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Aims: To investigate the differentially expressed genes (DEGs) and molecular interaction in unstable atheroscle-
rotic carotid plaques.

Methods: Gene expression datasets GSE41571, GSE118481, and E-MTAB-2055 were analyzed. Co-regulated
DEGs in at least two datasets were analyzed with the enrichment of Gene Ontology Biological Process (GO-BP),
Kyoto Encyclopedia of Genes and Genomes (KEGG), protein—protein interaction (PPI) networks, interrelation-
ships between miRNAs/transcriptional factors, and their target genes and drug—gene interactions. The expres-
sion of notable DEGs in human carotid artery plaques and plasma was further identified.

Results: The GO-BP enrichment analysis revealed that genes associated with inflammatory response, and extra-
cellular matrix organization were altered. The KEGG enrichment analysis revealed that upregulated DEGs were
enriched in the tuberculous, lysosomal, and chemokine signaling pathways, whereas downregulated genes were
enriched in the focal adhesion and PI3K/Akt signaling pathway. Collagen type I alpha 2 chain (COL1A2), ade-
nylate cyclase 3 (ADCY3), C-X-C motif chemokine receptor 4 (CXCR4), and TYRO protein tyrosine kinase
binding protein (7YROBP) might play crucial roles in the PPI networks. In drug-gene interactions, colony-
stimulating factor-1 receptor had the most drug interactions. Insulin-like growth factor binding protein 6
(IGFBP6) was markedly downregulated in unstable human carotid plaques and plasma. Under a receiver operat-
ing characteristic curve analysis, plasma /GFBP6 had a significant discriminatory power (AUC, 0.894; 95% CI,
0.810-0.977), with a cutoff value of 142.08 ng/mL.

Conclusions: The genes COLIA2, ADCY3, CXCR4, and TYROBP are promising targets for the prevention of
unstable carotid plaque formation. IGFBP6 may be an important biomarker for predicting vulnerable plaques.

Key words: Atherosclerosis, Cerebrovascular stroke, Carotid stenosis, Pathway analysis, Signal transduction,
Gene expression, Insulin-like growth factor binding protein 6

source of local thrombosis or embolus. Preventing the
formation of unstable plaque, rather than intervening
on the formed, unstable plaques, is also essential for
preventing stroke. Unstable plaques have distinguish-

Introduction

Stroke is the third leading cause of mortality and
the major cause of crippling in developed countries.

Carotid atherosclerotic plaques are one of the leading
causes of ischemic cerebral stroke?. Advanced carotid
atheroma may develop into unstable plaques, charac-
terized by a tendency to rupture, which is a major

ing characteristics, such as decreased content of the
fibrous cap, increased necrotic core, and intraplaque
hemorrhage. The balance between the fibrous cap and
necrotic core may be disturbed by impaired cellular
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behavior and increased inflammatory—immune
responses®. Moreover, several genes, such as YKL-40%
and interferon regulatory factor 5°, have been impli-
cated in unstable plaque formations. However, a com-
prehensive and pleiotropic understanding of the for-
mation of unstable plaques is lacking. A clarification
of the biological processes and pathways associated
with the formation of vulnerable plaques will be use-
ful and may reveal targets for drugs that can be used
to prevent stroke.

Gene expression profiling, such as microarray
and RNA sequencing, maybe used to explore differen-
tially expressed genes (DEGs) and molecular mecha-
nisms involved in atherosclerosis. Sequencing tech-
niques, combined with bioinformatics analysis, can be
used to define the relationships between DEGs and
biological processes and the complex interacting net-
works of transcriptional factors (TFs), microRNAs
(miRNAs), and proteins®. Several studies on gene
profiling combined with bioinformatics analysis have
been conducted on stable and unstable carotid athero-
sclerotic plaques. Wang ez al.” have reported that dif-
ferentially expressed collagen type I alpha 1 chain
(COL3A1), collagen type I alpha 2 chain (COL1A2),
asporin (ASPN), and pre-platelet basic protein may
play crucial roles in the formation of unstable plaques,
as revealed through a bioinformatics analysis. A micro-
array-based study® revealed that chemokine (C-C
motif) ligand 19 (CCL19) is upregulated in unstable
carotid atherosclerotic plaques. However, the study
analyzed datasets individually, which may introduce
biases because of the heterogeneity of selected datasets
and patient cohorts, and the results could be inconsis-
tent among various high-throughput platforms. Thus,
an overall bioinformatics analysis of multiple related
gene expression datasets is needed.

In this study, we used integrated bioinformatics
methods to analyze datasets GSE41571, GSE118481,
and E-MTAB-2055. DEG screening, Gene Ontology
Biological Process (GO-BP), Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis,
protein—protein interactions (PPIs), prediction of the
interaction relationship between TF/miRNA and
DEGs, and a study of drug—gene interactions was per-
formed. We also used human carotid plaques obtained
during carotid endarterectomies to verify the co-regu-
lated DEGs and hub genes in the PPI networks.
Through these analyses, we explored the gene markers
that may predict unstable plaques and become prom-
ising targets for inhibiting the formation of unstable

plaques.

Materials and Methods

Data Set Selection

Eligible microarray data sets were downloaded
from Gene Expression Omnibus (GEO, http://www.
ncbi.nlm.nih.gov/geo) and the European Bioinformat-
ics Institute (EBI, https://www.ebi.ac.uk) databases.
GEO and EBI are functional genomics databases,
which include sequencing and microarray data, that
are available to the public. The inclusion standards of
microarray data were as follows: 1) Data sets were
composed of expression profiles in patients with stable
and unstable carotid atherosclerotic plaques published
in the past 10 years. 2) Stable and unstable plaques
were defined in accordance with clinical (symptomatic
or asymptomatic) or histologic criteria®. 3) Data sets
were raw. We excluded datasets of animal samples,
serums, or plasma samples and those of patients with
diabetes.

