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Abstract 

Mammalian lung development is a complex process that occurs over five overlapping stages 

termed the embryonic, pseudoglandular, canalicular, saccular and alveolar stages. Each stage 

is governed and regulated by a network of intrinsic transcriptional regulators and hormone-

activated signalling pathways that coordinate the growth and development of the respiratory 

system.  This thesis focuses on the role of glucocorticoid (GC) steroids for the transition from 

the canalicular stage to the saccular stage of development which is characterised by rapid tissue 

remodelling to mature the lung for efficient inflation at birth. This thesis also investigates GC 

actions in the fetal kidney close to birth. GC hormones acting via the glucocorticoid receptor 

(GR) are essential for normal lung maturation as mouse models deficient in the GR die shortly 

after birth due to respiratory failure. Furthermore, synthetic GCs such as dexamethasone and 

betamethasone are commonly used clinically to accelerate lung maturation in premature birth, 

although it is now recognised that they can have detrimental side-effects for the development 

of other organs that can persist into adulthood. There is therefore a need to understand the 

complex actions of endogenous GC signalling during fetal programming, that may inform on 

better treatments for the consequences of premature birth. 

Despite the well-known importance of GCs in the maturation of the lung the underlying GC-

regulated molecular mechanisms, gene networks and pathways regulated in the developing 

lung remains unclear. Conditional mouse knockout models of the GR have established that GR 

activity in the mesenchymal compartment of the lung is particularly crucial for survival at birth. 

Mice lacking the GR in the mesenchyme of the lung (GRmesKO) have a similar fate and 

phenotype to GRnull mice as they die at birth due to respiratory failure, with a hypercellular 

and thickened lung mesenchyme. Less is known about the actions of GCs via the GR in the 

developing fetal kidney.  
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The studies presented here investigate the gene targets and cell networks associated with GC 

hormone signalling in specific cells of the developing mouse lung and kidney by utilising 

conditional mouse GR knockout models.  In the fetal lung my studies have shown that GCs 

regulate the expression of approximately 42 lung mesenchyme expressed genes associated with 

extracellular (ECM) remodelling and Wnt signalling that include Versican (Vcan), A  

disintegrin-like and metallopeptidase with thrombospondin type 1 motif 12  (Adamts12), 

Elastin (Eln), ADAMTS-like 2 (Adamts-like 2), R-spondin 2 (Rspo2), Wingless-type MMTV 

integration site family, member 11 (Wnt11) and Cell migration inducing protein, hyaluronan 

binding (Cemip). Furthermore, I show that GC signalling drives the rapid reduction of VCAN 

protein from the mouse at E18.5 in part by the induction of the ECM protease ADAMTS12. In 

addition, I have shown that the GR is localised to restricted cell types in the fetal kidney from 

E13.5 with expanded localisation and expression of the GR to the renal proximal tubule, distal 

tubule, collecting ducts and stromal mesenchymal cells at E18.5. Finally, this thesis explored 

the role of the GR in the developing kidney by performing whole organ RNA-sequencing of 

the fetal kidney from mice with varying types of GR deficiency.  I showed that complete 

absence of the GR has the most profound effect on the renal transcriptome with 454 genes 

differentially expressed including the primary cilia associated gene Centrosomal protein 290 

(Cep290) and the tubule markers Kidney androgen regulated protein (Kap) (proximal tubule) 

and S100 calcium binding protein G (S100g) (distal tubule), with a more restricted set of genes 

altered in GRmesKO mice and very few changes in the fetal kidney from mice with collecting 

duct specific GR deletion (GRcdKO). In summary, my studies have identified GC target genes 

essential for ECM remodelling and Wnt signalling in the developing fetal mouse lung that 

warrant further studies, and investigated the role of the GR signalling during fetal kidney 

development. Understanding the complex actions of GC-GR hormone signalling will aid in the 
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development of new therapeutics to treat the complications of preterm birth and potentially 

avoid adverse effects from the use of synthetic GCs to treat prematurity.  
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1.1 Mammalian Lung Development 

Mammalian lung development is composed of five over lapping stages referred to as the 

embryonic, pseudoglandular, canalicular, saccular and alveolar (Figure 1.1) (Herriges and 

Morrisey 2014; Post and Copland 2002). These stages encompass all the events required for 

life outside the aqueous environment of the womb. The stages of lung development differ 

slightly between humans and mice with the most notable difference being the timing of birth. 

Humans are born during the alveolar stage of development while mice are born during the 

saccular stage.  Lung maturation is a complex process involving numerous transcription factors 

and mesenchymal cell - epithelial cell interactions (Table 1.1).  

Figure 1.1 Schematic overview of lung development; Embryonic stage where two primary 

lung buds emerge from the forgut endoderm, the Pseudoglandular stage is characterised by 

extensive branching morphogenesis, the Canalicular stage involves remodelling of the distal 

regions of the developing lung, the Saccular stage is characterised by formation of sacculi by 

widening of the terminal ends of the respiratory tree and the Alveolar stage is when secondary 

septation occurs to form alveoli. Figure adapted from: (Beauchemin, et al. 2016) 
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Table 1.1: Timing, duration and transcription factors involved in mouse and human lung 

development  

Stage of Lung 

Development 

Duration 

Transcription Factors 

and Growth Factors 

References 

Embryonic Mouse: E9.5 – 

E12 

Human: E26-E49 

(4-7 weeks) 

FGF10, FGF2, BMP4, 

SHH, Retinoic acid, 

TGFB1, GLI1, GLI2, 

NKX2.1 (TTF1) 

(Herriges and 

Morrisey 2014; 

Kimura, et al. 1996; 

Sekine, et al. 1999) 

Pseudoglandular Mouse: E12-

E16.5 

Human: E35-

E119 (5-17 

weeks) 

LEFTY1, LEFTY2, 

GDF1, PITX2, FGF10, 

FGF2, SPRY2, 

TGFB1, ACVR2A, 

SHH, BMP4, VEFGA, 

SOX2, NKX2.1, 

WNT1, ADAMTSL2, 

ADAMTS18  

(Burri 1984; 

Cardoso and Lu 

2006; Hubmacher, et 

al. 2015; Kitamura, 

et al. 1999; Meno, et 

al. 1998; Perl, et al. 

2003; Rutledge, et 

al. 2019; Yin, et al. 

2008) 

Canalicular Mouse: E16.5-

E17.5 

Human: E112-

E182 (16-26 

weeks) 

GC, NKX2.1, CEBPA, 

GATA6, FOXA2, 

NFATC1, NFATC3 

(DeFelice, et al. 

2003; Martis, et al. 

2006; Wan, et al. 

2004; Yang, et al. 

2002) 
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Saccular Mouse: E17.5-P4 

Human: E168-

E266 (24-38 

weeks) 

GC, GR, GATA6, 

CEBPA, NFATC3, 

FOXA2, PPARG, 

VEGFA, CAV1, CDH1 

(Cole, et al. 1995) 

(DeFelice et al. 

2003; Martis et al. 

2006; Wan et al. 

2004; Yang et al. 

2002) 

Alveolar (stage 1) Mouse: P4-P36 

Human: E252 (36 

weeks)- 21 years 

TNC (Burri 1974; 

Lindahl, et al. 1997) 

1.1.1 The Embryonic Stage of Lung Development 

The embryonic stage of lung development is characterised by the emergence of two primitive 

lung buds at E9.5 in the mouse or E26 in the human embryo from the ventral foregut endoderm, 

these buds will go on to form the right and left lung (Figure 1.1) (Cardoso and Lu 2006; 

Herriges and Morrisey 2014). The earliest marker of lung specification is the transcription 

factor NKX2.1 (TTF1) (Kimura et al. 1996; Minoo, et al. 1999) and high levels of expression 

have been detected at the position of lung bud formation on the ventral foregut endoderm. The 

lung buds are located on the left and right side of the emerging trachea (Schittny 2017). 

Through interactions with the surrounding mesenchymal tissue the lung buds become 

elongating into a bronchial tree. This process is driven by Fibroblast growth factor 10 (FGF10) 

in the surrounding mesenchyme, the importance of FGF10 is highlighted in the Fgf10 null 

mouse where loss of Fgf10 results in the cessation of branching (Sekine et al. 1999). In humans 

the left lung bud divides into two secondary bronchial buds that will form the two lobes of the 

left lung, the right lung bud divides into three secondary bronchial buds that will form the three 

lobes of the right lung (Merkus, et al. 1996). A similar process occurs in the rodent lung except 
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the right lung bud divides into four secondary bronchial buds that will give rise to the four 

lobes of the right lung, cranial, medial, caudal and accessory lobes while the left lung bud only 

gives rise to one lobe (Metzger, et al. 2008). The secondary bronchial buds undergo further 

dichromic branching and over generations of divisions result in the formation of the respiratory 

tree.  

1.1.2 The Pseudoglandular Stage of Lung Development 

The Pseudoglandular stage of lung development is characterised by the formation of the distal 

airways through a tightly regulated process of branching morphogenesis (Figure 1.1) (Herriges 

and Morrisey 2014). During this stage of lung development, the lung resembles a tubular gland. 

The epithelium branches out into the mesenchyme in a proximal to distal fashion by repeated 

dichotomous branching of the secondary lung buds (Merkus et al. 1996). Precise control of 

branching morphogenesis is essential to coordinate the patterning of the lung lobes.  

Additionally, most of the transcription factors essential to the embryonic stage of lung 

development are also important for branching morphogenesis, for example FGF10.  FGF10 

signalling in the mesenchyme directs the size and shape of the developing bronchial tree 

(Cardoso and Lu 2006).  FGF10 activates Fibroblast growth factor 2 (FGF2) in the distal tips 

of the secondary lung buds promoting proliferation. FGF10 also activates Sprouty RTK 

signalling antagonist 2 (SPRY2) in the lung bud epithelium, SPRY2 is a FGF10-dependent 

inhibitor of FGF2 limiting proliferation and migration (Perl et al. 2003). Sonic hedgehog 

(SHH), Bone morphogenetic protein 4 (BMP4) and Transforming growth factor beta 1 

(TGF) also regulate FGF10 and FGF2 signalling (Cardoso and Lu 2006). SHH which is 

highly expressed in the distal epithelium of the lung buds negatively regulates FGF10 

expression in the mesenchyme (Cardoso and Lu 2006). TGF which is also expressed in the 

adjacent mesenchyme stimulates synthesis of extracellular components required for branching 

including collagen I, collagen II and fibronectin (Cardoso and Lu 2006). Additionally, the 
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asymmetrical design of the lungs is highly dependent on various TGF-related transcription 

factors including Left-right determination factor 1 (LEFTY1), Left-right determination factor 

2 (LEFTY2), Growth differentiation factor 1 (GDF1) and Paired-like homeodomain 

transcription factor 2 (PITX2) (Cardoso and Lu 2006; Kitamura et al. 1999; Meno et al. 1998). 

Together these molecules direct branching morphogenesis.   

The epithelium also begins to differentiate into specialised cell types in a proximal to distal 

direction including; secretory cells which are involved in detoxification, ciliated cells which 

move debris along the airway, hormone-secreting neuroendocrine and goblet cells which 

produce mucus (Burri 1984; Herriges and Morrisey 2014). Additionally, α-smooth muscle cells 

start to form a layer around the future airways (Schittny 2017). These cells can spontaneously 

contract, and these spontaneous contractions are mechanical stimuli for branching 

morphogenesis and epithelial cell proliferation (Schittny, et al. 2000). Mechanical stimuli also 

activates the release of serotonin that promotes epithelial cell differentiation (Pan, et al. 2006).  

At the end of the pseudoglandular stage all the major conducting airways are formed.  

1.1.3 The Canalicular Stage of Lung Development 

The canalicular stage of lung development is characterised by extensive remodelling of the 

distal regions of the lung and the rapid expansion of the peripheral airways (Figure 1.1) 

(Herriges and Morrisey 2014). The mesenchyme tissue begins to decrease and an airway lumen 

starts to appear, coinciding with capillary growth in the surrounding mesenchyme (Herriges 

and Morrisey 2014). Airway widening triggers differentiation of cuboidal epithelia cells into 

type-1 and type-2 alveolar epithelial cells (AECs) (Flecknoe, et al. 2000). Type-1 AECs once 

differentiated start to cover the surface of the airway lumen (Schittny 2017). Once the lung is 

mature type-1 AECs will cover approximately 90% of the surface area and are responsible for 

gas exchange (Bolt, et al. 2001). Type-II AECs are found between the type -I AECs where the 

alveolar septa meet (Schittny 2017). At these locations the underlying capillaries come into 
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close contact with the epithelium forming the future blood-air barrier (Schittny 2017). Type-II 

AECs once differentiated start producing surfactant and store the surfactant in lamellar bodies 

(Harding, et al. 2003). The surfactant is secreted into the alveolar space by exocytosis and 

reduces surface tension.  Type-II AECs cells unlike type I AECs that are terminally 

differentiated are primary progenitor for type I AECs. Many transcription factors are involved 

in the differentiation of alveolar cells including Glucocorticoid (GC) hormones (Cole, et al. 

2004). Other molecules required for alveolar cell differentiation include TTF1, 

CCAAT/enhancer binding protein (C/EBP), alpha (CEBPA),  Nuclear factor activated T cells, 

cytoplasmic, calcineurin dependent 1 (NFATC1),  Nuclear factor activated T cells, 

cytoplasmic, calcineurin dependent 2 (NFATC2), GATA binding protein 6 (GATA6) and 

Forkhead box A2 (FOXA2) (DeFelice et al. 2003; Martis et al. 2006; Wan et al. 2004; Yang et 

al. 2002).  

1.1.4 The Saccular Stage of Lung Development 

The Saccular stage of lung development is when the terminal ends of the respiratory tree widen 

and form sacculi (Herriges and Morrisey 2014). These saccules then undergo further branching 

to form alveolar ducts, which are located at the outermost distal regions of the developing lung 

(Figure 1.1). The alveolar ducts go on to produce several alveolar sacs and the final dividing 

branches between the alveolar sacs are commonly referred to as “primary septum”.  Also, 

during this stage of lung maturation, the mesenchymal tissue continues to thin and alveolar 

cells continue to differentiate into type I and type II AECs as sufficient production of surfactant 

and efficient gas exchange is required at birth. This is particularly important for rodents because 

they are born during the saccular stage (Amy, et al. 1977). Most of the transcription factors 

important for this stage of lung development overlap with the canalicular stage. In particular, 

GCs acting via the glucocorticoid receptor (GR) are essential for the thinning of the lung 

mesenchyme (Cole et al. 1995). The importance of GCs is well documented and GR-null mice 
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die shortly after birth due to respiratory failure as a result of an increased airway-blood barrier 

diffusion distance (Cole et al. 1995).  

1.1.5 The Alveolar Stage of Lung Development 

The alveolar stage of lung development is when the final gas exchange units are formed which 

are termed “alveoli”. At the end of the saccular stage immature primary septa are present 

(Schittny 2017). These primary septa have a double-layered capillary network (Schittny 2017). 

During alveolarization secondary septa sprout from the walls of the primary septa with one of 

the capillary layers (Figure 1.2 b-c). The secondary septa form at locations where tenascin-C 

is highly expressed and myofibroblasts are present, to lay down elastic fibers and collagen 

(Figure 1.2) (Burri 1974; Lindahl et al. 1997).  The space between two secondary septa forms 

the alveolus. Once the secondary septum has formed the two capillary layers fuse to form one 

efficient single layer, this process in known as microvascular maturation (Figure 1.2) (Caduff, 

et al. 1986).  The mesenchymal tissue also continues to thin allowing the underlying capillaries 

to move into close proximity to the epithelium of the forming alveoli. To further reduce the 

diffusion distance the basement membranes of the capillary cells fuse with the epithelial cells 

(Schittny, et al. 1997). Until recently this process was thought to occur from P4 -P30 in the 

mouse and approximately 32 weeks till 2 years in humans however, it has now been 

demonstrated that alveolarization continues into young adulthood, reaching 200-300 alveoli in 

total (Pozarska, et al. 2017). This discovery has led to the proposed division of the alveolar 

stage into substages, and Schittny and colleagues have suggested dividing the alveolar stage 

into two stages; the classical alveolarization (mouse: P4-P21 and human E252 (36 weeks)-3 

years) and continued alveolarization stages (mouse: P14-~P36 and Human: 2 years – young 

adult (17-21 years)) (Schittny 2017). While Beauchemin et al. based on transcriptome analysis 

have suggested that the alveolar stage should be divided into four substages (Beauchemin et al. 

2016).  A double-layered capillary network is still required in the continued /later stages of 
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alveolarization. This is achieved by upfolding of the capillary layer at sites of secondary septa 

formation. The gap in the capillary layer is swiftly filled via continued angiogenesis (Figure 

1.2 e-h) (Schittny 2017).  
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Figure 1.2 Schematic overview of alveolarization (A) Primary septum with a double layer 

of capillaries. (B-C) Secondary septa appear from places of high tenascin-C and where 

myofibroblasts are present (green areas). (D) During microvascular maturation the double 

capillary layer fuses to form one layer, the space between two septa creates the alveolus. (E) 

Mature septum with a single capillary layer. (F-G) The required double layer of capillaries is 

achieved by uplifting of the single layer; the gap is filled by angiogenesis (orange arrow). (H) 

Maturation of a newly formed septa Figure from (Schittny 2017). 
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1.1.6 The Developing Lung Mesenchyme 

During all stages of lung development, the mesenchymal derived extracellular matrix (ECM) 

plays an important role in providing mechanical and structural support. However, it is now 

widely recognised that the mesenchyme also provides essential signalling cues that drive lung 

development, for example FGF10 signalling to promote lung bud formation in the embryonic 

stage of lung development, and later branching morphogenesis in the pseudoglandular stage 

(Cardoso and Lu 2006; Sekine et al. 1999). Proper lung development is also dependent on 

interactions between the mesenchyme, epithelium and mesothelium (McCulley, et al. 2015). 

This is highlighted in the mesothelial conditional-KO Fibroblast growth factor 9 (Fgf9) null 

mouse that has a reduction in airway branching as a result of loss of Wingless-type MMTV 

integration site family, member 2 (WNT2) expression in the mesenchyme (Yin, et al. 2011). 

The loss of FGF9 that normally signals to Fibroblast growth factor receptor 2c (FGFR2C) and 

Fibroblast growth receptor 1c (FGFR1C) in the mesenchyme reduces WNT2 expression 

leading to a reduction in β-catenin required for epithelial branching morphogenesis (Yin et al. 

2011). Furthermore, epithelial deletion of Wnt Frizzled class receptor 2 (Fzd2) disrupts branch 

formation in the developing respiratory tree (Kadzik, et al. 2014). It is predicated that 

mesenchymal WNT signalling regulates new branch formation through the signalling with the 

epithelial localised FZD2 (Kadzik et al. 2014). Mesenchymal derived signalling also 

contributes to the differentiation of epithelial cells (McCulley et al. 2015). This was 

demonstrated in tissue recombination experiments that showed proximal tracheal mesenchyme 

could induce distal lung epithelium to express more of a proximal cell profile while, 

mesenchyme from the distal regions could induce proximal tracheal epithelium to take on a 

distal cell profile (Shannon, et al. 1998). The specific mesenchymal signalling molecules that 

drive epithelial cell differentiation remain elusive. The interactions of the mesenchyme and 

epithelium is a growing area of research in both fetal lung development and lung disease.  The 



12 | P a g e

ECM regulates cell differentiation, cell migration and helps guide the shape of the developing 

lung while, the lung epithelial cells control the production and breakdown of the ECM (Zhou, 

et al. 2018). Any alterations in this process can lead to abnormal lung development and may 

contribute to adult lung conditions including idiopathic pulmonary fibrosis (IPF), chronic 

obstructive pulmonary disease (COPD) and bronchopulmonary dysplasia (BPD) (Chanda, et 

al. 2016). 

The composition of the ECM is very dynamic and changes over the course of lung development 

(Zhou et al. 2018). The ECM is also very heterogenous depending on the location in the lung 

for example, close to bronchi vs the outermost regions of the distal lung (Zhou et al. 2018).  

The developing fetal ECM is very distinct from the adult lung ECM. The fetal ECM tends to 

have more glycosaminoglycans (GAGs), proteoglycans and collagen in the pleura and alveolar 

septae compared to the adult lung (Bateman, et al. 1981). The developing fetal lung ECM also 

contains all five laminin γ chains while the adult ECM tends to only express three γ3, γ4 and 

γ5 (Nguyen, et al. 2005; Sorokin, et al. 1997). The developing ECM is constantly remodelling 

and adapting during lung development. In particular, GCs induced rapid thinning of the lung 

mesenchyme late in gestation to decrease the blood air barrier for efficient gas exchange (Bird, 

et al. 2007; Cole et al. 2004).  Proteolytic enzymes including matrix metalloproteinases 

(MMPs) and their primary inhibitors known as tissue inhibitors of metalloproteinases (TIMPs) 

are responsible for the remodelling of the ECM during development. The adult lung has a more 

anti-proteolytic profile including higher expression of TIMPS than MMPS while the fetal lung 

is proteolytic with higher expression of MMPs than TIMPS (Ryu, et al. 2005). 
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1.2 Glucocorticoids and The Glucocorticoids Receptor 

1.2.1 Glucocorticoid Hormones 

GCs belong to the steroid hormone family and are synthesised from cholesterol in the adrenal 

gland (Acconcia and Marino 2016; Brown, et al. 1979). They are secreted from the adrenal 

cortex in response to adrenocorticotrophic hormone (Barnes 2011). Once in the circulation they 

can readily diffuse across the cell membrane due to their lipophilic nature and bind to nuclear 

receptors (Zhou and Cidlowski 2005). GCs have essential roles in various physiological 

processes including embryonic development, behaviour, metabolism and growth (Zhou and 

Cidlowski 2005). The major GC in humans is cortisol, while in rodents this is corticosterone 

(Buckingham 2006). Powerful synthetic GCs are commonly used clinically to treat conditions 

such as asthma, inflammation, allergic reactions and arthritis (Buckingham 2006). Synthetic 

GCs are also used clinically in situations of preterm birth to stimulate lung development and 

reduce the risk of Respiratory Distress Syndrome (RDS).  Synthetic GCs tend to have a much 

higher potency for the GR and a longer half-life in vivo.  

1.2.2 Regulation of Glucocorticoid Hormone Synthesis 

GC synthesis is regulated by the hypothalamic-pituitary-adrenal (HPA) axis, one of the major 

neuroendocrine circuits of the stress response system (Acconcia and Marino 2016; Chung, et 

al. 2011). When stimulated by stress the hypophysiotropic neurons releases corticotrophin 

releasing hormone (CRH) which travels to the anterior pituitary (Rivier and Vale 1983; Vale, 

et al. 1981).  Binding of CRF to its receptor on pituitary corticotropes stimulates the production 

and secretion of  adrenocorticotrophic hormone (ACTH) into the circulation (Chung et al. 

2011; Smith and Vale 2006). When ACTH reaches its target organ, the adrenal gland, it induces 

the production and release of GCs into the general circulation from the zona fasciculata (Chung 

et al. 2011). The HPA axis is regulated via negative feedback mechanisms for example; GCs 

can also act on the hypothalamus and anterior pituitary repressing the production of CRH 
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resulting in sequential reduction of ACTH and therefore inhibiting GC synthesis (Figure 1.3) 

(Chung et al. 2011).  

Figure 1.3 The hypothalamic-pituitary-adrenal axis. The synthesis of GCs is initiated by 

stress or circadian rhythm, this simulates the neuroendocrine cells in the hypothalamus to 

release corticotrophin releasing hormone (CRH) into the anterior pituitary gland, which results 

in the secretion of adrenocorticotrophic hormone (ACTH). ACTH travels to the adrenal gland 

and leads to the synthesis and release of GCs. The axis is controlled by negative feedback and 

as GCs can act on the hypothalamus and pituitary repressing the synthesis of CRH and ACTH. 

Figure from (Oakley and Cidlowski 2013). 
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1.2.3 Regulation of Glucocorticoid Signalling 

The concentration of circulating cortisol and corticosterone varies widely throughout the day 

and night with a circadian rhythm or can become high during periods of stress or illness. Up to 

80% of circulating GCs are tightly bound to Corticosteroid binding globulin (CBG), another 

15% can be bound loosely to albumin, leaving around 5% of active free GCs that can diffuse 

across cell membranes and act on target cells through the GR or Mineralocorticoid Receptor 

(MR) (Chapman, et al. 2013; Lin, et al. 2010). The tissue/cell specific actions of GCs are 

controlled by two enzymes in both humans and rodents, 11β-hydroxysteroid dehydrogenase 1 

(11β-HSD1) and 11β-hydroxysteroid dehydrogenase 2 (11β-HSD2). 11β-HSD1 is a reductase 

enzyme that utilises NADPH to convert inactive cortisone (or inactive 11-

dehydrocorticosterone in rodents) into active cortisol (or corticosterone in rodents), while 11β-

HSD2 converts active cortisol into inactive cortisone (Figure 1.4) (Chapman et al. 2013). The 

tissue specific actions of GCs are regulated by the expression of these two enzymes. 11β-HSD1 

tends to be expressed in metabolic tissue including liver, adipose tissue, skeletal muscle and 

some glands while, 11β-HSD2 is expressed in tissues/organs that also express the MR for 

example; distal nephrons, sweat glands and colonic epithelium. 11β-HSD2 is also expressed in 

discrete regions of the brain, the developing fetus and in the placenta (Chapman et al. 2013).  
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Figure 1.4 Interconversion of cortisone (11-dehydrocorticosterone in rodents) to cortisol 

(corticosterone in rodents) via 11β-HSD1 and 11βHSD2. From (Timmermans, et al. 2019) 

1.2.4 The Glucocorticoid Receptor 

GCs exert their effects through the intracellular  GR (Zhou and Cidlowski 2005). The GR is a 

ligand-dependent transcription factor and is ubiquitously expressed in the body. The GR is a 

member of the nuclear receptor super family which is composed of 48 receptors including the 

GR, progesterone receptor (PR), MR, estrogen receptor (ER) and the androgen receptor (AR) 

(Robinson-Rechavi, et al. 2003). In humans, the GR is encoded by the nuclear receptor 

subfamily 3, group C, member 1 (Nr3c1) gene on chromosome 5, while in mice the Nr3c1 gene 

is located on chromosome 18 (Schaaf and Cidlowski 2003). The GR is a modular protein 

consisting of three major domains including a N-terminal transactivation domain (NTD), a 

zinc-finger DNA binding domain (DBD) and a C-terminal ligand binding domain (LBD) (Kino 

2000). The NTD is essential for communication between GR and other molecules required for 

the regulation of transcription (Almlof, et al. 1998). The DBD has two zinc finger motifs which 

are used to bind to glucocorticoid response elements (GRE) in DNA and the LBD as the name 
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suggests is required for glucocorticoid ligand binding and therefore activation of the GR 

(Bledsoe, et al. 2002; Howard, et al. 1990).   

The Nr3c1 gene has 9 exons and can be alternatively spliced at exon 1 and 9. Alternative 

splicing of exon 9 generates two isoforms GRα and GRβ which have been extensively studied. 

GRα and GRβ are identical until the last 50 amino acids, human GRα has an additional 50 

amino acids while human GRβ has 15 nonhomologous amino acids (Chrousos and Kino 2005). 

Although the two forms share a similar sequence, they have different functions. GRα is the 

classical GR that functions as a ligand-dependent transcription factor and is ubiquitously 

expressed. GRβ doesn’t bind to GCs and functions as an inhibitor of GRα’s transcriptional 

activity (Bamberger, et al. 1995; Kino 2000). GRβ expression is more tissue specific, GRβ is 

highly expressed in epithelial cells of the terminal bronchioles of the lung,  the Hassall’s 

corpuscle in the thymus and the bile duct in the liver (Lu and Cidlowski 2006).  

