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Abstract 

Developmental biology is a fundamental discipline that explores the universal 

human experience of embryogenesis, and the building, maintenance, and regeneration 

of functional tissues. Given the common occurrence of developmental anomalies and 

congenital disorders, understanding the genetic mechanisms that underly 

developmental programs is essential to improving human health. Here, I focus my 

efforts on an organ that is critical for all terrestrial life from the first breath – the 

respiratory system.  

The primary function of the respiratory tissues is to perform efficient gas 

exchange between the blood and external environment. To achieve this critical goal, the 

development of the lungs begins early during embryogenesis and continues after birth 

into post-natal life. During development, endoderm and mesoderm derived tissues 

become spatially organized into several integrated compartments. These distinct 

regions of the respiratory tract are composed of unique cell types that include epithelial, 

endothelial, mesenchymal, and immune cells. It is critical that efficient crosstalk 

between these diverse cell types are maintained in order for this elaborate organ to 

achieve its vital function. My graduate studies have focused on uncovering the 

mechanisms underlying tissue crosstalk during lung development and disease. 

Branching morphogenesis is a key stage of early lung development. During 

branching, the airways of the lung develop into their tree-like structures and establish 

millions of epithelial tips that each act as a gas exchange unit. As epithelial buds 

branch, they are in close association with the mesenchyme and the interaction between 

the epithelium and mesenchyme is fundamental to successful lung development. My 
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first efforts have focused on a controversial relationship between one key mesenchymal 

cell type, airway smooth muscle, and it’s influence on lung epithelium development. By 

inactivating Myocardin, a transcription factor that is essential for smooth muscle cell 

fate, we discover that airway smooth muscle plays a complex role during lung 

development. While it is essential for proper development of tracheal architecture and 

establishing the size of the pulmonary airways, airway smooth muscle is dispensable for 

epithelial branching morphogenesis. 

After development is complete, the adult lung must maintain homeostasis while 

constantly experiencing environmental harms including pollutants, toxins, microbes, and 

allergens that pass through the airways during respiration. The airways serve an 

important role as the first line of host defense by creating a barrier between 

environmental insults and the underlying lung tissues. In order for the barrier to function 

properly, airway epithelial differentiation and communication with the immune system 

must be properly maintained. The second half of my graduate research has focused on 

uncovering molecular mechanisms that mediate crosstalk between the airway 

epithelium and the immune system. By inactivating E-cadherin in specific airway 

epithelial cells, we discover a role for pulmonary club cells in maintaining the airway 

microenvironment and securing lung homeostasis. 
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Chapter I: Introduction 

 

The case for developmental biology 

Congenital anomalies are common, occurring in 2-3% of infants and are the 

leading cause of infant deaths 1,2. While the number of infant mortalities attributable to 

birth defects has been declining, the proportion of deaths caused by congenital 

anomalies has remained consistently high for at least the past 40 years, accounting for 

30.6% of all infant deaths in 2019 1,3–5. It is estimated that around 20% of birth defects 

are caused by genetic factors 6. Genetic disorders range from structural or 

chromosomal anomalies to monogenic disorders. While genetic anomalies are 

individually rare, they are collectively common and disproportionately contribute to 

national and global morbidity and mortality 7,8. It is therefore of great interest to 

understand the underlying etiologies of congenital abnormalities and developmental 

disorders.  

Genetic mechanisms integral to the development of an embryo are remarkedly 

conserved across vertebrate species. Advances in developmental biology and genetic 

discoveries in model organisms have transformed the study of human birth defects. 

Scientists have long utilized the powerful genetic tools available in model organisms to 

mechanistically inform how genetics influence not only human development, but human 

disease. Recent advances in sequencing technology have increased the pace of gene 

discovery. However, the gap between gene discovery and mechanistic insights provided 

by studies in model systems has increasingly grown 9. Developmental biologist are 

uniquely positioned to link biological science to the fundamental human curiosity of how 

we, as embryos, built ourselves. 
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Basic lung development and function 

The lung is an organ that is critical for life at the first breath. It is the background 

for many pediatric and adult diseases where pathogenesis is unknown and few 

treatments and cures are available. Respiratory disorders, including congenital lung 

defects and chronic respiratory diseases, impose an immense health burden and are 

leading causes of death and disability worldwide 10,11. To improve human health, it is 

critical to understand the basic mechanisms governing lung development and disease.  

The mammalian respiratory system is comprised of the trachea and lungs. The 

building of the lung begins early during embryogenesis and continues after birth into 

post-natal life, and is marked by several distinct morphogenetic steps 12. The earliest 

known specification of the respiratory lineage occurs at embryonic day 9.0 (E9.0) in 

mice and approximately embryonic day 28 in humans, when the primary lung buds 

separate from the anterior foregut 13. Once the primary lung buds have formed they 

undergo branching morphogenesis, which initiates at E12 in mice and week 4 of human 

gestation, and is responsible for generating the tree-like structure of the lung airways 

14,15. Following branching, the lungs undergo sacculation and alveologenesis to form the 

alveolar epithelium where gas exchange will eventually take place. Alveologenesis 

begins shortly before birth, and extends into post-natal life until approximately post-natal 

day 39 in mice and 2 years of age in humans 14,16.  

The primary function of the lungs is to perform efficient gas exchange between 

the blood and external environment. To achieve this critical goal, the respiratory system 

is comprised of multiple tissues that are spatially organized into several integrated 

compartments. These distinct regions of the respiratory tract are composed of unique 
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cell types that include epithelial, endothelial, mesenchymal, and immune cells. It is 

critical that efficient crosstalk between these diverse cell types are maintained in order 

for this elaborate organ to achieve its vital function.  While there are several differences 

between mouse and human lung architecture and cellular composition, they are 

remarkedly similar in their developmental programs, regional specifications, and 

disease pathogenesis, making mice an excellent model system to understand the 

underlying mechanisms of lung development and disease. 

 

Lung branching morphogenesis 

Branching morphogenesis is a central process in the building of functional 

tissues in many species: from the stems of plants, to the tracheal system in Drosophila, 

to animal organs. The iterative, stereotypic process of branching morphogenesis is 

responsible for defining the architecture of several mammalian organs, including the 

nervous system, the kidneys and vasculature, and the respiratory system 17. In the lung, 

branching morphogenesis maximizes the surface area for gas exchange by  

establishing millions of epithelial tips that each act as a gas exchange unit 15. Branching 

is mediated through reciprocal interactions between the respiratory epithelium and the 

underlying mesenchyme 18. As epithelial buds elongate and branch into the surrounding 

mesenchyme, a diverse pool of mesenchymal progenitor cells differentiates into several 

cell types including airway and vascular smooth muscle. The close interaction between 

the epithelium and the mesenchyme are a major driving force of lung branching, and 

this tissue crosstalk is mediated by several developmental signaling pathways including 

FGF, BMP, and Hedgehog signaling 19–22.  
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Aberrations in the interactions between these tissues can lead to severe lung 

defects that are incompatible with life. Despite the importance of this relationship, it is 

still unclear what exact roles the mesenchyme plays during lung development – 

including physical signals from the mesenchyme to guide the branching epithelium or 

the genetic cues it elicits to control epithelial development. With emerging evidence 

suggesting that key developmental processes are reactivated upon postnatal injury and 

repair, elucidating the intricacies of proper lung formation will be important for 

understanding human lung diseases 23. 

 

Airway epithelial differentiation and regeneration  

Pulmonary epithelial differentiation coincides with the termination of branching 

morphogenesis. As the lung epithelium takes its shape, it also begins to develop into 

distinct cell lineages along a proximal – distal axis. This regional patterning is marked by 

Sox2 expression in the proximal epithelial progenitors, and Sox9 and Id2 co-expression 

in the distal epithelial progenitors 24,25. These proximal and distal progenitors become 

restricted to specialized cell fates – the proximal epithelium is composed of airway 

basal, club, ciliated, mucosal, and pulmonary neuroendocrine cells while the distal 

epithelium is composed of the alveolar type 1 and type 2 cells 26–28. The proper 

maintenance and differentiation of these regionally specific epithelial cell types is 

important for normal lung function during development and adult homeostasis. 

The trachea and proximal airways of mice, and humans, are lined by a 

pseudostratified epithelium that consists of multiple cell lineages. These proximal 

airways uniquely contain basal cells, which are restricted to the cartilaginous airways. In 



 5 
 

 
 

 
mice the cartilaginous airways are comprised of the trachea and extrapulmonary 

bronchi, while in humans they also include the large intrapulmonary airways. In mice, 

basal cells are present early in development at E10.5 and are marked by the 

transcription factor Trp63. Basal cells are multipotent, and serve as progenitors for the 

airways by giving rise to club, ciliated, and goblet cells 29,30. Club cells are secretory 

cells of the airway that are important for hydrating and detoxifying the air, while ciliated 

cells produce motile cilia to help clear obstructions and mucus from the airway lumen. 

The earliest known marker of the club cell lineage is Scgb3a2 which emerges at E11.5, 

while the earliest presence of ciliated cells at E14.5 is marked the expression of the 

transcription factor Foxj1 31,32. Notch signaling is critical for maintaining the balance of 

club and ciliated cells during airway development and regeneration. Notch signaling is 

required for club cell differentiation, and loss of Notch leads to an overabundance of 

ciliated cells and the absence of club cells in the airways 33. Conversely, activation of 

Notch leads to aberrant goblet cell differentiation which is associated with increased 

mucus production in the airways 34,35.  

 Club cells play a central role during lung injury repair and regeneration in adult 

airways. In homeostasis the adult lung is fairly quiescent with slow cell turnover and low 

cellular proliferation, but responds to injury with robust regeneration. The adult mouse 

intrapulmonary airways are absent of basal cells, and club cells serve as the progenitors 

for ciliated and goblet cells in response to injury and environmental cues. Goblet cell 

differentiation is induced by toxins, allergens, pathogens, and innate immune signaling. 

Goblet cells also influence lung responses to environmental stimuli by expression of 

cytokines and chemokines that recruit immune cells 36. Goblet cell metaplasia is a 
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common response to airway injury and a characteristic feature of Th2 immune 

responses typically seen in asthma.  

The airways, like the skin, are in direct contact with the external environment and 

are constantly exposed to inhaled challenges including microbes, particulate matter, 

and allergens. The airways form a continuous barrier between the environment and the 

underlying tissue. The diverse cell types of the airway epithelium act as part of the 

innate immune system and serve as the first line of host defense for the lungs. There is 

increasing evidence that disturbances of the airway epithelium may act as a driver for 

pathogenesis, particularly of allergic airway inflammation 37–39. Many lung diseases, 

including asthma and chronic obstructive pulmonary disease (COPD), exhibit 

dysfunctional airways with heightened immune responses. Understanding how the 

airway epithelium senses environmental challenges and elicits an immune response is 

critical to understanding the underlying pathology of airway diseases.  
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Summary 

Airway smooth muscle is best known for its role as an airway constrictor in diseases 

such as asthma. However, its function in lung development is debated. A prevalent 

model, supported by in vitro data, posits that airway smooth muscle promotes lung 

branching through peristalsis and pushing intraluminal fluid to branching tips. Here, we 

test this model in vivo by inactivating Myocardin, which prevented airway smooth 

muscle differentiation. We found that Myocardin mutants show normal branching, 

despite absence of peristalsis. In contrast, tracheal cartilage, vasculature, and neural 

innervation patterns were all disrupted. Furthermore, airway diameter is reduced in the 

mutant, counter to the expectation that the absence of smooth muscle constriction 

would lead to a more relaxed and thereby wider airway. These findings together 

demonstrate that during development, while airway smooth muscle is dispensable for 

epithelial branching, it is integral for building the tracheal architecture and promoting 

airway growth.  
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Introduction 

Specification of the respiratory tract in mice begins at embryonic day 9 (E9) as 

marked by the expression of Nkx2.1, the earliest known genetic marker of the 

respiratory lineage 1,2. By E9.5, the lung primordium initiates as two simple epithelial 

buds surrounded by mesenchyme. Following elongation of the primary buds, secondary 

branching ensues in a highly stereotypic pattern until approximately E16 3,4. Strong 

evidence demonstrates that close interaction between the juxtaposed mesenchyme and 

epithelium is important for lung branching morphogenesis 5. 

Shortly after lung budding, diverse cell types emerge in the lung mesenchyme 6. For 

example, airway smooth muscle (ASM) can be detected starting at E10.5 as a small 

population of cells between the two lung buds 7. As development proceeds, ASM forms 

tightly packed bundles around the intrapulmonary airway epithelium. By E12.5, airway 

peristaltic contraction can be observed 8. It has been hypothesized that ASM contraction 

drives peristalsis, which in turn is essential for maintaining airway fluid pressure and 

subsequently promoting lung growth 9. 