Data Source

GSE41571 and GSE118481 were downloaded
from the GEO database, and E-MTAB-2055 was
downloaded from the EBI database. GSE41571, con-
taining five ruptured and six stable carotid atheroscle-
rotic plaques, was measured at the platform of
GPL5175 [HuEx-1_0-st] Affymetrix Human Exon 1.0
ST Array [transcript (gene) version]. E-MTAB-2055,
including 25 ruptured and 22 stable plaques, was
assayed at the platform of A-MEXP-931-Illumina
Human Ref-8 v2 Expression Bead Chip. GSE118481,
including 10 clinical unstable and 6 stable carotid ath-
erosclerotic plaques, was measured on the platform of
GPL10558, Illumina Human HT-12 V4.0 expression
bead chip. The profiling construction of the three
datasets was authorized by the local research ethics
committee.

Data Preprocessing

After downloading, the raw data of GSE41571
were read with affy in R package” (version1.50.0,
http://www.bioconductor.org/packages/release/bioc/
html/affy.html) and linear models for microarray data
(LIMMA) package'? (version 3.10.3, http://www.bio-
conductor.org/packages/2.9/bioc/html/limma.html).
E-MTAB-2055 and GSE118481 were read with the
LIMMA package'”?. The three datasets were processed
via the robust multi-array average method (back-
ground correction, normalization, and expression cal-
culation) V. In accordance with the annotation profile
provided by the platform, probes were annotated and
non-matched probes were abandoned. When multiple
probes were mated to one gene symbol, the final
expression of the gene was defined as the mean values
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of multiple probes.

Co-Regulated DEGs Screening

Using the LIMMA package (version 3.30.3), we
identified DEGs. For microarray data, classical Bayes-
ian method was used in the linear models. The Ben-
jamini-Hochberg methods were used to adjust the
P-value, followed by a calculation of a false discovery
rate (FDR) of the P-value. DEGs were defined as
genes with FDR <0.05 and [log2 fold change (FC)|
>0.585. The co-regulated DEGs were the intersec-
tion of at least two datasets and were selected with the
online drawing tool VENNY'? (version 2.1.0, htep://
bioinfogp.cnb.csic.es/tools/venny/index.html).

GO and KEGG Enrichment Analyses

The GO-BP' and KEGG' pathway enrich-
ment analyses of the co-regulated DEGs were per-
formed through the online tool Database for Annota-
tion, Visualization, and Integrated Discovery
(DAVID) ' (version 6.8, https://david-d.ncifcrf.gov/).
The upregulated and downregulated DEGs enriched
in the GO-BP and KEGG pathways were visualized
using the ClueGO plugin'® (version 2.2.6, http /1
apps.cytoscape.org/apps/ClueGO) of Cytoscape® soft-
ware (version 3.2.0, http://www.cytoscape.org/)"”.
The thresholds were as follows: enriched gene count >
2 and P-value <0.05.

PPI Network Analysis

The Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING)'® (version10.0, htep://
string-db.org/) database was used to predict the PPIs
of proteins encoded by the co-regulated DEGs. The
threshold value of the PPIs was > 0.7 (high confi-
dence). Cytoscape® software was used to construct
and visualize the PPIs. Hub genes that had a connec-
tivity degree >12 were selected for experimental veri-
fication.

Subnet Module Analysis

Single gene tends to interact with other genes,
which facilitates their playing regulatory roles.
Encoded proteins from the same module tend to act
as a module to fulfill the same biological role and
function. The plugin of multi-contrast delayed
enhancement'” (version1.4.2, http://apps.cytoscape.
org/apps/MCODE) in Cytoscape® was used to sub-
net analyze the most evident clustered PPI networks,
with a threshold score >5. The GO and KEGG
enrichment analyses of modules from each subnet

module were performed with DAVID ™.
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Prediction of TF/miRNA Target Regulatory
Networks

The TF or miRNA was predicted through Web-
Gestalt?”  (http://www.webgestalt.org/option.php).
The interacting relationships between TFs or miRNAs
and all targeted DEGs in significantly clustered mod-
ules were predicted with an overrepresentation enrich-
ment analysis (http://amp.pharm.mssm.edu/Enrichr/)
(enriched gene count > 2 and P-value < .05). We
constructed and visualized miRNAs or TF target regu-
latory networks using the Cytoscape® software.

Prediction of Drug—Gene Interactions

To explore the genes that are preferentially tar-
geted for drug development, we used the drugs poten-
tially targeted on the co-regulated DEGs and the
genes in the regulatory networks with the Drug-Gene
Interaction Database” (http://www.dgidb.org/). All
the drug—gene interactions were predicted with the
parameters set to “all default.” The Cytoscape® soft-
ware was used to construct the networks of drug—gene
interactions.

Patients’ Characteristics and Sample Collection

Between August 2017 and April 2019, 54 con-
secutive patients from the Department of Vascular and
Endovascular Surgery of Changzheng Hospital,
Shanghai, China, with high-grade carotid artery ste-
nosis (>50% stenosis according to the North Ameri-
can Symptomatic Carotid Endarterectomy criteria)
and who were treated with carotid endarterectomy
were enrolled. Atherosclerotic plaques were obtained
during the procedures, and intact pieces of plaques
were cut into two parts, with one part stored in 4%
paraformaldehyde for histology and immunohisto-
chemistry and another part frozen in liquid nitrogen
for RNA extraction. The plaques were classified as sta-
ble or unstable, in accordance with the clinical and
histology standards as described®. The clinical criteria
for the unstable plaques were the onset of transient
ischemic attack, stroke, or amaurosis fugax within 6
months before the carotid endarterectomy. Histologic
features were analyzed with a semiquantitative grading
scale in accordance with the American Heart Associa-
tion??. Plasma was available from 52 patients, of
which 28 had histologically stable plaques and 24 had
unstable plaques. The verification experiments were
approved by the local ethics committee, and consent
for participation in the study was obtained from all
patients.

