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Abstract

Introduction: The purpose of this study was to explore the regulatory mecha-
nisms of FGF2 in carotid atherosclerotic plaque development using bioinfor-
matics analysis.

Material and methods: Expression profiles of 32 atheroma plaque (AP)
and 32 paired distant macroscopically intact (DMI) tissues samples in the
GSE43292 dataset were downloaded from the Gene Expression Omnibus
database. Following identification of differential expression genes (DEGs),
correlation analysis of fibroblast growth factor 2 (FGF2) and DEGs was
conducted. Subsequently, functional enrichment analysis and the protein-
protein interaction network for FGF2 significantly correlated DEGs were
constructed. Then, microRNAs (miRNAs) that regulated FGF2 and regulatory
pairs of long noncoding RNA (IncRNA)-miRNA were predicted to construct
the INncRNA-miRNA-FGF2 network.

Results: A total of 101 DEGs between AP and DMI samples were identified,
and 31 DEGs were analyzed to have coexpression relationships with FGF2,
including 23 positively correlated and 8 negatively correlated DEGs. VAV3
had the lowest r value among all FGF2 negatively correlated DEGs. FGF2
positively correlated DEGs were closely related to “regulation of smooth
muscle contraction” (e.g., calponin 1 [CNN1]), while FGF2 negatively cor-
related DEGs were significantly associated with “platelet activation” (e.g.,
Vav guanine nucleotide exchange factor 3 [VAV3]). In addition, a total of
12 miRNAs that regulated FGF2 were predicted, and hsa-miR-15a-5p and hsa-
miR-16-5p were highlighted in the IncRNA-miRNA-FGF2 regulatory network.
Conclusions: CNN1 might cooperate with FGF2 to regulate smooth muscle
contractility during CAP formation. VAV3 might cooperate with FGF2 to be
responsible for the development of CAP through participating in platelet
activation. Hsa-miR-15a-5p and hsa-miR-16-5p might participate in the de-
velopment of CAP via regulating FGF2.

Key words: carotid atherosclerotic plaque, fibroblast growth factor 2,
differential expression, coexpression analysis, atherosclerosis.

Introduction

Carotid atherosclerotic plaque (CAP), as a common disease, is a re-
sult of increased carotid artery intima media thickness due to fatty de-
generation and cholesterol deposition in the arterial wall [1]. Commonly,
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carotid artery endarterectomy combined with
medical therapy is the gold standard for CAP and
CA stenosis treatment [2]. CAP is the occurrence
of systemic atherosclerosis in the carotid artery,
which can reflect the degree of systemic athero-
sclerosis. In general, the accumulating burden of
CAP may induce the beginning of coronary artery
disease, stroke, or cardiovascular disease [3, 4].
Reportedly, hypertension, diabetes, dyslipidemia,
alcohol consumption, obesity, and smoking are
the traditional independent risk factors for the
progression of CAP [5]. In addition to the class risk
factor, premature cardiovascular events are found
to be related to increased atherosclerotic bur-
den and carotid total plaque area, as well as CAP
progression [6, 7]. Recently, the enhanced level
of homocysteine, as a non-traditional factor of
CAP development, has aroused greater attention.
Homocysteine induced vascular endothelial injury
and smooth muscle cell proliferation may promote
the formation of atherosclerosis [8]. CAP can not
only cause cerebral tissue ischemia, encephala-
trophy, and blindness, but even induce disability
and death of the patients. Thus, the elucidation
of underlying molecular mechanisms and markers
involved in CAP progression may have an import-
ant influence on early prevention of CAP.

Fibroblast growth factor 2 (FGF2), also named
basic fibroblast growth factor (BFGF), has been
reported to exhibit protective effects in early athe-
rosclerosis [9]. The knockout of low molecular
weight FGF2 may reduce atherogenesis and aortic
plagues via reducing macrophage infiltration and
suppressing oxidative stress in mice [10]. In addi-
tion, FGF2isimplicated in angiogenesis-dependent
diseases via regulating angiogenic activity [11].
Reportedly, FGF2 overexpression is involved in
CAP instability via engaging the nuclear factor-
kappaB (NF-kB) pathway mediated inducible nitric
oxide synthase (iNOS) and matrix metallopepti-
dase 9 (MMP-9) upregulation [12]. Also, CAP in-
stability is associated with altered physiologic ho-
meostasis influenced by MMP-2 and MMP-9 [13].
However, the role of FGF2 in CAP development is
still incompletely understood.

