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Abstract 
 

 Defining the role of Fibroblast Growth Factor signaling in lung development 

 

By 

John Herriges 

Under the supervision of Professor Xin Sun 
 

At the University of Wisconsin-Madison 
 

 
In mammals the lung is necessary for survival at birth.  The development of the 

lung is an incredibly complex process in which two fluid filled epithelial buds are 

transformed into millions of alveoli that are able to facilitate oxygen uptake.  One of the 

principle signaling pathways that mediates lung development is the FGF signaling 

pathway.  Here I examine the role of FGF signaling in lung development and 

maturation.  

 While a great deal is known about how signaling pathways mediate lung 

branching morphogenesis on the level of the ligand and receptor, relatively little is 

known about the transcriptional regulation this process. To identify novel transcription 

factors involved branching morphogenesis, I took part in a genome scale RNA in situ 

hybridization screen.  In this screen we identified sixty-two transcription factors that 

were expressed during branching morphogenesis.  The majority of the transcription 

factors we identified had not been previously implicated in lung development.  Therefore 

my studies have identified new transcription factors that may regulate branching 

morphogenesis in the mouse lung. 
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Previous studies have identified that the FGF signaling pathway is a key 

mediator of lung development. My results further our knowledge of how FGF signaling 

mediates lung development by demonstrating that the FGF regulated transcription 

factors Etv4 and Etv5 (hereafter Etv4;5) are necessary for embryonic lung development. 

Interestingly, we found that although Etv4;5 act downstream of the FGF signaling 

pathway, FGF signaling was increased in the Etv4;5 mutant lung. Subsequent genetic 

experiments demonstrated that this increase in Fgf10 expression contributes to the 

Etv4;5 mutant phenotype.  Additionally, we found that SHH signaling was decreased in 

the Etv4;5 mutant lung, and that activating the SHH signaling pathway was able to 

rescue the Etv4;5 mutant phenotype. Together my data suggests a model in which 

Etv4;5 are mediating lung development by acting as intermediates in an FGF-SHH 

signaling loop. 

Previous works have shown that Fgfr3 and Fgfr4 (hereafter Fgfr3;4) are 

necessary for alveologenesis in the postnatal lung; however, these studies have not 

identified how Fgfr3;4 mediate postnatal lung development. In my studies I have further 

examined Fgfr3;4 double knockout mice (hereafter Fgfr3;4 mutant) in order to elucidate 

the mechanisms through which they control postnatal lung development. Interestingly, I 

found that Fgfr3;4 mutant mice first develop a phenotype during sacculation, which is 

prior to what has previously been reported. Additionally, through the use of Fgfr3;4 

conditional mutant mice I have found that the primary role of Fgfr3;4 lies within the 

mesenchyme of the lung.  Finally, when I examined the Fgfr3;4 mutant lungs for 

phenotypic changes, I found that the initial phenotype was an increased deposition of 

Elastin fibers in the distal alveoli. Together my data expands upon the present 
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knowledge of how FGFR3;4 mediate postnatal lung development as it shows that 

through the mesenchyme Fgfr3;4 mediates postnatal sacculation by controlling the 

deposition of the Elastin extracellular matrix.
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Chapter I: Introduction 
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Introduction: 

Lung development is a complex process, and the mature lung is essential for 

mammalian survival at birth. In humans, lung-related diseases such as broncho-

pulmonary dysplasia (BPD), Idiopathic pulmonary fibrosis (IPF), and chronic obstructive 

pulmonary disease (COPD) afflict a large portion of the population, and their specific 

disease mechanisms are poorly understood. Interestingly, many of the phenotypic 

abnormalities associated with human lung diseases are also found in genetic mouse 

models. Therefore, by studying these genetic mouse models we can potentially gain a 

better understanding of the mechanisms behind the development of these diseases. In 

these studies I utilize genetic mouse models to examine lungs that span a range of 

stages, with the goal of gaining a comprehensive view of how the lung develops and 

matures.  

 

Overview of lung development 

In mice, lung development and maturation can be divided into five stages: 

embryonic bud initiation (E9.5-E11.5), pseudoglandular (E11.5-E16.5), canalicular 

(E16.5-E17.5), saccular (E17.5-P5), and alveolar (P4~P36) (Maeda et al. 2007; 

Morrisey and Hogan 2010). In mice the respiratory lineage marker Nkx2.1 is first 

expressed in the embryonic foregut as early as E8.25 (Lazzaro et al. 1991; Minoo et al. 

1999). However, the embryonic lung buds are not visible until more than a day later, 

when the right and left lung lobes sprout from the ventral foregut. Between E9.5-E11.5 

the lung buds elongate and form the secondary branches that will become the four right 

lobes and the single left lobe of the mouse lung. After bud initiation, the lung buds enter 
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the pseudoglandular stage where they utilize a reiterative series of three different 

forms of branching to establish hundreds of epithelial airways (Metzger et al. 2008). 

During the pseudoglandular stage, specialized epithelial populations, like 

neuroendocrine bodies (NEBs), club cells (also known as clara cells), and ciliated cells 

begin to form in the proximal epithelium (Rawlins et al. 2006). Additionally, during this 

time the distinction between what will become the proximal airways and the distal alveoli 

becomes more apparent. 

Over the final days of embryonic development and during first few days after 

birth, the lung undergoes a drastic morphological shift that will allow for the uptake of 

oxygen.  Through the process of saccular branching, the distal lung begins to form 

primitive alveoli, or saccules, that are the functional unit of oxygen uptake (Figure 1A) 

(Morrisey and Hogan 2010). During this time there are also several changes on the 

cellular level that will allow for oxygen uptake at birth.  In the epithelium, alveolar 

epithelial (AEC) type I and AEC type II cells mature. AEC type I cells are flat cells that 

coat the vast majority of the lung surface area, and are the primary epithelial cell type 

mediating oxygen uptake (Figure 1 yellow cells) (Bourbon et al. 2005; Dobbs et al. 

2010). Mature AEC type II cells have a more rounded morphology and produce 

surfactants, a protein and lipid mixture that lowers surface tension in the lung and allows 

lung expansion at birth (Figure 1 green cells) (Khoor et al. 1994; Whitsett and Weaver 

2002; Serrano et al. 2006).  Additionally, during this stage the vascular network in the 

distal lung begins to remodel so that a capillary network runs through the walls of each 

primitive alveoli in close association with the AEC type I cells. This close association 

between the AEC type I cells and the capillary network will facilitate oxygen uptake and 
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allow for its transport throughout the body. While the development of the primitive 

alveoli supports gas-exchange at the end of saccular stage, further development is 

needed to facilitate the oxygen uptake required in an adult mouse. 

At the end of sacculation (P4), the alveolar surface area of the lung accounts for 

approximately 5% of the total alveolar surface area in an adult mouse (Mund et al. 

2008). To increase the alveolar surface, the distal lung undergoes the process known 

as alveologenesis, in which thousands of septal crests grow from the walls of the 

primitive alveoli, into the air filled alveolar lumen (Figure 1B).  The exact mechanisms 

through which septal outgrowth occurs is still not fully understood.  However recent 

studies have demonstrated that the smooth muscle expressing interstitial fibroblasts, 

known as myofibroblasts, are critical for this process (Bostrom et al. 1996; Lindahl et al. 

1997). During alveologenesis myofibroblasts localize to outgrowing septal crests, and 

the loss of this population inhibits septal outgrowth (McGowen et al. 2008).  

One of the mechanisms through which myofibroblasts are thought to mediate 

alveolar development is by establishing the alveolar Elastin extracellular matrix (ECM). 

Like the myofibroblasts, the Elastin ECM is necessary for alveolar development, with 

Elastin knockout mice developing a severely simplified alveolar structure (Wendel et al. 

2000). The Elastin ECM is primarily made from the monomer tropoelastin, which is 

produced by myofibroblasts (Bostrom et al. 1996; Lindahl et al. 1997; Yeo et al 2010). 

To form the Elastin fibers that make up the Elastin ECM, tropoelastin is cross-linked into 

bundles through interactions with the LOX and FBLN proteins and transported onto a 

microfiber network. Once the tropoelastin bundles are placed on the microfibers, they 

then undergo further crosslinking to form an Elastin fiber. Many of the proteins 
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necessary for the formation of the Elastin ECM are also necessary for lung 

development, as the knockout mice for LOXL1, FBLN5, and FBN1 also develop severe 

alveolar phenotypes (Yanagisawa et al. 2002;Neptune et al. 2003; Liu et al 2004). The 

Elastin ECM is thought to control alveolar development through a few different 

mechanisms.  First, the Elastin ECM is though to mediate alveolar development by 

providing structural integrity and elasticity to the alveolar walls.  This role is most 

obvious in the Elastin knockout mice, where Elastin knockout lungs are 

indistinguishable from control lungs prior to birth, but cannot maintain their alveolar 

structure postnatally (Wendel et al. 2000).  Second, the Elastin ECM is thought to 

mediate alveolar development by controlling the diffusion of growth factors like TGF-b 

(Neptune et al. 2003).  

In addition to being necessary for postnatal lung development, the disruption of 

both myofibroblasts and the Elastin ECM is associated with multiple lung diseases like 

BPD and COPD (Benjamin et al. 2007; Merrilees et al. 2008; Turino et al. 2011; 

Karvonen et al. 2013).  Thus gaining a better appreciation for their role in development 

may allow us to better understand how they may be contributing to lung diseases. 

 

FGF Signaling and lung development 

Recent studies have demonstrated that several of the core developmental 

signaling pathways are critical for lung development including the FGF, SHH, BMP, and 

WNT signaling pathways (Warburton et al 2005; Cardoso and Lu 2006; Morrisey and 

Hogan 2010). Of these, the FGF signaling pathway is one of the most thoroughly 

studied. Previous studies have demonstrated that seven FGF ligands and four FGF 
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receptors are involved in various stages of lung development (Warburton et al. 

2005, Cardoso and Lu 2006; Morrisey and Hogan 2010). Furthermore, clinical studies 

have indicated that several components of the FGF signaling pathway may be 

contributing to the development of lung diseases like COPD and BPD (Benjamin et al. 

2007; Rezvani et al. 2013). Therefore it is important to understand how FGF signaling is 

mediating normal lung development, as it could give us some insight into the 

mechanisms through which FGF signaling mediates the development of lung diseases.  

In mammals, the canonical FGF signaling pathway runs through four FGF 

receptors (hereafter FGFRs) and eighteen FGF ligands (FGF1-10 and FGF16-23) 

(Beenken and Mohammadi 2009). FGFRs are transmembrane tyrosine kinases that are 

composed of three extracellular immunoglobulin (IG) domains, a single transmembrane 

helix domain, and an intracellular tyrosine kinase (TK) domain (Eswarakumar and 

Schlessinger 2005).  In addition to the four FGFRs, FGFR1-3, also contain two 

alternative splice forms in the third IG domain (“IIIb” and “IIIc”), with the FGFR-IIIb and 

the FGFR-IIIc splice forms being expressed in the epithelium and mesenchyme 

respectively (Orr-Urtreger et al. 1993).  The FGF ligands are secreted glycoproteins that 

are expressed in both the epithelium and mesenchyme of the developing embryo.  The 

ability of the FGF ligands to interact with the FGFRs is controlled by their ability to 

interact with the extracellular IG domains. Recent studies have demonstrated that the 

alternative splicing of FGFR1-3 dramatically affects the ability of FGF ligands to interact 

with the FGFRs, with the majority of FGF ligands interacting with a single splice form 

(Ornitz et al. 1996; Eswarakumar and Schlessinger 2005). After a FGF ligand binds to a 

FGFR, the FGFR dimerizes, and the tyrosine kinase domains of the FGFR are auto-
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phosphorylated.  In the cell, this leads to the activation of PLC-gamma and FRS2, 

which activate the PIP2, PI3K, and MAPK intracellular pathways (Turner and Grose 

2010). Upon activation, these signaling cascades go onto effect numerous cellular 

processes including transcription, cellular differentiation, and proliferation.  

The majority of studies on the role of FGF signaling in lung development have 

focused on its function in the embryo, where studies have shown that FGF signaling is 

necessary for each stage of embryonic lung development.  The earliest requirement for 

the FGF signaling pathway in lung development is in bud initiation, where FGF signaling 

through FGF10 and FGFR2-IIIb, is required for lung bud outgrowth (Min et al. 1998; 

Sekine et al. 1999; De Moerlooze et al. 2000).  When the lung enters the 

pseudoglandular stage and begins branching morphogenesis, the FGF signaling 

pathway mediates numerous processes, including; epithelial branch patterning, the 

development of the vascular plexus, and airway smooth muscle development (Colvin et 

al. 2001; Abler et al. 2009; Yi et al 2009; Yin et al. 2011; Volckaert et al. 2013). Finally, 

as the lung finishes embryonic development, FGF signaling is critical for the formation 

of primitive alveoli, which are necessary for oxygen uptake at birth (Usui et al 2004; Yu 

et al. 2010). 

In addition to being necessary for lung bud initiation, FGF10 is critical for 

branching morphogenesis (Abler et al. 2009).  During branching morphogenesis, Fgf10 

is expressed in nodules in the distal mesenchyme (Bellusci et al. 1997). Recent studies 

have suggested that one of the primary mechanisms through which FGF10 is able to 

mediate branching morphogenesis is by acting as chemoattractant to the distal 

epithelium (Weaver et al. 2000) (Figure 2). Interestingly, as FGF10 promotes epithelial 
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outgrowth, the epithelium secretes SHH, which inhibits the expression of Fgf10 in 

the adjacent mesenchyme.  This causes Fgf10 to be expressed in dynamically localized 

nodules that change in response to the outgrowing epithelium (Bellusci et al. 1997).  

Traditionally, it has been thought that the dynamic localization of Fgf10 expression is 

one of the driving forces of epithelial bifurcation during branching morphogenesis, as 

each newly formed Fgf10 nodule would serve as separate sources of FGF10 and 

therefore each outgrowing epithelial tip would be exposed to multiple nodules (Figure 

2). However a recent study suggests the Fgf10 expression level, and not the Fgf10 

expression localization, is important for branching morphogenesis (Volckaert et al. 

2013). 

 In addition to FGF10, FGF9 is the other main FGF ligand to mediate embryonic 

lung development.  Fgf9 is expressed in both the epithelium and mesothelium during 

lung development, and is thought to signal through the “IIIc” splice forms of FGFR1 and 

FGFR2 in the mesenchyme (Yin et al. 2011). Fgf9 knockout mice have a severely 

simplified epithelial branch structure, and die postnatally because they cannot efficiently 

take up oxygen (Colvin et al. 2001; Yi et al 2009; Yin et al. 2011). FGF9 is thought to 

mediate branching morphogenesis in part through its ability to induce the expression of 

Fgf10 in the mesenchyme, with Fgf9 knockout mice displaying a decrease in Fgf10 

expression (Colvin et al 2001; del Moral et al. 2006). Recent studies using an Fgf9 

conditional allele have also suggested that FGF9 activity in the epithelium can mediate 

branching morphogenesis independent of FGF10 (Yin et al. 2011). In addition to 

mediating branching morphogenesis, one of the primary roles FGF9 during lung 

development is to control mesenchymal differentiation, as recent studies have 
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demonstrated the FGF9 is a key mediator of airway smooth muscle development 

(Marie del Moral et al 2006; Yi et al 2009).  

Although the focus of most studies on FGF signaling and lung development has 

been on the embryonic lung, recent studies have begun to examine the role of FGF 

signaling in postnatal lung development.  In rodents, several of the FGF ligands, 

including FGF1, FGF2, FGF7 and FGF18, have been linked to postnatal lung 

development (Yi et al. 2006; Padela et al. 2008; Franco-Montoya et al 2011). However, 

the majority of genetic studies on FGF signaling during postnatal lung development 

have focused on FGFRs, as three of the four FGFRs (FGFR2-4) have been shown to 

be essential for postnatal lung development in mice (Weinstein et al. 1998; Hokuto et al 

2003; Srisuma et al. 2010).  

Of the FGFRs, Fgfr3 and Fgfr4 (hereafter Fgfr3;4) are the only ones to be 

specifically required in the postnatal lung, for postnatal lung development. The individual 

loss of either FGFR3 or FGFR4 activity does not affect lung development; however, the 

Fgfr3;4 double mutant (hereafter Fgfr3;4 mutant) mice develop an emphysematous 

phenotype by P8 (Weinstein et al 1998; Srisuma et al. 2010). The alveolar simplification 

in Fgfr3;4 mutant mice is thought to be cause by the excessive deposition of Elastin 

fibers in the alveolar walls, which inhibits septal outgrowth. Interestingly, a disruption in 

Elastin ECM formation is observed in BPD models systems, and a recent study has 

suggested that FGFR4 is one of the genetic factors linked to a patient’s susceptibility to 

develop BPD (Bland et al. 2008; Rezvani et al. 2013). Therefore a further understanding 

of how FGFR3;4 mediate postnatal lung development may help us to understand the 

mechanisms behind BPD development in patients. 
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Although FGFR2-IIIb is one of the primary FGFRs involved in embryonic 

lung development, its postnatal activity is not required normal alveologenesis.  This was 

demonstrated by conditionally inhibiting FGFR2-IIIb activity in the postnatal lung, 

through the expression of a soluble dominant negative FGFR2-IIIb construct (hereafter 

FGFR2-HFc) (Hokuto et al. 2003). When this construct is expressed at the earliest 

stages of lung development, it recapitulates the FGFR2-IIIb knockout phenotype. 

However, the expression of the FGFR2-HFc construct in the postnatal lung has no 

phenotypic consequences.  Although FGFR2-IIIb activity is not specifically required for 

postnatal lung development, inhibition of FGFR2 activity at either the pseudoglandular 

or canalicular stages results in an alveolar simplification that resembles the Fgfr3;4 

knockout lung (Weinstein et al 1998; Hokuto et al. 2003 Srisuma et al 2010).  Therefore, 

these results suggest that FGFR2-IIIb has very specific temporal requirements during 

lung development, and that disrupting the prenatal roles of the FGF signaling pathway 

can have drastic phenotypic consequences as the lung matures postnatally. 

 In my studies I have examined how the FGF signaling pathway mediates lung 

development. My studies have identified that the FGF regulated transcription factors 

Etv4 and Etv5 are necessary for both prenatal and postnatal lung development.  

Furthermore my studies have expanded upon the mechanisms though which FGFR3;4 

are thought to mediate postnatal lung development.  Together I feel that my work has 

expanded the fields understanding of how FGF signaling is involved in lung 

development. 

  



	
  

	
  

11	
  

Figures: 

Figure 1:  Alveolar development in mice. 

(A) At birth (P0) mice contain all the cell types that are necessary for oxygen uptake, 

including the vasculature (red), type I cells (yellow), and type II cells (green). (B) From 

P4 to P36 the lung undergoes alveologenesis, in which secondary septae (black 

arrows) grow from the alveolar wall into the alveolar lumen (white space). The right 

hand panels represent H&E staining from the representative stages.  Modified from 

Morrisey and Hogan 2010 
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Figure 1: Alveolar development in mice.  
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Figure 2: FGF-SHH signaling loop and epithelial bifurcation 

Fgf10 is expressed in the distal mesenchyme (yellow) of the developing lung (Red). 

FGF10 signals to the lung epithelium (blue/green) to promote epithelial outgrowth.  In 

response the epithelium secretes factors, like SHH, which inhibit the expression of 

Fgf10 in the adjacent mesenchyme.  This causes Fgf10 to be dynamically expressed in 

nodules that shift and split in response to the outgrowing epithelium.  Traditionally, the 

dynamic localization of Fgf10 expression was thought to be one of the driving forces of 

epithelial bifurcation during branching morphogenesis, as the each newly formed Fgf10 

nodule would serve as separate sources of FGF10 and therefore each outgrowing 

epithelial tip would be exposed to multiple nodules. This figure was modified from 

Domyan et al. 2011. 
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Chapter II: A genome-scale study of transcription factor expression in the 

branching mouse lung 
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Gray PA, Ma Q, Sun X. 2012. Genome-scale study of transcription factor expression in 
the branching mouse lung. Dev Dyn. 2012.9:1432-53. 
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Abstract: 

Background: Mammalian lung development consists of a series of precisely 

choreographed events that drive the progression from simple lung buds to the 

elaborately branched organ that fulfills the vital function of gas exchange. Strict 

transcriptional control is essential for lung development. Among the large number of 

transcription factors encoded in the mouse genome, only a small portion of them are 

known to be expressed and function in the developing lung. Thus a systematic 

investigation of transcription factors expressed in the lung is warranted. 

Results: To enrich for genes that may be responsible for regional growth and 

patterning, we performed a screen using RNA in situ hybridization to identify genes that 

show restricted expression patterns in the embryonic lung. We focused on the 

pseudoglandular stage during which the lung undergoes branching morphogenesis, a 

cardinal event of lung development. Using a genome-scale probe set that represents 

over 90% of the transcription factors encoded in the mouse genome, we identified sixty-

two transcription factor genes with localized expression in the epithelium, mesenchyme 

or both. Many of these genes have not been previously implicated in lung development.  

Conclusions: Our findings provide new starting points for the elucidation of the 

transcriptional circuitry that controls lung development. 
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Introduction: 

The mammalian lung is essential for survival starting at birth. It is a prominent 

branching organ, with an endoderm-derived epithelium supported by a mesoderm-

derived mesenchyme. In the mature lung, the epithelial tubules assume the shape of a 

tree-like structure, where the proximal portion forms the conducting airways and the 

distal portion forms the gas-exchanging alveoli. The mesenchyme consists primarily of 

the vasculature, smooth muscles, and tracheal/bronchial cartilage that forms intimate 

contacts with the epithelial tree and are also critical for respiration (Cardoso and 

Whitsett, 2008; Shi et al. 2009; Warburton et al. 2010).  

In mice, lung development and maturation can be divided into five stages: embryonic 

bud initiation (Embryonic Day, or E9.0-E11.5), pseudoglandular (E11.5-E16.5), 

canalicular (E16.5-E17.5), saccular (E17.5-P5), and alveolar (P5-P28) stages (Maeda et 

al. 2007). The first sign of respiratory specification is marked by the expression of a 

transcription factor encoding gene, Nkx2-1 in a small group of ventral foregut endoderm 

cells at E9.0 (Lu et al. 2004). Signals from the surrounding cardiac and prospective lung 

mesenchyme are critical for this specification (Domyan and Sun 2011). The first 

morphologically distinct respiratory structure, the primary lung buds, are observed at 

E9.5. From E9.5-11.5, these buds elongate and undergo secondary branching to 

establish the basis of one left lung lobe and four right lung lobes. The bulk of branching 

morphogenesis occurs during the pseudoglandular stage, and follows a strict program 

(Metzger et al. 2008). Towards the end of this stage and continuing into the canalicular 

stage, the conducting airway epithelium differentiates into specialized cell types, 

including Clara and ciliated cells (Rawlins et al. 2006). Drastic changes occur in the 
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saccular stage as the lung transitions from being fluid filled to air breathing. The 

distal epithelium undergoes saccular branching and subdivides into primary alveolar 

sacs that allow for gas exchange. Meanwhile, the vascular network surrounding the 

alveolar sacs remodels to facilitate oxygen uptake. Within the distal epithelium, type II 

pneumocytes mature and start to produce surfactants, a protein and lipid mixture that 

lowers surface tension within the lung and allows lung expansion at birth (Whitsett and 

Weaver 2002). The expression of channel proteins also increases at birth, leading to 

rapid clearing of the fluid from the lung. While the lung can carry out gas-exchange at 

the end of saccular stage, it only contains approximately 5% of the final alveolar surface 

area. During alveologenesis, thousands of secondary septae rise from the walls of the 

primary alveolar sac into the lumen; each serving as a new surface for gas-exchange 

(Mund et al.  2008). 

Transcription factors have been shown to play critical roles in lung development 

(Warburton et al. 2000; Whitsett and Matsuzaki 2006; Maeda et al. 2007). They control 

diverse processes, including epithelial branching, epithelial and mesenchymal cell 

differentiation, surfactant and channel gene expression, and septae formation. Thus 

studies of transcription factor function in lung development have been a fruitful direction 

of research in the field. There are over 1,400 transcription factors encoded in the mouse 

genome. To date only a small faction of these are known to be expressed and play a 

role in the lung. A systematic investigation of transcription factor expression in the lung 

is necessary, as it will help to elucidate the genetic control of lung development.  

We performed an RNA in situ hybridization screen to identify transcription factor 

genes expressed within the branching mouse lung. There are several previously 
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published expression screens in the branching lung (Liu and Hogan 2002, Lu et al. 

2004, Lu et al. 2005, Metzger et al. 2007). Some of these focus on genes differentially 

expressed in particular regions of the wildtype lung (Liu and Hogan 2002, Lu et al. 

2004), while others focus on genes that are regulated by specific signals essential for 

branching, such as FGF (Lu et al. 2005, Metzger et al. 2007). In addition to these 

studies, there are public databases such as GenePaint (www.genepaint.org) where 

gene expression patterns in tissue sections are available on a genome scale (Visel et 

al. 2004). However, these large-scale databases are not focused on any particular 

tissue. Therefore, annotation of the expression pattern is not always precise. For 

example, in GenePaint, Sox17 is listed as not expressed in E14.5 lung, while it is clearly 

expressed at this stage and plays a critical role in lung development (Park et al. 2006).  

To enrich the existing datasets, we utilized a mouse transcription factor probe 

collection that represents approximately 90% of all transcription factors encoded in the 

mouse genome (Gray et al. 2004). We conducted wholemount in situ hybridization 

using over 1,100 probes on E13.5 mouse lungs. Using a stringent standard, we 

identified sixty-two genes that are expressed in a subset of the cells within the lung 

epithelium, mesenchyme, or both. It should be noted that not all transcription factor 

genes are represented in the cDNA collection. Furthermore, since one probe per gene 

was screened, it is likely that a fraction of the probes do not produce the optimal 

hybridization signal with the specific transcript. Due to these limitations, our data only 

account for a subset of the transcription factor genes expressed in the branching lung. 

However, as many of the genes identified in our screen have not been previously 
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implicated in lung development, our findings make an important contribution to 

existing gene expression datasets in the branching lung.  

 

Results/Discussion: 

We chose to carry out our screen in E13.5 lungs for several reasons. First, a 

meticulous mapping of the lung epithelial ductal system during development shows that 

epithelial branching follows a stereotypical program, suggestive of strict genetic control 

including transcriptional regulation (Metzger et al. 2008). E13.5 is a stage in the middle 

of pseudoglandular branching, and is thus representative of the process. Second, 

several key signaling pathways that are essential for lung branching, including the 

fibroblast growth factor (FGF), sonic hedgehog (SHH) and bone morphogenetic protein 

(BMP) signaling pathways, are all active in the E13.5 lung. Members of these pathways 

are known to influence each other’s transcription through feedback loops, yet few 

transcription factors that mediate these regulations have been identified. Third, E13.5 is 

a stage when active patterning of the epithelium and mesenchyme occurs. These broad 

patterns then serve as blueprints for fine-scale cellular differentiation that occurs at later 

stages of lung development. Finally, we chose to carry out an in situ screen because we 

are particularly interested in genes expressed in subsets of cells in the lung as they may 

direct regional growth and patterning events. We determined that E13.5 is the latest, 

and therefore most advanced stage when distinct patterns can still be consistently 

discerned from wholemount in situ hybridization.  

As we are interested in genes that may drive regional patterning and morphogenesis 

in the lung, we focused on genes that show restricted expression patterns. Overall, we 
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identified sixty-two genes with differential expression in distinct sub-regions of the 

lung (Table 1, Figs. 1-4). Some of these factors have previously been shown to play a 

role in lung development (Maeda et al. 2007). However, the majority of these genes do 

not have a well-characterized association with the branching lung. We grouped these 

genes into four categories to present their expression patterns and discuss known or 

potential functions. The first three categories are distinguished based on their 

expression site: genes that are expressed solely in the epithelium (Category 1) or 

mesenchyme (Category 2), and genes that are expressed in subregions of both tissue 

layers (Category 3). Hox genes are presented as a separate group (Category 4) to 

facilitate a direct comparison of their overlapping expression patterns (Fig.4). For each 

gene, gene expression patterns in the wholemount lung were confirmed by the pattern 

in vibratome sections. 

 

Category 1-genes expressed in the lung epithelium: 

Twenty-three transcription factor genes were identified as having epithelial specific 

expression patterns within the lung (Fig. 1A-W). We found more than one member in 

each of the following families containing specific domains: homeobox, zinc finger, 

forkhead box (FOX), SRY box (SOX), and E-twenty six (ETS).  

 

Homeobox containing: Irx3, Nkx2-1, Nkx2-9, Nkx1-2, Hnf1b, and Mnx1 

Homeobox containing transcription factors are essential for patterning throughout 

the developing embryo. In the E13.5 lung, we identified five genes belonging to this 
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family that are expressed solely in the epithelium (Fig. 1A-F). Of these, only Irx3 

and Nkx2-1 have been previously shown to play roles in embryonic lung development. 