Histology and Immunohistochemistry
Carotid atherosclerotic plaques were embedded
in paraffin and serially sectioned at 5 pm thick. The
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sections were stained with hematoxylin—eosin and
Masson’s trichrome. Immunohistochemistry was per-
formed to assess acute inflammation, chronic inflam-
mation, neovascularization, insulin-like growth factor
binding protein 6 (/GFBPG6) protein expression, and
vascular smooth muscle cells in plaque. The primary
antibodies were antibodies to CDG68 (1:200, Abcam,
USA), CD3 (1:100, Abcam, USA) and CD31 (1:50,
Abcam, USA), IGFBP6 (1:100, Abcam, USA), and «
-SMA (1:500, Acam, USA). The sections were reacted
with horseradish peroxidase-labeled secondary anti-
bodies and then reacted with diaminobenzidine.
IGFBP6-positive areas in the plaques were calculated
in five randomized fields with 10 x magnification.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from 10-50 pg plaques
with Trizol (QIAGEN, Germany) and reverse-tran-
scribed into cDNA with miScript Reverse Transcrip-
tion Kit (QIAGEN, Germany). qRT-PCR was per-
formed with miScript SYBR Green PCR kit (QIA-
GEN, Germany). Gene expression was measured with
gqRT-PCR on a Light Cycler 480 II (Roche Diagnos-
tics Ltd, Rotkreuz, Switzerland) at 95C for 10 min,
followed by 40 cycles of 95C for 10s, 60C for 15s,
and 72C for 20s. Gene expressions were normalized
to a reference gene (GADPH). The relative quantifica-
tion of gene expression was determined with the 2744
method?”. The inclusion criteria of selecting candi-
date genes for the experimental verification included
the following: 1) Hub genes that had a connectivity
degree >12 in the PPI networks and 2) genes that
were up- or down-regulated in all the three datasets.
The exclusion criteria included the following: 1) No
literature reporting the association between the gene
candidate and atherosclerosis and 2) genes that are
biomarkers or important targets for unstable carotid
plaques. The primer sequences are listed in Supple-
mentary Table 1.

Enzyme Immunoassay
IGFBP6 plasma levels were measured in 52
patients with a commercial enzyme-linked immuno-

sorbent assay (ELISA) kit (Cloud Clone Corp., USA)

in accordance with the manufacturer’s instructions.

Statistical Analysis

Data are expressed as the mean *standard error
of the mean. A Kolmogorov—Smirnov normality test
was performed to determine whether the data were
normally distributed. Comparisons of gene expression
between stable and unstable plaques and ELISA results
were analyzed with Student’s #-test. For comparing the
difference of demographics and risk factors between

stable and unstable groups, the enumeration data and
measurement data were analyzed with a chi-square test
and an unpaired Students #test, respectively. Multi-
variable logistic regression models (models 1, 2, and 3)
for discriminating unstable plaques were calculated
using /GFBP6 and relevant confounders (adjusted for
age, gender, smoke, hypertension, weight, diabetes,
creatinine, triglyceride, and total lipoprotein, high-
density lipoprotein, and low-density lipoprotein cho-
lesterol concentrations). Predicted probability was
acquired. The receiver operating characteristic (ROC)
curve analysis was performed to explore the sensitivity
and specificity of /GFBP6 and IGFBP6]/relevant con-
founders with respect to detecting unstable plaques.
The area under the curve (AUC) was calculated with
95% confidence interval (CI). The optimal cutoff val-
ues were determined in accordance with Youden’s
index. P-value < .05 was deemed statistically signifi-
cant. Data were statistically analyzed with SPSS ver-
sion 19.0 software (SPSS Inc., Chicago, IL, USA) or
GraphPad Prism (5.0).

Results

Identification of DEGs and Co-Regulated DEGs

In GSE41571, 1575 DEGs, including 680
upregulated and 875 downregulated DEGs, were
identified in unstable plaques, as shown in volcano
plot (Fig.1A). In GSE118481, 760 DEGs were
screened, with 471 upregulated and 289 downregu-
lated DEGs (Fig. 1B). In the E-MTAB-2055 dataset,
1186 DEGs were identified, with 619 upregulated
and 567 downregulated DEGs (Fig. 1C). In the three
datasets, there were 231 co-upregulated genes and 205
co-downregulated genes (co-regulated DEGs were
defined as DEGs identified in at least two datasets). A
total of 14 upregulated DEGs and 2 downregulated
DEGs were identified in all the three datasets
(Fig. 1D, E, Supplementary Table 2). JCHAIN,
CXCL10, and HMOXI were the most upregulated
genes in the GSE41571, GSE118481, and
E-MATB-2055 datasets, respectively. COL21AI,
DACT3, and ACTCI were the most downregulated
genes in the GSE41571, GSE118481, and
E-MATB-2055 datasets, respectively. /GFBP6 was

downregulated in all three datasets.

GO-BP and KEGG Enrichment Analyses

The GO-BP analysis revealed that the co-upreg-
ulated DEGs were enriched in 97 pathways, and the
co-downregulated DEGs were enriched in 90 path-
ways. The top 20 pathways were selected and dis-
played through a bubble diagram. The co-upregulated

DEGs were mostly enriched in signal transduction,
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Fig.1. Volcano map analysis of the upregulated and downregulated genes in the stable and unstable carotid plaques in the three

datasets

A. 1575 DEGs, including 680 upregulated and 875 downregulated DEGs, were identified in the unstable plaques compared with the stable
plaques in the GSE41571 dataset. B. 760 DEGs were screened, with 471 upregulated and 289 downregulated in the GSE118481 dataset. C.
1186 DEGs were identified, with 619 upregulated and 567 downregulated in the E-MTAB-2055 dataset. D. 14 upregulated DEGs were
identified after merging the three datasets. E. Two downregulated DEGs were identified after merging the three datasets. DEGs, differentially

expressed genes

innate immune response, and inflammatory response,
and the co-downregulated DEGs were mostly
enriched in cell adhesion and extracellular matrix
organization (Fig.2A, B). The KEGG enrichment
analysis revealed that the co-upregulated DEGs were
enriched in 21 pathways, and the co-downregulated
DEGs were enriched in 11 pathways. The bubble dia-
gram showed that the co-upregulated DEGs were
mostly enriched in the tuberculous, lysosomal, and
chemokine signaling pathways, and the co-downregu-
lated DEGs were most enriched in focal adhesion and
the PI3K/Akt signaling pathway (Fig.2C, D).

