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Abstract

The adaptation to terrestrial life required the development of an organ capable of efficient air-

blood gas exchange. To meet the metabolic load of cellular respiration, the mammalian respiratory 

system has evolved from a relatively simple structure, similar to the two-tube amphibian lung, to a 

highly complex tree-like system of branched epithelial airways connected to a vast network of gas 

exchanging units called alveoli. The development of such an elaborate organ in a relatively short 

time window is therefore an extraordinary feat and involves an intimate crosstalk between 

mesodermal and endodermal cell lineages. This review describes the molecular processes 

governing lung development with an emphasis on the current knowledge on the role of Wnt and 

Fgf signaling in lung epithelial differentiation.
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The first morphological appearance of the mouse respiratory primordium occurs at 

embryonic day (E) 9.5 as two primary lung buds emerge from the ventral foregut (Fig. 1). 

These blind-ended hollow tubes consist of three cell layers: an inner endoderm-derived 

epithelial layer surrounded by loosely packed mesenchyme and a thin outer mesothelial 

layer (Rawlins, 2010). Reciprocal communication between these cell layers drives branching 

morphogenesis, which establishes the basic lobulation pattern. The lung develops 

asymmetrically and lobulation differs between mouse and human. In the mouse the right 

primary bud gives rise to four lobes (cranial, medial, caudal and accessory lobes), whereas 

the left bud forms only one lobe (Fig. 1). The human lung however consists of only three 

right lobes (superior, medial and inferior) and two left lobes (superior and inferior). 

Branching morphogenesis establishes the framework for future alveolar development.
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Once the respiratory endoderm progenitors within the ventral side of the anterior foregut are 

specified to form the primary lung field, characterized by the expression of Nkx2.1 (NK2 

homeobox 1), also called TTF-1 (thyroid transcription factor 1), two primary lung buds 

appear at around E9.5 in the mouse (~22 somite stage) and ~28 days in human. Lung 

development traditionally has been divided into four main stages: pseudoglandular, 

canalicular, saccular and alveolar (Fig. 1). However, a more modern view distinguishes 

between 2 main stages: 1) A branching stage which corresponds to the pseudoglandular 

stage, which starts at E9.5 and ends around E16.5, during which distal epithelial progenitors 

give rise to the conducting airway epithelium (Hashimoto et al., 2012; Chang et al., 2013; 

Rockich et al., 2013; Alanis et al., 2014) and 2) an alveolar differentiation stage which starts 

around E16.5 and slows down around P4 to conclude several weeks after birth, during which 

distal epithelial progenitors give rise to bipotential alveolar epithelial progenitors which then 

differentiate directly into alveolar type I (ATI) and ATII cells (Desai et al., 2014; Treutlein 

et al., 2014).

1. Overview of Wnt and Fgf pathways during lung development

The ability of one tissue to change the behavior of an adjacent tissue, also called induction, 

is a key process during organogenesis, including lung morphogenesis. Inductive interactions 

can be instructive or permissive. In instructive interactions the inducing cell initiates gene 

expression in the responding cell to specify it so that it can differentiate in a certain way. In 

permissive interactions however the responding cell is already specified and only needs the 

right environment to allow these traits to be expressed.

Endodermal-mesenchymal interactions are a recurrent theme throughout embryonic 

development. The concept that coordinated epithelial-mesenchymal interactions are vital to 

instruct lung morphogenesis has been demonstrated by a series of elegantly designed tissue 

transplant experiments (Shannon and Hyatt, 2004). A classic example is the study in which 

distal mouse lung mesenchyme is grafted on a portion of tracheal epithelium denuded from 

its own mesenchyme. In these recombinants, the tracheal epithelium branches in a pattern 

similar as the distal lung epithelium (Alescio and Cassini, 1962; Wessells, 1970). In a 

subsequent study, it was shown that tracheal epithelium induced by distal lung mesenchyme, 

expresses markers of distal lung epithelial progenitors such as Sftpc (surfactant protein C) 

(Shannon, 1994). These studies dramatically revealed the requirement for lung mesenchyme 

to initiate branching morphogenesis and direct epithelial cell fate.

A groundbreaking study by Taderera showed that epithelium isolated from an E12.5 lung 

disintegrated when cultured by itself on a 0.45 μm filter, but started to branch when mouse 

lung mesenchyme was placed on the opposite side (Taderera, 1967). This indicated that 

mesenchyme was able to induce the epithelium even though these two tissues were 

physically separated by a filter. He also observed that proper differentiation of lung 

mesenchyme (vasculature and smooth muscle) was dependent on the presence of epithelium, 

indicating that the induction of proper growth, patterning and differentiation occurs in both 

directions between endodermal epithelium and mesoderm-derived mesenchyme. 

Interestingly, epithelial induction was inhibited when it was positioned slightly to the edge 

of the opposing mesenchyme. Moreover, the epithelium never grew beyond the borders of 
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the mesenchyme on the other side of the filter (Shannon and Hyatt, 2004). These pioneering 

observations indicated that a gradient of soluble factors have a limited range, which is most 

likely necessary to establish the different distal signaling centers in the developing lung. The 

diffusible factors necessary for this bidirectional interaction are called growth factors, and 

are able to induce different cellular outcomes. Several of these factors have been implicated 

in regulating lung morphogenesis, including fibroblast growth factors (FGFs), Wnts, bone 

morphogenetic proteins (BMPs) and Sonic Hedgehog (SHH).

1.1. FGF signaling in the developing lung

FGF ligands exert their wide array of biological effects by binding and activating the FGF 

receptor (FGFR) family of single pass transmembrane receptor tyrosine kinases (RTK) (Fig. 

2A), which are encoded by four FGFR genes (Fgfr1-4) in vertebrates. The first half (N-

terminal) of the FGFR’s extracellular D3 domain is encoded by exon 7 (also known as exon 

IIIa), whereas the second half is encoded by either exon 8 (also known as exon IIIb) or exon 

9 (also known as exon IIIc) (Goetz and Mohammadi, 2013). Alternative splicing in the 

second half of the D3 domain of FGFR1-3 ultimately generates a total of seven FGFR 

isoforms that differ in their binding affinity towards FGF ligands (Johnson et al., 1991; Miki 

et al., 1992; Yayon et al., 1992; Orr-Urtreger et al., 1993; Yan et al., 1993; Chellaiah et al., 

1994). Indeed, structural studies have shown that alternative splicing in the D3 domain of 

FGFR2 determines ligand-binding specificity by changing key residues that are important in 

forming hydrogen bonds with the ligand (Plotnikov et al., 2000; Yeh et al., 2003; Olsen et 

al., 2006). The alternative splicing event is regulated in a tissue-specific manner, with the 

FGFRIIIb and FGFRIIIc isoforms generally being expressed in epithelium and mesenchyme 

respectively (Orr-Urtreger et al., 1993). Epithelial FGFR isoforms preferentially bind FGF 

ligands that are expressed in mesenchymal tissue and vice versa (Zhang et al., 2006). This 

reciprocal tissue-specific expression of receptor isoforms and their ligands is fundamental to 

establish specific paracrine FGF signaling between epithelium and mesenchyme, which is 

crucial for orchestrating many developmental processes including lung morphogenesis. 

Binding of the FGF ligand in combination with heparan sulphate, which is required to 

stabilize the FGF/FGFR signal transduction complex (Schlessinger et al., 2000), induces 

receptor dimerization and transphosphorylation of specific tyrosine residues in the 

cytoplasmic kinase domains of the receptor. This facilitates the recruitment of several 

adaptor proteins, which are necessary for activating downstream FGF signaling cascades, 

including the MAPK (mitogen-activated protein kinase), PI3K/AKT 

(phosphatidylinositol-4,5-bisphosphate 3-kinase)/AKT, and the phospholipase C/Ca2+ 

pathways (Fig. 2B). FGF signaling is precisely regulated by negative feedback loop 

modulators, including members of the Sprouty (Spry) family of proteins that inhibit FGF-

induced Ras-MAPK activation to varying degrees. Moreover, Spry-mediated modulation of 

RTK signaling is very flexible and cell- and context-dependent (Cabrita and Christofori, 

2008).

FGF signaling is a critical component of the gene regulatory network regulating lung 

development, including maintenance of progenitor cell populations, epithelial and 

mesenchymal patterning and differentiation as well as branching morphogenesis. Several 

FGF ligands are expressed in the developing lung, including Fgf7, Fgf8, Fgf9, Fgf10, and 
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Fgf18. Of these, only FGF10 is absolutely required for initial lung formation. Mice lacking 

Fgf10 or its main receptor Fgfr2b still develop a trachea but show complete lung agenesis 

(Min et al., 1998; Sekine et al., 1999; De Moerlooze et al., 2000; El Agha et al., 2012). 

Fgf10 is dynamically expressed in the submesothelial mesenchyme at sites where future 

lung buds will appear (Bellusci et al., 1997). It acts on the underlying Fgfr2b-expressing 

epithelium to induce bud outgrowth by eliciting a chemotactic/migration response (Bellusci 

et al., 1997; Park et al., 1998; Weaver et al., 2000; Hyatt et al., 2004) and keeps the distal 

epithelial progenitors in an undifferentiated state (Nyeng et al., 2008; Abler et al., 2009; 

Volckaert et al., 2013). Importantly, the Fgf10-expressing cells represent a pool of 

mesenchymal progenitors that give rise to airway and vascular smooth muscle cells as well 

as lipofibroblasts (Mailleux et al., 2005; El Agha et al., 2014).

Fgf7 expression can be detected in the developing lung starting at E14.5 throughout the lung 

mesenchyme surrounding lung endoderm (Mason et al., 1994; Finch et al., 1995). 

Inactivation of Fgf7 however does not affect lung morphogenesis (Guo et al., 1996), 

suggesting that other FGFs (e.g. FGF10) compensate for its loss. Epithelial-specific Fgf7 

overexpression on the other hand increases lung size and epithelial proliferation and causes 

cystadenomatoid malformations (Tichelaar et al., 2000).

Both FGF10 and FGF7 act on the epithelium via FGFR2b, yet they elicit different cellular 

outcomes on isolated lung epithelial explants. Epithelial branching is enhanced in the 

presence of ubiquitous recombinant FGF10, whereas FGF7 induces proliferation resulting in 

epithelial hyperplasia and the formation of cyst-like structures (Shiratori et al., 1996; Zhou 

et al., 1996). This begs the question, how can FGF10 and FGF7 activate such different 

epithelial responses, even though they activate the same FGFR2b receptor? This conundrum 

has recently been elucidated by a study showing that FGF10 stimulates the phosphorylation 

of Y734 of FGFR2b, which facilitates the recruitment of PI3K followed by SH3 (SRC 

Homology 3) domain binding protein 4 (SH3bp4) (Fig. 2C). This complex, which forms 

upon FGF10 but not FGF7 stimulation, is the molecular key that stimulates FGFR2b 

internalization followed by recycling. As a result, FGF10 stimulation results in prolonged 

activation of the PI3K-AKT pathway, which results in increased cell migration and 

epithelial branching (Francavilla et al., 2013). FGF7 on the other hand promotes FGFR2b 

degradation, resulting in transient FGFR2b signaling and proliferation. Ectopic expression 

of a Y734F-mutated form of FGFR2b or Sh3bp4 knockdown in lung explants cultured in 

vitro alters the response to FGF10 from chemotactic (bud formation) to proliferative (cyst-

like structure) (Francavilla et al., 2013). Interestingly, the PI3K-AKT pathway has been 

shown to directly activate β-catenin signaling during lung development as well as in the 

adult airway epithelium after injury (Volckaert et al., 2011; Volckaert et al., 2013) (see 

below). Therefore, the different epithelial outcomes in response to FGF10 versus FGF7 

likely are caused by differences in downstream activation of β-catenin signaling.

In contrast to the mesenchymal localization of FGF10 and FGF7, Fgf9 is expressed in both 

the lung epithelium and mesothelium, the outermost layer of the lung until ~E12.5, after 

which it becomes restricted to the mesothelium (Colvin et al., 1999; del Moral et al., 2006). 

Fgf9−/− lungs show decreased mesenchymal proliferation and impaired epithelial branching 

resulting in perinatal death (Colvin et al., 2001; White et al., 2006). During lung 
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development mesothelial-derived FGF9 signals to the submesothelial mesenchyme via 

FGFR1/2c (White et al., 2006), where it promotes proliferation in Fgf10-expressing cells 

and inhibits airway smooth muscle cell (ASMC) differentiation (Colvin et al., 2001; De 

Langhe et al., 2006; del Moral et al., 2006; Yi et al., 2009). In addition, epithelial-derived 

FGF9 regulates branching morphogenesis by autocrine activation of epithelial FGFRs or 

indirectly by regulating subepithelial mesenchymal FGFR signaling and their downstream 

targets (del Moral et al., 2006; White et al., 2006; Yin et al., 2008; Yin et al., 2011).

