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Abstract

:

Airway mucociliary regeneration and function are key players for airway defense and are impaired in chronic obstructive pulmonary disease (COPD). Using transcriptome analysis in COPD-derived bronchial biopsies, we observed a positive correlation between cilia-related genes and microRNA-449 (miR449). In vitro, miR449 was strongly increased during airway epithelial mucociliary differentiation. In vivo, miR449 was upregulated during recovery from chemical or infective insults. miR0449−/− mice (both alleles are deleted) showed impaired ciliated epithelial regeneration after naphthalene and Haemophilus influenzae exposure, accompanied by more intense inflammation and emphysematous manifestations of COPD. The latter occurred spontaneously in aged miR449−/− mice. We identified Aurora kinase A and its effector target HDAC6 as key mediators in miR449-regulated ciliary homeostasis and epithelial regeneration. Aurora kinase A is downregulated upon miR449 overexpression in vitro and upregulated in miR449−/− mouse lungs. Accordingly, imaging studies showed profoundly altered cilia length and morphology accompanied by reduced mucociliary clearance. Pharmacological inhibition of HDAC6 rescued cilia length and coverage in miR449−/− cells, consistent with its tubulin-deacetylating function. Altogether, our study establishes a link between miR449, ciliary dysfunction, and COPD pathogenesis.
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1. Introduction


Cilia are highly conserved, microtubule-based surface organelles with important mechanical and sensory functions. Almost all mammalian cells build up a single, immotile primary cilium, while specialized epithelial cells lining the airways, reproductive ducts, and brain ventricles form multiple motile cilia per cell that promote directional fluid flow and particle transport along the multiciliated surfaces by coordinated beating. Each cilium on a multiciliated cell (MCC) is nucleated by a basal body that is derived from a centriole; hence, cell cycle exit is a prerequisite for cilia formation in most of the cells [1]. However, upon injury, cilia are disassembled to permit cell proliferation and epithelial repopulation prior to differentiation [2]. Motile cilia are composed of a characteristic axonemal 9 + 2 microtubule architecture that polymerizes from α- and β-tubulin dimer. Another important class of components within the complex ciliary nanomachine are the axonemal dyneins, generating the ciliary beat [1].



In the respiratory system vigorous beating of multiple cilia transports inhaled pollutants and pathogens out of the airways, thereby acting as a primary innate defense mechanism. Functional defects in airway MCCs impair mucociliary clearance and are associated with human pathologies, e.g., primary ciliary dyskinesia (PCD) [3]. As well as MCCs, the pseudostratified epithelium of the conducting airways is lined by club, goblet, and basal cells. All these epithelial cell types are repeatedly subjected to injury by inhaled environmental toxicants and pathogens as well as systemically administered xenobiotics. Hence, rapid and balanced regeneration of the epithelial surfaces is essential to maintain respiratory function [4] and healthy lung aging [5].



The events that trigger multiciliogenesis and lead to its dysfunction in respiratory disease depend on a hierarchical network of transcriptional and post-transcriptional mRNA regulators [6]. Such post-transcriptional regulators include microRNAs (miRNAs), a class of small regulatory noncoding RNAs. miRNAs exert their function by binding to the three prime untranslated regions (3′UTR) of their target mRNAs, thereby causing mRNA degradation or translational repression [7]. In mammalian cells, in most cases, miRNA bind their target with imperfect complementarity. One miRNA family involved in the regulation of multiciliogenesis is the miR34/449 family derived from three genomic loci encoding six homologous miRNAs (miR34a, miR34b,c, and miR449a/b/c) [8,9,10,11,12,13]. The miR449 cluster is expressed from the second intron of cell division cycle 20B (CDC20B) on chromosome 13 D2.2 in mice (5q11.2 in humans) [14]. This locus contains other key regulators of multiciliogenesis including Cyclin O (CCNO) and multiciliate differentiation and DNA synthesis-associated cell cycle protein (MCIDAS) [15,16,17]. The importance of this locus in multiciliogenesis is highlighted by the fact that patients harboring mutations in CCNO or MCIDAS develop congenital mucociliary clearance disorders with the reduced generation of multiple motile cilia [16,18]. Moreover, miR449 is by far the most strongly induced miRNA during mucociliary differentiation [8,9]. The depletion of all members of the miR34/449 family in mice demonstrated their essential function in multiciliogenesis, resulting in infertility, severe respiratory dysfunctions caused by defective mucociliary clearance, and early death from respiratory failure [10,11,12,13].



Increasing air pollution [19] and the demographic shift towards an aging population [20] are associated with the increased prevalence of chronic respiratory diseases worldwide, notably COPD. The prevalence, morbidity, and mortality of COPD are high, especially in the elderly, and it is currently the third leading cause of death worldwide. The main risk factor for COPD is exposure to noxious gases, including cigarette smoke (CS), air pollution, and job-related fumes, resulting in an inflammatory response and tissue damage [21]. Subsequently, aberrant repair and regenerative responses lead to mucociliary dysfunction, reduced defense against pathogens, and, thus, repeated bacterial or viral exacerbations [22,23]. These are thought to be responsible for the progressive destruction of the alveoli by protease–antiprotease imbalance, resulting in airflow limitation and the requirement of oxygen supply. Unfortunately, there is no treatment to cure COPD and lung transplantations are not always possible or successful, and, if so, the incidence of bronchiolitis obliterans syndrome is high. Therefore, there is an urgent need to develop an understanding of the pathomechanisms of chronic pulmonary diseases and the key players in healthy lung aging despite ever-growing challenges, e.g., virus-induced pneumonia as observed in the SARS-CoV-2 pandemic among others [21].



Here, we report for the first time a connection between miR449 and cilia-related processes in COPD patients. By investigating the effects of miR449 deficiency on bronchial epithelial regeneration upon different damaging challenges and COPD development in mice, we found that miR449 is a major contributor to mucociliary regeneration. Surprisingly, it does so by regulating the ciliary assembly–disassembly pathway and its key player Aurora kinase A (AURKA), a centrosomal kinase that regulates mitotic entry but also cilia disassembly. Loss of miR449 increases AURKA levels, reduces cilia and mucociliary clearance, and even triggers spontaneous emphysematous manifestations of COPD in mice under pathogen-free, barrier maintenance. Pharmacological inhibition of AURKA’s effector target HDAC6 rescues the airway cilia of miR449−/− in organotypic cultures. Thus, miR449 protects the airway cilia, mucociliary clearance, and healthy lung aging and should be assessed as a potential regenerative booster in airway diseases with ciliary damage, e.g., COPD frequent exacerbators.




2. Results


2.1. Cilia-Related Genes Positively Correlate with miR449 Expression in COPD Patients


To elucidate whether miR449 plays a role in cilia-associated processes, we analyzed genome-wide miRNAs and mRNAs of bronchial biopsies from 57 COPD patients included in the GLUCOLD study [24] (Figure 1a and Supplementary Table S1, for details of GLUCOLD study, see Method section). We found 1444 genes to be positively correlated with miR449a (FDR < 0.05). In order to determine the biological processes in which the 1444 miR449a-correlated genes are involved, gene set enrichment analysis (GSEA) [25] was conducted using a list of genes ranked on the basis of the strength of their correlation to miR449a. Several gene sets associated with ciliogenesis showed an enrichment among the genes positively correlated to miR449a, including the first five processes shown in Figure 1b. As expected from previous data [8,10,11,12], genes positively correlated with other miR34/449 family members, except for miR34a, were also enriched for cilia-associated processes (Supplementary Tables S2 and S3). To identify genes through which miR449a regulates motile ciliogenesis, we compared miR449a-positively correlated genes (1444) with a published list containing 581 cilia-associated genes [26] and identified 135 overlapping genes related to the structure, maintenance, and function of cilia (Figure 1c). Among the most significant genes was the dynein intermediate chain 1 (DNAI1), encoding an outer dynein arm protein involved in cilia beating [27] (Figure 1c). In conclusion, miR449a is positively correlated with ciliary genes in COPD patients.




2.2. miR449 Is Induced during Airway Epithelial Differentiation and Regeneration upon Bronchial Challenges


The positive correlation between cilia-associated genes and miR449 in COPD patients is in line with previously published data showing miR449 expression in multiciliated epithelia [8,9,10]. To verify miR449 expression during multiciliated epithelia formation, we analyzed its expression by in situ hybridization (ISH) on mouse embryos (embryonic (E) day 18.5) and found that miR449a is enriched in multiciliated tissues, perceptibly in the developing airway epithelium (Figure 2a). Previous studies have already revealed that the miR449a,b,c cluster is induced far more strongly than the miR34 members during mucociliary differentiation [8,9,11,12]. We confirmed these data in our current study by culturing human airway epithelial cells collected from healthy donors at the air–liquid interface (ALI) for 23 days, a time point when human ALI cultures are fully differentiated (Figure 2b). Moreover, RNA-sequencing data from ALI cultures of mouse tracheal epithelial cells (MTECs) supported these results [26] (Figure 2c). The onset of miR449 expression occurs along with the expression of other known players of multiciliogenesis including Geminin coiled-coil domain containing (Gemc1), Mcidas, and forkhead box J1 (Foxj1) [6,17]. Notably, the total read counts of miR449 were most strongly upregulated compared to the other pro-ciliogenic factors including miR34b,c and were at their highest between day 4 and 7 (Figure 2c). These results indicate that miR449 has a much stronger contribution to mucociliary differentiation compared with its homologues. Therefore, we focused our following analyses on investigating the role of miR449 in ciliated airway epithelia regeneration. One commonly used airway regeneration mouse model is the exposure to naphthalene, which leads to extensive club cells’ exfoliation [28] and the squamation of ciliated cells accompanied by motile cilia disassembly [2]. Thus, we treated wild type (WT) mice with naphthalene and assessed the lungs at different stages during the airway epithelia regeneration process, which is normally completed after 14 days (Figure 2d). miR449a expression levels immediately increased on day 1 (d1) after naphthalene injection and continued to accumulate until d7, where the expression of miR449a peaked (Figure 2e).



Air pollutants such as diesel exhaust particles (DEPs), which are a major constituent of traffic-related particulate matter, represent another environmental challenge for the respiratory epithelium. DEPs are known to result in acute airway inflammation and the reduction in ciliated and non-ciliated cells [29], as well as a decrease in cilia beat frequency [30]. Due to the influence of DEPs on ciliated bronchial epithelial regeneration, we examined miR449 expression in WT mice after DEP treatment (Figure 2f). Indeed, transcript levels of miR449a and its host gene cdc20b were strongly increased in DEP-exposed WT mice (Figure 2g). In summary, the data reveal an upregulation of miR449 during mucociliary differentiation and upon bronchial challenges, implying that miR449 is involved in the regulation of these two processes.




2.3. miR449 Deficiency Results in Impaired Ciliation in ALI Cultures


To further investigate the role of miR449 in ciliogenesis, we utilized the miR449−/− mouse model, in which only miR449a, b, and c (miR449 from here on) are selectively depleted, whereas miR34a and miR34b,c [10] are not (Figure 3a,b). Previous studies showed that the expression of miR34b and c is increased upon miR449 depletion and this can compensate for the loss of miR449 in the testis [11,31]. Therefore, miR449−/− mice are fertile, while double knockout miR34b,c−/−; miR449−/− mice are infertile [10,11,12]. Interestingly, the lungs of miR449−/− mice, in contrast to the testis, did not show increased expression of miR34 members (Figure 3b), as previously shown [11]. Hence, miR449−/− mice provide the possibility to study miR449-mediated cilia regeneration and pulmonary function without effects resultant from miR34 changes. We measured cilia quantity and cilia length in ALI cultures generated from cells of WT and miR449−/− mice at d6, a timepoint of the highest miR449 expression in WT cells (Figure 2c). Immunofluorescence (IF) staining for acetylated-alpha-tubulin (Ac-α-TUB) and DNAI1 (both axonemal cilia markers) revealed a significant decrease in the number and length of motile cilia in miR449−/− compared with WT ALI cultures (Figure 3c–f and Supplementary Figure S1a). Thus, miR449 deficiency impairs the process of multiciliated epithelium generation in vitro.




