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Abnormal Expression of YAP Is Associated With Proliferation, Differentiation, Neutrophil Infiltration, and Adverse Outcome in Patients With Nasal Inverted Papilloma
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Background: Nasal inverted papilloma (NIP) is a common benign tumor. Yes-associated protein (YAP) is the core effector molecule of the Hippo pathway, which regulates the proliferation and differentiation of airway epithelium. While its role in proliferation may be connected to NIP formation, no definitive association has been made between them.

Methods: We compared the difference of YAP expression and proliferation level between the control inferior turbinate, NP (nasal polyps), and NIP groups. In addition, we further used PCR, immunofluorescence, and immunohistochemistry to investigate YAP’s role in the proliferation and differentiation of the nasal epithelium and inflammatory cell infiltration, correlating them with different grades of epithelial remodeling. We further used an IL-13 remodeling condition to investigate YAP’s role in differentiation in an in vitro air-liquid interface (ALI) human nasal epithelial cell (hNECs) model. Finally, we also explored the correlation between YAP expression and clinical indicators of NIP.

Results: The expression of YAP/active YAP in the NIP group was significantly higher than that in the NP group and control group. Moreover, within the NIP group, the higher grade of epithelial remodeling was associated with higher YAP induced proliferation, leading to reduced ciliated cells and goblet cells. The finding was further verified using an IL-13 remodeling condition in differentiating ALI hNECs. Furthermore, YAP expression was positively correlated with proliferation and neutrophil infiltration in NIP. YAP expression was also significantly increased in NIP patients with adverse outcomes.

Conclusion: Abnormal expression of YAP/active YAP is associated with proliferation, differentiation, neutrophil infiltration, and adverse outcome in NIP and may present a novel target for diagnosis and intervention in NIP.
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INTRODUCTION

Nasal inverted papilloma (NIP) is a benign epithelial tumor growing in the nasal cavity and sinuses, characterized by their local invasiveness, recurrence, and malignant transformation (Katori et al., 2006; Sun et al., 2017). NIP grows as an extraneous polypoid with an endophytic (inverted) growth pattern. NIP can be formed from epithelial cells of different tissue origins, including squamous epithelium, respiratory epithelium, and transitional epithelium (Nielsen et al., 1991). At present, the etiology of NIP is unclear. Some researchers hold the view that NIP is a kind of tumor-derived from the Schneider’s membrane; some think that NIP may be the result of an initial inflammatory response (Orlandi et al., 2002). Additionally, it was also found that HPV may be responsible for causing NIP’s malignant transformation (Zhao R. W. et al., 2016). While NIP can be surgically treated, the disease is often easily misdiagnosed as a nasal polyp because of their similar clinical features (Paz Silva et al., 2015). However, compared with nasal polyps, NIP has a higher recurrence and malignancy rate. Many studies have found that the proliferation level of NIP is significantly higher than that of nasal polyps, which may be an important reason for the recurrence and malignant transformation of NIP (Mumbuc et al., 2007; Meng et al., 2014). Our previous research showed that inflammatory cells were identified as a significant cell population in NIP (Zhao L. et al., 2016), which supports the hypothesis that NIP formation is associated with inflammatory response (Orlandi et al., 2002). However, the mechanism of the high proliferation level and abnormal inflammatory cell infiltration in NIP is still unclear.

