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Background: Calcific aortic valve disease (CAVD) is the most common subclass of valve heart disease in the elderly
population and a primary cause of aortic valve stenosis. However, the underlying mechanisms remain unclear.

Methods: The gene expression profiles of GSE83453, GSE51472, and GSE12644 were analyzed by ‘limma’and
‘weighted gene co-expression network analysis (WGCNA)' package in R to identify differentially expressed genes
(DEGs) and key modules associated with CAVD, respectively. Then, enrichment analysis was performed based on Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, DisGeNET, and TRRUST database.
Protein—protein interaction network was constructed using the overlapped genes of DEGs and key modules, and we
identified the top 5 hub genes by mixed character calculation.

Results: We identified the blue and yellow modules as the key modules. Enrichment analysis showed that leukocyte
migration, extracellular matrix, and extracellular matrix structural constituent were significantly enriched. SPP1, TNC,
SCG2, FAM20A, and CD52 were identified as hub genes, and their expression levels in calcified or normal aortic valve

Conclusions: This study suggested that SPP1, TNC, SCG2, FAM20A, and CD52 might be hub genes associated with
CAVD. Further studies are required to elucidate the underlying mechanisms and provide potential therapeutic targets.
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Introduction

Calcific aortic valve disease (CAVD) is the most com-
mon subclass of valve heart disease in the elderly popu-
lation and a primary cause of aortic valve stenosis [1]. It
was reported that the incidence of aortic valve stenosis
was 2% in patients > 65 years old, whereas aortic valve
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sclerosis occurred in 26% of these patients [2, 3]. Consid-
ering the prolonged life expectancy and aging of the pop-
ulation, the burden of CAVD is expected to substantially
increase from 2.5 million in 2000 to 4.5 million in 2030
[4], thus conferring a high economic and health burden
worldwide [5, 6].

In CAVD, the fibro-calcific remodeling and patho-
logical thickening of the aortic valve disturb pressure
overload and hemodynamic stability. The following pro-
gressive cardiac outflow obstruction and left ventricular
hypertrophy are likely to result in heart failure and even
premature death within a few years [4, 7]. Accumulating
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studies have revealed that CAVD is a complex multi-
stage disease with sequential and interacting processes,
including endothelial dysfunction/injury, lipid deposi-
tion, inflammation, extracellular matrix remodeling,
dystrophic calcification, and so forth [8—10]. However,
mechanisms underlying the development or progression
of CAVD remain unclear, and there lacks conservative
treatment against CAVD. Surgical or transcatheter aortic
valve replacement is the only available treatment, while
pharmacotherapy beyond valve replacement is still lim-
ited [5, 11].

Weighted gene co-expression network analysis
(WGCNA) is a bioinformatics algorithm [12], which
has been widely applied to explore the changes of tran-
scriptome expression patterns in complex diseases and
to identify gene modules associated with clinical fea-
tures [13-15]. Compared with the standardized analy-
sis of differentially expressed genes (DEGs), WGCNA is
a powerful systematic analysis method to recognize the
higher-order correlation between genes instead of detect-
ing disease-related individual genes. Our study identified
DEGs between calcified and normal aortic valve samples
based on the gene expression profiles of GSE83453 and
GSE51472, GSE12644. Moreover, WGCNA was per-
formed on the GSE83453 dataset to screen key genes and
modules related to CAVD. Then, the enrichment analysis
of genes in key modules was used to explore the molecu-
lar mechanisms underlying CAVD. Finally, we identified
hub genes related to CAVD and establish a protein—pro-
tein interaction (PPI) network.

Materials and methods

Microarray data

The gene expression profiles of GSE83453 [16],
GSE51472 [17], and GSE12644 [18] were acquired from
the Gene Expression Omnibus database. All three gene
expression profiles were acquired from human samples.
Dataset GSE83453 was performed based on the plat-
form GPL10558 (Illumina HumanHT-12 V4.0 expression
beadchip), which includes 9 calcified aortic valve samples
and 8 normal aortic valve samples [16]. Series GSE51472
was performed by GPL570 (Affymetrix Human Genome
U133 Plus 2.0 Array) and included 5 calcified aortic
valve samples and 5 normal aortic valve samples [17].
GSE12644, based on the GPL570 platform, included 10
calcified and 10 normal aortic valve samples (Fig. 1).