FGF8 and FGF18 are closely related ligands that are expressed in the developing lung 

epithelium, but the phenotype of Fgf18−/− lungs is quite different from that of Fgf8 

hypomorphs. Fgf18 deficient mice have hypoplastic lungs with decreased cell proliferation 

and unaffected epithelial differentiation (Usui et al., 2004), whereas Fgf8 mutant lungs have 

a hyperplastic phenotype with distal epithelial and mesenchymal hyperproliferation, and 

disrupted epithelial differentiation (Yu et al., 2010). Moreover, Fgf18 overexpression during 

lung development results in ectopic cartilage formation (Whitsett et al., 2002).

1.2. Wnt/β-catenin and Hippo signaling in the developing lung

A vast and accumulating amount of data indicate that canonical Wnt signaling is a main 

regulator of lung development. In the absence of canonical Wnt signaling, the cytoplasmic 

levels of its downstream effector protein β-catenin are kept low by binding to the 

‘destruction complex’, which consists of the central scaffolding protein Axin, APC 

(adenomatous polyposis coli), and the serine/threonine kinases GSK-3β (glycogen synthase 

kinase-3 beta) and CK1α (casein kinase-1 alpha) (Fig. 3). Captured β-catenin is sequentially 

phosphorylated on its N-terminus by CK1α (Ser45) and GSK-3β (Thr41, Ser37 and Ser33) 

(Liu et al., 2002). This phosphorylated motif is recognized by the ubiquitin E3 ligase β-TrCP 

(β-transducin repeat-containing protein), which ubiquitinates β-catenin and targets it for 

rapid degradation by the proteasome (Aberle et al., 1997; Kitagawa et al., 1999). Removal of 

β-catenin from the destruction complex through degradation by the proteasome, recycles the 

destruction complex for another round of β-catenin degradation (Li et al., 2012). Wnt 

ligands bind to a heterodimeric receptor complex, which consists of a Frizzled (Fzd) and a 

low density lipoprotein receptor-related protein (LRP) 5/6 protein. A hallmark of Wnt 

receptor activation is the phosphorylation of LRP5/6 (Tamai et al., 2004), which creates 

docking sites for the Axin-containing destruction complex (Mao et al., 2001; Tamai et al., 

2004; Davidson et al., 2005; Zeng et al., 2005). As a consequence, the destruction complex 

is inhibited leading to the accumulation and nuclear translocation of β-catenin. How exactly 

the degradation complex is antagonized in response to Wnt signaling is still contentious 

(MacDonald et al., 2009). One model favors the hypothesis that Wnt signaling prevents β-

catenin from binding to the destruction complex (Kim et al., 2013). However, a recent study 

showed that upon Wnt binding, the intact degradation complex is recruited to the activated 

receptor complex, where it is still able to capture and phosphorylate β-catenin but can no 

longer ubiquitinate it (Li et al., 2012) (Fig. 3). Therefore, dissociation of β-TrCP from the 

destruction complex represents a key step underlying the Wnt response (Li et al., 2012). 

Recruitment of β-TrCP depends on the incorporation of cytoplasmic YAP (Yes-associated 

protein) and TAZ (transcriptional co-activator with a PDZ-binding domain), collectively 

referred to as YAP/TAZ, which are also nuclear effectors of the Hippo pathway, in the 
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destruction complex where they bind to Axin (Azzolin et al., 2014). In Wnt-stimulated cells, 

LRP dislodges YAP/TAZ from the destruction complex by displacing them from Axin, 

which renders captured β-catenin invisible to β-TrCP (Azzolin et al., 2014). The degradation 

complex quickly gets saturated with phosphorylated β-catenin, causing newly synthesized β-

catenin to accumulate in the cytoplasm and translocate to the nucleus where it engages 

transcription factors mainly belonging to the LEF1/TCF (lymphoid enhancer-binding factor 

1/T cell-specific transcription factor) family to activate the Wnt transcriptional program 

(Staal et al., 2002; Li et al., 2012).

Wnt/β-catenin signaling is regulated at many levels, including by secreted inhibitory 

proteins that prevent Wnt ligands from binding to their receptor complex (Kawano and 

Kypta, 2003; Cruciat and Niehrs, 2013). The secreted Fzd-related proteins (sFRPs) and Wnt 

inhibitory factors (WIFs) antagonize Wnts by directly binding to them, which makes them 

unable to interact with Wnt receptors (Bovolenta et al., 2008). Members of the Dickkopf 

(DKK) family on the other hand antagonize Wnt signaling by directly binding to the 

ectodomains of the LRP5/6 co-receptor rendering them inaccessible to Wnt ligands by 

competing for the same binding site (Bao et al., 2012) (Fig. 3).

1.2.1. β-catenin mediates crosstalk between canonical Wnt signaling and 
cadherin-mediated cell adhesion—The β-catenin protein was originally identified as 

an integral structural component of cadherin-based adherens junctions (Ozawa et al., 1989) 

where it links the intracellular domain of cadherins to α-catenin, which in turn interacts with 

the actin cytoskeleton (Rimm et al., 1995; Drees et al., 2005; Yamada et al., 2005) (Fig. 3). 

However, the notion that this leads to a direct and stable linkage between cadherins and 

actin has been complicated by the finding that α-catenin binds to β-catenin and actin in a 

mutually exclusive manner (Yamada et al., 2005). Canonical Wnt signaling and cadherin-

mediated cell adhesion compete for β-catenin. Overexpression of cadherins in Xenopus and 

Drosophila embryos reduces β-catenin’s availability to exert its nuclear function by 

sequestering it at cellular junctions and mimics phenotypes caused by inhibition of canonical 

Wnt signaling (Heasman et al., 1994; Sanson et al., 1996). Cadherin proteolysis can also 

affect Wnt signaling by stimulating the release of β-catenin, which is translocated to the 

nucleus to activate Wnt/β-catenin target genes. However, it seems that a compromised β-

catenin degradation machinery is a prerequisite to activate β-catenin signaling upon the loss 

of cadherins (Kuphal and Behrens, 2006; Herzig et al., 2007; Heuberger and Birchmeier, 

2010). In other words, released β-catenin upon protease-mediated loss of cadherins may 

function to enhance β-catenin signaling when Wnt signaling is already active. 

Phosphorylation events also regulate the switch between β-catenin signaling and cadherin-

mediated cell adhesion. For example, carboxy-terminal phosphorylation of cadherins 

regulates interactions with β-catenin depending on the sites of phosphorylation (Lickert et 

al., 2000; Choi et al., 2006; Qi et al., 2006). In addition, phosporylation of β-catenin by the 

cytoplasmic tyrosine kinase Src and EGFR (epidermal growth factor receptor) on tyrosine 

residue Y654 reduces the ability of β-catenin to bind cadherin, which weakens cadherin-

mediated adhesion and increases nuclear β-catenin (Roura et al., 1999; Rhee et al., 2007). 

Similarly, Y142 phosphorylation of β-catenin strengthens Wnt signaling by disrupting the 

interaction of β-catenin with α-catenin (Rosato et al., 1998; Piedra et al., 2003; Brembeck et 
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al., 2004). This shows that phosphorylation-dependent release of β-catenin from the cadherin 

complex not only regulates cell-cell adhesion, but may also be an alternative mechanism to 

enhance/activate β-catenin signaling. In addition to directly phosphorylating β-catenin on 

Y654 and Y142 (Krejci et al., 2012), FGF signaling can also directly activate β-catenin 

signaling through the PI3K-AKT pathway, which acts to prevent β-catenin degradation by 

inhibiting GSK-3β, and by phosphorylating β-catenin on Ser552, which helps to drive β-

catenin to the nucleus (Fang et al., 2007; He et al., 2007). Finally, many canonical Wnt 

target genes encode proteases that decrease cell-cell adhesion, such as matrix 

metalloproteinase (MMP) 7 (Crawford et al., 1999), and transcription factors that directly 

inhibit the E-cadherin gene promoter, such as Twist (Howe et al., 2003), Snail1 (Zhou et al., 

2004; Bachelder et al., 2005) and Snail2 (Vallin et al., 2001; Conacci-Sorrell et al., 2003).

1.2.2. Crosstalk between Wnt and Hippo signaling—The evolutionary conserved 

Hippo pathway is gaining momentum as a critical regulator of organ size, tissue homeostasis 

and regeneration (Halder and Johnson, 2011; Zhao et al., 2011; Harvey et al., 2013; Lin et 

al., 2013; Yu and Guan, 2013). When active, the canonical Hippo pathway stimulates a 

kinase cascade consisting of the MST1/2 and LATS1/2 kinases, which ultimately 

phosphorylate the Hippo effector proteins YAP/TAZ, thereby promoting their cytoplasmic 

retention and degradation. Vice versa, inactive Hippo signaling drives YAP/TAZ to the 

nucleus where they interact with TEA domain (TEAD) transcription factors to regulate gene 

expression.

The biological responses mediated by nuclear YAP/TAZ are remarkably similar to those 

governed by Wnt/β-catenin, suggesting that the Hippo and Wnt signaling pathways 

functionally and genetically interact. One prime example of such crosstalk has already been 

briefly described above with the incorporation of cytoplasmic YAP/TAZ in the destruction 

complex, where they are essential for β-catenin as well as TAZ degradation by recruiting β-

TrCP (Azzolin et al., 2012; Azzolin et al., 2014) (Fig. 3). Wnt activation leads to the 

dissociation of YAP/TAZ from the destruction complex, allowing them to enter the nucleus 

(Azzolin et al., 2014). In fact it was shown that β-catenin is only capable to translocate to the 

nucleus in cells which either feature nuclear YAP/TAZ or completely lack YAP/TAZ 

altogether (Azzolin et al., 2012; Azzolin et al., 2014). Therefore, YAP/TAZ/TEAD-

mediated gene expression is an integral part of the Wnt transcriptional response. There is 

also evidence of Wnt/β-catenin activation as a result of nuclear YAP/TAZ in response to 

inactive Hippo signaling (Varelas et al., 2010; Heallen et al., 2011; Imajo et al., 2012). 

Indeed, driving YAP/TAZ to the nucleus diverts them away from the cytoplasmic β-catenin 

destruction complex suggesting that nuclear YAP/TAZ may activate β-catenin signaling 

perhaps even independently of Wnt ligands (Azzolin et al., 2014). In addition to the ability 

to inhibit β-catenin stabilization by recruiting β-TrCP to the destruction complex, 

cytoplasmic YAP/TAZ have also been shown to attenuate Wnt signaling by regulating 

CK1α-mediated phosporylation of dishevelled (Dvl) (Varelas et al., 2010; Imajo et al., 

2012), a downstream mediator of both canonical and non-canonical Wnt signaling. 

However, the functional relevance of Dvl phosphorylation in the context of Wnt signal 

transduction is not well understood and there is evidence that Dvl phosphorylation occurs 

independently from the destruction complex (Gonzalez-Sancho et al., 2013; Azzolin et al., 
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2014). Interestingly, Dvl also plays a role in the nucleus where it promotes Wnt/β-catenin 

signaling by stabilizing the β-catenin/TCF complex (Itoh et al., 2005; Gan et al., 2008), a 

mechanism which is inhibited by cytoplasmic YAP by restricting the nuclear translocation 

of Dvl (Barry et al., 2013). Finally, Yap has also been shown to be a direct transcriptional 

target of β-catenin in colorectal cancer cells (Konsavage et al., 2012).

Adherens junctions form another cellular crossroad where Hippo and Wnt/β-catenin 

signaling meet. Similar to β-catenin, phosphorylated YAP interacts with α-catenin via 

14-3-3 proteins and α-catenin deletion is sufficient to shift YAP to the nucleus and induce 

squamous cell carcinomas in the skin (Schlegelmilch et al., 2011; Silvis et al., 2011). Thus, 

the presence of these co-factors at cell-cell junctions represent an important aspect of their 

functional regulation and their influence on cell behavior. As such, partial epithelial-

mesenchymal transition (EMT) as observed in cancer cells, which entails the loss of 

apicobasal cell polarity and destabilization of junctional complexes (Thiery et al., 2009; De 

Craene and Berx, 2013), is instrumental for the acquisition of stemness by nontransformed 

and tumor cells (Mani et al., 2008; Guo et al., 2012) and recent work has shown that this 

process is mainly mediated by inducing the nuclear translocation of TAZ (Cordenonsi et al., 

2011). This suggests that destabilization of junctional complexes, which occurs during 

tumor progression and metastasis, may act to induce cell growth by dislodging β-catenin and 

YAP/TAZ from cell-cell junctions to increase Wnt and Hippo transcriptional activity.