The Iroquois homeobox (Irx) transcription factor family consists of six members that 

have extensive overlaps in expression within the developing mouse embryo (Bosse et 

al. 1997; Christoffels et al. 2000; Cohen et al. 2000; Houweling et al. 2001). At E13.5, 

Irx3 expression is detected at a high level in the distal portion of the lung epithelium 

(Fig. 1A). Three other Irx transcription factors (Irx1,2,5) are also expressed within the 

lung epithelium in a similar pattern as Irx3 (Becker et al. 2001; Van Tuyl et al. 2006; 

Diez-Roux et al. 2011). No lung abnormalities have been reported in any existing Irx 

single gene mutant mice (Lebel et al. 2003). However, knockdown of all Irx transcription 

factors using antisense oligonucleotides in lung explants causes branching defects (Van 

Tuyl et al. 2006), suggesting that Irx factors may act redundantly to regulate lung 

branching.  

Three Nkx transcription factors were identified within our screen, Nkx2-1, Nkx2-9, 

and Nkx1-2 (Fig. 1B-D). Nkx2-1 (also termed TTF-1) is one of the earliest genes 

expressed in the nascent respiratory lineage (Lazzaro et al. 1991). Knockdown or 

knockout of Nkx2-1 leads to early lung branching arrest (Minoo et al. 1995; Minoo et al. 

1999). However, lung buds form in each case, suggesting that Nkx2-1 is dispensable for 

lung budding, but essential for secondary branching morphogenesis. Furthermore, 

Nkx2-1 mutants show a failed formation of the trachea, suggesting that this gene is 

essential for trachea specification (Minoo et al. 1999, Que et al. 2007). Nkx2-9 knockout 

mice form functional lungs and survive to adulthood, but show tracheobronchial 

epithelial hyperplasia (Tian et al. 2006). Further analysis of the Nkx2-9 mutants 
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demonstrates that Nkx2-9 maintains the cellular architecture of the upper airway by 

restricting cell proliferation in the epithelium. Little is known regarding the role of Nkx1-2 

in development, including in the lung. No knockout mouse line has been reported. In the 

Foxa2 mutant mouse gastrula, Nkx1-2 expression is downregulated (Tamplin et 

al.2008). Since Foxa2 is a key factor in the lung required for alveologenesis and 

epithelial differentiation (Wan et al. 2005), these results raise the possibility that Nkx1-2 

may function downstream of Foxa2 in the lung.  

 The roles of either Hnf1b or Mnx1 in lung development have not been closely 

interrogated. Within the developing lung, Hnf1b shows higher expression within the 

distal region of the lung epithelium, while Mnx1 expression appears more evenly spread 

throughout the proximal/distal regions of the lung epithelium (Fig. 1E). Homozygous null 

mutants of Hnf1b (also known as vHnf1 and Tcf2) are lethal at the early post-

implantation stage due to defects in extra-embryonic endoderm differentiation (Barbacci 

et al. 1999; Coffinier et al 1999). Using a conditional allele, it has been shown that 

inactivation of Hnf1b in the bile duct led to a change from cuboidal to pseudostratified 

squamous epithelium (Coffinier et al. 2002). Conditional inactivation of Hnf1b within the 

kidney results in a polycystic kidney phenotype, suggesting that Hnf1b is essential in 

controlling planar cell polarity (Fischer et al. 2006; Verdeguer et al. 2010). A recent 

study has demonstrated the importance of planar cell polarity in lung development 

(Yates et al. 2010), raising the possibility that Hnf1b may play a role in this process in 

lung. Mnx1 (also known as Hb9) knockout mice die at birth due to an inability to inflate 

the lung (Arber et al. 1999). However, it remains unresolved whether this is the result of 

a lung-specific defect or a neuronal defect in diaphragm innervation. In the epithelium of 
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other tissues, such as the pancreas, Mnx1 is known to regulate cell differentiation, 

raising the possibility that Mnx1 may regulate a similar process within the lung (Harrison 

et al. 1999; Li et al. 2001).  

 

Zinc finger containing: Gata6, Lmo1, Zfp746, and Tcea2  

 Four zinc finger containing transcription factors were found to be expressed within 

the E13.5 lung epithelium: Gata6, Lmo1, Zfp746, and Tcea2, and (Figure 1G-J). Of 

these, only Gata6 has been shown to be essential for lung development (Keijzer et al. 

2001; Yang et al. 2002; Liu et al. 2002; Zhang et al. 2008). For example, Gata6 controls 

the number of bronchioalveolar stem cells (BASCs), a lineage that is activated to 

repopulate bronchial cell populations in response to injury (Kim et al. 2005).  

Homozygous Lmo1 null mutants are viable and show no obvious defects including in 

the lung (Tse et al. 2004). This lack of a phenotype within the lung may result from 

redundancy with other Lmo transcription factors, as several other Lmo members are 

also expressed within the lung, including Lmo4 and Lmo7 (Sum et al. 2005; Ott et al. 

2008). In neural tissues such as the hindbrain, LMO factors regulate proximal-distal 

patterning (Matis et al. 2007). This raises the possibility that LMO factors may function 

collectively to control lung epithelium patterning.  

Zfp746 has not been shown to be expressed or have a function within the 

developing lung. A recent study using overexpression and knockdown techniques show 

that Zfp746 (also termed PARIS) promotes neural degeneration in Parkinson’s disease 

models (Shin et al. 2011). No Zfp746 mutant mouse has been reported.  
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Tcea2 is strongly expressed within the distal region of the lung epithelium and 

is one of two transcriptional elongation factors identified within this screen, (together 

with Tcea1, see below). Existing evidence suggests that Tcea2 promotes transcription 

by preventing the arrest of RNA polymerase (Reines et al. 1996). It remains unclear 

how this molecular role impacts tissue development, as no Tcea2 mutant mice have 

been reported. It is interesting to note that Tcea2 is not expressed within the adult lung 

(Umehara et al. 1997), suggesting that it may act specifically in cells and tissues that 

are undergoing active proliferation and expansion.  

 

FOX domain containing: Foxa1, Foxd4 

 A number of forkhead box (FOX) domain transcription factors are expressed within 

the developing lung (Maeda et al. 2007). Our screen highlights two that are detected 

within the lung epithelium at E13.5, Foxa1 and Foxd4 (Fig. 1K,L). Foxa1, along with the 

closely related Foxa2, has been shown to be critical for branching and epithelial 

differentiation in the lung (Wan et al. 2004a; Wan et al. 2004b; Wan et al. 2005). 

Inactivation of Foxa1 and Foxa2 in the mouse lung epithelium leads to fewer, and more 

dilated epithelial branches than the control. Furthermore, markers of differentiated cell 

types in both the proximal airway (CC10 or SCGB1A1, and FOXJ1) and distal alveoli 

(SFTPC and SFTPB) are no longer expressed in the absence of these FOX factors, 

suggesting that Foxa1;Foxa2 are required broadly in the lung epithelium for cell 

differentiation. On the protein level, it has been shown that FOXA1 interacts with NKX2-

1 to regulate the expression of Sftpc in the lung epithelium (Minoo et al. 2007). 

Moreover, examination of major signaling pathways essential for lung development 
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demonstrates that Foxa1 and Foxa2 may act to control the expression of Shh in 

the lung epithelium (Wan et al. 2005).  

While Foxd4 has been shown to be expressed at a low level in the adult lung 

(Kaestner et al. 1993), its expression has not been reported in the embryonic lung (Fig. 

1L). In yeast, Foxd4 controls the cell cycle by regulating the G2/M transition (Kumar 

2000). Whether it plays a similar role in mice has not been tested, and no knockout 

mouse has been reported. Outside of the lung, within the gastrula stage embryo, the 

expression of Foxd4 is positively regulated by FOXA2 (Tamplin et al. 2008). Thus it is 

possible that Foxd4 may function downstream of Foxa2 in the lung.  

 Although not identified by probes used in our screen, several other FOX domain 

transcription factors are expressed within the developing lung epithelium, including the 

Foxp sub family (Lu et al. 2002). Foxp1, Foxp2 and Foxp4 exhibit overlapping 

expression patterns within the lung epithelium and mesenchyme (Shu et al. 2001; Lu et 

al. 2002). Inactivation of Foxp1 and one allele of Foxp2 (Foxp1-/-;Foxp2+/-) produces a 

smaller lung due to a decrease in cell proliferation (Shu et al. 2007). At later stages 

these mice also develop a simplified alveolar network. FOXP factors act mainly as 

transcriptional repressors and this effect is mediated through interaction with HDAC 

proteins (Chokas et al 2010). In the adult lung, double heterozygous Foxp1+/-;HDAC2+/- 

mice are resistant to hyperoxia-induced lung injury compared to control. These data 

together suggest that FoxP genes play critical roles in both lung development and 

homeostasis.   

 

ETS domain containing: Etv5 and Elf5 
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 Two genes encoding ETS domain proteins, Etv5 and Elf5, were identified as 

being expressed solely in the lung epithelium (Fig. 1M,N). Both have been shown to be 

expressed in the distal lung epithelium, and play a role in lung development (Liu et al. 

2003; Metzger et al. 2007; Metzger et al. 2008a). Likewise, both have been shown to 

act downstream of FGF signaling, which could explain their expression within the distal 

epithelium, as Fgf10 is strongly expressed within the distal mesenchyme during 

branching morphogenesis (Liu et al. 2003; Metzger et al. 2007). ETV5 belongs to the 

three-member Pea3 subgroup of ETS domain containing proteins (ETV1 also known as 

ER81, ETV4 also known as PEA3, and ETV5 also known as ERM), which share 

homology not only in the ETS domain, but also throughout the rest of the protein. Within 

the lung Etv4 and Etv5 expression is positively regulated by FGF signaling (Liu et al. 

2003). Expression of a dominant-negative form of Etv5 in the epithelium of late 

branching stage lung causes proximal-distal patterning defects (Liu et al. 2003). No 

overt lung phenotype was found in Etv5 loss-of-function mutants (Chen et al. 2005), 

likely due to redundancy with Etv1 and Etv4.  

Like Etv5, the expression of Elf5 is positively regulated by FGF signaling (Metzger 

et al. 2007). Overexpression of Elf5 within the distal epithelium of the lung causes 

dilated branching tips, and disrupted differentiation into type II cells (Metzger et al. 

2008). On the molecular level, overexpression of Elf5 leads to decreased expression of 

Etv5 and increased expression of Spdef, another ETS family gene. This result suggests 

the presence of an intricate feedback regulation among ETS family members. 

Homozygous null mutants of Elf5 die by E7.5, prior to lung initiation (Zhou et al. 2005). 

Lung epithelium-specific inactivation of Elf5 produces no overt lung development 
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defects (X. Sun unpublished results), possibly due to redundancy with other ETS 

containing genes expressed in the lung epithelium.  

 

SRY box containing: Sox2 and Sox9 

 Two genes encoding SRY box (SOX) transcription factors, Sox2 and Sox9, were 

identified as being expressed in the epithelium (Fig. 1O,P). They are known to exhibit 

complementary expression patterns in the epithelium, with Sox2 expression localized to 

the proximal epithelium and Sox9 expression localized to the distal epithelium. 

Conditional inactivation of Sox2 within the respiratory epithelium leads to disrupted 

differentiation of various cell types along the upper airways (Que et al. 2009; Tompkins 

et al. 2009). Loss of Sox2 leads to a decrease in ciliated and Clara cells in both the 

trachea and bronchiole, but it leads to an increase in goblet cells in the trachea and a 

decrease in goblet cells in the bronchiole. Furthermore in the adult, loss of Sox2 in the 

trachea disrupts the ability to repair after sulfur dioxide (SO2)-induced epithelial 

damage, possibly due to a reduced number of basal stem cells in the mutant epithelium 

(Que et al. 2009). Similarly, loss of Sox2 in the adult bronchiole disrupts the increase in 

goblet cell differentiation and mucus production in response to allergen challenge 

(Tompkins et al. 2009). Compared to these loss-of-function phenotypes, overexpression 

of Sox2 in the lung epithelium causes altered branching morphogenesis, proximalization 

of epithelial cell fate, and a slight decrease in cell proliferation (Gontan et al. 2008).  

Inactivation of Sox9 in the lung epithelium does not result in any reported defects 

(Perl et al. 2005), suggesting that by itself, Sox9 is not required in the epithelium for 

lung development. However, Sox9 is also expressed in the proximal mesenchyme, 
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specifically in the precursor and differentiated cartilages of both the trachea and 

main bronchi (Elluru et al. 2004). As Sox9 is a key gene essential for cartilage 

development (Bi et al. 2001), it may play a role in airway cartilage ring formation.  

 

Miscellaneous epithelial genes: Kat2b, Ash2l, Tfap2c, Nab1, Id2, Irf6, and Grhl2 

 Seven of the epithelium-expressed transcription factors, Kat2b, Ash2l1, Tfap2c, 

Nab1, Id2, Irf6, and Grhl2, were identified in our screen as the sole member of their 

respective families (Fig. 1Q-W). The roles of these genes in lung development are 

largely unknown. 

 

Kat2b  

 Kat2b (also known as Pcaf) is a bromodomain-containing acetyl transferase. Kat2b 

knockout mice survive postnatally, and no lung defect has been reported (Yamauchi et 

al.  2000). The absence of an apparent lung phenotype may be due to redundancy with 

a close family member Kat2a. In support of this possibility, while Kat2a is expressed at 

a relatively low level in the wild-type lung, its level increases dramatically in the Kat2b 

mutant lung (Yamauchi et al. 2000). As Kat2a global knockout mice die prior to E11.5, 

identification of a possible combined role of Kat2a and Kat2b in lung awaits the 

generation of tissue-specific double mutants. A recent study identifies Kat2b as a 

potential target of miR302/367, two GATA6-regulated miRNAs that control saccular 

branch patterning and the balance between proliferation and differentiation in the lung 

(Tian et al. 2011). Whether misexpression of Kat2b contributes to the defects in the 

miR302/367 overexpression or knockdown lungs has yet to be established. 
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Ash2l 

 Ash2l is a SPRY domain containing methyl-transferase that promotes the 

trimethylation of lysine 4 of histone 3 (H3K4), an epigenetic signature of actively 

transcribed regions (Steward et al. 2006). RNAi knockdown of Ash2l in HeLa cells 

causes decreased trimethylation of H3K4, and decreased transcription of target genes 

(Steward et al. 2006). Ash2l knockout mice die at a stage when lung buds initiate 

(Stoller et al. 2010), and its role in lung development has not been studied. Despite this, 

Ash2l has been shown to regulate the expression of several genes implicated in lung 

development. For example, in muscle differentiation, Ash2l regulates the expression of 

MyoG (Rampalli et al. 2007). Previous studies show that MyoG is required in the lung 

for transition from pseudoglandular to saccular stages (Tseng et al. 2000). Ash2l has 

also been shown to regulate the expression of Fgfr3 in a neuroblastoma cell line (Tan et 

al. 2009). Fgfr3, together with Fgfr4, are required for lung alveologenesis (Weinstein et 

al. 1998; Srisuma et al. 2010). These data raise the possibility that Ash2l may act 

upstream of these factors during lung development. 

 

Tfap2c 

Tfap2c (also known as Ap-2g) is an Ap2 family gene. The role of Tfap2c in the 

developing lung remains unknown. Knockout mice are lethal between E7 and E9, prior 

to lung budding (Werling et al. 2002). Conditional ablation of Tfap2c in the skin show 

that Tfap2c is important for terminal differentiation of epidermal cells (Wang et al. 2008). 

This role is executed through an interaction with members of the NOTCH signaling 
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pathway. In the lung, NOTCH signaling is essential for epithelial patterning and 

differentiation (Tsao et al. 2008; Guseh et al. 2009; Tsao et al. 2009; Morimoto et al. 

2010). Furthermore, recent data show that CEBPa, a critical factor for the maturation of 

the distal epithelium, is a downstream target of TFAP2C (Martis et al. 2006; Xu et al. 

2008). Thus, it is plausible that TFAP2C may interact with these genes to control lung 

development. It should be noted that another Tfap2 transcription factor, Tfap2a (also 

known as Ap-2a), is expressed within the lung epithelium (Visel et al 2004). Double 

knockout mice for these two TFAP2 factors die prior to the lethality of either single 

mutant, suggesting that they function redundantly during development, possibly also in 

the lung (Winger et al. 2006). 

 

Nab1 

 Nab1 single mutant mice are viable, fertile, and no lung defect has been reported 

(Le et al. 2005). In contrast, double mutants of both Nab1 and the related Nab2 develop 

labored breathing. It is not clear if the respiratory defect results from the loss of Nab1 

and Nab2 within the lung or in other tissues required for breathing, as histology of the 

double mutant lungs has not been examined (Le et al. 2005). On the molecular level, 

Nab1 is a transcriptional repressor of early growth response proteins 1 and 2 (EGR1 

and EGR2) (Swirnoff et al. 1998; Le et al. 2005). Loss of Egr1 protects the lung from 

bleomycin-induced fibrosis, a mouse model for idiopathic pulmonary fibrosis (IPF) (Lee 

et al. 2004). Furthermore, Egr1 has been implicated in mediating cell death in smoking-

induced chronic obstructive pulmonary disease (COPD) (Chen et al. 2008). Egr2 

knockout mice develop increased breathing rates (Desmazieres et al. 2008). These 
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findings suggest that Nab1 and Nab2 may control lung maturation through their 

ability to regulate the activity of Egr1 and Egr2. 

 

Id2 

 Id2 is a member of the inhibitor of differentiation (Id) family of bHLH domain 

transcription factors. There are four Id transcription factor genes and all are expressed 

within the lung: Id2 and Id4 are expressed in the distal and proximal epithelium, 

respectively, while Id1 and Id3 are expressed within the mesenchyme (Fig. 1U, Fig. 2Q; 

Jen et al. 1996). Lineage tracing using an Id2-creERT2 has shown that Id2-expressing 

cells represent a multipotent progenitor population within the lung epithelium that 

contributes to both the proximal airway epithelial and the distal alveolar epithelial cell 

populations (Rawlins 2009). The expression of Id genes is regulated by BMP signaling 

(Miyazono and Miyazawa 2002; ten Dijke et al. 2003). Previous work has demonstrated 

that genetic inactivation of BMP signaling leads to trachea specification, proximal-distal 

lung patterning as well as lung cell differentiation defects (Bellusci 1996; Weaver et al. 

1999; Eblaghie et al. 2006; Que et al. 2006; Li et al. 2008; Sun et al 2008; Domyan et 

al. 2011). These results suggest that the Id genes may mediate the critical roles of BMP 

signaling in lung. However, there are no reported lung developmental defects 

associated with single Id gene mutants, including Id2 mutants. These results suggest 

that either these Id genes function redundantly amongst themselves, or with other bHLH 

factors during lung development (Yokota et al. 1999).  

 

Irf6 
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 Irf6 is an interferon regulatory factor whose human homolog has been 

associated with Van der Woude syndrome, a craniofacial disease characterized by the 

formation of a cleft lip (Kondo et al. 2002). Irf6 is expressed throughout both the 

proximal and distal portions of the lung epithelium (Fig. 1V). Irf6 knockout mice develop 

skin defects as a result of increased proliferation, and decreased terminal differentiation 

of epidermal progenitor cells (Ingraham et al. 2006). Irf6 knockout mice also display 

esophageal closure and limb-tail fusion as a result of increased adhesion between 

epidermal layers. At the molecular level, Irf6 has been shown to act as a downstream 

mediator of NOTCH signaling (Restivo et al. 2011). Since NOTCH signaling is critical for 

lung epithelial patterning and differentiation (Tsao et al. 2008; Guseh et al. 2009; Tsao 

et al. 2009; Morimoto et al. 2010), it is plausible that Irf6 may also function downstream 

of NOTCH in the lung epithelium.  

 

Grhl2 

 Grhl2 is one of three Grainyhead homologs (Grhl1-3), and all are expressed within 

the developing lung epithelium (Fig. 1W; Auden et al. 2006). While Grhl2 targeted 

knockout mutants die at the stage of development that precludes a study of their 

requirement in lung (Rifat et al 2010), mice carrying a Grhl2 point mutant hypomorphic 

allele exhibit reduced lung size and inability to inflate the lung at birth (Pyrgaki et al. 

2011). In Grhl2 point mutant lungs, cell adhesion proteins including E-Cadherin, 

b-Catenin, and Ezrin are detected at lower levels and/or mislocalized. Regulation of 

cellular adhesion molecules appears to be a general function of Grhl2 during 

development, as a similar role was also found in the epidermis and the neural tube 
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(Werth et al. 2010; Boglev et al. 2011;). These data together suggest that Grhl2 is 

essential for lung development via controlling the adhesion properties of the lung 

epithelium. 

 

Category 2-genes expressed in the lung mesenchyme: 

 From our screen, twenty-three genes were identified as showing mesenchyme-

specific expression patterns in the lung (Fig. 2A-W). Most of these factors have not 

been characterized for their role in early lung development. We found multiple 

transcription factors that contained the following domains: zinc finger, homeobox, SOX, 

ETS, bHLH, and FOX. 

 The mesenchymal lineages are not well defined within the pseudoglandular stage 

lung.  However of the twenty-three transcription factors that showed mesenchymal 

expression, seven have been shown to mediate endothelial development within mice 

and are expressed in a pattern similar to the endothelial network of the lung (Fig. 2E, I-

N, Lazarus et al. 2011). This suggests that these transcription factors could be used as 

markers of the endothelial lineages in the lung. These seven transcription factors are 

members of the zinc finger, homeobox, SOX, and ETS domain groups, and include 

Nr2f2, Hhex, Sox7, Sox18, Elk3, Ets1, and Ets2.  The endothelial network is an 

important regulator of lung branching (Lazarus et al. 2011), however none of these 

transcription factors have been shown the mediate lung development within mice. 

 

Zinc finger containing: Gli2, Snai1, Baz1b, Nr2f1, and Nr2f2 



	
  

	
  

35	
  

 Five zinc finger-containing transcription factors were identified within the 

mesenchyme (Fig. 2A-E). Of these, only Gli2 is known to be required for early lung 

development. Gli2, together with Gli1 and Gli3, are core components of the Hedgehog 

signaling pathway. Loss of Gli2 leads to reduced lung branching (Motoyama et al. 

1998). Further inactivation of Gli3 in a Gli2 knockout background (generating Gli2-/-;Gli3-

/-embryos) results in trachea and lung agenesis, suggestive of shared function 

(Motoyama et al. 1998).  

 Snai1 is abundantly expressed in the subepithelial mesenchyme of the lung 

mesenchyme (Fig. 2B). Its function in lung has not been directly assessed, as Snai1 

knockout mutants are lethal prior to E8.5 due to aberrant conversion of epiblast cells 

into mesoderm cells during gastrulation (Carver et al. 2001). As exemplified by its role 

during gastrulation, SNAI1 is part of the core machinery that promotes epithelial to 

mesenchymal transitions (EMT) throughout development as well as in postnatal events 

such as turmorigenesis (Vincent et al. 2009). In normal lung development, a known 

EMT event is the transition of mesothelium into cells in the mesenchyme (Que et al. 

2008). Whether Snai1 plays a role in this event remains to be tested using conditional 

gene inactivation approaches. In pathological conditions of the lung, it has been shown 

that Snai1 promotes EMT in lung epithelium-derived cell lines (Jayachandran et al. 

2009). This suggests that Snai1 may contribute to lung fibrosis in diseases such as 

Idiopathic Pulmonary Fibrosis (IPF) (Kim et al. 2006; Coward et al. 2010). However, a 

recent study throws into question the involvement of EMT in lung fibrosis (Rock et al 

2011).  
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 Baz1b has been shown to be expressed within the adult lung through Northern 

blot analysis (Peoples et al. 1998). Here, we localize its expression to the E13.5 lung 

mesenchyme (Fig. 2C). On the molecular level, BAZ1B controls transcription by 

interacting with a number of chromatin remodeling proteins including the SWI/SNF-type 

WINAC and ISWI-type WICH complexes (Oya et al. 2009). This interaction is regulated 

by MAPK signaling. In humans, BAZ1B deletions have been associated with the 

congenital disorder Williams Syndrome (WS), where patients develop supravalvular 

aortic stenosis along with neurological abnormalities (Williams et al. 1961; Lu et al. 

1998; Riby and Porter 2010; Mohan et al. 2011). Consistent with disease symptoms, 

Baz1b knockout mice develop heart abnormalities, including atrial/ventricular septation 

defects and abnormal trabeculation (Yoshimura et al. 2009). However no lung 

phenotype has been reported in these mice. 

 Nr2f1 and Nr2f2 (also known as Coup-TfI and Coup-TfII) encode zinc finger-

containing steroid/thyroid hormone nuclear receptor proteins. In the lung, they are 

expressed in overlapping patterns with Nr2f1 being more restricted to the sub-epithelial 

mesenchyme (SEM) while Nr2f2 being more widely expressed in the mesenchyme (Fig. 

2D,E). Nr2f1 has primarily been shown to control neural development, where it 

regulates both the patterning of neural tissues as well as the differentiation of progenitor 

cells into mature neurons (Qiu et al. 1997; Faedo et al. 2008). Despite neural 

differentiation phenotypes, Nr2f1 knockout mice survive postnatally, with no report of 

cyanosis or labored breathing. Nr2f2 knockout mice show abnormal angiogenesis and 

heart patterning, and are lethal by E10.0 (Pereira et al. 1999). Conditional knockout of 

Nr2f2 in the foregut mesentery using Nkx3-2-cre produces defects that mimic congenital 
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diaphragmatic hernia (CDH), a human birth defect characterized by failed closure 

of the diaphragm, herniation of abdominal content into the chest cavity, and hypoplastic 

lungs (You et al. 2005). It remains to be determined whether this lung defect is due to a 

primary requirement for Nr2f2 in lung, or is secondary to the mechanical pressure 

exerted by the herniating tissues on the lung.  

 

Homeobox domain containing: Meis1, Pou3f1, Lhx6 and Hhex  

 We identified four homeobox containing genes that are expressed within the 

mesenchyme of the E13.5 lung: Meis1, Pou3f1, Lhx6 and Hhex (Fig. 2F-I). While there 

are no reported role for the latter three factors in the developing lung, a previous study 

indicates that Meis1 is required for normal lung development (Hisa 2004).  

 The Meis family of transcription factors is primarily recognized as Hox cofactors in 

their regulation of gene expression (Moens and Selleri 2006). In mice, all three Meis 

genes are expressed in the developing lung mesenchyme, with Meis1 being expressed 

evenly throughout the mesenchyme (Fig. 2F and data not shown). The expression of 

Meis1 throughout the lung mesenchyme, suggests that the expression of different Hox 

genes is going to determine the specific requirement of Meis1 within any given segment 

of the lung mesenchyme. Multiple Hox genes are expressed within the lung 

mesenchyme and all are possible partners of Meis (Fig.4). Meis1 knockout mice die 

around E14.5 due to hematopoietic and microvascular defects, and exhibit hypoplastic 

lungs (Hisa et al. 2004). However the primary role of Meis1 in lung development has not 

been determined. 
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 Pou3F1 (also known as Oct6) is primarily known for its function in neuronal 

differentiation (Bermingham et al. 1996; Bermingham et al. 2002; Ghazvini et al. 2002). 

Pou3f1 mutants are unable to form myelinating Schwann cells within the embryonic 

peripheral nervous system. These mutants die at birth due to respiratory distress but 

examination of the lungs revealed no gross defect. Instead, it was proposed that the 

respiratory deficiency is caused by a possible decrease in number and function of 

phrenic motor neurons, which may lead to failed diaphragm function during respiration 

(Bermingham et al. 1996). However, given its expression in the lung, a more thorough 

analysis of the lung defects in these mutants and a tissue-specific inactivation of 

Pou3F1 in lung may be worthwhile to rule out a direct requirement for Pou3F1 in lung 

development.  

 Lhx6 belongs to a large family of genes encoding LIM homeodomain containing 

transcription factors. Lhx6 knockout mice die shortly after two weeks of age due to 

unknown causes (Liodis et al. 2007). Whether these mice develop lung defects has not 

been shown. Functional redundancy among Lhx factors is observed during 

development. For example, during neural development, Lhx6;Lhx7 double knockout 

mutants, but neither of the single mutants, show decreased number of differentiated 

interneurons and abnormal distribution of GABAergic interneurons (Loidis et al. 2007; 

Fragkouli et al. 2009). During dentition, Lhx6;Lhx7 double mutants display molar 

agenesis due to failed mesenchyme differentiation (Denaxa et al. 2009). Following the 

detection of Lhx6 expression in lung (Fig. 2H), a search of existing databases revealed 

that Lhx4, Lhx5, and Lhx9 are also expressed in the lung mesenchyme (Visel et al. 
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2004). These results suggest that Lhx6 may function redundantly with other Lhx 

members to control lung mesenchyme development. 

 Hhex (also known as Hex) is expressed in the lung in a pattern that resembles the 

vascular network (Fig. 2I, Lazarus et al. 2011). Hhex knockout mice die prior to E14.5 

due to abnormal development of the heart and vascular network (Keng et al. 2000; 

Hallaq et al. 2004). In the heart, Hhex mutants show abnormal outflow tract and valve 

formation as a result of persistent EMT of endocardial cells. This persistent EMT is 

thought to be mediated, at least in part, by increased VEGFA protein levels. In the 

vascular network of Hhex knockout mice, blood vessels initiate normally. However, the 

vascular lumens become dilated, possibly due to a decrease in vascular smooth 

muscle. Whether Hhex mutants development any lung defects has not been reported.  

