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ARTICLE INFO ABSTRACT

Keywords: Background: Chronic rhinosinusitis (CRS) is a complex chronic inflammatory disease of the nose,
Chronic rhinosinusitis paranasal sinus, and upper respiratory tract. Its treatment methods mainly include antibiotic
Pyroptosis

treatment and surgical treatment. However, the molecular mechanism of its inflammation is still

r{)(l;CNA unclear. Pyroptosis is a programmed cell death. As an important natural immune response,
Hub gene pyroptosis plays an essential role in fighting infection.

Methods: In this paper, a weighted co-expression network (WGCNA) was used to screen gene
modules significantly related to CRS. Then it intersects with the genes related to scorching death
(PRGs). We evaluated the immune landscape of CRS by the expression of intersecting genes. In
addition, in the enrichment analysis of intersection genes and PPI network analysis, we verified
the pathways closely related to CRS and hub genes. Finally, the interaction network between the
hub gene, miRNA, and TF was constructed. In this paper, qRT-qPCR technology was also used to
detect the hub gene related to CRS.

Results: Hub genes (CASP3, IL18, NAIP, NLRC4, and TP53) found in this paper are directly or
indirectly related to CRS, and these genes were proved to be of diagnostic significance to CRS by
ROC curve and qRT-qPCR vertification. In the infiltration abundance of CRS and its control group,
the infiltration abundance of Plasma cells, T cells follicular helper, Macrophages M2, Dendritic
cells activated, and Neutrophils cells in the two groups were significantly different. We also
constructed the interaction network between the hub genes and miRNAs and the interaction
network between hub genes and TFs. Most of these miRNAs and TFs were also related to CRS.
Conclusions: With the help of the WGCNA and PPI analysis, our results provide a better under-
standing of the role of biomarkers CASP3, IL18, NAIP, NLRC4, and TP53 in the development of
CRS and provide a research basis for the mining of biomarkers related to the diagnosis and
treatment of CRS.

1. Introduction

Chronic rhinosinusitis (CRS) is a common disease in otorhinolaryngology, and its symptoms are a stuffy nose, runny nose, and
dysosmia [1]. The main treatment methods include antibiotic therapy and surgical treatment. However, CRS has a high recurrence
rate. In addition, previous studies have confirmed that the immune disorder caused by the destruction of the nasal sinus epithelial
barrier plays a crucial role in CRS [2]. However, its related molecular mechanism is still unclear. Therefore, it is urgent to study its

* Corresponding author.
E-mail address: liuwul88@sina.com (Z. Liu).

https://doi.org/10.1016/j.heliyon.2023.e22944
Received 11 August 2023; Received in revised form 20 November 2023; Accepted 22 November 2023

Available online 27 November 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:liuwu188@sina.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e22944
https://doi.org/10.1016/j.heliyon.2023.e22944
https://doi.org/10.1016/j.heliyon.2023.e22944
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Wan et al.

Table 1
qRT-qPCR reaction system.
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Composition

Volume

2 x SYBR Premix Ex Taq
Fwd Primer (5 pmol/pL)
Reverse Primer (5 pmol/puL)
Template (RT product cDNA)
dd H,0

10.0 pL
2.0 pL
2.0 L.
2.0 pL
4.0 pL

Note: The circulating temperature is: 95°C 305, 95°C 155, 60 °C

30 s, 40 cycles.
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Fig. 1. The technical flow chart.

pathogenesis at the molecular level and assist in the development of new drugs.

As a kind of programmed cell death, pyroptosis has been proven to be closely related to diseases such as inflammation and tumor [3,
4]. The process of pyroptosis can be roughly described as follows: because it mediates a variety of caspases through the activation of
inflammatory corpuscles, the cells continue to extend until they rupture and die. This process leads to the release of cellular substances,
which leads to an inflammatory reaction [5]. However, the role of pyroptosis in CRS, a chronic inflammation, is still unclear.

