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Peng Teng, MD?, Xingjie Xu, MD?, Chengyao Ni, MD?, Haimeng Yan, PhDP, Qianhui Sun, BS®,
Enfan Zhang, MD®", Yiming Ni, MD*"

Abstract N\
Calcific aortic valve disease (CAVD) is highly prevalent in our aging world and has no effective pharmaceutical treatment. Intense |
efforts have been made but the underlying molecular mechanisms of CAVD are still unclear.

This study was designed to identify the critical genes and pathways in CAVD by bioinformatics analysis. Microarray datasets of
GSE12644, GSE51472, and GSE83453 were obtained from Gene Expression Omnibus database. Differentially expressed genes
(DEGs) were identified and functional and pathway enrichment analysis was performed. Subsequently, the protein—protein interaction
network (PPI) was constructed with Search Tool for the Retrieval of Interacting Genes and was visualized with Cytoscape to identify
the most significant module. Hub genes were identified by Cytoscape plugin cytoHubba.

A total of 179 DEGs, including 101 upregulated genes and 78 downregulated genes, were identified. The enriched functions and
pathways of the DEGs include infllmmatory and immune response, chemotaxis, extracellular matrix (ECM) organization,
complement and coagulation cascades, ECM receptor interaction, and focal adhesion. The most significant module in the PPI
network was analyzed and genes among it were mainly enriched in chemotaxis, locomotory behavior, immune response, chemokine
signaling pathway, and extracellular space. In addition, DEGs, with degrees > 10 and the top 10 highest Maximal Chique Centrality
(MCQC) score, were identified as hub genes. CCR1, MMP9, VCAM1, and ITGAX, which were of the highest degree or MCC score,
were manually reviewed.

The DEGs and hub genes identified in the present study help us understand the molecular mechanisms underlying the
pathogenesis of CAVD and might serve as candidate therapeutic targets for CAVD.

Abbreviations: AV = aortic valve, AVIC = aortic valve interstitial cell, BP = biological process, CAV = calcific aortic valve, CAVD =
calcific aortic valve disease, CC = cellular component, CCR = C-C motif chemokine receptor, DAVID = Database for Annotation,
Visualization and Integrated Discovery, DEG = differentially expressed gene, ECM = extracellular matrix, FC = fold change, GEO =
Gene Expression Omnibus Database, GO = gene ontology, ITGAX = integrin alpha-X, KEGG = Kyoto Encyclopedia of Genes and
Genomes, MCC = Maximal Chique Centrality, MCODE = Molecular Complex Detection, MF = molecular function, MMP9 = matrix
metalloproteinase-9, PI-PLC = phosphatidylinositol phospholipase, PPl = protein—protein interaction, STRING = Search Tool for the
Retrieval of Interacting Genes.
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1. Introduction

Calcific aortic valve disease (CAVD) is the most common type of
valvular disease and the primary cause of aortic stenosis in the
world, which affects 2% to 7% of the population aged 65 years
or older.™ CAVD presents with pathological thickening and
calcification of the aortic valve (AV) and ultimately leads to its
malfunction. It is believed that the disease burden of CAVD will
double over the next 50 years which makes it an enormous threat
to public health in the aging world.””! Despite that clinical
features of CAVD have been established, the molecular basis
remains unclear. Following the failures of statins and angioten-
sin-converting enzyme inhibitors in reducing CAVD progres-
sion,’®! effective medical therapies are lacking. The only
treatment option is surgical or transcatheter aortic valve
replacement (TAVR) after CAVD develops into advanced stage
and patients develop symptoms. However, these procedures are
associated with high cost, inevitable risk of death, and
perioperative as well as long-term complications such as
complications accompanied by anticoagulation therapy and
reoperation due to prosthetic valve dysfunction. There is, hence,
an unmet clinical need for a better understanding of underlying
mechanisms of CAVD and novel therapeutic targets to slow its
progression. Thus, identification of critical genes, biomarkers,
and pathways is critically important for early diagnosis,
prevention, and precise treatment.

During the last decades, the high-throughput platforms for the
analysis of gene expression, such as microarray technology, have
been widely used with increasing value in screening genetic
alterations at the genome level, which have helped us identify the
differentially expressed genes (DEGs), functions, and pathways
involved in the pathogenesis and progression of diseases.
However, the small sample size of single microarray profile
makes it difficult to obtain accurate results. Integrated bioinfor-
matics analysis by using publicly available genomic data offers us
possibilities for second data mining and identification of disease-
related biomarkers.””>®! Thus, in the present study, 3 microarray
datasets, GSE12644,"”! GSES1472,!" and GSE83453!"!! were
obtained from the NCBI-Gene Expression Omnibus database,
which contained a total of 36 samples, with 20 cases of calcific
aortic valves (CAVs) and 16 cases of normal AVs. We identified
DEGs by using the R software with Limma package between
CAVs and normal AVs. Gene ontology (GO), Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment analysis
was performed, and protein—protein interaction (PPI) network
was constructed to explore the molecular mechanisms underlying
CAVD. Subsequently, we screened the most significant module
and hub genes in the PPI network established by DEGs.
Publications related to the hub genes, functions, and pathways
revealed by the above analysis were manually reviewed and were
discussed in the Discussion section. Our study provides potential
targets for treating CAVD.

2. Material and methods

2.1. Microarray data

Gene Expression Omnibus Database (GEO) (http://www.ncbi.
nlm.nih.gov/geo)"?! is a public functional genomics data
repository of high throughout gene expression data, chips, and
microarrays. Three gene expression datasets GSE12644,!
GSES51472,19 and GSE83453M"1 were downloaded from
GEO. All the microarray data of GSE12644, GSE51472, and
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GSE83453 were based on GPL570 platform (Affymetrix Human
Genome U133 Plus 2.0 Array) and include a total of 20, 15, and
15 samples of AVs, respectively. Only the samples of CAVs and
normal AVs were taken into analysis which constituted a total of
36 samples (20 CAVs and 16 normal aortic valves).

