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Junctional Adhesion Molecule 3 Expression in the Mouse Airway Epithelium Is Linked to Multiciliated Cells
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Tight-junction (TJ) proteins are essential for establishing the barrier function between neighbor epithelial cells, but also for recognition of pathogens or cell migration. Establishing the expression pattern and localization of different TJ proteins will help to understand the development and physiology of the airway. Here we identify that the junctional adhesion molecule 3 (Jam3) expression is restricted to multiciliated cells (MCCs) in the airway epithelium. In vitro, Jam3 expression varies along airway basal stem cell (BSC) differentiation and upon DAPT treatment or IL6 exposure. However, Jam3 is not required for BSC differentiation to specific cell types. In addition, we found that MCC lacking Jam3 display normal cilia morphology and cilia beating frequency with a delay in BB assembly/positioning in MCCs during differentiation. Remarkably, Jam3 in MCC is mostly localized to subapical organelles, which are negative for the apical recycling endosome marker Rab11 and positive for EEA1. Our data show that Jam3 expression is connected to mature MCC in the airway epithelium and suggest a Jam3 role unrelated to its known barrier function.
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INTRODUCTION

Junctional adhesion molecule 3 (Jam3), together with Jam1 and Jam2, is known as a tight-junction (TJ) component that belongs to the junctional adhesion molecule family of proteins (Hartmann et al., 2020). In vertebrate cell cultures, Jam3 has been involved in epithelial barrier function; however, Jam3 knockout mice display additional phenotypes related with cell migration of immune cells and cilia and/or polarity in spermatids, airway epithelium, and brain ventricles (Kummer and Ebnet, 2018; Hartmann et al., 2020). Importantly, 40% of the lethality observed in Jam3-KO mice is due to pulmonary dysfunction, but how this phenotype is related to its cellular and subcellular localization related is completely unknown.

Since its discovery in 2004 (Cunningham et al., 2000), various in vitro studies have suggested that Jam3 has important functions in the assembly of TJs in endothelial and epithelial cells, but also in transendothelial and transepithelial migration of immune cells (Bazzoni, 2003; Ebnet, 2017; Hartmann et al., 2020). Indeed, Jam3 has been proposed to promote neutrophil migration in vivo and in vitro in endothelial cells (Chavakis et al., 2004; Woodfin et al., 2011). This Jam3-dependent neutrophil migration phenotype was also described in vitro with epithelial cells, where Jam3 is a component of desmosomes (Zen et al., 2004). A later study on Jam3 KO mice reported a pulmonary dysfunction where histological analysis revealed large infiltrates of neutrophils in the lungs in all moribund Jam3 KO mice (Imhof et al., 2007). Moreover, the blockade of Jam3 improved lung histology and reduced neutrophil contents in lungs of septic mice (Hirano et al., 2018). All this work supports a function of Jam3 in the lungs related to inflammatory response. On the other hand, under certain pathological conditions like cystic fibrosis (CF) or infection, TJs can be altered due to the inflammatory response (Coyne et al., 2002). The increased secretion of proinflammatory factors like tumor necrosis factor alpha (TNF-alpha) and interferon gamma (IFN-gamma)-increased secretion affects TJ structure and protein expression (Coyne et al., 2002). Interleukin 13 (IL-13), which drives asthma symptoms or IL-4 and IL-13 enhanced by IFN-gamma, induces changes in the TJ protein composition so that paracellular permeability becomes increased (Ahdieh et al., 2001; Schmidt et al., 2019).

As mentioned above, the initial studies in vivo using Jam3 KO mice showed that the deletion of Jam3 is to a large extent lethal, but the remaining male mice were infertile mice (Gliki et al., 2004). A closer look at the phenotype revealed that those Jam3 knockout mice had deficiencies in spermatid differentiation, when they change from round spermatids into spermatozoa, due to defect in the assembly of the polarity complex (Gliki et al., 2004). This could be considered as the first connection between Jam3 and cilium, taking into account that frequently mutations that generate motile cilia defects, like those found in primary ciliary dyskinesia (PCD), also have an effect on sperm tail formation. This is more evident if we look at the sperm tail and motile cilium basic structure. Both cellular components shared the same ultrastructural 9 + 2 microtubular arrangement (Sironen et al., 2020). More recently, Wyss et al. (2012) reported that Jam3 KO mice developed hydrocephalus, a phenotype that could also be related to cilia malfunctioning. In the brain, ependymal cell lining of cerebral ventricles covered their apical surface by cilia that beat in a coordinated fashion to facilitate circulation of the cerebrospinal fluid (CSF) (Tissir et al., 2010; Boutin et al., 2014; Carvajal-Gonzalez et al., 2016a). In the airway but also in other tissues, planar cell polarity signaling within cell–cell junctions properly orients cilia in multiciliated cells (MCCs) along the tissue (Carvajal-Gonzalez et al., 2016a). This function/connection between centriole positioning and PCP is a conserved function from flies to humans (Vladar et al., 2012, 2016; Carvajal-Gonzalez et al., 2016a,b; Garrido-Jimenez et al., 2019). In the literature, no connection has been described so far between Jam3 and PCP.

Here, we decided to characterize the molecular and cellular function in the airway epithelium of Jam3 and found that the expression of the junctional adhesion molecule, Jam3, is restricted to MCCs in the airway. In those cells, Jam3 localized mostly to apical sorting endosomes but did not contribute to cilia number, size, or morphology. However, Jam3 depletion affects basal body alignment and positioning at the apical side of MCC. On the other hand, prior to cell differentiation, Jam3 expression is upregulated in basal stem cells (BSCs) most likely to favor TJ formation. Overall, our findings place Jam 3 expression closely linked to MCC in the airway epithelium.



RESULTS


Jam3 Expression in vivo Is Limited to Multiciliated Cells in the Mouse Airway Epithelium in vivo

The airway epithelium is formed mainly by three cell types, BSCs, secretory cells (SCs), and MCCs (Cardoso, 2001; Rawlins and Hogan, 2006). BSCs are responsible for tissue regeneration, and they are able to completely regenerate the epithelium (Rock et al., 2009; Yang et al., 2018). SCs, either club or goblet cells, produce mucus, essential to trapping pathogens and particles (Rawlins et al., 2009). Besides, MCCs play their role by constantly swapping the mucus toward the mouth, so that the airway tract remains cleared (Bustamante-Marin and Ostrowski, 2017). The Jam3 expression pattern in the airway is completely unknown, even though mice lacking the Jam3 gene die due to respiratory tract infections (Imhof et al., 2007). We started by performing an immunohistochemical analysis of Jam3 in the mouse airway. In mouse lung sections, we first observed that Jam3 localization is not homogeneous in the epithelium, but instead is restricted to some cells (Figures 1A,A’). A closer look at those cells revealed that Jam3 expression was presented in MCCs and not in secretory or basal neighbor cells (Figure 1A’). Likewise, a co-staining with Jam3 and acetylated tubulin, which accumulates in the cilium axoneme, in a whole-mount trachea showed that Jam3 was indeed co-localizing with MCCs labeled with acetylated tubulin (Figures 1B–B”’). We also noticed that in our whole-mount confocal images, Jam3 expression levels were heterogeneous among MCCs, where we can find a mix of cells with low or high Jam3 levels (Figures 1C–C”). Overall, we found that Jam3 expression in the airway epithelium is restricted to MCCs.