The GRα isoform can also generate at least 8 translational isoforms with shortened N termini, 

GRα-A, -B, -C1, -C2, -C3, -D1, -D2 and -D3 (Lu and Cidlowski 2005). These isoforms are created 

by translation reinitiation. In full length GRα translation begins at the first start codon and 

concludes when the ribosome reaches the stop codon generating a 777 amino acid polypeptide 

(Lu and Cidlowski 2006). The shorter N terminal isoforms are generated by the ribosome 

initiating translation at one of the seven other internal methionine start codons in the GRα 

transcript (Figure 1.5) (Lu and Cidlowski 2005, 2006). All the GRα isoforms are potentially 

functional because they all contain identically LBDs, however, their GRE-driven 

transcriptional activity varies. GR-C3 has the highest transcriptional activity with a two-fold 

higher activity on GREs than the complete GRα isoform (Lu and Cidlowski 2005). The GR-D 

isoforms have the least amount of transcriptional activity with only half of the activity of full 

length GRα (Lu and Cidlowski 2005). The other isoforms have intermediate levels of 

translational activity (Lu and Cidlowski 2005). The GRα isoforms have different tissue 
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expression patterns. In rodents GRα-C isoforms are more highly expressed in the lung and 

pancreas while GRα-D isoforms are more abundant in the spleen and bladder (Lu and 

Cidlowski 2005). Mice exclusively expressing GR-C3 die at birth due to respiratory failure but 

interestingly these mice can be rescued from neonatal death by the administration of the 

synthetic glucocorticoid dexamethasone (Oakley, et al. 2018). This suggests that corticosterone 

activated GR-C3 and dexamethasone activated GR-C3 have different regulatory effects on key 

target genes involved in lung maturation (Oakley et al. 2018). The differences in isoform 

expression and activity may explain some of the differences in the tissue-specific actions of 

GCs. However, more research is required to explore the roles of the GR isoforms in fetal 

development and other physiological processes.  
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Figure 1.5 Alternative splicing of the Nr3c1 gene in Humans. Alternative splicing of exon 

9 generates GRα and GRβ. Additional isoforms of GRα and GRβ are generated by alternative 

translation initiation. Each GR protein is further modified by phosphorylation (P), 

ubiquitination (U) and sumoylation (S).  From (Lu and Cidlowski 2006).  
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1.2.5 Mechanism of Glucocorticoid Receptor signalling 

In the absence of GCs, the GR is localised to the cytoplasm and is maintained in an inactive 

complex with heat shock proteins (HSPs) and immunophilins (Quax, et al. 2013). A low 

affinity state is maintained by binding of HSP70, HSP40 and HSP70-HSP90 organising protein 

(HOP) which results in closing the GC ligand binding site, while binding of HSP90 and p23 

results in the opening of the GC binding site directing GR towards a high affinity state (Grad 

and Picard 2007).  Activation of the GR by GC binding results in dissociation of the HSPs, 

translocation to the nucleus and homodimerisation.  The GR dimer then binds to DNA at 

specific GREs in the regulatory regions of target gene promoters leading to transrepression or 

transactivation of gene transcription (Figure 1.6) (Quax et al. 2013). 

Interestingly, there is also evidence for non-genomic actions of GCs that are far more rapid 

than classical cytoplasmic GR binding. It is postulated that GCs may bind to membrane-bound 

GR (mGR) and stimulate intracellular signalling cascades (Strehl and Buttgereit 2014).  It is 

relatively unknown if the mGR is an isoform of GR or a different protein all together. Some 

studies indicate that mGR is a GRα isoform (Deng, et al. 2015) while, others suggest that mGR 

is the GRγ isoform (Morgan, et al. 2016). The GR antagonist mifepristone (RU486) blocks 

many, not all of the described rapid responses of GCs, further supporting the hypothesis that 

the mGR is an isoform of GR (Chen, et al. 1991; Deng et al. 2015; Hua and Chen 1989; 

Vernocchi, et al. 2013).  
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Figure 1.6 Mechanism of intracellular GC signalling. The GR binds to GCs in the cytosol 

initiating a conformational change. GR translocates into the nucleus, dimerise and binds to 

GREs on specific genes resulting in transactivation or repression of target genes. GCs may 

require activation by short-chain alcohol dehydrogenase reductase (SDR) enzymes to adopt 

their active state. Circle active GC, Dimond inactive GC. Adapted from (Cole, et al. 2019).   

1.2.5 Mineralocorticoid Receptor 

GCs are also able to bind to the closely related MR also known as the aldosterone receptor. 

The MR has an equivalent affinity for GCs as aldosterone and unwanted receptor activity 

stimulated by GCs is prevented by the inactivation of GCs via the enzyme 11β-HSD2 as 

described above (Buckingham 2006; Chapman et al. 2013). The MR is encoded by the nuclear 

receptor subfamily 3, group C, member 2 (Nr3c2) gene located on chromosome 4 in humans 

and chromosome 8 in rodents (Fan, et al. 1989). The MR and GR have nearly identical DBD’s; 

this homology allows both receptors to interact with the same GRE’s on target genes. The 

homology between GR and MR also results in a similar signalling pattern. Briefly, MR binds 

to aldosterone or GCs in the cytosol, translocates to the nucleus and dimerises before binding 

to target genes. Furthermore, there is evidence that MR and GR can form heterodimers and 
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interact with DNA however, the genes regulated by MR-GR complexes remain unknown 

(Pooley, et al. 2020) . The main difference between MR and GR is the expression pattern of 

the receptors while GR is ubiquitously expressed the MR has a more restricted expression 

pattern. MR is primarily localised to epithelial cells that regulate sodium and potassium 

homeostasis that include cells of the kidney, sweat glands, colon and specific regions of the 

brain (Buckingham 2006). Interestingly, the MR can also be localised in non-epithelial cells of 

the heart, brain and immune systems. In these tissues the MR is not protected by the expression 

of 11β-HSD2 and can be easily activated by aldosterone or by cortisol (Cole and Young 2017). 

1.3 Preterm Birth  

Preterm birth is defined as any birth that occurs before 37 weeks in gestation (Slattery and 

Morrison 2002; Suff, et al. 2019). The incidence of preterm birth is around 11% with 15 million 

infants born prematurely each year (Blencowe, et al. 2012). Preterm birth complications 

account for 44% of total under-5 year old deaths globally (Liu, et al. 2015). Preterm birth can 

be further characterised into  groups dependent on the gestational age of the infant; extreme 

prematurity (< 28 weeks), accounting for ~5% of all preterm births, severe prematurity (28-31 

weeks), accounting for ~15% of preterm births and moderate or late prematurity (32-37 weeks) 

accounting for 60%-70% of preterm births (Purisch and Gyamfi-Bannerman 2017). The 

classifications are required because there are many complications of preterm birth and the 

earlier the birth in gestation the more detrimental the direct consequences with extreme 

prematurity having the highest mortality rate. Preterm birth exposes the infant to the outside 

environment with immature organs and systems that must rapidly adapt for the infant to 

survive, and this can lead to life-long health consequences (Chehade, et al. 2018). Preterm birth 

is a complex condition with many factors involved making pinpointing the causes difficult in 

most cases. There are several known risk factors for the mother and fetus including but not 
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limited to; having a previous preterm birth, multiple births, diabetes, hypertension, stress, 

smoking, infection, In Vitro Fertilisation (IVF) and drug abuse (Goldenberg, et al. 2008).  

1.3.1 Respiratory Complications of Preterm Birth 

Preterm infants are born before the lungs are ready for life outside the womb, usually towards 

the end of the canalicular stage or during the saccular stage of human lung development. Lung 

immaturity is characterised by a thickened gas-exchange barrier, reduced surface area for gas-

exchange and inadequate surfactant production as the result of decreased numbers of type II 

AECs and the retention of fluid (Reynolds, et al. 1968). These factors result in rapid breathing, 

chest restriction and cyanosis (bluish discoloration due to insufficient oxygenation of the 

blood), all classical characteristics of  RDS. RDS is the most common cause of death in preterm 

infants and it affects ~50% of infants born before 28 weeks, ~33% of infants born before 32 

weeks and ~42% of extremely low birth weight infants (<500g) (Hintz, et al. 2007).  Treatments 

of RDS include synthetic surfactant to try and reduce surface tension and avoid airway collapse 

and mechanical ventilation. Unfortunately, mechanical ventilation commonly results in 

ventilator-induced lung injury which can be caused by high airway pressure, high or low lung 

volumes and high levels of inspired oxygen (Dreyfuss and Saumon 1998).  Ventilator-induced 

lung injury can develop into chronic lung disease (CLD), referred to as bronchopulmonary 

dysplasia (BPD) (Allen, et al. 2003). 

BPD was first recognised by Northway et al. in 1967 in a group of preterm infants, which after 

receiving ventilation and oxygen to treat RDS, developed chronic pulmonary disease 

(Northway, et al. 1967). Improved treatments of preterm birth and RDS also include 

administration of antenatal GCs, and together with the use of synthetic surfactant and modern 

ventilation techniques has resulted in a greater number of very premature infants surviving 

postnatally. These infants have less lung fibrosis, but they have evidence of arrested lung 

development and this is commonly referred to as “new BPD” (Davidson and Berkelhamer 
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2017). The long-term consequences of new BPD remain relatively unknown because the 

populations available for study represent survivors of now outdated care (Davidson and 

Berkelhamer 2017). Follow-up studies on children and young adult survivors of new BPD have 

raised concerns of  potential life-time long consequences including compromised pulmonary 

function, asthma-like symptoms, pulmonary hypertension, exercise intolerance due to altered 

response to hypoxia and compromised pulmonary defences against environmental insults 

(Davidson and Berkelhamer 2017; Moss 2006).   

1.3.2 Clinical use of Synthetic Glucocorticoids for Respiratory Distress Syndrome   

Currently the standard clinical practice is to treat women at risk of preterm labour with 

antenatal GCs to accelerate lung maturation and reduced the risk of RDS in the infant. This 

stems from the pioneering work of Liggins and Howie, who showed that treating mothers at 

risk of preterm labour with betamethasone 2-7 days before delivery reduced the incidence of 

RDS and neonatal death (Liggins and Howie 1972). Following this landmark study more than 

20 randomised clinical trials were published before 1993 all replicating Liggins and Howie’s 

original finding (Roberts, et al. 2017). Liggins, original dosage and drug combination of two 

maternal intramuscular injections 24 hours apart of 6 mg of betamethasone phosphate and 6 

mg of betamethasone acetate is still the most common GC drug regimen used today 

(Brownfoot, et al. 2013). The second most widely used GC is dexamethasone and is also given 

maternally by intramuscular injection; 6 mg of dexamethasone is injected four times, 12 hours 

apart to achieve continuous fetal exposure for 48 hours (Ballard and Liggins 1982). GC 

treatments have resulted in a ~40.5% increase in survival of extremely preterm infants (<28 

weeks) (Blencowe, et al. 2013). Interestingly, the clinical importance of GCs is not matched 

by an understanding of the molecular mechanisms by which GCs mediate lung maturation. It 

is known that GCs induce increased thinning of the interstitial tissue, temporarily increase the 

production of surfactant and increase liquid clearance rate (Daniel Bird, et al. 2015). However, 
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there is concern that exposure to powerful synthetic GCs might have serious long-term side 

effects on the respiratory system and due to GR’s uniform expression also on other body 

systems.  

1.4 Endogenous Glucocorticoids and Fetal Lung Development  

1.4.1 The Preparturition Cortisol Surge  

The levels of circulating GCs in the fetus rapidly increase towards birth, which is known as the 

pre-parturition GC surge. The GC surge is essential for maturation of several organs including 

the lungs, liver, gastrointestinal tract, heart, thyroid gland, adrenals and kidneys (Fowden and 

Forhead 2015). The rise in GCs has been consistently observed in all animals and is essential 

for survival immediately after birth (Figure 1.7) (Fowden, et al. 2016). During the early stages 

of fetal development 70-80% of circulating GCs are of maternal origin due to the fetal adrenal 

cortex being relatively inactive (Huang, et al. 2012). The adrenal glands emerge at ~ 8 weeks 

in the human embryo and starts to produce cortisol from ~28 weeks (Mastorakos and Ilias 

2003). In fetal mice corticosterone synthesis begins at ~E14.5 around 5 days prior to birth 

(Michelsohn and Anderson 1992). During most of gestation the levels of GC’s in the fetus 

remain relatively low due to placental expression of 11β-HSD2 and P-glycoprotein-mediated 

transport of GCs from the fetus to the mother (Chapman et al. 2013). 11β-HSD2 is also 

expressed in several sensitive tissues to protect against any spill-over of GCs (Fowden and 

Forhead 2004). During late gestation the activity of placental 11β-HSD2 decreases, maternal 

GC rises, and fetal GC synthesis increases to amplify the GC surge prior to birth (Agnew, et 

al. 2018).  Preterm infants are born before the natural surge in endogenous GCs and are at risk 

of neonatal death due to RDS. In order to reduce the risk of neonatal death and RDS synthetic 

GCs are administered to mimic the naturally occurring pre-parturition GC surge.   

 



26 | P a g e

Figure 1.7 Fetal cortisol levels across several large species during late gestation. 

Gestational length: horse 335 days, cow 280 days, human 280 days, sheep 145 days and pig 

115 days.  From (Fowden et al. 2016)  

1.4.2 The Respiratory Phenotype of Glucocorticoid Receptor Deficient Mice 

To study the molecular mechanisms of GC signalling in the developing fetal lung, several GR 

deficient transgenic mouse models have been developed (Figure 1.8). Total GR deficient 

(GRnull) mice die shortly after birth due to respiratory failure (Cole et al. 1995). Closer 

examination of the GRnull mouse lung has shown lung development continues normally until 

~E15.5, then begins to show defective alveolar epithelial cell differentiation and progressive 

hypercellularity due to unrestricted cell proliferation (Bird et al. 2007; Cole et al. 1995; Cole 

et al. 2004). This results in an thicken blood-air barrier increasing the diffusion distance and 

restricting gas exchange at birth. The timing of the phenotype coincides with the GC surge that 

occurs towards the end of the pseudoglandular stage of lung development. Histologically the 

lung of GRnull mice appears immature and resembles the canalicular stage of lung 
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development. The same phenotype is observed in mouse models in which the synthesis of GCs 

is disrupted by targeting of different stages of the HPA axis including CRH, CRH receptor 1 

(CRHR1) and ACTH receptor (MC2R), but only when the pups are born from dams that are 

homozygous knockouts for the same HPA axis gene (Chida, et al. 2009; Muglia, et al. 1995; 

Smith, et al. 1998). This can be explained by the initiation of lung maturation by the transfer 

of maternal GCs across the placenta (Venihaki, et al. 2000). Interestingly, 11βHSD-1 deficient 

mice survive at birth and only show minor differences in surfactant synthesis (Hundertmark, et 

al. 2002; Kotelevtsev, et al. 1997).  

To further characterise GC/GR signalling in the developing lung conditional GR knockout 

mice have been developed.  Epithelial deletion of GR in mice (GRepiKO) has little effect on 

the lung phenotype or survival at birth (Bird, et al. 2014). In comparison mesenchymal-specific 

GR deletion in mice (GRmesKO) results in a severe lung phenotype that resembles the GRnull 

mouse lung (Bird et al. 2014; Habermehl, et al. 2011; Li, et al. 2013) (Figure 1.8). This suggests 

that GC/GR signalling in the mesenchymal compartment of the lung is of greatest importance 

and essential for normal lung development. It has been well established that GCs promote cell 

apoptosis however, it has been demonstrated that the hypercellular phenotype observed in both 

GRnull and GRmesKO mouse lung is due to an increase in cell proliferation rather than a 

reduction in cell apoptosis (Bird et al. 2014; Bird et al. 2007). This suggests that the GR is an 

inhibitor of cell proliferation in the developing lung. The complexity of mesenchymal tissue 

makes it difficult to identify the specific GC/GR signalling mechanisms that is responsible. 

There are many cell types within the mesenchyme and unlike the well investigated epithelium 

there is a lack of specific cell markers which makes selectively deleting GR in sub populations 

of mesenchymal cells more difficult.  
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Figure 1.8 Lung morphology of conditional GR deficient mice. Black layers represent GR 

deletion. Lungs sections were stained with hematoxylin and eosin and imaged at E18.5 at 200x 

magnification. Scale bars= 50µm.  Adapted from (Daniel Bird et al. 2015) 

1.5. The Role of Versican in Lung Development 

Studies utilising conditional mouse knockouts of the GR gene (Nr3c1) have established that 

mesenchymal GC signalling is essential for normal lung maturation (Bird et al. 2014). Screens 

for differently expressed genes in GRmesKO mouse lung have identified the strong 

overexpression of midkine and its large mesenchymal-localised ECM receptor Versican 

(VCAN) (Bird et al. 2014; Bird et al. 2007; Kaplan, et al. 2003). VCAN is a strong promoter 

of cell proliferation and an important component of the developing ECM during embryogenesis 

in mammals (Wight 2002). Vcan null mice known as hdf-mice (heart defect) die during 
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embryonic development around E10.5 due to severe cardiac defects including the absence of 

endocardial cushions and dilation of both the primitive atrium and ventricle (Mjaatvedt, et al. 

1998). Due to the early lethality of hdf mice prior to the pseudoglandular stage of lung 

development the effect of total loss of Vcan on the lung is not known.  

1.5.1 The Mammalian Versican Gene and VCAN protein 

VCAN is part of the large proteoglycan family of ECM proteins which contain long repeating 

linear polymers of specific GAG disaccharides. VCAN has known roles in cell adhesion, 

proliferation, migration, angiogenesis and ECM assembly (Ricciardelli, et al. 2009; Wight 

2002). The Vcan gene is located on chromosome 5 in humans and chromosome 13 in mice and 

consists of 15 exons (Iozzo, et al. 1992). VCAN has a core protein structure consisting of an 

N-terminal (G1) domain, a carboxy-terminal (G3) domain and two centrally located

chondroitin sulphate GAG attachment domains, GAG α and GAG β. In mice, the GAG α 

domain is encoded by exon 7 and the GAG β domain is encoded on exon 8 (Wight 2002; 

Zimmermann and Ruoslahti 1989). The Vcan gene can be alternative spliced into five isoforms, 

V0, V1, V2, V3 and V4, with the encoded proteins having molecular weights of 370 kDa, 263 

kDa, 180 kDa, 74 kDa and 115 kDa, respectively (Dours-Zimmermann and Zimmermann 

1994; Kischel, et al. 2010; Zako, et al. 1995).  V0, the largest of the five isoforms contains both 

the GAG domains while V1 only contains the GAG β domain, V2 only contains the GAG α 

domain and V3 contains neither of the GAG domains (Figure 1.9) (Dours-Zimmermann and 

Zimmermann 1994; Kischel et al. 2010; Zako et al. 1995). A fifth isoform, V4 has only been 

identified in breast cancer and is similar to V1 except it contains a shortened GAG β domain 

(Kischel et al. 2010).  The isoforms differ in function and expression, the V1 isoform is highly 

expressed in several developing tissues including the lung, heart and limbs (Snyder, et al. 

2015), while, the V2 isoform has a more restricted expression and can be found in the nervous 

system (Snyder et al. 2015).  The V1 isoform is known to promote cell proliferation and 
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mesenchymal-epithelial transitions, while the V2 isoform is thought to inhibit cell proliferation 

(Snyder et al. 2015).  

Figure 1.9 Domain structure of Versican isoforms V0, V1, V2, V3 and V4. V0 contains all 

exons, including exons 7 and 8 that encode GAG α and GAG β domains respectively. V1 lacks 

the GAG α domain, V2 lacks the GAG β domain, V3 contains neither of the GAG domains 

and V4 lacks GAG α and has a truncated GAG β domain. 

1.5.2 Versican Degradation and Protein Clearance 

Towards the end of embryogenesis there is a tightly regulated degradation and structural 

remodelling of the ECM in several tissues including the lung. Part of this remodelling is the 

rapid clearance of extracellular VCAN (Kelwick, et al. 2015). VCAN and other proteoglycans 

are cleared by members of the A Disintegrin and Metalloprotease with ThromboSondin Motifis 

(ADAMTS) proteinases family of enzymes (Kelwick et al. 2015). The ADAMTS family is 

continually expanding; to date there are 19 metalloproteinases and 7 ADAMTS-like members 

(Apte 2009) (Figure 1.10). Six of the members have been shown to cleave VCAN, including 

ADAMTS 1, 4, 5, 9, 15 and 20 (Nandadasa, et al. 2014). VCAN has cleavage sites in both the 
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GAG β domain at Glu405-Gln406 and the GAG α domain at Glu1428-Ala1429 (Sandy, et al. 2001; 

Westling, et al. 2004).  Cleavage of V1 by ADAMTS 1, 4, 5 and 9 results in a 70kd fragment 

containing the neoepitope peptide sequence DPEAAE (Westling et al. 2004). It has been shown 

that a reduction in GAG β around the airways and periphery of the lung at E15.5 is co-localised 

to areas of high DPEAAE, suggesting ADAMTS proteases are actively degrading VCAN in 

the lung at this time point. Furthermore, VCAN and ADAMTS protein expression have been 

shown to overlap in the embryonic heart and lung in late gestation suggesting increased 

proteolysis (Snyder et al. 2015).  

Several mouse knockout models of specific ADAMTS family members are available, with the 

severity of the phenotypes varying greatly depending on which Adamts gene was targeted 

(Dubail and Apte 2015; Kelwick et al. 2015).  Knockdown of Adsmts9 is lethal at E7.5 while 

deletion of Adamts 4, 5, 12 and 13 results in no phenotype, unchallenged (Lee, et al. 2005; 

Llamazares, et al. 2007; Russell, et al. 2003; Stankunas, et al. 2008). Mice deficient in Adamts4 

develop normally and live into adulthood, indicating that other members of the ADAMTS 

family can compensate for the loss of Adamts4 (Glasson, et al. 2004). For example; deletion of 

both Adamats1 and Adamts4 is lethal with mice dying within 72 h of birth due to severe kidney 

defects, including a dilated renal pelvis and thinned renal medulla (Boerboom, et al. 2011). 

Interestingly, knockdown of Adamts5 protects against surgery-induced osteoarthritis and 

antigen-induced arthritis (Glasson, et al. 2005; Stanton, et al. 2005). While, deletion of 

Adamts12 in mice exacerbates inflammation and airway dysfunction in allergen-induced 

airway disease (Paulissen, et al. 2012). Additionally, the phenotype of Adamts13 null mice 

varies depending on the genetic background. Adamts13 null mice breed on a CASA/Rc genetic 

background (a mouse strain with elevated plasma vWF) develop thrombocytopenia resulting 

in decreased survival (Motto, et al. 2005).  
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ADAMTS18 is essential for branching morphogenesis of the lung and kidney, coordinating the 

organisation of the two organs. The deletion of Adamts18 in mice results in altered epithelial 

branching morphogenesis in both organs (Rutledge et al. 2019). Adamts18 null mice have 

smaller misshaped lungs with reduced epithelial volume and shorter primary branches 

(Rutledge et al. 2019). Rutledge and colleagues also showed that 29% of Adamts18 null mice 

developed double ureters that resulted in larger kidneys (Rutledge et al. 2019).  A more detailed 

review of the phenotypes of Adamts knockout animals can be found here (Dubail and Apte 

2015).  
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Figure 1.10 The ADAMTS family. Structurally ADAMTS proteins are divided into the 

proteinase domain and the ancillary domain. The proteinase domain is more conserved across 

the members while the ancillary domain is more variable. From (Kelwick et al. 2015) 
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1.6 The Effect of Synthetic Glucocorticoids and Lung Development 

1.6.1 Synthetic Glucocorticoids and Lung Morphology 

It is now widely accepted that GCs induce the rapid remodelling of the interstitial mesenchymal 

tissue in the developing lung to decrease the airway to capillary diffusion distance (Bird et al. 

2007; Cole et al. 2004). This has been replicated in several models including fetal lung explant 

systems and by animal models of maternal GC treatments in rodents, rabbits and rhesus 

monkeys (Bunton and Plopper 1984; Kauffman 1977; Oshika, et al. 1998a; Snyder, et al. 1992). 

The effects of GCs on the lung are consistent across the models with arrest of normal proximal 

lung morphogenesis and accelerated structural maturation of the distal lung. GC treatment 

earlier in lung development may also influence branching morphogenesis. Dexamethasone 

treatments on rat lung explants early in the pseudoglandular stage showed distorted branching, 

dilated proximal tubules and a reduction in proliferation of distal tubule epithelial cells (Oshika 

et al. 1998a). GC treatments can also impair secondary setae formation resulting in a decreased 

alveolar surface area for gas exchange (Massaro and Massaro 1992). The impairment to 

secondary setae formation can be rescued by the administration of trans-retinoic acid (tRA), 

demonstrating an inhibitory effect of retinoic acid on GC signalling during alveolar 

development (Hind and Maden 2004; Massaro and Massaro 2000).     

1.6.7 Synthetic Glucocorticoids and Surfactant Production 

One of the first identified benefits of GC treatment is the increase in surfactant production. 

Mammalian pulmonary surfactant is composed of ~80-85% phospholipids, 5-10% neutral 

lipids and ~8-10% surfactant proteins (SP-A, -B, -C and -D) (Botas, et al. 1998). The most 

abundant phospholipid is phophatidycholine (PC) and the disaturated form, 

dipalmitoylphosphatidylcholine (DPPC) is the primary phospholipid responsible for lowering 

alveolar surface tension in vivo (Ballard, et al. 1997). The surfactant proteins SP-B and SP-C 

increase the rate of phospholipid spreading across the alveolar surface (Bolt et al. 2001). SP-B 
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also regulates surfactant metabolism by increasing the uptake of phospholipids by type II AECs 

(Rice, et al. 1989). The importance of SP-B is highlighted in the SP-B knockout mouse that 

has severe respiratory failure (Tokieda, et al. 1997). SP-A and SP-D are less essential to 

surfactant function but are important for host defence against pulmonary infections 

(Korfhagen, et al. 1996; LeVine, et al. 1997).  Surfactant is synthesized by type-II AECs and 

stored in lamellar bodies (Bolt et al. 2001). GC treatment can increase levels of DPPC in 

tracheal fluid from lungs of fetal sheep and increase mRNA expression of SP-C and SP-B in 

human lung explants (Ballard et al. 1997; Ohashi, et al. 1991; Venkatesh, et al. 1993). 

Furthermore, GC treatment can stimulate expression of enzymes that control the production of 

PC and DPPC including fatty acid synthase (FASN), lysophosphatidylcholine acltransferase 

(LPCAT) and phospocholine cytidyltransferase (PCYT1) (Beneke and Rooney 2001; Chen, et 

al. 2006; Sharma, et al. 1993). However, the GC effects on surfactant synthesis are short lived 

and only temporary. There are other non-GC mechanisms that are more essential in the 

production of surfactant.  