Based on the transcriptome data of CRS, this paper aimed to explore the important role of pyroptosis-related genes (PRGs) in the
occurrence and development of CRS. Specifically, we downloaded the transcriptome data of CRS and its control group from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/). After batch correction and differential expression analysis, we used the weighted co-
expression network (WGCNA) algorithm to screen gene modules related to CRS. After crossing the gene module and the genes related
to scorch death, the enrichment analysis and protein interaction (PPI) network analysis of the intersection genes were carried out.
Three algorithms of network analysis were used to identify the hub gene in the PPI network, and external data sets were used to verify
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Fig. 2. Box diagram and differential expression analysis of transcriptome data before and after correction. A and B are box charts before and after
the transcription data calibration. C is the volcano map obtained by differential expression analysis of transcriptome data.

ROC. In addition, based on Cibersort analysis of hub gene expression, this paper explored the difference in infiltration abundance of 22
kinds of immune cells in CRS and its control group. Finally, through the interaction network of hub gene, miRNA, and transcription
factor (TF), we found miRNA and TF related to CRS. This study aimed to identify potential PRGs with diagnostic value for CRS to
provide possible therapeutic approaches for CRS patients.

2. Method
2.1. Data acquisition and batch correction

Transcriptome data of CRS and its control group were obtained from the GEO database. Among them, GSE136825 was used as the
training data set (including 42 CRS samples and 33 control samples), and the platform is GPL20301 Illumina His EQ 4000 (Homo
sapiens). GSE179265 was utilized as the external test data set (including 9 CRS samples and 7 control samples), and the platform is
GPL24676 Illumina NovaSeq 6000 (Homo sapiens). GSE36830 was utilized as another external test data set (including 18 CRS samples
and 6 control samples), and the platform is GPL570 [HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array (Homo sa-
piens). R-package “SVA” was applied to remove the batch effect of samples.

2.2. Differential expression analysis

In the study, DEGs extraction of training set data was realized by using the R-packet “limma.” DEGs with |logFC|>0 and adj.P.
Val<0.01 was finally retained.

2.3. Weighted correlation network analysis
We used the R package “WGCNA” to implement the WGCNA algorithm, which is applied to screen gene modules significantly

related to CRS. Specifically, we imported DEGs and sample labels into the WGCNA package for analysis. The minimum number of
modules was 50, and the optimal power value was 8. In this method, the weighted adjacency matrix provided by the network was
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Fig. 3. WGCNA analysis of differential genes. A is the graph of scale independence, average connectivity, and scale-free topology. B is cluster plot
analysis of the relationship between CRS and modules. C and D give the cluster tree diagram of co-expression network modules and the correlation
between different gene modules and CRS.

Mngy

transformed into an overlapping topological matrix (TOM). The cluster tree structure of TOM was constructed by hierarchical clus-
tering. In addition, according to the gene expression pattern, the gene was divided into multiple modules, and then the correlation and
significance between each module and CRS were calculated.

2.4. GO and KEGG enrichment analysis

With the R-packet “clusterprofile,” the KEGG and GO enrichment analysis of the genes in the gene module with a significant
positive relationship to CRS was performed. The R tool “ggplot2” was then implemented to visualize the outcomes of the enrichment
analysis.

2.5. PPI network construction and hub genes identification

The String database (http://string.embl.de/) was utilized in this work to import the gene modules with significantly positive CRS
correlation. The confidence level was adjusted to 0.4, and the PPI network findings were obtained. Then, the network was displayed
using the Cytoscape software. The hub gene in the network was identified via using three algorithms: Betweenness, Degree and MCC
provided by cytoscape plug-in.

2.6. Immune landscape exploration based on the CIBERSORT algorithm

In this paper, the expression of the hub gene in CRS and its control group was introduced into the CIBERSORT algorithm, and the
difference of infiltration abundance of 22 kinds of immune cells between the two groups was evaluated.

