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Purpose: Chronic rhinosinusitis with nasal polyps (CRSWNP) is a prevalent upper respiratory disease with eosinophilic infiltration.
Epithelial-to-mesenchymal transition (EMT) has been considered an important pathological mechanism of CRSwNP. The Wnt
signaling pathway is a well-established promoter of EMT, while Protein Phosphatase 2A (PP2A) exerts dual regulatory effects on
Wnt pathway. However, the contribution of PP2A to CRSwNP has not been reported. This research aimed to explore the possible
mechanisms by which PP2A modulates EMT in CRSwNP.

Patients and Methods: About 56 patients with CRSWNP and 20 control subjects were enrolled in this study. We collected nasal
polyps (NPs) and inferior turbinate tissues; the expression of PP2A, EMT markers, and Wnt signaling-related mediators in tissues were
analyzed by Western blotting, immunohistochemistry, and quantitative RT-PCR. Primary cells isolated from NPs were cultured with
PP2A inhibitor LB-100. The thWNT3A-induced EMT cell model using BEAS-2B cell line was established in vitro and treated with
either LB-100 or the PP2A agonist DT-061. Murine NP model was developed in vivo and treated with LB-100. The expression
changes of EMT markers and Wnt signaling mediators were detected using Western blotting, immunofluorescence staining, and
hematoxylin-eosin staining to estimate the effect of PP2A in the pathogenesis of CRSwNP.

Results: Compared to controls, NPs exhibited increased PP2A expression and activity, activation of Wnt signaling, and evidence of
EMT. These changes were more pronounced in eosinophilic NPs. PP2A inhibition alleviated, whereas PP2A activation promoted,
EMT in epithelial cells by regulating Wnt pathway. PP2A inhibition could also suppress the formation of NPs and alleviate
eosinophilic inflammation in the murine NP models.

Conclusion: PP2A promotes EMT through the activation of Wnt/B-catenin signaling pathway, leading to epithelial barrier dysfunc-
tion in NPs. PP2A exerts a positive regulatory effect on the modulation of Wnt signaling in CRSWNP. Targeting PP2A might represent
a viable therapeutic option for treating CRSwNP.
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Introduction

Chronic rhinosinusitis with nasal polyps (CRSwWNP) represents a common upper respiratory disease, characterized by
persistent inflammation and nasal polyps (NPs) development,' accounting for about 30% of chronic rhinosinusitis (CRS)
patients.” Common symptoms of CRSWNP include blocked nasal passages, facial pain, nasal discharge, and a diminished
or lost sense of smell, leading to a reduced quality of life. Despite undergoing surgery and glucocorticoid therapy, a
considerable number of patients experience poor therapeutic effects, due to the heterogeneity and indeterminacy of
pathogenesis. Recent studies have demonstrated that dysfunctional epithelial barrier is linked with CRSwNP
pathogenesis;>* the impairment of the nasal mucosal epithelial barrier leads to inflammatory cell infiltration and
subsequent tissue remodeling.’ Epithelial-mesenchymal transition (EMT) is a well-documented process involved in
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tissue remodeling,® where the normal epithelial adhesion junctions and polarities of epithelial cells are destroyed with
gaining of mesenchymal phenotypes.” The EMT process has been reported to play a crucial role in the development of
CRS.*' Furthermore, EMT-induced epithelial dysfunction is believed to contribute to treatment resistance and recur-
rence in CRSwNP, while the exact mechanism that initiates EMT in CRSwNP is still unclear.

EMT could be regulated by several signaling pathways, one of which is the Wnt/B-catenin signaling pathway.'!
Normal Wnt signaling is recognized as essential for embryonic development and maintenance of adult tissue,'? while
abnormal Wnt signaling is associated with cancer development. A recent study has indicated that Wnt signaling is
activated in CRSWNP,'® but the concrete regulation mechanism of this signaling pathway in NPs is still poorly
understood.

Protein Phosphatase 2A (PP2A), a serine/threonine phosphoprotein phosphatase, is involved in modulating Wnt/(-
catenin signaling pathway, exerting both stimulatory and inhibitory effects on this pathway.'* Early studies indicated that
PP2A activity is linked to inflammation of the lower respiratory tract,">'¢ but its involvement in upper respiratory tract
inflammation is still unknown. So far, it remains unreported whether PP2A contributes to the pathogenesis of CRSwNP
through Wnt pathway.

