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ABSTRACT 
	

Renal dysplasia is a disease characterized by developmental abnormalities of the 

kidney that affect 1 in 250 live births. Depending on the severity of the renal 

abnormalities, this disorder can lead to childhood kidney failure, adult onset chronic 

kidney disease, and hypertension. Currently, the best treatment options for patients with 

renal dysplasia are renal dialysis and kidney transplant. Our limited understanding of the 

pathogenesis of renal dysplasia has prevented the development of better treatment 

strategies for those patients. A hallmark of renal dysplasia is an expansion of loosely 

packed fibroblast cells, termed renal stroma. Markedly elevated levels of β-catenin have 

been reported in the expanded stromal population in patients with dysplastic kidneys. Yet, 

the contribution of stromal β-catenin to the pathogenesis of renal dysplasia is not known. 

Additionally, the role of stromal β-catenin in the developing kidney is not clear. The 

overall hypothesis of this PhD thesis is that β-catenin in stromal cells controls key 

signalling molecules that regulate proper kidney development. Furthermore, we 

hypothesize that elevated levels of β-catenin contribute to the pathogenesis of renal 

dysplasia. To mimic the human condition, we generated a mouse model that 

overexpresses β-catenin specifically in the stroma (termed β-catGOF-S). In addition, to gain 

a better understanding of its role in kidney development, we generated a second mouse 

model deficient for β-catenin exclusively in stromal cells (termed β-catS-/-). The goal of 

this study is to utilize these models to understand the role of stromal β-catenin in kidney 

formation and investigate its contribution to renal dysplasia. 
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  The first objective defines the contribution of stromal β-catenin to the genesis of 

renal dysplasia. We provide evidence for a mechanism whereby the overexpression of 

stromal β-catenin disrupts proper differentiation of stromal progenitors and leads to an 

expansion of stroma-like fibroblast cells and vascular morphogenesis defects. In the 

second objective, we establish a mechanism where stromal β-catenin modulates Wnt9b 

signaling in epithelial cells to control proliferation of the nephron progenitors. In the third 

objective, we define a role for stromal β-catenin in proper formation and survival of the 

medullary stroma. Finally, in a technical report, we outline a protocol to isolate stromal 

cells in the developing kidney and provide potential downstream applications to further 

our understanding of stromal β-catenin in the developing kidney.  

 Taken together, our findings establish a crucial role for stromal β-catenin in the 

genesis of renal dysplasia and demonstrate, using two mouse models, that stromal β-

catenin must be tightly regulated for proper formation of the stroma lineages and 

development of the kidney.   

  



Ph.D. Thesis – Felix Boivin-Laframboise	 	 McMaster University – Medical Sciences	
	

	vi	

	
	
	
	
	

	
“What	it	all	boils	down	to	is	that	no	one’s	really	got	it	figured	out	just	yet”	  
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PREFACE 
	

This is a “sandwich” style thesis. Chapter 1 is a general introduction that includes 

parts of a review article I have published during my PhD. To provide further background 

information to the introduction, I have also included additional sections on renal anatomy 

and kidney development. Chapters 2, 3, and 4 have been published or will be submitted to 

peer-reviewed journals for publication. A preface of each chapter is included to highlight 

the significance of the studies and to describe my contribution to the publications. A 

technical report is included in Chapter 5 to address the limitations of the studies. Finally, 

the significance, contribution, and limitations of the work presented in this thesis are 

discussed in Chapter 6.  
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1.1 Chronic Kidney Disease in Children  

 
Chronic kidney disease (CKD) is defined as a progressive decline in renal 

function. It affects more than 18.5-58.3 per million children worldwide (Gulati, Mittal et 

al. 1999) and more than 5500 children in North America (Seikaly, Ho et al. 2003). 

Although these numbers are considerably lower than in adult patients (>10% of the 

population worldwide), the prevalence of children diagnosed with CKD has steadily 

increased over the last two decades and is projected to triple over the next 20 years due to 

the growing population worldwide (Collins, Foley et al. 2012). The leading cause of CKD 

in neonates and children is renal dysplasia (Wingen, Fabian-Bach et al. 1997), which is 

classically defined as a congenital kidney malformation, resulting in poor renal function 

(Woolf, Price et al. 2004). Patients born with severe bilateral renal dysplasia develop 

complications early in life and require renal replacement therapy and dialysis. However, 

milder cases of renal dysplasia (unilateral and/or focal) are often never properly 

diagnosed and can lead to complications, such as cardiovascular disease and renal 

insufficiency, later in life or after kidney injury. Since our understanding of congenital 

renal malformations is very limited, we currently do not have the tools to identify patients 

with milder cases of renal dysplasia and at risk of developing kidney disease.  