 

SOX domain containing: Sox7 and Sox18 

 From our screen, we identified two genes encoding F subgroup SOX domain 

containing transcription factors, Sox7 and Sox18. These genes, together with the 

remaining F subgroup member Sox17, are expressed in overlapping, but non-identical 

patterns in the overall vasculature (Fig. 2J,K) (Park et al. 2006; Sakamoto et al. 2007; 

François et al. 2010). For example, in a normal embryo, Sox18, but not Sox7 or Sox17, 

is expressed in the lymphatic endothelial cells. Interestingly, in the absence of Sox18, 

Sox7 becomes ectopically expressed in the lymphatics (Hosking et al. 2009). Consistent 

with this, these genes play redundant roles in endothelial cell differentiation in blood and 

lymphatic vessels in both mice and zebrafish (Cermenati et al. 2008; Sakamoto et al. 

2007). In humans, a dominant-negative mutation in human SOX18, which likely 
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interferes with the function of multiple SOX genes, is known to cause 

Hypotrichosis-Lymphedema-Telangiectasia, a congenital lymphatic disorder (Irrthum et 

al. 2003). The specific requirement for these genes in the lung vasculature has not been 

directly addressed. Moreover, Sox17, but not Sox18 or Sox7, is expressed in the 

epithelium beginning at E18.5. Overexpression of Sox17 in the epithelium of early stage 

lungs results in defects in both branching and epithelial cell differentiation (Park et al. 

2006). 

 

ETS domain containing: Elk3, Ets1, and Ets2  

 We identified three ETS domain containing transcription factors that are expressed 

within the lung mesenchyme: Elk3, Ets1, and Ets2 (Fig.2 L-N). While their function in 

the lung remains unclear, the expression patterns of all three of these genes are 

consistent with their known roles in endothelial development.  

 Elk3 (also known as Net) knockout mice survive past birth and show no lung defects 

(Ayadi et al. 2001). While these mutant mice do eventually die due to respiratory 

distress, the cause is not believed to be intrinsic to the lung, but rather due to a build up 

of chyle in the thoracic body cavity from a defective lymphatic system (Zheng et al. 

2003; McGrath et al. 2010). In addition to its role in lymphatic development, Elk3 has 

also been shown to be necessary for endothelial response to pro-angiogenic growth 

factors such as FGF2 during wound healing (Ayadi et al. 2001).  

 While Ets1 knockout mice are viable, Ets2 knockout embryos die around E8.5 due to 

a defect in extra-embryonic tissue development (Muthusamy et al. 1995; Yamamoto et 

al. 1998). Double mutant mice of Ets1 and Ets2 that utilize a null allele of Ets1, and 
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either a partial loss of function allele or a conditional deletion of Ets2 within the 

epiblast, are lethal at approximately E14.5 and display severe hemorrhaging due to a 

drastic decrease of embryonic vasculature (Wei et al. 2009). While no lung phenotypes 

have been reported in these mice, it is possible that these Ets genes play a role in the 

formation of the pulmonary vasculature.  

   

bHLH containing: Tcf21, Hif3a, Id3, and Heyl  

 We identified four bHLH family transcription factors that were expressed within the 

lung mesenchyme: Tcf21, Hif3a, Id3 and Heyl (Fig. 2O-R). Of these, Tcf21 and Hif3a 

have known roles in lung development.  

 Previous work has shown that Tcf21 (also known as Pod1) is essential for lung 

branching morphogenesis (Quaggin et al. 1999). Tcf21 knockout mice develop fewer 

epithelial branches compared to control lungs and these mutant branches do not go on 

to form terminal sacs. The lack of terminal sacs is likely due to proximalization of the 

lung epithelium, as evidenced by the expansion of the proximal marker Scgb1a1 and 

reduction of the distal marker Sftpc. Additionally, Bmp4 expression is decreased within 

the Tcf21 mutant lung. Previous work has demonstrated that inhibition of BMP signaling 

results in a similar phenotype as the Tcf21 knockout (Bellusci 1996; Weaver et al. 1999; 

Sun et al 2008). Thus, Tcf21 may control lung branching and proximal-distal patterning 

through promoting Bmp4 expression. 

 Hif3a is a well-known hypoxia induced factor (HIF) that is expressed within the distal 

portion of the lung mesenchyme (Fig. 2P). Hif3a knockout mutants show impaired 

alveologenesis with an increase in the amount of vasculature lining the alveolar walls 
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(Yamashita et al. 2008). Whether the vasculature defect is the mechanism 

underlying the alveolar phenotype remains to be determined. 

 Id3, similar to Id2 mentioned above, is a member of the Id family of genes (Fig. 2Q). 

Id3 knockout mice are viable and no lung defect has been reported (Pan et al.1999). 

The lack of an apparent developmental phenotype is likely due to its redundancy with 

Id1, which shows overlapping expression patterns with Id3 throughout the embryo, 

including in the mesenchyme of the lung (Jen et al. 1996). In support of this, Id1;Id3 

double knock out mice die by E13.5 and develop severe vascular and neural defects 

(Lyden et al. 1999). Whether these mutants exhibit lung defects has not been reported. 

A recent study within the postnatal lung shows that Id3 expression is increased in Id1 

knockout lungs, further suggesting that these two genes may share a redundant 

function (Lowery et al. 2010). Given that their expression is regulated by BMP signaling 

(Miyazono and Miyazawa et al. 2002; Ten Dijke et al. 2003), it is possible that together 

they may mediate the essential role of BMP signaling in lung development. 

 Heyl is a downstream component of the NOTCH signaling pathway (Nakagawa et al. 

2000; Leimeister et al. 2000). As mentioned above, extensive work has demonstrated 

that the NOTCH signaling pathway regulates lung proximal-distal patterning and cell 

differentiation (Tsao et al. 2008; Guseh et al. 2009; Tsao et al. 2009; Morimoto et al. 

2010). In the lung, Heyl expression is restricted to the vascular smooth muscle (Fig. 

2R), likely overlapping with the expression of Notch3, which plays an essential role in 

vascular smooth muscle differentiation and maturation (Domenga et al. 2004). While 

knockout mice for Heyl have no reported lung phenotype, Heyl may function together 
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with other components of the Notch signaling pathway during lung vascular smooth 

muscle development. 

 

FOX domain containing: Foxf1a and Foxf2  

 Foxf1a (also known as Foxf1) and Foxf2 encode closely related FOX domain 

containing factors and have very similar expression patterns within the lung (Fig. 2S,T). 

This expression is positively regulated by SHH signaling and negatively regulated by 

BMP signaling (Mahlapuu et al. 2001; Lim et al. 2002), both critical signals for lung 

development. Foxf1a has previously been shown to be essential for lung development 

in a haploinsufficient manner, since mice carrying one mutant allele (Foxf1a+/-) display 

lobe fusion, altered epithelial branching, and postnatal lethality due to pulmonary 

hemorrhaging (Mahlapuu et al. 2001; Lim et al. 2002). Tissue-specific inactivation of 

both copies of Foxf1a in the lung has not been reported. Foxf2 knockout mice have no 

reported lung phenotype and die postnatally due to inability to feed (Wang et al. 2003). 

Foxf1a and Foxf2 have been shown to act redundantly in the intestine, where they 

regulate extracellular matrix production through their ability to mediate WNT signaling 

(Ormestad et al. 2006). Whether Foxf1a and Foxf2 have redundant roles in lung 

development has not been reported. 

 

Miscellaneous: Lef1, Creb3l1, and Tbx3  

 Three of the mesenchyme-expressed transcription factors, Lef1, Creb3l1 and Tbx3, 

were identified in our screen as the sole member of their respective families (Fig. 2U-
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W). Of these, Lef1 is the only gene known to regulate lung development (Okubo et 

al. 2004).  

 

Lef1: 

 Lef1 is an HMG domain-containing transcription factor, and a downstream 

component of the WNT signaling pathway. Within the lung, lef1 expression is higher 

within the distal mesenchyme, which corresponds to the distal expression of Wnt2 and 

Wnt7b within the mesenchyme and epithelium respectively (Visel et al. 2004). Both 

canonical (e.g. Wnt2, Wnt2b and Wnt7b) and non-canonical (e.g. Wnt5a) WNT 

signaling has been shown to control branching morphogenesis, patterning, and 

differentiation in the developing lung (Li et al. 2002; Li et al. 2005; Cohen et al. 2009; 

Goss et al. 2009; Goss et al. 2011). Consistent with this, expression of a b-Catenin-Lef1 

fusion protein within the lung epithelium leads to constitutive activation of WNT signaling 

and a change of cell fate of the lung epithelium into the intestinal epithelium (Okubo et 

al. 2004). Lef1 knockout mice die after birth and before weaning (van Genderen et al. 

1994), however no lung defect has been reported. The lack of a lung phenotype in Lef1 

knockout mice may result from its overlapping expression with the highly related Tcf1, 

which is also expressed within the lung mesenchyme (Oosterwegel et al. 1993).  

 

Creb3ll: 

 Creb3l1 (also known as Oasis) is a bZIP (basic leucine zipper) domain containing 

transcription factor that is tethered to the endoplasmic reticulum (ER) and cleaved in 

response to ER stress (Murakami et al. 2006). Upon cleavage, the DNA binding 
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domain-containing portion of the protein can be transported to the nucleus where it 

regulates downstream gene expression. Creb3l1 cleavage can also be regulated by 

signaling ligands such as BMPs (Murakami et al. 2009). Consistent with this regulation, 

Creb3l1 knockout mice show decreased bone formation due to reduced secretion of 

bone matrix proteins. Creb3l1 has also been shown to regulate extracellular matrix 

production within the pancreas (Vellanki et al. 2010). Creb3l1 mutant mice are viable 

and no lung defect has been reported (Murakami et al. 2006; Murakami et al. 2009). 

Tbx3: 

 Tbx3 is one of the four members of the T-box transcription factor family genes, 

Tbx2-5 that have been shown to be expressed within the lung mesenchyme (Fig. 2W, 

Chapman et al. 1996; Li et al. 2004). Their expression is promoted by SHH signaling, 

which is critical for lung epithelial branching and mesenchymal differentiation (Pepicelli 

et al. 1998; Li et al. 2004). However, no lung phenotype has been reported in Tbx3 

knockout mice (Davenport et al. 2003), potentially due to overlapping expression with 

Tbx2,4,5. 

 

Category 3-genes expressed in both the epithelium and mesenchyme: 

 We identified ten transcription factors as being expressed in both the epithelium and 

the surrounding mesenchyme (Fig. 3A-J). Within this group, there are multiple members 

of the homeobox and FOX domain containing transcription factors.  

 

Homeobox domain-containing: Pitx2, Zfhx3, and Pou2f1 



	
  

	
  

46	
  

 Of the three homeobox domain-containing transcription factors found to be 

expressed in both the epithelium and the mesenchyme (Fig. 3A-C), Pitx2 is the only 

gene known to be required for normal lung development. Pitx2 knockout mice exhibit a 

left-right asymmetry defect, which manifests in the transformation of the normally single-

lobed left lung into the multi-lobed right lung (Lu et al. 1999; Liu et al. 2001). It remains 

to be determined whether this phenotype is due to a primary role of Pitx2 in the lung, or 

an earlier requirement in the node or lateral plate mesenchyme for overall determination 

of left-right asymmetry. Of note, Pitx2 is expressed in only the left lobe of the E9.5 lung, 

but it becomes bilaterally expressed throughout the lung epithelium and mesenchyme 

by E13.5 (Kitamura et al. 1999 and data not shown). Two other Pitx transcription factor 

genes, Pitx1 and Pitx3, are also expressed in regions of the lung mesenchyme that 

overlap with the Pitx2 expression domain, suggesting possible redundancy (Fig. 3A; De 

Langhe et al. 2008). It has also been shown that the expression of both Pitx2 and Pitx3 

are positively regulated by WNT signaling in the lung (De Langhe et al. 2008), raising 

the possibility that Pitx genes may mediate the essential functions of WNT signaling 

during lung development. 

 Zfhx3 (also known as Atbf1) shows strong expression in the epithelium and 

subepithelial mesenchyme of the developing lung (Fig. 3B) (Ido et al. 1996). It has been 

shown that Zfhx3 promotes Pdgfrß expression in P19 mouse embryonic carcinoma 

cells, protecting these cells from oxidative stress (Kim et al. 2010). Pdgfrß is expressed 

within the subepithelial mesenchyme of the lung, and a recent study suggests that 

signaling through PDGFRB promotes smooth muscle development in the lung (Cohen 
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et al. 2009). Mice carrying a gene-trap allele of Zfhx3 have been produced, but no 

lung phenotype has been described  (Stryke et al. 2003; Qi et al. 2008).  

 Pou2f1 (also known as Oct1) is strongly expressed in the lung epithelium, and 

weakly expressed in the adjacent mesenchyme (Fig. 3C). Pou2f1 knockout embryos are 

smaller in size, underrepresented after E13.5, and none survive after birth (Wang et al. 

2004). No lung phenotype has been reported. However, in lung derived NCI-H441 cells, 

Pou2f1 has also been shown to directly bind to the promoter of SCGB1A1 (also known 

as CC10 or CCSP), a key marker for Clara cells (Sawaya et al. 1993). Furthermore, in 

the lens and nasal placode, Pou2f1 genetically interacts with Sox2 to promote the 

induction of these tissues (Donner et al. 2007). Sox2 is essential for the differentiation of 

airway epithelial cells (Gontan et al. 2008; Que et al. 2009; Tompkins et al. 2009). 

Whether similar interactions occur in the lung remains to be determined.  

FOX domain containing: Foxm1 and Foxh1 

Two FOX domain containing transcription factor genes, Foxm1 and Foxh1 are 

identified as being expressed in both the epithelium and mesenchyme of the lung (Fig. 

3D,E). The expression level of Foxm1 in lung diminishes from E11.0-E18.5, but peaks 

again during the initiation of alveologenesis in the postnatal lung (Wang et al.  2010). 

During lung development, Foxm1 promotes blood vessel formation, epithelial cell 

differentiation, and inhibits arterial smooth muscle formation. Conditional inactivation of 

Foxm1 in the lung mesenchyme leads to an increase of smooth muscle around the 

proximal airways and a decrease of pulmonary microvasculature (Kim et al. 2005). 

Conditional inactivation of Foxm1 in the lung epithelium leads to a decrease in 

sacculation and a delay in the differentiation of alveolar type I cells (Kalin et al. 2008). 
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Expression of a constitutively active form of Foxm1 within the embryonic lung 

epithelium results in impaired sacculation and epithelial hyperplasia in the major airways 

(Wang et al. 2010). These results demonstrate that precise control of Foxm1 level is 

crucial to multiple processes of lung development. 

 Similar to the loss of Pitx2, inactivation of Foxh1 in the lateral plate mesoderm leads 

to left-right asymmetry defects, which includes the transformation of the one-lobe left 

lung into the four-lobe right lung (Hoodless et al. 2001; Yamamato et al. 2003; Kofron et 

al. 2004; Von Both et al. 2004). And like in Pitx2 mutants, it is unclear whether this 

transformation of lung lobes is due to the requirement for Foxh1 in the lung, or at earlier 

stages in cells essential for left-right determination. In other tissues, Foxh1 has been 

shown to interact with several signaling pathways that are critical for lung development. 

For example, in the brain, Foxh1 acts downstream of TGFβ and upstream of retinoic 

acid signaling (Silvestri et al. 2008). However, whether similar relationships operate 

within the lung has not been shown. 

Miscellaneous: E2f1, Hif1a, Smarca5, Brd7, and Tcea1  

 Of the five single family member transcription factors expressed in both the 

epithelium and mesenchyme (Fig. 3F-J), E2f1 and Hif1a have previously been shown to 

play a role in lung development.  

  

E2f1:  

 E2f1 is one of eight E2f transcription factor genes present in the mouse genome. 

E2F transcription factors play very diverse roles including the control of cell proliferation, 

cell death, and cell differentiation (Wang et al. 1998; Fajas et al. 2002; Sharma et al. 
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2006; Chong et al. 2009). The function of the E2F1 transcription factor within the 

lung may be through its ability to interact with the retinoblastoma (RB) on the protein 

level (Swiss et al. 2010). Recent studies have identified that Rb is an important negative 

regulator of cell proliferation in the lung (DS Simpson DS et al.; Masson-Riche et al. 

2008). In the lung, E2f1 is more strongly expressed within the distal epithelium and 

mesenchyme, suggesting that E2f1 could regulate the differentiation/proliferation of 

cells within these two sub regions of the lung (Fig. 3F). While E2f1 single knockout mice 

show no lung phenotype, E2f1;E2f3 double knockout mice have simplified alveoli (Tsai 

et al. 2008). The precise role of these E2f factors in lung development has not been 

determined. 

 

Hif1a: 

 Like Hif3a described above, Hif1a is a member of the HIF group. It is known to 

promote vascular growth in response to low oxygen levels (Tian et al. 1997; Semenza 

et al. 2001a; Semenza et al. 2001b). Knockout mice are lethal by E11.0, due to 

defective vascular development and cardiac patterning (Iyer et al. 1998; Compernolle et 

al. 2003). Both conditional inactivation and conditional induction of Hif1a within the lung 

epithelium results in lethality shortly after birth (Saini et al. 2008; Bridges et al. 2011). 

The alveolar wall is much thicker in both lines, and both lines also have decreased 

alveolar epithelial differentiation. This suggests that the regulation of  Hif1a is critical to 

alveolar epithelial differentiation within the lung . The specific function of Hif1a within the 

lung mesenchyme has not been examined.  
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Smarca5 and Brd7:  

 Two of the transcription factors expressed in the epithelium and mesenchyme, 

Smarca5 and Brd7 are known chromatin regulators (Fig. 3H,I). SMARCA5 is a 

SWI/SNF related protein that is highly expressed within the distal epithelium and 

mesenchyme, while BRD7 is a bromodomain containing protein that acts as a 

component of the SWI/SNF complex and is expressed more uniformly with the lung 

(Fig. 3H, I and Stopka et al. 2003; Kaeser et al. 2008). Smarca5 global knockout mice 

are lethal during the pre-implantation stage of development (Stopka et al. 2003). 

Smarca5+/- embryonic stem cells or spermatocytes exhibit a global decrease in H3K9Ac 

and H3K79Me2 levels, indicating an inactive gene expression state (Vargova et al. 

2009). These results suggest that the general role of Smarca5 within the embryo is to 

promote an active chromatin state. No Brd7 knockout mutant has been reported, and 

the function of either of these genes during lung development awaits to be determined. 

 

Tcea1:  

 Similar to Tcea2 described above, Tcea1 is a transcriptional elongation factor that 

assists RNA polymerases to read through transcriptional blocks (Wind et al. 2000). 

Tcea1 is strongly expressed within the distal tips of the outgrowing lung bud epithelium, 

and within the distal lung mesenchyme (Fig. 3J). Recent work has suggested that 

Tcea1 can also boost RNA polymerase function through regulation of histone 

modifications (Nagata et al. 2009). Tcea1 knockout mice die prior to E16.5, with defects 

in the maintenance and differentiation of hematopoietic progenitor cells (Ito 2006). No 

lung phenotype has been reported, which may be due to redundancy with Tcea2, which 
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is also expressed in the lung epithelium (Fig. 1J). It is interesting to note that these 

factors, which have seemingly, house keeping functions show tissue specific 

expression.  

 

Category 4-Hox genes: 

 Hox genes encode an evolutionarily conserved family of transcription factors that 

control pattern formation in animals. Thirty-nine Hox genes are encoded in the mouse 

genome. Previous results obtained using multiple approaches including Northern 

blotting, RT-PCR/qRT-PCR and in situ hybridization suggest that as many as twenty 

Hox genes are expressed in the lung during development (Cardoso 1995; Mollard and 

Dziadek 1997; Grier et al. 2009). Despite the clear presence of expression, the function 

of Hox genes during lung development is largely unknown as only a single Hox mutant, 

Hoxa5, displays primary lung defects (Aubin et al. 1997; Kinkead et al 2004; Mandeville 

et al. 2006). Hoxa5 mutant mice exhibit respiratory distress and partial lethality at birth, 

likely due to reduced surfactant production and/or reduced and disorganized tracheal 

cartilage, which may lead to tracheal occlusion. Hoxa5 mutants that survive postnatally 

were found to have impaired alveologenesis. The lack of a lung phenotype in other 

single Hox mutants suggests that Hox factors may act redundantly. Furthermore, the 

range of defects observed in Hoxa5 mutants demonstrates that Hox factors may 

regulate a variety of processes over the course of lung development. To elucidate the 

function of Hox in lung branching morphogenesis, we assessed the expression of 

fourteen Hox genes (Hoxa1, Hoxa2, Hoxa5, Hoxa9, Hoxb2, Hoxb3, Hoxb5, Hoxb6, 

Hoxb8, Hoxb9, Hoxc5, Hoxc6, Hoxd4 and Hoxd9) previously noted for their expression 
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in the lung. We identified six genes, Hoxa1, Hoxa2, Hoxa5, Hoxa9, Hoxb5, and 

Hoxb8 that showed restricted expression patterns in E11.5, and either E12.5 or E13.5 

lung and trachea (Fig. 4A-L).   

 While most of the Hox genes we assayed show similar expression between the two 

stages that we analyzed, Hoxa1 expression changes over time. At E11.5, similar to at 

E10.5, Hoxa1 expression is readily detected, particularly in the distal mesenchyme of 

both the medial and accessory buds (Fig.4A and data not shown). However, this 

expression tapers off by E13.5 (Fig. 4B). Progressive loss of Hoxa1 expression is also 

supported by data from northern blot analysis (Mollard and Dziadek 1997). Northern blot 

data further indicate that other genes, Hoxa7, Hoxb3, and Hoxb4 also exhibit temporally 

dynamic expression (Mollard and Dziadek 1997). It should be noted that Hoxa1 mutants 

develop breathing abnormalities at birth (Lufkin et al. 1991). However, existing evidence 

has attributed the defect to a requirement for Hoxa1 in patterning the respiratory 

neuronal circuits in the brain (Chatonnet et al. 2002; Gray 2008).   

 Different Hox genes are often expressed in distinct cell lineages. For example, 

Hoxa2, Hoxa5, and Hoxa9 are expressed in the trachea/bronchi region, while Hoxb5 

and Hoxb8 are not. At both E11.5 and E13.5, Hoxa2 and Hoxa5 are observed in the 

trachea and main bronchi in a pattern consistent with cartilage precursors (Fig. 4C-F). 

Interestingly, while no tracheal cartilage defects have been reported in Hoxa2 mutants, 

Hoxa5 mutants do exhibit cartilage malformations, suggesting that Hoxa5 may be the 

primary Hox factor that controls cartilage patterning (Aubin et al. 1997). Although Hoxa9 

is also expressed in the trachea/bronchi region, its expression is primarily in the 

epithelium (Fig. 4G,H). The epithelial expression of Hoxa9 continues into the lung, 
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where it is also detected in the proximal lung mesenchyme. In contrast to this 

proximal bias, Hoxa2, Hoxa5, and Hoxb5 expression in the lung is more widespread 

throughout the mesenchyme at E12.5/E13.5 (Fig. 4D,F,J).  

 A vast majority of the genes that have been studied in the mouse lung show 

similar expression in the five lung lobes. Hence, it is interesting that several of the Hox 

genes that we have assayed exhibit biased expression in the different lobes. For 

example, at E11.5, both Hoxa1 and Hoxa5 show concentrated expression in the distal 

mesenchyme of the medial and accessory lobes (Fig. 4A,E). At both E11.5 and E12.5, 

HoxB8 show concentrated expression in the distal mesenchyme of the left lobe and in 

the cranial and caudal lobes of the right lung (Fig. 4K,L). Whether these transcription 

factors coordinate the shape and size of the lung lobes remains unknown.  It is 

important to note that Hox genes were first identified as genes that provide segmental 

identity in Drosophila. In mouse, Hox gene expression often marks particular sub-

regions within a tissue lineage such as in the anterior/posterior axis, the brain and the 

limb bud. Our results suggest that Hoxa1, Hoxa5 and Hoxb8 can be used as markers of 

early lobe compartments within the developing lung. 

 

Conclusions: 

 Using a probe collection that represents a majority of the transcription factors 

encoded in the mouse genome, we identified sixty-two transcription factors that show 

patterned expression in the pseudoglandular stage mouse lung. Many of the 

transcription factors that we identified have not been previously implicated in lung 

development. Furthermore, characterization of the expression pattern of some of these 
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genes, such as Grhl2 and Lhx6, has led to consideration of other members of the 

gene families. We envision that our findings will promote future studies by: providing 

additional genes to be investigated for their roles in lung development; increasing nodes 

of the transcriptional circuits that act either upstream or downstream of known factors; 

and suggesting putative markers for specialized cell populations in the lung at multiple 

stages of development and maturation. 

Going beyond development, our dataset may be of value to lung disease research 

such as the studies of lung cancer.  Recent investigations of lung cancer have revealed 

strong correlations between patient survival rates and miss-expression of a number of 

the transcription factors highlighted in our screen. For example, increased nuclear 

localization of ID2 or increased expression of FOXM1, HIF1A, SNAI1 or HOXA9 is 

associated with higher mortality rates (Choi et al. 2006; Rauch et al. 2007; Gialmanidis 

et al. 2009; Hung et al. 2009; Rollin et al. 2009). These findings also raise the possibility 

that while the expression of many of these factors is downregulated at the completion of 

development, they are reactivated in tumor cells. Thus, our dataset may suggest 

candidate biomarkers that can be used to accelerate lung cancer diagnosis.  
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Materials and Methods: 

 

Tissue Collection:  

The embryos used in these experiments were harvested from time-mated females, 

with noon the day of the vaginal plug counted as E0.5. Dissected lung tissues were 

fixed in 4% paraformaldehyde for 4 hours to overnight at 4oC. After fixation the right 

lungs were embedded in 4% low melt agarose and sectioned at 100um thickness using 

a vibratome. Intact left lung lobes and the right lung sections were dehydrated through a 

methanol series and stored at -20 oC in 100% methanol until RNA in situ hybridization. 

 

RNA in situ hybridization: 

RNA in situ probes were generated from a published plasmid collection (Gray 

2004). RNA in situ hybridization was performed following a protocol that was adapted 

from previously published protocols (Wall and Hogan 1995; Abler et al. 2011). Briefly, 

either wholemount of vibratome-sectioned tissues stored in methanol were rehydrated 

using PBS with 0.1% Tween (PBT). Tissues were then permeabilized using 10µg/ml 

proteinase K in PBT for 10 minutes. Tissues were fixed with 4% paraformaldehyde, 

0.2% glutaraldehyde in PBT for 20 minutes. They were then washed and allowed to 

hybridize with probes at 70oC overnight. After the hybridization, tissues were washed 

three times, twenty minutes each in 2x SSC, 0.1% CHAPS, and then in 0.2x SSC, 0.1% 

CHAPS at 70oC. Tissues were then washed in KTBT and blocked for 2 hours in 2% 

blocking solution (Roche) and 20% heat inactivated sheep serum (Sigma) in KTBT at 

room temperature. The tissues were then incubated overnight at 4˚C in the primary 
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antibody, AP conjugated α-DIG, Fab fragment (Roche) at a dilution of 1:2000 using 

2% blocking solution and 20% heat inactivated sheep serum in KTBT. The tissues were 

then washed 5 times, 1hour each in KTBT at room temperature. Following this, the 

tissues were washed twice, 5 minutes each with 0.1% Tween, 1mM Levamisole in 

ddH2O. Finally the tissues were stained in BM purple (Roche) containing 0.1% Tween 

and 1mM levamisole. The staining was carried out for varying amount of time 

depending on the probes until desired intensity, from 30 minutes to 8 hours. 
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Figures: 

Figure 1. Patterns of transcription factor genes with primarily epithelial expression 

within the developing lung. 

(A-W) Twenty-three genes were identified by RNA in situ hybridization as having 

epithelium-specific expression patterns in the E13.5 lung. For each gene, the left panel 

is a wholemount in situ hybridization of a left lung lobe, and the right panel is a 

vibratome section of a right lung lobe. 
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Figure 2. Patterns of transcription factor genes with primarily mesenchymal 

expression within the developing lung. 

(A-W) Twenty-four genes were identified by RNA in situ hybridization as having 

mesenchyme-specific expression patterns in the E13.5 lung. For each gene, the left 

panel is a wholemount in situ hybridization of a left lung lobe, and the right panel is a 

vibratome section of a right lung lobe. 
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Figure 3: Patterns of transcription factor genes with both epithelial and 

mesenchymal expressions within the developing lung. 

(A-J) Ten transcription factor genes were identified by RNA in situ hybridization to be 

expressed within both the epithelium and the mesenchyme of the E13.5 lung. For each 

gene, the left panel is a wholemount in situ hybridization of a left lung lobe, and the right 

panel is a vibratome section of a right lung lobe. 
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Figure 3: Patterns of transcription factor genes with both epithelial and 

mesenchymal expressions within the developing lung. 
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Figure 4:  Patterns of Hox transcription within the developing lung. 

  (A-L) Six Hox genes were identified by RNA in situ hybridization to be expressed 

within the E11.5 (A,C,E,G,I,K) and either E12.5 (J,L) or E13.5 (B,D,F,H) lung and 

trachea.  Each gene is a wholemount in situ hybridization of both the trachea and lung. 
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Table 1. A summary of transcription factors identified in the screen: 

Gene  
Name 

Sites of 
expression in lung 

Function during lung development References 
 

Figure 
 

Ash2l Epithelium  KO: dies at lung bud initiation stage. Stoller et al. 2010 1R 
Baz1b Mesenchyme KO: die at birth with heart defects, no 

reported lung defect. 
Yoshimura et al. 
2009 

2C 

Brd7 Epithelium and 
Mesenchyme 

No knockout line available. Kaeser et al. 2008 3I 

Creb3l1 Mesenchyme KO: viable and no reported lung 
defect. 