The study aimed to explore: (1) PP2A expression in normal sinonasal mucosa and its alteration in NPs; (2) whether
the Wnt/B-catenin signaling pathway is involved in the development of CRSWNP through promoting EMT; (3) whether
PP2A affects EMT process by regulating Wnt pathway and contributes to pathophysiology of CRSwNP; (4) whether
there are differences in the expression of PP2A and Wnt signaling-associated mediators between different endotypes of
CRSwNP. The experimental workflow is schematically illustrated in Figure 1.
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[ The role of PP2A and Wnt/B-catenin signaling pathway in CRSwNP ]

Figure | Schematic illustration of the research strategy to investigate the role of PP2A in promoting EMT in CRSWNP via regulating the Wnt/B-catenin pathway. The study
was designed to validate the proposed mechanism across three levels. Part |: The expression and activity levels of PP2A, key components of the Wnt/B-catenin pathway, and
EMT markers were analyzed in nasal polyp tissues and inferior turbinate tissues. Part 2: The role of PP2A was investigated using primary nasal polyp epithelial cells and BEAS-
2B cells through function experiments. Part 3: A murine model of eosinophilic nasal polyps was established and was intervened with a PP2A inhibitor. The effects of PP2A on
EMT markers and eosinophil infiltration were evaluated.

Materials and Methods

Study Subjects
This study included 20 control subjects, 20 eosinophilic CRSWNP (EosCRSwNP) patients, and 36 non-eosinophilic
CRSWNP (non-EosCRSWNP) patients. The diagnosis of CRSWNP was made in accordance with EPOS 2020.!
Eosinophilic CRSwNP was determined on the basis of the histological quantification of eosinophils, with a count of
55 or more in a high-power field."” The control subjects were diagnosed as having deviation of the nasal septum with
hypertrophic inferior turbinate and without any sinonasal inflammatory diseases. Subjects with these conditions were
excluded: (1) those under the age of 18; (2) those with a diagnosis of primary ciliary dyskinesia; (3) those who had been
administered antibiotics, corticosteroids, or other immunomodulatory medications within 4 weeks preceding surgery.
Informed consent was obtained from all the patients. During surgery, inferior turbinate tissues from control participants
and nasal polyp tissues from CRSwNP patients were obtained. More information is provided in the supplementary
material 1.

Our study complies with the Declaration of Helsinki. Approval for this study was granted by the ethics committee of
The First Affiliated Hospital of Chongqing Medical University (2022-K301,17 June 2022). Due to constraints in sample
availability, not all specimens were utilized in each experimental protocol. Table 1 displays the demographic information.

Quantitative Real-Time PCR

Total RNA was isolated using the Trizol reagent method, then cDNA was synthesized utilizing a reverse transcription kit
(More information is provided in the supplementary method 1). The primer sequences were designed and synthesized by
Sangon Biotech (Table 2). Relative expression levels of mRNA for Wnt3A, WIF1, CTNNBI1, PPP2CA, and GAPDH
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Table 1 Demographics of Subjects

Subjects Control Non-EosCRSWNP | EosCRSwWNP | P value
Number 20 36 20

Age (yr) 31 (18-50) | 38.5 (18-68) 31 (18-59) 0.136 ¥

Male sex, n (%) 14 (70) 22 (61.1) 12 (60) 0.758 »
Allergic Rhinitis, n (%) 0 (0) 3(83) 4 (20) 0.095 ©

Asthmatic, n (%) 0 (0) 0 (0) I (5) 0.526 ©

VAS score 2(1-4) 5(3-8) 6(3-8) 0.000" ¥
Preoperative

Lund-Mackay score Preoperative _ 13.5 (6-21) 16 (9-22) 0.043"

Lund-Kennedy score Preoperative | _ 7 (3-12) 8 (4-12) 0414
Lund-Kennedy score Postoperative | _ 2 (04) 2.5(0-6) 0.199 7

SNOT-22 _ 28 (10-62) 29 (16-66) 0.632 ©
Preoperative

SNOT-22 _ I (0-6) 1.5 (0-8) 0.745 9

Postoperative

Notes: Data are presented as medians along with IQRs. ®Variance was analyzed by One-way ANOVA; ®Variance was
analyzed by Chi-square test; 9Variance was analyzed by Fisher’s exact test; PVariance was analyzed by K-independent
Samples Nonparametric test; © Variance was analyzed by unpaired Student t test; ?Variance was analyzed by Mann—
Whitney U-test. *A p-value of less than 0.05 was deemed statistically significant for all analyses.

Table 2 Primer Sequences for PCR Amplification

Gene Sequence

Forward: ACTCGACTCCTGGGCTTTTG
Reverse: TCACACATTGGACCCTCATGG
Forward: CGTGCTGGACAAAGCTACCA
Reverse: GACACTAGCTCCAGGGAGGA
Forward: CAAACTGCTCAACCACCTGC
Reverse: AGGCTGGCTTCGTACCTTTT
Forward: GGCTACTCAAGCTGATTTGATGG
Reverse: TCCACTGGTGAACCAAGCAT
Forward: ACCCAGAAGACTGTGGATGG
Reverse: TTCTAGACGGCAGGTCAGGT

HUMAN-PPP2CA

HUMAN-WNT3A

HUMAN-WIFI

HUMAN-CTNNBI

HUMAN-GAPDH

2*AACt

were assessed using RT-qPCR assays. The method was used to calculate gene expression, which was then

normalized to GAPDH.