2.2. Identification of DEGs

The downloaded platform and series of matrix files were
converted by using the R software. The DEGs between CAVs
and normal AVs were screened by using Limma package in the R
software. An adjusted P value <.05 and | Fold Change (FC) |> 2
were set as cut-off criteria at first. However, there were no enough
DEGs identified in GSE83453 for further analysis. To screen
enough DEGs for a better identification of the underlying critical
genes, the | FC | cutoff of GSE83453 was set as > 1.5'%
individually while all the other parameters among 3 datasets
remained unchanged. The DEG data were processed to draw
heatmaps of the top 500 significantly changed genes by using
Gplots package in the R software. All codes were run under the R
environment version 3.5.3.

2.3. GO and KEGG pathway enrichment analysis of DEGs

The Database for Annotation, Visualization and Integrated
Discovery (DAVID; http://david.ncifcrf.gov) (version 6.8)!"* was
used to provide a comprehensive set of functional annotation
information of genes and proteins. GO is an important
bioinformatics tool to annotate and illustrate genes and their
biological process (BP), cellular component (CC), and molecular
function (MF)."1 KEGG is a comprehensive database resource,
which contains information of high-level functions and biological
systems from large-scale molecular datasets.!'® GO and KEGG
enrichment analysis of DEGs were performed by using DAVID
online database. P value<.05 was considered statistically
significant.

2.4. PPI network construction and module analysis

The PPI network of DEGs was constructed by using Search Tool
for the Retrieval of Interacting Genes (STRING; http://string-db.
org) (version 11.0)"7!" database, and an interaction with a
combined score > 0.4 was considered statistically significant.
Cytoscape (version 3.7.1) is an open-source bioinformatics
software platform for visualizing molecular interaction net-
works."8! The plugin Molecular Complex Detection (MCODE)
(version 1.5.1) is an application for clustering a given network
based on topology to find densely connected regions."! The PPI
networks were imported into Cytoscape and the most significant
module in the PPI networks was identified by MCODE. The
criteria for selection were as follows: MCODE scores > 3,
degree cutoff = 2, node score cutoff = 0.2, max depth = 100, and
k-score = 2. GO and KEGG analyses for genes in this module
were performed by using DAVID.

2.5. Hub genes identification and analysis

The Cytoscape plugin cytoHubba is an application for ranking
nodes in a network by their network features. The hub genes
were calculated based on the Maximal Chique Centrality
(MCC) topological analysis methods®®! by using cytoHubba
(version 0.1).
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Figure 1. Data standardization and DEG identification in 3 microarray datasets (GSE12644, GSE51472, and GSE83453). A, Respective volcano plots of the 3
datasets. Red plots represent the upregulated genes and green ones represent the downregulated genes with the criteria of P value <.05 and | FC |> 2 in
GSE12644 and GSE51472 or | FC |> 1.5 in GSE83453. B, Poststandardization gene expression levels of each dataset. C, Heatmap of the top 500 significant
DEGs. Red and green indicate higher and lower gene expression, respectively. DEG =differentially expressed gene, FC=fold change.

3. Results

3.1. Identification of DEGs in CAVD

A total of 36 samples (20 CAVs and 16 normal aortic valves)
were selected. All the tissues, except tissues from GSE51472
which did not provide baseline information, were from male
patients and there was no significant difference in patient’s age
(64.53+5.00 vs 60.82+5.40, P=.08, CAV group vs normal AV
group). We respectively identified 719, 780, and 854 DEGs from
GSE12644, GSE51472, and GSE83453 (Fig. 1A) after standard-
ization of the microarray datasets (Fig. 1B). The overlap among
the 3 datasets contained 101 upregulated genes and 78
downregulated genes between CAVs and normal AVs
(Fig. 2A). The top 500 significant DEGs were depicted as a
heatmap (Fig. 1C).

3.2. GO and KEGG pathway enrichment analysis of DEGs

The function and pathway enrichment analysis of DEGs was
performed by using DAVID. GO enrichment analysis showed that
the changes of DEGs in BP were most significantly enriched in
inflammatory response, immune response, chemotaxis, leukocyte
migration, and extracellular matrix (ECM) organization (Table 1
and Fig. 3A). Changes of DEGs in CC were most significantly
enriched in extracellular region, space, and plasma membrane

(Table 1 and Fig. 3B). Changes of DEGs in MF were most
significantly enriched in chemokine activity, phosphatidylinositol
phospholipase C activity, serine-type endopeptidase activity,
receptor activity, and receptor binding (Table 1 and Fig. 3C).
KEGG pathways analysis revealed that DEGs were mainly
enriched in complement and coagulation cascades, staphylococcus
aureus infection, ECM-receptor interaction, rheumatoid arthritis
(RA), and focal adhesion (Table 2 and Fig. 3D).

3.3. PPI network construction, module analysis

The PPI network was constructed and contained 178 nodes and
519 edges (Fig. 2B). The most significant module consisted of 19
nodes and 64 edges, was calculated and identified by using
Cytoscape plugin MCODE (Fig. 2C). The function and pathway
enrichment analysis of genes involved in this module were
analyzed by using DAVID. Results showed that genes in this
module were mainly enriched in chemotaxis, locomotory
behavior, immune response, chemokine signaling pathway,
and extracellular space (Table 3).

