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Abstract

:

Airway remodeling in asthma is characterized by reticular basement membrane (RBM) thickening, likely related to epithelial structural and functional changes. Gene expression profiling of the airway epithelium might identify genes involved in bronchial structural alterations. We analyzed bronchial wall geometry (computed tomography (CT)), RBM thickness (histology), and the bronchial epithelium transcriptome profile (gene expression array) in moderate to severe persistent (n = 21) vs. no persistent (n = 19) airflow limitation asthmatics. RBM thickness was similar in the two studied subgroups. Among the genes associated with increased RBM thickness, the most essential were those engaged in cell activation, proliferation, and growth (e.g., CDK20, TACC2, ORC5, and NEK5) and inhibiting apoptosis (e.g., higher mRNA expression of RFN34, BIRC3, NAA16, and lower of RNF13, MRPL37, CACNA1G). Additionally, RBM thickness correlated with the expression of genes encoding extracellular matrix (ECM) components (LAMA3, USH2A), involved in ECM remodeling (LTBP1), neovascularization (FGD5, HPRT1), nerve functioning (TPH1, PCDHGC4), oxidative stress adaptation (RIT1, HSP90AB1), epigenetic modifications (OLMALINC, DNMT3A), and the innate immune response (STAP1, OAS2). Cluster analysis revealed that genes linked with RBM thickness were also related to thicker bronchial walls in CT. Our study suggests that the pro-fibrotic profile in the airway epithelial cell transcriptome is associated with a thicker RBM, and thus, may contribute to asthma airway remodeling.
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1. Introduction


Asthma is an inflammatory disease of the airways that may result from exposure to inhaled allergens or other environmental agents, rendering genetically susceptible individuals to aberrant activation and prolonged immune responses [1]. Airway remodeling is a pathological feature of persistent asthma and contributes to the clinical manifestations of the disease. It refers to the bronchial wall’s structural changes caused by chronic inflammation, repeated cycles of injury, and repair [2]. In asthma, airway remodeling is characterized by modifications in the epithelium and subepithelial fibrosis, including thickening of the basement membrane and deposition of extracellular matrix (ECM) proteins in the submucosa [3,4]. Thickening of the basement membrane occurs mainly in the lamina reticularis layer, the so-called reticular basement membrane (RBM), which is localized beneath the basal lamina [3].



Although host factors that make asthma subjects susceptible to airway structural changes are complex and poorly understood, multiple studies support the concept of airway epithelial barrier dysfunction as being critical for this process [1,5]. The airway epithelium is continuously exposed to airborne particles and infectious agents and represents the airways’ frontline barrier between the host and environment. Furthermore, it plays a vital role in the innate immune defense and mucociliary clearance. As a source of cytokines and growth factors, the airway epithelium regulates other cell functions [5,6]; for example, it stimulates lung fibroblasts to produce ECM components, such as collagens and fibronectin, and pro-fibrotic transforming growth factor (TGF)-β [1]. Moreover, known environmental risk factors, such as cigarette smoke, biomass fuel particles, and respiratory viral infections, may stimulate the production of ECM proteins by the airway epithelium, fibroblasts, and smooth muscle cells [1].



Under physiological conditions, the epithelium’s integrity is preserved by tight junctions, limiting the passage of macromolecules to the submucosa. Exposure to allergens, pathogens, or air pollutants can cause cleavage of tight junctions, increasing epithelial permeability, which likely further enhances persistent airway inflammation in asthma [7]. In predisposed individuals, such environmental injury may also induce airway epithelial cell apoptosis, accompanied by the secretion of paracrine factors that initiate the regenerative process in the tissue, leading to the aberrant repair and subsequent structural changes of the airway [1].



Genome-wide association studies have identified several susceptibility genes associated with epithelial barrier function, differentiation, and homeostasis, including genes encoding cadherin family proteins and those related to mucus production [7]. However, genetic factors’ exact contribution to epithelial barrier defects, asthma development, progression, and airway remodeling are not entirely understood. Moreover, bronchial epithelial gene expression signatures and their linkage to the airway’s structural changes have not been previously studied. Therefore, by analyzing bronchial mucosa biopsies from asthma individuals, we investigated potential associations between the epithelial cell transcriptome and RBM thickness, as well as their linkage to asthma severity, inflammation patterns, persistent airflow limitation, and airway geometry parameters revealed by lung computed tomography (CT) scans. According to our knowledge, such an approach has not been previously implemented in asthma research.




2. Results


2.1. Patient Description and Basic Laboratory Tests


We analyzed 40 non-smoking moderate to severe asthma patients aged 30–65 years, with at least a 3-year history of confirmed asthma and no exacerbation within at least six months before the enrollment. About half of the patients (n = 21, 52.5%) had persistent airflow limitation, while the remaining (n = 19, 47.5%) had normal spirometry before or after bronchodilator. Persistent airflow limitation was defined as a forced expiratory volume in 1 s (FEV1)/vital capacity (VC) index below 0.7 or FEV1 lower than 0.8 of predicted value after bronchodilator.



Demographics and clinical characteristics of patients studied are provided in Table 1.



Both subgroups did not differ in the demographic parameters or asthma severity and duration. Patients with persistent airflow limitation were characterized by higher blood and bronchoalveolar lavage (BAL) eosinophilia (Table 2). Intriguingly, they also had lower interleukin (IL)-6 concentrations in BAL.




2.2. Computed Tomography Imaging Shows Airway Wall Thickening in Asthma Patients with Persistent Airflow Limitation


Figure 1 depicts how airway geometry parameters were automatically analyzed.



Table 3 presents cross-sectional geometry parameters of the right upper lobe apical segmental bronchus (RB1) and the right lower lobe basal posterior bronchus (RB10).



As expected, corresponding airway cross-sectional geometry parameters measured in RB1 and RB10 correlated well with each other; for wall area ratio (WAR) and wall thickness ratio (WTR), the correlation coefficients were the strongest (R = 0.53, p = 0.001, and R = 0.55, p < 0.001, respectively).



CT imaging revealed a higher RB1 WAR and WTR in subjects with persistent airflow limitation and a tendency towards an increase in those variables in RB10 (Table 3). That group of patients also had lower lumen and airway diameters and decreased lumen areas in RB10 than the remaining individuals (Table 3). Males were characterized by higher airway and lumen areas; however, WAR and WTR were not associated with gender. Additionally, lumen and wall diameters in RB10 remained in a weak positive relationship with height (R = 0.37, p = 0.02, and R = 0.32, p = 0.049, respectively).



WAR and WTR in RB1, but not in RB10, inversely correlated with the FEV1/VC index before bronchodilator (R = −0.34, p = 0.04, and R = −0.37, p = 0.03, respectively).



Additionally, RB1 wall thickness was positively related with peripheral blood and BAL eosinophilia (R = 0.45, p = 0.009, and R = 0.53, p = 0.001, respectively). A similar, although less strong association was documented between RB1 WAR or WTR and blood eosinophil count (R = 0.35, p = 0.04, and R = 0.36, p = 0.04, respectively).




2.3. Reticular Basement Membrane Thickness Is Not Increased in Asthma Patients with Persistent Airflow Limitation


Surprisingly, RBM thickness was not significantly increased in asthma subjects with persistent airflow limitation (Figure 2).



RBM thickness was also not related to age, sex, asthma duration, and smoking history (data not shown). Likewise, there was no association with spirometry values, asthma severity, or symptom control scores. Among laboratory parameters, thickness of the RBM layer showed a moderate positive correlation with blood neutrophil count (R = 0.35, p = 0.02) and BAL periostin (R = 0.46, p = 0.04), albeit not with systemic biomarkers of type-2 inflammation (blood eosinophil count: R = −0.25, p = 0.09; serum periostin: R = −0.3, p = 0.2). Additionally, patients with a thicker RBM (median value as a cut-off point (6.08 µm)) were characterized by a higher odds ratio (3.95 (95%CI: 1.75–6.2), p < 0.001) of increased BAL periostin concentrations, defined as values above the cut-off point of 0.95 ng/mL.



RBM thickness was not related to lung CT airway geometry parameters, except for a weak positive relationship with RB10 wall thickness (R = 0.3, p = 0.04), after adjustment for confounders (β = 0.39 (95%CI: 0.2–0.6)).




2.4. Increased Reticular Basement Membrane Thickness Is Associated with Fibrosis- and Growth-Promoting Pattern of Gene Expression in Bronchial Epithelium


To search for unique airway transcriptome patterns associated with increased RBM thickness, we stratified asthma patients into those with increased vs. decreased RBM thickness, using the median value as a cut-off point (6.08 µm). This comparison revealed 51 genes, for which expression significantly differed between both analyzed subgroups. Among them, 17 genes differed at the significance level lower than 0.001. These genes are described in Table S1 (Supplementary Materials). The thicker RBM was linked with a gene expression profile promoting cell proliferation and growth (CDK20 [8], MIS12 [9], PDS5B [10]), regulating DNA transcription (ZNF594 [11]), apoptosis (RNF157 [12], HTRA2 [13]), and cargo transporting (SLC39A13 [14], SLC16A6 [15], IPO13 [16]), as well as related to the ECM components (LAMA3 [17], USH2A [18]). Moreover, we documented higher mRNA levels of CLEC9A (C-type lectin domain containing 9A) [19], which encodes an endocytic receptor specialized in the uptake and processing of dead cell material, and OAS2, encoding 2′,5′-oligoadenylate synthase, engaged in the cell antiviral response [20]. Interestingly, we also identified differentially expressed genes involved in neuronal cell proliferation, growth, and function. For example, increased RBM thickness was associated with the lower expression of BRINP2, which inhibits neuronal cell proliferation (Table S1) [21].