Yes-associated protein (YAP) is a transcriptional co-activator in the conserved Hippo pathway, which was shown to regulate cell proliferation, cell differentiation, and apoptosis (Yu et al., 2015). In airway epithelial stem cells, the Hippo pathway plays an important role in the self-renewal of stem cells and progenitor cells, as well as maintaining the balance between undifferentiated and differentiated cells. During the development of mouse lower airway, YAP can control the fate of lower airway epithelial progenitor cells and airway morphogenesis (Mahoney et al., 2014). In the mature lower airway of mice, YAP deletion leads to the loss of basal stem cells and uncontrolled differentiation. On the contrary, the overexpression of YAP strengthens the self-renewal and inhibits the differentiation of basal stem cells, resulting in epithelial proliferation and the formation of multi-layer undifferentiated cells (Zhao R. et al., 2014; Lange et al., 2015). In the nasal epithelium (upper airway), our team found that the expression of YAP in nasal polyps was abnormal and was involved in the epithelial proliferation and tissue remodeling of nasal polyps (Deng et al., 2019). Furthermore, it was also found that the Hippo pathway plays a role in inflammation. For example, defects in MST1 (mammalian sterile 20-like kinase 1), an upstream factor of YAP, leads to the downregulation of neutrophils (Kurz et al., 2018), and the specific knockout of YAP in vascular endothelium will lead to an increase of neutrophil infiltration (Lv et al., 2018). Thus, YAP has been shown to affect the airway proliferation and inflammation, which may likely be associated with NIP pathogenesis. Therefore, the present study aims to investigate the relationship between YAP and proliferation, differentiation, and inflammation in NIP pathogenesis.



MATERIALS AND METHODS


Patients and Samples

Control subjects (inferior turbinate, IT), patients with nasal polyps (NP), and patients with NIP were recruited from the Qilu Hospital of Shandong University (Jinan, China) and 3rd Affiliated Hospital of Sun Yat-sen University (Guangzhou, China). Control samples were obtained from healthy inferior turbinate tissues of patients who underwent septal plastic surgery. The diagnosis of NP and NIP was confirmed and reported by a pathologist. Other types of nasal papilloma (exophytic and cylindrical cell papilloma) were excluded from the study. The nasal polyps group had no concurrent NIP. The samples of NP and NIP were from different individuals. For patients with recurrent NIP, they went through NIP surgery before specimen collection. All patients had not used any form of glucocorticosteroids or antibiotics within 3 months prior to specimen collection.

The NIP clinical stages I to IV was evaluated according to previous studies (Krouse, 2000). In addition, we further based the evaluation on the results of patients’ computed tomography (CT) scans and endoscopic examination. History of recurrence was obtained with patient records and confirmed by outpatient and intraoperative endoscopic evidence of prior nasal surgery. Smokers were defined as current cigarette smokers who consume one or more packs of cigarettes a day, averaged over 1 year. Fresh specimens were fixed in formalin and preserved in RNAlater solution for histologic evaluation and detecting gene expression, respectively. Approval for this study was obtained from the institutional review boards of Qilu Hospital of Shandong University (2019124 Jinan, China) and 3rd Affiliated Hospital of Sun Yat-sen University ([2016]2–40, Guangzhou, China). Each subject provided written informed consent before participation.



Remodeling Evaluation of NIP Epithelium

The NIP was graded into three categories based on comprehensive results of hematoxylin and eosin (HE)-staining and immunofluorescent staining, according to a previous study (Roh et al., 2004; Figures 2A,E). Grade I was defined as ciliated respiratory epithelium with underlying squamous metaplasia; Grade II as partially ciliated respiratory epithelium with luminal squamous metaplasia and increased prominence of inversion; and Grade III as almost complete absence of respiratory epithelium with dominant stratified squamous epithelium. For each NIP specimen, the grading of remodeling was based on the predominant remodeling present (>70% of the epithelium showing this feature).



RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from frozen nasal tissues in RNA later. Then, 1,000 ng of total RNA was reverse transcribed into cDNA using Maxima Reverse Transcriptase Kit (Thermo Fisher Scientific) according to manufacturer’s protocol. The mRNA level was detected by SYBR green gene expression assays. Relative gene expression was calculated using the comparative 2–ΔΔ Ct method normalized against the housekeeping gene [ribosomal protein L13a (RPL13A)]. The primers sequences were as follows: YAP forward (5′-AATTGAGAACAATGACGACC-3′), YAP reverse (5′-AGTATCACCTGTATCCATCTC-3′); Ki-67 forward (5′-ACGAGACGCCTGGTTACTATC-3′), Ki-67 reverse (5′-GCTCATCAATAACAGACCCATTTAC-3′); RPL13A forward (5′-GTCTGAAGCCTACAAGAAAG-3′), RPL13A reverse (5′-TGTCAATTTTCTTCTCCACG-3′).