3.4. Hub genes identification and analysis

A total of 44 genes were identified with degrees > 10 and they
were subsequently calculated based on the MCC analysis
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Figure 2. Venn diagram, PPl network, and the most significant module of DEGs. A, DEGs identified from the 3 microarray datasets showed overlaps of 101
upregulated DEGs and 78 downregulated DEGs. The upregulated genes are marked in red and downregulated genes are marked in blue. B, The PPI network of
DEGs was constructed using Cytoscape. C, The most significant module was obtained from PPI network with 19 nodes and 64 edges. DEG =differentially

expressed gene, PPI=protein—protein interaction.

method, which is the latest analysis method and is highly
recommended. The top 10 genes with highest MCC score were
considered as hub genes (Table 4).

4. DISCUSSION

CAVD is a progressive and irreversible disease that remains
incurable despite dramatic improvement in surgical treatment. In
this study, we analyzed the expression of genes in 3 microarray
datasets between CAVs and normal AVs. A total of 179 DEGs
were identified, including 101 upregulated genes and 78
downregulated genes. Subsequently, we utilized bioinformatic
methods to deeply explore the DEGs, including GO and KEGG
pathway enrichment analysis, PPI network construction, identi-
fication of the most significant module, and the hub genes.
The GO and KEGG pathway analyses were performed to
explore interactions among the DEGs. GO enrichment analysis
contains 3 groups: BP, CC, and MF. For BP, DEGs were mainly
involved in inflammatory and immune responses, chemotaxis,
leukocyte migration, and ECM organization. CAVD is believed
as a chronic inflammatory disease.*'*?! Endothelial cells on
aortic valve surface interact with aortic valve interstitial cells
(AVIC) to maintain the integrity of valve tissues. Endothelial

dysfunction and injury lead to the impaired endothelial integrity
and thus cause inflammatory responses including lipid deposi-
tion, intraleaflet hemorrhage, and oxidative stress. Subsequent
innate and adaptive immune responses”>** are activated
through chemotaxis®’! and extensive aortic valve infiltration
with macrophages, T cells, and mast cells.?*%! In addition,
ECM organization is one of the hallmarks of CAVD which have
been reported previously.**% CAV is characterized by fibrotic
thickening of the valve leaflets, inflammation, neoangiogenesis,
calcification, and the presence of other ectopic mesenchymal
tissues, especially in the fibrosa layer.>"!

For CC, DEGs were mainly enriched in extracellular region
and space, which is consistent with the above-mentioned ECM
organization. For MF, DEGs were mainly enriched in chemokine
activity, phosphatidylinositol phospholipase C (PI-PLC) activity,
serine-type endopeptidase activity, receptor activity, and binding.
Chemokine is a group of low molecular weight cytokines with the
ability to induce chemotaxis or chemokinesis in leukocytes,
which plays a critical role in inflammatory response. Recent
studies have elucidated partial mechanisms between chemokines
and CAVD.333! PL.PLC pathway, which is the predominant
Ca®* release mechanism in smooth muscle cells and nonexcitable
cells (e.g., epithelial cells and fibroblasts),**** has been reported
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GO enrichment analysis of DEGs in CAVD.

Term Description Count P value
BP
G0:0006954  Inflammatory response 21 7.19%x1071°
G0:0006955  Immune response 20 251 %1078
(G0:0006935 Chemotaxis 12 2.67x1078
G0:0050900  Leukocyte migration 10 2.79%x 107
(G0:0030198 Extracellular matrix organization 12 3.19x10°°
G0:0030593 Neutrophil chemotaxis 8 3.30x 107
(G0:0071356 Cellular response to tumor 9 1.12x107°
necrosis factor
(G0:0030574 Collagen catabolic process 7 3.47x107°
G0:0030574  Cell chemotaxis 7 3.79x107°
G0:0071347 Cellular response to interleukin-1 7 6.27 x 107°
CC
(G0:0005576 Extracellular region 47 578 x107'?
G0:0005615  Extracellular space 42 157 x107 "
G0:0005578  Proteinaceous extracellular matrix 19 9.18x 10"
G0:0005886  Plasma membrane 75 2.53%107°
G0:0031012 Extracellular matrix 13 2.68x107°
G0:0016021 Integral component of membrane 72 2.10x 107
(G0:000998 Cell surface 16 211 %107
G0:0070062  Extracellular exosome 46 2.12x107
G0:0005581 Collagen trimer 7 2.44 %107
MF
G0:0008009 Chemokine activity 6 9.50 x 107°
(G0:0004435 Phosphatidylinositol phospholipase 5 1.12x107*
C activity
(G0:0004252 Serine-type endopeptidase activity 11 1.54 %107
G0:0004872 Receptor activity 10 2.18x 107
(0:0005102 Receptor binding 1 1.91x107°

BP =biological process, CAVD=calcific aortic valve disease, CC=cellular component, DEG=
differentially expressed gene, GO=gene ontology, MF=molecular function.

playing a key role in smooth muscle cell proliferation and
vascular calcification.”®®! High-temperature requirement serine
protease Al is a member of the trypsin family of serine-type
endopeptidase, and has been elucidated of its important role in
cell growth regulation and the strong relations with cartilage
ossification in osteoarthritis.*”!