Murakami et al. 
2009 

2V 

E2f1 Epithelium and 
Mesenchyme 

KO:  no reported lung defect. Double 
KO of E2f1;E2f3 develops simplified 
alveoli. 

Tsai et al. 2008 3F 

Elf5 Epithelium  OE: dilated branching tips and 
disrupted epithelial differentiation.  
KO: no reported lung defect.  

Metzger et al. 
2008 and Xin Sun 
unpublished 

1N 

Elk3 Mesenchyme KO: survive birth, but eventually die 
due to respiratory distress secondary 
to chyle built up in thorax.  

Ayadi et al. 2001 2L 

Ets1 Mesenchyme KO: viable and no reported lung 
defect. 

Muthusamy et al. 
1995 

2M 

Ets2 Mesenchyme KO: embryonic lethal at E8.5.  Yamamoto et al. 
1998 

2N 

Etv5 Epithelium  DN: proximalization of the lung 
epithelium in late branching stage.  
KO: no reported lung defect.  

Liu et al. 2003; 
Chen et al. 2005 

1M 

Foxa1 Epithelium  KO: crucial for epithelial branching 
and differentiation. 

Wan et al. 2005 1K 

Foxd4 Epithelium  No knockout line available. Kaestner et al. 
1993 

1L 

Foxf1a Mesenchyme Heterozygous KO: lung lobe fusion 
and altered branch pattern. 

Mahlapuu et al. 
2001 

2S 

Foxf2 Mesenchyme KO: dies postnatally with no reported 
lung defect.  

Wang et al. 2003 2T 

Foxh1 Epithelium and 
Mesenchyme 

KO: left-right asymmetry lung defect. Yamamato et al. 
2003; Hoodless et 
al. 2001 

3E 

Foxm1 Epithelium and 
Mesenchyme 

KO: defects in vascular and epithelial 
cell differentiation and inhibit arterial 
smooth muscle formation in lung. 

Kim et al 2005; 
Kalin et al. 2008 

3D 

Gata6 Epithelium  KO: precocious formation of 
bronchial alveolar stem cells 
(BASCs). 

Keijzer et al 2001; 
Yang et al. 2002 

1G 

Gli2 Mesenchyme KO: reduced lung branching. Motoyama et al. 
1998 

2A 

Grhl2 Epithelium  Point mutant: reduced lung size and 
lung collapse at birth. 
KO: dies at beginning of lung 
development.  

Pyrgaki  et al. 
2011 

1W 

Heyl Mesenchyme KO:  viable and no reported lung 
defect.  

Fischer et al. 2007 2R 

Hhex Mesenchyme KO: dies at E14.5, no reported lung 
defect. 

Hallaq et al. 2004 2I 
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Hif1a Epithelium and 
Mesenchyme 

CKO in epithelium: lethal at birth due 
to low surfactant gene expression. 

Saini et al 2008 3G 

Hif3a Mesenchyme KO: impaired alveologenesis with an 
increase of the vasculature lining the 
alveolar walls. 

Yamashita et al. 
2008 

2P 

Hnf1b Epithelium  KO: embryonic lethal at post 
implantation stage. 

Coffinier et al. 
2002 

1E 

Id2 Epithelium  KO: dies postnatally, no reported 
lung defect. 

Yokota et al. 1999 1U 

Id3 Mesenchyme KO: viable and no reported lung 
defect. 

Pan et al. 1999 2Q 

Irf6 Epithelium  Unknown. KO: no reported lung 
defect. 

Ingraham et al. 
2006 

1V 

Irx3 Epithelium  KD: abnormal branching.  Van Tuyl  et al. 
2006 

1A 

Kat2b Epithelium  KO: no reported lung defect. Yamauchi et al. 
2000 

1Q 

Lef1 Mesenchyme KO: dies postnatally, no reported 
lung defect. 

van Genderen et 
al. 1994 

2U 

Lhx6 Mesenchyme KO: dies around 2 weeks 
postnatally, no reported lung defect. 

Liodis et al. 2007 2H 

Lmo1 Epithelium  KO: viable and no reported lung 
abnormalities. 

Tse et al. 2004 1H 

Meis1 Mesenchyme KD: dies at E14.5 and exhibit lung 
hypoplasia. 

Hisa et al. 2004 2F 

Mnx1 Epithelium  KO: postnatal lethal due to failure to 
inflate lungs. 

Arber et al. 1999 1F 

Nab1 Epithelium  KO: viable and no reported lung 
defect. 

Le et al. 2005 1T 

Nkx1-2 Epithelium  No knockout line available. Tamplin et al.2008 1D 
Nkx2-1 Epithelium  KO or KD: failed trachea 

specification and lung branching 
arrest. 

Minoo et al.1995; 
Minoo et al. 1999 

1B 

Nkx2-9 Epithelium  KO: tracheobronchial epithelium 
hyperplasia in adult lung. 

Tian et al. 2006 1C 

Nr2f1 Mesenchyme KO: postnatal lethal with no reported 
lung defect. 

Qiu  et al.1997 2D 

Nr2f2 Mesenchyme KO: dies at E10.0. CKO: lung 
hypoplasia. 

Pereira  et al 
1999; You et al. 
2005 

2E 

Pitx2 Epithelium and 
Mesenchyme  

KO: left-right asymmetry lung defect. Lu et al. 1999; Liu 
et al. 2001 

3A 

Pou2f1 Epithelium and 
Mesenchyme 

KO: prenatal lethal with 
erythropoiesis defect, no reported 
lung defect.  

Wang et al. 2004 3C 

Pou3f1 Mesenchyme KO: dies at birth due to respiratory 
distress possibly secondary to 
neuronal defects. 

Bermingham et al. 
1996 

2G 

Smarca
5 

Epithelium and 
Mesenchyme 

KO: lethal at pre-implantation stage.  Stopka et al. 2003 3H 

Snai1 Mesenchyme KO: lethal at E8.5. Carver et al. 2001 2B 
Sox18 Mesenchyme KO: variable prenatal lethality, 

cardiovascular defects, no reported 
lung defect. 

Dunn et al. 1995 2K 
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Sox2 Epithelium  CKO: disruption of cell 
differentiation. 
OE: altered branching 
morphogenesis. 

Gontan et al. 
2008; Tompkins et 
al. 2009; Que et 
al. 2009  

1O 

Sox7 Mesenchyme No knockout line available. Cermenati et al 
2008 

2J 

Sox9 Epithelium  CKO: no reported lung defect. Perl et al. 2005 1P 
Tbx3 Mesenchyme KO: dies before birth, no reported 

lung defect. 
Davenport et al. 
2003 

2W 

Tcea1 Epithelium and 
Mesenchyme 

KO: dies before E16.5 and no 
reported lung defect. 

Ito et al. 2006 3J 

Tcea2 Epithelium  No knockout line available. Reines et al. 1996 1J 
Tcf21 Mesenchyme KO: branching defects with 

proximalization of the lung 
epithelium.  

Quaggin et al. 
1999 

2O 

Tfap2c Epithelium  KO: dies at E7-9. Werling et al. 
2002 

1S 

Zfhx3 Epithelium and 
Mesenchyme 

Gene-trap mutant:  no reported lung 
defect. 

Stryke  et al. 2003 3B 

Zfp746 Epithelium  No knockout line available. Shin et al 2011 1I 
 
 
Abbreviations:  
KO Knock Out  
KD Knock Down 

CKO Conditional 
Knock Out 

DN Dominant 
Negative 

OE Over 
Expression 

*Hox gene expression patterns are 
presented separately in Figure 4.  
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Chapter III: FGF-Regulated Etv Genes Control FGF-SHH Feedback Loop in 

Branching Lung 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The transgenic lungs used in this study were generated with the help of Ying Zhang, 
Matthew J. Anderson, Deborah A. Swing, and Mark Lewandoski. 
All other data was produced by John Herriges. 
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Abstract: 
 

The FGF signaling pathway plays critical roles in both prenatal and postnatal lung 

development. However how FGF controls lung development at the transcriptional level 

is poorly understood. Here, we conditionally inactivated FGF regulated transcription 

factor genes Etv4 and Etv5 (Etv4;5) in the lung epithelium, and demonstrate that they 

are necessary for prenatal lung development. Unexpectedly, rather than phenotypes 

that mimic loss-of-function FGF mutants, the mutant lungs exhibited increased Fgf10 

expression and corresponding increased ERK1/2 phosphorylation. Subsequent genetic 

experiments demonstrated that this increase in Fgf10 expression contributes to the 

Etv4;5 mutant phenotype.  We show further, evidence that this ETV inhibition of Fgf10 is 

likely mediated by ETV promotion of Shh expression in the lung epithelium, which in 

turn inhibits Fgf10 expression in the adjacent mesenchyme. As ETV inhibits Shh 

expression in the limb bud, our results in the lung indicate that the nature of ETV 

regulation of Shh is context dependent. Together, our findings show that Etv genes are 

an important node of the FGF-SHH signaling loop that balances between growth and 

branching of the lung epithelium.  
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Introduction: 

The mammalian lung is essential for survival at birth. In mice, lung development 

initiates around embryonic day 9.5 (E9.5), with the outgrowth of the epithelial lung buds 

from the embryonic foregut (Cardoso and Lu 2006; Morrisey and Hogan 2010). Shortly 

after lung bud initiation the lung buds elongate and enter the pseudoglandular stage, 

where the epithelium begins the process known as branching morphogenesis. During 

branching morphogenesis a complex network of epithelial airways arises through the 

stereotypical application of three different modes of epithelial branching (Metzger et al. 

2008). The stereotypical nature through which branching morphogenesis occurs 

suggests that there is a strict genetic component that regulates this process.  

Many signaling pathways play critical roles in lung formation (Warburton et al. 

2005; Cardoso and Li 2006; Morrisey and Hogan 2010). Of these, the fibroblast growth 

factor (hereafter FGF) signaling pathway is one of the most thoroughly studied. In total, 

seven FGF ligands and four FGF receptors are expressed in the lung at varying stages 

of development (Warburton et al. 2005; Yu et al. 2010; Cardoso and Lu 2006; Morrisey 

and Hogan 2010). The earliest requirement for the FGF signaling pathway in lung 

development is during bud initiation, where FGF10 and FGFR2-IIIb, are required for the 

formation of the initial lung buds (Min et al. 1998; Sekine et al. 1999; De Moerlooze et 

al. 2000).  During branching morphogenesis the mesenchymally expressed Fgf10 

continues to be necessary for epithelial development, as Fgf10 hypomorphs and Fgf10 

conditional knockout mice develop a greatly simplified epithelial branching structure 

(Mailleux et al. 2005; Abler et al 2009).  Recent studies have suggested that one of the 

primary mechanisms through which FGF10 mediates epithelial development is through 
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an FGF10 to SHH negative feedback loop (Bellusci et al. 1997; Pepicelli et al. 

1998; Abler et al. 2009). In this loop, the mesenchymally expressed Fgf10 signals to the 

distal epithelium to promote epithelial outgrowth (Weaver et al. 2000). In response to 

FGF10, the epithelium grows towards the distal mesenchyme and produces SHH, which 

inhibits the expression of Fgf10  in the adjacent mesenchyme (Abler et al. 2009). This 

causes Fgf10 to be expressed in nodules that are constantly shifting and splitting in 

response to the outgrowing epithelium. Traditionally the dynamic localization of Fgf10 

expression has been thought to be one of the driving forces of epithelial bifurcation 

during branching morphogenesis, as each newly formed Fgf10 expression nodule 

serves as a separate source of FGF10 and each outgrowing epithelial tip is exposed to 

multiple nodules. However, recent data has suggested that the expression level of 

Fgf10, and not its expression pattern, is critical for branching morphogenesis (Volckaert 

et al. 2013). Regardless of these recent studies though, the FGF-SHH feedback loop is 

still thought to be one of the key mediators of branching morphogenesis, as it controls 

Fgf10 expression levels. 

Interestingly, although many studies have been devoted to examining the 

function of pathway ligands and receptors during lung development, relatively few 

studies have examined how the downstream components of these signaling pathways 

mediate branching morphogenesis. To begin to understand the molecular mechanisms 

that control branching morphogenesis we had previously performed a genome scale 

transcription factor in situ hybridization screen (Herriges et al. 2012).  From this screen 

we identified the PEA3 group ETS domain transcription factor ETV5, which is expressed 

in the distal epithelium. ETV5 is one of three PEA3 group transcription factors, all of 
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which are expressed in the developing lung, however, only Etv4 and Etv5 

(hereafter Etv4;5) are strongly expressed in the lung epithelium (Liu et al 2003; 

Chotteau-LelieÁvre et al. 1997; Herriges et al. 2012). Previous studies have shown that 

the expression of Etv4;5 are regulated by FGF signaling, making them attractive 

candidates for mediating FGF function during lung development (Liu et al. 2003; Lin et 

al. 2006; Zhang et al. 2009). A recent study examined the role of PEA3 group 

transcription factors in lung development through the overexpression of a dominant 

negative ETV5-Engrailed repressor fusion protein (hereafter Etv5-Engl) (Liu et al. 2003). 

The overexpression of the Etv5-Engl construct resulted in several phenotypic 

abnormalities, including a disruption in epithelial patterning and epithelial differentiation; 

however, the potential role of PEA3 group transcription factors during branching 

morphogenesis was not addressed. We were therefore interested in further examining 

the role of Etv4;5 during branching morphogenesis, in hopes that it would allow for a 

better understanding of how FGF signaling controls epithelial development in the lung.  

In this study we used a conditional knockout approach to examine the role of 

Etv4;5 in the embryonic and pseudoglandular stages of lung development. Here we 

demonstrate that Etv4;5 are necessary for epithelial branching morphogenesis. 

Previous work has suggested that FGF signaling controls branching morphogenesis 

through an FGF-SHH negative feedback loop, however how FGF signaling mediates 

Shh expression is unknown (Abler et al. 2009). Our data suggests that ETV4;5 act as 

intermediates in the FGF-SHH negative feedback loop in the pseudoglandular stage 

lung, by acting downstream of FGF signaling and promoting the activity of a long range 

Shh-enhancer.  Collectively our data demonstrates that ETV4;5 are necessary for early 
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epithelial branching in the lung, and provide a more thorough understanding of how 

FGF signaling is mediating embryonic lung development.  

 

Results: 

Inactivation of Etv4 and Etv5 leads to reduced branch morphogenesis 

To investigate the requirement for Etv4 and Etv5 (hereafter Etv4;5) during lung 

development, we inactivated both in the embryonic lung epithelium. This was achieved 

by conditionally inactivating Etv5 using an Etv5fl allele and an epithelial-specific Shhcre , 

in combination with a null allele of Etv4, which generated Shhcre/+;Etv5fl/fl;Etv4-/- 

(hereafter Etv4;5 mutant) embryos (Laing et al. 2000; Harfe et al. 2004; Harris et al. 

2006; Zhang et al. 2009). We found over 80% reduction of the full-length Etv5 transcript 

by E11.5, demonstrating that inactivation is efficient in the presence of the cre-

recombinase (Figure 1A). 

While Etv4;5 mutants do survive, they display smaller lungs at birth (data not 

shown). In tracing the source of the lung hypoplasia phenotype, we found that Etv4;5 

mutant lungs display branching defects as early as E10.5, shortly after budding initiates. 

The distal tips of nascent buds, especially the larger right lung bud, are dilated in the 

mutant compared to control (Fig. 1C,D).  This tip dilation phenotype remains prominent 

throughout branching morphogenesis, and the increase in tip size is statistically 

significant at both E12.5 and E13.5 (Fig. 1E-K). In addition, epithelial branching is 

delayed in the Etv4;5 mutant lungs, which contributes to a reduction in branch number 

starting at E11.5 (Figure 1E,F). This phenotype persists during development, resulting 

in a greatly simplified epithelial branch structure and partial fusion of the rostral, medial, 



	
  

	
  

74	
  

and caudal lobes of the right lung (Figure 1C-F and data not shown). Etv4;5 

mutants also have a disruption of branch positioning, the most prominent of which is a 

posterior shift of the secondary branch that will form the accessory lobe (Figure 1F).  

This shift will later result in the fusion of the accessory and caudal lobes in the mutant 

lung (Fig. 1F).  Taken together, these results led us to conclude that Etv4;5 are 

necessary for establishing epithelial branch patterning during the early stages of lung 

development.  

 

Etv4;5 mutant lungs show increased FGF signaling. 

Interestingly, some of the epithelial defects, that we observed in Etv4;5 mutant 

lungs are more similar to the phenotypes that have been reported in mutants with 

increased, rather than decreased, FGF signaling (Abler et al. 2009;Tang et al. 2011; 

Volckaert et al. 2013). To determine if FGF signaling was altered in the Etv4;5 mutant 

lung, we examined the pattern of phosphorylated-ERK (hereafter pERK), a commonly 

assayed readout for FGF activity. We found that the pERK signal is elevated in intensity 

and expanded in its domain in the mutant epithelium compared to the control (Fig. 2A-

F). To trace the cause of this increase in FGF activity, we examined the expression of 

Fgf10, the principle FGF ligand that regulates early lung branching. Using quantitative 

RT-PCR (hereafter qRT-PCR), we found that Fgf10 expression is significantly increased 

in the Etv4;5 mutant lung (Figure 2G). Consistent with this, we found that there was an 

expansion of the Fgf10 expression domain in the mutant lung (Figure 2H-I).  

The above results suggested that the increase in FGF activity would contribute to 

the branching defects that arise in the mutant lung. To address this possibility, we 
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reduced FGF signaling in the mutant lung by inactivating one copy of Fgf10 in the 

Etv4;5 mutant background, generating Shhcre/+; Etv5fl/fl;Etv4+/-;Fgf10+/- (hereafter 

Etv4;5;Fgf10) embryos (Sekine et al. 1999). This rescued the pERK staining in the 

Etv4;5;Fgf10 lungs, suggesting that introducing Fgf10+/- is sufficient to decrease FGF 

signaling in the epithelium (Sup Figure 1A-B ). Compared to Etv4;5 mutants, the 

Etv4;5;Fgf10 mutants exhibit a mild but consistent attenuation of the distal dilation 

defect as early as E11.5  (Figure 3A,B). By E13.5, the epithelial tips of Etv4;5;Fgf10 

mutants are roughly 50% smaller than those of Etv4;5 mutants (P<0.05 N=4) (Figure 

3C-E).  These results are consistent with findings in a recent publication, which 

demonstrated that FGF signaling controls lung epithelial lumen size (Tang et al. 2011). 

Interestingly, the branch number was not attenuated in the Etv4;5;Fgf10 mutant lungs 

compared to control (Figure 3 C-D,F). Taken together, these data suggest that the 

increase in FGF signaling contributes to the epithelial phenotypes seen in the Etv4;5 

mutant lungs. 

  

Etv4;5 mutant lungs exhibit a decrease in SHH signaling  

The above data revealed that Etv4;5 are part of a negative feedback loop, where 

FGF10 promotes the expression of Etv4;5 in the distal epithelium, and ETV4;5 inhibit 

the expression of Fgf10 in the distal mesenchyme. As ETV4;5 are transcription factors 

that act cell-autonomously, their inhibition of Fgf10 expression in the mesenchyme must 

be through an intermediate factor that is expressed in the epithelium, but impacts the 

mesenchyme. One of the candidate mediators was FGF9, which has previously been 

shown to promote Fgf10 expression in the mesenchyme (Colvin et al. 2001; del Moral et 
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al. 2006).  However, we found that Fgf9 expression was not statistically changed in 

the mutant lung (Data not shown).  A second candidate mediator was Shh. Like Etv4;5, 

Shh is expressed in the epithelium, and its expression is regulated by FGF10 acting 

through FGFR2-IIIb in the epithelium (Abler et al. 2009). This raises that possibility that, 

ETV4;5 may act as the missing transcription factor that mediate the interaction between 

FGF10 and Shh. Further fitting this role, Shh has been shown to inhibit Fgf10 

expression (Bellusci et al. 1997; Pepicelli et al. 1998). Together, these data led us to 

hypothesize that a direct role of Etv4;5 in the FGF feedback loop is to promote Shh 

expression in the distal epithelium. 

To test this hypothesis, we examined whether SHH signaling is altered in the Etv4;5 

mutant lung.  By in situ hybridization, we found that the staining intensity of Shh, as well 

as the SHH pathway readouts, Gli1 and Ptch1, are decreased in Etv4;5 mutant lungs 

(Figure 4A-F).  This decrease is supported by qRT-PCR results (Figure 4G), suggesting 

that Etv4;5 are required to promote Shh expression in the distal epithelial tips. 

 

Increasing SHH signaling activity attenuates lumen size phenotype in Etv4;5 

mutant lungs 

To determine if the decrease in SHH signaling in the Etv4;5 mutant contributes to 

the phenotype, we enhanced SHH activity in the Etv4;5 mutant lung and assessed the 

epithelial branch structure. This enhancement was achieved by using a potent 

pharmacological activator of the SHH co-receptor, Smoothened (Smoothened agonist, 

hereafter SAG) in an in vitro lung culture system (Chen et al. 2002). The treatment of 

lungs with SAG was able to induce the expression of the SHH pathway readout Ptch1 
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after twenty-four hours in lung culture (Sup Figure 2A-B). Furthermore, Etv4;5 

mutant lungs cultured in control media develop a dilated epithelial tip after only twenty-

four hours, recapitulating the in vivo phenotype ( P<0.02 N=3 Figure 5A-B, E-F,I). 

Together these data demonstrate that this in vitro lung culture system can allow us to 

examine how SHH signaling is contributing to the epithelial phenotype in the mutant 

lung.    

To test whether activating the SHH pathway would attenuate the epithelial 

phenotype, we cultured lungs in media containing SAG (7.26x10-6ug/ul).  The treatment 

of control lungs with SAG at this concentration does not affect the epithelial tip size 

(Figure 5A-D). However, treatment of Etv4;5 mutant lungs with SAG at this 

concentration, significantly decreased the mutant epithelial tip size (P<0.02 N=3 Figure 

E-I). Furthermore, in SAG treated Etv4;5 mutant lungs, the size of the epithelial tip of 

was not significantly different from either DMSO or SAG treated control lungs (P>0.15 

N=3 Figure 5I). These results support the conclusion that the decrease in SHH signaling 

is contributing to the Etv4;5 mutant lung phenotype, and also suggest that ETV4;5 are 

acting in the distal lung epithelium to mediate a FGF-SHH signaling loop. 

 

Etv4;5 directly regulate Shh expression through a long range Shh enhancer 

A recent study identified a long range Shh enhancer expressed in the lung 

epithelium (Sagai et al. 2009). In the Shh-enhancer we were able to identify three highly 

conserved ETV4;5 DNA binding sites, using the previously described ETV4;5 DNA 

binding matrices (Wei et al. 2010) (Figure 6A). The conservation of these ETV4;5 
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binding sites suggests that they are functionally relevant for the activity of the Shh-

enhancer.  

To assess whether ETV4;5 regulate the Shh-enhancer’s activity, we performed a 

series of luciferase reporter assays in MLE12 cells. In cell culture, we found that ETV5 

induced the activity of the Shh-enhancer (Figure 6A). Furthermore, removing the N-

terminal of the ETV5 ETS DNA binding domain eliminated the ability of ETV5 to act on 

the Shh-enhancer (Figure 6C). This suggests that the binding of ETV5 to the Shh-

enhancer sequence is required for ETV5 to promote the enhancer’s activity. To 

determine whether the three conserved Etv4;5 binding sites are required to induce the 

activity of the Shh-enhancer, we mutated the core ETV4;5 binding sequence from 

GGAA/T (CCTT/A) to CCAA/T (GGTT/A) (Figure 6B). Previous studies have 

demonstrated that this can alleviate the ability of ETV5 to bind to a conserved binding 

site (de Launoit et al. 1998). After mutating the ETV5 binding sites, we found that ETV5 

could no longer induce Shh-enhancer activity, suggesting that the conserved binding 

sites are necessary for normal Shh-enhancer activity in vitro (Figure 6B). From these 

data, we conclude that in a lung epithelial cell line, ETV5 is able to induce the activity of 

the Shh-enhancer through interacting with three highly conserved ETV5 DNA binding 

sites. 

In addition to the ETV4;5 binding sites in the Shh enhancer, we identified a highly 

conserved NKX2.1 binding site (Figure 6A). A previous study had demonstrated that 

ETV5 can interact with NKX2.1 on the protein level to promote the expression of Sftpc 

in a lung epithelial cell line (Lin et al. 2006). In cell culture we found that NKX2.1 was 

able to induce the activity of the Shh enhancer (Sup. Fig 3A).  We also found that the 
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co-culture of NKX2.1 with ETV5 resulted in an increase in luciferase activity that 

was greater than the luciferase values seen when we cultured cells with ETV5 or 

NKX2.1 individually. Together these data suggest that ETV4;5 are able to control the 

activity of the SHH enhancer through interacting with NKX2.1. 

To assess the role of the ETV4;5 binding sites in an in vivo context, we carried out 

a transgenic assay in which we examined b-galactosidase (hereafter b-gal) activity in 

lungs from embryos containing either the control or mutant Shh-enhancer linked to  a 

LacZ open reading frame. In total, we examined 68 control embryos and 125 mutant 

embryos, which resulted in 20 control transgenic lines and 23 mutant transgenic lines 

for the Shh-enhancer. In agreement with a previous study, we found that the control 

Shh-enhancer was able to drive b-gal activity throughout the lung epithelium (Sagai et 

al. 2009)(Figure 6D). We were still able to visualize the b-gal activity in transgenic lungs 

that carried the mutant Shh-enhancer, however the overall staining intensity was greatly 

reduced (Figure 6E). Furthermore, although we did observe some variability in the 

strength of the staining in the transgenic lungs containing both the control and mutant 

Shh-enhancer, we consistently saw lighter staining in the transgenic lungs containing 

the mutant Shh-enhancer (Sup figure 4A-C). Together these data suggest that the 

conserved ETV4;5 binding sites are necessary for the normal activity of the Shh-

enhancer in an in vivo context, and that this may be the mechanism through which 

Etv4;5 are able to regulate Shh expression. 

 

Discussion: 
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 While many studies have examined the function of FGF ligands and FGFRs 

during lung development, relatively few studies have examined how the FGF pathway 

controls lung development on the transcriptional level. In this study we utilized a 

conditional knockout approach to establish a clear and specific requirement for the FGF 

regulated transcription factors Etv4;5 during the initial stages of lung development.  Our 

data demonstrates that Etv4;5 are necessary for branching morphogenesis in the 

embryonic lung. Furthermore, our data suggests that Etv4;5 control epithelial branch 

patterning in part by acting as intermediate components of the FGF-SHH signaling loop, 

which is thought to be one of the primary mediators of branching morphogenesis. 

Additionally, our data suggests that Etv4;5 also control epithelial branch patterning 

through an unknown mechanism that is independent of the FGF-SHH signaling loop. 

 Surprisingly, although Etv4;5 are downstream components of the FGF signaling 

pathway, we found that FGF signaling was increased in the Etv4;5 mutant lung. 

Previous studies have shown that hyperactive FGF signaling can cause the lung 

epithelium to dilate (Abler et al. 2009;Tang et al. 2011). Therefore the increase in FGF 

signaling provided a plausible mechanism through which the Etv4;5 mutant lungs were 

developing a dilated epithelium.  By genetically decreasing FGF signaling in the lung, 

through removing one copy of Fgf10, we were able to confirm that the increase in the 

lumen size was caused by heightened FGF signaling.  We therefore propose that one of 

the principle roles of Etv4;5 during lung development is to mediate an FGF negative 

feedback loop in the distal lung (Figure 6F).  Interestingly, previous studies have 

demonstrated that Etv4;5 also mediate an FGF negative feedback loop in the limb, 
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suggesting that a general role of Etv4;5 is to control the feedback inhibition of FGF 

signaling during development (Zhen et al. 2009; Junhao et al. 2009).  

 Since ETV4;5 are transcription factors, their regulation of FGF signaling in the 

mesenchyme had to be through an intermediate factor. Recent studies provide 

evidence that SHH signaling acts downstream of FGF signaling in the epithelium, and 

that SHH signaling negatively regulates Fgf10 expression in the mesenchyme (Pepicelli 

et al. 1998; Abler et al. 2009). This made it a plausible medium through which Etv4;5 

could regulate Fgf10 expression. In agreement with this, we found that SHH signaling 

was decreased in Etv4;5 mutant lungs.  Furthermore, like the Etv4;5;Fgf10 rescue, we 

found that activating the SHH pathway was able to attenuate the lumen dilation 

phenotype. These findings illustrated that a decrease in SHH activity is contributing to 

the Etv4;5 mutant lung phenotype, and suggested that Etv4;5 are intermediate factors in 

the FGF-SHH signaling loop that controls lung development. 

 The question then arose as to how Etv4;5  are able to mediate SHH expression in 

the epithelium. Through a combination of in vitro and in vivo studies we were able to 

demonstrate that Etv4;5 promote the activity of a long range Shh enhancer in the lung. 