1.6.8 Synthetic Glucocorticoids and Lung Epithelial Cell Differentiation 

Synthetic GC treatment is also known to influence the differentiation of epithelial cell 

populations in the developing lung. Antenatal GC treatment on fetal rabbits significantly 

increases the proportion of type-II AECs. Interestingly, dexamethasone treated human A549 

cells (type-II like alveolar epithelial cell line) in culture show a shift towards a more type-I 

phenotype with increased expression of type-I markers including AQP5 and caveolin-1 (Barar, 

et al. 2007; Ben, et al. 2008; Snyder et al. 1992). Furthermore, fetal GRnull mice have altered 

epithelial cell populations in the lung including ~50% less type-I AECs, ~30% more type-II 

AECs and a ~17% increase in undifferentiated epithelial cells in comparison to wild type fetal 

mice (Cole et al. 2004). This may suggest that GC signalling is required for type-I AEC 

differentiation but not type-II AEC differentiation. This is supported by experiments with 
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RU486 (GR antagonist) treated rat lung explants that had no change in the number of type-II 

AECs (Guettari, et al. 1990). GCs also increase the synthesis of surfactant (discussed above) 

which is associated with increased type-II AEC differentiation. It is important to note that the 

GC induced change in alveolar epithelial cell populations is only transient as lung expansion 

can adjust the cell populations due to the ability of alveolar cells to trans-differentiate in 

response to stretch signals (Flecknoe, et al. 2002).   

1.6.9 Synthetic Glucocorticoids and Lung Fluid Reabsorption 

At birth the lungs must rapidly clear fluid to allow air to enter and gaseous exchange to occur. 

Prior to birth the lungs are filled with liquid to maintain an expanded state required for lung 

development (Nardo, et al. 1998). Lung expansion is a stimulus for lung growth and if the 

liquid is removed lung expansion decreases, and this may result in severe lung hypoplasia due 

to a reduction in fetal lung growth. The fluid is secreted into the lungs by osmosis facilitated 

by the transport of Cl- and Na+ across the epithelium and into the lumen via a Na+-K+-ATPase 

(sodium-potassium pump) (Olver, et al. 2004). Na+ enters epithelial cells while Cl- exits the 

cells via Cl- channels on the cell membrane facing the lumen. The movement of Cl- into the 

lumen creates the osmotic gradient for water movement in the same direction (Olver et al. 

2004).  At birth Na+ is actively reabsorbed into the interstitium from the lung lumen by the 

activation of epithelial sodium channels (ENaCs) (Olver et al. 2004). ENaCs are activated by 

increased levels of intra-cellular cAMP caused by increased adrenaline during labour (Barker 

and Olver 2002). ENaCs are composed of three subunits α, β and γ and deletion of the 

individual subunits in mice results in differing degrees of fluid retention (Barker, et al. 1998; 

Hummler, et al. 1996; McDonald, et al. 1999). Deletion of the ENaC α subunit results in the 

most severe phenotype and these mice have the most difficulty removing lung liquid (Hummler 

et al. 1996). Synthetic GC treatment induces gene expression of Na+-K+-ATPase and the ENac 

subunits. Rats treated with maternal dexamethasone have increase mRNA expression of the 
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Na+-K+-ATPase β1 gene (Ingbar, et al. 1997).  GREs have been identified in the promoter 

region of the Na+-K+-ATPase β1 gene in both humans and rats (Hao, et al. 2003). Furthermore, 

antenatal dexamethasone treatment  in rabbits increases mRNA expression and levels of the α 

subunit of ENaC (Mustafa, et al. 2004). A GRE has also been found in the promotor region of 

the human α-ENaC gene however, no GREs have been found in either the β-ENaC or γ-ENaC 

genes (Bremner, et al. 2002; Chow, et al. 1999; Thomas, et al. 1999).  

1.7 Effects of Synthetic Glucocorticoids on Other Body Systems 

The benefits of antenatal GC treatment in preventing RDS and reducing neonatal death in 

preterm infants are well established. However, there are growing concerns that exposure to 

high concentrations of synthetic GCs is associated with detrimental side effects. Synthetic GCs 

have a much higher potency for GR and have longer half-life’s in vivo than endogenous GCs. 

Synthetic GCs dexamethasone and betamethasone can also easily cross the placenta because 

they are not readily metabolised by 11βHSD2 due to the presence of an additional fluorine 

group (Garbrecht, et al. 2006). Potential side effects include reduced birth weight, altered HPA 

axis, neonatal sepsis, smaller head circumference, altered development of the neural cortex, 

restricted placental development, hypertension and adverse cardiovascular and metabolic 

effects (Fowden and Forhead 2015; Garbrecht et al. 2006; Kemp, et al. 2018; Sheen, et al. 

2015). To reduce the potential side effects of antenatal GCs it is standard practice to administer 

a single course of synthetic GCs to a mother in preterm labour at 24-34 weeks gestation 

(Brownfoot et al. 2013). However, it is very challenging to predict when preterm labour will 

occur, and sometimes pregnant women receive multiple courses of GCs as they have not given 

birth during the effective window of 2 -7 days (Crowther, et al. 2015).  
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1.7.1 Effects of Synthetic Glucocorticoids on Placental Development and Function  

The placenta is the site of nutritional and waste exchange between the fetus and mother. 

Adequate placental growth is essential for adequate fetal growth (Ozmen, et al. 2017). The 

placenta responds to a variety of endocrine signals including GCs (Murphy, et al. 2006). 

Endogenous GCs act through the placenta to influence development, maturation and survival 

of the fetus (Murphy et al. 2006). The main regulator of maternal endogenous fetal GC 

exposure is the expression of 11βHSD2 in the placenta (Chapman et al. 2013).  However, as 

discussed above fluorinated synthetic GCs including dexamethasone and betamethasone are 

not readily metabolised by 11βHSD2 and therefore, can readily diffuse across the placenta in 

utero. Several animal studies have demonstrated that administration of exogenous synthetic 

GCs can result in reduced placental weight and fetal growth (Cottrell and Seckl 2009; Fowden 

and Forhead 2015; Vaughan, et al. 2011). Maternal administration of dexamethasone to rats 

late in gestation resulted in an 11% decrease in birth weight (Levitt, et al. 1996). A similar 

phenotype is observed when placental 11βHSD2 is inhibited by carbenoxolone treatment 

(Lindsay, et al. 1996). Furthermore, dexamethasone treatment in sheep can increase expression 

of apoptotic factors in the placenta and a decrease in proliferative markers (Braun, et al. 2015). 

Synthetic GCs can also affect the transport of nutrients across the placenta for example; fetal 

growth restriction is observed in betamethasone treated fetal sheep due to impaired placental 

transport of nutrients including calcium and lactate (Moss, et al. 2003). In humans 

betamethasone exposure has been linked to decreased placental width (~6%), reduced body 

length (~6%) and decreased birth weight (~18%) (Braun, et al. 2013). 

1.7.2 Effects of Synthetic Glucocorticoids on the Developing HPA Axis  

The fetal HPA axis is very sensitive to overexposure of GCs and excess levels can alter HPA 

function and regulation through GC-mediated fetal programming (Moisiadis and Matthews 

2014). The fetal HPA axis is well developed by ~20 weeks of gestation and can mount a 
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response to stress (Noorlander, et al. 2006). A single or multiple courses of synthetic GCs 

antenatally rapidly suppresses both maternal and fetal plasma levels of ACTH and cortisol 

(Ballard, et al. 1975). Furthermore, infants born prematurely and exposed to synthetic GCs 

have decreased basal cortisol levels within hours of birth and reduced responsiveness of the 

HPA axis to stress through the first week of life (Arnold, et al. 1998; Davis, et al. 2004; 

Schaffer, et al. 2009). The effects of GCs on the HPA axis have also been studied in several 

animal models including sheep, rodents, guinea pigs and non-human primates (Moisiadis and 

Matthews 2014). Baboons exposed to multiple courses of betamethasone during gestational 

days 150-164 (term 185 days) have decreased levels of Pomc mRNA that encodes for 

proopiomelanocortin a precursor protein for ACTH and reduced adrenal levels of Mc2r mRNA 

that encodes for the adrenal-expressed ACTH receptor (Leavitt, et al. 1997). Similarly, guinea 

pigs exposed to multiple courses of synthetic GCs late in gestation reduces levels of CRH 

mRNA and POMC mRNA (McCabe, et al. 2001). Interestingly, fetal sheep exposed to either 

single or multiple courses of GCs during gestational days 106-127 (term 145 days) have 

increased ACTH and cortisol responses to hypoxic stress (Rakers, et al. 2013).  The variation 

of GC effects on the HPA axis could be explained by sensitivity to GCs; for example pregnant 

sheep tend to be very sensitive to the labour inducing effects of GCs, while guinea pigs are 

more GC resistant relative to humans (Moisiadis and Matthews 2014). The effects of GCs on 

the HPA axis can extend into infancy; for example 18-day old guinea pigs exposed to a single 

course of synthetic GCs during gestation have a suppressed adrenocortical response to stress 

(Dean, et al. 2001). Furthermore, juvenile rhesus monkeys treated with multiple courses of 

synthetic GCs in utero have increased HPA function in response to stress (de Vries, et al. 2007). 

1.7.3 Effects of Synthetic Glucocorticoids on Brain Development  

The rapid increase in GCs towards the end of gestation is not only essential for lung maturation 

but also neurodevelopment.  GCs initiate the terminal maturation of neurons and regulates the 
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growth of axons, dendrites and synapses (Adhya, et al. 2018; Meyer 1983). Synthetic GCs can 

pass the blood brain barrier by simple diffusion (Kajantie, et al. 2004). Although, GCs can have 

beneficial maturation effects on the brain during late gestation, overexposure of GCs can cause 

altered structural brain development, dysregulation of the HPA axis (see above) and 

behavioural problems later in life including learning impairments, anxiety, depression and 

enhanced sensitivity to drugs of abuse (Lupien, et al. 2009). The regions of the brain most 

sensitive to synthetic GCs also have the highest expression of GR including the hippocampus, 

medial prefrontal cortex and the anterior cingulate cortex (Cerqueira, et al. 2007; Shoener, et 

al. 2006). Antenatal synthetic GC administered to rhesus monkeys at 132 to 133 days of 

gestation (term 166 days) resulted in a ~ 30% reduction in hippocampus size at 9 months (Uno, 

et al. 1994).  However, most of the animal studies on synthetic GCs and brain development use 

multiple courses of synthetic GCs. In humans a single course of GCs is generally associated 

with benefits to neurodevelopment while a multiple course is detrimental; for example; a single 

course of synthetic GCs decreases the risk of cerebral palsy while, multiple course of the same 

dosage is correlated with cerebral palsy (French, et al. 2004; Roberts and Dalziel 2006). 

Additionally, a single course of GCs in women at high risk for preterm birth decreases 

neurodevelopmental disability in infants born at 23, 24 and 25 weeks (Carlo, et al. 2011). 

However, emerging evidence has shown synthetic GCs can also be negatively associated with 

brain cortex development for example; 6-10-year-old children exposed to synthetic GCs in 

utero have greater cortical thinning in the rostral anterior cingulate cortex and increases in 

associated behavioural problems (Davis, et al. 2013). The effects of synthetic GCs on brain 

development are most likely associated with the stage of brain development, the duration of 

GC exposure and the dosage used.  
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1.7.4 Effects of Synthetic Glucocorticoids on the Renal System 

In addition to promoting lung maturation synthetic GCs have also been shown to accelerate 

renal development resulting in both adequate and efficient tubular reabsorption at birth (Ervin, 

et al. 1996; Ervin, et al. 1998; Petershack, et al. 1999). Most studies investigating the effects 

of synthetic GCs on renal development have been on animal models and have focused on the 

short-term side effects of GCs. These studies have indicated that antenatal GC treatment 

increases arterial blood pressure, increases glomerular filtration rate and decreases sodium 

excretion in infants (Ervin et al. 1996; Hill, et al. 1988; Stonestreet, et al. 1983).  At birth renal 

tubular sodium excretion decreases in response to improved function of renal sodium 

transporters and NA+ K+ -ATPase (Jahnukainen, et al. 2001). Animal studies have shown that 

synthetic GCs can increase NA+K+-ATPase mRNA in both rats and sheep (Celsi, et al. 1991; 

Jahnukainen et al. 2001). Furthermore, antenatal synthetic GC treatment increases renal sodium 

reabsorption in very preterm baboons (Ervin et al. 1998). Synthetic GCs can also alter renal 

cell proliferation, fetal rats exposed to high dosages of dexamethasone late in gestation have 

impaired renal cell proliferation and reduced total kidney cell numbers (Slotkin, et al. 1991). 

Interestingly, even low doses of dexamethasone result in a temporary reduction in total kidney 

cell number for the first three days after birth (Slotkin et al. 1991).  

Synthetic GCs can also alter the renal transcriptome; antenatal dexamethasone treatment in rats 

alters 431 renal genes including key development genes, for example Gfra1 that encodes glial 

cell line-derived neurotrophic factor (GDNF), which is essential to branching morphogenesis 

(Sheen et al. 2015) (discussed below).  Additionally, dexamethasone treatment after 

adrenalectomy in adult rats increases expression of SGK-1, αENaC and GC-induced leucine 

zipper (GILZ) which are essential to renal sodium reabsorption (Muller, et al. 2003). 

Furthermore, synthetic GCs may also reduce nephron number in the kidney however, this 

seems to be dependent on the timing of GC exposure (Ortiz, et al. 2001). Rats exposed to 
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dexamethasone in utero on embryonic days 15 and 16 have a 20% reduction in nephron 

number, additionally rats exposed to synthetic GCs on days 17 and 18 have a 17% reduction in 

nephrons, but rats exposed on days 11-12, 13-14, 19-20 and 20-21 have similar numbers of 

nephrons to untreated controls (Ortiz et al. 2001). It has been postulated that low nephron 

numbers may increase the risk of developing chronic kidney disease and hypertension later in 

life.   

1.8 The Developmental Origins of Health and Disease 

The Developmental Origins of Health and Disease (DOHaD) hypothesis suggests that exposure 

to certain environmental challenges including poor nutrition, chemicals, infections, stress or 

hormones such as GCs during fetal development may impact an individual’s health later in life. 

Early research into DOHad was focused on well-documented famines (Hoffman, et al. 2017).  

One of the most well-known and studied cohorts is the Dutch famine cohort composed of men 

and women who were born before, during and after the 1944-1945 Dutch famine (Ravelli, et 

al. 1998). Adults exposed to the famine during mid or late gestation had lower glucose tolerance 

compared to adults either never exposed to the famine or exposed earlier in gestation (Ravelli 

et al. 1998). Furthermore, adults exposed to the famine for any 10-week period of gestation 

had a 3 times higher risk of developing hypertension than unexposed adults (Stein, et al. 2006). 

These findings are consistent with the Chinese famine of 1958 where adults exposed to the 

famine during gestation were 4 times more likely to have hypertension than adults exposed to 

the famine postnatally (Huang, et al. 2010). Adults who were exposed to the Chinese famine 

antenatally also had a 50% higher risk of type II diabetes (Wang, et al. 2016).  

The mechanisms driving DOHaD is a growing area of research, one hypothesis to explain 

DOHaD is fetal GC overexposure (Reynolds 2013). As discussed above GCs are essential for 

normal fetal development and tissue maturation. Antenatal treatment with synthetic GCs is 
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associated with lower birth weight and insulin resistance later in life (Dalziel, et al. 2005). GC 

exposure in utero has also been linked to alterations in brain development and behaviour. 

Furthermore, consequences of GC exposure extend into adulthood with higher risks of both 

cardiovascular and renal disease in adults exposed to GCs during gestation (Sheen et al. 2015). 

1.9 Kidney Development 

The kidney develops from the intermediate mesoderm, located between the lateral plate and 

paraxial mesoderm’s (Saxen and Sariola 1987). In higher vertebrates three distinct kidney 

structures form successively, termed the pronephros, mesonephros and metanephros (Saxen 

and Sariola 1987) (Figure 1.11). Each organ is more advanced than its progenitor and they 

reflect the evolutionary past of the vertebrate lineage (Saxen and Sariola 1987). The three 

kidney structures migrate in a rostral to caudal direction forming the nephric duct (Short and 

Smyth 2016). The pronephros and mesonephros are transient structures in the human and 

mouse, they are non-functional and absorbed during development (Saxen and Sariola 1987). 

The metanephros is a more complex structure and goes on to form the functioning adult kidney.  

Most research has focused on the development of the metanephros that emerges from the 

nephric duct at ~E10.5 in mice or at ~E26 in the human embryo (4 weeks of gestation) 

(Osathanondh and Potter 1963). The emerging bud is known as the ureteric bud and this 

elongates towards a collection of mesenchymal cells known as metanephric mesenchyme and 

eventually invades (Saxen and Sariola 1987). Once in contact with the metanephric 

mesenchyme, tightly regulated rounds of branching morphogenesis occurs to form the 

epithelial collecting duct system (Short and Smyth 2016).  
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Figure 1.11 Schematic overview of kidney development. Kidney development occurs over 

three successive phases and involves the formation of three independent kidneys. The 

Pronephros is the earliest form of the kidney and emerges from the intermediate mesdoderm. 

The second form of the kidney the mesonephros appears at ~ E9.0 and consists of unbranched 

tubules. The third kidney the metanephros will go on to form the functioning adult kidney. The 

metanephros forms from an outgrowth of the nephric duct at ~E10.5. From (Short and Smyth 

2016) 

1.9.1 The Pronephros 

The earliest form of the kidney, the pronephros first emerges at ~E8 in mice or ~E22 in the 

human embryo  (Bouchard, et al. 2000; Vetter and Gibley 1966).  The pronephros generates 

the nephric duct that migrates caudally and stimulates mesonephric tubule formation (Davidson 

2009). The transcription factors controlling the formation of the pronephros include Paired box 

2  (PAX2), Paired box 8 (PAX8), GATA binding protein 3 (GATA3) and LIM homeobox 

protein 1 (LHX1) (formerly LIM1) (Bouchard 2004). PAX2 and PAX8 are essential for the 

formation of the pronephros and persist in the nephric duct (Bouchard, et al. 2002). Curiously 

Pax8 null embryos have a severe defect in thyroid development however, they develop normal 
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kidneys (Mansouri, et al. 1998). In comparison Pax2 null embryos form a nephric duct but it 

later degenerates and never reaches the urogenital sinus (Torres, et al. 1995). A double 

Pax8/Pax2 null mutant never forms a nephric duct and therefore no kidney structures arise and 

the intermediate mesoderm undergoes apoptosis by E9.5 (Bouchard et al. 2002).  This is 

evidence that PAX8 and PAX2 are a compensatory mechanism to ensure that the intermediate 

mesoderm is committed to nephric duct formation (Davidson 2009).  

GATA3 is expressed as early as E8.5 and is a direct target of PAX2 and PAX8. Targeted 

inactivation of GATA3 results in non-directional growth of the nephric duct and a lack of a 

metanephros due to incomplete extension of the nephric duct to the urogenital sinus (Grote, et 

al. 2006).  LHX1 is also essential to the formation of the pronephros. LHX1 expression is first 

evident at E7.5 in the intermediate mesoderm and lateral plate mesoderm however it becomes 

localised to the nephric duct by E9.5 (Davidson 2009). Lhx1 null mutants form a nephric duct 

but it undergoes necrotic degeneration indicating that LHX1 has a role in nephric duct survival 

(Kobayashi, et al. 2005; Shawlot and Behringer 1995). These defects result in abnormalities in 

the formation of the sequential kidney structures, the mesonephros and metanephros, with the 

most serve abnormality being the complete absence of the metanephros (Kobayashi et al. 

2005).  

1.9.2 The Mesonephros 

The Mesonephros emerges at ~E9.0 in the mouse or ~E25 in the human embryo, the 

mesonephros consists of approximately 18 pairs of tubules that are generated from the anterior 

intermediate mesoderm (AIM) and posterior intermediate mesoderm (PIM) (Davidson 2009; 

Vetter and Gibley 1966). The tubules produced from the AIM are the rostral mesonephric 

tubules and will go on to form primary glomeruli; in contrast the PIM produces caudal 

mesonephric tubules which make up the bulk of the mesonephros and will go on to form the 
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primitive unbranched tubules (Sainio, et al. 1997). The caudal tubules are initially nephrogenic 

cord cells that undergo a mesenchymal-to-epithelial transition (Davidson 2009). At E14.5 the 

mesonephros begins degenerating rapidly, within 24 hours nearly all the tubules have 

undergone apoptosis (Sainio et al. 1997; Smith and Mackay 1991). In females, all the tubules 

are degraded, however in males a few of the rostral tubules go on to contribute to the formation 

of the testis (Vetter and Gibley 1966).  

The molecular mechanisms governing the formation of the mesonephros are relatively 

unknown presumably because the mesonephros is a transitional kidney and has little function 

postnatally (Davidson 2009).  It has been demonstrated that microsurgical disruption of the 

nephric duct in chick embryos results in failure of the mesonephros to form (Boyden 1927; 

Waddington 1938). It can therefore be speculated that signals from the nephric duct are 

essential in the formation of the mesonephros tubules (Davidson 2009). Wingless-type MMTV 

integration site family, member 9B (WNT9B) is expressed by the nephric duct during both 

mesonephros and metanephros kidney development (Carroll, et al. 2005). WNT9B has been 

found to promote the production of nephrons during mesonephros and metanephros 

development (Carroll et al. 2005). In support of this Wnt9b null mice lack both mesonephros 

and metanephros nephrons (Carroll et al. 2005).  

1.9.10 The Metanephros 

Metanephros formation begins with the formation of the ureteric bud which is an outgrowth of 

the nephric bud at ~E10.5-11 in mice or approximately the fifth week of human gestation 

(Osathanondh and Potter 1963). The ureteric bud is encapsulated within the metanephric 

mesenchyme (Saxen and Sariola 1987). Once the ureteric bud contacts the metanephric 

mesenchyme, the ureteric bud initiates branching morphogenesis through sequential divisions 

that lead to the formation of a complex ureteric tree (Short and Smyth 2016) (Figure 1.12). The 
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process of branching morphogenesis occurs over a short period. In mice, nearly all ~13 

branching events occur within a 4-day period and this is consistent with human ureteric bud 

branching which consists of ~15 events that starts at ~5 weeks of gestation and ends at ~15 

weeks of gestation (Short, et al. 2014).  As the ureteric tree becomes more complex the cells 

within proximity to the tips of the tree differentiate into cap mesenchyme (Short and Smyth 

2016). A small subpopulation of cap mesenchyme cells cluster together on either side of the 

main stem of the ureteric bud (Brunskill, et al. 2008). These cells undergo a mesenchymal-to-

epithelial transition to form renal vesicles (Saxen and Sariola 1987). These renal vesicles 

proliferate and form a comma-shaped body followed by a S-shaped body which fuse with the 

collecting duct epithelium creating a nephron (Smith and Mackay 1991). 

 It is now widely recognised that the cap mesenchyme and ureteric tree outgrowth are 

dependent on each other. The failure of ureteric tree outgrowth results in apoptosis of the cap 

mesenchyme (Kreidberg, et al. 1993) and inactivation of genes associated with either cap 

mesenchyme differentiation or survival leads to disrupted ureteric tree outgrowth (Self, et al. 

2006).  This co-dependence leads to a tightly regulated balance between the formation of 

nephrons and branching morphogenesis (Short and Smyth 2016). This process is most likely 

going to have an impact on final nephron number and the avoidance of defects in kidney 

organogenesis (Short and Smyth 2016).  

Ureteric bud outgrowth involves a complex signalling network. One of the most important 

factors and master regulators of outgrowth is GDNF which signals through the RET tyrosine 

kinase receptor (Costantini and Shakya 2006).  GDNF is expressed throughout the nephrogenic 

cord at E9.5 but becomes localised to the metanephric mesenchyme by E10.5 (Costantini and 

Shakya 2006). The correct expression of GDNF is essential to kidney development and is 

controlled by several factors including the Homeobox-leucine zipper protein HOX11 (HOX11) 

gene family, FOXC1, FOXC2, BMP4 and Gremlin 1, DAN family BMP antagonist (GREM1), 
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reviewed in (Short and Smyth 2016) .  The cap mesenchyme is essential to stimulating ureteric 

bud branching and provides the progenitor cells for nephron formation (Davidson 2009). 

Several molecular factors are involved in survival and proliferation of the cap mesenchyme 

including Spalt like transcription factor 1 (SALL1), Wilms tumor 1 homolog (WT1), Sine 

oculis-related homeobox 2 (SIX2), EYA transcriptional coactivator and phosphatase 1 

(EYA1), and PAX2 reviewed in (Davidson 2009). 

Figure 1.12 Schematic overview of metanephros development. The uteric bud (UB) 

emerges from the nephric duct (ND) at ~E10.5 and elongates towards a group of mesenchymal 

cells known as the metanephric mesenchyme (MM). Once the uteric bud contacts the 

metanephric mesenchyme branching morphogenesis occurs. The uteric bud outside the 

metanephric mesenchyme will form the ureter that develops into four layers of cells; urothlium 

(Uro), Stromal cells (Stm), Smooth muscle cells (SM) and adventitial fibroblasts (AF)  From 

(Tham and Smyth 2019). 
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1.10 Endogenous Glucocorticoids and Fetal Kidney Development 

Although studies have established a link between synthetic GC treatment and renal disease 

later in life the role of endogenous GCs in kidney development remains relatively unknown. It 

has been demonstrated that GR gene expression occurs in a specific pattern in the developing 

kidney. GR gene expression in the fetal mouse kidney increases from E9.5 to ~E14.5, which 

correlates with the start of GC biosynthesis in the fetal mouse at E14.5 (Speirs, et al. 2004). 

This is followed by a reduction in GR mRNA expression until ~E17, after which GR expression 

increases until birth (Speirs et al. 2004). This pattern of GR gene expression is evidence that 

correct GC/GR signalling is important in normal kidney development (Speirs et al. 2004). 

However, it is not entirely known when GR begins appearing in different structures within the 

developing mammalian kidney. Most of the studies on GR localisation have been in adult 

animal models. In the adult rat kidney GR and MR are expressed in the nuclei of cells in the 

aldosterone-sensitive distal nephron (ASDN) including in the thick ascending limb, distal 

convoluted tubule, connecting tubule, collecting duct, intercalated cells and proximal tubule 

cells (Ackermann, et al. 2010). Interestingly, GR expression in the kidney is altered by a high 

salt diet which reduces aldosterone secretion. In a low aldosterone state GR remains in the 

nuclei of cells of the proximal tubules and thick ascending limb but is removed from the nuclei 

of cells of the collecting tubule and collecting duct (Ackermann et al. 2010). Additionally, it 

has been demonstrated that in conditions of low aldosterone levels the specific cells where GR 

was present in the nuclei were segment-specific and corresponded to areas of low 11β-HSD2 

expression, notably in the early distal convoluted tubule (DCT1) (Ackermann et al. 2010).  The 

same study also showed that nuclei GR localisation in the low aldosterone state progressively 

disappears along the distal convoluted tubule and is almost absent in the late convoluted tubule 

(DCT2) where 11βHSD2 expression is high (Ackermann et al. 2010). This supports the idea 

that GR expression occurs in a gradient along the DCT.  
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The effects of the loss of GR on the developing kidney and postnatally is relatively unclear due 

to the early lethality of the global GRnull mice (Cole et al. 1995). A small number of studies 

have used mouse models of conditional kidney specific deletion of the GR. Conditional GR 

deletion in the distal nephron using the Kspcre results in slightly elevated blood pressure but 

on a whole these mice appear normal and have similar body weight, renal histology and 

nephron number to control animals (Goodwin, et al. 2010). A wider renal tubule deletion of 

GR in adult mice using an inducible Pax8-Cre driver alters the function and abundance of key 

sodium transports including thiazide-sensitive Na+/Cl- cotransporter (NCC), Sodium transport, 

sodium and hydrogen exchanger 3 (NHE3) and Na-K-Cl cotransporter-2 (NKCC2) (Canonica, 

et al. 2019).  

