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Objective: The mechanisms underlying the chronic rhinosinusitis with nasal polyps (CRSWNP) remained unclear. This study aimed
to identify differentially expressed genes (DEGs) in nasal polyps from CRSwNP patients compared to healthy controls and explore key
genes and pathways associated with CRSwWNP pathophysiology and prognosis.

Methods: Three datasets were obtained from the Gene Expression Omnibus database and the intersecting DEGs were identified in CRSwWNP
patients. Gene Ontology (GO) and protein-protein interaction (PPI) network analysis were applied to investigate the function of DEGs. Nasal
specimens from 90 CRSwNP and 45 controls were further collected and qRT-PCR was applied to verify the mRNA expression of hub genes, and
moreover, their association with tissue eosinophilia and clinical characteristics in CRSWNP were analyzed.

Results: Sixty-eight co-DEGs including 8 upregulated and 60 downregulated genes were identified and GO analyses identified the terms
including positive regulation of ERK1 and ERK2 cascade, transforming growth factor beta receptor signaling pathway. PPI networks identified
hub genes including EGF, ERBB4, AZGP1, CRISP3 and PIP which were validated to be significantly down-regulated in CRSwWNP and showed
well diagnostic prediction quality. In addition, lower mRNA expressions level of EGF and AZGP1 in eosinophilic CRSWNP compared with
non-eosinophilic CRSWNP were found. Aberrant low expressions of EGF and AZGP1 protein in CRSWNP were identified, and there was good
consistency between their mRNA expression level and protein relative expression level. Furthermore, the expressions of EGF and AZGP1
mRNA were significantly correlated with clinical severity parameters.

Conclusion: Integrated analysis revealed 68 co-DEGs between nasal polyps and controls and identified hub genes, of which EGF and
AZGP1 expression was significantly downregulated in eosinophilic CRSwWNP and correlated with disease severity. Downregulation of
EGF and AZGP1 may contribute to epithelial barrier dysfunction and type 2 inflammation in CRSwNP, suggesting them as potential
diagnostic biomarkers and therapeutic targets.
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Introduction

Chronic rhinosinusitis with nasal polyps (CRSwWNP) is a common chronic upper airway inflammatory disorder with high
prevalence, significant impact on health-related quality of life (HRQoL) and it is associated with substantial healthcare
and productivity costs.'? Great efforts have been done to explore the underlying pathogenic factors of CRSWNP, the
known biological processes implicated in CRSwNP are multifaceted, mainly including barrier deficits, alteration of ion
channels or genes involved in the TH2 inflammatory response, dysregulation of the host immune system and mucociliary
clearance (MCC) dysfunction.*”” However, CRSWNP enjoys higher recurrence rates and poor response to standard
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therapies, especially for eosinophilic CRSWNP.® Ineffective clinical management of CRSWNP partly due to the limited
understanding of molecular mechanisms underlying pathogenesis and a paucity of effective therapeutic interventions,
particularly in eosinophilic CRSWNP. So, understanding the mechanisms that underlie CRSwNP pathogenesis may help
identify targets in critical candidate pathways for therapeutic interventions.

High-throughput sequencing and bioinformatic analysis have emerged as highly effective tools in recent years.’
Nevertheless, large numbers of microarray data have not been fully utilized. Reanalyzing existing microarray datasets
with latest bioinformatics tools may uncover new pathogenic factors that were missed in original studies. Integrating data
from multiple studies can overcome limitations of individual datasets and enhance the power to identify robust gene
signatures. Bioinformatics analysis approaches that use well-powered datasets are necessary to thoroughly elucidate gene
signatures and reveal novel pathogenic factors and therapeutic targets in CRSwNP.

In the present study, we identified differentially expressed genes (DEGs) in nasal polyps from CRSwNP patients
compared to healthy controls to discover key genes and pathways associated with CRSWNP pathophysiology and
prognosis through functional enrichment and network analysis of the DEGs, and verified the expression and clinical
relevance of the hub genes experimentally. The gene signatures and candidate pathways would help identify disease
targets and novel treatment options such as biologics for CRSwNP.

Materials and Methods

Study Design

The whole research was divided into discovery phase and verification phase. This study complies with the Declaration of
Helsinki. The written informed forms from all participants in this study was obtained. Approval for this study was
obtained from the institutional review board (IRB) of the Second Hospital of Shandong University, China [China
approval number: KYLL-2021 (KJ) P-0241]. Details of the study workflow including data collection, data analysis,
subject recruitment, data verification and interpretation are shown in Figure 1.