This hypothesis was tested by manipulating ASM in ex vivo lung explant culture. For 

example, using pharmacological agents to activate or inhibit FGF signaling, SHH 

signaling, or L-type Ca2+ channels, both tip bifurcation and domain branching were 

disrupted 10,11. These results led the authors to conclude that ASM differentiation and/or 

contraction is crucial for lung branching morphogenesis, thereby supporting the 

hypothesis. However, this hypothesis has not been tested in vivo. 

In contrast to the mouse intrapulmonary airway where ASM fully surrounds the 

epithelium, ASM is only present in the dorsal side of the trachea in juxtaposition to the 
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cartilage on the ventral side. This complementary relationship is essential for proper 

tracheal function, where the contractility of the ASM maintains air pressure at inhalation, 

and the rigidity of the cartilage prevents tracheal collapse at exhalation. We have shown 

that this juxtaposition is established early during cell fate specification through crosstalk 

of the ASM and cartilage lineages 7. Recent studies showed that at a later stage, 

defects in ASM organization disrupted cartilage segmentation, suggesting continued 

crosstalk 12,13.  

In this study, we test the requirement of ASM in lung development by preventing 

ASM differentiation. This is achieved by inactivating Myocardin (Myocd), which encodes 

a transcription factor that is necessary for the specification of smooth muscle cell fate 14. 

MYOCD binds co-activator serum response factor (SRF), and together they activate 

expression of key smooth muscle genes including actin alpha 2 (Acta2, also termed 

alpha smooth muscle actin), and transgelin (TagIn, also termed SM22a). We found that 

inactivating Myocd in the trachea and lung mesenchyme effectively prevented ASM 

differentiation. Using this mutant, we tested the in vivo role of differentiated ASM in 

branching morphogenesis and other aspects of lung development.  
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Results 

Myocd inactivation led to loss of airway smooth muscle cells 

To determine the specific role of differentiated smooth muscle cells for lung and 

trachea development, we inactivated Myocardin (Myocd) in the developing lung and 

tracheal mesenchyme by generating Tbx4rtTA;tetOcre;Myocdflox/flox mutant mice; 

hereafter referred to as MyocdCKO 15,16. We activated rtTA by doxycycline administration 

starting at E5.5, which led to widespread cre activity in the lung and trachea 

mesenchyme at the onset of lung development 15. At E12.5, shortly after the initiation of 

secondary branching morphogenesis, there was a clear loss of airway smooth muscle 

(ASM) cells in the MyocdCKO lung by immunostaining as compared to control (Figure 

1A,B). Efficient gene inactivation and overall reduction of smooth muscle was confirmed 

by qRT analysis of Myocd, Acta2 and Tagln (Figure 1C). Interestingly, we observed 

selective loss of ASM while vascular smooth muscle (VSM) remained intact (Figure 1D-

G). To determine if the differential requirement for Myocd in ASM and VSM is due to its 

differential expression in these tissues, we visualized Myocd transcripts using 

RNAscope in the E14.5 lung. Compared to robust Myocd expression in the ASM, only 

significantly reduced expression was observed in the VSM (Supplemental Figure 1). As 

Tbx4rtTA;tetOcre is active in both smooth muscle lineages when induced early as we 

did 15, this suggests that Myocd is singularly required for ASM differentiation, but may 

work with other factors redundantly in the lung VSM. 
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Lung epithelial branching continued despite disruption of airway smooth muscle 

differentiation  

MyocdCKO mutants died at birth. Lung size and gross morphology appeared normal 

at E18.5 (Figure S2A, B). To specifically address if ASM is essential for branching 

morphogenesis in vivo, we carried out either immunofluorescence staining with anti-

ACTA2 and anti-CDH1 (also called E-Cadherin, an epithelium marker) antibodies 

(Figure 2A,B), or immunohistochemical staining with anti-CDH1 antibody at E14.5 

(Figure S2C-F). The gross morphology of E14.5 MyocdCKO mutants from an 

independent source and distinct genetic background was also documented (Figure 

S2G,H). Quantification was carried out by counting the number of epithelial tips from the 

left lobes of either MyocdCKO and controls (N=11 for each). No statistically significant 

difference was found (Figure 2C).  

We also addressed if there is any difference in the pattern of epithelial tips. A 

previous study defined four stages of bifurcation branching morphogenesis based on 

epithelial tip morphology 17. Epithelial buds begin as a single tip in stage one, flatten in 

stage two, form a cleft in stage three, and bifurcate into two daughter buds in stage four. 

We quantified the number of tips in each of the four stages of epithelial bifurcation and 

found no statistical difference between MyocdCKO lungs and controls, even though ASM 

is absent from the epithelial bifurcation clefts (Figure 2D-F). In addition, our 

quantification indicated that the epithelial bud tip area was not significantly altered in 

MyocdCKO lung compared to controls (Figure 2G). These data together led to the 

unexpected conclusion that despite severe disruption of ASM differentiation, the 
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MyocdCKO lungs exhibited normal branching, suggesting that ASM differentiation is not 

required for branching morphogenesis. 

In addition to investigating the role of smooth muscle differentiation, we also 

determined if smooth muscle contraction is essential for lung branching. Mylk (which 

encodes MLCK, myosin light chain kinase) is essential for ASM contraction in many 

tissues including when inactivated in the adult lung 18. When inactivated during 

development, we found that Tbx4rtTA;tetOcre;Mylkfl/fl mutants (MylkCKO) exhibited 

normal branching pattern, despite a clear loss of MLCK (Figure S2I-L). This result 

suggests that similar to the finding from the ASM differentiation mutant, ASM 

contraction is not required for branching morphogenesis. 

 

Loss of airway smooth muscle abrogated airway peristalsis 

Airway peristalsis, presumably driven by ASM, has been postulated as a key 

component of ASM function in branching. To determine if peristalsis was affected in the 

MyocdCKO mutants, we dissected E12.5 lungs and cultured them at air-liquid interface 

under conditions that have been previously described to preserve peristalsis in the 

control 8. At the time of harvest and start of culture, there was no significant difference in 

overall lung morphology between the MyocdCKO and control (Figure 3A,B). We 

confirmed that after 24 hours in culture, the MyocdCKO ex vivo lungs maintained a 

significant reduction in ASM compared to controls (Figure 3C-F). While control lungs 

underwent approximately 1±0.2 peristaltic contractions per minute, the MyocdCKO lungs 

never contracted (Figure 3G, Movie S1, Movie S2). This suggests that airway peristalsis 
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is dependent on the presence of ASM, and the absence of peristalsis in MyocdCKO lungs 

does not affect branching morphogenesis. 

 

Cartilage segmentation occurs through cell aggregation 

Previous findings from our lab showed that the juxtaposition of ASM and cartilage in 

the trachea is established early in development and crosstalk between cells of these 

two lineages impact their fate specification 19. However, the possible effect of ASM on 

cartilage condensation into segmented rings was not investigated. To begin addressing 

this question, we first characterized the timing of the wild-type process of cartilage 

segmentation. By wholemount RNA in situ hybridization of Col2a1, a marker for 

specified cartilage fate, tracheal cartilage cells emerge as a continuous band which start 

to be segmented at E13.5 (Figure S3A-D). We reasoned that the conversion from a 

sleeve to a segmented pattern may occur through either selected intersegmental cell 

death, or intersegmental trans-differentiation into non-cartilage fate, or convergence of 

cartilage cells into evenly spaced condensations. To distinguish among these 

possibilities, we first examined cell death. Immunostaining for apoptosis marker 

cleaved-Caspase 3 (CASP3) showed little cell death in the ventral mesenchyme, 

suggesting that mesenchymal cell death is unlikely a major contributor (Figure S3E). 

Next, we performed lineage tracing employing a Col2a1-cre to recombine a double 

reporter allele Rosa26R-loxp-tdTom-stop-loxp-eGFP (abbreviated RmTmG) 20,21. This 

system allowed us to trace the pattern of Col2a1-lineaged cells in the cartilage sleeve 

as they form segments. At E12.5, we observed that GFP expressing Col2a1-cre lineage 

labeled cells were positioned in an unsegmented band in the pre-condensation trachea 
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before splitting into two bands in the main bronchi (Figure S3F). However, by E16.5, 

three days after cartilage segmentation, lineage labeled trachea exhibited an alternating 

pattern of GFP and tdTomato expressing cells (Figure S3G). This pattern persisted after 

birth (Figure S3H). The lineage tracing data argue against the possibility that some of 

the cartilage precursors in the continuous sleeve trans-differentiated into non-cartilage 

fate in the intersegmental region. Instead, these results together suggest that tracheal 

cartilage segmentation occurs via convergence of cartilage cells into evenly spaced C-

shaped rings. 

 

Airway smooth muscle differentiation is essential for proper tracheal architecture 

Based on the above analysis, tracheal cartilage segmentation initiates at E13.5, after 

ASM differentiates and begins its phasic contractions at E11.5 8,19. To determine if loss 

of ASM differentiation in the MyocdCKO trachea would affect cartilage segmentation, we 

first stained E17.5 tracheas with alcian blue to outline the cartilage. The MyocdCKO 

mutant tracheas exhibited a near complete disruption of C-shaped rings, with stained 

nodules only on the lateral edge of the trachea in a segmented pattern (Figure 4A,B). 

This defect can be traced to E14.5, at the start of cartilage segmentation, as indicated 

by Col2a1 RNA in situ hybridization (Figure 4C,D). On sections, SOX9+ cartilage cells 

were still present in similar patterns in the control and MyocdCKO tracheas at E13.5, the 

start of cartilage segmentation (Figure 4E,F). After cartilage segmentation, there was a 

clear reduction of SOX9+ cells at E14.5 in the MyocdCKO (Figure 4G,H). By E17.5, the 

remaining SOX9+ cells were found in nodules at the lateral edge of the ventral portion 

of the trachea, similar to the pattern of wholemount alcian blue staining (Figure 4I,J). 
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This severe reduction of cartilage may lead to collapsed trachea, a possible cause for 

the lethality of the MyocdCKO mutants at birth. Consistent with the findings from the 

MyocdCKO mutants, in the MylkCKO trachea where ASM remains present but its 

contraction was inhibited, tracheal cartilage pattern is disrupted (Figure S4A-D). These 

findings together indicate that ASM differentiation and contraction are required for 

tracheal cartilage segmentation.  

To determine the molecular mechanism of tracheal cartilage malformation in the 

absence of ASM, we performed RNA-seq of control and MyocdCKO E18.5 tracheas. The 

significantly downregulated genes in the MycodCKO trachea consisted of genes in the 

categories of smooth muscle, cartilage, ion channels, neuronal regulation, and immune 

response (Figure 4K). 

To determine possible molecular players mediating ASM effects on cartilage 

segmentation, we focused on mechanical pressure regulated genes. Previous studies 

have identified several genes that are regulated by mechanical pressure, and in turn 

play a role in chondrocytes and osteoblast development and maturation 22,23. For 

example, Runx2 is a transcription factor that is activated during mechanical loading in 

osteoblasts and is also necessary for chondrocyte maturation. Runx2 activates Spp1 

and Itgbl1, also mechanoresponsive genes expressed in chondrocytes 24,25. Hapln1 is 

an essential component of the cartilage extracellular matrix (ECM), and Hapln1 mutants 

die at birth due to impaired tracheal cartilage and subsequent respiratory failure 26. 

Hapln1 also modulates hyaluronic acid signaling which has been shown to be important 

for mechanical responses in cartilage 25. Itgbl1 has been shown to receive input from 

the ECM 27. qRT-PCR analysis validated the RNA-seq data that the expression of 
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mechanosensitive genes such as Runx2, Spp1, Hapln1, and Itgbl1 are downregulated 

in the MyocdCKO trachea compared to control at E18.5 (Figure 4L). However, the caveat 

is that their downregulation may be due to the significant reduction of SOX9+ cartilage 

cells at E18.5, as these genes are primarily expressed in the cartilage cells. To more 

rigorously determine if loss of ASM may affect these mechanosensitive genes, we 

examined their expression at E13.5, the stage before cartilage segmentation when 

there is still a comparable abundance of SOX9+ cells in the MyocdCKO and control 

tracheas. We found that while the expression of Sox9 in the MyocdCKO trachea at E13.5 

is proportional to control, the expression of Runx2, Spp1, and Hapln1 is already 

downregulated (Figure 4M). Together, these findings suggest that in the absence of 

ASM, changes in mechanical pressure would alter the expression of mechanosensitive 

genes which in turn may affect cartilage segmentation. 

To determine if the lack of ASM also affects the development of other cell types in 

the trachea, we assayed for the morphology of neurons and vessels. By anti-TUBB3 

staining, a pan neuronal marker, several ganglia composed of intrinsic neurons are 

found to be distributed along the length of the dorsal trachea on the surface of smooth 

muscles (Figure S5A). While ganglia are still present in the MyocdCKO trachea, the 

cumulative cell body size are ~50% the total area of control ganglia (Figure S5B-E). 