Further correlation analyses identified several genes in which expression was positively (101 genes) or negatively (39 genes) associated with RBM thickness. Among them, 19 and nine, respectively, had particularly strong correlation coefficients (i.e., ≥ 0.6 or ≤ −0.6). This set of genes is listed in Table 4.



In Figure 3, we present the cross-correlation matrix and hierarchical clustering (a heatmap) of 28 genes, for which expression correlated best with RBM thickness, i.e., with correlation coefficients ≥ 0.6 or ≤ −0.6. This Figure demonstrates which genes (among those 28) were associated well with each other. For example, some of the genes for which expression remained in a strong inverse relationship with RBM thickness, e.g., MRPL37, were also negatively associated with the mRNA level of genes promoting cell proliferation and growth, but determining RBM thickness positively (e.g., ORC5, CDK20, EEF2). On the other hand, a strong association was demonstrated between mRNA levels of TPMI1 and CDK20 or TACC2 and AMBRA1, likely indicating similar regulatory mechanisms of their expressions.



The remaining genes significantly correlated with RBM thickness (i.e., with less strong coefficients) are listed in Supplementary Materials (Tables S2 and S3).



As expected, correlation analysis confirmed most of the genes differentially expressed in patients with higher RBM thickness (e.g., LAMA3 [17], USH2A [18], MIS12 [9], CDK20 [8]). However, we identified other genes potentially contributing to RBM depositions, including TACC2, encoding centrosome- and microtubule-interacting protein [22], NEK5 regulating centrosome integrity [24], ORC5 modulating DNA replication [25], AMBRA1 involved in autophagy, cell survival, and proliferation [26], as well as MYO1B and CORO2A, both controlling various cellular processes, such as cell cycle progression, signal transduction, cell motility, apoptosis, and gene expression [29,30]. Interestingly, many of the genes positively correlated with RBM thickness have anti-apoptotic functions (e.g., RNF34 [35]), are involved in immune responses (OAS2 [20], STAP1 [37]), the cell contractile system (TPM1, TPM2, MYO1B, CORO2A [29,30,31]), neuronal growth and function (PCDHA3 [50]), or have essential enzymatic activities (GAD1 [27], TPH1 [33], EEF2 [36]). On the other hand, several genes inversely associated with the RBM thickness possess opposite biological functions, such as PDS5 [10] which negatively regulates cell proliferation, and apoptosis promoting genes, including RNF13 [43], MRPL37 [44,45], and CACNA1G [46]. Overall, most of the genes associated with RBM thickness could be assigned to ontology groups linked with a cell growth-promoting phenotype (e.g., cell proliferation and metabolism, anti-apoptotic) and fibrosis/remodeling-promoting phenotype (e.g., ECM components and proteins regulating neovascularization) as summarized in Figure 4. This Figure was prepared based on gene ontology terms presented in Tables S4–S6 in Supplementary Materials and the literature data.



In contrast, in Figure 5, we present a network of lung-specific interactions of those genes. As has been shown, the processes modulated by the indicated genes have a wide range of interdependencies. We identified several hubs with interlinking genes, associated with basement membrane structure or functions, either directly or through first-degree interactors. By betweenness centrality within the network, HSP90AB1, encoding multifunctional chaperon protein, BIRC3 regulating apoptosis, HPRT1 referred to the purine salvage pathway uric acid production, and TCEA2, involved in RNA polymerase II functioning, formed the largest hubs. The lower nodes referred to the PML gene, modulating DNA transcription, cell apoptosis, and senescence; MYOB1, engaged in actin filament-based movement, and MUC1 or CLEC7A encoding membrane receptors.




2.5. Cluster Analysis Integrating Molecular and Remodeling Data Reveals Subgroups of Asthma Patients with Unique Bronchial Epithelial Gene Expression Patterns


A cluster analysis based on epithelial expression levels of genes that correlated best with RBM thickness (28 genes included) and clinical data revealed three different clusters of patients. Clusters one (n = 11) and two (n = 10) were characterized by altered expression of six genes related to cell growth and proliferation or possessing anti-apoptotic properties (i.e., increased expression of CDK20, RNF34, GAD1, PDS5 and lower of RNF13 and MRPL37), involved in ECM composition (LAMA3), innate immune response (OAS2), contractile system (TPMI1, PIEZO2), and TPH1, as compared to cluster three (n = 19). Cluster two had the highest expression of additional genes engaged in ECM structure (USH2A) and cell growth (EEF2, TACC2, NEK5), together with the most significant decline in HPRT, compared with the two remaining collections. Cluster two has also been referred to as having increased expression of the other two genes involved in cell growth (ORC5, AMBRA1) and STAP1 and OTOF, compared to cluster three.



Interestingly, clusters one and two had thicker RBMs in comparison to cluster three (p < 0.001, both), while cluster two referred to the highest values of RB1 and RB10 wall thickness, as compared to the remaining patient collections (p < 0.008 and p = 0.049, respectively). Cluster one had a higher BAL periostin than cluster three (p = 0.01). Demographic and clinical parameters and spirometry values did not differ among the three separated sets of patients.





3. Discussion


In this study, we compared several airway remodeling indices at the large bronchi and peripheral level, including CT airway cross-sectional geometry and histological examination of the mucosa (RBM thickness) in asthma subjects, with a particular focus on individuals with persistent airflow limitation vs. those with normal spirometry after bronchodilator. We also investigated the associations between the bronchial epithelial cell transcriptome and airway structural parameters. We have demonstrated that altered gene expression in the bronchial epithelium may determine RBM thickness, which was surprisingly weakly related to other airway remodeling markers. First of all, the RBM layer was not increased in patients with persistent airflow limitation. It either did not correlate with CT bronchial wall remodeling indices, except for a weak relationship with RB10 wall thickness. On the other hand, we have shown a clear association between the degree of airflow limitation and airway remodeling indices in lung imaging, particularly within the RB1. Therefore, we may speculate that RBM thickening likely progresses independently of the parameters linked with airway geometry and function, such as the rate of the decrease in spirometry values and the altered bronchial wall in CT scans.



Interestingly, airway and systemic biomarkers of type-2 inflammation (e.g., blood and BAL eosinophilia) were higher in patients with persistent airflow limitation and those with thicker walls in CT. In turn, RBM thickness was related to the BAL periostin and blood neutrophilia, albeit not to the systemic type-2 biomarkers. Therefore, we might speculate that separate mechanisms may drive airway remodeling, depending on whether they act at the bronchial mucosa level or airway wall structure. However, type-2 inflammation in the airways is likely involved in both of them.



Another interesting finding of our study is that the RBM thickening did not depend on asthma duration. Therefore, one might speculate that RBM thickening occurs early during the disease, e.g., as a response to the ongoing airway inflammation, and does not progress further due to implemented anti-inflammatory treatment. Noteworthy, this observation mirrors the study performed by Payne et al. [51]. They demonstrated that RBM thickening is already present in young children (median age 13 years) to a similar extent to milder adult asthmatics. These authors did not find an association with patients’ age, asthma duration, or lung function, either. Furthermore, it has been demonstrated that even children younger than five years old with confirmed wheezing episodes may present a thicker RBM layer [52].



Epithelial cells are the primary source of BAL periostin, stimulating TGF-β release, which activates the underlying fibroblasts to produce ECM components [6]. Although TGF-β is also secreted by eosinophils [4], the positive relationship between RBM thickness and BAL periostin suggests that the bronchial epithelium may indeed orchestrate mucosal and submucosa changes in airway remodeling pathology. However, the biological role of the thicker RBM in asthma remains uncertain. It has been hypothesized that it constitutes a secondary barrier that compensates for the increased epithelial fragility and leakiness, thus decreasing the entry of harmful particles into the submucosa [6]. However, Rijt et al. [53], based on murine experiments, have shown contrary results, indicating that basement membrane remodeling might promote new sensitizations by causing persistent activation of dendritic cells. Therefore, therapeutic intervention to stabilize RBM thickness, e.g., kinase inhibitors, might be beneficial for severe asthma patients. However, to recommend such a therapeutic approach, the specificity of RBM thickening and its determinants need to be comprehensively investigated.



In our study, analysis of epithelial cell transcriptome revealed several gene groups associated with RBM thickness. As expected, in patients with thicker RBM, we demonstrated a higher expression of genes related to ECM proteins, such as LAMA3 or USH2A. They encode the laminin subunit α3 and usherin, respectively, proteins that are essential for the basement membrane structure and function, widely expressed in many organs, including the lungs [17,18]. Several epithelial-mesenchymal growth regulators may increase LAMA3 expression, such as epidermal growth factor (EGF) [17]. In turn, usherin contains laminin EGF-like and many fibronectin motifs, and thus, might be upregulated by laminin [18]. Therefore, both proteins are likely involved in increased ECM deposition and could participate in airway remodeling pathology. In this context, the decrease in expression of LTBP1 can also be essential. This gene encodes a protein that maintains TGF-β in the latent ECM bound form [54]. Therefore, its downregulation might contribute to the increased TGF-β activity, promoting ECM remodeling and fibrosis.



