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Abstract

Hypertension (HT) is among the most common cardiovascular diseases in the world and is an important risk factor for str@
myocardial infarction, heart failure, and kidney failure. Recent studies have demonstrated that activation of the immune system
plays an important role in the occurrence and maintenance of HT. Thus, this research aimed to determine the immune-related
biomarkers in HT. In this study, RNA sequencing data of the gene expression profiling datasets (GSE74144) were downloaded
from the Gene Expression Omnibus database. Differentially expressed genes between HT and normal samples were identified
using the software limma. The immune-related genes associated with HT were screened. Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes pathway enrichment analyses were performed using the program “clusterProfiler” of the R package.
The protein-protein interaction network of these differentially expressed immune-related genes (DEIRGs) was constructed based
on the information from the STRING database. Finally, the TF-hub and miRNA-hub gene regulatory networks were predicted
and constructed using the miRNet software. Fifty-nine DEIRGs were observed in HT. The Gene Ontology analysis indicated that
DEIRGs were mainly enriched in the positive regulation of cytosolic calcium ions, peptide hormones, protein kinase B signaling,
and lymphocyte differentiation. The Kyoto Encyclopedia of Genes and Genomes enrichment analysis indicated that these DEIRGs
were significantly involved in the intestinal immune network for IgA production, autoimmune thyroid disease, JAK-STAT signaling
pathway, hepatocellular carcinoma, and Kaposi sarcoma-associated herpesvirus infection, among others. From the protein-
protein interaction network, 5 hub genes (insulin-like growth factor 2, cytokine-inducible Src homology 2-containing protein,
suppressor of cytokine signaling 1, cyclin-dependent kinase inhibitor 2A, and epidermal growth factor receptor) were identified.
The receiver operating characteristic curve analysis was performed in GSE74144, and all genes with an area under the curve of >
0.7 were identified as the diagnostic genes. Moreover, miIRNA-mRNA and TF-mRNA regulatory networks were constructed. Our
study identified 5 immune-related hub genes in patients with HT and demonstrated that they were potential diagnostic biomarkers
for HT.

Abbreviations: AUC = area under the curve, CDKN2A = cyclin-dependent kinase inhibitor 2A, CISH = cytokine-inducible Src
homology 2-containing protein, DEGs = differentially expressed genes, DEIRGs = differentially expressed immune-related genes,
EGFR = epidermal growth factor receptor, HT = hypertension, IGF2 = insulin-like growth factor 2, KEGG = Kyoto Encyclopedia of
Genes and Genomes, PPI = protein-protein interaction, ROC = receiver operating characteristic, SOCS1 = suppressor of cytokine
signaling 1.
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1. Introduction

Hypertension (HT) is a cardiovascular clinical syndrome. The
main clinical manifestation of HT is elevated systemic arterial
pressure. According to the guidelines of ESH/ESC (European
Society of HT/European Society of Cardiology), the diagnosis
of HT is confirmed when systolic blood pressure is > 140 mm
Hg and/or diastolic blood pressure > 90 mm Hg.l"! With the
growth of the global population, the prevalence of HT has been
increasing, and blood pressure increases with age in almost all
regions of the world. The level of blood pressure is positively
correlated with the risk of cardiovascular disease. High blood
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pressure, the main cause of cardiovascular disease and mor-
tality worldwide, has seriously endangered the health of the
global population.l>? Therefore, effective control of the rise in
blood pressure is an important challenge for researchers. At
present, the treatment of HT is mainly based on drug therapy."!
Although there are several drugs for the treatment of HT, it
remains uncontrollable for most patients, with a control rate
of only 35 to 50%.% Therefore, we need to further develop
diagnostic markers and therapeutic targets for HT and provide
novel methods for the treatment and intervention of hyperten-
sive patients.
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(A) Volcano plot for the differential expression analysis. (B) Heatmap for DEGs. (C) Immune-related DEGs. DEGs = differentially expressed genes.