2.4. miR449 Is Essential for Bronchial Epithelial Regeneration


The formation and proper regeneration of the multiciliated airway epithelium is extremely important for normal respiratory function since the airways are continuously exposed to environmental insults. Since miR449 is upregulated upon environmental stimuli and mucociliary differentiation is impaired in miR449−/− mouse derived ALIs, we next examined the potential of ciliated bronchial epithelial regeneration in miR449−/− mice after naphthalene treatment (Figure 2d). Airway cilia coverage was assessed by IF staining and immunoblot for Ac-α-TUB and DNAI1, respectively, at different regeneration stages. Both axonemal cilia markers were significantly decreased after naphthalene injury (d1–d7), and even at the stage of full bronchial epithelium regeneration in WT mice (d14), ciliation in miR449−/− mice remained drastically reduced (Figure 4a–c). Hematoxylin and eosin staining did not reveal any obvious histological differences between WT and miR449−/− lungs after naphthalene injury (Supplementary Figure S2a), although miR449−/− mice experienced higher weight loss in comparison to WT mice (Supplementary Figure S2b). These findings demonstrate that miR449 is necessary for adequate bronchial epithelial regeneration.



In addition to toxic and pollution particles, the airway epithelium is constantly exposed to pathogenic bacteria. Therefore, in our next experiment we studied whether miR449−/− mice are more vulnerable to nontypeable Haemophilus influenzae (NTHi) (Figure 4d), an opportunistic respiratory bacterium altering cilia beating and associated with chronic airway diseases such as COPD [32]. Motile cilia coverage and expression of cilia markers were indeed significantly reduced in lungs of NTHi-exposed miR449−/− mice compared to lungs of NTHi-exposed WT mice, as shown by IF for Ac-α-TUB, immunoblot for DNAI1, and gene expression analysis of the outer dynein arm component dynein axonemal heavy chain 5 (Dnah5) (Figure 4e–g).



Although airway epithelial turnover is relatively slow, the epithelium needs to be regularly replaced due to constant challenges during the breathing process, and epithelial regeneration is also important during aging. We thus hypothesized that miR449 depletion could impair airway ciliation in aged mice. We analyzed IF staining for the Ac-α-TUB and DNAI1 of tracheal sections from 6-month-old WT and miR449−/− mice. We observed a significant reduction in Ac-α-TUB and an almost complete loss of DNAI1 in 6-month-old miR449−/− mice (Figure 4h,i), despite being barrier maintained under strict pathogen-free conditions including cage content autoclaving and air filtration. Immunoblot analysis for DNAI1 in lung lysates from WT and miR449−/− mice confirmed the significant reduction in ciliation in 6-month-old mice upon miR449 depletion (Figure 4j). In contrast, ciliation appeared normal in 10-week-old miR449−/− mice (Supplementary Figure S3a,b). Overall, our data suggest a supportive effect of miR449 in bronchial epithelial repair upon different challenges including aging.




2.5. Spontaneous COPD Development, Associated with an Increased Inflammatory Reaction upon Challenge, in miR449−/− Mice


A reduced lung function as a long-term consequence of COPD is caused by an impaired pulmonary tissue and airway regeneration. In this context, we show the positive effect of miR449 on bronchial regeneration. We therefore tested whether the loss of miR449 has any effect on lung function. Aged WT and miR449−/− mice were subjected to invasive lung function while inhaling ambient air (AA). WT mice exposed to CS for 6 months were used as a positive control due to the loss of lung function and resulting tissue destruction [33] (Figure 5a). Pulmonary function was impaired to a similar extent in miR449−/− mice that were exposed to AA as well as in CS-exposed WT mice, which was indicated by an increase in total lung capacity and reduction in tissue elastance (Figure 5b,c), whereas no such phenotype observation could be made in young miR449−/− mice (Supplementary Figure S4a,b). By stereology, we assessed serial histological lung sections by means of the average chord length, thereby confirming the development of spontaneous emphysematous changes in aged miR449−/− mice, characterized by airspace enlargement (Figure 5d), which represents one hallmark of COPD. Usually, this condition is associated with an increased infiltration of immune cells, i.a., macrophages and neutrophils, which potentially contribute to the imbalance between proteases and antiproteases within the lungs [34]. We therefore counted the inflammatory cells that were present within the bronchoalveolar lavage fluid (BALF). Under specific pathogen-free conditions, it mainly consisted of macrophages. While the number of macrophages was significantly increased in miR449−/− compared with WT mice, obviously, the number was not increased to a similar extent as in CS-exposed WT mice (Figure 5e). The pulmonary inflammatory response in mice upon miR449 deficiency was further analyzed in mice treated with NTHi, an administration used to boost inflammation (as described in Figure 4j). NTHi treatment resulted in elevated protein expression of M2A macrophage marker CD206 in the lungs of miR449−/− compared with WT mice (Figure 5f,g). Accordingly, the transcript expression of the matrix metalloproteinase (Mmp) 12 (Mmp12; macrophage elastase) and Mmp9 (gelatinase), which are associated with COPD and expressed by macrophages [34], was significantly increased in NTHi-treated miR449−/− mice (Figure 5h). Contrariwise, we observed unchanged levels of antiprotease upon miR449 depletion, which were measured by the tissue inhibitor of metalloproteinases 1 (TIMP1) protein expression (Figure 5i,j), suggesting no opposing reaction to the observed increase in the protease level. Together, our data strongly suggest that, with an increasing age, miR449−/− mice exhibit spontaneous manifestations of COPD. These changes are associated with increased pulmonary MMPs and an increased inflammatory response.




2.6. Aurora Kinase A Contributes to miR449-Driven Epithelial Regeneration Processes and Ciliary Homeostasis


Next, we aimed to investigate the underlying mechanism of defective mucociliary regeneration in miR449−/− mice. In order to avoid pathologies, a balance between proliferation and differentiation is indispensable for airway regeneration, which is, in turn, related to ciliary disassembly and re-assembly. The role of miR449 in these key processes was studied in a simplified in vitro model given the lack of convenient models available to quantify and analyze the assembly and disassembly of motile cilia. For this purpose, mouse embryonic fibroblasts (MEFs) can be used to monitor and subsequently measure the assembly and disassembly of primary cilia. This is achieved by rounds of serum withdrawal and serum addition, causing cell cycle exit and cell cycle re-entry, respectively [35] (Figure 6a). In the following, MEFs of miR449−/− and WT mice were analyzed with regard to their cilia assembly and disassembly at the respective points in time, achieved by IF staining of cilia components belonging to the basal body (pericentrin) as well as the axoneme (Ac-a-TUB). Surprisingly, no change in the assembly rate could be observed between both genotypes, whereas ciliary disassembly in miR449−/− MEFs was significantly increased, in turn resulting in a reduced ciliation (Figure 6b,c). Structural similarities between primary and motile cilia imply mutual mechanisms regarding cilia assembly and disassembly [1]; thus, an increase in the primary cilia disassembly rate could serve as an explanation for the reduction in motile cilia observed in miR449−/− mice.



Given the increase in the cilia disassembly rate of MEFs from miR449−/− mice, we aimed to understand whether miR449 regulates key players of the cilia disassembly pathway [35,36] (Figure 6d). Potential targets of miR449 were analyzed with the help of published data [10,12,37,38] as well as in silico prediction tools (TargetScan, PITA) [39,40], subsequently identifying a subset of targets including murine and human histone deacetylase 6 (HDAC6), AURKA, and potassium voltage-gated channel subfamily H member 1 (KCNH1) (Supplementary Figure S5a). Notably, miRNAs that target multiple nodes within one pathway are more likely to provoke major effects on this pathway. The simple reason behind this is that individual miRNA targets are usually only repressed to a small degree [41]. Due to its essential role in cilia disassembly and HDAC6 activation [42,43,44,45], as well as its upregulation in miR34−/−/449−/− mice [10,12], we mainly focused on the miR449 target AURKA in the following analysis. miR449 overexpression in human lung carcinoma cells (H1299) was performed to prove AURKA regulation by miR449, and, indeed, the protein as well as the mRNA expression of AURKA was strongly reduced upon overexpression of miR449 (Figure 6e,f). Appropriately, in lung tissue from miR449−/− mice, aged and naphthalene-treated, AURKA protein levels were elevated when compared with WT controls (Figure 6g,h). Taken together, these findings suggest reduced airway ciliation to be a consequence of increased ciliary disassembly, triggered by miR449 deficiency, and probably due to an upregulation of the AURKA/HDAC6-driven disassembly process.




2.7. Mice Lacking miR449 Develop Ultrastructural Cilia Defects and Impaired Mucociliary Clearance


AURKA upregulation causes increased cilia disassembly, resulting in primary cilia instability due to the faulty ultrastructure [45,46]. Electron microscopy of tracheal sections showed aberrant cilia with detached plasma membranes (named aberrant cilia from here on) in mice lacking miR449, while the typical 9 + 2 microtubule arrangement was maintained (Figure 7a,b). Mucociliary clearance disorders can be caused by defects in structural components of motile cilia [3]. The velocity of fluorescently labelled beads was measured over WT and miR449−/− tracheae to determine mucociliary transport, with only areas with beating cilia investigated. Indeed, in miR449−/− mice, bead transport was drastically reduced (Figure 7c,d), indicating impaired clearance. Taken together, these findings show that cilia shape and function are harmed when miR449 is depleted.




2.8. In miR449−/− Airway Cultures’ Ciliation Can Be Rescued by HDAC6 Inhibition


We investigated whether airway ciliation may be restored by blocking the AURKA/HDAC6-mediated cilia disassembly axis. To that aim we used the commercially available selective HDAC6 inhibitor tubastatin [47] to treat ALI cells as HDAC6 is a downstream effector of AURKA (Figure 6d) and a predicted miR449 target (Supplementary Figure S5a).



In comparison to DMSO-treated cells, miR449−/− cells treated with an HDAC6 inhibitor have more and longer cilia as shown by IF labeling for the axonemal cilia marker Ac-α-TUB (Figure 8a–c). Thus, inhibition of HDAC6 rescues at least some hallmarks of aberrant ciliation in miR449−/− airway cultures.



In this study we show that miR449 loss triggers the deficient ciliated regeneration of respiratory epithelia upon environmental insults and aging. This is characterized by reduced airway cilia and faulty particle transport, and accompanied by increased hallmarks of the murine COPD phenotype, i.e., emphysematous and inflammatory changes. Upregulation of AURKA contributes, at least partially, to greater ciliary instability, probably through hyperactivation of its ciliary effector HDAC6, and both the number and the length of respiratory cilia from miR449−/− cells were restored upon inhibition of HDAC6 activity. Our research uncovers a novel role for miR449 in cilia maintenance and healthy lung aging and emphasizes the significance of balanced ciliated regeneration for pulmonary health.





3. Discussion


miR449 has been described in ciliogenesis in earlier studies [8,9,10,11,12,13,48], but this is the first report of its connection with cilia maintenance in response to environmental challenges, and its protective effects on airway biology and function in mouse models of chronic lung diseases and exacerbations. Here we show that the loss of miR449 impairs ciliated epithelial regeneration and mucociliary clearance by increasing AURKA-driven ciliary disassembly (Figure 9). Thus, miR449−/− mice develop spontaneous COPD accompanied by an exacerbated pulmonary inflammatory response to challenge.



Previous studies on the miR34/449 family using genetic depletion of all miR34/449 family members describe a strong ciliary phenotype of PCD accompanied by defective development and early lethality [10,11,12], thus impairing the long-term analysis of the contribution of miR449 to disease etiology. In this setting, one allele of miR449 or of miR34b,c was sufficient to avoid complete ciliary disruption [10,12], highlighting the strength of one single miRNA allele. Indeed, here we show that the sole loss of miR449 increases susceptibility to chronic lung diseases by disrupting an important innate lung defense mechanism, i.e., mucociliary clearance and epithelial regeneration, thus increasing damage in response to environmental challenges. As miR34b,c are also expressed in the lungs, although to a lesser extent [8,9,10,11,12,49], it would be insightful to challenge miR34b,c knockout (KO) lungs in similar settings, which was beyond the scope of the present study.



