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Objective: The mechanisms underlying the antrochoanal polyps (ACPs) remained unclear. We aimed to identify the differentially
expressed genes (DEGs) profile, the cilia-related genes expression levels and the morphological characteristics of ciliated cells in
patients with ACPs.

Methods: We obtained ACPs biopsy samples from 28 patients and uncinate process from 27 healthy controls. Whole-transcriptome
RNA sequencing, immunofluorescence staining, quantitative polymerase chain reaction, and scanning electron microscopy were
performed.

Results: 3739 DEGs were detected between ACPs and controls, and Gene Ontology analysis on these DEGs implicated cilium
assembly, cilium motility, cilia component, cilia function, inflammatory response and immune system process were included in ACPs
pathogenesis. Gene set enrichment analysis implicated sets of genes regulated in processes associated with cilium organization, cilium
morphogenesis, cilium movement, axoneme assembly, axonemal dynein complex assembly and cell projection assembly. The
expression levels of cilia-related genes (FOXJI, DNAIl, DNAHY, RSPHI, RSPH9 and RSPH4A4) were validated by quantitative
polymerase chain reaction (Fold change >2, P<0.05) and FOXJI was positive correlated with DNAII, DNAHY9, RSPH4, RSPH],
RSPHY, DNAHS5, DNALII in ACPs (all P < 0.05). Based on our semi-quantitative scoring system, median scores of a-Tubulin, DNAI1
and RSPH4A were significantly higher in ACPs than in controls. In addition, loss of ciliated cells and a shorter cilia pattern were
further confirmed by immunofluorescence staining and scanning electron microscopy in ACPs.

Conclusion: The aberrant expression of cilia-related genes and ciliary structural impairment are an important pathological phenom-
enon in ACPs, and our findings may provide novel insights into understanding the mysterious mechanisms underlying ACPs.

Keywords: antrochoanal polyps, ciliary abnormalities, transcriptome RNA sequencing, uncinate process

Introduction
The antrochoanal polyps (ACPs) are occurred more frequently in children and young adults and are believed to be caused
by mucous gland obstruction in maxillary sinus mucosa after chronic inflammation.' Clinically, an ACP appears as
a bright, grey or pinkish mass in the middle meatus and nasal cavity protruding posteriorly to the choana. Although
endoscopic sinus surgery is commonly accepted as a treatment for ACPs, the recurrence rate of ACPs can be up to 21%
after surgery.™® These problems arise partly because the underlying pathogenic mechanisms of ACPs are poorly
understood.’

MCC provides the first line of defense for airway by removing foreign particles through the coordination between
secretory cells and ciliated cells.® The potential consequence of MCC impairment is retention of inhaled substances
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(micro-organisms, cigarette smoke, air pollutants, etc.), leading to chronic inflammation in respiratory tract. It has been
reported that MCC abnormality of the airway epithelium has been closely associated with the pathogenesis of several
airway inflammatory disease (eg, allergic rhinitis, nasal polyps, asthma and idiopathic pulmonary fibrosis).” ' However,
it remains elusive whether the MCC abnormalities are common pathologic characteristics in ACP patients, and further
studies to detect the expression levels of MCC related markers as well as to characterize the morphological features of
ciliated cells in ACP tissues are warranted.

RNA sequencing (RNA-seq) is a powerful and unbiased mean to explore candidate transcripts.'' In this study, we
analyzed the profiles of gene expression in polyp tissues from ACPs patients and uncinate process from control subjects,
as well as further delineated a transcriptome picture and identified key pathways that are dysregulated in ACPs. We also
conducted polymerase chain reaction, immunofluorescence (IF) staining and scanning electron microscopy (SEM) to
confirm the ciliary abnormality revealed by RNA-seq.