[image: image]

FIGURE 1. Junctional adhesion molecule 3 (Jam3) is expressed in multiciliated cells in the mouse airway epithelium. (A) Immunohistochemistry of Jam3 in the mouse airway epithelium. Black arrows point to multiciliated cells, while black arrowheads point toward non-ciliated cells. (A’) A higher magnification image for a Jam3 immunohistochemistry in the mouse airway epithelium. (B’) A magnification of an immunohistochemistry image of Jam3 in the mouse airway epithelium. (B) Immunofluorescence in mouse whole-mount trachea for Jam3 in red (gray in panel B’), acetylated tubulin in green (gray in panel B’), and DAPI in blue (gray in panel B”). (C) Confocal image with higher magnification for Jam3 localization in whole-mount tracheas, Jam3 in red (gray in panel C’), and acetylated tubulin in green (gray in panel C”). (D,E) Jam3 immunofluorescence in MTECs differentiated for 14 days in vitro, nuclei in blue (gray in panels D’,E’), and Jam3 in green (gray in panels D’,E”) using two different antibodies. Scale bar represents 10 μm in panel (C), represents 10 μm, and represents 20 μm in panels (D,E). White arrowhead point a MCC with low Jam3 expression levels.




Jam3 Expression in vitro Is Also Restricted to MCCs

To further characterize the localization and function of Jam3 in MCCs, we tested the localization pattern of Jam3 in vitro. We used differentiated mouse tracheal epithelial cell cultures (MTECs), which at least contain all three major cellular components, basal cells, SCs, and MCCs. Using two different antibodies (AF1213 and AB_2533486), we found a restricted endogenous expression of Jam3 in some cells (Figures 1D–D”,E–E”). To be completely sure that we were detecting Jam3, we cloned the cDNA of Jam3 from MTECs in frame with GFP to confirm that the Jam3 antibody was indeed detecting Jam3 in our immunofluorescence and also in Western blots (Supplementary Figure 1). A dog cell line [Madin-Darby Canine Kidney (MDCK) cells] and a human cell line (HEK293) were transfected with our Jam3-GFP construct (Supplementary Figure 1). We found that the Jam3 antibody AF1213 was capable of labeling only those MDCK cells expressing mouse Jam3-GFP and not neighbor cells (Supplementary Figure 1). In Western blot, the Jam3 antibody AF1213 and GFP antibody detected the expression of Jam3 only in those cells transfected with our Jam3-GFP (Supplementary Figure 1). This set of experiments confirmed that we were detecting mouse Jam3 with the antibody AF1213 and that a different antibody (AB_2533486) provided the same staining pattern.

Next, we performed two different double immunofluorescences with MCC markers, Jam3 and Foxj1 (a transcription factor required for MCC differentiation) and Jam3 and acetylated tubulin (Figures 2A–A”,B–B”). Upon imaging and quantification, we found that above 75% of cells that were positive for Foxj1 or acetylated tubulin were also clearly positive for Jam3 (Figure 2C). We determined that Jam3 expression in the airway epithelium is restricted to MCCs in vivo and in vitro; however, there are some cells in vitro which are negative for Jam3 that we were not able to detect in vivo.
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FIGURE 2. Junctional adhesion molecule 3 (Jam3) expression is restricted to a subset of multiciliated cells. (A,B) Representative images for Jam3 and Foxj1 (A) or acetylated tubulin (B) to evaluate the co-labeling of MCCs. Foxj1 in green (gray in panel A’), and Jam3 in red (gray in panel A”) Acetylated tubulin in green (gray in panel B’), and Jam3 in red (gray in panel B”) (C) Quantification of the number of cells that express Jam3 and acetylated tubulin or Jam3 and Foxj1. (D) Set of confocal images at different days of differentiation (from ALI 3 to ALI7) for Jam3 in red (gray in panel D”), acetylated tubulin in green (gray in panel D’), and nuclei in blue. (E) Quantification of acetylated tubulin-positive cells with high levels of Jam3, low levels of Jam3, or negative for Jam3 from ALI4 to ALI7. No acetylated tubulin or Jam3-positive cells were detected in ALI3. (F) Relative gene expression levels for deuterosomal cells and mature ciliated cell markers in Jam3-positive or negative cells (all of them are Foxj1-positive cells). Scale bar in panels (A,B) represents 20 and 10 μm in panel (D). Red arrow pointed Foxj1 positive cells which are Jam3 negative. Red starts marked Ac-tubulin positive cells which are Jam3 negative.


To test whether this Jam3 expression was related to a differentiation status of MCCs, we co-stained MTECs with Jam3 and acetylated tubulin along the differentiation process when MCCs start to appear in this culture system (from ALI3 to ALI7) (Figures 2D–D”). We found that acetylated tubulin started to accumulate and assemble cilia from ALI4 and that it is not detected in ALI3 (Figure 2D’). In those conditions we found that Jam3 also accumulates in some cells (only around 30 cells in a 6.5-mm filter with thousands of cells) from ALI4 and that the number of cells co-labeled with both proteins, Jam3 and acetylated tubulin, increased along the differentiation process (Figure 2D and quantified in Figure 2E). In our immunofluorescence images, we could find acetylated tubulin-positive cells with high levels of Jam3, which were the majority of the cells in all conditions from ALI4 to ALI 7 (Figure 2E). Yet, we could also find acetylated tubulin cells with lower levels of Jam3 and very few cells with acetylated tubulin cells and without Jam3 staining (Figure 2E).

To further characterize the connection between Jam3 expression and MCC differentiation status, we evaluated the expression of genes that distinguish between deuterosomal cells or mature MCCs (Bukowy-Bieryłło, 2021) using published single-cell expression data sets (Plasschaert et al., 2018). Our analyses revealed that those MCCs that do not express Jam3 had higher expression levels of deuterosomal cell markers, while no difference between Jam3-positive or -negative cells are found for mature MCC markers or Foxj1 (Figure 2F).

Based on these results, we concluded that most of MCCs at steady state are Jam3-positive cells and that Jam3 expression in MCCs is linked to mature MCCs.



