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Purpose: To explore the mechanisms by which circRNA/miRNA/mRNA competitive endogenous RNAs (ceRNA) networks regulate
CRSwNP.

Methods: The expression profiles of circRNAs, miRNAs, and mRNAs from patients with CRSWNP and control subjects were
acquired from the Gene Expression Omnibus database. The circRNA/miRNA/mRNA ceRNA network was constructed based on the
predicted circRNA-miRNA interactions and miRNA-mRNA interactions. Hub-mRNAs were screened by protein—protein interaction
network analysis and Cytoscape molecular complex detection. The expression of factors in tissue and in hsa_circ 0031594 siRNA
transfection cells was verified by RT-qPCR and the association between them was revealed by Spearman correlation analysis. Receiver
operating characteristic curve analysis was performed with the pROC R package.

Results: The differential expression of 5423 circRNAs, 415 miRNAs, and 3673 mRNAs was identified in CRSwNP subjects
compared to control subjects. Among these, 9 circRNAs, 39 miRNAs, and 78 mRNAs were screened to construct a ceRNA
network. Ultimately, a subnetwork including circRNA hsa circ_ 0031594, hsa-miR-1260b, hsa-miR-6507-5p, NCAPG2,
RACGAPI, CHEKI1 and PRCI1 was screened out. RT-qPCR validated that the expression of hsa circ 0031594, NCAPG2,
PRC1 was significantly increased, and hsa-miR-1260b and hsa-miR-6507-5p were expressed significantly less in patients with
CRSwNP than in control subjects. In addition, the AUCs of hsa_circ_0031594, hsa-miR-1260b, hsa-miR-6507-5p, NCAPG2, and
PRC1 to discriminate CRSWNP patients were 0.995, 0.842, 0.862, 0.765, and 0.816. Spearman correlation showed that the
expression of hsa_circ_0031594 was negatively correlated with hsa-miR-1260b and hsa-miR-6507-5p, and positively correlated
with NCAPG2 and PRCI. In human nasal epithelial cell (HNEpC) line, knocking down hsa_circ_0031594 could increase the
expression of hsa-miR-1260b and hsa-miR-6507-5p, and reduce the expression of NCAPG2 and PRCI.

Conclusion: CeRNA networks including hsa_circ 0031594, hsa-miR-1260b, and NCAPG2, and hsa_circ 0031594, hsa-miR-6507-
5p, and PRC1 may be key regulators for CRSWNP occurrence, and may be potential targets for the pathogenesis and treatment
development of CRSwWNP.
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Introduction

Chronic sinusitis with nasal polyps (CRSwNP) is characterized by chronic inflammation of the nasal cavity and paranasal
sinus mucosa.' Patients with CRSWNP experience a high burden of symptoms, including stuffy nose, runny nose, and
loss of the sense of smell, which have negative impacts on physical and mental health. Despite advances in medical
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therapy and surgical intervention for CRSWNP, the recurrence rate remains high” and the pathophysiological mechanisms
underlying CRSWNP remain unclear.

Circular RNAs (circRNAs) are a type of ncRNA deriving from exon, intron, or intergenic regions, and are characterized by
having a covalently closed continuous loop.” It is widely reported that circRNA plays an important role in cell and tissue
proliferation.* For example, circGCNILI promotes cell proliferation and apoptosis by targeting miR-330-3p and TNF-a.°
CircRNAs play important roles in CRSWNP occurrence.” Yu et al found that 1794 circRNAs were downregulated and 1081
circRNAs were upregulated in CRSWNP patients relative to control subjects.” MicroRNAs (miRNAs) are a class of small
noncoding RNAs that regulate the expression of target genes by preventing the translation or inducing the degradation of target
mRNAs.® Zhang et al identified differential miRNA expression profiles between patients with CRSsNP and those with
eosinophilic CRSWNP.” They reported that up-regulated expression of miR-125b contributes to mucosal eosinophilia in
eosinophilic CRSWNP.” Silveira et al reported that miR-205-5p was directly implicated with cell cycle regulation, and related
to T2-polarity in CRSWNP.'? Liu et al found that upregulated miR-21 can inhibit activation of NF-kB P65 and increase IL-10
expression through targeting to PDCD4 in nasal epithelial cells, which could further limit the expression of pro-inflammatory
cytokines in CRSWNP.'" Although many studies have indicated differential expressions of circRNAs and miRNAs between
patients with CRSWNP and other patients or controls, the specific regulatory mechanisms through regulation of circRNA/
miRNA/mRNA networks contributing to CRSWNP remain unclear.

