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Abstract—

Chronic rhinosinusitis (CRS) is a common disease characterized by inflamma-

tion of the nose and paranasal sinuses lasting over 12 weeks. This study aims to evaluate the
effect of desmoglein 3 (DSG3) on inflammatory response and goblet cell mucin secretion in a
mouse model of CRS. The CRS-related differentially expressed genes and disease genes were
screened using microarray-based gene expression analysis. Subsequently, CRS mouse models
were established. The levels of pro-inflammatory factors TNF-c, IL-6, and IL-8 were measured
by ELISA. In addition, loss-of-function experiment was conducted using siRNAs targeting
DSG3 and (-catenin. The secretion of mucins MUCS5B and MUCSAC in goblet cells was
detected, and the apoptosis of goblet cells was assessed. The regulatory effect of DSG3 on the
Wnt/(3-catenin signaling pathway was analyzed by determining the mRNA and protein levels
of DSG3, Wnt, (3-catenin, and GSK3 3. DSG3 was identified to be an upregulated gene in CRS,
which was further documented in CRS mice models. Elevated inflammation and mucin
production were noted in CRS mice models. Also, it was found that DSG3 or [3-catenin
silencing could decrease the levels of TNF-, IL-6, and IL-8, and the positive rates of MUCS5B
and MUCS5AC while enhancing goblet cell apoptosis. The Wnt/3-catenin signaling pathway
was blocked by DSG3, evidenced by downregulated Wnt and (3-catenin as well as upregulated
GSK3(3 mRNA and protein levels. Overall, this study provides evidence that silencing DSG3
could inhibit the activation of the Wnt/[3-catenin signaling pathway, thus alleviating CRS.

KEY WORDS: desmoglein 3; Wnt/3-catenin signaling pathway; chronic rhinosinusitis; inflammatory response;
MUCS5B; MUCSAC.

INTRODUCTION

Chronic rhinosinusitis (CRS) is a complex inflammatory
disorder characterized by inflammation of nasal and paranasal
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sinus mucosa [1]. CRS affects approximately 10% of people
in Western countries and is featured by several symptoms
such as drainage, facial pressure, persistent nasal obstruction,
and loss of smell [2]. Mucin glycoproteins, such as MUC7,
belonging to the body’s intrinsic immune system, may protect
CRS patients against inhalation and ingestion of acroallergens
and pathogens [3]. In addition, genetic or environmental
components have been implicated in the pathogenesis of
CRS [4]. Although comprehensive investigation efforts for
the treatment of CRS have been made in the past, it remains


http://crossmark.crossref.org/dialog/?doi=10.1007/s10753-019-00998-z&domain=pdf

The Role of DSG3 in CRS

difficult to specify and identify the roles of anatomic, external,
and host immunologic factors in the pathogenic mechanism
[5]. A previous study indicated the involvement of a high
expression of desmoglein 3 (DSG3) in CRS sinus mucosa in
the glandular formation [6]. A comprehensive analysis of
DSG3 might be conducive to deeper understudying of the
molecular mechanism in CRS.

DSG3 is a keratinocyte cell-cell adhesion molecule
that is essential for epidermal integrity and an autoantigen
in the autoimmune blistering disease pemphigus [7]. DSG3
is known to mediate cell-cell adhesion and E-cadherin-Src
signaling in several skin inflammatory disorders, such as
pemphigus vulgaris [8]. As a subset of the cadherin—
catenin group, the expression of (3-catenin may control
cell—cell adhesion, frequently involving in progression
[9]. B-catenin is an important regulator of the Wnt pathway
for various cellular responses, and acts as transcriptional
activator of carcinogenic genes participating in tumorigen-
esis [10]. Interestingly, it has been revealed that activation
of the Wnt/3-catenin signaling pathway reduces the ex-
pression of certain mucins, such as MUCS5B [11]. In gen-
eral, activation of the Wnt signaling pathway facilitates the
maintenance of the inflammatory state and tissue remodel-
ing of CRS with nasal polyps (CRSwNP), and blocking
this pathway may be of therapeutic value for patients with
CRSwNP [12]. Furthermore, a complex of DSG3, E-
cadherin, 3-catenin, and Src was previously proposed to
control the desmosome assembly, which is vital for the
maintenance of the integrity of cells and tissues [13].

From all the aforementioned findings and evidence, we
proposed a hypothesis that DSG3 silencing and inhibition of
the Wnt/3-catenin signaling pathway could protect against
CRS on the basis of the obtained microarray gene expression
profiling. To investigate this hypothesis, the current study
aimed to examine the effects of DSG3 and Wnt/(3-catenin
signaling pathway on inflammatory response and goblet cell
mucin secretion in a mouse model of CRS, so as to provide a
novel therapeutic target for the treatment of CRS.