Human Nasal Epithelial Cells Culture and IL-13 Treatment

Human nasal epithelial cells (hNECs) were developed from primary human nasal epithelial stem/progenitor cells (hNESPCs) (Li et al., 2014; Liu et al., 2018; Yuan et al., 2020), obtained from fresh healthy inferior turbinate mucosa. The hNESPCs were transplanted to an air-liquid interface (ALI) system to form a pseudostratified layer within 4 weeks. A detailed description of the hNEC culture method used is found in our previously published papers (Li et al., 2014; Liu et al., 2018; Yuan et al., 2020). To establish a remodeling condition in vitro, IL-13 (10 ng/mL, R&D System, Minneapolis, MN, United States) was added to the basal cell culture medium of the hNECs during their entire duration of differentiation.



Immunofluorescence Staining and Analysis

Protein expression of YAP (sc101199, Santa Cruz Biotechnology), active YAP (ab205270, Abcam), P63 (ab124762, Abcam), Ki-67 (ab15580, Abcam), β4-TUBULIN (ab179504, Abcam), and MUC5AC (sc20118, Santa Cruz Biotechnology) on paraffin tissue sections were examined by immunofluorescence staining (IF). All the sections were blocked using 10% normal goat serum for 30 min at room temperature. They were then incubated with a primary antibody solution overnight at 4°C, followed by 1 h incubation with Alexa Fluor 488- or 594-conjugated secondary antibodies in the dark at room temperature. Cellular nuclei were visualized using 4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies, Carlsbad, CA, United States). For negative controls, primary antibodies were substituted with the species- and subtype-matched antibodies at the same concentration. The slides were analyzed with fluorescent microscopy (Olympus IX51, Tokyo, Japan).

Images of YAP on tissue sections were captured at ×400 magnification with a fluorescence microscope (Olympus IX51, Tokyo, Japan). Fluorescence intensity was performed by YAP antibody (sc101199, Santa Cruz Biotechnology) and was analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, United States) through calculating the raw mean fluorescence intensity (rMFI) in YAP IF staining and the mean autofluorescence intensity (MAI) in negative controls. YAP expression was measured by corrected mean fluorescence intensity (MFI), which was equal to rMFI minus MAI. Percentage of nuclear active YAP was performed using active YAP antibody (ab205270, Abcam). Nuclear active YAP (nuclear-aYAP) was only counted in the epithelium. For every sample, MFI and nuclear-aYAP were averaged from three images. Clinical characteristics of patients used in YAP MFI and qPCR were listed in Table 1. Patient characteristics used in calculating the percentage of nuclear active YAP were listed in Supplementary Table 1.


TABLE 1. Clinical characteristics of patients.
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Immunohistochemistry Staining and Evaluation of Inflammatory Cells

Evaluation of inflammatory cells was examined by immunohistochemistry staining (IHC), except eosinophils were measured by HE–staining. The specific inflammatory cell markers were as follows: mouse monoclonal anti-human neutrophil elastase (clone NP57) (Dako, Glostrup, Denmark) for neutrophils, mouse monoclonal anti-human CD68 (clone KP1) (Abcam, Cambridge, United Kingdom) for macrophages, mouse monoclonal anti-human CD4 (clone 4B12) (Dako) for helper T cells, mouse monoclonal anti-human CD8 (clone C8/144B) (Thermo Scientific, Fremont, CA, United States) for cytotoxic T cells, and mouse monoclonal anti-human Foxp3 [clone, 236A/E7] (Abcam) for regulatory T cells.

Nasal inverted papilloma tissue was embedded in paraffin and sectioned at 4 μm with a Leica microtome (Leica, Wetzlar, Germany). Paraffin tissue sections were blocked using 10% normal goat serum for 30 min at room temperature. They were pretreated with Target Retrieval Buffer (Dako) and then incubated with a primary antibody solution overnight at 4°C. The next day the cellular markers were stained by using a modified horseradish peroxidase (HRP) technique with the DakoCytomation EnVision1System-HRP (Dako). Species- and subtype-matched antibodies were used as negative controls (Dako). The slides were then incubated with Dako EnVision + System-HRP (Dako) at room temperature for 30 min, after which the substrate diaminobenzidine was added for color development. All slides were counterstained with hematoxylin.