PPI Network Analysis

A total of 223 nodes and 387 interacting pairs
were identified in the PPI regulatory networks
(Fig.3A). In the PPI network, only four hubs of up-

or downregulated genes with degrees > 12 were
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screened: COLIA2, ADCY3, CXCR4, and TYROBP.
In addition, three subnet modules, namely, modules
A, B, and C, were selected in the PPI networks. Mod-
ule A contains nine downregulated nodes (e.g.,
COLIA2) and 36 interacting pairs (Fig.3B). Module
B contains eight upregulated nodes (e.g., ADCY3 and
CXCR4) and 28 interacting pairs (Fig.3C). Modules
C contains seven upregulated nodes (7YROBP) and
18 interacting pairs (Fig.3D). The genes and their
degrees in the three modules are listed in Table 1.
Furthermore, the nodes in module A were enriched in
two KEGG pathways (ECM-receptor interaction and
focal adhesion); the nodes in module B were enriched
in two pathways (chemokine signaling pathway and
cytokine—cytokine receptor interaction); and the
nodes in module C were enriched in three pathways
(Prion diseases, complement and coagulation cascades,
systemic lupus erythematosus)(Table 2).
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Fig.2. Bubble diagram (top) results of the functional enrichment analyses of upregulated and downregulated DEGs

The size of an individual point represents the degree of enrichment. The color depth represents the P-value. A. GO-BP enrichment analysis of
upregulated DEGs. B. GO-BP enrichment analysis of downregulated DEGs. C. KEGG pathway enrichment analysis for upregulated genes.
D. KEGG pathway enrichment analysis for downregulated genes. GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes;

DEGs, differentially expressed genes

miRNA/TF Target Networks

Eleven miRNAs (miR-29 family had the most
target genes) and 16 TFs (NFKAPPAB, NFKAP-
PABG5 and IRF7 had the most target genes) were pre-
dicted, and 73 regulatory pairs of miRNA or TF target
networks were identified. There were eight downregu-
lated target genes and seven upregulated target genes
in the networks. In the miRNA target gene networks,
five regulatory pairs were identified between miRNAs
and upregulated DEGs (miR367-ADCY3), and 26
regulatory interactions were revealed between miR-
NAs and downregulated DEGs (miR29-COL4A2). In
the TF target gene networks, NFKAPPAB, NFKAP-

PABGS5, and IRF7 were predicted to target four DEGs.
NFKAPPAB was predicted to target one downregu-
lated gene (COL16AI) and three upregulated genes
(CXCL2, CXCL10, and CXCL16). NFKAPPABGS was
predicted to target one downregulated gene
(COL16AI) and three upregulated genes (colony-
stimulating factor 1 receptor (CSFIR), CXCLI10, and
CXCL16). IRF7 was predicted to target one downreg-
ulated gene (COLI2AI) and three upregulated genes
(CXCL10, CXCL16, and CXCR4). The regulatory net-
works of miRNAs or TF target genes are summarized
in Fig. 4.
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Fig.3. PPI network and subnet module analysis

The violet circles represent the upregulated DEGs, and the green diamonds represent the downregulated DEGs. The size of the nodes repre-
sents the number of protein-protein interaction pairs of a certain protein. The lines between two nodes represent the interaction of two pro-
teins. A. Construction of PPI networks. B, C, D. Subnet module analysis of PPI. B, mcode 1; C, mcode 2; D, mcode 3. PPI, protein—protein
interactions; DEGs, differentially expressed genes.

Table 1. Sub-module genes and degree in PPI networks

ModuleA ModuleB ModuleC
Nodes Description  Degree Nodes Description ~ Degree Nodes Description  Degree
COL1A2 Down 13 ADCY3 Up 13 TYROBP Up 17
COL4A2 Down 11 CXCR4 Up 12 CSF1R Up 10
COL4A5 Down 11 FPR1 Up 11 CD14 Up 9
COL14A1 Down 10 CXCL10 Up 8 CD163 Up 7
COL16A1 Down 10 CXCL16 Up 8 CIQA Up 7
COLI3A1 Down 9 C5ARI Up 7 CIQB Up 6
COL21A1 D 8 CXCL2 Up 7 C1QC Up 5
COL12A1 Down 8 CXCL1 Up 7
COL8A1 Down 8
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Table 2. KEGG and GO-BP enrichment analysis of submodule genes in PPI (Top 5)

module KEGG pathway/BP-top5 Count P Value
Pathway module-A hsa04512:ECM-receptor interaction 2 1.65E-02
hsa04510:Focal adhesion 2 3.95E-02

module-B hsa04062:Chemokine signaling pathway 6 1.26E-06
hsa04060:Cytokine-cytokine receptor interaction 5 2.13E-04

module-C hsa05020:Prion diseases 3 4.54E-04
hsa04610:Complement and coagulation cascades 3 1.77E-03
hsa05322:Systemic lupus erythematosus 3 3.61E-03

BP module-A GO:0007155~cell adhesion 6 7.04E-06
GO:0022610-biological adhesion 6 7.09E-06
GO:0030198-extracellular matrix organization 4 1.51E-05
GO:0043062~extracellular structure organization 4 5.80E-05
GO:0030199-~collagen fibril organization 3 9.26E-05

module-B GO:0006935 ~chemotaxis 7 1.73E-11
GO0:0042330- taxis 7 1.73E-11
G0:0007626-locomotory behavior 7 4.50E-10
GO0:0007610~behavior 7 1.14E-08
GO:0007186~G-protein coupled receptor protein signaling pathway 8 2.67E-08

module-C GO:0006952 ~defense response 6 1.10E-06
GO:0006954 ~inflammatory response 5 4.72E-06
GO:0002526~acute inflammatory response 4 7.26E-06

GO:0009611 -~response to wounding 5 3.28E-05
GO0:0006958~complement activation, classical pathway 3 6.62E-05

Fig. 4. miRNA/TF targeted DEGs regulatory networks

The violet circles represent the upregulated DEGs, and the green diamonds
represent the downregulated DEGs. The red triangle represents miRNA, and
the yellow hexagon represents TE. The arrows indicate the regulatory direction.
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Fig.5. Drug—gene interaction networks

The violet rectangles represent the up-DEGs, and green rectangles represent the downregulated DEGs. The gray boxes indicate the drugs.

Prediction of Drug—Gene Interaction

A total of 107 drug-—gene interacting pairs,
including 5 upregulated target genes, 3 downregulated
target genes, and 101 drugs, were identified (Fig.5).
In the drug—gene networks, CSFIR was most inhib-
ited by drugs, CXCR4 was most antagonized by drugs,
and COL4A5 was most activated by drugs.