1.2.3. Wnt/β-catenin signaling regulates respiratory specification and 
epithelial and mesenchymal differentiation during lung development—
Numerous components of the Wnt signaling cascade are expressed in the developing lung 

and multiple reports have implicated several of these in the regulation of diverse aspects of 

lung morphogenesis. Of the nineteen Wnt genes present in the vertebrate genome, five have 

been reported to be expressed in the developing lung: Wnt2, Wnt2b, Wnt7b, Wnt5a, and 

Wnt11 (Lako et al., 1998; Li et al., 2002; Shu et al., 2002; Weidenfeld et al., 2002; De 

Langhe et al., 2005; Rajagopal et al., 2008; Goss et al., 2009). Wnt2 and Wnt2b expression is 

observed in the mesoderm surrounding the ventral anterior foregut from E9.0 to E10.5, at 

the time of lung specification and primary bud formation, and continue to be expressed at 

later stages in the developing lung mesenchyme with the highest expression distally (De 

Langhe et al., 2005; Goss et al., 2009). Loss of Wnt2 (Wnt2−/− null mice) results in severe 

lung hypoplasia, defects in ASMC development and reduced cell proliferation in both 

epithelial and mesenchymal compartments (Goss et al., 2009; Goss et al., 2011). Wnt2b−/− 

null mutants are viable without apparent abnormalities, but simultaneous ablation of both 

Wnt2 and Wnt2b (Wnt2−/−;Wnt2b−/−) leads to lung agenesis (Goss et al., 2009). Wnt7b is 

exclusively expressed in the ventral anterior foregut endoderm during the time of lung 

specification, and continues to be expressed by the airway epithelium throughout lung 

development, with the highest levels of Wnt7b located distally (Shu et al., 2002; Weidenfeld 

et al., 2002; De Langhe et al., 2005). Genetic inactivation of Wnt7b leads to a similar 

hypoplastic lung phenotype as Wnt2−/− mice, with defects in smooth muscle development 

(Shu et al., 2002; Rajagopal et al., 2008; Cohen et al., 2009) and the combined loss of Wnt2 

and Wnt7b leads to more severe lung abnormalities, including a dramatic reduction in 

branching along with disrupted distal endoderm patterning (Miller et al., 2012). This 
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suggests that Wnt2 and Wnt7b cooperate to regulate proximal-distal patterning and 

mesenchyme development in the lung. The non-canonical Wnt5a ligand is initially 

expressed at low levels in both mesenchyme and epithelium, but becomes restricted to the 

distal epithelium after E12.5 (Li et al., 2002; De Langhe et al., 2005). The absence of Wnt5a 

(Wnt5a−/−) results in increased mesenchymal proliferation, overexpansion of the distal 

epithelium and delayed lung maturation (Li et al., 2002). These defects could be due to 

increased β-catenin signaling as Wnt5a has been shown to antagonize the canonical Wnt 

pathway by promoting GSK-3β-independent β-catenin degradation (Topol et al., 2003). Fzd 

and LRP proteins are also expressed in tissue-specific patterns during lung development. 

The expression of Fzd8, Fzd10 and Lrp6 is restricted to the epithelium, Fzd1 and Fzd4 are 

expressed in the mesenchyme, whereas Fzd2, Fzd3, Fzd6, Fzd7 and Lrp5 expression can be 

found in both tissue compartments (De Langhe et al., 2005; Wang et al., 2005). These 

expression patterns suggest that Wnt signaling can be activated in a paracrine and/or 

autocrine manner in both epithelium and mesenchyme. The expression of endogenous Wnt 

modulators such as Dkk1, Dkk2, Dkk3, sFrp1, sFrp2 and sFrp4 is also detected in the 

developing epithelium and/or adjacent mesenchyme in specific spatio-temporal patterns 

(Tebar et al., 2001; De Langhe et al., 2005). Treatment of isolated foreguts with exogenous 

DKK1 inhibits primary lung bud formation (Chen et al., 2010). In addition treatment of 

E11.5 lung explants with DKK1 perturbs ASMC and vascular development, and results in 

severe branching defects, characterized by failed cleft formation and enlarged terminal buds 

(De Langhe et al., 2005; Mahoney et al., 2014), caused by decreased fibronectin deposition 

(De Langhe et al., 2005). In vivo Dkk1 overexpression inhibits the expression of distal 

epithelial markers while promoting the formation of proximal epithelium (Shu et al., 2005; 

Volckaert et al., 2013).

β-catenin as well as Tcf1, Lef1, Tcf3 and Tcf4 transcripts have been shown to localize in the 

developing endoderm and adjacent mesenchyme (Tebar et al., 2001). The vital functions of 

canonical (i.e. β-catenin-mediated) Wnt signaling during lung development have been 

uncovered by β-catenin knockout and stabilization studies. Early endoderm-specific deletion 

of Ctnnb1, the gene encoding β-catenin, leads to a complete failure to specify lung 

progenitors in the ventral foregut endoderm (Goss et al., 2009; Harris-Johnson et al., 2009) 

similar as observed in Wnt2/2b deficient mice (Goss et al., 2009). At later stages of lung 

development, epithelial-specific inactivation of Ctnnb1 using the Sftpc-rtTa;tet(O)Cre 

system results in respiratory failure due to severe lung abnormalities, including decreased 

branching and defective proximal–distal patterning in the lung, in part through the specific 

down-regulation of multiple critical target genes and pathways including N-myc, BMP4, and 

FGF signaling (Mucenski et al., 2003; Shu et al., 2005). Early endoderm-specific (Shh-Cre) 

stabilization of β-catenin, which lacks the region containing the GSK-3β-mediated 

phosphorylation sites encoded by exon 3 of Ctnnb1 (CtnnbΔ(ex3)), results in the 

reprogramming of esophagus and stomach endoderm to a lung endoderm progenitor fate 

(Goss et al., 2009; Harris-Johnson et al., 2009). The CtnnbΔ(ex3) allele has also been 

combined with other Cre driver lines to stabilize β-catenin in the developing epithelium at 

later stages of development. Nkx2.1-Cre driven β-catenin stabilization results in dilation of 

airways, inhibition of conducting airway epithelial cell type differentiation and the 

formation of polyp-like structures in the tracheobronchial epithelium (Li et al., 2009). In the 
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adult lung, β-catenin stabilization in club cells using a Scgb1a1-Cre line perturbs epithelial 

cell differentiation, causes goblet cell hyperplasia, air space enlargement, and pulmonary 

tumors (Mucenski et al., 2005) and expands lung stem cell pools (Reynolds et al., 2008; 

Zhang et al., 2008). An Sftpc-Cre;CtnnbΔ(ex3) system was used to stabilize β-catenin in the 

presumptive bronchioles and distal tip endoderm, resulting in defective bronchiolar but not 

alveolar epithelial differentiation (Hashimoto et al., 2012). However, overexpression of a 

constitutively active β-catenin/LEF1 fusion protein using the same Sftpc-Cre driver blocks 

alveolar cell type-specific differentiation genes (Okubo and Hogan, 2004). In contrast to the 

effects of β-catenin stabilization prior to lung specification (Goss et al., 2009; Harris-

Johnson et al., 2009) during which esophageal and stomach endoderm adopt a lung fate, 

overexpression of a constitutively active β-catenin/LEF1 fusion protein at later stages during 

lung development causes lung epithelial cells to acquire an intestinal fate (Okubo and 

Hogan, 2004), which suggests that the function of β-catenin in cell fate transition is context-

dependent. An important difference between the CtnnbΔ(ex3) system and the β-catenin/LEF1 

fusion protein is that the former requires endogenous co-expression of LEF/TCF factors to 

activate canonical Wnt signaling, whereas the latter does not. It is thus very well possible 

that the differential responses between these two strategies to stabilize β-catenin are due to 

the misexpression of the LEF1 transcription factor.

The role of canonical Wnt signaling in the developing lung mesenchyme has only recently 

been examined. Mesenchyme-specific β-catenin inactivation using a Dermo1-Cre line 

results in mesenchymal defects that are reminiscent of the Pitx1−/−;Pitx2−/− phenotype 

(Marcil et al., 2003), suggesting that mesenchymal β-catenin signaling relies on the PITX 

family of transcription factors (De Langhe et al., 2008). It was shown that mesenchymal β-

catenin signaling regulates the formation and amplification of Fgf10-expressing ASMC 

progenitors and indirectly regulates the proper differentiation of angioblasts into mature 

endothelial cells (De Langhe et al., 2008). The finding that mesenchymal Wnt/β-catenin 

signaling is required for the expansion and development of ASMC precursors in the lung 

was confirmed by deleting β-catenin specifically in ASMC precursors as well as in mature 

ASMCs using an Sm22α-Cre line (Cohen et al., 2009). The authors further showed that this 

occurs through a Wnt/tenascin/platelet-derived growth factor receptor (Pdgfr) signaling axis, 

which is also highly upregulated in a mouse model of allergen-induced asthma as well as in 

human patients with pulmonary arterial hypertension (Cohen et al., 2009). More recent 

advanced lineage tracing approaches have further confirmed that all ASMCs are derived 

from distal lung mesenchyme and that mesenchymal Wnt signaling is required to instruct 

naive lung mesenchyme to adopt the ASMC progenitor fate (Kumar et al., 2014).

2. Role of Wnt and FGF signaling in the specification and initiation of the 

respiratory lineage

Soon after gastrulation (E7.5 in mice), the definitive endoderm folds to form the primitive 

gut tube. As the embryo develops, the actively moving gut tube endoderm becomes exposed 

to varying temporal and spatial mesenchyme-specific gene expression patterns. In response, 

the endoderm expresses transcription factors and key growth factors that act back on the 

mesenchyme. Indeed, a delicate endodermal-mesenchymal crosstalk, orchestrated by key 
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signals including FGFs, Wnts, SHH and BMPs, is crucial to pattern the gut tube along the 

anterior-posterior (A-P) as well as ventral-dorsal (V-D) axes, and to specify the primary 

organ fields. The first specification step comprises the delineation of the primitive gut tube 

into a foregut, midgut and hindgut domain (Fig. 4A), each characterized by its own gene 

expression profile. At E7.5–E8.5, a A-P gradient of FGF4, BMP2 and Wnt ligands is 

produced by the mesoderm with low expression levels anteriorly and highest expression 

levels posteriorly, to promote hindgut and inhibit foregut fate, marked respectively by the 

expression of Cdx (caudal type homeobox) and Sox2/Hhex (hematopoietically-expressed 

homeobox protein) transcription factors (Zorn and Wells, 2009). Hox genes are expressed in 

both endoderm and mesoderm along the A-P axis and are also proposed to play an important 

role in foregut patterning (Ornitz and Yin, 2012), but their exact functions have not yet been 

elucidated. Once the delineation of the gut tube endoderm into foregut, midgut and hindgut 

has been established, a second specification step occurs in which these domains are further 

subdivided into organ-specific regions by the local endodermal-mesodermal signaling 

environment. Several organs originate from the foregut, including the lungs, trachea, 

esophagus, thyroid, stomach, liver, biliary system and pancreas (Fig. 4A). Endodermal 

progenitors in the anterior foregut that are destined to become the respiratory system and 

thyroid, express Nkx2.1 (Kimura et al., 1996), progenitors that give rise to the liver express 

Hex (Martinez Barbera et al., 2000), whereas prospective pancreatic and duodenal 

progenitors express Pdx1 (pancreatic and duodenal homeobox 1) (Offield et al., 1996). The 

midgut will form the small intestines and the hindgut will give rise to the colon (Fig. 4A).

Some of the signaling pathways that repress foregut fate initially, such as Wnt, FGF and 

BMP signaling, are crucial to establish respiratory fate later on (Fig. 4C). This seems like a 

paradox, but it demonstrates how important timing and location of these signals are for 

foregut endoderm patterning (Kadzik and Morrisey, 2012). It is intriguing how cells can 

change their response to the same cues in just a few hours. Growth factor signaling specifies 

the pulmonary domain in part through transcriptional activation of Nkx2.1 (Serls et al., 2005; 

Que et al., 2007; Goss et al., 2009; Harris-Johnson et al., 2009; Domyan et al., 2011), which 

is the earliest known marker of specified respiratory endoderm and is present in the 

prospective lung/tracheal region in the ventral foregut endoderm as early as E9.0 (Lazzaro et 

al., 1991; Minoo et al., 1999). However, Nkx2.1 is not exclusively expressed in the trachea 

and lung as it is also observed in the developing forebrain and thyroid (Lazzaro et al., 1991). 

At E9.5, two primary endodermal buds emerge from the ventral foregut which will form the 

lung. Shortly after formation of the lung primordium, the foregut just anterior of the 

developing lung buds starts to separate into a ventral trachea and a dorsal esophagus in a 

caudal to cranial direction (Fig. 4B).

Along the V-D axis the single anterior foregut is patterned by the expression of different 

transcription factor genes. Sox2 is initially expressed throughout the entire foregut, but is 

down-regulated ventrally in the prospective respiratory field at around E9.0, which is now 

marked by Nkx2.1 expression (Sherwood et al., 2009; Domyan and Sun, 2011) (Fig. 4C). 