Data pre-processing and DEG screening

We performed log,-transformation, background correc-
tion, and quantile normalization on the expression pro-
files of GSE83453, GSE51472, and GSE12644 using the
‘linear models for microarray data (limma)’ package in R
3.6.1 software (R Foundation for Statistical Computing,
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Vienna, Austria). The probe IDs were converted into gene
symbols according to the annotation file. For multiple
probes mapping to a single gene, the average expression
value of all its corresponding probes was used. Impor-
tantly, the batch effect was corrected using the combat
function of the ‘SVA’ package, which is a widely used
empirical Bayes method for batch correction [19]. To
control the false discovery rate caused by multiple testing,
the adjusted P-value was applied. After pre-processing,
DEGs between calcified and normal aortic valve samples
were screened with a threshold of adjusted P-value <0.05
and |log, fold-change (FC)| > 0.5 by ‘limma’ package. Fur-
thermore, the DEGs were visualized as a volcano plot and
heatmap using ‘ggplot2’ and ‘pheatmap’ package.

Weighted gene co-expression network analysis (WGCNA)
WGCNA is an algorithm for constructing a co-expres-
sion network, which reveals the correlation patterns
across genes and provides the biologically functional
interpretations of network modules. As previously
described [20], we selected the top 25% most variant
genes in GSE83453 to construct a co-expression net-
work using the “‘WGCNA’ package (version 1.60). After
evaluating the presence of obvious outliers by cluster
analysis, the one-step network construction function was
used to construct the co-expression network and iden-
tify key modules. Moreover, to identify the significance
of each module, we summarized the module eigengene
(ME) based on the first principal component of the mod-
ule expression, and the module-trait relationships were
assessed according to the correlation between MEs and
clinical traits. Then, we evaluated the correlation strength
by module significance (MS), referring to the average
absolute gene significance (GS) of all genes within one
module. Notably, the GS value was determined by the
log,,-transformation of the P-value in the linear regres-
sion between expression and clinical traits. In general,
the modules with the highest MS values were considered
as the key modules.

Furthermore, we used the modulePreservation func-
tion to evaluate the preservation levels of key modules.
Zgymmary analysis combines different preservation sta-
tistics into one single overall measure of preservation.
According to WGCNA instruction, a higher Zg ...,
value indicated the stronger the evidence that a module
should be preserved: the module with Z ..., value<2
indicated ‘no evidence; 2<Zg;m,, value<10 indicated
‘weak evidence; and Zg,,,, value>10 indicated strong
evidence. Additionally, to confirm the clustering ability
of the key modules, we also performed principal compo-
nent analysis (PCA) on the gene expression profile of the
key modules.
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Enrichment analysis of genes in key modules

To understand the biological meaning of the genes in key
modules, we used the ‘clusterProfiler’ package to perform
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis.
Moreover, pathway and process enrichment analysis were
also conducted and visualized by Metascape [21], a biol-
ogist-oriented tool for analyzing systems-level datasets.
To illustrate the relationships between the terms, a subset
of terms was further selected and rendered as a network
plot (with a similarity of>0.3). Each node represented
an enriched term and colored first by its cluster ID. Fur-
thermore, we performed association and enrichment
analysis using DisGeNET [22] and TRRUST [23] data-
base and visualized by ‘ggplot2’ package. DisGeNET is a
database of gene-disease associations, which collects one
of the largest publicly available collections of genes and
human diseases-related variants [22]. TRRUST is a man-
ually-curated database of transcriptional regulatory net-
works based on a sentence-based text mining approach,
containing 8444 and 6552 transcription factor-target

regulatory relationships of 800 human and 828 mouse
transcription factors, respectively [23].

PPl network construction and identification of hub genes
In WGCNA, we defined the genes from key modules
with |module membership (MM)|>0.8 and |GS|>0.2
as key genes. After overlapping the DEGs and key
genes from WGCNA, we inputted these genes into the
STRING (http://string-db.org) database to collect the
interaction of target proteins with a medium confidence
score of>0.4 [24] and constructed a PPI network by
Cytoscape software (v3.7.2) [25]. Further, we identified
the top 5 hub genes using the Cytoscape plug-in software
‘cytoHubba’ based on mixed character calculation.

The expression of hub genes in calcified or normal aortic
valve sample

We compared the expression of hub genes between calci-
fied or normal aortic valves from GSE83453 by Student’s
t-test. The ‘ggplot2’ and ‘ggsignif’ packages were used to
create the box plots of the expression of hub genes.
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Results

DEGs between calcified and normal aortic valve

After data pre-processing of the dataset GSE83453,
GSE51472, and GSE1264, we screened DEGs accord-
ing to the cut-off criterion of adjusted P-value<0.05 and
|log, FC|>0.5. In GSE83453, we identified 269 up-reg-
ulated and 170 down-regulated genes. The volcanic dia-
gram for all genes and the expression heatmap of the top
10 DEGs are shown in Fig. 2a, b. In GSE51472, 963 genes
were up-regulated, and 978 genes were down-regulated
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(Fig. 2¢, d). A total of 28 up-regulated and 11 down-regu-
lated genes were identified in GSE12644 (Fig. 2e, f).