2.7. Construction of interaction network between hub genes, miRNA, and TF

For the construction of the interactive network between the hub gene and miRNA, this paper was based on the TarBase v8.0
database of the networkanalyst database (https://www.networkanalyst.ca).

The ENCODE database.

(http://amp.pharm.mssm.edu/harmonizome/dataset/encode%20+%20transcription%20+%20factor%20-+%20targets) was

applied to create the interaction network between the hub gene and TF.


http://string.embl.de/
https://www.networkanalyst.ca
http://amp.pharm.mssm.edu/harmonizome/dataset/encode%20+%20transcription%20+%20factor%20+%20targets

Y. Wan et al.

A WGCNA_module

B

Heliyon 10 (2024) e22944

Type

Con
CRSwNP

DR ARRRRRRRRRARRNE ||| Type
3
e
N2
1
0

——

PRGs \ l rees
H H I SERPING! >
LT
|| - -
CasP3
i ! L i -3
H [ GSOMC
J J s
1151 98 T TITITTHH I 1 1
cHLr
’ H CLECSA
’ I Czma
‘ BTK
1k 0~
AT -
cHizL1™ | [ NLrcas | [ caspa~ | [ czma=- NAIP™ cLECsA™ | | Gsomc™ | [ mkis7 g | [ TPsa BTK™
.
.
75 ([ o
.
: ¢ * +
S t
@ Type
£ 50 ‘
x . E3 Con
o
® Bl CRswNP
7] .
(4]
25 H .
.
. .
0.04 T T T T T T T T T T T T T T T T T T T T
FF PE OF FE FF PF FF SF PF G F PF PF
& & & & & & & & & & & &
Type

Fig. 4. Acquisition and expression analysis of intersection gene. A is the Wayne diagram of the intersection of genes and PRGs in the significant
correlation module. B and C are the heat map and box map of intersection gene expression in CRS and its control group, respectively.

2.8. qRT-qPCR experimental verification

In this paper, qCPR experiment verified that the mRNA expression level of hub genes was screened in two groups (normal control
group (NC) and CRS group). The CRS group used cells from CRS with nasal polyps (CRSWNP) samples. Specifically, the cells used were
the nasal mucosal epithelial celcls of CRSWNP patients and normal human nasal mucosal epithelial cells. After RNA extraction from
cells, cDNA preparation by RT, and mRNA amplification by fluorescence quantitative qRT-qPCR, data processing and analysis were
carried out, and histogram was drawn. The primer sequence and quantitative PCR reaction system (Table 1) are shown below.

Primer sequence:

NLRC4: F-5-TGTGTGACCTTGCCCAGAAC-3'
R-5-TGGACTTGCCTTTGCCAGAT-3'

TP53: F-5-TGAGGAGTGTCCGAAGAGAATG-3'
R-5-GGAAGGCAGTCTGGCTGATA-3'

CASP3: F-5-GCTCATACCTGTGGCTGTGT-3'
R-5-GCTTTGGTTCCCGCAAAACT-3'

NAIP: F-5-ACCCCTATGTGCTTGAGTTTCC-3'
R-5-GAATCCCAGACGAAGTCCCC-3'
GAPDH: F-5-TCAGCAATGCCTCCTGCAC-3'
R-5-TCTGGGTGGCAGTGATGGC-3'
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Fig. 5. Enrichment analysis of intersection genes. A and B give the histogram and bubble chart of GO enrichment analysis of the intersection gene,
respectively. C and D provided the histogram and bubble diagram of the KEGG enrichment analysis of the intersection gene, respectively.

3. Results
3.1. Data acquisition and batch correction

Fig. 1 shows the technical flow chart. In this study, the training set data was batch-corrected. Fig. 2A-B displays the box charts of
the data set before and after rectification. This researcher conducted a differential expression analysis on the corrected data. The
volcanic map produced by the differential expression analysis procedure was illustrate in Fig. 2C.