CircRNAs can act as miRNA ‘sponges’ or protein scaffolds to regulate gene transcription.'? CircRNAs can regulate
mRNA expression by competitively associating with miRNAs, instead of their target mRNAs, thus forming competitive
endogenous RNA (ceRNA) network.®'*™'> However, whether the differential expression of circRNAs can regulate
CRSwNP through forming circRNA/miRNA/mRNA ceRNA networks remains unclear. Our study explores the mechan-
isms through circRNA/miRNA/mRNA ceRNA networks may regulate CRSWNP pathogenesis, providing rationale for
these RNAs to be considered as potential targets for the diagnosis and treatment of CRSwNP.

Materials and Methods

Microarray Data Information
The raw expression data for circRNA, miRNA, and mRNA was collected from the GEO database (http://www.ncbi.nlm.nih.gov/
geo/). Genomic microarray analysis of circRNA expression (GSE169375) and miRNA expression (GSE169376) was obtained

for 9 nasal mucosa samples, including samples from 6 CRSWNP patients and 3 control subjects.” Significantly differentially
expressed (DE) circRNAs between the 6 CRSWNP samples and the 3 control samples were screened by a cutoff of P <0.05 and |
log,fold change (FC)[>1.5,'*!” using the Limma R package. Significantly DEmiRNAs were identified by a cutoff of P < 0.05
using the Limma R package. MRNA expression data was obtained from nasal polyp tissue samples from 6 CRSWNP subjects
and from uncinate tissue from 6 control subjects in GSE36830.'® DEmRNAs were identified with a p-value of P < 0.05 using the
Limma R package. The basic information for the samples in the three GEO datasets used in this study are shown in Table 1.

Prediction of circRNA—mMiRNA Interaction

The circBase website (http://www.circbase.org/)!® was used to evaluate the characteristics of circRNAs. The top ten
DEcircRNAs (Table 2), including the top 5 up-regulated and the top 5 down-regulated DEcircRNAs, were identified
based on the absolute value of log,FC. The interactions between DEmiRNAs and the top ten DEcircRNAs were
predicted using the the miRanda (http://www.microrna.org)*® and the RNAhybrid (http:/bibiserv.techfak.uni-bielefeld.
de/rnahybrid) databases.”'

Table | Basic Information of the Three Microarray Datasets from GEO

Data Source Platform Tissue Sample Size (CRSWNP/Control) Author Year Region RNA Type
GSE169375 GPL28148 Nasal mucosas 6/3 Yu | 2021 China circRNA
GSEI69376 GPL21572 Nasal mucosas 6/3 Yu ) 2021 China miRNA
GSE36830 GPL570 Nasal mucosas 6/6 Kato A 2012 USA mRNA
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Table 2 Basic Characteristics of the Top Ten DEcircRNAs