Both transcription factors have important functions in V-D patterning of the anterior foregut, 

which is coupled to the specification and differentiation of the ventral trachea and dorsal 

esophagus. Deletion of Nkx2.1 causes ectopic Sox2 expression ventrally and results in an 
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unseparated dorsalized foregut, specified as esophagus (Minoo et al., 1999; Que et al., 

2007). Vice versa, loss of function of Sox2 expands Nkx2.1 expression dorsally and creates a 

ventralized foregut. This suggests that Sox2 and Nkx2.1 inhibit each other’s expression (Que 

et al., 2007). Whether this reciprocal regulation is direct or indirect is currently unknown. 

This phenotype in which the trachea and esophagus fail to seperate is frequently observed in 

mice deficient for growth factors implicated in anterior foregut patterning and resembles the 

human pathological disorder esophageal atresia with or without tracheoesophageal fistula 

(EA/TEF).

2.1. Mesenchymally expressed Wnt and Fgf ligands specify and establish the primary 
respiratory field in the anterior foregut

Dynamic morphogenic movements bring the developing anterior foregut in close proximity 

to the cardiac mesoderm before and during specification of hepatic and respiratory 

progenitors. Initially, the developing heart expresses low levels of Fgf2, which stimulates 

albumin (marker for liver fate) expression in the endoderm (Jung et al., 1999). Shortly after, 

coinciding with Nkx2.1 expression in the ventral foregut endoderm, Fgf2 expression 

becomes more robust and is joined by Fgf1 expression in the cardiac mesoderm (Jung et al., 

1999). In vitro experiments on mouse foregut explants suggest that cardiac mesoderm-

derived FGF1&2 play an important role in segregating a common pool of foregut endoderm 

cells into lung, liver or pancreatic fields in a dose-dependent manner, with highest FGF 

levels promoting Nkx2.1 expression and respiratory fate (Serls et al., 2005). In the absence 

of cardiac mesoderm or FGF1&2, the endoderm adopts a default pancreatic fate (Deutsch et 

al., 2001; Rossi et al., 2001; Serls et al., 2005). Thus, it seems that the intensity of total FGF 

ligand expression positively correlates with the sequential induction of liver and respiratory 

fate in the adjacent foregut endoderm. Studies in Xenopus confirmed that both mesoderm 

and FGF signaling are required to specify foregut organs, but suggest that it is the prolonged 

duration of FGF signaling that determines liver and lung fate, the latter of which requiring 

the longest duration of active FGF signaling and as a result becomes specified the latest of 

all foregut-derived organs (Shifley et al., 2012). This study also showed that FGF signaling 

acts mostly through the PI3K-AKT pathway to induce lung fate, which fits with a recent 

report that endoderm-specific inactivation of Mek1/2 or Erk1/2, which are crucial mediators 

of the MAPK arm of FGF signaling, does not affect lung specification (Boucherat et al., 

2014). Fgf10 is strongly expressed in the ventral mesenchyme of the undivided foregut (Que 

et al., 2007). Treatment of mouse foregut explants with exogenous FGF10 results in an 

upregulation of Nkx2.1 and a downregulation of Sox2 expression and perturbs normal 

separation of the foregut tube (Que et al., 2007). However, although mice deficient for 

Fgf10 (Fgf10−/−) or its receptor Fgfr2b (Fgfr2b−/−) show complete lung agenesis, lung 

specification is not affected and foregut separation proceeds normally (Min et al., 1998). 

Other Fgfs expressed in the mesenchyme may compensate for the loss of Fgf10 (Serls et al., 

2005).

Canonical Wnt/β-catenin signaling activity is dynamic in the early anterior foregut before 

and after separation into trachea and esophagus. At E9.5, Wnt/β-catenin signaling is active 

in the ventral foregut endoderm in response to Wnt2/2b secreted by the adjacent 

mesenchyme (Goss et al., 2009; Harris-Johnson et al., 2009; Jacobs et al., 2012) (Fig. 4C). 
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Wnt2/2b−/− mutants or mice harboring an endoderm-specific (Shh-Cre) deletion of β-catenin 

(encoded by Ctnnb1) show complete lung agenesis and lack of Nkx2.1 expression, without 

affecting thyroid, liver and pancreas specification (Goss et al., 2009; Harris-Johnson et al., 

2009). V-D patterning of the foregut tube is disrupted in these mutants, in which Sox2 

expression is expanded into the ventral foregut endoderm at the expense of Nkx2.1 

expression. This results in a failure to separate the foregut tube resulting in complete lung 

and trachea agenesis leaving behind a single foregut tube specified as esophagus (Goss et 

al., 2009; Harris-Johnson et al., 2009). Overexpression of the secreted Wnt inhibitor Dkk1, 

also prevents Nkx2.1 expression and abrogates formation of the primary respiratory field 

(Volckaert et al., 2013). Conversely, overexpression of a constitutively active β-catenin 

protein throughout the foregut endoderm results in ectopic Nkx2.1 expression and 

reprograms dorsal foregut endoderm (i.e. esophagus) and posterior foregut endoderm (i.e. 

anterior stomach) to a lung endoderm progenitor fate (Goss et al., 2009; Harris-Johnson et 

al., 2009). Altogether, these data indicate that Wnt signaling plays a crucial role during this 

patterning phase and is necessary and sufficient to specify the respiratory lineage. 

Expression of Tbx5, a member of the T-box transcription factor gene family, is first detected 

at E9.0 in the mesenchyme of the trachea and lung field, at a time when Nkx2.1 expression 

first starts to appear in the ventral foregut endoderm (Arora et al., 2012). Loss of Tbx5 leads 

to a unilateral loss in lung bud specification and a complete absence of tracheal 

specification. A severe reduction in Wnt2/2b expression is observed in these mutants, 

suggesting that Tbx5 lies upstream of these genes to control respiratory specification (Arora 

et al., 2012). How FGF and Wnt/β-catenin signaling cooperate to specify the primary lung 

field is not well understood. Work from our lab showed that FGF10 is not able to rescue 

lung specification in vivo in embryos in which Wnt signaling is inhibited by overexpressing 

Dkk1 (Volckaert et al., 2013). This indicates that, at the time of lung specification, FGF10 

signaling cannot directly activate β-catenin in the absence of Wnt ligands, a mechanism that 

does occur later on during branching morphogenesis (Volckaert et al., 2013) and in the adult 

airway epithelium after injury (Volckaert et al., 2011). These findings were recently verified 

by similar experiments in the Xenopus embryo, in which activation of an inducible dominant 

active FGFR1 could not rescue Nkx2.1 expression and lung initiation in Wnt2/2b 

knockdowns (Rankin et al., 2014). Most likely, Wnt and FGF signaling are part of a feed-

forward loop, similar to what has been reported in the distal lung mesenchyme (White et al., 

2006; Yin et al., 2008; Yin et al., 2011), through which they control each other’s expression 

(see below).

BMP signaling has also been implicated in the patterning and specification of the anterior 

foregut endoderm (Que et al., 2006; Li et al., 2007; Li et al., 2008; Domyan et al., 2011). 

Between E8.5–E9.5, Bmp4 is expressed in the ventral mesenchyme of the developing 

foregut (Que et al., 2006; Li et al., 2008). By contrast, Noggin is expressed in the dorsal 

mesenchyme where it antagonizes Bmp4 expression to establish a gradient of BMP signaling 

in the embryonic foregut (Weaver et al., 1999; Que et al., 2006). Conditional ablation of 

Bmp4 by using the Foxg1-Cre line, which is active in foregut endoderm as early as E8.5 and 

in both endoderm and mesenchyme by E9.5, results in tracheal agenesis due to impaired 

epithelial and mesenchymal proliferation, without affecting initial respiratory specification 

(Li et al., 2008). Conditional deletion of the type I BMP receptor (BMPR) genes Bmpr1a 
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and Bmpr1b in the foregut endoderm (Shhcre/+; Bmpr1afl/−;Bmpr1b−/− (hereafter 

Bmpr1a;b) results in tracheal agenesis due to a failure to maintain respiratory fate, which 

can not be rescued by constitutively activating Wnt signaling in foregut endoderm (Domyan 

et al., 2011). In these mutants Nkx2.1 expression is significantly decreased in the single 

foregut tube, which now acquires esophageal markers (p63, Sox2, Pax9) (Li et al., 2008; 

Domyan et al., 2011). Moreover, the ability of Wnt signaling to induce ectopic Nkx2.1 

expression in posterior foregut endoderm (Goss et al., 2009; Harris-Johnson et al., 2009) 

requires intact BMP signaling (Domyan et al., 2011). The current model suggests that BMP 

and Wnt ligands signal cooperatively to regulate lung endoderm specification (Fig. 4C). 

Interestingly, inactivating Sox2 from the ventral endoderm of Bmpr1a;b mice rescues 

tracheal agenesis, indicating that signaling through BMPR1 and BMPR2 promotes 

respiratory fate through the inhibition of Sox2 (Domyan et al., 2011). Noggin-deficient mice 

(Nog−/−) show increased BMP signaling and about 70% of these mutants develop EA/TEF, 

which can be rescued by reducing Bmp4 expression by 50% (Que et al., 2006). This 

indicates that the dorsal foregut requires low levels of BMP signaling to acquire esophageal 

fate (Hines and Sun, 2014).

Shh is expressed in the ventral foregut endoderm (Litingtung et al., 1998). In Shh−/− mice 

the tracheoesophageal septum is not established and as a consequence trachea and 

esophagus do not separate from the foregut, which has a tracheal-like morphology 

(Litingtung et al., 1998). In mouse, the SHH signal is transduced by the three zinc-finger 

transcription factors Gli1,2 and 3, which are all strongly expressed in the splanchnic 

mesoderm during foregut development as well as in the lung mesenchyme during the 

pseudoglandular stage (Hui et al., 1994; Grindley et al., 1997). Gli2−/−;Gli3+/− mutants 

display EA/TEF similar to Shh−/− mice and ablation of both Gli2 and Gli3 genes 

(Gli2−/−;Gli3−/−) resulted in the complete absence of esophagus, lung and trachea 

(Motoyama et al., 1998). Interestingly, EA/TEF has also been observed in some patients 

with GLI3 mutations (Johnston et al., 2005).

Despite the progress that has been made to identify the factors responsible for respiratory 

specification and foregut patterning, very little is known about how these pathways interact 

and are integrated in a signaling network to regulate these processes. In addition, there are 

no markers available to distinguish between the lung and trachea lineages prior to the 

appearance of these structures. Surprisingly, although Nkx2.1 is the earliest known marker 

for the respiratory lineage, Nkx2.1−/− mice form primary lung buds, which fail to branch and 

lack any markers of epithelial differentiation (Minoo et al., 1999). This indicates that Nkx2.1 

is not required for initial specification of the lung primordium and that additional 

unidentified factors underlie this process. In addition, because Nkx2.1 expression is not 

restricted to the respiratory lineage, this can pose a significant problem when trying to 

isolate a pure population of lung progenitor cells created from embryonic stem cells (ESCs) 

or induced pluripotent stem cells (iPS) cells. Therefore, there is a desperate need for 

additional early markers for respiratory progenitors.
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2.2. Wnt ligands regulate mesenchymal Fgf10 expression which is required for primary 
lung bud formation in part by driving epithelial β-catenin signaling

The first morphological appearance of the lung primordium occurs at E9.5 (~25 somite 

stage) with the outpocketing of two buds from the ventral anterior foregut endoderm into the 

surrounding splanchnic mesoderm (Fig. 4B). Budding of the tracheal system in Drosophila 

is induced by branchless (an FGF homologue) expressed dynamically at prospective bud 

sites, which acts on breathless (an FGFR homologue) in the endoderm to initiate budding 

(Sutherland et al., 1996). Similarly, lung bud formation in mammals is crucially dependent 

on FGF signaling. Mice lacking Fgf10 (Fgf10−/−) or its receptor Fgfr2b (Fgfr2b−/−) show a 

wide range of morphological abnormalities including skeletal and craniofacial defects, as 

well as limb and lung agenesis (Min et al., 1998; Sekine et al., 1999; De Moerlooze et al., 

2000). Unlike in Fgf10−/− mutants however, Fgfr2b−/− mice still form a rudimentary lung 

bud, which quickly undergoes apoptosis (De Moerlooze et al., 2000). This can be explained 

by the fact that FGF10 also binds to FGFR1b, albeit with a much lower affinity. In addition, 

grafting Fgf10-expressing distal mesenchyme isolated from E12 lungs on tracheal 

epithelium induces ectopic bud formation (Alescio and Cassini, 1962). The same effect is 

observed when placing a heparin-sepharose bead coated with recombinant FGF10 showing 

that FGF10 is sufficient to induce bud formation (Hyatt et al., 2004). The importance of 

mesenchymal FGF10 in initiating the lung primordium has spawned a great interest in the 

factors regulation its expression during this early stage of lung development.