Materials and Methods

Patient Recruitment

We recruited patients with biopsy-proven unilateral ACPs (n = 28), whose polyps were in the maxillary sinus, growing
through the sinus ostium and posterior nasal cavity, and extending into the choana and nasopharynx. All patients
performed preoperative computed tomography (CT) scans before surgery and subsequently underwent endoscopic
nasal surgery in The Second Hospital of Shandong University. Uncinate process (n = 27) biopsies were obtained from
subjects with simple maxillary sinus cyst and symptomatic nasal septal deviation requiring surgery, which were defined
as controls (Table 1). No study participant had a physician’s primary diagnosis of asthma, primary ciliary dyskinesia, or
cystic fibrosis. Atopy was evaluated with serum allergen testing and a positive serum specific IgE (>0.35 kU/L, by CAP
Pharmacia, Uppsala, Sweden) to at least one or more common local allergens was confirmed. Due to the limited sizes of
the tissue, not all specimens were used for each analysis. This study complies with the Declaration of Helsinki. The
written informed forms from all participants in this study was obtained. Approval for this study was obtained from the
institutional review board (IRB) of the Second Hospital of Shandong University, China [China approval number: KYLL-
2018 (KJ) P-0028].

Table | Summary Characteristics of Study Participants

Control Subjects | Patients with ACPs | P value

Sample size (no.) 27 28 NA
Age, years (median, the 25th—75th percentiles) 41 (32, 57) 16 (7, 32) <0.001
Gender (F/M) /16 /17 NS
Allergen sensitization [no. (%)] 0 (0%) I (3.57%) NS

Methods tissues (no.)

RNA sequence 6 6 NA
qRT-PCR 20 18 NA
Paraffin specimens 6 13 NA
SEM 3 3 NA

Note: P < 0.05 was considered statistically significant unless otherwise stated.
Abbreviations: NA, not applicable; NS, not significant.
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RNA Sequencing, Data Processing and Bioinformatics Analysis of the RNA-Seq

Fresh tissues were pre-treated with RNAlater™ (Thermo Fisher Scientific, Waltham, MA, USA), the RNA was extracted
by standard extraction method, RNA of each sample were used as input material and sequencing libraries were generated
using NEBNext®™ Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer’s recommendations.
The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster
Kit v3-cBot-HS (Illumia) according to the manufacturer’s instructions. After cluster generation, the library preparations
were sequenced on an [llumina Novaseq platform and 150 bp paired-end reads were generated. Raw data was qualified
controlled and gene expression level was quantified. Details steps are shown in the Supplementary Text.

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR)
Total RNA was extracted from ACPs and control tissues. Details steps are shown in the Supplementary Text. The mRNA
expression levels of 9 cilia-related genes (FOXJI, DNAIlI, DNAHY, RSPHI, RSPHY, RSPH44, CP110, DNAHS,

DNALII) and 8 inflammatory factors (CCL7, CCLI18, CCL20, CXCL6, CXCLS, ILI17REL, IFNG and ILI13RA2) were
7~AACH

validated with qRT-PCR. The relative expression was calculated by using the methods normalized against the
housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The details of primer sequences, Fold

change, and P values are presented in Tables E8 and E9.

Hematoxylin-Eosin (HE) and IF Assays

Paraffin tissue sections were processed to perform HE and IF assay as previously reported.'” The sections were incubated
with primary antibodies overnight at 4 °C followed by incubation with Alexa Fluor conjugated secondary antibodies
(Life Technologies, Carlsbad, CA, USA) at 37 °C for 1 hour. Cellular nuclei were visualized by staining with
4’ ,6-diamidino-2-phenylindole (Life Technologies). Images were acquired with fluorescence microscope (Olympus
IX51, Tokyo, Japan). Detail of antibodies and steps for IF are shown in the Supplementary Text.

Evaluation of HE and IF Assays

All cases were assessed in a blinded fashion by independent researchers. Eosinophil infiltration was evaluated based on
HE staining. Eosinophils were enumerated at five high-power fields (HPF, 400 x magnification) and denoted by higher
than 10 eosinophils per HPF."