In recent years, transcriptional expression pro-
filing analysis has provided a useful technology
for comprehensively and extensively investigating
molecular pathologies of CAP progression [14].
In this study, we applied the expression data
of the GSE43292 dataset which sequenced the
mMRNA expression profiles of 32 atheroma plaque
(AP) and 32 paired distant macroscopically in-
tact (DMI) tissues samples from 32 hypertensive
patients who underwent carotid endarterecto-
my [15]. Following identification of differential
expression genes (DEGs), the correlation of FGF2
and DEGs and their enriched pathways were ana-

lyzed. We hoped to identify the role of FGF2 in
atherosclerosis and to anticipate its effects in hu-
man arteries.

Material and methods
Data source

The GSE43292 dataset downloaded from Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.
nih.gov/geo/) was used in this study, in which the
mRNA expression profiles of 32 AP and 32 paired
DMl tissues samples from 32 hypertensive patients
who underwent carotid endarterectomy were ap-
plied and the raw gene expression matrix data
of all samples were downloaded (Suppl Table 1).
The expression data were generated from the plat-
form of GPL6244 [HuGene-1_0-st] Affymetrix Hu-
man Gene 1.0 ST Array [transcript (gene) version].

Data preprocessing and differential
expression gene screening

Oligo software in R (version 1.34.0, http://bio-
conductor.org/help/search/index.html?q=oligo/)
was used to conduct the background correction
and normalization preprocessing of the raw CEL
data [16]. The data preprocessing included the
transformation of the original data format, filling
the missing data and data normalization. Then,
the probe IDs for corresponding genes were an-
notated, and the probe that did not match any
given gene was removed. When multiple probes
were mapped in the same gene symbol, the mean
value of these multiple probes was considered as
the expression value of this gene.

The gene expression matrix of AP and DMI
samples was divided into CAP disease and con-
trol groups, respectively. Subsequently, the DEGs
between the CAP disease and control groups
were analyzed using the Bayes test in limma
(Version 3.10.3, http://www.bioconductor.org/
packages/2.9/bioc/html/limma.html) [17] under
the thresholds of [log, fold-change (FC)| > 1 and
adjusted p-value < 0.05. Hierarchical clustering
for DEGs was calculated based on the Euclidean
distance method and drawn with the pheatmap
package (version 1.0.10, https://cran.r-project.org/
web/packages/pheatmap/index.html) in R soft-
ware.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) (http://
software.broadinstitute.org/gsea/index.jsp) [18]
is a useful method for interpreting groups of
genes that share common biological function,
chromosomal location, or regulation. In this study,
GSEA V3.0 (http://software.broadinstitute.org/
gsea/index.jsp) was utilized to perform the FGF2
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relative GSEA Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. At first, the
KEGG pathways gene set provided in the molec-
ular signatures database (MSigDB) was used as
the enrichment background (c2.cp.kegg.v6.1.sym-
bol.gmt, Suppl Table 2). The FGF2 expression val-
ue was used as the phenotype when setting the
parameter of Phenotype labels. The gene expres-
sion matrices of all DEGs were inputted in GSEA
V3.0 and were listed based on log,FC values.
Then, Pearson’s correlation coefficient between
any gene and FGF2 was calculated following set-
ting the parameter of “Metric for ranking genes”
as “Pearson”. Finally, according to Pearson’s cor-
relation coefficient, the gene list was sorted in de-
scending order mode and NOM p-value < 0.05 was
the threshold of significant enrichment results.

Coexpression analysis and functional
enrichment analysis

The matrix data of all DEGs and FGF2 were
utilized to calculate the Pearson correlation co-
efficient between any DEG and FGF2. Then, the
significant coexpression pairs of FGF2-DEGs were
screened with the cutoff of correlation coefficient
[r] > 0.8 and p-value < 0.05.