These results suggest that ASM is important for proper tracheal innervation by intrinsic 

neurons during development.  

To assess patterning of the tracheal vasculature, we used anti-ICAM2 staining, a 

pan endothelial marker. In the control, there is a net-like appearance of vasculature on 

the dorsal side while there is a striped organization of vasculature interspaced between 
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the cartilage rings on the ventral side (Figure S5F-I). In the MyocdCKO trachea, vascular 

patterning on the dorsal side appeared normal, while vessels on the ventral side were 

no longer constrained in stripes in the absence of organized segmental cartilage rings 

(Figure S5J-M).  

 

Airway smooth muscle is dispensable for the ability of lung epithelial cells to 

differentiate 

 The alveolar epithelium is comprised of alveolar epithelial type 1 cells (AT1) which 

line the alveolus and form the air-blood barrier, and alveolar epithelial type 2 (AT2) cells 

which secrete surfactants and reduce surface tension. A proper ratio of AT1 to AT2 cells 

is crucial for postnatal life. By immunostaining and qRT analysis, the number of AT1 

and AT2 cells, and their ratio remained similar in MyocdCKO lungs at E18.5 compared to 

control (Figure S6A-D). 

For a more comprehensive analysis of changes in MyocdCKO lungs, we performed 

RNA-seq in MyocdCKO and control E18.5 lungs. The significantly downregulated genes 

in the MycodCKO lung consists of genes related to smooth muscle cells, ciliated cells, 

club cells, and immune response (Figure 5A). By qRT analysis, we verified that the 

expression of several genes that are key markers of differentiated airway epithelial cell 

types were significantly downregulated in the MyocdCKO lung at E18.5 (Figure 5B). 

These include Scgb1a1 and Scgb3a2 for club cells; Foxj1, Mcidas and Myb for ciliated 

cells; Ascl1 and Calca for pulmonary neuroendocrine cells.  

Counter to the downregulation of airway epithelium marker expression by qRT-PCR, 

by immunostaining, airway epithelial cell markers such as SCGB1A1 for club cells, 
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FOXJ1 for ciliated cells and CGRP for pulmonary neuroendocrine cells were detected at 

a similar intensity per cell in the MyocdCKO lung compared to control (Figure 5C-I). We 

also found that there was no difference in the balanced ratio of club and ciliated cells in 

either the MyocdCKO or MylkCKO compared to respective controls (Figure S6E-J). 

Additionally, while pulmonary neuroendocrine cells are present and remain innervated, 

the neuroepithelial cell body clusters were smaller in the MyocdCKO airway as compared 

to control (Figure 5G-I, Figure S6K-N).  

 

Airway smooth muscle promotes airway circumferential growth 

 To resolve the discrepancy between qRT-PCR and immunostaining results of airway 

genes, we used immunostaining of thick longitudinal airway sections and 3D 

reconstruction of confocal images to visualize the entire thickness of the main 

intrapulmonary airway. Strikingly, the main airway was narrower in the E18.5 MyocdCKO 

lung compared to control, and quantification demonstrated statistical significance 

(Figure 6A-C). We can trace this phenotype to E14.5 by taking transverse sections of 

the primary bronchi at equivalent depths in the MyocdCKO and control (Figure 6D,E). Cell 

counting analysis revealed an approximately 40% decrease in the number of SOX2+ 

epithelial cells and a similar decrease in airway diameter in the MyocdCKO compared to 

control (Figure 6F,G). This is consistent with the decreased level of Sox2 expression by 

qRT-PCR analysis (Figure 5B). No change in cell death or apical-basal polarity was 

detected (Figure S7A-H). In comparison, there is a small, but statistically significant 

decrease in epithelial cell proliferation, shown by a reduction in the percentage of 

Ki67+SOX2+ proliferative airway cells in the total SOX2+ airway epithelial cells in the 
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MyocdCKO airway compared to control (Figure 6H-J). Over time, this modest decrease in 

proliferation may accumulate and contribute to the clear difference in airway size at 

E18.5.  

 To test the possibility that ASM contractions may be necessary for establishing 

airway epithelial size, we examined airway size in the MylkCKO mutant lung compared to 

control. We found that there was no airway size defect in the MylkCKO lung, suggesting 

that differentiated ASM, but not contraction, is necessary for increasing the caliber of 

the airway tube (Figure S7I-K).  

These findings led to the hypothesis that differentiated ASM may be a source of 

signaling factors that control the size of the airway epithelium. To uncover the molecular 

mechanism, we performed RNA-seq of MyocdCKO and control lungs at E13.5. We 

focused in on the signaling factors that are altered (Figure 7A). Among them, two key 

inhibitors of BMP signaling, Chrdl1 and Grem2, were downregulated. These changes 

stood out because active BMP signaling has been shown to constrain airway 

proliferation 28. By qRT-PCR, we verified that the expression of Chrdl1 and Grem2 is 

significantly decreased in the MyocdCKO lung at E13.5 (Figure 7B). We analyzed BMP 

activity using anti-phosphorylated-SMAD1/5/8 (pSMAD1/5/8) immunostaining as a read-

out of BMP activity. In concert with the decrease of BMP inhibitors, we observed a 

robust increase (p<0.0005) of pSMAD1/5/8 staining in the E13.5 main airway of the 

MyocdCKO mutant compared to control, demonstrating increased signaling (Figure 7C-

G). These findings suggest that differentiated ASM is essential for promoting the 

circumferential growth of the airway, and differentiated ASM may act through regulating 

BMP signaling in this process.  
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Discussion 

The ASM is a prominent site of pathogenesis in diseases such as asthma and 

COPD, and has been studied extensively in the context of pathogenesis. In comparison, 

its function in normal development is less understood. In this study, we used an in vivo 

genetic approach to test the role of ASM differentiation in lung development. 

Unexpectedly, our findings from the MyocdCKO challenged the notion that ASM, through 

its role in peristalsis, is essential for lung branching morphogenesis, a prevalent model 

supported by in vitro data 8,11,17,29. Instead, our data showed that disruption of ASM 

differentiation abolished peristalsis, but did not alter epithelial branching. Nevertheless, 

ASM differentiation is far from being dispensable. In the trachea, ASM is essential for 

the establishment of tracheal architecture, including cartilage segmentation, vascular 

patterning, and intrinsic neuron organization. The changes of these cell types in the 

mutant are either direct or indirect consequences of the loss of ASM. Given that in 

human, the juxtaposition of the ASM and cartilage is preserved deep into the lung, this 

role of ASM in establishing the cartilaginous airway architecture would prove significant 

in the human airway. An additional finding from the MyocdCKO mutant is that the 

differentiated ASM is required for circumferential growth of the airway. Postnatally in 

diseases such as asthma, increased number, size, and/or constriction of ASM cells is 

linked to airway narrowing. These findings suggest distinct roles of ASM in development 

versus pathogenesis. 

The model that ASM is essential for branching morphogenesis follows the logic that 

differentiated ASM undergoes peristalsis. In the amniotic fluid filled fetal lung, peristalsis 
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would push fluid into the distal tips to promote epithelial branching morphogenesis. This 

attractive model is supported by data from in vitro explant cultures. For example, 

experimentally increasing intraluminal pressure in culture led to increased branching 30. 

Furthermore, disruption of ASM in culture via treatment with a series of pharmacological 

agents each led to disruption of branching 11,17. We speculate that the discrepancy 

between these findings versus ours may be due to the difference between in vitro 

versus in vivo experimental settings. Furthermore, pharmacological agents used in the 

in vitro experiments have been shown to have effects not restricted to ASM. In our in 

vivo model, the genetic data demonstrate that even though ASM is lost and peristalsis is 

absent in the MyocdCKO lung, branching is not altered. This finding is consistent with two 

prior in vivo observations. First, in two separate studies, it was found that infiltration of 

amniotic fluid into the distal airway was observed starting at E16.5 31,32. As branching 

morphogenesis has largely concluded by E16.5, it is unlikely that in vivo, amniotic fluid 

pressure on the distal tip would affect branching. Second, it was found that inhibition of 

retinoic acid signaling in vivo resulted in ectopic ASM differentiation into the distal 

airway. However, epithelial branching continued as normal 33. These findings, together 

with our data from the MyocdCKO mutant, suggest that presence and the amount of 

differentiated ASM and their function in peristalsis do not impact epithelial branching 

morphogenesis in vivo. 

It should be noted that preventing ASM differentiation is a distinct operation from 

ablating ASM, and may have different impacts on the adjacent epithelium. In a recent 

study, genetic ablation of ACTA2+ cells was achieved via Acta2-cre mediated 

expression of diphtheria toxin receptor expression and supply of toxin in the ex vivo 
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culture medium. This did not affect domain branch number or position, but led to 

reduced branch length and increased width 11. In the adult lung, after LGR6+ ASM cells 

were genetically ablated, the airway epithelial cells became defective in regeneration 

following naphthalene induced airway injury 34. These results are consistent with 

findings indicating that ASM is a niche and source of growth signals such as FGFs and 

WNTs for branching and activation of epithelial progenitors in adult injury repair 35–37.  

For ASM function in tracheal cartilage segmentation, we hypothesize that this is 

achieved through mechanical load exerted by ASM constriction. The impact of 

mechanical force on cartilage formation has been demonstrated in axial and appendage 

skeletal development. For example, in limb development, mechanical pressure 

generated by skeletal muscles is essential for shaping the limb cartilage 38,39. In the 

trachea, two independent recent studies showed that ASM-targeted inactivation of 

Kcnj13 which encodes a potassium channel, or Ror2 which encodes a WNT5a receptor, 

led to misalignment of the ASM, which in turn led to disrupted tracheal cartilage 

segmentation 12,13. These findings suggest that disruption of tensile strengths of muscle 

could impair mechanical stability of the trachea and lead to cartilage condensation 

defects. For a possible molecular mechanism, work in chondrocytes outside of the 

trachea has demonstrated that mechanical load can regulate the expression of several 

genes that play key roles in cartilage formation, including Runx2, Spp1, and Hapln1 22–

27. Our data indicate that the expression of these genes is altered in the MyocdCKO 

trachea, consistent with the possibility that these molecular changes may contribute to 

the observed cartilage malformation.  
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While prevention of ASM differentiation did not affect branching morphogenesis, it 

led to an unexpected reduction of airway diameter. Airway diameter is directly 

proportional to airway conductance, and decreased airway conductance is a key feature 

of major lung diseases such as asthma. In Asthma, while decrease of airway 

conductance is largely due to airway constriction and mucus-based occlusion, one 

would expect that a narrower airway from development would add to the susceptibility to 

reduced conductance. However, little is known about how airway diameter is achieved 

through development, partly because many mutants that show abnormal airway 

diameter also show disrupted branching. The lack of a branching defect in the 

MyocdCKO lung allowed us to clearly demonstrate the airway diameter phenotype. 

Reduction of airway diameter only affected a small proportion of the whole lung, thereby 

did not alter overall lung size. Our finding that the reduced diameter is already present 

at E14.5 suggests that active circumferential growth occurs in parallel to branching 

morphogenesis.  

In asthma, ASM hyperplasia or hypertrophy is linked to reduced airway size. Thus, 

the lack of differentiated ASM is expected to lead to relaxed, and thereby larger airway. 

Our finding that the MyocdCKO airway is smaller runs counter to expectation, and 

suggest that the role of ASM in development is distinct from that in the adult airway. We 

considered the possibility that mechanical force generated by differentiated ASM may 

be important for the stimulation of airway epithelial growth, similar to its role in cartilage 

condensation. However, our finding that the MylkCKO lung did not exhibit an airway size 

defect does not add credence to this possibility. Alternatively, as mentioned above, 

differentiated ASM is a source of signal and signaling regulators. We found that BMP4 
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antagonists Chrdl1 and Grem2 are significantly downregulated in the MyocdCKO lung. 

Single cell RNA-seq data from embryonic lungs shared on the LungGENS database 

revealed that Chrdl1 and Grem2 are selectively expressed in ASM and proliferative 

mesenchymal progenitors 40. Furthermore, Bmpr1a and Bmpr1b, which encodes BMP 

receptors, are expressed in airway epithelial cells. The decrease in Chrdl1 and Grem2 

are consistent with an increase in BMP activity in the proximal airway, as demonstrated 

by pSMAD staining. BMP signaling has been shown to influence airway and alveolar 

epithelial repair 28,41,42. Specifically, BMP constrains the proliferation of airway cells and 

this can be released by BMP antagonists in the context of airway repair 28,41,42. Our 

results suggest the possibility that ASM differentiation promotes airway diameter growth 

through regulating signaling. Taken together, the in vivo findings in this study revealed 

unexpected roles of ASM during the building of a functional lung. 
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Methods 

Lead contact and materials availability 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Xin Sun (xinsun@ucsd.edu). All RNA-seq fastq and 

processed files are publicly available at the NIH NCBI GEO database accession number 

GSE143394. 