Jam3 Subcellular Localization in MCC Is Abundant in Apical Sorting Endosomes

As observed in Figure 1B’, Jam3 localization in MCCs is at the apical portion of the cell and not detected in the distal part of the cilia axonemes or along the basolateral side of these epithelial cells. This subcellular distribution was confirmed by immunofluorescence and confocal imaging of Jam3 in MTECs (Figures 3A–A”,B–B”). By looking at the different confocal plane images, we were able to detect low levels of Jam3 at the cell–cell contacts (white arrows in Figure 3A and Supplementary Figure 2), but we also detected Jam3 expression above those junctions and in very apically located endosomes at the TJ plane stained with ZO1 (Figure 3B). Looking back in our whole-mount staining confocal images, we could also find Jam3 located in endosomes in the most apical planes (Figures 3C–C’,D).
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FIGURE 3. Junctional adhesion molecule 3 (Jam3) localizes at cell–cell contacts and in apical sorting endosomes. (A) Confocal Z-planes from apical to more basal ones (Z3 to Z5) of Jam3 in MCCs. White arrows point to Jam3 localization at cell contacts, and white arrowheads denoted Jam3 localization in apically located endosomes. Jam3 in red (gray in panel A’), and nucleus in blue (gray in panel A”). (B) Serial confocal Z-planes (Z3 to Z5) of Jam3 co-localization with ZO1 in MCCs. Jam3 in green (gray in panel B’), and ZO1 in red (gray in panel B”). (C) Immunofluorescence in mouse whole-mount trachea for Jam3 in red (gray in panel C’) and nuclei in blue. (D) A zoom for a region of interest from panel (A) showing Jam3 localization in a group of cells. (E) A single confocal plane image for Jam3 in red (gray in panel E”) and EEA1 in green (gray in panel E”’) co-localization analyses (white in panel E’). White arrows point to Jam3 and EEA1 co-localization in endosomes, and white arrowheads denoted Jam3 endosomes which are EEA negative. Note that not all EEA1-positive endosomes are positive for Jam3. The step size between Z planes is 1 μm. Scale bar in panels (A,B,D) represents 10 μm. The dotted white box represents the ROI depicted in panel (D).


To describe the endosomal nature of those organelles where Jam3 localizes in MCCs, we performed co-staining of Jam3 with an apical sorting endosome marker, EEA1, and an apical recycling endosomal marker, Rab11. We found that many of the Jam3-containing endosomes were also apical-sorting endosomes co-labeled with EEA1 (Mander’s coefficients, M1 = 0.28 and M2 = 0.34; displaced images: M1 (five-pixel shift) = 0.12 and M2 (five-pixel shift) = 0.13; M1 vs. M1 (five-pixel shift) p = 0.03 and M2 vs. M2 (five-pixel shift) p = 0.01; see section “Materials and Methods”) (Figures 3E–E”” and Supplementary Figure 2) and co-localization with Rab11 was almost not found (Supplementary Figure 2). Recently, liquid-like organelles have been related to cilia development (Lee et al., 2020); we tested whether Jam3 appeared in those organelles where Daap1 or Dnai1 was concentrated and found no co-staining in MCCs (Supplementary Figure 2). To further locate Jam3 at the membrane, we did a co-staining of Jam3 with Vangl1, a planar cell polarity-related protein localized in adherent junctions. By looking at different images at the most apical planes of MTECs, we found that junctional Jam3 is located more apically than Vangl1 (Supplementary Figure 3), although this Jam3 localization at the membrane is not always easy to observe.

Overall, Jam3 localized in MCCs mostly at apical-sorting endosomes at the level of the TJs and in some cells is detected at the cell–cell contacts above Vangl1 junctions.



Cilia Morphology and Function Are Not Altered in the Absence of Jam3

Mouse tracheal epithelial cell cultures have been extensively used to study the biology of the airway, including cell differentiation, cilia functioning, or protein secretion, among many other features. To assess Jam3 function in the airway epithelium, we developed a combination of shRNAs capable of decreasing the expression of Jam3 in MTECs to study the function of Jam3 in MCCs. Briefly, during cell expansion and prior to MTEC differentiation, we infected and selected MTECs with Jam3 shRNAs to produce the desired Jam3 knockdown (Jam3-KD). For Jam3-KD, we used a combination of two shRNAs to bolster the knockdown efficiency, as single shRNA provided less knockdown capability. As a control, we infected MTECs with a shRNA against luciferase (Luc-KD). Jam3 downregulation was confirmed at the RNA level by quantitative PCR in MTECs differentiated in the air liquid interface for 14 days (ALI 14) (Figure 4A) and at the protein level by immunofluorescence (Supplementary Figure 4). Notice that in those Jam3-KD conditions, we could not detect Jam3-positive cells that were easily found in control Luc-KD conditions (Supplementary Figure 4). We assessed the expression of Jam1 and Jam2 in Jam3-KD conditions compared to Luc-KD and found that Jam3 downregulation does not affect the expression of the other two junctional adhesion molecules (Figures 4B,C).
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FIGURE 4. Downregulation of Jam3 does not alter cilia structure and function. (A–C) Mean mRNA expression levels of Jam3 (A), Jam1 (B), and Jam2 (C) assessed in differentiated MTECs infected with control viruses (Luc KD) or Jam3-shRNAs (Jam3 KD), n = 3. (D,E) Scanning electron micrographs of Jam3-KD and control (Luc KD) MTECs differentiated for 14 days. (F,G) Lateral and top views of confocal images for acetylated tubulin (in green), ZO-1 (in red), and nucleus (in blue) in Jam3-KD (G,G’) and Luc KD (F,F’) MTECs. (H) Cilia beating frequency quantification as number of beats per second in cells treated with Luc KD and Jam3 KD MTECs. (I,J) Basal body staining in control (I) and Jam3 KD cells (J). (K,L) Black and white image obtained to calculate the Mm ratio in a control cell (K) and a Jam3 KD cell (L). (M) Mm ratio quantification for individual cells. n > 60 in Control and Jam3 KD conditions. (N,O) Centriolin staining in control (Luc KD) and Jam3-KD cells in ALI 5. (P) Quantification of MCCs in different stages of differentiation in control and Jam3 KD cells. Type II/III are those cells with Centriolin staining in aggregates (pink arrowheads) while Type IV/V are those cells with Centriolin staining dispersed at the apical membrane (white arrowheads). Scale bar in panels (F,G) represent 20 μm. p-values in all conditions were obtained using t-test.


Once our Jam3-KD was settled and based on the cellular and subcellular localization of Jam3 in MCCs, we first decided to look at cilia morphology using scanning electron microscopy (SEM). As shown in Figure 4D,E, no morphological ciliary defects were detected in SEM micrographs in Jam3-KD cells when compared to Luc-KD cells (Figures 4D,E). We also found a similar ciliary size and cilia number at the apical membrane of MTECs (Figures 4D,E). Next, we performed an immunofluorescence against acetylated tubulin and found no differences between control and Jam3-KD conditions (Figures 4F,F’,G,G’). These experiments supported that cilia structure, morphology, or number was not affected by Jam3 depletion, but is cilia functioning affected?

To assess a role in cilia function, we developed a new assay including a graphic user interface (GUI) to measure cilia beating. In short, we added magnetic beads at the apical chamber of differentiated MTECs. After a few minutes, these beads dropped on top of cells and remained attached to their apical membrane (by a mechanism that we ignore). Due to its color and size, those magnetic particles can be easily visualized and recorded with a high-speed camera (Supplementary Figure 5 and Supplementary Movie 1). We tested this new method exposing MTECs to well-known blockers of cilia beating. As shown in Supplementary Figure 4, cold PBS with calcium and magnesium could slow down cilia beating from 15 to 2 bps. Cilia beating could also be completely blocked with nickel chloride (Supplementary Figure 5). Once the system was set, we assessed cilia beating in control and Jam3-KD conditions and found the same beating capacity when compared to control conditions (Figure 4H).