KEGG is an integrated database, which inter-
prets the biological function of genomes by KEGG
pathway mapping [19]. The Gene Ontology (GO)
project is an important bioinformatics resource
to analyze gene functional annotation classified
into three categories [20]. In this study, based on
above selected FGF2-DEGs pairs, the clusterpro-
filer package [21] in R software (Version 2.4.3,
http://bioconductor.org/packages/3.2/bioc/html/
clusterProfiler.html) was applied to conduct the
KEGG pathway and GO-biological process (BP) en-
richment analyses for the DEGs that showed a sig-
nificant negative or positive correlation with FGF2.
Significant enrichment results were obtained with
the cutoff of count > 2 and p-value < 0.05.

Construction of protein-protein interaction
network

Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING, http://string-db.org/) is
a database providing the protein partnerships in
more than 2000 organisms [22]. STRING (version
10.0) was utilized to explore the protein-protein
interaction (PPI) pairs for all genes in above se-
lected FGF2-DEG coexpression pairs while setting
the PPI score as 0.15. After obtaining the PPI pairs,
the PPI network was constructed by Cytoscape
software (version 3.2.0, http://www.cytoscape.
org/) [23]. Then, topological properties of network
nodes were analyzed, and the genes with higher
degree values were considered as hub genes.

Long noncoding RNA (IncRNA)-microRNA
(miRNA)-FGF2 regulatory network
construction

The Gene-miRNA Targets function of the pre-
dicted Target Module provided by the miRWalk2.0
(http://zmf.umm.uni-heidelberg.de/apps/zmf/
mirwalk2/) [24] tool was used to predict the up-
stream miRNAs of FGF2, and species was selected
as Human. Subsequently, the regulatory pairs ap-
pearing in at least 6 databases of miRWalk, mi-
Randa, miRDB, miRMap, Pictar2, RNA22, and Tar-
getScan were chosen. LncBase Predicted v.2 [25]
(http://carolina.imis.athena-innovation.gr/diana_
tools/web/index.php?r =Incbasev2%?2 Findex-pre-
dicted) was applied to predict relative IncRNAs
for miRNA in above-obtained miRNA-FGF2 pairs,
and the IncRNA-miRNA regulatory pairs conform-
ing to tissue = blood vessel and Threshold = 1
were screened. Further, the regulatory pairs of
[IncRNA-miRNA and miRNA-FGF2 were integrated
to construct the IncRNA-miRNA-FGF2 regulatory
network by Cytoscape software.

Results

Statistical information of differential
expression gene screening

Based on the pre-set threshold, a total of 101
DEGs (e.g., MMP7 and MMP9) between AP and
DMI samples were identified, including 47 up-
regulated and 54 down-regulated DEGs. The heat-
maps demonstrated that these DEGs could basi-
cally divide the samples into CAP disease and con-
trol groups (Figure 1).

Results of gene set enrichment analysis

Based on the threshold value of NOM p-value
< 0.05, only three FGF2 positively related path-
ways were enriched: “propanoate-metabolism”,
“butanoate-metabolism” and “TGF-beta signaling
pathway”. In addition, a total of thirty FGF2 nega-
tively related pathways were enriched, among
which the top 3 significant pathways were “sphin-
golipid-metabolism”, “vibrio cholerae infection”
and “lysosome” (Figure 2).

Coexpression analysis

Under the threshold of |r| > 0.8 and p < 0.05,
a total of 31 FGF2-DEGs coexpression pairs were
searched, among which expression of 23 DEGs
was positively correlated with FGF2, while expres-
sion of 8 DEGs was negatively correlated with
FGF2 (Table I). Additionally, among these 31 coex-
pression pairs, the positively correlated DEGs (e.g.,
solute carrier family 2 member 12 [SLC2A12], me-
lanocortin 2 receptor accessory protein 2 [MRAP2]
and stimulator of chondrogenesis 1 [SCRG1]), as
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Figure 1. Heat maps of differentially expressed genes (DEGs) identified from atheroma plaque and paired distant
macroscopically intact samples. X-axis indicates the names of samples, and Y-axis indicates the DEGs. The dis-
tant macroscopically intact samples are shown in purple, and the atheroma plaque samples are shown in brown.
The color from green to red represents the expression values of DEGs from low to high

well as negatively correlated DEGs (e.g., Vav gua-
nine nucleotide exchange factor 3 [VAV3], integrin
subunit alpha X [ITGAX] and pleckstrin [PLEK]) had
higher |r| values than others (Table I).