CircRNA ID Position Best Transcript Gene Symbol | logFC P.Value Regulation
hsa_circ_0130618 | chré6:127901409-127911470 ENST00000329722.7 | Céorf58 -8.22392 2.83E-07 | Down
hsa_circ_0130619 | chré6:127911231-127945532 ENST00000329722.7 | Céorf58 -7.94035 5.98E-08 | Down
hsa_circ_0059817 | chr20:31596346-31606156 NM_025227 BPIFB2 -5.13992 | 0.000370401 | Down
hsa_circ_0011489 | chrl:34052103-34118061 NM_052896 CSMD2 -4.71025 I.30E-05 | Down
hsa_circ_0094266 | chrl0:83664265-83667876 NM_001010848 NRG3 -4.35613 |.74E-08 | Down
hsa_circ_0099630 | chrl2:97885421-97924637 NR_024037 RMST 3.665789 0.002738 | Up
hsa_circ_0101692 | chrl4:34394823-34400421 NM_022073 EGLN3 2981764 2.8E-05 | Up
hsa_circ_0131845 | chr6:44320462-44344210 ENST00000288390.2 | SPATSI 2.96758 0.019127 | Up
hsa_circ_0031594 | chrl4:34398281-34400421 NM_022073 EGLN3 2.882307 2.75E-05 | Up
hsa_circ_0092542 | chrl0:105891088-105924058 | ENST00000357060.3 | WDR9%6 2.805797 0.033898 | Up

Prediction of miRNA-mRNA Interaction

The mRNAs that were potentially related to the differentially expressed miRNAs were screened based on the intersection
predicted from three online miRNA target prediction tools, including TargetScan (http://www.targetscan.org/),”> miRDB
(http://www.mirdb.org/),>> and miRTarBase (http:/mirtarbase.mbc.nctu.edu.tw/php/index.php).?* The miRNA-related
mRNAs that were not differentially expressed between CRSwWNP subjects and control subjects in GSE36830 were
excluded.

Construction of a circRNA-miRNA-mRNA ceRNA Network
The circRNA/miRNA/mRNA regulatory network was constructed by integrating circRNA-miRNA pairs and miRNA-
mRNA pairs25 and was visualized using Cytoscape software (http://cytoscape.org/; version 3.8.0).

Functional Annotation of mRNAs in the ceRNA Network
The biological processes, cellular components, and molecular functions related to the mRNAs in the ceRNA network
were analyzed by Gene Ontology (GO) (http://geneontology.org/). Signalling pathways related to the mRNAs in the

ceRNA network were analyzed by Kyoto Encyclopedia of Gene and Genome (KEGG) (https://www.kegg.jp/). The

results were depicted using clusterProfiler R package.

Construction of PPl Network and Identification of Hub Genes
A PPI network related to mRNAs in the ceRNA network was established by the string database (minimum required
interaction score = 0.400 and hide disconnected nodes in the network) (http://string-db.org/). The resulting PPI network

was visualized using Cytoscape software. Subsequently, the hub-mRNAs were evaluated using the Cytoscape Molecular
Complex Detection (MCODE) (module with the following criteria: degree = 2; node score = 0.2; k-core = 2; and max.
depth = 100),?® according to the topology.

Patient Inclusion and Exclusion Criteria

A total of 28 subjects including 14 patients with CRSwNP and 14 control subjects were enrolled in this study. Patient
inclusion criteria: diagnosed with CRSwNP according to the European Position Paper on Rhinosinusitis and Nasal Polyps
(EPOS);*” no treatment with corticosteroids, immunomodulatory agents, or antibiotics within 4 weeks before enrollment.
Patients with acute infections, acetylsalicylic acid-intolerance, fungal sinusitis, immunodeficiency, coagulation disorder,
or cystic fibrosis and pregnant women were excluded. Nasal polyp tissues from patients with CRSwNP and nasal
mucosal tissues from control subjects were collected. This study was approved by the Institution Ethics Committee of
Yantai Yuhuangding Hospital and all patients provided informed consent before enrollment. Our experiments were
performed in accordance with the Declaration of Helsinki.
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RNA Extraction and RT-qPCR

Total RNA was extracted from tissue samples using Trizol reagent (Sparkjade, China), according to the manufacturer’s
instructions. Then 1 ng RNA was reverse-transcribed using AG reverse transcription kit (Accurate Biology, China). The
RT-qPCR reactions were performed using SYBR Green qPCR Mix kit (Sparkjade, China) according to the manufac-
turer’s instructions. The extraction and amplification of miRNAs was performed according to the manufacturer’s
instructions (Vazyme, China). The primers for RT-qPCR are shown in Table 3.