Ciliary distribution and ciliary length were evaluated by IF staining with a-tubulin in five areas. For distribution, each
area was assigned as score 0 (normal ciliary distribution was defined if the field contains >70% of epithelial areas with
ciliary staining) or score 1 (ciliary shedding was defined if the field contains < 70% of epithelial areas with ciliary
staining)."* Ciliary length was measured by Image J software and 20 measurements for each area were recorded. The
mean values of ciliary length were calculated before analysis.

For aberrant expression of ciliary ultrastructural markers (DNAIl and RSPH4A), each area was assigned a score of 0
(normal expression) or 1 (aberrant expression). For which 0 point was assigned if the field contains >70% of ciliary
distribution and 1 point was scored if the field contains < 70% of ciliary distribution.'*

The total fluorescence intensity (TFI, presented in arbitrary units) measurements were performed to evaluate FOXJ1,
mucin SAC (MUCS5AC) and keratin 5 (KRTS5) expressions. The positively stained area and mean fluorescence intensity
(MFI) of each marker were recorded using Image J software. The TFI was calculated as the product of the positively
stained area and the MFL.

SEM

Nasal tissues were fixed in 2.5% glutaraldehyde at 4 °C for overnight incubation. Samples were osmicated with 1%
osmium tetroxide for 1 hour followed by dehydration with gradually increasing ethanol concentrations. Dried samples
were mounted onto aluminum stubs and the surface was sputter-coated with gold for visualization with a FEI Quanta 250
FEG scanning electron microscope. Representative photomicrographs were taken at various angles so that any error in
assessment was minimized because of the tilt of the specimen or other processing artifacts.
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Statistical Analysis

Statistical analyses were conducted with GraphPad Prism 7 (GraphPad Inc., USA). For RNA sequence data, differentially
expressed genes (DEGs) were identified based on the Fold change (cutoff: 2.0; >2.0 as upregulated and <-2 as downregulated)
and Q values (cutoff: 0.05). For GO and KEGG analysis, the significant terms were retained if the Q value was less than 0.05.
Mann—Whitney 2-sided nonparametric test was applied to compare the age, length of cilia, nRNA expression levels in qRT-PCR
and immunofluorescence staining analysis. The correlation analysis was performed by Spearman correlation analysis. The
associations between gender and allergen sensitization were analyzed by y* test. P < 0.05 was deemed statistically significant for
all analyses.

Results

Subject Characteristics

The demographic data of ACPs patients and control subjects enrolled in this study were listed in Table 1. ACPs patients
were male predominant, and the atopy statue was diagnosed in 0% (0/27) control subjects and 3.6% (1/28) ACPs
patients. None of recruited participants had physician-diagnosed or self-reported asthma. The H&E staining showed that
7.7% (1/13) of ACPs tissues were eosinophilic.

Global Transcriptomic Profiling Reveals Ciliary Abnormalities in ACPs

A total of 3739 DEGs, including 2377 upregulated DEGs and 1362 downregulated DEGs, were identified between ACPs
tissues and uncinate process tissues by RNA-seq (Fold change > 2 or < - 2; adj. P < 0.05). The volcano plot and heat map
of DEGs were respectively shown in (Figure 1A and B), and the details of the top 20 upregulated and downregulated
genes were summarized in Supplemental Tables E1. We found that cilia-related genes including FOXJI, DNAII,
DNALII, DNAHS5, DNAHY9, RSPHI1, RSPHY, RSPH4A were significantly up-regulated in ACPs (Table E9).

GO and KEGG Analyses of the DEGs Were Performed

The top 20 GO categories [including biological processes (BP), cellular component (CC) and molecular function (MF)]
and KEGG pathways were respectively listed in (Figure 1C-F) and Supplemental Tables E2-ES. Of the top 20 BP, 4
items were consistently related to cilium assembly and motility. Of the top 20 CC, 5 items were consistently related to

cilia component. Of the top 20 MF, 4 items were consistently related to cilia function.