MATERIALS AND METHODS

Microarray Gene Expression Profiling

The GSE10406 expression datasets and probe annota-
tion files of CRS were obtained from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo-/), and the gene annotation platform was GPL570
[HG-U133Porth2] using the Affymetrix Human Genome
U133 Plus 2.0 Array. The GSE10406 chip contained the
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expression data of sinus mucosa of nine normal counterpart
and nine patients with CRS. The R language Affy package
(http://www.bioconductor.org/package/release/bioc-htmlr/
affy.html) was employed to perform the standardized pre-
treatment of expression data. Differentially expressed genes
(DEGs) were screened using the limma package of the R
language (http://master.bioconductor.org/packages/release/
bioc/html/limma.html) with the screening thresholds of log
fold change >2 and p val. <0.05, and heatmap for DEGs
was plotted with the pheatmap package in the R language
(https://cran.r-project.org/web/packages/pheatmap/
index.html). Subsequently, the genes related to CRS, name-
ly disease genes, were searched from the gene-disease da-
tabase DisGeNET (http://www.disgenet.org/web/
DisGeNET/menu/search?4). The interaction between DEGs
and disease genes of CRS was retrieved from the String
database (https:/string-db.orgr/) using the Cytoscape 3.6.0
software, and the interaction network was constructed and a
functional analysis was carried out.

Mouse Models of CRS

A total of 65 C57 mice (provided by Model Animal
Research center of Nanjing University, Nanjing, Jiangsu,
China) aged 6-8 weeks and weighing 18-22 g were se-
lected. The aforementioned mice were fed fine particle
with free access to water, natural lighting, and a 12-h
light/dark cycle. A total of 10 mice without any treatment
were randomly selected as normal group, and the remain-
ing 55 mice were used to establish mouse models of CRS
[14]. In brief, the expanded sponge was placed inside the
left nasal cavity (about 15 mm from the anterior nares), and
infused with droplets of Staphylococcus aureus. After the
model was established (three mice died during the model-
ing), 50 modeled mice were assigned into the following
five groups (with 10 mice in each group): CRS (mice of
CRS model without treatment), negative control (NC)
(mice of CRS model injected with empty plasmid), si-
DSG3 (mice of CRS model injected with siRNA targeting
DSG3), si-B-catenin (mice of CRS model injected with
siRNA targeting (3-catenin), and si-DSG3 + (3-catenin
(mice with CRS injected with siRNAs targeting si-DSG3
and si-[3-catenin). The transfection solution was prepared
as follows: (1) 80 ug of si-RNA powder including si-
DSG3 (abx914664, Abbexa, Cambridge, UK) or si-f3-
catenin (284028-89-3, StemRD, Burlingame, CA, USA)
or si-DSG3 (abx914664, Abbexa, Cambridge, UK) + si-3-
catenin (284028-89-3, StemRD, Burlingame, CA, USA)
was centrifuged, and then fully mixed with 100 puL of 5%
glucose solutions. (2) Eight microliter of in vivo jetPEITM
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(201-10G, Polyplus Battery Co., Berkeley, CA, USA) was
fully mixed with 92 uL of 5% glucose solution. A total of
200 pL was cultured for 20 min. The transfection solution
was injected into both sides of the mouse nasal cavity, and
the nasal cavity was closed with layered sutures. The
current study was carried out in accordance with principles
for the management and use of local laboratory animals.
All efforts were made to minimize the suffering of the
included animals.

Animal Treatment and HE Staining

After transfection for 48 h, the mice were euthanized,
and the maxilla was extracted. Next, the nasal septum and
bilateral nasal cavity were exposed, and about 8-mm tissue
blocks were collected from nasal sinuses and preserved in
liquid nitrogen. The tissues were weighed, and 10% ho-
mogenate was prepared with the addition of nine-fold
normal saline. One part of tissues was centrifuged under
4 °C at 3000 rpm for 10 min; the supernatant was obtained
and then frozen at 80 °C. The remaining tissues were fixed
with 10% formaldehyde, dehydrated, and embedded with
paraffin, and sliced into 4-pum sections for further
experimentation.

The paraffin sections were dewaxed two times in
xylene (15 min for each), and rehydrated in gradient alcohol
(100%, 100%, 90%, and 80%; 5 min for each). After being
washed with tap water for 5 min, the sections were stained
with hematoxylin for 5 min and washed again. Next, the
sections were differentiated in 1% hydrochloric acid alcohol,
and then washed again. The sections were then dehydrated
with gradient alcohol (80%, 90%, 100%, and 100%; 5 min
for each), cleared two times in xylene (15 min each time),
and mounted with neutral balsam. Histopathological chang-
es of the tissues were observed and photographed under a
microscope (H-7500; Hitachi, Tokyo, Japan). The images
(200x) were collected using a JD-801 morphological image
analysis (MIA) system (Jiangsu Jeda Science-Technology
Development Co., Ltd., Nanjing, Jiangsu, China).
Experiments were repeated three times.

