
[transcript (gene) version] [HuGene-1_0-st].

2.2. Data preprocessing

The R software package affy (version 1.50.0, http://www.
bioconductor.org/packages/release/bioc/html/affy. html)'®  was
used to read the microarray data. The robust multiarray business
method!'”*'¥! was used for data preprocessing, including
background correction, normalization, and expression calcula-
tion. Platform annotations files were used to annotate the probes.
The probes without matching genes (gene symbol) were deleted.
For the conditions that multiple probes mapped to the same gene,
we took the average of these probes as the ultimate value of gene
expression.

2.3. DEGs screening

For the 2 datasets, limma™®! package was used to screen DEGs.
Adjusted # test was used to calculate the P values, and Benjamini
and Hochberg method was used to adjust the P values. The DEG
with adjusted P value of less than 0.05 was selected. Finally, the
intersection DEGs between GSE2889 and GSE43292 were
obtained.

2.4. Functional analysis of DEGs

For the identified DEGs, we performed Gene Ontology (GO)!?°!
and Kyoto Encyclopedia of Genes and Genomes (KEGG)?!
pathway enrichment analyses using DAVID (version 6.8).1*21P
<.05 was used as threshold for the identification of significant GO
terms and KEGG pathways. To visually observe the functions of
DEGs, we use the ClueGO plugin (version 2.2.6)*%! in Cytoscape
software (version 3.4.0)?% to draw the cross-linked enrichment
graph between GO terms and KEGG pathways. P <.05 was set as
threshold for the identification of significant enrichment.

2.5. PPI network analysis

Based on the Search Tool for the Retrieval of Interacting Genes/
Proteins,**! we performed PPI network analysis. PPI network can
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reveal the interactions between proteins. The parameter of
PPI score (medium confidence) was set to 0.4. The obtained PPI
pairs were then visualized to construct the PPI network using
Cytoscape. The degree value was counted and the closeness
connection between nodes was observed.

2.6. Network module analysis

The MCODEP® method was used to analyze the significant
module in PPI network. MCODE algorithm could calculate the
score of each module, and the higher score meant that the
interaction relations inside the module were more closed.
According to the analysis results, the module with score >$§
and node >5 was selected. After that, we performed GO and
KEGG pathway enrichment analyses for the DEGs in module.

2.7. miRNA-target gene regulatory relations analysis

The overrepresentation enrichment analysis method in Webges-
talt™®”! (http://www.webgestalt.org/) tool was used to predict the
miRNAs of DEGs that involved in PPI network. The key miRNAs
and genes were identified based on the network topological
property analysis. The genes count >he and Benjamini and
Hochberg method adjusted P <.05 were set as thresholds.

2.8. Transcription factor (TF) prediction and network
integration

Based on the TF regulatory network data in the databases of ITFP
(http://itfp.biosino.org/itfp) and TRANSFAC (http://www.gene-
regulation.com/pub/databases.html), we predicted the TFs that
related to DEGs and further screened out DEGs which were
regulated by these TFs. Finally, we integrated the TF-target,
miRNA-target genes, and PPI networks. The network diagram
was mapped by the Cytoscape software.

3. Results

3.1. DEGs between advanced and early atherosclerotic
plaque patients

In total, 233 up- and 486 downregulated DEGs were identified
from GSE28829. Additionally, 4183 up- and 4156 down-
regulated DEGs were identified from GSE43292. Subsequently,
we analyzed the 2 datasets and calculated the intersection DEGs.
Total 291 intersection DEGs (112 upregulated and 179 down-
regulated) were obtained (Supplementary data S1, http://links.
Iww.com/MD/C162).

3.2. Functional and pathway enrichment analyses

GO and KEGG pathway enrichment analyses were performed for
both up- and downregulated DEGs. The top 5 GO and KEGG
pathway terms enriched by the upregulated DEGs are shown in
Table 1, such as leukocyte migration (GO:0050900), regulation
of immune response (GO:0050776), innate immune response
(GO:0045087P), and rheumatoid arthritis (hsa05323). The
downregulated DEGs enriched GO and pathway terms included
cardiac muscle fiber development (GO:0048739), smooth muscle
contraction (GO:0006939), arrhythmogenic right ventricular
cardiomyopathy (hsa05412), and Focal adhesion (hsa04510)
(Table 1). The crosslinking of GO terms and pathways is shown
in Fig. 1. The complete output of functional analysis is shown in
Supplementary data S1, http:/links.lww.com/MD/C162.
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The GO and KEGG pathway enrichment results of differentially expressed genes.