Furthermore, the enrichment analysis GSEA parameters details were shown in Table E6. Representative candidate
enriched gene sets revealed cilium organization, cilium morphogenesis, cilium movement, axoneme assembly, axonemal
dynein complex assembly, cell projection assembly, etc. (Figure 1G-L), Supplemental Table E7).

gRT-PCR Assay Validates Ciliary Abnormalities and Abnormal-Regulated

Inflammation-Related Genes in ACPs

To validate the above-mentioned findings regarding cilia-related and inflammation-related DEGs expressions, we analyzed the
expression levels of the 9 common cilia-related genes and 8 significantly abnormal-regulated inflammation-related genes in GO
and analysis KEGG pathway analyses by qRT-PCR (Supplemental Tables E8 and E9). Except for DNALII (mean Fold change:
0.533, P=0.718) and DNAH5 (mean Fold change: 0.822, P = 0.675), findings of qRT-PCR assay of FOXJI, DNAII, DNAH?Y,
RSPH1, RSPHY and RSPH4A were globally in accordance with the RNA-seq (Fold change > 2, P <0.05). Besides, no significant
difference of CP110 mRNA expression level was found between ACPs and uncinate process tissues (Figure 2). We further

performed the correlation analysis and found the mRNA expression level of ciliogenesis marker (FOXJI) was respectively
positive correlated with ciliary ultrastructural markers (DNAIl, DNAHY, RSPH4, RSPH1, RSPHY9, DNAHS5, DNALII) in biopsy
tissues of ACPs (all P < 0.05) (Figure 2).

In addition, we found significantly up-regulated expression of CCL7, CCLI18, CCL20, CXCL6, CXCLS, IL17REL and
down-regulated expression of /FNG and IL13RA2 (Supplemental Figure E1). Next, we also analyzed the correlations

between the mRNA expression of ciliogenesis marker (FOXJI) and these inflammatory DEGs, and we found the
expression level of FOXJI was significantly negative correlated with /L/3RAL2 (Supplemental Figure E2).
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Figure | Alterations in mRNA expression profiles, Gene Ontology (GO) analyses and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of the DEGs,
and Enrichment plots of key pathways (MSigDB C5 biological processes) identified from the gene set analysis between ACPs and control subjects. (A) Volcano plot showing
the DEGs in ACPs as compared with control UPs. The horizontal dotted line indicates the adj. P value of 0.05 and the vertical dotted line on both sides corresponds to the
threshold of 2.0-Fold change of either upregulation (red) and downregulation (green). (B) The heatmap of expression of DEGs from ACPs (n=6, Sample No. | to No. 6) and
UPs (n=6, Sample No. | to No. 6). Increased expression is labeled with red grids and decreased expression with green grids. A total of 3739 (2377 upregulated and 1362
downregulated) differentially expressed mRNAs are identified in ACPs. (C) Top 20 GO biological process (BP); (D) Top 20 GO cellular component (CC); (E) Top 20 GO
molecular function (MF); (F) Top 20 KEGG pathways. (G) Cilium organization; (H) Cilium morphogenesis; (I) Cilium movement; (J) Axoneme assembly; (K) Axonemal
dynein complex assembly; (L) Cell projection assembly. The size of each circle stands for the number of significantly differentially expressed genes enriched in corresponding
pathway. The rich factor was calculated using the number of enriched genes divided by the number of all background genes in corresponding pathway. Q value was calculated
using the Benjamini-Hochberg correction. The pathway showing Q value <0.05 are to be considered as statistically significantly over-represented.

Abbreviations: ACPs, antrochoanal polyps; DEGs, differentially expressed genes; UP, uncinate process.

Aberrant Protein Expression Level of Cilia Distribution, Ciliary Ultrastructural and
Ciliogenesis Markers in ACPs
We further examined the distribution patterns of ciliated cells, the expression of ciliary ultrastructural (a-Tubulin, DNAI1
and RSPH4A) and ciliogenesis related marker (FOXJ1) in the nasal epithelium by performing IF staining and measured
the length of cilia in both ACPs and control tissues.