AB-PAS Staining

The mucin granules in goblet cells were tested using
Alcian blue-periodic acid-Schiff (AB-PAS) staining [15],
according to the specification of the PAS staining Kit
(DG0005, Beijing Leagene Biotechnology Co., Ltd., Bei-
jing, China). The paraffin-embedded sections were baked
in an incubator at 70 °C for about 90 min until the paraffin
melted. After being dewaxed twice with xylene solution
(10 min for each), the sections were rehydrated with
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gradient alcohol (100%, 95%, and 85%; 5 min for each),
and then washed under tap water and distilled water. Next,
the sections were stained with PAS dye liquor A (1%
periodic acid) at room temperature for 6 min, PAS dye
liquor B (Schiff dye) for 15 min, and PAS dye liquor C
(hematoxylin) for 2 min, and differentiated with PAS dye
liquor D (1% hydrochloric alcohol) for 2-3 s. The sections
were then rinsed with distilled water to return to blue, with
tap water for 13 min, and then washed three times with
distilled water (5 min for each). After washing, the sections
were dehydrated with gradient alcohol (85%, 95%, 100%,
and 100%, 5 min for each), cleared twice with xylene
(10 min for each), and air-dried. Finally, the issues were
added with a drop of neutral balsam and mounted with a
cover glass, and observed under a microscope.

ELISA

A total of 50 mg tissues was placed into a 2.0-centrifuge
tube, and rinsed with 0.05 mmol/L pre-cooled phosphate
buffer saline (PBS). After rinsing, the tissues were added with
0.5 mL of pre-cooled PBS, homogenized with a high-speed
homogenizer in an ice-bath for 2 min, and centrifuged at
3000 rpm for 10 min at 4 °C. The concentrations of TNF-
«, IL-6 and IL-8 in the supernatant were measured according
to the instructions of the enzyme-linked immunosorbent assay
(ELISA) Kit (69-99,985; 69-99,854; 69-21,138, Wuhan
MSK Biotechnology Co., Ltd., Wuhan, Hubei, China). The
samples were diluted to appropriate proportions, and 50 pL of
standard sample and diluted sample were added to the ELISA
plate. After membrane reaction, the solution in the enzyme
labeled plate was discarded, and 50 pL of enzyme labeling
reagent was added to each well for incubation at 37 °C for
30 min. After incubation, the plate was rinsed three times with
phosphate buffered saline (PBS). Subsequently, 50 puL of
chromogenic agent A and 50 pL of chromogenic agent B
were mixed together in each well, and then the chromogenic
reaction was performed at 37 °C in dark conditions for 15 min
and terminated with stop buffer. The optical density (OD)
values of each well were measured using an excitation wave-
length of 450 nm using a microplate reader (Synergy 2,
BioTek, Winooski, VT, USA) within 3 min. According to
the OD values, we found the corresponding concentration in
the standard curve, which was multiplied by dilutability to
calculate the final OD values of samples [16, 17].

Immunohistochemical Staining

The following steps were conducted according to the
specifications of the immunohistochemical staining kit
(SPM120, MRbiotech Co., Ltd., Shanghai, China). After
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dewaxing and antigen retrieval, the paraffin-embedded
sections were soaked in 3% H,O,-methanol for 10 min to
remove the endogenous peroxidase, followed by rinsing
with PBS. Next, the sections were incubated with a drop of
normal goat serum for 10 min. The sections were then
incubated with the primary antibody, the mouse polyclonal
antibody to MUCS5B (ab77995) and MUCS5AC (ab24071)
in a wet box for 30-60 min, followed by PBS rinsing.
Following that, the sections were stained with one drop
of the secondary antibody, the biotin-labeled goat anti-
rabbit antibody to immunoglobulin G (IgG; ab205718) or
goat anti-mouse 1gG (ab205719) for 10 min, followed by
PBS rinsing. All aforementioned antibodies were pur-
chased from Abcam Inc. (Cambridge, MA, USA). After
that, the sections were incubated with a drop of
streptavidin-conjugated horseradish peroxidase (Beijing
Zhongshan Golden Bridge Biotechnology Co., Ltd., Bei-
jing, China) for 10 min, followed by PBS rinsing. Subse-
quently, the sections were dropped with diaminobenzidine
(DAB) for developing for 2—5 min at room temperature.
The sections were then counterstained with hematoxylin,
and differentiated in 0.1% hydrochloric acid alcohol. After
dehydration, clearing, and sealing, the sections were ob-
served under a microscope. Instead of the primary anti-
body, PBS was used as the NC, and normal mucosa as a
positive control. A total of five positive visual fields (400x)
were randomly selected from each section, and 100 cells in
each field were counted. The percentage of positive cells
was scored as follows [18]: positive cells/total cells > 10%
was recorded as positive (+), and positive cells/total cells <
10% was negative (—).

TUNEL Assay

A total of 5 above dewaxed sections were collected
and added with 50 pL of 1% proteinase K diluent. Next,
the sections were incubated for 30 min in a thermostat at
37 °C, and rinsed 3 times in PBS (5 min for each). The
sections were then added with 0.3% H,0O, methanol solu-
tion to eliminate the endogenous peroxidase, incubated at
37 °C for 30 min and rinsed three times in PBS (5 min for
each). After rinsing, the sections were added with terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end labeling (TUNEL) reaction solution, placed in a wet
box at 37 °C for 1 h and rinsed three times with PBS (5 min
for each). After that, the sections were added with 50 uL of
converter-peroxidase, incubated at 37 °C in a wet box for
30 min, and rinsed three times with PBS (5 min for each).
Then, the sections were added with 2% DAB developing
solution and incubated for 15 min at room temperature.
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Under microscopic observation, the cells presented with
brown nuclei, and then were added with distilled water to
terminate the reaction. Following termination, the sections
were rinsed three times with PBS (5 min for each), washed
one time with distilled water, incubated for 3 min in 3%
glacial acetic acid solution at room temperature, and rinsed
under tap water for 2 min. After being washed one time
with the distilled water, the sections were stained with
Alcian blue dye for 30 min and washed under tap water
for 1 min. The nucleus was stained with hematoxylin for
32 s and differentiated for 3 s in hydrochloric acid. After
staining, the sections were rinsed under tap water to return
to blue, dehydrated with absolute alcohol, cleared with
xylene, and sealed in neutral balsam.