It has been proposed that Notch signaling plays an important role in the miR449-mediated regulation of ciliogenesis [9]. However, since the deregulation of Notch, which lies upstream of MCIDAS/GEMC1, would influence the ciliated cell’s fate [17], it is not likely to be involved in our findings. As determination of the ciliated cell’s fate was not affected by miR-34/449 depletion [10,12] and Notch was not upregulated in the miR-34/449 KO nasal respiratory epithelium [12], our recent data suggest the limited contribution of miR449-mediated Notch regulation in mouse cells, although it seems to play a role in the ciliated embryonic frog epidermis [9]. Instead, here we identified that miR449 deficiency decreases airway ciliation by increasing the ciliary disassembly rate, probably through the upregulation of AURKA and potential overactivation of its downstream effector HDAC6, thereby contributing to the development of manifestations of COPD. Interestingly, significant upregulation of AURKA in response to miR-34/449 depletion has not only been observed in airways [10,12] but also in fallopian tubes [12], an organ covered by MCCs. Notably, AURKA and its direct target HDAC6 are upregulated in COPD lungs, where, at least, HDAC6 contributes to increased cilia destabilization or “ciliophagy” upon environmental challenge, e.g., cigarette smoking [44,50].



Interestingly, increased AURKA levels generated aberrant primary cilia with ultrastructure defects [45,46] similar to those observed in motile cilia in our study. This, together with HDAC6-mediated motile cilia destabilization in response to smoke [44,50], supports the notion that motile and primary cilia share conserved generation/resorption pathways, and both use the AURKA/HDAC6 axis. As primary cilia biology research has generated tremendous data on this topic [35,51], looking into candidates stabilizing primary cilia might be an interesting path to new targets in respiratory disease if expressed in the airways. One such candidate is the predicted miR449 target KCNH1, which encodes a potassium voltage-gated channel (Kv.10.1) and promotes primary cilia disassembly [36]. Notably, a single nucleotide polymorphism (SNP) mutation in KCNH1 was associated with COPD susceptibility [52], although the effect of this SNP on Kv10.1 channel function is currently unknown. One limitation of studying miRNA-based regulation is that we cannot exclude the contribution of further targets to the observed mechanisms, especially as we used a systemic KO mouse model. Nevertheless, miR449 expression was only found in ciliated epithelia [8,9,10,12], suggesting its main functions there, but not excluding communication with other cells, e.g., by exosomes [53]. In this study we showed that the transcript levels of the miR449 host gene Cdc20b and miR449a itself were strongly upregulated in DEP-treated WT mice, in the model of particle-induced airway disease. Interestingly, a recent study demonstrated that mir449a had an antifibrotic effect in silica-induced lung fibrosis via the activation of autophagic activity in vitro [54]. Utilizing single cell data from Adams et al. [55], we could show that CDC20B is expressed preferentially in ciliated cells (Figure 10a). The observed reduction in CDC20B expression in COPD-derived cells suggests the concurrent reduction in miR449 (Figure 10b,c). Interestingly, this dataset shows an increase in AURKA and HDAC6 expression in COPD-derived ciliated cells, mirroring our molecular data. Additionally, new reports have shown that miR449 target HDAC6 is involved in inflammasome assembly in macrophages, suggesting anti-inflammatory effects of HDAC6 reduction, and many groups incl. pharmaceutical companies have started drug discovery programs to inhibit HDAC6 functions. Importantly, it is very rare to see such a strong differential expression of a miRNA target in a miRNA KO mouse, as observed here for AURKA, due to the mainly fine-tuning functions of miRNAs and their putative compensatory mechanisms such as the proteasomal degradation of excess protein [56]. Therefore, we assume that increased AURKA levels and/or HDAC6 activity play a pivotal role in the development of the COPD-like disorders in the miR449−/− mouse model. The data presented in this study show a supportive effect of miR449 on bronchial epithelial regeneration during the aging process and upon various challenges.



Respiratory motile cilia are of utmost importance for lung health, as underlined by the fact that any single non-synonymous disruptive mutation in any core motile cilia protein generates lung diseases ranging from mucociliary clearance disorder with increased susceptibility to recurrent respiratory infections to severe PCD [3]. However, the link between mucociliary clearance and COPD has not been clearly made. The progression of COPD is driven in most cases by recurrent pathogen-driven exacerbations, which usually target the bronchial epithelium at the first site. Immobilization of the respiratory cilia by the ciliostasis of otherwise functional cilia is sufficient to increase the susceptibility to influenza A infection [57], a well-known trigger of COPD exacerbations. Many pathogens have developed ciliostatic factors to abrogate mucociliary clearance and avoid being evacuated from the lungs, e.g., Pseudomonas [58,59], Haemophilus influenzae [60,61], and fungi [62,63], all typical colonizers of the COPD lung [64].



When pathogens manage to escape mucociliary clearance, they can colonize the lungs. In response to such infections, immune recruitment occurs, and inflammatory signaling is generated including the induction of destructive proteases such as MMP9/12 and neutrophil elastase. Those proteases attack the structural proteins (e.g., elastin) responsible for the recoil properties of the lungs, i.e., elastance and compliance. This suggests that the reduced clearance of pathogens and inflammatory responses associated with airway infections has an impact on the lung function in the long term. Indeed, it is known that exacerbations of COPD, which are often triggered by viral or bacterial infection, are associated with a more rapid decline in lung function. The more often exacerbations happen, the more destruction occurs, and full resolution of the inflammation becomes difficult [21,23,65]. Therefore, hindering pathogen entry by protecting the clearance process might halt COPD progression. Motile cilia are the major factor contributing to mucociliary clearance, and ciliary length [66] and ciliary beat frequency [67] are reduced in COPD. Thus, protecting healthy regeneration of the motile airway cilia, including length and beating ability [47], as well as microbial ciliostasis, might represent new therapeutic approaches to tackle COPD and reduce severe exacerbation rates on top of antiinflammatory drugs. Whether miR449 supplementation may be an option to protect the bronchial barrier is yet unclear, but tool inhibitors addressing aurora kinases and HDAC6 deacetylase activities are already available to study pathway contribution to chronic lung diseases in preclinical models.




4. Methods


4.1. Correlation of miR449a and mRNAs in COPD Bronchial Biopsies


Bronchial biopsy specimens were collected from 57 COPD patients who were part of the Groningen Leiden Universities and Corticosteroids in Obstructive Lung Disease (GLUCOLD) study [24]. All patients were stable, either current or ex-smokers, and not on corticosteroid therapy. They had irreversible airflow limitation (post-bronchodilator forced expiratory volume in 1 s (FEV1) and FEV1/inspiratory vital capacity < 90% confidence interval of the predicted value) and chronic respiratory symptoms. The local medical ethics committee approved the study, and all patients gave their written informed consent. The study is filled at clinicaltrial.gov under identification number NCT00158847.



mRNA and miRNA profiling were performed at Boston University Microarray Resource Facility using GeneChip®® Whole Transcript Sense Target Labeling Assay and FlashTagTM Biotin HSR Labeling Kit, respectively. Detailed methods on the profiling and processing of microarray data were described previously [68]. Using the matched mRNA and miRNA profiles of the same patient, Pearson correlation coefficient was used to identify genome-wide mRNAs of which expression was correlated with miR449a expression. Benjamini–Hochberg procedure was applied for multiple test correction. Significant correlation was defined using false discovery rate adjusted p-value (FDR) < 0.05.



To assess the role of miR449a in cilia development and function, the list of mRNAs positively correlated with miR449a was compared to the previously reported list of cilia-associated genes [26]. Moreover, gene set enrichment analysis (GSEA, v3.0) [25] was performed to identify biological processes (Gene Ontology, v6.1) in which miR449 plays a role. Genome-wide mRNAs were ranked based on their t-statistics representing the strength of their correlation with miR449a expression. A p-value was calculated after 1000 permutations were performed.




4.2. Mice


miR449−/− mutants had a targeted deletion of miR449a, b, and c and were previously described [10]. WT and miR449−/− mice were maintained in C57Bl/6 background (n8) at the animal facility of the European Neuroscience Institute Goettingen (Germany) in full compliance with institutional guidelines. The Animal Care Committee of the University Medical Centre Goettingen and the authorities of Lower Saxony approved the study under the number G12/963. WT (C57BL/6) mice used for DEP experiments were obtained from Harlan Laboratories (Horst, The Netherlands) and maintained in the animal facility of the Ghent University. The Animal Ethical Committee of the Faculty of Medicine and Health Sciences of Ghent University approved the in vivo manipulations using DEP. Experiments including the exposure to cigarette smoke (CS) and nontypeable Haemophilus influenzae (NTHi) [69,70] were approved by the “Landesamt für Soziales, Gesundheit und Verbraucherschutz” of the State of Saarland following the national guidelines for animal treatment. During the experiment WT and miR449−/− mice were maintained under specific pathogen-free conditions in the animal facility of the Institute for Experimental Surgery of the Saarland University Homburg.




4.3. Cell Culture


H1299 (human non-small cell lung carcinoma) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS), 2 nM L-glutamine and 10 µg/mL Ciprofloxacin 500. Mouse embryonic fibroblasts (MEFs) were isolated from embryos from WT and miR449−/− matings, respectively, at embryonic day 13.5 (E13.5) and cultured in DMEM-high glucose (Gibco, Thermo Fisher Scientific) supplemented with 10% heat-inactivated FCS, 100 µg/mL streptomycin, and 100 U/mL penicillin.




4.4. Transfection of Human Cells


H1299 cells were reverse transfected with 12 nM (RNA analysis) or 20 nM (protein analysis) synthetic pre-miRNAs (Ambion, Thermo Fisher Scientific) of the miR34/449 family using Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific) for transcript and protein analysis, respectively. Scrambled RNA oligonucleotide (negative control #2 (Ctrl)) and naturally occurring pre-miR-302* were used as controls. Cells were harvested for protein and RNA isolation 48 h (h) after transfection.




4.5. Analysis of Primary Cilia Assembly and Disassembly


Freshly isolated WT and miR449−/− MEFs were plated on fibronectin (Merck, Darmstadt, Germany)-coated coverslips and exposed to serum-free medium (DMEM supplemented only with 100 µg/mL streptomycin and 100 U/mL penicillin) for 60 h to induce primary cilia assembly. Afterwards, serum was reintroduced for 6 h to trigger cilia disassembly. To quantify the percentage of ciliated cells at the assembly and disassembly time point, MEFs were fixed with 2% formaldehyde (Merck) at RT for 8 min and blocked with 10% bovine serum albumin (BSA) (Merck) in phosphate-buffered saline containing 0.1% Triton X-100 (PBS-T) for 1 h 30 min at RT. MEFs were first incubated with the primary antibodies diluted in blocking solution overnight at 4 °C (list of antibodies is provided in Supplementary Table S4) and, subsequently, with secondary antibodies for 1 h 30 min at RT (list of antibodies is provided in Supplementary Table S5). Nuclei were counterstained with DAPI. Stainings were visualized using a Leica SP2 laser scanning confocal microscope (Leica Microsystems, Wetzler, Germany). Primary cilia were identified by a double staining of pericentrin and Ac-α-TUB. Only cells positive for both were counted as ciliated cells.