Expression of Hub Genes in Human Unstable
Plaques and Plasma

In accordance with the inclusion and exclusion
criteria, COLIA2, TYOBP, ADCY3, IGFBPG,
CYP27A1, and PLA2G7 were selected as potential
candidates for the experimental verification. The
human carotid plaques were classified in accordance
with the American Heart Association guidelines, and
the characteristic images of stable and unstable plaques
are illustrated in Fig. 6A-E, F-J.

The patients’ baseline characteristics, according
to the histologic status of the plaques and clinical
manifestation of patients (stable vs. unstable plaques),
are listed in Table 3. No statistically significant differ-
ences were found in the clinical variables between
patients who had stable plaques and those who had
unstable plaques based on the histologic criteria.
Intriguingly, the incidences of transient ischemic
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attacks, amaurosis fugax, and stroke were not signifi-
cantly different between patients who had histologi-
cally stable plaques and those who had unstable
plaques. There were also no statistically significant dif-
ferences in the variables except the symptoms between
the patients who had symptoms and those who were
asymptomatic.

There were no significant differences between
stable and unstable plaques in COLIA2, TYROBP,
ADCY3, CYP27AI, or PLA2G7, as determined with
the QRT-PCR. /GFBP6 was markedly less in the histo-
logically unstable plaques than in the stable plaques,
although the gene expression of /GFBP6 was not sig-
nificantly different between patients who had symp-
toms and those who did not (Fig.7A, B). The immu-
nohistochemistry analysis of human stable and unsta-
ble carotid atherosclerotic plaques revealed that the
protein levels of /GFBPG6 were significantly lower in
patients with unstable plaques than in those with sta-
ble plaques (Fig.8A).We further found that /GFBP6
was colocalized with CD31" endothelial cells in the
fibrous cap and colocalized with CD68" macrophages
in the junctional region between the fibrous cap and
necrotic core (Fig. 8B, C). However, a-SMA staining
was not colocalized with /GFBP6 in the intima and
tunica media in carotid atherosclerotic plaques. (Sup-
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Fig. 6. Representative histologic images of the stable and unstable plaques and the classification system

A-E: Representative image and stability scoring of the stable plaques. F—J: representative image and stability scoring of the unstable plaques.
A, F indicate hematoxylin—eosin staining (scale bar: 1,000 pm); B, G indicate Masson’s trichrome staining (scale bar: 1,000 pm); C, H indi-
cate CD68 immunostaining; D, I indicate CD31 immunostaining (scale bar: 1,000 pm); E: associated scoring chart for the stable plaques; J:
associated scoring chart for the unstable plaques.

Table 3. Patients baseline characteristics

Stable Unstable Asymptomatic ~ Symptomatic
(n=28) (7 =26) P value (n=27) (n=27) Pvalue

Age (mean = SEM, years) 67.5+1.2 68.5%1.2 0.567 68.3+1.2 67.7%x1.2 0.719
Male sex n = (%) 26 (92.9) 25 (96.2) 0.947 27 (100) 24 (89) 0.235
Smokers 72 = (%) 16 (57.1%) 18 (69.2%) 0.408 19 (70.4%) 15 (55.6%) 0.398
Hypertension 7 = (%) 17 (60.7%) 20 (76.9%) 0.249 16 (59.3%) 21 (77.8%) 0.241
Diabetes 7 = (%) 8 (28.6%) 12 (46.2%) 0.260 9 (33.3%) 11 (40.7%) 0.779
CHD 7 = (%) 3 (10.7%) 3 (11.5%) 0.736 2 (7.4%) 4 (14.8%) 0.665
CRE 7= (%) 0 (0.00%) 0 (0.00%) i, 0 (0.00%) 0 (0.00%) e,
Aspirin 7= (%) 13 (46.4%) 11 (42.3%) 0.791 14 (51.9%) 10 (37.0%) 0.412
Clopidogrel 7= (%) 2 (7.1%) 2 (7.7%) 0.658 1 (3.7%) 3(11.1%) 0.603
Statin 7 = (%) 10 35.7%) 12 (46.2%) 0.580 12 (44.4%) 10 (37.0%)  0.782
ACEI/ARB n = (%) 6 (21.4%) 9 (34.6%) 0.366 9 (33.3%) 6 (22.2%) 0.543
Beta-blocker 7 = (%) 2 (7.1%) 4 (15.4%) 0.596 2 (7.4%) 4 (14.8%) 0.665
CCB = (%) 9 (32.1%) 8 (30.8%) 0.914 9 (33.3%) 8 (29.6%) 0.770
TIA 7= (%) 6 (21.4%) 5 (19.2%) 0.890 0 (0.0%) 11 (40.7%)  0.0003"**
AF = (%) 2 (7.1%) 2 (7.7%) 0.658 0 (0.0%) 4 (14.8%) 0.111
Stroke 7= (%) 9 (32.1%) 8 (30.8%) 0.914 3 (11.1%) 14 (51.9%)  0.003**
Weight (mean + SEM, kg) 72.5%1.8 70.3%1.4 0.356 72.8+1.4 70.1+1.8 0.253
creatinine (mean * SEM, pmol/L) 80.6%x3.3 82.2%4.0 0.749 80.9%2.7 81.8%x4.4 0.858
TCHO (mean = SEM, mmol/L) 3.9+0.2 3.7%0.2 0.321 3.8+0.2 3.8+0.2 0.909
LDL (mean = SEM, mmol/L) 2.3%0.1 2.0%0.1 0.069 2.2%0.1 2.1x0.2 0.485
HDL (mean * SEM, mmol/L) 1.0£0.04 1.0=0.05 0.338 1.0£0.04 1.0£0.1 0.979
triglyceride (mean = SEM,mmol/L) 1.4%0.1 1.9+0.4 0.243 1.5%0.2 1.8+0.3 0.373