Next, we analyzed the basal body distribution pattern in MCCs. To this end, we performed basal body staining in WT and Jam3 KD MCCs. Then, we used a similar approach as in Herawati et al. (2016) which discriminated between non-aligned and aligned basal bodies along MCC differentiation. A custom-made GUI quantified the alignment of basal bodies in individual MCCs using eccentricity and the major/minor axis ratio (Mm ratio) of these bodies (see materials and methods section for more detailed information). In both measures, we would find longer values in the case of elongated (and more aligned) ROIs. We found that in WT cells, BBs were distributed in well-aligned long rows in above 40% of the cells; however, in Jam3 KD cells very few cells contained well-aligned long rows of BBs (Figures 4I–M). Instead, most of Jam3 KD cells contained short arrays of BBs. Noticeably, when we looked at microtubules or actin staining, we did not find major differences between WT and Jam3 KD cells (Supplementary Figure 5), so this BB distribution pattern defect in Jam3 KD does not depend on the cytoskeleton. However, the analyses of BB distribution together with the differential expression of deuterosomal cell markers suggested that Jam3 could be affecting BB migration or attachment to the apical membrane. To test this hypothesis, we perform Centriolin staining along the early stages of monolayer differentiation (from ALI 4 to ALI 6) in WT and Jam3 KD cells. It has been reported that the Centriolin staining pattern is a good marker to categorize MCCs during differentiation. MCCs can be found in stage I with a pair of centrioles, stage II/III with many centrioles aggregated and migrating, and stage IV/V with many centrioles homogeneously distributed at the apical membrane (Usami et al., 2021). We found that Jam3 KD cells had a significant delay in MCC maturation since only 10% of MCCs are in stage IV/V in ALI 5 compared to 70% in control cells (Figures 4N–P). This difference is less dramatic in ALI 4 and ALI 6 (Figure 4P).

In summary, we found that Jam3 downregulation did not seem to affect cilia morphology or function but it mildly affected BB organization and assembly in MCCs.



Jam3 Expression Downregulation in the Airway Epithelium Does Not Dramatically Affect Epithelium Integrity

As presented in the introduction, the role of junctional adhesion molecules, Jam1, Jam2, and Jam3, in epithelial cells is mostly related to epithelial barrier function. Based on this knowledge, we decided to explore the function of Jam3 in the mouse airway epithelium monolayer, even though its expression is restricted to MCCs mostly in endosomes.

To measure epithelial integrity, we first tested how leaky the epithelium was in Jam3-KD vs. Luc-KD conditions. We performed a differential extracellular biotinylation assay (see Materials and Methods for experimental details) in MTECs and found that in both Jam3-KD and Luc-KD, the pool of biotinylated proteins at the plasma membrane revealed by Streptavidin-555 was restricted to the apical membrane (Figures 5A,B). This experiment demonstrates that even in the absence of Jam3 the airway epithelia formed a continuous monolayer that could not be trespassed by a small molecule like biotin.
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FIGURE 5. Downregulation of Jam3 expression does not affect epithelial integrity but delays airway epithelial monolayer TEER during expansion. (A) Confocal images corresponding to orthogonal views in MTECs control (A) and Jam3 KD cells (B). Streptavidin Alexa 555 (in red) was only observed at the apical membrane. Phalloidin (in green) was used to label the cortical actin in both the apical and basolateral surfaces and Dapi (in blue) for nucleus. (C,D) Confocal images to evaluate ZO-1 recruitment to the junction in Luc KD (C) and Jam3 KD (D) cells. (E,F) Cell size (E) and cell–cell contact number (F) evaluation in confocal images of ZO-1 in Luc KD and Jam3 KD cells. (G) Transepithelial resistance (TEER) measure was used to test tight-junction permeability during the differentiation process of MTECs in Jam3-KD compared to Luc-KD cells. Scale bar in panels (A–D) represents 20 μm. p-values in all conditions were obtained using t-test.


To further characterize the epithelial monolayer, we performed a ZO1 staining, to check for cell size, cellular packing, and ZO-1 recruitment to the junctions in the absence of Jam3. We did not find a dramatic change in cell size, cell shape, or ZO-1 staining in Jam3-KD cells when compared to Luc-KD cells (Figures 5C–F). Based on our data, we concluded that the epithelial integrity was not affected in absence of Jam3.

Finally, we tested the TJ permeability to ions in the monolayer by measuring the transepithelial resistance (TEER) prior polarization and along the differentiation process of MTECs in Jam3-KD compared to control Luc-KD cells. We observed that Jam3-KD and Luc-KD displayed similar TEER values during the differentiation process in the air liquid interface, from ALI0 to ALI14 (Figure 5G), although Jam3-KD cells showed a slightly higher TEER when compared to control cells. Additionally, we found that in Jam3-KD cells the airway epithelial monolayer without differentiation, still during expansion, had a delay in reaching the maximum TEER. Measurements of TEER in day 2 and day 4 during expansion were significantly lower in Jam3-KD cells when compared to Luc-KD cells (Figure 5G). However, staining of adhesion molecules like E-cadherin or ZO1 did not show major differences in pre-ALI cultures in control vs. Jam3-KD cells (Supplementary Figure 6).

Altogether, we concluded that Jam3 epithelial integrity in differentiated airway epithelial cells is not dramatically compromised.



Jam3 Expression Is Downregulated Along Differentiation in MTECs but Does Not Affect BSC Differentiation

So far, we have found that Jam3 is required for proper junction formation before cell differentiation, but how is that possible if Jam3 is not expressed in BSC in vivo? We decided to measure Jam3 expression during the differentiation process by quantitative PCR. Control markers for different cell types were used to assess the differentiation process (Figures 6A–C). In ALI0, we detected high expression levels for Krt5 but no detectable levels of Scgb1a1 or Foxj1. As Krt5 started to decrease its expression, Foxj1 and Scgb1a1 expression progressively appeared from ALI4 to ALI14 (Figures 6A–C). Unexpectedly, Jam3 expression was high in ALI0 and dramatically decreased in ALI4 (Figure 6D). Jam1 displayed a similar expression profile when compared to Jam3 (Figure 6E), and the opposite was observed for Jam2, with higher levels at day 14 of differentiation (Figure 6F).
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FIGURE 6. Junctional adhesion molecule 3 (Jam 3) expression varies along the differentiation process but does not affect cell differentiation. (A–C) Quantification of mRNA expression of Krt5 (basal marker, in panel A), FoxJ1 (multiciliated cells marker in panel B), and Scgb1a1 (secretory cells marker in panel C) expression in ALI 0, ALI 4, ALI 7, and ALI14. (D–F) Quantification of mRNA expression of Jam1 (E), Jam2 (F), and Jam3 (D) expression in ALI 0, ALI 4, ALI 7, and ALI14. Mean relative to control cells and standard deviation as error bars were plotted for each lineage marker, n = 4. (G) Jam3 immunofluorescence in BSCs during expansion in vitro, nucleus in blue (gray in panel G’) and Jam3 in red (gray in panel G”). (H–J) mRNA expression levels of Krt5 (J), FoxJ1 (H), and Scgb1a1 (I) in Luc KD (C) and Jam3 KD (D) MTECs. Mean relative to control cells and standard deviation as error bars were plotted for each lineage marker, n = 4. (K,L) Confocal images for Foxj1 (green in panels K,L and gray in panels K’,L’) immunofluorescence in Luc KD (K) or Jam3 KD (L) cells in ALI14. (M) Relative quantification of Foxj1-positive cells along the differentiation process in Luc KD and Jam3 KD cells from ALI 4 to ALI 17. (N–S) Mean mRNA expression levels of Jam3 (O), Jam1 (P), Jam2 (N), Krt5 (D), Foxj1 (E), and Scgb1a1 (F) assessed in differentiated MTECs infected with control viruses (Luc KD), Jam2-shRNAs (Jam2 KD), and double knockdown (Jam2 and Jam3), n = 4. Scale bar in panels (G,K,L) represents 20 μm. p-values in all conditions were obtained using the t-test. *p < 0.05.