Several recent studies have demonstrated that immune
activation and inflammation also play important roles in the
occurrence and maintenance of HT.I! Elevated blood pressure
promotes vascular and renal damage, cytokine release, and
immune cell infiltration, which exacerbate tissue damage. Tissue
damage may stimulate the formation or presentation of anti-
gens or neoantigens, which is followed by an immune response,
the infiltration of macrophages, and T lymphocytes, which

stimulates the release of inflammatory mediators.”! In humans
and experimental models of HT, cells of the innate and adaptive
immune systems enter the target tissues, including blood vessels
and kidneys, and release powerful mediators such as cytokines,
matrix metalloproteinases, and reactive oxygen species, result-
ing in tissue damage, fibrosis, and dysfunction.!®!

The above studies have shown that immunity plays an import-
ant role in HT, although its specific mechanism remains unclear.
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Figure 2. (A) GO enrichment of immune-related DEGs. (B) KEGG enrichment of immune-related DEGs. DEGs = differentially expressed genes, GO = Gene

Ontology, KEGG = Kyoto Encyclopedia of Genes and Genomes.

Therefore, this study used bioinformatics to analyze the genetic
differences between normal people and hypertensive patients,
correlated them with immune-related genes, and screened hub
genes with good specificity and sensitivity. This study will not
only help advance the research on immunity in the pathogenesis
of HT but also assist in identifying potential therapeutic targets
for the treatment of HT.

2. Materials and methods

2.1. Data source

The microarray RNA expression dataset (GSE74144) was
downloaded from the Gene Expression Omnibus of NCBI.
Expression profiles from 14 hypertensives and 8 normal sam-
ples were based on the platform GPL13497 (Agilent-026652

Whole Human Genome Microarray 4 x44K v2). We obtained
2464 immune-related genes from ImmPort,®! TISIDB,!" and
InnateDB.M!

2.2. Identification of differentially expressed genes (DEGs)

Differential expression was analyzed using the package
“limma.”"?l DEGs were identified if the P value was < 0.05.
Pheatmap package and ggplot2 package were used to prepare
the heatmaps and volcano maps.

2.3. Functional enrichment analysis

To identify the key pathways involved in the progression of
HT, the GO term (including biological processes, molecular
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Figure 4. ROC analysis of hub genes in differentiating patients from the normal control. ROC = receiver operating characteristic.

functions, and cellular components) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
were performed based using the “clusterProfiler” function of the
package R.["3N GO/KEGG-pathway terms with adjusted P values
of <0.05 were statistically significant.

2.4. Construction of the protein-protein interaction (PPI)
network

The PPI network for differentially expressed immune-related
genes (DEIRGs) was constructed using the STRING data-
base. The software Cytoscape was then used to construct
the interaction network map, and the MCODE plug-in was
used to screen the key gene modules in the network map.
The key module genes were defined as the hub genes. The
package “Corrplot” was used to analyze the correlation of
hub genes.

2.5. Construction and analysis of hub gene-miRNA and hub
gene-TF networks

In this study, miRNet (a miRNA-centric network visual ana-
lytics platform) was used to identify the miRNAs and TFs tar-
geting hub genes. miRNAs and TFs were predicted using the
database miRNet."¥ The miRNA-hub gene and TF-hub gene
networks were generated using Cytoscape.

2.6. Analysis of receiver operating characteristic (ROC)
curve

In the GSE74144 dataset, 14 HT samples and 8 normal sam-
ples were utilized to plot the ROC curves, from which their
areas under the curve (AUCs) were computed using the package
“pROC” in the R software.!'’! The hub genes with an AUC of
>0.7 were useful for disease diagnosis. For further verification,
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Figure 5. Expressions of hub genes.