SEM, standard error of mean; CHD, coronary heart disease; CRE, chronic renal failure; ACEI, angiotensin converting enzyme inhibitor; ARB,
angiotensin receptor blocker; CCB, caicium channel blocker; TIA, transient ischemic attack; AF, amaurosis fugax; TCHO, total cholesterol; LDL,
low density lipoprotein; HDL, high density lipoprotein. **represents < 0.01; ***represents P<0.001.
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Fig.7. Experimental verification of the mRNA expres-
sion of six candidate genes identified from the
co-regulated DEGs and PPI networks in the tis-

sue samples

A. gRT-PCR analysis of COLIA2, TYROBP, ADCY3,
PLA2G7, CYP27A1, and IGFBPG in 54 carotid atheroscle-
rotic plaques (27 stable and 27 unstable plaques according
to the clinical criteria; 7=54). B. qRT-PCR analysis of the 6
genes in the same patient cohort (28 stable and 26 unstable
plaques according to the histologic criteria; 7=54). ***p<
.001. Three independent experiments were performed.
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Fig. 8. Immunochemistry analysis of /GFBP6 in histologically stable and unstable plaques

@l stable plaque
BB unstable plaque

w
S

n
°

o

e St N T —
- T S e - -

40X

A. IGFBP6-positive area (brown) is significantly decreased in the unstable plaque compared with that in the stable plaque (% 10) (****p<
.0001) B. Colocalization of CD68* macrophages in the border between the fibrous cap and necrotic core, in the area where /GFBP6 is
expressed (* 10). The black rectangle indicates the local enlarged view (% 40). C. CD31* endothelial cells are colocalized with /GFBP6 (%

10). The black rectangle indicates the local enlarged view (% 40).
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A. Concentration of /GFBP6 protein in the plasma of patients with histologically stable versus unstable plaque. (****p< .0001) B. ROC
curves of JGFBP6, models 1, 2, and 3 for the discrimination between patients with stable and unstable plaques. The discriminative power of
IGFBP6: the AUC was 0.894 (95% CI: 0.810-0.977), the sensitivity was 1.000, and the specificity was 0.655. The discriminative power of
model 1: AUC was 0.903 (95% CI: 0.823-0.982), the sensitivity was 0.739, and the specificity was 0.931. The discriminative power of
model 2: AUC was 0.906 (95% CI: 0.821-0.990), the sensitivity was 0.870, and the specificity was 0.828. The discriminative power of
model 3: AUC was 0.952 (95% CI: 0.900-1.000), sensitivity was 0.913, and specificity was 0.897. Model 1, IGFBP6 adjusted for age and
gender; model 2, age, gender, smoke, hypertension, weight, diabetes, creatinine, triglyceride, and total high-density lipoprotein and low-den-
sity lipoprotein cholesterol levels; model 3, /GFBP6 adjusted for all the above cofounders. ROC, receiver operating characteristic; AUC, area

under the curve; CI, confidence interval.

Table 4. The diagnostic power of IGFBP6, Model 1, 2, 3 in discriminating unstable carotid atherosclerotic plaque

Variables Cut-off AUC (95% CI) P Sensitivity Specificity
IGFBP6 (ng/mlL) < 142.0767 0.894 (0.810, 0.977) <0.001 1.000 0.655
PP (Model 1) <0.38946 0.903 (0.823, 0.982) <0.001 0.739 0.931
PP (Model 2) <0.54239 0.906 (0.821, 0.990) <0.001 0.870 0.828
PP (Model 3) <0.49497 0.952 (0.900, 1.000) <0.001 0.913 0.897

Model 1, IGFBP6 adjusted for age, gender; Model 2, age, gender, smoke, hypertension, weight, diabetes, creatinine, tyglyceride, total-,
HDL- and LDL-cholesterol levels; Model 3, IGFBPG6 adjusted for all the above cofounders. IGFBPG, insulin-like growth factor binding pro-
tein 6; PP, predicted probability; AUC , the area under the curve. HDL, high density lipoprotein; LDL, low density lipoprotein.

plemental Fig. 1).

ELISA was performed to measure the concentra-
tion of /GFBP6 in 52 patients, of which 28 had histo-
logically stable plaques and 24 had unstable plaques.
IGFBP6 concentration was significantly lower in the
patients with unstable plaques (mean*SEM,
11,3041 %3,710 pg/mL) than in those with stable
plaques (mean=SEM, 15,7359+6,152 pg/mL) (p<
.0001) (Fig.9A). To further explore the feasibility of
using plasma /GFBP6 as a biomarker for discriminat-
ing unstable plaques, a ROC analysis was performed.
The AUC for plasma /GFBP6 for detecting unstable
plaques was 0.894 (95% CI: 0.810, 0.977), and the
best cutoff value for plasma /GFBP6 was 142.08 ng/
mL with a sensitivity of 1.000 and a specificity of
0.655. In addition, in multivariable logistic regression
models with relevant confounders, model 1 (/GFBPG,

age and gender), model 2 (age, gender, smoke, hyper-
tension, weight, diabetes, creatinine, triglyceride, and
total lipoprotein, high-density lipoprotein, and low-
density lipoprotein cholesterol concentrations), and
model 3 (/GFBP6 and the above cofounders) had
insignificantly higher AUC compared with the uni-
variable model of /GFBP6 (AUC=0.903, AUC=
0.906, and AUC=0.952, respectively; all 2>0.05)
(Fig. 9B). The AUC, optimal cutoff value of /GFBPG6,

and multivariable models are summarized in Table 4.

Discussion
One of the main pathology underlying stroke is

carotid atherosclerosis. Emboli from ruptured athero-
sclerotic plaques are the major causes of the occlusion
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of cerebral vessels. Stroke maybe preventable, but
identifying the biomarkers of patients who are at risk
of stroke and the possible therapeutic targets of ath-
erosclerosis and unstable plaque is imperative for pre-
venting cerebrovascular and cardiovascular adverse
events®?. To identify potential biomarkers, we ana-
lyzed the co-regulated DEGs in all the datasets, which
included 40 human unstable and 34 stable carotid
atherosclerotic plaques, from the GEO and EBI data-
bases, using integrated bioinformatics methods. By
using the merged analysis of multiple datasets, we
avoided the individual bias present in the analysis of
single datasets. We also eliminated the influence of
factors, such as diabetes, trans-species difference, and
non-plaque samples, through the exclusion criteria.
We further presented experimental evidence to vali-
date the co-regulated DEGs, using unstable and stable
human carotid plaques in histologic and clinical clas-
sification. Therefore, we feel that this study is a potent
and comprehensive exploration of molecular mecha-
nisms of plaque vulnerability and has identified poten-
tial interventional targets.