 

Experimental model and subject details 

Myocdflox, Tbx4rtTA, and tetOcre alleles and transgenic lines have been described 

previously 15,43. Myocdflox/+ mice were bred to Tbx4rtTA;tetOcre;Myocdflox/flox to generate 

trachea and lung mesenchyme specific knockouts. The Mylkflox/flox allele has been 

described previously 44. Mylkflox/flox mice were bred to Tbx4rtTA;tetOcre;Mylkflox/+ to 

generate trachea and lung mesenchyme specific knockouts. Mice were housed and all 

experimental procedures were performed in an American Association for Accreditation 

of Laboratory Animal Care-accredited laboratory animal facility at the University of 

California San Diego (UCSD). Noon of the day on which a virginal plug was detected 

was considered to be E0.5. Prenatal rtTA activity was induced by doxycycline (dox) 

administration starting at gestational day 5.5 by feeding pregnant females with dox food 

(625 mg/kg; Test-Diet, Richmond, IN, USA). 
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Tissue preparation and immunostaining 

Whole E12.5, E13.5, E14.5, E17.5, and E18.5 embryos, tracheas, and lungs were fixed 

in 4% paraformaldehyde (Electron Microscopy Sciences) diluted in PBS. Samples were 

either stained wholemount or embedded in paraffin or frozen in OCT (Electron 

Microscopy Sciences) for sectioning. Whole lungs and sections were immunostained 

using standard protocols. For pSMAD1/5/8 staining, the Tyramide SuperBoost™ Kit 

(ThermoFisher) was used followed by TrueBlack® Lipofuscin Autofluorescence 

Quencher (Biotium) staining following these product’s published protocols. Slides were 

mounted with either Vectashield (Vector Labs) and visualized/photographed using a 

Zeiss AxioImager.A2 microscope and AxioCam MRc camera. Whole mount images and 

thick cryo sections were mounted using Citifluor (Ted Pella, Inc.) and 

visualized/photographed using Zeiss 880 Airyscan and/or Leica Sp8 confocal 

microscopes and cameras. Images were processed using ImageJ. 

 

Quantitative RT-PCR (qRT-PCR) 

RNA was isolated from embryonic whole lungs or tracheas using an RNEasy micro kit 

(Qiagen), respectively, as per the manufacturer's protocol. Either 250µg, 500µg, or 

1000µg of RNA was reverse transcribed into cDNA using the iScript Reverse 

Transcriptase (Bio-Rad Laboratories). For qRT-PCR, 10ng of cDNA was amplified using 

gene-specific primers and iTaq SYBR green Supermix (Bio-Rad Laboratories) on a Bio-

Rad CFX Connect real-time PCR machine. For each gene, at least three technical 

replicates and three biological replicates were assayed. Data were analyzed with the 

change in cycle threshold (Ct) value method. Statistical significance was determined 



 33 
 

 
 

 
using Student’s t-test. For a list of gene-specific primers, see Table S1. 

 

Analysis of peristalsis in ex vivo embryonic lungs 

Lungs from E12.5 mouse embryos were dissected in sterile PBS and cultured on 

porous membranes (nucleopore polycarbonate track-etch membrane, 8 mm pore size, 

25 mm diameter; Whatman) at air-liquid interphase of DMEM/F12 medium 

supplemented with antibiotics (50 units/ml of penicillin and streptomycin). Ex vivo lungs 

were cultured in an incubator at 37oC in 5% CO2 for 24 hours. Cultured lungs were 

imaged and videoed for 10 mins on a 37oC warm plate. Peristaltic contractions were 

calculated by observing the most proximal bronchial branch junction in the right lung. 

After imaging, ex vivo cultured lungs were then fixed in 4% paraformaldehyde (Electron 

Microscopy Sciences) diluted in PBS and immunostained using standard protocols.  

 

RNAscope in situ hybridization 

RNAscope Multiplex Fluorescent v2 Assay (ACD) was used to perform in situ 

hybridization of Myocd in E14.5 wild-type lungs. Tissue was prepared as a fresh-frozen 

sample following the published RNAscope protocol, then sectioned 10 µm thick. The 

Myocd probe was stained with the Opal 520 fluorophore. These sections were then 

counter stained with DAPI and the ACTA2 antibody as described above. 

 

Whole-Mount in situ hybridization 

Embryonic lungs were dissected in PBS, fixed in 4% paraformaldehyde overnight at 

4°C, and then dehydrated to 100% MeOH. Whole-mount in situ hybridization was 
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carried out by using an established protocol 45. 

 

RNA-seq analysis 

Control and MyocdCKO E13.5 lungs, E18.5 tracheas, and E18.5 lungs were dissected in 

PBS and immediately stored in TRIzol Reagent (ThermoFisher Scientific). Tissues were 

then lysed using a TissueLyser (Qiagen), and total mRNA was extracted using standard 

TRIzol RNA extraction protocol. mRNA was cleaned using the RNeasy Micro Kit 

(Qiagen). cDNA libraries were made for each individual lung or trachea using Illumina 

TruSeq RNA Library Prep Kit V2 (Illumina) and sequenced on a SR75 run on the 

HiSeq4000 platform (Illumina). Sequences in FASTQ files were aligned to the mouse 

reference genome using STAR 46. Reads were counted using featureCounts and 

differential expression analysis was performed using DeSeq2 47,48. Heatmaps were 

generated using HeatMapper software 49.  

 

Quantification and statistical analysis  

Cell counts were quantified manually using the ImageJ Cell Counter feature. For each 

sample, six different sections from the same lung were quantified and the average was 

taken to represent the count for each sample. Area was also measured in ImageJ. For 

E14.5 epithelial tips, area was calculated for each tip and the average was taken as the 

tip area for each left lobe. For tracheal ganglia, the ganglia were measured individually 

and then added together to represent the total ganglia area per trachea. Airway 

diameter measurements were measured in ImageJ. For thick sections, diameter was 

measured by drawing a straight line through the diameter of the main pulmonary 



 35 
 

 
 

 
airways and calculating the length. For transverse sections of the circular main airway, 

diameter was measured by drawing a straight line through the circular airway. For each 

sample, three different sections from the same lung at similar depths were quantified 

and the average was taken to represent the diameter for each sample. pSMAD1/5/8 

fluorescence activity was measured for the first proximal branches as pixel intensity for 

the pSMAD1/5/8 channel (green) in the confocal stacks. Statistical significance was 

determined using Student’s t-test, and presented as mean ± standard deviation.  

 

Data and code availability 

All RNA-seq fastq and processed files are publicly available at the NIH NCBI GEO 

database accession number GSE143394. 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143394  
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Figure 1. Airway smooth muscle differentiation is disrupted in MyocdCKO lungs. 

(A,B) Confocal images showing immunofluorescent detection of smooth muscle 

marker ACTA2 (magenta) and epithelium marker CDH1 (green) in whole lungs of 

control and MyocdCKO mice at E12.5, showing near complete absence of airway smooth 

muscle adjacent to airways in MyocdCKO. Scalebar: 200 µm. (C) qRT-PCR quantification 

of relative mRNA levels of Myocd and smooth muscle markers Acta2 and Tagln in 

control and MyocdCKO lungs at E12.5. Data are represented as individual points for each 

biological sample + SD. *: p<0.05, **: p<0.005, ***: p<0.0005. (D-G) Immunofluorescent 

detection of ACTA2 (magenta), and club cell marker SCGB1A1 (green) (D,E) or 

endothelial marker ERG (green) (F,G) in lungs of control and MyocdCKO at E17.5 and 

E14.5, showing the near absence of the airway (aw) smooth muscle and the 

persistence of vascular (v) smooth muscle in MyocdCKO.  
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Figure 2. Loss of airway smooth muscle differentiation did not affect airway 

epithelial branching. 

(A,B) Maximum projection of z-stacks from confocal images showing 

immunofluorescent detection of ACTA2 (magenta) and CDH1 (green) in left lung lobes 

of control and MyocdCKO mice at E14.5, showing normal branching morphogenesis in 

MyocdCKO lungs. Columns represent control and MyocdCKO littermates. Scalebar: 250 

µm. (C) Quantification of terminal epithelial tips in E14.5 control and MyocdCKO left lung 

lobes, N=11 each. Data are represented as individual points for each biological sample 

+ SD. (D-E) Representative images showing immunofluorescent detection of ACTA2 

(magenta) and CDH1 (green) in the four stages of epithelial tip bifurcation in control and 

MyocdCKO lungs at E14.5. (F) Quantification of tips in each stage shown as a 

percentage of total tip number. Data are represented as individual points for each 

biological sample + SD. (G) Quantification of epithelial tip areas shown as the average 

tip area per left lobe. Data are represented as mean + SD. 
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Figure 3. Loss of airway smooth muscle differentiation led to absence of airway 

peristalsis. 

(A-B) Representative control and MyocdCKO E12.5 lungs were dissected and imaged 

fresh, and (C,D) 24 hours after culture. Scalebar: 50 µm. (E,F) Representative 

maximum projection of z-stacks from confocal images showing immunofluorescent 

detection of ACTA2 (magenta) and CDH1 (green) in E12.5 cultured lungs, showing a 

lack of differentiated ASM in MyocdCKO lung. Scalebar: 50 µm. (G) Peristalsis was 

observed in control airways approximately once a minute, while MyocdCKO airways never 

contracted. Data are represented as individual points for each biological sample + SD. 

***: p<0.0001. 
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Figure 4. Loss of airway smooth muscle differentiation led to disrupted cartilage 

segmentation. 

(A,B) Whole mount alcian blue staining showed cartilage segmentation defects in 

MyocdCKO E18.5 tracheas. Scalebar: 50 µm. (C,D) Col2a1 wholemount RNA in situ 

hybridization revealed reduced chondrocytes in MyocdCKO E14.5 tracheas. Scalebar: 

100 µm. (E-J) Immunofluorescent detection of ACTA2 (magenta) and cartilage marker 

SOX9 (green) expression in transverse sections of tracheas of control and MyocdCKO at 

E13.5 (E,F), E14.5 (G,H), and E17.5 (I,J). Scalebar: 50 µm for E-H and 100 µm for I,J. 

“t” indicates trachea and “e” indicates esophagus. (K) Heatmap of RNA-seq data 

showing groups of significantly downregulated genes, by an adjusted p-value less than 

0.05, in the MyocdCKO E18.5 tracheas. (L) qRT-PCR quantification of relative mRNA 

levels of mechanosensitive genes Runx2, Spp1, Hapln1, and Itgbl1 in control and 

MyocdCKO tracheas at E18.5. *: p<0.05, **: p<0.005. (M) qRT-PCR quantification of 

relative mRNA levels of Sox9 and mechanosensitive genes Runx2, Spp1, and Hapln1 in 

control and MyocdCKO tracheas at E13.5. *: p<0.05. Data are represented as individual 

points for each biological sample + SD. 
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Figure 5. Loss of airway smooth muscle differentiation did not affect the ability of 

airway epithelial cells to differentiate. 

(A) Heatmap of RNA-seq data showing selected groups of significantly 

downregulated genes, by an adjusted p-value less than 0.05, in the MyocdCKO E18.5 

lung. (B) qRT-PCR quantification of relative mRNA levels of airway epithelial cell marker 

genes for general airway epithelium Sox2; club cells Scgb3a2 and Scgb1a1; ciliated 

cells Foxj1, Mcidas and Myb; pulmonary neuroendocrine cells Ascl1 and Calca; in 

control and MyocdCKO lungs at E18.5. Data are represented as individual points for each 

biological sample + SD. *: p<0.05, **: p<0.005, ***: p<0.0005. (C,D) Immunofluorescent 

detection of ACTA2 (magenta) and SCGB1A1 (green). (E,F) Immunofluorescent 

detection of FOXJ1 (magenta) and smooth muscle marker TAGLN (green). (G-I) 

Immunofluorescent detection of CGRP (green) in control and MyocdCKO E18.5 lungs. 

Scalebars: 50µm. 
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Figure 6. Loss of airway smooth muscle cell differentiation led to reduced airway 

size. 

(A,B) Confocal stacks covering the entire thickness of the main airways in 100µm 

thick cryosections of E18.5 left lobes showing immunofluorescent detection of ACTA2 

(magenta) and SCGB1A1 (green). Scalebar: 200 µm. (C) Quantification showing 

reduced main airway diameter in the mutant at E18.5.***: p<0.0005. (D,E) 

Immunofluorescent detection of airway epithelial marker SOX2 (magenta) and TAGLN 

(green) in transverse sections taken at equivalent depths of the main airway in control 

and MyocdCKO lungs at E14.5. Scalebar: 50µm. (F) Quantification showing decreased 

number of SOX2+ cells in the MyocdCKO main airway at E14.5. ***: p<0.0005. (G) 

Quantification showing decreased main airway diameter in the mutant at E14.5. ***: 

p<0.0005. (H,I) Immunofluorescent detection of SOX2 (magenta) and proliferation 

marker KI67 (green) in transverse sections taken at similar depths of the main airway in 

control and MyocdCKO lungs at E14.5. Scalebar: 50µm. (J) Quantification showing 

decreased number of the percentage of Ki67+SOX2+ proliferating cells in total Sox2+ 

airway epithelial cells in the MyocdCKO main airway at E14.5. *: p<0.05. Data are 

represented as individual points for each biological sample + SD. 
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Figure 7. Loss of airway smooth muscle cell differentiation led to increased BMP 

activity in the main airway. 