3.2. Screening CRS-related modules based on the WGCNA algorithm

Further, DEGs were input into the WGCNA algorithm. The algorithm calculated the coexpression correlation coefficient between
genes according to the expression level of DEGs and then clustered the genes based on Euclidean distance and pruned them. Fig. 3A
show the trimmed gene cluster tree output by the algorithm. Moreover, Fig. 3B demonstrate the connection between different gene
modules and CRS. Among them, the blue module and green-yellow module had the highest correlation with CRS (Fig. 3C-D).
Therefore, we will further analyze the genes in the blue module and the green-yellow module.

3.3. Enrichment analysis and PPI network construction

In this paper, the genes in the significant gene module were intersected with PRGs, and 12 intersected genes were obtained
(Fig. 4A). We analyzed the expression calorimetry (Fig. 4B) and expression difference box diagram (Fig. 4C) of 12 intersecting genes in
CRS and its control group. Fig. 5 showed the structure of the enrichment analysis of intersection genes in this paper. Fig. 5A-B and
Fig. 5C-D showed the histogram and bubble diagram of the intersection gene GO enriched by KEGG, respectively. For the significant
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pathways obtained by enrichment analysis, this paper will discuss them in detail in the fourth section. In addition, we also analyzed the
PPI of the intersecting genes and got the PPI network (Fig. 6A). Fig. 6B-D are hub genes in the network identified based on three
algorithms of Betweeness, Degree, and MCC in cytoscape. We intersected the genes selected by the three algorithms, and finally got five
hub genes (CASP3, IL18, NAIP, NLRC4, and TP53).

We used both internal and external data sets to confirm the expression levels of these five genes. The ROC curves for five genes from
the internal data set can be seen in Fig. 7A-E. Fig. 8A shows the expression differences of five genes between the CRS group and control
group on the external test set. The ROC curves for five genes on external data sets were displayed in Fig. 8B-F. The ROC curves for five
genes on another external data sets were displayed in Fig. 8G-K. The AUC of all five genes was greater than 0.6, which was of
diagnostic significance for CRS. Finally, the nomogram model of diagnostic genes was constructed (Fig. 9A). Fig. 9B-C shows the
calibration curve and decision curve of nomogram model respectively. As can be seen from the figure, the nomogram model jv has high
diagnostic performance.

3.4. Immune landscape of intersecting genes

In this research, the expression levels of five hub genes in CRS and its control group were introduced into the CIBERSORT algo-
rithm, the infiltration abundance of 22 kinds of immune cells in the two groups was obtained, and the box diagram of Fig. 10A was
drawn. Among them, the infiltration abundance of Plasma cells, T cells follicular helper, Macrophages M2, Dendritic cells activated,
and Neutrophils was significantly different between the two groups. We will analyze in detail the critical role of these immune cells in
the development of CRS inflammation in the discussion section.

Besides, we also examined the correlation between five hub genes and immune cells (Fig. 10B-F). Among them, CASP3 was
significantly related to Dendritic cells activated, T cells follicular helper, Macrophages M2, and Mast cells resting. IL-18 was markedly
correlated with NK cells resting and Plasma cells. NAIP was notably relevant to Macrophages M2 and Plasma cells. NLRC4 was
dramatically associated with Neutrophils, Macrophages M2, T cells CD4 memory activated and Plasma cells. TP53 had a obviously
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relationship with T cells follicular helper, Dendritic cells activated, and Plasma cells.
3.5. Interaction network between hub genes, miRNA, and TF

This paper discussed miRNA interacting with five hub genes based on the TarBase database (v0.8) (Fig. 11A). Among them, CASP3,
TP53, and IL18 have interactions with many miRNAs. In addition, TF interacting with five hub genes was displayed based on the
JASPAR database (Fig. 11B). Among them, CASP3, TP53, NAIP, NLRC4, and IL18 have interactions with many TFs. We will discuss
these miRNA and TF in the discussion section.