1.11 Summary 

In summary the importance of GC signalling for the functional maturation of many fetal tissues 

is well established, yet the underlying cellular mechanisms are not well understood. GCs 

rapidly mature the lung for gaseous exchange and prepare the kidney for efficient tubular 

absorption after birth. Furthermore, antenatal synthetic GCs are used routinely in situations of 

preterm birth and administration of antenatal synthetic GCs up to 24 hours prior to birth 

decreases the morbidity and mortality in preterm infants at risk of RDS. Surprisingly, the 

clinical use and importance of GCs in late development is not matched by an understanding of 

the GC-regulated molecular mechanisms and gene networks in the embryo.  Use of conditional 

mouse knockout models have highlighted that GR-mediated signalling activity in the 

mesenchymal compartment of the lung is particularly crucial. Even less is known about the 

molecular signalling pathways of GCs in compartments of the developing kidney.  This is of 

concern because it has been demonstrated that exposure to powerful synthetic GCs including 

betamethasone and dexamethasone is associated with reduced birth weight, increased risk of 
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high blood pressure and reduced total kidney cell number. With the increasing evidence 

supporting the DOHad theory, it is essential to understand the complex actions of GC/GR 

signalling during fetal programming and development, to avoid consequences of excessive and 

poorly timed exposure to GCs. This thesis aims to investigate both the gene networks that 

underpin GC regulation during late gestation lung development in the mesenchymal 

compartment of the lung and to further explore the role of GC/GR signalling during kidney 

development.  

1.12 Research Aims 

Aim 1: Define the GC/GR regulation of the ECM protein VCAN during lung 

development in the mouse 

The severe lung phenotype in GR-null mice, as well as the beneficial outcomes in neonatal 

respiratory function gained from exogenous GC treatment is primarily due to altered expression 

of GR-regulated factors in the lung mesenchyme. Previous microarrays on GRmesKO mouse 

lung have identified the ECM protein VCAN as a potential GR regulated target. This thesis 

will aim to investigate the GC-regulation of VCAN during late lung development.  

Aim 2: Identify and investigate the GC/GR regulation of specific target genes and cell 

pathways related to cell proliferation in the mesenchyme during lung development in the 

mouse  

Despite a known role for mesenchymal GR signalling in lung morphological maturation, the 

underlying molecular mechanisms and gene networks remain elusive. This chapter will explore 

some of the GC/GR gene networks in the developing mouse lung mesenchyme utilising RNA 

sequencing.  

Aim 3: Investigate the specific actions of glucocorticoids via GR signalling during kidney 

organogenesis via analysis of GR-null and GR-tissue-specific null fetal mice 
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GCs play important roles in the development of many organs in the embryo. However, the 

kidney specific actions of GC/GR signalling are not well characterised in the developing 

kidney. This chapter will investigate the effects of eliminating the GR in different 

compartments of the kidney including the collecting ducts and mesenchyme by utilising kidney 

conditional mouse GR knockout mouse models.  
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Chapter 2: Glucocorticoid Signalling Drives Reduced Versican 

Levels in the Fetal Mouse Lung 
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E18.5 

2.3.1 Expression of Vcan 

isoforms in the developing lung 

during late gestation  
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2.3.3 Increased Vcan isoform 

mRNA and VCAN-V1 protein 

levels in the GRmesKO lung 
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3.3.4 ADAMTS protease 

expression in the fetal mouse 

lung 

3.3.5 Glucocorticoids induce 

expression of ADAMTS12 in 

the fetal lung 
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Chapter 3: Identification of Extracellular Matrix Remodelling 

and Wnt Signalling as Glucocorticoid-GR Regulated Processes 

using Transcriptome Sequencing of Isolated Fetal Lung 

Mesenchymal Cells 
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3.1 Introduction 

The interstitial mesenchyme of the developing lung is constantly remodelling and undergoes 

rapid regression just prior to birth in response to mechanical and signalling cues.  GCs are an 

essential signalling hormone in the latter stages of lung development. GCs act via the 

intracellular GR and contribute to the rapid thinning of the mesenchyme tissue to reduce the 

thickness of the blood-air barrier for efficient gas exchange at birth (Cole et al. 2019; Oshika, 

et al. 1998b). Preterm infants born before the endogenous GC surge have an underdeveloped 

lung characterised by reduced surfactant synthesis, immature alveolar development and an 

excess of mesenchymal tissue (Reynolds et al. 1968). Antenatal synthetic GC treatment reduces 

the risk of respiratory RDS in the infant by accelerating lung maturation (Liggins and Howie 

1972). Furthermore, conditional mouse models have demonstrated that GC/GR signalling in 

the mesenchymal layer of the fetal lung is critical for this process (Bird et al. 2014). Similar to 

complete GR-null mice, mice deficient in mesenchymal-expressed GR die shortly after birth 

due to respiratory failure (Bird et al. 2014). Morphologically at E18.5 the lungs of these mice 

appear hypercellular with an thicken blood-air barrier increasing the diffusion distance for 

gaseous exchange (Bird et al. 2014). It is generally accepted that the hypercellular lung 

phenotype is the result of increased cell proliferation rather than a decrease in cell apoptosis 

(Bird et al. 2014; Bird et al. 2007).  Despite the well-recognised importance of GCs in 

morphological lung maturation and the clinical use of synthetic GCs in the treatment of preterm 

birth, the underlying molecular mechanisms, GC-regulated gene targets and modulated gene 

pathways remain elusive.   

To identify mesenchymal GC signalling regulated pathways and gene networks I have isolated 

lung mesenchymal cells from GRmesKO mice at E18.5 using fluorescent-activated cell sorting 

(FACS) and performed Next generation RNA sequencing (NGS RNA seq). Using this 

approach, I have identified a large number of genes with altered expression in lung 
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mesenchymal cells from GRmesKO mice. I identified 290 differentially expressed genes that 

included a large number of mRNAs encoding ECM associated genes. These included Elastin 

(Eln), Fin bud imitation factor homology (zebrafish) (Fibin), Preproenkephalin (Penk), SPARC 

related modular calcium binding 2 (Smoc2) and Adamts-like 2 (Adamtsl2). I also showed that 

a small number of Wnt signalling associated genes were increased in  mesenchymal cells 

isolated from GRmesKO mouse lung including R-spondin 2 (Rspo2), Wingless-type MMTV 

integration site family, member 11 (Wnt11) and Cell migration inducing protein, hyaluronan 

binding (Cemip) with fold changes of 1.9, 1.7 and 1.6 respectively.  
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3.2 Materials and Methods 

Animals 

The care and use of all animals were approved by the Monash Animal Research Platform-1 

Animal Ethics Committee at Monash University. GRmesKO mice (Mus musculus) were of an 

isogenic C57BL/6 genetic background. GRmesKO mice were generated using the Cre/Loxp 

gene recombination system as previously described (Bird et al. 2014). Briefly, mice expressing 

Cre under the mesenchymal specific promotor, dermo1 (mice provided by Prof. Wainwright, 

University of Queensland, Brisbane, Australia) were bred with GRloxp/lxop mice to generate 

GRloxp/+, Dermo1cre/+. These mice were then time-mated with GRloxp/loxp to generate 25 % of the 

offspring as GRloxp/loxp, Dermo1cre/+ mice that were used in the study with GRloxp/+ control 

littermates. The morning of a positive plug mating was designated as embryonic (E) day 0.5. 

Pregnant mice were sacrificed according to approved guidelines of the Animal Ethics 

Committee at Monash University at E18.5, and pups were sacrificed by decapitation. The lung 

of GRmesKO fetal pups were isolated and processed into a single cell suspension for FACS 

analysis or snap frozen in liquid N2. Tail snips from pups were collected at dissection for 

immediate genotyping by qPCR and analysis of PCR fragments by gel electrophoresis. 

Dermo1cre/+ mice have two bands, one for the internal control and one for the cre band, while 

control animals have only the internal control band (Bird et al. 2014). Primer sequences can be 

found in Table 3.1.  
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Table 3.1: Primer sequences used to genotype GR targeted mice 

Gene Primer Sequence 

GRloxp 

GR forward: 

5’-TTGCAAATAACTCAGTACAAATGG-3’ 

GR reverse: 

5’-TACTACTTCCAGTTCTTAACCCTCTC-3’ 

Loxp forward: 

5’-TGCGAGCTGTACTGATAACTTC-3’ 

Dermo1cre 

Wild type Forward: 

5’-AACTTCCTCTCCCGGAGACC-3’ 

Wild type reverse: 

5’-TGCCTCTCCAGCTCTTCCTC-3’ 

Transgene: 

5’-CCGGTTATTCAACTTGCACC-3’ 
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Preparation of Cell Suspensions from Control and GRmesKO Fetal Lung Tissue 

The entire lung was dissected from fetal control and GRmesKO pups at E18.5, chopped into 

very small pieces and washed 3 times with phosphate-buffered saline (PBS). The macerated 

lung tissue was then added to 200 µl of filter sterilised lung tissue digestion buffer containing 

12.5% heat-inactivated chicken serum (Gibco, Australia), 32.5 mM HEPES (Gibco, Australia), 

3.75 mg/ml of collagenase type 1 and 1A (Sigma-Aldrich, Australia) and 0.5 mg/ml of DNase 

(Sigma-Aldrich), diluted in DMEM media. Lung tissue samples in digestion buffer were 

incubated at 37°C in a heat-block. Every 5 min the incubating tubes were shaken vigorously, 

and the contents also slowly pipetted up and down until no clumps of tissue were visible for a 

maximum of 30 min. At the end of digestion period, the cells were filtered through a sterilised 

100 µm cell strainer. The cell suspensions were then washed 3 times with PBS resuspension 

after centrifugation for 5 min at 1500 g-force, to ensure the complete removal of digestion 

buffer.  

Isolation of Fetal Mouse Lung Mesenchymal Fibroblast Cells 

The cell suspension was centrifuged for 5 min at 1500 g-force and cells were then resuspended 

with a multi-antibody incubation buffer containing; 1% fetal  bovine serum, Epcam FITC ( 

Biolegend 118208, 1:200), CD45 BV510 ( BD 563891, 1:200) and CD31 PeCy7 (eBio, 25-

0311-082, 1:200), diluted in PBS. The cells were then incubated for 20 min on ice in the dark.  

At the end of the incubation the cells were washed with PBS by centrifugation for 5 min at 

1500 g-force. The cells were then resuspended in FACS buffer containing 5mM EDTA, 20% 

fetal bovine serum and 1 µl/ml of Propidium iodide (PI), diluted in PBS. Cells were sorted on 

a BD Influxer (Becton Dickinson – BD - Franklin Lakes, NJ, USA) and sorted populations of 

cells collected in DMEM media supplemented with 20% fetal bovine serum. Isolated triple 

negative cells (Epcam- (epithelial), CD45- (immune) and CD31- (endothelial) were pelleted by 
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centrifuging for 5 min at 1500 g-force and stored at -80°C for eventual RNA extraction and 

sequencing. 

Isolation of Total RNA from Sorted Fetal Lung Mesenchymal Cells and Analysis by Next 

Generation RNA Sequencing 

Total RNA was isolated from fetal lung mesenchymal cells using RNeasy mini RNA extraction 

kit (Qiagen, USA) according to the manufacturer’s instructions. Purified total RNA was 

analysed using a Bioanalyzer 2100 (Agilent Technologies) by Micromon: Genomics, 

Biotechnology and Diagnostics (Monash University Platform Service, Melbourne Australia).  

NGS RNA seq was then performed on samples with a purity ‘Rin’ number of at least 7 by 

Genewiz Biotechnologies, Suzhou, China. Control sample 1 (C1) and GRmesKO sample 2 

(K2) did not meet this Rin number requirement and therefore not sequenced.  Briefly, 

sequencing (20 million reads) was performed on the Illumina Hiseq sequencing platform, in a 

2 x 150bp paired-end format. The Raw sequence data was interpreted by Genwiz’s 

bioinformatics team which included quality control, alignment to the reference mouse genome 

(ENSEMBL, version GRCm38.89), assembly and pathway enrichment and analysis. Gene 

differential expression analysis was performed using the Bioconductor package DESeq2 

(V1.6.3) (Love, et al. 2014).  

cDNA Synthesis and Analysis of mRNA Levels of Specific Genes by qPCR 

Total RNA was isolated from GRmesKO fetal mouse lungs at E18.5 using TRIzolTM

(Invitrogen, USA) and cDNA was prepared with a QuantiTech RT kit (Qiagen, USA) 

according to the manufacturer’s instructions. RNA was quality checked by nanodrop for 

analysis of OD260/280 values and run out on a gel to check for degradation.  mRNA levels 

were assessed for the following gene targets identified in the NGS RNA Seq data: Eln, Fibin, 

Penk, Smoc2, Adamtsl2, Adamts-like 4 (Adamtsl4), Extracellular matrix protein 1 (Ecm1), 
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Insulin-like growth factor binding protein 3 (Igfbp3),  Rspo2, Wnt11, Cemip and Collagen, type 

XV, alpha 1 (Col15a1). qPCR analysis was performed using the QuantiNova® SYBR® green 

master mix (Qiagen, USA) on a CFX384 Touch Real-Time PCR Detection System (Biorad, 

USA), with the following cycling conditions: An initial hot start at 95°C for 10 min, followed 

by 40 cycles of 95°C for 15 sec and 60° for 45 sec, the fluorescence was measured at the end 

of each cycle. After the 40 cycles a melt curve was performed from 65°C to 95°C, increasing 

by 0.05°C increments followed by a final hold at 95°C for 5 sec. The relative mRNA level for 

each gene was normalised to the housekeeping gene Ribosomal protein 29 (Rps29) using the 

∆∆Ct method (Livak and Schmittgen 2001) and expressed relative to the mRNA levels of 

littermate control mice. Primer pair sequences for each target gene can be found in Table 3.2.  
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Table 3.2: DNA sequence of primer pairs used for qPCR analysis 

Gene Forward Reverse 

Eln 5’-AGTTCCTGGTGTTGGTCTTC-3’ 5’-TTTGACTCCTGTGCCAGTG-3’ 

Wnt11 5’-CTACCTGTCAGCCACGAAG-3’ 5’-TGTTGCACTGCCTGTCTT-3’ 

Rspo2 5’-GCAATAAGCGAGCTAGTTATGT-3’ 5’-GACGCATTCCTTCTCTTCGA-3’ 

Fibin 5’-CTCTTCAGGGTGAGTGATCG-3’ 5’-AGGTCGTAGGAGATGCTCTT-3’ 

Penk 5’-GACATCAATTTCCTGGCGTG-3’ 5’-CCTCCGTACCGTTTCATGAA-3’ 

Smoc2 5’-TTGCAAAGATGTGTCCAGGT-3’ 5’-CTGTAGGTGCCGTCATCATT-3’ 

Adamtsl2 5’-GAGCAGTGTGTCTCCTTCAA-3’ 5’-CGTAGTCATCCGGGTAAAGG-3’ 

Adamtsl4 5’-TCAATGTGACTTCTCCCAGC-3’ 5’-CAGGATCGAGAACACGGAC-3’ 

Ecm1 5’-CCAGCACCTCCATGAAGTAG-3’ 5’-GGCTGCACTTCTCTTTGTTC-3’ 

Igfbp3 5’-ATCCACTCCATGCCAAGATG-3’ 5’-GCAGGGACCGTATTCTGTC-3’ 

Col15a1 5’-GCTGGAGAGATTTACGGGTT-3’ 5’-AGCTTCCATGATTTCAGCGA-3’ 

Cemip 5’-CCTTGGAGCTTCATCACTGT-3’ 5’-CCATTCCACATCTTGAACCC-3’ 

Rps29 5’-GGACATAGGCTTCATTAAGTTGG-3’ 5’-TCAGTCGAATCCATTCAAGGT-3’ 
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3.3 Results 

3.3.1 Isolation of E18.5 Mouse Fetal Lung Mesenchymal Cells by FACS 

An enriched population of fetal lung mesenchymal cells (Epcam-, CD45- and CD31-) was 

isolated from control and GRmesKO fetal mice at E18.5 using FACS to remove cells from the 

epithelial, endothelial and immune cell compartments (Figure 3.1A) (n=3/group). To determine 

if these other cell populations had been effectively removed, I assessed the expression of cell 

markers within the NGS RNA seq data set. The cell markers were selected from LungGens a 

web-based tool exploring gene expression during lung development (Du, et al. 2015; Du, et al. 

2017). As expected, we observed high expression of mesenchymal cell markers that included 

Vimentin (Vim), Fibronectin (Fn1) and Eln (Figure 3.1B). I observed very low expression of 

endothelial, immune and epithelial cell markers, indicating I had successfully isolated an 

enriched population of mesenchymal cells for analysis by whole cell transcriptome sequencing 

(Figure 3.1B). To validate that the cells lacked the GR we showed that four well-characterised 

and known GC-regulated target genes with previously identified GREs were downregulated as 

expected in GRmesKO fetal mice. These genes were the serum/glucocorticoid regulated kinase 

1 (Sgk1) (fold change -2.3, FDR 1.07E-10),  FK506 binding protein 5 (Fkbp5) (fold change -

6.8, FDR 8.68E-54), Transglutaminase 2, C polypeptide (Tgm2) ( fold change -4.7, FDR  

1.11E-38) and Cysteine-rich secretory protein LCCL domain containing 2 (Crispld2) (fold 

change -2.6, FDR 9.39E-06) (Table 3.3) (Seow et al, 2019). 
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Figure 3.1. Isolation of FACS sorted cell population from the E18.5 fetal mouse lung. (A) 

Experimental workflow; lungs were first isolated from control and GRmesKO fetal pups at E18.5 and 

processed by tissue digestion into a single cell suspension. Cells were then stained with different 

fluorescently-tagged antibodies to CD45, Epcam and CD31. After staining cells were sorted by FACS 

and Epcam-, CD45- and CD31- cells were collected for RNA isolation and sequencing. (B) Cell type 

specific markers identified in the mesenchyme-enriched RNA-seq datasets. Scale indicates 

Log2(FPKM+1). FPKM = Fragments per kilobase of transcript per million mapped reads.   
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Table 3.3: mRNA fold change of four known GR-regulated and GRE-associated genes in enriched mesenchymal cells between control and 

GRmesKO fetal mice at E18.5. GRE binding sites identified by (Seow, et al. 2019) in rat primary fetal lung fibroblasts by CHIP-seq. GRE = 

Glucocorticoid response element, TSS = Transcriptional start site., FDR= False discovery rate  

Gene ID Gene name GRE sequence 

15bp inverted 

palindrome 

GRE 

Location in 

gene 

Distance from 

TSS (bp) 

Fold change 

in GRmesKO 

FDR 

ENSMUSG00000019970 

serum/glucocorticoid 

regulated kinase 1 

(Sgk1) 

AGAACATTCTGTCCT Intronic 110207 -2.3 1.07E-10 

ENSMUSG00000024222 FK506 binding 

protein 5 (Fkbp5) 
AGAACAGGGTGTTCT 

Intronic 

Intronic 

19960 

19929 
-6.8 8.68E-54 

ENSMUSG00000037820 transglutaminase 2, 

C polypeptide 

(Tgm2) 

CGGACAGTTTGTCCT Upstream -50551 -4.7 1.11E-38 

ENSMUSG00000031825 

cysteine-rich 

secretory protein 

LCCL domain 

containing 2 

(Crispld2) 

AGAACAGACTGTCCT Intronic 30720 -2.6 9.39E-06 
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3.3.2 Analysis of the Global Transcriptome Changes in mRNA Levels between E18.5 

Control and GRmesKO Fetal Mice for the Enriched Mesenchymal Cell Population 

Transcriptome datasets for the enriched mesenchymal cell populations from control and 

GRmesKO fetal lungs could be distinguished and as expected clustered together by genotype 

along the second principal component using a multidimensional scaling (MDS) analysis plot 

(Figure 3.2A). Bioinformatic analysis of genes with differential mRNA levels between control 

and GRmesoKO genotype identified 290 differentially expressed genes at a q-value (FDR 

adjusted p-value) less than 0.05 and a fold change greater than 2. A volcano plot shows that 

the majority of differentially expressed genes are significantly decreased in expression, with 

the mRNA level of 217 genes decreased in GRmesKO cells compared to 73 genes that were 

increased (Figure 3.2B). The different mRNA level changes for all genes are shown in a 

heatmap (Figure 3.2C), for genes with a fold change greater than 2 and a q-value less than 0.05. 

Hierarchical clustering analysis was used to group both the samples and 290 genes into groups 

with similar expression patterns. The genes clustered into 6 main groups that are colour-coded 

on the heatmap. The first main cluster on the heatmap includes 113 genes (green group), the 

second cluster (light blue group) includes 72 genes, the third cluster (red group) includes 6 

genes, the fourth cluster (dark blue group) includes 26 genes, the fifth cluster (pink group) 

includes 10 genes and the last cluster (purple group) includes 63 genes. Genes in the pink and 

purple clusters were upregulated relative to controls while genes in all other clusters were 

downregulated. All differentially expressed genes can be found listed in supplementary table 

3.1 within their gene cluster group. 
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Figure 3.2: Differential expression analysis of NGS RNA seq datasets between control 

and GRmesKO FACS-enriched mesenchymal cells isolated from E18.5 fetal mice. (A) 

Multidimensional scaling (MDS) plot showing clustered separation of control (C) and 

GRmesKO (K) lung mesenchymal cell samples (n=3). (B) A Volcano plot with log-fold 

changes on the x-axis and -log10 (q-value) (FDR adjusted pvalue) on the y-axis. Red dots 

represent gene mRNA levels that are significantly increased, and blue dots represent genes with 

significantly decreased mRNA levels with a significant q-value of less than 0.05 and a log-fold 

change greater than 2. (C) A heatmap with cluster analysis of the 290 differentially expressed 

mRNAs with a fold change greater than 2 and a q-value less than 0.05 were included. Log10 

(FPKM+1) values were used for hierarchical clustering and generation of the dendrogram. The 

colours on the left represent different gene clusters.  
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3.3.3 Extracellular Matrix Associated Genes are Dysregulated in Fetal Lung GRmesKO 

Enriched Mesenchymal Cells 

To identify the main biological process of genes regulated by the GR in the developing fetal 

lung mesenchyme we analysed the differentially expressed genes identified using GOSeq 

(v1.32.1) analysis. The top 30 biological process ‘GOterms’ related to the 290 gene set are 

shown in Figure 3.3. The GOterms with the most associated genes were related to the ECM 

that included 36 genes associated with the term ‘extracellular space’, 19 genes associated with 

the term ‘extracellular region’,17 genes associated with the term ‘proteinaceous extracellular 

matrix’ and 7 genes associated with the term ‘extracellular matrix organisation’. The genes 

associated with these ECM terms are shown in a separate Heatmap (Figure 3.4). 42 ECM-

associated genes were downregulated in GRmesKO mesenchymal cell mRNA and included 

ADAMTS-like 4 (Adamts14), Ecm1, Col15a1, Eln, Adamts12, Tgm2 and Crispld2. 11 ECM-

associated genes were upregulated and were related to Wnt signalling and included Wnt11, 

Norrie disease (pseudoglioma) (human) (Ndp), Rspo2 and Cemip.  
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Figure 3.3: Analysis of biological process altered in GRmesKO versus control fetal lung mesenchymal cells 

using differential gene GO enrichment. X axis: number of differentially expressed genes associated with this 

GO biological process term. Colour coded to distinguish the categories; molecular function (pink), cellular 

component (green) and biological process (blue). 
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Figure 3.4: Genes that had differential expression of mRNAs between control and 

GRmesKO mice that were associated with the extracellular matrix. Heatmap of 42 

differently expressed genes related to the extracellular matrix with a fold change greater than 

2 and a q-value (FDR adjusted pvalue) less than 0.05. Log10 (FPKM +1) values were used to 

construct the heatmap. 
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3.3.4 Extracellular Matrix Associated Gene Expression in the GRmesKO Fetal Lung by 

qPCR 

The identified ECM-associated gene targets from the mesenchyme NGS RNA seq dataset were 

analysed for gene expression changes in whole fetal lung RNA. Total RNA was extracted from 

control and GRmesKO fetal lung at E18.5 and converted to cDNA for analysis by qPCR 

(n=4/group). Of the 42 ECM-associated genes identified we initially selected 12 for further 

analysis, with all targets to be analysed in the future. Similar to results obtained above we 

detected a decrease in the following ECM-associated genes in whole lung mRNA from 

GRmesKO fetal mice compared to control fetal mice; Eln (P=0.0371, 30% reduction), Fibin 

(p=0.0360, 20% reduction), Penk (p=0.0104, 40% reduction), Smoc2 (p=0.0033, 40% 

reduction) and Adamtsl2 (p=0.0024, 60% reduction) (Figure 3.5 A-E). This further suggests 

perturbations in ECM remodelling in the developing fetal lung of GRmesKO mice that may 

contribute to the phenotype of respiratory failure at birth. Wnt signalling associated genes were 

increased including Rspo2 (p=0.0055, 1.9-fold increase), Wnt11 (p=0.0009, 1.7-fold increase) 

and Cemip (p=0.0201, 1.6-fold increase) in GRmesKO lung relative to control fetal lung 

(Figure 3.6 A-C). A dysregulation of Wnt signalling may contribute to the hypercellular lung 

phenotype observed in GRmesKO mice. However, the following ECM-associated genes were 

not significantly altered in GRmesKO lung and included Adamtsl4 (p=0.1890), Ecm1 

(p=0.1917) and Igfbp3 (p=0.0946) (Figure 3.5F-H, and Figure 3.6D). In contrast, Col15a1 

mRNA levels were increased in mRNA from GRmesKO whole fetal lung that compared to a 

decrease in levels in isolated mesenchymal cells from GRmesKO lung (p=0.0342, 1.4-fold 

increase) (Figure 3.5 I). These putative GC-GR regulated gene targets in the fetal lung 

mesenchyme require further investigation and analysis. 
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Figure 3.5: mRNA levels of ECM-associated target genes in the GRmesKO fetal lung at 

E18.5.  mRNA levels (mean + SEM) of 8 ECM-associated genes in GRmesKO lung at E18.5 

analysed by qPCR (n=4/group), (A) Eln, (B) Fibin, (C) Penk, (D) Smoc2, (E) Adamtsl2, (F) 

Adamtsl4, (G) Ecm1 and (H) Igfbp3. The mRNA levels in all groups are expressed relative to 

mRNA levels of the housekeeping gene Rps29. Significant differences were analysed by 

unpaired student’s t-test. Significant differences indicated by * p<0.05, **p<0.01, ns= not 

significant.  
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Figure 3.6: mRNA levels for Wnt signalling associated target genes in the GRmesKO fetal 

lung at E18.5. mRNA levels (mean + SEM) of 4 Wnt associated genes in GRmesKO lung at 

E18.5 were measured by qPCR (n=4/group), (A) Rspo2, (B) Wnt11 and (C) Cemip  The mRNA 

levels in all groups are expressed relative to mRNA levels of the housekeeping gene Rps29. 