When evaluating inflammatory cells, we first used low magnification to locate the areas with the most severe infiltration of inflammatory cells. Then observed 3 high-power fields and counted at least 300 leukocytes. Epithelial cells, fibroblasts, glandular cells, and endothelial cells were excluded. Of the 3 fields, the proportion of each type of inflammatory cell is the ratio of all this type of cell to all leukocytes. For IF and IHC, two researchers evaluated the data independently, and the third researcher independently evaluated and solved any disagreement between the first two researchers.



Statistical Analysis

All data were analyzed using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, United States). For comparison of differences between two groups, Mann–Whitney test and Wilcoxon matched-pairs signed rank test were applied. Kruskal–Wallis test was used to analyze differences between multiple groups. Correlation analysis was performed using the Spearman r test. A P-value of <0.05 was considered statistically significant.




RESULTS


YAP Is Overexpressed in Nasal Inverted Papilloma

We first evaluated YAP expression in control inferior turbinate (IT), nasal polyps (NP), and nasal inverted papilloma (NIP). In immunofluorescence staining (IF), epithelial MFI of YAP (Figures 1A,D) and percentage of nuclear active YAP positive cells (nuclear-aYAP+/DAPI) (Figures 1B,E and Supplementary Figure 1) in NIP was found to be higher than in IT and NP tissues. The same results could be observed at the mRNA level where YAP mRNA was increased in NIP compared to IT and NP (Figure 1G). Secondly, we examined the proliferation level of IT, NP, and NIP. We choose Ki-67, a widely recognized proliferation marker, co-stained with P63 to represent basal cells with proliferative ability. Thus, the ratio of Ki-67+ cells to P63+ cells (Ki-67/P63) would indicate the level of proliferation in the basal epithelium. Ki-67/P63 was increased in NIP compared with IT and NP (Figures 1C,F and Supplementary Figure 2), Ki-67/P63 in NP was also found to be higher than that in IT, congruent with our previous findings (Deng et al., 2019). The result of immunofluorescence staining was consistent with the PCR results. At the mRNA level, both NIP and NP showed increased Ki-67 expression, with NIP being higher than that of NP (Figure 1H). This trend of Ki-67 levels was consistent with YAP expression and indicated the correlation of high proliferation levels in NIP with YAP expression.
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FIGURE 1. YAP is overexpressed in nasal inverted papilloma. (A,B) Total YAP and active YAP IF staining in control IT, NP, and NIP tissues. (C) Ki-67 and P63 double IF staining in control IT, NP, and NIP tissues. (D–F) Semi-quantitative analysis of mean fluorescence intensity (MFI) stained for total YAP, percentage of nuclear active YAP positive cells (nuclear-aYAP+/DAPI), ratio of Ki-67+ cells to P63+ cells (Ki-67/P63) on IF staining in control IT, NP, and NIP tissues. (G,H) The mRNA levels of YAP and Ki-67 in control IT, NP, and NIP tissues were quantified by RT-qPCR assays and relative expression of the target gene was normalized to 2− Δ CT with RPL13A. Multiple group comparison was using Kruskal–Wallis test. Red lines show median values. (A–C), ×400 magnification, scale bar = 50 μm. (D,F–H), n(IT) = 10, n(NP) = 20, n(NIP) = 29. (E), n(IT) = 10, n(NP) = 18, n(NIP) = 36.