We identified 231 co-upregulated genes and 205
co-downregulated genes in unstable plaques. The
upregulated genes were predicted to be involved in
biological processes, including signal transduction,
innate immune response, and inflammatory response,
which indicated that the vulnerability of plaques is a
complex process regulated by immune—inflammatory
responses. This possibility is consistent with the evi-
dence that plaque rupture is largely triggered by non-
resolved immune—inflammatory reactions® **. How-
ever, the co-downregulated DEGs were mostly
enriched in cell adhesion and ECM organization.
Decreased cell adhesion may suppress the migration of
endothelial repairing cells, thereby interfering with the
timely repair of damaged endothelium?”. Downregu-
lated cell adhesion-related genes may be responsible
for the unstable plaque formation. Moreover, ECM
organization is imperative for maintaining the stability
of the fibrous cap®®. Downregulated genes participat-
ing in the ECM organization, such as COLIA2 and
COLI2A1, which were identified in this study, are
associated with the decreased content of the fibrous
cap in coronary artery atherosclerosis®”. Therefore,
abating inflammatory and immune response and
enhancing cell adhesion and ECM organization may
be strategies for stabilizing carotid plaques.

In the present study, upregulated DEGs were
mostly enriched in the tuberculous and lysosomal
pathways, whereas focal adhesion and PI3K/Akt sig-
naling pathways had the most downregulated genes.
Some studies®” 3V have reported that bacterial infec-
tion is linked to unstable carotid plaque formations
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and adverse neurological events. The accumulation of
macrophage-derived foam cells in tubercles is an
important feature of tuberculosis*®. As tuberculosis
shares features with atherosclerosis, the possibility that
tuberculosis and its immune—inflammatory response
are related to atherosclerosis progression is reasonable.
In this work, the upregulated gene in unstable carotid
plaque was enriched in the tuberculous pathways; this
result may imply that tuberculosis infection is corre-
lated with plaque instability. The treatment of oxi-
dized low-density lipoprotein inhibits macrophage
lysosomes from combining with Mycobacterium tuber-
culosis, thereby supporting the survival of the microor-
ganism??. Atherosclerosis may in turn drive the devel-
opment of tuberculosis. Lysosomal autophagy is nec-
essary for rendering macrophages less susceptible to
external stimuli, such as to various inflammatory mol-
ecules®®. In advanced plaques, autophagy is impaired,
and lysosomes are dysfunctional; cellular debris accu-
mulates, contributing to plaque vulnerability®”. We
found upregulated genes enriched in the lysosome
pathway, which implies that although lysosomes
become dysfunctional, the related gene is activated to
offset the dysfunctional lysosome. Cell-matrix inter-
action, i.e., focal adhesion, is indispensable in regulat-
ing cell migration and proliferation®”. In the initial
stage of atherosclerosis, vascular smooth muscle cells
migrate into the intima and proliferate, where they
promote the formation of neointima. However, in
advanced lesions, vascular smooth muscle, the most
crucial component in the fibrous cap, contributes to
the thickening of the cap®. Thus, the impaired focal
adhesion of vascular smooth muscle is responsible for
plaque rupture. The PI3K/Aket signaling pathway is
essential for the survival, proliferation, and migration
of macrophages. A previous work?® has indicated that
suppressing macrophagic PI3K/Akt signaling decreases
autophagy and viability of the cells, thereby rendering
them susceptible to apoptosis or death. Therefore, the
reversal of downregulated PI3K/Akt signaling may
enhance plaque stability.

In this work, COLI1A2, ADCY3, CXCR4, and
TYROBP were found highest in the PPI network.
COLI1A2 was mostly enriched in biological adhesion
and ECM-—receptor interaction, a result that is consis-
tent with the reports of other studies”. Decreased col-
lagen content in plaques is a sign of unstable plaque 8.
COLIA2 encodes type I collagen, which is an impor-
tant component of the fibrous cap®”. Therefore,
enhancing COLIA2 expression may be an approach
for promoting ECM organization and collagen pro-
duction to stabilize carotid plaques. ADCY3 and
CXCR4 were mostly enriched in the chemokine sig-
naling pathway and chemotaxis. ADCY3 has been
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associated with obesity, and ADCY3 deficiency in ani-
mals increased their susceptibility to obesity®”. This
study was the first to identify ADCY3 as a central gene
in carotid unstable plaques, but the association
between ADCY3 and the chemokine pathway in
plaque instability is unelucidated. Chemokine, pre-
dominantly expressed by macrophages, contributes to
the recruitment of macrophages into the subendothe-
lial layer and drives atherogenesis’. CXCR4 and its
ligand chemokine CXCL12 are involved in the pro-
gression of atherosclerosis®?. CXCR4 has limited ath-
erosclerosis by maintaining endothelial barrier func-
tion and the contractile phenotype of vascular smooth
muscle cells*”. Moreover, unstable carotid plaque has
a higher content of CXCR4 mRNA than normal ves-
sels, and CXCR4 is mainly localized in lesional macro-
phages*”. Thus, CXCR4 may play a crucial role in
unstable plaque formations. 7YROBP was mostly
enriched in coagulation cascades and defense
responses. Similarly, another bioinformatics study has
reported that 7YROBP is a hub gene in advanced
carotid plaques®. TYROBP, a transmembrane signal-
ing polypeptide, has also been involved in immune—
inflammatory responses*®. Thus, 7YROBP may par-
ticipate in the progression of atherosclerosis and
plaque instability via the regulation of immune
responses. The relationship between 7YROBP and
coagulation remains to be explored.

In the miRNA/TF target gene networks, the
miR-29 family had nine targeted DEGs, the most
among the 11 predicted miRNAs. Particularly, the
miR-29 family mostly regulated collagen-encoding
genes, such as COLI2AI, COLIA2, and COL4A2.
COLIA2, which was highly expressed in PPI, was
downregulated by miR-29b. In an animal model®,
antagonists to miR-29 increased the expression of
COLIA2, thereby increasing the thickness of the
fibrous cap and stabilizing the plaque*”. Thus, target-
ing the axis of miR-29b—COLIA2 maybe beneficial
for plaque remodeling and preventing plaque rupture.