Tbx4 is expressed in the foregut and lung mesenchyme of the developing chick and its 

domain overlaps with that of Fgf10. Misexpression of Tbx4 leads to ectopic Fgf10 

expression and endodermal bud formation. Vice versa, misexpression of a dominant 

negative form of Tbx4 diminishes Fgf10 expression and prevents primary bud formation in 

one third of analyzed mutants (Sakiyama et al., 2003). In mouse, Tbx4 is expressed in the 

mesenchyme of the developing foregut at the time of lung bud formation (E9.5), but its 

deletion does not prevent initial specification and formation of lung and trachea primordia, 

although branching morphogenesis is affected later during development (Arora et al., 2012). 

Of note, the dominant negative Tbx4 repressor construct in the chick experiments uses the 

complete T-box domain, which is close to identical in Tbx4 and Tbx5. It is therefore 

plausible that the dominant negative Tbx4 also targets Tbx5, which has a crucial function in 

lung bud specification (see above).

Canonical Wnt signaling directly regulates Fgf10 expression in the developing heart and 

limb (Kawakami et al., 2001; Cohen et al., 2007). As described above, Wnt2 and Wnt2b are 

expressed in the mesoderm of the undivided anterior foregut from E9.0–E9.5, where they 

play a cooperative role in specifying lung endoderm progenitors, and continue to be 

expressed by the mesenchyme during branching morphogenesis (Yin et al., 2008; Goss et 

al., 2009; Yi et al., 2009). Loss of Wnt2 (Wnt2−/−) results in lung hypoplasia and a drastic 

downregulation in Fgf10 expression (Goss et al., 2009; Goss et al., 2011). Inhibition of Wnt 

signaling in foregut explants by either treating them with recombinant DKK1 or quercetin, a 

flavinoid known to disrupt the interaction between TCF and β-catenin in the nucleus, has a 

dose-dependent effect on primary lung bud formation. High doses completely prevent 

formation of the lung primordium and block Fgf10 expression in the presumptive lung field, 
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whereas lower doses elicit formation of only one bud (Chen et al., 2010; Volckaert et al., 

2013). On the other hand, activation of Wnt signaling in isolated foreguts leads to a 

significant increase in Fgf10 expression and induces ectopic bud formation (Chen et al., 

2010).

Vitamin A deficiency has since long been associated with lung abnormalities, including lung 

agenesis, in rodents as well has humans (Wilson et al., 1953; Golzio et al., 2007; Gavrilova 

et al., 2009). Of note, hypovitaminosis A is the third most common nutritional deficiency in 

the world and is present in a large population of women of reproductive age in developing 

countries (West, 2002). Retinoic acid (RA), the biologically active form of vitamin A, is 

synthesized in the mesoderm (mesenchyme and mesothelium) of the anterior foregut around 

E8.5–E9.5 and analysis of embryos harboring a RARE-LacZ transgene shows widespread 

RA utilization in all cell layers of the foregut where the lung and trachea are forming 

(Malpel et al., 2000). Mice lacking the retinaldehyde dehydrogenase Raldh2 (also known as 

Aldh1a2), which has a prominent role in RA synthesis, show complete lung agenesis, 

although initial specification of lung progenitors is unaffected (Desai et al., 2006). 

Moreover, treatment of E8.5 embryos or isolated E8.5 foregut explants with the pan-RA 

receptor antagonist BMS493 also prevents lung bud formation, which was attributed to a 

failure to induce Fgf10 expression in the foregut mesenchyme of the prospective lung field 

(Desai et al., 2004). RA appears to regulate Fgf10 expression indirectly by inhibiting TGFβ 

(transforming growth factor beta) (Chen et al., 2007) and by allowing Wnt signaling through 

the local suppression of Dkk1 expression (Chen et al., 2010). Activating Wnt signaling in 

RA-deficient foreguts can only rescue the formation of one lung bud despite bilateral Fgf10 

expression. However, simultaneously activating Wnt signaling and repressing TGFβ rescues 

bilateral lung bud formation in RA-deficient foreguts, suggesting that lung progenitors 

require different thresholds of FGF10 for proper formation of the right or left lung bud 

(Chen et al., 2010). As such, a model has been proposed in which endogenous RA balances 

Wnt and TGFβ signaling to control mesenchymal Fgf10 expression during initiation of the 

mouse lung primordium (Chen et al., 2010) (Fig. 4D).

3. Fgf10-KRAS/β-catenin signaling drives epithelial branching and prevents 

epithelial differentiation

The formation of a functional lung requires two fundamental developmental processes: 

branching morphogenesis, which builds the tree-like network of epithelial tubes, and 

epithelial differentiation to build the functional units (i.e. alveolar and conducting airway 

epithelium). Although both processes have been extensively studied individually, less is 

known about how they interact and cooperate to ensure that the functional units are correctly 

positioned and integrated in the branching design.

3.1. Epithelial branching generates the respiratory framework

Branching structures can be found throughout nature, from plants to river networks, from 

organs (e.g. lung, liver, kidney, mammary and salivary glands) to vasculature, from 

snowflakes to lightning bolts. Whereas branching in non-biological systems is solely 
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controlled by the laws of physics, branching morphogenesis in organisms is driven by a 

combination of genetic regulatory factors and physical constraints.

3.1.1. Stereotypic branching morphogenesis sculptures the conducting 
airway network—The two emerging primary lung buds from the anterior foregut quickly 

elongate and undergo branching morphogenesis, which is accompanied by the impressive 

exponential growth of the lung during the pseudoglandular or branching stage. Given the 

elaborate branching network found in the lung, one might expect the process of branching 

morphogenesis to be highly complex. Yet, Metzger et al. have proposed a surprisingly 

simple model in which the bronchial tree is generated by a repeated use of three 

geometrically distinct local branching modes termed domain branching, planar bifurcation 

and orthogonal bifurcation, which occur in three different sequences (Metzger et al., 2008). 

In domain branching, daughter branches bud from the parent branch in rows (‘domains’) at 

different positions, much like the rows of bristles on a bottle brush. This branching mode 

generates the main secondary branches and establishes the lobulation pattern as well the 

general shape of each lobe. Both planar and orthogonal bifurcation modes on the other hand 

generate two daughter branches by splitting of the parent tip. Planar bifurcation mode is 

designated to branch splitting events when they occur in the same plane. When there is a 

~90° rotation in the bifurcation plane relative to the following tip division, then the 

branching events are called orthogonal bifurcation (Metzger et al., 2008). Branching mode 

deployment varies between branch lineages, and a single parent branch can generate 

daughter branches through more than one mode. Most of the later generation branches are 

generated by planar or orthogonal bifurcation. The former is used for the thin edges of the 

lobes, whereas the latter forms the lobe surfaces and fills the interior.

3.1.2. FGF10 drives the branching program by inducing Sox9 expression—
How is the information underlying the generation of the elaborate bronchial tree structure 

biologically encoded? In other words, how does the lung know where and when to form 

each branch during development? A major breakthrough in our understanding of the 

branching process came with the discovery that Fgf10 expression in the developing lung is 

localized to the distal submesothelial mesenchyme adjacent to future lung buds (Bellusci et 

al., 1997). The necessity of FGF10 for branching morphogenesis is dramatically illustrated 

by the complete absence of lungs in mice lacking Fgf10 (Fgf10−/−) or its primary receptor 

Fgfr2b (Fgfr2b−/−) (Min et al., 1998; Arman et al., 1999; Sekine et al., 1999; De Moerlooze 

et al., 2000). Because of the specific and dynamic Fgf10 expression pattern, it was thought 

for a very long time that directional lung bud outgrowth is dependent on the precisely 

localized expression of Fgf10. Supporting evidence for this came from pioneering explant 

experiments in which E12 distal Fgf10-expressing lung mesenchyme was grafted on the 

trachea, which normally does not undergo budding, where it was able to induce bud 

formation (Alescio and Cassini, 1962). This effect could be recapitulated when replacing 

distal mesenchyme with an FGF10-coated bead, indicating that FGF10 is sufficient to 

induce bud outgrowth (Shannon and Hyatt, 2004). However, isolated lung epithelium 

branches in MatrigelTM in the presence of ubiquitous recombinant FGF10, and Fgf10 

becomes more broadly expressed throughout the mesenchyme from E13.5 onwards, when 

lung epithelium still continues to branch (Bellusci et al., 1997). We recently showed that 
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ubiquitous Fgf10 overexpression on an Fgf10−/− background rescues lung formation with 

close to normal branching patterns (Volckaert et al., 2013). It thus seems that the effect of 

FGF10 on the epithelium is permissive rather that instructive. In other words, the branching 

information is already present in the epithelium, established by other currently unidentified 

molecular and physical mechanisms, and may only require FGF10 to manifest itself. These 

data support a model in which precisely localized Fgf10 expression in the distal 

mesenchyme is not necessary to direct branching morphogenesis but rather to promote the 

self-renewal of the distal epithelial progenitor population and to prevent their premature 

differentiation (Volckaert et al., 2013).

From this it is clear that although FGF10 is essential to drive branching morphogenesis, 

albeit in a permissive manner, other molecular and physical mechanisms must be in place to 

determine where, when and how many new branches are formed. For example, the PCP 

pathway, an arm of Wnt signaling controlling cytoskeletal organization, is gaining interest 

as a an important regulator of tube shape and branch point formation during early lung 

development. Subtle yet important branching defects have been reported in the absence of 

PCP components, such as scribbled, Celsr1 (cadherin EGF LAG seven-pass G-type receptor 

1) or Vangl2 (Van Gogh-like-2) (Yates et al., 2010; Yates et al., 2013). Another recent study 

showed that Fzd2 is required for new branch point formation, branch extension as well as 

regulating epithelial tube dimensions. The authors demonstrated that Fzd2 mediates these 

processes independently of β-catenin by regulating Rho signaling and by the localization of 

phospho-myosin light chain 2 (Kadzik et al., 2014). Interestingly, this study further showed 

that Fzd2-deficient epithelium could not maintain proper branch morphology in the presence 

of focal FGF10 (Kadzik et al., 2014). Interactions between epithelial cells and the basement 

membrane (BM), which is a specialized sheet-like layer of extracellular matrix (ECM) 

composed primarily of laminin, collagen IV and fibronectin, are also thought to be crucial to 

direct branching morphogenesis. For example, fibronectin dynamically accumulates at 

branch bifurcations and its inhibition results in reduced branching and cleft formation (Sakai 

et al., 2003; De Langhe et al., 2005), suggesting that cell-ECM interactions are vital to 

instruct where new branches are formed. These interactions are mainly mediated by integrin 

receptors that translate mechanical information into biochemical signals. In light of this, loss 

of β1 integrin in the developing lung epithelium has been shown to block branching 

morphogenesis (Chen and Krasnow, 2012). The distal epithelial tips are also encapsulated 

by a BM, separating the distal epithelium from the mesenchyme and BM remodeling is 

assumed to occur to accommodate branching morphogenesis. As such, there is evidence that 

the BM at the distal tips becomes perforated by hundreds of microscopic holes, which 

locally results in a distensible mesh-like ECM network (Harunaga et al., 2014). This highly 

dynamic BM remodeling is established by protease and actomyosin activity (Harunaga et 

al., 2014). It will be of interest to unravel the mechanisms controlling the expression and 

localization of these proteins.

Sox9 expression is dynamic during the process of lung bud bifurcation, with the highest 

expression where two buds will form and lowest at the cleft (Rockich et al., 2013). Gain and 

loss of function experiments have attributed an important function for Sox9 in branching 

morphogenesis. Sox9 deletion or overexpression using a Shh-Cre driver both result in a 
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smaller lung containing fewer airway branches with dilated cyst-like distal epithelial tips 

(Chang et al., 2013; Rockich et al., 2013). The observation that both gain and loss of Sox9 

function result in a similar phenotype is most likely due to the limited possible outcomes 

when branching is perturbed. When an epithelial bud fails to bifurcate it will simply give 

rise to a larger cystic bud instead (Rockich et al., 2013). Interestingly, Shh-Cre;Sox9f/f lungs 

also have a higher level of Fgf10 expression in the distal mesenchyme (Chang et al., 2013). 

This indicates that in addition to the requirement of Sox9 in the epithelium, which functions 

downstream of epithelial FGFR2b/KRAS signaling (Chang et al., 2013), Sox9 also regulates 

mesenchymal Fgf10 expression in a non-cell autonomous way, most likely through the 

regulation of growth factor production involved in epithelial feedback mechanisms (Chang 

et al., 2013). Finally, Sox9 may also directly or indirectly regulate cytoskeletal organization, 

epithelial movement and deposition of ECM components to influence branching 

morphogenesis (Rockich et al., 2013). Sox2 on the other hand is expressed in non-branching 

epithelium and its overexpression in developing lung endoderm reduces branching (Gontan 

et al., 2008).

3.2. FGF10 maintains distal epithelial progenitor cells in the developing lung

Embryonic progenitor cells are at the heart of organ development. They self-renew and can 

give rise to multiple cell types. In the embryonic lung, a well characterized multipotent 

endodermal progenitor cell population resides in the distal tip of the developing lung buds. 