Higher YAP Expression Level Is Associated With Reduced Nasal Epithelial Differentiation in NIP

Based on a previous study, NIP can be further divided into three categories (Roh et al., 2004). The nasal epithelial remodeling was found to increase in severity from Grade I to Grade III accompanied by reduced nasal epithelial differentiation, and the representative HE and IF were shown in Figures 2A,E. The number and proportion of three types of NIP in this study were shown in Table 2 and Supplementary Table 1. As there were not enough Grade I samples, we only compared Grade II to Grade III. In Grade III NIP, YAP mRNA level (Figure 2F), YAP MFI (Figures 2B,H), and percentage of nuclear active YAP positive cells (nuclear-aYAP+/DAPI) (Figures 2C,I) were all significantly higher than that in Grade II.


[image: image]

FIGURE 2. Increased YAP levels are associated with proliferation and differentiation in NIP. (A) HE staining in different epithelial remodeling grade of NIP tissues. (B,C) Total YAP and active YAP IF staining in different epithelial remodeling grade of NIP tissues. (D,E) Ki-67 and P63, β4-TUBULIN, and MUC5AC double IF staining in different epithelial remodeling grade of NIP tissues. (F,G) The mRNA levels of YAP and Ki-67 in control IT, NP, and NIP tissues were quantified by RT-qPCR assays and relative expression of the target gene was normalized to 2− Δ CT with RPL13A. (H–J,L,M) Semi-quantitative analysis of mean fluorescence intensity (MFI) stained for total YAP, percentage of nuclear active YAP positive cells (nuclear-aYAP+/DAPI), ratio of Ki-67+ cells to P63+ cells (Ki-67/P63), goblet cell ratio (MUC5AC+/DAPI), ciliated cell ratio (β4-TUBULIN+/DAPI) on IF staining in Grade II and Grade III of NIP tissues. (K) Correlation analysis between YAP MFI and Ki-67/P63 on IF staining in NIP tissues. (N) Correlation analysis between nuclear-aYAP+/DAPI and β4-TUBULIN +/DAPI on IF staining in Grade II NIP tissues. Two group difference was analyzed with Mann–Whitney test, and correlation analysis was performed using the Spearman r test. Red lines show median values. (A–E), ×400 magnification, scale bar = 50 μm. (F–H,J,L,M), n(Grade II) = 18, n(Grade III) = 10; (I), n(Grade II) = 16, n(Grade III) = 19; (K), n = 29; N, n = 16.



TABLE 2. Clinical characteristics of patients with NIP.
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In terms of proliferation, Grade III NIP has a higher level of Ki-67 than Grade II on both protein level (Figures 2D,J) and mRNA level (Figure 2G). We explored the relationship between YAP and proliferation in NIP. YAP MFI is positively correlated to Ki-67/P63 (Figure 2K). In terms of differentiation, ciliated cell ratio (β4-TUBULIN+/DAPI) (Figures 2E,M) and goblet cell ratio (MUC5AC+/DAPI) (Figures 2E,L) was decreased in Grade III compared with Grade II. While total YAP MFI was positively correlated with ciliated cell ratio in Grade II NIP (Supplementary Figure 3A), nuclear active YAP was found to be negatively correlated with ciliated cells ratio (Figure 2N). There was no significant difference between the goblet cell ratio and YAP MFI (Supplementary Figure 3B). For the goblet cell ratio, as the numbers are low in NIP groups, we did not explore its correlation with nuclear active YAP positive cells ratio. These results indicated that YAP may be involved in the severity of NIP via dysregulation of proliferation and differentiation of the nasal epithelium.



