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Abstract. – OBJECTIVE: Infective endocardi-
tis (IE), particularly by Staphylococcus aureus, 
is an uncommon bacteremia-associated infec-
tion of the endocardium and cardiac valves. 
Herein, we evaluated predictive noninvasive bio-
markers for IE caused by S. aureus through bio-
informatics analysis. 

MATERIALS AND METHODS: Staphylococ-
cus aureus-associated and IE-associated dif-
ferentially expressed genes (DEGs) were 
identified by bioinformatics analysis of the 
GSE6269 and GSE29161 Gene Expression Om-
nibus (GEO) datasets. The DEGs were analyzed 
with the LIMMA package, and the coregulated 
genes were chosen as the intersection of DEGs 
between the two datasets, called common dif-
ferentially expressed genes (CDEGs). The en-
richment study of CDEGs was subsequent-
ly performed with the DAVID and KOBAS web 
resources. Finally, protein-protein interaction 
(PPI) network, microRNA (miRNA)-transcription 
factor (TF)-mRNA (messenger RNA) regulatory 
network, and the network of drug-genes were 
identified. 

RESULTS: From GSE6269 and GSE29161, re-
spectively, a total of 201 and 741 DEGs were ob-
tained. Gene Ontology (GO) analysis showed 
that CDEGs were primarily involved in innate im-
mune response, extracellular exosome, as well 
as calcium ion binding, while the pathway anal-
ysis of Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) revealed that CDEGs were sig-
nificantly enriched in the B-cell receptor, IL-17, 
and NF-kappa B signaling pathways. The hub 
genes in the PPI network included HP, S100A12, 
SPI1, CD14, CCR1, S100A9 and so on. In the miR-
NA-TF-mRNA regulatory network, SPI1 could 
target miR-361-5p, miR-155-5p, and miR-339-5p 
in the progression of IE. 

CONCLUSIONS: Several pivotal genes and 
pathways were identified in the progression of 
S. aureus-induced IE, which may have the po-
tential for early detection.

Key Words:
Staphylococcus aureus, Infective endocarditis, Dif-

ferentially expressed genes, Pathways, Protein-pro-
tein interaction network, MicroRNA-transcription fac-
tor-mRNA network.

Introduction

Infective endocarditis (IE) is a severe, most-
ly bacterial disease with an occurrence of 1.7–
10/100 000 person-years, defined as an infection 
of a native or prosthetic heart valve, the endocar-
dial surface, or an indwelling cardiac device1,2. 
IE is linked to serious complications and high 
rates of in-hospital mortality, despite advances 
in medicine3. Staphylococcus aureus can cause 
both acute and recurrent persistent infections 
and is a frequent cause of IE4. Early diagnosis 
of IE is currently challenging. Echocardiography 
remains the primary imaging test for IE, but it is 
skipped in up to 30% of cases5. The possibility 
of IE should be considered in all patients with 
gram-positive bacteremia, especially due to S. 
aureus6. However, the mechanisms of S. au-
reus-induced IE are poorly known.

Current research has concentrated on the 
mechanisms of S. aureus infection. Phagocy-
tosis by neutrophils and macrophages is the 
main mechanism through which S. aureus in-
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fection is regulated by the immune system7. In 
addition, miRNAs, including miR-142, miR-24, 
miR-223 and miR-155, play an important role 
in immune defense toward S. aureus infections 
by modulating a wide variety of events such as 
inflammatory reactions, host innate immunity, 
and adaptive immunity8. Ranganathan et al9 
found that the general stress response of S. au-
reus might be conducive to the development of 
chronic infection by acting on host immune de-
fenses. Nonetheless, few studies have attempted 
to determine the mechanism of S. aureus infec-
tion-induced IE.

Bioinformatics is the science of storing, ex-
tracting, and analyzing biological information 
by using computers as tools10. In terms of bio-
marker discovery, the rapid development of bio-
informatics has provided a popular and feasible 
means of studying diseases11. In the present 
study, by analyzing the microarray data of S. 
aureus infection and IE in the Gene Expression 
Omnibus (GEO) public database, we screened 
out the differentially expressed genes (DEGs), 
conducted Gene Oncology (GO) enrichment 
analysis and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis, analyzed 
protein-protein interaction (PPI) network, and 
constructed microRNA (miRNA)-transcription 
factor (TF)-mRNA (messenger RNA) network 
and drug-gene network to identify key genes and 
pathways that participated in S. aureus-induced 
IE. Not only do these results provide novel in-
sights into the disease mechanisms but they also 
provide new therapeutic targets that can help to 
establish more effective S. aureus-induced IE 
treatments.