We decided to confirm this Jam3 expression pattern by immunofluorescence and found that prior to cell differentiation, Jam3 expression is clearly detectable in BSCs. As shown in Figure 6G–G”, Jam3 was homogeneously expressed in all cells in the monolayer. Moreover, Jam3 localization was mostly at the plasma membrane at the cell–cell contacts. This result was in complete agreement with our qPCR data and TEER measurements, where Jam3 expression was high in ALI0 (Figure 6D).

Since Jam3 expression suffered this severe change in expression during differentiation and it is restricted to MCCs, could Jam3 affect BSC differentiation to MCCs? To test this hypothesis, we differentiated MTECs in Jam3-KD and Luc-KD and checked the expression of different cell-type markers. We found that downregulation of Jam3 did not affect Foxj1, Scgb1a1, or Krt5 expression when compared to Luc-KD conditions (Figures 6H–J). In addition, immunofluorescence analyses revealed that the number of Foxj1-positive cells along the differentiation process had no significant differences in MCC number from ALI7 to ALI17 in control vs. Jam3-KD conditions (Figure 6K,K’,L,L’,M). Finally, since Jam2 expression severely changed along the differentiation process and could compensate our Jam3 depletion, we knocked down Jam2 alone and Jam2 in combination with Jam3 (double Jam2-KD/Jam3-KD) (Figure 6N–P). As already found in Jam3, Jam2 KD or Jam2-KD/Jam3-KD did not affect the expression of Jam1 (Figure 6P). Similar to our Jam3 data during differentiation, single Jam2-KD or double Jam2-KD/Jam3-KD did not affect BSC differentiation as no changes were found in the expression of Krt5, Foxj1, or Scgb1a1 (Figures 6Q–S).

Therefore, neither Jam3 nor Jam2 is related to the initial differentiation of BCs to MCCs even though their expression varies along the differentiation process.



Jam3 Expression Is Enhanced in the Presence of IL6, but Jam3 Localization Remains in Endosomes and Not at the Plasma Membrane

We have found that Jam3 is restricted to MCCs in vivo and in vitro and that Jam3 expression does not modulate the amount of MCCs. However, we wonder if Jam3 expression and localization could be modulated by or in MCCs. We first treated MTECs with DAPT, a well-established method to inhibit Notch signaling (Pardo-Saganta et al., 2015). Notch inhibition treatment provoked a shift during the differentiation process in MTECs, promoting MCC and BSC differentiations and abolishing SCs. Upon DAPT treatment of MTECs for 14 days, we confirmed an increase in BSC and MCC markers, Krt5 and Foxj1, respectively (Figures 7A,B), while expression of the SC maker Scgb1a1 was not detected (Figure 7C). Under those experimental conditions, we observed an increase in Jam3 and Jam1 expression and a decrease in Jam2 expression (Figures 7D–F). These data support that Jam3 expression is linked to MCCs and that Jam2 expression could be more related to SC.


[image: image]

FIGURE 7. Junctional adhesion molecule 3 (Jam 3) expression is enhanced in MTECs treated with IL6 during differentiation. (A–F) mRNA expression levels of Krt5 for basal cells (A), Foxj1 for MCCs (B), and Scgb1a1 for club cells (C), Jam1 (D), Jam3 (E), and Jam2 (F) in MTECs treated with DMSO or DAPT for 14 days. (G–L) mRNA expression levels of Krt5 for basal cells (G), Foxj1 for MCCs (H), and Scgb1a1 for club cells (H), Jam1 (I), Jam3 (K), and Jam2 (L) in MTECs treated with PBS or IL6 for 14 days. Mean expression values relative to DMSO-treated cells and standard deviation as error bars were plotted for each lineage marker, n = 4. (M–N) Jam3 localization in MTECs treated for 14 days with PBS (M) or IL6 (N). The cell membrane was labeled using actin in green (gray in panels M’,N’) and Jam3 in red (gray in panels M”,N”). (O–Q) Jam3 localization in MTECs treated for 1 h with PBS (O) or two concentrations of histamine (P,Q). Scale bar in panels (M–Q) represents 20 μm. p-values in all conditions were obtained using the t-test.


As mentioned in the introduction, TJ component expression can be also modulated by the inflammatory response. Interleukin-6 (IL6) together with IFNγ is a proinflammatory cytokine related to neutrophil trafficking during the inflammatory response, and Jam3 has been related to neutrophil migration (McLoughlin et al., 2003). In addition, IL6-driven signaling via STAT3 limits the inflammatory recruitment of neutrophils and Jam3 knockout mice showed an abnormal accumulation of neutrophils in the lungs (Imhof et al., 2007; Fielding et al., 2008). Lastly, IL6 can modulate the amount of MCCs in the mouse and human airway epithelium (Tadokoro et al., 2014). Based on this literature, we decided to test whether the expression and localization of Jam3 could be modulated by IL6 by looking at its expression levels upon IL6 treatment. As expected, IL6 increased the amount of MCCs in MTECs in ALI14, which correlates with an increased expression of Foxj1 (Figures 7G–I). Under those experimental conditions, we also found that Jam3 expression was upregulated (Figures 7J–L). However, we did not find a different subcellular pattern of localization for Jam3 in MCCs when compared to control treated cells (Figures 7M–M”,N–N”). We concluded that Jam3 expression, but not its subcellular localization, can be regulated by IL 6 because more MCCs developed in the airway epithelium.

Finally, it has been shown that Jam3 accumulated in endosomes can be mobilized from endosomal compartments toward the plasma membrane in endothelial cells upon short exposure to histamine or VEGF (Orlova et al., 2006; Kostelnik et al., 2019). Therefore, we decided to test whether endosomal Jam3 in MCCs could be mobilized by histamine. We found that the localization pattern in MCCs did not change after a 1-h exposure to either 50 μM histamine or 100 μM histamine or PBS (as a control) (Figures 7O–Q). Hence, unlike in endothelial cells, histamine cannot mobilize the pool of Jam3 accumulated in endosomes toward the plasma membrane.