The prediction of drug—gene interaction showed
that CSFIR had the most drug—gene interacting pairs
and may be preferentially targeted for drug exploita-
tion. The colony-stimulating factor 1 (CSFI)/CSFIR
axis plays a crucial role in the survival and differentia-
tion of the monocyte—macrophage system and pro-
motes the activation of tumor-associated macro-
phages*®. The CSFI inhibitor, including the inhibitor
of CSFIR and ligand, has been developed as an anti-
tumor and anti-inflammatory agent*”. Macrophages
in plaques also play crucial roles in destabilizing
plaques by increasing the inflammatory response and
producing proteolytic matrix-degrading enzymes.

Using the CSFIR inhibitor, which has been used in

cancer therapy, for plaque stabilization is an attractive
consideration.

We further selected the hub genes, which were
derived from the PPI with a high degree, or the most
significantly co-regulated genes for experimental veri-
fication. COLIA2 was not found to be significantly
changed in clinical or histologically unstable carotid
plaques, which is inconsistent with a report that
COLIA2 is downregulated in unstable plaques”; this
difference may be due to the difference between the
experimental verification and simple bioinformatics
analysis. CYP27A1 variants are associated with hyper-
cholesterolemia®”, and PLA2G7, encoding lipopro-
tein-associated phospholipase A2, is a marker of famil-
ial hypercholesterolemia and increased risk of cardio-
vascular diseases®”. In the present study, CYP27A1
and PLA2G7 were markedly upregulated in all three
datasets in the bioinformatics analysis, but there was
no significant difference in the expression of the two
genes between stable and unstable plaques; this find-
ing is evidence that CYP27A1 and PLA2G7 may not
be biomarkers for predicting plaque instability.

IGFBPG6, a family protein binding with insulin-
like growth factors, is involved in various diseases,
including cancer and autoimmune diseases®?. /GFBP6
is also downregulated in Type I and II diabetes melli-
tus®”, which is similar to our novel finding of the
downregulated /GFBP6 expression in unstable carotid
plaques. Moreover, diabetes and advanced glycation
end products are associated with vulnerable plaque
phenotype®?. These results corroborate the correlation
between diabetes and vulnerable plaque formation.
Moreover, /GFBP6 colocalized with endothelial cells
and macrophages, which indicated that it may play
crucial roles in the activities of endothelial cells and
macrophages involved in unstable plaques. ELISA
analysis revealed that /GFBP6 was also a circulating
protein and its plasma concentration was lower in
patients who had unstable plaques than in those with
stable plaques. Moreover, based on the ROC and
AUC, plasma /GFBP6 values below the best cutoff
value of 142.0767 ng/mL indicated that the plaque
was more likely to be classified as unstable in the his-
tologic examination. The sensitivity at this cutoff
value was high, but the specificity was relatively low,
which might broaden the application of /GFBP6 in
screening the non-selective populations. After adjust-
ing for clinical cofounders, the AUC did not differ
significantly between multiple regression models,
which supports the view that /GFBP6 is an indepen-
dent predictor of unstable plaques. Thus, /GFBP6
may be a biomarker for predicting vulnerable plaques
and an important molecule for the formation of
unstable plaques.
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Our study has limitations. The exact role of
ADCY3, CXCR4, and TYROBP in unstable plaque
formations is still unknown. Moreover, the function
of IGFBPG6 in vitro and in vivo has not been verified.
As atherosclerosis coexists with complex metabolic
disorders, an analysis of comprehensive metabolic
change through metabolomics should be conducted .
Finally, the other 13 co-DEGs merged in all the three
datasets were not enrolled in our experimental verifi-
cation, and they will require further exploration.

Conclusion

The tuberculous, lysosomal, and chemokine sig-
naling pathways are implicated in the formation of
vulnerable atherosclerotic plaques. COL1A2, ADCY3,
CXCR4, and TYROBP may be crucial targets in the
formation of vulnerable plaques. miR-29 is implicated
for targeting COLIA2 and fibrosis. Using a CSFIR
inhibitor may be a promising strategy to stabilize ath-
erosclerotic plaques. /GFBP6 is downregulated in
unstable carotid plaques and plasma; thus, it may be
an important molecule and biomarker in the forma-
tion of unstable carotid plaques.
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Supplemental Fig. 1.

A. The brown region indicates the a-SMA™ cells in the tunica media in carotid atherosclerotic plaques. B. /GFBP6 is not colocalized with a
-SMA* cells in the tunica media. C. The brown region indicates the a-SMA™ cells in the intima layer. D. JGFBP6 is not colocalised with the

a-SMA" cells in the intima layer.

Supplementary Table 1.

Primers

Sequence (5-3°)

Human-COL1A2-Forward
Human-COL1A2-Reverse
Human-ADCY3-Forward
Human-ADCY3-Reverse
Human-IGFBP6-Forward
Human-IGFBP6-Reverse
Human-CYP27A1-Forward
Human-CYP27A1-Reverse
Human-PLA2G7-Forward
Human-PLA2G7-Reverse
Human-TYROBP-Forward
Human-TYROBP-Reverse

CTCCATGGTGAGTTTGGTCTC
CTTCCAATAGGACCAGTAGGAC
CCAACTTTGCTGACTTCTACAC
TGTCCAGGAGAGAGTCAAAATC
GAATCCTAAGGAGAGTAAACCCC
CTGGATTCCTCTGTTGGTCTC
AAGGCTGATCCAGAAGTACAAG
GCCCACTTTCTTATTGGGAAC
CTCATGGGTTTATAGTTGCTGC
CTATTTCTGCAGCAGATTGGTC
TGGTGCTGACAGTGCTCATTGC
AGGCGACTCGGTCTCAGTGATAC

Supplementary Table 2. The list of the Genes that were co-up-regulated or co-down-regulated in all the 3 datasets

Gene Description Gene Description
CD33 up GRINA up
ACP2 up SEMA4A up
GMIP up PKD2L1 up
SCD up TCN2 up
ASGRI up LY96 up
CYP27A1 up TMEM37 up
PLA2G7 up ITGA8 down
FUCAI up IGFBP6 down
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