Interestingly, RBM thickness remained in a strong positive association with the higher expression of multiple genes encoding proteins involved in cell activation, proliferation, and growth or with an anti-apoptotic function. On the other hand, some genes strongly—but inversely—related to RBM thickness have opposite roles, i.e., either antiproliferative or pro-apoptotic properties. This observation suggests that the airway epithelial transcriptome linked with thicker RBM promotes cell proliferation and growth, further reinforced by the upregulated genes referring to the increased cell metabolism, protein synthesis, cargo transport, and nucleic acid processing.



Another important finding of our study is the lower expression of genes involved in the formation of tight cell junctions. This outcome is in line with other reports pointing to the disrupted airway epithelial barrier in asthma [7]. It is believed that cleaving tight junctions results from external factors, such as allergens, pathogens, air pollutants, and an intrinsic predisposition [7]. Our report suggests that increased permeability of the epithelium may also contribute to subepithelial changes and airway remodeling. However, it is worth noting that parallel to the decreased cadherin mRNA levels, we also documented higher expression of PNN, an E-cadherin transcription activator, likely serving as a compensatory mechanism [55].



An airway epithelial cell transcriptome profile associated with thicker RBM might also reflect epithelial-to-mesenchymal transition, a process whereby epithelial cells acquire characteristics of fibroblasts or mucosa cells [6]. During such a structural modification, epithelial cells lose cell–cell polarity and adhesion, to become migratory and develop mesenchymal features [5]. For example, this is reflected in our data by the increased expression of actin-related proteins, such as TPM1, TPM2, MYO1B, and CORO2A.



The next group of genes associated with a thicker RBM, which merits comment, contains those referred to as the oxidative stress response genes. Some of these genes were reported as upregulated, such as HSP90AB1, promoting cell adaptation to environmental changes [56]; SCARA3, the product of which depletes reactive oxygen species [57], and DNMT3A, encoding an enzyme involved in CpG or non-CpG motifs DNA methylation [58]. However, decreased expression of CA3 [48] and HPRT [40], both induced by hypoxia-inducible factor 1α (HIF1-α), a transcription factor that adapts the cell during oxygen deprivation, might suggest an impaired adaptation to oxidative stress in airway remodeling pathology. Furthermore, downregulated HPRT might be related to the local overproduction of uric acid [40], likely stimulating cell proliferation and new blood vessel formation [41,42]. Increased neovascularization might also be related to upregulated FGD5 [59]. Interestingly, bronchial epithelial cells from patients with a thicker RBM also showed a gene profile that promotes nerve regeneration and functioning; therefore, it seems that neural network development may also occur in asthma remodeling pathology.



Another intriguing association shown in our data refers to the significant positive relationship between RBM thickness and the mRNA level of the gene encoding a decarboxylase, which catalyzes γ-aminobutyric acid (GABA) production. It has been recently demonstrated that the airway epithelium is a predominant source of endogenous GABA, contributing to airway smooth muscle tone relaxation [27]. Higher GAD1 expression in those with thicker RBM likely indicates susceptibility to increased GABA epithelial production, partially explaining the lack of association between RBM thickness and spirometry values. Interestingly, the higher expression of this gene in the airway transcriptome has also been documented in chronic obstructive pulmonary disease (COPD) patients [28].



The last important issue that merits comment, is the relationship between the RBM layer and the expression of genes contributing to the immune response. A thicker RBM is strongly determined by upregulated STAP1, encoding a protein abundant in the stimulated B cells [37] and, to a lesser extent, TRBV11-1, encoding the variable domain of the T cell receptor [60]. Interestingly, a thicker RBM was also positively associated with gene transcripts encoding the proteins involved in the antiviral response and other innate immunity elements, such as AMBRA1, involved in autophagy regulation [26], and MUC1 protecting cells against bacterial, viral, or enzyme attack [61].



Our study has several limitations. First of all, we did not analyze the airway transcriptome in healthy controls for ethical reasons. Therefore, we cannot exclude that similar genes also might determine the RBM thickness in controls. Asthma patients enrolled in this study were relatively old and had mostly moderate to severe disease; thus, the findings may not represent younger subjects with milder disease. We investigated bronchial brush biopsy; therefore, we speculate that the outcomes mainly refer to the airway epithelium and to a lesser extent, lung infiltrating inflammatory cells. We analyzed airway transcription profiles at a single time point; therefore, we cannot exclude their changes in time. Statistical associations reported here may not necessarily indicate cause–effect relationships. Finally, the clinical relevance of the demonstrated associations in the airway transcriptional profile in terms of disease severity, progression, and relation to airway remodeling requires further investigation.




4. Materials and Methods


4.1. Patients


Our patient group consists of 40 non-smoking moderate to severe asthma subjects aged 30–65 years, with at least a 3-year history of confirmed asthma and no exacerbation within six months before the enrollment. About half of the patients (n = 21) were characterized by persistent airflow limitation; the remaining had normal spirometry before or after the bronchodilator. Except for biological treatment, all asthma medications were permitted, including oral corticosteroids at a daily dose equivalent to ≤ 10 mg of prednisolone, unless the amount was the same during the preceding three months.



Diagnosis of asthma was established by a physician, based on recurrent respiratory symptoms (wheeze, cough, shortness of breath, and chest tightness), together with current or historically documented post-bronchodilator increase in FEV1 of at least 200 mL and 12% from the baseline [62]. Persistent airflow limitation was defined as a FEV1/VC index below 0.7 or FEV1 lower than 0.8 of predicted value after bronchodilator. Spirometry and bronchial reversibility test were performed according to the American Thoracic Society standards [63], using a Jaeger MasterLab spirometer (Jaeger-Toennies GmbH; Hochberg, Germany).



Ex-smokers were eligible for the study if they stopped smoking at least five years ago, with a history of fewer than seven pack-years. Arterial hypertension, diabetes mellitus, and hypercholesterolemia were allowed in study participants.



Definitions of asthma severity and co-morbidities, as well as other exclusion criteria, have been provided in Supplementary Materials.



The study was conducted following the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the Jagiellonian University (approval number: KBET/151/B/2013). All subjects gave written informed consent to participate in the study.




4.2. Lung CT


Lung CT with an assessment of airway cross-sectional geometry was performed one hour after 400 µg albuterol administration using 64-raw multidetector computed tomography (Aquilion TSX-101A, Toshiba Medical Systems Corporation, Otawara, Japan) in a helical scanning mode, without administration of intravenous contrast medium. Automated program AW Server (General Electric Healthcare, Wauwatosa, WI, USA) was used to quantify the airway cross-sectional geometry in the RB1 and RB10; including an average diameter of the lumen and airway, average wall thickness, lumen, and wall area, WAR and WTR, both defined in Supplementary Materials.




4.3. Bronchofiberoscopy, Endobronchial Biopsy, and Bronchial Brush Biopsy


Bronchofiberoscopy was performed according to the guidelines of the American Thoracic Society [64] using the bronchofiberoscope BF 1T180 (Olympus, Tokyo, Japan) with local anesthesia (2% lidocaine) and in mild sedation (0.05–0.1 mg fentanyl and 2.5–5 mg midazolam given intravenously). During that procedure, 2–3 endobronchial biopsies were taken from the right lower lobe (the carina between B9 and B10) together with the brush biopsy. Collected endobronchial specimens were immediately fixed in 10% neutral buffered formalin solution (Sigma-Aldrich, Saint Luis, MO, USA) and sent to the Pathology Department for further analysis. Brushes were immediately immersed in TRIzol Reagent (Thermo Fisher Scientific, Carlsbad, CA, USA).




4.4. Bronchoalveolar Lavage Fluid Analysis


The cytospin preparations (Thermo Scientific, Walthman, MA, USA) were made from bronchoalveolar lavage fluid (BALF) samples and stained with the May–Grunwald Giemsa dye. A total of 1000 cells in each preparation were counted; the results were shown as a percentage of all inflammatory cells (with the exception of epithelial cells). The remaining BALF sample was centrifuged; the supernatant was frozen in aliquots and stored at −70 °C until analysis.




4.5. Blood Laboratory Investigations


Fasting blood samples were drawn from the antecubital vein using minimal stasis between 8:00 and 11:00 A.M. Complete blood cell and platelet count and fibrinogen were assayed by routine laboratory techniques. High-sensitivity C-reactive protein and IgE were measured by latex nephelometry (Siemens, Marburg, Germany). Blood samples were drawn into serum tubes and centrifuged, similarly to BALF at 2000× g for 20 min. The supernatant was frozen in aliquots and stored at −70 °C until analysis.



Commercially available high sensitivity immunoenzymatic assays (ELISAs) were used to measure blood and BAL concentrations of IL-6, IL-10 (eBiosciencea, Vienna, Austria, both), and periostin (Phoenix Pharmaceuticals, Burlingame, CA, USA) and serum levels of a disintegrin and metalloproteinase domain-containing protein (ADAM)33 (Cloud-Clone Corp., Katy, TX, USA).




4.6. Histologic Examination


Tissue specimens were processed routinely, as described in our previous publication [65]—briefly, the 2 µm paraffin-embedded sections were cut and stained by hematoxylin and eosin. The slides were photographed by a Nikon D5300 camera attached to the Zeiss Axioscope microscope with a 100× oil immersion lens. The images were analyzed by the AnalySIS 3.2 software (Soft Imaging System GmbH, Germany). The RBM thickness was measured along the biopsy’s epithelial surface (Figure 2) according to the orthogonal intercept method suggested by Ferrando et al. [66] using arbitrary-distance units. We only analyzed sections covered by non-tangentially cut and well-preserved epithelial cells. For each patient, at least 30 individual RBM measurements were evaluated at intervals of 9.5 µm. The results were expressed as harmonic mean, defined in our previous publication [65].