DISCUSSION

There have been initial studies on regional/spatial TJ protein expression along the respiratory tract. For example, claudin expression varies along the epithelium, and the proximal section expresses Cldn- 1, 3, 4, 5, 7, 10, and 18-1 and the distal section Cldn- 3, 4, 7, 8, 15, and 18-1 (Günzel and Yu, 2013). How all those localization patterns contribute to the physiology of the respiratory tract requires detailed analyses for each of those proteins. Jam3 knockout mice die mostly due to respiratory dysfunction, and yet the localization and cellular function in the airway epithelium remained unknown. Here we established Jam3 as a protein that expressed only MCCs in the mouse airway epithelium with no effect on BSC differentiation, epithelial integrity, or major cilia defects. We described that Jam3 protein acts early during BSC monolayer establishment to allow proper TJ formation but later on Jam3 function is restricted to mature MCCs where Jam3 is mainly located at the apical membrane and apical-sorting endosomes.

Junctional adhesion molecule 3 is known as a basolateral protein in epithelial cells, yet in this study we located Jam3 in an apical-related localization in apical-sorting endosomes. Previously, Jam3 was also located in other subcellular places like in germ/sertoli cell contacts where Jam3 is in the junctional plaques (Gliki et al., 2004; Cartier-Michaud et al., 2017). In these junctional plaques, Jam3 is involved in acrosome and cell polarity of the germ cells (Gliki et al., 2004; Pellegrini et al., 2011; Cartier-Michaud et al., 2017). Our unexpected apical localization in MCCs in the airway was also previously reported in the kidney proximal tubule, where the absence of a specific clathrin adaptor, AP1B, resulted in the apical localization in those epithelial cells (Schreiner et al., 2010). In PT epithelial cells, the role of Jam3 in this apical membrane remains unknown. It is also true that it is not the sole TJ protein “misplaced” at the apical membrane in an epithelial cell. We have previously identified that CAR was also localized to the apical membrane in an AP1B-dependent mechanism. But again, why some cells have CAR at their apical membrane is unknown (Diaz et al., 2009; Carvajal-Gonzalez et al., 2012; Gravotta et al., 2012). In this study, we found that an important pool of Jam3 was located intracellularly in apical sorting endosomes and not much at the basolateral membrane or TJs. One possibility is that Jam3 located in endosomes regulates the transport of certain cargo proteins that need to be delivered to the apical plasma membrane or even the cilia. Another possible function might be that Jam3 regulates the association of different proteins to apical-sorting endosomes like GTPases like RhoD or RhoB that can regulate the cytoskeleton (Fernandez-Borja et al., 2005; Nehru et al., 2013). This last scenario seems unlikely since we do not detect actin or tubulin defects in Jam3 KD cells at steady state. Further work will be required to answer how and why Jam3 reached this apical sorting endosome, but also how Jam3 affects BBs assembly/distribution operating from endosomes.

Our data using Jam3-KD cells did not show a massive cilium-related phenotype. We did not find a major cilia morphology, number, or beating defects. However, we found a more subtle defect in basal body distribution pattern in the absence of Jam3, which also correlates with a delay in BB assembly/positioning in MCCs. A proper basal body distribution at the apical membrane of this MCCs is responsible for making cilia to beat in the same direction (Carvajal-Gonzalez et al., 2016a; Adler and Wallingford, 2017; Roman et al., 2019). In addition, we did not find a planar polarized distribution of Jam3 or co-localization with a PCP core component like Vangl1. In summary, at this point we believe that Jam3 in mature MCCs might be required for proper basal bodies distribution in individual cells without an effect in the planar coordination along the epithelium.



MATERIALS AND METHODS


Mouse Tracheal Epithelial Cell (MTECs) Primary Cell Preparation

Mouse tracheal epithelial cell cultures were obtained from adults wild-type C57BL/6J mice. All animal studies have been performed in accordance with the National and European legislation (Spanish Royal Decree RD53/2013 and EU Directive 86/609/CEE as modified by 2003/65/CE, respectively) and in accordance with the Institute of Laboratory Animal Resources (ILAR) for the protection of animals used for research. Experimental protocols were approved by the Bioethics Committee for Animal Experimentation of the University of Extremadura (Registry July 7, 2017). Tracheas were dissected from the larynx to the bronchial main and collected in cold 1× Ham-F12 (Gibco, Grand Island, NY, United States) with penicillin and streptomycin 1% (P/S, Gibco). Then, connective, fatty, and vascular tissues were removed in cold Ham-F12 P/S. After that, clean tracheas were cut longitudinally and incubated in Ham-F12 P/S containing 1.5 mg/ml pronase (Roche Molecular Biochemicals, Penzberg, Germany) for 16 h at 4°C. Fetal serum bovine (FBS) (Gibco) was added to a final concentration of 10%. Supernatant was transferred to a new tube, and Ham-F12 with 10% FBS was added to the tracheas. Contents of the tubes were mixed and centrifuged at 500 × g for 5 min. Pellets containing cells were resuspended in 5 ml of Ham-F12 P/S with 0.5 mg/ml pancreatic DNAse I (Sigma, St. Louis, MO, United States), incubated for 10 min, and centrifuged at 500 × g for 5 min. Finally, cells were resuspended in PneumaCult-Ex Plus complete medium (StemCell, Vancouver, BC, Canada) and preselected in Primaria tissue culture plates (Corning, Tewksbury, MA, United States) for 4 h in 5% CO2 at 37°C to remove fibroblasts. Cells were seeded in 60-mm plates previously treated with 50 μg/ml type I rat tail collagen (Gibco) in 0.02 N acetic acid.



Cell Culture, Differentiation, and Treatments

Mouse tracheal epithelial cell cultures were expanded in PneumaCult-Ex Plus medium at 37°C in 5% CO2 until 70–80% confluence. Then, cells were incubated with 0.02% EDTA in PBS for 20 min and Accutase (Gibco) for 10 min at room temperature and counted. For differentiation, 9 × 104 cells/cm2 were seeded in polyester porous membranes (Transwell 0.4-μm pores, Corning). The upper and lower chambers were filled with PneumaCult-Ex Plus medium, which was changed every 2 days. Once confluence was reached (4–6 days), the medium was removed from the upper chamber and changed in the lower chamber to ALI medium (Air-Liquid Interface Medium, StemCell). The ALI medium was replaced every 2 days until the end of the differentiation for 14 days (ALI 14).

For treatment, DAPT (Tocris, Bristol, United Kingdom) 50 μM in DMSO was added to the medium during differentiation of MTEC cultures starting in ALI 0. Dimethyl sulfoxide (DMSO) was used as control.

For histamine (#10745842, Acros Organics, Fair Lawn, NJ, United States) treatment, histamine was dissolved in PBS and added to the media at two different final concentrations (50 and 100 μM) to MTECs in ALI14 for 1 h at 37°C. PBS was used as control.

For recombinant IL6 mouse (#PMC0064, Gibco) treatment, MTECs were seeded in 6.5-mm Transwells and IL6 treatment with 10 ng/ml went from ALI1 to ALI14 (media was replaced every 2 days). PBS was used as control.

Madin-Darby Canine Kidney cells were expanded in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) at 37°C in 5% CO2 until 70%–80% confluence. Then, MDCK were incubated in PBS for 15 min and Trypsin-EDTA (0.25%) phenol red (Gibco) for 2 min at room temperature and counted. Twenty-five thousand cells were seeded in a 12-well plate with DMEM. The next day, cells were transfected with Jam3-PIG (puromycin-IRES-GFP) construction using Lipofectamine 2000 Transfection Reagent (Invitrogen) with Opti-MEM (Gibco) according to the manufacturer’s instructions. After 4 h, the medium was removed and changed to DMEM. After 2 days, cells were selected with puromycin 3 μg/ml throughout the experiment. When cells reached 70–80% confluence, they were seeded in 60 mm and finally were plated for experiments.