Interestingly, previous studies have suggested that Etv4;5 also control FGF signaling in 

the limb by regulating Shh expression. However, in the limb ETV4;5 negatively regulate 

Shh expression, and SHH signaling promotes the FGF pathway (Zhen et al. 2009; 

Junhao et al. 2009).  We believe that the discrepancy between how Etv4;5 mediate Shh 

expression can be explained by the fact that the SHH-FGF regulation is the opposite in 

the lung and limb.  Therefore, in order for Etv4;5 to repress FGF signaling in both 

tissues, Etv4;5 must have an opposite effect on Shh expression in the two tissues.  
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Additionally, our data suggests that Etv4;5 mediate Shh expression through 

different mechanism in the two tissues.  The majority of reports have indicated that 

Etv4;5 positively regulate gene expression (De Launoit et al. 2006). Thus, Etv4;5 are 

though to indirectly regulate Shh expression in the limb, through inhibiting the formation 

of a TWIST1-HAND2 heterodimer, which negatively regulates Shh expression (Firulli et 

al. 2007; Zhang et al. 2010). Our data suggests that ETV4;5 directly promote Shh 

expression in the lung through three highly conserved ETV4;5 binding sites in the 

MACS1 Shh enhancer.  Furthermore, unlike in the limb, our data suggests that ETV4;5 

are able to mediate the transcription of Shh by augmenting the ability of NKX2.1 to 

activate the Shh enhancer. This agrees with previous findings that have demonstrated 

that ETV5 interacts with NKX2.1 to promote the expression of Sftpc in lung epithelial 

cells (Lin et al. 2006). Thus we believe that the different mechanisms through which 

ETV4;5 are mediating Shh expression do not contradict one another, instead these 

mechanisms are two different means to the same end, which is to restrict FGF 

signaling. 

 Along with mediating epithelial lumen size, recent studies have demonstrated that 

both the FGF and SHH signaling pathways are critical mediators of epithelial branch 

patterning (Bellusci et al. 1997a; Bellusci et al. 1997b; Park et al. 1998; Pepicelli et al. 

1998; Weaver et al. 2000; Volckaert et al. 2013). Originally we had hypothesized that 

the miss-regulation of the FGF and SHH signaling pathways would be contributing to 

the epithelial branch phenotype. However, our results from genetically removing one 

copy of Fgf10 and pharmacologically activating SHH signaling, suggest that the 

disrupted epithelial branch patterning in the Etv4;5 mutant lung is independent of the 
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FGF-SHH signaling loop.  Thus we believe that Etv4;5  are able to mediate lung 

branching through mechanisms that are downstream of FGF signaling, but do not 

involve the FGF-SHH signaling loop (Figure 6F).  Other groups that have examined the 

role of Etv4;5 in similar epithelial branching organs, like the kidney, and have suggested 

that Etv4;5 may be able to mediate epithelial branching through controlling epithelial cell 

placement and by regulating the expression of matrix metalloproteases  (MMP) (Lu et 

al. 2009; Kuure et al. 2010). Previous studies have also demonstrated that ETV4 

controls MMP production in the postnatal lung macrophages, which suggests that 

Etv4;5 may be controlling a MMP production in the embryonic lung (Lee et al. 2011). 

However, how Etv4;5 are controlling epithelial development independent of the FGF-

SHH signaling loop will be the focus of future studies. 

 

Materials and Methods: 

Mice 

The mutant alleles used in this study are Etv5fl (Zhang at al. 2009), Etv4- (Laing at al. 

2000), Fgf10- (Sekine et al. 1999), and Shh-cre (Harfe et al. 2004). The embryos used 

in these experiments were harvested from time-mated females, with noon the day of the 

vaginal plug counting as E0.5. Shh-cre;Etv5fl/+;Etv4+/- embryos were used as controls. 

 

Antibody staining: 

Embryos were fixed in 4% PFA at 4°C overnight.  After fixation, the lungs were 

dehydrated in methanol and stored at -20 deg C until use.  For antibody staining, a 

standard protocol was followed (Yi et al .2009). The primary antibodies used for this 
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study were rabbit anti-E-cadherin (Cell Signaling, 1:200 dilution), rat anti-E-

cadherin (DECMA source, 1:100 dilution), rabbit anti-Phosphorylated-Erk (Cell 

Signaling, 1:200 dilution).  The secondary antibodies used were Cy3-conjugated goat 

anti-mouse, FITC-conjugated goat anti-rabbit, HRP-conjugated goat anti-rabbit, and  

Biotin-conjugated goat anti-rabbit (Jackson Immuno Research, 1:200 dilution).   The 

tertiary antibody used to detect pERK in whole mount lungs was FITC conjugated- 

Streptavidin (Jackson ImmunoResearch, 1:200 dilution).  

 

RNA in situ Hybridization 

RNA in situ hybridization was performed following a protocol that was adapted from 

previously published protocols (Wall and Hogan 1995; Herriges 2012). Briefly, 

wholemount tissues stored in methanol were rehydrated using PBS with 0.1% Tween 

(PBT). Tissues were then permeabilized using 10µg/ml proteinase K in PBT for 10 

minutes. Tissues were fixed with 4% paraformaldehyde, 0.2% glutaraldehyde in PBT for 

20 minutes. They were then washed and allowed to hybridize with probes at 70oC 

overnight. After the hybridization, tissues were washed three times, twenty minutes 

each in 2x SSC, 0.1% CHAPS, and then in 0.2x SSC, 0.1% CHAPS at 70oC. Tissues 

were then washed in KTBT and blocked for 2 hours in 2% blocking solution (Roche) and 

20% heat inactivated sheep serum (Sigma) in KTBT at room temperature. The tissues 

were then incubated overnight at 4˚C in the primary antibody, AP conjugated α-DIG, 

Fab fragment (Roche) at a dilution of 1:2000 using 2% blocking solution and 20% heat 

inactivated sheep serum in KTBT. The tissues were then washed 5 times, 1hour each in 

KTBT at room temperature. Following this, the tissues were washed twice, 5 minutes 
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each with 0.1% Tween, 1mM Levamisole in ddH2O. Finally the tissues were 

stained in BM purple (Roche) containing 0.1% Tween and 1mM levamisole. The 

staining was carried out for varying amount of time depending on the probes until 

desired intensity, from 30 minutes to 8 hours. 

 

Quantitative RT-PCR: 

Total RNA was extracted from three control and three mutant samples using Trizol and 

an RNeasy-micro Qiagen RNA extraction kit(Invitrogen, Qiagen). RNA was reverse-

transcribed using Superscript-III first-strand synthesis system (Invitrogen). cDNA was 

PCR amplified and quantified using SYBRgreen (Applied Biosystems).  The primers 

used were: β-actin (5′-CGGCCAGGTCATCACTATTGGCAAC-3′ and 5′-

GCCACAGGATTCCATACCCAAGAAG-3′), Etv5 (5’- 

GGTATTTCTCCAGCAGCCATGAAGG 

-3’ and 5’-TCTCGGGTACCACGCAAGTATCATC-3’) 

, Fgf10 (5’-GATTGAGAAGAACGGCAAGGTCAG-3’ and 5’-

TTGACGGCAACAACTCCGATTTCC-3’), Shh (5’-

GGCTGATGACTCAGAGGTGCAAAG-3’ and 5’-GCTCGACCCTCATAGTGTAGAGAC-

3’), Gli1 (5’-GCACGTTTGAAGGCTGTCGGAAGTC-3’ and 5’-

CGCGGTCACTGGCATTGCTAAAGGC -3’), Ptch1 (5’-

GCACATGTTTGCTCCCGTTCTGGAC-3’ and 5’-

ATGGCCAGGACGGCAAAGAAGTATC-3’). Three biological replicates and two 

technical replicates were performed for all qPCR.  Expression values were normalized 

using β-actin and results were compared using the Student’s t-test. 
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Luciferase reporter assay: 

To make the luciferase reporter containing the MACS1 Shh enhancer was amplified and 

cloned into the Pgl3 vector (Promega).  To make the mutated version of the MACS1 

Shh enhancer, the GGAA/T core binding sequence was mutated to CCAA using a 

QuikChange Site-Directed Mutagenesis Kit (Agilent).  The plasmids containing the 

control Etv5 open reading frame and a mutated Etv5 open reading frame have been 

previously described (Zhang et al. 2009). 

MLE-12 cells were transfected with the reporter vector (200ng) and either an empty 

vector, Etv5 vector, or Etv5 mutant vector (600ng) using lipofectamine 2000 

(Invitrogen).  A Renilla luciferase plasmid was used as a transfection control.  

Luciferase activity was analyzed using the Dual-Luciferase reporter system (Promega).  

Three biological replicates and two technical replicates were performed and results 

were compared using the Student’s t-test. 

 

In vitro Lung culture: 

Lungs from control and Etv4;5 mutant embryos were harvested at E11.5. Lungs were 

placed on a Nucleopore Trak-Etch membrane (Whatman, 8um), and cultured at the 

air/liquid interface of 500ul of DMEM-F12, supplemented with 10% FBS. To activate 

SHH signaling smoothened agonist (SAG) was added at a concentration of 7.26x10-

6ug/ul, with DMSO being used as a diluent control.  Lungs were incubated at 37oC in 5% 

CO2 for 24 hours. 
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Transgenic lung assay: 

The transgenic construct was produced by amplifying the MACS1 enhancer and cloning 

it into the Hsp68-LACZ vecoter (Addgene).  Production of transgenic mice was 

performed as previously reported in Anderson et al. 2013 
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Figures: 

Figure 1: Loss of Etv4;5 activity in the lung epithelium inhibits branching in the 

embryonic lung.  

The flox excision rate from the Etv5 transcript is significant as early as E11.5 in the 

Etv4;5 mutant lung (A).  (B-I) Representative whole mount E-cadherin 

immunohistochemical stains from control (B,D,F,H) and Etv4;5 Mutant (C,E,G,I). As 

early as E10.5 Etv4;5 mutant lungs display a dilation of the lung epithelium (B,C). When 

the lung enters the pseudoglandular stage, disruption in epithelial branch patterning 

become apparent (D,E). In the control lung the secondary branches that will give rise to 

the four lobes of the right lung form (D).  In the Etv4;5 mutant lung, the epithelial buds 

grow out more slowly and the lobes of the right lung are not as apparent (E).  

Additionally in the Etv4;5 mutant lung the secondary branch that will give rise the  

accessory lobe is shifted proximally (arrowhead D,E).  Dorsal views of the control and 

mutant lung reveal that the epithelial branch phenotypes persist into the later stages, 

with Etv4;5 mutant lungs showing less epithelial branches that have a larger distal 

lumen tip (F-I).  An example of how the distal tip is defined in shown in the insets in F-G.  

Quantification of the left lung tip number and the left lung tip area revealed that Etv4;5 

mutant lungs have fewer distal epithelial tips and that these tips are larger in area (N=4+ 

for all stages *P<.05) (J,K). Data are presented as means (+SEM). 
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Figure 1: Loss of Etv4;5 activity in the lung epithelium inhibits branching in the 

embryonic lung.  
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Figure 2: Etv4;5 mutant lungs display an increase in FGF signaling activity. 

(A-F) Representative E11.5 whole mount immunofluorescent staining for ECAD (red) 

and the FGF readout pERK (green). In the control lung pERK localizes to the distal tip 

of the outgrowing epithelium (A-C).  The Etv4;5 mutant lungs show an expanded pERK 

staining and an increase in the pERK staining intensity (D-F). Fgf10 gene expression 

analysis was performed in control and mutant lungs using qRT-PCR (G) and RNA in 

situ hybridization (H,I). qRT-PCR revealed that at E11.5 and E12.5 the Fgf10 transcript 

level is over two fold higher in the Etv4;5 mutant lungs (G).  Data are presented as 

means (+SEM). Whole mount RNA in situ hybridization for Fgf10 revealed that the 

Etv4;5 mutant lungs have an expanded FGF10 expression domain at E12.5 (H,I). 
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 Figure 2: Etv4;5 mutant lungs display an increase in FGF signaling activity. 
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Figure 3: Introducing one mutant copy of Fgf10 is able to attenuate the Etv4;5 

branching phenotype. 

(A-D) Representative dorsal views of E11.5 and E13.5 whole mount ECAD immuno-

histochemical stains from Etv4;5 control and Etv4;5;Fgf10 mutant embryos. At E11.5 

the Etv4;5;Fgf10 mutant lungs have a slightly narrower epithelial lumen (A,B). By E13.5 

the Etv4;5 mutant distal dilation phenotype shows a more significant attenuation in the 

Etv4;5;Fgf10 mutant lung (C,D). An example of how the distal tip is defined in shown in 

the insets in C-D.  Quantification of the distal branching phenotypes revealed that the 

distal lung tip area is approximately 50% smaller in the Etv4;5;Fgf10 mutant lung than 

the Etv4;5 mutant lung (P<.05 N=4) (E).  Interestingly, the epithelial branch tip number 

was not rescued in the Etv4;5;Fgf10 mutant lung (F). Data are presented as means 

(+SEM). 
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Figure 3: Introducing one mutant copy of Fgf10 is able to attenuate the Etv4;5 

branching phenotype. 
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Figure 4: Expression analysis reveals a decrease in SHH signaling in the Etv4;5 

mutant lung. 

(A-F) Representative whole mount RNA in situ hybridizations were preformed on the left 

lung of control and Etv4;5 mutant lungs at E12.5. The expression of Shh was decreased 

in the epithelium of the Etv4;5 mutant, when compared to cre-positive controls (A,B). 

SHH signaling in the mesenchyme was also decreased in the Etv4;5 mutant lung. The 

expression of the SHH readouts Gli1 (C,D) and Ptch1 are decreased in the Etv4;5 

mutant lungs at E12.5 when compared to Cre-positive controls (E,F). Quantification of 

the expression of Shh, Gli1, and Ptch1 was performed using qRT-PCR, and all showed 

a statistically significant decrease in expression in the Etv4;5 mutant lung when 

compared to Cre-positive controls (N=3 P<0.05) (G). Data are presented as means 

(+SEM). 
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Figure 4: Expression analysis reveals a decrease in SHH signaling in the Etv4;5 

mutant lung. 
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Figure 5: SAG treatment of control and Etv4;5 mutant lungs. 

(A-H) Representative images of E11.5 lungs cultured for 24 hours in either DMSO (A,B, 

E,F) or SAG (C,D,G,H).  SAG treatment did not affect the epithelial tip size (outlined in 

black) after 24 hours lung culture (A-D).  Etv4;5 mutant lungs cultured in DMSO display 

larger epithelial tip after 24hours lung culture (E,F,I). Culturing Etv4;5 mutants in SAG 

was able to attenuate the dilation of the distal tips (G,H). The distal tip epithelium of 

SAG cultured Etv4;5 mutant and  control lungs was not different (D,H). Quantification of 

the right lung epithelial tip size showed that SAG treatment was able to significantly 

attenuate the epithelial lumen size defect (N=4 P<.05) (I). Data are presented as means 

(+SEM). 
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Figure 5: SAG treatment of control and Etv4;5 mutant lung	
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Figure 6: Etv4;5 mediate Shh expression through a long range Shh enhancer. 

(A) The MACS1 lung epithelium enhancer lies in an intron of Rnf32 that is 

approximately 800kb upstream of the Shh open frame. The MACS1 enhancer contains 

three highly conserved ETV4;5 binding sites and one NKX2.1 binding site. (B) The 

ETV4;5 binding sites were mutated to remove the core ETV4;5 binding sequences 

(GGAA/T) within each site. (C) Using a luciferase assay in MLE-12 cells, we found that 

ETV5 was able to induce the activity of the MACS1 enhancer in vitro. (C) Loss of the 

ETV5 ETS DNA binding domain inhibited the ability of ETV5 to induce the activity of the 

MACS1 enhancer. (C) Mutating all three of the ETV5 binding sites inhibited the ability of 

Etv5 to induce the activity of the MACS1 enhancer. (D,E) Representative John staining 

of E11.5 whole lungs from transgenic mouse embryos containing either the control and 

mutant MACS1 Shh enhancer. (D) The control enhancer strongly drove LacZ 

expression throughout the lung epithelium. (E) The mutant enhancer display less robust 

LacZ expression in the epithelium.  (G) Together our data suggests a model in which 

Etv4;5 are key mediators of an FGF-SHH negative feedback loop. In this loop Etv4;5 act 

downstream of FGF10 to mediate Shh expression in the distal lung epithelium. The loss 

of Etv4;5 results in a decrease in SHH signaling which then causes an increase in Fgf10 

expression in the mesenchyme, which affects the lung lumen size.  Additionally, our 

data suggest that Etv4;5 mediate epithelial branch patterning independent of this loop. 
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Supplemental Figure 1: The increase in pERK levels is attenuated in the 

Fgf10;Etv4;5 Mutant lungs. 

(A-B) Representative images of an E11.5 left lung lobe from Etv4;5 Mutant and 

Etv4;5;Fgf10 mutant embryo stained for pERK (green) and ECAD (red).  In the Etv4;5 

mutant lung there is strong pERK staining throughout the lung epithelium (A). The 

Etv4;5;Fgf10 mutant lungs have a decrease in pERK staining when compared to Etv4;5 

mutant lungs (A-B). 
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Supplemental Figure 1: The increase in pERK levels is attenuated in the 

Fgf10;Etv4;5 Mutant lungs. 
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Supplemental Figure 2: Treatment of lungs with SAG induces SHH signaling 

activity. 

(A-B) Representative images of Ptch1 in situ hybridization performed on E11.5 lungs 

that had been cultured 24 hours. FVB lungs were cultured in media containing either 

DMSO (Control) (A) or the SHH activator smoothened agonist (SAG) (B). In lungs 

cultured in the control media, Ptch1 localizes the mesenchyme (A). In lungs cultured in 

media containing SAG, SHH signaling was increased, as the expression of Ptch1 was 

increased (B).  
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Supplemental Figure 2: Treatment of lungs with SAG induces SHH signaling 

activity. 
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Supplemental Figure 3: ETV5 is able to augment the ability of NKX2.1 to induce 

the activity of the MACS1 Shh-enhancer element.  

Using a luciferase assay we found that NKX2.1 was able to induce the activity of the 

MACS1 Shh-enhancer in the MLE-12 cell line.  The co-culture of NKX2.1 with ETV5 

was able to induce the activity of the MACS1 Shh-enhancer to a greater degree than 

either NKX2.1 or ETV5 individually (P<.01). Data are presented as means (+SEM). 
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Supplemental Figure 3: ETV5 is able to augment the ability of NKX2.1 to induce 

the activity of the MACS1 Shh-enhancer element.  
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Supplemental Figure 4: Loss of the ETV4;5 sites leads to decreased activity of 

the Shh-enhancer in vivo. 

 (A-B) b-Gal staining performed on E11.5 transgenic lungs containing either the control 

or mutant Shh enhancer.  In total we identified 20 control and 23 mutant transgenic lines 

that contained the enhancer construct. The control Shh enhancer was active throughout 

the lung epithelium, with the majority of lungs showing either strong of medium epithelial 

b-Gal activity (A).  After mutating the ETV4;5 binding sites, the Shh enhancer continued 

to be expressed throughout the lung epithelium, however, none of the transgenic lungs 

showed strong staining in the epithelium (B).  Quantification of the transgenic number 

lungs that showed staining in the lung epithelium revealed that the control and mutant 

enhancers had approximately the same number of weak and medium b-Gal stained 

lungs, however, only the control enhancer had lungs that showed strong b-Gal staining 

(C). 
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Chapter IV: Examining the role of Fgfr3 and Fgfr4 in postnatal lung 

development 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data for this chapter was generated by John Herriges.  
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Abstract: 

Previous studies have shown that Fgfr3 and Fgfr4 (hereafter Fgfr3;4) are critical 

for alveolar development in the postnatal lung development, however the mechanism 

through which they mediate lung development is unclear. In this study we address how 

Fgfr3;4 control lung development by examining both global and conditional Fgfr3;4 

mutant mice. Interestingly, we found that the loss of Fgfr3;4 activity disrupts postnatal 

sacculation, which is prior to what had previously been reported. Furthermore we found 

that although Fgfr3;4 are expressed in both the mesenchyme and the epithelium, their 

activity is only required in the mesenchyme for postnatal lung development.  Finally, our 

data suggests that the primary role of Fgfr3;4 in the postnatal lung, is to mediate the 

formation of the extracellular matrix (hereafter ECM), by regulating the deposition of 

Elastin fibers and by controlling the production of the microfiber associated glycoprotein, 

MFAP5. Together our data provides a model in which Fgfr3;4 activity in the 

mesenchyme is necessary for restricting the formation of the Elastin ECM during early 

postnatal lung development, which is necessary for proper alveolar development. 
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Introduction: 

In humans, disruption of lung development can lead to a number of postnatal 

lung diseases, such as bronchopulmonary dysplasia (BPD) and chronic obstructive 

pulmonary disease (COPD). Although these diseases affect a large portion of the 

population, and can lead to lifelong respiratory problems, the molecular mechanisms 

behind their development are poorly understood. Recent studies have suggested that 

the Fibroblast Growth Factor (FGF) pathway is associated with the development and 

severity of these diseases; however, how the FGF pathway is be contributing to these 

diseases is still unknown (Kranenburg et al. 2002; Kranenburg et al. 2005; Rezvani et 

al. 2013). Additionally, while much is known about the role of the FGF signaling pathway 

during prenatal lung development, relatively little is known about the role of FGF 

signaling in postnatal lung development. Therefore, to begin to understand how FGF 

signaling may be contributing postnatal lung diseases we must first gain a better 

appreciation for how FGF signaling mediates postnatal lung development. 

In mice, lung development begins at embryonic day 9.5 (E9.5) with the outgrowth 

of the initial epithelial buds (Cardoso and Lu 2006; Morrisey and Hogan 2010). After 

lung initiation, the epithelial buds elongate and enter the pseudoglandular stage, where 

from E11.5-E16.5, the epithelium undergoes the stereotypical process known as 

branching morphogenesis. During this five-day span, hundreds of epithelial airways are 

generated and the distinctions between what will become the proximal conducting 

airways and distal alveoli become more apparent. Over the final days of gestation 

(E16.5-E18.5) the distal lung undergoes a drastic morphological transformation that 

results in the formation of saccules, or primitive alveoli, which are the functional unit 



	
  

	
  

111	
  

responsible for oxygen uptake. Each primitive alveoli is lined by alveolar epithelial 

type I cells and a capillary network which help to facilitate oxygen uptake and transport 

throughout the body. These primitive alveoli can support oxygen uptake during the first 

few days of life, however they only account for approximately 5% of the alveolar surface 

area in an adult mouse (Mund et al. 2008). The final stage of lung development is the 

alveolar stage, which occurs between postnatal day 4 (P4) and P36. During this stage, 

the lung undergoes the process known as alveologenesis, in which thousands of 

secondary septae sprout from the walls of the primitive alveoli into the alveolar lumen. 

Approximately 55% of the alveolar surface area in an adult mouse is formed during 

alveologenesis, therefore this process is critical for the formation of a fully functional 

lung.  

 One of the primary components that mediates alveolar development is the 

Elastin extracellular matrix (hereafter ECM). The Elastin ECM is made largely from 

polymerized Tropoelastin, which is produced by myofibroblasts and then deposited onto 

an extracellular microfiber network (Bostrom et al. 1996 ; Lindahl et al. 1997;Yeo et al. 

2010). The establishment of the Elastin ECM is an incredibly complex process that 

involves a number of proteins including; the lysyl oxidase enzymes (LOX) and Fibulins 

(FBLN), which mediate the polymerization of tropoelastin, and the microfiber associated 

glycoprotein (MFAP) and latent TGF-b binding proteins (LTBP), which mediate the 

deposition of the polymerized tropoelastin onto the microfiber network (Wagenseil and 

Mecham 2007; Cirulis et al 2008; Yeo et al 2010).  The developmental requirement of 

the Elastin ECM in the lung appears to primarily be in the postnatal lung, as Elastin 

knockout mice exhibit severe postnatal, but not prenatal, lung defects (Wendel et al. 
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2000). Furthermore, the loss of key Elastin ECM assembly proteins, like LOXL1, 

FBLN5, and FBN1 results in postnatal alveolar simplifications (Yanagisawa et al. 

2002;Neptune et al. 2003; Liu et al 2004). In addition to its role in lung development, the 

Elastin ECM has shown to be disrupted in patients with COPD (Deslee et al 2009; 

Turino et al. 2011). 

Studies have shown that all of the major developmental signaling pathways, 

including FGF, WNT, SHH and BMP, are necessary for lung development (Kumar et al 

2005; Cardoso and Lu 2006; Morrisey and Hogan 2010). Of these, the FGF signaling 

pathway is one of the most thoroughly characterized; however, the focus of the majority 

of the developmental studies on FGF signaling in the lung have been on how this 

pathway mediates embryonic lung development.  These studies have demonstrated that 

numerous FGF ligands; including FGF8, FGF9, FGF10, and FGF18, as well as the FGF 

receptors, FGFR1 and FGFR2, are necessary for embryonic lung development (Sekine 

et al 1999; Colvin et al. 2001; Usui et al 2004; del Moral et al. 2006; Abler et al. 2009; Yi 

et al. 2009; Yu et al. 2010).   Recently, studies have begun to examine the role of FGF 

signaling in the postnatal lung.  These studies have demonstrated that the activity of 

several FGF ligands is necessary for postnatal lung development in rodents, including 

FGF1, FGF2, and FGF7 (Yi et al. 2006; Padela et al. 2008). Inhibition of either FGF1 or 

FGF2 activity in the postnatal rat lung leads to a thickening of the alveolar walls and a 

decrease in the formation of the secondary septae, which is thought to be caused by 

decrease in cell death (Yi et al 2006). Inhibiting FGF7 activity also causes an alveolar 

simplification phenotype; however, FGF7 is thought to mediate alveolar development by 

regulating the formation of the lung vasculature (Padela et al. 2008). Additionally, the 
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FGFRs, FGFR2-4, have also been shown to be necessary for postnatal lung 

development (Weinstein et al. 1998; Hokuto et al. 2003; Srisuma et al. 2010). However, 

unlike in the embryo, where lung development is dependent on FGF signaling through 

FGFR1 and FGFR2, in the postnatal mouse, lung development is dependent on FGF 

signaling through FGFR3 and FGFR4 (hereafter FGFR3;4). 

Fgfr3;4 are expressed throughout the epithelium and mesenchyme of the 

developing mammalian lung, with their expression peaking during the saccular and 

alveolar stages (Weinstein et al. 1998; Mariani et al. 2002; Boucherat et al. 2007). Loss 

of either Fgfr3 or Fgfr4 individually does not disrupt postnatal lung development; 

however, the combined loss of both Fgfr3;4 inhibits septal outgrowth during 

alveologenesis, which causes Fgfr3;4 mutant lungs to develop a severely simplified 

alveolar network (Weinstein et al 1998; Srisuma et al 2010). Previous studies have 

suggested that the primary role of FGFR3;4, is to repress the expression of the 

extracellular matrix protein Tropoelastin, during the final days of alveologenesis. 

However, the increase in Tropoelastin production is only seen during the final stages of 

alveolar development, therefore the question of what causes the initial inhibition of 

septal outgrowth is still unknown.   

In this study we further examine the role of Fgfr3;4 during postnatal lung 

development. Our findings expand on the previous studies on Fgfr3;4 by demonstrating 

that Fgfr3;4 are required in the postnatal lung prior to the initiation of alveologenesis. 

Furthermore our studies demonstrate that although Fgfr3;4 are expressed in both the 

alveolar epithelium and the alveolar mesenchyme, their activity is only required in the 

mesenchyme for normal postnatal lung development.  Finally, our data suggests that 
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the primary role of Fgfr3;4 is to control the formation of the extracellular matrix, by 

mediating the deposition of Elastin fibers and by controlling the production of the 

microfiber associated glycoprotein, MFAP5. 

 

Results: 

Fgfr3;4 mutant mice develop a lung phenotype prior to the initiation of 

alveologenesis. 

Previous studies have demonstrated that Fgfr3;4 are necessary for alveolar 

development in the postnatal lung (Weinstein et al. 1998; Srisuma et al. 2010). 

However, these studies have focused on the role of Fgfr3;4 in the final stages of lung 

development, and have not identified the primary cause of the alveolar simplification.  

The earliest reported phenotype for Fgfr3;4 mutant lungs is P8, however, by P8, Fgfr3;4 

mutant lungs have already developed a severe alveolar simplification, which suggests 

that the phenotype arises at an earlier time point (Srisuma et al. 2010) (Figure 1A,B).  

When we traced the mutant phenotype back to earlier stages, we found that the Fgfr3;4 

mutant mice had a simplified alveolar structure at P3, however by P2 the mutant lungs 

were histologically indistinguishable from the lungs of littermate controls (Figure 1C-F). 

To confirm these results we measured that mean linear intercept (MLI), and found that 

at P8 and P3, the mutant lungs had a 60% and 20% increase in the relative MLI, 

respectively (Figure 1E P<0.005 and P<0.05 N=4). However, at P2, the MLI of Fgfr3;4 

mutant lungs was not statistically different from the controls (Figure 1E P>0.60 N=3). 

Additionally, we found that the alveolar simplification at P3 is seen prior to any change 

in overall body weight, demonstrating that the initial alveolar simplification is not a 
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secondary defect caused by a decrease in the size of the mutant mice (Figure 2). 

Together these data demonstrate that Fgfr3;4 are required in the postnatal lung prior to 

the initiation of alveologenesis, and that the Fgfr3;4 mutant lung phenotype can first be 

seen between P2 and P3.  