Several studies have highlighted a strong genetic association with the 

development of renal dysplasia (Woolf, Price et al. 2004, Jain, Suarez et al. 2007, 

Winyard and Chitty 2008), yet the mechanisms that promote abnormal kidney formation 

are not known. Thus, developing a better understanding of the underlying causes of renal 

dysplasia (i.e. genetic, environmental, epigenetic) will help identify patients at risk of 
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developing kidney disease, allow early treatment to prevent progression of CKD in 

patients at risk, and contribute foundational knowledge for the development of new 

treatment targets and strategies for children living with renal dysplasia.  
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1.2 Kidney Anatomy and Physiology  

1.2.1 Gross Anatomy and Physiology of the Kidney  

 The mammalian urogenital system is comprised of the kidneys, the ureters, the 

bladder, and the urethra (Figure 1.1A). It is a multi-functional system involved in filtering 

blood by eliminating waste and balancing pH and ionic composition of body fluids. The 

kidneys are “bean-shaped” organs that sit on either side of the vertebral column in the 

posterior abdominal wall. They receive 20% of the cardiac output via the renal artery. In 

the kidney, blood is filtered to produce urine that is transported to the bladder via the 

ureter. Once filtered, blood exits the kidney via the renal vein (Figure 1.1B) 

(Hallgrimsson et al, 2003).  

 A transparent sheet of fibrous connective tissue, termed the renal capsule, 

surrounds the kidney to protect against trauma, help maintain the shape of the kidney, and 

regulate renal interstitial pressure (Slegers and Moons 1985)(Hallgrimsson et al, 2003). 

Within the kidney proper, three distinct regions can be observed: 1) the renal cortex, 2) 

the medulla, and 3) the renal pelvis. During the process of filtration, a filtrate is produced 

within renal cortex. This filtrate is transformed into urine in small passageways, termed 

renal tubules. Urine is then emptied into larger tubules, termed collecting ducts. These 

ducts extend within the medullary region directly below the renal cortex. The medulla is 

divided into inverted renal pyramids, with the base facing the cortical region and the tip 

facing the renal pelvis. The tips of these pyramids merge into minor calyces to form the 

renal papilla. Urine drains from the collecting ducts into these minor calyces and is 

transported into a bigger passageway called the major calyx. These major calyces merge 
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to form a passageway called the renal pelvis, which is connected to the ureter. Urine then 

exits the kidney via the ureter and is excreted into the bladder.  

 Developmental anomalies in the orientation of these three distinct regions (cortex, 

medulla, and renal pelvis) greatly affect kidney function and urinary flow, resulting in 

several complications, such as tubular cyst formation and hydronephrosis, defined as the 

swelling of the kidney due to urine build-up. In more severe cases, these complications 

can lead to chronic kidney disease and kidney failure while milder cases lead to 

cardiovascular complications, such as hypertension.  

Figure 1.1 – Gross anatomy and basic structure of the kidney 
 

 

Gross anatomy and basic structure of the kidney: (A) – Mouse urogenital ridge at 
post-natal (PN) day 0. The urogenital ridge is composed of two kidneys connected to the 
ureters and bladder. The adrenal glands sit atop the kidneys, and the gonads are found on 
either side of the bladder. (B) – Cross section of the human kidney. The kidney is divided 
into three distinct regions: 1) the renal cortex, 2) the renal medulla, and 3) the renal 
pelvis. Blood enters the kidney via the renal artery and is filtered in the renal cortex. 
Filtered blood exits the kidney via the renal vein. The path of urine drainage following 
filtration is outlined in figure 1B (adapted from Fox I.S., 2008)  
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1.2.2 Anatomy and function of the nephron 

 The functional unit of the kidney is called the nephron. It is made up of two main 

parts: 1) a renal corpuscle located in the renal cortex and 2) tubules that extend within the 

medulla alongside the collecting ducts.  The renal corpuscle consists of a glomerular tuft 

and fenestrated capillary network enclosed by a Bowman’s capsule. Blood enters the 

Bowman’s capsule through renal arterioles and is filtered by a filtration barrier made up 

of fenestrated endothelial cells, interdigitated podocytes, and a glomerular basement 

membrane. Ultrafiltrate is forced through the filtration barrier into the Bowman’s space. 

