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The global transcriptomic signature in sinonasal tissues 
reveals roles for tissue type and chronic rhinosinusitis 
disease phenotype*

Abstract
Background: RNA sequencing (RNA-Seq) allows the characterization of a global transcriptomic signature in a least-biased fashion, 

but few studies have applied this method to investigate the pathophysiology of CRS.

Methods: We collected mucosal tissue samples from 6 CRS without nasal polyps (CRSsNP), 6 CRS with nasal polyps (CRSwNP), 

and 6 control patients. Additional matched polyp samples were collected from the 6 CRSwNP patients. RNA was extracted and 

sequenced on the Illumina HiSeq-2500. Differential gene expression and pathway analyses were performed.

Results: CRSsNP showed evidence of upregulated interferon-mediated immunity, MHC-class-I mediated antigen presentation, 

CXCR3 binding, neutrophil chemotaxis and degranulation, and potential downregulation of genes related to cilia movement and 

production. CRSwNP polyp tissue showed upregulation of B-cell mediated immune responses, but reduced expression of genes 

related to epithelial morphogenesis and haemostasis. Polyps also showed a generalized reduction of positive gene regulation. 

The sinonasal transcriptomic signature was largely determined by tissue type (polyp versus mucosa) and disease phenotype, with 

minimal signal originating from the individual patient.

Conclusion: RNA-Seq is a useful tool to explore the complex pathophysiology of CRS. Our findings stress the importance of tis-

sue selection in molecular research utilizing sinonasal tissue, and demonstrate the limitation of the sNP/wNP paradigm (and the 

importance of endotyping). On the other hand, classical CRSsNP/wNP disease phenotypes played some role in determining the 

global transcriptomic signature, and should not be hastily discarded. The value of RNA-Seq-described transcriptomic signatures in 

exploring endotypes is yet to be explored in future studies.
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Introduction
The constant and rapid advances in genomic science and in 

high-throughput sequencing technologies offer a unique 

opportunity to gain insights into the mechanisms of complex 

disease. Chronic Rhinosinusitis (CRS) is a complex upper airway 

inflammatory condition of unclear etiology(1) and pathology 

akin to asthma(2). CRS is known to include more than one phe-

notype (CRS sine nasal polyps “CRSsNP”, and with nasal polyps 

“CRSwNP”)(1) and multiple endotypes (3); a fact that complicates 

research into and reasoning about its pathophysiology. Conse-

quently, despite years of CRS research, the etio-pathogenesis 

of CRS remains unknown, and steroids and nasal rinsing remain 

the cornerstone of medical treatment. Although new biologic 

treatments are being developed and offer great promise (4), no 

major breakthrough has been observed to date that would 

change current standard treatment protocols. As such many 



274

Bassiouni et al.

patients remain with limited conservative options, and surgical 

treatment becomes necessary in these patients who fail medical 

treatment. Some patients even remain refractory to multiple 

surgical procedures, and these patients exhibit poor quality of 

life (QoL) and put a significant burden on the healthcare system 
(5).

These facts call for exploiting next-generation techniques that 

have the ability to produce “big data”, which include genomics 

(whole genome sequencing “WGS”), proteomics (mass spectro-

metry), or transcriptomics (RNA sequencing “RNA-Seq”). Before 

the advent of these methods, most CRS research projects that 

utilized tissue collected from patients have only advanced at a 

pace of a few genes (and/or proteins) investigated per study. 

Next-generation techniques complement those traditional 

mechanistic studies, and allow the investigation of dysfunction 

at scale, directly in diseased tissues collected from patients. 

Microarrays have already been utilized by several groups and 

offered an exciting avenue to investigate the gene expression 

profiles in CRS at high-throughput scales (6–13). RNA-Seq has now 

supplanted microarrays in characterizing the global transcripto-

mic picture in a least-biased fashion (14,15).

We hypothesized that the global transcriptomic signatures may 

be sufficiently different (between different disease phenotypes 

and between patients), in such a way that the global transcrip-

tomic signature could be used in the future to explore CRS en-

dotypes and explore disease progression through comparisons 

of tissue in different stages of disease progression isolated from 

the same patients. Here, we utilize RNA-Seq to investigate global 

transcribed gene (mRNA) expression profiles from CRSsNP, 

CRSwNP and non-CRS controls. We study global gene expres-

sion patterns, perform differential gene expression (DGE), and 

use the data to perform clustering. We report that the type of 

tissue sampled and disease phenotype play a significant role in 

determining the global transcriptomic signature.