Following KEGG pathway enrichment analysis showed that
DEGs were mainly enriched in complement and coagulation
cascades, staphylococcus aureus infection, ECM-receptor inter-
action, RA, and focal adhesion. Complement and coagulation
cascades evolutionarily related proteolytic cascades associated
with inflammatory response.*®! Coagulation cascade, initiated
by tissue factor, has been reported to play an important role in
mineralization process of aortic valve by cleaving osteopontin,
which is an important regulator of calcium deposition in bone
and ectopic calcified tissue.*”! Complement cascade regulates the
recruitment of inflammatory and immunocompetent cells and is
involved in the structural deterioration of heart valves.*”) KEGG
pathway enrichment in staphylococcus aureus infection is due to
the common activated pathways or pathological processes both
in the CAVD and staphylococcus aureus infection, which include
neutrophil chemotaxis, complement activation, and secretion of
immune modulating proteins.*!! ECM interaction between cells
and ECM regulates cellular activities such as focal adhesion,
migration, AVICs transformation.*>*! In patients with RA,
abnormal activation of immune response leads to the elevated
level of pro-inflammatory cytokines and chemokines, which

www.md-journal.com

promotes leukocyte infiltration. It is well recognized that there are
strong relationships and common underlying mechanisms shared
between RA and aortic valve stenosis.[****! In a word, all these
theories are consistent with our enrichment analysis results.

A PPI network of DEGs were constructed, containing 178
nodes and 519 edges with an average node degree of 5.83.
Among the network, only 1 significant module with MCODE
score > 5 was identified based on the degree of importance. It
contained 19 nodes and 64 edges. The GO enrichment analysis
revealed that DEGs in this module were mainly enriched in
chemotaxis, locomotory behavior, chemokine activity, immune
response, and cytokine activity, while in KEGG were mainly
enriched in chemokine signaling pathway and cytokine—cytokine
receptor interaction.

There were a total of 44 DEGs with degrees > 10. So, we
applied MCC method, the latest and the most recommended
analysis method, for further screening of hub genes. The top 10
DEGs with highest MCC score were considered hub genes in our
study. Among these hub genes, CCR1 showed the highest MCC
score and matrix metalloproteinase-9 (MMP9) showed the
highest node degree, respectively, while VCAM1 and integrin
alpha-X (ITGAX) were both ranked top 5 in both the lists
according to the above-mentioned 2 analysis methods.

CCRs (C-C motif chemokine receptors) family, including
CCR1, plays an important role in chronic inflammatory response
by recruitment of monocytes and macrophages.!*®! Although
without CCR1, increasing evidences indicate that CCRs are also
involved in cardiovascular calcification. For instance, CCRS5 was
revealed with positive correlation with the valvular calcifica-
tion®¥ and CCR2 was confirmed with the ability of osteoblastic
transformation of valvular interstitial cells.??) Hence, the
function of CCR1 in CAVD is worth to be further studied.
MMPY participates in the degradation and reorganization of
ECM, which is one of the most histopathological features of the
valvular disease.!*”*8! It has been identified as a novel predictor
of cardiovascular events,*” as well as left ventricular dilation.>”!
Even in a clinical trial, MMP9 showed increased risk trend of
combined endpoints at 1 year after TAVR procedure (P
value=.086, 95% confident interval 0.523-1.000).°" To some
degree, MMP9 is highly correlated with CAVDP>%3! and is
generally regarded as the biomarker of CAVD and heart
remodeling.** Vascular cell adhesion molecule 1 (VCAM1)
mediates leukocyte—endothelial cell adhesion and has been
consistently reported with increased level in endothelium of
CAV.>57I The endothelial cells of aortic valve, activated by the
altered hemodynamics stimuli,’**! expressing VCAM1 and other
adhesion molecules, lead to the main route for tissue leukocyte
infiltration and inflammatory process. Moreover, circulation
VCAMI is reported to be associated with greater coronary artery
disease risk in chronic inflammatory conditions.*® ITGAX, also
known as CD11c, is highly expressed in CD11c-positive (M1)
macrophages which involved in inflammatory response.*”) The
shift of macrophage toward higher proportional CD11c-positive
phenotype promotes the osteogenic differentiation of AVICs and
aortic valve calcification.®”

CAVD has long been considered to be resulted from a
degenerative process and involved in pathogenesis with many
similarities to atherosclerosis. The disruption of valve endotheli-
um due to high shear stress and subsequent lipid deposition lead
to the aortic valve lesions. Hence, the anti-inflammatory and
anticalcific effects of statins have been taken into consideration
and clinical trials were performed. However, 3 large prospective
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Figure 3. GO and KEGG pathway enrichment analysis of DEGs. A, The top 10 most significantly enriched GO terms of DEGs in biological process analysis. B, The
top 10 most significantly enriched GO terms of DEGs in cellular component analysis. C, The top 10 most significantly enriched GO terms of DEGs in molecular
function analysis. D, The top 10 most significantly enriched pathways of DEGs in KEGG pathway analysis. DEG = differentially expressed gene, GO =gene ontology,
KEGG =Kyoto Encyclopedia of Genes and Genomes.

KEGG pathway enrichment analysis of DEGs in CAVD.

Term Description Count P value Genes

Hsa04614 Complement and coagulation cascades 9 4.45x107° VWF, C5AR1, F5, MASP1, C6, SERPINA1, C1QC, PLAU, PLAUR
Hsa05150 Staphylococcus aureus infection 7 9.50x10°® HLA-DQB1, C5AR1, MASP1, FPR1, HLA-DMB, HLA-DOA, C1QC
Hsa04512 ECM-receptor interaction 8 1.95 % 107 IBSP, COL4A3, VWF, COL6A6, LAMC3, RELN, COL11A1, SPP1
Hsa05323 Rheumatoid arthritis 8 2.09x 107 HLA-DQB1, CXCL5, ACP5, HLA-DMB, CCL5, HLA-DOA, LTB, CD28
Hsa04510 Focal adhesion 11 557 x 107 PARVG, IBSP, COL4A3, VWF, RAC2, COL6AG6, LAMC3, RELN, COL11A1, SHC4, SPP1
Hsa04062 Chemokine signaling pathway 10 1.08x 107 RAC2, CXCL5, CCR1, HCK, CXCL16, CCL8, CCL19, CCL5, CCL18, SHC4
Hsa04514 Cell adhesion molecules 8 356 %107 HLA-DQB1, VCAM1, CADM1, CD2, CLDN11, HLA-DMB, HLA-DOA, CD28
Hsa04974 Protein digestion and absorption 6 750x 107 COL4A3, COL6AB, SLC16A10, ATP1A2, COL11A1, COL10A1