Microarray Data Collection and Multiple-Dataset Integration Analysis
Three datasets including GSE194282, GSE36830 and GSE23552 were selected from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/) and the details of the 3 datasets are summarized in Table S1. The

corresponding series of matrix TXT files and platform TXT files were downloaded and the R package “limma” was used
to test the expression data and search for DEGs. ImFit function fits a linear model and makeContrast function expresses
contrasts between the coefficients from the linear model fit as a numeric matrix, function eBayes was then used to rank
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Figure | Study workflow from data analysis to subject recruitment and interpretation.

4886 e Journal of Inflammation Research 2023:16

Dove!


https://www.ncbi.nlm.nih.gov/geo/
https://www.dovepress.com/get_supplementary_file.php?f=428238.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Jin etal

genes in order of evidence for differential expression, calculated using the Benjamini-Hochberg method in order to
minimize false discovery rate (FDR). Statistically significant differences were determined by FDR < 0.05, and the fold
change (FC) > 1.5 or < 2/3 (Jlog FC| > 0.585). Then, the volcano maps of each dataset were generated, the intersecting
DEGs were created by the Draw Venn Diagram (http://bioinformatics.psb.ugent.be/webtools/Venn) and the heatmap of

the intersecting DEGs were visualized by R software.

Gene Ontology (GO) Enrichment, Protein—Protein Interaction (PPl) Network

Construction and Hub Genes Identification

GO functional enrichment analysis is a commonly used method for annotating genes and identifying characteristic
biological attributes of high-throughput genome or transcriptome data.'®'' The GO functional enrichment of the
intersecting DEGs was carried out via the hypergeometric test using the clusterProfiler R package, with the cut-off
value of P less than 0.05 and ¢ less than 0.2. To identify the PPI, the intersecting DEGs were uploaded to STRING
(http://string-db.org/) with the combined score value set as >0.4. Then, Cytoscape (version 3.9.1, USA) software was

used for PPI network visualization, and the hub genes were identified by the plug-ins of Cytoscape software Molecular
Complex Detection (MCODE) with cluster degrees no less than 8, the node score cutoff (NSC) was set as 0.2, and
k-core, a parameter of connectedness for nodes in a network, was set as 2.

Patients Recruitment

A total of 90 patients with CRSwNP including 56 eCRSwWNP cases and 34 non-eCRSwWNP cases and 45 control subjects
were recruited for this study from the Department of Otolaryngology, the Second Hospital of Shandong University. The
diagnosis of CRSwWNP was made according to the European Position Paper on Rhinosinusitis and Nasal Polyps
guidelines."'? Nasal polyp tissues were obtained from CRSwWNP patients who underwent functional endoscopic sinus
surgery. Middle turbinate and uncinate tissues from control subjects without other sinonasal diseases were those
undergoing septoplasty because of anatomic variations. None of the patients had been treated with corticosteroids,
immunomodulatory agents, or antibiotics within 4 weeks before enrollment. The exclusion criteria were as follows: age
<18 or >80 years, patients with acute infections, a diagnosis of cystic fibrosis, immunodeficiency, aspirin intolerance,
autoimmune disease and fungal sinusitis. Details of the subjects’ characteristics are included in Table 1. Due to the
limited sizes of the tissue, not all specimens were used for each analysis.

Clinical Characteristics Collection of CRSWNP Patients

Visual Analogue Scale (VAS) scores and Sino Nasal Outcome Test-22 (SNOT-22) questionnaires were used to assess symptoms
severity in CRSwNP patients. For VAS, seven typical symptoms including nasal congestion, purulent rhinorrhea, smell loss,
headache/facial pain, sneezing, nasal itching and eye itching were evaluated by patients with scores from 0 (Symptom not present)

Table | The Clinical Characteristics of CRSWNP and Control Subjects for
DEGs Verification

CRSwWNP (n=90) | Control (n=45) | P-value
Age (years), mean+SD 45.88 + 12.73 44.93 + 10.63 0.669
Sex, male, n (%) 73 (81%) 35 (78%) 0.648
Atopy 16 (18%) 5 (11%) 0.314
History of smoking 32 (36%) 14 (31%) 0.608
History of asthma I (12%) 0 (0%) 0.014
History of surgery I (12%) 0 (0%) 0.014
Eosinophilia (No., %) 56 (62%) 0 (0%) <0.0001
The Lund-Mackay CT score | 16.33 £ 5.49 0.09 + 0.29 <0.0001