Significant differences were analysed by unpaired student’s t-test. Significant differences 

indicated by * p<0.05, **p<0.01, ***p<0.001m, ns= not significant
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3.4 Discussion 

GC signalling via the GR during late gestation promotes rapid remodelling of the lung tissue 

architecture to decrease the blood-air barrier reducing the diffusion distance required for 

normal gas exchange at birth. Previous studies have determined that mesenchymal localised 

GR is the most critical for contributing to the regulation of this process (Bird et al. 2014; Bird 

et al. 2007).  In this chapter I have used isolated and FACS enriched fetal mesenchymal cells 

to identify potential mesenchymal GR gene targets by performing whole cell NGS RNA seq 

on mesenchymal cells isolated from fetal GRmesKO mouse lung at E18.5. E18.5 was chosen 

for the transcriptome analysis because this time point is after the rapid remodelling of the 

mesenchyme tissue required for gases exchange at birth, that occurs during the transition of the 

canalicular to the saccular stage of lung development. Furthermore, GRmesKO mouse lungs 

prior to E16.5 appear normal then develop progressive hypercellularity due to unrestricted cell 

proliferation (Bird et al. 2007).   We show that GR loss in lung mesenchymal cells results in 

290 differentially expressed genes with more genes significantly decreased in expression than 

increased relative to control mesenchymal cells. This was not unexpected as GC treatment of 

rat primary fetal fibroblasts favoured transactivation over transrepression of GC-target genes 

(Seow et al. 2019). Furthermore, I show that expression of known GC-regulated genes with 

identified GREs were significantly decreased including Sgk1, Fkbp5, Tgm2 and Crispld2 

(Seow et al. 2019; So, et al. 2007), indicating that we had successfully isolated enriched 

mesenchymal cells deficient in the GR.  

Gene ontology analysis of the 290 genes identified, showed an enrichment of differentially 

expressed genes associated with the ECM. 42 ECM target genes were downregulated including 

both Crispld2 and Tgm2 which have been previously identified as GC target genes in the 

developing lung mesenchyme (Seow et al. 2019). It has been shown that gene expression of 

both Tgm2 and Crispld2 dramatically increases in rat primary lung fibroblasts treated with 
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GCs, both endogenous corticosterone and with the synthetic GC betamethasone (Seow et al. 

2019).  TGM2 is involved in both the formation of covalent bonds that help stabilise the ECM 

and cell apoptosis, both important processes during lung maturation (Hu, et al. 2011; Jung, et 

al. 2012). CRISPLD2 is involved in ECM deposition and heterozygous Crispld2+/- mice have 

immature lung morphology with increased mesenchymal content (Grabski, et al. 2003; Lan, et 

al. 2009). We also show that other target genes that contribute to the structural integrity of the 

ECM were downregulated and included Spondin 1, (Spon1), Col15a1, Eln, ECM1, Collagen, 

type VII, alpha 1 (Col7a1), Matrilin 2 (Matn2) and Reelin (Reln). These gene targets need 

further analysis to determine if these are directly regulated by the GR via closely located GREs. 

This could be achieved by performing Chip sequencing on primary fetal lung mesenchymal 

cells treated with betamethasone or dexamethasone utilising a GR antibody.  

Furthermore, we show that two members of the ADAMTS protease family Adamtsl2 and 

Adamtsl4 were downregulated in lung mesenchymal cells deficient in GR. In Chapter 2 we 

identified that the ADAMTS protein family were important in the remodelling of the lung ECM 

prior to birth. We also demonstrated that GCs could induce the expression of one of the 

ADAMTS family members, ADAMTS12 in the mouse lung at E18.5. We did detect Adamts12 

mRNA expression across the samples but interestingly it was not differentially expressed. 

ADAMTS proteases are involved in the proteolytic breakdown of the ECM in several 

developing fetal tissues. The rapid clearance and remodelling of the ECM in response to 

elevated GC hormones is essential during late lung development, to increase alveolar surface 

areas and to decrease the diffusion distance for gaseous exchange at birth. However, unlike the 

“true” ADAMTS family members the ADAMTS-like proteins lack a protease domain and 

therefore are not considered proteases (Apte 2009). Interestingly, mice lacking Adamtsl2 are 

cyanotic at birth and rapidly develop respiratory distress leading to death (Hubmacher et al. 

2015). These mice have severe bronchial dysplasia consistent with the human recessive 
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condition geleophysic dysplasia (GD) (Hubmacher et al. 2015). The ADAMTSl2 protein is 

secreted by bronchial smooth muscle cells which are a subset of mesenchymal cells 

(Hubmacher et al. 2015). However, due to the prominent lung epithelial phenotype of Adamtsl2 

null mice it is unlikely that the decrease in Adamtsl2 gene expression is responsible for the lung 

mesenchymal hyperplasia observed in GRnull and GRmesKO mice. Furthermore, mice 

deficient in epithelial GR (GRepiKO) survive into adulthood and have no overt lung 

developmental phenotype (Bird et al. 2014).  The decreased expression level of Adamtsl2 in 

mesenchymal cells lacking GR, and the potential effect on epithelial development requires 

further investigation but highlights the complexity of crosstalk between the lung tissue 

compartments.  

Unfortunately, it was not possible to validate the NGS RNA seq data by qPCR with the same 

original RNA due to the difficulties in isolating large enough quantities of RNA from FACS 

sorted cells  that would be required for both the NGS RNA seq analysis and follow up qPCR 

analysis. Therefore, to further explore and validate some of the ECM-associated differentially 

expressed genes identified in the RNA-sequencing dataset we performed qPCR on RNA from 

whole GRmesKO fetal lung at E18.5.  Of the gene targets tested so far, Eln, Fibin, Penk, Smoc2 

and Adamtsl2 were all decreased as expected in the GRmesKO lung RNA relative to control 

lung at E18.5. Adamtsl4, ECM1 and Igfbp3 showed a downward trend but didn’t reach 

statistical significance. Interestingly, one target, Col15a1, had increased mRNA levels in 

GRmesKO lungs compared to decreased levels in isolated GRmesKO enriched mesenchymal 

cells. While mesenchymal cells types including fibroblasts, smooth muscle cells and 

endothelial cells are the main sites of COL15A1 protein production, it has been shown that 

epithelial cells can also secrete COL15A1 protein (Muona, et al. 2002). The epithelial cells of 

GRmesKO mouse lung may compensate for the loss of mesenchymal derived COL15A1 

protein. This may explain why overall Col15a1 mRNA levels were increased in total lung 
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isolated from GRmesKO mice but decreased in the isolated mesenchymal cells. Col15a1 has 

also been shown to be developmentally regulated in the fetal lung with higher expression prior 

to birth. After birth Col15a1 dramatically decreases in expression and is restricted to a few 

capillaries in the lung (Muona et al. 2002).  

Interestingly, a small number of ECM-Wnt signalling associated genes were upregulated in GR 

deficient mesenchymal cells, including Rspo2, Wnt11 and Cemip. In line with these results 

Rspo2, Wnt11 and Cemip were also significantly upregulated in whole GRmesKO fetal lung 

mRNA at E18.5. RSPO2 is a Wnt signalling activator that is required for normal 

morphogenesis of the respiratory system and limbs (Nam, et al. 2007). RSPO2 expression can 

be detected in the early lung bud at E9.5 and is increased during mid gestation (E12.5 -E15.5), 

and at E17.5 RSPO2 can still be detected but at lower levels (Nam et al. 2007). Mice lacking 

Rspo2 develop lung hypoplasia due to reduced branching morphogenesis and decreased overall 

growth of the lung (Bell, et al. 2008) highlighting the importance of RSPO2 to activate 

canonical Wnt signalling in lung development.  

CEMIP promotes cell proliferation, migration and epithelial-to-mesenchymal transitions. 

Therefore, overexpression of CEMIP is commonly associated with poor patient prognosis in 

many cancers including brain, ovarian, breast, colorectal, pancreatic and lung cancer (Li, et al. 

2017).  CEMIP interacts with the canonical Wnt signalling pathway by stimulating the 

formation and movement of the DSH-Wnt complex into the cell nucleus (Li et al. 2017).  

Unlike RSPO2 which activates the canonical Wnt signalling pathway and CEMIP that interacts 

with the canonical Wnt signalling pathway to promote cell proliferation, WNT11 is a non-

canonical Wnt/Ca2+ signalling activator that is expressed in both the lung epithelium and lung 

mesenchyme cells from E12.5 through E16.5 (Weidenfeld, et al. 2002).  However, the role of 

WNT11 during lung development is unclear and further investigation is required to establish 

its function in the developing lung mesenchyme.  
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Normal Wnt-β-Catenin signalling is essential for normal lung mesenchyme development. Mice 

lacking mesenchymal β-Catenin have small compact lungs at E18.5 and mice die at birth due 

to respiratory failure (Yin et al. 2008). Morphologically the lungs of these mice have decreased 

epithelial branching, decreased distal mesenchyme areas and dysregulation of the distal lung 

tissue areas with poorly formed air sacs (Yin et al. 2008). The smaller lung size and decreased 

mesenchymal and epithelial content is due to a decrease in cell proliferation (Yin et al. 2008). 

In comparison, the hypercellular lung phenotype observed in GRmesKO mice is a result of an 

increase in cell proliferation rather than a decrease in cell apoptosis (Bird et al. 2014). 

Therefore, we suggest that GCs acting through the GR may decrease the expression of Wnt-

associated genes to promote a reduction in cell proliferation rates in late lung development that 

will promote interstitial thinning of an expanding airway network. However, further 

investigation is required to establish the relationship between GCs, Wnt signalling and late 

gestational lung development. This hypothesis could be explored using lung explants isolated 

from GRmesKO mice. These lung explants could be treated with Wnt inhibitors to try rescue 

the hypercellular lung phenotype. In summary, GCs acting through the GR in the mesenchymal 

compartment may regulate the expression of key ECM-associated genes that include the Wnt 

signalling associated genes Rspo2, Wnt11 and Cemip to coordinate the remodelling of the 

mesenchyme during late gestational lung development to provide a well organised lung 

structure that can efficiently inflate at birth.
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Supplementary Table 3.1: All Differentially Expressed Genes. Genes in clusters green, aqua, red and dark blue were all downregulated while 

genes in clusters pink and purple were upregulated in fetal mouse lung mesenchymal cells deficient in GR relative to controls. FDR = false 

discovery rate.  

GeneID Gene symbol Gene name  Cluster 
Fold 

change 
FDR 

ENSMUSG00000058740 Kcnt1 potassium channel, subfamily member 1 green -4.5 1.67E-13 

ENSMUSG00000038663 Fsd2 fibronectin type III and SPRY domain containing 2 green -4.5 7.50E-12 

ENSMUSG00000086040 Wipf3 WAS/WASL interacting protein family, member 3 green -3.4 7.53E-13 

ENSMUSG00000054342 Kcnn4 
potassium intermediate/small conductance calcium-activated channel, subfamily 

N, member 4  
green -3.2 2.80E-10 

ENSMUSG00000020774 Aspa aspartoacylase green -3.0 1.40E-06 

ENSMUSG00000031543 Ank1 ankyrin 1, erythroid green 3.0 6.13E-09 

ENSMUSG00000113737 AC160765.1 - green -3.0 1.88E-05 

ENSMUSG00000026841 Fibcd1 fibrinogen C domain containing 1 green -2.9 1.62E-05 

ENSMUSG00000044352 Sowaha sosondowah ankyrin repeat domain family member A green -2.9 4.41E-07 

ENSMUSG00000024302 Dtna dystrobrevin alpha green -2.9 4.56E-21 

ENSMUSG00000021061 Sptb spectrin beta, erythrocytic green -2.9 2.36E-11 

ENSMUSG00000032028 Nxpe2 neurexophilin and PC-esterase domain family, member 2 green -2.9 8.12E-07 

ENSMUSG00000053846 Lipg lipase, endothelial green -2.9 2.95E-11 

ENSMUSG00000028717 Tal1 T cell acute lymphocytic leukemia 1 green -2.7 5.17E-07 

ENSMUSG00000030237 Slco1a4 solute carrier organic anion transporter family, member 1a4 green -2.7 9.87E-05 

ENSMUSG00000023216 Epb42 erythrocyte membrane protein band 4.2 green -2.7 1.79E-09 

ENSMUSG00000024039 Cbs cystathionine beta-synthase green -2.7 8.19E-10 

ENSMUSG00000030268 Bcat1 branched chain aminotransferase 1, cytosolic green -2.7 0.00015 

ENSMUSG00000037709 Fam13a family with sequence similarity 13, member A green -2.7 7.43E-12 

ENSMUSG00000066170 E230001N04Rik RIKEN cDNA E230001N04 gene green -2.6 0.00011 

ENSMUSG00000024011 Pi16 peptidase inhibitor 16 green -2.6 0.00014 
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ENSMUSG00000020591 Ntsr2 neurotensin receptor 2 green -2.6 0.0002 

ENSMUSG00000037124 Trim58 tripartite motif-containing 58 green -2.6 0.00015 

ENSMUSG00000032649 Colgalt2 collagen beta(1-O) galactosyltransferase 2 green -2.5 1.76E-06 

ENSMUSG00000042476 Abcb4 ATP-binding cassette, sub-family B (MDR/TAP), member 4 green -2.5 0.00012 

ENSMUSG00000056222 Spock1 sparc/osteonectin, cwcv and kazal-like domains proteoglycan 1 green -2.5 0.00046 

ENSMUSG00000004552 Ctse cathepsin E green -2.5 1.66E-05 

ENSMUSG00000002831 Plin4 perilipin 4 green -2.5 0.00057 

ENSMUSG00000085272 Sbk3 SH3 domain binding kinase family, member 3 green -2.5 2.07E-06 

ENSMUSG00000015134 Aldh1a3 aldehyde dehydrogenase family 1, subfamily A3 green -2.5 5.48E-05 

ENSMUSG00000033688 1300017J02Rik RIKEN cDNA 1300017J02 gene green -2.4 0.0006 

ENSMUSG00000027488 Snta1 syntrophin, acidic 1 green -2.4 7.85E-12 

ENSMUSG00000038725 Pkhd1l1 polycystic kidney and hepatic disease 1-like 1 green -2.4 0.00051 

ENSMUSG00000022419 Deptor DEP domain containing MTOR-interacting protein green -2.4 9.74E-07 

ENSMUSG00000032420 Nt5e 5' nucleotidase, ecto green -2.4 3.86E-05 

ENSMUSG00000096351 Samd11 sterile alpha motif domain containing 11 green -2.4 7.07E-07 

ENSMUSG00000026614 Slc30a10 solute carrier family 30, member 10 green -2.4 0.00114 

ENSMUSG00000032204 Aqp9 aquaporin 9 green -2.3 0.00057 

ENSMUSG00000022099 Dmtn dematin actin binding protein green -2.3 6.37E-05 

ENSMUSG00000104214 Gm36638 predicted gene, 36638 green -2.3 0.00182 

ENSMUSG00000019970 Sgk1 serum/glucocorticoid regulated kinase 1 green -2.3 1.07E-10 

ENSMUSG00000020490 Btnl10 butyrophilin-like 10 green -2.3 0.00207 

ENSMUSG00000022340 Sybu syntabulin (syntaxin-interacting) green -2.3 5.94E-08 

ENSMUSG00000035109 Shc4 SHC (Src homology 2 domain containing, family%2C member 4 green -2.3 6.99E-05 

ENSMUSG00000041193 Pla2g5 phospholipase A2, group V green -2.3 0.00231 

ENSMUSG00000028108 Ecm1 extracellular matrix protein 1 green -2.3 3.30E-14 

ENSMUSG00000034248 Slc25a37 solute carrier family 25, member 37 green -2.3 2.11E-10 

ENSMUSG00000007379 Dennd2c DENN/MADD domain containing 2C green -2.3 7.96E-07 

ENSMUSG00000021281 Tnfaip2 tumor necrosis factor, alpha-induced protein 2 green -2.3 0.00099 
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ENSMUSG00000055567 Unc80 unc-80, NALCN activator  green -2.3 3.50E-06 

ENSMUSG00000063681 Crb1 crumbs family member 1, photoreceptor morphogenesis associated green -2.3 0.00265 

ENSMUSG00000063796 Slc22a8 solute carrier family 22 (organic anion transporter), member 8  green -2.3 0.00255 

ENSMUSG00000008843 Cldn13 claudin 13 green -2.3 8.26E-05 

ENSMUSG00000060131 Atp8b4 ATPase, class I, type 8B, member 4  green -2.3 0.00156 

ENSMUSG00000032625 Thsd7a thrombospondin, type I, domain containing 7A  green -2.3 0.00245 

ENSMUSG00000025650 Col7a1 collagen, type VII,C alpha 1  green -2.3 1.12E-07 

ENSMUSG00000066361 Serpina3c serine (or cysteine) peptidase inhibitor, clade A, member 3C  green -2.3 0.0011 

ENSMUSG00000021055 Esr2 estrogen receptor 2 (beta)  green -2.2 0.002 

ENSMUSG00000066867 Oas1e 2'-5' oligoadenylate synthetase 1E  green -2.2 0.0037 

ENSMUSG00000041548 Hspb8 heat shock protein 8  green -2.2 8.51E-12 

ENSMUSG00000038843 Gcnt1 glucosaminyl (N-acetyl) transferase 1, core 2  green -2.2 0.00013 

ENSMUSG00000032548 Slco2a1 solute carrier organic anion transporter family, member 2a1  green -2.2 0.00025 

ENSMUSG00000099907 Gm10421 predicted gene 10421  green -2.2 0.00321 

ENSMUSG00000031698 Mylk3 myosin light chain kinase 3  green -2.2 0.00021 

ENSMUSG00000031162 Gata1 GATA binding protein 1  green -2.2 0.0005 

ENSMUSG00000040740 Slc25a34 solute carrier family 25, member 34  green -2.2 0.0046 

ENSMUSG00000031605 Klhl2 kelch-like 2, Mayven  green -2.2 4.40E-06 

ENSMUSG00000036863 Syde2 synapse defective 1, Rho GTPase, homolog 2 (C. elegans)  green -2.2 1.81E-05 

ENSMUSG00000020303 Stc2 stanniocalcin 2  green -2.2 0.0002 

ENSMUSG00000074971 Fibin fin bud initiation factor homolog (zebrafish)  green -2.2 4.29E-09 

ENSMUSG00000032528 Vipr1 vasoactive intestinal peptide receptor 1  green -2.2 0.00257 

ENSMUSG00000022548 Apod apolipoprotein D  green -2.2 0.00576 

ENSMUSG00000020524 Gria1 glutamate receptor, ionotropic, AMPA1 (alpha 1)  green -2.1 0.0018 

ENSMUSG00000024164 C3 complement component 3  green -2.1 2.96E-05 

ENSMUSG00000026237 Nmur1 neuromedin U receptor 1  green -2.1 0.00321 

ENSMUSG00000089703 Gm15833 predicted gene 15833  green -2.1 0.00079 

ENSMUSG00000039943 Plcb4 phospholipase C, beta 4  green -2.1 8.49E-11 
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ENSMUSG00000023960 Enpp5 ectonucleotide pyrophosphatase/phosphodiesterase 5 green -2.1 1.20E-06 

ENSMUSG00000015468 Notch4 notch 4 green -2.1 5.45E-07 

ENSMUSG00000027556 Car1 carbonic anhydrase 1 green -2.1 0.00641 

ENSMUSG00000035948 Acss3 acyl-CoA synthetase short-chain family member 3 green -2.1 8.91E-05 

ENSMUSG00000069814 Ccdc92b coiled-coil domain containing 92B green -2.1 0.00114 

ENSMUSG00000005640 Insrr insulin receptor-related receptor green -2.1 0.00877 

ENSMUSG00000032271 Nnmt nicotinamide N-methyltransferase green -2.1 0.00253 

ENSMUSG00000028906 Epb41 erythrocyte membrane protein band 4.1 green -2.1 2.09E-11 

ENSMUSG00000044792 Isca1 iron-sulfur cluster assembly 1 green -2.1 6.17E-09 

ENSMUSG00000009216 Fam163b family with sequence similarity 163, member B green -2.1 0.00278 

ENSMUSG00000021091 Serpina3n serine (or cysteine) peptidase inhibitor, clade A, member 3N green -2.1 0.0068 

ENSMUSG00000001763 Tspan33 tetraspanin 33 green -2.1 0.00093 

ENSMUSG00000026069 Il1rl1 interleukin 1 receptor-like 1 green -2.1 0.0105 

ENSMUSG00000064225 Paqr9 progestin and adipoQ receptor family member IX green -2.1 0.00715 

ENSMUSG00000087107 AI662270 expressed sequence AI662270 green -2.1 0.00086 

ENSMUSG00000067203 H2-K2 histocompatibility 2, K region locus 2 green -2.1 0.01149 

ENSMUSG00000027869 Hsd3b6 hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 6 green -2.1 0.01123 

ENSMUSG00000020140 Lgr5 leucine rich repeat containing G protein coupled receptor 5 green -2.1 0.01257 

ENSMUSG00000019905 Gprc6a G protein-coupled receptor, family C. group 6, member A green -2.1 0.00122 

ENSMUSG00000029659 Medag mesenteric estrogen dependent adipogenesis green -2.1 0.00633 

ENSMUSG00000027330 Cdc25b cell division cycle 25B green -2.1 6.42E-11 

ENSMUSG00000067206 Lrrc66 leucine rich repeat containing 66 green -2.0 0.00766 

ENSMUSG00000035877 Zhx3 zinc fingers and homeoboxes 3 green -2.0 2.45E-05 

ENSMUSG00000032698 Lmo2 LIM domain only 2 green -2.0 1.81E-05 

ENSMUSG00000017679 Ttpal tocopherol (alpha) transfer protein-like green -2.0 3.74E-12 

ENSMUSG00000078566 Bnip3 BCL2/adenovirus E1B interacting protein 3 green -2.0 2.45E-11 

ENSMUSG00000087684 1200007C13Rik RIKEN cDNA 1200007C13 gene green -2.0 0.00363 
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ENSMUSG00000026697 Myoc myocilin green -2.0 0.01523 

ENSMUSG00000042453 Reln reelin green -2.0 0.00502 

ENSMUSG00000032661 Oas3 2'-5' oligoadenylate synthetase 3 green -2.0 0.01726 

ENSMUSG00000023067 Cdkn1a cyclin-dependent kinase inhibitor 1A (P21) green -2.0 0.00047 

ENSMUSG00000025064 Col17a1 collagen, type XVII, alpha 1 green -2.0 4.41E-07 

ENSMUSG00000039648 Kyat1 kynurenine aminotransferase 1 green -2.0 2.94E-05 

ENSMUSG00000024014 Pim1 proviral integration site 1 green -2.0 2.35E-05 

ENSMUSG00000020681 Ace angiotensin I converting enzyme (peptidyl-dipeptidase A) 1 green -2.0 0.0005 

ENSMUSG00000027510 Rbm38 RNA binding motif protein 38 green -2.0 4.49E-06 

ENSMUSG00000029843 Slc13a4 solute carrier family 13 (sodium/sulfate symporters), member 4 aqua -6.4 1.64E-19 

ENSMUSG00000039903 Eva1c eva-1 homolog C (C. elegans) aqua -5.8 2.35E-16 

ENSMUSG00000024678 Ms4a4d membrane-spanning 4-domains, subfamily A, member 4D aqua -3.8 4.76E-13 

ENSMUSG00000036832 Lpar3 lysophosphatidic acid receptor 3 aqua -3.7 8.54E-12 

ENSMUSG00000023886 Smoc2 SPARC related modular calcium binding 2 aqua -3.7 2.05E-18 

ENSMUSG00000047330 Kcne4 potassium voltage-gated channel, Isk-related subfamily, gene 4 aqua -3.4 3.63E-24 

ENSMUSG00000026473 Glul glutamate-ammonia ligase (glutamine synthetase) aqua -3.2 7.12E-24 

ENSMUSG00000086765 Gm11827 predicted gene 11827 aqua -3.2 5.59E-08 

ENSMUSG00000025911 Adhfe1 alcohol dehydrogenase, iron containing, 1 aqua -3.2 3.38E-10 

ENSMUSG00000112246 AC121871.1 - aqua -3.1 5.89E-06 

ENSMUSG00000041992 Rapgef5 Rap guanine nucleotide exchange factor (GEF) 5 aqua -3.1 9.52E-14 

ENSMUSG00000048218 Amigo2 adhesion molecule with Ig like domain 2 aqua -3.1 5.62E-27 

ENSMUSG00000006574 Slc4a1 solute carrier family 4 (anion exchanger), member 1 aqua -3.0 3.56E-21 

ENSMUSG00000038156 Spon1 spondin, (f-spondin) extracellular matrix protein aqua -3.0 1.06E-14 

ENSMUSG00000045658 Pid1 phosphotyrosine interaction domain containing 1 aqua -3.0 1.57E-16 

ENSMUSG00000036040 Adamtsl2 ADAMTS-like 2 aqua -2.9 6.23E-22 

ENSMUSG00000031613 Hpgd hydroxyprostaglandin dehydrogenase 15 (NAD) aqua -2.9 3.45E-10 

ENSMUSG00000093954 Gm16867 predicted gene, 16867 aqua -2.9 2.01E-07 

ENSMUSG00000098708 Gm27252 predicted gene 27252 aqua -2.9 6.98E-07 
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ENSMUSG00000042622 Maff v-maf musculoaponeurotic fibrosarcoma oncogene family, protein F (avian) aqua -2.9 1.50E-35 

ENSMUSG00000045573 Penk preproenkephalin aqua -2.8 2.27E-19 

ENSMUSG00000050860 Phospho1 phosphatase orphan 1 aqua -2.8 1.01E-08 

ENSMUSG00000015850 Adamtsl4 ADAMTS-like 4 aqua -2.8 4.37E-14 

ENSMUSG00000030087 Klf15 Kruppel-like factor 15 aqua -2.8 4.20E-16 

ENSMUSG00000058794 Nfe2 nuclear factor, erythroid derived 2 aqua -2.8 9.39E-08 

ENSMUSG00000030711 Sult1a1 sulfotransferase family 1A, phenol-preferring, member 1 aqua -2.7 2.38E-23 

ENSMUSG00000051839 Gypa glycophorin A aqua -2.7 2.52E-09 

ENSMUSG00000025573 6030468B19Rik RIKEN cDNA 6030468B19 gene aqua -2.7 0.00014 

ENSMUSG00000040170 Fmo2 flavin containing monooxygenase 2 [ aqua -2.6 2.70E-16 

ENSMUSG00000029866 Kel Kell blood group aqua -2.6 3.81E-06 

ENSMUSG00000039004 Bmp6 bone morphogenetic protein 6 aqua -2.6 3.82E-10 

ENSMUSG00000028825 Rhd Rh blood group, D antigen aqua -2.5 2.56E-05 

ENSMUSG00000025270 Alas2 aminolevulinic acid synthase 2, erythroid aqua -2.5 6.75E-09 

ENSMUSG00000025889 Snca synuclein, alpha aqua -2.5 1.00E-10 

ENSMUSG00000019838 Slc16a10 solute carrier family 16 (monocarboxylic acid transporters), member 10 aqua -2.5 5.97E-09 

ENSMUSG00000073400 Trim10 tripartite motif-containing 10 aqua -2.5 6.12E-07 

ENSMUSG00000001918 Slc1a5 solute carrier family 1 (neutral amino acid transporter), member 5 aqua -2.5 4.19E-07 

ENSMUSG00000020641 Rsad2 radical S-adenosyl methionine domain containing 2 aqua -2.5 1.03E-11 

ENSMUSG00000027078 Ube2l6 ubiquitin-conjugating enzyme E2L 6 aqua -2.5 4.75E-10 

ENSMUSG00000073940 Hbb-bt hemoglobin, beta adult t chain aqua -2.5 5.84E-07 

ENSMUSG00000031431 Tsc22d3 TSC22 domain family, member 3 aqua -2.4 1.15E-19 

ENSMUSG00000061878 Sphk1 sphingosine kinase 1 aqua -2.4 2.52E-06 

ENSMUSG00000030088 Aldh1l1 aldehyde dehydrogenase 1 family, member L1 aqua -2.4 6.91E-05 

ENSMUSG00000071637 Cebpd CCAAT/enhancer binding protein (C/EBP), delta aqua -2.4 1.66E-08 

ENSMUSG00000083012 Fam220a family with sequence similarity 220, member A aqua -2.3 2.08E-09 