3.6. qRT-qPCR experimental verification results

The nasal mucosal epithelial cells of CRSWNP patients and normal human nasal mucosal epithelial cells were evaluated by qRT-
qPCR to verify whether NLRC4, TP53, CASP3 and NAIP were differentially expressed in the samples. It was found that TP53 and
CASP3 had elevated expression in the CRSWNP group as compared with the expression levels in the control group (Fig. 12).

4. Discussion

CRS is an otolaryngology disease with a high recurrence rate. Pyroptosis is a kind of programmed cell death, which is closely related
to the inflammatory reaction of many diseases. In this paper, the role of pyroptosis -related genes in CRS was discussed, but it was not
clear. Therefore, this paper analyzed the different expressions of the training set data after batch correction.

Firstly, the WGCNA algorithm was used to screen the modules related to CRS. The DEGs were imported into the WGCNA package
for analysis, and the gene module related to CRS was screened. Then the genes in the gene module were intersected with PRGs
collected in previous literature. GO and KEGG enrichment analyses were performed on the intersecting genes (Fig. 5). In the GO
enrichment pathway, we determined that pyroptosis had closed relatedness to infection [6]. IL-17A can induce the focal death of
human nasal epithelial cells (hNEC) in patients with CRSWNP through extracellular signal-regulated kinase (ERK) pathway [7]. NLRP3
is closely related to inflammation, and it has been confirmed that NLRP3 is involved in the pathogenesis of CRS [8]. S100A8 is a
calcium and zinc binding protein that plays an important role in regulating inflammatory processes and immune response. Nakatani A
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Fig. 8. ROC verification of hub gene in external data set. A is the expression box diagram of the hub genes in CRS and its control group. B-F are ROC
curves of CASP3, IL18, NAIP, NLRC4, and TP53 in the GSE179265 data set, respectively. G-K are ROC curves of CASP3, IL18, NAIP, NLRC4, and
TP53 in the GSE36830 data set, respectively.

et al. confirmed that SI00A8 could induce the production of interleukin -1 in the nasal epithelium, which is involved in the path-
ogenesis of eosinophilic rhinosinusitis [9]. In the KEGG enrichment pathway, Ding S et al. certained that the NOD-like receptor
signaling pathway is a critical CRS signaling pathway through network pharmacological analysis [10]. There are differences in the
expression of key apoptosis markers at mRNA and miRNA levels in patients with CSRWNP [11]. Apigenin can alleviate the nasal
mucosa remodeling induced by TGF-f1 by inhibiting the MAPK/NF-kB signaling pathway of CRS, which indicates that apigenin can be

used as a potential therapeutic drug for CRS [12].

Second, we used the PPI network to identify hub genes for CRS from intersection genes. Specifically, based on three algorithms, we
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screened hub genes (CASP3, IL18, NAIP, NLRC4, and TP53). The protein encoded by CASP3 gene is a cysteine-aspartic protease, which
is involved in the signal pathway of apoptosis and inflammation. The two pathways are all associated with CRS [8,11]. CRS is
characterized by persistent symptomatic inflammation of nasal and sinus mucosa [13]. IL-9 plays an important role in triggering an
inflammatory reaction, stimulating cell proliferation, and preventing cell apoptosis by binding with the IL-9 receptor (IL-9R). They are
overexpressed at protein and mRNA levels in CRS [14]. IL-18 has been proven to be a potential therapeutic target for CRS [15]. The
protein encoded by NAIP gene can inhibit cell apoptosis induced by various signals. Specifically, it is an anti-apoptosis protein that
inhibits the activities of CASP3, CASP7, and CASP9. NLRC4 encodes a member of the NLR family containing a caspase recruitment
domain and is also a key component of inflammatory corpuscles [16]. TP53 can induce cell cycle arrest, apoptosis, aging, DNA repair,
or metabolic changes. Huang GJ et al. identified TP53 as an important DEFGs of CRSWNP [17]. We also verified the ROC curves of the
hub genes. The AUC of these genes in the training set and the test set was greater than 0.5, which was of diagnostic significance for CRS.