Category Term Count P value

Upregulated gene
GO (G0:0050900~leukocyte migration 7 .000084
GO (0:0050776~regulation of immune response 7 .000647
GO (G0:0045087~innate immune response 10 .000986
GO (0:0033572~transferrin transport 4 001134516
GO (G0:0050918~positive chemotaxis 4 001134516
KEGG hsa05323:rheumatoid arthritis 7 .0000324
KEGG hsa05152:tuberculosis 7 .001454253
KEGG hsa04142:lysosome 6 .001561343
KEGG hsa04145:phagosome 6 .004336596
KEGG hsa05150:staphylococcus aureus infection 4 .006449629

Downregulated gene
GO (0:0048739~cardiac muscle fiber development 3 .002373422
GO (0:0006939~smooth muscle contraction 3 .012193662
GO (0:0098609~cell-cell adhesion 8 .014332885
GO (G0:0008283~cell proliferation 9 .022633528
GO G0:0007155~cell adhesion 10 .029759617
KEGG hsa05412:Arrhythmogenic right ventricular cardiomyopathy (ARVC) 5 .003435862
KEGG hsa04510:Focal adhesion 7 .009263636
KEGG hsa04810:Regulation of actin cytoskeleton 7 .010358407
KEGG hsa04670:Leukocyte trans endothelial migration 5 019977557
KEGG hsa03018:RNA degradation 4 .03017782

GO =Gene Ontology, KEGG=Kyoto Encyclopedia of Genes and Genomes.

3.3. PPI network and module analyses

The PPI network was established with 162 nodes and 225
interaction pairs (Fig. 2). Analysis of nodes in the PPI network
revealed that heat shock protein 90 kDa alpha, class B member 1
(HSP90ABT1), ras-related protein (RAP1A), and integrin subunit
beta 1 (ITGB1) had the top 3 highest degrees. The top 10 nodes

with higher topological property scores (regarded as hub
proteins) are shown in Table 2.

From the PPI network, only 1 module with score more than §
(5.667) was identified. As shown Fig. 3, this module was made
up of 17 edges and 7 nodes, such as integrin subunit alpha 11
(ITGA11), ITGA9, ITGB1, and ITGB2. The 7 genes were
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Figure 1. The enrichment analysis of up- and downregulated DEGs in GO biological process and KEGG pathway. (A) Upregulated genes, (B) downregulated
genes. Roundness nodes represent GO biological process classification; hexagon nodes represent KEGG pathway classification; different color nodes represent
different pathway/GO biological process classification. DEG =differentially expressed gene, GO =Gene Ontology, KEGG=Kyoto Encyclopedia of Genes and

Genomes.
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Figure 2. The construction of protein—protein interaction network that based on the differentially expressed genes. The pink round represents upregulated gene,

green hexagon represents downregulated gene.

significantly enriched in ECM-receptor interaction (hsa04512),
Focal adhesion (hsa04510), Regulation of actin cytoskeleton
(hsa04810), PI3K-Akt signaling pathway (hsa04151), and cell
adhesion molecules (hsa04514).

3.4. miRNA prediction and analysis

Based on the threshold of P<.05, 13 miRNAs were predicted in
the upregulated genes, such as miR-126, miR-302B, and miR-
338. Additionally, total 10 miRNAs were predicted in the

The top 10 nodes with high degrees.

Gene Degree Betweenness Closeness

HSP90AB1 19.0 5414.857 0.023172136
RAP1A 14.0 2181.9807 0.023052692
ITGB1 12.0 1499.9496 0.02292794

JAK2 11.0 3475.542 0.023098996
RHOB 11.0 1413.2803 0.023003286
PRKARTA 10.0 1226.757 0.022931207
INPP5D 9.0 2072.2615 0.022937741
ACTN4 9.0 470.45566 0.022827165
ITGA9 9.0 283.15393 0.022785168
COL1A1 8.0 779.40497 0.022756184

Figure 3. The module with highest scores in protein—protein interaction
network. The pink round represents upregulated gene, green hexagon
represents the downregulated gene.
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The miRNA prediction results in upregulated genes.

miRNA P value

Up-regulated genes
TAATAAT MIR-126 .005086957
GTTAAAG,MIR-302B .005108362
ATGCTGG,MIR-338 .020500808
AAAGGAT,MIR-501 026012794
CTGAGCC,MIR-24 .029275261
AGCATTAMIR-155 .030476005
AGTTCTC,MIR-146A,MIR-146B .035103535
CTCTAGA,MIR-526C,MIR-518F,MIR-526A .035103535
GTTTGTT,MIR-495 .040944643
CCCAGAG,MIR-326 .043994764

Downregulated gene
ATTCTTT,MIR-186 .002354705
TTTGCAC,MIR-19A,MIR-19B .003939752
ACTGCAG,MIR-17-3P .005878693
TGTGTGA,MIR-377 .009854803
AGTCAGC,MIR-345 .012062686
AACATTC,MIR-409-3P 019181333
ACAACTT,MIR-382 .02222764
ATCATGAMIR-433 .028400251
TGCCTTAMIR-124A .034046387

downregulated genes, such as miR-186, miR-19A, miR-19B, and
miR-17-3P. The results are shown in Table 3.