ENSMUSG00000047139 Cd24a CD24a antigen aqua -2.3 5.89E-06 

ENSMUSG00000107451 Gm44421 predicted gene, 44421 aqua -2.3 0.00132 
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ENSMUSG00000018659 Pnpo pyridoxine 5'-phosphate oxidase aqua -2.3 1.95E-06 

ENSMUSG00000039236 Isg20 interferon-stimulated protein aqua -2.3 4.13E-07 

ENSMUSG00000029675 Eln elastin aqua -2.3 6.27E-17 

ENSMUSG00000024588 Fech ferrochelatase aqua -2.3 3.55E-12 

ENSMUSG00000030790 Adm adrenomedullin aqua -2.3 3.10E-05 

ENSMUSG00000038393 Txnip thioredoxin interacting protein aqua -2.3 2.05E-17 

ENSMUSG00000030747 Dgat2 diacylglycerol O-acyltransferase 2 aqua -2.3 6.95E-08 

ENSMUSG00000014361 Mertk c-mer proto-oncogene tyrosine kinase aqua -2.3 1.57E-16 

ENSMUSG00000000739 Sult5a1 sulfotransferase family 5A, member 1 aqua -2.3 1.14E-08 

ENSMUSG00000038871 Bpgm 2, 3-bisphosphoglycerate mutase aqua -2.3 1.85E-06 

ENSMUSG00000052305 Hbb-bs hemoglobin, beta adult s chain aqua -2.3 4.20E-05 

ENSMUSG00000044468 Fam46c family with sequence similarity 46, member C aqua -2.2 6.95E-07 

ENSMUSG00000022324 Matn2 matrilin 2 aqua -2.2 6.83E-19 

ENSMUSG00000046828 Mettl21e methyltransferase like 21E aqua -2.2 8.15E-06 

ENSMUSG00000021265 Slc25a29 
solute carrier family 25 (mitochondrial carrier, palmitoylcarnitine transporter), 

member 29  
aqua -2.2 0.00014 

ENSMUSG00000029922 Mkrn1 makorin, ring finger protein, 1 aqua -2.2 9.23E-06 

ENSMUSG00000042066 Tmcc2 transmembrane and coiled-coil domains 2 aqua -2.2 5.29E-07 

ENSMUSG00000031750 Il34 interleukin 34 aqua -2.2 9.63E-05 

ENSMUSG00000052217 Hbb-bh1 hemoglobin Z, beta-like embryonic chain aqua -2.1 0.0052 

ENSMUSG00000049436 Upk1b uroplakin 1B aqua -2.1 2.54E-06 

ENSMUSG00000030878 Cdr2 cerebellar degeneration-related 2 aqua -2.1 6.77E-06 

ENSMUSG00000069919 Hba-a1 hemoglobin alpha, adult chain 1 aqua -2.1 0.00023 

ENSMUSG00000040435 Ppp1r15a protein phosphatase 1, regulatory (inhibitor) subunit 15A aqua -2.1 6.64E-18 

ENSMUSG00000079557 Tspan33 tetraspanin 33 aqua -2.1 1.52E-05 

ENSMUSG00000035692 Isg15 ISG15 ubiquitin-like modifier aqua -2.0 9.50E-05 

ENSMUSG00000025936 Gm4956 predicted gene 4956 red -3.8 3.36E-10 

ENSMUSG00000018339 Gpx3 glutathione peroxidase 3 red -3.7 1.07E-10 
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ENSMUSG00000028072 Ntrk1 neurotrophic tyrosine kinase, receptor, type 1 red -3.2 3.38E-10 

ENSMUSG00000039956 Mrap melanocortin 2 receptor accessory protein red -3.2 1.63E-08 

ENSMUSG00000073063 Hbq1b hemoglobin, theta 1B red -2.7 2.90E-05 

ENSMUSG00000052187 Hbb-y hemoglobin Y, beta-like embryonic chain red -2.2 0.00146 

ENSMUSG00000050164 Mchr1 melanin-concentrating hormone receptor 1 dark blue -6.8 2.39E-34 

ENSMUSG00000024222 Fkbp5 FK506 binding protein 5 dark blue -5.8 8.68E-54 

ENSMUSG00000020427 Igfbp3 insulin-like growth factor binding protein 3 dark blue -5.5 1.64E-19 

ENSMUSG00000028862 Map3k6 mitogen-activated protein kinase kinase kinase 6 dark blue -5.4 3.23E-66 

ENSMUSG00000037686 Aspg asparaginase dark blue -5.3 3.63E-38 

ENSMUSG00000024066 Xdh xanthine dehydrogenase dark blue -5.2 1.46E-42 

ENSMUSG00000037820 Tgm2 transglutaminase 2, C polypeptide dark blue -4.7 1.11E-38 

ENSMUSG00000019577 Pdk4 pyruvate dehydrogenase kinase, isoenzyme 4 dark blue -4.2 3.50E-14 

ENSMUSG00000027875 Hmgcs2 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 dark blue -3.9 3.48E-13 

ENSMUSG00000028332 Hemgn hemogen dark blue -3.8 4.97E-09 

ENSMUSG00000028644 Ermap erythroblast membrane-associated protein dark blue -3.6 3.42E-11 

ENSMUSG00000034796 Cpne7 copine VII dark blue -3.5 1.73E-10 

ENSMUSG00000045392 Olfr1033 olfactory receptor 1033 dark blue -3.1 4.56E-10 

ENSMUSG00000023926 Rhag Rhesus blood group-associated A glycoprotein dark blue -2.9 2.44E-06 

ENSMUSG00000028339 Col15a1 collagen, type XV, alpha 1 dark blue -2.8 3.98E-07 

ENSMUSG00000021990 Spata13 spermatogenesis associated 13 dark blue -2.8 7.65E-08 

ENSMUSG00000050505 Pcdh20 protocadherin 20 dark blue -2.8 2.38E-05 

ENSMUSG00000027947 Il6ra interleukin 6 receptor, alpha dark blue -2.7 2.12E-11 

ENSMUSG00000031825 Crispld2 cysteine-rich secretory protein LCCL domain containing 2 dark blue -2.6 9.39E-06 

ENSMUSG00000002266 Zim1 zinc finger, imprinted 1 dark blue -2.5 9.14E-05 

ENSMUSG00000026840 Lamc3 laminin gamma 3 dark blue -2.4 0.00096 

ENSMUSG00000056069 Fam105a family with sequence similarity 105, member A dark blue -2.4 3.81E-05 

ENSMUSG00000002265 Peg3 paternally expressed 3 dark blue -2.2 9.10E-05 

ENSMUSG00000068122 Agtr2 angiotensin II receptor, type 2 dark blue -2.1 0.0008 
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ENSMUSG00000033863 Klf9 Kruppel-like factor 9 dark blue -2.1 0.00971 

ENSMUSG00000022512 Cldn1 claudin 1 dark blue -2.1 0.00254 

ENSMUSG00000054555 Adam12 a disintegrin and metallopeptidase domain 12 (meltrin alpha) Pink 2.0 6.29E-05 

ENSMUSG00000069171 Nr2f1 nuclear receptor subfamily 2, group F, member 1 Pink 2.0 2.20E-05 

ENSMUSG00000015957 Wnt11 wingless-type MMTV integration site family, member 11 Pink 2.2 9.76E-08 

ENSMUSG00000045871 Slitrk6 SLIT and NTRK-like family, member 6 Pink 2.2 0.00107 

ENSMUSG00000015709 Arnt2 aryl hydrocarbon receptor nuclear translocator 2 Pink 2.6 2.17E-09 

ENSMUSG00000022057 Adamdec1 ADAM-like, decysin 1 Pink 3.2 3.55E-12 

ENSMUSG00000030854 Ptpn5 protein tyrosine phosphatase, non-receptor type 5 Pink 4.6 2.43E-38 

ENSMUSG00000050010 Shisa3 shisa family member 3 Pink 6.2 4.30E-52 

ENSMUSG00000032128 Robo3 roundabout guidance receptor 3 Pink 7.4 9.41E-40 

ENSMUSG00000097789 Gm2115 predicted gene 2115 Pink 11.8 4.49E-84 

ENSMUSG00000113216 AL590503.1 - purple 2.0 0.01807 

ENSMUSG00000037362 Nov nephroblastoma overexpressed gene purple 2.0 0.00066 

ENSMUSG00000110631 Gm45836 predicted gene 45836 purple 2.0 4.31E-05 

ENSMUSG00000085828 Gm15612 predicted gene 15612 purple 2.0 0.00013 

ENSMUSG00000021485 Mxd3 Max dimerization protein 3 purple 2.0 4.75E-05 

ENSMUSG00000051920 Rspo2 R-spondin 2 purple 2.0 0.00153 

ENSMUSG00000032017 Grik4 glutamate receptor, ionotropic, kainate 4 purple 2.0 0.00281 

ENSMUSG00000071551 Akr1c19 aldo-keto reductase family 1, member C19 purple 2.1 0.0099 

ENSMUSG00000068744 Psrc1 proline/serine-rich coiled-coil 1 purple 2.1 7.67E-07 

ENSMUSG00000007682 Dio2 deiodinase, iodothyronine, type II purple 2.1 0.00948 

ENSMUSG00000068794 Col28a1 collagen, type XXVIII, alpha 1 purple 2.1 3.10E-06 

ENSMUSG00000112481 AC155710.1 - purple 2.1 0.01043 

ENSMUSG00000026955 Sapcd2 suppressor APC domain containing 2 purple 2.1 2.40E-05 

ENSMUSG00000024301 Kifc5b kinesin family member C5B purple 2.1 7.91E-05 

ENSMUSG00000025420 Katnal2 katanin p60 subunit A-like 2 purple 2.1 0.00526 

ENSMUSG00000006930 Hap1 huntingtin-associated protein 1 purple 2.1 0.00105 
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ENSMUSG00000062393 Dgkk diacylglycerol kinase kappa purple 2.1 0.0105 

ENSMUSG00000047986 Palm3 paralemmin 3 purple 2.1 0.00104 

ENSMUSG00000050503 Fbxl22 F-box and leucine-rich repeat protein 22 purple 2.1 0.00014 

ENSMUSG00000085601 Gm4969 predicted gene 4969 purple 2.1 0.00234 

ENSMUSG00000035385 Ccl2 chemokine (C-C motif) ligand 2 purple 2.1 0.00238 

ENSMUSG00000109130 Gm45187 predicted gene 45187 purple 2.1 0.00843 

ENSMUSG00000028678 Kif2c kinesin family member 2C purple 2.1 6.90E-05 

ENSMUSG00000087150 BC064078 cDNA sequence BC064078 purple 2.1 0.00111 

ENSMUSG00000028020 Glrb glycine receptor, beta subunit purple 2.1 0.00014 

ENSMUSG00000022887 Masp1 mannan-binding lectin serine peptidase 1 purple 2.1 0.00431 

ENSMUSG00000113057 AC171004.1 - purple 2.1 0.00173 

ENSMUSG00000022322 Shcbp1 Shc SH2-domain binding protein 1 purple 2.2 1.04E-06 

ENSMUSG00000079598 Clec2l C-type lectin domain family 2, member L purple 2.2 0.00498 

ENSMUSG00000040649 Rimklb ribosomal modification protein rimK-like family member B purple 2.2 1.81E-05 

ENSMUSG00000036452 Arhgap26 Rho GTPase activating protein 26 purple 2.2 2.45E-10 

ENSMUSG00000062184 Hs6st2 heparan sulfate 6-O-sulfotransferase 2 purple 2.2 1.81E-05 

ENSMUSG00000042846 Lrrtm3 leucine rich repeat transmembrane neuronal 3 purple 2.2 0.00316 

ENSMUSG00000022180 Slc7a8 solute carrier family 7 (cationic amino acid transporter, y+ system), member 8 purple 2.2 2.03E-05 

ENSMUSG00000032783 Troap trophinin associated protein purple 2.2 2.96E-06 

ENSMUSG00000062372 Otof otoferlin purple 2.2 0.00108 

ENSMUSG00000042116 Vwa1 von Willebrand factor A domain containing 1 purple 2.3 1.05E-06 

ENSMUSG00000041476 Smpx small muscle protein, X-linked purple 2.3 2.52E-09 

ENSMUSG00000040138 Ndp Norrie disease (pseudoglioma) (human) purple 2.3 0.00254 

ENSMUSG00000046961 Gpr156 G protein-coupled receptor 156 purple 2.3 7.58E-05 

ENSMUSG00000020808 Fam64a family with sequence similarity 64, member A purple 2.3 4.71E-11 

ENSMUSG00000058153 Sez6l seizure related 6 homolog like purple 2.4 0.00032 

ENSMUSG00000022332 Khdrbs3 KH domain containing, RNA binding, signal transduction associated 3 purple 2.4 1.52E-10 
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ENSMUSG00000098090 2700099C18Rik RIKEN cDNA 2700099C18 gene purple 2.4 2.98E-05 

ENSMUSG00000056648 Hoxb8 homeobox B8 purple 2.4 1.15E-10 

ENSMUSG00000036192 Rorb RAR-related orphan receptor beta purple 2.4 0.00092 

ENSMUSG00000052353 Cemip cell migration inducing protein%2C hyaluronan binding purple 2.4 9.03E-09 

ENSMUSG00000004360 9330159F19Rik RIKEN cDNA 9330159F19 gene purple 2.4 0.00089 

ENSMUSG00000031891 Hsd11b2 hydroxysteroid 11-beta dehydrogenase 2 purple 2.4 6.69E-05 

ENSMUSG00000022311 Csmd3 CUB and Sushi multiple domains 3 purple 2.4 0.00088 

ENSMUSG00000026712 Mrc1 mannose receptor C type 1 purple 2.4 2.96E-05 

ENSMUSG00000017724 Etv4 ets variant 4 purple 2.4 9.34E-11 

ENSMUSG00000055022 Cntn1 contactin 1 purple 2.5 0.00015 

ENSMUSG00000037653 Kctd8 potassium channel tetramerisation domain containing 8 purple 2.5 0.00025 

ENSMUSG00000078773 Rad54b RAD54 homolog B (S. cerevisiae) [ purple 2.6 3.81E-06 

ENSMUSG00000056972 Magel2 melanoma antigen%2C family L%2C 2 purple 2.6 1.93E-05 

ENSMUSG00000036030 Prtg protogenin purple 2.7 7.72E-05 

ENSMUSG00000030223 Ptpro protein tyrosine phosphatase, receptor type, O purple 2.8 4.43E-05 

ENSMUSG00000005089 Slc1a2 solute carrier family 1 (glial high affinity glutamate transporter), member 2 purple 2.8 2.35E-13 

ENSMUSG00000030518 Fam189a1 family with sequence similarity 189, member A1 purple 2.8 1.20E-05 

ENSMUSG00000030226 Lmo3 LIM domain only 3 purple 3.0 8.37E-06 

ENSMUSG00000031285 Dcx doublecortin purple 4.2 1.19E-11 

ENSMUSG00000085289 Gm15337 predicted gene 15337 purple 4.2 1.53E-17 
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Chapter 4: Glucocorticoid Receptor Ontogeny in the Fetal Mouse 

Kidney and Identification of Glucocorticoid-Regulated Target Genes 

by Transcriptome Analysis 
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Abstract 

Glucocorticoid (GC) hormones have well characterised roles in the development of several fetal 

organs, however, the specific developmental role of GCs in the kidney are relatively unknown. This 

study explores both the expression and localisation of the glucocorticoid receptor (GR) within 

developing kidney structures during organogenesis and the effect of eliminating GR expression 

within different compartments of the kidney. We show that the GR is localised to specific kidney cell 

types and regions from E13.5 to E18.5 including nephron progenitor, pretubular aggregate, ureteric 

epithelium, stroma and immune cells. We also show that total loss of GR expression by Cre-

recombinase gene targeted ablation has the most profound effect on the renal transcriptome compared 

to conditional ablation of GR in the renal collecting duct epithelium or the kidney mesenchyme. 454 

genes were differentially expressed in GRnull mouse kidney with more genes being significantly 

downregulated (305) than upregulated (99) relative to control animals including the primary cilia 

associated gene Centrosomal protein 290 (Cep290) with a fold change of -3.6. Two renal tubule 

markers, Kidney androgen regulated protein (Kap) (proximal tubule marker) and S100 calcium 

binding protein G, (S100g) (distal tubule marker) were also downregulated with fold changes of -8.61 

and -2.5 respectively.   These results indicate that the GR is required for normal mouse kidney 

development.  

Key words: Kidney development, Glucocorticoids, Glucocorticoid Receptor 



107 | P a g e

4.1 Introduction 

 GC steroid hormones play an essential role in the functional maturation and growth of many fetal 

tissues and organs including the lung, heart and central nervous system (Fowden and Forhead 2015; 

Whirledge and DeFranco 2018). However, the kidney-specific developmental actions of GC/GR 

signalling are not well characterised. GCs exert their actions in cells by binding and activating the 

intracellular GR. Once activated the GR translocates to the nucleus and acts as a transcription factor 

via binding to glucocorticoid response elements (GRE) in the genome to either increase or decrease 

gene expression of specific target genes (Quax, et al. 2013). GCs, however, can activate both the GR 

and the related mineralocorticoid receptor (MR) that is localised to epithelial cells of distal convoluted 

tubules and collecting ducts in the kidney. In these cells the MR is protected from GC activation by 

the enzyme 11β-hydroxysteroid dehydrogenase type 2 (11βHSD2) which converts active GCs to an 

inactivate metabolite. This allows the MR to be activated and regulated by another adrenal steroid, 

aldosterone, to regulate sodium and water reabsorption along the renal tubule (Ackermann, et al. 

2010). In the developing mouse kidney GR gene expression occurs in a specific temporal pattern. 

mRNA levels in the fetal mouse kidney increase from E9.5 to ~E14.5 (Speirs, et al. 2004), and 

correlates with the start of GC biosynthesis in the fetal mouse adrenal at ~ E14.5 (Speirs et al. 2004).  

This is followed by a reduction in GR mRNA levels until ~E17, after which GR levels increase until 

birth (Speirs et al. 2004), coinciding with  a surge of maternal GCs prior to birth (Venihaki, et al. 

2000).  This pattern of GR expression indicates that GC/GR signalling plays important roles in kidney 

development. The exact localisation of GR expression and activity in different regions and structures 

in the developing fetal kidney is not known. 

Gene-targeted mice lacking GR expression die shortly after birth due to respiratory failure (Cole, et 

al. 1995; Daniel Bird, et al. 2015). With the use of conditional mouse gene knockouts of the GR it 

has been demonstrated that GR activity is specifically required within the mesenchymal compartment 

of the lung for normal lung development (Bird, et al. 2014). Mice lacking the GR in the mesenchymal 

compartment of the lung (GRmesKO) have a similar fate and phenotype to complete GRnull mice of 
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perinatal lethality due to respiratory failure (Bird et al. 2014). Histologically both GRnull and 

GRmesKO mouse lungs have a hypercellular interstitial mesenchymal compartment (Bird et al. 2014; 

Bird, et al. 2007). The perinatal lethality of GRnull mice make, studying GC signalling postnatally in 

other tissues and organs such as the kidney difficult. A small number of studies have used mouse 

models of conditional GR deletion in kidney epithelium. Deletion of GR in the distal nephron using 

a Kspcre driver resulted in a mild increase in blood pressure in adult mice with normal renal histology 

(Goodwin, et al. 2010). A more extensive renal tubular deletion of GR in mice using an inducible 

Pax8 cre driver altered the expression of several epithelial sodium transporters including the thiazide-

sensitive Na+/Cl- cotransporter (Ncc), Sodium transport, sodium and hydrogen exchanger 3 (Nhe3) 

and the Na-K-Cl cotransporter-2 (Nkcc2) (Canonica, et al. 2019). Furthermore, adult mice 

heterozygous for a GR null allele developed salt sensitive hypertension and reduced mRNA levels of 

Ncc when on a high salt diet (Ivy, et al. 2018). 

Synthetic GCs such as betamethasone and dexamethasone are routinely administered in situations of 

preterm birth to decrease the morbidity and mortality of infants at risk of respiratory distress 

syndrome (RDS). However, the long-term side-effects of GC treatments on kidney function are 

relatively unknown and currently under investigation. Antenatal dexamethasone treatment in rats 

alters 431 renal genes including key developmental genes for example; Gfra1 that encodes glial cell 

line-derived neurotrophic factor (GDNF) which is essential for ureteric bud outgrowth (Sheen, et al. 

2015).  It has been demonstrated experimentally in animal models that exposure to powerful synthetic 

GC such as betamethasone or dexamethasone antenatally reduces birth weight and increases the risk 

of high blood pressure in adulthood (Seckl 2004). Additionally, dexamethasone has been shown to 

reduce nephron number in the rat kidney if exposure occurs at either fetal day 15 and 16 or 17 and 18 

(Ortiz, et al. 2001). Interestingly, a study by Habib et al. demonstrated that inhibiting maternal GCs 

in a mouse model of low protein diet ameliorated the associated increase in blood pressure postnatally 

(Habib, et al. 2011). However, the link between GCs and salt sensitive blood pressure regulation is 

complex. It has been shown that both GC excess and GC deficiency can lead to salt-sensitive 
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hypertension (Bailey, et al. 2009; Ivy et al. 2018). The gestational timing of GC exposure and dosage 

concentration may explain some of the differences in responses observed. With the increasing 

evidence supporting the developmental origins of health and disease (DOHad) theory (Barker 2007; 

Barker, et al. 1993), it is essential to understand the cell-type specific actions of GR signalling during 

fetal development in the kidney, to avoid the consequences of excessive and poorly timed exposure 

to inappropriate GCs. In this study we use single-cell sequencing of fetal kidney cells and 

immunohistochemistry to localise the specific cells in the fetal kidney expressing the GR, and 

combine this with genetic mouse models of conditional GR deficiency in different cell types of the 

kidney to investigate the localisation of the GR during kidney organogenesis and the target genes and 

pathways activated at E18.5, just prior to birth. We show for the first time that the GR is present in 

all major cell types from E13.5. Additionally, we show that at E18.5 GR is more highly expressed in 

proximal tubule, distal tubule and stroma cells. Lastly, we identify novel GC target genes in the 

developing kidney and show that complete GR deficiency has a more profound effect on the renal 

transcriptome than mesenchymal or collecting duct specific deletion.  
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4.2 Materials and Methods 

Animals 

The use of all mice (Mus musculus) was approved by the Monash Animal Research Platform-1 

Animal Ethics Committee at Monash University. Global GRnull, GRmesKO and collecting duct 

specific GR-null (GRcdKO) mice were all of an isogenic C57BL/6 genetic background. GRnull mice 

were generated by gene targeting as previously described (Cole et al. 1995). GRmesKO and 

GRcd7KO mice were generated using the Cre/Loxp gene recombination system as described 

previously (Bird et al. 2014). Briefly, mice expressing Cre under the control of either the dermo1 

(mesenchymal specific) (mice provided by Prof. Brandon Wainwright, University of Queensland, 

Brisbane, Australia) or the Hoxb7 (collecting duct specific) (mice provided by Prof. Ian Smyth, 

Monash University, Melbourne Australia) promoter were bred with GRloxp/loxp mice to generate 

GRloxp/+,, Dermo1cre/+ or GRloxp/+, Hoxb7cre/+ mice. These mice were then time-mated with GRloxp/loxp 

to generate GRloxp/loxp, Dermo1cre/+ or GRloxp/loxp, Hoxb7cre/+ mice. Pregnant mice were sacrificed 

according to approved guidelines of the Animal Ethics Committee at Monash University at gestation 

E18.5 and pups sacrificed by decapitation. The kidneys of fetal pups (at least n=3 for each genotype 

collected from 2-3 litters) were isolated and either snap frozen in liquid N2 or fixed in 4% 

paraformaldehyde for further analysis. Tail snips from pups were collected for genotyping by qPCR 

and analysis by gel electrophoresis. Primer sequences for hoxb7 Cre were from Jackson Laboratories 

(Protocol 22392: Standard PCR Assay-generic Cre), Dermo1 and loxp/loxp primer sequences used 

for genotyping are available on request.   

Fetal Kidney Single Cell Data Analysis 

The E18.5 data was generated and processed as previously described (Combes, et al. 2019) and is 

available at GEO (GSE108291). E13.0 and E15.5 embryonic kidneys were dissociated in 500µl 

Accutase (Stemcell technologies) at 37°C for 6-8 min. Samples were gently agitated by pipetting 

every 2 min then washed with cold PBS 0.05% BS, pelleted by centrifugation (400g, 5 min), and 
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stored on ice. Samples were filitered with Flowmi Cell Strainers (70µm, Bel-Art Products) and 

stained with DAPI before removal of dead cells by FACS (100µm nozzle). Cell concentration was 

determined using a hemocytometer and adjusted prior to the generation of signal cell libraries using 

10x Chromium v3 kits. Sequencing data was processed using Cell Ranger (v1.3.1, 10x Genomics) 

and aligned to mm10 with STAR (v2.5.1b) (Dobin, et al. 2013). Subsequent analysis was performed 

in the R statistical programming language using Seurat (v3.1.4) (Butler, et al. 2018; Stuart, et al. 

2019). Quality control for the E13.0 and E15.5 datasets involved removing cells with <1000 genes, 

>20% mitochondrial gene content (E13.0); <1500 genes, >8% mitochondrial gene content (E15.5).

Doublets were identified and filtered out using Scrublet (Wolock, et al. 2019) or with the HTODemux 

function in Seurat. Cell cycle phase was predicted using either Cyclone (Scialdone, et al. 2015) or 

Seurat’s CellCycleScoring function. Cell cycle effects were regressed out and gene expression data 

normalised using SCTransform with default parameters. Following all quality control steps, the E13.0 

dataset consisted of 19252 genes and 4176 cells and the E15.5 dataset of 18549 genes and 3294 cells. 

The E13.0 and E15.5 datasets are available on request. Principle component analysis on highly 

variable genes informed selection of clustering resolution (0.8). Cluster identity was determined by 

referencing top cluster marker genes (FindAllMarkers) to Combes et al previous analysis (Combes et 

al. 2019). Clusters in each dataset were manually curated to generate 13 broad clusters that were 

comparable between the three developmental timepoints. Clusters representing cell cycle effects or 

non-renal cell types such as neural progenitors (E13.0) were not displayed. Seurat’s DotPlot and 

FeaturePlot functions were used for plotting and visualisation. 

PAS, Immunohistochemistry and Immunofluorescence Staining 

Fetal mouse kidneys were fixed in 4% paraformaldehyde (diluted in PBS) before they were processed 

and embedded in paraffin. Paraffin blocks were cut and 4µm sections mounted on slides and used for 

Periodic acid-Schiff (PAS), immunohistochemistry or immunofluorescence staining. Sections were 

incubated with primary antibodies at either room temperature for 2 h or overnight at 4°C. Primary 

antibodies used were GR (1:200; cell signalling, D6H2L), Biotinylated Dolichos Biflorus Agglutinin 
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(DBA) (1:250; Vector Laboratories, B-1035), Biotinylated Lotus Tertragonolobus lectin (LTL) 

(1:250; Vector Laboratories, B-1325), Ki67 (1:500; Abcam, ab15580) or Pan-Cytokeratin (1:100, 

Abcam, ab115959). Sections were then washed and incubated with either secondary antibodies or 

streptavidin. Secondary antibodies used for immunofluorescence were Alexa Fluor® donkey anti-

rabbit IgG (H+L) 555 or 488, Alexa Fluor® donkey anti-mouse IgG (H + L) 555 or 647 or 

streptavidin, Alexa Fluor® 647 or 488. Hoechst (life technologies) was used as a counterstain and 

added to the secondary antibody mix. Sections were imaged with either Leica SP5 5-Channel 

Confocal Microscope or scanned with a Lecica DMi8 microscope. The secondary antibody used for 

immunohistochemistry was goat anti-rabbit IgG (H+L) Biotin (1:1000; Life technologies, B2770). 