Hsa05416 Viral myocarditis 5 8.00% 107 HLA-DQB1, RAC2, HLA-DMB, HLA-DOA, CD28

Hsa05310 Asthma 4 8.14x107° HLA-DQB1, FCER1G, HLA-DMB, HLA-DOA

CAVD =calcific aortic valve disease, DEG = differentially expressed gene, ECM = extracellular matrix, KEGG=Kyoto Encyclopedia of Genes and Genomes.
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GO and KEGG pathway enrichment analysis of DEGs in the most significant module.

Term Description Count P value Genes

(0:0006935 Chemotaxis 10 8.10x10~ " C5AR1, CXCL5, CCR1, CXCL16, S100A9, FPR1, CCL8, CCL19, CCL5, CCL18

(G0:0007626 Locomotory behavior 10 1.06 x 107" C5AR1, CXCL5, CCR1, CXCL16, ST100A9, FPR1, CCL8, CCL19, CCL5, CCL18

(0:0008009 Chemokine activity 6 2.68x107° CXCL5, CXCL16, CCL8, CCL19, CCL5, CCL18

(0:0042379 Chemokine receptor binding 6 3.71x107° CXCL5, CXCL16, CCL8, CCL19, CCL5, CCL18

G0:0006955 Immune response 10 3.73x107° C5ART1, CXCL5, GZMA, CCR1, CXCL16, FCN1, CCL8, CCL19, CCL5, CCL18

G0:0005125 Cytokine activity 6 3.88x10°° CXCL5, CXCL16, CCL8, CCL19, CCL5, CCL18

(0:0006952 Defense response 8 5.06 x 107 C5AR1, CCR1, CXCL16, ST00A9, CCL8, CCL19, CCL5, CCL18

Hsa04062 Chemokine signaling pathway 7 536 x 107 CXCL5, CCR1, CXCL16, CCL8, CCL19, CCL5, CCL18

(0:0007166 Cell surface receptor linked 11 1.79%x 107 KLRB1, C5AR1, CD3D, CXCL5, CCR1, CXCL16, CD247, CD2, FPR1, CCL19, CCL5
signal transduction

G0:0005615 Extracellular space 8 2.33x107° VCAM1, CXCL5, CXCL16, FCN1, CCL8, CCL19, CCL5, CCL18

Hsa04060 Cytokine—cytokine receptor interaction 7 3.74x107° CXCL5, CCR1, CXCL16, CCL8, CCL19, CCL5, CCL18

G0:0006954 Inflammatory response 6 3.79x107° CCR1, S100A9, CCL8, CCL19, CCL5, CCL18

DEG =differentially expressed gene, GO =gene ontology, KEGG=Kyoto Encyclopedia of Genes and Genomes.

Functional roles of top 10 hub genes with highest MCC score.

No.

Gene symbol

Full name

MCC score Function

1

10

CCR1 C-C motif chemokine receptor 1

CCL19

VCAM1

[TGAX Integrin alpha-X

CXCL16

TLR8 Toll-like receptor 8

C-C motif chemokine ligand 19

Vascular cell adhesion protein 1

C-X-C motif chemokine ligand 16

CCL5 C-C motif chemokine ligand 5

MMP9

CXCL5

FPR1 fMet-Leu-Phe receptor

Matrix metalloproteinase-9

C-X-C motif chemokine ligand 5

16,416 CCR1 is responsible for chronic inflammatory
response by recruitment of monocytes and
macrophages.

CCL19 plays roles in inflammatory and
immunological responses, lymphocyte
recirculation, and homing.

VCAM1 is important in cell-cell recognition,
leukocyte—endothelial cell adhesion, immune
responses, and leukocyte emigration to sites of
inflammation. It interacts with ITGA4/ITGB1 on
leukocytes, and mediates both adhesion and
signal transduction.

9466 ITGAX mediates cell—cell interaction during
inflammatory responses and is especially
important in monocyte adhesion and
chemotaxis

9365 CXCL16 acts as a scavenger receptor on
macrophages and induces strong chemotactic
response and calcium mobilization

8750 TLR8 is the key component of innate and
adaptive immunity. It leads to NF-xB
activation, cytokine secretion, and inflammatory
response.

8596 CCL5 is a chemoattractant for blood monocytes,
memory T-helper cells and eosinophils. It
activates several chemokine receptors including
CCR1, 3, 4, and 5.

8293 MMP9 play an important role in local proteolysis
of the ECM and in leukocyte migration

7398 CXCL5 is involved in neutrophil activation and
chemotactic activation

6902 FPR1 is of high affinity for fMILP which is
powerful neutrophil chemotactic factor. It leads
to intracellular calcium mobilization and
superoxide anion release.