Materials and Methods

Microarray Data
The microarray expression data of GSE6269 

and GSE29161 were acquired from the GEO 
database (https://www.ncbi.nlm.nih.gov/geo/)12 
and were selected for DEG analysis. The dataset 
GSE6269 included 31 samples from the blood 
leukocytes of pediatric patients with S. aureus 
infection and six unrelated healthy controls based 
on the platform Affymetrix Human Genome 
U133 Array. A further of five IE patients and five 
healthy control samples were collected from the 
GSE29161 dataset, which was sequenced by Ag-
ilent-014850 Whole Human Genome Microarray 
4x44K G4112F.

Screening of DEGs
The raw microarray data of the two datasets 

was processed using the R language LIMMA 
package to filter the DEGs13. Probe sets without 
corresponding gene symbols or genes with over 
one probe set were omitted or averaged, respec-
tively. The criteria of p-value <0.05 and | log2(-
fold change, FC) | >1 parameter were set as the 
cut-off values for DEG screening. 

GO and KEGG Enrichment Analyses of 
Common DEGs 

To analyze the function of common DEGs 
(CDEGs), GO annotation and KEGG pathway en-
richment analyses of the CDEGs were performed 
using the Database for Annotation, Visualization 
and Integrated Discovery (DAVID, https://david.
ncifcrf.gov/)14 and KOBAS 3.0 (http://kobas.cbi.
pku.edu.cn) webtool15, respectively. The signifi-
cantly enriched GO terms and KEGG pathways 
met the criterion of p <0.05 and counts ≥ 2. 

PPI Network Analysis
The Search Tool for Retrieving Interacting 

Genes/Proteins (STRING) database (https://
string-db.org/)16 was used to predict the associ-
ation between CDEGs, and the PPI network was 
constructed by Cytoscape17. Disconnected nodes 
in the network were removed to achieve precise 
results. 

MicroRNA (miRNA)-Transcription Factor 
(TF)-mRNA (messenger RNA) Regulatory 
Network Analysis

Target miRNAs of CDEGs were predicted 
by the intersection of the result of miRTarbase 
(http://starbase.sysu.edu.cn/)18 and StarBase 
(http://starbase.sysu.edu.cn/)19 to improve the 
accuracy of prediction. The pairs of miRNAs 
and mRNAs were acquired. The CDEGs were 
subsequently uploaded to the Enrichr database 
(http://amp.pharm.mssm.edu/Enrichr/)20, and 
the TFs targeting the CDEGs were predicted. 
A p-value of <0.05 was selected to screen the 
predicted TFs. Finally, the miRNA-TF-mRNA 
regulatory relationships were visualized with 
Cytoscape.

Drug-Gene Network Analysis
The drug-gene interaction database (DGIdb, 

www.dgidb.org) is a web resource that consoli-
dates, organizes, and presents drug-gene inter-
actions and gene druggability information from 
papers, databases, and web resources21. With the 
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help of the DGIdb database, drug-gene pairs were 
predicted for the CDEGs. Finally, the drug-gene 
network was built by Cytoscape.

Statistical Analysis 
A value of p <0.05 was considered significant.

Results

Identification of DEGs
A total of 201 DEGs (148 upregulated and 53 

downregulated) and 741 DEGs (349 upregulated 
and 392 downregulated) were identified from the 
GSE6269 and GSE29161, respectively (Figures 
1A and 1B). Venn diagrams showed that there 
were 36 co-regulated genes, including 30 co-up-
regulated genes and six co-downregulated genes, 
in the two datasets (Figure 1C). The detailed in-
formation concerning CDEGs is listed in Table I. 
The heat map of the CDEGs is shown in Figure 2.