Construction of co-expression network and key modules
identification

With a scale-free network and topological overlaps, a
hierarchical clustering tree was created based on the
dynamic hybrid cut (Fig. 3a). Based on the scale-free
topology criterion, the soft-thresholding power of 12 was
selected (scale-free R?>=0.88; Fig. 3b, c), and a total of 24
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A Sample dendrogram and trait heatmap

50

30
GSM2203508 —

GSM2203502

40

Height

1

GSM2203509 —

:I_

20
GSM2203499
GSM2203500
GSM2203495
GSM2203496
GSM2203501
GSM2203497
GSM2203498

GSM2203503
GSM2203506
GSM2203510

GSM2203505
GSM2203504
GSM2203507
GSM2203511

CAVD

Cluster Dendrogram

o

1

Height
03 04 05 06 07 08 09 1.0
1

Module colors|

@

Scale independence C Mean connectivity
& Tr 61820 8 11
o | 910 3
33 678 &
3 o | 5 g
g B
3 < 4 29
° L - 8 o
S o o *
2 E7
3 o 3
g3 Sg 2
o T O
g g e
E 3 2 = 3
o
E o N
o ? 7 5
T ! 674
& 1 o 910 12 14 16 18 20
T T T T T T T T
5 10 15 20 5 10 15 20
Soft Threshold (power) Soft Threshold (power)
E Clustering of module eigengenes
N
2
@
£0
5
%KO
© o
3
2
3 S ] g
& 2 . g
~ 5 3z 4 e = s 2
=] o c s = s < 3 s > 8
o 0o 8 § £ 3 8 9 v 2 3 $ w935 o9
9 & >@m 8 3 W ® 5 £ x ¢ 2 ¢ oS ¢ oW 5§ ©
38 g g s=2 3558 g 3 32 gL =54
S S 5=5T7% = 5 22 38 E Y s 3 g = a =
T g uw £ £ ] S 5 % & fri
s 35 2 ® 5 u 8 s = g frif-) g g
£ g Ui ) = = 5
=
g = S
s =
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modules were identified for further analysis. In addition,
the gray module included all genes that could not be put
into any other modules. The cluster dendrogram of the
modules is shown in Fig. 3d, whereas the clustering of
module eigengenes is provided in Fig. 3e.

Moreover, we analyzed the association of gene mod-
ules with CAVD status and age (Fig. 4a). The blue mod-
ule showed the highest positive correlation (r=0.93,
P =5e-08), while the yellow module was the most nega-
tively associated with CAVD (r=-0.83, P=3e-05). As
shown in Fig. 4b, the blue and yellow modules were
also the two most significantly correlated with CAVD.
Therefore, we identified the blue and yellow modules
as key modules for further analysis. A total of 436 and
82 genes were included in the blue and yellow modules,
respectively. Additionally, we illustrated the correlation
between module membership and GS for CAVD in blue
(correlation coefficient=0.91, P <1e—200) and yellow
module (correlation coefficient=0.74, P=1.8e—111),
respectively (Fig. 4c, d).

Figure 4e shows the module preservation statistics,
and the Zg ..., values of both blue and yellow mod-
ules were>10. The PCA on the genes in blue and yel-
low modules illustrated the overlap of samples within

the CVAD or control groups, which suggested the high-
level clustering ability of the key modules (Fig. 4f).

Enrichment analysis of key modules

We performed functional enrichment analysis on the
blue and yellow modules based on GO and KEGG data-
bases. As shown in Fig. 5a, the ontology encompasses
three domains (biological process, cellular compo-
nent, and molecular function). The enriched biological
processes were mainly involved in leukocyte migra-
tion, extracellular structure organization, extracellular
matrix organization, T cell activation, cell-substrate
adhesion, and renal system development. The cellular
components were mainly enriched in the extracellular
matrix and collagen-containing extracellular matrix,
whereas the enriched molecular functions were mainly
involved in extracellular matrix structural constitu-
ent. In Fig. 5b, KEGG pathway analysis shows that the
human papillomavirus infection and PI3K-Akt sign-
aling pathway were the most enriched pathways, fol-
lowed by focal adhesion, extracellular matrix-receptor
interaction, cell adhesion molecules, and pathogenic
Escherichia coli infection. In addition, Fig. 5c shows the
top 20 clusters of the pathway and process enrichment
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analysis, such as regulation of cell adhesion, regulation
of cell projection organization, ossification, collagen
metabolic process, and so forth.