3.5. TF prediction and network integration

TFs were predicted from the DEGs. From the upregulated DEGs,
4 TFs were predicted, including ANLN, KLHL6, PAXS8, and
SAMSN1, among which SAM domain, SH3 domain, and nuclear
localization signals 1 (SAMSN1) was a TF of ITGB2, a gene in
module. In the downregulated DEGs, 10 TFs were identified,
including CNOT?7, INPPSA, LMO7, matrin 3 (MATR3), NFIA,
PTBP2, TAFSL, ZMYND11, zinc finger protein 638 (ZNF638),
and ZNF644. Besides, MATR3, ZNF638, and ZNF644 were
TFs of HSP90ABI.

Based on the obtained PPI, TF-target, and miRNA-target pairs,
we constructed an integrated network using Cytoscape software.
This network contained 218 nodes, and HSP90AB1, RAP1A,
miR-19B, miR-19A, miR-124A, and RHOB had degrees more
than 12. The network is shown in Fig. 4.

4. Discussion

In our study, we identified 291 intersection DEGs in 2 databases.
HSP90AB1, RAP1A, and ITGB1 were hub proteins in the PPI
network. ITGA11, ITGA9, ITGB1, and ITGB2 involved in the
module, which were involved in several pathways, including
Regulation of actin cytoskeleton (hsa04810). Based on these
DEGs, 23 miRNAs were predicted, such as miR-126, miR-186,
and miR-155. Furthermore, HSP90AB1, RAP1A, miR-19B, and
miR-19A had high degrees in the integrated network.

The PPI network contains a small number of highly connected
protein nodes (known as hub proteins) and many poorly
connected nodes. Genome-wide studies have shown that deletion
of a hub protein is more likely to be lethal than deletion of a
nonhub protein, which is known as the centrality-lethality
rule.?®! Therefore, in this study, the hub proteins in the PPI
network may play a critical role in CA progression. In the
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constructed PPI network, we identified several hub proteins, such
as HSP90AB1 (degree=19.0) and RAP1A (degree=14.0).
HSP90AB1, as 1 key member of heat shock protein 90 family,
was observed to downregulate in ischemic human heart tissue;
and the decreased expression of HSP90OAB1 may potentially
demonstrate a decreased defense mechanism against ischemic
injury of myocardial cells, which finally leads to decreased
inflammation and atherosclerosis.!**! Jean et al'®**! evaluated the
differentially expressed networks of genes in 10-week-old
Cx37/"ApoE ™"~ mice and found that HSP9OAB1 was down-
regulated, which indicated that HSP9OAB1 may interact with
Cx37 toregulate the progression of atherosclerosis. Interestingly,
several other heat shock proteins such as HSP70 and HSP90 have
also been proposed to serve as potential biomarkers in
cardiovascular diseases or other specific diseases, such as heart
failure and arrhythmogenic right ventricular cardiomyopa-
thy.31733! Moreover, HSP90OAB1 was predicted to have 3 TFs
(MATR3, ZNF638, and ZNF644). MATR3 is strongly
expressed in the developing heart, cardiac outflow tract valves,
and aorta. MATR3 disruption appears to cause similar cardiac
left ventricular outflow tract defects in human and mouse,**
suggesting the role of MATR3 in cardiovascular disease.
Although the roles of ZNF638 and ZNF644 in cardiovascular
disease or CA have not been investigated, given their transcrip-
tional regulation in HSP90AB1, we speculated that they may
play a role in CA. RAP1A is an important isoforms of RAPTA
(RAP) family, which is the most abundant GTPases in
platelets.®! Rapl was reported to overexpress in human
atherosclerotic lesions and induce cytokine production in pro-
inflammatory macrophages via NF«B signaling.[*®! The results
indicated that RAPTA and HSP90AB1 may be involved in the
progression of CA.[31:32