ROC Curve and Correlation Analysis

ROC curve analysis was carried out to calculate the areas under curve (AUC) and estimate the functional utility of the
selected the hub gene in discriminating CRSwWNP patients from normal subjects. The pROC R package was used for
ROC analyses. The correlation between hsa_circ_0031594, hsa-miR-1260b, hsa-miR-6507-5p, NCAPG2 and PRC1 was
assessed by Spearman correlation analysis.

Nasal Epithelial Cell Line Culture and Small Interference RNA Transfection

The human nasal epithelial cell (HNEpC) line was obtained from BeNa Culture Collection (BNCC, China). The HNEpC cells
were cultured by Minimum Essential Medium containing 10% fetal bovine serum at 37°C with 5% CO,. Three small
interference RNAs (siRNAs) for hsa circ 0031594 were generated by GenePharma (GenePharma Corporation, Shanghai,
China). The sequences: hsa_circ 0031594-1 siRNA, 5’- ACGCAACCAGGCAAUGGUGTT-3’; hsa_circ_0031594-2 siRNA,
5’-UUACGCAACCAGGCAAUGGTT-3’; hsa circ_0031594-3 siRNA, 5-ACCAGGCAAUGGUGGCUUGCU-3’. The
siRNA sequences of negative control (NC) were 5’-UUCUCCGAACGUGUCACGUTT-3’; All siRNAs were transfected by
Lipofectamine™ 3000 transfection reagent (Thermo Fisher Scientific, America) according to the instruction. After transfection for
48 h, the expression of hsa circ_ 0031594 was tested by real-time PCR analysis to assess the transfection efficiency.

Nuclear Cytoplasm Separation and Nucleic Acid Electrophoresis

3*10° HNEpC cells were collected for nuclear cytoplasm separation and RNA extraction by using the PARIS™ kit
(Thermo Fisher Scientific, America) according to the manufacturer’s instructions. The RNA is reversely transcribed
using HiScript Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme, China). The hsa circ 0031594 was amplified by
using 2x EasyTaq PCR SuperMix+ Dye (TransGen Biotech, China) PCR reagent according to the instructions. The
amplified nucleic acid was tested by agarose gel electrophoresis. The expression of hsa circ 0031594, U6 (control
expressed in the nuclear), and GAPDH (control expressed in the cytoplasm) in nuclear and cytoplasm were analyzed
by PCR.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, CA). The significance of differences
between groups was tested by Student’s r-test. The relative expression of genes was calculated using the 272" method.
A p-value of P < 0.05 was considered as statistically significant.

Table 3 Primer Sequences of circRNA, miRNAs, mRNAs for RT-qPCR

RNAs Forward Primer (5’-3’) Reverse Primer (5’-3’)
hsa_circ_0031594 GCTTGCTATCCGGGAAATGG GGGCTCCACATCTGCTATGA
hsa-miR-1260b ATCCCACCACTGCCACC GAACATGTCTGCGTATCTC
hsa-miR-6507-5p AGGGAAGAATAGGAGGGACT CTTTGCATGGTACTGAACCA

ué CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
NCAPG2 GGAACTGGCATTTGACACGAGC GCTGCTCTAACAATGGGTGGCT
PRCI ATAGCCAGGAGCAGAGACAAGC AACCGCACAATCTCAGCATCGTG
B-actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT
GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA
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Results
Identification of Differentially Expressed circRNAs, miRNAs, and mRNAs Between

CRSwNP Patients and Controls
A flowchart detailing the analysis steps is shown in Figure 1. In brief, 5423 DEcircRNAs were found to be differentially

expressed in patients with CRSwWNP compared to controls in GSE169375. The DEcircRNAs are shown in a volcano plot
(Figure 2A), and the top 50 DEcircRNAs visualized in a heatmap (Figure 2B). Additionally, 415 DEmiRNAs in patients
with CRSWNP compared to controls (Figure 2C) were identified from GSE169376, and the top 50 DEmiRNAs were
visualized in a heatmap (Figure 2D). Meanwhile, 3673 DEmRNAs in patients with CRSWNP compared to controls were
identified from GSE36830 (Figure 2E), and the top 50 DEmRNAs were visualized in a heatmap (Figure 2F).