Moreover, the enrichment analysis in DisGeNET
showed that the genes in key modules were signifi-
cantly associated with liver cirrhosis, immunologic
deficiency syndromes, and pulmonary fibrosis (Fig. 5d).
Based on the TRRUST database, we also identified mul-
tiple transcription factors associated with the genes in
key modules, including SP1, FOS, JUN, ETS1, NFKB1,
and RFX5 (Fig. 5e).

PPI network construction and identification of hub genes

With a threshold of [MM|>0.8 and |GS|>0.2, 252 and
210 key genes were identified from the blue and yellow
modules, respectively. After overlapping the DEGs and
key genes, a total of 55 genes were screened out (Fig. 6a;
Additional file 1: Table 1). The PPI network of these genes
is shown in Fig. 6b. Moreover, CytoHubba revealed the
top 5 hub genes according to the topological parameters
of the interaction network, including secreted phospho-
protein 1 (SPPI), tenascin C (TNC), secretogranin II
(SCG2), family with sequence similarity 20-member A
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(FAM20A), and CD52 (Fig. 6¢). As shown in Fig. 6d, the
expression of SPPI1, TNC, SCG2, FAM20A, and CD52
was all significantly up-regulated in calcific aortic valve
disease.

Discussion

Compared with previous studies[26, 27], we used three
gene expression profiles from 24 human calcified aortic
valve samples and 23 normal samples, and both expres-
sion analysis and weighted co-expression network anal-
ysis were applied to identify key genes related to CAVD
comprehensively. Our study performed WGCNA to
reveal the correlation patterns between genes across sam-
ples and interpret the straightforward biological function
of gene network modules. We also used multiple data-
bases in the enrichment analysis to explore the possible
mechanisms underlying CAVD, including GO, KEGG,
DisGeNET, and TRRUST databases. Notably, the batch
effect was corrected using an empirical Bayes framework
in our study.

CAVD is a chronic inflammatory disease sharing simi-
lar pathogenesis with atherosclerosis [9]. The sterile
inflammation in all stages of CAVD is accompanied by
extensive immune cell infiltration (such as macrophages,
T cells, and mast cells) [28—31]. In this process, cell adhe-
sion molecules facilitate their adhesion and transen-
dothelial migration via interacting with the ligands on
the immune cells [32, 33]. The GO analysis revealed that
leukocyte migration, extracellular structure organiza-
tion, extracellular matrix organization, T cell activation,
and cell-substrate adhesion were significantly enriched.
These invading immune cells release pro-fibrotic and
pro-inflammatory cytokines, contributing to the reac-
tive oxygen species production, mast cell degranulation,
and synthesis of valvular extracellular matrix[34], thus
ultimately increasing value thickness. Among the many
cytokines, TNF-a has been demonstrated as a particu-
larly important regulator in CAVD that triggers the tran-
sition of valvular smooth muscle cells and myofibroblasts
to myofibroblasts via activating Wnt pathway activation
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and increasing ALP, BMP-2, and RUNX2 expression
[35-37]. However, the role of other pro-fibrotic and pro-
inflammatory cytokines remains limited.

TNC, also named Tenascin-C, is a large extracellular
matrix glycoprotein and the main component of extra-
cellular matrix-induced dynamic mechanical stress [38].
Our study showed that TNC was significantly up-regu-
lated in calcified aortic valves. TNC is transiently present
during extracellular matrix remodeling and is involved
in cell differentiation, proliferation, and migration [39].
In healthy valves, TNC was primarily distributed on the
basement membrane beneath the endothelial cells, while
stenotic valves exhibited no such distribution but immu-
noreactivity in the deeper layers, especially in calcific
nodules [40]. Interestingly, TNC has been demonstrated
to induce phenotypic changes of fibroblasts to myofibro-
blasts in human breast cancer. Moreover, TNC is also
reported to be detrimental in cardiac fibrotic remodeling
and hypertrophy after myocardial infarction, probably via
up-regulating angiotensin-converting enzyme [41, 42].