As the epithelial bud grows out, daughter cells assume more proximal positions, which 

allows them to differentiate into the multiple cell types that populate the airway epithelium. 

A delicate balance between progenitor cell self-renewal and differentiation must be 

maintained to allow for proper maturation of the lung epithelium. A complex and fine tuned 

network of signaling and transcription factors from both endoderm and mesoderm act 

together in a harmonious way to achieve this.

3.2.1. Multipotent Sox9+/Id2+ epithelial progenitor cells are located in the 
distal tip of the developing lung bud—Lineage tracing experiments during branching 

morphogenesis of the developing pancreas have shown the presence of a distal population of 

multipotent epithelial progenitor cells (Zhou et al., 2007) (Fig. 5A). Similarly, in the 

developing lung, the distal epithelium has a high proliferation index (Okubo et al., 2005), is 

enriched for a wide array of transcription factors, including Sox9 (Perl et al., 2005; Chang et 

al., 2013; Rockich et al., 2013), Id2 (Inhibitor of DNA-binding 2) (Rawlins et al., 2009), 

Nmyc (Okubo et al., 2005), Etv (E26 transformation-specific (ETS) translocation variant) 

(Liu et al., 2003), Elf5 (E74-like factor 5) (Metzger et al., 2007), Foxp1 (forkhead box 

protein P1) and Foxp2 (Shu et al., 2007), and shows a high activity of the FGF, Wnt and 

BMP signaling pathways (Rawlins, 2008; Rawlins, 2010). The more proximal epithelial 

cells express Sox2, which is necessary for their differentiation into conducting airway 

epithelial cell types (Que et al., 2009; Tompkins et al., 2011). Lineage tracing using an Id2-

CreERT2 knock-in mouse line to follow the fate of these distal epithelial progenitor cells at 

different stages during lung development (Rawlins et al., 2009), revealed that when labeled 

during the pseudoglandular or branching stage distal epithelial progenitors have the potential 

to give rise to all bronchiolar and alveolar epithelial cell types (Fig. 5A). However, when 

distal epithelial progenitors are labeled after E16.5 their fate has become restricted to the 
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alveolar epithelial cell fate (Rawlins et al., 2009) (Fig. 5C). Interestingly, single Id2+ cells at 

E11.5 give rise to both bronchiolar and alveolar cell types, suggesting that the distal 

epithelium constitutes one homogenous population of self-renewing progenitor cells. The 

finding that the distal lung endoderm during early lung development is multipotent and 

highly plastic in its developmental potential, but becomes restricted at later stages was 

recently confirmed by a study utilizing the Sox9-CreER;RosamTmG lineage tracing system 

(Alanis et al., 2014). How this restriction in developmental fate is achieved is not known, 

but most likely involves temporal alterations in the expression of signaling molecules and 

transcription factors in both epithelial and mesenchymal compartments of the developing 

lung. In addition to being a marker for distal epithelial multipotent progenitors, Sox9 also 

functions in maintaining distal epithelial progenitors in an undifferentiated state. As such, 

Sox9 deletion leads to precocious conducting airway epithelial differentiation (Chang et al., 

2013; Rockich et al., 2013), whereas Sox9 overexpression prevents the differentiation of 

distal epithelial progenitors (Rockich et al., 2013).

3.2.2. FGF10-KRAS/β-catenin signaling maintains the distal epithelial 
progenitors by inducing Sox9 and suppressing Sox2 expression—The exact 

molecular mechanisms underlying the formation, maintenance and differentiation of the 

distal Sox9+/Id2+ progenitor cells are not well understood, but seem to involve a delicate 

epithelial-mesenchymal crosstalk. FGF, Wnt and BMP signaling are highly active in the 

distal epithelium and perturbing these pathways affects the balance between progenitor pool 

expansion through proliferation and reduction through differentiation. As such, a well 

maintained distal organizing center is essential for determining the ultimate size and 

morphology of the lung (Morrisey and Hogan, 2010) (Fig. 5A).

The effects of distal mesenchyme-derived FGF10 on the distal epithelium are mainly 

mediated by activating KRAS, directly activating β-catenin signaling (Volckaert et al., 

2013), and inducing Bmp4 expression (Hyatt et al., 2004) (Fig. 5A). Fgf10 hypomorphs 

show a decrease in epithelial proliferation during the pseudoglandular stage, which is 

associated with reduced epithelial β-catenin signaling and decreased levels of p-Erk in the 

distal epithelium (Ramasamy et al., 2007). Moreover, conditional inactivation of FGF10/

FGFR2b signaling after lung initiation inhibits distal fate as shown by the expansion of 

proximal Sox2-expressing epithelial cells at the expense of Sox9+ progenitor cells (Abler et 

al., 2009; Chang et al., 2013). Vice versa, overexpression of Fgf10 results in a distalized 

lung where the distal epithelial progenitors are arrested in an undifferentiated state which 

prevents them from differentiating into more proximal cell types (Nyeng et al., 2008; 

Volckaert et al., 2013). In addition, overexpressing a hyperactive Kras, a small GTPase 

downstream of RTK signaling (e.g. FGF) during lung development (Johnson et al., 1997; 

Tang et al., 2011), throughout the epithelium (Chang et al., 2013) or in Sox9-expressing 

epithelial progenitors (Alanis et al., 2014) results in overgrown branches with an expanded 

Sox9 expression domain. The transcription factors Etv4/5 and Elf5 are enriched in the distal 

endodermal buds and mediate some of the effects of epithelial FGF signaling (Liu et al., 

2003; Metzger et al., 2007). Altogether, these data indicate that FGF10 signaling is a main 

regulator of the Sox9+ multipotent progenitor population in the distal endoderm by keeping 

them undifferentiated and stimulating their self-renewal.

Volckaert and De Langhe Page 20

Dev Dyn. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Following its pivotal function in specifying lung endoderm and initial bud formation, β-

catening signaling continues to be active in the developing epithelium downstream of 

FGF10 (Volckaert et al., 2013) with highest activity in the distal epithelial progenitors (De 

Langhe et al., 2005). Endogenous epithelial Wnt/β-catenin signaling promotes distal fate and 

inhibits differentiation (Mucenski et al., 2003; Shu et al., 2005), which is mediated primarily 

through its regulation of Fgfr2, Bmp4 and Nmyc expression in the distal epithelium (Shu et 

al., 2005). In line with this, epithelial-specific deletion of Nmyc also shifts the balance 

between progenitor cell proliferation versus differentiation towards the latter, whereas Nmyc 

overexpression in the epithelium expands the Sox9+ distal progenitor population and inhibits 

epithelial differentiation (Okubo et al., 2005). In addition, early deletion of Ctnnb1 in the 

Sox9+ distal epithelium (Sox9-CreER) results in a loss of Sox9 expression (Alanis et al., 

2014), whereas ectopic activation of β-catenin signaling in the developing distal epithelium 

(Sftpc-Cre;Ctnnb1(ex3)flox) prevents airway epithelial differentiation by inhibiting Sox2 

expression (Hashimoto et al., 2012). Bmp4 is a downstream target gene of both FGF10 

(Hyatt et al., 2004) and β-catenin (Shu et al., 2005) signaling during lung development and 

has also been implicated in proximal-distal patterning of the developing lung (Bellusci et al., 

1996; Weaver et al., 1999; Eblaghie et al., 2006; Wang et al., 2013). Inhibiting BMP 

signaling by deleting Bmpr1a (Eblaghie et al., 2006; Sun et al., 2008) or by overexpressing a 

dominant-negative (dn)Bmpr1b (Weaver et al., 1999), or the secreted antagonists Xnoggin 

(Weaver et al., 1999) or Gremlin (Lu et al., 2001) results in the expansion of Sox2 

expression, while inhibiting distal fate. On the other hand, treatment of lung explants with 

exogenous BMP4 suppresses Sox2 expression and reduces the number of Sox2+ endodermal 

progenitors, while expanding Sox9+ progenitors (Wang et al., 2013). There is also evidence 

that Bmp4 is a direct target of the histone deacetylases 1 and 2 (Hdac1/2), which act to 

suppress Bmp4 expression in the proximal endoderm to allow for proper epithelial 

differentiation. Deletion of Hdac1/2 in the developing endoderm results in an expansion of 

Bmp4 expression throughout the airway epithelium instead of being confined to the distal 

tips, which results in a downregulation of Sox2 expression and an expansion of Sox9+ 

progenitors (Wang et al., 2013). However, Shh-Cre driven epithelial deletion of Bmp4 

results in apparently normal Sox9/Sox2 domains (Alanis et al., 2014), suggesting the 

involvement of additional compensatory BMP ligands.

During early lung development, the Hippo effector YAP is localized in the nucleus of Sox9+ 

undifferentiated distal epithelial progenitors, but is cytoplasmic in proximal Sox2+ 

conducting airway epithelium (Mahoney et al., 2014), suggesting a role for nuclear YAP in 

maintaining distal epithelial progenitor status. Surprisingly, conditional epithelial 

inactivation of Yap during early lung development (Shh-Cre;Yapf/f) results in an increase in 

Sox9+ distal epithelial progenitors and a lack of differentiation of their progeny into Sox2+ 

conducting airway epithelial cells (Mahoney et al., 2014). The authors concluded that 

nuclear YAP cooperates with mesenchyme-derived TGF-β at the Sox2/Sox9 transition zone 

to promote Sox2 expression, but did not consider the possibility that cytoplasmic YAP as 

mentioned above could play an active role in repressing Sox9 expression by blocking β-

catenin signaling (Hashimoto et al., 2012; Volckaert et al., 2013; Azzolin et al., 2014).
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Finally, Notch is dynamically activated in the tips of lung epithelial buds (Post et al., 2000; 

Kong et al., 2004; Tsao et al., 2008) and pharmacological inhibition of Notch signaling in 

foregut or lung explants cultures results in an expansion of the distal epithelial progenitor 

pool (Tsao et al., 2008). Moreover, transgenic mice overexpressing a dominant active 

Notch3 in the distal lung epithelium show impaired differentiation of distal progenitor cells, 

which remain immature (Dang et al., 2003).

3.2.3. FGF10 blocks the differentiation of Sox2+ conducting airway epithelial 
cells along the ciliated cell lineage and promotes their differentiation along 
the basal cell lineage—The conducting airways of the adult mammalian respiratory 

system are home to an impressive repertoire of specialized epithelial cell types, including 

secretory cells (club and goblet cells), ciliated cells, basal cells and neuroendocrine (NE) 

cells. Knowledge on how these different epithelial cell types differentiate from the Sox9+ 

multipotent progenitor cells located in the distal tips of outgrowing buds is of major 

importance to understand many lung developmental defects, adult lung disorders as well as 

to be able to guide differentiation of ESCs or iPS cells for pharmacological studies and 

future cell replacement therapies.

As the lung epithelium grows out during the pseudoglandular or branching stage, the 

progeny of the multipotent distal epithelial progenitor cells assume more proximal positions 

along the outgrowing lung buds, become more restricted in their developmental potential 

and start to differentiate into the different cell types of the future bronchi and bronchioles 

including club, ciliated and NE cells. As these daughter cells exit the distal signaling center 

they downregulate the expression of Sox9, a charactistic marker of the distal epithelial 

progenitors, and start to express Sox2, which has been shown to be necessary and sufficient 

for conducting airway cell maturation (Gontan et al., 2008; Que et al., 2009; Tompkins et 

al., 2009; Tompkins et al., 2011). The ontogeny of basal cells, which in mice housed in a 

pathogen-free environment can only be found in the extrapulmonary airways, is more 

obscure. Although there is evidence that Sox9+ epithelial progenitors can give rise to basal 

cells under conditions of Fgf10 overexpression (Volckaert et al., 2013), it is likely that 

endogenous tracheal basal cells arise from an alternate source.

Basal cells, express keratin 5 (Krt5) and transformation-related protein 63 (Trp63 (or p63)) 

and in mice are enriched to the cartilagenous airways of the trachea and main stem bronchi, 

whereas in the human lung they can be found more distally. Basal cells are epithelial stem 

cells capable of long-term maintenance of the airway epithelium during normal homeostasis 

and contribute to epithelial regeneration after injury (for recent reviews see (Hogan et al., 

2014; Kotton and Morrisey, 2014; Volckaert and De Langhe, 2014)). The transcription 

factor p63 is highly expressed in basal cells of stratified and pseudostratified epithelia 

throughout the body, including the skin epidermis, esophageal and tracheobronchial 

epithelium. The importance of p63 in basal stem cell specification and/or maintenance is 

highlighted by the complete absence of basal cells in p63 null mice in these epithelia, which 

form simple columnar epithelial structures instead (Mills et al., 1999; Yang et al., 1999; 

Daniely et al., 2004). This was confirmed by a recent study showing that conditionally 

ablation of p63 specifically in the adult basal cell population results in a simplification of the 

tracheal epithelium from a pseudostratified to simple columnar epithelium devoid of basal 
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cells (Zhao et al., 2014), suggesting a critical role for p63 in basal stem cell maintenance. 

p63 has two isoforms that contain (TA) or lack (ΔN) a transactivator domain (Yang et al., 

1998). ΔNp63 is the predominant isoform expressed in basal stem cells (Zhao et al., 2014) 

and its overexpression promotes epithelial stratification in the mouse lung (Romano et al., 

2009), whereas the TAp63 isoform is dispensable for basal stem cell maintenance (Zhao et 

al., 2014). A functional and biochemical interaction between p63 and the Hippo 

transcriptional co-activator YAP to maintain adult airway basal stem cells (Zhao et al., 

2014) was recently described.