4.6. Air–Liquid Interface Cultures


MTECs were isolated and cultivated using ALI conditions as described previously [26]. Note that, minor changes regarding the culture and differentiation medium were applied as highlighted below. Briefly, tracheae from WT and miR449−/− mice (10–16 weeks old) were excised and after pronase digestion (Merck), epithelial cells were seeded onto collagen-coated transwell culture inserts (12 mm diameter, 0.4 µm pores, polyester, Corning, NY, USA). Cells were cultured under submerged conditions in airway epithelial cell growth medium supplemented with growth factors (Promocell, Heidelberg, Germany) 100 U/mL penicillin, and 100 µg/mL streptomycin to allow proliferation. Upon confluence, ALI condition (d0) was generated by removing the apical chamber medium and changing the basolateral medium to the differentiation medium consisting of DMEM/F-12 (Gibco) supplemented with 2% Ultroser G (Pall, Port Washington, NY, USA). For the HDAC6 inhibitor experiment, HDAC6 inhibitor (100 nM, Tubastatin A hydrochloride, Merck, Darmstadt, Germany) or DMSO (control) was added to the basolateral medium of miR449−/− ALI cultures twice a day from differentiation day (d) 0 to d6. At d6, the entire ALI culture membrane was fixed with 4% paraformaldehyde (PFA) and embedded in paraffin. For one ALI culture, MTECs pooled from three mice were used. Human ALIs were performed in a former study [8], and only RNA was recovered to complete the presented work.




4.7. In Situ Hybridization


Tissue cryosections from mouse embryos were fixed with 4% PFA for 10 min, acidified (1.3% Triethanolamine, 0.000065% HCl, 0.25% Acetic Anhydride), and digested with Proteinase K (0.5 μg/mL). After pre-incubation of slides with hybridization buffer (50% Formamide, 25% 20× saline-sodium citrate buffer (SSC) pH 4.5, 1% 0.5 M EDTA, 0.1% Tween-20, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 0.1 mg/mL Heparin, 1% yeast transfer RNA) for 4 h at RT, a dioxigenin-labelled LNA-probe (5 pM) against miR449a diluted in hybridization buffer was added for 24 h at 50 °C in a chamber humidified with 50% formamide and 25% 20× SSC buffer. Following two washing steps with pre-warmed 5× SSC buffer for 5 min and 0.2× SSC buffer for 1 h at 50 °C, slides were incubated with buffer B1 (0.1 M TRIS pH 7.5, 0.15 M NaCl) for 10 min at RT and blocked (10% FCS, 0.05% Tween-20, 90% B1 buffer) for 1 h at RT. The alkaline phosphatase-conjugated anti-dioxigenin antibody (Roche Diagnostics, Rotkreuz, Switzerland) diluted in blocking solution (1:2000) was incubated on the slides overnight at 4 °C. After washing with B1 buffer, the slides were incubated with buffer B2 (0.1 M TRIS pH 9.5, 0.1 M NaCl, 50 mM MgCl2, 0.1% Tween-20, 2 mM Levamisole) for 10 min. To visualize the in situ hybridization (ISH) signal, slides were incubated with nitroblue tetrazolium chloride (75 mg/mL)/5-bromo-4-chloro-3-indolyl-phosphate (50 mg/mL) in B2 buffer for up to 3 days and subsequently mounted with fluorescence mounting medium. As a control, slides were treated the same but without addition of LNA probe. Anti-miR449a (ACCAGCUAACAAUACACUGCCA) LNA probe was purchased from Qiagen (Hilden, Germany).




4.8. Naphthalene-Induced Injury Model


Naphthalene (Merck) was dissolved in sunflower oil to a concentration of 30 mg/mL in a sterile environment on the day of use. Next, 12–14-week-old male WT and miR449−/− mice were injected with naphthalene (200 mg/kg) or with oil (vehicle control) intraperitoneally (i.p.) in the morning on day 0.




4.9. DEP-Induced Acute Inflammation Model


The DEP instillation was performed as described previously [71,72]. Briefly, DEP (standard reference material (SRM) 2975) was obtained from the National Institute for Standards and Technology (Gaithersburg, MD, USA) and suspended in saline containing 0.05% Tween 80 to a concentration of 2 mg/mL. Next, 6–8-week-old anesthetized mice (i.p. ketamine (70 mg/kg; Ketamine 1000 CEVA, Ceva Sante Animale, Libourne, France)—xylazine (7 mg/kg; Rompun 2%, Bayer, Leverkusen, Germany)) were held vertically and 50 µL saline or DEP solution (100 µg) was pipetted just above their vocal cords. By grasping the tongue, the mice were prevented from swallowing. Mice were instilled at d1, d4, and d7 and sacrificed at d9 by a lethal dose of i.p. pentobarbital (Ceva Sante Animale).




4.10. NTHi-Induced Chronic Inflammation Model


A clinical isolate of NTHi was grown on selective chocolate agar with IsoVitaleX at 300 µL per 10 cm plate (Becton Dickinson, Heidelberg, Germany) for 24 h at 37 °C in 5% CO2. After harvesting, bacteria were incubated for 24 h in 700 mL brain–heart infusion broth (Becton Dickinson) containing 3.5 mg/mL β-Nicotinamide adenine dinucleotide (NAD, Merck) and 5% Fildes enrichment (Becton Dickinson). The culture was centrifuged at 2500× g for 15 min (min) at 4 °C, washed, resuspended in 20 mL PBS, heat inactivated at 70 °C on a mechanical shaker for 45 min, and then sonicated three times for 30 s. The protein concentration was adjusted to 2.5 mg/mL in PBS using the Pierce BCA protein assay (Thermo Fisher Scientific). For bacterial challenge, 4-month-old WT and miR449−/− mice were placed in a plexiglass box connected to a Pari MASTER®® nebulizer (Pari GmbH, Starnberg, Germany) and exposed to the inactivated bacterial lysate for 40 min 5 times per week for 3 months.




4.11. Cigarette Smoke (CS)-Induced Emphysema Model


Four-month-old WT and miR449−/− mice were exposed to CS (3R4F cigarettes, College of Agriculture, Reference Cigarette Program, University of Kentucky) in a TE-10 smoking machine (Teague Enterprises, Woodland, CA, USA). The concentration of CS was 120 mg/m [3] total suspended particles. Mice were subjected to CS for 5 h per day and 5 days per week over a period of 6 months. The daily smoking protocol consisted of three smoking phases each with 87 min, which were interrupted by room air exposures for 40 min.




4.12. Pulmonary Function


Pulmonary function measurement was performed using a FlexiVent system (Scireq Inc., Montreal, QC, Canada). The mice were anesthetized by a mixture of ketamine (Ursotamin, 100 mg/mL, Serumwerk Bernburg, Bernburg, Germany) and xylazine (Rompun, 7 mg/kg, Bayer). The trachea of the anesthetized mouse was exposed and cannulated using the 18 G cannula included with the FlexiVent system. For data acquisition we used the flexiWare 7.1 software (Scireq Inc.).




4.13. Bronchoalveolar Lavage


Prior to bronchoalveolar lavage (BAL) the animals were deeply anesthetized with a mixture of ketamine (Ursotamin, 105 mg/mL, Serumwerk Bernburg) and xylazine (Rompun, 7 mg/kg, Bayer). After reaching anesthesia the trachea was exposed and cannulated. The BAL was performed by rinsing the lungs 3 times repeatedly with 1 mL sterile PBS containing protease inhibitors (cOmplete ULTRA Tablets, Mini, Roche Diagnostic). The collected BALF was centrifuged for 5 min at 300× g. The number of viable cells was determined by resuspending the cell pellet in 1 ml of sterile PBS and counting on an improved Neubauer chamber after trypan blue staining. For the cellular composition of the BALF a cytospin was stained with DiffQuik (Medion Diagnostic, Gräfelfing, Germany), and at least 200 cells counted and differentiated based on their morphology.




4.14. Stereology


The lung was prepared for uniform random sampling for stereological analysis as described elsewhere [73]. Briefly, the lung was fixed by instillation of freshly prepared PBS-buffered 4% formalin under a constant hydrostatic pressure of 20 cm for 20 min. After that, the trachea was ligated to preserve intrapulmonary pressure. For additional fixation, the lung was placed in PBS-buffered 4% formalin for 24 h. The lung volume used as reference for stereological measurements was determined by fluid displacement. The fixed lung was embedded in agar and cut into regular slices prior to paraffin embedding. Stereological analysis was performed on hematoxylin and eosin (H&E)-stained lung sections. Mean chord length (mean linear intercept, Lm) was calculated using the Visiopharm Integrator System package (Visiopharm, Hoersholm, Denmark) on an Olympus BX51 microscope equipped with an 8-position slide loader (Olympus, Tokyo, Japan).




4.15. Histology and Immunostaining


PFA-fixed, paraffin-embedded tissue sections were dehydrated and treated with heat-induced epitope retrieval (sodium citrate, pH 6.0), while cryosections were fixed with 4% PFA for 10 min at room temperature (RT). Following a blocking step with 10% FCS diluted in PBS-T (for cryosections: 1% BSA in PBS-T), primary antibodies diluted in blocking solution were incubated on the samples overnight at 4 °C (list of antibodies is provided in Supplementary Table S4). After washing with PBS-T, sections were stained with fluorescently-labelled secondary antibodies for 1 h at RT (list of antibodies is provided in Supplementary Table S5). Nuclei were counterstained with 4′, 6-Diamidin-2-phenylindol (DAPI) and samples were mounted with Dako fluorescence mounting medium. For histology, PFA-fixed, paraffin-embedded lung sections were dehydrated and stained with H&E. Images were acquired on a ZEISS AxioScope A1 microscope (ZEISS, Oberkochen, Germany), except tracheae images, which were viewed on a ZEISS confocal LSM 510 or 880 microscope.




4.16. Quantification of Cilia Markers


The expression of cilia markers in immunofluorescence images (converted to 8-bit) was quantified using the ImageJ software [74]. Briefly, after selecting the region of interest, unspecific signals were removed, and a threshold was set to identify the positive signal. To measure the area of the positive cilia staining the Analyze Particle tool was applied. Values of the cilia area were normalized to the length of the respiratory epithelium measured. For length measurements of motile cilia in ALI cultures, the line tool from the ImageJ software was used. Cilia length was defined by the area positive for both cilia markers used.




4.17. RNA Extraction and Quantitative PCR


RNA from snap-frozen lung tissue and cells (H1299) was isolated by Extrazol (7BioScience, Hartheim, Germany)/Chloroform as recommended by the manufacture. The miRVana kit (Invitrogen, Thermo Fisher Scientific) was used for RNA isolation from human ALI cultures. cDNA from 1 µg RNA was synthesized using the M-MuLV reverse transcriptase (New England Biolabs, Ipswich, MA, USA) and a mixture of random nonameric and Oligo-dT primers (Metabion, Planegg, Germany). For the qPCR reaction, a self-made SYBR Green qPCR Mix (Tris-HCl (75 mM), (NH4)2SO4 (20 mM), Tween-20 (0.01% v/v), MgCl2 (3 mM), Triton X-100 (0.25% v/v), SYBR Green I (1:40,000), dNTPs (0.2 mM) and Taq-polymerase (20 U/mL)), and 250 nM of each gene-specific primers were used (list of primers is provided in Supplementary Table S6). The relative expression of transcripts from each sample was obtained by averaging the cDNA levels of technical triplicates and normalizing it to the housekeeping gene ribosomal phosphoprotein P0 (Rplp0, or 36b4). For miRNA quantification, TaqMan MicroRNA Assay (Applied Biosystems, Thermo Fisher Scientific) for murine and human members of the miR34/449 family was performed according to the manufacturer’s instructions with U6 snRNA as reference gene.




4.18. Western Blot


Samples were lysed in RIPA buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 9.5 mM EDTA, 1% Triton X100, 0.1% SDS, 1% sodium deoxycholate) supplemented with urea (2.7 M) and protease inhibitors (Complete Mini EDTA-free, Roche Diagnostic). Note that, for lung samples, lungs were snap-frozen in liquid nitrogen and mechanically homogenized. Equal amounts of protein lysates were resolved by SDS-polyacrylamide gels followed by a transfer to nitrocellulose membranes. Membranes were incubated with primary antibodies overnight at 4 °C (list of antibodies is provided in Supplementary Table S4), washed, and stained with horse radish peroxidase-conjugated secondary antibodies for 1 h at RT prior to chemiluminescence detection (list of antibodies is provided in Supplementary Table S5). The volume intensity of specific protein bands was quantified using the Image Lab software (Biorad, Hercules, CA, USA).