Material and methods 

Patient inclusion criteria and sample collection

The Queen Elizabeth Hospital Human Research Ethics Commit-

tee approved the study (approval HREC/15/TQEH/12). All pa-

tients included in the study had approved storage of their tissue 

for the purpose of research and had signed written informed 

consents.

Inclusion criteria were patients aged 18 years or older, requiring 

endoscopic sinus surgery either for CRS, or for skullbase tu-

mours (control patients) who had had tissue collected and sto-

red in the Department of Otolaryngology’s research tissue bank. 

Exclusion criteria included CRS with comorbid asthma or aspirin-

exacerbated respiratory disease (AERD), in order to reduce the 

number of confounding factors. Patients indicated for pre-ope-

rative systemic (oral) steroids were excluded, but patients were 

included even if they continued to use their topical nasal steroid 

spray pre-operatively. All samples were collected from participa-

ting patients intra-operatively during endoscopic sinus surgery 

under endoscopic visualization. Mucosal samples were collected 

from the anterior ethmoidal region from the CRSsNP and control 

patients. For the CRSwNP patients, two types of tissue were ob-

tained: from the anterior ethmoidal/middle meatal region where 

polyp tissue was collected (termed henceforth “polyp”), as well 

as from the adjacent area of the middle tubinate where mucosa/

polypoidal mucosa was collected (termed henceforth “mucosa”). 

CRSwNP patients were only included if they had both polyp and 

mucosal tissue types available.

All samples were placed in Eppendorf tubes containing RNALa-

ter® (Ambion) and transported on ice to the laboratory where 

they were stored at -80°C for further processing. The four dif-

ferent groups are therefore (Control_mucosa, CRSsNP_mucosa, 

CRSwNP_mucosa, CRSwNP_polyp); and are termed as such and 

as the “main study groups” throughout the manuscript. All sam-

ples from all study groups were collected, handled, transported 

and stored in the tissue bank in a similar manner.

RNA extraction

Samples were then pulled out of -80°C for RNA extraction. 

Samples were thawed and using a sterile scalpel were cut into 

80-100mg pieces. Samples were then homogenized in QIAZol® 

using stainless-steel bead beating in the Qiagen TissueLyser 

machine (2 minutes, at 20-30Hz). RNA was then extracted from 

the homogenates using the RNEasy Mini Kits, following the 

manufacturer’s protocol, which includes a DNAase step. RNA 

concentration and quality were checked on the Experion RNA 

StdSens system (Bio-Rad Laboratories, Hercules, CA, USA). RNA 

was stored at -80°C until sequencing.

RNA sequencing

Messenger RNA library preparation and sequencing was done 

at the Australian Cancer Research Foundation (ACRF) Cancer 

Genomics Facility. Samples were transported to the facility 

on dry ice. RNA Quality control was performed on the Agilent 

Bioanalyzer 2100 (Agilent). Sample quality was assured by only 

including samples with a Bioanalyzer RIN score greater than 7. 

One microgram of total RNA was enriched for mRNA using the 

NEBNext Poly(A) mRNA Magnetic Isolation Module. The NEBNext 

Ultra RNA Library Prep Kit for Illumina was then used to prepare 

non-directional RNA libraries. Libraries were sequenced on 

the Illumina HiSeq 2500 (1x50bp), utilizing four lanes on the 

instrument. Libraries of samples from all four study groups were 

barcoded and distributed equally across the four lanes to avoid 

lane-specific bias effect. The study was planned such that the 

number of patients and samples included yielded an approxi-

mate depth of 30 million reads/sample at the end of sequen-

cing. This depth of sequencing was chosen according to the 

“Standards, Guidelines and Best Practices for RNA-Seq V1.0” (The 
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downregulated genes. P values from goseq were corrected 

using the Benjamini-Hochberg FDR correction (28), with signi-

ficant over-representation cutoff at adjusted p cutoff of 0.05. 

Supervised classification and feature selection was done using 

the sparse Partial Lease Squares Discriminant Analysis (sPLS-DA) 

algorithm (29) implemented in the R package mixOmics (30). The 

algorithm’s performance was tuned on the rlog-transformed 

counts of the whole dataset according to the authors’ sPLS-DA 

tutorial.