4.7. RNA Preparation for Microarray Analysis


Total RNA was extracted from bronchial brush biopsy samples with TRIzol (Thermo Fisher Scientific, Carlsbad, CA, USA), fractioned by gravity gradient, and isolated using chromatographic columns (A&A Biotechnology, Gdynia, Poland), followed by storage in 96% ethanol at −80 °C. The quality of each RNA sample was assessed using Qiagen QIAxel system (Qiagen, Hilden, Germany), and RNA integrity was verified by agarose gel electrophoresis. RNA was reverse-transcribed into the cDNA library using Syngen Universal Script Reverse Transcriptase (Syngen, Wroclaw, Poland). The product was purified by Syngen PCR ME Mini Kit (Syngen, Wroclaw, Poland) and fluorescently labeled and purified using Kreatech ULS Platinum Bright Red/Orange Kit (Kreatech, Amsterdam, Netherland). Hybridization of cDNA to the Human Genomic 49K Mi ReadyArray (HEEBO) (Microarray Inc., Huntsville, AL, USA) at 37 °C for 24 h was performed, and microarrays subsequently were washed.




4.8. Microarray Data Retrieval and Bioconductor


Microarrays were scanned with an InnoScan 900 Microarray Scanner, and hybridization signals were detected using Mapix software (v.6.0.1; Innopsys, Carbonne, France). Since the Innopsys Mapix software failed to perform microarray gridding correctly in some cases, we developed a custom gridding algorithm to refine the results. Moreover, visible artifacts and noise render the task challenging. Therefore, the method based on maximally stable extremal regions (MSER) was applied to coordinate positioning markers and establish the sub-grid lines [67]. Computed results were verified manually and corrected if required. For our study, overall gridding performance exceeded that obtained with the commercial software, ultimately resulting in expression profiles of 33,519 gene products. Microarray data preprocessing (background correction and normalization) was done by Limma R software using the established methods [68,69]. We analyzed genomic data with Bioconductor v.3.7. the software of the R environment v.3.5.0.



Biological processes, molecular functions, and cellular components gene ontology terms associated with genes which expression levels correlated significantly with RBM thickness were derived from GO Biological Process 2018 by Gene Ontology Consortium. Only terms with p-value < 0.05 were shown (Supplementary Materials Tables S4–S6).



Gene and gene product descriptions were prepared based on the Gene Cards (The Human Gene Database) (https://www.genecards.org/), Entrez Gene (http://www.ncbi.nlm.nih.gov/gene), literature data, and gene ontology reports.



Semi-automated analytics platforms Cytoscape 3.7.1 and NetworkAnalyst 3.0 were used to create an interactions network, where individual molecular entities formed the nodes and their interactions the edges.




4.9. Statistical Analysis


Statistical analysis was performed with Statistica TIBCO 13.3 and R (version 3.6.1) software.



We used the Shapiro–Wilk test to verify data distribution. Continuous variables, mostly non-normally distributed, were reported as a median with interquartile range or as a mean with standard deviation, as appropriate. They were compared by the Mann–Whitney U-test or unpaired t-test, respectively. Categorical variables were given as percentages and compared by χ2 test. Lung CT variables and RBM thickness, were Box–Cox transformed and a one-way covariance analysis (ANCOVA) was performed to adjust for potential confounders, including age, sex, and BMI. To evaluate the relationship between continuous variables, a Spearman rank correlation test or univariate linear regression model with adjustment for age, sex, and BMI (CT parameters and RBM thickness) were performed. To calculate odds ratio with 95% confidence interval (CI), the cut-off point of BAL periostin concentration was calculated based on the receiver operating characteristic (ROC) curve.



We analyzed the Pearson linear and the Spearman rank correlation coefficients to study relationships between expressions of all genes and RBM thickness. The significance levels were established as p < 0.001 and p < 0.05, for the Pearson and Spearman rank correlation coefficients, respectively. We pointed out two genes group. The first was composed of 28 genes characterized by a powerful impact on the RBM thickness (at least 36%) with the absolute value of the correlation coefficient 0.6 and more, or −0.6 and less. The second group consists of genes with the correlation coefficients 0.4 to 0.599 and −0.599 to −0.4. All data regarding gene analyses, such as correlation tests and gene expression comparisons (Mann–Whitney U-test), were adjusted using the Benjamini–Hochberg correction.



A cluster analysis was performed using the k-means clustering method, based on mRNA levels of genes correlated best with RBM thickness. We obtained three different clusters compared by the covariance analysis (ANCOVA), Kruskal–Wallis-test, or χ2 test, as appropriate.



Results that presented a p-value less than 0.05 were considered statistically significant unless otherwise stated in the text.





5. Conclusions


Our data showed that RBM thickening likely progresses independently of the parameters linked with airway geometry and functioning, such as the rate of the decrease in spirometry values and the thickening of the bronchial walls in CT scans. A thicker RBM was associated with the airway epithelial cell transcriptome promoting cell activation, proliferation, and growth. Increased RBM thickness was also linked with altered expression of genes likely involved in the structural remodeling of the airways, such as increased ECM depositions, promoting neovascularization, and nerve functioning. However, the clinical relevance of the presented relationships, in terms of asthma severity, progress, and airway remodeling of larger airways requires further observational and experimental investigations.








Supplementary Materials


This article involves an online Supplement https://www.mdpi.com/1422-0067/22/3/998/s1. Table S1: Epithelial cell transcriptome. Asthma patients were divided based on the median value of the reticular basement membrane (RBM) thickness as a cut-off point; genes with higher or lower expression in those with thicker RBM are presented, Table S2: Genes for which expression remained in weaker, albeit significant positive associations with reticular basement membrane thickness (correlation coefficients 0.4 to 0.599), Table S3: Genes for which expression remained in weaker, albeit significant negative associations with reticular basement membrane thickness (correlation coefficients −0.599 to −0.4), Table S4. Biological processes gene ontology terms associated with genes which expression level correlated significantly with reticular basement membrane thickness, Table S5. Molecular functions gene ontology terms associated with genes which expression levels correlated significantly with reticular basement membrane thickness, Table S6. Cellular components gene ontology terms associated with genes which expression levels correlated significantly with reticular basement membrane thickness.





Author Contributions


Conceptualization, S.B.-S., and J.G.B.; funding acquisition, S.B.-S.; patient recruitment, S.B.-S., A.P., and K.W.; bronchoscopy, J.S.; lung C.T., J.Z.; histopathological examination, K.O.; RNA acquisition, S.D., and B.J.; microarray studies: S.B.-C., I.Z., A.M., and M.K.; software, K.O., M.K., and J.G.B.; validation S.B.-S., and B.J.; statistical analysis, L.Z.; gene ontology mining, S.B.-S., P.K., and B.J.; writing—original draft preparation, S.B.-S., B.J.; writing—review, critical revision and final approval, all authors. All authors have read and agreed to the published version of the manuscript.




Funding


This project was funded by the Polish National Science Centre based on decision No: DEC-2013/09/B/NZ5/00758 (to S.B.-S.).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the Jagiellonian University approved the study (approval number: KBET/151/B/2013).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to patients’ origin.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hough, K.P.; Curtiss, M.L.; Blain, T.J.; Liu, R.M.; Trevor, J.; Deshane, J.S.; Thannickal, V.J. Airway Remodeling in Asthma. Front. Med. 2020, 7, 191. [Google Scholar] [CrossRef]

	



Busse, W.W.; Lemanske, R.F. Asthma. N. Engl. J. Med. 2001, 344, 350–362. [Google Scholar] [CrossRef]

	



Trejo Bittar, H.E.; Yousem, S.A.; Wenzel, S.E. Pathobiology of Severe Asthma. Annu. Rev. Pathol. Mech. Dis. 2015, 10, 511–545. [Google Scholar] [CrossRef]

	



Bazan-Socha, S.; Bukiej, A.; Marcinkiewicz, C.; Musial, J. Integrins in Pulmonary Inflammatory Diseases. Curr. Pharm. Des. 2005, 11. [Google Scholar] [CrossRef]

	



Laulajainen-Hongisto, A.; Toppila-Salmi, S.K.; Luukkainen, A.; Kern, R. Airway Epithelial Dynamics in Allergy and Related Chronic Inflammatory Airway Diseases. Front. Cell Dev. Biol. 2020, 8, 204. [Google Scholar] [CrossRef]

	



Lambrecht, B.N.; Hammad, H. The Airway Epithelium in Asthma. Nat. Med. 2012, 18, 684–692. [Google Scholar] [CrossRef]

	



Hellings, P.W.; Steelant, B. Epithelial Barriers in Allergy and Asthma. J. Allergy Clin. Immunol. 2020, 145, 1499–1509. [Google Scholar] [CrossRef]

	



Liu, Y.; Wu, C.; Galaktionov, K. P42, a Novel Cyclin-Dependent Kinase-Activating Kinase in Mammalian Cells. J. Biol. Chem. 2004, 279, 4507–4514. [Google Scholar] [CrossRef]

	



Goshima, G.; Kiyomitsu, T.; Yoda, K.; Yanagida, M. Human Centromere Chromatin Protein HMis12, Essential for Equal Segregation, Is Independent of CENP-A Loading Pathway. J. Cell Biol. 2003, 160, 25–39. [Google Scholar] [CrossRef]

	



Carretero, M.; Ruiz-Torres, M.; Rodríguez-Corsino, M.; Barthelemy, I.; Losada, A. Pds5B Is Required for Cohesion Establishment and Aurora B Accumulation at Centromeres. EMBO J. 2013, 32, 2938–2949. [Google Scholar] [CrossRef]