4.19. Electron Microscopy


Trachea samples from 7–9-week-old WT and miR449−/− were fixed by immersion using 2% glutaraldehyde in 0.1 M cacodylate buffer (Science Services, München, Germany) at pH 7.4 overnight at 4 °C. Post-fixation was performed using 1% osmium tetroxide diluted in 0.1 M cacodylate buffer. After pre-embedding staining with 1% uranyl acetate, tissue samples were dehydrated and embedded in Agar 100 (Plano, Wetzlar, Germany). To rule fixation artefacts out, a second embedding technique was performed. For this, samples were placed in aluminum platelets of 150 µm depth containing 1-hexadecen [75]. The platelets were frozen using a Leica EM HPM100 high pressure freezer (Leica Microsystems, Wetzlar, Germany). The vitrified samples were transferred to an Automatic Freeze Substitution Unit (Leica EM AFS2) and substituted at −90 °C in a solution containing anhydrous acetone, and 0.1% tannic acid for 24 h and in anhydrous acetone, 2% OsO4, and 0.5% anhydrous glutaraldehyde (EMS Electron Microscopical Science, Hatfield, PA, USA) for additional 8 h. After a further incubation over 20 h at −20 °C, samples were warmed up to +4 °C, and washed with anhydrous acetone. The samples were embedded at RT in Agar 100 at 60 °C for 24 h. Thin trachea sections (100 nm) were examined using a Philips CM 120 BioTwin transmission electron microscope (Philips Inc., Amsterdam, The Netherlands) and images were taken with a TemCam F416 CMOS camera (TVIPS, Gauting, Germany). Longitudinal- and cross-sections from motile cilia were evaluated and grouped in normal and aberrant cilia. Aberrant cilia were defined as cilia with a detachment of the outer membrane. Images were taken and quantified from at least two different tissue locations from each sample.




4.20. Mucociliary Transport Assay


Mucociliary transport assay was performed as described in [26]. Briefly, freshly isolated vital tracheae were longitudinally cut using a microtome (VT1200S, Leica Microsystems) and rinsed with Ringer’s solution containing 98 mM NaCl, 2 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 5 mM glucose, 5 mM sodium pyruvate, 10 mM Hepes (230 mOsm, pH 7.8). Fluorescent microspheres (FluoSpheres®®, 0.17 μm, PS-Speck, Invitrogen, Thermo Fisher Scientific) diluted in Ringer’s solution were added onto the multiciliated epithelium of the tracheae. In areas of 280 µm × 280 µm (512 × 512 pixels) the movement of the fluorescent microspheres was recorded using a custom-built confocal line illumination microscope at 61 Hz for 2000 frames. Note that only areas with beating cilia were imaged. For each frame, particles were detected and tracked using functions previously described [26]. Absolute full-trajectory velocities along the focal plane were combined within one measurement. Averaged velocities of independent measurements from different tissue areas and different mice were assigned into the following groups: WT, miR449−/−, and diffusion. Diffusion measurements were obtained from non-living dried tracheae and pooled from WT and miR449−/− mice since they were identical. Individual trajectory velocities from all measurements within the respective group were included to obtain particle velocity distributions. All data evaluation was carried out using a custom software written in Matlab (MathWorks, Natick, MA, USA). Age-matched WT and miR449−/− mice (12 weeks) were used.




4.21. Single Cell RNAseq Data


Single cell data count matrices from Adams et al. [55] were downloaded from GEO (accession number GSE136831) and processed using Scanpy [76] (v 1.6). Doublets were identified and removed using Scrublet [77]. Samples were integrated using scVI [78] v0.7. scVI’s latent variables were used for UMAP and for clustering the data using the Leiden method. Epithelial cells were identified as EPCAM+ and isolated from the whole lung set. The epithelial cell types were annotated by identifying the clusters expressing the following marker genes: basal: KRT5, KRT17; aberrant basaloid: COL1A1, KRT17; mucous: MUC5AC; club: SCGB3A2; ciliated: TPPP3; AT1: AGER; AT2: SFTPC, SFTPA1, ionocytes: FOXI1.




4.22. Statistical Analyses


Two tailed, unpaired or paired t-test with Welch-correction (used only for unequal variances) was used to calculate statistical significance for pairwise comparisons. Except for Figure 5d and Figure 6c, one tailed unpaired t-test and two tailed paired t-test were applied, respectively. Normal distribution was assumed for all analyzed data. Statistical analyses were carried out using the GraphPad Prism software (version 6.01, San Diego, CA, USA). The following indications of significance were used throughout the manuscript: * p < 0.05, ** p < 0.01, *** p < 0.001. Results are shown as the mean ± standard error of the mean (SEM).









Supplementary Materials


The following supporting information can be downloaded at: www.mdpi.com/article/10.3390/ijms23147749/s1





Author Contributions


M.L. designed and initiated the study and acquired the required funding. M.L. and M.W. developed the project, interpreted the data, and designed, performed, and coordinated the experiments to complete this study. C.H., R.B. and C.B. performed lung function analysis, NTHi, and CS mouse models. D.R. identified and quantified aberrant cilia ultrastructure. M.A., L.V.-H. and B.F. contributed to the target validation. T.N.-M., M.H., M.S., T.M. and J.W. contributed to the analysis of the ciliary phenotype. H.T., I.H.H., C.-A.B., W.T., P.S.H. and M.v.d.B. contributed to the analysis of the COPD patient data. M.A. analyzed the mucociliary clearance assay. C.W. performed RNA isolation, qPCRs, and rescue experiment analysis by semi-quantitative immunofluorescence. N.M. and D.U. performed ciliary disassembly assay. S.P. and T.M. contributed to the analysis of DEP-treated lungs. S.A. supported the group. F.R. anaylzed single cell sequencings. L.A.P., I.H.H., A.M., F.R., M.H., M.L. and M.W. contributed to the manuscript writing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Deutsche Forschungsgemeinschaft (Grant Number LI 2405). M.L. was supported further by a Dorothea Schloezer Research Fellowship (UMG Goettingen) and an EMBO short-term fellowship (STF-7267). The work of J.W. and T.N.-M. was financed by funding from the Deutsche Forschungsgemeinschaft (OM6/10 and WA4283/1), the Interdisziplinaeres Zentrum für Klinische Forschung (IZKF) Muenster (Om2/10/20) and "Innovative Medical Research" of the University of Muenster Medical School (I-WA-121418). T.M was supported by the Belgian Interuniversity Attraction Poles P7/30, Concerted Research Action of Ghent University, Research foundation Flanders (FWO) under grant n°G0G2318N. S.P. received a FWO postdoctoral research grant.




Institutional Review Board Statement


GLUCOLD: The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of The University of Leiden and Groningen (MEC 98/07/112, date of approval 26 April 1999. The miR449 WT and KO mice were maintained in C57Bl/6 background (n8) at the animal facility of the European Neuroscience Institute Goettingen, Germany in full compliance with institutional guidelines. The study was approved by the Animal Care Committee of the University Medical Centre Goettingen and the authorities of Lower Saxony under the number 16/2069.




Informed Consent Statement


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




Data Availability Statement


Single cell data count matrices from Adams et al. [55] were downloaded from GEO (accession number GSE136831).




Acknowledgments


We thank Gerd Hasenfuss for supporting, Matthias Dobbelstein for hosting, and Karola Metze and Verena Siol for their assistance.




Conflicts of Interest


The authors declare no competing financial interests. M.L. is now employed at Boehringer Ingelheim Pharma GmbH without financial involvement in this project.




References and Note


	



Satir, P.; Christensen, S.T. Overview of structure and function of mammalian cilia. Annu. Rev. Physiol. 2007, 69, 377–400. [Google Scholar] [CrossRef] [PubMed]

	



Lawson, G.W.; Van Winkle, L.S.; Toskala, E.; Senior, R.M.; Parks, W.C.; Plopper, C.G. Mouse Strain Modulates the Role of the Ciliated Cell in Acute Tracheobronchial Airway Injury-Distal Airways. Am. J. Pathol. 2002, 160, 315–327. [Google Scholar] [CrossRef]

	



Fliegauf, M.; Benzing, T.; Omran, H. When cilia go bad. Cilia defects and ciliopathies. Nat. Rev. Mol. Cell Biol. 2007, 8, 880–893. [Google Scholar] [CrossRef] [PubMed]

	



Beers, M.F.; Morrisey, E.E. The three R’s of lung health and disease: Repair, remodeling, and regeneration. J. Clin. Investig. 2011, 121, 2065–2073. [Google Scholar] [CrossRef]

	



Navarro, S.; Driscoll, B. Regeneration of the Aging Lung. A Mini-Review. Gerontology 2017, 63, 270–280. [Google Scholar] [CrossRef]

	



Spassky, N.; Meunier, A. The development and functions of multiciliated epithelia. Nat. Rev. Mol. Cell Biol. 2017, 18, 423–436. [Google Scholar] [CrossRef]

	



Filipowicz, W.; Bhattacharyya, S.N.; Sonenberg, N. Mechanisms of post-transcriptional regulation by microRNAs. Are the answers in sight? Nat. Rev. Genet. 2008, 9, 102–114. [Google Scholar] [CrossRef]

	



Lizé, M.; Herr, C.; Klimke, A.; Bals, R.; Dobbelstein, M. MicroRNA-449a levels increase by several orders of magnitude during mucociliary differentiation of airway epithelia. Cell Cycle 2010, 9, 4579–4583. [Google Scholar] [CrossRef]

	



Marcet, B.; Chevalier, B.; Luxardi, G.; Coraux, C.; Zaragosi, L.-E.; Cibois, M.; Robbe-Sermesant, K.; Jolly, T.; Cardinaud, B.; Moreilhon, C.; et al. Control of vertebrate multiciliogenesis by miR-449 through direct repression of the Delta/Notch pathway. Nat. Cell Biol. 2011, 13, 693–699. [Google Scholar] [CrossRef]

	



Song, R.; Walentek, P.; Sponer, N.; Klimke, A.; Lee, J.S.; Dixon, G.; Harland, R.; Wan, Y.; Lishko, P.; Lize, M.; et al. miR-34/449 miRNAs are required for motile ciliogenesis by repressing cp110. Nature 2014, 510, 115–120. [Google Scholar] [CrossRef]

	



Wu, J.; Bao, J.; Kim, M.; Yuan, S.; Tang, C.; Zheng, H.; Mastick, G.S.; Xu, C.; Yan, W. Two miRNA clusters, miR-34b/c and miR-449, are essential for normal brain development, motile ciliogenesis, and spermatogenesis. Proc. Natl. Acad. Sci. USA 2014, 111, E2851–E2857. [Google Scholar] [CrossRef] [PubMed]

	



Otto, T.; Candido, S.V.; Pilarz, M.S.; Sicinska, E.; Bronson, R.T.; Bowden, M.; Lachowicz, I.A.; Mulry, K.; Fassl, A.; Han, R.C.; et al. Cell cycle-targeting microRNAs promote differentiation by enforcing cell-cycle exit. Proc. Natl. Acad. Sci. USA 2017, 114, 10660–10665. [Google Scholar] [CrossRef] [PubMed]

	



Chevalier, B.; Adamiok, A.; Mercey, O.; Revinski, D.R.; Zaragosi, L.-E.; Pasini, A.; Kodjabachian, L.; Barbry, P.; Marcet, B. miR-34/449 control apical actin network formation during multiciliogenesis through small GTPase pathways. Nat. Commun. 2015, 6, 8386. [Google Scholar] [CrossRef]

	



Revinski, D.R.; Zaragosi, L.-E.; Boutin, C.; Ruiz-Garcia, S.; Deprez, M.; Thomé, V.; Rosnet, O.; Gay, A.-S.; Mercey, O.; Paquet, A.; et al. CDC20B is required for deuterosome-mediated centriole production in multiciliated cells. Nat. Commun. 2018, 9, 4668. [Google Scholar] [CrossRef]