(A) Heatmap of RNA-seq data showing groups of significantly downregulated genes, 

by an adjusted p-value less than 0.05, in the MyocdCKO E13.5 lung. (B) qRT-PCR 

quantification of relative mRNA levels of BMP4 antagonists Chrdl1 and Grem2 in control 

and MyocdCKO lungs at E13.5. *: p<0.05, ***: p<0.0005. (C-F) Confocal images of 20 µm 

thick cryosections of the main pulmonary airway in E13.5 left lung showing 

immunofluorescent detection of ACTA2 (magenta) and BMP activity indicator 

pSMAD1/5/8 (green). Dashed lines represent the outline of the main pulmonary airway. 

Scalebar: 200 µm. (E,F) Magnified images of the first proximal branches region of C, D, 

respectively. (G) Quantification showing increased pSMAD1/5/8 signal in the main 

airways in MyocdCKO compared to control. ***: p<0.0005. Data are represented as 

individual points for each biological sample + SD. 
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Supplemental Figure 1 

(A-C) Representative immunofluorescent images of ACTA2 (magenta) (A) and 

RNAscope in situ detection of Myocd (green) (B) and merged with DAPI (C) of a E14.5 

wild-type lung section. Scalebar: 100 µm. 
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Supplemental Figure 2 

(A,B) Brightfield images of whole lungs of control and MyocdCKO at E18.5. (C-F) 

Immunohistochemistry detection of CDH1 in control and MyocdCKO at E14.5. (G,H) 

Brightfield images of whole lungs of control and MyocdCKO at E14.5 from mice in the 

C57Bl/6 genetic background. Green dots denote branched epithelial tips of left lobes, 

red dots denote branched epithelial tips of right lobes. (I,J) Immunofluorescent detection 

of MYLK (magenta) and SCGB1A1 (green) in lung sections in control and MylkCKO lungs 

at E17.5. Scalebar: 50 µm. (K,L) Immunohistochemistry detection of CDH1 in control 

and MylkCKO lungs at E15.0. 
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Supplemental Figure 3 

(A-D) Col2a1 RNA in situ of wild type tracheas at E11.5 (A), E12.75 (B), E13.0 (C), and 

E13.5 (D). (E) Immunofluorescent staining for apoptosis marker cleaved Caspase 3 

(CASP3) (red) in an E13.0 longitudinal section of the trachea. Ds indicates the dorsal, 

smooth muscle side of the trachea and Vn indicates the ventral, cartilage side of the 

trachea. White arrowheads indicate red blood cells, identified by their auto-fluorescence 

in both the red and green channels. (F-H) Col2a1-cre;RmTmG tracheas at E12.5 (F), 

E16.5 (G) and postnatal day (P) 1 (H). 
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Supplemental Figure 4 

(A,B) Immunofluorescent detection of ACTA2 (magenta) and SOX9 (green) in cross 

sections of tracheas at P8 of control and MylkCKO mice, showing disorganized cartilage 

in the MylkCKO trachea. (C,D) Immunofluorescent detection of phosphorylated myosin 

light chain (pMLC; magenta) in cross sections of tracheas at E17.5 of control and 

MylkCKO mice. Asterisk indicates drastically reduced pMLC signal in the MylkCKO 

trachea. t: trachea; v: vessel. Scalebar: 100 µm. 
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Supplemental Figure 5 

(A-D) Confocal images showing immunofluorescent detection of ACTA2 (magenta) and 

nerve marker TUBB3 (also termed TUJ1) (green) in whole tracheas of control and 

MyocdCKO mice at E18.5. (A,B) Scalebar: 300 µm. (C,D) Scalebar: 100 µm. (E) 

Quantification depicting the total area of ganglia in control and MyocdCKO tracheas at 

E18.5, with each dot representing the cumulative ganglia area for an individual trachea. 

***: p<0.0005. (F-M) Confocal images showing immunofluorescent detection of ICAM2 

(red) and TAGLN (green) in whole tracheas of control and MyocdCKO mice at E18.5. 

Dorsal side of trachea is shown in F,G,J,K; Ventral side of trachea is shown in H,I,L,M. 

Scalebar: 100 µm. 

 

  



 70 
 

 
 

 

  

Myocd CKOControl

Young et al.
Figure S6

H
O

PX
   

 S
FT

PC

A B

Hopx Sftpc
0.0

0.5

1.0

Re
lat

ive
 m

RN
A 

Ab
un

da
nc

e

C
Control
MyocdCKO

n.s. n.s.

0.0

0.5

1.0

AT
1 

/ A
T2

D

Control Myocd CKO

n.s.

Myocd CKOControl
B

AC
TA

2 
   

 S
YP

K L

Myocd CKOControl
B

AC
TA

2 
   

 S
YP

A BM DN

E18.5

E18.5

E18.5

FOXJ1   SCGB1A1

M
yo

cd
 C

KO
C

on
tro

l

0

50

100

%
 o

f a
irw

ay
 e

pit
he

liu
m

Club
Ciliated

Myocd CKOControl

FOXJ1   SCGB1A1

M
yl

k 
C

KO
C

on
tro

l

0

50

100

%
 o

f a
irw

ay
 e

pit
he

liu
m

Club
Ciliated

Mylk CKOControl

n.s. n.s.

E18.5 E17.5

E

F

G
H

I

J



 71 
 

 
 

 
Supplemental Figure 6 

(A,B) Immunofluorescent detection of alveolar type I marker HOPX (magenta) and 

alveolar type II marker SFTPC (green) in lung sections in control and MyocdCKO lungs at 

E18.5. Scalebar: 50 µm. (C) qRT-PCR quantification of relative mRNA levels of Hopx 

and Sftpc in control and MyocdCKO lungs at E18.5. (D) Quantification depicting the ratio 

of AT1 to AT2 cells in control and MyocdCKO lungs at E18.5. (E,F) Immunofluroescent 

detection of FOXJ1 (magenta) and SCGB1A1 (green) in lung sections in control and 

MycodCKO lungs at E18.5. (G) Quantification depicting that club and ciliated cells each 

comprise approximately 50% of the airway epithelium in both the control and MyocdCKO 

lungs at E18.5. (H,I) Immunofluroescent detection of FOXJ1 (magenta) and SCGB1A1 

(green) in lung sections in control and MylkCKO lungs at E18.5. (J) Quantification 

depicting that club and ciliated cells each comprise approximately 50% of the airway 

epithelium in both the control and MylkCKO lungs at E18.5. (K-N) Confocal images 

showing immunofluorescent detection of ACTA2 (magenta) and SYP (green) in 70 µm 

thick cryo sections in control and MyocdCKO main airways at E18.5. Scalebar: 200 µm 

(K,L), 50 µm (M,N). PNEC clusters are smaller in the mutant. 
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Supplemental Figure 7 

(A-D) Immunofluorescent detection of SOX2 (magenta) and CASP3 (green) in 

transverse lung sections in control and MyocdCKO main airways at E14.5, taken at 

similar depths. Scalebar: 50 µm. No signal was detected in the epithelium of either 

genotype. (E-H) Immunofluorescent detection of SOX2 (magenta) and tight junction 

marker TJP1 (also termed ZO-1; green) in transverse lung sections in control and 

MyocdCKO main airways at E14.5. (I,J) Immunofluorescent detection of SOX2 (magenta) 

and TAGLN (green) in transverse lung sections in control and MylkCKO main airways at 

E17.5, taken at similar depths. Scalebar: 50 µm. (K) Quantification of airway diameter 

taken at similar depths in the control and MylkCKO main airways at E17.5, showing no 

difference in airway size. 

 

  



 74 
 

 
 

 
Supplemental Movie Titles and Legends  

Movie S1. Supplemental to Figure 3. 

Peristalsis video for control lungs cultured for 24 hours. Video is a total of 6 seconds 

condensed from 10 minutes of filming. 

 

Movie S2. Supplemental to Figure 3. 

Peristalsis video for MyocdCKO lungs cultured for 24 hours. Video is a total of 6 

seconds long, condensed from 10 minutes of filming. 
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Summary 

E-cadherin is best known for its role in adherens junctions and establishing cell-

cell contacts. However, it’s function in airway homeostasis has not been thoroughly 

investigated. Recent evidence has shown that in allergic airway diseases E-cadherin is 

downregulated, although it is remains unclear whether decreased E-cadherin is a cause 

or consequence of airway remodeling. We set out to test the cell type specific role of E-

cadherin by inactivating it’s gene, Cdh1, in either pulmonary club cells or ciliated cells. 

We found that club cell, but not ciliated cell, E-cadherin is essential for maintaining 

airway epithelial proliferation and differentiation. In the absence of club cell E-cadherin, 

airways exhibit goblet cell metaplasia, mucus hypersecretion, and recruitment of 

immune cells. Our findings demonstrate the role of E-cadherin in maintaining airway 

homeostasis and provide insight to the molecular mechanisms underlying allergic 

airway inflammation. 
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Introduction 

The pulmonary airways are in direct contact with the external environment and 

are constantly exposed to inhaled challenges including microbes, particulate matter, 

and allergens. The diverse cell types of the airway epithelium form a continuous barrier 

between the environment and the underlying tissue, and act as part of the innate 

immune system by serving as the first line of host defense. Intercellular junctions, 

including tight junctions which regulate the permeability of the barrier and adherens 

junctions which mechanically connect adjacent epithelial cells, form the structural 

adhesive forces of the airway. Adherens junctions initiate cell-cell contacts through E-

cadherin (E-CAD). In addition to establishing adherens junctions, E-CAD plays a 

fundamental role in tissue morphogenesis by maintaining contact inhibition and 

regulating epithelial proliferation. 

There is increasing evidence that disturbances of the airway epithelium may act 

as a driver for lung pathogenesis, particularly during allergic airway inflammation 1,2. 

Environmental insults can break adherens junctions by displacing E-CAD, leading to 

infiltration of the airway epithelium, downstream immune reactions, and airway 

remodeling 3. Lung biopsies from patients with allergic asthma display significant 

downregulation of E-CAD 4. Additionally, animal models of induced allergen challenge 

exhibit a decreased E-CAD after allergen exposure 5. However, it is unclear whether the 

observed downregulation in E-CAD occurs upstream or downstream of the immune 

changes that contribute to allergic airway inflammation.  

Goblet cell metaplasia is a characteristic feature of lung diseases exhibiting 

allergic airway inflammation, including asthma and chronic obstructive pulmonary 
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disorder (COPD). Goblet cells are rarely observed in adult lungs during homeostasis. 

Mucus secretion generally serves to protect the airways from infection and injury, 

although excessive goblet cell differentiation and mucus hypersecretion contribute to 

airway disease pathogenesis. Many signaling factors control goblet cell differentiation, 

including the Notch and Wnt signaling pathways 6,7. Immune factors, particularly type 2 

cytokines, are known to play a prominent role in promoting goblet cell differentiation. IL4 

and IL13 share many regulatory elements and signal through a shared functional 

receptor complex. They are critical effectors of type 2 immunity and key mediators of 

asthmatic phenotypes, notably including goblet cell metaplasia 8. IL13 has been shown 

to regulate mucus production by directly stimulating airway epithelial cells to 

differentiate into goblet cells in vitro 7. IL33 is an epithelial derived type 2 cytokine that 

can also induce goblet cell metaplasia in the lung, as well as the intestinal epithelium 

9,10. IL33 expression is regulated by Spdef and Foxa3, which are transcription factors 

necessary for goblet cell differentiation 11. Goblet cell differentiation and mucus 

hypersecretion is multi-step process involving crosstalk between the airway epithelium 

and immune cells. 