Active YAP Is Negatively Correlated With Ciliated Cells in hNESPCs Culture Model

A recent study has demonstrated that YAP/TAZ activity may be involved in the regulation of ciliogenesis (Kim et al., 2015). In order to explore the role of YAP during tissue remodeling processes in NIP, we used IL-13 on hNECs ALI cell culture. IL-13–mediated cellular remodeling of the human airway epithelium has been examined in multiple studies. IL-13 stimulation could induce more MUC5AC-positive mucus cells and fewer ciliated cells during the process of airway epithelia cell differentiation (Atherton et al., 2003; Dellagrammaticas et al., 2008). After the maturation of the hNECs, we found that IL-13 could induce a 2.9-fold increase in percentage of nuclear active YAP positive cells (nuclear-aYAP+/DAPI) (Figures 3A–C) while a 0.3-fold decrease in the ratio of ciliated cells (Figures 3A,D), albeit not statistically significant compared to untreated hNECs. The in vitro results were consistent with that of NIP Grade II and the trend between Grade II and Grade III NIP, suggesting the inhibitory effect of functional YAP on cilia in NIP. However, using IL-13 treatment as model, accompanied with nuclear-aYAP+/DAPI increasing, goblet cell ratio (MUC5AC+/DAPI) had a 2.9-fold increase (Figures 3B,E). The observation was not consistent with NIP tissue, potentially as IL-13 was unlikely the driver in NIP formation as compared to NP, or potentially due to the very low levels of MUC5AC+ cells in NIP suggesting that the higher levels of nuclear active YAP may have suppress differentiation of all epithelial cells. Nevertheless, we established that nuclear active YAP plays a role in reducing the differentiation of basal cells into ciliated cells during tissue remodeling processes.


[image: image]

FIGURE 3. Increased active YAP is associated with differentiation in hNESPCs culture model. (A,B) β4-TUBULIN and active YAP (aYAP), MUC5AC, and aYAP double IF staining in control and IL-13 treatment group. (C–E) Percentage of nuclear active YAP positive cells (nuclear-aYAP+/DAPI), ciliated cell ratio (β4-TUBULIN+/DAPI), goblet cell ratio (MUC5AC+/DAPI) on IF staining in control and IL-13 treatment group. Two group difference was analyzed with Wilcoxon matched-pairs signed rank test, and fold-change was shown. Red lines show median values. (A,B), ×800 magnification, scale bar = 10 μm. n(CTRL) = 3, n(IL-13) = 3.




YAP Is Positively Correlated With Neutrophils in NIP Tissue

In our previous study, we have explored the characteristics of inflammatory cells in NIP (Zhao L. et al., 2016). In the present study, we investigated the relationship between YAP expression and inflammatory cells. The detailed inflammatory cell data was described in Table 3. We explored all the relationship between inflammatory cells and YAP expression. Interestingly, even though no correlation between YAP mRNA level and neutrophils infiltration was observed (Figure 4B), we found that increased YAP protein is significantly correlated with increased neutrophils infiltration (Figure 4A), which implied that there was a connection between YAP and neutrophil infiltration. Neither YAP MFI nor YAP mRNA level had significant correlation with eosinophil count (Figures 4C,D), macrophage count (Figures 4E,F), CD4+ T cell count (Figures 4G,H), CD8+ T cell count (Figures 4I,J), CD4+/CD8+ ratio (Figures 4K,L), and FoxP3+ T-reg count (Figures 4M,N).


TABLE 3. Inflammatory or immune cell feature in NIP.

[image: Table 3]

[image: image]

FIGURE 4. YAP is positively correlated with neutrophils in NIP. (A,C,E,G,I,K,M) Correlation analysis between MFI stained for total YAP and neutrophil count, eosinophil count, macrophage count, CD4+ T cell count, CD8+ T cell count, CD4+/CD8+ ratio, FoxP3+ T-reg count in NIP. (B,D,F,H,J,L,N) Correlation between YAP mRNA level and neutrophil count, eosinophil count, macrophage count, CD4+ T cell count, CD8+ T cell count, CD4+/CD8+ ratio, FoxP3+ T-reg count in NIP. YAP mRNA level was quantified by RT-qPCR assays and relative expression of the target gene was normalized to 2− Δ CT with RPL13A. Correlation analysis was performed using the Spearman r test (n = 26).




NIP With Adverse Outcomes Has a High Level of YAP Expression

When comparing YAP expression to NIP clinical data, we found that 15 had adverse outcomes, of which 15 (52%) had recurrence, and 3 (10%) underwent malignancy (Table 4). The results of immunofluorescence showed that the YAP MFI and percentage of nuclear YAP+ cells (nuclear-aYAP+/DAPI) in patients with recurrence or malignancy were both significantly higher than that in patients without adverse outcomes (Figures 5B,C). However, while YAP mRNA level was increased in patients with adverse outcomes, no statistical significance was observed between the two groups (Figure 5A). There was no difference in YAP expression with respect to smoking status (Figures 5D–F).