Functional Analyses of Common DEGs
According to a threshold of p <0.05 and count 

≥2, we conducted GO functional enrichment 
analysis on the CDEGs. CDEGs were enriched 
in 12 Biological Process (BPs), including innate 
immune response, defense response to bacte-
rium, antibacterial humoral response, inflam-
matory response, and immune response. For 
the Cell Component (CC), the CDEGs were 
enriched in extracellular exosome and integral 
component of the plasma membrane. Analysis 
of molecular function (MF) suggested that the 
CDEGs were mainly enriched in peptidoglycan 
receptor activity and RAGE receptor binding 
(Supplementary Table I). The KEGG pathway 
analysis showed that the CDEGs were signifi-
cantly enriched in the B-cell receptor signal-
ing, IL-17 signaling, NF-kappa B signaling, and 
cAMP signaling pathways (Figure 3 and (Sup-
plementary Table II).

Figure 1. Volcano plots and Venn diagram of DEGs. A, and B, Volcano plots of GSE6269 and GSE29161. Red plot points 
represent up-regulated DEGs and blue plot points represent down-regulated DEGs. C, Venn diagram shows the common 
DEGs between the GSE6269 and GSE29161 databases. Abbreviations: DEGs, differentially expressed genes; FC, fold change.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-10287.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-10287.pdf
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PPI Network Analysis of Common DEGs
After eliminating the isolated nodes, the PPI 

network was constructed with 25 nodes and 39 
edges, including 23 up-regulated genes and two 
down-regulated genes, as shown in Figure 4A. 
The genes with degree ≥ 3 were deemed as hub 
genes in the PPI network, including SPI1 con-
necting seven nodes, S100A12 connecting seven 
nodes, S100A9 connecting five nodes, CD79A 
connecting four nodes, and CD79B connecting 
three nodes (Figure 4B).

Construction of a MiRNA-TF-mRNA 
Regulatory Network

A miRNA-TF-mRNA regulatory network was 
constructed, which consisted of 111 nodes and 

105 edges, including 81 target miRNAs, 18 tran-
scription factors, and 12 mRNAs (Figure 5). The 
result showed that SPI1 could target miR-361-5p, 
miR-155-5p, and miR-339-5p in the progression 
of IE.

Drug-Gene Network Analysis
In the drug-gene network, 90 drug-gene pairs 

were acquired, including 18 CDEGs (including 
SLPI, CD79B, S100A9, S100A12, and ANPEP) 
and 72 drugs (Figure 6). S100A9 could inter-
act with methyldopa (Matola, Ahmedabad, In-
dia) and S100A12 could interact with rimegepant 
(New Haven, CT, USA), which might be the tar-
get of treatment of IE, but the specific mechanism 
is still unclear. 

Table I. The common differentially expressed genes screened from GSE6269 and GSE29161.

                                     GSE6269                                     GSE29161

 Common genes logFC p-value logFC p-value

ADM 2.55165006 4.64E-06 1.10444436 0.033522835
RNASE2 2.115852446 0.000414652 1.23335666 0.014332187
MYL9 2.034585646 0.002915536 1.09116582 0.029766135
FCGR1B 1.971084044 6.28E-05 2.51512366 0.000837472
S100A12 1.791895795 0.000428898 2.04168434 0.00142879
ANXA3 1.789231136 0.007384978 1.654239 0.004518276
ANPEP 1.787403744 6.64E-06 1.03919068 0.01832919
G0S2 1.646659387 0.017502448 1.24106167 0.038243077
MXD1 1.480058129 5.47E-05 1.0670285 0.004854455
HP 1.468772161 0.014590253 1.61278731 0.007905672
VNN1 1.387609426 0.018322947 1.82614616 0.002860491
DYSF 1.380334025 0.000240843 1.38766132 0.003343979
MS4A4A 1.343842261 0.036359047 1.59240882 0.000535323
SLC22A4 1.339679498 0.000131462 1.57913684 7.25E-05
SLC25A37 1.311678316 0.001876504 1.093944 0.004596929
HCAR3 1.282670291 0.017589879 1.40054834 0.006558044
RAB20 1.267457005 0.000593788 1.0664515 0.014955308
SLPI 1.216777783 0.008732896 1.13878499 0.009829437
PGLYRP1 1.214296158 0.02633062 1.4091965 0.006967278
SPI1 1.173638634 0.000648156 1.26980533 0.008991834
CD14 1.160085184 0.00047528 1.04027166 0.00959378
PGD 1.159103617 0.000991555 1.28643817 0.007457779
S100A9 1.152294591 1.49E-05 1.25224368 0.00194674
LILRA5 1.142616414 9.05E-05 1.64694234 0.009424013
PLAUR 1.13704528 6.79E-05 1.13836929 0.000468437
ZYX 1.123336273 0.000164154 1.13635834 0.011079268
TIMP1 1.116578007 0.000172174 1.1271795 0.010817801
FOLR3 1.047931511 0.037703653 1.53888832 0.004675327
RNASE3 1.040091939 0.019168376 1.26981037 0.006569719
CCR1 1.009959825 0.011014418 1.03113099 0.017080198
CD79A -1.100323819 0.000253237 -1.25472054 0.012659851
PTPRK -1.140138272 8.35E-06 -1.06173 0.000467041
KLRF1 -1.396682363 0.003592261 -1.19328104 0.002954237
CD79B -1.438267028 0.000244429 1.02734351 0.019134191
TRAF5 -1.547617803 3.06E-05 -1.30228767 0.003582083
TCL1A -1.835177218 0.0002124 -1.13118967 0.02285283