	



Stubbs, J.L.; Vladar, E.K.; Axelrod, J.D.; Kintner, C. Multicilin promotes centriole assembly and ciliogenesis during multiciliate cell differentiation. Nat. Cell Biol. 2012, 14, 140–147. [Google Scholar] [CrossRef]

	



Wallmeier, J.; A Al-Mutairi, D.; Chen, C.-T.; Loges, N.T.; Pennekamp, P.; Menchen, T.; Ma, L.; E Shamseldin, H.; Olbrich, H.; Dougherty, G.W.; et al. Mutations in CCNO result in congenital mucociliary clearance disorder with reduced generation of multiple motile cilia. Nat. Genet. 2014, 46, 646–651. [Google Scholar] [CrossRef]

	



Lewis, M.; Stracker, T.H. Transcriptional regulation of multiciliated cell differentiation. Semin. Cell Dev. Biol. 2020, 110, 51–60. [Google Scholar] [CrossRef]

	



Boon, M.; Wallmeier, J.; Ma, L.; Loges, N.T.; Jaspers, M.; Olbrich, H.; Dougherty, G.W.; Raidt, J.; Werner, C.; Amirav, I.; et al. MCIDAS mutations result in a mucociliary clearance disorder with reduced generation of multiple motile cilia. Nat. Commun. 2014, 5, 4418. [Google Scholar] [CrossRef]

	



Kurt, O.K.; Zhang, J.; Pinkerton, K.E. Pulmonary health effects of air pollution. Curr. Opin. Pulm. Med. 2016, 22, 138–143. [Google Scholar] [CrossRef] [PubMed]

	



Divo, M.J.; Martinez, C.H.; Mannino, D.M. Ageing and the epidemiology of multimorbidity. Eur. Respir. J. 2014, 44, 1055–1068. [Google Scholar] [CrossRef]

	



Barnes, P.J.; Burney, P.; Silverman, E.K.; Celli, B.R.; Vestbo, J.; Wedzicha, J.A.; Wouters, E.F.M. Chronic obstructive pulmonary disease. Nat. Rev. Dis. Primers 2015, 1, 15076. [Google Scholar] [CrossRef] [PubMed]

	



Yaghi, A.; Dolovich, M.B. Airway Epithelial Cell Cilia and Obstructive Lung Disease. Cells 2016, 5, 40. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, D.F. Mucociliary dysfunction in COPD: Effect of current pharmacotherapeutic options. Pulm. Pharmacol. Ther. 2005, 18, 1–8. [Google Scholar] [CrossRef]

	



Lapperre, T.S.; Postma, D.S.; E Gosman, M.M.; Snoeck-Stroband, J.B.; Hacken, N.H.T.T.; Hiemstra, P.S.; Timens, W.; Sterk, P.J.; Mauad, T. Relation between duration of smoking cessation and bronchial inflammation in COPD. Thorax 2006, 61, 115–121. [Google Scholar] [CrossRef]

	



Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [Google Scholar] [CrossRef] [PubMed]

	



Nemajerova, A.; Kramer, D.; Siller, S.S.; Herr, C.; Shomroni, O.; Pena, T.; Suazo, C.G.; Glaser, K.; Wildung, M.; Steffen, H.; et al. TAp73 is a central transcriptional regulator of airway multiciliogenesis. Genes Dev. 2016, 30, 1300–1312. [Google Scholar] [CrossRef] [PubMed]

	



Chhin, B.; Negre, D.; Merrot, O.; Pham, J.; Tourneur, Y.; Ressnikoff, D.; Jaspers, M.; Jorissen, M.; Cosset, F.-L.; Bouvagnet, P. Ciliary beating recovery in deficient human airway epithelial cells after lentivirus ex vivo gene therapy. PLoS Genet. 2009, 5, e1000422. [Google Scholar] [CrossRef]

	



Van Winkle, L.S.; Buckpitt, A.R.; Nishio, S.J.; Isaac, J.M.; Plopper, C.G. Cellular response in naphthalene-induced Clara cell injury and bronchiolar epithelial repair in mice. Am. J. Physiol. 1995, 269, L800–L818. [Google Scholar] [CrossRef]

	



De Grove, K.C.; Provoost, S.; Brusselle, G.G.; Joos, G.F.; Maes, T. Insights in particulate matter-induced allergic airway inflammation: Focus on the epithelium. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2018, 48, 773–786. [Google Scholar] [CrossRef]

	



Harrod, K.S.; Jaramillo, R.J.; Berger, J.A.; Gigliotti, A.P.; Seilkop, S.K.; Reed, M.D. Inhaled diesel engine emissions reduce bacterial clearance and exacerbate lung disease to Pseudomonas aeruginosa infection in vivo. Toxicol. Sci. 2005, 83, 155–165. [Google Scholar] [CrossRef]

	



Bao, J.; Li, D.; Wang, L.; Wu, J.; Hu, Y.; Wang, Z.; Chen, Y.; Cao, X.; Jiang, C.; Yan, W.; et al. MicroRNA-449 and microRNA-34b/c function redundantly in murine testes by targeting E2F transcription factor-retinoblastoma protein (E2F-pRb) pathway. J. Biol. Chem. 2012, 287, 21686–21698. [Google Scholar] [CrossRef] [PubMed]

	



King, P.T.; Sharma, R. The Lung Immune Response to Nontypeable Haemophilus influenzae (Lung Immunity to NTHi). J. Immunol. Res. 2015, 2015, 706376. [Google Scholar] [CrossRef] [PubMed]

	



Shu, J.; Li, D.; Ouyang, H.; Huang, J.; Long, Z.; Liang, Z.; Chen, Y.; Chen, Y.; Zheng, Q.; Kuang, M.; et al. Comparison and evaluation of two different methods to establish the cigarette smoke exposure mouse model of COPD. Sci. Rep. 2017, 7, 15454. [Google Scholar] [CrossRef] [PubMed]

	



Houghton, A.M. Matrix metalloproteinases in destructive lung disease. Matrix Biol. 2015, 44–46, 167–174. [Google Scholar] [CrossRef]

	



Goto, H.; Inoko, A.; Inagaki, M. Cell cycle progression by the repression of primary cilia formation in proliferating cells. Cell. Mol. Life Sci. CMLS 2013, 70, 3893–3905. [Google Scholar] [CrossRef]

	



Sánchez, A.; Urrego, D.; Pardo, L.A. Cyclic expression of the voltage-gated potassium channel KV10.1 promotes disassembly of the primary cilium. EMBO Rep. 2016, 17, 708–723. [Google Scholar] [CrossRef]

	



Mercey, O.; Popa, A.; Cavard, A.; Paquet, A.; Chevalier, B.; Pons, N.; Magnone, V.; Zangari, J.; Brest, P.; Zaragosi, L.; et al. Characterizing isomiR variants within the microRNA-34/449 family. FEBS Lett. 2017, 591, 693–705. [Google Scholar] [CrossRef]

	



Lin, H.; Li, Z.; Chen, C.; Luo, X.; Xiao, J.; Dong, D.; Lu, Y.; Yang, B.; Wang, Z. Transcriptional and Post-Transcriptional Mechanisms for Oncogenic Overexpression of Ether À Go-Go K+ Channel. PLoS ONE 2011, 6, e20362. [Google Scholar] [CrossRef]

	



Agarwal, V.; Bell, G.W.; Nam, J.-W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian mRNAs. eLife 2015, 4, e05005. [Google Scholar] [CrossRef]

	



Kertesz, M.; Iovino, N.; Unnerstall, U.; Gaul, U.; Segal, E. The role of site accessibility in microRNA target recognition. Nat. Genet. 2007, 39, 1278–1284. [Google Scholar] [CrossRef]

	



Baek, D.; Villén, J.; Shin, C.; Camargo, F.D.; Gygi, S.P.; Bartel, D.P. The impact of microRNAs on protein output. Nature 2008, 455, 64–71. [Google Scholar] [CrossRef]

	



Pugacheva, E.N.; Jablonski, S.A.; Hartman, T.R.; Henske, E.P.; Golemis, E.A. HEF1-dependent Aurora A activation induces disassembly of the primary cilium. Cell 2007, 129, 1351–1363. [Google Scholar] [CrossRef]

	



Pan, J.; Wang, Q.; Snell, W.J. An aurora kinase is essential for flagellar disassembly in Chlamydomonas. Dev. Cell 2004, 6, 445–451. [Google Scholar] [CrossRef]

	



Lam, H.C.; Cloonan, S.M.; Bhashyam, A.R.; Haspel, J.A.; Singh, A.; Sathirapongsasuti, J.F.; Cervo, M.; Yao, H.; Chung, A.L.; Mizumura, K.; et al. Histone deacetylase 6-mediated selective autophagy regulates COPD-associated cilia dysfunction. J. Clin. Investig. 2013, 123, 5212–5230. [Google Scholar] [CrossRef]

	



Jacoby, M.; Cox, J.J.; Gayral, S.; Hampshire, D.; Ayub, M.; Blockmans, M.; Pernot, E.; Kisseleva, M.V.; Compère, P.; Schiffmann, S.; et al. INPP5E mutations cause primary cilium signaling defects, ciliary instability and ciliopathies in human and mouse. Nat. Genet. 2009, 41, 1027–1031. [Google Scholar] [CrossRef]

	



Plotnikova, O.V.; Seo, S.; Cottle, D.; Conduit, S.; Hakim, S.; Dyson, J.M.; A Mitchell, C.; Smyth, I.M. INPP5E interacts with AURKA, linking phosphoinositide signaling to primary cilium stability. J. Cell Sci. 2015, 128, 364–372. [Google Scholar] [CrossRef]

	



Collins, M.; et al. in Mechanisms of lung injury and repair (European Respiratory Society09282019), PA3854.

	



Yuan, S.; Liu, Y.; Peng, H.; Tang, C.; Hennig, G.W.; Wang, Z.; Wang, L.; Yu, T.; Klukovich, R.; Zhang, Y.; et al. Motile cilia of the male reproductive system require miR-34/miR-449 for development and function to generate luminal turbulence. Proc. Natl. Acad. Sci. USA 2019, 116, 3584–3593. [Google Scholar] [CrossRef]

	



Wildung, M.; Esser, T.U.; Grausam, K.B.; Wiedwald, C.; Volceanov-Hahn, L.; Riedel, D.; Beuermann, S.; Li, L.; Zylla, J.; Guenther, A.-K.; et al. Transcription factor TAp73 and microRNA-449 complement each other to support multiciliogenesis. Cell Death Differ. 2019, 26, 2740–2757. [Google Scholar] [CrossRef]

	



Cloonan, S.M.; Lam, H.C.; Ryter, S.W.; Choi, A.M. “Ciliophagy”: The consumption of cilia components by autophagy. Autophagy 2014, 10, 532–534. [Google Scholar] [CrossRef]

	



Sánchez, I.; Dynlacht, B.D. Cilium assembly and disassembly. Nat. Cell Biol. 2016, 18, 711–717. [Google Scholar] [CrossRef]

	



De Jong, K.; Vonk, J.; Imboden, M.; LaHousse, L.; Hofman, A.; Brusselle, G.; Probst-Hensch, N.; Postma, D.; Boezen, H. Genes and pathways underlying susceptibility to impaired lung function in the context of environmental tobacco smoke exposure. Respir. Res. 2017, 18, 142. [Google Scholar] [CrossRef] [PubMed]

	



Hunter, M.P.; Ismail, N.; Zhang, X.; Aguda, B.D.; Lee, E.J.; Yu, L.; Xiao, T.; Schafer, J.; Lee, M.-L.T.; Schmittgen, T.D.; et al. Correction: Detection of microRNA Expression in Human Peripheral Blood Microvesicles. PLoS ONE 2010, 5. [Google Scholar] [CrossRef]

	