	



Åbrink, M.; Aveskogh, M.; Hellman, L. Isolation of CDNA Clones for 42 Different Krüppel-Related Zinc Finger Proteins Expressed in the Human Monoblast Cell Line U-937. DNA Cell Biol. 1995, 14, 125–136. [Google Scholar] [CrossRef] [PubMed]

	



Matz, A.; Lee, S.J.; Schwedhelm-Domeyer, N.; Zanini, D.; Holubowska, A.; Kannan, M.; Farnworth, M.; Jahn, O.; Göpfert, M.C.; Stegmüller, J. Regulation of Neuronal Survival and Morphology by the E3 Ubiquitin Ligase RNF157. Cell Death Differ. 2015, 22, 626–642. [Google Scholar] [CrossRef] [PubMed]

	



Faccio, L.; Fusco, C.; Chen, A.; Martinotti, S.; Bonventre, J.V.; Zervos, A.S. Characterization of a Novel Human Serine Protease That Has Extensive Homology to Bacterial Heat Shock Endoprotease HtrA and Is Regulated by Kidney Ischemia. J. Biol. Chem. 2000, 275, 2581–2588. [Google Scholar] [CrossRef]

	



Giunta, C.; Elçioglu, N.H.; Albrecht, B.; Eich, G.; Chambaz, C.; Janecke, A.R.; Yeowell, H.; Weis, M.A.; Eyre, D.R.; Kraenzlin, M.; et al. Spondylocheiro Dysplastic Form of the Ehlers-Danlos Syndrome—An Autosomal-Recessive Entity Caused by Mutations in the Zinc Transporter Gene SLC39A13. Am. J. Hum. Genet. 2008, 82, 1290–1305. [Google Scholar] [CrossRef]

	



Bonen, A.; Heynen, M.; Hatta, H. Distribution of Monocarboxylate Transporters MCT1-MCT8 in Rat Tissues and Human Skeletal Muscle. Appl. Physiol. Nutr. Metab. 2006, 31, 31–39. [Google Scholar] [CrossRef]

	



Mingot, J.M.; Kostka, S.; Kraft, R.; Hartmann, E.; Görlich, D. Importin 13: A Novel Mediator of Nuclear Import and Export. EMBO J. 2001, 20, 3685–3694. [Google Scholar] [CrossRef]

	



Cloning of the LamA3 Gene Encoding the Alpha 3 Chain of the Adhesive Ligand Epiligrin. Expression in Wound Repair—PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/8077230/ (accessed on 30 October 2020).

	



Weston, M.D.; Eudy, J.D.; Fujita, S.; Yao, S.F.; Usami, S.; Cremers, C.; Greenburg, J.; Ramesar, R.; Martini, A.; Moller, C.; et al. Genomic Structure and Identification of Novel Mutations in Usherin, the Gene Responsible for Usher Syndrome Type IIa. Am. J. Hum. Genet. 2000, 66, 1199–1210. [Google Scholar] [CrossRef]

	



Zhang, J.G.; Czabotar, P.E.; Policheni, A.N.; Caminschi, I.; San Wan, S.; Kitsoulis, S.; Tullett, K.M.; Robin, A.Y.; Brammananth, R.; van Delft, M.F.; et al. The Dendritic Cell Receptor Clec9A Binds Damaged Cells via Exposed Actin Filaments. Immunity 2012, 36, 646–657. [Google Scholar] [CrossRef]

	



Kristiansen, H.; Gad, H.H.; Eskildsen-Larsen, S.; Despres, P.; Hartmann, R. The Oligoadenylate Synthetase Family: An Ancient Protein Family with Multiple Antiviral Activities. J. Interferon Cytokine Res. 2011, 31, 41–47. [Google Scholar] [CrossRef]

	



Kawano, H.; Nakatani, T.; Mori, T.; Ueno, S.; Fukaya, M.; Abe, A.; Kobayashi, M.; Toda, F.; Watanabe, M.; Matsuoka, I. Identification and Characterization of Novel Developmentally Regulated Neural-Specific Proteins, BRINP Family. Mol. Brain Res. 2004, 125, 60–75. [Google Scholar] [CrossRef]

	



Ha, G.H.; Kim, J.L.; Breuer, E.K.Y. Transforming Acidic Coiled-Coil Proteins (TACCs) in Human Cancer. Cancer Lett. 2013, 336, 24–33. [Google Scholar] [CrossRef] [PubMed]

	



Mallampalli, R.K.; Li, X.; Jang, J.H.; Kaminski, T.; Hoji, A.; Coon, T.; Chandra, D.; Welty, S.; Teng, Y.; Sembrat, J.; et al. Cigarette Smoke Exposure Enhances Transforming Acidic Coiled-Coil-Containing Protein 2 Turnover and Thereby Promotes Emphysema. JCI Insight 2020, 5. [Google Scholar] [CrossRef] [PubMed]

	



Pei, J.; Zhang, J.; Yang, X.; Wu, Z.; Sun, C.; Wang, Z.; Wang, B. NEK5 Promotes Breast Cancer Cell Proliferation through Up-Regulation of Cyclin A2. Mol. Carcinog. 2019, 58, 933–943. [Google Scholar] [CrossRef] [PubMed]

	



Coulombe, P.; Nassar, J.; Peiffer, I.; Stanojcic, S.; Sterkers, Y.; Delamarre, A.; Bocquet, S.; Méchali, M. The ORC Ubiquitin Ligase OBI1 Promotes DNA Replication Origin Firing. Nat. Commun. 2019, 10, 2426. [Google Scholar] [CrossRef] [PubMed]

	



Maria Fimia, G.; Stoykova, A.; Romagnoli, A.; Giunta, L.; Di Bartolomeo, S.; Nardacci, R.; Corazzari, M.; Fuoco, C.; Ucar, A.; Schwartz, P.; et al. Ambra1 Regulates Autophagy and Development of the Nervous System. Nature 2007, 447, 1121–1125. [Google Scholar] [CrossRef] [PubMed]

	



Gallos, G.; Townsend, E.; Yim, P.; Virag, L.; Zhang, Y.; Xu, D.; Bacchetta, M.; Emala, C.W. Airway Epithelium Is a Predominant Source of Endogenous Airway GABA and Contributes to Relaxation of Airway Smooth Muscle Tone. Am. J. Physiol. Cell. Mol. Physiol. 2013, 304, L191–L197. [Google Scholar] [CrossRef] [PubMed]

	



Mostafaei, S.; Kazemnejad, A.; Azimzadeh Jamalkandi, S.; Amirhashchi, S.; Donnelly, S.C.; Armstrong, M.E.; Doroudian, M. Identification of Novel Genes in Human Airway Epithelial Cells Associated with Chronic Obstructive Pulmonary Disease (COPD) Using Machine-Based Learning Algorithms. Sci. Rep. 2018, 8, 15775. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.R.; Lai, S.Y.; Huang, L.J.; Zhang, Z.F.; Liu, J.; Zheng, S.R.; Ding, K.; Bai, X.; Zhou, J.Y. Myosin 1b Promotes Cell Proliferation, Migration, and Invasion in Cervical Cancer. Gynecol. Oncol. 2018, 149, 188–197. [Google Scholar] [CrossRef]

	



Marshall, T.W.; Aloor, H.L.; Bear, J.E. Coronin 2A Regulates a Subset of Focal-Adhesion-Turnover Events through the Cofilin Pathway. J. Cell Sci. 2009, 122, 3061–3069. [Google Scholar] [CrossRef]

	



Janco, M.; Bonello, T.T.; Byun, A.; Coster, A.C.F.; Lebhar, H.; Dedova, I.; Gunning, P.W.; Böcking, T. The Impact of Tropomyosins on Actin Filament Assembly Is Isoform Specific. Bioarchitecture 2016, 6, 61–75. [Google Scholar] [CrossRef]

	



Ramakrishnan, N.A.; Drescher, M.J.; Drescher, D.G. Direct Interaction of Otoferlin with Syntaxin 1A, SNAP-25, and the L-Type Voltage-Gated Calcium Channel Ca v1.3. J. Biol. Chem. 2009, 284, 1364–1372. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Erlandsen, H.; Haavik, J.; Knappskog, P.M.; Stevens, R.C. Three-Dimensional Structure of Human Tryptophan Hydroxylase and Its Implications for the Biosynthesis of the Neurotransmitters Serotonin and Melatonin. Biochemistry 2002, 41, 12569–12574. [Google Scholar] [CrossRef] [PubMed]

	



Dürk, T.; Duerschmied, D.; Müller, T.; Grimm, M.; Reuter, S.; Vieira, R.P.; Ayata, K.; Cicko, S.; Sorichter, S.; Walther, D.J.; et al. Production of Serotonin by Tryptophan Hydroxylase 1 and Release via Platelets Contribute to Allergic Airway Inflammation. Am. J. Respir. Crit. Care Med. 2013, 187, 476–485. [Google Scholar] [CrossRef] [PubMed]

	



McDonald, E.R.; El-Deiry, W.S. Suppression of Caspase-8- and -10-Associated RING Proteins Results in Sensitization to Death Ligands and Inhibition of Tumor Cell Growth. Proc. Natl. Acad. Sci. USA 2004, 101, 6170–6175. [Google Scholar] [CrossRef]

	