 The underlying molecular mechanisms that control airway epithelial barrier 

function and their role in disease pathogenesis are not fully understood. Given the role 

of E-CAD in not only maintaining adherens junctions, but also acting as a critical 

regulator of epithelial cellular behavior, we set out to test the role of E-CAD in 

maintaining lung homeostasis. We found that E-CAD is required for airway epithelial cell 

maintenance, and the loss of E-CAD leads to downstream immune response, airway 



 79 
 

 
 

 
remodeling, and goblet cell metaplasia. Surprisingly, we found that E-CAD regulates 

airway homeostasis in a cell type specific manner. 
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Results 

Cdh1 inactivation in pulmonary club cells causes cellular proliferation, altered 

differentiation, and severe goblet cell metaplasia 

Club and ciliated cells are the two major cell types of the airway epithelium and 

together represent more than 90% of airway epithelial cells. To determine the role of E-

CAD in maintaining lung homeostasis in each of these cell types, we conditionally 

inactivated it’s gene, Cdh1, by generating Scgb1a1-creERTM; Cdh1flox/flox mice; hereafter 

referred to as Scgb1a1creERT; Cdh1CKO , and Foxj1-creERT2; Cdh1flox/flox mice; hereafter 

referred to as Foxj1creERT2; Cdh1CKO 12–14. To observe the effect of E-CAD in maintaining 

homeostasis, adult Scgb1a1creERT; Cdh1CKO  and Foxj1creERT2; Cdh1CKO mice were given 

four injections of tamoxifen for four consecutive days, and their lungs were harvested 

two weeks after the final injection (Figure 1A). 

In the club cell mutant, loss of Cdh1 led to airway thickening (Figure 1B). 

Crossing the Scgb1a1creERT; Cdh1CKO mice to the nuclear Cre reporter RosaSun1GFP 

allowed us to observe the lineage of the Scgb1a1creERT; Cdh1CKO; RosaSun1GFP cells 15. 

To investigate the cellular origins of the thickened airways, we examined proliferation by 

KI67 immunostaining in Scgb1a1creERT; Cdh1CKO; RosaSun1GFP lungs and find that cellular 

proliferation was significantly increased in the airway epithelium and proliferating cells 

are from the Scgb1a1creERT; Cdh1CKO; RosaSun1GFP club cells (Figure 1C,D). While the 

proliferating cells in the airway are all SOX2+ epithelial cells, they are not positive for 

the ciliated cell marker FOXJ1 confirming that ciliated cells are not the source of 

increased cellular proliferation (Supplemental Figure 1A). 
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We next quantified cell population changes in the Scgb1a1creERT; Cdh1CKO; 

RosaSun1GFP lungs by fluorescence-activated cell sorting (FACS). Compared to controls 

(Scgb1a1creERT; Cdh1fl/+; RosaSun1GFP), Scgb1a1creERT; Cdh1CKO; RosaSun1GFP lungs have 

a slightly higher proportion of total epithelial cells, and a significantly higher number of 

lineage labelled GFP+ epithelial cells following inactivation of Cdh1 (Supplemental 

Figure 1B,C). These findings were substantiated by manual cell counting which 

revealed that in control airways, Scgb1a1creERT; Cdh1fl/+; RosaSun1GFP lineage cells 

represent ~60% of the airway epithelial cells (SOX2+) compared to an increase to ~80% 

in the Scgb1a1creERT; Cdh1CKO; RosaSun1GFP lungs (Figure 1E,F). These data together 

suggest that inactivation of Cdh1 in club cells led to over proliferation of these cells and 

overrepresentation of mutant cells in the airway epithelium, which likely contributed to 

the airway thickening phenotype. 

We further investigated airway epithelial cell composition, and found that ciliated 

cells are significantly increased in the lungs of Scgb1a1creERT; Cdh1CKO mice (Figure 

1G,H). Crossing the Scgb1a1creERT; Cdh1CKO mice to the cellular Cre reporter RosaTdTom, 

we observed the increase in ciliated cells originate from Scgb1a1creERT; Cdh1CKO; 

RosaTdTom lineage club cells (Figure 1I,J) 16.  

Club cells are also known to differentiate into goblet cells during pathological 

conditions, we therefore tested whether goblet cells were affected in the Scgb1a1creERT; 

Cdh1CKO airways. While goblet cells are rarely detected in the airway epithelium of 

control mice, we observed a dramatic increase in goblet cells in the Scgb1a1creERT; 

Cdh1CKO airway epithelium (Figure 1K,L). In addition to increased immunostaining and 

expression of MUC5AC and AGR2 goblet cell markers, we also observed increased 
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expression of Spdef and Foxa3 which are key transcription factors that control club to 

goblet cell differentiation (Figure 1L). This suggests that in addition to mucus 

overproduction, there is also precocious differentiation of goblet cells leading to 

significant goblet cell metaplasia in the Scgb1a1creERT; Cdh1CKO airways. Utilizing the 

Scgb1a1creERT; Cdh1CKO; RosaTdTom  mice, we observed that goblet cells in the mutant 

airways originate from lineage labelled club cells that have lost Cdh1 (Figure 1M). 

In line with the increased conversion of club cells to ciliated and goblet cells, 

there is a significant decrease of club cells by staining and gene expression, despite 

increased proliferation of these cells (Figure 1G,H).  

 

Cdh1 inactivation in ciliated cells does not cause airway remodeling 

Inactivation of Cdh1 in ciliated cells in Foxj1creERT2; Cdh1CKO mice led to a 

different phenotype compared to the club cell mutant. This is despite the same 

inactivation timing and a similar level of Cdh1 downregulation in the two mutants (Figure 

1F, Figure 2F). 

Unlike the club cell Cdh1 mutant, the Foxj1creERT2; Cdh1CKO lungs do not exhibit 

airway epithelial thickening, increased cellular proliferation, or aberrant airway epithelial 

differentiation (Figure 2A-D). Utilizing Foxj1creERT2; Cdh1CKO; RosaSun1GFP mice, we 

analyzed the lineage of the Cdh1 mutant ciliated  cells. Compared to the controls, the 

Foxj1creERT2; Cdh1CKO; RosaSun1GFP airways do not exhibit an increase of Foxj1creERT2; 

Cdh1CKO lineage cells (Figure 2E,F). 

Interestingly, we did observe mild goblet cell metaplasia in Foxj1creERT2; Cdh1CKO 

mutant lungs resulting in an increase of MUC5AC+ cells and goblet cell gene 
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expression (Figure 2G,H). Compared to the dramatic increase of goblet cell marker 

expression in Scgb1a1creERT; Cdh1CKO mutant, these markers, such as X, are not as up-

regulated in the Foxj1creERT2; Cdh1CKO lung. We observe a drastic difference in airway 

response to the loss of E-cadherin in club cells vs ciliated cells. 

 

Cytokines are upregulated and immune cells are recruited to airways following 

loss of club cell Cdh1 

Strong lines of evidence have demonstrated that goblet cell metaplasia and 

hypersecretion can be induced by increased type 2 cytokines including IL4 and IL13 8. 

Upstream of IL4 and IL13 is IL33, an epithelial derived cytokine that has been linked to 

goblet cell metaplasia in the lung and intestinal epithelium 9,10. To determine if goblet 

cell metaplasia could be due to a change in immune signature in the Scgb1a1creERT; 

Cdh1CKO airway, we analyzed the expression of type 2 cytokines by qRT-PCR. We 

observe a significant increase in Il33, Il4, and Il13 expression in the Scgb1a1creERT; 

Cdh1CKO lungs, but not Il5 (Figure 3A). Consistent with their roles in type 2 immunity, we 

observed an increase of CD45+ cells adjacent to the airways in the Scgb1a1creERT; 

Cdh1CKO mutant lung compared to control (Figure 3B). Similar to the pattern of goblet 

cell metaplasia, airway inflammation is present throughout the proximal to distal main 

airway (Figure 3B). Intriguingly, Foxj1creERT2; Cdh1CKO lungs revealed no increase of 

type 2 cytokine expression or immune cell infiltration by CD45 staining (Figure 3C,D). 

These findings suggest there are distinct mechanisms that underlie the goblet cell 

metaplasia phenotypes observed in club vs ciliated cell Cdh1 mutants. 
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To further dissect the inflammatory changes in the Scgb1a1creERT; Cdh1CKO 

mutant, we determined the composition of the increased immune cells in the mutant. T 

cells are core effectors of Th2 immune response, and a key source of IL4 and IL13 

during response to allergen challenge in mice 17. In Scgb1a1creERT; Cdh1CKO lungs, we 

observed a notable increase of CD3+ T cells clustered near the airways (Figure 3E). 

There is also an increase of B cells, although less prominent than the increase in T cells 

(Supplemental Figure 2A). The co-presences of T and B cells under the airway is 

reminiscent of inducible bronchus associated lymphoid tissue (iBALT) described in 

lungs with high levels of inflammation or infection (Supplemental Figure 2B) 18. In 

addition to immune cell increases, we also observe an increase in cellular proliferation 

in the sub-epithelial layer, but not in the airway smooth muscle (Supplemental Figure 

2C).  

To systematically explore gene expression changes that may underlie the cellular 

phenotypes, we first performed bulk RNA-seq on control and Scgb1a1creERT; Cdh1CKO 

whole lungs. Of the 1,537 significantly upregulated genes and 573 significantly 

downregulated genes (adjusted p < 0.05) pathway analysis revealed changes in 

epithelial cell differentiation, ciliated cell differentiation, and immune signaling 

(Supplemental Figure 2D). Among upregulated cytokines and immune regulators are 

the pro-inflammatory cytokines Il6 and Cxcl15 (also known as Il8) which are known to 

play a role in asthma pathogenesis, and immune cell recruitment genes including Clu, 

Ccl20, Cxcl5, Cxcl13, Cxcl17 (Figure 3F,G). As expected, we observe that many genes 

associated with pulmonary club cells are significantly downregulated, while goblet and 

ciliated cell related genes are upregulated (Figure 3F,G). Interestingly, epithelial tight 
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junction Claudin genes are upregulated suggesting there may be compensation of tight 

junctions in the absence of E-cadherin dependent adherens junctions (Figure 3F,G).  

The most significantly downregulated and differentially expressed gene was 

Pon1 (Figure 3F,G). Pon1 is an antioxidant enzyme synthesized by the liver where it is 

secreted into circulation and binds high-density lipoproteins 19. PON1 may also play a 

protective role in the liver by protecting against inflammation and oxidative stress. In the 

context of the lung, PON1 has been implicated in inflammatory airway diseases 

including asthma and COPD, and overexpression of Pon1 was correlated with reduced 

cytokine activity following mouse allergen challenge 20–26. However, PON1 has not been 

thoroughly investigated in the lung, and it’s role in the airway epithelium is unknown. We 

found that PON1 immunostaining significantly overlaps with SCGB1A1 in control 

airways, suggesting PON1 may be a marker of club cells (Figure 3H). Surprisingly, we 

found that PON1 immunostaining and expression by qRT-PCR is significantly reduced 

in the Scgb1a1creERT; Cdh1CKO  lung (Figure 3H,I). 

 

Goblet cell metaplasia is partially dependent on type 2 immune signaling 

At the center of the observed cytokine expression changes are IL4 and IL13, 

core effectors of type 2 responses including goblet cell metaplasia and immune cell 

recruitment 8. IL4 and IL13 signal through a shared functional receptor complex that 

consists of the type II receptor IL4R and its subunits: IL4Rα and IL13Rα1. IL4Rα is 

required for mediating the effects of IL4 and IL13 following OVA challenge 27,28. To 

address if these phenotypes observed in the club cell mutants were dependent on 

increased IL4 and IL13 signaling, we introduced a null allele of IL4Rα in club cell mutant 
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background generating Scgb1a1creERT; Cdh1CKO; Il4RαKO mice 29. Based on AGR2 

immunostaining and Muc5ac qRT-PCR analysis, Scgb1a1creERT; Cdh1CKO; Il4RαKO mice 

exhibit an intermediate goblet cell phenotype, lower compared to Scgb1a1creERT; 

Cdh1CKO; Il4Rα+/- lungs, and higher when compared to controls (Figure 4A,B). We 

observe no phenotypic difference between the Scgb1a1creERT; Cdh1CKO; Il4Rα+/- 

heterozygous nulls and the Scgb1a1creERT; Cdh1CKO mice. These results suggest a 

partial rescue of goblet cell metaplasia in Scgb1a1creERT; Cdh1CKO; Il4RαKO double 

mutants. Based on CD45 staining and qRT-PCR analysis of type 2 cytokine expression, 

there was no significant difference in immune cell recruitment phenotype in the 

Scgb1a1creERT; Cdh1CKO; Il4RαKO lungs compared to Scgb1a1creERT; Cdh1CKO lungs, 

suggesting that immune cell recruitment occurs upstream or independent of Il4Rα 

signaling (Figure 4A,C). 

Interestingly, the Scgb1a1creERT; Cdh1CKO; Il4RαKO double mutants displayed an 

increase of airway epithelial proliferation and differentiation of ciliated cells similar to 

that of the Scgb1a1creERT; Cdh1CKO mice by FOXJ1 staining and gene expression 

(Figure 4D,G). Similar to the goblet cell phenotype, we observed a partial rescue of club 

cells by SCGB1A1 and PON1 immunostaining and qRT-PCR analysis (Figure 4D, F,G). 