Lentivirus Production and Infection

Short hairpin RNAs (shRNAs) against Jam3 and Jam2 were cloned in the pLKO.1 vector (see Supplementary Table 1 for sequences), which drives the expression of shRNAs from the U6 human promoter and contains a puromycin-IRES-mCherry selection cassette. Purified DNAs were transfected with the packaging vectors psPAX2 and PMD2.G into HEK-293T cells by using polyethylenimine (PEI) (Sigma). Viruses were collected 48 and 72 h post-transfection and concentrated with Amicon Ultra-15 (Merck) by centrifugation at 3500 × g for 30 min at 4°C up to an approximate concentration of 2 × 105 infectious virus particles/ml. We added a volume of 50 μl of concentrated virus in 2 ml of medium in the presence of 8 μg/ml polybrene (Sigma). Infected MTECs were selected with puromycin 3 μM during 48 h. Finally, cells were expanded and plated for experiments.

For Jam3 overexpression, RNA was obtained from MTECs ALI 14 and retrotranscribed using SuperScriptTM III One-Step RT-PCR System with PlatinumTM Taq (Invitrogen, Carlsbad, CA, United States). Jam3 was amplified by PCR using the following oligonucleotides: 5′CCACAACCATGGCGCTGAGCCGG-3′, 5′CCATGGTTGTGGTCCAGATAACAAAGGACG-3′. Mouse Jam3 was cloned into a pLKO.1-containing puromycin-IRES-GFP vector using the BstXI (New England Biolabs, Ipswich, MA, United States) enzyme. Jam3 was cloned in frame with the GFP of this expression cassette. Chemically competent bacteria (One Shot Stbl3 competent Escherichia coli) (Invitrogen) were transformed and plasmid DNA was mini-prepped from two colonies, and the presence of insert was assessed by digestion with BstXI and by DNA sequencing.



RNA Extraction, cDNA Synthesis, and qPCR

RNA was isolated from MTECs using Illustra RNAspin Mini Kit (GE Healthcare, Chicago, IL, United States). After elution, 200–400 ng RNA was reverse transcribed with cDNA reverse transcription Kit (Applied Biosystems, Foster City, CA, United States) according to the manufacturer’s instructions. Gene expression was analyzed by qPCR using PowerUp SYBR Green PCR Master Mix (Applied Biosystems) in QuantStudio 3 (Thermo Fisher) with specific primers (Supplementary Table 1). PCR reaction was set at 50°C for 2 min, 95°C for 10 min, and 50 cycles of 95°C for 15 s and 60°C for 1 min. Melt curve analysis was used to confirm the specificity of the reaction.



Western Blot (WB) Analysis

HEK-293T cells transfected with a mCherry Control (sh Luciferase) and Jam3-GFP were lysed in ice-cold lysis buffer containing 50 mM Tris–HCl (pH 7.5), 1 mM EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 5 mM sodium pyrophosphate, 10 mM sodium fluoride, 0.27 M sucrose, 0.1 mM phenylmethylsulfonyl fluoride, 0.1% (v/v) 2-mercaptoethanol, 1% (v/v) Triton X-100, and complete protease inhibitor cocktail (Roche). The protein concentration was determined by Bio-Rad protein assay, and 20 μg protein was analyzed by SDS-PAGE electrophoresis and blotted onto nitrocellulose membranes (Bio-Rad Laboratories). The membranes were blocked with 5% dry milk Tris-buffered saline containing 0.05% Tween-20 during 1 h and were incubated with primary antibodies diluted in blocking solution overnight at 4°C. Antibodies used were anti-GFP (Roche, Basel, Switzerland, #11814460001, 1:500), anti-Jam3 (R&D Systems, Minneapolis, MN, United States, #AF1213, 1:500), and anti-vinculin (Sigma #V4505, 1:2000). The membranes were washed five times with TBS-Tween and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-goat-HRP, Cell Signaling (1:1000); anti-mouse-HRP, Cell Signaling #7076 (1:1000)) diluted in blocking solution for 1 h at room temperature. Finally, membranes were washed with TBS-Tween and proteins were detected using a chemiluminescence detection system (SuperSignal West Dura, Thermo Scientific) and iBright CL1000.



Immunofluorescence

Whole-mount tracheas, MTECs in air liquid interface, or MTECs before reaching confluency were fixed in 4% PFA (PolyScience, Warrington, PA, United States) for 10 min at room temperature, permeabilized in PBS-Triton 0.1% for 15 min, and blocked in PBS-Triton with 2% bovine serum albumin (BSA) (Roche) for 1 h. Samples were incubated with primary antibodies anti-Jam3 (R&D Systems, #AF1213, 1:150), anti-Jam3 (Thermo Fisher, AB_2533486, 1:100), E-cadherin (BD Biosciences, #610182, 1:100), anti-ZO1 (1:100), Vangl1 (Sigma, HPA025235, 1:100), anti-FoxJ1 (Invitrogen, #14-9965-82, 1:200), AcTub (1;100), anti-Rab11a (Cell Signaling, Danvers, MA, United States, #2413S, 1:50) or anti-EEA1 (Cell Signaling, #3288S, 1:100), anti-Dnai1 (Thermo Fisher, PA554526, 1:100), anti-Daap1 (Sigma-Millipore, Burlington, MA, United States, HPA049468, 1:100), anti-centriolin (Santa Cruz, Santa Cruz, CA, United States, SE-365521, 1:100), and anti-alpha tubulin (Thermo Fisher, 32-2500, 1:100), diluted in PBS-Triton-2% BSA in a wet chamber overnight at 4°C. After that, samples were washed five times in PBS-Triton and incubated with fluorescent secondary antibodies [Alexa-Fluor-594 anti-Goat (Invitrogen, #A11058, 1:500), Alexa-Fluor 594 anti-Rat (Invitrogen, #A21209, 1:500), Alexa-Fluor 594 Phalloidin (Invitrogen, #A12381, 1:500), Alexa-Fluor 488 anti-Rabbit (Invitrogen, #A21206, 1:500), Alexa-Fluor 488 anti-Goat (Invitrogen, #A32814, 1:500), or Alexa-Fluor 488 anti-Mouse (Invitrogen, #A11001, 1:500)] diluted in PBS-Triton-2% BSA for 1 h at room temperature. DAPI 0.5 μg/ml (Thermo Scientific, #62248, 1:2,000) was used to label nuclei. Finally, samples were washed five times in PBS-Triton again and mounted in Vectashield (Vector Labs, Burlingame, CA, United States). Images were obtained using an Olympus FV 1000 confocal microscope and were processed using ImageJ (Fiji) and Adobe Photoshop CC 2019.

For cell size and packing analyses, images from MTECs ALI14 stained with ZO-1 were obtained by measuring the cell area in pixels and counting the number of sides of the cells to know the number of cell–cell junctions respectively using ImageJ (Fiji) and GraphPad Prism 8.