 

Fgfr3;4 mutant mice do not have altered proliferation or cell death: 

Recent studies have suggested that alterations in cell proliferation and cell death 

can contribute to the development of alveolar simplification in the postnatal lung (Yi et al 

2006; Srisuma 2010; Dabovic et al. 2012). To address whether proliferation or cell 

death is contributing to the Fgfr3;4 mutant phenotype, we examined both of these 

functions in control and mutant lungs at P2 and P3.  Although a previous report had 

demonstrated that Fgfr3;4 knockout lungs have decreased proliferation between P8-

P21, we did not find a significant change in the proliferation rates at P2 or P3 (Figure 

3A-E) (Sirsuma et al 2010).  Furthermore, we did not see any difference in the cell 

death rate at either P2 or P3 (Figure 3F-I).  Together these results suggest that the 

initial alveolar simplification in the Fgfr3;4 mutant lung is not due to a disruption in cell 

proliferation or cell death.   

 

Fgfr3;4 mutant lungs develop a myofibroblast spreading phenotype. 

In the distal lung, alveologenesis is the result of a series of complex interactions 

between the alveolar epithelium and mesenchyme. To understand the how the alveolar 

simplification arises in the Fgfr3;4 mutant lung, we first examined how the alveolar; 

epithelium, endothelium, and fibroblasts are affected by the loss of FGFR3;4 activity.  
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 The alveolar epithelium is made up of two lineages, the alveolar type I cells 

which mediate oxygen uptake, and the alveolar type II cells which secrete surfactants 

that help control surface tension in the lung (Khoor et al. 1994; Bourbon et al 2005; 

Serrano et al. 2006; Dobbs et al 2010). Several studies have demonstrated that FGF 

signaling controls alveolar type I and type II cell differentiation at the end of gestation; 

however, a previous study suggested that the alveolar type II cells are not affected by 

the loss of FGFR3;4 activity in the adult lung (Weinstein et al. 1998; Liu et al. 2003, Yu 

et al. 2010). To address whether the alveolar epithelium is affected in the mutant lungs 

during early postnatal lung development, we performed immunofluorescent staining for 

the makers PDPN and SFTPC, which label alveolar type I and type II cells, respectively. 

We found that alveolar type I cells were unaffected in the mutant lungs at both P2 and 

P8; with type I cells coating the alveolar walls in both the mutant and control lungs 

(Figure 4A-D). In addition, we found that the loss of FGFR3;4 activity did not affect the 

alveolar epithelial type II cell population (Figure 4A-D). Together these data 

demonstrate that the alveolar epithelial lineages are unaffected by the loss of FGFR3;4 

activity. 

In addition to being necessary for lung function, the endothelial network is 

essential for alveolar development (DeLisser et al. 2005; Joza et al. 2013). Previous 

studies have also shown that the FGF signaling pathway regulates endothelial 

development in the lung, suggesting that the endothelium may be altered in the Fgfr3;4 

mutant (Padela et al. 2008; Yi et al. 2009). To examine whether the endothelium is 

altered in the mutant lung we performed immunofluorescent staining for the endothelial 

marker PECAM.  In the Fgfr3;4 mutant lung, we found that the gross structure and 
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density of the capillary network was unchanged at both P2 and P8 (Figure 4E-H). 

This data suggests that the Fgfr3;4 mutant phenotype is not caused by an alteration in 

the endothelial network. 

The myofibroblast lineage is a critical mediator of alveolar development, with the 

loss of myofibroblasts leading to a severe alveolar simplification (Bostrom et al. 1996 ; 

Lindahl et al. 1997). A previous group suggested that the loss of FGFR3:4 activity leads 

to an increase in the number of myofibroblasts in the Fgfr3;4 mutant lung (Srisuma et al. 

2010). To examine whether the myofibroblast lineage was altered during early postnatal 

lung development, we performed immunofluorescent staining for the myofibroblast 

marker TAGLN (also known as SM22a). We found that TAGLN staining was increased 

in the Fgfr3;4 mutant lungs at both P8 and P3 (Figure 5A-D). However, we found that it 

was unchanged at P2, suggesting that the increase in TAGLN staining is a secondary 

defect (Figure 5C-F). Furthermore, although we see an increase in TAGLN staining at 

P3, when we quantified the myofibroblast lineage by mating a PdgfraGFP/+ reporter allele 

into the Fgfr3;4 mutant background, we found that there was no difference in the 

percentage of myofibroblasts in the mutant lung at P3 (Figure 6A-C) (Hamilton et al. 

2003). These results demonstrate that the myofibroblasts are not increased in number 

in the Fgfr3;4 mutant lung. Instead they suggest that the altered staining may be due to 

an alteration in fibroblast morphology. Furthermore these results suggest that the initial 

alveolar simplification in the Fgfr3;4 mutant lung is not caused by the alterations in 

myofibroblast morphology, as the phenotype does not precede the alveolar 

simplification. 
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Fgfr3;4 mutant lungs show an alteration in Elastin extracellular matrix 

formation. 

Previous studies have demonstrated that the morphology of fibroblasts is 

controlled in part by the ECM (Gobin and West 2003; Rnjak et al 2009; Patel et al. 

2012). Like the myofibroblast lineage, the ECM is necessary for alveolar development in 

the postnatal lung (Wendel et al. 2000; Yanagisawa et al 2002; Neptune et al. 2005). 

One of the major components of the ECM in the lung, are the Elastin fibers, which are 

primarily composed of the monomer Tropoelastin (Yeo et al 2011). The initial reports on 

Fgfr3;4 in the postnatal lung have established that Fgfr3;4 regulate Elastin ECM 

formation during the final stages of alveologenesis (Weinstein et al 1998; Srisuma et al. 

2010). However, it is unknown whether Fgfr3;4 control a similar process during the 

initial stages of postnatal lung development.  

To access whether Fgfr3;4 mediate Elastin ECM formation in the early postnatal 

lung we examined the three dimensional structure of the Elastin ECM. In the P8 control 

lung, we found that the Elastin ECM localized preferentially to the outer portions of the 

alveolar wall (Figure 7A). However, we found that the Elastin ECM showed little 

organization in the P8 mutant lungs, with multiple fibers running through each alveolar 

wall (Figure 7B). In addition, unlike the myofibroblast spreading phenotype, we found 

that the Elastin ECM was also disorganized at both P3 and P2, prior to when the first 

histological abnormalities were observed (Figure 7C-F, Figure 1E-F). Interestingly, 

although we observed more Elastin fibers in the Fgfr3;4 mutant lung, there was no 

difference in the production of Tropoelastin in the mutant lungs at either P2 or P8 

(Figure 8  Together these data demonstrate that Fgfr3;4 are critical for Elastin ECM 
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formation; however, unlike what has been reported in the adult lung, Fgfr3;4 do not 

appear to be mediating the production of Tropoelastin. Instead, our data suggests that 

Fgfr3;4 are necessary for the normal deposition and organization of the Elastin ECM. 

 

Fgfr3;4 are required in the lung mesenchyme during postnatal lung development  

 Fgfr3;4 are expressed in the both the epithelium and the mesenchyme of the 

postnatal lung, but how their activity in the two tissues is contributing to postnatal lung 

development is unknown (Weinstein et al. 1998). Given that the Elastin ECM is 

produced by the mesenchyme of the lung, our data suggests that the mesenchymal 

activity of Fgfr3;4 is required for postnatal lung development (Bostrom et al. 1996 ; 

Lindahl et al. 1997). However, a recent study has suggested that Fgfr3;4 activity in the 

epithelium is required for postnatal lung development (Srisuma et al. 2010). To 

determine the tissue specific roles of Fgfr3;4 during postnatal lung development we 

conditionally inactivated Fgfr3;4 in the epithelium and the mesenchyme.  This was 

achieved by combining the epithelial specific Nkx2.1Cre/+, or the mesenchymal specific 

DermoCre/+ with a conditional Fgfr3fl allele and the Fgfr3 and Fgfr4 knockout alleles, 

creating Cre+/-;Fgfr3fl/-;Fgfr4-/- (hereafter Cre;Fgfr3;4 conditional) mice (Sosic et al. 2003; 

Xu et al. 2008; Su et al. 2010). The activity of both of these Cre-recombinases has been 

well characterized in the embryonic lung, with the Nkx2.1Cre/+ showing strong activity in 

the lung epithelium as early as E13.5, and the Dermo Cre/+ showing robust activity in the 

lung mesenchyme as early as E11.5 (De Langhe et al. 2008;Tiozzo et al. 2009).  

Together these data suggest that these Cre-recombinases should allow us to examine 

the tissue specific roles of Fgfr3;4 in the postnatal lung. 
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To asses whether the loss of FGFR3;4 activity in either tissue would affect 

postnatal lung development, we examined Fgfr3;4 conditional lungs at P8. We found 

that Nkx2.1;Fgfr3;4 conditional lungs were histologically indistinguishable from control 

lungs at P8, and showed a normal Elastin ECM and myofibroblast morphology (Figure 

9A,B,E; Figure 10A,B; Figure 11A,B). Furthermore, Nkx2.1;Fgfr3;4 conditional mice did 

not develop any alveolar phenotypes by P28, suggesting that the epithelial activity of 

FGFR3;4 is not required for alveologenesis (Figure 12A,B).  To confirm that the 

absence of a lung phenotype in the Nkx2.1;Fgfr3;4 conditional mutant is not caused by 

an ineffective Cre-recombinase, we tested the activity of the Nkx2.1Cre/+ in the postnatal 

lung.  To do this we first mated a RosaEYFP reporter allele into the Nkx2.1;Fgfr3;4 

conditional background, and found that the Nkx2.1Cre/+ is active throughout the airway 

epithelium and had an almost 100% overlap with alveolar type I and type II cells (data 

not shown and Figure 12C). Following that, we measured the Fgfr3fl excision rate in 

isolated P2 lung epithelial cells from Nkx2.1Cre/+;Fgfr3fl/+ lungs, and found that the 

excision rate of the Fgfr3fl transcript was approximately 50%, which when combined 

with the Fgfr3 knockout allele would lead to a complete loss of FGFR3 activity in the 

lung epithelium (Figure 12D). Together these data demonstrate that the epithelial 

activity of FGFR3;4 is not required for alveolar development in the postnatal lung. 

The Elastin ECM defect that we observed in the Fgfr3;4 knockout lungs 

suggested that the mesenchymal activity of FGFR3;4 is required for postnatal lung 

development. When we conditionally inactivated FGFR3;4 in the mesenchyme using the 

DermoCre/+, we found that the Dermo;Fgfr3;4 conditional lungs develop a simplified 

alveolar structure by P8 that greatly resembles the P8 Fgfr3;4 mutant phenotype (Figure 
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9D,E; Figure 1A,B). To confirm these results, we quantified the MLI, and found that 

the Dermo;Fgfr3;4 conditional lungs had an approximately 50% increase in the relative 

MLI at P8 (N=4 P<.05)(Figure 9F). Additionally, we found that the Elastin ECM was 

disorganized and that the myofibroblasts were more spread out in the Dermo;Fgfr3;4 

conditional lungs (Figure 10C,D, Figure 11C,D).  Together these data demonstrate that 

although Fgfr3;4 are expressed in both the epithelium and the mesenchyme of lung, 

only the mesenchymal activity of FGFR3;4 is required for the initial stages of postnatal 

lung development. 

 

Elastin fiber formation in the Fgfr3;4 mutant lung. 

The formation of the Elastin ECM matrix is an incredibly complex process that 

involves a number of different structural proteins and enzymes (Vrhovski and Weiss 

1998; Wagenseil and Mecham 2007; Yeo et al. 2011). To understand what could be 

causing the disorganized Elastin ECM we used qRT-PCR to examine the expression of 

the major components that control Elastin ECM formation. We found that two genes 

showed altered expression in the Fgfr3;4 mutant lung, Fbn2 and Mfap5 (Figure 13A,B).   

Fbn2 encodes one of two proteins (FBN1 and FBN2) that form the microfiber 

network, on which the Elastin ECM is deposited (Yeo et al. 2011). Previous work has 

demonstrated that microfiber proteins are critical for postnatal lung development, with 

mutations in FBN proteins causing alveolar simplification in mice and Marfans syndrome 

in humans (Neptune et al 2003; Carta et al. 2006; Cañadas et al. 2010). To examine 

whether FBN proteins were altered in Fgfr3;4 mutant lung, we performed 

immunohistochemical staining for both FBN1 and FBN2 in P2 lungs. We found that 
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although the Elastin ECM is disorganized at this stage, there was no appreciable 

difference in either the level or organization of FBN1 or FBN2 in the mutant lung (Figure 

14A-F).  Interestingly, although neither of the microfiber proteins were affected in the 

Fgfr3;4 mutant lung, we found that the localization of the FBN1 and FBN2 fibers was 

more scattered than the Elastin fibers of the control lung (Figure 14A’-F’).  This 

observation that the microfiber network runs throughout the alveolar wall in both the 

control and mutant lung suggests that the loss of FGFR3;4 activity could affect Elastin 

ECM formation by altering the deposition of Elastin onto the microfiber network. 

One protein that mediates the deposition of the Elastin ECM onto the microfiber 

network is the microfiber-associated glycoprotein, MFAP5 (Lemaire et al. 2007). In the 

Fgfr3;4 knockout lung we see an increase in Mfap5 expression on the protein level at 

P2 and P8 (Figure 13B).  Previous groups have demonstrated that the overexpression 

of Mfap5 causes an increase in Elastin fiber formation in cell culture (Lemaire et al. 

2007). To test whether the increase in Mfap5 expression could be causing the alveolar 

simplification in the Fgfr3;4 mutant lung, we introduced a Mfap5 knockout allele into the 

Fgfr3;4 mutant background, creating the Mfap5-/-;Fgfr3;4 triple mutant mouse (hereafter 

Mfap5;Fgfr3;4 ) (Combs et al. 2013). We found that the alveolar simplification of the 

Fgfr3;4 mutant lung was attenuated in the Mfap5;Fgfr3;4 lung, with the Mfap5;Fgfr3;4 

mutant lungs having more complex alveolar network that consisted of smaller alveoli 

(Figure 15A,B). The attenuation of the alveolar simplification was confirmed by 

measuring the MLI, which showed that the Mfap5;Fgfr3;4 lungs had an approximately 

20% decrease in the MLI, when compared to Fgfr3;4 mutants (Figure 15C).  

Interestingly, although introducing Mfap5-/- was able to attenuate the alveolar 
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simplification in the Fgfr3;4 mutant, we continued to see a disorganized Elastin 

ECM in the Mfap5;Fgfr3;4 knockout lung (Figure 15D,E). Together these results 

demonstrate that the increase in Mfap5 expression is contributing to the Fgfr3;4 mutant 

phenotype.  However, based on the rescue phenotype, our data also suggests that 

MFAP5 is not the only factor contributing to the alveolar simplification in the Fgfr3;4 

mutant. 

 

Discussion: 

In this study we further examined the role of Fgfr3;4 in postnatal lung 

development. We demonstrated that the Fgfr3;4 mutant phenotype can first be seen 

prior to the initiation of alveologenesis, and that this phenotype is preceded by the 

disorganization of the alveolar Elastin ECM. Furthermore, we demonstrated that 

FGFR3;4 activity is required in the mesenchyme, and not the epithelium, during 

postnatal lung development.  Finally, we demonstrated that the Fgfr3;4 knockout 

phenotype is caused in part by an increase in the expression of the ECM protein 

MFAP5. 

 Although previous studies have examined the role of Fgfr3;4 in the postnatal 

lung, this is the first study to demonstrate that Fgfr3;4 are required during the saccular 

stage of lung development (Weinstein et al 1998; Srisuma et al 2010). Data from the 

Fgfr3;4 mutant lungs demonstrate that the loss of FGFR3;4 activity causes a disruption 

in lung development beginning at P3.  We found this interesting as P3 is prior to the 

initiation of septal outgrowth/alveologenesis, which begins at P4, but well after the 

initiation of saccular development, at E17.5.  Previous groups have shown that Fgf8, 
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Fgf18, and Fgfr2 are necessary for normal sacculation; however, all of these have 

prenatal requirements for normal lung development, while Fgfr3;4  are only required for 

postnatal sacculation (Hokuto et al 2003; Usuia et al 2004; Yu et al 2010). One 

plausible explanation for the Fgfr3;4 mutant only having a postnatal lung phenotype is 

that although Fgfr3;4 are both expressed in the prenatal lung, their expression peaks 

right before birth and during alveologenesis (Mariani et al 2002). Thus the loss of 

FGFR3;4 activity may not have developmental consequences in the embryonic lung, but 

severe consequences when FGFR3;4 activity does not ramp up at the beginning of 

sacculation. 

Pervious studies have demonstrated that FGF signaling mediates the 

differentiation of the alveolar epithelium and mesenchyme, as well as the formation of 

the vasculature in the embryonic and postnatal lung (Hokuto et al 2003; Liu et al. 2003; 

Yi et al. 2009; Yu et al 2010;). Because the alveolar structure of the lung was so 

drastically affected, we anticipated that several alveolar lineages would be affected by 

the loss of FGFR3;4 activity. Interestingly, we did not observe many noticeable 

differences in the alveolar lineages, with the one difference being that we detected a 

spreading of the alveolar myofibroblasts (Figure 2). However, this phenotype was only 

recognizable after the mutant lungs developed an alveolar simplification. Therefore, 

although the spreading of the myofibroblasts may be contributing to alveolar 

simplification, it is not the primary defect. 

Previous groups have demonstrated that the Elastin ECM can mediate fibroblast 

spreading, which suggested that there may be an alteration in the Elastin ECM in the 

Fgfr3;4 mutant lung (Gobin and West 2003; Rnjak et al 2009; Patel et al. 2012). In 
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agreement with this, the initial Fgfr3;4 mutant studies have suggested that one of 

the primary roles of Fgfr3;4  during lung development is to mediate the formation of the 

Elastin ECM (Weinstein et al 1998; Srisuma et al. 2010). Our data agrees with the 

findings from previous groups, in that we found that Fgfr3;4  are necessary for Elastin 

ECM formation in the early postnatal lung (Figure 3).  Furthermore, we found that the 

disruption of the Elastin ECM is the first phenotypic abnormality associated with the 

Fgfr3;4 knockout lung, suggesting that it may be the primary defect. However, unlike the 

previous studies, which have suggested that Fgfr3;4 mediate Elastin ECM formation by 

regulating the production of Tropoelastin, we found no difference in Tropoelastin 

expression in the early knockout lung.  Instead, our data suggests that FGFR3;4 

mediate Elastin ECM formation by controlling the deposition of Elastin onto the 

microfiber network.  Although our results suggest a different role for Fgfr3;4 in Elastin 

ECM formation, they do not contradict the results from previous studies, as their studies 

have focused on the role of Fgfr3;4 at the end alveologenesis, while we were looking at 

the initial stages of alveolar development. 

Fgfr3;4 are expressed in both the epithelium and the mesenchyme of the 

postnatal lung, so the mutant lung phenotype could be derived from the loss of 

FGFR3;4 activity in either tissue. In the lung, the fibroblast lineage is necessary for 

Elastin ECM formation, and the expression of Fgfr3;4 peaks in rodent lung fibroblasts 

during the initial stages of alveolar development (Bostrom et al. 1996; Lindahl et al. 

1997; Boucherat et al. 2007). These finding suggested that the mesenchymal activity of 

FGFR3;4 is required for normal lung development. However it has been hypothesized 

that the loss of FGFR3;4 activity in the alveolar epithelium is contributing to the alveolar 
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simplification, by indirectly mediating the expression of Tropoelastin in the 

mesenchyme (Srisuma et al 2010).  Interestingly, when we knocked Fgfr3;4 using the 

Nkx2.1cre/+ and the DermoCre/+, we found the Dermo;Fgfr3;4 conditional lung almost 

completely recapitulated the alveolar simplification seen in the straight Fgfr3;4 mutant 

lung (Figure 1E-F;Figure 9A-F). Additionally, we found that the Nkx2.1;Fgfr3;4 

conditional lungs were indistinguishable from littermate controls. This suggests a model 

in which the loss of FGFR3;4 activity in the mesenchyme is the primary contributor to 

the alveolar simplification in the Fgfr3;4 mutant lung.  Furthermore because we continue 

to see a disruption in the Elastin ECM in the Dermo;Fgfr3;4 conditional lung, our data 

suggests that the root of the Elastin ECM defect lies within the mesenchymal tissue of 

the Fgfr3;4 mutant lung. 

 Our studies suggest that the primary defect in the Fgfr3;4 knockout lung is a 

disruption in the formation of the Elastin ECM. Therefore we examined the expression 

of genes involved in Elastin ECM formation and identified that the microfiber associated 

glycoprotein, MFAP5 was increased in the Fgfr3;4 knockout lung. The MFAP group 

consists of five members MFAP1-5, but Mfap5 was the only that showed altered 

expression in the Fgfr3;4 mutant lung (Figure 13).  Interestingly, knocking out Mfap5 

was able to attenuate the alveolar simplification seen in the Fgfr3;4 mutant lung.  

However, we found that the Elastin ECM was not significantly rescued in the 

Mfap5;Fgfr3;4 mutant lung. This suggests that the increase in Mfap5 is not the primary 

factor that leads to aberrant Elastin ECM formation in the mutant lung.  

 Combined our data suggests that the primary role of Fgfr3;4 is to mediate the 

establishment of the Elastin ECM in the lung. In a control lung, the Elastin ECM lines 
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the alveolar walls (Figure 16A). The normal deposition of the Elastin ECM results 

in the lung myofibroblasts having a normal morphology, which permits the outgrowth of 

the septal crests and leads to a normal alveolar structure. Our data suggests that the 

mesenchymal activity of Fgfr3;4 is necessary for the normal deposition of the Elastin 

ECM. Therefore, when the mesenchymal activity of Fgfr3;4 is lost in the Fgfr3;4 mutant 

lung, the deposition of the Elastin ECM is disrupted, so that multiple fibers run through 

the walls of the primitive alveoli (Figure 16B). The disorganized Elastin ECM causes the 

myofibroblasts to develop an abnormal morphology, which inhibits septal outgrowth, 

and leads to the alveolar simplification.  Future studies will focus on identifying the 

mechanisms through Fgfr3;4 are able to mediate Elastin ECM formation. 

 

Materials and Methods: 

Mice: 

Pups were dissected postnatally, with the date of birth being marked as postnatal day 

zero (P0). Fgfr3-/-, Fgfr3fl/fl, Fgfr4-/-, Pdgfra-GFP/+, Magp2 -/- , and Dermo-Cre/+, have 

been previously described (Sosic et al. 2003). Nkx2.1-cre/+ was purchased from the 

Jackson Laboratories (Xu et al. 2008). The primers used for genotyping can be found in 

the original publications. 

 

Histology: 

For histological analysis, lungs were inflation fixed with 4%PFA overnight, equilibrated 

into 30% Sucrose overnight, and then embedded in OCT and sectioned at 5um.  Lung 

sections were then allowed to sit at room temperature for 2 hours and were stained 
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using a standard H&E protocol.  Quantification of lung simplification was performed 

using the mean linear intercept (MLI) method, as previously described (Chen et al. 

2012). Three randomly selected sections from at least three lungs were used to 

calculate the MLI for mutant and control samples at every stage. Statistical analysis was 

done using the students T-test. 

 

Immunofluorescent: 

For immunofluorescent staining, lungs were inflation fixed overnight in 4% PFA. After 

fixation, the right lung was cut into 75um thick sections using a vibratome and stained 

using a standard immunofluorescent protocol (Yi et al. 2009).  From each vibratome 

section a 50um z-stack was taken and then processed into a two-dimensional image 

using Image-J (CITE).  The primary antibodies used were: SFTPC (seven hills), TAGLN 

(millipore), Elastin (Robert Mecham), Fbn1 (Lynn Sakai), and Fbn2 (Lynn Sakai).  

 

Quantitative RT-PCR  

Total RNA was collected from the right lung of at least three control and three mutant 

mice using a Qiagen RNeasy mini-Plus kit.  RNA was reverse transcribed into cDNA 

using Invitrogen’s superscript III-First strand kit.  cDNA was then amplified and 

quantified using a the SYBRgreen kit from applied biosciences.  In addition to the three 

biological replicates, two technical replicates were performed, and statistical analysis of 

the results was done using the students T-Test.  

 

Western 
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Total Protein was collected from the right lung of at least three control and three 

mutant mice. Protein samples were homogenized using the Qiagen TissueLyser II and 

were then run out on a 8-15% SDS page gel and transferred to a PVDF membrane.  

The PVDF membrane was blocked in 5% dried Milk powder in TBST for at least 1 hour, 

incubated in the primary antibody overnight at four degrees, and then incubated with the 

secondary antibody for one hour at room temperature.  Visualization of the western was 

done using the LI-COR system.  The primary antibodies that were used were Mfap5 

(1:1000), tropoelastin (1:500), B-actin (1:10000).  Protein levels were all normalized to 

B-actin. Two technical replicates and three biological replicates were performed for 

each antibody.   
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Figures:  

Figure 1:Fgfr3;4 mutant lungs develop a simplified alveolar structure during early 

postnatal lung development.  

 (A-F) Representative H&E stained frozen sections from the alveolar regions of control 

(A,C,E) and mutant (B,D,F) lung at P2, P3 and P8. At P8 the distal lung of Fgfr3;4 

mutant lungs is more simplified than that of the control lung, with the Fgfr3;4 mutant 

lung developing fewer alveoli that are larger in size (A-B). The simplified alveolar 

structure of the Fgfr3;4 mutant lung is still noticeable at P3 (C-D), however by P2 the 

mutant and control lungs are histologically indistinguishable (E-F). The alveolar 

simplification at P2, P3, and P8 was quantified by measuring the MLI at P2, P3 , P8 (G). 

Fgfr3;4  mutant lungs showed a statistically significant increase in the relative MLI at 

both P8 (P<.005 N=4) and P3 (P<.05 N=4), but the relative MLI was unchanged at P2 

(P>.6 N=3). Data are presented as means (+SEM). 
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Figure 1:Fgfr3;4 mutant lungs develop a simplified alveolar structure during early 

postnatal lung development.  
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Figure 2: The change in Fgfr3;4 mutant mouse size is not preceded by an 

alteration in total mouse weight.  

Control and mutant live mice were weighed at P3.  There was no apparent difference 

between the mutant and control mouse size at this stage. Data are presented as means 

(+SEM). 
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Figure 2: The change in Fgfr3;4 mutant mouse size is not preceded by an 

alteration in total mouse weight.  
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Figure 3: Cell proliferation and Cell death are not altered in Fgfr3;4 mutant mice 

between P2 and P3.  

(A-D) Representative immunofluorescent staining for the proliferation marker pHIS (red) 

and nuclei (blue) at P2 and P3. At both P2 and P3, cellular proliferation is unaltered in 

the mutant lung (A-D). Quantification of the proliferation rate revealed that it was 

unchanged in the mutant at P2 and P3 (E). Data are presented as means (+SEM). (F-I) 

Representative immunofluorescent staining for the cell death marker cleaved Casp3 

(red) and nuclei (blue) at P2 and P3. At both P2 and P3, there was no noticeable 

difference in the cell death rate of the control and mutant lung (F-I). 
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Figure 3: Cell proliferation and Cell death are not altered in Fgfr3;4 mutant mice 

between P2 and P3.  
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Figure 4: The epithelial and endothelial lineages are unaltered in the Fgfr3;4 

mutant lungs. 

(A-D) Representative immunofluorescent staining for alveolar type I cells (PDPN (red)) 

and alveolar type II cells (SFTPC (green)) in the alveolar region of P2 and P8 lungs. 

When comparing the control and mutant lungs a P2 and P8, we did not notice any 

difference in the localization of type I cells or type II cells. (E-H) Representative 

immunofluorescent staining for the capillary network (PECAM) in the alveolar region of 

the lung.  There is no difference between the localization of the capillary network in the 

control and mutant lungs at P2 (E,F) There are fewer total capillaries in the Fgfr3;4 

mutant lung at P8; however, the complexity of the capillary bed in an individual alveolar 

wall appears unchanged (G,H). 
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Figure 4: The epithelial and endothelial lineages are unaltered in the Fgfr3;4 

mutant lungs. 
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Figure 5: Myofibroblasts are more spread out in the Fgfr3;4 mutant lung.  

(A-F) Reconstructed 50um Z-stacks of immunofluorescent staining for TAGLN (red) in 

the alveolar region of control and mutant lungs. At P8, Fgfr3;4 mutant lungs display an 

increased TAGLN staining, and an altered myofibroblast morphology (A-B).  At P3, the 

mutant lungs continue to develop an altered TAGLN staining (C-D).  In the mutant lungs 

at both P8 and P3 the TAGLN staining is much more spread out in the alveolar regions 

of the lung (A-D). By P2 the alveolar the staining for myofibroblasts is indistinguishable 

from that of control lungs (E-F). 
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Figure 5: Myofibroblasts are more spread out in the Fgfr3;4 mutant lung.  
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Figure 6: Fgfr3;4 mutant lungs do not have more myofibroblasts. 

(A,B) Representative images of the alveolar region of Pdgfra-GFP positive cells (green) 

in the control (A) and mutant (B) lung at P3. At P3 there appear to be fewer total Pdgfra-

GFP positive cells in the mutant lung (A,B). However, quantification of the percentage of 

GFP positive cells revealed that the percentage of myofibroblasts is unchanged in the 

mutant lung (N=3) (C). Data are presented as means (+SEM). 
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Figure 6: Fgfr3;4 mutant lungs do not have more myofibroblasts. 
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Figure 7: The Elastin ECM is disorganized in the Fgfr3;4 mutant lung.  