Construction of the ceRNA Network

To better comprehend the role of circRNAs in regulating CRSWNP, a circRNA/miRNA/mRNA regulatory network was
generated. The top ten DEcircRNAs (Table 2) were selected as initial candidates for the ceRNA network construction. Of
the 415 DEmiRNAs, 39 miRNAs were predicted to be related to the top ten DEcircRNAs by the miRanda and
RNAhybrid databases. Of the DEcircRNAs, hsa circ 0092542 had no potential interaction with miRNAs, so it was
excluded from subsequent analyses. We chose 78 mRNAs predicted to interact with the 39 miRNAs. Finally, the 9
DEcircRNAs, the 39 miRNAs, and the 78 mRNAs (Tables S1 and S2) were used to construct the ceRNA network
(Figure 3). 62 circRNA-miRNA interaction pairs and 88 miRNA-mRNA interaction pairs were found within the ceRNA
network (Figure 3).

GSE169375
‘TOP 10
GSE169376 10 DEcircRNAs
CircRNAs-miRNAs
interaction prediction
39 DEmiRNAs
GSE36830 Intersection Target mRNAs
prediction
A 4
78 DEmRNAs
: ‘
Go a.nd KEGG PPI network
enrichment
‘MCODE
Hub Gene ceRNA network
Y
ceRNA subnetwork
Figure | Flowchart of the study.
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Figure 2 Differentially expressed circRNAs, miRNAs and mRNAs in CRSWNP subjects compared with control subjects. (A) Volcano map for all DEcircRNAs from
GSE169375. (B) Heatmap of the top 50 DEcircRNAs from GSE169375. (C) Volcano map for all DEmiRNAs from GSE169376. (D) Heatmap of the top 50 DEmiRNAs from
GSE169376. (E) Volcano map for all DEmRNAs from GSE36830. (F) Heatmap of the top 50 DEmRNAs in GSE36830.
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Figure 3 The ceRNA network of circRNA/miRNA/mRNA in CRSWNP. Red dots represent circRNAs. Green dots indicate miRNAs. Blue dots indicate mRNAs.

GO and KEGG Enrichment Analyses

In order to understand the biological functions and pathways impacted by the 78 DEmRNAs in CRSwNP, GO annotation
and KEGG pathway analysis were performed. GO enrichment analysis consists of biological processes, molecular
function, and cellular components (Figure 4A). The 78 DEmRNAs were primarily enriched in biological processes
such as neutrophil degranulation, neutrophil activation, positive regulation of cell cycle, and tube formation. The 78
DEmRNAs were mainly enriched in cellular components including fibrillar center, extrinsic component of membrane,
and nuclear membrane, and were enriched in molecular functions including kinase regulator activity, transcription
corepressor activity, and protein serine/threonine kinase activity (Figure 4A and Table S3). The 78 DEmRNAs in
CRSwNP were significantly enriched in KEGG pathways including the MAPK signaling pathway, insulin signaling
pathway, p53 signaling pathway, and the cell cycle (Figure 4B and Table S4).

Hub Genes and ceRNA Subnetwork Screen

The PPI network was established by the string database. The PPI network of the 78 DEmRNAs contained 24 proteins and 21
interaction edges (Figure 5A). The hub interaction cluster consisted of four genes: polycomb inhibitory complex 1 (PRC1),
checkpoint kinase (CHEK1), Rac GTPase Activating Protein 1 (RACGAP1), and Non-SMC lectin I complex subunit G2
(NCAPG2), as identified by the Cytoscape MCODE module (Figure 5B). By mapping the 4 hub genes into the preliminary
circRNA/miRNA/mRNA network, a circRNA/miRNA/mRNA subnetwork consisting of hsa circ 0031594, hsa-miR-1260b,
hsa-miR-6507-5p, PRC1, CHEK1, RACGAP1, NCAPG2 was proposed (Figure 5C).