Note: P < 0.05 were considered significant.
Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; DEGs, differentially expressed genes.
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to 10 (symptom at its most severe). SNOT-22 questionnaires include 22 questions, and the questions were classified to five major
domains including rhinologic, extranasal rhinologic, ear/facial, psychological and sleep dysfunction. Each item in each domain
was scored from 0 to 5. Moreover, computed tomography (CT) results were recorded by Lund-Mackay Score (LMS) system.
Each sinus (maxillary, anterior ethmoid, posterior ethmoid, sphenoid and frontal) was scored as 0 (completely transparent), 1
(partially opaque) and 2 (completely opaque), and the osteomeatal complex (OMC) region scores of 0 or 2 (not occluded/
occluded), so that the sum of all sinus and OMC region scores range from 0 to 24.

RNA Extraction and Real-Time Quantitative PCR (RT-qPCR)

Fresh tissues were collected and stored in RNAlater solution (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA
was isolated by using a power homogenizer (TTANGEN, China) and TRIzol® reagent (Invitrogen, USA) followed by 1
pg total RNA reverse transcribed to cDNA with reversing transcription kit (Thermo, USA) based on the manufacturer’s
protocol. The mRNA expression levels of EGF, ERBB4, PDGFC, AZGP1, CRISP3 and PIP were validated by real-time
RT-PCR analysis (Mastercycler Nexus, Eppendorf, Germany) with the SYBR Green PCR Master Mix Kit (Takara,
Japan). The relative expression was calculated by using the 2~ methods normalized against the housekeeping gene,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The details of primer sequences are presented in Table S2.

Receiver Operating Characteristics (ROC) Curve Analysis
ROC curve analysis was performed based on GraphPad Prism 7.04 (GraphPad Software, La Jolla, CA) for evaluating the
sensitivity and specificity of 5 hub genes expression in CRSwNP diagnosis. The area under curve (AUC) is calculated to
assess the veracity and reliability of diagnosis to discriminate the CRSwNP patients from normal subjects. The
corresponding cutoff points of the ROC curve were determined by the Youden’s Index. The sensitivity, specificity and
95% confidence intervals (ClIs) were calculated using the binary regression model.

Hematoxylin and Eosin (H&E) and Immunohistochemistry (IHC) Staining
Tissue specimens were obtained during surgery and soaked in 10% formalin. The embedded tissues were cut into 5 um
sections. Slides were stained with H&E for eosinophil infiltration evaluation. The number of eosinophils was counted in
5 randomly selected high-power fields (HPF) by two different observers who were unaware of the clinical data. Tissue
specimens were denoted in terms of eosinophilic CRSwWNP when the count of eosinophils was higher than 10 per HPF.
The localization and expression of EGF and AZGP1 protein was examined by IHC staining. The slides were
incubated with citrate buffer (pH 6.0) in a 97°C constant temperature water bath, treated with freshly prepared 3%
hydrogen peroxide for 15 minutes and further washed in PBS buffered saline. Then the slides were incubated overnight at
4°C with anti-EGF (EGF-10, Abcam, Cambridge, UK; 1:100 dilution) and anti-AZGP1 (Santa Cruz Biotechnology, Inc,
sc-13585; 1:50 dilution). After that, the slides were incubated with DAKO EnVision+System-HRP (Dako A/S, Glostrup,
Denmark) at room temperature for 30 minutes and developed by using DAB as substrate. Five random areas for each
sample were selected for qualitatively immunostaining analysis by using the Image Pro Plus software (version 6.0) to
semi-quantitatively determine the average optical density values.

Molecular Docking

The X-ray crystal structures of AZGP1 (1T7W) and EGF (INQL) were retrieved from the Protein Data Bank. First, the
protein was eliminated the water molecules and added the polar hydrogen manually in the AutoDockTools-1.5.7 to
ensure the accuracy of the docking results.'> Then, Docking Web Server (GRAMM) was used for protein—protein

docking.'* Finally, the protein—protein interactions were predicted and the protein—protein interaction figure was
generated by PyMOL.

Gene Set Enrichment Analysis (GSEA)

To further explore the potential function of EGF and AZGP1 in CRSwWNP, the CRSWNP samples in GSE36830 were
divided into 2 groups (high vs low) according to the median expression value of EGF and AZGPI1. The molecular
signaling pathways involved in CRSwNP at these groups of gene set level were performed by GSEA. Then
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clusterprofiler package of R was utilized to conduct GSEA, and the “h.all.v2023.1.Hs.entrez.gmt” were selected as
reference gene sets, which were downloaded from the Molecular Signature Database (MSigDB, http://software.broad

institute.org/gsea/msigdb).'>'® An adjusted P value < 0.05 was chosen as the cut-off criteria.