Abbreviations: FC, fold change.
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Discussion

Infective endocarditis is the inflammation of 
the endocardium and valves of the heart cham-
bers caused by different pathogens including var-
ious bacteria, fungi, and viruses22, among which, 
S. aureus is one of the most important causative 
agents23. However, the ability to diagnose S. au-
reus-induced IE in the early stage is still poor, 
and hence, it is urgent and essential to uncover 
specific genes and pathways in the progression of 
S. aureus-induced IE. 

Two independent datasets were chosen in the 
current study. As the GSE6269 dataset includ-
ed multiple categories of infectious patients and 
normal samples, we selected S. aureus-infected 
patients from this dataset. The GSE29161 was 
a novel dataset that had not previously been 
explored and included five IE patients and five 
healthy controls. Overall, 201 and 741 DEGs 
were respectively identified from the GSE6269 
and GSE29161 databases. With the intersection of 
the DEGs, we discovered 36 CDEGs (30 up-reg-
ulated and six down-regulated), which meant 

Figure 2. Heat map of the common DEGs. Each row represents the DEGs, and each column represents one of the samples 
of normal, IE, or S. aureus infection. The red and blue color represent upregulated and downregulated DEGs, respectively. 
Abbreviations: DEGs, differentially expressed genes; FC, fold change.
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Figure 3. GO and KEGG analyses of the common DEGs. The vertical and horizontal axes represent GO term and -log10 
(p-value) of the corresponding GO term, respectively. Different colors present main categories of the GO terms – BP, CC, and 
MF – as well as the KEGG pathway. Abbreviations: DEGs, differentially expressed genes; GO, Gene Ontology; MF, molecular 
function; CC, cellular component; BP, biological process; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure 4. PPI network and his-
tograms of core proteins of com-
mon DEGs. A, The red nodes and 
green nodes represent up-regu-
lated genes and down-regulated 
genes, respectively. B, Abscissa 
shows the gene name; ordinate 
indicates the number of contigu-
ous genes; and height represents 
the number of gene connections. 
Abbreviations: PPI, protein-pro-
tein interaction; DEGs, differen-
tially expressed genes.
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that these genes were associated with IE pa-
tients infected with S. aureus. All these CDEGs 
were annotated subjected to functional enrich-
ment analyses. With the construction of the PPI 
network, hub CDEGs including HP, S100A12, 
SPI1, CD14, CCR1, S100A9, CD79a, FOLR3, 
PGLYRP1, SLP1, CD79b, RNASE2, and TIMP1 
were mapped (nodes ≥ 3).