Thirdly, based on the expression of hub genes, we evaluated the infiltration abundance of 22 kinds of immune cells in CRS and its
control group. Among them, the infiltration abundance of Plasma cells, T cells follicular helper, Macrophages M2, Dendritic cells
activated, and Neutrophils cells in the two groups were significantly different. The relationship between these immune cells and CRS
can be confirmed in the following literature. Arjun Mandih et al. used CD27 as a marker of plasma cells and confirmed through ex-
periments that the existence of biofilm in CRS seems to be related to the host inflammatory reaction caused by plasma cells [18]. T cells
follicular helper and their effector cytokine IL-21 play an essential role in the occurrence and development of CRSWNP [19]. M2
macrophage has an anti-inflammatory effect. Loss of SENP3 will increase the number of M2 macrophages in the nasal mucosa, which is
of great significance to CRS [20]. Studying the expression of different dendritic cells (DC) in patients with CRSWNP can be used as a
critical measure in the progress of the disease [21]. Neutrophils have also been confirmed to be closely related to CRS pathology [22].

Finally, the interaction network between the hub genes and miRNA was constructed. So was the hub genes and TF. MiRNA can be
used as a potential negative regulator of inflammation [23]. In the mouse experiment of CRS, Gu X et al. confirmed that the expression
of mir-335-5p (the miRNA linked with NAIP and NLRC4) was related to CRS [24]. Morawska-Kochman M et al. found that there was
no significant difference in the level of mir-146a-5p (miRNA linked with IL-18, NAIP, and NLRC4) between HC and CRSwWNP, which
may be due to the delayed induction of miR-146a/b, which may be a compensatory response to inhibit inflammation [25]. In Fig. 10B,
we found that the protein encoded by MEF2A gene was involved in apoptosis. Previous studies have confirmed that apoptosis plays a
vital role in the pathogenesis of CRS [11]. NR3C1 is involved in inflammatory reactions. Refractory rhinosinusitis (DTRS) is a
particular type of CRS. Wu C et al. indicated that NR3C1 gene polymorphism is significantly related to DTRS [26]. EGR1 can regulate
cell survival, proliferation, and cell death, activate the expression of p53/TP53 and TGFB1, and regulate the expression of a protein
involved in the inflammatory process and tissue injury after ischemia, such as CXCL2 and IL1B. The level of CXCL2 is significantly
correlated with the scope of CRS without nasal polyps (CRSsNP) disease [27]. Mfuna Endam L et al. studied the association between
single nucleotide polymorphisms (SNP) in IL1B (rs16944) gene in CRS patients. Unfortunately, the association with IL1B has not been
found, and further research is needed in the future [28].

This study used WGCNA and PPI analysis to identify targets and molecular pathways related to CRS. The biological significance of
PRGs in CRS was explored at the genetic level through multiple data sets. In addition, ROC curve validation showed that the five hub
genes highly predicted specificity and sensitivity. However, this study has some limitations that must be considered. First, the qRT-
gPCR experiment only verified the expression difference of hub genes between CRSWNP samples and normal samples. The differ-
ence in expression between CRSSNP samples and normal samples was not confirmed. Secondly, there is no further experimental
verification of the detailed molecular mechanisms of the five hub genes. In future studies, our research will focus on verifying the
molecular functions and mechanisms of action of the five hub genes in CRS through biological experiments.

5. Conclusion

In a word, five hub genes were identified and verified by focusing on the role of apoptosis-related genes in CRS. In addition, the
immune landscape of the hub genes in CRS and its interaction with miRNA and TF were discussed, respectively. In the future research,
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we need to further verify these genes through experiments.
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