Western Blot Analysis

Specimens were lysed using RIPA buffer and subsequently quantified using BCA assay reagent. Following their
separation using SDS-PAGE, the proteins were transferred onto PVDF membranes, then blocked with 6% skim milk
for a duration of 2 hours. The membranes underwent incubation with primary antibodies specific to PP2A, phospho-
PP2A alpha (Tyr307), E-Cadherin, Vimentin, GSK3, phospho-GSK3 B(Ser9), Wnt3A, Cyclin D1, B-Catenin, phospho-
B-Catenin (Ser33/Ser37), B-Catenin non-phospho(active)S45, and GAPDH overnight at 4°C. The next day, the mem-
branes underwent an incubation step with an HRP-labeled secondary antibody, and then visualized by the ECL system.
Finally, the images were analyzed by Image J software. More information is provided in the supplementary method 2.

Immunohistochemistry
Tissue specimens were fixed, then dehydrated, embedded in paraffin, and sectioned into 5 - um - thick slices. Antigen
was retrieved by citric acid buffer, and endogenous peroxidase activity was inhibited. Sections were permeabilized,
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subsequently blocked and incubated with the primary antibodies specific to PP2A, E- Cadherin, GSK3p, Wnt3A, B-
Catenin, and Vimentin overnight at 4°C. The sections were subjected to three 5-minute washes with PBST, then
incubated with secondary antibody, and treated with DAB on the following day. Ultimately, slides were counterstained
with Hematoxylin, thoroughly rinsed under running tap water, and sealed for endoscopic examination. The average
optical density (AOD) was used to measure the level of expression in IHC using Image J software, while the expressions
of nuclear [ - catenin and wnt3A were measured by cell counting in the epithelial layer by three blinded observers. More
information is provided in the supplementary method 3.

Immunofluorescence Staining

Cell climbing films were first fixed, then permeabilized, thoroughly washed with PBS, subsequently blocked, incubated
with primary antibodies, as outlined in the immunohistochemistry protocol. On the next day, cell climbing films were
incubated with secondary antibodies, followed by DAPI counterstaining, then examined by fluorescence microscope, and
the data were analyzed by Image J software, with the assessment based on mean fluorescence intensity. More information
is provided in the supplementary method 4.

Primary Cell Culture

Nasal polyps obtained from patients diagnosed with CRSWNP were used for primary culture. Fresh tissue samples were
washed in PBS, sectioned into smaller fragments, and digested with 0.1% collagenase type I and 0.25% trypsin.
Monolayer primary nasal polyp epithelial cells were cultured in complete medium. After reaching about 80% confluence,
primary cells were treated with 4 uM LB-100 (a small molecule PP2A inhibitor, SF1082-10Mm, Beyotime, China), or
not as control for 48 h. Collected cells were used for Western blot analysis. More information is provided in the
supplementary method 5.

Recombinant Human WNT3A and PP2A Inhibitor Treatment of Human Bronchial
Epithelial Cell

Human bronchial epithelial cell line BEAS-2B (Pricella, China) was preserved at —80°C and recovered from the frozen
state. After 2 generations, the third generation was seeded in a 10 cm culture dish and cultured in complete medium as
previously described. After reaching about 80% confluence, cells were stimulated with 400 ng/mL of thWNT3A
(MedChemExpress, USA) to establish a Wnt-induced EMT cell group. Additionally, a combination treatment of
rhWNT3A (400 ng/mL) and LB-100 (4 uM) was administered to create a PP2A inhibition group. The control group
was cultured with complete medium only. After a 48-h incubation period, the harvested cells were used for Western blot
analysis and immunofluorescence assays. More information is provided in the supplementary materials method 6.

Recombinant Human WNT3A and PP2A Agonist Treatment of Human Bronchial

Epithelial Cell

The control group and Wnt-induced EMT cell group were established as previously described. Subsequently, BEAS-2B
cells were treated with hWNT3A (400 ng/mL) and PP2A agonist DT-061 (8 uM, Selleck, USA) for 48 h to create a
group with PP2A stimulation, collected cells were used for Western blot analysis and immunofluorescence assays. More
information is provided in the supplementary materials method 7.