Functional enrichment analysis

The enrichment analysis results revealed that
the DEGs positively correlated with FGF2 were sig-
nificantly enriched in 13 KEGG pathways, in which
most DEGs were enriched in the pathways of “Thy-
roid hormone signaling pathway”, and “Adrenergic
signaling in cardiomyocytes”, whereas the DEGs
negatively correlated with FGF2 were only enriched
in 4 KEGG pathways, among which the renin-an-
giotensin system was most significant (Figure 3 A).

In addition, the DEGs positively correlated with
FGF2 were closely associated with “negative regu-
lation of smooth muscle cell proliferation” (e.g., na-
triuretic peptide receptor 3 [NPR3]) and “regulation
of smooth muscle contraction” (e.g., natriuretic
peptide receptor 3 [NPNT] and calponin 1 [CNN1]),
whereas the DEGs negatively correlated with FGF2
were involved in the function of “integrin-mediat-
ed signaling pathway” and “platelet activation”
(e.g., VAV3) (Figure 3 B).

Protein-protein interaction network
analysis

All genes in the significant FGF2-DEG coexpres-
sion pairs were used to construct the PPl network.
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Table I. Results of 31 FGF2-DEG coexpression pairs

mRNA DEGs r P-value mRNA DEGs r P-value
FGF2 SLC2A12 0.890581 8.75E-12 FGF2 CNTN3 0.814028 1.46E-08
FGF2 MRAP2 0.874105 6.40E-11 FGF2 ACTC1 0.812540 1.63E-08
FGF2 SCRG1 0.871735 8.33E-11 FGF2 ACADL 0.810734 1.85E-08
FGF2 NPR3 0.864521 1.80E-10 FGF2 LINCO0670 0.810057 1.95E-08
FGF2 ATRNL1 0.856044 4.21E-10 FGF2 FIBIN 0.808578 2.16E-08
FGF2 GRIA1 0.850603 7.08E-10 FGF2 PRUNE2 0.805362 2.71E-08
FGF2 PLN 0.845011 1.18E-09 FGF2 CNN1 0.802484 3.31E-08
FGF2 UNC13C 0.843719 1.33E-09 FGF2 CD180 —-0.825418 6.13E-09
FGF2 THRB 0.832385 3.50E-09 FGF2 MME —-0.825945 5.88E-09
FGF2 TTLL7 0.826051 5.83E-09 FGF2 NPL —-0.836205 2.54E-09
FGF2 TPH1 0.823345 7.21E-09 FGF2 ANPEP -0.864560 1.79E-10
FGF2 FRK 0.822002 8.00E-09 FGF2 CCR1 —0.874255 6.29E-11
FGF2 ANGPTL1 0.818798 1.02E-08 FGF2 PLEK -0.879640 3.39E-11
FGF2 NPNT 0.818199 1.07E-08 FGF2 ITGAX —-0.880558 3.04E-11
FGF2 NEGR1 0.817755 1.11E-08 FGF2 VAV3 —-0.882547 2.40E-11
FGF2 PLCB4 0.815185 1.34E-08

Notes: The DEGs in coexpression pairs with correlation coefficient r > 0.8 and p-value < 0.05 are considered to be positively correlated with
FGF2, while being negatively correlated with FGF2 in pairs with correlation coefficient r < =0.8 and p-value < 0.05. DEGs - differentially

expressed genes.

As result, the constructed PPl network was con-
sisted by 31 nodes and 69 interactions, in which
the nodes such as FGF2, ITGAX, PLEK, ACTC1 and
GRIA1 had higher degree values than other nodes
(Figure 4 and Table I1).

IncRNA-miRNA-FGF2 regulatory network

Using the miRWalk2.0 database, a set of 12
miRNAs that regulated FGF2 were predicted.
In addition, 7 IncRNAs having relationships with
these 12 miRNAs were predicted. Finally, the
IncRNA-miRNA-FGF2regulatorynetwork comprised
12 miRNAs, 7 IncRNAs, 12 miRNAs-FGF2 relation-
ship pairs and 17 IncRNA-miRNA relationship pairs
(Figure 5). The nodes such as CTC-459F4.3, hsa-
miR-15a-5p, hsa-miR-15b-5p and hsa-miR-16-5p
were highlighted in this network.