(A-F) Reconstructed 50um Z-stacks of immunofluorescent staining for Elastin (red) in 

the alveolar region of control and mutant lungs. At P8, the Elastin ECM normally lines 

the alveolar wall (A).  In the Fgfr3;4 mutant lung the Elastin ECM is disorganized, with 

multiple Elastin fibers running through the alveolar walls (B). At P3 we continue to see a 

disorganized Elastin ECM in the alveolar region of the mutant lung (C,D). Unlike the 

TAGLN staining, we continue to see a disorganized Elastin ECM in the alveolar region 

of the mutant lung at P3. 
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Figure 7: The Elastin ECM is disorganized in the Fgfr3;4 mutant lung.  
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Figure 8: Fgfr3;4 Mutant mice do not produce more tropoelastin at either P2 or P8 

Representative western blots for tropoelastin (green) and B-actin (red) at P2 and P8. At 

both P2 and we found no difference in the production of the Tropoelastin monomer.  
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Figure 8: Fgfr3;4 Mutant mice do not produce more tropoelastin at either P2 or P8 
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Figure 9: FGFR3;4 activity is required in the mesenchyme and not the epithelium 

during postnatal lung development.  

(A-B, D-E) Representative H&E stained frozen sections from the alveolar regions of P8 

Cre-control (A,D) and Cre+/-;Fgfr3;4 conditional mutant lungs (B,E). At P8 

Nkx2.1;Fgfr3;4 conditional mice have not developed any histological abnormalities (A-

B). The alveolar density was quantified in the Nkx2.1;Fgfr3;4 conditional lungs by 

measuring the MLI. At P8 the MLI of Nkx2.1;Fgfr3;4 conditional lungs was not 

statistically different from the Cre control lung (C) (P>.95 N=3).  At P8 Dermo;Fgfr3;4 

conditional have developed a simplified alveolar structure that is reminiscent of the 

Fgfr3;4 mutant phenotype (D-E).  The alveolar density was quantified in the 

Dermo;Fgfr3;4 conditional lungs by measuring the MLI. At P8 the MLI of Dermo;Fgfr3;4 

conditional lungs was significantly increased, when compared to Cre control lungs (F) 

(P>.95 N=4).  Data are presented as means (+SEM). 
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Figure 9: FGFR3;4 activity is required in the mesenchyme and not the epithelium 

during postnatal lung development.  
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Figure 10: Loss of FGFR3;4 activity in the mesenchyme leads to a disorganized 

Elastin ECM. 

(A-D) Reconstructed 50um Z-stacks of immunofluorescent staining for Elastin (red) in 

the alveolar region of P8 Cre-control and Cre+/-;Fgfr3;4 conditional mutant lungs. At P8 

the Elastin ECM shows normal organization in the Nkx2.1;Fgfr3;4 conditional lung, as 

the Elastin fibers are primarily found around the outer portion of the alveolar wall (A-B).  

By P8, Dermo;Fgfr3;4 conditional lungs develop a disorganized Elastin ECM with 

multiple Elastin fibers running through the alveolar walls (C-D). This phenotype is 

reminiscent of disorganized Elastin ECM phenotype seen in Fgfr3;4 mutant lungs. 
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Figure 10: Loss of FGFR3;4 activity in the mesenchyme leads to a disorganized 

Elastin ECM. 

 

  



	
  

	
  

150	
  

Figure 11: Loss of FGFR3;4 activity in the mesenchyme alters the myofibroblast 

morphology. 

(A-D) Reconstructed 50um Z-stacks of immunofluorescent staining for TAGLN (red) in 

the alveolar region of P8 Cre-control and Cre+/-;Fgfr3;4 conditional mutant lungs. At P8, 

TAGLN staining is unaltered in the Nkx2.1;Fgfr3;4 conditional lung (A-B). Myofibroblasts 

in P8 Dermo;Fgfr3;4 conditional lungs develop a more spread out morphology than Cre-

control lung myofibroblasts (C-D). This phenotype is reminiscent of myofibroblast 

spreading phenotype seen in Fgfr3;4 mutant lungs. 
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Figure 11: Loss of FGFR3;4 activity in the mesenchyme alters the myofibroblast 

morphology. 
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Figure 12:Although the Nkx2.1Cre/+ is highly active in the lung epithelium, 

Nkx2.1;Fgfr3;4 conditional mice do not develop an alveolar phenotype.  

(A-B) Representative H&E stained frozen sections from the alveolar regions of P28 

Nkx2.1Cre/+ control (A) and Nkx2.1;Fgfr3;4 conditional lungs (B). At P28 Nkx2.1;Fgfr3;4 

conditional mice do not display any histological abnormalities (A-B).  The normal 

appearance of the Nkx2.1;Fgfr3;4 conditional lung does not appear to be due to a lack 

of Nkx2.1Cre/+ activity, as it is highly active in the alveolar region of the lung (green), 

where it colocalizes with SFTPC (red; type II cells) (D). Furthermore the Nkx2.1 cre is 

able to efficiently excise the floxed region from the Fgfr3fl transcript (N=3). Data are 

presented as means (+SEM). 
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Figure 13: Fgfr3;4 mutant lungs display an increase in Mfap5 and Fbn2 

expression. 

(A) To identify potential genes that could be causing the disorganized Elastin ECM we 

performed qRT-PCR for genes involved in Elastin ECM formation. This screen revealed 

that Fbn2 and Mfap5 expression was increased in the Fgfr3;4 mutant lung at P2 

(P<0.05 N=3). (B) Western analysis of MFAP5 revealed that Fgfr3;4 mutant also show 

an increase in MFAP5 protein levels at both P2 and P8. B-actin was used as a loading 

control. 
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Figure 13: Fgfr3;4 mutant lungs display an increase in Mfap5 and Fbn2 

expression. 
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Figure 14: The microfiber network is unaffected in the Fgfr3;4 mutant lung.  

(A-F, A’-F’) Reconstructed 10um Z-stacks of alveolar region of P2 lungs stained for 

Elastin (A,B, A’,B’), FBN1 (C,D,C’D’), and FBN2 (E,F,E’F’) and nuclei (blue). At P2, ELN 

(red) is localized to the outer region of the alveolar wall in control mice (A, A’). Fgfr3;4 

mutant lungs have a disorganized Elastin ECM at P2 with multiple fibers running 

through the alveolar wall (B, B’).  The organization of FBN1 (red) is unaffected by the 

loss of FGFR3;4 (C,D, C’,D’). The organization of FBN2 (red) is unaffected by the loss 

of FGFR3;4 (E,F, E’,F’). In both the control and mutant lungs FBN1 and FBN2 do not 

appear to be preferentially located to the alveolar wall (C’-F’). Instead the localization of 

FBN1 and FBN2 appears to be more like that of the Elastin ECM in the Fgfr3;4 mutant 

lung (B’).  
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Figure 14: The microfiber network is unaffected in the Fgfr3;4 mutant lung.  
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Figure 15: Introducing an Mfap5 knockout allele into the Fgfr3;4 mutant 

background is able to attenuate the alveolar simplification. 

(A,B) Representative H&E stained frozen sections from the alveolar regions of P8 

Fgfr3;4 mutant and Mfap5;Fgfr3;4 mutant lungs.  At P8, Fgfr3;4 mutant lungs have a 

simplified alveolar network with very large alveoli (A).  Knocking out Mfap5 in the 

Fgfr3;4 mutant background was able to partially attenuate the alveolar simplification 

seen in the Fgfr3;4 mutant lungs (B). The alveolar density was quantified in the 

Mfap5;Fgfr3;4 conditional lungs by measuring the relative MLI. At P8 the relative MLI of 

Mfap5;Fgfr3;4 lungs was significantly decreased, when compared to Fgfr3;4 mutant 

lungs (F) (P<.05 N=4). (C,D) Reconstructed 50um Z-stacks of immunofluorescent 

staining for Elastin (green) in the alveolar region of P8 Fgfr3;4 mutant and 

Mfap5;Fgfr3;4 lungs. At P8, we found that the Elastin ECM was disorganized in both the 

Fgfr3;4 mutant and Mfap5;Fgfr3;4 (C,D).  In both conditions, we see multiple fibers 

running through the alveolar walls. 
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Figure 16: Model  

(A) In the control lung, the Elastin ECM lines the alveolar walls. The normal deposition 

of the Elastin ECM results in the myofibroblasts of the lung having a normal localization 

and morphology.  The normal myofibroblast localization and morphology then permits 

the outgrowth of the septal crests, leading to a normal alveolar structure. (B) In the 

Fgfr3;4 mutant lung, the deposition of the Elastin ECM is disrupted, so that multiple 

fibers run through the walls of the primitive alveoli. The disorganized Elastin ECM leads 

to an abnormal myofibroblast morphology, which inhibits septal outgrowth, and leads to 

the alveolar simplification.     
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Chapter V: Conclusions and future directions. 
  



	
  

	
  

163	
  

Conclusions: 

Overall my data enhances the fields understanding of how the lung develops and 

matures. First, by performing an in situ hybridization screen, my findings have helped to 

elucidate the transcriptional circuitry in the embryonic lung. We found approximately 60 

transcription factors that were expressed in the lung at E13.5, most of which have not 

been shown to mediate lung development during branching morphogenesis.  Therefore 

I think we have identified novel transcription factors that could be the focus of future 

studies. 

Other than knocking out some of the transcription factors we identified and 

characterizing their role in lung development, I think that it would be really useful to 

perform a similar screen at later stages of lung development, with an emphasis in the 

postnatal lung.  One of the biggest issues with studying the postnatal lung is that there 

are not many markers for the different cell populations.  One of the things that we were 

able to pull out of the embryonic screen were potential markers for the vasculature and 

lymphatic system.  I feel that if similar screen was performed in the postnatal lung, we 

would be able better define the lineages that are necessary for alveolar development. 

My work also demonstrates that the FGF regulated transcription factors Etv4;5 

are necessary for epithelial branching morphogenesis. By using a conditional knockout 

approach we were able to identify that Etv4;5 mediate epithelial branch patterning and 

epithelial lumen size in the embryonic lung. Further analysis of the Etv4;5 mutant lung 

revealed that FGF signaling was increased in the mutant lung, while SHH signaling was 

decreased. By using genetic techniques to decrease FGF signaling activity and 

pharmacological techniques to activate SHH signaling, we were able to rescue the 
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epithelial lumen phenotype in the Etv4;5 mutant lung.  Furthermore, we were able 

to use a combination of in vitro and in vivo techniques to demonstrate Etv4;5 are able to 

mediate Shh expression in the lung through a long range Shh enhancer. Collectively our 

data suggests that one of the primary functions of Etv4;5 in the lung is to mediate an 

FGF-SHH negative feedback loop.   

One of the questions that is still unclear is how do Etv4;5 mediate general branch 

patterning.  Our rescue data suggests that the FGF-SHH signaling loop is not mediating 

the general branch patterning defect in the Etv4;5 mutant lung. We had attempted to 

identify other targets of Etv4;5 in the lung by running gene expression arrays on the 

whole lung.  Unfortunately we did not find any candidates that could be contributing to 

the Etv4;5 mutant phenotype.  One of the potential reasons for this could be that the 

gene expression changes in the lung epithelium are being dampened in the arrays by 

the presence of the mesenchymal tissues.  A potential way to get around this would be 

to dissociate the lung epithelium from the mesenchyme and run an array solely on the 

lung epithelium.  Additionally, we could identify other potential direct targets by 

performing ChIP-seq.  Once these targets are identified we could then use genetic or 

pharmacological means to assess whether these targets are contributing to the lung 

phenotype. 

 Lastly, my work has expanded upon the model of how FGF signaling mediates 

lung development.  We found that Fgfr3;4 are necessary for the development of the 

primitive alveoli during the saccular stage of lung development.  Our data suggests that 

the primary role of Fgfr3;4, during the saccular stage, is to mediate the deposition of the 

Elastin ECM. Additionally we demonstrated that the mesenchymal activity of Fgfr3;4 is 
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necessary for postnatal lung development. Finally we showed that the alveolar 

simplification in the Fgfr3;4 mutant lung is caused in part by an increase in the Mfap5 

expression level.  

One of the future directions for this project would be further examine how 

knocking out Mfap5 is able to rescue the Fgfr3;4 mutant phenotype.  We had originally 

hypothesized that knocking out Mfap5 would attenuate the alveolar phenotype by 

rescuing the disorganized Elastin ECM, however the elastin ECM is still disorganized in 

the Mfap5;Fgfr3;4 mutant lung.  In addition to mediating Elastin ECM formation, Mfap5 

has been shown to interact with TGFb proteins and to facilitate a cells response to FGF 

signaling; however, I see no differences in the global level pSMAD2, pAKT, pERK, and 

pPLC-gamma in the Fgfr3;4 knockout lung.  Therefore I had not pursued this further.  

However it possible that the alteration in TGF/FGF signaling is only in a subset of the 

cells, therefore we could examine these pathway a little more closely in the mutant, by 

looking at whether these pathways are altered in specific cell populations.  By looking at 

this we would gain a better appreciation for how knocking out Mfap5 can attenuate the 

Fgfr3;4 knockout phenotype. 

Another future direction for this project would be to identify other factors that 

could be mediating the development of the alveolar simplification and the alterations in 

the Elastin ECM.  Knocking out Mfap5 was able to attenuate the alveolar phenotype, 

however the rescue was not complete, suggesting there are other factors that are 

mediating the development of the phenotype. To identify these, we have run an array on 

P2 Fgfr3;4 mutant and control lungs have identified a number of genes that are 

associated with the extracellular matrix. One of these genes is IGF1, which has been 
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shown to promote Elastin expression. Although we don’t see an increase in Elastin 

expression in the Fgfr3;4 mutant lungs at P2 or P8 it is possible that IGF1 may also 

mediate the deposition of the Elastin ECM.  Once we have confirmed that these genes 

have an altered expression, the next step would be to knock these genes out in the 

Fgfr3;4 mutant background to see if it attenuates the phenotype. 

 The final future direction for this project would be to identify the ligands that are 

acting on FGFR3;4 in the postnatal lung. The majority of studies that have examined the 

role of FGF signaling in postnatal lung development have either focused on the role of 

the FGFRs or have used chemicals to inhibit the activity of the some of the FGF ligands.  

Ligand specificity studies have demonstrated that FGF1,FGF2, FGF4, FGF8, FGF9, 

FGF17, FGF18 are able to interact with FGFR3;4 (Eswarakumar et al. 2005). Of these, 

FGF1, FGF2, FGF8, FGF9, FGF18 have been shown to be expressed in the lung. 

FGF1, FGF2, have knockout lines, however neither of them have an associated lung 

defect. FGF8, FGF9 and FGF18 also have knockout lines available, and all three 

knockout lines have prenatal lung phenotypes. Therefore in order to study their role 

during postnatal lung development they would have to be conditionally knocked out 

within the postnatal lung. Currently, there are conditional alleles for both FGF9 and 

FGF18 and neither of them has been studied for their role in postnatal lung 

development.  By examining what FGF ligands are involved in postnatal lung 

development, we would gain an appreciation for how FGFR3;4 are mediating postnatal 

lung development. 
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Appendix I:  Etv4 and Etv5 mediate postnatal lung development through 

controlling prenatal lung patterning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Images in this chapter were collected by John Herriges with the help of Kelsey 

Branchfield.   



	
  

	
  

168	
  

Abstract: 

Although the FGF signaling pathway has been shown to be required for both 

embryonic and postnatal lung development, the transcriptional regulation of FGF 

signaling activity is still poorly understood. In a previous study we showed that the FGF 

regulated transcription factors Etv4 and Etv5 (Hereafter Etv4;5) are necessary for 

epithelial branching in the embryonic lung.  Here we examine the role of Etv4;5 in late 

embryonic and early postnatal lung development.  Our results demonstrate that the loss 

of ETV4;5 activity during embryonic lung development results in a simplified proximal 

airway tree and a simplified alveolar network. Interestingly, when we knockout Etv4;5 in 

the postnatal lung, we see no phenotypic abnormalities.  Together our data suggests 

that although Etv4;5 are expressed in the postnatal lung, their primary role in the lung is 

to mediate embryonic lung development.  
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Introduction: 

In mice, the lung buds sprout from the ventral foregut at embryonic day 9.5 

(Cardoso and Lu 2006; Morrisey and Hogan 2010). Between E9.5-E11.5, the lung 

epithelium elongates and branches to form the four lobes of the right lung and the single 

lobe of the left lung.  From E11.5-E16.5, the lung enters the pseudoglandular stage 

where the epithelium will form hundreds of airways through the stereotypical process 

known as branching morphogenesis (Metzger et al. 2008). Towards the end of 

branching morphogenesis, specialized cell populations like ciliated cells and clubs begin 

to form within the proximal regions of the lung, and the distinctions between the cells 

destined to become the proximal airways, and the distal alveoli become much more 

apparent (Morrisey and Hogan 2010). Over the final days of embryonic lung 

development and during the first few days of life, the lung undergoes saccular branching 

to form the primitive alveoli, which will facilitate oxygen uptake at birth. The final stage of 

lung development is the alveolar stage, which takes place between P4-P36 (Mund et al. 

2008). During this stage approximately 55% of the adult alveolar surface area is 

established through a process known as alveologenesis, in which thousands septal 

crests emerge from the walls of the primitive alveoli and grow into the alveolar lumen.  

All of the conserved signaling pathways including WNT, SHH, FGF, BMP, and 

NOTCH have been shown to be critical for different stages of lung development 

(Cardoso and Lu 2006; Morrisey and Hogan 2010).  Of these, the FGF signaling 

pathway is one of the most thoroughly characterized, as it has been linked to every 

stage of lung development (Sekine et al 1999; De Moerlooze et al. 2000;Colvin et al. 

2001; Hokuto et al. 2003; Usui et al 2004; del Moral et al. 2006; Abler et al. 2009; Yi et 
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al. 2009; Yu et al. 2010).  The earliest required FGF ligand is FGF10, which is 

necessary for lung bud initiation (Min et al. 1998; Sekine et al. 1999). During the 

pseudoglandular stage FGF9 and FGF10 mediate branching morphogenesis as well as 

mesenchymal patterning and the formation of the airway smooth muscle (Abler et al. 

2009; Yi et al. 2009). Finally, FGF8 and FGF18 are necessary for the formation of 

functional primitive alveoli during the final days of gestation (Usui et al 2004; Yu et al. 

2010).  

In the postnatal lung, the focus of studies on FGF signaling has primarily been on 

the FGFRs. Recent studies have demonstrated that Fgfr2, Fgfr3, and Fgfr4 are all 

required for postnatal lung development (Weinstein et al. 1998; Hokuto et al. 2003; 

Srisuma et al. 2010). Interestingly, FGFR2 mediates postnatal lung development 

through its developmental requirement in the prenatal lung, and specifically inhibiting 

the activity of FGFR2 postnatally does not have any phenotypic consequences (Hokuto 

et al. 2003).  Recent studies have shown that Fgfr3 and Fgfr4 (Hereafter Fgfr3;4) 

function redundantly in the postnatal lung, with Fgfr3 or Fgfr4 individual knockout mice 

showing no phenotypic abnormalities (Weinstein et al. 1998). However, Fgfr3;4 double 

knockout lungs do not undergo alveologenesis, resulting in a severely simplified 

alveolar network in the adult lung (Srisuma et al. 2010).   

Although much is known about how FGF signaling mediates lung development 

on the level of the ligand and the receptor, the transcriptional regulation of FGF 

signaling in the lung is still poorly understood.  In a previous study to identify novel 

transcription factors involved in lung development, we identified that the FGF regulated 

transcription factor Etv5 is expressed in the distal lung epithelium (Herriges et al. 2012).  
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Etv5 is one of three members of the PEA3 group of transcription factors, which 

consists of Etv1, Etv4, and Etv5 (Liu et al 2003; Chotteau-LelieÁvre et al. 1997; 

Herriges et al. 2012). All three PEA3 group transcription factors are expressed in the 

lung; however, Etv4;5 are the only ones that are strongly expressed in the lung 

epithelium. In a previous study we examined the role of Etv4;5 during branching 

morphogenesis by using a conditional knockout approach (Herriges unpublished). In 

this study we showed that Etv4;5 mediate epithelial branching by acting as 

intermediates in a FGF-SHH negative feedback loop.  Recently, a study examined the 

role of PEA3 group transcription factors during the later stages of embryonic lung 

development by overexpressing an ETV5-Engrailed repressor fusion protein (hereafter 

Etv5-Engl) (Liu et al. 2003). In the proximal airways, the overexpression of the Etv5-

Engl construct led to an increase in the number of ciliated cells. While in the alveolar 

region, the overexpression of the Etv5-Engl construct inhibited the differentiation of both 

the alveolar type I and type II cells. Therefore, we wanted to use our conditional 

knockout approach to further examine the roles of Etv4;5 in the late embryonic and 

early postnatal lung. 

In this study we used a conditional knockout approach to examine the role of 

Etv4;5 in late embryonic and early postnatal lung development.  We demonstrate that 

the embryonic function of Etv4;5 is necessary for the establishment of the proximal 

airways and the distal alveoli in the postnatal lung.  Furthermore, in the distal alveoli, 

our data suggests that Etv4;5 are not necessary for cell fate determination in the 

epithelium, but instead are part of an epithelial to mesenchymal crosstalk that mediates 

the formation of the Elastin extracellular matrix. Finally, through the use of a tamoxifen 
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inducible cre, we demonstrate that the postnatal activity of Etv4;5 is not required 

for lung development.  Collectively, our data demonstrates that although Etv4;5 mutant 

lungs develop a strong postnatal lung phenotype, their activity is not required in the 

postnatal lung for normal alveologenesis.   

 

Results: 

Our previous work has demonstrated that Etv4;5 are necessary for the 

pseudoglandular stages of lung development (Herriges unpublished).  However, FGF 

signaling continues to be active in the lung well beyond the end of branching 

morphogenesis.  To investigate the role of Etv4;5 during the final stages of lung 

development we conditionally inactivated Etv4;5 in the lung epithelium.  This was 

achieved by using an Etv5fl allele and an epithelial-specific Shhcre , in combination with 

an Etv4 null allele , which generated Shhcre/+;Etv5fl/fl;Etv4-/- (hereafter Etv4;5 mutant) 

embryos (Laing et al. 2000; Harris et al. 2006; Goss et al. 2009; Zhang et al. 2009).  We 

have previously demonstrated that the Shhcre/+ can efficiently excise the floxed region of 

the Etv5 conditional allele as early as E11.5, so utilizing the Shhcre/+ should allow us to 

examine how Etv4;5 are involved in the development and maturation of the late 

embryonic and early postnatal lung.  

 

Etv4;5 are necessary for the formation of the proximal airways  

While Etv4;5 mutant mice do survive postnatally, we found that they develop 

smaller lungs at birth (Figure 1A-B).  At birth, Etv4;5 are expressed in the alveolar 

region of the lung (Lin et al. 2006). However a previous study has demonstrated that 
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PEA3 group transcription factors are necessary for the development of both the 

proximal airways and the distal alveoli (Liu et al. 2003). To examine whether Etv4;5 are 

necessary for the general airway structure, we first performed a whole mount in situ 

hybridization for the proximal airway maker Scgb1a1 on postnatal day zero (P0) lungs. 

We found that major airways were drastically simplified in the Etv4;5 mutant lungs, with 

mutant lungs having fewer airways that were wider in diameter and contained fewer 

secondary branches (Figure 2 A-C).  Interestingly, although we observed such a strong 

phenotype in the airway structure, the cell populations that make up the airway 

epithelium including; club cells, NEBs, and ciliated cells, were unaffected (Figure 2D-I). 

These results suggest that although Etv4;5 are necessary for the establishing the 

structure of the proximal airways, they are not necessary for establishing the cellular 

niches that populate these airways. 

 

Etv4;5 are necessary for the formation of the distal alveoli 

Previous research has demonstrated that FGF signaling is necessary for the 

alveolar development (Weinstein et al. 1998; Hokuto et al. 2003; Srisuma et al. 2010).  

In the postnatal lung Etv4;5 are expressed in the distal alveoli suggesting that they may 

also regulate alveolar development. To determine if Etv4;5 mediate alveolar 

development we examined the histology of Etv4;5 mutant lungs at P0 and P7. We found 

that there is a slight simplification in the alveolar structure at P0, with Etv4;5 mutant 

lungs having slightly fewer total alveoli that are larger in size (Figure 3 A,B).  This 

phenotype worsened as the mouse enters the alveolar stage of lung development, with 

Etv4;5 mutant lungs showing a more drastic alveolar simplification at P7 (Figure 3C-D).  
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To confirm these results we measured that mean linear intercept (MLI), and found 

that at P7, the Etv4;5 mutant lungs had a 60% increase in the relative MLI (Figure 3E 

P<0.05 N=3). Together these data suggest that ETV4;5 are necessary for alveolar 

development in the postnatal lung. 

 

Etv4;5 control fibroblast formation in alveolar region of the lung 

Alveolar development in the distal lung is the result of a series of complex 

interactions between the epithelium and mesenchyme.  In order to better understand 

how the alveolar phenotype develops in the Etv4;5 mutant lung we examined how the 

different cellular lineages that make up the alveoli are affected by the loss of ETV4;5 

activity.   

The alveolar epithelium is composed of two different cell types, alveolar epithelial 

type I (hereafter type I) cells and alveolar epithelial type II (hereafter type II) cells. A 

previous study had suggested the PEA3 group transcription factors are necessary for 

the differentiation of both type I and type II cells at E18.5 (Liu et al. 2003). However, we 

found that type II cells were unaffected by the loss of Etv4;5 activity in the lung 

epithelium, with type II cells in Etv4;5 mutant lungs having a normal localization (Figure 

4A-D).  Furthermore, we found no noticeable difference in the localization or 

differentiation of type I cells in the Etv4;5 mutant lungs (Figure 4A-D).  Together these 

results suggest that although Etv4;5 are expressed in the alveolar epithelium of the 

postnatal lung, they are not required for the development of either type I or type II cells. 

Previous studies have demonstrated that the fibroblast lineages are necessary 

for alveolar development in the postnatal lung (Bostrom et al. 1996 ; Lindahl et al. 
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1997).  Furthermore several studies have suggested that FGF signaling can 

mediate alveolar fibroblast differentiation during normal development and in lung 

regrowth models (Srisuma et al. 2010; Chen et al. 2012). To determine whether the 

fibroblast lineages are altered in the Etv4;5 mutant lungs, we mated a PdgfraGFP/+ 

reporter allele into the Etv4;5 mutant background (Hamilton et al. 2003; McGowen et al. 

2008 ). In the Etv4;5 mutant lungs, we found that there were approximately 30% fewer 

fibroblasts at both P0 and P7 (Figure 5A-E P<0.05 N=3) Interestingly though, when we 

examined the expression pattern of the myofibroblast using the marker TAGLN, we 

found no difference in its general localization at P7 (Figure 6A,B). Together these data 

suggest that although Etv4;5 are expressed in the epithelium of the lung, the primary 

tissue that is affected in the Etv4;5 mutant lung is the mesenchyme. 

One of the primary functions of the fibroblast lineage in the postnatal lung is to 

establish the Elastin extracellular matrix (hereafter ECM) (Bostrom et al. 1996; Lindahl 

et al. 1997). Previous studies have also demonstrated that the FGF signaling pathway 

mediates the production of the Elastin ECM (Weinstein et al 1998; Srisuma et al 2010). 

Interestingly, although we noticed no difference in the Elastin ECM that surrounded the 

airways, the Elastin ECM in the alveolar region was disorganized at P7 (Figure 7A,B). 

Unlike what is seen in the Fgfr3;4 mutant lung, the Elastin ECM in the Etv4;5 mutant 

does appear to be abnormally localized in the alveolar walls, instead it appears as 

though the fibers are not as tightly bundled. This data suggests that one of the 

mechanisms through which Etv4;5 may mediate postnatal lung development is by 

controlling the formation of the Elastin ECM. 
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Etv4;5 are not required in the alveolar epithelium of the postnatal lung 

In the lung, FGF signaling regulates alveolar development through the FGF-

receptors; Fgfr2, Fgfr3, and Fgfr4 (Weinstein et al. 1998; Hokuto et al. 2003; Srisuma et 

al 2010).  Interestingly, Fgfr2 conditional inhibition studies have shown that although the 

inhibition of FGFR2 activity in the embryonic lung leads to a simplified alveolar 

structure, the inhibition of FGFR2 activity in the postnatal lung has no developmental 

consequences (Hokuto et al. 2003).  Furthermore, although Fgfr3 and Fgfr4 (hereafter 

Fgfr3;4) are expressed in the prenatal lung, previous studies have demonstrated that 

they are only required for postnatal lung development (Weinstein 1998; Srisuma 2010; 

Herriges  unpublished).  Together these studies have suggested that FGF signaling can 

affect postnatal lung development through two separate mechanisms.  The first is 

exemplified by the Fgfr2 mutants, in which a disruption of prenatal lung 

patterning/development causes an abnormal postnatal lung phenotype.  The second is 

seen in the Fgfr3;4 mutants, where FGF signaling is strictly involved in postnatal lung 

development. 