All frontend analysis work was done through the Jupyter 

notebook frontend (31) and utilizing the assistance of packages 

from R (R Foundation for Statistical Computing, Vienna, Austria) 

and the Scientific Python stack (32). Euclidean distance matrices 

between the gene level expression profiles of the samples were 

done after applying the regularized log normalization (the rlog 

function in DESeq2). The implementation of Principal Compo-

nents analysis (PCA) in the python package scikit-learn version 

0.20.0 (33). PCA was performed on the subset of genes that were 

significantly differentiated (adjusted p-value cutoff of 0.05) and 

having a FC ≥ 2. Multivariate analysis using Permutational Multi-

variate Analysis of Variance (PERMANOVA)(34) was done through 

the implementation in the R package ‘vegan’ (35). PERMANOVA 

was performed using a model formula “distance matrix ~ tissue 

type + disease + patient_id” to investigate the effect of these 

three covariates on the distance matrix. The Mantel test was 

used to test for the correlation between the CRSwNP polyp 

and mucosa distance matrices. A Procrustes analysis was then 

performed to rotate these matrices to maximum similarity and a 

Procrustes test (PROTEST) was done to test whether deviations 

between the transformed matrices are significantly less than 

that expected by chance (36,37).

ENCODE Consortium, June 2011).

Bioinformatics pipeline and statistical analysis

Transcript-level quantifications were produced from the raw 

fastq files using Salmon (16). At first, Salmon (version 0.12.0) 

was used to construct a transcriptome search index from the 

GENCODE (17,18) release 91 human transcriptome annotation 

(file: “gencode.v29.transcripts.fa.gz”), using a k (k-mer length) 

parameter of 23. This k-mer length was selected as it showed the 

best mapping rates of reads to the transcriptome after investiga-

ting k-mer lengths of 19, 21, 23, as well as the default 31. Since 

features could also include pseudogenes in the transcriptome 

annotations, the usage of the term gene in this manuscript 

thereafter will be used as a connotation to an annotated feature 

(i.e. gene or pseudogene) on the GENCODE transcriptome. The 

term transcript will be used to refer to the different isoforms that 

map to one gene/feature.

Salmon was then used for fast, bias-aware RNA transcript 

quantifications against the built index using the default quasi-

mapping approach and default parameters. Salmon quantifica-

tion files were imported and feature/gene-level count estimates 

were inferred from transcript-level counts using the R pac-

kage tximport (19). Counts normalization and differential gene 

expression analysis was done using DESeq2 version 1.18.1 (20). 

Genes with very low counts (≤ 10 reads across all samples) were 

excluded from the dataset before DESeq2 analysis. DESeq2’s 

Likelihood Ratio Test (LRT) was used to test differentially ex-

pressed genes in any of the main four study groups simultane-

ously against a null model. Differentially expressed genes were 

selected with a significance cutoff level of 0.05 for optimizing 

the False Discovery Rate (FDR) independent filtering. Inde-

pendent hypothesis weighting (IHW)(21) was used to increase 

power for multiple comparisons. DESeq2’s Wald tests was used 

for pairwise detection of differentially expressed genes between 

each of the study groups and the resulting log2-fold-changes 

were shrunk using DESEq2’s ‘lfcShrink’ function with appropriate 

contrast as argument. The R package StageR was used to cor-

rect for the p-values generated from these pairwise Wald tests 

through its two-step screening-confirmation methodology (22). 

Further subgroup analysis in CRSwNP samples was performed 

using DESeq2’s Wald tests, but controlling for the patient as a 

fixed variable in the model specification. The regularized log 

normalization (the rlog function in DESeq2) was applied to the 

gene counts and the rlog-transformed counts were used for 

downstream analyses e.g. distance matrix generation and ordi-

nation. Significant differentially-expressed genes with absolute 

fold-change (FC) ≥ 2 were chosen as a subset for input to most 

of these downstream analyses.

Over-representation analyses for Gene Ontology (GO) (23,24) and 

Reactome pathway database (25) were done using the goseq 

R package (26), with separate analyses (27) for upregulated and 

Table 1. Basic characteristics of the 18 patients included in the study. 

Clinical variable CRSsNP CRSwNP Control

Mean age (Range) 47.0 
(18 - 73)

54.0 
(21 - 76)

57.7 
(34 - 83)

Sex “Male” 6 6 4

Mean number of 
previous surgeries 
(Range)

0.8 
(0 - 3)

1.0 
(0 - 3)

0.0
(0 - 0)

Asthma 0 0 0

Aspirin-exacerbated 
Respiratory disease 
(AERD)

0 0 0

Specific-IgE confir-
med allergic status

0

1 patient 
tested 

“moderate 
for grass 
and pol-

len”

0
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Results
Patients and samples

Twenty four samples were included, representing 18 patients 

and the four study main study groups, with six samples in each 

of the four study groups (Control_mucosa, CRSsNP_mucosa, 

CRSwNP_mucosa, and CRSwNP_polyp). The basic characteristics 

of the 18 patients included in the study is shown in Table 1.