Our functional enrichment analyses showed 
that the B-cell receptor signaling pathway played 

a crucial role in S. aureus-infected IE. The piv-
otal molecule in this process included CD79a 
and CD79b. CD79 consists of CD79a and CD79b 
and plays an important role in initiating the sig-
nal transduction cascade triggered by antigen 
binding to the B-cell antigen receptor24. CD79a 
and CD79b were found to be vital in the progres-
sion of lymphoma25 and endometriosis26. With 
the consideration of PPI network, we discov-
ered that porcine PU.1 gene (SPI1) could interact 

Figure 5. MiRNA-TF-mRNA regulatory network. Red circles, green circles, blue triangles, and brown diamonds represent 
upregulated genes, downregulated genes, miRNAs, and TFs, respectively. Abbreviations: miRNAs, microRNAs; TF, 
transcription factor; mRNA, messenger RNA.
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with CD79a and CD79b. Niu et al27 showed that 
SPI1 may be a transcription factor to regulate 
genes in the development of heart failure from 
acute myocardial infarction (AMI). In addition, 
the miRNA-TF-mRNA network was established; 
miR361-5p, miR155-5p, and miR339-5p were 
predicted to be connected with SPI1. Research-
ers found that ischemia-reperfusion injury in the 
heart and brain could be alleviated by the up-reg-
ulation of miR36128,29. MiR339 was reported to 
inhibit cell proliferation and invasion in hepa-
tocellular carcinoma30. Broad evidence showed 
that miR155 might work in the heart, including 
enhancing oxidative damage in endothelial cells 
preprocessed with H2O231, promoting apopto-
sis after AMI32, and impairing cardiac function 
in patients with post-MI cardiac failure33. The 

relationship between miR155 and infection has 
also been reported. Shen et al34 discovered that 
down-regulation of miR155 might inhibit in-
flammatory response in influenza A virus-affect-
ed human pulmonary microvascular endothelial 
cells. To our knowledge, this study was the first 
to reveal that CD79a, CD79b, and SPI1 could 
interact with each other, and that miR361-5p, 
miR155-5p, and miR339-5p might target SPI1 in 
the pathogenesis of S. aureus-induced IE. 

Interestingly, we observed another two homol-
ogous molecules—S100 Calcium Binding Protein 
A9 (S100A9) and S100 Calcium Binding Protein 
A12 (S100A12)—with regard to the hub genes 
in the PPI network. They are both calcium- and 
zinc-binding proteins that belong to the family of 
S100 proteins. Their prominent roles in the regu-

Figure 6. Drug-gene network. Red nodes and gray rectangles represent upregulated genes and drugs, respectively.
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lation of inflammatory and immune response have 
been demonstrated by comprehensive data, which 
was consistent with our enrichment analyses. Ba-
nupriya et al35 discovered zinc supplementation 
by targeting S100A9 expression could reduce 
inflammation in neonates with sepsis. Czapski et 
al36 found that the level of S100A9 expression was 
higher in the brains of subjects with Alzheimer’s 
disease, indicating that the immune response 
was activated. Müller et al37 reported that serum 
alarmin S100A8/S100A9 levels could be poten-
tial biomarkers in myocarditis. The reviews of 
S100A12 showed that it was likely a potential bio-
marker of therapeutic efficacy and disease pro-
gression in coronary heart disease38. Shah et al39 
found that S100A9 and S100A12 played key im-
mune response roles in inflammatory disorders of 
the cardiovascular system. Taking the drug-gene 
network into consideration, we speculated several 
drugs targeting S100A9 and S100A12 in treat-
ing S. aureus-induced IE, including methyldopa 
targeting S100A9, an antihypertensive drug, and 
rimegepant targeting S100A12, a migraine drug. 
However, more evidence is still required for con-
firming the function of these drugs in treating AF. 
Until now, few research studies have investigated 
the specific mechanisms of the S100 protein fam-
ily and S. aureus-induced IE. Moreover, further 
laboratory studies are essential to confirm the 
observations of key genes and pathways in S. au-
reus-induced IE.

Conclusions

Five pivotal genes were hypothesized in IE 
caused by S. aureus, including CD79a, CD79b, 
SPI1, S100A9, and S100A12; of these, CD79a, 
CD79b, and SPI1 co-function by participating 
in the B-cell receptor signaling pathway, while 
S100A9 and S100A12 played crucial roles in the 
immune and inflammatory response. Our results 
have provided new perspectives for the early de-
tection of S. aureus-induced IE.
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