RT-qPCR

The total ribonucleic acid (RNA) content from the
sinus mucosa tissues of the mice was extracted according
to the instructions of a TRIzol reagent (Invitrogen Compa-
ny, Carlsbad, CA, USA). The obtained RNA was diluted
with ultrapure water containing diethyl pyrocarbonate
(DEPC). The OD values of the RNA samples were mea-
sured at excitation wavelengths of 260 nm, and 280 nm
were measured using a Biochrom Ultrospecultra violet/
visible light spectrophotometer (Biochrom Company,
Cambridge, UK), and subsequently, the purity and integrity
of total RNA were determined. The primers of DSG3, 3-
catenin, Wnt, and Glycogen synthase kinase-33 (GSK3[3)
were designed and synthesized by Nanjing GenScript Bio-
technology Co., Ltd. (Nanjing, Jiangsu, China) (Table 1),
with {3-actin serving as the internal reference. Reverse
transcription (20 pL) was conducted according to the in-
structions of TagMan MicroRNA Assays Reverse

Table 1. Primer sequence for RT-qPCR

Gene Primer sequence
DSG3 F: 5'-GGAGGAACAGACTAACAGGC-3'

R: 5-ACCATCAGGAGGGCCAGAGA-3’
Wnt F: 5'-CCATGAACCGTCACAACAATGAG-3'

R: 5-CACCAGCAGGTCTTCACTTCACA-3'

[3-catenin F: 5-CTTCATTATGGATGCCTGTTGTG-3'
R: 5-TGGGTGTCCTGATGTGCTCG-3'
GSK33 F: 5-CTGCTTCTCCCGGTATTGTTTTG-3'

R: 5-CTGCCACCTTCCTGTTCTTCG-3'
[3-actin F: 5-CACGATGGAGGGGCCGGACTCATC-3'
R: 5-TAAAGACCTCTATGCCAACACAGT-3'

F forward, R reverse, DSG3 desmoglein 3, GSK373 glycogen synthase
kinase-3(3, RT-gPCR reverse transcription quantitative polymerase chain
reaction
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Transcription Primer (4,366,596, Thermo Fisher Scientific
Inc., Waltham, MA, USA), and the reactions were as
follows: reverse transcription reaction was carried out at
42 °C for 30-50 min, and reverse transcription inactivation
reaction at 85 °C for 5 s. Reverse transcription quantitative
polymerase chain reaction (RT-qPCR) was performed ac-
cording to the instructions of SYBR® Premix Ex TagTM 11
Kit (RR820A, Xingzhi Biotechnology Co., Ltd., Guang-
zhou, Guangdong, China). The reaction system (total of
50 puL) included 25 pL of SYBR® Premix Ex Taq™II
(2x), 2 uL of forward primers and 2 pL of reverse primers,
1 uL of carboxyl-X-rhodamine (ROX) reference dye (50%),
4 uL of deoxyribonucleic acid (DNA) template, and 16 L
of ddH,O. RT-qPCR was conducted with using an ABI
PRISM® 7300 (Prism® 7300, Shanghai Kunke Instru-
ment and Equipment Co., Ltd., Shanghai, China). The
reaction conditions were as follows: pre-denaturation at
94 °C for 10 min, and a total of 40 cycles of denaturation
at 94 °C for 15 s, annealing at 55 °C for 30 s, and extension
at 72 °C for 1 min. The reliability of the PCR reactions was
evaluated using the melting curve analysis. The threshold
cycle (Ct) values were set, and the relative expression of
the target gene was calculated based on the 2**“' method,
in which ACt=Ct (target gene)—Ct (internal reference)
and AACt= ACt (experiment group)—ACt (control
group). Each experiment was performed in triplicates to
obtain the mean value.