Discussion

In this study, a total of 101 DEGs between AP
and DMI samples were identified, among which
23 FGF2 positively correlated and 8 negatively cor-
related DEGs were searched. VAV3 had the lowest
r value among 8 FGF2 negatively correlated DEGs.
FGF2 positively correlated DEGs were closely in-
volved in the “regulation of smooth muscle con-
traction” (e.g., CNN1), while FGF2 negatively cor-
related DEGs were significantly associated with
“platelet activation” (e.g., VAV3). In addition, a set
of 12 miRNAs that regulated FGF2 were predict-
ed, and hsa-miR-15a-5p and hsa-miR-16-5p were

highlighted in the IncRNA-miRNA-FGF2 regulatory
network.

Abnormal contraction of vascular smooth mus-
cle is a crucial cause of hypertension and vascular
disease such as coronary artery vasospasm [26].
Similarly, aortic calcification as an independent
predictor of atherosclerosis is commonly promot-
ed, while accompanied by reduced contractility
of aortic smooth muscle cells [27]. Ljubica PM
et al. identified smooth muscle contraction as
one of most down-regulated pathways for carot-
id plagues compared with healthy arteries [28].
Similarly, CNN1 was found to be one of the FGF2
positively correlated DEGs between AP and DMI
samples, and was enriched in the GO term “regu-
lation of smooth muscle contraction”. CNN1 as
an actin filament-associated protein has a pivotal
role in the regulation and modulation of smooth
muscle contractility [29]. Reportedly, platelet depo-
sition is a potent stimulus for local smooth muscle
constriction [30]. Also, it shows that Auricularia
auricula can suppress the phenotypic conversion
of vascular smooth muscle cells from contracted
type to synthesized type via inhibiting the secre-
tion of bFGFE PDGF and other extracellular matrix-
es, which may reduce the formation of atherogen-
esis [31]. Moreover, although little is known about
FGF2 regulating smooth muscle contraction for
CAR it has been proposed that FGF2 can suppress
alpha-smooth muscle actin expression, resulting
in reduced contractile activity [32]. Considering
the evidence together, CNN1 might cooperate with
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Figure 3. Functional enrichment results of FGF2 significantly correlated DEGs. A — KEGG enrichment results of
FGF2 positively correlated and negatively correlated DEGs. B — The top 10 enriched GO-biological process terms
of FGF2 positively correlated and negatively correlated DEGs. The FGF2 positively correlated pathways are marked
in orange, while FGF2 negatively correlated pathways are marked in green. X-axis shows the names of enriched
pathways, while Y-axis represents the count of genes and —log10 (p-value) of corresponding pathway

FGF2 to regulate the smooth muscle contractility
during CAP formation.

Atherosclerosis is a chronic inflammatory dis-
ease, in which macrophage accumulation in athero-
sclerotic arteries is responsible for the development
and progression of atherosclerotic plaque [33, 34].
Platelets are important inflammatory mediators,
and the platelet activation by inflammatory trig-
gers as a critical component of atherothrombosis
may contribute to the development and progres-
sion of atherosclerotic plaques [35]. VAV3, which
encodes a kind of Rho family of GTPases, is respon-
sible for vascular smooth muscle cell proliferation
and migration [36]. In addition, VAV3 plays a role in
regulating platelet activation mediated by collagen
[37]. Similarly, we predicted that VAV3 was involved
in function of platelet activation and it was most
negatively significant correlated with FGF2. Inter-
esting, Hayon et al. reported that platelet-derived
microparticles shed from platelets upon activation
participate in angiogenesis or neural stem cell pro-