ZNF354C

ENL'  hsadmir-36agq "a-micall-3n

hsa-mir-380-3p hsa-mir-19a-3p Rsd-Mir-2113hsa-mir-19b-3p
hsasmir-5087 hsa-mir-8060 hsa-mir-532-3phsa-mir-30b-5p hsa-mir-13a
hsa-mir-5182-5p hsa-mir-6851-5p hsa-mir-4266 hsa-mir-155 hsa-mir-6861-5p hsa-mir-4458
hsa< L5083 -3ghsa-Mir-4605 5p hsa-mir-4709-3p hsa-mir=304-50 nsa-mir-527 hsa-mir-30e-5p
hsa-mir-30b 3p hsa-mir-208-5p hsa=mir-379-3p hsa-mir-149-5p hsd-mir-1op1s3-mir=221-3p
“hsE=mir-30-5p  Hsa-mir-4495 hsa-mir-106b-5p hsa-mir-548d-3p

2 hsa-mir- -
hsa-mir-A23-3p Q- socsl\_‘ hsa-mir-205<1-5p hea- mir-106a-5p  hsazmir=4500
v =% hea-mir-320a
HOXAS TEAP2C hsa-mir-10b-5p o
hsa-mir-296-3p hsa=mir-24 hsa-mir-423-5p
hsa-mir-671-5p  hsalmir-1291 e aan AR .

ELKs
hsa-AiFS1837-3p rrgy hea-mir-215-50

hsa-mir-192-5p hsa-mir=455-3p  hsa-mir-615-3p

hsa-mir-492 SPIB- o

hsafmiesI2Sb g o o o

hea-iEETBLb=3p—yEFe  hsa- ilr=gd=2=5p - CORHZA

hsa-mir-198

hsa=mir-155-5p

PPARC
hsa-mir-17-5p
hsa-mir-20b-5p

hsaclet-7as5p

hsa-mir-34a-5p

hsz-mir-92a-1-5p
SREBF2
hsa-mir-26b-5p

hsa-mir-214-5p

hsa-mir-331-3p

hsa-mir-361 Sp

hea-mirdg8s-35 CiSH

KLFS
hsa-mir-572

FOXL

hsa-mir-124-3p

GATAZ

hsa=mir-16-

hsa-mir-522-5p
hsasmir-28-5p
hsa-mir-181a-5p
hsa-mir-27b=3p
hsa-mir-27a-3p  hsa-mir-181b-5p

P hsacmir-147a A

hsa-mir-142-5p

hsa-mir-98-5p hsa-mir-100-5p
. hsa-mir-940
Wisa-Ee- 5p n“-m-vi-s;m-m'ﬁ”p hsa-mir-101-3p Nsa-mir-4505-5p peo mir 1271 -3p

hsa=miir-320b

, & ' hsa-mir-320c hsa-mir-1914-3p
hsasmir-21-3p hsa-let-7¢-5p Ve gt} o0 R T
hsa-mir-122-5, a=mir- hsa-mir-221-5
Sa-mir- P hsa-let-7e-5p hsa-mir-4662a-5p -~ RELA hsa-rrir—lZia—isDa e y
hsa=mir=21-5p. hsa-mir-744-5p hsa-mir-4707-5p hsa-mir-299-5p
hsa<mir-24-3p sac mir=1343-3p hsa-mir-4779 P hsa-mir-210-3p

mir-4a25 Hsa-mir-379-5p
e ’“'; 4423i stepa, Ma-mir-365b-5p hsadhiri200
sa-mir-3162-
sa-rmir-200¢-35 D ilr-a00n-3p MATMIE630 o
E2F1 i hsymiplzi—';sp
saemir-g084_sa-Ar-4691-3p