Western Blot Analysis

A total of 25 mg of sinus mucosa tissues was rinsed
with PBS solution to remove the surface impurities of the
tissues. The tissues were dried and placed into a homoge-
nizer, and then added with about 500 uL of radio immuno-
precipitation assay (RIPA) lysis buffer, followed by homog-
enization for 20-30 times. Next, the tissues were transferred
to a 1.5-mL Eppendorf (EP) tube, lysed on ice for 20—
30 min, centrifuged at 25764-35068 g for 5 min at 4 °C.
The obtained supernatant was transferred into an EP tube.
Subsequently, a bicinchoninic acid (BCA) protein quantita-
tive kit (No. 23228, Thermo Fisher Scientific Inc., Waltham,
MA, USA) was used to determine the protein concentration
of the tissues. The protein sample was separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred onto a poly-vinylidene fluoride
(PVDF) membrane for 90 min at 90 V constant pressures,
stained with Ponceau S for 3—5 min to observe the protein
bands. The membrane was immersed in Tris-buffer saline
with Tween (TBST) for 3—5 min to remove ponceau S, and
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then blocked in 5% skim milk powder for 1 h. Then, the
membranes were incubated with the primary antibody, the
rabbit anti-mouse antibody to DSG3 (dilution ratio of 1:500,
ab203692), the rabbit anti-mouse antibody to Wnt (dilution
ratio of 1:1000, ab15251), the rabbit anti-mouse antibody to
{3-catenin (dilution ratio of 1:5000, ab32572), the rabbit anti-
mouse antibody to GSK3f (dilution ratio of 1:5000,
ab32391) and rabbit anti-mouse (-actin (dilution ratio of
1:5000, ab8227) at 4 °C overnight. The membranes were
washed three times with TBST times (15 min for each).
Next, the membranes were incubated with the secondary
antibody, horseradish peroxidase (HRP)-labeled goat anti-
rabbit to IgG (ab205718, dilution ratio of 1:3000) at 4 °C for
1 h, and washed three times with TBST (15 min for each).
All aforementioned antibodies were purchased from Abcam
Inc. (Cambridge, MA, USA). Finally, the membranes were
incubated in the developer at room temperature for 3 min,
and then the developer was removed, followed by fixing the
membrane, exposure to X-ray, and visualization. (3-actin
was served as the internal reference. The protein relative
expression of target gene was calculated by the ratio of the
gray value of the target gene and the internal inference.

Statistical Analysis

Statistical analyses were performed using the SPSS
19.0 software (IBM Corp. Armonk, NY, USA). Measure-
ment data were presented as mean value + standard devi-
ation. The ¢ test was applied for comparisons between two
groups. Data that did not conform to heterogeneity of
variance were corrected using Welch’s. Comparisons
among multiple groups were analyzed using one-way anal-
ysis of variance (ANOVA), and pairwise comparison was
examined using the Tukey post hoc test. Non-parametric
test was performed for data with skewed distribution for
pairwise comparison. A value of p <0.05 was considered
to be statistically significant.

RESULTS

DSG3 Is Expressed at a High Level in CRS

Initially, the R language was used to screen DEGs
from the CRS-related gene expression chip GSE10406,
with [log2FC|>2.0 and adj. p val. <0.05 serving as the
threshold. Subsequently, the heatmap of the top 20 DEGs
was plotted as shown in Fig. 1a. The CRS-related genes
were searched using the DisGeNET database, and the top
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Fig. 1. DSGS3 is selected for the study as a regulator of the Wnt/3-catenin signaling pathway. a The heatmap of the top 20 DEGs in GSE10406, the X-axis
referring to the sample number and the Y-axis referring to the DEGs, the histogram in the upper right referring to the color gradation, and one rectangle in the
graph corresponding to a gene expression value. b The GO enrichment analysis results of DEGs and disease genes in CRS. ¢ The interaction network of
DEGs and disease genes in CRS, diamonds referring to DEGs, and circles referring to disease genes. CRS chronic rhinosinusitis, DEGs differentially

expressed genes, GO gene ontology.

20 genes (namely, SCGB1A1, IL13, SPP1, IL4, TSLP,
CXCLS8, CFTR, CYSLTR1, MYDGF, PTGDR2, BPIFAL,
IL25, PTGDS, BLNK, LTB4R2, CYSLTR2, S100B,
TAS2R38, CCL18, S100A1) were selected as disease-
focus genes. Next, gene ontology (GO) analysis for DEGs
and disease genes was conducted using the String database
(Fig. 1b). The aforementioned DEGs and disease genes
were found to be significantly enriched in immune re-
sponse, chemotaxis, and other biological processes. These
entries were recorded as the biological processes associated
with sinusitis in the MalaCards database (http://
www.malacards.org/), further suggesting that these DEGs

and disease genes might be associated with CRS. Further,
based on the gene interaction information provided by the
String database, we established a network of DEGs and
CRS-related genes (Fig. 1c). Several inflammatory factors
were obtained with a maximum relevance to other genes in
the network, such as IL13, IL4, and CXCLS. These disease
genes were located at the core of the network, further
indicating the significance of these genes in CRS. Addi-
tionally, TF, DSG3, and SAA1 were shown to be associat-
ed with the disease genes. A few studies have shown that
the abnormal expression of DSG3 may be related to CRS
[6], but the specific molecular mechanism still remains to
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be unclear. According to the heatmap of the top 20 DEGs
in the GSE10406 chip, the expression of DSG3 in patients
with CRS was significantly higher than that in normal
controls (Fig. la). Furthermore, activation of Wnt/3-
catenin signaling pathway was demonstrated to be related
to the development of CRS [12, 19]; whereas, DSG3 could
affect the Wnt/-catenin signaling pathway in cases of
head neck cancer [20]. Based on the results of microarray
analyses, it can be inferred that DSG3 enriched in CRS
may function by regulating the Wnt/3-catenin signaling
pathway, and could be further explored in search of a
therapeutic target for CRS.