In addition to HSP90OAB1 and RAP1A, ITGB1 also had high
degree (degree=12.0). Besides, ITGB1 interacted with several
other integrins proteins, like ITGA11, ITGA9, and ITGB2.
Integrins are cell-surface heterodimers, which mediate interac-
tions between the extracellular environment and platelets,
inflammatory cells, and the vasculature.?”! Importantly, integ-
rins have been reported to be associated with angiogenesis.*®! In
addition, ITGA9, ITGA11,ITGB2, and ITGB1 were significantly
enriched in Regulation of actin cytoskeleton (hsa04810). Study
has reported that changes in the actin cytoskeleton underlie
vascular contractility and remodeling.”*”! Moreover, TF predic-
tion analysis found that SAMSN1 was a TF of ITGB2. A recent
study revealed that an rs2822693 that was located in an open
chromatin region upstream of SAMSN1 was associated with
the number of diseased coronary vessels.**! We speculated that
these integrins proteins may involved in the CA development via
regulation of actin cytoskeleton.

Additionally, miRNA-target gene analysis predicted 23
miRNAs, such as miR-126 miR-155, miR-19B, and miR-19A.
miR-126 was reported as one specifically expressed miRNA in
endothelial cells and could accelerate the proliferation and
angiogenesis of endothelial cell.*"! Zernecke et al'**! found that
the intravenous injection of miR-126 can lead to the inhibition
effect of atherosclerosis in mice and finally reduced the formation
of the atherosclerotic plaques. Recently, Pan’s report showed that
expression of miR-126 was downregulated significantly in the
model mice with carotid atherosclerotic plaque, while its target
gene vascular cell adhesion molecule-1 was significantly
upregulated, which accelerated the progression of atherosclero-
sis.[*¥! Together with our results, these findings indicated that
miR-126 was involved in the formation of atherosclerosis.
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Figure 4. The integration network of protein—protein interaction pairs, transcription factor-target, and miRNA-target. The pink round represents upregulated gene,
green hexagon represents downregulated gene; white triangle represents transcription factor predicted in upregulated genes, white V shape represents
transcription factor predicted in downregulated genes; white diamond shape represents miRNA predicted in downregulated genes, white square shape represents
miRNA predicted in upregulated genes; line with arrow represents regulation relation between transcription factor and target genes, T shape represents regulation
relation between the miRNA and target genes; lines without arrow represents the interaction relation between proteins.

Li et al**! reported that increased miR-155 led to relieve of miR-19B and miR-19A had higher degrees (degree=16.0) in
chronic inflammation through a negative feedback loop, which  the integrated network. The two miRNAs belongs to the miR-17-

played a protective role during atherosclerosis-related cell forma- 92 cluster. Researchers have noted that the miR-17-92 cluster is
tion. The potential mechanism may be associated with the miR-155-  significantly downregulated among patients with atherosclero-
CARHSP1-TNF-a signaling pathway, which repressed the expres-  sis.[*®! A recent study suggested that the levels of miR-19B were
sion of calcium-regulated heat stable protein 1. Moreover, macro-  significantly lower in patients with coronary artery diseases

phages play a central role in the initiation and development stages of ~ compared with healthy control subjects.*”! They elaborated that
atherosclerosis pathogenesis. Several evidences have indicated that,  inflammatory factors can destroy the integrity of the endotheli-
both as inducers and carriers of miR-155, low-density lipoprotein ~ um, triggering the development of atherosclerosis. miR-19B plays
and its oxidized derivatives can regulate miR-155-mediated  a key role in the attenuation of TNF-a-induced endothelial cell
apoptotic and inflammatory responses in lesional macrophages at  apoptosis. Moreover, miR-19A was also found to play a key role
different stages of atherosclerosis.'*! Therefore, our data were in  in HIF-la-induced endothelial inflammation in atherosclero-
consistent with the previous study, which further suggested the  sis.[*8! Taken together, miR-19B and miR-19A may be 2
importance of miRNAs in atherosclerosis. biomarkers of CA.
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Although several genes or miRNAs were predicted and
considered to play significant roles in CA progression, no
biological experiments were carried out to further confirm their
differential expression in CA tissue and their functions in CA. It s
a limitation for this study. Therefore, our future study will focus
on their functions in CA through animal and clinical experiments.

In conclusion, our study suggests the important roles of
HSP90AB1, RAP1A, and integrins proteins of ITGB1, ITGA11,
ITGA9, and ITGB2 in the progression of CA plaque.
Additionally, miR-126, miR-155, miR-19B, and miR-19A may
also play critical roles in pathogenesis of CA, therefore, these
miRNAs may be considered as biomarkers of CA. Findings of this
study would hopefully reveal new therapeutic targets for CA.
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