These findings suggest that the increased airway epithelial proliferation and increased 

differentiation of ciliated cells occur independently of Il4Rα mediated type 2 immune 

signaling. 

The partial rescue of goblet cell metaplasia in the Scgb1a1creERT; Cdh1CKO; 

Il4RαKO airways suggest there are multiple pathways to achieving goblet cell 

differentiation, including type 2 immune independent mechanisms. To determine if club 
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cells autonomously differentiate into goblet cells upon loss of Cdh1, we generated 

mosaic Scgb1a1creERT; Cdh1CKO mice by injecting a single low dose of Tamoxifen. This 

low level of Tamoxifen induced recombination in a subset of club cells, allowing us to 

distinguish goblet cells arising from Cdh1 mutant and control cells. We found that both 

lineage traced and non-recombined cells express AGR2 by immunostaining 

(Supplemental Figure 3A). Similarly, PON1 immunostaining revealed lineage traced and 

non-recombined cells downregulate PON1 following mosaic inactivation of E-CAD 

(Supplemental Figure 3A). This suggests that the following loss of Cdh1, club cells can 

differentiate into goblet cells autonomously and non-autonomously.  
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Discussion 

The airway epithelium is a prominent site of pathogenesis in many lung diseases, 

including asthma. The inability of the airway epithelium to maintain a functional barrier 

has been hypothesized as a potential disease mechanism. An emerging phenotype of 

asthma is the downregulation of E-CAD in the airway epithelium 4,5. In vitro studies have 

shown that loss of CDH1 in cultured human bronchial epithelial cells leads to increased 

production of inflammatory signals and Th2 cytokines 30. Additionally, CDH1 

polymorphisms in asthmatic patients are associated with airway remodeling and lung 

function 31. Many allergens, including the common house dust mite (HDM), are known to 

cause epithelial damage by disrupting E-CAD meditated cell-cell adhesion leading to a 

loss of barrier integrity 32,33. It is unknown whether the loss of E-CAD in asthmatic 

airways is a consequence or cause of this common disease. 

Here, we find in the absence of allergen challenges or other introduced harms, 

the inactivation of Cdh1 specifically in pulmonary club cells leads to significant airway 

remodeling, including goblet cell metaplasia and immune cell recruitment to the airways. 

These observed airway remodeling changes have similar characteristics of asthma 

phenotypes. Our study supports the hypothesis that the loss of E-CAD may cause 

asthma-like symptoms and can directly contribute to airway pathogenesis. 

The most prominent role of E-CAD is maintaining adherens junctions and the 

integrity of epithelial barrier tissues. In addition to mechanically connecting epithelial 

cells, E-CAD is a critical regulator of cellular proliferation by acting as a sensor of 

cellular density and maintaining contact inhibition 34. Loss of Cdh1 in the developing 

lung epithelium results in alveolar simplification, airway denuding, and increased goblet 
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and immune cells 35. Cdh1 deletion in the adult lung epithelium impairs airway epithelial 

regeneration following naphthalene injury 36. However, these studies inactivate Cdh1 in 

both the airway and alveolar epithelium, as well as during developmental stages, 

making the role of E-CAD in airway epithelial maintenance unclear. Nonetheless, these 

previous studies suggest a role for E-CAD during lung development, epithelial 

differentiation, and maintenance. 

Given the diversity of epithelial cells in the lung, we sought out to determine the 

cell-type specific role of Cdh1 in maintaining adult airway homeostasis. We observed 

that following inactivation of Cdh1 in Scgb1a1creERT; Cdh1CKO mice, mutant cells become 

overrepresented in the airway epithelium and exhibit distinctive behaviors including 1) 

increased proliferation, 2) increased differentiation into ciliated cells, and 3) metaplasia 

into goblet cells (Figure 5). This increased proliferation and precocious differentiation 

may contribute to club cell exhaustion, resulting in a decrease of club cells in the airway. 

Additionally, the loss of club cell Cdh1 leads to increased type 2 cytokine expression 

and immune cell recruitment, including T cells, to the airways (Figure 5). While the loss 

of club cell Cdh1 leads to major changes in the airway epithelium and 

microenvironment, the loss of ciliated cell Cdh1 does not cause significant airway 

remodeling despite similar levels of inactivation. 

When Cdh1 mediated cell-cell contacts are lost specifically in club cells, the 

breakdown of epithelial cell communication leads to an increased localized immune 

response. In the Scgb1a1creERT; Cdh1CKO lung, many genes implicated in allergic airway 

inflammation and asthma are upregulated, including immune cell recruitment signals 

and pro-inflammatory cytokines. If E-CAD were only required for maintaining adherens 
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junctions and the airway barrier, we would expect to see a similar phenotype when 

Cdh1 is inactivated in both club and ciliated cells due to a similar amount of barrier 

dysfunction. However, our findings reveal the loss of E-CAD adherens junctions is cell 

type dependent, and Cdh1 plays a pivotal role in maintaining cell communication by 

differentially regulating airway epithelial homeostasis in a cell type specific manner. 

These results suggest that E-CAD may also function as a sensor of epithelial damage, 

and when club cells lose E-CAD, they initiate a dialogue with the immune system to 

recruit immune cells to the airways. 

Club cells are an abundant progenitor population in the mouse airways and are 

necessary for maintaining the lung epithelium during normal aging and regeneration 

after lung injury 13. There is increasing evidence that club cells are a heterogeneous 

population with subsets of club cells harboring higher progenitor potential 37,38. Our 

study reveals insights into airway epithelial cell fate dynamics mediated by Cdh1 and 

club cells. We find that airway epithelial proliferation and ciliated cell differentiation 

following loss of club cell Cdh1 is robust and independent of IL4 and IL13 type 2 

cytokine signaling. We also identify multiple mechanisms of achieving goblet cell 

metaplasia. In the absence of IL4 and IL13 signaling goblet cell differentiation is 

reduced but still present, suggesting there are mechanisms which rely on non – IL4 and 

IL13 mediated immune signaling. We also find that club to goblet cell differentiation can 

occur autonomously or non-autonomously after club cell loss of Cdh1. The non-

autonomous signals influencing club to goblet cell fate could originate from Cdh1 mutant 

club cells, immune cells, or other unknown pathways. The observance of mild goblet 

cell metaplasia after ciliated cell loss of Cdh1 in the Foxj1creERT2; Cdh1CKO mutant, and 
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Cdh1+ club cells in our Scgb1a1creERT; Cdh1CKO mosaic analysis suggest that non-

autonomous differentiation of club cells is a minor pathway to achieving goblet cell fate. 

Club cells have a unique ability to metabolize toxins and regulate oxidative stress 

in the airway epithelium. We hypothesize that club cells may also play an active role in 

reducing inflammation in the airways, potentially by producing anti-inflammatory signals. 

A previous study demonstrated that the club cell secretoglobin Scgb3a2 has anti-

inflammatory activity, and Scgb3a2 null mice display increased airway inflammation and 

inflammatory cytokine production following HDM allergen challenge 39. Pon1 is a 

regulator of oxidative stress and inflammation in the liver, and we identify Pon1 as a 

potential club cell product. Following loss of Cdh1 club cell markers including Pon1 are 

reduced, and the depletion of club cells leads to increased production of cytokines and 

immune signals. Pon1 may be an anti-inflammatory product of club cells, and future 

studies are needed to investigate the role of Pon1 and other club cell products in 

regulating airway inflammation. Our study provides insight into the mechanisms through 

which the airway epithelium, particularly pulmonary club cells, protect the lung by 

participating in innate immune response and serving as the first line of defense.  
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Methods 

Experimental model and subject details 

Cdh1flox, Scgb1a1creERT, Foxj1creERT2, RosaSun1GFP, RosaTdTom, and Il4Rα-/- alleles and 

transgenic lines have been described previously 12–16,29. Mice were housed and all 

experimental procedures were performed in an American Association for Accreditation 

of Laboratory Animal Care-accredited laboratory animal facility at the University of 

California San Diego (UCSD). Cre activity was induced by Tamoxifen administration by 

intraperitoneal injection. Tamoxifen was dissolved in corn oil and 25 mg of Tamoxifen 

was injected per gram of body weight. Tamoxifen was injected once per day for four 

consecutive days in 8 week old mice. For mosaic inactivation of Scgb1a1creERT; 

Cdh1flox/flox mice, Tamoxifen was diluted and 0.25mg was injected once. 

 
Tissue preparation and immunostaining 

Lungs were inflated with 4% paraformaldehyde (Electron Microscopy Sciences) diluted 

in PBS, and fixed at 4C overnight. Samples were either embedded in paraffin or frozen 

in OCT (Electron Microscopy Sciences) for sectioning. Sections were immunostained 

using standard protocols. Slides were mounted with Fluoromount-G and 

visualized/photographed using a Zeiss AxioImager.A2 microscope and AxioCam MRc 

camera. Confocal images were acquired on a Leica Sp8 confocal microscope and 

camera. Images were processed using ImageJ. 
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Flow Cytometry 

Lungs were inflated with dissociation buffer containing Collagenase D, Dispase, FBS, 

and RPMI and incubated at 37C shaking for 30 minutes. Following lung dissociation into 

a single cell suspension, red blood cells were lysed using ACK Lysis Buffer. Cells were 

stained with CD45-biotin and CD31-biotin conjugated antibodies then performed 

magnetic depletion of immune and endothelial cells from the cell mixture using 

streptavidin coated magnetic spheres (EasySep). Cells were then stained for 

Streptavidin BV510 to identify any remaining immune and endothelial cells, and CD326-

APC to stain epithelial cells. Three mice per genotype (Scgb1a1creERT; Cdh1flox/+; 

RosaSun1GFP and Scgb1a1creERT; Cdh1flox/flox; RosaSun1GFP) were pooled together into one 

FACS sample. FACS data was analyzed using FlowJo software. 

 

Quantitative RT-PCR (qRT-PCR) 

RNA was isolated from whole lungs using an RNEasy mini kit (Qiagen) as per the 

manufacturer's protocol. 1000µg of RNA was reverse transcribed into cDNA using the 

iScript Reverse Transcriptase (Bio-Rad Laboratories). For qRT-PCR, 10ng of cDNA 

was amplified using gene-specific primers and iTaq SYBR green Supermix (Bio-Rad 

Laboratories) on a Bio-Rad CFX Connect real-time PCR machine. For each gene, at 

least three technical replicates and three biological replicates were assayed. Data were 

analyzed with the change in cycle threshold (Ct) value method. Statistical significance 

was determined using Student’s t-test. For a list of gene-specific primers, see Table S1. 
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RNA-seq analysis 

Control and Scgb1a1creERT; Cdh1CKO  lungs were dissected in PBS and immediately 

stored in TRIzol Reagent (ThermoFisher Scientific). Tissues were then lysed using a 

TissueLyser (Qiagen), and total mRNA was extracted using standard TRIzol RNA 

extraction protocol. mRNA was cleaned using the RNeasy Micro Kit (Qiagen). cDNA 

libraries were made for each individual lung or trachea using Illumina TruSeq RNA 

Library Prep Kit V2 (Illumina) and sequenced on a SR100 run on the HiSeq4000 

platform (Illumina). Sequences in FASTQ files were aligned to the mouse reference 

genome using STAR 40. Reads were counted using featureCounts and differential 

expression analysis was performed using DeSeq2 41,42. Volcano plot was generated 

using EnhancedVolcano R package 43. Heatmap was generated using HeatMapper 

software 44.  

 

Quantification and statistical analysis  

Cell counts were quantified manually using the ImageJ Cell Counter feature. For each 

sample, six different sections from the same lung were quantified and the average was 

taken to represent the count for each sample. Statistical significance was determined 

using Student’s t-test, and presented as mean ± standard deviation.  
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Figure 1
Young et al.
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Figure 1: Inactivation of Cdh1 in pulmonary club cells leads to increased 

epithelial proliferation, ciliated and goblet cell differentiation. 