CRS Mice Models Exhibit Pathological Changes in
Sinus Mucosa

Hematoxylin-eosin (HE) staining was conducted in
order to observe the pathological changes of the sinus
mucosa of mice. In the CRS mice, the epithelial layer of
the sinus mucosa was observed to be hypertrophic, and the
structure of the sinus mucosa was loosened, accompanied
by hyperplasia of goblet cells, epithelial cells and sub-
mucosal glands, and infiltration of a large number of eo-
sinophils in the sub-mucosal tissues. However, the normal
mice presented with intact mucosal epithelium without
thickening, along with mild hyperplasia of goblet cells
and few inflammatory cells. Results of AB-PAS staining
showed that the CRS mice presented with purple-stained
granules on the epithelial layer of the sinus mucosa; the
AB-PAS staining yielded positive results, indicating obvi-
ous goblet cell hyperplasia relative to normal mice. Com-
pared with the CRS mice, the mucosal epithelium of nor-
mal mice was observed to be slightly stained, and the AB-
PAS staining yielded weakly positive or negative results
(Fig. 2a-b).

DSG3 Silencing Coupled with (3-Catenin Silencing
Suppresses Inflammation in Sinus Mucosa of CRS
Mice Models

The expression of DSG3 and 3-catenin was interfered
with using siRNAs in the mice to elucidate their effects on
inflammation. Subsequently, ELISA was employed in or-
der to determine the levels of inflammatory factors TNF-c,
IL-6, and IL-8 in sinus mucosa. As shown by ELISA
detection results (Table 2), the levels of TNF-«, IL-6, and
IL-8 were found to be increased in the sinus mucosa of
mice with CRS as opposed to the normal mice (all p <
0.05). However, significantly decreased levels of TNF-,
IL-6, and IL-8 were observed in sinus mucosa of CRS mice
treated with si-DSG3, si-p-catenin, or both of them as
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compared to the CRS mice without treatment (p < 0.05),
while no significant changes were observed between CRS
mice treated with NC and CRS mice without treatment
(p>0.05). The levels of TNF-, IL-6, and IL-8 in the sinus
mucosa of mice treated with both si-DSG3 and si-f3-
catenin were found to be much lower than those treated
with si-DSG3 alone (p < 0.05), while no significant chang-
es were observed between the CRS mice treated with si-f3-
catenin and si-DSG3 (p >0.05). The aforementioned re-
sults revealed that the release of pro-inflammatory factors
could be reduced by silencing DSG3 and 3-catenin ex-
pression in CRS mice.

DSG3 and 3-Catenin Silencing Decreases the Positive
Rates of MUCS5B and MUCS5AC

Additionally, immunohistochemical staining was
employed in order to measure the positive rate of
MUCS5B and MUCSAC. In the sinus mucosa of CRS
mice, MUCS5B was observed to be partially expressed in
the cytoplasm and in the membrane of epithelial cells,
as noted by brown staining. MUC5A was stained with
brown coloration, strongly and positively expressed in
epithelial cells, and primarily expressed in goblet cells
(Fig. 3a, b). Compared with the normal mice, the pos-
itive rates of MUCSB and MUCSAC were found to be
increased in CRS mice (p <0.05). The positive rates of
MUCS5B and MUCSAC in the CRS mice treated with si-
DSG3, si-f-catenin, or both of them were all lower than
that in the CRS mice without treatment (p <0.05). No
significant changes were visualized in the positive rates
of MUCS5B and MUCS5AC between the CRS mice with-
out treatment and CRS mice treated with NC (p > 0.05).
However, the combined treatment of si-DSG3 and si-3-
catenin contributed to declines in the positive rates of
MUCSB and MUC5AC when compared to individual
si-DSG3 treatment (p <0.05), whereas there were no
remarkable differences between the mice treated with
si-f3-catenin and si-DSG3 (p >0.05) (Fig. 3¢). The
results suggest that the positive expression of MUC5B
and MUCSAC could be reduced by silencing both
DSG3 and [3-catenin.

DSG3 and B3-Catenin Silencing Increases the Apoptosis
of Goblet Cells

TUNEL staining was conducted in order to exam-
ine the apoptosis rates of goblet cells, and the results
(Fig. 4a-b) showed decreased apoptosis rates of goblet
cells in CRS mice in comparison with the normal mice
(all p <0.05). In comparison to the CRS mice without
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Normal

Fig. 2. Observation of pathological changes of sinus mucosa in CRS mice models. a HE staining of sinus mucosa in normal mice and mice of CRS model
(400x). b AB-PAS staining of sinus mucosa in normal mice and mice of CRS model (400%). CRS chronic rhinosinusitis, HE staining hematoxylin-eosin

staining, AB-PAS staining Alcian blue-periodic acid-Schiff staining.

treatment, the apoptosis rate of goblet cells was found to
be increased in the CRS mice treated with si-DSG3, si-
[3-catenin, or both of them (p <0.05), while there were
no significant changes in the apoptosis rate of goblet
cells between the CRS mice without treatment and CRS
mice treated with NC (p > 0.05). The apoptosis rate of
goblet cells in the CRS mice treated with si-DSG3 plus
si-f3-catenin was found to be increased compared to
individual si-DSG3 treatment (p < 0.05), whereas there
were no remarkable differences demonstrated in the
apoptosis rate of goblet cells between the mice treated
with si-f3-catenin and si-DSG3 (p > 0.05). The results
suggest that silencing both DSG3 and (3-catenin could
enhance the apoptosis of goblet cells.