Based on our semi-quantitative scoring system, the median (the 1st and 3rd quartile) scores for ciliary structure markers
(a-Tubulin, DNAII and RSPH4A) were significantly increased in ACPs as compared to those of controls: a-Tubulin [0.8
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Figure 2 Comparison of the expression levels of cilia-related genes in nasal mucosa between patients with ACPs (n = 18) and controls (n = 20) and their correlations in
ACPs (n = 18). Shown in the figure are the expression levels of FOX]I (A), DNAII (B), DNAH9 (C), RSPH4A (D), RSPH| (E), RSPH9 (F), CP110 (G), DNAH5 (H) and DNALII
(I) in patients with ACPs and controls. The correlations between FOX]| and cilia-related genes expression levels are demonstrated in (Figure 4) (J-Q). Data were analyzed
by Mann—-Whitney 2-sided nonparametric test. Median values with range are indicated. The correlation analysis was performed by Spearman correlation analysis. P < 0.05
was statistically significant. FOXJ!, forkhead box JI; DNAII, dynein axonemal intermediate chain |; DNAH9, dynein axonemal heavy chain 9; RSPHI, radial spoke head |
homolog; RSPH9, radial spoke head 9 homolog; RSPH4A, radial spoke head protein 4A; CPI 10, centrosomal protein | 10; DNAHS5, dynein axonemal heavy chain 5; DNALII,
dynein axonemal light intermediate chain |; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
Abbreviations: ACPs, antrochoanal polyps; qRT-PCR, quantitative reverse transcription polymerase chain reaction.

(0.6, 1) vs 0.1 (0, 0.35)], DNAII [0.6 (0.2, 0.8) vs 0 (0, 0.05)] and RSPH4A [0.8 (0.5, 1) vs 0.5 (0.35, 0.6), P <0.001],

respectively (all P < 0.05) (Figure 3).

Similar to control, FOXJ1 in ACPs was stained within the nucleus of both ciliated and nonciliated epithelial cells.

Compared with control subjects, the TFI (arbitrary units) for FOXJ1 staining was markedly weaker in ACPs [8.25x10°
(4.93x10°, 1.57x10°) vs 2.40x10° (8.18x10°, 3.72x10°), P < 0.005] (Figure 4).

Besides, the TFI of MUCS5AC and KRTS5 expression was non-significantly greater in ACPs than in control [5.05x10°
(2.52x10°, 8.31x10% vs 3,391,055 (1.03x10° 1.23x107), P = 0.443; 2.51x107 (2.22x107, 3.17x107) vs 2.20x10’
(1.59x107, 2.68x10"), P = 0.208] (Figure 4).
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Figure 3 Comparison of the protein expression levels of a-Tubulin, DNAII and RSPH4A in patients with ACPs and healthy controls. Shown in the figure are the expression
levels of DNAII (A, B and F), RSPH4A (C, D and G) and a-Tubulin (A-D and E) in patients with ACPs (n = 13) and healthy controls (n = 6). Abnormal ciliary distribution
patterns and ciliary ultrastructural markers expressions were shown in ACPs. Data were analyzed by Mann—Whitney 2-sided nonparametric test. Median values with 25th
and 75th percentiles are indicated by scale bar. P < 0.05 was statistically significant. DNAII and RSPH4A, Red; a-Tubulin, Green; DAPI, Blue.

Abbreviations: DNAII, dynein axonemal intermediate chain |; RSPH4A, radial spoke head protein 4A; DAPI, 4’,6-diamidino-2-phenylindole.

Aberrant Cilia Morphology of ACPs Under SEM

The normal ciliary morphology in control epithelium was relatively uniform distribution (Figure 5A and C) while
abnormal ciliary morphology was observed in ACPs samples, including the loss of ciliated cells and a shorter cilia
pattern (Figure 5B, D and F). In addition, the mean of cilia length being evaluated by IF staining was significantly shorter
in ACPs than in controls (Figure 5E).