This was followed by washing and incubation with Streptavidin-Horseradish Peroxidase (HRP) 

conjugate (1:1000) and finally development with a DAB substrate (Dako, K3468). PAS staining was 

performed on Leica ST5010 Autostainer and CV5030 coverslipper. Sections from PAS staining or 

immunohistochemistry were either scanned by Monash Histology Platform with Aperio Scanscope 

AT turbo or imaged using Eclipse E400, Nikon microscope  

Western Blot Analysis 

Proteins were isolated from mouse kidney tissue in Radioimmunoprecipitation (RIPA) buffer. One 

tablet of Complete mini protease inhibitor corktail (Roche) was added per 10 ml of RIPA buffer. 

Briefly, 250 µl of RIPA buffer was added to each kidney sample and the samples were homogenised 

and incubated on ice for 15 min. Kidney homogenates were then sonicated for 10 sec followed by a 

30 min incubation on ice.  The samples were centrifuged at 14000 g-force for 20 min at 4°C, the 

supernatant was collected, and protein concentration was determined using a DC assay (Biorad, 

USA). 15 µg of protein lysates was separated by electrophoresis on a TGX sain-free 10% fastcast 

SDS-PAGE polyacrylamide gel (Biorad, USA). Following a standard protocol, the protein was 

transferred onto a 0.44 µm Immobilion-P membrane (Sigma-Aldrich). The membranes were blocked 

using 5% skim milk powder diluted in Tris-buffered saline containing 0.1% Tween (TBST) (block 

buffer) for 1 h at room temperature. The membranes were then incubated with a GR antibody (1:2000; 
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cell signalling, D6H2L) diluted in block buffer overnight at 4°C , followed by 5 x 5 min washes in 

TBST and a 1 h room temperature incubation with anti-rabbit IgG HRP-linked secondary antibody 

(1:10000; cell signalling; 7074). Before X-ray imaging membranes were washed 5 x 5 min in TBST 

and incubated with enhanced chemiluminescence (ECL) (Biorad, USA) for 5 min.  After X-ray 

imaging, the membranes were stripped with 0.5 M NaOH, washed 5 x 5 min with TBST and incubated 

with Beta actin antibody (1:1000000; Sigma-Aldrich; A5316) for 1 h at room temperature. Followed 

by 5 x 5 min TBST washes and incubation with Anti-mouse-HRP-linked secondary antibody 

(1:10000; Dako; P0447) for 1 h at room temperature. The membranes were washed 5 x 5 min with 

TBST and imaged by X-ray to control for protein loading. Developed X-ray films were scanned, and 

images produced using image J software.  

Total RNA Isolation and NGS Transcriptome Sequencing 

Total RNA was extracted from embryonic kidneys using TRIzolTM reagent (Invitrogen, USA) 

according to the manufacturer’s instructions. Purified total RNA was analysed using a Bioanalyzer 

2100 (Agilent Technologies, USA) and Next generation RNA sequencing (NGS RNA-seq) was 

performed by Genewiz Biotechnology, Suzhou, China. RNA Sequencing (20 million reads) was 

performed on the Illumina Hiseq platform, in a 2 x 150bp paired-end format. The Raw sequencing 

data was interpreted by Genwiz’s bioinformatics team which included quality control, alignment to 

the reference mouse genome (ENSEMBL, version GRm38.97), assembly and gene expression 

analysis (Bioconductor package edgeR (V3.4.6)) including clustering, GO enrichment and pathway 

enrichment. Additional, enrichment terms were identified by DAVID and Enrichr (Ma’ayan 

Laboratory).   

cDNA Synthesis and Quantitative PCR 

cDNA was synthesised with a QuantiTect RT kit (Qiagen) following the manufacturer’s instructions 

from the same fetal kidney RNA samples used for RNA sequencing. To measure mRNA levels of 

Hemoglobin alpha, adult chain 1 (Hba1-a1), Interferon activated gene 203, 2’-5’ (ifi203), 
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Oligoadenylate synthetase 2 (Oas2), Centrosomal protein 290 (Cep290), 2’-5’ Oligoadenylate 

synthetase-like 2 (Oasl2), Myeloid nuclear differentiation antigen like (Mndal), Guanylate binding 

protein 7 (Gbp7), Kidney androgen regulated protein (Kap), Cysteine-rich secretory protein 1 

(Crisp1), Interferon-induced protein with tetratricopeptide repeats 1 (Ifit1) and S100 calcium binding 

protein G (S100g) qPCR was performed using QuantiNova® SYBR® green master mix (Qiagen) on 

a CFX384 Touch Real-Time PCR Detection System (Biorad), following normal protocols. The 

relative mRNA level of each gene was normalised to the housekeeping gene Ribosomal protein 29 

(Rps29) using the ∆∆Ct method and expressed relative to the mRNA levels of control animals. PCR 

products for each primer set were verified for a single PCR product by a PCR melt-curve analysis, 

visualisation of a single product on an agarose gel and finally the PCR product verified by DNA 

sequencing. Primer sequences are available in supplementary Table 4.1.   

Statistical Analysis 

For qPCR and western blot analysis, GraphPad Prism statistical analysis software was used, with 

statistical significance set at P<0.05. Two groups were compared using an unpaired t-test, and 

multiple groups were compared by a 1-way ANOVA with a Tukey’s post hoc test.  
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4.3 Results 

4.3.1  Expression and Localisation of the GR in the Developing Kidney During 

Embryogenesis 

To investigate the expression of the GR in specific cell types of the fetal kidney we first utilised single 

cell RNA-seq datasets from the fetal mouse kidney. Combes et al. recently performed single cell RNA 

sequencing on E13.5 (unpublished), E15.5 (unpublished) and E18.5 (Combes et al. 2019) fetal mouse 

kidneys to explore the gene-expression profiles and developmental programming of different cell 

types within the kidney. Data collected for the Nr3c1/GR gene show that the GR is expressed at E13.5 

within nephron progenitor, pretubular aggregate, ureteric epithelium, stroma and immune cells within 

the kidney. The highest expression of GR at E13.5 was within stroma cluster 3 which is distinguished 

by the expression of Collagen type III alpha 1 (Cola1), Decorin (Dcn), Delta like non-canonical Notch 

ligand 1 (Dlk1) and Periostin osteoblast specific factor (Postn) cell markers, followed by expression 

within stroma cluster 4 which is a miscellaneous cluster of stromal cells that do not have a strong 

distinctive set of marker genes. At E15.5 GR expression in stroma cell populations becomes more 

wide-spread, and expression is now detected in tubular structures such as the proximal tubules and 

distal tubule/loop of Henle. Other expression sites appear in immune cells and the vasculature. At 

E18.5 GR maintains a wider expression pattern across these locations and cell types with high 

expression in stroma compartments, the distal tubule and proximal tubule cell clusters (Figure 4.1A). 

To compare localisation of GR at the protein level in the fetal kidney we performed 

immunofluorescence using a GR antibody and two kidney cell markers LTL, a lectin, and DBA, an 

agglutinin, which mark the proximal tubules and collecting ducts of the kidney respectively. At E14.5 

GR was strongly localised to the developing collecting ducts and detected in the stroma tissue (Figure 

4.1E), consistent with the single cell data from E13.5 to 15.5.  At E14.5 GR appeared to show a 

gradient of expression with more abundance in the renal medulla compared to the renal cortex (Figure 

4.1B). Proximal tubules are not developed until after E14.5 and therefore we did not perform LTL 

staining at this time point (Davidson 2009; Short and Smyth 2016). At E16.5 GR is widely localised 
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in the kidney with positive staining in the collecting ducts, proximal tubules and mesenchyme. 

Similarly, at E18.5 GR was also seen in collecting ducts, proximal tubules and mesenchyme also 

consistent with the single cell RNA_seq data (Figure 4.1). 

4.3.2  Ablation of GR Expression in the Fetal Kidney by Cre Recombinase-Mediated Gene 

Targeting 

To study the role of GR in the developing fetal kidney we utilised three different GR knockout mouse 

models; total GR deletion in mice (GRnull), mesenchymal-selective GR deletion (GRmesKO) and 

kidney collecting duct GR specific deletion (GRcdKO). The effective ablation of GR expression was 

demonstrated by immunohistochemistry at E18.5 with antibodies to the GR, and co-staining with 

LTL, for proximal tubules and DBA for collecting ducts (Figure 4.2A). Wild type (control) mice 

showed abundant GR expression across the E18.5 fetal kidney, while GRnull mice had a complete 

loss of detectable GR expression (Figure 4.2A). In GRmesKO fetal mice GR immunostaining was 

detected in the epithelial cells of the proximal tubules and collecting ducts but there was a dramatic 

reduction in expression in stromal areas (Figure 4.2A). To further demonstrate the loss of GR protein 

in the mesenchyme of the GRmesKO mouse kidney at E18.5, a GR western blot analysis was 

performed from whole fetal kidneys and showed a significant reduction of ~40% in GR protein levels 

(Figure 4.2B & C). Finally, GRcdKO fetal mice had detectable GR expression in most areas of the 

kidney, primarily the mesenchyme, but had a complete loss of GR expression in nearly all DBA 

positively stained collecting duct epithelial cells (Figure 4.2A). To examine if there were any major 

abnormalities in renal structures, histology sections of fetal kidneys at E18.5 from wild type, GRnull, 

GRmesKO and GRcdKO mice were stained with periodic acid Schiff (PAS) and compared (Figure 

4.3). All three GR deficient mouse models displayed normal renal histology at E18.5 compared to 

wild type control mice and indicated that GR-mediated signalling was not required for the normal 

structural development of the mouse kidney (Figure 4.3). In the fetal mouse lung of GRnull and 

GRmesKO mice there is a significant two-to three-fold increase in the number of proliferating 

mesenchymal cells at E18.5 that leads to a thickened interstitial mesenchyme at birth and eventual 
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respiratory failure. We therefore examined the numbers of proliferating renal mesenchymal cells in 

GRnull and GRmesKO fetal mice using the cell proliferation marker Ki67. E18.5 fetal kidney 

sections were analysed by immunofluorescent staining for Ki67 and the epithelial cell marker Pan-

Cytokeratin (Figure 4.4). We detected no significant differences in numbers of Ki67 positive cells in 

the Pan-cytokeratin-minus mesenchymal compartment in kidney sections from E18.5 fetal GRnull 

and GRmesKO mice compared to wild type controls, indicating that in contrast to lung mesenchyme 

at the same stage of development there were normal rates of mesenchymal cell proliferation (Figure 

4.4).  

4.3.3  GRnull and GRmesKO Mice have an Altered Renal Transcriptome 

The GR is a steroid ligand-activated transcriptional regulator. We therefore analysed the effect of the 

loss of GR expression on whole fetal kidney gene expression at E18.5 in GRnull and GRmesoKO 

mice using transcriptome sequencing. Total RNA was extracted from wild type control (n=4), GRnull 

(n=3) and GRmesKO (n=3) mouse kidneys at E18.5 and analysed by NGS transcriptome sequencing. 

Global changes in mRNA levels are shown as a heatmap for genes with a fold change greater than 2 

and a false discovery rate (FDR) of less than 0.05 (Figure 4.5). Hierarchical clustering was used to 

group both the samples and gene clusters with similar expression patterns. As predicted the samples 

group into the three genotypes of wild type control, GRnull, and GRmesKO. The genes clustered into 

three main groups colour coded on the heatmap (dark blue, aqua and green). The differentially 

expressed genes in the dark blue cluster (157 gene) were down regulated in GRnull kidney relative 

to both control and GRmesKO kidney. The differentially expressed genes in the aqua cluster (310 

genes) are downregulated in both GRnull and GRmesKO kidney relative to control and the green 

cluster (204 genes) is composed of differentially expressed genes that are upregulated in both GRnull 

and GRmesKO kidney relative to control kidney.  Individual volcano plots comparing control to 

GRnull (figure 4.6A), control to GRmesKO (figure 4.6B) and GRnull to GRmesKO (Figure 4.6C) 

showed that more genes were in fact significantly decreased than increased in the two GR-ablated 

lines. Total loss of GR, in GRnull mice, had the most profound effect on the fetal kidney transcriptome 



118 | P a g e

at E 18.5 with a total of 454 genes with altered mRNA levels compared to controls, with a fold change 

greater than 2 and an FDR less than 0.05 (Figure 4.6A). While mesenchymal loss of GR resulted in 

285 genes with altered RNA levels using the same parameters (Figure 4.6B), with 85 gene in common 

between the two groups (figure 4.6D). Table 4.1 lists the most differently expressed protein coding 

genes that overlap and have a  fold change greater than 2 and an FDR less than 0.05 including the 

norepinephrine transporter, Solute carrier family 6 (neurotransmitter transporter, noradrenalin), 

member 2 ( Slc6a2), the kidney proximal tubule marker, Kap, the distal tubule marker S100g which 

is involved in calcium ion transport, α-2-HS-glycoprotein (Ahsg) that is involved in system 

development and the extracellular matrix stabilisation gene, Aggrecan (Acan).  

4.4.4  Analysis of the mRNA Levels for Differentially Expressed Genes in E18.5 Fetal Kidney 

by qPCR 

To validate and confirm the gene expression changes detected by the NGS transcriptome sequencing, 

we performed real-time qPCR to quantify mRNA levels of 12 selected differently expressed protein 

coding genes. The genes were selected based on fold change and quantity of reads. There was a 

significant decrease in GRnull fetal kidney mRNA levels at E18.5 in all selected down regulated 

genes compared to controls, Ifi203 (p<0.0001, 5.6-fold), Kap (p<0.0001, 9.2-fold), S100g (p<0.001, 

2.7-fold), Cep290 (p<0.05, 2.9-fold), Crisp1 ( p<0.001, 9.6-fold), Gbp7 (p<0.05, 3.7-fold), Ifit1 

(p<0.05, 8.6-fold), Mndal (p<0.001, 3.8-fold), Oas2 ( p<0.05, 2.6-fold), Oasl2 (p<0.01, 4.6-fold) and 

Igf2 (p<,-fold) (Figure 4.7B-L). There was a significance decrease in GRmesKO kidney mRNA levels 

at E18.5 only for Kap (p<0.001, 2.8-fold) and S100g (P<0.05, 1.5-fold) (Figure 4.7C-D). Hba-a1 was 

significantly increased in both GRnull (p<0.01, 3.3-fold) and GRmesKO (p<0.05, 1.6-fold) kidney 

RNA at E18.5 (Figure 4.7A). Interestingly, in contrast to GR-null mice, Gbp7 was significantly 

increased in GRmesKO mouse kidney mRNA at E18.5 (p<0.05, 1.6-fold) (Figure 4.7G).  
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4.4.5  Localisation of Differentially Expressed Gene Targets in the Fetal Mouse Kidney at 

E18.5 using Whole Fetal Kidney Single Cell Datasets 

To explore where in the kidney the 12 differentially expressed genes validated by qPCR were 

localised we utilised the E18.5 single cell dataset produced by Combes et al. (Combes et al. 2019). 

We found Hba-a1 had high expression across all the kidney clusters at E18.5 (Figure 4.8A). Igf2 was 

also expressed and localised across several kidney cell clusters including the S-Shaped body, 

vasculature and mesenchymal stroma cells (Figure 4.8B). As expected Cep290 was predominately 

expressed in kidney tubule cells where primary cilia are found on epithelial cells (Figure 4.8B). Gbp7, 

Ifit1, Mndal, Ifit1, Oas2 and Oasl2 were all expressed in the vasculature and immune cells also as 

expected and Kap was expressed in renal proximal tubule cells while S100g was expressed in distal 

tubule cells (Figure 4.8B).  

4.4.6  Loss of GR in Collecting Duct Epithelial Cells does not Dramatically Alter Gene 

Expression Profiles in the Fetal Kidney at E18.5 

NGS RNA sequencing was used to determine if loss of GR in renal collecting duct cells alters renal 

gene expression profiles. Total RNA was extracted from control (n=4) and GRcdKO (n=4) fetal 

mouse kidneys at E18.5 and analysed and compared by transcriptome sequencing. The two groups of 

samples had a very high correlation shown in the Pearson correlation heatmap where a value of 1 

indicates a linear relationship (Figure 4.9A). Due to the high correlation between the samples there 

were no genes with significant differences in mRNA levels  using the comparison filter criteria of a 

fold change greater than 2 and FDR less than 0.05 (Figure 4.9B) indicating that a loss of GR in fetal 

kidney collecting duct cells at E18.5 does not appreciably affect the renal transcriptome, and indicates 

that in these cells GR-mediated signalling is either not activated or somehow blocked downstream in 

the genomic pathway. Furthermore, principal component analysis (Figure 4.9C) showed that control 

samples and GRcdKO samples grouped together in this comparative analysis. After altering our filter 

criteria, we did detect 11 genes that had small differences in expression, with a fold change equal or 

greater to 1.2-fold and a p-value of less than 0.05 (Figure 4.9B). These genes can be seen in the 
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volcano plot (Figure 4.9D) and are listed in supplementary Table 4.2 and could be investigated further 

for localisation in the kidney and any functional link to known glucocorticoid actions. 
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4.4 Discussion  

This study has investigated the expression of the GR in the fetal kidney and the potential role for 

GC/GR signalling in the fetal kidney prior to birth. We first showed that GR is expressed at detectable 

levels and with a moderately restricted profile at E13.5 within the nephron progenitor, peritubular, 

uretic epithelium, mesenchymal stroma and in immune cells in the mouse kidney. We also 

demonstrated that by E15.5 and also at E18.5 the GR is expressed in almost all cell types within the 

fetal mouse kidney where it has the capacity to respond to rising levels of corticosterone prior to birth.  

To explore the role of GC signalling in the developing mouse kidney prior to birth we utilised mice 

with varying degrees of deficiency in the GR. Our results indicated that total loss of GR in all kidney 

cells has the most profound effect on the renal transcriptome, with 484 genes differently expressed 

more than 2-fold. In comparison loss of mesenchymal-expressed GR resulted in an alteration to the 

mRNA levels of 285 genes. Furthermore, despite the high expression of the GR within the renal 

collecting ducts we observed no strong alterations in the renal transcriptome of GRcdKO mice at 

E18.5. However, surprisingly unlike the lung, mesenchymal GC signalling is unlikely to be the most 

critical despite high expression of the GR in stroma cells at E13.5, E15.5 and E18.5. Further 

investigation is required to determine the key cell types important in GC signalling in the fetal kidney 

at E18.5.  

We analysed and validated a number of putative GR-regulated gene targets, identified by the 

transcriptome analysis, using qPCR. Most of these genes demonstrated changes in mRNA level in a 

pattern similar with the NGS RNA sequencing dataset. This indicates that the NGS RNA seq is 

representative of gene expression in total and mesenchymal GR deficient mouse kidney at E18.5. We 

showed that more genes were significantly decreased than increased including the kidney tubule 

markers Kap and S100g. Kap is one of the most abundant specific genes expressed in the kidney 

proximal tubule cells and is regulated by androgens. The role and function of Kap in proximal tubule 

cells is unknown.  One study by de Quixano et al. showed that overexpression of Kap protected mice 

from metabolic syndrome induced by a high fat diet including associated hypertension (de Quixano, 
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et al. 2017). They also showed that the KAP protein is excreted into the extracellular matrix (ECM) 

and speculated that KAP may exert effects in other tissues (de Quixano et al. 2017).  Another GC/GR-

regulated gene target, S100g, is a calcium-binding protein and in the kidney, it is localised to the distal 

tubule at E18.5.  The decreased expression of S100g may indicate that GC signalling is involved in 

calcium transport within the kidney. However, S100g knockout mice are indistinguishable from 

control mice (Kutuzova, et al. 2006; Lee, et al. 2007). This may be a result of compensation from 

other calcium transporter genes. Additionally, both Kap and S100g expression was not altered in 

GRcdKO mice at E18.5 indicating normal tubule development.  

Cep290 was also significantly decreased in the mouse kidney of GRnull fetal mice at E18.5. The 

CEP290 protein is localised to the centrosome and cilia where it is essential for assembly of 

microtubules and for primary cilia formation. Cep290 genetic mutations are found in a number of 

human diseases collectively known as ciliopathies and include Joubert syndrome, characterised by 

brain abnormalities, but is also associated with kidney diseases, Meckel syndrome which is 

characterised by cystic dysplastic kidneys, brain malformations, hepatic fibrosis and proliferation of 

the bile ducts, Nephronophthisis, that commonly leads to end-stage renal disease by the age of 30 and 

is characterised by cystic kidneys, and finally Senior-Loken syndrome characterised by kidney cysts, 

inflammation and scarring leading to end stage kidney disease (Baala, et al. 2007; Helou, et al. 2007; 

Hildebrandt, et al. 2011; Valente, et al. 2006). Furthermore, mice deficient in Cep290 develop 

symptoms consistent with ciliopathies including reduced numbers of primary cilia on renal epithelial 

cells and the development of kidney cysts (Rachel, et al. 2015). Development of kidney cysts in 

Cep290 knockout mice is progressive and cysts become more prominent at 2 weeks of age (Rachel 

et al. 2015). Unfortunately, due to the early lethality of GRnull mice we are unable to determine if 

GRnull mice develop kidney cysts. More investigation is required to establish primary cilia formation 

and morphology in GRnull mice. This could be achieved by staining kidney sections with primary 

cilia markers including Kinesin family member 3A (KIF3A) and acetylated tubulin. Further study 

would require the development of a postnatal renal knockout mouse for the GR. Furthermore, the 
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development of a conditional primary cilia GR deficient mouse would also lead to more insight into 

the role of GC signalling in primary cilia formation and function.   

Interestingly, we also demonstrated that Hba-1 encoding the haemoglobin A protein is upregulated 

in both GRnull and GRmesKO mouse kidneys at E18.5. We also show that Hba-a1 is expressed in 

all cell types of the kidney.  Other studies have also shown that haemoglobins are expressed in tissues 

other than erythrocytes (Fordel, et al. 2006; Vinogradov and Moens 2008). A recent study has also 

demonstrated a connection between GC deficiency and haemoglobins (Meimaridou, et al. 2018). The 

study used a mutant C57BL/6 mouse strain that contained an inactivating mutation of the 

nicotinamide nucleotide transhydrogenase (NNT) gene resulting in these mice having GC deficiency 

(Meimaridou et al. 2018). They performed NGS RNA seq on the adrenals from these mice and 

showed that several haemoglobin genes were significantly increased including Hba-1, Hba-a2, Hbb-

b1 and Hbb-b2 (Meimaridou et al. 2018).  This is evidence that haemoglobins may have roles in other 

cellular functions unrelated to red blood cell oxygen transport. However, the GC regulation of 

haemoglobin gene expression requires further investigation.  

Igf2, encoding insulin-like growth factor 2, was significantly increased in the GRmesKO fetal kidney 

at E18.5. IGF2 is a growth factor that promotes cell proliferation, differentiation and cell survival.  

Both IGF1 and IGF2 are essential for normal metanephric kidney development (Bach and Hale 2015; 

Rogers, et al. 1991). At birth Igf2 levels rapidly decrease in several tissues including the kidney (Lui, 

et al. 2008). Igf2 levels have also been found to be elevated in several cancers. Here we show that 

Igf2 was expressed across the majority of cell types within the fetal kidney. Additionally, 

overexpression of Igf2 in mice results in enlarged kidneys (Wolf, et al. 1994). We were interested to 

explore the proliferation rate of cells within the kidney mesenchyme of GRmesKO, as in the fetal 

lung GRmesKO animals have a hyperproliferative phenotype that results in more interstitial tissue 

and a thickened blood-air barrier causing respiratory failure at birth (Bird et al. 2014). An increase in 

Igf2 would be consistent with driving increased cell proliferation in the mesenchyme of the kidney, 

yet analysis of cell proliferation using the proliferative marker Ki67 showed no major difference in 
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cell proliferation in stromal areas of the kidney in both GR-null and GRmesKO mice. Therefore GC-

regulation of Igf2 in the fetal kidney may have another purpose yet to be discovered.  

In conclusion we show 1. From E13.5 to E18.5 there is an increase in GR expression in almost all 

structures of the fetal kidney. 2. A complete loss of GR expression across the kidney had a more 

profound effect on the kidney transcriptome compared to conditional loss of GR in the 

mesenchymal/stromal compartment. 3. At E18.5 mice with ablated expression of the GR in the fetal 

kidney collecting duct had only very minor changes in the whole kidney transcriptome. This may 

indicate that GC/GR signalling is not required before the renal tubule is fully functional in trans-

epithelial transport one week after birth. We have also identified novel GC target genes whose 

functions are not well understood within the fetal kidney. Further investigation on the regulation of 

these gene targets by GR-mediated signalling within the fetal kidney will be required to establish 

their specific roles in kidney development and the role GR plays in regulating their expression.   
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Figure legends 

Figure 4.1: Localisation of GR in the fetal kidney during kidney development  

(A) Expression of the GR at the RNA level within the kidney in cell type clusters at E13.5, E15.5 and 

E18.5. Scale represents average expression. (B-D) To localise GR protein immunohistochemistry was 

performed with a GR antibody on the fetal kidney at E14.5, E16.5 and E18.5, and slides were scanned 

at either 100x (B) or 200x (C&D) magnification to show one kidney per time-point, scale bar B= 

100µm, C =200µm and D = 400µm. Immunofluorescence was also performed on wild type kidneys 

at E14.5, E16.5 and E18.5 with a GR antibody, Lotus Tetragonolobus lectin (LTL) which marks 

proximal tubules and Dolichos Biflorus Agglutinin (DBA) which marks collecting ducts (E-G). 

Sections were imaged at 400x magnification. All images are representative of three animals per age 

group. PT = proximal tubule and CD= collecting duct.  Scale bar: 100µm.  

Figure 4.2: Ablation of GR signalling in kidney cells by Cre recombinase-mediated gene-

targeting 

Immunofluorescence was performed on control, GRnull, GRmesKO and Hoxb7KO mouse kidneys 

at E18.5 to demonstrate ablation of GR expression with a GR antibody, LTL which marks proximal 

tubules and BDA which marks collecting ducts (A) sections were imaged at 400x magnification.  All 

images are representative of three animals per group. Western blot analysis (mean + SEM) (B & C) 

for protein levels of GR at E18.5 in the fetal kidney of GRmesKO and control mice. Total protein 

levels were determined relative to β-ACTIN levels. Significance was analysed by an unpaired t-test, 

*P> 0.05 (n=3).   PT= proximal tubule and CD= collecting duct.  

Figure 4.3: Renal histology of GRcdKO, GRmesKO and GRnull fetal mouse kidney at E18.5  

PAS staining of E18.5 Control, GRHoxb7KO, GRmesKO and GRnull fetal mouse kidneys. Left 

panel: whole kidney brightfield scans at 200x magnification, middle panel: Region of the renal cortex 
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at 400x magnification. Boxed regions are magnified in the right panel and show a glomerulus within 

the Bowman capsule.  

Figure 4.4: Cell proliferation within GRnull and GRmesKO Fetal mouse kidney at E18.5 

Immunofluorescence was performed on control, GRmesKO and GRnull kidneys at E18.5 with a Ki67 

antibody and Pan-Cytokeratin antibody. Sections were imaged at 400x magnification. All images are 

representative of three animals per age group. Pk= Pan-Cytokeratin. Scale bar=100µm 

Figure 4.5: Hierarchical cluster analysis of differentially expressed genes 

NGS RNA seq was performed on total RNA isolated from control (n=4), GRmesKO (n=3) and 

GRnull (n=3) mouse kidneys at E18.5. Heatmap with cluster analysis of differently expressed genes 

with a fold change greater than 2 and an FDR less than 0.05. Log10(FPKM + 1) values were used for 

hierarchical clustering and generation of dendrogram. The colours on the left represent different gene 

clusters. N=GRnull, C=control and D=GRmesKO. 