Statistical Analysis

Statistical analysis was conducted by using GraphPad Prism 7.04 (GraphPad Software, La Jolla, CA) and SPSS 25.0 for Windows
(IBM, Chicago, USA). The Mann—Whitney U-test and Chi-square test were used to detect the differences between the two groups.
The Spearman correlation coefficient was used to estimate the correlation between two statistical variables. The receiver operator
characteristic (ROC) curve was used to calculate the area under the curve (AUC) to discriminate the CRSWNP patients from
normal subjects. P < 0.05 was considered statistically significant in all cases.

Results
The Screening of DEGs

Integrative datasets analysis is a way to avoid a high proportion of false positives in an individual dataset. We identified
336, 924 and 1291 genes that were significantly differentially expressed in nasal polyps compared to control tissues from
GSE194282, GSE36830 and GSE23552, separately, and the volcano plots are shown in Figure 2A—C, respectively. Then,
as it is displayed in Figure 2D, 68 co-DEGs including 8 upregulated and 60 downregulated genes were derived from the
intersections of the three GEO datasets (details were showed in Table S3), and the cluster heatmap of the intersecting
DEGs is shown in Figure 2E to visualize the changes in up- and down-regulated genes.

Functional and Pathway Enrichment Analysis

Notably, the biological processes (BP) terms associated with the intersecting DEGs were signal transduction, positive regulation
of phosphatidylinositol 3-kinase signaling, adult walking behavior, retina homeostasis, detection of chemical stimulus involved in
sensory perception of bitter taste, saliva secretion, negative regulation of cAMP-dependent protein kinase activity, fatty acid
metabolic process, positive regulation of ERK1 and ERK?2 cascade, and transforming growth factor beta receptor signaling
pathway and cellular response to potassium ion, etc (all P<0.05) (Figure 2F) (details were showed in Table S4).

The ldentification of Hub Genes from PPl Networks

PPI networks were constructed to investigate the biological functions of the intersecting DEGs, which contained 29
nodes and 31 edges, and the isolated genes without interactions were removed (Figure 2G). Then, 2 sub-networks with
hub genes including EGF, ERBB4, PDGFC, AZGP1, CRISP3 and PIP were identified by the MCODE (Figure 2H and I).

Validation, ROC and Correlation Analysis of Hub Genes

The gene expression levels of 6 hub genes in nasal polyps and controls were determined by qRT-PCR to further validate
the results of bioinformatics analysis. Except for PDGFC, the expression levels of EGF, ERBB4, AZGP1, CRISP3 and
PIP were significantly down-regulated in CRSwNP (all P < 0.05) (Figure 3Aa—Af), which was consistent with the results
identified by bioinformatics analysis.

To determine the diagnostic values of EGF, ERBB4, AZGP1, CRISP3 and PIP for CRSWNP, the receiver operator
characteristic (ROC) analysis was performed. Regarding diagnostic prediction quality, these 5 genes performed well with
the area under the curves (AUC) are 0.7386, 0.7342, 0.8872, 0.817 and 0.8367, respectively (Figure 3Ba—Be). The AUC
of the combined detection of the 5 indexes was 0.8941, which was higher than that of every single detection (Figure 3Bf).

Furthermore, we analyzed the correlations between the mRNA expression of the genes in each PPI sub-network. We
found in the EGF-ERBB4-PDGFC sub-network, only the expression of EGF and PDGFC was significantly positively
correlated (=0.6619, P<0.0001). But in the AZGP1-CRISP3-PIP sub-network, PIP and AZGP1 (r = 0.2091, P=0.048),
CRISP3 and PIP (r = 0.5365. P<0.0001) and AZGP1 and CRISP3 (r = 0.3388, P=0.0011) were found significantly
positively correlated (Figure 3Ca—Cf).
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Figure 2 The screening of DEGs, GO BP analysis, PPl network and identification of hub genes. (A) Volcano plots of GSE194282; (B) Volcano plots of GSE36830; (C)
Volcano plots of GSE23552; statistically significant differences were determined by an adjusted P value of < 0.05 and the fold change (FC) > 1.5 or < 2/3. (D) Venn diagram of
the three GEO datasets. (E) Heatmap of 68 intersecting DEGs in CRSWNP compared to healthy controls. Red represents logFC >0, while blue represents logFC <0. (F)
Bubble plots of GO terms; P < 0.05 were considered significant. (G) PPl network of 68 intersecting DEGs; the node colors representing the extent of the protein; green
represents high and purple represents low; the combined score value set as > 0.4. (H) The sub-network of hub genes including EGF, ERBB4 and PDGFC; (I) The sub-
network of hub genes including AZGPI, CRISP3 and PIP; the cluster degrees set as no less than 8.