Han, R.; Ji, X.; Rong, R.; Li, Y.; Yao, W.; Yuan, J.; Wu, Q.; Yang, J.; Yan, W.; Han, L.; et al. MiR-449a regulates autophagy to inhibit silica-induced pulmonary fibrosis through targeting Bcl2. J. Mol. Med. 2016, 94, 1267–1279. [Google Scholar] [CrossRef] [PubMed]

	



Adams, T.S.; Schupp, J.C.; Poli, S.; Ayaub, E.A.; Neumark, N.; Ahangari, F.; Chu, S.G.; Raby, B.A.; DeIuliis, G.; Januszyk, M.; et al. Single-cell RNA-seq reveals ectopic and aberrant lung-resident cell populations in idiopathic pulmonary fibrosis. Sci. Adv. 2020, 6, eaba1983. [Google Scholar] [CrossRef]

	



Lindon, C.; Grant, R.; Min, M. Ubiquitin-Mediated Degradation of Aurora Kinases. Front. Oncol. 2016, 5, 307. [Google Scholar] [CrossRef]

	



Fu, Y.; Tong, J.; Meng, F.; Hoeltig, D.; Liu, G.; Yin, X.; Herrler, G. Ciliostasis of airway epithelial cells facilitates influenza A virus infection. Vet. Res. 2018, 49, 65. [Google Scholar] [CrossRef]

	



Wilson, R.; Roberts, D.; Cole, P. Effect of bacterial products on human ciliary function in vitro. Thorax 1985, 40, 125–131. [Google Scholar] [CrossRef]

	



Read, R.C.; Roberts, P.; Munro, N.; Rutman, A.; Hastie, A.; Shryock, T.; Hall, R.; McDonald-Gibson, W.; Lund, V.; Taylor, G.; et al. Effect of Pseudomonas aeruginosa rhamnolipids on mucociliary transport and ciliary beating. J. Appl. Physiol. 1992, 72, 2271–2277. [Google Scholar] [CrossRef]

	



Bailey, K.L.; LeVan, T.D.; A Yanov, D.; A Pavlik, J.; DeVasure, J.M.; Sisson, J.H.; A Wyatt, T. Non-typeable Haemophilus influenzae decreases cilia beating via protein kinase Cε. Respir. Res. 2012, 13, 49. [Google Scholar] [CrossRef]

	



Janson, H.; Carlén, B.; Cervin, A.; Forsgren, A.; Magnusdottir, A.B.; Lindberg, S.; Runer, T. Effects on the ciliated epithelium of protein D-producing and -nonproducing nontypeable Haemophilus influenzae in nasopharyngeal tissue cultures. J. Infect. Dis. 1999, 180, 737–746. [Google Scholar] [CrossRef]

	



Piecková, E.; Jesenská, Z. Ciliostatic effect of fungi on the respiratory tract ciliary movement of one-day-old chickens in vitro. Folia Microbiol. 1996, 41, 517–520. [Google Scholar] [CrossRef] [PubMed]

	



Bafadhel, M.; McKenna, S.; Agbetile, J.; Fairs, A.; Desai, D.; Mistry, V.; Morley, J.P.; Pancholi, M.; Pavord, I.; Wardlaw, A.; et al. Aspergillus fumigatus during stable state and exacerbations of COPD. Eur. Respir. J. 2014, 43, 64–71. [Google Scholar] [CrossRef] [PubMed]

	



Sethi, S.; Murphy, T.F. Infection in the pathogenesis and course of chronic obstructive pulmonary disease. N. Engl. J. Med. 2008, 359, 2355–2365. [Google Scholar] [CrossRef] [PubMed]

	



Barnes, P.J.; Stockley, R.A. COPD: Current therapeutic interventions and future approaches. Eur. Respir. J. 2005, 25, 1084–1106. [Google Scholar] [CrossRef] [PubMed]

	



Hessel, J.; Heldrich, J.; Fuller, J.; Staudt, M.R.; Radisch, S.; Hollmann, C.; Harvey, B.-G.; Kaner, R.J.; Salit, J.; Yee-Levin, J.; et al. Intraflagellar transport gene expression associated with short cilia in smoking and COPD. PLoS ONE 2014, 9, e85453. [Google Scholar] [CrossRef]

	



Yaghi, A.; Zaman, A.; Cox, G.; Dolovich, M.B. Ciliary beating is depressed in nasal cilia from chronic obstructive pulmonary disease subjects. Respir. Med. 2012, 106, 1139–1147. [Google Scholar] [CrossRef]

	



Tasena, H.; Faiz, A.; Timens, W.; Noordhoek, J.; Hylkema, M.N.; Gosens, R.; Hiemstra, P.S.; Spira, A.; Postma, D.S.; Tew, G.W.; et al. microRNA-mRNA regulatory networks underlying chronic mucus hypersecretion in COPD. Eur. Respir. J. 2018, 52, 1701556. [Google Scholar] [CrossRef]

	



Vella, G.; Ritzmann, F.; Wolf, L.; Kamyschnikov, A.; Stodden, H.; Herr, C.; Slevogt, H.; Bals, R.; Beisswenger, C. IL-17C contributes to NTHi-induced inflammation and lung damage in experimental COPD and is present in sputum during acute exacerbations. PLoS ONE 2021, 16, e0243484. [Google Scholar]

	



Ritzmann, F.; Borchardt, K.; Vella, G.; Chitirala, P.; Angenendt, A.; Herr, C.; Menger, M.D.; Hoth, M.; Lis, A.; Bohle, R.M.; et al. Blockade of PD-1 decreases neutrophilic inflammation and lung damage in experimental COPD. Am. J. Physiol. Lung Cell. Mol. Physiol. 2021, 320, L958–L968. [Google Scholar] [CrossRef]

	



Provoost, S.; Maes, T.; Joos, G.F.; Tournoy, K.G. Monocyte-derived dendritic cell recruitment and allergic T(H)2 responses after exposure to diesel particles are CCR2 dependent. J. Allergy Clin. Immunol. 2012, 129, 483–491. [Google Scholar] [CrossRef]

	



Provoost, S.; De Grove, K.C.; Fraser, G.L.; Lannoy, V.J.; Tournoy, K.G.; Brusselle, G.; Maes, T.; Joos, G.F. Pro- and Anti-Inflammatory Role of ChemR23 Signaling in Pollutant-Induced Inflammatory Lung Responses. J. Immunol. 2016, 196, 1882–1890. [Google Scholar] [CrossRef] [PubMed]

	



Knust, J.; Ochs, M.; Gundersen, H.J.G.; Nyengaard, J.R. Stereological estimates of alveolar number and size and capillary length and surface area in mice lungs. Anat. Rec. 2009, 292, 113–122. [Google Scholar] [CrossRef] [PubMed]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef] [PubMed]

	



Studer, D.; Michel, M.; Muller, M. High pressure freezing comes of age. Scan. Microsc. Suppl. 1989, 3, 253–268; discussion 268–269. [Google Scholar]

	



Wolf, F.; Angerer, P.; Theis, F. SCANPY: Large-scale single-cell gene expression data analysis. Genome Biol. 2018, 19, 15. [Google Scholar] [CrossRef]

	



Wolock, S.; Lopez, R.; Klein, A.M. Computational Identification of Cell Doublets in Single-Cell Transcriptomic Data. Cell Syst. 2019, 8, 281–291.e9. [Google Scholar] [CrossRef] [PubMed]

	



Gayoso, A.; Lopez, R.; Xing, G.; Boyeau, P.; Pour Amiri, V.V.; Hong, J.; Wu, K.; Jayasuriya, M.; Mehlman, E.; Langevin, M.; et al. A Python library for probabilistic analysis of single-cell omics data. Nat. Biotechnol. 2022, 40, 163–166. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 07749 g001 550] 





Figure 1. miR449 expression is positively correlated with genes associated with ciliogenesis in COPD patients. (a) Schematic overview of the GLUCOLD study design. Microarray analysis was performed for mRNAs and miRNAs using bronchial biopsies, which were collected from 57 COPD patients diagnosed “with moderate to severe symptoms”. (b) Enrichment of the top 10 biological processes among miR449a-positively correlated genes. The GSEA was conducted using the Gene Ontology gene set for biological processes and the list of genes ordered by the strength of their correlation to miR449a. Green bars mark cilia-associated processes. All displayed gene sets for biological processes are significant with FDR < 0.001. (c) Comparison between miR449a-positively correlated genes in COPD patients and cilia-associated genes identifies 135 overlapping ciliary genes [26]. Left: table displays the top 20 significantly overlapped ciliary genes (out of 135). Right: illustration of the intraflagellar transport, cross-section of a motile cilium, and of a microtubule doublet highlights the location of some of the top 20 overlapped ciliary genes positively correlated with miR449a. Lower right panel: miR449a expression is positively correlated with DNAI1. Significance was determined by FDR < 0.05. 






Figure 1. miR449 expression is positively correlated with genes associated with ciliogenesis in COPD patients. (a) Schematic overview of the GLUCOLD study design. Microarray analysis was performed for mRNAs and miRNAs using bronchial biopsies, which were collected from 57 COPD patients diagnosed “with moderate to severe symptoms”. (b) Enrichment of the top 10 biological processes among miR449a-positively correlated genes. The GSEA was conducted using the Gene Ontology gene set for biological processes and the list of genes ordered by the strength of their correlation to miR449a. Green bars mark cilia-associated processes. All displayed gene sets for biological processes are significant with FDR < 0.001. (c) Comparison between miR449a-positively correlated genes in COPD patients and cilia-associated genes identifies 135 overlapping ciliary genes [26]. Left: table displays the top 20 significantly overlapped ciliary genes (out of 135). Right: illustration of the intraflagellar transport, cross-section of a motile cilium, and of a microtubule doublet highlights the location of some of the top 20 overlapped ciliary genes positively correlated with miR449a. Lower right panel: miR449a expression is positively correlated with DNAI1. Significance was determined by FDR < 0.05.



[image: Ijms 23 07749 g001]







[image: Ijms 23 07749 g002 550] 