In CAVD, a disorganized and disrupted valvular extra-
cellular matrix is susceptible to the dystrophic calci-
fication induced by calcium and phosphate deposits.
Activated valve interstitial cells may differentiate into
myofibroblasts and osteoblasts, contributing to the fibro-
sis and ossification of the aortic valve, respectively [43,
44]. SPP1 (also termed osteopontin) plays a central role
in the progression of biomineralization, which acceler-
ates reparative fibrosis and contributes to the differentia-
tion of valvular interstitial cells into osteoblasts [45-47].
Consistent with our research, multiple studies have
revealed an elevated SPPI expression in calcified aor-
tic valves compared with healthy valves [48, 49]. Vadana
et al. [50] analyzed the high glucose-induced calcification
on gelatin-populated 3D constructs with human valvular
endothelial cells and interstitial cells. The results showed
increased calcium deposits and up-regulated osteo-
genic molecules, including SPP1, osteocalcin, and bone
morphogenetic protein [50]. In previous bioinformatic
research on 6 valvular tissue samples from patients with
aortic stenosis, RNA-Seq analysis suggested that SPP1
was significantly up-regulated in aortic valve sclerosis
[51]. Moreover, from the perspective of immune cell infil-
tration and cytokine response, macrophage-derived val-
vular extracellular matrix protein SPP1 could contribute
to immune cell migration, cytokine release, as well as cal-
cium deposition [49].

SCG2, or secretogranin 11, is a 587 amino acid long pro-
tein from the chromogranin-secretogranin protein family
[52]. We found that SCG2 was significantly up-regulated
in calcific valves and was predicted to be a CAVD-related
gene by WGCNA. Secretoneurin is an active neuropep-
tide derived from secretogranin II, an abundant protein
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in neuroendocrine storage vesicles [53]. Secretoneurin is
a key modulator in the inflammatory process [54], includ-
ing stimulating monocyte chemotaxis [55], increasing the
permeability through monolayered coronary endothelial
cells [56], and transendothelial transport of cells and sub-
stances [57]. Secretogranin has been demonstrated to act
as a pro-angiogenic agent and induce postnatal vasculo-
genesis by enhancing VEGF signaling in endothelial cells
[58], promoting inflammatory cell/macrophage accu-
mulation, and stimulating VSMC proliferation [59]. As
angiogenesis [60] and inflammation [8] may contribute to
CAVD progression, it is necessary to ascertain the exact
role of SCG2 in CAVD.

Our study showed that FAM20A was significantly up-
regulated in calcified aortic valves, which might contrib-
ute to valve calcification progression. The Fam20 families
(including FAM20A, FAM20B, and FAM20C) are novel
kinases phosphorylating secreted proteins and proteo-
glycans. FAM20A activates Fam20C, which phospho-
rylates hundreds of secreted proteins, whereas Fam20B
could regulate proteoglycan synthesis via phosphorylat-
ing a xylose residue [61, 62]. Mutations in FAM20A have
been demonstrated to cause amelogenesis imperfecta
and enamel renal syndrome [63, 64]. However, the role of
FAMZ20A in aortic valve calcification remains unclear.

CD52, also known as CAMPATH-1 antigen, is a gly-
coprotein of 12 amino acids anchored to glycosylphos-
phatidylinositol [65]. In our research, CD52 expression
was significantly up-regulated in calcific valves compared
with normal samples. As a nonmodulating membrane
glycoprotein, it is highly expressed on the surface of
immune cells (e.g., mature lymphocytes, especially mem-
ory CD4" T cells and B cells, monocytes, and dendritic
cells) [66]. It has been shown that CD52 may provide
costimulatory signals for T-cell activation and prolifera-
tion [65]. However, Rashidi et al. [67] reported another
formation of CD52, soluble CD52, which was associated
with suppressing inflammatory cytokine production by
limiting TLR suppress-induced NF-kB activation in the
innate immune cell, indicating its anti-inflammatory
function and immunotherapeutic agent.

Several limitations of the study should be mentioned.
First, the paucity of confirmatory experiments is a sig-
nificant limitation. Considering the accumulating pub-
licly available disease-related gene expression profiles, it
would be necessary to perform a comprehensive analysis
and make full use of the existing resources economically
and effectively. However, a further mechanism investiga-
tion based on the current dataset would be unreliable.
Therefore, this study is descriptive without mechanism
research, and further molecular biology experiments
would be necessary to validate the results of the pre-
sent study. Second, all samples were derived from male
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individuals. Given the sex-dependent features of CAVD
[68], the sex-unbalanced samples are likely to result in
selection bias. Third, although a total of 47 samples were
used for analysis, the input data might still be insuf-
ficient to identify and validate key genes in the CAVD
development.

Conclusions

This study suggested that SPPI, TNC, SCG2, FAM20A,
and CD52 might be key genes associated with the devel-
opment and progression of CAVD. Further studies are
required to elucidate the underlying mechanisms and
provide possible therapeutic targets.
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