A) Timeline of Tamoxifen injections and analysis for Scgb1a1creERT; Cdh1CKO and 

Foxj1creERT2; Cdh1CKO mice. B) H&E staining depicting airway thickening in the 

Scgb1a1creERT; Cdh1CKO lung. C) Confocal images showing immunofluorescent 

detection of GFP (green) and proliferation marker Ki67 (magenta) in airways of control 

and Scgb1a1creERT; Cdh1CKO mice, Scalebar: 50 µm. D) Quantification of proliferative 

Ki67+ airway epithelial cells in control and Scgb1a1creERT; Cdh1CKO lung per microscopic 

field, N=3 each. Data are represented as individual points for each biological sample + 

SD. E) Immunofluorescent detection of GFP (green) and pan airway epithelial marker 

SOX2 (magenta) expression in airways of control and Scgb1a1creERT; Cdh1CKO lung, 

Scalebar: 50 µm. F) Quantification of labelled GFP+ per total SOX2+ airway epithelial 

cells in control and Scgb1a1creERT; Cdh1CKO lung, N=3 each. Data are represented as 

individual points for each biological sample + SD. G) Immunofluorescent detection of 

SCGB1A1 club cells (green) and FOXJ1 ciliated cells (magenta) in airways of control 

and Scgb1a1creERT; Cdh1CKO lung, Scalebar: 50 µm. H) qRT-PCR quantification of 

relative mRNA levels of Cdh1, Scgb1a1, Foxj1, Calca, and Ascl1 in control and 

Scgb1a1creERT; Cdh1CKO lungs. Data are represented as individual points for each 

biological sample + SD. ns: not significant, **: p<0.005, ***: p<0.0005. I) 

Immunofluorescent detection of FOXJ1 ciliated cells (green) and TDTOM+ lineage cells 

(magenta) in airways of control and Scgb1a1creERT; Cdh1CKO lung, Scalebar: 50 µm. J) 

Quantification of TDTOM+ lineage labelled FOXJ1 ciliated cells per total FOXJ1 ciliated 

cells in control and Scgb1a1creERT; Cdh1CKO lung per microscopic field, N=3 each. Data 
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are represented as individual points for each biological sample + SD. K) Confocal 

images showing immunofluorescent detection of goblet cell markers MUC5AC 

(magenta; left panels) and AGR2  (magenta; right panels) in airways of control and 

Scgb1a1creERT; Cdh1CKO mice, Scalebar: 100 µm. L) qRT-PCR quantification of relative 

mRNA levels of Muc5ac, Agr2, Spdef, and Foxa3 in control and Scgb1a1creERT; Cdh1CKO 

lungs. Data are represented as individual points for each biological sample + SD. **: 

p<0.005, ****: p<0.00005. M) Confocal images showing immunofluorescent detection of 

AGR2 (green) and TDTOM lineage label  (magenta) in airways of control and 

Scgb1a1creERT; Cdh1CKO mice, Scalebar: 50 µm.  
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Figure 2 
Young et al.
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Figure 2: Cdh1 inactivation in ciliated cells does not cause airway remodeling 

A) H&E staining of control and Foxj1creERT2; Cdh1CKO  lung. B) Immunofluorescent 

detection of proliferation marker KI67 (green) and ciliated cell marker FOXJ1 (magenta) 

in airways of control and Foxj1creERT2; Cdh1CKO  mice, Scalebar: 50 µm. C) 

Immunofluorescent detection of club cell SCGB1A1 (green) and ciliated cell FOXJ1 

(magenta) in airways of control and Foxj1creERT2; Cdh1CKO  mice, Scalebar: 50 µm. D) 

qRT-PCR quantification of relative mRNA levels of Cdh1, Foxj1, and Scgb1a1 in control 

and Foxj1creERT2; Cdh1CKO  lungs. Data are represented as individual points for each 

biological sample + SD. ns: not significant, ns: not significant. E) Immunofluorescent 

detection of GFP (green) and pan airway epithelial marker SOX2 (magenta) expression 

in airways of control and Foxj1creERT2; Cdh1CKO  lung, Scalebar: 50 µm. F) Quantification 

of labelled GFP+ per total SOX2+ airway epithelial cells in control and Foxj1creERT2; 

Cdh1CKO lung, N=3 each. Data are represented as individual points for each biological 

sample + SD. G) Immunofluorescent detection of goblet cell marker MUC5AC 

(magenta) in airways of control and Foxj1creERT2; Cdh1CKO  mice, Scalebar: 50 µm. L) 

qRT-PCR quantification of relative mRNA levels of Muc5ac, Spdef, and Foxa3 in control 

and Foxj1creERT2; Cdh1CKO  lungs. Data are represented as individual points for each 

biological sample + SD. ns: not significant, *: p<0.05. 

  



 109 
 

 
 

 

  

Il33 Il4 Il13 Il50

1

2

3

Re
lat

ive
 m

RN
A 

Ab
un

da
nc

e

��� ��� �����

Figure 3 
Young et al.
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Figure 3: Loss of club cell Cdh1 leads to changes in immune signature including 

increase type 2 cytokines and immune cell recruitment  

A) qRT-PCR quantification of relative mRNA levels of Il33, Il4, Il13, and Il5  in control 

and Scgb1a1creERT; Cdh1CKO lungs. Data are represented as individual points for each 

biological sample + SD. ns: not significant, ns: not significant, **: p<0.005, ***: 

p<0.0005. B) Maximum projection of z-stacks from confocal images showing 

immunofluorescent detection of pan neuronal marker CD45 (green) and goblet cell 

marker AGR2 (magenta) in airways of control and Scgb1a1creERT; Cdh1CKO mice, 

Scalebar: 500 µm. Inset panels, Scalebar: 100 µm. C) qRT-PCR quantification of 

relative mRNA levels of Il33, Il4, Il13, and Il5  in control and Foxj1creERT2; Cdh1CKO lungs. 

Data are represented as individual points for each biological sample + SD. ns: not 

significant, ns: not significant. D) Maximum projection of z-stacks from confocal images 

showing immunofluorescent detection of pan neuronal marker CD45 (green) and goblet 

cell marker AGR2 (magenta) in airways of control and Foxj1creERT2; Cdh1CKO mice, 

Scalebar: 500 µm. Inset panels, Scalebar: 100 µm. E) Maximum projection of z-stacks 

from confocal images showing immunofluorescent detection of global T cell marker CD3 

(magenta) in airways of control and Scgb1a1creERT; Cdh1CKO mice, Scalebar: 300 µm. F) 

Volcano plot displaying differentially expressed genes in bulk RNA-seq dataset between 

control and Scgb1a1creERT; Cdh1CKO lungs. G) Heatmap of RNA-seq data showing 

groups of significantly upregulated (yellow) and downregulated (blue) genes, by an 

adjusted p-value less than 0.05, in the Scgb1a1creERT; Cdh1CKO lungs. H) 

Immunofluorescent detection of club cell marker SCGB1A1 (magenta) and PON1 

(green ) expression in airways of control and Scgb1a1creERT; Cdh1CKO mice, Scalebar: 
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50 µm. I) qRT-PCR quantification of relative mRNA levels of Pon1 in control and 

Scgb1a1creERT; Cdh1CKO lungs. Data are represented as individual points for each 

biological sample + SD. ns: not significant, **: p<0.005.  
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Figure 4
Young et al.
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Figure 4: Goblet cell metaplasia is partially dependent on type 2 immune 

signaling 

A) Maximum projection of z-stacks from confocal images showing immunofluorescent 

detection of pan neuronal marker CD45 (green) and goblet cell marker AGR2 (magenta) 

in airways of control, Scgb1a1creERT; Cdh1CKO; Il4Rα+/- (single mutant), and 

Scgb1a1creERT; Cdh1CKO; Il4RαKO (double mutant) mice, Scalebar: 500 µm. Inset panels, 

Scalebar: 100 µm. B) qRT-PCR quantification of relative mRNA levels of Muc5ac in 

control, Scgb1a1creERT; Cdh1CKO; Il4Rα+/-, and Scgb1a1creERT; Cdh1CKO; Il4RαKO lungs. 

Data are represented as individual points for each biological sample + SD. ***: 

p<0.0005. C) qRT-PCR quantification of relative mRNA levels of Il33, Il4, and Il13 in 

control, Scgb1a1creERT; Cdh1CKO; Il4Rα+/-, and Scgb1a1creERT; Cdh1CKO; Il4RαKO lungs. 

Data are represented as individual points for each biological sample + SD. ns: not 

significant, *: p<0.05, **: p<0.005. D) Immunofluorescent detection of club cell marker 

SCGB1A1 (green) and ciliated cell marker FOXJ1 (magenta), Scalebar: 50 µm. E) 

Immunofluorescent detection of proliferation marker KI67 (green) and airway epithelial 

marker SOX2 (magenta), Scalebar: 50 µm. F) Maximum projection of z-stacks from 

confocal images showing immunofluorescent detection of PON1 (green) and goblet cell 

marker AGR2 (magenta), Scalebar: 100 µm. G) qRT-PCR quantification of relative 

mRNA levels of Foxj1, Scgb1a1, and Pon1 in control, Scgb1a1creERT; Cdh1CKO; Il4Rα+/-, 

and Scgb1a1creERT; Cdh1CKO; Il4RαKO lungs. Data are represented as individual points 

for each biological sample + SD. ns: not significant, *: p<0.05, **: p<0.005, ***: p<0.005. 
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Figure 5: Summary diagram. 
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Supplemental Figure 1
Young et al.
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Supplemental Figure 1 

A) Immunofluorescent detection of proliferation marker KI67 (green), airway epithelial 

marker SOX2 (magenta, left), and ciliated cell marker FOXJ1 (magenta, right) in control 

and Scgb1a1creERT; Cdh1CKO lungs Scalebar: 50 µm. B) Dot plots of FACS data 

depicting gating strategy for sorting live cells (DAPI negative) > CD45 and CD31 

negative cells (Streptavidin BV510 negative) > Epcam cells (APC positive) > GFP 

positive cells. C) Quantification summary of FACS data depicting the GFP positive cells 

as the percentage of total Epcam positive cells. Data are represented as individual 

points for each individual FACS sample + SD. **: p<0.005 
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Supplemental Figure 2
Young et al.
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Supplemental Figure 2 

A) Maximum projection of z-stacks from confocal images showing immunofluorescent 

detection of B cell marker CD19 (magenta) in control and Scgb1a1creERT; Cdh1CKO 

lungs, Scalebar: 300 µm. B) Immunofluorescent detection of T cell marker CD3 (green) 

and B cell marker CD19 (magenta) in control and Scgb1a1creERT; Cdh1CKO lungs, 

Scalebar: 100 µm. C) Immunofluorescent detection of proliferation marker KI67 (green) 

and airway smooth muscle marker ACTA2 (magenta) in control and Scgb1a1creERT; 

Cdh1CKO lungs, Scalebar: 100 µm. D) GO-Term analysis for significantly differentially 

expressed genes in RNA-seq data of control and Scgb1a1creERT; Cdh1CKO lungs. 

  



 120 
 

 
 

 

  

TD
TO

M
   

   
 P

O
N

1 
   

   
AG

R
2

Scgb1a1creERT; Cdh1CKO

Supplemental Figure 3
Young et al.

A



 121 
 

 
 

 
Supplemental Figure 3 

A) Immunofluorescent detection of lineage labelled TDTOM cells (white),  goblet cell 

marker AGR2 (magenta), and PON1 (green) in Scgb1a1creERT; Cdh1CKO mosaic 

inactivation lungs, Scalebar: 50 µm. 
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Concluding statement  

In my dissertation, I have uncovered novel mechanisms underlying tissue 

crosstalk during lung development and disease. During development, airway smooth 

muscle plays a multi-faceted role by establishing tracheal architecture and promoting 

airway epithelial growth. We reveal a potential mechanism of BMP signaling in 

regulating airway size, however future work will be needed to validate these findings 

potentially by specific mesenchymal and epithelial knock-outs of BMP ligands and 

receptors. Contrary to the prevailing dogma in the field, we found that differentiation of 

airway smooth muscle is not necessary for proper lung epithelial branching. This 

unexpected finding highlights the power of in vivo genetic models in addressing 

complex biological questions. In addition to focusing on one mesenchymal cell type, it 

will be of interest to uncover the diversity of the lung mesenchyme. Compared to other 

tissues, especially the epithelium, the heterogeneity of the mesenchyme, how 

mesenchymal cell fates are initiated during development and maintained during 

homeostasis, and the role of the mesenchyme in establishing lung architecture and 

regulating homeostasis is largely unknown.  

I also uncovered a novel role for E-cadherin in maintaining airway homeostasis 

and immune cell recruitment. This study reveals how the airway epithelium elicits an 

immune response to environmental insults. The role of club cells in metabolizing toxins 

has been implicated, but little is understood on the genetic mechanisms behind this 

process. Understanding how club cells combat environmental threats, potentially by 

regulating oxidative stress, will provide exciting insight on how club cells regulate airway 

homeostasis. Additionally, uncovering the specific epithelial signals that promote 
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immune response will be of high interest for future studies. Revealing the molecular 

crosstalk between the epithelium and immune system highlights the importance of 

epithelial barrier biology, and in the future may lead to novel treatments for barrier 

diseases, including asthma. 

In summary, I have investigated mesenchymal-epithelial interactions that 

regulate lung and trachea development, and the importance of E-cadherin and airway 

club cells during epithelial-immune crosstalk in maintaining lung homeostasis. These 

findings shed light on how proper communication between different compartments of 

the lung is essential for building a functional tissue, and also required to maintain health 

as an adult. The airways are a major site of pathogenesis for many lung diseases of 

which few treatments and effective cures are available. By understanding the molecular 

and genetic mechanisms involved in pediatric and adult lung diseases, we can hopefully 

be a step closer to helping patients. 