The lumen of the Bowman’s space is directly connected with the renal tubule. The renal 

tubule is divided into three sections: 1) the proximal tubule, 2) the loop of Henle, and 3) 

the distal tubule. The ultrafiltrate exits the Bowman’s space and travels through the 

different sections of the renal tubule where its composition is modified into urine, by a 

process of water reabsorption and salt excretion. The distal tubule is connected to the 

collecting duct. Urine drains into the collecting ducts and travels to the medulla (Figure 

1.2).  

 The nephron plays a crucial role in the proper functioning of the kidney. Subtle 

abnormalities in the development of the different sections of the nephron and collecting 

ducts can affect filtration and reabsorption. Similarly, nephron endowment is directly 

correlated with kidney function and efficacy (Hoy, Hughson et al. 2005). The human 

adult kidney contains approximately 800,000 to 1,200,000 nephrons. These units do not 

regenerate following injury, which means patients born with a lower number of nephrons 

are predisposed to developing chronic kidney disease following injury, and can then 
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develop other complications associated with kidney disease such as hypertension 

(Brenner, Garcia et al. 1988, Kett and Bertram 2004).       

Figure 1.2 - Basic structure of the nephron 

                
Basic structure of the nephron: Cartoon diagram outlining the regions of the 
mammalian nephron. Arrows indicate the direction of the filtrate as is moves through the 
nephron and into the collecting duct (adapted from McMaster Pathophysiology review, 
Sultan Chaudhry).  
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1.3 Kidney Development  

 Formation of the mammalian kidney relies on two developmental processes: 1) 

branching morphogenesis, which gives rise to the collecting ducts and 2) nephrogenesis, 

which is the process of nephron formation. Proper formation of these two units relies on 

tightly regulated interactions between three cell populations: 1) the ureteric epithelium, 

the metanephric mesenchyme, and the renal stroma. Disrupted communication between 

these cell populations results in abnormal collecting duct and nephron formation and 

negatively impact nephron endowment. 

 

1.3.1 Branching Morphogenesis 

 Kidney development is initiated at around embryonic day (E) 9.5 in the mouse and 

4 weeks gestation in humans when a tube of epithelial cells, termed the Wolffian duct, 

emerges from the intermediate mesoderm and migrates caudally toward the urogenital 

sinus. At E10.5 in the mouse and 5 weeks gestation in humans, the caudal portion of the 

Wolffian duct forms an outgrowth called the ureteric bud that migrates into an adjacent 

pool of specified mesenchymal cells, called the metanephric mesenchyme (Figure 1.3A). 

Signals from the metanephric mesenchyme, such as the secreted factor GDNF, induce the 

ureteric bud to undergo a first branching event to form a T-shaped branch (Figure 1.3A), 

at around E11.5 in the mouse (Saxen and Sariola 1987). Each ureteric bud tip 

subsequently undergoes rounds of reiterative branching, bifurcation, elongation, and 

differentiation to form the collecting duct system (Figure 1.3B).  Several factors are 

essential to ensure proper reiterative branching of the ureteric epithelium. However, for 
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the purpose of this study we will focus solely on GDNF, Ret, and Wnt11. Excellent 

reviews on signaling molecules involved in branching and elongation of the ureteric 

epithelium are available elsewhere (Costantini and Kopan 2010, Little and McMahon 

2012).  