Principal Component Analysis and PERMANOVA

We explored clustering of samples on a 2-dimensional plot 

using Principal Component Analysis (PCA) for dimensionality 

reduction. The regularized-log counts of the significantly diffe-

rentiated genes on DESeq2’s LRT with absolute fold-change ≥2 

was used as the dataset fed to the PCA algorithm. The first two 

principal components (PCs) explained 37.41% and 23.73% of the 

variance in this dataset, respectively. Upon visual inspection of 

the plot (Figure 1), there was satisfactory separation (although 

not 100% discrete clustering) of the study groups, with the 

“polyp” tissue type samples from CRSwNP patients clustering 

particularly away from other samples. One sample from the CRS-

Figure 1. Differential gene expression results from DESeq2 analysis (A) Volcano plot highlighting the significantly up- and down-regulated genes 

(adjusted p < 0.05) detected using the Likelihood Ratio test (LRT) with absolute FC≥2. The volcano plot is a scatter plot where each gene is repre-

sented by a dot. The y-axis is -log10(p value) i.e. the higher the gene on the y-axis means the lower the p value. The x-axis is log2(FC) i.e. the left side of 

a volcano plot contains the down-regulated genes while the right side of the plot contains the up-regulated genes. (B) Matrix of volcano plots similar 

to (A) but demonstrating the pairwise differential expression analyses between each study group using Wald tests (with direction of comparison: 

groups labeled vertically on y-axis to left of figure, relative to groups labeled on x-axis horizontally on top of figure). (C) Principal Component Analysis 

(PCA) on the significantly expressed genes detected using LRT with absolute FC≥2. Each scatter point plotted represent one sample. Ellipses repre-

sent 95% confidence intervals of the co-ordinates of the samples in each group. FC=Fold change; PCA= Principal Component Analysis; PC1 = Principal 

Component 1; PC2 = Principal Component 2.
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sNP group fell within the 95% confidence interval circle of the 

Control group. Mucosal tissue samples from CRSwNP patients 

appeared to cluster in-between the groups, showing a more 

variable placement between Control, CRSsNP and polyp tissue.

To further investigate these observations, PERMANOVA(34) was 

performed to examine the effect of three covariates (tissue type, 

disease group, and patient) on the Euclidean distance matrix. 

PERMANOVA showed a significant effect of tissue type (pseudo-

F = 2.98; p = 0.001) and a significant but lesser effect of disease 

group (pseudo-F = 1.73; p = 0.005). This indicates that the tissue 

type “polyp versus mucosa” had a more discernible global mRNA 

gene expression signature, when compared against the other 

three study groups. On the other hand, no significant effect was 

found for the patient variable (pseudo-F = 1.09; p = 0.29). This 

means that for these six CRSwNP patients that had two samples 

collected, the fact that the (two) samples were collected from 

the same patient did not appear to affect sample clustering. 

This finding highlights the crucial role of tissue sampling when 

investigating gene expression profiles in CRS studies.

Subgroup Analysis of CRSwNP patients: mucosa versus 

polyp comparison

We then performed a subgroup analysis on the matched 

mucosa and polyp samples collected from CRSwNP patients. To 

control for sample pairing (i.e. the effect of the patient variable), 

we added patient as a fixed effect in DESeq2’s model specifica-

tion and then we performed a DESeq2 Wald test DGE analysis 

to compare polyp tissue to mucosal tissue. This resulted in 122 

upregulated genes and 511 downregulated genes (adjusted p 

value < 0.05); i.e. 80.73% of the differentially-expressed genes 

in polyp tissue were downregulated (rather than upregulated), 

when compared to mucosa tissue after control for sample 

pairing by patient. A repeat PCA for this dataset showed signi-

ficant separation of the two tissue types on the first PC, which 

explained 69.35% of the variance of the statistically-significant 

differentially expressed genes with FC ≥ 2 (Figure 2A). Within-

type distances were significantly less than within-patient and 

between-type distances (FDR-adjusted p values 0.003 and < 

0.001 respectively; Mann-Whitney) (Figure 2B).