Davydova, E.; Ho, A.Y.Y.; Malecki, J.; Moen, A.; Enserink, J.M.; Jakobsson, M.E.; Loenarz, C.; Falnes, P. Identification and Characterization of a Novel Evolutionarily Conserved Lysine-Specific Methyltransferase Targeting Eukaryotic Translation Elongation Factor 2 (EEF2). J. Biol. Chem. 2014, 289, 30499–30510. [Google Scholar] [CrossRef]

	



Ohya, K.I.; Kajigaya, S.; Kitanaka, A.; Yoshida, K.; Miyazato, A.; Yamashita, Y.; Yamanaka, T.; Ikeda, U.; Shimada, K.; Ozawa, K.; et al. Molecular Cloning of a Docking Protein, BRDG1, That Acts Downstream of the Tec Tyrosine Kinase. Proc. Natl. Acad. Sci. USA 1999, 96, 11976–11981. [Google Scholar] [CrossRef]

	



Maghsoudloo, M.; Azimzadeh Jamalkandi, S.; Najafi, A.; Masoudi-Nejad, A. Identification of Biomarkers in Common Chronic Lung Diseases by Co-Expression Networks and Drug-Target Interactions Analysis. Mol. Med. 2020, 26. [Google Scholar] [CrossRef]

	



Yagi, T.; Takeichi, M. Cadherin Superfamily Genes: Functions, Genomic Organization, and Neurologic Diversity. Genes Dev. 2000, 14, 1169–1180. [Google Scholar] [CrossRef]

	



Wu, J.; Bond, C.; Chen, P.; Chen, M.; Li, Y.; Shohet, R.V.; Wright, G. HIF-1α in the Heart: Remodeling Nucleotide Metabolism. J. Mol. Cell. Cardiol. 2015, 82, 194–200. [Google Scholar] [CrossRef]

	



Kang, D.-H.; Han, L.; Ouyang, X.; Kahn, A.M.; Kanellis, J.; Li, P.; Feng, L.; Nakagawa, T.; Watanabe, S.; Hosoyamada, M.; et al. Uric Acid Causes Vascular Smooth Muscle Cell Proliferation by Entering Cells via a Functional Urate Transporter. Am. J. Nephrol. 2005, 25, 425–433. [Google Scholar] [CrossRef]

	



Li, S.; Sun, Z.; Zhang, Y.; Ruan, Y.; Chen, Q.; Gong, W.; Yu, J.; Xia, W.; He, J.C.J.; Huang, S.; et al. COX-2/MPGES-1/PGE2 Cascade Activation Mediates Uric Acidinduced Mesangial Cell Proliferation. Oncotarget 2017, 8, 10185–10198. [Google Scholar] [CrossRef] [PubMed]

	



Arshad, M.; Ye, Z.; Gu, X.; Wong, C.K.; Liu, Y.; Li, D.; Zhou, L.; Zhang, Y.; Bay, W.P.; Yu, V.C.; et al. RNF13, a RING Finger Protein, Mediates Endoplasmic Reticulum Stress-Induced Apoptosis through the Inositol-Requiring Enzyme (IRE1α)/c-Jun NH 2-Terminal Kinase Pathway. J. Biol. Chem. 2013, 288, 8726–8736. [Google Scholar] [CrossRef]

	



Brown, A.; Rathore, S.; Kimanius, D.; Aibara, S.; Bai, X.C.; Rorbach, J.; Amunts, A.; Ramakrishnan, V. Structures of the Human Mitochondrial Ribosome in Native States of Assembly. Nat. Struct. Mol. Biol. 2017, 24, 866–869. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.J.; Maiti, P.; Barrientos, A. Mitochondrial Ribosomes in Cancer. Semin. Cancer Biol. 2017, 47, 67–81. [Google Scholar] [CrossRef] [PubMed]

	



Monteil, A.; Chemin, J.; Bourinet, E.; Mennessier, G.; Lory, P.; Nargeot, J. Molecular and Functional Properties of the Human α(1G) Subunit That Forms T-Type Calcium Channels. J. Biol. Chem. 2000, 275, 6090–6100. [Google Scholar] [CrossRef]

	



Nonomura, K.; Woo, S.H.; Chang, R.B.; Gillich, A.; Qiu, Z.; Francisco, A.G.; Ranade, S.S.; Liberles, S.D.; Patapoutian, A. Piezo2 Senses Airway Stretch and Mediates Lung Inflation-Induced Apnoea. Nature 2017, 541, 176–181. [Google Scholar] [CrossRef]

	



Okuyan, D.; Aydogan Turkoglu, S.; Kockar, F. Carbonic Anhydrase III Is a New Target of HIF1α in Prostate Cancer Model. Gene 2020, 762, 145034. [Google Scholar] [CrossRef]

	



Kim, T.H.; Shin, S.W.; Park, J.S.; Park, C.S. Genome Wide Identification and Expression Profile in Epithelial Cells Exposed to TiO2 Particles. Environ. Toxicol. 2015, 30, 293–300. [Google Scholar] [CrossRef]

	



Weissbach, A.; Siegesmund, K.; Brüggemann, N.; Schmidt, A.; Kasten, M.; Pichler, I.; Muhle, H.; Lohmann, E.; Lohnau, T.; Schwinger, E.; et al. Exome Sequencing in a Family with Restless Legs Syndrome. Mov. Disord. 2012, 27, 1686–1689. [Google Scholar] [CrossRef]

	



Payne, D.N.R.; Rogers, A.V.; Ädelroth, E.; Bandi, V.; Guntupalli, K.K.; Bush, A.; Jeffery, P.K. Early Thickening of the Reticular Basement Membrane in Children with Difficult Asthma. Am. J. Respir. Crit. Care Med. 2003, 167, 78–82. [Google Scholar] [CrossRef]

	



Saglani, S.; Payne, D.N.; Zhu, J.; Wang, Z.; Nicholson, A.G.; Bush, A.; Jeffery, P.K. Early Detection of Airway Wall Remodeling and Eosinophilic Inflammation in Preschool Wheezers. Am. J. Respir. Crit. Care Med. 2007, 176, 858–864. [Google Scholar] [CrossRef] [PubMed]

	



Van Rijt, L.S.; Vos, N.; Willart, M.; Muskens, F.; Tak, P.P.; Van Der Horst, C.; Hoogsteden, H.C.; Lambrecht, B.N. Persistent Activation of Dendritic Cells after Resolution of Allergic Airway Inflammation Breaks Tolerance to Inhaled Allergens in Mice. Am. J. Respir. Crit. Care Med. 2011, 184, 303–311. [Google Scholar] [CrossRef] [PubMed]

	



Robertson, I.B.; Horiguchi, M.; Zilberberg, L.; Dabovic, B.; Hadjiolova, K.; Rifkin, D.B. Latent TGF-β-Binding Proteins. Matrix Biol. 2015, 47, 44–53. [Google Scholar] [CrossRef] [PubMed]

	



Alpatov, R.; Munguba, G.C.; Caton, P.; Joo, J.H.; Shi, Y.; Shi, Y.; Hunt, M.E.; Sugrue, S.P. Nuclear Speckle-Associated Protein Pnn/DRS Binds to the Transcriptional Corepressor CtBP and Relieves CtBP-Mediated Repression of the E-Cadherin Gene. Mol. Cell. Biol. 2004, 24, 10223–10235. [Google Scholar] [CrossRef]

	



Khurana, N.; Bhattacharyya, S. Hsp90, the Concertmaster: Tuning Transcription. Front. Oncol. 2015, 5, 100. [Google Scholar] [CrossRef]

	



Han, H.J.; Tokino, T.; Nakamura, Y. CSR, a Scavenger Receptor-like Protein with a Protective Role against Cellular Damage Caused by UV Irradiation and Oxidative Stress. Hum. Mol. Genet. 1998, 7, 1039–1046. [Google Scholar] [CrossRef]

	



Xu, T.H.; Liu, M.; Zhou, X.E.; Liang, G.; Zhao, G.; Xu, H.E.; Melcher, K.; Jones, P.A. Structure of Nucleosome-Bound DNA Methyltransferases DNMT3A and DNMT3B. Nature 2020, 586, 151–155. [Google Scholar] [CrossRef]

	



Kurogane, Y.; Miyata, M.; Kubo, Y.; Nagamatsu, Y.; Kundu, R.K.; Uemura, A.; Ishida, T.; Quertermous, T.; Hirata, K.I.; Rikitake, Y. FGD5 Mediates Proangiogenic Action of Vascular Endothelial Growth Factor in Human Vascular Endothelial Cells. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 988–996. [Google Scholar] [CrossRef]

	



Favre, C.; Gérard, A.; Clauzier, E.; Pontarotti, P.; Olive, D.; Nunès, J.A. DOK4 and DOK5: New Dok-Related Genes Expressed in Human T Cells. Genes Immun. 2003, 4, 40–45. [Google Scholar] [CrossRef]

	



Kinlough, C.L.; Poland, P.A.; Bruns, J.B.; Harkleroad, K.L.; Hughey, R.P. MUC1 Membrane Trafficking Is Modulated by Multiple Interactions. J. Biol. Chem. 2004, 279, 53071–53077. [Google Scholar] [CrossRef]

	



Global Initiative for Asthma—Global Initiative for Asthma—GINA. Available online: https://ginasthma.org/ (accessed on 26 September 2018).