liferation mediated by FGF2, VEGF, or PDGF [38, 39],
which indicates that FGF2 is involved in the down-
stream effect of platelet activation. Thus, our find-
ings demonstrated that VAV3 might cooperate with
FGF2 to be responsible for the development of CAP
through participating in platelet activation.
miRNAs such as hsa-miR-15a-5p and hsa-miR-
16-5p were predicted to be upstream regulator
factors of FGF2, which were highlighted in the In-
cRNA-miRNA-FGF2 regulatory network. miR-16 has
been recently revealed to inhibit nasopharyngeal
carcinoma carcinogenesis and progression via regu-
lating its target FGF2 [40]. Hsa-miR-16 is elevated in
atherosclerotic plagues compared to healthy arte-
ries [41]. Additionally, miR-16 is found to be enriched
in mesenchymal stem cell derived exosomes and
exerts an anti-angiogenic effect [42]. miR-15a was
reported to exhibit anti-proliferative and anti-angio-
genic actions in endothelial and vascular smooth
muscle cells [43]. Notably, FGF2 is a factor driving
smooth muscle cell proliferation in injured rat ca-
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Figure 4. Protein-protein interaction (PPI) network consisted by FGF2 significantly correlated DEGs. The circles
in orange stand for FGF2 positively correlated genes, while squares in green stand for FGF2 negatively correlated
genes. Node shows the name of gene and edge represents the interaction between any two connected nodes.
The node size is proportionable to its degree value. DEGs: differentially expressed genes

Table Il. Top 10 genes in PPl network listed by de-

gree value
Nodes Description Degree
FGF2 Center 14
ITGAX Negative 9
PLEK Negative 9
ACTC1 Positive 8
GRIA1 Positive 8
NEGR1 Positive 6
CNTN3 Positive 6
CCR1 Negative 6
MME Negative 5
ANPEP Negative 5
ATRNL1 Positive 5

Notes: The node having a higher degree represents that it has more
interactions with other nodes.

rotid arteries [44]. In addition, miR-15a can directly
target FGF2 and VEGF to facilitate their anti-angio-
genic effects in hindlimb ischemia [45]. However,
there have been few reports about the regulatory
mechanism of miR-16 and miR-15a on FGF2 sup-
pression in the formation of CAP. Therefore, these
results demonstrated that hsa-miR-15a-5p and hsa-
miR-16-5p might facilitate their anti-proliferative or
anti-angiogenic effects to participate in the devel-
opment of CAP via regulating FGF2.

Although the deleterious roles of FGF2 in the
development of atherosclerosis or carotid athero-
sclerotic plaques have been partially investigated in
previous studies [12, 46], its underlying mechanisms
in pathogenesis of carotid atherosclerotic plaques
related to multiple genes are still largely unknown.
The upstream regulators and co-expressed genes
of FGF2 that both impact FGF2, which eventually
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Figure 5. Integrative regulatory network of IncRNA-miRNA-FGF2. Rhombus in rose red stands for IncRNAs, while
triangle in red stands for FGF2. The rectangles in blue represent miRNAs that regulate FGF2. Edges represent the inter-

action between any two connected nodes

contribute to progression of carotid atherosclerotic
plagques, have still not been systematically and com-
prehensively studied. Transcriptional expression se-
quencing is a powerful and reliable technology for
present and future research at the molecular leve|,
which can reveal the transcript levels at the whole
transcriptome. Thus, in this study, the alterations
of mMRNA expression levels across CAP and normal
samples were systematically investigated, and up-
stream regulators or co-expressed DEGs of FGF2
were predicted by bioinformatics methods. Our
findings may help to reveal the molecular founda-
tion of FGF2 in atherosclerosis and provide poten-
tial targets for atherosclerosis treatment. However,
the limitations of our study are worth mentioning.
Firstly, the relationships of predicted upstream
miRNAs and co-expressed DEGs with FGF2 were
not validated by dual luciferase reporter assay and
co-immunoprecipitation experiments, and the DEG
levels were not detected in CAP and normal sam-
ples by WB experiments. Secondly, the functional
roles of FGF2 and its upstream miRNAs and co-
expressed DEGs that participated in predicted sig-
nal pathways were not deeply investigated by ex-
periments. These aspects should be validated in
future by our subsequent experiments.

In conclusion, CNN1 might cooperate with FGF2
to regulate the smooth muscle contractility during

CAP formation. VAV3 might cooperate with FGF2
to be responsible for the development of CAP
through participating in platelet activation. Hsa-
miR-15a-5p and hsa-miR-16-5p might facilitate
their anti-proliferative or anti-angiogenic effects
to participate in the development of CAP via regu-
lating FGF2.
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