Multivariate analysis on the distance matrix using PERMANOVA 

showed no significant impact of the “patient” covariate (pseudo-

F= 1.13; p = 0.262), in contrast to the tissue type covariate 

(pseudo-F = 2.39; p = 0.004).

The CRSwNP_mucosa and CRSwNP_polyp distance matrices 

were compared using the Mantel test, which tests the correlati-

on between two matrices. This showed no significant correlation 

(Mantel r = 0.498; p = 0.075). In addition, Procrustes analysis and 

test (PROTEST) were done and showed that the sum of residual 

deviations between the matrices after Procrustes transformation 

was not significantly less than that expected by chance (Procrus-

tes Sum of Squares = 0.076; p = 0.09).

Gene Ontology (GO) and Pathway analysis

To obtain a functional interpretation of the differentially 

expressed genes in our study groups, we performed a Gene 

Ontology (GO)(23) analysis and a pathway analysis (using the Re-

Figure 2. (A) Principal Component Analysis (PCA) of CRSwNP samples (=12) showing clustering by the type of tissue, not by patient. PCA was per-

formed on the subset of significantly expressed genes with absolute FC≥2. (B) Boxplot illustrating the significant difference between the within-type 

versus the between-type and within-patient Euclidean distances (p < 0.001 and p = 0.003 respectively; Mann-Whitney test, with p values adjusted 

with the Benjamini-Hochberg FDR corrections). The boxes extend from the lower to upper quartile values and the whiskers show the range. The 

orange lines and green triangles represent the medians and means of the distances, respectively.
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actome pathways database (25)). The full results of these analyses 

can be found in the Supplementary Files.

To summarize these results:

•	 CRSsNP shows evidence of upregulated interferon-

mediated immunity, including Type 1 interferon and 

interferon-gamma upregulation. (GO terms: GO:0060333, 

GO:0071346, GO:0060337, GO:0032729, GO:1902715, 

GO:0032609, GO:0034341, GO:0032727, GO:0045078 ; 

Reactome terms: R-HSA-1015702, R-HSA-1031716) This 

could be a marker of a Th1 response, or an antiviral res-

ponse (GO terms: GO:0051607, GO:0009615, GO:0001618, 

GO:0046718, GO:0050690, GO:0019079; Reactome terms: 

R-HSA-1169410).

•	 CRSsNP shows over-representation of genes related to neu-

trophil chemotaxis (GO terms: GO:0030593, GO:0090023) 

and degranulation (GO:0043312).

•	 CRSsNP shows increased CXCR3 binding. (GO terms: 

GO:0048248; Reactome terms: R-HSA-374248).

•	 CRSsNP shows increased antigen presentation (GO 

GO:0003823, GO:0042605, GO:0015433; Reactome: R-

HSA-2213244), specifically MHC class-I mediated with 

TCR complex (GO terms: GO:0042590, GO:0002476, 

GO:0002291, GO:0002480, GO:0002474), and Leukocyte 

immunoglobulin-like receptors (LILRs) interacting with 

MHC class-I molecules (Reactome term R-HSA-199043).

•	 CRSsNP shows activation of the complement cascade. 

This appears through the classical pathway, rather than 

the alternative pathway, and with particular participation 

of C4. (GO terms: GO:0006956, GO:0006958, GO:0030449; 

Reactome terms: R-HSA-166658, R-HSA-166753).

•	 CRSsNP shows evidence of a heightened innate immune 

reponse (GO terms: GO:0045087; Reactome terms: R-

HSA-168249), which includes Natural Killer (NK) cell media-

ted cytotoxicity. (GO terms: GO:0030101, GO:0045954).

•	 CRSsNP shows a potential downregulation of ciliary move-

ment and cilia component (e.g. axonemes) production pa-

thways, especially when compared to CRSwNP. (GO terms: 

GO:0005930, GO:0005929, GO:0003341, GO:0045503, 

GO:0036159, GO:0031514, GO:0007018, GO:0060271, 

GO:0005874, GO:0036064, GO:0051959, GO:0060294, 

GO:0035082).

•	 CRSwNP polyp tissue shows reduced expression of 

genes related to epithelial morphogenesis. (GO terms: 

GO:0002009, GO:0061138).

•	 CRSwNP polyp tissue shows reduced degradation of 

extracellular matrix (GO terms: GO:0062023, GO:0090131, 

GO:0006508) and disturbed cell volume homeostasis (GO 

terms: GO:0006884).