12,755

10,725

ECM = extracellular matrix, fMLP = N-formyl-methionyl peptides, ITGA4 = integrin alpha-4, ITGAX = integrin alpha-X, [TGB1 =integrin beta-1, MCC = maximal chique centrality, NF-xB = nuclear factor-kappa-B.
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double-blinded randomized placebo-controlled trials of statins in
CAVD failed to show any retardation of its progression./*=®! The
similar result was obtained from the clinical trial of angiotensin-
converting enzyme inhibitors.”*! In our study, the CCR1, which
had the highest MCC score, was identified as hub genes in
CAVD. It is also found that CCR1 plays an important role in
inflammatory conditions such as RA through chemotaxis, which
is consistent with our enrichment analysis result. Several oral
CCR1 antagonists had been developed for immunologically
mediated inflammatory diseases such as RA, multiple sclerosis,
and chronic obstructive pulmonary disease.!®*** CCX354-Cis a
small molecule CCR1 antagonist that inhibits CCR1-dependent
signaling, including chemotaxis. CCR1 Antagonist Rheumatoid
Arthritis Trial 2 (CARAT-2), a phase II double-blind, random-
ized, placebo-controlled clinical trial, found that CCX354-C is
effective and tolerated in 160 patients with RA.[®3 Based on the
CARAT-2 results, it is encouraging and promising that CCR1
antagonist might be a potential therapeutic target for CAVD
treatment, which should be further studied and solved.

5. Conclusions

The present study performed integrated bioinformatics analysis
by using microarray datasets of CAVs and normal aortic valves.
A total of 179 DEGs and 10 hub genes were identified, which
mainly enriched in inflammatory and immune responses. These
genes and pathways might be potential therapeutic targets for
CAVD. Moreover, CCR1 might be a promising one due to its
effectiveness and safety in RA treatment, which shares partial
common underlying mechanisms with CAVD. This study
increased our understanding of the molecular drivers that
underlie CAVD and further studies are needed to elucidate the
biological function of these genes in CAVD.

Author contributions

Peng Teng and Xingjie Xu performed the bioinformatics analysis.
Haimeng Yan and Qianhui Sun mined and downloaded the data
from the GEO database. Chengyao Ni analyzed and interpreted
the data. Enfan Zhang and Yiming Ni provided methodological
guidance.

References

[1] Vahanian A, Alfieri O, Andreotti F, et al. Guidelines on the management
of valvular heart disease (version 2012): the Joint Task Force on the
Management of Valvular Heart Disease of the European Society of
Cardiology (ESC) and the European Association for Cardio-Thoracic
Surgery (EACTS). Eur J Cardiothorac Surge 2012;42:S1-44.

[2] Lindman BR, Clavel MA, Mathieu P, et al. Calcific aortic stenosis. Nat
Rev Dis Primers 2016;2:16006.

[3] Bull S, Loudon M, Francis JM, et al. A prospective, double-blind,
randomized controlled trial of the angiotensin-converting enzyme
inhibitor Ramipril In Aortic Stenosis (RIAS trial). Eur Heart ] Cardiovasc
Imaging 2015;16:834—41.

[4] Rossebo AB, Pedersen TR, Boman K, et al. Intensive lipid lowering with
simvastatin and ezetimibe in aortic stenosis. N Engl J Med 2008;
359:1343-56.

[5] Cowell SJ, Newby DE, Prescott R], et al. A randomized trial of intensive
lipid-lowering therapy in calcific aortic stenosis. N Engl ] Med 2005;
352:2389-97.

[6] Chan KL, Teo K, Dumesnil JG, et al. Effect of Lipid lowering with
rosuvastatin on progression of aortic stenosis: results of the aortic
stenosis progression observation: measuring effects of rosuvastatin
(ASTRONOMER) trial. Circulation 2010;121:306-14.

Medicine

[7] Huang J, Jiang W, Tong X, et al. Identification of gene and microRNA
changes in response to smoking in human airway epithelium by
bioinformatics analyses. Medicine (Baltimore) 2019;98:¢17267.

[8] Gong HB, Wu X]J, Pu XM, et al. Bioinformatics analysis of key
biomarkers and pathways in KSHV infected endothelial cells. Medicine
(Baltimore) 2019;98:e16277.

[9] Bosse Y, Migdad A, Fournier D, et al. Refining molecular pathways
leading to calcific aortic valve stenosis by studying gene expression profile
of normal and calcified stenotic human aortic valves. Circ Cardiovasc
Genet 2009;2:489-98.

[10] Rysa J. Gene expression profiling of human calcific aortic valve disease.
Genom Data 2016;7:107-8.

[11] Guauque-Olarte S, Droit A, Tremblay-Marchand J, et al. RNA
expression profile of calcified bicuspid, tricuspid, and normal human
aortic valves by RNA sequencing. Physiol Genomics 2016;48:749-61.

[12] Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI
gene expression and hybridization array data repository. Nucleic Acids
Res 2002;30:207-10.

[13] Dong P, Yu B, Pan L, et al. Identification of key genes and pathways in
triple-negative breast cancer by integrated bioinformatics analysis.
Biomed Res Int 2018;2018:2760918.

[14] Huang DW, Sherman BT, Tan Q, et al. The DAVID Gene Functional
Classification Tool: a novel biological module-centric algorithm to
functionally analyze large gene lists. Genome Biol 2007;8:R183.

[15] Ashburner M, Ball CA, Blake JA, et al. Gene ontology: tool for the
unification of biology. The Gene Ontology Consortium. Nat Genet
2000;25:25-9.

[16] Kanehisa M. The KEGG database. Novartis Found Symp 2002;247:
91-101.

[17] Franceschini A, Szklarczyk D, Frankild S, et al. STRING v9.1: protein-
protein interaction networks, with increased coverage and integration.
Nucleic Acids Res 2013;41:D808-815.

[18] Smoot ME, Ono K, Ruscheinski J, et al. Cytoscape 2.8: new features for
data integration and network visualization. Bioinformatics 2011;27:
431-2.