hsa-mir-27a-5p hsa-mir-4521 2
e hsa-mir-339-3p hs.rmlr—BZ—J;H‘M"-;ZOBVW

hsa=mir=93-5p
hsa-mir-146a-5p

EGRI FOXC1 hsacmir-6763-3p hsa-mir-1224-3p hsa-mir-3158-3
I hsi mir-4483-5p hsa-mir-1315-5p hsa-mir-2682-50 i
hsa—mire1280L5 ST hsa-mir-2355-" nsa-mir 370 3p hsa-mir-6802-3p
8 A 5 s || fihsa=mir-3928-3 hsa-mir-6891-5p hsa-mir-6790-3p hsa-mir3173-3p
R il f IGF2 5 —hsa-mir-6881-5p hsa-mir-5587-3p SRF
7 hsa=mir-410=3p— hsz-mir-362-3p hsa-mir-6784-3p hsa-mir-6821-3¢
hsa-let-7d<5p o hsa-mir-3613-5p. hsa=mir-193a-5p hsa-mir-27h-5p
/ hsa-mir-433-5p hsa-mir-4429. hga-mir-6862-3p.
“hsa-mir-424-5p hsa-mir-4728-3p hsa-mir-6738-5p
hsa-let-79:5p hsalelo7bip S hsacmir-185-50 NSSUT, R mgs;;mir-sszz.\—m &y
A hia-mir-342-5 . e
853 psalmirlazo | hsa-mir-542-3p S P soxio hsa=mir-34c-Sp
: nsa=mir-143-3p hsa-mir-483-3g
héammir=3-3p hsa-tir-103a-3p hia-mir-218-5p < hsa-mir-134-5p
2 f hsa-mir-497-5p hsa-mir-5124
E2FG / hsa<mir-454-3p hea-mir-625 -5,
viliEs hsa-mirs150-sp nsq—mir—us;ﬂ'. 107 hsa-mir-877-5p iy P
STATS hsamir-224-5p 0 hia-ir-5003-3p hsa-mir-4939-5p
NFYA / hsa-mir-151a-3p

/ 5 hsa-mir-144-3p
Z hsa-mir=129-2-3phsa-mir-1304-3p
EGFR g=hsa=mir-181c=5phsa=mir-301b=3p —hsa-mir-5206 hsa-mir-132-3p
e

hsacmir-1-3p S MS8-Mir-146b-5p hsa-mir-135a-5p hsa-mir-942-5p hsa-mir-133a-5p

“hsa-mir-!
-mir-31-3p.
Mir-484 1o mir-219a-5p POU2E2 :
hsasmir-28-3p hsa-mir-1-58 hsalimir-671-3p hsa-mi-133a-3p hsa-mir-137 hea-mir-130a-3p hsa=mir7 hsa-mir-335-5p

hsa-ai<875-58 . 520¢ _hsamir-182-5p haa-mir-181a-2-33 hsacmir-7-5p hsa-mir-23b-3p

sl hsa-mdr—ss—lg\hsl—mk-l!ld-sn hsa-mir-491-5p hsa-mir-200a-3p

hsa-mir-3026-30 oo mir 36220 5p  hiimirig22 hsa-mic-542-5p hsa-mir-816-5p hsa mir-23a 3p hsasmir-133b

hsa-mir-579-3p

hsa-mir-128b

Figure 6. Regulation network.

hsa-mir-564 | hsa-mir-128-3p

hsa-mir-7-1-3p

hsa-mir-574-3p hsa-let-7g-3p  hsa-mir-374a-5p

hsa-mir-145-5p hsa-mir-2861 hsa-mir-494-3p

the GSE74144 database was used to analyze the expression
level of the hub genes. The boxplot of the expressed hub genes
was drawn using the “ggplot2” in the R package.

3. Results
3.1. Identification of DEGs in HT

We compared the gene expressions between normal and HT
samples by analyzing the GSE74144. A total of 168 upregulated
and 404 downregulated genes were identified. The DEGs are
presented in the volcano plot and the heatmap (Fig. 1A and B).
It was observed that 59 genes overlapped between DEGs and
immune-related genes (Fig. 1C).