Verification of Expression of the ceRNA Subnetwork Factors in CRSwWNP

In order to verify the ceRNA subnetwork analysis, we tested the expression of ceRNA subnetwork factors in nasal polyp samples
from CRSWNP patients and nasal mucosa samples from control subjects. We found that expression of hsa circ 0031594 was
significantly higher in nasal polyps than in control nasal mucosa (Figure 6A). Expression of hsa-miR-1260b and hsa-miR-6507-5p
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Figure 4 GO and KEGG analyses of 78 DEmRNAs. (A) GO analysis. (B) KEGG pathway analysis.

was significantly lower in nasal polyps than in control nasal mucosa (Figure 6B and C). The expression of NCAPG2 and PRC1 in
nasal polyps was significantly higher than in control nasal mucosa (Figure 6D and E). However, the expression of RACGAP1 and
CHEK1 was not significantly different between CRSwNP and control samples (Figure 6F and G). ROC analysis was performed to
verify the correlation between gene expression and CRSwNP. The AUCs of hsa_circ 0031594, hsa-miR-1260b, hsa-miR-6507-
5p, NCAPG2, and PRC1 were 0.995, 0.842, 0.862, 0.765, and 0.816, respectively (Figure 6H-L). Spearman correlation analysis
results (Figure 6M-P) showed that the expression of hsa circ_ 0031594 was negatively correlated with the expression of
hsa-miR-1260b (Spearman correlation coefficient = —0.55, p = 0.003) and hsa-miR-6507-5p (Spearman correlation
coefficient = —0.58, p = 0.001), and positively correlated with the expression of NCAPG2 (Spearman correlation
coefficient = 0.60, p = 0.001), and PRC1 (Spearman correlation coefficient = 0.47, p=0.011).

Knocking Down hsa_circ_0031594 Upregulated hsa-miR-1260b and hsa-miR-6507-5p

and Downregulated NCAPG2 and PRCI

Through nuclear and cytoplasm separation, hsa circ 0031594 was localized in cytoplasm of HNEpC cells (Figure 7A).
When knocking down hsa circ 0031594 expression by siRNAs in HNEpC cells, the expression of hsa circ 0031594
were obviously downregulated (Figure 7B). Meanwhile, the expression levels of hsa-miR-1260b and hsa-miR-6507-5p
were increased and the level of NCAPG2, and PRC1 was reduced in the hsa circ 0031594 siRNA group than in the NC
group (Figure 7C—F). These results showed knocking down hsa_circ 0031594 could upregulate hsa-miR-1260b and hsa-
miR-6507-5p and downregulate NCAPG2 and PRCI.

Discussion

CRSwNP is heterogeneous disease that is associated with significant public health problems and causes heavy socio-
economic burden.”®?° Abnormal gene expression is a key factor leading to the high incidence of CRSWNP,;**>! but it is
unclear how these genes are regulated. In our study, we explored the function of a circRNA/miRNA/mRNA ceRNA
network in regulating CRSwNP through bioinformatics analysis and RT-qPCR verification. We found
that hsa_circ_0031594/hsa-miR-1260b/NCAPG2 and hsa_circ_0031594/hsa-miR-6507-5p/PRC1 ceRNA subnetworks
might be primary regulators of CRSwNP, and our study provides potential targets for the diagnosis and treatment of
CRSwNP.
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Figure 5 PPl network, hub genes, and circRNA/miRNA/mRNA subnetwork for hsa_circ_0031594. (A) PPl network of 78 DEmRNA:s. (B) Four hub genes extracted from
the PPl network based on the MCODE algorithm. (C) The circRNA/miRNA/mRNA axes of hsa_circ_0031594.