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; DEGs, differentially expressed genes; GO, Gene Ontology; BP, biological processes; PP, protein—protein
interaction; EGF, epidermal growth factor; ERBB4, Erb-B2 receptor tyrosine kinase 4; PDGFC, platelet derived growth factor C; AZGPI, alpha-2-glycoprotein |, zinc-binding
; CRISP3, cysteine rich secretory protein 3; PIP, prolactin induced protein.

Down Regulation of EGF and AZGPl mRNA Expression Level in Eosinophilic

CRSwNP Compared with Non-Eosinophilic CRSwWNP

In this study, 62% of CRSwNP showed tissue eosinophilia (n = 56) (Table 1). Typical H&E staining of control,
eosinophilic CRSWNP and non-eosinophilic CRSWNP are shown in Figure 4 A—C. The mRNA expression of EGF,
ERBB4, AZGP1, CRISP3 and PIP in eosinophilic CRSWNP and non-eosinophilic CRSwWNP were further analyzed
(Figure 4D—4H), and only EGF (P < 0.05) (Figure 4D) and AZGP1 (P < 0.05) (Figure 4F) were found to express a lower
level in eosinophilic CRSWNP compared to non-eosinophilic CRSwNP. Furthermore, the mRNA expression of EGF and
AZGP1 was significantly positively correlated (r = 0.6274, P < 0.001) (Figure 4I).

Aberrant Expression of EGF and AZGP| Protein in CRSwNP

EGF protein showed a distribution within both the nasal epithelium (mostly confined to the basal cell layer) and sub-
epithelium (including submucosal gland and cells). Immunohistochemical analysis revealed a strong staining for EGF in
control subjects compared with CRSWNP (Figure SA—C). AZGP1 protein showed a distribution mainly in submucosal
gland. In CRSwWNP patients, a significant decrease in submucosal gland density of AZGP1 was observed (Figure SD-F).
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Figure 3 The mRNA expression levels and diagnostic values of hub genes in CRSWNP. The gene expression levels of EGF (Aa), ERBB4 (Ab), PDGFC (Ac), AZGP| (Ad), CRISP3 (Ae)
and PIP (Af) in CRSWNP compared to the controls with GAPDH was used as a reference. ROC profiles of EGF (Ba), ERBB4 (Bb), AZGPI (Bc), CRISP3 (Bd), PIP (Be) as well as the
combinations of the above genes (Bf). Correlation between mRNA expression levels of gene in each sub-network, including EGF and PDGFC (Ca), EGF and ERBB4 (Cb), PDGFC and
ERBB4 (Cc), PIP and AZGP| (Cd), CRISP3 and PIP (Ce) and CRISP3 and AZGP| (Cf). P-values < 0.05 was considered statistically significant.

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; EGF, epidermal growth factor; ERBB4, Erb-B2 receptor tyrosine kinase 4, PDGFC, platelet derived
growth factor C; AZGPI, alpha-2-glycoprotein |, zinc-binding; CRISP3, cysteine rich secretory protein 3; PIP, prolactin induced protein.
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Figure 4 Down regulation of EGF and AZGP| mRNA expression level in eosinophilic CRSWNP compared with non-eosinophilic CRSWNP. Typical H&E staining (original
magnification x400) of the nasal mucosa from controls (A), eosinophilic CRSWNP (B) and non-eosinophilic CRSWNP (C). The comparison of EGF (D), ERBB4 (E), AZGP|
(F), CRISP3 (G) and PIP (H) between eosinophilic CRSWNP and non-eosinophilic CRSWNP. The correlation between the mRNA expression of EGF and AZGP1 (). P-values
< 0.05 was considered statistically significant.

Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; EGF, epidermal growth factor; ERBB4, Erb-B2 receptor tyrosine kinase 4; AZGP1I, alpha-2-glycoprotein 1,
zinc-binding; CRISP3, cysteine rich secretory protein 3; PIP, prolactin induced protein.