Establishment of Murine NP Model and PP2A Inhibition Treatment

Fifteen female BALB/c mice (aged 5 weeks,16 to 20g) were maintained in a standard housing environment. The animal
study was conducted following the standard protocol illustrated in Figure 2. All animal experiments received approval
from the Institutional Animal Care and Use Committee of Chongqing Medical University (IACUC-CQMU-2023-0249)
and adhered to the principles on ethical animal research outlined in the Basel Declaration and the ethical guidelines by
the International Council for Laboratory Animal Science. Mice were randomly assigned to three groups (n = 5):'®'? the
control group underwent PBS administration only; NP model group received treatments of ovalbumin (OVA) and
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Figure 2 Protocol of the murine model of NPs in BALB/c mice with PP2A inhibitor intervention. (A) Control group: mice were injected intraperitoneally with 0.3 mL PBS
on day 0 and 5, then 40pL PBS was instilled daily by nasal infusion from day 12 to day 19, next mice were received 40pL PBS 3 times a week by nasal infusion for 12 weeks.
(B) NP model group: Mice were sensitized by intraperitoneal injection of OVA 25ug and Alum gel 2 mg on day 0 and 5, then 40pL of 3% VOA was instilled daily by nasal
infusion from day 12 to day 19, next mice were received 40ulL of 3% VOA 3 times a week by nasal infusion for 4 weeks, subsequently, mice were dripped nasally with 40pL of
3% OVA and 10 ng SEB for 8 weeks. (C) Intervention group: Same protocol as NP model group, with additional mice were injected intraperitoneally with LB-100 (1.5 mg/kg)
twice a week during the final 8 week.

staphylococcal enterotoxins B(SEB); the intervention group were also treated with LB-100 in addition to OVA and SEB.
Histological examination of the nasal mucosal epithelium was conducted using Hematoxylin-Eosin staining. The
presence of polyp-like lesions and eosinophilic infiltration in nasal mucosa was observed under light microscope by
three blinded observers independently. Polyp-like lesions were defined as obvious nasal mucosal eminences with
eosinophilic infiltration. The quantification of eosinophilic infiltration was determined by calculating the number of
eosinophils per high power field (HPF). For each histological section, a total of 10 non-overlapping high power fields
were examined. Subsequently, the mean of the eosinophil counts was computed to represent the degree of eosinophilic
infiltration. The counts of polyp-like lesions and infiltrated eosinophils were recorded. Changes in the expressions of
E-cadherin and Vimentin in the nasal mucosal epithelium of mice were assessed by Immunohistochemistry describe
previously. More information is provided in the supplementary materials method 8.

Statistical Analysis

The normality of the data was evaluated by the Kolmogorov—Smirnov test and the Shapiro—Wilk test. For binary
comparisons, unpaired Student ¢ test was applied for testing if variables correspond to normally distribution; otherwise,
the Mann—Whitney U-test was utilized. In the event of multi-group comparisons, one-way ANOVA was conducted,
followed by the Tukey post hoc test for variables with normal distribution, while the Kruskal-Wallis test was used for
variables that were not normally distributed. The data were illustrated using scatter dot plots and bar graphs, where the
bars indicated the median values and the error bars represented the standard errors of the mean (SEMs). P <0.05 indicates
statistical significance. The analyses were conducted using SPSS version 25.0 and GraphPad Prism software ver-
sion 10.0.
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Results

Increased Expression and Activity of PP2A in Nasal Polyps
The PP2A mRNA expression was increased in both EosCRSWNP and non-EosCRSwNP compared to control tissues.
Moreover, a significantly higher mRNA expression of PP2A was observed in EosCRSwNP compared to non-
EosCRSwNP (Figure 3A). The protein-level validation of these findings was performed using Western blotting.
Additionally, the relative expression of Phospho-PP2A alpha (Tyr307) at the protein level was significantly decreased
in NPs (Figure 3B), indicating that the activity of PP2A was also increased in nasal polyps compared with control.
Then we performed immunohistochemical staining of tissue sections to compare the levels of PP2A expression in
NPs and inferior turbinate tissues. Result showed that the average optical density of PP2A in nasal polyps was
significantly elevated compared to that in inferior turbinate tissues (Figure 3C), which is consistent with the result

from Western blot analysis.

EMT Process and Whnt Signaling Are Activated in Nasal Polyps

The mRNA transcriptional level of Wnt3A was upregulated, and the Wnt inhibitor WIF1 was downregulated in NPs
compared to control. Meanwhile, the mRNA expression level of B-catenin was upregulated only in eosinophilic NPs
(Figure 4A).