We have previously shown that Etv4;5 are required for prenatal lung 

development (Herriges unpublished). To determine whether the alveolar simplification 

phenotype we see in the Etv4;5 mutant is due to the requirement of Etv4;5 in prenatal or 

postnatal lung, we utilized the tamoxifen inducible cre-recombinase system to 

specifically inactivate Etv4;5 in the postnatal lung epithelium. This was achieved by 

combining the tamoxifen inducible Id2Cre/Ert2 with a conditional Etv5fl allele and an Etv4- 

knockout allele, generating Id2Cre/Ert2;Etv5fl/fl;Etv4-/- (hereafter Etv4;5 inducible mutant) 

mice. Id2Cre/Ert2 is active in the alveolar epithelium, and we found significant Id2Cre/Ert2 
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activity after only four rounds of tamoxifen injections, over the first five days of life 

(Rawlins et al. 2009) (Figure 8A-B).  Furthermore, we found a 60% reduction in the full 

length Etv5 transcript by P8, demonstrating that the Id2Cre/Ert2 is active in the postnatal 

lung (Figure 8C). To ensure that we would detect any potential alveolar phenotypes in 

the Etv4;5 inducible mutant lungs, we collected lungs near the end of alveolar 

development, at P28. When we compared Etv4;5 inducible mutant lungs to injected 

control mice, there were no obvious phenotypic abnormalities at P28. (Figure 9A,B).  

These results were later confirmed by quantifying the mean linear intercept for control 

and mutant lungs (Figure 9C).  From these data, we conclude that postnatal activity of 

Etv4;5 in the lung epithelium is not required for lung development. 

 

Discussion: 

In this study we examined the role of Etv4;5 in postnatal lung development.  We 

were able to demonstrate that the loss of Etv4;5 activity in the embryonic lung, causes a 

severe alveolar simplification that is reminiscent of the phenotype seen in the lungs  of 

Fgfr2-HFc and Fgfr3;4 mutants (Weinstein et al. 1998; Hokuto et al 2003; Srisuma et al. 

2010). However, when we knocked out Etv4;5 in the postnatal lung, we found that 

Etv4;5 are not required in the lung epithelium for normal postnatal lung development.  

Our findings therefore suggest that Etv4;5 are able to regulate postnatal lung 

development through their role in patterning the embryonic lung.  

 

Etv4;5 mediate general airway patterning but not cellular differentiation. 
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A recent study provided evidence which suggested that Etv4;5 may mediate 

airway cell differentiation in the embryonic lung (Liu et al. 2003). Additionally, our 

studies on Etv4;5 in early lung development, had demonstrated that Etv4;5 mediate 

epithelial branch patterning (Herriges unpublished). Therefore we had hypothesized that 

the patterning of the major airways would be altered on both the cellular level and 

structural level. Interestingly, although we found that the structural patterning of the 

airways was disrupted in the mutant lung, the cellular patterning in the airways 

unaffected (Figure 2). These results suggest that although Etv4;5 are necessary for 

establishing the major airway network, they are not necessary for the development of 

cellular lineages that populate it. One plausible explanation for this is that Etv4;5 are 

mainly expressed within the distal lung epithelium during lung develop.  Therefore 

although the cells that localize to the proximal airways would have been derived from 

ETV4;5 positive cells, they themselves would not be expressing Etv4;5 when they are 

differentiating. Thus the loss of Etv4;5 would not affect the differentiation of these airway 

cell populations.   

 

Etv4;5 are required for alveolar development 

In addition to the disruption of the patterning of the major airways, we found that 

Etv4;5 mutant lungs had a simplified alveolar structure.  Interestingly, in the Etv4;5 

mutants, we found that although Etv4;5 are expressed in the lung epithelium, the 

primary alveolar lineage affected in the Etv4;5 mutant lung were the mesenchymal 

myofibroblasts. We have previously shown that Etv4;5 mediate epithelial to 

mesenchymal crosstalk during branching morphogenesis, and Etv4;5 have also been 
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shown to mediate epithelial to mesenchymal crosstalk during limb development 

(Zhang et al. 2009; Herriges). These results suggest that one of the primary roles of 

Etv4;5 during development is to mediate epithelial to mesenchymal crosstalk. Previous 

studies have shown that myofibroblasts are necessary for alveolar development within 

the postnatal lung, thus the disruption of this population in the Etv4;5 mutant lung may 

be contributing to the alveolar simplification.  Furthermore given the importance of the 

Elastin ECM to postnatal lung development it is likely that the myofibroblasts are 

mediating postnatal lung development through their ability to regulate Elastin ECM 

formation. 

 

The function of Etv4;5 is within the embryonic lung. 

Previous studies have demonstrated that FGF signaling can control postnatal 

lung development by being specifically required for postnatal roles, or by mediating the 

development of the embryonic lung, which will affect how the postnatal lung develops.  

An example of the former are Fgfr3;4 which have no mutant phenotypes within the 

embryonic lung, but develop a severe alveolar simplification by P8 (Weinstein et al. 

1998; Srisuma et al. 2010). An example of the latter is Fgfr2, which is only necessary for 

prenatal lung development, but the prenatal roles of Fgfr2 are not necessary for normal 

lung development (Hokuto et al. 2003).  To test how Etv4;5 are mediating postnatal lung 

development, we conditionally inactivated Etv4;5 in the postnatal lung using Id2Cre/Ert2. 

Interestingly, we didn’t find any phenotypic abnormalities in the Etv4;5 conditional 

mutant lungs, demonstrating that the postnatal expression of Etv4;5 is not required for 

postnatal lung development.   Additionally, several lines of evidence suggest that Etv4;5 
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may act downstream of Fgfr2 during postnatal lung development.  First, during 

embryonic lung development Etv4;5 are thought to act downstream of FGF10 and 

FGFR2-IIIb in the lung epithelium (Liu et al. 2003). Second, although both Etv4;5 and 

Fgfr2 are expressed in the distal epithelium of the postnatal lung, their activity is not 

required for postnatal lung development (Hokuto et al. 2003). Therefore, it is not 

surprising that Etv4;5 would mediate postnatal lung development through a mechanism 

similar to Fgfr2. 

 

Future directions: 

With this project one of the future directions would be to further map out the temporal 

requirement of Etv4;5 for lung development. In our studies we cannot differentiate a 

potential role of Etv4;5 during branching morphogenesis from a role of Etv4;5 during 

prenatal sacculation. We had tried to do this with the Id2-cre, but found that tamoxifen 

injections embryonically resulted in abortion rates that did not make it feasible to study 

this question.  To get around this problem we can mate in a doxycycline induce SpC-cre 

which would easily allow us to examine the role Etv4;5 play in prenatal sacculation. 

 

Materials and Methods: 

 

Mice: 

The mutant alleles used in this study are Etv5fl (Zhang 2009), Etv4- (Laing 2000), Shh-

cre (Harfe 2004), and Id2-Cre/Ert2 (Rawlins et al. 2009). The pups used in these 

experiments were harvested postnatally, with the day of birth being considered P0. 
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Histology: 

For histological analysis, lungs were inflation fixed with 4%PFA overnight, equilibrated 

into 30% Sucrose overnight, and then embedded in OCT and sectioned at 5um.  Lung 

sections were then allowed to sit at room temperature for 2 hours and were stained 

using a standard H&E protocol.  Quantification of lung simplification was performed 

using the mean linear intercept (MLI) method, as previously described (Chen et al. 

2012). Three randomly selected sections from at least three lungs were used to 

calculate the MLI for mutant and control samples at every stage. Statistical analysis was 

done using the students T-test. 

 

Immunofluorescent: 

For immunofluorescent staining, lungs were inflation fixed overnight in 4% PFA. After 

fixation, lungs were equilibrated in 30% Sucrose overnight, embedded in OCT and 

sectioned at 5um. Sections were then stained using a standard immunofluorescent 

protocol (Yi et al. 2009). The primary antibodies used were: SpC (seven hills), T1a 

(seven hills), Elastin (Mecham), and SMA (Abcam).  

 

RNA in situ Hybridization 

RNA in situ hybridization was performed following a protocol that was adapted from 

previously published protocols (Wall and Hogan 1995; Abler et al. 2011; Herriges 2012). 

Briefly, wholemount tissues stored in methanol were rehydrated using PBS with 0.1% 

Tween (PBT). Tissues were then permeabilized using 10µg/ml proteinase K in PBT for 
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10 minutes. Tissues were fixed with 4% paraformaldehyde, 0.2% glutaraldehyde in 

PBT for 20 minutes. They were then washed and allowed to hybridize with probes at 

70oC overnight. After the hybridization, tissues were washed three times, twenty 

minutes each in 2x SSC, 0.1% CHAPS, and then in 0.2x SSC, 0.1% CHAPS at 70oC. 

Tissues were then washed in KTBT and blocked for 2 hours in 2% blocking solution 

(Roche) and 20% heat inactivated sheep serum (Sigma) in KTBT at room temperature. 

The tissues were then incubated overnight at 4˚C in the primary antibody, AP 

conjugated α-DIG, Fab fragment (Roche) at a dilution of 1:2000 using 2% blocking 

solution and 20% heat inactivated sheep serum in KTBT. The tissues were then washed 

5 times, 1hour each in KTBT at room temperature. Following this, the tissues were 

washed twice, 5 minutes each with 0.1% Tween, 1mM Levamisole in ddH2O. Finally the 

tissues were stained in BM purple (Roche) containing 0.1% Tween and 1mM 

levamisole. The staining was carried out for varying amount of time depending on the 

probes until desired intensity.  Once the staining was completed, lungs were dehydrated 

through a MeOH gradient, cleared with BABB, and were imaged. 
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Figures: 

Figure 1: Etv4;5 mutant lungs are smaller than control lungs at birth. 

(A,B)  Dorsal view of whole mount control and Etv4;5 mutant lungs taken from P0 pups.  

At birth Etv4;5 mutant lungs are noticeably smaller than control lungs (A,B). 
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Figure 1: Etv4;5 mutant lungs are smaller than control lungs at birth. 
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Figure 2:  The structure of the airways in the Etv4;5 mutant lungs is simplified, but 

the cells that populate these airways are unaffected. 

(A,B) Representative P0 whole mount in situ hybridization for the proximal airway 

marker Scgb1a1. At P0 the staining intensity of the Scgb1a1 is unchanged in the Etv4;5 

mutant lung; however, the in situ hybridization revealed that the mutant lung has a 

simplified airway structure (A-B). Quantification of the proximal airways revealed that 

the Etv4;5 mutant airways are approximately 40% wider, than the control lungs (N=3 

P<0.03) (C). Additionally, the airways in the mutant lung contained approximately 40% 

fewer secondary bronchioles (N=3 P<0.03) and approximately 55% fewer airway tips  

(broncho-alveolar duct junctions or BADJs) (N=3 P<0.001) (C). Data are presented as 

means (+SEM). (D-I) Immuno staining for SCGB1A1 (green), CGRP (green), acetylated 

tubulin (red), and nuclei (DAPI) in transverse sections of the proximal airways. In the 

mutant lung, the there appears to be no difference in the localization or differentiation of 

club cells (D,E), neuroendocrine cells (F,G), or ciliated cells (H,I).  
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Figure 3: Distal lung histology of Etv4;5 mutant lungs at birth and during 

alveologenesis. 

(A-D) Representative H&E stained frozen sections from the alveolar regions of Etv4;5 

mutant and control lungs at P0 and P7. At P0 Etv4;5 mutant lungs have fewer alveoli 

that are larger in size (A,B).  At P7, a much complex alveolar network is found in the 

control lung, as the result of the beginning of alveologenesis (C). Alveologenesis does 

not precede normally in the Etv4;5 mutant lung, which results in a simplified alveolar 

network (D). The alveolar simplification was quantified by measuring the mean linear 

intercept (MLI) as detailed in the materials/methods section (E).  A significant increase 

in the relative MLI was observed in the Etv4;5 mutant lungs (P<0.05 N=3). Data are 

presented as means (+SEM).  
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Figure 3: Distal lung histology of Etv4;5 mutant lungs at birth and during 

alveologenesis. 
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Figure 4: The alveolar epithelial cell lineages are not affected in the Etv4;5 mutant 

lung. 

(A,B) Representative immunofluorescent images of SFTPC (green), PDPN (red), and 

nuclei (blue) on the alveolar region of P0 control (A) and Etv4;5 mutant (B) lungs. At P0 

Etv4;5 mutant lungs show no difference in the localization of either alveolar type I 

(PDPN) or alveolar type II (SFTPC) cells (A,B). Quantification of the percentage of 

alveolar type II cells at P0 confirmed that there was no difference (N=3) (C). Data are 

presented as means (+SEM). 
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Figure 4: The alveolar epithelial cell lineages are not affected in the Etv4;5 mutant 

lung. 
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Figure 5: Etv4;5 mutant lungs have fewer fibroblasts at P7. 

(A-D) Representative images from frozen sections showing Pdgfra-GFP (green) 

reporter activity in either the control (A,C) or mutant (B,D) background. At P0 and P7 

Etv4;5 mutant lungs have fewer Pdgfra-GFP bright cells than control lungs (A-D). 

Quantification of the percentage of Pdgfra-GFP positive cells revealed that there is no 

difference in the ratio of Pdgfra-GFP positive cells to total number of cells in the Etv4;5 

mutant lung at P0 (N=3) (E). There is a statistically significant decrease in the 

percentage of Pdgfra-GFP positive cells in the Etv4;5 mutant lung at P7  (N=3 P<0.05) 

(E). Data are presented as means (+SEM). 
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Figure 5: Etv4;5 mutant lungs have fewer fibroblasts at P7. 

  



	
  

	
  

193	
  

Figure 6: TAGLN staining is unaltered in the Etv4;5 mutant lung. 

(A,B) Representative immunofluorescent images of TAGLN (red) and nuclei (blue) on 

the alveolar region of P7 control (A) and Etv4;5 mutant (B) lungs. Although we found 

that there were fewer myofibroblasts, we did not see any difference in the localization of 

the TAGLN staining in the alveolar region of the lung (A,B). 
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Figure 6: TAGLN staining is unaltered in the Etv4;5 mutant lung. 
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Figure 7: The Elastin ECM is not normally bundled in the alveolar walls of the 

Etv4;5 mutant. 

(A,B) Representative immunofluorescent images of Elastin (green) around the airways 

and in the alveolar region (inset) of P7 control (A) and Etv4;5 mutant (B) lungs. At P7 

the Elastin ECM is found in tight bundles lining the airways (A) and the alveolar walls 

(inset arrowheads).  The fibers in the mutant lung appear to be normally localized 

around the airway and alveolar walls (B), but in the alveolar region of the lung, they do 

not appear to be bundled properly (arrowheads). 
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Figure 7: The Elastin ECM is not normally bundled in the alveolar walls of the 

Etv4;5 mutant. 
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Figure 8:  Id2Cre/Ert2 shows high activity in the postnatal lung 

(A,B) Representative whole mount images of Beta-Gal staining for Id2cre activity in 

control (A) and tamoxifen injected (B) lungs. After injections the Id2Cre/Ert2 showed high 

activity in the distal regions of the lung (A,B). (C) The activity of the Id2Cre/Ert2 was 

quantified by examining the Etv5 flox excision rate in the Etv5 transcript. At P8, The 

Etv5 flox excision rate was approximately 60% in mutant lung (C). Data are presented 

as means (+SEM). 
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Figure 8:  Id2Cre/Ert2 shows high activity in the postnatal lung 

 

 

   



	
  

	
  

199	
  

Figure 9.  Conditional inactivation of the Etv4;5 in the postnatal lung does effect 

alveolar development. 

(A-B) Representative H&E stained frozen sections from the alveolar regions of P28 

control and Etv4;5 conditional lungs. At P28 Etv4;5 conditional mutant are not 

phenotypically different from controls (A-B). The alveolar complexity was quantified by 

measuring the mean linear intercept (MLI) as detailed in the materials/methods section 

(C).  We observed no difference in the relative MLI of control and Etv4;5 conditional 

mice at P28 (N=4) (C). Data are presented as means (+SEM). 
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Figure 9.  Conditional inactivation of the Etv4;5 in the postnatal lung does effect 

alveolar development. 
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Appendix II: Identification of a novel allele of Ift140 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jamie Verheyden and John Herriges contributed equally to this appendix  



	
  

	
  

202	
  

Introduction: 

Cilia are microtubule-based organelles that are highly conserved across most 

eukaryotic organisms (Pazour et al. 2003). In eukaryotes, the core of each cilium is a 

microtubule axonneme, which grows from a centriole-derived basal body.  Each cilium 

is produced and maintained by the motor proteins, Kinesen and Dynein, and the 

intraflagellar transport (hereafter IFT) proteins, which interact with the motor proteins to 

allow for the transport of materials along the axoneme (Berbari et al. 2009). In 

eukaryotes, there are two major types of cilia, the motile cilia and the primary cilia. 

Motile cilia are found in a variety of tissue types, including the trachea and main bronchi 

of the lung, where they mediate the movement of extracellular materials like growth 

factors and mucus (Berbari et al. 2009). Primary cilia are largely immobile, and protrude 

from almost every cell in eukaryotes (Berbari et al. 2009, Novarino et al. 2011).  

Traditionally, primary cilia were thought to be vestigial organelles; however, recent 

findings have demonstrated that the primary cilia are critical for embryonic development.  

One of the methods through which cilia control embryonic development is by the 

regulating SHH signaling (Berbari et al. 2009). The SHH signaling pathway is a critical 

mediator of embryonic development, where it regulates the patterning of tissues like the 

lung and limb (Pepicelli et al. 1998; Harfe et al. 2004). Recent studies have 

demonstrated that several components of the SHH signaling pathway, including PTC, 

SMO, and GLI proteins localize to primary cilia (Berbari et al. 2009). The essential role 

that cilia play in mediating SHH signaling has been demonstrated in several mutant IFT 

mouse lines, which have disrupted ciliogenesis. In the neural tube, where SHH signaling 

mediates dorsal/ventral patterning, Ift88 and Ift172 mutant mice display a decrease in 
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SHH signaling, which results in the loss motor neurons (Huangfu et al 2003).  

Interestingly, in the limb, inhibiting ciliogenesis through the mutation of IFT proteins like, 

Ift122, Ift144, and Ift140 increases SHH signaling (Qin et al. 2011;Ashe et al. 2012; 

Cauruna et al. 2013). The discrepancy in how IFT proteins can have a different affect on 

SHH signaling in different tissues is not fully understood, however recent studies have 

suggested the activation in SHH signaling in the limb is the result of a decrease in the 

ratio of GLI repressor to GLI activator proteins (Qin et al. 2011).  

In this study we performed an ENU forward mutagenesis screen to identify novel 

genes that are involved in mouse development. Among the mutations that we identified 

was a novel mutation in the IFT gene Ift140.  Here we begin to characterize the role of 

Ift140 in embryonic patterning and the regulation of SHH signaling in the limb. 

 
Results/Discussion: 
 
Screen: 

To identify novel genes involve embryonic development we performed a standard 

three-generation forward ENU mutagenesis screen. From this screen we were able to 

identify multiple lines that had a variety of reproducible phenotypes.  4834 was one of 

the lines in which we identified a reproducible phenotype. Mutant mice in line 4834 

presented with a variety of external phenotypes including; a smaller size, preaxial 

polydactyly, exencephaly, and with partial penetrance cleft lip and cleft palate (Figure 

1A,B). In the body cavity, 4834 mutants developed: a four lobed liver, a fusion of the 

right lung lobes, a smaller spleen, and with varying penetrance an abnormally shaped 

heart (Figure 1B). In addition to the phenotypes that were seen at P0, we found that the 

frequency of mutant pups was much lower than the expected 25%, with only 10% of the 
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pups displaying mutant phenotypes. This suggested that either a portion of the 

mutant embryos were aborted prior to birth, or that the phenotypes were partially 

penetrant. To test these hypotheses, we collected embryos from line 4834 at E11.5. At 

this stage we found that approximately 25% of the embryos were mutant (N=10/42), 

suggesting that the lower percentage of mutant pups we saw at P0 was due to 

premature abortion. Additionally, when 4834 litters were taken at E13.5, several of the 

mutant embryos were degraded, suggesting that the premature abortion begins 

between E11.5 and E13.5. From these data we concluded that line 4834 contained a 

mutation that resulted in a reproducible phenotype that could be further mapped.  

 

Line 4834 represents a novel mutation in Ift140. 

To map the mutation associated with line 4834 we used we used simple 

sequence repeat linkage mapping (SSRP).  Within the genome, we found one SSRP 

marker that was linked to the mutant phenotype, D17MIT133, which is located near the 

centromere of chromosome 17 (Figure 2A-B). There were hundreds of genes 

associated with this marker; however the lung lobation, liver lobation, and polydactyly 

phenotypes we observed in line 4834 suggested that the mutation was affecting left-

right pattern development. By narrowing down the list of genes in that region to factors 

that may mediate left-right patterning, we identified the IFT protein, Ift140. Ift140 was 

strong candidate gene, as the phenotypes we observed in the 4834 mutant embryos 

strongly resembled the phenotypes reported in ENU mutant lines for the closely related 

IFT genes, Ift144 and Ift122 (Qin et al. 2011;Ashe et al. 2012). When we sequenced the 

Ift140 transcript we identified that there was an adenine to guanine substitution in the 
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mutant embryos which resulted in a Histidine to Arginine shift at amino acid 70 

(Figure 3A-C). Although Histidine and Arginine are both positively charged amino acids 

the program PolyPhen-2 predicted that this amino acid change would “probably be 

damaging” to the function of IFT140.  Additionally, this amino acid lies within a WD40 

domain of IFT140, and is very highly conserved, suggesting that it is a functionally 

important.  The WD40 domain is involved in protein binding therefore it is likely that this 

mutation would affect the ability IFT140 to be involved in intraflagellar transport. 

Furthermore, after we identified this mutation in Ift140, another group published an ENU 

induced mutation of Ift140, which presented with similar phenotypes to what we see in 

line 4834 (Cauruna et al. 2013). Together these data demonstrate that line 4834 

contains a novel mutation in Ift140, which is predicted to inhibit the normal function of 

IFT140 during development. 

 

Ift140 mutant mice have altered SHH signaling in the limb. 

One of the most prominent defects we observed in the 4834 mutant line is the 

preaxial polydactyly in both the hindlimbs and forelimbs (Figure 4A-D).  Previous studies 

have demonstrated that alterations in the SHH signaling pathway can lead to preaxial 

polydactyly phenotype similar to what we see in line 4834 (Litingtung et al. 2002).  In 

addition, during development, cilia have to shown to mediate the SHH signaling 

pathway (Qin et al. 2011). This raised that possibility that, SHH signaling may be altered 

in the 4834 mutant limb buds. 

To test this hypothesis, we examined whether SHH signaling is altered in 4834 

mutant limb buds.  By in situ hybridization, we found that Shh was ectopically expressed 
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in the mutant hindlimbs and forelimbs (Figure 5A-D). Furthermore, we found that 

the expression domains of the SHH signaling readout, Gli1 was also expanded in the 

anterior region of the forelimb and hindlimb (Figure 5E-H). Finally, we saw that 

expression of the Shh expression mediator dHand was expanded in the forelimb of the 

If140 mutants, but not the hindlimb (Figure 5I-L) (Chartie et al. 2000). Interestingly, 

when we compared the expression changes that we observed in our Ift140 line to what 

was shown in the published Ift140 ENU line, there were a few differences.  First, they 

saw a more expanded Shh expression domain in the forelimb than the hindlimb, while 

we see an equal expansion of Shh in both the hindlimb and the forelimb (Miller et al. 

2013). Second, they see a more consistent change in dHand expression than we do in 

our mutation. The differences between the phenotypes seen in the two Ift140 lines could 

be due a different levels of functionality of mutated IFT140 protein.  Additionally, this 

could be due to the slight differences in the stages of the embryos were used.   

 

Conclusions: 

In this study we performed an ENU mutagenesis screen to identify novel genes 

involved in mouse development. We were able to identify a novel mutation in the 

intraflagellar transport protein Ift140. This mutation lies within a WD40 domain, 

suggesting that it would affect that ability of IFT140 to mediate transport within the cilia. 

Finally, our data suggests that the polydactyly in the hindlimb and forelimb are caused 

by a disruption in SHH signaling; however, more work would need to be done confirm 

this. 
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Materials and Methods: 

Mice: 

To identify novel genes involved in mouse development we performed a standard ENU 

mutagenesis screen. First, we mutagenized G0 C57Bl6 strain mice using ENU. Each 

mutagenized G0 male was outcrossed to FvB strain females, generating G1 male 

carriers. Next, we generated G2 carrier females by outcrossing the G1 males to FvB 

females. Finally the G2 females were backcrossed to the G1 male and their offspring 

(G3) were screened for phenotypic abnormalities at postnatal day zero (P0). The 

embryos used in these experiments were harvested from time-mated females, with 

noon the day of the vaginal plug counting as E0.5.  

 

Sequencing: 

Sequencing of line 4834 was performed using a standard Big Dye reaction. 

 

RNA in situ Hybridization 

RNA in situ hybridization was performed following a protocol that was adapted from 

previously published protocols (Wall and Hogan 1995; Abler et al. 2011; Herriges 2012). 

Briefly, wholemount tissues stored in methanol were rehydrated using PBS with 0.1% 

Tween (PBT). Tissues were then permeabilized using 10µg/ml proteinase K in PBT for 

10 minutes. Tissues were fixed with 4% paraformaldehyde, 0.2% glutaraldehyde in PBT 

for 20 minutes. They were then washed and allowed to hybridize with probes at 70oC 

overnight. After the hybridization, tissues were washed three times, twenty minutes 

each in 2x SSC, 0.1% CHAPS, and then in 0.2x SSC, 0.1% CHAPS at 70oC. Tissues 
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were then washed in KTBT and blocked for 2 hours in 2% blocking solution 

(Roche) and 20% heat inactivated sheep serum (Sigma) in KTBT at room temperature. 

The tissues were then incubated overnight at 4˚C in the primary antibody, AP 

conjugated α-DIG, Fab fragment (Roche) at a dilution of 1:2000 using 2% blocking 

solution and 20% heat inactivated sheep serum in KTBT. The tissues were then washed 

5 times, 1hour each in KTBT at room temperature. Following this, the tissues were 

washed twice, 5 minutes each with 0.1% Tween, 1mM Levamisole in ddH2O. Finally the 

tissues were stained in BM purple (Roche) containing 0.1% Tween and 1mM 

levamisole. The staining was carried out for varying amount of time depending on the 

probes until desired intensity, from 30 minutes to 8 hours. 

 

Skeletal prep: 

Skeletal preparations were performed using Alcian Blue and Alizarin Red and a 

standard protocol. 
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Figures: 

Figure 1: Line 4834 presents with a variety of phenotypes. 

(A) Mutant embryos at P0 and E11.5 present with a wide variety of phenotypes.  

Including preaxial polydactyly, abnormal somite development, and exencephaly. (B) A 

complete list of the phenotypes associated with line 4834 and their penetrance. 
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Figure 1: Line 4834 presents with a variety of phenotypes  
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Figure 2:  SSRP mapping revealed that the mutation in Line 4834 mapped to 

chromosome 17. 

In line 4834 we performed SSRP mapping.(A) The only SSRP marker that was 100% 

homozygous Bl6 (B) in all of the mutant embryos was D17Mit133.  The surrounding 

markers D17Mit106 and D17MIT9 were both mostly Bl6 (B); however, some mutants 

were Hets (H)for Bl6 and FvB at those markers. (B) Marker D17MIT133 is close to the 

centromere of chromosome 17 and is associated with hundreds of genes. The graphics 

in 2B were modified from the MGI database. 
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Figure 2:  SSRP mapping revealed that the mutation in Line 4834 mapped to 

chromosome 17. 
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Figure 3. Line 4834 contains a mutation in Ift140 that results in an amino acid 

change at amino acid seventy. 

(A) Big dye sequencing revealed that line 4834 contains a C-A mutation.  (B) This 

results in a Histidine to Arginine change at amino acid 70 on Ift40.  This Histidine lies 

within a WD40 domain and is highly conserved. 
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Figure 3. Line 4834 contains a mutation in Ift140 that results in an amino acid 

change at amino acid seventy. 
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Figure 4:  Ift140 mutant mice develop preaxial polydactyly in both the hindlimbs 

and the forelimbs. 

At P0, control pups contain five digits in the forelimb (A). Ift140 Mutant embryos develop 

preaxial polydactyly in the forelimbs by P0 (C). At P0, control pups contain five digits in 

the hindlimb (C). Ift140 Mutant embryos develop preaxial polydactyly in the hindlimbs by 

P0 (D).  
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Figure 4: Ift140 mutant mice develop preaxial polydactyly in both the hindlimbs 

and the forelimbs. 
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Figure 5: SHH signaling is disrupted in the Ift140 mutant limbs. 
 
(A-L) Representative RNA in situ hybridization E11.25-E11.5 limb buds. At E11.5, the 

Ift140 mutant limb shows ectopic Shh expression in the anterior region (top) of the 

forelimb and hindlimb (A-D). The Gli1 expression domain appears to be partially 

expanded in the forelimb of the Ift140 mutant (E,F), but not in the hindlimb (G,H).  The 

dHand expression domain is also expanded in the forelimb (I,J), but not the hindlimb 

(K,L). 
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Figure 5: SHH signaling is disrupted in the Ift140 mutant limbs. 
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