Further analysis found that there is good consistency between the mRNA expression level and protein relative expression
level for both EGF (r = 0.4308, P < 0.05) and AZGP1 (r = 0.6990, P < 0.01) (Figure 5G and H).

Molecular Docking Between EGF Protein and AZGP| Protein

All functional residues were identified and classified according to their interactions by Pymol. In the hydrogen bonding
interaction, multiple groups of residues were used to form hydrogen bonds between AZGP1 and EGF, such as the
hydrogen bond formed by Glu104 of AZGP1 and Lys28 of EGF. With these interaction forces, the scoring of AZGP1-
EGF is =376, which is a good performance (Figure 5I).

Correlation Between EGF and AZGPI mRNA Expression with Clinical Features in
Patients with CRSwNP

To better explain the association of both EGF and AZGP1 with the severity of CRSWNP, we explored correlation analysis
between the mRNA expression of the two genes and clinical features including VAS scores, SNOT-22 scores and Lund-
Mackay CT scores. Firstly, the high-expression group and low-expression group were divided based on the mRNA level
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Figure 5 The location distribution, expression and interaction of EGF and AZGP| protein. (A) The expression of EGF protein by IHC in control. (B) The expression of EGF
protein by IHC in CRSWNP. (C) The semi-quantity of EGF protein expression in control compared with in CRSWNP by the average optical density value. (D) The expression
of AZGPI protein by IHC in control. (E) The expression of AZGP| protein by IHC in CRSWNP. (F) The semi-quantity of AZGP| protein expression in control compared
with in CRSWNP by the average optical density value. (G) The correlation between the expression of EGF mRNA and protein. (H) The correlation between the expression
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pink stick structures. P-values < 0.05 was considered statistically significant.
Abbreviations: EGF, epidermal growth factor; AZGP1, alpha-2-glycoprotein |, zinc-binding; CRSWNP, chronic rhinosinusitis with nasal polyps; IHC, immunohistochemistry staining.

4893

Journal of Inflammation Research 2023:16
Dove:


https://www.dovepress.com
https://www.dovepress.com

Jin etal Dove

of EGF; VAS scores including nasal congestion (P < 0.05), smell loss (P < 0.05), sneezing (P < 0.01), nasal itching (P <
0.01) and eye itching (P < 0.01) were significantly higher in low-EGF group than in high-EGF group; SNOT-22 scores
including rhinologic (P < 0.01), psychological (P < 0.05) and SNOT-22 (P < 0.01) total scores were significantly higher
in low-EGF group than in high-EGF group; however, no significant differences of Lund—Mackay CT scores were found
between the two groups. Then, the high-expression group and low-expression group were divided based on the mRNA
level of AZGP1; VAS scores including nasal congestion (P < 0.01), smell loss (P < 0.05), sneezing (P < 0.05) and nasal
itching (P < 0.05) were significantly higher in low-AZGP1 group than in high-AZGP1 group; SNOT-22 scores of
rhinologic (P < 0.005) was significantly higher in low-AZGP1 group than in high-AZGP1 group; but no significant
differences of Lund—Mackay CT scores were found between the two groups (Figure 6).

GSEA of EGF and AZGPI| in CRSwWNP

To better understand the potential biological functions of EGF and AZGP1 in CRSwNP, we performed GSEA based on
the hallmark gene sets. Only gene set “HALLMARK TNFA SIGNALING VIA NFKB” was significantly perturbed in
both low-EGF samples and low-AZGP1 samples, both with enrichment scores of —0.41, suggesting that TNF-a signaling
via NF-kB may play a pivotal role in the pathophysiology of CRSwNP (Figure 7), and detailed results for 50 hallmark

gene sets were shown in Tables S5 and S6.
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Figure 6 The association of EGF and AZGP| with clinical characteristics in CRSWNP. The VAS score of nasal congestion (Aa), purulent rhinorrhea (Ab), smell loss (Ac),
headache/facial pain (Ad), sneezing (Ae), nasal itching (Af) and eye itching (Ag) comparison between the low-EGF group and high-EGF group. The SNOT-22 scores of
rhinologic (Ah), extranasal rhinologic (Ai), ear/facial (Aj), sleep dysfunction (Ak), psychological (Al) and SNOT-22 total scores (Am) comparison between the low-EGF
group and high-EGF group. (An) The Lund-Mackay CT scores in the two EGF groups. The VAS score of nasal congestion (Ba), purulent rhinorrhea (Bb), smell loss (Bc),
headache/facial pain (Bd), sneezing (Be), nasal itching (Bf) and eye itching (Bg) comparison between the low-AZGP| group and high-AZGP1 group. The SNOT-22 scores of
rhinologic (Bh), extranasal rhinologic (Bi), ear/facial (Bj), sleep dysfunction (Bk) and psychological (BI) and SNOT-22 total scores (Bm) comparison between the low-
AZGPI group and high-AZGPI group. (Bn) The Lund-Mackay scores in the two AZGPI groups. P-values < 0.05 was considered statistically significant.