Western blot analysis was conducted to assess the expression of key regulator proteins of Wnt signaling pathway:
Wnt3A, cyclin D1, B-catenin, and GSK3f. The outcomes indicated a reduction in the levels of GSK3f and phospho-f3-
catenin (Ser33/Ser37) expression, while the expression of Wnt3A, cyclin D1, phospho-GSK3p(Ser9), and active B-
catenin was upregulated in nasal polyps in comparison to control. The level of total B-catenin expression was only
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Figure 3 Increased expression and activity of PP2A in nasal polyp tissues. (A) the mRNA expression levels of PP2A in tissue samples from different study groups detected by
quantitative RT-PCR. (B) the protein levels of PP2A and Phospho-PP2A alpha (Tyr307) in tissue samples from different study groups detected by Western blotting. (C),
Immunohistochemical intensity of PP2A in the epithelium of different groups (x 400 magnification). For (A—C) data were analyzed by the one-way ANOVA with the Tukey
post hoc test. *P <0.05; **P <0.01; and ***P < 0.001.
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Figure 4 Whnt signaling and EMT are activated in nasal polyp tissues. (A) the mRNA expression levels of WNT3A, B-catenin and WIFI in tissue samples from different study
groups detected by quantitative RT-PCR. (B) the protein levels of E-cadherin, Vimentin, Cyclin DI, B-catenin, active B-catenin, Phospho-B-catenin (Ser33/37), GSK3p,
Phospho- GSK3p (Ser9) and WNT3A in tissue samples from different study groups detected by Western blotting. For (A and B) Data were analyzed by the one-way
ANOVA with the Tukey post hoc test. *P <0.05; **P <0.01; and ***P < 0.001.

Abbreviation: ns, no significant difference.
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Figure 5 Whnt signaling and EMT are activated in nasal polyp tissues (x 200 magnification). (A) Eosinophilic infiltration in the different study groups by hematoxylin-eosin
staining, —: eosinophils. (B-D), Immunohistochemical intensity of E-cadherin, Vimentin and GSK3p. (E) Nuclear B-catenin-positive cell numbers in the epithelium of
different groups, —: nuclear B-catenin-positive cell. (F) Positive cell counts per total cells of WNT3A in the epithelium of different groups. Data were analyzed by the one-
way ANOVA with the Tukey post hoc test. *P <0.05; **P <0.01; and ***P < 0.001.

increased in eosinophilic NPs (Figure 4B). The findings were additionally validated through conducting immunohisto-
chemistry of nuclear B-catenin, WNT3A and GSK38 in tissue samples, and we found a notable elevation in the counts of
nuclear B-catenin positive cells and WNT3A positive cells in the epithelium of nasal polyps (Figure 5E and F), while the
average optical density of GSK3p in epithelium was lower in NPs compared with control (Figure 5D).

We also analyzed the expression levels of E-cadherin, a marker of epithelial tight junctions, as well as the
mesenchymal marker Vimentin. We observed a significant increase in Vimentin expression and a decrease in
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E-cadherin expression in NPs compared to control by Western blot analysis (Figure 4B). Meanwhile, the same result was
shown by immunohistochemical staining (Figure SA-C).

Inhibition of PP2A Inhibits EMT in Epithelial Cells of NPs via Regulating Wnt/B-Catenin
Signaling Pathway

To determine whether PP2A affected EMT process in nasal polyps, we cultured primary epithelial cells isolated from
NPs, and the primary cells were treated with LB-100. Then we analyzed variations in E-cadherin, Vimentin, -catenin
and active P-catenin expression by Western blot. The outcomes revealed an eclevation in the expression level of
E-cadherin, whereas the expression of -catenin, active B-catenin, and Vimentin exhibited a decrease in primary cells
treated with LB-100 compared to the control group (Figure 6). To ensure that the decreased active -catenin was not
triggered by the decreased total f-catenin expression, active f-catenin level was normalized to total B-catenin, we could
confirm that PP2A inhibitor contributed to downregulation of active B-catenin, leading to inhibition of this pathway.
Outcomes from the experiment indicate that inhibition of PP2A may inhibit EMT process in epithelial cells of nasal
polyps by suppressing Wnt/B-catenin signaling pathway.

We further explored the molecular mechanism by LB-100 alleviating EMT in epithelial cells of NPs. We examined
the activity and expression of PP2A. The findings indicated that there was no expression change of total PP2A, while
there was significant increased expression of Phospho-PP2A (Tyr307) in epithelial cells after LB-100 treatment
(Figure 6). Therefore, we conclude that LB-100 works through inhibiting activity but not decreasing the expression of
PP2A.