Figure 2. miR449 is induced upon multiciliated epithelial (re)generation. (a) ISH of mouse embryo (E18.5) sections using an miR449a probe (left) and a secondary antibody control (right). Multiciliated organs show positive staining for miR449a (arrowheads). Magnification indicates the expression of miR449a in trachea and lungs. Cp = choroid plexus, eu = Eustachian tube, sc = supranasal cavity, tr = trachea, and lu = lung. (b) Mature miR34/449 expression in human airway epithelial cells during multiciliated epithelia formation at ALI. Day 0 is used as reference. Data points for miR449a and miR34a were previously published [8]. n = 3 per time point. (c) RNA sequencing read count data [26] for miR34/449 family members and multiciliated cell fate markers (Foxj1, Gemc1, and Mcidas) during multiciliated differentiation of MTECs at ALI. Day 0 is used as reference. miRNAs: n = 2 per time point; mRNAs: n = 3 ALIs. (d) Schematic representation of naphthalene-induced airway damage and regeneration timeline. Mice were treated once with naphthalene (200 mg/kg, or oil (Ctrl); intraperitoneally (i.p.)). (e) Quantification of mature miR449a levels in WT lungs at various time points after naphthalene injection. Ctrl levels are used as reference. n = 3 (Ctrl), n = 2 (d1), and n = 5 (d3, d7, d14) mice per group. (f) Schematic Illustration of diesel exhaust particles’ (DEPs’) treatment to induce acute lung inflammation in mice. Mice were instilled intratracheally with DEPs (100 µg) or saline (Ctrl) on day 1, 4, and 7, and analyzed at d9. (g) Mature miR449a and Cdc20b levels were quantified in DEP- and saline-treated lungs (Ctrl), and normalized to U6 or 36b4, respectively. Ctrl levels are used as reference. n = 6 (Ctrl), n = 8 (DEP) mice per group. All data are presented as the mean ± SEM with * p < 0.05 and ** p < 0.01. 
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Figure 3. miR449 depletion impairs ciliation of airway epithelial cultures. (a) A scheme of murine chromosome 13, where Ccno, Mcidas, Cdc20b, and miR449 (plus strand) genes are located. miR449 cluster is positioned within the second intron of Cdc20b. miR449 cluster member seed sequences are marked in red. Depletion of miR449a, b, and c in miR449−/− mice occurred without impairing Cdc20b. (b) Relative expression of mature miR-34/449 in lungs from WT and miR449−/− mice. Taqman qPCR, n = 5 mice per genotype. (c) Immunofluorescence (IF) staining for axonemal cilia markers Ac-α-TUB (green) and DNAI1 (red) in WT and miR449−/− ALI cultures (d6). Nuclei were stained with DAPI (blue). For more images see Supplementary Figure S1a. (d) Quantification of cilia markers IF signal per epithelial length of ALIs shown in c relative to WT. n = 63 (WT) and n = 99 (miR449−/−) images from 3 WT and 3 miR449−/− cultures (3 mice per culture). (e) Representative higher magnifications from c highlighting cilia length (white bars). (f) Relative length of cilia measured from d. All data are presented as the mean ± SEM and relative to the WT group with ** p < 0.01 and *** p < 0.001. 
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Figure 4. miR449−/− mice show impaired multiciliated airway epithelial regeneration. (a) IF staining for cilia markers Ac-α-TUB (green) and DAPI (blue) of lung sections from vehicle and naphthalene-treated WT and miR449−/− mice. Cf. Figure 2d illustrates the experimental setting. (b) Quantification of Ac-α-TUB IF signal per epithelial length in WT and miR449−/− lungs at d3 and d14 after naphthalene injury. Levels of d3 WT lungs serve as reference. d3: n = 6 mice/genotype; d14: WT n = 5 and miR449−/− n = 3. (c) Motile cilia marker DNAI1 was quantified by immunoblot analysis on samples from experiment in Figure 4a with β-ACTIN used as loading control. (d) Treatment scheme of NTHi-induced chronic lung inflammation. WT and miR449−/− mice were treated with nebulized NTHi for 1 h/d and 5 d/week (w) over a period of 3 months. (e) IF for Ac-α-TUB (green) and DAPI (blue) of lung sections from NTHi-treated WT and miR449−/− mice. (f) Immunoblot analysis for motile cilia marker DNAI1 in lung lysates from experiment in Figure 4d; β-ACTIN was used as loading control. (g) Expression levels of Dnah5 analyzed by qPCR and normalized to 36b4 in WT and miR449−/− lungs. n = 4/genotype. (h) IF staining for Ac-α-TUB (green), DNAI1 (red), and DAPI (blue) of tracheal sections from 6-month-old WT and miR449−/− mice. (i) Ac-α-TUB IF signal quantification per epithelial length in tracheal sections shown in (h). n = 3. (j) Immunoblot for DNAI1 in lung lysates from 6-month-old WT and miR449−/− mice; constitutive protein HSC70 was used as a loading control. All data are presented as the mean ± SEM and relative to the WT group with * p < 0.05 and *** p < 0.001. 






Figure 4. miR449−/− mice show impaired multiciliated airway epithelial regeneration. (a) IF staining for cilia markers Ac-α-TUB (green) and DAPI (blue) of lung sections from vehicle and naphthalene-treated WT and miR449−/− mice. Cf. Figure 2d illustrates the experimental setting. (b) Quantification of Ac-α-TUB IF signal per epithelial length in WT and miR449−/− lungs at d3 and d14 after naphthalene injury. Levels of d3 WT lungs serve as reference. d3: n = 6 mice/genotype; d14: WT n = 5 and miR449−/− n = 3. (c) Motile cilia marker DNAI1 was quantified by immunoblot analysis on samples from experiment in Figure 4a with β-ACTIN used as loading control. (d) Treatment scheme of NTHi-induced chronic lung inflammation. WT and miR449−/− mice were treated with nebulized NTHi for 1 h/d and 5 d/week (w) over a period of 3 months. (e) IF for Ac-α-TUB (green) and DAPI (blue) of lung sections from NTHi-treated WT and miR449−/− mice. (f) Immunoblot analysis for motile cilia marker DNAI1 in lung lysates from experiment in Figure 4d; β-ACTIN was used as loading control. (g) Expression levels of Dnah5 analyzed by qPCR and normalized to 36b4 in WT and miR449−/− lungs. n = 4/genotype. (h) IF staining for Ac-α-TUB (green), DNAI1 (red), and DAPI (blue) of tracheal sections from 6-month-old WT and miR449−/− mice. (i) Ac-α-TUB IF signal quantification per epithelial length in tracheal sections shown in (h). n = 3. (j) Immunoblot for DNAI1 in lung lysates from 6-month-old WT and miR449−/− mice; constitutive protein HSC70 was used as a loading control. All data are presented as the mean ± SEM and relative to the WT group with * p < 0.05 and *** p < 0.001.
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Figure 5. miR449 deficiency results in a spontaneous COPD phenotype with increased inflammatory response. (a) Schematic illustration of the COPD mouse model, smoke-induced. The treatment of WT mice at the age of 4 months took place over a period of 6 months, for 5 h/d and 5 d/w. WT mice were either exposed to CS or maintained at AA, whereas miR449−/− were exposed, during this period, to AA. A positive control for the development of the COPD phenotype were WT mice exposed to CS. (b,c) Tissue elastance (b) as well as total lung capacity (c) were measured to assess pulmonary function using miR449−/−, CS-exposed WT and WT mice at 10 months of age. n = 4–5 mice/genotype. Analysis was conducted using the FlexiVent system. (d) By measurements of the mean chord length, emphysema was analyzed in miR449−/−, CS-exposed WT and WT mice at the age of 10 months. n = 4 mice/genotype. (e) Counting of macrophages in BALF of miR449−/−, CS-exposed WT and WT mice at 10 months of age. n = 5 mice/genotype. (f) Immunoblot analysis of M2 macrophage marker CD206 in lysates of WT and miR449−/− mice following NTHi treatment. HSC70 was used as a loading control and quantification thereof (g), respectively; WT serves as reference. (h) Relative mRNA expression of Mmp9 and Mmp12 in WT and miR449−/− mice treated with NTHi, normalized to 36b4. WT levels serve as a reference. n = 4 mice/genotype. (i) Immunoblot analysis of TIMP1 protein expression and relative quantification thereof (j). HSC70 was used as loading control. All values are presented as the mean ± SEM and relative to the WT group with * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 6. Targeting Aurora kinase A via miR449 reduces ciliary disassembly. (a) Schematic illustration of the experimental procedure to induce assembly and disassembly of primary cilia in MEFs. Serum removal for 60 h triggers primary cilium assembly, whereas the subsequent addition for 6 h leads to ciliary disassembly. (b) Visualization of the ciliary axoneme as well as the basal body, respectively, in Ac-α-TUB (green) and pericentrin (red) stained MEFs of WT and miR449−/− mice. Nuclei were counterstained using DAPI (blue). Primary cilia are indicated by arrowheads. Primary cilia are highlighted in the lowest panel in higher magnification from boxed regions in the panel above. (c) Quantification of ciliated cells, respectively, in MEFs of WT and miR449−/− at points in time of assembly and disassembly. (d) Schematic illustration of ciliary disassembly (schematic overview was adapted from [35]). Ca2+ influx into the cytoplasm is triggered by growth factor stimulation and results in binding of Ca2+ to calmodulin (CaM). CaM subsequently binds to, and thus activates AURKA by autophosphorylation, which, in turn, phosphorylates HDAC6. In the following, HDAC6 removes acetyl groups from α-tubulin, which triggers ciliary disassembly [35,44]. Kv10.1 (KCNH1) promotes, via an unknown mechanism, ciliary disassembly [36]. (e,f) H1299 cells were transfected with pre-miRNAs from the miR449 family in addition to a natural miRNA (miR302*) without predicted AURKA binding sites and a synthetic control sequence (Ctrl; NC#2), both as references. Forty-eight hours post-transfection, lysates were harvested and AURKA protein and mRNA expression were analyzed in immunoblots (e) and by qPCR ((f), n = 3). (g) Immunoblot analysis of AURKA protein levels in lungs of 6-month-old miR449−/− and WT mice, and relative quantification thereof. β-ACTIN was used as loading control. n = 4 mice per genotype. (h) AURKA protein expression in lung lysates isolated from naphthalene-treated WT and miR449−/− mice at d7. β-ACTIN was used as loading control. All data are presented as the mean ± SEM and relative to the WT group with * p < 0.05 and ** p < 0.01. 
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Figure 7. miR449 deficiency causes cilia ultrastructural defects and reduced mucociliary transport. (a) Transmission electron microscopy (TEM) was used to inspect tracheal cilia of WT and miR449−/− mice. Red arrowheads point to aberrant cilia with membrane detachment. (b) Percentage of aberrant cilia observed in TEM with n = 3 WT (711 cilia from 168 images) and n = 5 miR449−/− (305 cilia from 184 images). (c) Velocity of bead transport in WT and miR449−/− tracheae. Passive diffusion over dead tracheae of both genotypes serves as control. n = 38 WT measurements on 5 mice; n = 36 miR449−/− measurements on 5 mice; n = 25 diffusion measurements on 9 mice. Supplementary Videos S1 and S2 contain bead transport movies. (d) Bead trajectories aggregated from 2000 images over 32 s of video. WT tracheae display longer trajectories along a flow field. Direction of beads is indicated by red arrows. All data are displayed as the mean ± SEM and compared to the WT group with * p < 0.05 and ** p < 0.01, respectively. 
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Figure 8. Inhibition of HDAC6 rescues ciliation in miR449−/− ALI cultures. (a) miR449−/− ALI cultures were treated with DMSO (Ctrl) or tubastatin (100 nM), a HDAC6 inhibitor (inh.), twice daily from d0 to d6 under serum-free conditions. At d6 cultures were fixed and stained for Ac-α-TUB (green) and nuclear DNA (DAPI, blue). (b) Quantification of IF signal of cilia marker per epithelial length of ALIs shown in (a) relative to miR449−/− Ctrl. n = 19 (miR449−/− Ctrl) and n = 24 (miR449−/− + HDAC6 inh.) images from 2 miR449−/− (Ctrl) and 2 miR449−/− + HDAC6 inh. ALI cultures (3 mice per culture). (c) Representative images of cilia length, (d) Cilia length is measured from (a,c). All data are presented as the mean ± SEM and relative to the miR449−/− Ctrl group with ** p < 0.01. 
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Figure 9. miR449 protects airway regeneration (schematic model). Left panel (WT mice): When environmental toxicants (bacteria, cigarette smoke, diesel exhaust particles, naphthalene) enter the lungs, they are normally trapped in mucus and transported out of the airways by synchronized beating of numerous motile cilia, a phenomenon known as mucociliary clearance. Adequate clearance enables healthy airway regeneration, thereby preventing chronic airway inflammation. miR449 ensures cilia maintenance and healthy clearance by controlling AURKA/HDAC6-mediated ciliary disassembly. Right panel (miR449−/− mice): by promoting AURKA-mediated ciliary disassembly, loss of miR449 affects ciliated epithelium renewal and mucociliary clearance, resulting in stronger inflammatory response to insult as toxicants may not be cleared efficiently, ultimately resulting in the development of emphysematous manifestations of COPD. Legend: AC = acetylated-alpha-tubulin, P = phosphorylated HDAC6. 
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Figure 10. Expression of CDC20B and HDAC6 in public single cell data from [54] was downloaded and reprocessed (a) Mean expression of CDC20B in epithelial cells from healthy controls (n = 16). (b) CDC20B expression in UMAP dimensionality reduction, comparing between COPD (n = 14, cells = 1390), control (n = 16, cells = 2666), and IPF (n = 32, cells = 6592). Lower right: UMAP plot shows the annotation of cell types in the dataset. (c) Dot plot showing the expression of CDC20B, AURKA, and HDAC6 in ciliated cells. The normalized log expression is scaled from lowest (0) to highest (1). 
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