•	 CRSwNP polyp tissue compared to control shows up-

regulation of B-cell mediated immune responses e.g. 

positive regulation of B cell activation (GO:0050871) and 

B cell receptor signaling pathway (GO:0050853) with an 

increased antibacterial humoral response with increased 

production/activity of various immunoglobulins (GO terms: 

GO:0042571, GO:0034987, GO:0071748, GO:0071751, 

GO:0071752, GO:0071756) and increased immunoglo-

bulin (Fc) receptor activity (GO:0034987, GO:0038095, 

GO:0038096).

•	 CRSwNP polyp tissue shows reduced expression of genes 

related to haemostasis (Reactome terms: R-HSA-109582) 

e.g. vasoconstriction (GO:0042310, GO:0014826), coagulati-

on (GO:0007596) and platelet degranulation (GO:0002576).

•	 CRSwNP mucosa tissue shows upregulated C-C chemo-

kine pathways (GO terms: GO:0070098, GO:0004950, 

GO:0016493, GO:0019957, GO:0019956). This included 

CCR1, CCR3 (which bind to eotaxins and RANTES - thereby 

promoting eosinophilic inflammation).

•	 CRSwNP polyp tissue shows generalized reduction of posi-

tive gene regulation (GO term: GO:0010628).

Discriminating gene-set selection using Discriminant Analysis

To identify a subset of genes that achieve maximum discrimi-

nation between the four study groups, we performed a type 

of Discriminant Analysis called sparse Partial Lease Squares 

Discriminant Analysis (sPLS-DA) (29). sPLS-DA is a multivariate ex-

ploratory approach that is an extension of partial least squares 

and is capable of feature selection in multi-class classification 

problems  (29). The tuning of the sPLS-DA algorithm on our da-

taset recommended two components for classification/feature 

selection, with 15 discriminant genes on Component 1 and 15 

Figure 3. Sparse Partial Lease Squares Discriminant Analysis (sPLS-DA) 

was performed on the regularized-log “rlog” transformed counts of 

the whole dataset. Ellipses represent 95% confidence intervals of the 

co-ordinates of the samples in each group. Discriminant gene-sets are 

plotted along the axes with respective correlation coefficients to their 

respective Component.
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discriminant genes on Component 2. Graphical results of the 

sPLS-DA are shown in Figure 3.

We note that CRSwNP_polyp samples separate from the other 

groups along Component 1 with significant downregulation of 

the selected Component 1 genes in the CRSwNP_polyp group. 

The Control_mucosa and CRSsNP_mucosa groups separate from 

each other along Component 2. The discriminant gene-sets 

selected by the algorithm are noted in the figure, with the cor-

relation coefficients (Spearman’s ρ) to their respective Compo-

nent. Mucosal tissue from CRSwNP patients “CRSwNP_mucosa” 

showed a less distinctive pattern of gene expression among 

the selected gene-set, with samples from this group occupying 

an intermediate position between CRSsNP and CRSwNP polyp 

samples along the first and second components. (Figure 3) In 

general, we note that the graphical results from this semi-su-

pervised approach are similar to the results of the unsupervised 

PCA ordination results (Figure 1C). The gene names with the 

mean counts for each gene in each study group is found in Sup-

plementary Table S1.

Discussion
We explored global gene expression signatures in control and 

diseased sinonasal tissues using RNA-Seq. Our findings high-

light a crucial role for the type of tissue, and a lesser role (albeit 

significant) for disease status on the transcriptomic signature. 

Moreover there appears to be, at least in our cohort, minimal 

signal originating from the individual patient, as indicated by 

absence of pairing of mucosa and polyp samples collected from 

the same patient.

Our study is not the first study to apply RNA sequencing (RNA-

Seq) to sinonasal tissues isolated from human subjects (38–40). Ho-

wever our study, to our knowledge, is the largest to date (n=24) 

and is the first to include paired mucosa and polyp samples 

collected from the same patients to explore insights into disease 

progression. Prior to the advance of RNA-Seq, its predecessor 

the microarray has been applied in numerous studies to study 

CRS (6–10,12,13).

CRSsNP shows evidence of upregulated interferon-mediated 

immunity, including Type 1 interferon and interferon-gamma 

upregulation. Interferon-gamma has been shown to be upre-

gulated in a sinonasal mucosal explant model in response to 

Staphylococcus aureus biofilms (41). CRSsNP showed evidence of 

neutrophil chemotaxis and degranulation and increased CXCR3 

binding. CXCR3 tends to be expressed mainly on Th1 cells. CRS-

sNP also showed increased MHC class-I-biased antigen pre-

sentation. CRSsNP tissues showed a downregulation of genes 

involved in ciliary mechanisms, especially when compared to 

CRSwNP. This could be a contributor to the stagnation of mucus 

or “mucociliary disruption” in these patients and the need to 

re-establish muco-ciliary clearance with surgery, as explained 

in the famous works by MesserKlinger and Stammberger (42,43). 