TABLE 4. Clinical characteristics of patients with NIP.
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FIGURE 5. NIP with adverse outcomes has a higher level of YAP expression. (A–C) YAP mRNA level, Semi-quantitative analysis of mean fluorescence intensity (MFI) stained for total YAP, percentage of nuclear active YAP positive cells (nuclear-aYAP+/DAPI) in recurrence or malignancy (REC/MAL) status. (D–F) YAP mRNA level, YAP MFI, nuclear-aYAP+/DAPI in smoking status. The mRNA levels of YAP were quantified by RT-qPCR assays and relative expression of the target gene was normalized to 2− Δ CT with RPL13A. Two group difference was analyzed with Mann–Whitney test. Red lines show median values. (A,B), n(NON-REC/MAL) = 14, n(REC/MAL) = 15; (C), n(NON-REC/MAL) = 16, n(REC/MAL) = 20; (D,E), n(SMOKER) = 11, n(NON-SMOKER) = 18; (F), n(SMOKER) = 14, n(NON-SMOKER) = 22.





DISCUSSION

Our study has demonstrated that the expression of YAP, a core effector of the Hippo pathway, and proliferation level in NIP were higher than those of the NP group and control group. At the same time, we identified the positive relationship between proliferation level and YAP expression in NIP. In addition, YAP was also found to be related to epithelial differentiation and neutrophil infiltration in NIP. Clinically, there was also a correlation established between YAP and the adverse outcomes in NIP. Hence, further studies of YAP and the Hippo pathway in NIP may further explain its pathogenesis and may potentially serve as a target for treatment and prognostic marker for adverse outcomes.

The Hippo pathway, particularly its effector YAP, has been implicated in airway epithelial cell proliferation and differentiation (Zhao R. et al., 2014). In our previous study, we illustrated that YAP is involved in epithelial proliferation and remodeling in nasal polyps (Deng et al., 2019). In this study, we found that inverted papilloma similarly has increased YAP expression at levels higher than that of nasal polyp. YAP was found to be upregulated in NIP than that in healthy control and is positively correlated with the ratio of Ki-67 positive cells to basal cells. Because the ratio of Ki-67 positive cells to basal cells can represent cell proliferation, this result indicates that YAP was involved in the abnormal proliferation of NIP. Additionally, we also found that the severity of remodeling positively correlates with YAP expression. In our study, in both mRNA and protein levels, YAP expression was found to increase with grade, where Grade III levels were significantly higher than that of Grade II.

Yes-associated protein can also affect airway epithelium not only through promoting proliferation but also through affecting epithelial differentiation. In the mature lung airway of mice, the absence of YAP leads to an epithelial pattern of unlimited differentiation of airway epithelium. Conversely, the overexpression of YAP resulted in an opposite pattern of epithelial with a multilayer of poorly differentiated basal cells (Zhao R. et al., 2014). In our previous article, we demonstrated that YAP contributes to epithelial remodeling in NP (Deng et al., 2019). In this study, compared to Grade II, Grade III NIP has a decreased proportion of ciliated and goblet cells but an increased epithelial YAP expression. Therefore, YAP may contribute inverted papilloma remodeling in at least two different ways: promoting proliferation and suppressing normal differentiation. Interestingly, we also found that in Grade II NIP, the proportion of ciliated cells is negatively related to percentage of nuclear active YAP positive cells, although it is positively associated with YAP MFI. Conversely, the lack of correlation between YAP and goblet cells levels indicate that YAP is more likely to play a role in suppression of ciliated cells formation but not goblet cells, which may involve other pathways. This is evidenced by our in vitro hNECs study with IL-13 treatment, where the proportion of ciliated cells and percentage of nuclear active YAP positive cells show opposite trends, which is consistent with Grade II NIP and between Grade II and Grade III NIP. For goblet cells differentiation, no significant association of nuclear active YAP was found in Grade II NIP, as goblet cells levels are very low in NIP. However, in our recently published paper (Yuan et al., 2020), YAP may play a double role in repressing ciliated cell differentiation while promoting goblet cell differentiation, which was not seen in NIP. The difference in the levels of nuclear active YAP may lead to the discrepancies between NP and NIP observation, which remained to be further explored if there are other pathways influencing the goblet cell differentiation. These results may suggest that in lower grade NIP, YAP may not be the only factor influencing NIP differentiation. Additionally, the differentiation mechanism of NIP is also complex and has not been clarified. Further study is needed to explain the function of YAP on differentiation in NIP or other nasal diseases.