Discussion

ACPs are benign polypoid lesions with approximately 4—6% of all polyps in general population and about 35% of polyps
in pediatric cases.'"*'>'® However, the etiology and pathogenesis of ACPs still remain obscure. In this study, we
performed transcriptomic sequencing followed by comparisons of ACPs and uncinate process. Results showed the global
gene expression patterns differed between tissues of ACPs as compared with control subjects. Building on the RNA
sequencing results and our previous research, we further revealed 9 significant aberrant cilia-related genes expression and
ciliary impairment are both common characteristics of ACPs, which might provide important complementary insights

into this disease.
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Figure 4 Shown in the figure are the expression levels of FOX] I, MUC5AC and KRTS5 in healthy controls (A) and patients with ACPs (B). The comparison of the expression
levels of FOX]I, MUC5AC and KRT5 in patients with ACPs(n=13) and healthy controls (n=6)are showed in (C), (D) and (E).. FOX]| staining showed a weaker expression in
ACPs compared to the control subjects. P < 0.05 was statistically significant. FOX]I, Red; MUC5AC, Green; KRT5, White; DAPI, Blue.

Abbreviations: FOX]I, Fork-head box protein |I; MUC5AC, mucin 5AC; KRT 5, Keratin 5; DAPI, 4’,6-diamidino-2-phenylindole.
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Figure 5 The comparison of cilia expression patterns by IF staining and SEM images in the same samples. (A and B) The expression patterns of a-tubulin by IF in controls
and ACPs. (C and D) The cilia expression patterns of SEM in the same control (n = 3) and ACPs (n = 3) samples. (x10,000 magnification). (E) Comparison of the cilia length
in patients with ACPs (n = I3) and control subjects (n = 6) in paraffin-embedded sections. (F) Cilia expression pattern of SEM shows short, untidy cilia and poorly
differentiated cilia in ACPs. Mann—Whitney 2-tailed U-test; median values with 25th and 75th percentiles are indicated by horizontal lines. P < 0.05 was statistically significant.
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Increasing amounts of studies identified various cytokines and chemokines involved in the polypogenesis of
ACPs'”'® that help to understand the pathogenesis of ACPs." Our team have also previously demonstrated that ACPs
is more likely associated with none type 2-driven inflammation and epithelial remodeling.” In this study, KEGG pathway
also analyses revealed chemokine signaling pathway, inflammatory mediator regulation of TRP channels and IL-17
signaling pathway, which reportedly correlates with chronic inflammation in ACPs. We further verified CCL7, CCLIS,
CCL20, CXCL6, CXCLS and IL17REL were significantly up-regulated while /FNG and IL13RA2 were down-regulated in
ACPs than controls. In addition, mRNA expression of ciliogenesis marker FOXJI and ILI3RAL2 were negatively
correlated in ACPs samples. According to the literature, these pathways play important roles in the pathophysiological
alterations of several airway chronic inflammation diseases.'®>* However, the chronic inflammation of ACPs is still
remaining obscure. As important components of the innate immune system, epithelium, mucous layer and mucociliary
transport play important role during the occurrence and development of ACPs.'>** Our GO analysis, including BP, CC
and MF GO analysis, revealed genes associated with ciliary assembly, ciliary motility and ciliary function and
inflammatory response. In addition, we further performed the enrichment analysis using GSEA to exert the biological
functions in ACPs compared with control. Gene sets associated with cilium organization, cilium morphogenesis, cilium
movement, axoneme assembly, axonemal dynein complex assembly, cell projection assembly was implicated, which
partially echoed our findings by GO and KEGG. In brief, the ciliary abnormalities findings in our study may help to
better understand the chronic inflammation in nasal mucosa of ACPs.