	



Culver, B.H.; Graham, B.L.; Coates, A.L.; Wanger, J.; Berry, C.E.; Clarke, P.K.; Hallstrand, T.S.; Hankinson, J.L.; Kaminsky, D.A.; MacIntyre, N.R.; et al. ATS Committee on Proficiency Standards for Pulmonary Function Laboratories. Recommendations for a Standardized Pulmonary Function Report. An Official American Thoracic Society Technical Statement. Am. J. Respir. Crit. Care Med. 2017, 196, 1463–1472. [Google Scholar] [CrossRef] [PubMed]

	



Sokolowski, J.W.; Burgher, L.W.; Jones, F.L.; Patterson, J.R.; Selecky, P.A. Position Paper on Guidelines for Fiberoptic Bronchoscopy in Adults. Am. Rev. Respir. Dis. 1987, 136, 1066. [Google Scholar] [CrossRef]

	



Kozlik, P.; Zuk, J.; Bartyzel, S.; Zarychta, J.; Okon, K.; Zareba, L.; Bazan, J.G.; Kosalka, J.; Soja, J.; Musial, J.; et al. The Relationship of Airway Structural Changes to Blood and Bronchoalveolar Lavage Biomarkers, and Lung Function Abnormalities in Asthma. Clin. Exp. Allergy 2020, 50, 15–28. [Google Scholar] [CrossRef] [PubMed]

	



Ferrando, R.E.; Nyengaard, J.R.; Hays, S.R.; Fahy, J.V.; Woodruff, P.G. Applying Stereology to Measure Thickness of the Basement Membrane Zone in Bronchial Biopsy Specimens. J. Allergy Clin. Immunol. 2003, 112, 1243–1245. [Google Scholar] [CrossRef] [PubMed]

	



Matas, J.; Chum, O.; Urban, M.; Pajdla, T. Robust Wide Baseline Stereo from Maximally Stable Extremal Regions. Proc. Br. Mach. Vis. Conf. 2002, 22, 384–396. [Google Scholar]

	



Tsai, M.Y.; Chen, T.B.; Lu, H.H.S. Microarray Image and Data Analysis; CRC Press: Boca Raton, FL, USA, 2014. [Google Scholar] [CrossRef]

	



Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. Limma Powers Differential Expression Analyses for RNA-Sequencing and Microarray Studies. Nucleic Acids Res. 2015, 43, e47. [Google Scholar] [CrossRef]








[image: Ijms 22 00998 g001 550] 





Figure 1. Lung computed tomography—automated measurements of airway geometry parameters in the right lower lobe basal posterior bronchus (RB10). 
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Figure 2. Histological examination of the bronchial mucosa section; abbreviations: Epi—epithelium, RBM—reticular basement membrane (shown by dashed lines), Sub—submucosa. The reticular basement thickness was similar in both asthma subgroups. 
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Figure 3. Spearman’s rank cross-correlation matrix and hierarchical clustering of 28 genes which expression correlated best with reticular basement membrane thickness. 
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Figure 4. Bronchial epithelial cell transcriptome that significantly correlated with reticular basement membrane (RBM) thickness. For clarity, only genes with correlation coefficients lower than −0.4 and higher than 0.4 are shown. Genes were grouped into functional categories based on the gene literature and ontology data. 
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Figure 5. Graph of lung-specific interactions of genes for which expression correlated with reticular basement membrane (RBM) thickness. Interactions retrieved from the DifferentialNet database. Literature coverage regards the keyword “basement membrane”. 
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Table 1. Demographics and clinical characteristics of subjects studied.






Table 1. Demographics and clinical characteristics of subjects studied.





	

	
No-Persistent Airflow

Limitation, n = 19

	
Persistent Airflow

Limitation, n = 21

	
p-Value






	
Demographic data




	
Age, years

	
52 (42–63)

	
56 (53–68)

	
0.07




	
Male gender, n (%)

	
5 (26)

	
3 (14)

	
0.58




	
Height, m

	
1.62 ± 0.08

	
1.63 ± 0.09

	
0.8




	
Body mass index, kg/m2

	
28.2 (24.9–31.3)

	
25.7 (23.9–31.2)

	
0.26




	
Past smoking, n (%)

	
5 (26)

	
5 (24)

	
0.86




	
Pack-years of smoking, n

	
0 (0–0)

	
0 (0–0)

	
0.46




	
Living primarily in inner-city environments, n (%)

	
9 (47)

	
12 (57)

	
0.76




	
Asthma-Related Variables




	
Atopy, n (%)

	
11 (58)

	
9 (43)

	
0.95




	
Asthma duration, years

	
11 (5–20)

	
8.5 (5.5–18)

	
0.75




	
Asthma severity (GINA):

	

	

	




	
persistent moderate, n (%)

	
8 (42)

	
7 (33)

	




	
persistent severe, n (%)

	
11 (58)

	
14 (67)

	
0.57




	
Asthma symptom control §:

	

	

	




	
well-controlled asthma, n (%)

	
2 (11)

	
2 (10)

	




	
not-well controlled asthma, n (%)

	
4 (21)

	
5 (24)

	




	
very poorly controlled asthma, n (%)

	
13 (68)

	
14 (67)

	
0.97




	
Oral glucocorticosteroids use, n (%)

	
5 (26)

	
5 (24)

	
0.86




	
FEV1 before bronchodilator, L

	
2.58 ± 0.84

	
1.67 ± 0.8

	
<0.001




	
FEV1 before bronchodilator, % of the predicted value

	
101 (85.9–110)

	
68.05 (48.3–79)

	
<0.001




	
FEV1 after bronchodilator, L

	
2.61 ± 0.81

	
1.92 ± 0.89

	
0.02




	
FEV1 after bronchodilator, % of the predicted value

	
103.8 (93–114.5)

	
73.7 (61.6–88.2)

	
<0.001




	
Change in FEV1 after bronchodilator, L

	
0.16 (0.03–0.29)

	
0.23 (0.15–0.34)

	
0.23




	
FEV1/VC (before bronchodilator)

	
74.1 (71.6–76.3)

	
56.7 (49–61.1)

	
<0.001




	
FEV1/VC (after bronchodilator)

	
77.8 (72–79.7)

	
62.3 (54.7–67.8)

	
<0.001








Categorical variables are presented as numbers (percentages), continuous variables as median and interquartile range, or mean and standard deviation, as appropriate. Abbreviations: FEV1—forced expiratory volume in one second, VC—vital capacity, GINA—Global Initiative for Asthma, L-liter, n—number, §—asthma symptom control (assessed based on asthma control test results).
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Table 2. Laboratory variables.
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No-Persistent Airflow

Limitation, n = 19

	
Persistent Airflow

Limitation, n = 21

	
p-Value






	
Blood Count




	
Hemoglobin, g/dL

	
13.4 (12.9–13.9)

	
13.7 (12.6–14.4)

	
0.67




	
Red blood cells, 106/µL

	
4.62 (4.3–4.84)

	
4.71 (4.17–5.16)

	
0.71




	
White blood cells, 103/µL

	
5.88 (4.95–7.51)

	
7.45 (6.51–9.25)

	
0.008




	
Neutrophils, 103/µL

	
3.5 (2.7–4.2)

	
3.54 (2.7–4.2)

	
0.73




	
Lymphocytes, 103/µL

	
1.9 (1.5–2.4)

	
2.2 (1.97–2.6)

	
0.13




	
Monocytes, 103/µL

	
0.51 (0.48–0.68)

	
0.68 (0.53–1.1)

	
0.02




	
Blood platelets, 103/µL

	
218 (177–246)

	
224 (187–294)

	
0.26




	
Asthma and Inflammatory Biomarkers in Peripheral Blood




	
Eosinophilia/µL

	
130 (70–290)

	
565 (380–1340)

	
<0.001




	
Immunoglobulin E, IU/mL

	
43 (22.7–133)

	
152 (32–586)

	
0.19




	
C-reactive protein, mg/L

	
4.24 (0.45–8.67)

	
6.71 (0.58–42)

	
0.9




	
Interleukin 6, pg/mL

	
0.58 (0.43–1.04)

	
1.12 (0.5–3.21)

	
0.08




	
Interleukin 10, pg/mL

	
0.44 (0.005–0.76)

	
0.67 (0.41–1.62)

	
0.05




	
Periostin, ng/mL

	
0.3 (0.27–0.36)

	
0.38 (0.31–0.51)

	
0.06




	
A disintegrin and metalloproteinase domain-containing protein 33, ng/mL

	
1.2 (0.2–2.29)

	
1.76 (1.26–2.77)

	
0.11




	
Reticular Basement Membrane Thickness




	
The thickness of the reticular basement membrane of the bronchial mucosa, µm

	
5.96 (5–7.96)

	
6.2 (5.24–7.45)

	
0.9




	
Bronchoalveolar Lavage Cellularity and Biomarkers




	
Macrophages, %

	
86.8 (74.5–93)

	
83 (56.3–91)

	
0.47




	
Lymphocytes, %

	
7 (4.5–15.5)

	
7 (3–10.5)

	
0.33




	
Neutrophils, %

	
3 (2–4.5)

	
4 (2–12.5)

	
0.34




	
Eosinophils, %

	
0.1 (0–1)

	
2.3 (0.5-7)

	
0.004




	
Periostin, ng/mL

	
0.85 (0.76–0.96)

	
0.81 (0.72–0.95)

	
0.6




	
Interleukin 6, pg/ml

	
0.99 (0.67–1.14)

	
0.2 (0.005–0.86)

	
0.01




	
Interleukin 10, pg/ml

	
0.01 (0.005–0.01)

	
0.01 (0.005–0.01)

	
0.81








Variables are presented as medians and interquartile range.
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Table 3. Lung computed tomography airway remodeling indices.