[19] Bandettini WP, Kellman P, Mancini C, et al. MultiContrast Delayed
Enhancement (MCODE) improves detection of subendocardial myocar-
dial infarction by late gadolinium enhancement cardiovascular magnetic
resonance: a clinical validation study. ] Cardiovasc Magn Reson
2012;14:83.

[20] Chin CH, Chen SH, Wu HH, et al. Lin CY. cytoHubba: identifying hub
objects and sub-networks from complex interactome. BMC Syst Biol
2014;8 suppl 4:S11.

[21] Zeng Q, Song R, Fullerton DA, et al. Interleukin-37 suppresses the
osteogenic responses of human aortic valve interstitial cells in vitro and
alleviates valve lesions in mice. Proc Natl Acad SciUS A 2017;114:1631-6.

[22] Zeng Q, Jin C, Ao L, et al. Cross-talk between the Toll-like receptor 4 and

Notch1 pathways augments the inflammatory response in the interstitial

cells of stenotic human aortic valves. Circulation 2012;126(11 suppl 1):

$222-230.

Yang X, Fullerton DA, Su X, et al. Pro-osteogenic phenotype of human

aortic valve interstitial cells is associated with higher levels of Toll-like

receptors 2 and 4 and enhanced expression of bone morphogenetic
protein 2. ] Am Coll Cardiol 2009;53:491-500.

Garcia-Rodriguez C, Parra-Izquierdo I, Castanos-Mollor I, et al. Toll-

like receptors, inflammation, and calcific aortic valve disease. Front

Physiol 2018;9:201.

Rolin J, Vego H, Maghazachi AA. Oxidized lipids and lysophospha-

tidylcholine induce the chemotaxis, up-regulate the expression of CCR9

and CXCR4 and abrogate the release of IL-6 in human monocytes.

Toxins (Basel) 2014;6:2840-56.

[26] Olsson M, Dalsgaard CJ, Haegerstrand A, et al. Accumulation of T
lymphocytes and expression of interleukin-2 receptors in nonrheumatic
stenotic aortic valves. ] Am Coll Cardiol 1994;23:1162-70.

[27] Steiner I, Stejskal V, Zacek P. Mast cells in calcific aortic stenosis. Pathol
Res Pract 2018;214:163-8.

[28] Kaden JJ, Dempfle CE, Grobholz R, et al. Interleukin-1 beta promotes
matrix metalloproteinase expression and cell proliferation in calcific
aortic valve stenosis. Atherosclerosis 2003;170:205-11.

[29] Gomez-Stallons MV, Tretter JT, Hassel K, et al. Calcification and
extracellular matrix dysregulation in human postmortem and surgical
aortic valves. Heart 2019;105:1616-21.

[30] Chen JH, Simmons CA. Cell-matrix interactions in the pathobiology of
calcific aortic valve disease: critical roles for matricellular, matricrine,
and matrix mechanics cues. Circ Res 2011;108:1510-24.

™~
“

24

[25



Teng et al. Medicine (2020) 99:29

[31] Otto CM, Kuusisto J, Reichenbach DD, et al. Characterization of the
early lesion of ’degenerative’ valvular aortic stenosis. Histological and
immunohistochemical studies. Circulation 1994;90:844-53.

[32] Zhu E, Liu Z, He W, et al. CC chemokine receptor 2 functions in
osteoblastic transformation of valvular interstitial cells. Life Sci
2019;228:72-84.

[33] Ortlepp JR, Schmitz F, Mevissen V, et al. The amount of calcium-
deficient hexagonal hydroxyapatite in aortic valves is influenced by
gender and associated with genetic polymorphisms in patients with
severe calcific aortic stenosis. Eur Heart ] 2004;25:514-22.

[34] Bootman MD, Collins TJ, Peppiatt CM, et al. Calcium signalling—an
overview. Semin Cell Dev Biol 2001;12:3-10.

[35] McCarron JG, Olson ML. A single luminally continuous sarcoplasmic
reticulum with apparently separate Ca2+ stores in smooth muscle. | Biol
Chem 2008;283:7206-18.

[36] Molostvov G, Fletcher S, Bland R, et al. Extracellular calcium-sensing
receptor mediated signalling is involved in human vascular smooth
muscle cell proliferation and apoptosis. Cell Physiol Biochem 2008;
22:413-22.

[37] Hu SI, Carozza M, Klein M, et al. an evolutionarily conserved serine
protease identified as a differentially expressed gene product in
osteoarthritic cartilage. ] Biol Chem 1998;273:34406-12.

[38] Oikonomopoulou K, Ricklin D, Ward PA, et al. Interactions between
coagulation and complement—their role in inflammation. Semin
Immunopathol 2012;34:151-65.

[39] Breyne ], Juthier F, Corseaux D, et al. Atherosclerotic-like process in
aortic stenosis: activation of the tissue factor-thrombin pathway and
potential role through osteopontin alteration. Atherosclerosis 2010;
213:369-76.

[40] Moczar M, Lecerf L, Ginat M, et al. Complement activation is involved
in the structural deterioration of bovine pericardial bioprosthetic heart
valves. ASAIO ] 1996;42:M375-81.

[41] Chavakis T, Preissner KT, Herrmann M. The anti-inflammatory
activities of Staphylococcus aureus. Trends Immunol 2007;28:408-18.

[42] Bowler MA, Bersi MR, Ryzhova LM, et al. Cadherin-11 as a regulator of
valve myofibroblast mechanobiology. Am J Physiol Heart Circ Physiol
2018;315:H1614-26.