Physiologically, the proper structure of cilia is the basis of normal ciliary motility. We also found that the expression
levels of basal cell markers KRTS as well as goblet cell marker mucin SAC were comparable between ACPs and
controls. In addition, ciliogenesis is crucial to the formation of axonemes where ciliary ultrastructural proteins are
assembled. Abnormal expression of ciliary ultrastructural markers has been implicated in chronic lower airway inflam-
matory diseases that have previously been linked to genetic defects, such as DNAHS, DNALII, GASS (a component of the
nexin-dynein regulatory complex), RSPH44, RSPH9 and RSPHI1.***> According to literatures, secondary ciliary
dyskinesia was found in patients with chronic rhinosinusitis,”**” bronchiectasis*® and chronic obstructive pulmonary
disease.”’ The abnormal ciliary ultrastructure consisted mainly of compound cilia, microtubular and dynein arm
defects.?” Our published study has demonstrated the abnormal-regulation of ciliogenesis markers (CP110 and FOXJI)
and overly dense and lengthened cilia, greater prevalence of absence of DNAHS5, RSPHI, RSPH4A and RSPHY
expressions, and the significantly reduced ciliary beat frequency have also been observed in NPs in the aberrantly
remodeled epithelium of NPs.”#¢ However, the characteristics of ciliary impairment in ACPs remain not fully explored.
Therefore, according to the result of our sequencing analysis, we evaluated the expression of 9 common cilia-related
genes and 2 ciliogenesis markers by qPCR analysis and IF staining. Consistent with the sequencing analysis findings, we
found the abnormal mRNA expression of the cilia-related genes and the mRNA expression level of ciliogenesis marker
(FOXJI) was respectively positive correlated with ciliary ultrastructural markers (DNAI/I, DNAHY9, RSPH4, RSPHI,
RSPHY, DNAH5, DNALII) in biopsy tissues of ACPs. IF staining results further revealed aberrant protein expression of
cilia distribution, ciliary ultrastructural and ciliogenesis markers in ACPs. So based on the results of our previous and
present studies, we believe that ciliary abnormalities are common characteristics of NPs in general. The potential
consequence of ciliary abnormalities is retention of inhaled substances, leading to chronic inflammation in airway and
contributing to serious disorders in nasal cavity and sinuses, which might be an important factor of the ACPs recurrence.
As reported in recent systematic review, despite continuous improvement in the surgical method and strive to remove the
polyps as completely as possible, the recurrence rate of ACPs in children is still as high as 11%, even reaching to 15%
reported.*'>*® Therefore, further research elucidating the association between altered ciliary abnormalities and ACPs
formation is needed.

In our study, the SEM image showed relatively uniform distribution in control epithelium, while the loss of cilia and
shorter cilia pattern were found in ACPs epithelium. Interestingly, APCs has up-regulation of ciliogenesis marker
(FOXJI) and ciliary ultrastructural transcriptome but short cilia with a reduced number. On the one hand, the mRNA
expression levels may cannot reliably reflect ciliary defects associated with aberrant FOXJ1 expression. On the other
hand, the short cilia morphology and their absence on the epithelial cells may contribute to negative feedback of genetic
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expression. Further functional validation of the cilia-associated genes is warranted to elucidate the mechanisms under-
lying ACPs.

Our study has some limitations. First, the sample size (n=3) of SEM was too small in our study. However, we
performed the SEM and IF in the 3 same samples [ACP(a), ACP(b) and ACP(c)] for compare the morphological
aberration of ciliated epithelium between two methods. The results showed that IF staining could also reflect the aberrant
ciliary distribution and length observed by SEM (Figure ES5). Second, we only evaluated the significantly abnormal-
regulated inflammation-related genes in GO and analysis KEGG pathway analyses, and in-depth investigation on the
mechanism underlying the correlation between ciliary abnormality and inflammation are warranted.

In conclusion, our finding indicated that the aberrant expression of cilia-related genes and ciliary structural impair-
ment are an important pathological phenomenon in ACPs, and may provide novel insights into understanding the
mysterious mechanisms underlying ACPs.
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