Figure 4.6: Transcriptome analysis of E18.5 fetal kidney RNA from GRnull and GRmesKO 

mice  

NGS RNA seq was performed on total RNA isolated from control (n=4), GRmesKO (n=3) and 

GRnull (n=3) mouse kidneys at E18.5. (A-C) Individual volcano plots; red dots represent genes that 

are significantly up regulated and blue dots represent genes that are down regulated. (D) A Venn 

diagram showing the number of genes uniquely expressed in each group and the number of genes 

differently expressed in multiple groups with a fold change greater than 2 and an FDR less than 0.05. 

genes; control vs GRmesKO (purple), Control vs GRnull (yellow), GRmesKO vs GRnull (green). 

DEG= Differentially expressed genes.   

Figure 4.7: Analysis of the mRNA levels for differentially expressed Genes in E18.5 fetal kidney 

by qPCR  
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mRNA levels (mean ± SEM) of 12 target genes identified from NGS RNA seq. (A) Hba-a1, (B) 

Ifi203, (C) Kap, (D) S100g, (E) Cep290, (F) Crisp1, (G) Gbp7, (H) Ifit1, (I) Mndal, (J) Oas2, (K) 

Oasl2 and (L) Igf2 mRNA levels in fetal mouse kidney at E18.5. The mRNA levels in all groups are 

expressed relative to mRNA levels of the housekeeping gene Rps29. Significant differences were 

analysed by 1-way ANOVA with Tukey’s post hoc test. Significant differences indicated by * p<0.05, 

**p<0.01, *** p<0.001, ns= not significant.    

Figure 4.8: Localisation of target gene expression in the Fetal mouse kidney at E18 

(A) Feature plots showing the expression of target genes across the cell clusters. (B) Expression of 

target genes within different cell types of the kidney. Scale represents average expression.  

Figure 4.9: Transcriptome analysis of E18.5 fetal kidney RNA from GRcdKO GRcdKO mice 

NGS RNA seq was performed on total RNA extracted from control and GRcdKO kidneys at E18.5 

(n=4). (A) Pearson correlation heatmap (R^2); the greater the value the stronger the linear relationship 

(between 0 and 1). (B) Table showing the different parameters used to identify differently expressed 

genes. (C) Principal component analysis (PCA) plot using two principal components. (D) Volcano 

plot red dots represent the 5 up-regulated genes and the blue dots represent the 6 down regulated 

genes with a fold change greater than 1.2 and a p-value less than 0.05. C=control, K=GRcdKO, 

FC=fold change. 
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Figure 4.1 
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Figure 4.2 
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Figure 4.3 
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Figure 4.4 
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Figure 4.5 
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Figure 4.6 
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Figure 4.7 
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Figure 4.8 
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Figure 4.9 



137 | P a g e

Table 4.1: Overlapping protein coding differentially expressed genes in GRnull and GRmeskO mouse kidney at E18.5 with a fold change 

greater than 2 and an FDR less than 0.05. 

Gene ID Gene name 

Fold change 

Control vs 

GRnull 

FDR 

Control vs 

GRnull 

Fold change 

Control vs 

dermo1 

FDR 

Control vs 

GRmesKO 

Function/Ontology 

ENSMUSG00000022868 α-2-HS-glycoprotein (Ahsg) 15.07 2.34E-04 5.79 4.6E-02 
System 

Development 

ENSMUSG00000006522 
Inter-α trypsin inhibitor, heavy chain 3 

(Itih3) 
7.65 7.18E-03 5.02 1.6E-02 

Extracellular matrix 

stabilisation 

ENSMUSG00000024173 Tryptase α/β 1 (Tpsab1) 4.90 4.09E-02 5.04 6.5E-03 Serine protease 

ENSMUSG00000069919 Hemoglobin α, adult chain 1 (Hba-a1) 4.40 2.04E-18 2.35 1.4E-09 Oxygen binding 

ENSMUSG00000030607 Aggrecan (Acan) 3.77 1.42E-03 3.10 1.5E-03 
Extracellular matrix 

proteoglycan 

ENSMUSG00000025270 
Aminolevulinic acid synthase 2, erythroid 

(Alas2) 
3.18 5.12E-11 2.03 1.6E-07 Heme biosynthesis 

ENSMUSG00000043903 Zin finger protein 469 (Zfp469) 2.44 5.83E-04 2.09 3.2E-04 
Nucleic acid 

binding  

ENSMUSG00000048583 Insulin-like growth factor 2 (Igf2) 2.43 1.28E-12 2.20 1.0E-16 
Growth factor 

activity 

ENSMUSG00000035459 Stabilin 2 (Stab2) 2.22 1.66E-02 2.07 1.5E-03 
Mediates 

endocytosis 

ENSMUSG00000050700 Elastin microfibril interfacer 3 (Emilin3) 2.04 2.38E-05 2.05 1.8E-14 
Extracellular matrix 

glycoprotein 

ENSMUSG00000038717 

ATP synthase, H+ transporting, 

mitochondrial F0 complex, subuint G 

(Atp5l) 

-2.14 4.02E-09 -2.22 3.0E-27 ATP synthesis 

ENSMUSG00000079480 
Peptidyl-prolyl cis-trans isomerase NIMA-

interacting 4 (Pin4) 
-2.23 1.63E-02 -2.00 7.3E-03 

Ribosomal RNA 

processing 
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ENSMUSG00000040808 S100 calcium binding protein G (S100g) -2.51 5.59E-10 -2.23 1.9E-12 
Calcium ion 

binding 

ENSMUSG00000049152 UDP glycosyltransferases 3 family, 

polypeptide A2 (Ugt3a2) 

-2.58 9.12E-09 -2.17 2.8E-06 

Elimination of toxic 

endogenous 

compounds 

ENSMUSG00000032103 Pseudouridine synthase 3 (Pus3) -2.60 3.78E-02 -2.25 3.4E-02 RNA binding 

ENSMUSG00000050069 
Gremlin 2, DAN family BMP antagonist 

(Grem2) 
-2.71 1.25E-06 -2.22 8.0E-06 

Negative regulation 

of BMP signalling 

ENSMUSG00000026986 Histamine N-methyltransferase (Hnmt) -2.87 8.06E-04 -2.33 3.2E-04 
Degradation of 

histamine 

ENSMUSG00000024552 
Solute carrier family 14 (urea transporter), 

member 2 (Slc14a2) 
-2.89 5.37E-06 -2.13 5.8E-03 

Urea transport in 

the collecting duct 

ENSMUSG00000034591 
Solute carrier family 41, member 2 

(Slc41a2) 
-3.10 3.24E-04 -2.06 4.0E-03 

Plasma-membrane 

magnesium 

transporter  

ENSMUSG00000047586 
Non-specific cytotoxic cell receptor protein 

1 homolog (zebrafish) (Nccrp1) 
-3.16 5.03E-09 -2.04 1.5E-05 

Cell population 

proliferation 

ENSMUSG00000025758 Polo like kinase 4 (Plk4) -3.20 8.31E-07 -4.04 1.5E-12 
System 

Development 

ENSMUSG00000034402 
Potassium voltage-gated channel, subfamily 

H (eag-related), member 5 (Kcnh5) 
-3.48 3.37E-02 -2.57 4.2E-02 

Potassium ion 

transport 

ENSMUSG00000071562 Stefin A1 (Stfa1) -3.63 5.06E-04 -2.11 9.0E-03 
Intracellular thiol 

proteinase inhibitor 

ENSMUSG00000091649 PHD finger protein11B (Phf11b) -3.68 1.30E-03 -2.00 4.5E-02 Metal ion binding 

ENSMUSG00000054072 Interferon inducible GTPase 1 (Iigp1) -4.53 3.36E-16 -2.06 6.1E-06 
Immune system 

process 

ENSMUSG00000048424 RAN binding protein  3-like (Ranbp3l) -4.69 1.71E-08 -2.04 5.1E-05 

Regulation of 

mesenchymal stem 

cell differentiation 

ENSMUSG00000028268 Guanylate binding protein 3 (Gbp3) -6.77 3.04E-15 -2.01 1.3E-02 

Guanine nucleotide 

binding (GMP, 

GDP and GTP) 
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ENSMUSG00000079017 
Interferon, alpha-inducible protein 27 like 

2A (Ifi27l2a) 
-6.96 4.19E-04 -5.21 8.8E-04 

Transcription 

regulation 

ENSMUSG00000068246 Apolipoprotein L 9b (Apol9b) -8.17 4.13E-02 -5.86 4.5E-02 Lipid binding 

ENSMUSG00000032758 Kidney androgen regulated protein (Kap) -8.63 5.79E-17 -3.16 6.4E-05 

Unkown, expressed 

in kidney proximal 

tubule cells 

ENSMUSG00000000214 Tyrosine hydroxylase (Th) -32.67 9.99E-03 -9.45 4.1E-02 
Catecholamine 

biosynthesis 

ENSMUSG00000055368 
Solute carrier family 6 (neurotransmitter 

transporter, noradrenalin), member (Slc6a2) 
-85.63 1.40E-02 -10.56 3.4E-02 

Norepinephrine 

transporter 
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Supplementary Table 4.1: DNA Sequence of Primer Pairs used for qPCR Analysis 

Gene Forward Reverse 

Hba-a1 5’-AAGCCCTGGAAAGGATGTTT-3’ 5’-CTCAGGAGCTTGAAGTTGAC-3’ 

Igf2 5’-TCTCATCTCTTTGGCCTTCG-3’ 5’-CAAACTGAAGCGTGTCAACA-3’ 

S100g 5’-GAGCTGGATAAGAATGGCGA-3’ 5’-TTCAGGATTGGAGAGCGTG-3’ 

Kap 5’-TTAAGCACTGACTCTGAGCA-3’ 5’-ACTGTGATGTCTGTGTTCTCA-3’ 

Ifi203 5’-CAGTGGTGGTTTATGGACGA-3’ 5’-CTCAGGAGGCACACATCTTT-3’ 

Oas2 5’-AGTCTACTCCGCCTGATCAA-3’ 5’-TGTCAAAGTCATCTGTGCCA-3’ 

Cep290 5’-AATGAAGATGAAAGCCCAGGA-3’ 5’-TGCTTCTCAAGTTGGCGAAT-3’ 

Oasl2 5’-GATTAAGGTGGTGAAGGGAGG-3’ 5’-CCTGCTCTTCGAAACTGGAA-3’ 

Mndal 5’-TCGTCAAGATCAAGGTCACC-3’ 5’-ACGTGATAGTCTGGCATCTC-3’ 

Gbp7 5’-CAGCTGCACTATGTCACAG-3’ 5’-CACGTCCCTCTAACTTCAGC-3’ 

Crisp1 5’-TGGTCTTCTGCAATCCAAGG-3’ 5’-TGAGTTCCAAACAACCTGAGT-3’ 

Ifit1 5’-GCTGTCCGGTTAAATCCAGA-3’ 5’-AAGTAGCCAGAGGAAGGTGA-3’ 

Rps29 5’-GGACATAGGCTTCATTAAGTTGG-3’ 5’-TCAGTCGAATCCATTCAAGGT-3’ 
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Gene ID 
Gene name Log2FC Pvalue Function/Ontology 

ENSMUSG00000043719 Collagen, type VI, α6 (Col6α6) 0.379906 4.17E-07 Cell adhesion 

ENSMUSG00000025758 Polo like kinase 4 (Plk4) -0.33466 8.87E-07 System Development 

ENSMUSG00000025431 Cysteine-rich secretory protein 1 

(Crisp1) 

-0.32873 1.69E-05 Spermatozoa maturation 

ENSMUSG00000049152 UDP glycosyltransferases 3 family 

polypeptide A2 (Ugt3a2) 

-0.31947 3.16E-05 Elimination of toxic endogenous 

compounds 

ENSMUSG00000091021 Gm17300 0.322608 3.21E-05 IncRNA, no protein 

ENSMUSG00000030787 Lymphatic vessel endothelial 

hyaluronan receptor 1 (Lyve1) 

0.30145 0.000105 Ligand-specific 

transport/hyaluronic acid binding 

ENSMUSG00000052854 Nik related kinase (Nrk) 0.287422 0.000185 Protein kinase activity 

ENSMUSG00000062480 Acetyl-Coenzyme A 

acetyltransferase (Acat3) 

-0.28789 0.000203 Fatty acid beta-oxidation 

ENSMUSG00000032690 2’-5’ Oligoadenylate synthetase 2 

(Oasl11) 

-0.28488 0.000237 dsRNA-activated antiviral enzyme 

ENSMUSG0000005413 Heme oxygenase 1 (Hmox1) 0.265582 0.000294 Heme oxygenase (decydizing) 

activity 

ENSMUSG00000033634 N-acetyltransferase 8 (GCN5-

related) family member 2 (Nat8f2)

-0.28096 0.0003 N-acetyltransferase activity

Supplementary table 4.2: Protein coding differently expressed genes in GRcdKO at E18.5 with a p value less than 0.05 and a 

fold change greater than 1.2  
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Chapter 5: General Discussion 

It is now well established that GC hormones such as cortisol play an important and essential 

role in the functional maturation of many fetal tissues and organs prior to birth, and in particular 

the fetal respiratory system (Liggins 1994). GCs exert their actions by binding to the 

intracellular GR. Once activated by GCs the GR complex translocates to the nucleus and acts 

as a transcription factor that can bind to GREs in the genome to either increase or decrease 

gene expression of a specific subset of target genes that can vary between different cell types. 

The critical importance of GC signalling via the GR in lung development was first 

demonstrated in gene-targeted GRnull mice that die at birth due to respiratory failure (Cole et 

al. 1995), and for nearly 50 years it has been routine in neonatology wards to use synthetic GCs 

such as betamethasone to treat preterm birth. Synthetic GCs accelerate lung maturation and 

improve both the morbidity and survival of these infants who are at risk of RDS (Liggins and 

Howie 1972). The development of conditional mouse lung knockout models of the GR has 

established that GR activity in the lung mesenchyme is essential for normal lung development 

prior to birth (Bird et al. 2014). Mice lacking the GR in the mesenchymal compartment of the 

lung have a similar fate and phenotype to GRnull mice in that they die shortly after birth due 

to respiratory failure (Bird et al. 2014). However, despite the well-known importance of GCs 

in the functional maturation of the lung the underlying molecular mechanisms and gene 

networks regulated by GC signalling in different lung cells and compartments remain elusive. 

Even less is known about the actions of GCs and the GR in the developing kidney. This is 

concerning as the GR is uniformly expressed in nearly all tissues and therefore strong acting 

synthetic GCs such as betamethasone or dexamethasone will act on all body systems including 

the kidney. This thesis investigated the molecular actions and gene targets of GC hormone 

signalling in the developing fetal lung and kidney. In Chapter 2 I explored the role of the ECM 

proteoglycan VCAN that was identified as strongly overexpressed in GRmesKO mouse lung 
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at E18.5. I showed that GC signalling drives rapid clearance of VCAN prior to birth in the lung 

mesenchyme. In Chapter 3 I identified potential lung mesenchymal GC target genes that were 

associated with cell proliferation and ECM remodelling. Lastly, in Chapter 4 I explored the 

localisation of the GR and the role of GC signalling in the developing fetal mouse kidney.  

In Chapter 2 I have shown that Vcan mRNA levels decrease rapidly during late gestational lung 

development from E14.5 to P0.5. This initial age range was selected to observe the effect of 

rising GC levels on Vcan gene expression.    I also demonstrated that the V1 isoform of VCAN 

was localised to all lung mesenchymal compartments at E16.5 but was restricted to only the 

smooth muscle layer surrounding the large proximal airways at E18.5. This coincides with the 

naturally occurring late gestation cortisol surge that induces rapid remodelling of the lung 

ECM, including the thinning of the lung mesenchyme to allow sufficient gas exchange at birth. 

Furthermore, we showed that loss of the GR in the lung mesenchyme leads to the 

overexpression of the VCAN-V1 isoform in the distal lung at E18.5 contributing to the 

hypercellular lung phenotype observed in GRmesKO mice. 

The hypercellular lung phenotype observed in GRmesKO mice is the result of an increased cell 

proliferation rate rather than a decrease in cell apoptosis (Bird et al. 2014; Bird et al. 2007). 

VCAN is able to interact with many binding partners to rapidly promote cell proliferation. One 

interaction that may be essential in lung development is with Midkine (MK). MK is a growth 

factor excreted from epithelial cells that has known roles in cell survival, differentiation and 

migration. In chapter 2 I postulated that GC/GR signalling repress Vcan gene expression in late 

lung development preventing formation of MK/VCAN complexes promoting cell proliferation. 

It has been shown that MK can restore the development of the mesenchyme in a model of 

reduced heparin binding growth factors including MK.  In this study mouse embryonic lung 

explants were treated with heparitinase to reduce the endogenous levels of heparin-binding 

growth factors. Without heparin-binding growth factors the lung explants had decreased 
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branching and thinner mesenchymal tissue. Interestingly, the reduction in mesenchymal tissue 

could be restored in heparitinase treated explants by MK indicating that MK can promote the 

deposition of mesenchymal tissue (Toriyama, et al. 1997). The explants cultured in this study 

were isolated at E12 when the mesenchyme is thicker and producing many factors essential for 

branching morphogenesis. Later in lung development after the pseudoglandular stage the 

mesenchymal tissue dramatically thins over a short period to reduce the diffusion distance for 

gaseous exchange at birth. This correlates with the well documented preparturition cortisol 

surge. This fits with the hypothesis that GC signalling reduces MK cell proliferation through 

the clearance of VCAN. Furthermore, it has been demonstrated that postnatal dexamethasone 

treatment decreases MK expression in newborn rats (Zhang, et al. 2009).  

VCAN is a known strong promoter of cell proliferation and therefore VCAN expression and 

degradation is tightly regulated (Wight 2002). VCAN is degraded by a family of proteases 

known as ADAMTS and in Chapter 2 I demonstrated that loss of mesenchymal GC signalling 

dramatically reduces the mRNA expression of Adamts12 (Kelwick et al. 2015). Lastly, I 

showed that corticosterone and betamethasone can induce the mRNA expression of Adamts12 

in primary rat lung fibroblasts and that dexamethasone can also increase ADAMTS12 protein 

expression in distal mouse lung mesenchyme. We predict that GC signalling late in lung 

development represses VCAN by inducing the expression of ADAMTS12, leading to an 

overall reduction in mesenchymal cell proliferation.  Further functional studies are required to 

determine if GCs induce ADAMTS12 through direct genomic signalling or via an indirect 

mechanism. This could be achieved by using siRNA or CRISPR-Cas9 technologies to delete 

Adamts12 in primary fetal lung fibroblasts followed by treatment with GCs. At both E16.5 and 

E18.5 VCAN protein persisted in the bronchial smooth muscle, which suggests that VCAN has 

an important function in this mesenchymal cell subset. It would be interesting to conditionally 
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delete VCAN specifically in smooth muscle cells of the lung to investigate a loss of function 

phenotype in these mice. 

In Chapter 3 I isolated enriched fetal lung mesenchymal cells from the GRmesKO mouse lung 

and performed NGS RNA seq to identify potential GC-signalling gene targets.  290 genes were 

differently expressed at the mRNA level with more genes being significantly decreased in level 

due to the loss of GR than were increased. Gene ontology analysis revealed enrichment of 

differentially expressed gene targets that were associated with the ECM, including a small 

subset of genes that were associated with Wnt signalling.  Wnt signalling is a well-known and 

studied pathway that is involved in body axis patterning, cell differentiation, cell migration and 

cell proliferation and growth (Eisenmann 2005). I showed that three Wnt signalling associated 

genes Rspo2, Wnt11 and Cemip were increased in expression in the absence of the GR. Future 

studies are required to determine how GC-GR signalling may regulate these genes, such as the 

presence of nearby GREs in the genome or other indirect mechanisms that utilise GC 

regulation.  

Similarly, to Chapter 2 we also observed the reduction in expression of two ADAMTS family 

members, ADAMTS-Like 2 and ADAMTS-like 4 in the GR-deficient mesenchymal fetal lung 

cells. However, only ADAMTS-like 2 mRNA levels were also significantly reduced in the 

GRmesKO mouse lung at E18.5.  ADAMTS-like 2 is produced and secreted from bronchial 

smooth muscle cells, a subset of mesenchymal cells (Hubmacher et al. 2015). Adamts-like 2 

null mice develop bronchial dysplasia and die shortly after birth due to respiratory failure 

(Hubmacher et al. 2015).  This phenotype highlights the communication between the epithelial 

and mesenchyme in the developing lung. Future studies could involve conditional deletion of 

the GR from the smooth muscle layer of the lung in mice to establish the importance of GC 

stimulated proteins released from this subtype of mesenchymal cells in the fetal lung. 

Furthermore, single cell sequencing technologies could also be used to establish the GR-
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mediated response of sub-populations of lung mesenchymal cells to GC stimulation.  In the 

past this has been difficult due to the lack of specific mesenchymal sub-population cell markers. 

In Chapter 4 I utilised single cell sequencing data sets produced by Combes et al. from E13.5 

(unpublished), E15.5 (unpublished) and E18.5 (Combes et al 2019) fetal mouse kidneys to 

determine the timing, expression and localisation of GR within the developing fetal kidney. 

We showed that GR was expressed in all major cell clusters present at E13.5 including nephron 

progenitor, pretubular aggregate, ureteric epithelium, mesenchyme and immune cells. At E15.5 

GR is more widely expressed across the kidney cell clusters with higher expression in the 

proximal tubule and mesenchymal stromal cells. At E18.5 GR is still widely expressed with 

higher expression in stroma, distal tubule and proximal tubule cells. Tubular epithelial cells of 

the kidney are protected from stimulation of GCs by the enzyme 11β-HSD2 which inactivates 

cortisol (or corticosterone in rodents) to inactive cortisone (Chapman et al. 2013). However, 

synthetic GCs including betamethasone and dexamethasone which are commonly used in 

situations of preterm birth to accelerate lung development are not readily metabolised by 11β-

HSD2 allowing active GCs to enter the kidney, where the GR is expressed in most cell types 

during fetal development (Brown, et al. 1996; Weinstock 2008). The effects of synthetic GCs 

on the kidney are relatively unknown. A small number of animal studies have shown synthetic 

GCs can alter the renal transcriptome, impair renal cell proliferation and depending on the 

timing of exposure reduce nephron numbers (Ortiz et al. 2001; Sheen et al. 2015; Slotkin et al. 

1991). More long-term studies are required to establish the true impact of synthetic GC 

exposure on renal function.  

To explore the role of endogenous GC signalling in the developing fetal kidney we performed 

NGS RNA seq on GRnull, GRmeskO and GRcdKO kidneys at E18.5. Total loss of the GR had 

the most profound effect on the renal transcriptome with 454 genes detected with significantly 

altered mRNA levels including Cep290. Cep290 mRNA was significantly decreased in GRnull 
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fetal mouse kidney at E18.5. Mutations in Cep290 are associated with polycystic kidney 

disease and ciliopathies including Joubert, Meckel and Senior-Loken syndromes (Baala et al. 

2007; Helou et al. 2007; Hildebrandt et al. 2011; Valente et al. 2006). Interestingly, most 

ciliopathies have associated lung phenotypes including bronchiectasis (Driscoll, et al. 2008). 

Furthermore, primary cilia have known roles in communication between mesenchymal cells 

and the ECM of the developing lung and can influence cell proliferation, differentiation and 

migration (Christensen, et al. 2007). Future studies could explore the expression and the 

morphology and function of primary cilia in GRnull kidney and lung to establish if both organs 

have a similar primary cilia phenotype.   

Consistent with NGS RNA seq results performed on lung mesenchymal cells deficient in GR 

we observed that most affected genes were decreased in mRNA levels, than were increased, 

including two renal tubule markers Kap (proximal tubule) and S100g (distal tubule). This 

finding is interesting because at E18.5 GR was more highly expressed in proximal and distal 

tubule cells compared to other renal cell types. Together these findings indicate that the GR 

may have a functional role in epithelial tubule maturation in the developing kidney. However, 

due to the early lethality of both GRnull and GRmesKO mice it is difficult to establish the 

impact of GR loss on trans-epithelial transport. Additionally, the kidney is not functional as a 

filtration unit until approximately one week after birth and it is possible the epithelial cells in 

the kidney may not be primed to respond to GCs before birth.   A similar response is seen with 

the cardiovascular steroid aldosterone in the mouse kidney. MR-null mice develop normally 

until birth but die 1-2 weeks postnatally due to renal salt wasting and hyperkalaemia (Berger, 

et al. 1998; Cole and Young 2017).  In comparison the lung is primed to respond to GCs before 

birth from approximately E16.5. This is evident by the lung phenotype observed in GRnull and 

GRmesKO mice. The lungs of GRnull and GRmesKO mice develop normally until 

approximately E15.5 but from E16.5 develop a progressive hypercellular phenotype (Bird et 
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al. 2014; Cole et al. 1995).  The difference in response to GCs between the lung and kidney 

could be explained by the presence of either an activator in the lung or a GR chaperone or 

repressor in the kidney that keeps GRs from dimerising or forming active complexes in the 

nucleus. To determine the presence of an activator, chaperone or repressor factor future studies 

could include single cell sequencing on both kidney and lung at E18.5 and perhaps postnatally 

to compare cell-type specific gene expression profiles. Despite the GR being strongly 

expressed in the collecting duct we observed no obvious kidney phenotype in GRcdKO mice. 

The next step would be to investigate the adult phenotype of these mice and potentially see 

how they react to a challenge such as, a high sodium diet. Furthermore, the stronger effect on 

the transcriptome caused by total GR deletion in comparison to mesenchymal or collecting duct 

deletion in the fetal kidney indicates that GC signalling may be important in another specialised 

cell type. More studies are required to dissect the role of GC signalling in other cell types 

including the proximal and distal tubules.  

In summary this thesis has explored the gene targets and networks associated with GC hormone 

signalling in specific cells of the developing mouse lung and kidney. My studies show that GCs 

regulated the expression of lung mesenchymal genes associated with ECM remodelling and 

Wnt signalling including Vcan, Adamts12, Rspo2, Wnt11 and Cemip. Additionally, I have 

shown for the first time that the GR is localised to many cell types present within the developing 

kidney from E13.5. I have also demonstrated that at E18.5 GR is more highly expressed in the 

renal proximal tubule, distal tubule and stromal mesenchymal cells compared to other cell types 

within the kidney. Lastly, this thesis explores the role of GC signalling in the developing kidney 

by performing NGS RNA seq on the fetal kidney deficient in GR. Complete deletion of the GR 

has the most profound effect on the renal transcriptome with 454 genes differently expressed 

compared to 285 differentially expressed renal genes in GRmesKO mouse kidney. In both the 

lung and kidney GR deficiency leads to more differently expressed genes being downregulated 
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than upregulated indicating that GC signalling favours transactivation of gene targets over 

transrepression in both organs.  Understanding the complex and tissue specific actions of GC 

signalling in cells during fetal development and programming is essential for the development 

of new approaches to treat the complications of preterm birth and avoid the consequences 

caused by the use of synthetic GCs to treat preterm birth. 
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Appendix A: Identification of Betamethasone-Regulated Target 

Genes and Cell Pathways in Fetal Rat Lung Mesenchymal 
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