Table 3. Lung computed tomography airway remodeling indices.





	

	
No-Persistent Airflow

Limitation, n = 19

	
Persistent Airflow

Limitation, n = 21

	
p-Value

	
p-Value

(Adjusted)






	
The Right Upper Lobe Apical Segmental Bronchus (RB1)

	




	
Lumen diameter, mm

	
3.95 (3.6–4.5)

	
4.05 (3.7–5.3)

	
0.58

	
0.23




	
Airway diameter, mm

	
7.4 (6.8–8.4)

	
8.3 (7.3–9.3)

	
0.13

	
0.76




	
Wall thickness, mm

	
1.8 (1.6–1.9)

	
1.95 (1.8–2.4)

	
0.02

	
0.16




	
Wall thickness ratio

	
23.75 (21.3–24.6)

	
24.75 (23.1–26.9)

	
0.07

	
0.01




	
Lumen area, mm2

	
12.3 (10–16)

	
12.8 (10.5–22)

	
0.65

	
0.2




	
Wall area, mm2

	
30.8 (25.9–39.3)

	
39.4 (31.1–48.1)

	
0.1

	
0.78




	
Wall area ratio

	
72.55 (67.3–75.1)

	
74.8 (71.3–78.7)

	
0.08

	
0.01




	
The Right Lower Lobe Basal Posterior Bronchus (RB10)

	




	
Lumen diameter, mm

	
4.35 (3.7–4.7)

	
3.8 (3–4.5)

	
0.17

	
0.02




	
Airway diameter, mm

	
7.9 (6.3–8.5)

	
7.6 (6.2–8.4)

	
0.36

	
0.03




	
Wall thickness, mm

	
1.8 (1.6–1.9)

	
1.8 (1.5–1.9)

	
0.98

	
0.54




	
Wall thickness ratio

	
23.1 (19.8–24.9)

	
24 (22–26.4)

	
0.16

	
0.07




	
Lumen area, mm2

	
14 (8.3–17)

	
11.1 (7.3–16.2)

	
0.31

	
0.04




	
Wall area, mm2

	
33.6 (22.4–42.4)

	
31.7 (21.9–40.5

	
0.5

	
0.08




	
Wall area ratio

	
71.3 (63.6–74.8)

	
73.3 (68.5–78.5)

	
0.18

	
0.06








Variables are presented as medians and interquartile range.
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Table 4. Epithelial cell transcriptome—genes for which expression remained in strong positive or negative associations with reticular basement membrane thickness (correlation coefficients ≥ 0.6 or ≤ −0.6).
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	Gene
	Alias for Gene
	Correlation Coefficient
	Potential Linkage with Airway and Asthma Pathology





	MIS12
	MIS12 kinetochore complex component
	0.745
	Plays an essential role in chromosome segregation [9]. The higher expression suggests increased proliferation potency of airway epithelial cells.



	CDK20
	Cyclin-dependent kinase 20
	0.727
	The encoded kinase may activate airway epithelial cell growth and proliferation [8].



	TACC2
	Transforming acidic coiled-coil protein 2
	0.608
	A centrosome- and microtubule-interacting protein, involved in homologous recombination repair [22], attenuates DNA damage and cytotoxicity in immortalized human bronchial epithelial cells [23].



	NEK5
	NIMA related kinase 5
	0.625
	Regulates centrosome integrity and is involved in cell proliferation [24]. The higher expression suggests increased proliferation potency of airway epithelial cells.



	ORC5
	The origin recognition complex subunit 5
	0.603
	Promotes DNA replication [25]. The higher expression might indicate increased proliferation potency of airway epithelial cells.



	AMBRA1
	Autophagy and beclin 1 regulator 1
	0.626
	Regulates autophagy, cell survival, and proliferation [26]. A positive correlation with reticular basement membrane (RBM) thickness suggests that autophagy mechanisms are likely involved in airway remodeling pathology.



	GAD1
	Glutamate decarboxylase 1
	0.696
	An enzyme catalyzing gamma-aminobutyric acid (GABA) production. GABA may be produced by human epithelial cells, likely relaxing airway smooth muscle [27]. Higher expression of GAD1 in airway transcriptome has also been documented in chronic obstructive pulmonary disease (COPD) patients [28].



	MYO1B
	Myosin I B
	0.658
	A motor protein related to the actin filament-based cell organization and movement [29]. Higher airway epithelial cell expression might reflect epithelial-to-mesenchymal transition, a structural modification, whereby epithelial cells lose cell–cell polarity and display mesenchymal features, such as migratory properties [5].



	CORO2A
	Coronin 2A
	0.6
	An actin-binding protein involved in cell cycle progression, signal transduction, cell motility, apoptosis, and gene expression [30]. Higher expression in airway epithelium may also reflect the epithelial-to-mesenchymal transition.



	TPM1
	Tropomyosin alpha-1 chain
	0.603
	An actin-binding protein involved in the contractile cell system [31]. The higher expression may also reflect the epithelial-to-mesenchymal transition.



	OTOF
	Otoferlin
	0.612
	A protein involved in the vesicular release. Pathological mutations in OTOF are related to deafness. Although its exact role in asthma pathology is unknown, it may be involved in airway mucus secretion [32].



	TPH1
	Tryptophan hydrolase 1
	0.643
	A hydroxylase that catalyzes the first rate-limiting step in the biosynthesis of serotonin [33], an important inflammatory mediator in asthma. Serotonin modulates the function of various inflammatory cells, such as mast cells, eosinophils, dendritic cells, and lung epithelium. Higher levels have been shown in asthma patients’ airways; however, its exact source in the lungs is unknown [34].



	RNF34
	Ring finger protein 34
	0.683
	A ring finger containing protein, involved in protein–protein and protein–DNA interactions. It likely protects epithelial cells from premature apoptosis [35].



	EEF2
	Eukaryotic translation elongation factor 2
	0.658
	An essential factor in cell protein biosynthesis. The higher expression suggests increased protein translation potency in asthma patients with thicker RBM [36].



	STAP1
	Signal transducing adaptor family member 1
	0.609
	Positively regulates gene expression and signal transduction. The exact role in asthma pathology is unknown; however, it is abundant in activated human B cells [37].



	OAS2
	2′-5′-oligoadenylate synthetase 2
	0.703
	An interferon-induced antiviral ribonuclease L that destabilizes double-stranded viral RNA. It plays a critical role in the cellular innate antiviral response. A positive correlation with RBM thickness suggests that viral infections, essential asthma exacerbation triggers, might also be involved in airway remodeling pathology. The encoded protein also regulates cell apoptosis, growth, differentiation, and gene expression [20].



	USH2A
	Usherin
	0.601
	An extracellular matrix protein, found in many tissues’ basement membrane, including the lungs [18].



	LAMA3
	Laminin subunit α3
	0.615
	A protein belonging to the laminin family. Laminins are essential for the formation and function of the basement membrane [17]. Higher airway expression has been linked with COPD and idiopathic pulmonary fibrosis patients [38].



	PCDHA3
	Protocadherin alpha 3
	0.609
	A neural cadherin-like cell adhesion protein. Its role in airways is unknown; however, it might be related to the neural network and synaptic organization in airway remodeling pathology [39].



	PDS5
	Cohesin associated factor B
	−0.643
	A protein that negatively regulates cell proliferation [10]. The lower expression suggests increased proliferation potency of airway epithelial cells.



	HPRT1
	Hypoxanthine phosphoribosyltransferase 1
	−0.647
	A transferase engaged in purine salvage pathway. Its deficiency might be associated with increased local uric acid production [40]. Soluble uric acid is an endogenous danger signal, which may stimulate neovascularization [41] and cell proliferation [42]. Furthermore, hypoxia-inducible factor 1 α (HIF1-α) strongly upregulates HPRT1; therefore, a lower expression of HPRT1 might indicate a worse response to oxidative stress in airway epithelium [40].



	RNF13
	Ring finger protein 13
	−0.636
	A ring zinc finger containing protein, promoting cell apoptosis [43]. The lower expression might indicate the anti-apoptotic potency of airway epithelial cells.



	MRPL37
	Mitochondrial ribosomal protein L37
	−0.66
	A large subunit of mitochondrial ribosomal proteins, which catalyzes protein production within the mitochondrion. Recent investigations have uncovered this protein’s pro-apoptotic role [44,45]; therefore, its lower expression might indicate anti-apoptotic potency of airway epithelial cells.



	CACNA1G
	Calcium voltage-gated channel subunit α1 G
	−0.615
	A transmembrane voltage-dependent calcium channel promoting cell death. The decreased expression suggests lower apoptotic activity [46].



	PIEZO2
	Piezo type mechanosensitive ion channel component 2
	−0.6
	A stretch-gated ion channel that senses airway stretches [47]. Lower expression in those with a thicker RBM might indicate a weaker response to epithelial cells’ mechanical stimuli. Lower PIEZO2 expression has been shown in COPD patients [28].



	CA3
	Carbonic anhydrase 3
	−0.606
	A carbonic anhydrase that facilitates the reversible hydrating of carbon dioxide. Lower expression in those with thicker RBM might indicate a possible weaker contraction ability or a worse response to oxidative stress in airway epithelium because CA3 is upregulated by HIF1-α [48].



	KIF11
	Kinesin family member 11
	−0.645
	A motor cell protein involved i.a. in cilia beating and cell division. The lower expression might suggest impaired cilia function in those with a thicker RBM [49].



	C21orf58
	Chromosome 21 open reading frame 58
	−0.629
	Exact biological roles are unknown
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