3.2. Functional enrichment analysis

The results of the GO functional analysis are presented in
Figure 2A. The top 10 enriched GO terms of DEIRGs were the
positive regulation of cytosolic calcium ion concentration, pep-
tide hormone secretion, positive regulation of protein kinase B
signaling, lymphocyte differentiation, lymphocyte proliferation,
divalent inorganic cation homeostasis, mononuclear cell prolif-
eration, interleukin-7-mediated signaling pathway, and regula-
tion of peptide hormone secretion.

The results of KEGG-pathway enrichment are presented
in Figure 2B. The significant KEGG pathways of DEIRGs
included the intestinal immune network for IgA production,
autoimmune thyroid disease, JAK-STAT signaling path-
way, hepatocellular carcinoma, Kaposi sarcoma-associated
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herpesvirus infection, prolactin signaling pathway, allograft
rejection, primary immunodeficiency, Cushing syndrome, and
graft-versus-host disease.

3.3. PPI network and hub gene identification

The PPI network of the DEIRGs was constructed using STRING
tools. DEIRGs were uploaded onto Cytoscape software to fur-
ther construct the sub-network and identify hub genes. The
results of the PPI network analysis are presented in Figure 3A.
Five hub genes (insulin-like growth factor 2 [IGF2], cytokine-in-
ducible Src homology 2-containing protein [CISH], suppres-
sor of cytokine signaling 1 [SOCS1], cyclin-dependent kinase
inhibitor 2A [CDKN2A], and epidermal growth factor receptor
[EGFR]) were identified by the MCODE plug-in of Cytoscape.
The PPI network of these 5 hub genes is presented in Figure 3B.
The correlation between the hub genes was analyzed, and it
was observed that CISH and EGFR were the most strongly cor-
related (R = 0.90) (Fig. 3C).

3.4. The ROC curve analysis

The ROC curves of 5 hub genes in the GSE74144 dataset are
presented in Figure 4. The AUCs of SOCS1, CISH, EGFR,
CDKN2A, and IGF2 were 0.804, 0.772, 0.768, 0.750, and
0.710, respectively. The AUC of all genes were >0.7, which sug-
gested their potential diagnostic significance.

3.5. Analysis of the expression of hub genes

To explore the expression of these genes in the HT, the expres-
sions of the 5 hub genes between the HT and normal groups
in the GSE74144 dataset were determined (Fig. 5). The results
indicated that the expressions of EGFR and CISH in HT patients
were downregulated in HT patients, while those of CDKN2A,
IGF2, and SOCS1 were upregulated.

3.6. Prediction of the key miRNAs and TF

The miRNA and TF regulatory network of the 5 hub genes was
constructed using the program miRNet. The single gene had
multiple relevant miRNAs and TFs, which formed a complex
communication network. The interaction network consisted of
5 hub genes and 305 miRNA (Fig. 6). Subsequently, 110 miR-
NAs targeting IGF2, including hsa-let-7a-5p, hsa-mir-125b-5p,
and hsa-mir-9-3p, 83 miRNAs targeting EGFR, including
hsa-mir-27a-3p, hsa-mir-30a-5p, and hsa-mir-7-5p, 62 miR-
NAs targeting SOCS1, including hsa-let-7a-5p, hsa-let-7b-5p,
and hsa-mir-155, 31 miRNAs targeting CDKN2A, including
hsa-mir-24, hsa-mir-125b, and hsa-mir-147a, and 19 miRNAs
targeting CISH, including hsa-let-7b-5p, hsa-let-7d-5p, and hsa-
mir-17-5p were identified.

The interaction network consisted of 5 hub genes and 56 TFs.
We observed that 20 TFs, including JUN and FOXC1, could reg-
ulate IGF2, 16 TFs, including FOXC1 and CREB1, could reg-
ulate CDKN2A, 10 TFs, including FOXC1 and NFYA, could
regulate CISH, 8 TFs, including NFKB1 and TP353, could regu-
late EGFR, and 2 TFs, including EGR1 and ENT1, could regulate
SOCS1.