Research by Yu et al identified the differential expression of 2875 circRNAs and 192 miRNAs between CRSwNP
subjects and control subjects.” This indicated that circRNAs and miRNAs may play important roles in the occurrence and
development of CRSwNP. However, how these circRNAs and miRNAs interact to regulate CRSWNP remained
unknown. Functionally, circRNAs can act as ‘miRNA sponges’ and competitively bind miRNAs to regulate the target
mRNA post-transcriptional activity,** thus forming a ceRNA network to regulate disease occurrence or development. For
example, hsa_circ_0000520/miR-556-5p/NLRP3 could mediate cell pyroptosis and inflammation to regulate ovalbumin-
induced allergic rhinitis in mice.*> However, no ceRNA networks have yet been reported to regulate CRSWNP. In our
study, differentially expressed genes from GSE169375, GSE169376, and GSE36830 were extracted to construct
a ceRNA network in order to explore circRNA/miRNA/mRNA functions in CRSwNP. We found that the
hsa circ_0031594/ hsa-miR-1260b/ NCAPG2 and hsa circ_ 0031594/ hsa-miR-6507-5p/PRC1 ceRNA subnetworks
might be hub regulators of CRSwNP. We used RT-qPCR to validate the differential expression of hsa circ_ 0031594,
hsa-miR-1260b, hsa-miR-6507-5p, NCAPG2, and PRCI1 between CRSWNP patients and control subjects. In HNEpC,
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hsa_circ_0031594, hsa-miR-1260b, hsa-miR-6507-5p, NCAPG2, and PRCI in the subnetwork using RT-qPCR (CRSWNP (n=14); control subjects (n=14). *P < 0.05, **P <
0.01, ¥***P<0.001. (F and G) Confirmation of the expression of RACGAPI| and CHEKI in the subnetwork using RT-qPCR (CRSWNP (n=7); control subjects (n=7)). (H-L)
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knocking down hsa_circ 0031594 could increase the expression of hsa-miR-1260b and hsa-miR-6507-5p, and reduce the
expression of NCAPG2 and PRCI. These data suggests that ccRNA networks play important roles in CRSwWNP.
Neutrophils are predominant in approximately 50% of patients with CRS without nasal polyps, and also play a role in
patients with severe type 2 CRS with nasal polyp disease.** Neutrophils promote tissue remodeling and impair the
epithelial barrier by producing TGF-B2 and oncostatin M.*>-*° In addition, activated neutrophils can induce an accumula-

tion of eosinophils,®’ 38,39

and enhance the progression of nasal polyps through a Th2 immune response, thereby
establishing a more persistent and severe pathogenesis of CRSwNP. Neutrophils also induce exacerbation of type 2
immune responses by releasing neutrophil extracellular traps into extracellular space following rhinovirus infection.*’ In

our study, GO analysis revealed that the 78 DEmRNAs in the ceRNA network were enriched in biological processes
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Figure 7 Knocking down hsa_circ_0031594 affected the expression of hsa-miR-1260b, hsa-miR-6507-5p, NCAPG2, and PRCI. (A) The subcellular localization of
hsa_circ_0031594 in human nasal epithelial cells HNEpC. (B) SiRNAs obviously knocked down hsa_circ_0031594 expression. **P < 0.01, **P < 0.00l. (C and D)
Knocking down hsa_circ_0031594 obviously increased the hsa-miR-1260b and hsa-miR-6507-5p expression. *P < 0.05. (E and F) Knocking down hsa_circ_0031594
obviously reduced the NCAPG2 and PRCI expression. *P < 0.05, **P < 0.01.

related to neutrophil activation, indicating that circRNA/miRNA/mRNA ceRNA network may regulate CRSwNP
occurrence and development by activating neutrophils. Moreover, we found through KEGG analysis that the MAPK
pathway is involved in CRSwNP. This is consistent with a previous report in which TGF-B1 activated MAPK signaling
pathways to promote the development of CRSWNP by initiating EMT.*' These results demonstrate that the genes
involved in the ceRNA network play important roles in CRSWNP occurrence and development.