However, whether this downregulation in cilia-related genes 

reflects a consequence of the inflammation and the pathogene-

tic process in this disease, or whether it participates in disease 

initiation remains unknown and merits further investigation.

CRSwNP polyp tissue showed a severe depletion of lacto-

transferrin (alias lactoferrin; LTF ). LTF is a component of innate 

immunity and has important antimicrobial and antibiofilm 

activity (44,45). A reduced lactoferrin expression and activity has 

been reported in CRS tissue samples compared to controls and 

in sputum samples from cystic fibrosis patients (45–47). Lactofer-

rin was also found to inhibit the proliferation of nasal polyp 

fibroblasts in vitro and thus reduced LTF could be a marker, or 

enhancer, of polyp growth and recurrence (48). CRSwNP polyp 

tissue showed a severe depletion in DMBT1 gene expression 

(Deleted In Malignant Brain Tumors 1) (49). DMBT1 (alias Salivary 

Agglutinin, Glycoprotein-340) is a protein-coding gene that has 

been reported to play various roles in the immune defense at 

mucosal surfaces and is considered a candidate tumor suppres-

sor gene. It is thought to bind bacteria and bacterial products in 

a calcium-dependent way playing a role in bacterial defense via 

Table 2. Statistics of gene up- and down-regulation in the four study groups. The direction of up- and down-regulation is as Group 1 compared to 

Group 2. 

Group 1 Group 2 Up-regulated Down-regulated Upreg 
+FC2

Downreg 
+FC2

Control_mucosa CRSsNP_mucosa 359 666 301 597

Control_mucosa CRSwNP_mucosa 44 104 38 100

Control_mucosa CRSwNP_polyp 441 447 379 393

CRSsNP_mucosa CRSwNP_mucosa 164 81 131 66

CRSsNP_mucosa CRSwNP_polyp 779 589 655 507

CRSwNP_mucosa CRSwNP_polyp 566 65 503 36

Columns labeled “+FC2” include only genes up- or down-regulated with an absolute absolute fold change ≥2. FC = Fold Change. 
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NOD2 and TLR4 (50). It is also thought to regulate the sensation of 

taste by binding proteins in saliva. Interestingly, taste receptors 

have recently been implicated in the innate sensing of bac-

terial products and immune defense against pathogens with 

polymorphisms associated with susceptibility to gram-negative 

upper respiratory infection (51). Hence the role of the DMBT1 

in the binding of bacterial products and how this may relate 

to the regulation of innate immune sensing and the potential 

role of taste receptors in this process remains an avenue of 

future investigation. A significant downregulation both LTF and 

DMBT1 in nasal polyps was reported in the microarray study by 

Rostkowska-Nadolska et al. (11). On the other hand, these two 

genes were reported as significantly-overexpressed in polyps 

by Liu et al. (6), in a direct contradiction to our findings (6). The 

explanation for this discrepancy is unknown but strengthens the 

argument for carefully selecting tissues collected for studying 

CRS pathogenesis in humans. The severe downregulation of 

Bpifb3 (BPI fold-containing family B member 3) in the CRSwNP_

polyp group could be a contributor to the anosmia experienced 

in CRSwNP patients. This protein has been recently documented 

in the transcriptome and proteome of the main and acccessory 

olfactory epithelia in mice and thus could be an important gene 

in mammalian olfaction (52). CRSwNP polyp tissue also showed 

reduced expression of genes related to haemostasis. This is an 

interesting finding and is in agreement with previous clinical 

literature. Nasal polyps were found in some studies to be a 

risk factor for a higher incidence/amount of intra-operative/

peri-operative bleeding when compared to CRSsNP (53–56), with 

evidence that a higher polyp load (polyp score or Lund-Mackay 

score) was associated with a higher amount of blood loss (57,58). 

GO analysis showed that CRSwNP polyp tissues, compared to 

controls, demonstrated an upregulation of B-cell mediated im-

mune responses. This is in line with previous research indicating 

increased B-cell numbers and activation in CRSwNP patients 

compared to controls (59,60). Moreover, Tertiary Lymphoid Organs 

(TLOs)(61), which harbour a defined B-cell compartment, have 

recently been described in sinonasal tissue (62) and reported to 

be more prevalent in CRSwNP compared to CRSsNP and controls 
(62,63).