4. Discussion

HT is currently among the most common cardiovascular diseases
in the world and is an important risk factor for diseases such as
stroke, myocardial infarction, heart failure, and kidney failure.®!
Interestingly, increasing evidence indicates that immunity is
involved in the pathogenesis of HT, including tissue damage, fibro-
sis, and dysfunction.!*-%!7"I In this study, we used bioinformatics

www.md-journal.com

to identify the potential DEIRGs in HT, which provides the rele-
vant theoretical basis for subsequent studies on HT.

In this study, we compared the DEIRGs between HT and
normal and constructed a PPI network for them. Five key
immune genes, SOCS1, CISH, EGFR, CDKN2A, and IGF2,
were obtained.

The SOCS1 is the prototype molecule of the SOCS family.
It contains a central SH2 domain that interacts with the JAK
kinases and inhibits their phosphorylation.l?*?!l Increasing stud-
ies have shown that SOCS1 plays a protective role in the devel-
opment of cardiovascular disease, and changes in its expression
are closely related to the cardiovascular risk of patients.l?>?%!
Satou et al reported that interferon-vy increased the expression of
angiotensinogen in juxtaglomerular cells during the induction
of inflammation which may lead to increased levels of angioten-
sin II, mediate the increase in blood pressure, and damage the
kidney. Interestingly, SOCS1 can limit the increase in the angio-
tensinogen levels in the kidney by activating the JAK-STAT
pathway in this process.** In contrast, deletion of SOCS1 can
exacerbate immune and inflammatory response-mediated tissue
cell damage.

CISH belongs to the SOCS family, which negatively regulates
cytokine induction, especially inflammatory cytokine responses.
It plays a key role in the occurrence and development of several
inflammatory diseases.?5:2!

The EGFR belongs to the ErbB receptor tyrosine kinase fam-
ily, which consists of an extracellular ligand-binding domain,
an a-helical transmembrane domain, an intracellular tyrosine
kinase domain, and a carboxyl-terminal region containing
autophosphorylation sites. EGFR can act on a vast majority of
cells in the body and plays an important role in cardiac devel-
opment.?”! Moreover, Zeboudj et al reported that EGFR could
limit the development of arteriosclerosis?*! and play a role in
vasodilation in the pathogenesis of HT.!>"!

CDKN2A is an inhibitor of cyclin-dependent kinase 4 and
cyclin-dependent kinase 6. As a significant marker of cellular
aging,*"! it exhibits tumor suppressor function.?-?!

IGF2 is a polypeptide that is produced by the liver. It travels
throughout the body through different modes of transport and
participates in life activities such as cell growth, differentiation,
and metabolism."*%! Besides, Wang et al reported that IGF2 was
an epicardial mitogenic factor that was closely related to the
proliferation of ventricular wall cardiomyocytes.34

However, no studies have yet confirmed whether there is a
link between these 5 genes and high blood pressure. These genes
are possibly novel genes that are associated with HT and can
also be hotspots for future research.

Next, we identified 5 hub genes as biomarkers for the diag-
nosis of HT based on the ROC results, constructed and ana-
lyzed the target gene-miRNA regulatory network and target
gene-TF regulatory network of the 5 hub genes using miRNet,
and screened the closely-related target genes, miRNAs and TFs,
thus providing new directions for subsequent research.

A major limitation of our research is the lack of indepen-
dent experimental verification. Although 5 hub genes were
identified, their roles in the pathogenesis of HT were not
experimentally verified, and their specific mechanisms remain
unclear. Further studies are needed to confirm this hypothe-
sis and explore the specific mechanism of each gene. In con-
clusion, this study has identified 5 immune-related feature
genes, and further exploration of these biomarkers may pro-
vide novel diagnostic and therapeutic targets for hypertensive
patients.

5. Conclusion

Our study identified 5 immune-related hub genes in the HT and
demonstrated that they were potential diagnostic biomarkers
for HT.
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