[43] Wang X, Lee J, Ali M, et al. Phenotype transformation of aortic valve
interstitial cells due to applied shear stresses within a microfluidic chip.
Ann Biomed Eng 2017;45:2269-80.

[44] Yiu KH, Wang S, Mok MY, et al. Relationship between cardiac valvular
and arterial calcification in patients with rheumatoid arthritis and
systemic lupus erythematosus. ] Rheumatol 2011;38:621-7.

[45] Corrao S, Messina S, Pistone G, et al. Heart involvement in rheumatoid
arthritis: systematic review and meta-analysis. Int J Cardiol 2013;
167:2031-8.

[46] Weber C, Weber KS, Klier C, et al. Specialized roles of the chemokine
receptors CCR1 and CCRS in the recruitment of monocytes and T(H)1-
like/CD45RO(+) T cells. Blood 2001;97:1144—6.

[47] Soini Y, Satta ], Maatta M, et al. Expression of MMP2, MMP9, MT1-
MMP, TIMP1, and TIMP2 mRNA in valvular lesions of the heart. ]
Pathol 2001;194:225-31.

www.md-journal.com

[48] Nagase H, Visse R, Murphy G. Structure and function of matrix
metalloproteinases and TIMPs. Cardiovasc Res 2006;69:562-73.

[49] Blankenberg S, Rupprecht HJ, Poirier O, et al. Plasma concentrations
and genetic variation of matrix metalloproteinase 9 and prognosis of
patients with cardiovascular disease. Circulation 2003;107:1579-85.

[50] Sundstrom J, Evans JC, Benjamin EJ, et al. Relations of plasma matrix
metalloproteinase-9 to clinical cardiovascular risk factors and echocar-
diographic left ventricular measures: the Framingham Heart Study.
Circulation 2004;109:2850-6.

[51] Parenica J, Nemec P, Tomandl J, et al. Prognostic utility of biomarkers in
predicting of one-year outcomes in patients with aortic stenosis treated
with transcatheter or surgical aortic valve implantation. PLoS One
2012;7:e48851.

[52] Nagy E, Andersson DC, Caidahl K, et al. Upregulation of the 5-
lipoxygenase pathway in human aortic valves correlates with severity of
stenosis and leads to leukotriene-induced effects on valvular myofibro-
blasts. Circulation 2011;123:1316-25.

[53] Fondard O, Detaint D, Iung B, et al. Extracellular matrix remodelling in
human aortic valve disease: the role of matrix metalloproteinases and
their tissue inhibitors. Eur Heart J 2005;26:1333-41.

[54] Kapelouzou A, Tsourelis L, Kaklamanis L, et al. Serum and tissue
biomarkers in aortic stenosis. Glob Cardiol Sci Pract 2015;2015:49.

[55] Sucosky P, Balachandran K, Elhammali A, et al. Altered shear stress
stimulates upregulation of endothelial VCAM-1 and ICAM-1 in a BMP-
4- and TGF-betal-dependent pathway. Arterioscler Thromb Vasc Biol
2009;29:254-60.

[56] Mazzone A, Epistolato MC, De Caterina R, et al. Neoangiogenesis, T-
lymphocyte infiltration, and heat shock protein-60 are biological
hallmarks of an immunomediated inflammatory process in end-stage
calcified aortic valve stenosis. ] Am Coll Cardiol 2004;43:1670-6.

[57] Ghaisas NK, Foley JB, O’Briain DS, et al. Adhesion molecules in
nonrheumatic aortic valve disease: endothelial expression, serum levels
and effects of valve replacement. ] Am Coll Cardiol 2000;36:2257-62.

[58] Jager A, van Hinsbergh VW, Kostense PJ, et al. Increased levels of soluble
vascular cell adhesion molecule 1 are associated with risk of
cardiovascular mortality in type 2 diabetes: the Hoorn study. Diabetes
2000;49:485-91.

[59] Liu YC, Zou XB, Chai YF, et al. Macrophage polarization in
inflammatory diseases. Int J Biol Sci 2014;10:520-9.

[60] Zipp F, Hartung HP, Hillert J, et al. Blockade of chemokine signaling in
patients with multiple sclerosis. Neurology 2006;67:1880-3.

[61] Trummer D, Walzer A, Groettrup-Wolfers E, et al. Efficacy, safety and
tolerability of the CCR1 antagonist BAY 86-5047 for the treatment of
endometriosis-associated pelvic pain: a randomized controlled trial. Acta
Obstet Gynecol Scand 2017;96:694-701.

[62] Kerstjens HA, Bjermer L, Eriksson L, et al. Tolerability and efficacy of
inhaled AZD4818, a CCR1 antagonist, in moderate to severe COPD
patients. Respir Med 2010;104:1297-303.

[63] Tak PP, Balanescu A, Tseluyko V, et al. Chemokine receptor CCR1
antagonist CCX354-C treatment for rheumatoid arthritis: CARAT-2, a
randomised, placebo controlled clinical trial. Ann Rheum Dis 2013;
72:337-44.


http://www.md-journal.com

	Identification of key genes in calcific aortic valve disease by integrated bioinformatics analysis
	1 Introduction
	2 Material and methods
	2.1 Microarray data
	2.2 Identification of DEGs
	2.3 GO and KEGG pathway enrichment analysis of DEGs
	2.4 PPI network construction and module analysis
	2.5 Hub genes identification and analysis

	3 Results
	3.1 Identification of DEGs in CAVD
	3.2 GO and KEGG pathway enrichment analysis of DEGs
	3.3 PPI network construction, module analysis
	3.4 Hub genes identification and analysis

	4 DISCUSSION
	5 Conclusions
	Author contributions
	References