Inhibition of PP2A Suppresses EMT Induced by rhWNT3A in Epithelial Cells

BEAS-2B cells underwent treatment with thWNT3A as Wnt-induced EMT cell model group or only were cultured with
complete medium as control. Then we conducted Western blot to analyze the changes in the expression levels of EMT
markers. The findings indicated a notable reduction in the expression of E-cadherin, accompanied by an elevated level of
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Figure 6 Inhibition of PP2A inhibits EMT in epithelial cells of nasal polyps via regulating the Wnt/B-catenin signaling pathway. Primary epithelial cells of nasal polyps from
CRSwNP patients were treated with LB-100, or not as control in three independent biological replicates (labeled as Rep |, Rep 2, Rep 3). The protein levels of E-cadherin,
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Figure 7 Inhibition of PP2A inhibits EMTand stimulation of PP2A promotes EMT induced by rhWNT3A in BEAS-2B cells. BEAS-2B cells were treated with rhWNT3A and LB-100
as PP2A inhibition group, stimulated with rhWNT3A as Whnt-induced EMT group, cultured with rhWNT3A and DT-06| as PP2A stimulation group, or only cultured with complete
medium as control. (A) inhibition of PP2A inhibits EMT induced by rhWNT3A in BEAS-2B cells. The protein levels of E-cadherin, Vimentin, B-catenin, and active -catenin in cells
from different group as detected by Western blotting in three independent biological replicates (labeled as Rep |, Rep 2, Rep 3). (B) stimulation of PP2A promotes EMT induced by
rhWNT3A in BEAS-2B cells, the protein levels of E-cadherin, Vimentin, B-catenin, and active B-catenin in cells from different group as detected by Western blotting in three
independent biological replicates (labeled as Rep I, Rep 2, Rep 3). (C) contrast morphological images of BEAS-2B cells treated with WNT3A for 48 h and control (x 40
magnification). Data were analyzed by the one-way ANOVA with the Tukey post hoc test. *P <0.05; **P <0.01; **P < 0.001; ns: no significant difference.

vimentin expression in Wnt-induced EMT group (Figure 7A and B), as well as the morphological change of BEAS-2B
cells, from a polygonal shape to a spindle - shaped morphology (Figure 7C).

At the same time, BEAS-2B cells were treated with a combination of rhWNT3A and LB-100 to establish the PP2A
inhibition group. Next, we performed immunofluorescence and Western blot to analyze changes in the expression of
EMT markers and essential regulatory proteins of Wnt pathway. The data obtained from Western blotting indicated a
reduction in the levels of total B-catenin, activated B-catenin, and vimentin expression, while E-cadherin expression was
increased in PP2A inhibition group compared to Wnt-induced EMT cell model group (Figure 7A). Consistently,
immunofluorescence images showed similar changes of EMT markers (Figure 8). The results indicate that inhibition
of PP2A can suppress EMT induced by Wnt signaling in airway epithelial cells.
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Figure 8 Inhibition of PP2A suppresses EMT and stimulation of PP2A promotes EMT induced by rhWNT3A in Human bronchial epithelial cells. (A) Immunofluorescence
image of BEAS-2B cells stained for E-cadherin, fluorescence intensity of BEAS-2B cells in different group were compared. (B) Immunofluorescence image of BEAS-2B cells
stained for Vimentin, fluorescence intensity of BEAS-2B cells in different group were compared. Scale bar:20 ym. Data were analyzed by the one-way ANOVA with the Tukey
post hoc test. *P <0.05; **P <0.01; and ***P < 0.001, ns: no significant difference.

Activation of PP2A Promotes EMT Induced by rhWNT3A in Epithelial Cells

We further validated the effect of PP2A in the function of the epithelial barrier by treating cells with PP2A agonists DT-
061. We examined the changes in the expression levels of B-catenin and EMT markers after stimulation of PP2A in
BEAS 2B cells. The findings from Western blotting showed that E-cadherin expression was reduced, while the
expression of activated B-catenin and Vimentin were increased in the PP2A-stimulated group compared to the Wnt-
induced EMT group (Figure 7B). The outcomes from immunofluorescence analysis demonstrated that the mean
fluorescence intensity of E-cadherin expression was markedly decreased, whereas the mean fluorescence intensity of
Vimentin was increased in epithelial cells after DT-061 treatment in comparison with Wnt-induced EMT group
(Figure 8). The results show that activation of PP2A promotes EMT in airway epithelial cells.

PP2A Inhibitor Mitigate the Development of Nasal Polyps, EMT and Eosinophilic

Inflammation in Murine NP Model

The murine nasal polyp model was developed through administration of SEB and OVA. LB-100 was administered to
mice in the intervention group from day 47. The nasal mucosa of the NP model group showed significant polypoid
lesions, increased mucosal thickening and folds, eosinophilic infiltration, as well as a disorganized arrangement of
epithelial cilia compared with control group. In PP2A inhibitor treated group, although inflammatory changes were still
present, the incidence of polypoid lesions and degree of eosinophilic infiltration were reduced relative to that observed in
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the NP model group (Figure 9A and B). We also analyzed the changes in expression levels of E-cadherin and Vimentin in
the nasal mucosal epithelium of mice from different group by immunohistochemical staining. We observed a significant
increase in Vimentin expression and a decrease in E-cadherin expression in NP model group compared to control.
Meanwhile, E-cadherin expression was increased and Vimentin expression was decreased in PP2A inhibitor treated
group compared to NP model group (Figure 9C). The results indicate that inhibition of PP2A may mitigate the
development of nasal polyps, EMT and eosinophilic inflammation in murine NP model.