We also found that 80.73% of the differentially-expressed genes 

in polyp tissue were downregulated (rather than upregulated) 

when compared to mucosa tissue, after controlling for sample 

pairing by patient. This “global reduced gene transcription state” 

in polyp tissue was also found in our GO analysis and is a novel 

finding. Whether this is due to a real widespread de-activation 

of transcription factors, or is merely an artifact of the relative 

paucity of cells in frank polyp tissue, is not certainly clear. Single-

cell approaches (scRNA-Seq) could help address this question. 

Our finding mirrors previous conclusions by Platt et al. (64) and 

supports their recommendation that “care must be taken when 

collecting specimens for molecular studies of the sinonasal tract 

to differentiate polyp from nonpolyp tissue” (64). Whether this 

recommendation has been followed consistently since then is 

not clear.

The CRSwNP_mucosa gene expression signature was more 

variable between samples and occupied an intermediate picture 

between the CRSsNP_mucosa, Control_mucosa and CRSwNP_

polyp transcriptomic signatures. This might reflect disease in 

various stages of progression despite best efforts to gain a uni-

form tissue type for each group, in addition to known regional 

variation in innate immunity gene expression (65). An alternative 

explanation is that in some patients with CRSwNP, the disease 

in its early stages could be exhibiting pathogenetic processes 

very similar to that found in CRSsNP disease. This variability of 

samples from different disease groups and the “intersection” of 

their transcriptomic signature on Principal Component Analaysis 

demonstrates the importance of CRS endotyping, and could 

be explained as highlighting the limitations of the current sNP/

wNP paradigm in describing the underlying disease processes. 

On the other hand, the relatively strong signal seen originating 

from disease status in the transcriptomic signatures could be a 

marker that the classical CRS phenotypes still play an important 

role, not only in determining the broad clinical presentation of 

the patients, but also in determining the global transcriptomic 

signature and should not be also hastily discarded.

The small number of patients in each study group remains 

a limitation of our study, despite being (to the best of our 

knowledge) the largest bulk-tissue RNA-Seq study to date to 

be applied on CRS patients. Moreover, the patients included in 

this study were intentionally selected for their uniform pheno-

type (e.g. no asthma, no aspirin sensitivity) implying that more 

variation is to be expected if additional patients groups are to 

be recruited, adding further challenges to fully describing the 

broad heterogeneity of the disease. It also does not exclude a 

mixed endotype in the recruited cohort. Due to constraints of 

the selection criteria and absence of randomization, our cohort 

was dominated by male patients and is another limitation to be 

addressed in future studies with larger patient numbers. The ef-

fect of previous surgery is also yet to be explored. There remains 

a theoretical possibility that control patients with functional 

skullbase tumours can affect the sinus mucosa through a hor-

monal or paraneoplastic effect, but we are not aware of publis-

hed evidence to that effect and they continue to be used as the 

standard control tissue in most CRS studies. With the progres-

sive interest and advances in disease endotyping(3,4,66,67), further 

application of RNA-Seq-described transcriptomic signatures on 

patients of different endotypes would be an interesting avenue 

of future research, in order to validate the utility of this techni-

que in deciphering the underlying pathology of the various CRS 

endotypes.
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Conclusion
Our study represents one of the early (and to our knowledge, 

the largest to date) bulk-tissue RNA-Seq studies designed to 

explore the transcriptomic signatures in the sinonasal tissues 

of non-diseased control patients and CRS phenotypes and use 

these signatures to gain insights into the disease process. We 

report multiple findings that correlate with known clinical ob-

servations and our current understanding of the pathogenesis 

of chronic rhinosinusitis. Our results hold significant implication 

for future chronic rhinosinusitis research. We particularly stress 

the importance of tissue selection for molecular research utili-

zing human sinonasal tissue, especially in nasal polyposis, with 

evidence of a significant impact on the transcriptomic signature 

now considered well-established. The gene downregulation and 

the distinct signature found in polyp tissue may suggest that 

early intervention could be more effective in halting disease 

progression. The global transcriptomic signature showed some 

effect of disease phenotype, though highlighted the shortco-

ming of the sNP/wNP paradigm; but it remains unclear whether 

this techique would be sufficient to describe the complexity of 

the various CRS endotypes. This topic should be addressed in 

future research.
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