Abbreviations: EGF, epidermal growth factor; AZGPI, alpha-2-glycoprotein |, zinc-binding; CRSWNP, chronic rhinosinusitis with nasal polyps; VAS, visual analogue scale;
SNOT-22, Sino nasal outcome test-22.
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Discussion

In this study, we integrated 3 GEO databases of CRSwNP followed by the validation of a large sample size, which
allowed us to identify candidate genes and canonical pathways. 8 up-regulated and 60-downregulated co-DEGs (a total of
68 co-DEGs) were revealed among the three GEO datasets. GO BP analysis suggested that genes were enriched for
positive regulation of phosphatidylinositol 3-kinase signaling, positive regulation of ERK1 and ERK2 cascade and
transforming growth factor beta (TGF-f) receptor signaling pathway. The PPI network provided an overview illustration
of the associations among the 68 co-DEGs, 5 hub genes, including EGF, ERBB4, AZGP1, CRISP3 and PIP were
identified by mRNA analysis, interestingly, only down-regulation of EGF and AZGP1 were found significantly
associated with the clinical characteristics in CRSwNP.

CRS pathogenesis with NP formation follows sequential events, including environmental triggers, heightened
inflammation, angiogenesis and tissue remodelling. Intact epithelial barrier function is essential to protect the airways
from allergens or pathogenic insults."'”'® To strengthen the study, incorporating more databases would allow for the
exploration of a broader range of gene expression profiles and potentially identify more genes associated with CRSwNP.
Indeed, our GO BP analysis revealed that the differential genes were enriched in related pathways, including positive
regulation of phosphatidylinositol 3-kinase signaling, positive regulation of ERK1 and ERK2 cascade and TGF-§
receptor signaling pathway. According to literature, epithelial-mesenchymal transition (EMT) was involved in epithelial
tissue remodeling in CRS. And TGF-f can influence the transformation of epithelial cells into mesenchymal fibroblasts
and product extracellular matrix (ECM)."” The PI3K pathway is a non-Smad pathway that contributes to TGF-p-induced
EMT.?° In addition, ERK signaling pathways can be involved in EMT by being activated by IFN-y.?! Significantly
altered EMT related gene expression implicates the biological significance of abnormal antiviral responses in inducing
NP formation.

Proliferative potential of NP epithelium is impaired compared to healthy epithelium.***** EGF (epidermal growth
factor) is a 160 kDa membrane glycoprotein. It is a ligand of EGF-receptor and plays important roles in cell
differentiation, proliferation, motility and has been proven as a key factor in epithelial repair.****> Our previous study
showed that EGF was localized to p63" basal cells and ciliated cells, thus the reduced number of ciliated cells may be
related to the down-regulation of EGF expression in CRSwNP tissue.”® Jiao et al observed that EGF mediate the
expression of MUCS5AC through PI3K-TMEMI6A signalling pathway in CRSWNP.*® In the present study, a strong
staining for EGF in control subjects compared with CRSWNP were revealed. Moreover, a down expression level of EGF
in eosinophilic CRSwWNP and the positive relationship between EGF and clinical features score were observed. The
varying expression patterns of EGF in nasal airway epithelium during various inflammatory status implies that their role
in epithelial restitution and remodeling is diverse and EGF may play a more important role in the progression of type 2
inflammation in CRSwNP.