Through PPI network and Cytoscape MCODE analysis of hub genes, PRC1, RACGAP1, CHEKI1, and NCAPG2
were screened out. These genes are enriched in biological processes involved in the cell cycle, according to GO analysis.
NCAPG2 can promote cell proliferation by regulating G2/M** or by activating STAT3 and NF-kB/ miR-188-3p
pathways.**** PRC1 regulates cell proliferation and cell cycle transition through P53.** In addition, PCR1 reinforces
Whnt signaling to promote cell proliferation.*® CHEK1, a serine/threonine specific protein kinase, phosphorylates many
downstream effectors to initiate cell cycle checkpoints, cell cycle arrest, DNA repair, and cell death.*” RACGAPI
promotes cell proliferation and restricts apoptosis.*®* The depletion of RACGAPI leads to the formation of multi-
nucleated cells, the failure of cytokinesis, and apoptosis.®®>?

Abnormal epithelial proliferation is one of the typical features of CRSWNP,>® which leads to abnormal function and
remodeling of the nasal epithelial cell barrier, especially squamous cell metaplasia and secretory hyperplasia of epithelial
cells.”*>> Abnormal epithelial proliferation can also change the local inflammatory environment and lead to chronic
inflammation by producing the epithelial-derived cytokines IL33 and thymic stromal lymphopoietin (TSLP).>*>® These
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data indicates that cell cycle-associated factors play important roles in CRSwNP pathogenesis. In our study, cell cycle-
related factors NCAPG2, PRC1, RACGAPI1, and CHEK1 were identified as hub genes for CRSWNP. Through RT-qPCR,
we verified increased expression of NCAPG2 and PRC1 in CRSwNP subjects compared to control subjects, showing that
NCAPG?2 and PRC1 may regulate CRSwWNP pathogenesis by mediating cell cycle and cell proliferation.

In the circRNA/miRNA/mRNA subnetwork, hsa circ 0031594 may act as a ceRNA to capture hsa-miR-1260b and
positively regulate the expression of NCAPG2. In addition, hsa circ 0031594 can also act as a hsa-miR-6507-5p sponge
and positively regulate the expression of PRC1/RACGAP1/CHEKI. Hsa circ 0031594 is upregulated in CRSwNP,
which is consistent with a previous report.” Hsa-miR-6507-5p has been reported to be upregulated in patients with
achalasia, however its mechanism has not been studied.”® We found that hsa-miR-6507-5p and hsa-miR-1260b were
downregulated in CRSWNP. Hsa circ 0031594 (Circ-EGLN3) has been reported to promote renal cell carcinoma (RCC)
cell proliferation and aggressiveness by enhancing the IRF7 level via sponging miR-1299,°° or by upregulating
HMGXB3 via sponging miR-1224-3p.°" Hsa-miR-1260b, mediated by YY1, activates KIT signaling by targeting
SOCS6 to regulate NSCLC cell proliferation and apoptosis.®®> Therefore, we speculate that the circRNA/miRNA/
mRNA network related to hsa circ 0031594 is a new candidate target related to cell proliferation in CRSwNP.
Verification of the differential expression by RT-qPCR revealed that the hsa circ 0031594/ hsa-miR-1260b/ NCAPG2
axis and hsa_circ_0031594/ hsa-miR-6507-5p/ PRCI1 axis may be key pathways in regulating CRSwWNP, and ROC
analysis results also showed that these subnetworks may have important clinical diagnostic significance. The
hsa_circ_0031594/hsa-miR-6507-5p/RACGAP1/CHEK]1 axis was not verified in our study, and whether this axis
plays a more important role in CRSWNP requires further evaluation.

Conclusion

In conclusion, this study identified a comprehensive circRNA/miRNA/mRNA network related to CRSwNP, which
included the 9 DEcircRNAs, the 39 miRNAs, and the 78 mRNAs. Furthermore, the hub-ceRNA network, which
included hsa circ 0031594, hsa-miR-1260b, and NCAPG2 axis, and hsa circ 0031594, hsa-miR-6507-5p, and PRCI
axis was identified and verified by clinical CRSWNP samples expression analysis and in-vitro cell experiments. Our study
will help to explore the mechanisms underlying the occurrence and development of CRSWNP and further develop
potential treatment strategies for the disease. However, since these results are mainly based on computational biology and
RT-gPCR experimental verification, further biological and molecular experiments will be needed to verify our
hypothesis.
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