The Wnt/3-Catenin Signaling Pathway Is Disrupted by
Depression of DSG3

RT-qPCR and Western blot analysis were employed
in order to determine the mRNA and protein levels of
DSG3, Wnt, 3-catenin, and GSK3f in the sinus mucosa
of mice. The results revealed that the mRNA and protein
levels of DSG3, Wnt, and (3-catenin in the CRS mice were
increased while those of GSK3[3 were decreased compared
to the normal mice (p <0.05). As compared to the CRS

mice without treatment, the mRNA and protein levels of
DSG3, Wnt, and 3-catenin in the CRS mice treated with si-
DSG3 or both si-DSG3 and si--catenin were remarkably
reduced while those of GSK3 3 were dramatically elevated
(p <0.05). There were no obvious changes in the mRNA
and protein levels of related genes in CRS mice without
treatment and CRS mice treated with NC (p> 0.05).
Whereas, the mRNA and protein levels of DSG3 were
found to be unchanged, while those of Wnt, 3-catenin
were significantly reduced, and those of GSK3[3 were
significantly increased in the CRS mice treated with si-[3-
catenin when compared to that in CRS mice without treat-
ment (p <0.05). Compared with the CRS mice treated
with si-DSG3, there were no significant changes in the
mRNA and protein levels of DSG3 (p > 0.05), while the
mRNA and protein levels of Wnt and {3-catenin were
markedly reduced, and those of GSK3{3 were signifi-
cantly increased in the CRS mice treated with both si-
DSG3 and si-f3-catenin (p <0.05). The mRNA and
protein levels of DSG3 were increased (p < 0.05), and
the mRNA and protein levels of Wnt, 3-catenin, and
GSK3{ showed no significant differences in the CRS
mice treated with si-DSG3 and si-3-catenin (p > 0.05)
(Fig. 5a—c). Taken together, the results suggest that the
mRNA and protein levels of Wnt and (3-catenin were

Table 2. Both DSGS3 silencing and (3-catenin silencing reduce the levels of pro-inflammatory factors

Group TNF-« (pg/mL) IL-6 (pg/mL) IL-8 (pg/mL)
Normal 1.35+£0.13 28.82 + 3.04 286.79 + 52.71
CRS 6.56 + 1.53* 110.93 + 15.38" 884.60 + 101.34"
NC 6.02 + 1.26* 107.63 + 13.92" 863.38 + 83.29"
si-DSG3 438 + 0.72%* 78.83 + 11.93"# 698.47 + 58.91"*
si-B-catenin 411 + 1.13%* 80.03 + 12.03"* 650.38 + 55.83"*

si-DSG3 + si-B-catenin 2.73 + 0.57+%

53.24 + 6.89"*& 428.46 + 73.24™H&

“p <0.05 vs. the normal group; * p < 0.05 vs. the CRS group; € p < 0.05 vs. the si-DSG3 group; the results of ELISA assay were measurement data expressed
as mean =+ standard deviation, and the comparison of data among multiple groups was analyzed by one-way variance analysis, » = 10. ELISA enzyme-linked
immunosorbent assay, CRS chronic rhinosinusitis, NC negative control, DSG3 desmoglein 3, TNF-« tumor necrosis factor, /L interleukin
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decreased but those of GSK3 were enhanced by si-
lencing of depression of DSG3.

DISCUSSION

CRS is deemed as a persistent state of inflamma-
tion in the nasal and paranasal sinuses for a minimum
duration of 12 weeks [21]. Previously, a study focusing
on CRS demonstrated that the mRNA and protein ex-
pression of DSG3 were increased in the sinus mucosa of
CRS arrays [6]. Consistently, DSG3 was also found to
be expressed at a high level in CRS in the current study.
Our findings provided evidence about the effects of
DSG3 on the inflammatory response in CRS through
regulation of the Wnt/3-catenin signaling pathway. In
mice models of CRS, the suppression of DSG3 contrib-
uted to a decreased inflammatory response and goblet
cell mucin secretion via inhibition of the Wnt/(3-catenin
signaling pathway.