Previous studies demonstrated the down-regulation of AZGP1, CRISP3, and PIP in CRSwNP separately, while
the present study is the first that AZGP1, CRISP3, and PIP were found down-regulated in CRSWNP at the same time, and
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any two of the genes were found significantly positively correlated and the 3 hub genes could be diagnostic biomarkers
for CRSWNP. AZGP1 is a member of a unique, heterogeneous spectrum of major histocompatibility complex class
I genes whose functions include anti-infection and tumor immunity.*® The mechanism of action of AZGP1 in the immune
system is thought to be through liposome binding and presentation to T cells.>' In addition, AZGP1 inhibits cell cycle-
dependent proliferation, possibly through downregulation of cdc2 cell cycle protein-dependent kinase, and its increased
expression is associated with advanced tumors with increased proliferation and decreased differentiation were directly
correlated.*> Dexamethasone was found to stimulate the production of AZGP1 protein in 3T3-L1 adipocytes while
glucocorticoids are the first-line treatment for nasal polyps.®*> Thus, similar to how AZGP1 added as a protein to the
culture medium may be useful in reducing tumor cell proliferation, increasing the pharmacological effects of AZGP1
production in polyps may have therapeutic implications. Similarly, Shiu and Iwasiow reported that treatment of human
breast cancer cell lines with prolactin and hydrocortisone resulted in increased synthesis and secretion of PIP, a small
secretory glycoprotein whose expression is usually restricted to cells with paracrine properties, which suggests the
significance of PIP as a therapeutic target of CRSWNP.?’**3> PIP plays a role in cell proliferation, migration, and
adhesion and its reduction may lead to reduced cell adhesion to fibronectin.>® PIP knockdown may lead to an indirect
effect of PIP on the differentiation of primitive CD4-positive T cells to Thl cells by reducing cytokine production by
antigen-presenting cells.’’ It leads to a significant decrease in IFN-y production, which may be involved in the immune
response process in chronic sinusitis. CRISP3 is a member of the family of cysteine-rich secretory proteins (CRISPs) and
is localized in the secretory granules of neutrophils and exocrine secretions.”® Its role in innate immunity, defense
responses, multiplication, and chronic inflammation has been demonstrated.*® The down expression trend of CRISP3 in
our study is consistent with Plager et al’s study.”® It would be beneficial to validate the identified genes using
experimental methods, which could provide more definitive evidence of their role in CRSwNP. Interestingly, a lower
expression level of AZGP1 in eosinophilic CRSwNP and the positive relationship between AZGP1 and clinical features
score were observed, which also implied AZGP1 may play a role in the progression of type 2 inflammation of nasal
polyps and have a positive correlation with the progression of CRSwNP.

Based on traditional CRSwWNP treatments including nasal irrigation, intranasal and oral corticosteroids, antibiotics as
well as surgery, precision medicine is evolving rapidly. However, biologics in CRSwNP mainly focus on targeting the
type 2 cytokines such as IL-4, IL-5, IL-13, and IgE, which is based on the concept of CRSWNP endotypes.*’ Due to the
limitation of public sequencing data, we could not subgroup samples from the GEO datasets, but we subgrouped the
CRSwNP samples as eosinophilic CRSwNP and non-eosinophilic CRSwWNP for validation. We obtained the common key
genes in patients with different types of nasal polyps and further found a lower expression level of EGF and AZGP1 in
eosinophilic CRSwNP, as well as the positive correlation of EGF and AZGP1 with clinical features. Furthermore, in the
hydrogen bonding interaction, multiple groups of residues were used to form hydrogen bonds between AZGP1 and EGF,
such as the hydrogen bond formed by Glul04 of AZGP1 and Lys28 of EGF. With these interaction forces, the scoring of
AZGP1-EGF is =376, which is a good performance. So, the decrease of AZGP1 and a concomitant decrease of EGF may
together be likely the crucial risk factors that modulate the stage of CRSwNP. Furthermore, our findings may guide the
selection of gene signatures to determine the efficacy of therapeutic interventions for future clinical trials. However,
validation in a larger sample size and further mechanism research both in vitro and in vivo are needed to investigate how
these genetic changes correlate with clinical outcomes in CRSwNP. This could potentially uncover new therapeutic
targets or diagnostic markers. In addition, more feasible and easy questionnaire that associated with symptoms may be
used to reduce time consuming in the future.*!

Conclusions

In summary, our study integrated 3 GEO databases to identify the important roles of gene sets involving in the
pathophysiology of CRSwWNP. Integrated analysis revealed 68 co-DEGs between nasal polyps and controls. Further
analyses identified 6 hub genes, of which EGF and AZGP1 expression was significantly downregulated in eosinophilic
CRSwNP and correlated with disease severity. Downregulation of EGF and AZGP1 may contribute to epithelial barrier
dysfunction and type 2 inflammation in CRSWNP. Our results provide valuable information for future investigations to
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functionally validation of EGF and AZGP1, and it might lead to more personalized treatment strategies or improve the
ability to predict disease progression.
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