The GDNF/Ret/Wnt11 feedback loop is central to the initial formation of the 

ureteric bud tip, at E10.5, and for subsequent branching events. Mesenchymal factor 

GDNF signals to the adjacent ureteric epithelial cells to activate co-receptors GFR-α1 and 

receptor tyrosine kinase Ret and promote cell proliferation and movement (Takahashi 

2001). In response to GDNF, the Ret receptor activates the expression of Wnt11, a 

secreted factor expressed and secreted by the ureteric bud tip cells. Wnt11 signals to the 

metanephric mesenchymal cells and increases the transcriptional activation of GDNF, 

thereby creating a positive feedback loop (Majumdar, Vainio et al. 2003). Targeted 

deletion of these factors in mice results in severely disrupted branching morphogenesis 

and renal hypoplasia (Majumdar, Vainio et al. 2003). These studies highlight the central 

role of the GDNF/Ret/Wnt11 feedback loop and the importance of proper epithelial-

mesenchymal communication to branching morphogenesis.  
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Figure 1.3 - Branching morphogenesis and the Gdnf/Ret Signaling 

 
 
Branching morphogenesis and the Gdnf/Ret signaling: (A) – At E10.5, a ureteric bud 
form off the Wolffian duct and migrates into a pool of undifferentiated metanephric 
mesenchyme. At E11.5, the ureteric bud undergoes a first round a branching to form a T-
shaped branch. (B) – The ureteric bud tip undergoes rounds of branching, while the 
ureteric epithelial stalk elongates to form branches. (C) – The Gdnf/Ret/Wnt11 signaling 
controls the initial ureteric budding and branching morphogenesis. Gdnf is expressed and 
secreted by the metanephric mesenchyme and signals to the ureteric bud tip cells to 
activate the Ret receptor. Activation of the Ret receptor triggers the transcription of the 
Wnt11 ligand, which in turn signals to the metanephric mesenchyme to increase Gdnf 
expression, thereby creating a positive feedback loop (adapted from (Boivin, Sarin et al. 
2015)).    
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1.3.2 Nephrogenesis 

Shortly after the initial formation of the ureteric outgrowth, the ureteric epithelial 

cells induce the metanephric mesenchyme to tightly cluster around the ureteric bud tips. 

These condensed mesenchymal cells are known as the nephrogenic progenitors. Signals 

from the ureteric bud tip cells instruct these nephrogenic progenitors to either undergo 

proliferation to repopulate the condensed mesenchyme population or to differentiate into 

epithelial cells (Karner, Das et al. 2011). Excellent reviews are available for more 

information on the various factors modulating the balance between proliferation and 

differentiation of the nephrogenic progenitors (Costantini and Kopan 2010, Little and 

McMahon 2012). However, for the purpose of these studies, we will focus on Wnt9b. 

Wnt9b is a key ureteric epithelial marker that signals to the nephrogenic progenitors to 

activate the Wnt/β-catenin pathway and promote epithelial differentiation (Carroll, Park 

et al. 2005, Karner, Das et al. 2011). The nephrogenic progenitors undergo a series of 

morphological changes via mesenchymal-to-epithelial transition (i.e. renal vesicles, 

comma-shaped bodies, s-shaped bodies) (Figure 1.4A) to form the different structures of 

the mature nephron. This process gives rise to approximately 10,000 nephrons in the 

mouse (Cebrian, Borodo et al. 2004) and 800,000 to 1.2 million nephrons in humans 

(Saxen and Sariola 1987, Cebrian, Borodo et al. 2004, Cain, Di Giovanni et al. 2010). 

Wnt9b deficient mice exhibit severely hypoplastic kidneys and no mature nephrons, due 

to the absence of nephron induction (Carroll, Park et al. 2005). This demonstrates the 

importance of proper communication between the ureteric epithelium and the 
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metanephric mesenchyme. Disruptions between the epithelium and mesenchyme affect 

nephrogenesis and lead to a lower nephron endowment.  

The process of nephron formation takes place in two distinct regions in the renal 

cortex: the outer nephrogenic zone where nephrogenesis is initiated and the inner 

nephrogenic zone where mature nephrons reside. The tubules and loops of Henle of 

mature nephrons extend within the inner part of the kidney to form the medulla. 

Glomeruli are never observed in the medullary region (Figure 1.4B).  