In the mice of CRS model, DSG3 silencing and (3-
catenin silencing downregulated the release of inflam-
matory factors TNF-«, IL-6, and IL-8 in the sinus
mucosa. DSG3 played a major role in preserving epi-
dermal integrity, which was found to be involved in
autoimmune skin inflammation [7, 22]. Moreover, epi-
dermal DSG3 could be recognized by Th17 cells carry-
ing TCR so as to induce psoriasis-like skin inflamma-
tion and develop cutaneous psoriasis-like immunopa-
thology [23]. Furthermore, in most cases, the

1379

pathogenesis of autoimmune inflammation correlates
with the levels of cytokines, TNF-« and IL-6, two
important pro-inflammatory cytokines [24]. After
Staphylococcus aureus induced CRS in mice, the ex-
pression of pro-inflammatory cytokines (TNF-«, IL-6,
and IL-8) was observed to be increased, which indicates
their importance in the pathogenesis of CRS. Moreover,
the protective role of TNF-« in chemical-induced breast
cancer carcinogenesis through its function over inflam-
mation has been previously proved [25]. Inflammatory
activities in CRS are modulated typically by pro-
inflammatory cytokines that distributed locally in
sinonasal tissues, such as TNF-o and IL-6, which are
correlated with the suppression of olfactory function
[26]. Additionally, the current study found that the
expression of inflammatory factors TNF-«, IL-1(3, and
IL-6 was downregulated by silencing DSG3 and f3-
catenin. Similarly, transcription factor nuclear factor
kappa-B (NF-kB) was previously revealed to participate
in the process of inflammatory response owing to its
role in the induction of inflammatory factor transcrip-
tion [27]. Interestingly, it has been found that silencing of
[3-catenin was able to reduce lipopolysaccharide-induced
NF-kB activation and the expression of pro-inflammatory
cytokines (TNF-«x, IL-6, and IL-8) in human bronchial
epithelial cells [28]. Furthermore, after cell culture with
antibody to DSG3, increased mRNA expression of IL-13,
TNF-«, and IL-6 was noted, which validates their role in
pathogenesis of pemphigus vulgaris and is in line with the
trend of the current study [29].
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Fig. 5. The loss of DSG3 by siRNA silencing blocks activation of the Wnt/3-catenin signaling pathway. a The mRNA expression of DSG3, Wnt, 3-catenin,
and GSK3f in the sinus mucosa of mice determined by RT-qPCR. b Protein bands of DSG3, Wnt, [3-catenin, and GSK3[3 in the sinus mucosa of mice
measured by Western blot analysis. ¢ The relative protein expression of DSG3, Wnt, 3-catenin, and GSK3f3 in the sinus mucosa of mice in each group.
“p<0.05 vs. the normal group; *p <0.05 vs. the CRS group; “p <0.05 vs. the si-DSG3 group; the results of RT-qPCR and Western blot analysis were
measurement data expressed as the mean + standard deviation. Data among multiple groups were compared using one-way analysis of variance, n = 10. CRS
chronic rhinosinusitis, NC negative control, DSG3 desmoglein 3, GSK3f3 glycogen synthase kinase-3f3.
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The current study further employed immunobhisto-
chemical and TUNEL staining regimens, and the secre-
tions of MUCS5B and MUCSAC were noted to be re-
duced in goblet cells, whereas the apoptosis rate of
goblet cells was increased as a result of silencing
DSG3 or 3-catenin. Specifically, the mucin MUCS5AC,
a critical part of respiratory tract mucus, was previously
demonstrated to be associated with respiratory disease
susceptibility [30]. MUCS5B is the main mucin in the
healthy mucus secretions of mice, which confers for
congenital defense in the upper and lower airways
[31]. Coincidently, CRS is a type of mucus hypersecre-
tion disease, and exhibits upregulated expression of
MUCS5AC and MUCS5B [32, 33]. DSG3 and MUCI1
were both regarded as biomarkers for idiopathic inter-
stitial pneumonias, and both were found to be upregu-
lated in idiopathic interstitial pneumonias [34]. Goblet
cells in the surface epithelium and mucous and serous
cells could secrete mucin glycoproteins, which maintain
normal homeostasis through regulating mucosal innate
immune responses [6]. Furthermore, a previous study
revealed that downregulation of MUCS5B can alter the
activation of the Wnt/3-catenin signaling pathway so to
inhibit tumor growth [35]. Moreover, the Wnt/f3-catenin
signaling pathway is known to be associated with di-
minished goblet cell metaplasia [36].

By means of RT-qPCR and Western blot analysis, we
discovered that the mRNA and protein expression of
DSG3, Wnt, and 3-catenin was decreased in sinus mucosa,
while those of GSK33 were raised as a result of silencing
DSG3. GSK33, an inhibitor of the Wnt/3-catenin signal-
ing pathway, was revealed to decreases the expression of
MUCSAC in an allergic airway disease model [36]. In
addition, the cytoplasmic ligand of DSG3 was found to
be involved in cell signaling which is similar to the (3-
catenin signaling pathway, acting as a tumor suppressor
[37]. DSG3 played a crucial role in cell-cell adhesion
through mediation of membrane trafficking of cadherins,
which was implicated in (3-catenin-dependent transcription
[38, 39]. However, more research is warranted to explain
the possible interactions between DSG3, cadherins, and (3-
catenin.

CONCLUSION
In conclusion, the current study suggests the effect of

downregulated DSG3 on reducing inflammatory response
and goblet cell mucin secretion of mice with CRS through
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suppression of the Wnt/3-catenin signaling pathway.
These findings may open novel avenues for future CRS
therapeutic regimens. It should be noted that this study
only examined the goblet cell apoptosis in mice with
CRS, without performing epithelial cell experiments. A
more comprehensive investigation about the effects on
other inflammatory factors should be conducted in the
future, and clinical data should be provided to support the
results.
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