PBS OVA+SEB OVA+SEB+LB-100

Figure 9 Continued.
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Figure 9 PP2A inhibitor mitigate the development of nasal polyps, EMT and eosinophilic inflammation in murine NP model. (A) murine NP models were evaluated by H&E
staining; dotted boxes represent polypoid lesions. The number of murine nasal polypoid lesion in each group were counted. (B) eosinophil infiltration in the submucosa in
each group (x400 magnification). (C) Immunohistochemical intensity of E-cadherin and Vimentin in the nasal mucosal epithelium of mice from different groups (x 200
magnification). For A, data from NP model group and intervention group were analyzed by Mann—Whitney U-Test. For B, data were analyzed by the one-way ANOVA with
the Tukey post hoc test. For C, data were analyzed by Brown-Forsythe test for expression of E-cadherin, data were analyzed by the one-way ANOVA with the Tukey post
hoc test for expression of Vimentin, *P <0.05, **P <0.01; ***P < 0.001, ns: no significant difference.
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Discussion

Previous studies have reported that Wnt/p-catenin signaling pathway is activated in lower airway diseases.’”** The
similar phenomena have been observed in NPs in recent studies.”” We assayed the expression levels of Wnt pathway
modulators in tissues. Our experimental findings show a notable increased expression of active p-catenin in NPs. -
catenin serves a dual role in intracellular signal transduction and cell adhesion as a key mediator of Wnt/B-catenin
signaling. On one hand, B-catenin constructs the cell membrane with E-cadherin, while on the other hand, it translocates
into the nuclei where it associates with TCF/LEF under conditions of active Wnt signaling, resulting in the transcriptional
activation of target genes.”® We also observed a downregulation of GSK3B expression and an upregulation of Phospho-
GSK3B(Ser9) expression in NPs. GSK3f serves as another critical modulator of the Wnt pathway. In the absence of Wnt
signaling, GSK3p associates with Axin, adenomatous polyposis coli (APC), CK1, and B-catenin to form a complex.
GSK3p is activated and then phosphorylates B-catenin. This phosphorylation event leads to the ubiquitination of B-
catenin, resulting in its degradation through the proteasomal pathway. When Wnt signaling is activated, the canonical
Whnt-signaling pathway is initiated through the association of a Wnt ligand with Frizzled-related protein (FRP), leading to
the activation of Dishevelled (Dsh) through phosphorylation, which then phosphorylates GSK3p.?” The inactivation of
GSK3p leads to the dissociation of B-catenin from the degradation complex and its dephosphorylation, resulting in an
aggregation of B-catenin within the cytoplasmic compartment. The outcomes of our experiments supported activation of
Wnt/B-catenin pathway in CRSwWNP. Aberrant Wnt signaling results in overactivation of Wnt pathway and promotes
transcription of genes involved in EMT downstream of this pathway.

We also investigated the markers associated with EMT, and the findings indicated the presence of EMT process in
CRSwNP. Previous research has substantiated the observation of a reduction in epithelial markers accompanied by an
increase in mesenchymal markers in CRS.?®° Differentiated epithelial cells lose their junctional attachments to one
another during the EMT process, which causes epithelial barrier dysfunction. Epithelial barrier defects due to compro-
mised cell-cell junctions have been suggested as significant contributors to the pathogenesis of NPs by allowing invasion
of pathogens into the underlying mucosal tissues and subsequently elicit immune responses.>'? As further proof of
WNT pathway promoting EMT in CRSwNP, we cultured BEAS-2B cells with thWNT3A, the experimental data showed
that activation of Wnt pathway could induce EMT in epithelial cells. Jun-Sang Bae et al previously reported that
rhWNT3A treatment induced EMT in human nasal epithelial cells(HNEpCs) and inhibition of Wnt signaling relieved
EMT in murine NP models.** Thus, it is reasonable to believe that abnormal Wnt signaling may exacerbate EMT of the
nasal mucosa. Therefore, targeting key regulatory molecules of WNT pathway represents a promising therapeutic
strategy for CRSwNP.

Although studies have shown that abnormal WNT signaling is associated with the pathogenesis of CRSwWNP, the
mechanisms by which the activated Wnt signaling leads to disruption of epithelial barrier integrity and promotion of
inflammatory responses in NPs remain inadequately understood. Furthermore, it is unclear whether there is a difference
in the regulatory mechanism of Wnt/B-catenin pathway between EosCRSwNP and non-EosCRSwNP.

PP2A is recognized as a modulator protein of Wnt pathway.** Previous studies have focused on its role in
Alzheimer’s disease’ and tumor immunity.>®>” It has been established that PP2A is integral to embryonic development
and tumor suppression by modulating Wnt signaling.**>° Nevertheless, the function of PP2A in CRSWNP remains
unknown.