Very little is known about the molecular processes underlying basal cell formation as well as 

the progenitor cells from which they are derived. Inhibition of Wnt signaling through 

overexpression of Dkk1 promotes basal cell differentiation along the lower conducting 

airways (Volckaert et al., 2013), likely by inhibiting Sox9 expression and boosting Sox2 

expression which is known to regulate p63 expression (Hashimoto et al., 2012; Ochieng et 

al., 2014; Watanabe et al., 2014). This is in line with a recent report showing that β-catenin 

suppresses Sox2 expression (Hashimoto et al., 2012).

Furthermore, Fgf10 which besides the distal mesenchyme is also expressed in the trachea in 

between cartilage rings has been shown to be involved in basal cell differentiation and 

maintenance in the cartilagenous airways were basal cells normally reside. Fgf10−/− 

tracheas have fewer basal cells and basal cells are dramatically reduced in tracheas from 

mice overexpressing a dominant negative secreted receptor for FGF10 from E15.5 until 

E18.5. In addition, overexpression of Fgf10 directs the fate of Sox2+ lower conducting 

airway epithelial cells along the basal cell lineage while blocking differention along the 

ciliated cell lineage, suggesting that one reason why basal cells can only be found in the 

cartilagenous airways in wild-type mice during normal homeostasis is the presence of Fgf10 

expression in the mesenchyme between the cartilaginous rings (Tiozzo et al., 2009; Sala et 

al., 2011), but not in the ASMCs that envelop the bronchi (Mailleux et al., 2005). Altogether 

these results indicate that FGF10 and Wnt signaling are important for basal cell development 

and/or maintenance (Volckaert et al., 2013). How exactly these pathways function and 

interact to initiate and/or maintain the basal cell program is still unknown.

The current model for conducting airway epithelial differentiation is that the first lineage 

decision among Sox2+ bronchiolar progenitors happens at around E13.5 when a distinction 

can be made between progenitor cells destined to become NE cells, marked by achaete-scute 

homolog 1 (Ascl1) (also called Mash1), and progenitors with non-NE fate, expressing 

Scgb3a2 (Fig. 5B). Shortly after, the non-NE cell population undergoes a second fate 

decision to commit to the ciliated cell (Foxj1+/β-tubulin+) or club cell, marked by the 

Scgb1a1 (secretoglobin family 1A member 1) (also called Clara cell-specific 10 kD protein 

(CC10) or Clara cell secretory protein (CCSP)) lineages. Ample evidence suggests that 

Notch signaling is involved in many lung epithelial cell fate decisions (Borges et al., 1997; 

Ito et al., 2000; Post et al., 2000; Shan et al., 2007; Guseh et al., 2009; Tsao et al., 2009; 

Morimoto et al., 2010; Guha et al., 2012; Morimoto et al., 2012; Zhang et al., 2013). 

However, a detailed description of the role of Notch signaling in conducting airway 

epithelial cell differentiation is beyond the scope of this current review.
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3.2.4. The FGF10-KRAS-SOX9 driven branching program antagonizes the 
alveolar differentiation program—During the branching stage Sox9 positive distal 

epithelial progenitors give rise to the arborized network of Sox2+ conducting airway 

epithelium. However, starting around E15.5/E16.5 the multipotent Id2+/Sox9+ distal 

eptithelial progenitors no longer contribute to bronchial lineages but start to adopt a 

bipotential alveolar epithelial progenitor fate (Rawlins et al., 2009; Chang et al., 2013; 

Rockich et al., 2013; Volckaert et al., 2013; Alanis et al., 2014; Desai et al., 2014; Treutlein 

et al., 2014). These bipotential alveolar progenitors, expressing a subset of both ATI and 

ATII cell markers, will eventually differentiate into fully mature alveolar epithelial cells by 

sequentially turning off inappropriate cell markers and turning on cell type-specific late 

markers (Desai et al., 2014; Treutlein et al., 2014) (Fig. 5C, D). Mature alveoli are lined by 

two main epithelial cell types. Squamous ATI cells make up about 90% of the surface area 

and are located immediately adjacent to the capillaries, which allows for efficient oxygen 

and CO2 diffusion, whereas cuboidal ATII cells secrete surfactant to prevent alveolar 

collapse and have shown to be a bona fide long-term self-renewing stem cell population of 

the adult lung (Barkauskas et al., 2013; Desai et al., 2014). The sequential maturation of 

bipotential progenitors into ATI and ATII cells was recently mapped using a single-cell 

genomics approach (Treutlein et al., 2014). Similar to the differentiation of the bronchial 

epithelium, maturation of the alveolar epithelium occurs in a proximal to distal direction 

(Desai et al., 2014).

The FGF10-KRAS-SOX9 driven branching program antagonizes the alveolar differentiation 

program (Chang et al., 2013; Rockich et al., 2013; Volckaert et al., 2013; Alanis et al., 

2014). Inactivation of Sox9 in the early lung epithelium induced precocious Sftpb expression 

in the distal lung buds as early as E11.5, indicating that Sox9, in addition to its pivotal role in 

branching morphogenesis and in defining the early distal lung epithelial progenitor program, 

suppresses premature activation of alveolar epithelial genes (Chang et al., 2013). However, 

other alveolar genes including Rage (receptor for advanced glycation end products) and 

Aqp1 (Aquaporin-1) are not precociously expressed in the absence of Sox9 (Chang et al., 

2013), suggesting that other regulators are required for the full activation of the alveolar 

differentiation program. Conversely, overexpression of Fgf10 (Volckaert et al., 2013), a 

hyperactive Kras allele (Chang et al., 2013) or Sox9 (Rockich et al., 2013) from E15.5 

onwards maintains the branching program and blocks the alveolar epithelial differentiation 

program. Interestingly, a nearly identical lung phenotype and block in alveolar epithelial 

differentiation was recently reported for Nkx2.1-Cre;Mst1/2f/f mice in which the Hippo 

kinases Mst1/2 are genetically inactivated from the respiratory epithelium during late lung 

development (Chung et al., 2013). In addition, knockout mice for Taz, one of the nuclear 

effectors of the Hippo pathway expressed in the distal epithelial progenitors during lung 

development (Park et al., 2004), display defects in alveolarization (Makita et al., 2008) that 

resemble those seen in human emphysema and bronchopulmonary dysplasia (BPD). 

Together, these findings suggest that nuclear YAP/TAZ prevent the differentiation of distal 

epithelial progenitors and that their cytoplasmic sequestration is required for alveolar 

epithelial differentiation to occur.
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Temporal glucocorticoid signaling starting at E17.0 terminates the progression of the Sox2 

domain and initiates the alveolar differentiation program in the epithelial progeny left 

behind by the progressing Sox9+ distal progenitors during late lung development (Alanis et 

al., 2014). Importantly, this model also provides insights into the formation of the 

bronchioalveolar duct junction (BADJ), the compartment boundary separating the 

conducting airway epithelium from alveolar epithelium.

4. Mesenchymal Wnt signaling regulates the amplification of Fgf10 

expressing airway smooth muscle cell progenitors in the distal 

mesenchyme

The developing lung mesenchyme gives rise to a heterogeneous population of specialized 

cell types that play important roles during lung development and homeostasis in the adult, 

including airway and vascular smooth muscle cells, pericytes, endothelial cells, 

myofibroblasts and interstitial fibroblasts. Development of mesenchymal lineages closely 

follows that of the endoderm temporally and spatially through a complex network of 

signaling pathways involving the endoderm, mesenchyme and mesothelium. As such, 

paracrine signaling originating from the mesenchyme drives epithelial growth and 

differentiation as well as branching morphogenesis. Vice versa, epithelial and mesothelial-

derived signals act on the mesenchyme to control its proliferation and differentiation. Here 

we will focus on the development of the ASMC lineage because of its important function as 

a niche for adult conducting airway epithelial stem cells (Hines et al., 2013; Volckaert et al., 

2013). In the adult upper airways, smooth muscle can be found on the dorsal side of the 

trachea and the medial (inner) sides of the main bronchi opposite to the C-shaped cartilage 

rings. In the intrapulmonary mouse airways, the epithelium is devoid of cartilage and is 

completely enveloped by smooth muscle cells. ASMCs control the diameter of the airways 

by providing elasticity and constitute an epithelial stem cell niche. Defects in ASMC 

development can lead to chronic lung diseases including asthma.

4.1. Fgf10 expressing cells in the distal lung mesenchyme are airway smooth muscle cell 
progenitors

Lineage tracing experiments using an Fgf10LacZ transgenic, in which the LacZ gene is 

expressed by the Fgf10 promoter, or an Fgf10CreERT2 knock-in mouse, carrying a Cre-

ERT2-IRES-YFP cassette under control of the Fgf10 promoter, have demonstrated that the 

Fgf10-expressing cells located in the submesothelial mesenchyme of the distal tips are 

progenitors for ASMCs during early lung development (Mailleux et al., 2005; El Agha et al., 

2012; El Agha et al., 2014) (Fig. 6). Recent advanced lineage tracing approaches have 

further confirmed that all ASMCs are indeed derived from a pool of mesenchymal 

progenitors residing in the distal lung mesenchyme (Kumar et al., 2014). During the early 

branching stage these Fgf10-expressing mesenchymal progenitors also contribute to the 

formation of vascular smooth muscle cells and lipofibroblasts, whereas a second wave of 

Fgf10-expressing cells during the alveolar differentiation stage gives rise to mainly 

(lipo)fibroblasts (El Agha et al., 2014). Another population of smooth muscle cell 

progenitors has been identified near the lung hilum (Shan et al., 2008), where trachea and 
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primary bronchi meet, and in the Wt1+ mesothelium (Dixit et al., 2013). Finally, a 

population of Wnt2+/Gli1+/Isl1+ multipotent cardiopulmonary mesoderm progenitors was 

recently identified that generates the majority of mesoderm-derived lineages in the lung and 

heart, including ASMCs, and coordinates heart and lung co-development (Peng et al., 2013).

4.2. FGF and Wnt signaling form the central regulatory axis in ASMC development

Development of the lung mesenchyme crucially depends on signals emanating from both 

epithelium and mesothelium. Histologically and molecularly, the lung mesenchyme can be 

subdivided into submesothelial and subepithelial domains (White et al., 2006). As discussed 

above, FGF9 is secreted by both the epithelium and mesothelium (Colvin et al., 1999; del 

Moral et al., 2006), and signals primarily via mesenchymal receptors FGFR1c/2c, although 

it also has the ability to signal to the epithelium in an autocrine manner (del Moral et al., 

2006; White et al., 2006; Yin et al., 2008). Inactivation of Fgf9 throughout the mesothelium 

using a Dermo1-Cre driver dramatically reduces mesenchymal proliferation but has little 

effect on epithelial branching, whereas epithelial-derived FGF9 regulates branching 

morphogenesis in the absence of a mesenchymal phenotype (Yin et al., 2011). Mesenchymal 

FGF signaling is required for Wnt2a expression, which stabilizes mesenchymal β-catenin in 

an autocrine manner (Yin et al., 2008; Yi et al., 2009; Yin et al., 2011). Mesenchymal 

Wnt/β-catenin signaling in its turn is required to sustain the expression of FGFR1c/2c and 

responsiveness to FGF9 (De Langhe et al., 2008; Yin et al., 2008). Thus, mesenchymal FGF 

and Wnt/β-catenin signaling positively reinforce each other in a feed-forward signaling loop 

to regulate mesenchymal proliferation (Fig. 5A). Wnt7b, expressed by airway epithelium, 

also activates mesenchymal β-catenin signaling to regulate smooth muscle progenitors via a 

Wnt/tenascin/Pdgfr pathway (Shu et al., 2002; Rajagopal et al., 2008; Cohen et al., 2009).