Finally, the proliferation level of NIP was not only higher than normal nasal epithelium but also than nasal polyps (Mumbuc et al., 2007; Meng et al., 2014). Our study confirmed this and indicated that the NIP epithelium was likely populated with cells with high proliferative ability. The increased proliferation level may explain why NIP has a faster growth rate and hence a higher clinical recurrence rate. In addition, we found that although there are many layers of basal cells in the NIP epithelium, they still exist near the side of the basement membrane. This is true even in areas where squamous metaplasia is very severe. These results can explain at least partly why NIP has the characteristic of growing into a matrix. The special location of the proliferative cells may partially explain the special structure of NIP: where cells in the apical side of NIP epithelia do not proliferate significantly compared to the basal side. Further study is needed to confirm this observation.

In our previous study, we also found a significant increase in neutrophils in Chinese NIP patients (Zhao L. et al., 2016). Interestingly, YAP was found to be related to neutrophils in this study. Although PCR that represents both epithelial and subcutaneous tissues did not show a correlation with neutrophils, YAP MFI that represents the epithelial levels of YAP showed a significant positive correlation between YAP and neutrophil count. This result is consistent with the high neutrophil level of NIP and is supported by literature (Kurz et al., 2018; Lv et al., 2018). Because one of the characteristics of NIP is the significant increase of neutrophils (Zhao L. et al., 2016), YAP’s regulation on neutrophils may at least partly contribute to the formation and development of NIP. This hypothesis would require further investigation. A small number of studies have shown that nicotine could up-regulate YAP expression in other tissue (Zhao Y. et al., 2014; Takahashi et al., 2020), but we did not detect difference of YAP expression between smoker and non-smoker in NIP. One reason may be that the influence of nicotine diluted by other factors affecting YAP; the other may be the difference of tissue. Further study is needed to explain the effect of nicotinic in nasal tissue.

The study, however, is not without its limitations. Firstly, some results were based on correlation analysis, and we did not further explore the mechanism of YAP function in NIP pathogenesis. Future experiments using gene-edited cell or animal models can be employed to investigate the mechanism in depth. Secondly, there were insufficient Grade I NIP samples for meaningful analysis of its association with YAP. In the future, more patients can be recruited to provide a more comprehensive elucidation of YAP expression in different grades of NIP. Finally, a part of our study, especially for those in tissues, only focused on total YAP expression, which includes both nuclear YAP and cytoplasmic YAP; only nuclear YAP is the functional form exerting its effect. This is due to the difficulty to clarify nuclear YAP in the tissue sections, and coupled with the lack of in vivo models, we were not able to further establish the mechanism between neutrophils infiltration and YAP in NIP. Further studies using in vivo animal models and YAP nuclear import blockers may be required for the investigation of YAP’s effect on neutrophils infiltration.

In this study, YAP was abnormally increased in NIP patients with adverse outcomes. At the same time, with the increase of the grade of NIP epithelial remodeling, the levels of YAP became higher. These results suggest that YAP may be an important metric of NIP and should be incorporated in future clinical assessment, including the severity of the disease and the normal airway function of the epithelium. Since the inhibitor of YAP, Verteporfin, has been used in the clinical treatment of other diseases (Bakri and Kaiser, 2004), YAP may be explored as a therapeutic target for NIP to reverse or alleviate the adverse outcomes of NIP.
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