For co-localization analyses, ImageJ was used to obtain an overlap image and the JACoP plugin to calculate Mander’s coefficients, M1 (for red channel) and M2 (for green channel), as in Dunn et al. (2011). Briefly, Mander’s coefficients quantify the amount of overlap between two different markers in comparison to the total signal of each of them (M1 and M2), this value being not dependent on the intensity of the signal. Then, biological co-occupancy between the markers was easily quantified (e.g., M1 value of 0.3 represents 30% of the marker in the red channel which is also occupied by the marker in the green channel). As a control of random co-localization, we performed a displacement of five pixels in the X-axis of the green channel, in order to show the decrease of the overlap.

For the MCC maturation stage, we directly counted cells with aggregates and cells with dispersed distribution of Centriolin at the apical membrane.



Immunohistochemistry (Ihc)

Mouse lungs were fixed with PFA 4% in phosphate-buffered solution (PBS) (0.1 M, pH 7.4) overnight at 4°C. Samples were rinsed in PBS and then cryoprotected with PBS-sucrose (10%) overnight at 4°C, soaked in embedding medium, frozen onto sectioning blocks, and stored at −80°C. Cryostat sections of 20-μm sections were cut in a longitudinal plan. Sections were thaw-mounted on Superfrost® Plus slides (Menzel-Gläser, Germany) and stored at −20°C. Samples were washed in PBS-Triton X-100 (Sigma, #T8787) (PBS-T) for 15 min. Then, 3% hydrogen peroxide diluted in PBS was added for 45 min. Samples were washed two times in PBS-gelatin (2 g/l) (PanReac, 142060)-Triton X-100 0.25% (PBS-G-T) for 10 min and incubated in PBS-G-T-lysine 1 M (Merck, #62-8365-54) (PBS-G-T-L) for 1 h at RT. Sections were incubated with Jam3 primary antibody (1:150) diluted in PBS-G-T-L in a wet chamber overnight at RT. After that, samples were washed twice in PBS-T for 10 min and once in PBS-G-T for 10 min and then incubated with anti-goat biotinylated IgG secondary antibody (Sigma, #B7014, 1: 200) diluted in PBS-G-T-L in a wet chamber for 2 h at RT. Samples were rinsed twice in PBS-T for 10 min and once in PBS-G-T for 10 min and incubated with streptavidin-HRP (Cell Signaling, #3999S, 1: 100) diluted in PBS-G-T for 2 h at room temperature. Sections were washed twice in PBS-T for 10 min and revealed by using 0.03% 3,3-diaminobenzidine tetrahydrochloride (DAB, Sigma, #868272-85-9) diluted in PBS with 0.025% hydrogen peroxide, creating a brown precipitate where Jam3 was expressed. After reaching appropriate color intensity, the reaction was stopped immersing the slides in PBS-T. Finally, samples were stained with eosin for 10 s and dehydrated in increasing ethanol solutions, washed in Xylol, and mounted in Eukitt. Images were obtained using a Nikon Eclipse 80i microscope and processed using Adobe Photoshop CC 2019.



SEM

Mouse tracheal epithelial cell cultures differentiated until ALI 14 were fixed in 2.5% glutaraldehyde for 90 min at 4°C, washed in cacodylate 0.2 M, and stained with 1% osmium tetroxide (Sigma) in cacodylate 0.2 M for 2 h at 4°C. Samples were dried by liquid carbon dioxide critical point, gold sputter coated, and visualized in a Quanta 3D FEG (ESEM-FIB; FEI Company, Hillsboro, OR, United States).



Cilia Beating Assay

Cilia beating frequency was measured in MTECs ALI14. The upper chamber of Transwells was washed with Ca/Mg-PBS and incubated with 5 μl of Dynabeads Streptavidin C1 (Invitrogen) in 300 μl of Ca/Mg-PBS for 10 min at 37°C. After that, the volume of the upper chamber was removed and Transwells were incubated for 2 h at 37°C. Before the recording of the films, 100 μl of Ca/Mg-PBS at 37°C was added in the upper chamber of Transwells. Cilia beating films were obtained using a Motic AE20 microscope, and a standard iPhone 8 was used to record 120-fps movies of around 20 s. A MATLAB app designed ad hoc was used to remove the movie background and recognize beating beads as ROIs in the movie. Their trajectories were extracted for all the frames and analyzed in both x- and y-axis. Finally, a fast Fourier transform function was applied to calculate the beating frequency in both axes. The GUI is available on our web page1.



Basal Body Distribution Pattern Analyses

Basal body staining was used to detect basal bodies in MCCs of MTECs ALI14. Confocal microscopy images were used to distinguish ROIs (Basal Bodies) in a MATLAB custom-made application; interactive drawing allowed MCC selection, and then the average eccentricity and major/minor ratio were extracted for individual cells. Eccentricity was calculated as the distance between the focal points of the minimal ellipse containing the ROI divided by the size of the major axis of this ellipse. In the case of the major/minor axis ratio (Mm ratio), the size of the major axis of the previous ellipse was divided by the size of the minor axis of the same ellipse. Both measures quantify the elongation of the ROI, obtaining longer values in the case of aligned basal bodies.



Biotinylation Assay

To evaluate the monolayer integrity of MTECs ALI14, Transwells were put on ice and their upper chamber was washed twice in cold Ca/Mg-PBS and incubated with 0.5 mg/ml sulfo-NHS-LC-Biotin (Thermo Scientific) twice for 20 min at 4°C. Then, MTECs were fixed in 4% PFA for 30 min, washed three times in PBS, and stained with Alexa-Fluor 555 streptavidin (Invitrogen, #S21381, 1:500), DAPI at 0.5 μg/ml, and Alexa-Fluor 488 phalloidin (Invitrogen, #A12379, 1:500). Samples were washed three times in PBS and mounted in Vectashield. Finally, images were obtained using an Olympus FV 1000 confocal microscope and were processed using ImageJ and Adobe Photoshop CC 2019.



TEER Measurements

Tight-junction permeability along the differentiation process of MTECs was tested by measuring TEER every 2 days until ALI14. First of all, the upper chamber of Transwells was washed once in PBS. Then, DMEM at 37°C was added in the upper and lower chambers of Transwells and TEER was measured with Evom3, positioning the electrode in the upper chamber. TEER was measured in kilohms (kΩ). For each time point, a fold change relative to control cells was calculated. Finally, graphs were obtained using Microsoft Excel and GraphPad Prism 8.



Single-Cell Data Analyses

Single-cell RNA-seq from mouse airways was retrieved from GSE102580, specifically gene expression data for cells determined as multiciliated (Plasschaert et al., 2018). Genes for deuterosomal cells and mature ciliated cells were obtained from bibliography (Bukowy-Bieryłło, 2021), and their single-cell expression (as well as FoxJ1) was obtained in both Jam3-positive (with at least one Jam3 read) and Jam3-negative cells. All these calculations were made in MATLAB.



Statistical Analyses

Data were analyzed using two-tailed t-tests to compare control conditions with different experimental groups (GraphPad Prism). qPCR experiments were performed with at least four biological replicates, and each qPCR reaction was made with two to three technical replicates. Relative expression was calculated using EIF1a as a housekeeping gene.
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