Mesenchymal β-catenin signaling specifies the distal lung mesenchyme to adopt the ASMC 

progenitor fate (Kumar et al., 2014). However, mesenchymal FGF and β-catenin signaling 

signaling together regulate the amplification of Fgf10 expressing ASMC progenitors in the 

distal lung mesenchyme and inhibit their premature differentiation into the airway smooth 

muscle cell lineage (De Langhe et al., 2006; del Moral et al., 2006; De Langhe et al., 2008; 

Yi et al., 2009). Recently, the microRNA miR142-3p, was shown to be highly expressed in 

the developing lung mesenchyme where it promotes the amplifcation and prevents the 

premature differentiation of ASMC progenitors by downregulating mRNA levels of Apc a 

negative regulator of β-catenin (Carraro et al., 2014). Treatment of lung explants with DKK1 

an inhibitor of Wnt signaling (De Langhe et al., 2005) or overexpression of Dkk1 during 

lung development also has been shown to impair ASMC development (Volckaert et al., 

2013). However, at later stages Wnt signaling, which is active in developing ASMC 

progenitors (Shu et al., 2005), also stimulates ASMC differentiation in part by up-regulating 

the expression of Pdgfrs (Cohen et al., 2009; Goss et al., 2011).

Differentiation of the Fgf10 expressing ASMC progenitors is further driven by BMP4 

secreted by the distal epithelium in response to FGF10 signaling (Lebeche et al., 1999; 

Weaver et al., 2000; Mailleux et al., 2005). The role of BMP4 signaling in ASMC 

differentiation is also substantiated by the expression of its downstream effector Smad1 in 

differentiated ASMCs during lung development (Chen et al., 2005). Paradoxically, the BMP 
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antagonist Noggin is also expressed in ASMCs from E11.5 onwards (Weaver et al., 2003), 

suggesting that BMP signaling requires a tight control to regulate ASMC differentiation. 

Mesenchymal SHH signaling, which negatively regulates Fgf10 expression, is also 

important for the formation of airway and tracheal smooth muscle (Pepicelli et al., 1998; Li 

et al., 2004; Miller et al., 2004).

In the proximal cartilaginous airways, airway smooth muscle and cartilage are localized to 

complementary domains surrounding the epithelium. Smooth muscle cells are found at the 

dorsal side of the trachea and along the medial main bronchi, and develop in juxtaposition 

with the ventral/lateral cartilage cells. This spatial and temporal juxtaposition of cartilage 

and smooth muscle is required for the development of both tissues (Hines et al., 2013). 

Disrupting the formation of smooth muscle or cartilage results in a compensatory increase in 

the cell numbers of the remaining lineage, and in the main bronchi this corresponds with a 

circumferential expansion of the remaining cartilage or smooth muscle domain respectively 

(Hines et al., 2013). The molecular interactions underlying this communication between 

cartilage and smooth muscle cells remain unknown.

Conclusion

Much is to be gained from the investment in basic lung developmental research. Pathways 

that govern the differentiation of epithelial progenitors during development are often re-

activated upon injury and regeneration. Therefore, a better understanding of how the 

different molecular pathway are integrated into gene regulatory networks to regulate 

progenitor cell populations during lung development will undoubtedly provide essential 

information about how the lung regenerates itself. However, the recapitulation of 

developmental pathways can become a curse when activated chronically or aberrantly, such 

as during tumorigenesis and in chronic lung diseases. While our understanding of lung 

development and its impact on lung regeneration has grown dramatically in recent years, 

more information is still needed regarding the capacity of lung epithelial progenitors to 

generate the various epithelial lineages of the adult lung. For example, very little is known 

about the progenitors that give rise to basal cells, which constitute the main adult lung stem 

cell population, as well as the developmental pathways involved in this process. Additional 

studies are also needed about the factors controlling the transition from the branching to 

alveolar differentiation program. Most preterm babies are born during the saccular stage of 

the alveolar differentiation stage (between week 26 and 36) when distal epithelial 

progenitors start to give rise to bipotential alveolar epithelial progenitors. In some extreme 

cases, at birth the lungs may have only developed until the end of the branching stage, when 

distal epithelial progenitors are still giving rise to conducting airway epithelium, but not 

alveolar epithelium. Unraveling the mechanisms involved in alveolar epithelial 

differentiation and septation may pave the way for new treatments to accelerate alveolar 

maturation, while minimizing ventilation-mediated damage to increase survival chances of 

preterm babies. Another important area of research is the controlled differentiation of lung 

epithelium from iPS cells, which holds great promise for its use in regenerative biology, 

diagnostics and personalized medicine. Thus far, the differentiation of human ESCs and iPS 

cells into pulmonary epithelium has been challenging. Several research groups have reported 

the successful differentiation into various lung epithelial cell types using a variety of 
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protocols (Wang et al., 2007; Van Haute et al., 2009; Ameri et al., 2010; Green et al., 2011; 

Kadzik and Morrisey, 2012; Longmire et al., 2012; Mou et al., 2012; Ghaedi et al., 2013; 

Firth et al., 2014; Fox et al., 2014), which are based on sequentially exposing pluripotent 

stem cells to growth factors in a way that mimics the steps of lung endoderm development in 

vivo. However, the efficiency of this process is still subpar and usually generates a mixed 

population of epithelial cells. Therefore, a complete understanding of the molecular 

mechanisms that not only drive the specification of respiratory progenitors, but also their 

subsequent differentiation into the impressive array of specialized cell types that populate 

the lung epithelium will be critical to achieve this goal. An area of lung development that 

only recently started to gain attention is the study of the differentiation of the lung 

mesenchyme. This is very important as different mesenchymal populations make up 

different stem cell niches in the adult lung, which provide important signals in regards to 

stem cell activation and quiescence.
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Fig. 1. An overview of lung development
The respiratory system (trachea and lungs) originates from a population of endoderm 

progenitor cells located in the ventral region of the anterior foregut, which becomes 

specified towards respiratory fate (marked by Nkx2.1 expression, blue domain) at 

approximately embryonic day (E) 9 in mouse. Lung development initiates at E9.5 in mouse 

(~4 weeks in humans) with the outpocketing of two primary lung buds into the surrounding 

mesenchyme, followed by branching morphogenesis to generate the arborised respiratory 

tree. Historically and mostly based on histology, lung development was subdivided into four 

main stages: pseudoglandular, canalicular, saccular and alveolar stage. A more modern view 

of lung development involves two stages: the branching stage which corresponds to the 

pseudoglandular stage, and the alveolar differentiation stage. The conducting airway 

epithelium starts to differentiate during the branching stage, whereas alveolar epithelial 

differentiation initiates at ~E16.5 when the distal epithelium gives rise to bipotential alveolar 

progenitors (dashed lines). Goblet cells arise only after birth and are rare during normal 

homeostasis. Airway smooth muscle cell (ASMC) differentiation initiates early during the 

branching stage and is closely coordinated with the outgrowth of the epithelium. Note that 

the lung contains many more mesenchymal cell types, which are omitted from this figure 

and review. ATI, alveolar type I; NE, neuroendocrine.
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Fig. 2. The FGF signaling pathway
(A) The structure of the FGF receptor (FGFR). (B) FGFs signal through receptor tyrosine 

kinases, which have intrinsic protein tyrosine kinase activity in their cytosolic domains. 

Binding of dimeric FGFs causes receptor dimerization, which leads to a conformational shift 

in the receptor structure that activates the intracellular kinase domains and causes 

intermolecular transphosphorylation. These phosphorylated tyrosine residues then function 

as docking sites for adaptor proteins which themselves may be directly phosphorylated by 

FGFR, leading to the activation of multiple signal transduction pathways, including the 
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PI3K-AKT pathway (blue), the Ras-Raf-Mek-Erk (MAPK) pathway (orange) and the 

phospholipase C/Ca2+ pathway (green). (C) Proposed model for the different epithelial 

responses to FGF10 (migration) versus FGF7 (proliferation) via FGFR2b. FGF10 

specifically induces phosphorylation of Y734 of FGFR2b, which leads to the recruitment of 

PI3K and SH3bp4 resulting in receptor recycling and sustained signaling. Y734 does not get 

phosphorylated in response to FGF7 leading to receptor degradation and transient signaling. 

See main text for details.

Volckaert and De Langhe Page 45

Dev Dyn. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. The canonical Wnt signaling pathway
In the absence of Wnt ligands (Wnt OFF), cytosolic β-catenin that does not participate in 

adherens junction (AJ) stabilization is captured by the destruction complex, where it is first 

phosphorylated, and then ubiquitinated by recruiting β-TrCP followed by its proteasome-

mediated degradation. According to the latest model, binding of Wnt ligands to their Lrp5/6-

Frizzled receptor (Wnt ON) recruits the intact destruction complex to the activated receptor 

where it is still able to capture and phosphorylate β-catenin. Binding of Axin to activated 

LRP dislodges the Hippo co-transcriptonal effectors YAP/TAZ from the destruction 

complex, rendering β-catenin invisible to β-TrCP. As a result, β-catenin can no longer be 

ubiquitinated and newly synthesized β-catenin accumulates in the cytoplasm and 

translocates to the nucleus where it replaces the repressor Groucho and binds to LEF/TCF 

trancription factors to induce Wnt target genes. Note that once dislodged from the 

destruction complex, YAP/TAZ can translocate to the nucleus as well where they interact 

with TEAD transcription factors to initiate gene expression. YAP/TAZ/TEAD-mediated 

gene expression is therefore an integral part of the Wnt response. DKK proteins inhibit Wnt 

signaling by preventing the interaction of Wnt ligands with LRP5/6.
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Fig. 4. Patterning of the developing endoderm and initiation of the respiratory system
(A) An overview of endoderm formation in the developing mouse embryo. (B) Formation of 

the lungs and trachea from a group of Nkx2.1+ progenitor cells (blue domain) located in the 

ventral region of the anterior foregut. The single foregut tube anterior to the outgrowing 

primary lung buds eventually seperates into a ventral trachea connecting to the lung buds, 

and a dorsal esophagus, which is connected to the digestive system. (C) Ventral-dorsal 

cross-section of the developing single tube foregut showing the molecular players involved 

in ventral-dorsal patterning events, which instructs the dorsal endoderm to become 

esophagus (Sox2 domain, yellow) and the ventral endoderm to acquire respiratory fate 

(Nkx2.1 domain, blue). (D) Simplified model of the gene regulatory network underlying 

epithelial-mesenchymal crosstalk during primary lung bud outgrowth, with a special 

emphasis on the central role of FGF10 and its regulation.
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Fig. 5. Patterning and differentiation of the developing lung epithelium
(A) (Upper part) Patterning of the developing lung epithelium during the branching stage 

(E9.5–E16.5). Shown is a schematic representiation of an E11.5 mouse lung. The distal tip 

of the developing lung buds contain a pool of multipotent Sox9+/Id2+ epithelial progenitor 

cells (green), which give rise to Sox2+ conducting airway epithelium (blue), but also have 

the potential to generate alveolar epithelium. (Lower part) Overview of the molecular 

players involved in the epithelial-mesenchymal crosstalk, which establishes and maintains a 

distal tip organizing center. FGF10 and Wnt signaling play a central role in this 

communication. Red arrows, negative regulation; green arrows, positive regulation; blue 

arrows, transcriptional activation. (B) Model showing the lineage relationships between 

epithelial progenitor cells and their differentiated progeny during early lung development. 

Note that basal cells can only be found in the cartilaginous (extrapulmonary) airways in the 

mouse. Basal cells most likely arise from Sox2+ progenitors but their origin has not been 

definitively established by lineage tracing experiments. The differentiated conducting 

airway epithelial cell types retain Sox2 expression throughout development and adult life 

(not shown). (C) Starting at around E16.5, the Sox9+ distal epithelial progenitor cells no 

longer give rise conducting airway epithelium, but instead become restricted to alveolar 

epithelial fate. This results in a stretch of Sox2−/Sox9− bipotential epithelial cells, 
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expressing both ATI (Pdpn) and ATII (Sftpc) markers, located between the Sox2-expressing 

conducting airways and the leading edge of Sox9+ progenitor cells. At this time, the 

bronchioalveolar duct junction (BADJ) is being established. (D) Model showing the lineage 

relationships between distal epithelial progenitors and their progeny during alveolar 

epithelial differentiation. ATI, alveolar type I; ATII, alveolar type II. See main text for 

details.
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Fig. 6. Model for the coordinated differentiation of conducting airway epithelium and airway 
smooth muscle
A subset of Fgf10-expressing cells located in the distal submesothelial mesenchyme are 

progenitors for airway smooth muscle cells (ASMCs) and their amplification, as well as 

Fgf10 expression is dependent on mesenchymal Wnt/β-catenin signaling. FGF10 directly 

activates β-catenin in the distal epithelial progenitors, and induces Bmp4 and Sox9 

expression, to maintain them and keep them from differentiating into Sox2+ conducting 

airway epithelium. As the epithelial tube grows towards the distal source of FGF10, progeny 

from the distal multipotent epithelial progenitors are left behind in the epithelial stalk and 

once they are out of FGF10’s reach they lose Sox9 expression, start expressing Sox2 and 

differentiate into conducting airway epithelium. At the same time, as ASMC progenitors 

passively acquire more proximal positions, they come in contact with epithelial-derived 

BMP4 and SHH causing them to stop expressing Fgf10 and ultimately differentiate into 

mature ASMCs that envelop the developing conducting airway epithelium.

Volckaert and De Langhe Page 50

Dev Dyn. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