As far as we are aware, we first report the role of PP2A in the pathogenesis of nasal polyps, we have demonstrated
increase of PP2A in NPs at both the transcriptional and expression levels, and the activity of PP2A was also found to be
increased in NPs. Moreover, in vitro studies have provided evidence that, through the regulation of Wnt/B-catenin
signaling, the inhibition of PP2A may suppress EMT, while stimulation of PP2A aggravates EMT in epithelial cells.
Animal experiments reveal that inhibition of PP2A could reduce the number of polypoid lesions, mitigate EMT and
alleviate eosinophilic inflammation of nasal mucosal epithelium in murine NP model. Our experiments show that PP2A
may promote EMT through regulation of Wnt/B-catenin pathway and contribute to the formation of nasal polyps. PP2A
is a heterotrimeric protein complex. Early studies have reported PP2A’s dual regulation of Wnt Signaling pathway. A
study demonstrated that inhibition of PP2A through the administration of okadaic acid or silencing of the PP2Ac catalytic
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subunit led to elevated levels of phosphorylated-GSK3p,*” supporting a possible function of PP2A in the stimulation of
GSK3p activity, which subsequently results in the phosphorylation and ultimately degradation of -catenin. Another
study provided evidence for the involvement of PP2A as a constituent of the p-catenin destruction complex,*’ and
indicated PP2A’s negative regulation of Wnt Signaling pathway. On the contrary, some studies suggested that PP2A
exerts a positive regulatory effect on the Wnt signaling. Zhang et al showed that the regulatory subunit PR55a of PP2A
could directly interact with B-catenin, dephosphorylate the main effector and increase its abundance.** Strovel et al found
that the overexpression of PP2Ac dephosphorylated scaffolding protein Axin,** which serves as an inhibitory regulator of
Wnt signaling by enhancing phosphorylation of -catenin. Our study demonstrated that the inhibition of PP2A could
reduce activated -catenin expression levels, resulting in inhibition of Wnt signaling and alleviation of EMT in epithelial
cells. Meanwhile, stimulation of PP2A increases expression of activated -catenin, leading to activation of Wnt signaling
and promoting EMT in epithelial cells. The results indicate that PP2A exerts positive regulation on Wnt signaling
pathway in CRSwNP. We speculate that PP2A may regulate Wnt signaling in CRSwNP through dephosphorylating
components of degradation complex and preventing phosphorylation of B-catenin, or directly interacting with and
dephosphorylating B-catenin to activate Wnt signaling. Deeper research is needed to elucidate specific elements of
Wnt pathway that are targeted by PP2A in CRSwNP.

We also compared the differences in expression of PP2A, Wnt signaling pathway modulators and EMT-related
markers between two endotypes of CRSwNP. Compared to non-cosinophilic NPs, a notably enhanced expression of
WNT3A and PP2A was observed, while E-cadherin expression was reduced in eosinophilic NPs. In animal experiments,
we also observed a reduction in the number of eosinophilic infiltrations in PP2A inhibition group compared with that in
NP model group. The results indicated that PP2A may play a more important role for promoting EMT in eosinophilic
nasal polyps. Eosinophil infiltration serves as a manifestation of the type 2 inflammation characteristics in CRS.
Eosinophilic inflammation has been recognized as a major pathological mechanism for poor efficacy of CRSWNP,**
PP2A may contribute to the eosinophilic inflammation in NPs, but more in-depth study is needed to explore mechanism
by which PP2A contributes to eosinophilic inflammation in NPs.

In this study, we have already identified the effect of Wnt/ B-catenin pathway and PP2A in CRSwNP. Nevertheless,
several limitations should be acknowledged. First, although our in vivo data suggest that PP2A inhibition alleviates EMT
and eosinophilic inflammation, the relatively small animal sample size limits the statistical power of these findings,
necessitating future validation with larger cohorts. Second, whether the non-canonical Wnt pathway possesses similar
regulatory mechanism remains unexplored. Third, while the BEAS-2B cell line is a well-established model for studying
airway epithelial biology, future investigations employing HNEpCs are necessary to validate the role of the PP2A/Wnt/B-
catenin signaling pathway in CRSwNP. Finally, the exact mechanism underlying the regulation of the Wnt/B-catenin
pathway by PP2A remains to be elucidated. Our subsequent research will therefore focus on these aspects, especially on
PP2A’s role in type 2 inflammation within eosinophilic polyps.

Conclusion

Our study has demonstrated overexpression of PP2A, as well as activation of Wnt/B-catenin signaling pathway in both
endotypes of NPs, with a more pronounced effect observed in eosinophilic NPs. In vitro, Wnt can induce EMT in
respiratory epithelial cells, while inhibition of PP2A could alleviate EMT and stimulation of PP2A could aggravate EMT
in epithelial cells. We believe that PP2A promotes EMT in CRSwWNP by exerting its positive influence on Wnt/B-catenin
signaling pathway. Targeting PP2A might represent a viable therapeutic option for treating CRSwNP, while its
therapeutic viability awaits a more comprehensive understanding of the mechanism and validation in larger-scale in
vivo models.
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