 

 

Figure 1.4 - Overview of nephrogenesis in the developing kidney 
 

 
Overview of nephrogenesis in the developing kidney: (A) – Signals from the ureteric 
epithelium induce the metanephric mesenchyme to condense around the ureteric bud tip. 
These cells are defined as nephrogenic progenitors. These progenitor cells can either 
repopulate the mesenchyme population or undergo nephrogenesis by mesenchymal-to-
epithelial transition. Once induced, the mesenchymal cells undergo morphological 
changes (Renal vesicle, comma-shaped, and s-shaped body) to form the mature nephron. 
(B) – The process of nephrogenesis takes place in the outer nephrogenic zone (NZ) of the 
renal cortex, while mature nephrons lie within the inner NZ of the renal cortex. The loops 
of henle of the mature kidneys and collecting ducts extend within the medulla. Mature 
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nephrons are never observed within the medulla (adapted from (Boivin, Sarin et al. 
2015)).  
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1.4 The Renal Stroma 

As the ureteric bud invades the undifferentiated pool of metanephric mesenchyme, 

a third cell population, termed the renal stroma, is observed surrounding the condensed 

mesenchyme (Figure 1.5A). The earliest marker of renal stroma is FoxD1, a member of 

the forkhead family of transcription factors. It marks a population of self-renewing multi-

potent stromal progenitors that gives rise to all stromal lineages in the kidney (Kobayashi, 

Mugford et al. 2014). FoxD1 is weakly expressed in the metanephric mesenchyme at 

E10.5 upon invasion of the ureteric bud. By E11.5, FoxD1 is strongly expressed in all 

stromal progenitors surrounding the condensed mesenchyme (Figure 1.5A)(Hatini, Huh et 

al. 1996, Kobayashi, Mugford et al. 2014). The developmental origin of stromal 

progenitors is not well understood. Similar to epithelial and mesenchymal progenitors in 

the developing kidney, stromal progenitors are thought to originate from a common pool 

of undifferentiated Osr1+ intermediate mesoderm (Mugford, Sipila et al. 2008). Lineage 

tracing studies have demonstrated that two molecularly distinct Six2+ and FoxD1+ cell 

populations are present within the Osr1+ cell pool prior to the onset of kidney 

development and ureteric bud invasion (Mugford, Sipila et al. 2008). However, the 

factors that instruct the FoxD1+ population are not known.  

As the kidney develops, the FoxD1+ stromal progenitors integrate the 

nephrogenic zone surrounding the developing nephrons and collecting ducts. These 

stromal progenitors give rise to all stromal lineages in the mature kidney. By E14.5, three 

molecularly distinct stromal populations are observed: the capsular, cortical, and 

medullary stroma (Figure 1.5B)(Levinson, Batourina et al. 2005). The renal capsule 
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consists of a continuous layer of capsular stromal cells that strongly express the secreted 

frizzled-related protein Sfrp1 (Levinson, Batourina et al. 2005). Directly below the renal 

capsule is a population of cortical stromal cells found between the developing 

nephrogenic structures. Capsular and cortical stroma cells both strongly express FoxD1 

and the glycoprotein Tenascin-C throughout kidney development (Figure 1.5C). Deeper 

into the kidney, below the nephrogenic zone, is the medullary stroma surrounding the 

collecting ducts, extended tubules, and loops of Henle (Figure 1.5C). These medullary 

stromal cells strongly express the transcription factor Pod1 (also known as TCF21) and 

secreted growth factor Bmp4 (Cui, Schwartz et al. 2003, Levinson, Batourina et al. 2005). 

Other more general factors, such as transcription factor Pbx1 and its binding partner 

Meis1, mark all stromal cells (capsular, cortical, and medullary) of the developing kidney 

(Schnabel, Godin et al. 2003, Hum, Rymer et al. 2014)(Figure 1.5C).  
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Figure 1.5 - Development of the stromal populations 

 
Development of the stromal populations: (A) – Shortly after the formation of the T-
shaped branch (blue), a third population of fibroblast cells is observed surrounding the 
nephrogenic progenitors (green). These cells are the stromal progenitors (pink). (B) – As 
the kidney develops, the renal stroma subdivides into three molecularly distinct 
populations: the capsular stroma, the cortical stroma, and the medullary stroma. (C) – 
Sagittal section of a mouse kidney outlining the three stromal compartments and their 
main stromal markers (picture adapted from the GudMap Atlas website).  
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Stromal progenitors also give rise to various non-epithelial cells in the kidney, 

such as endothelial cells, mesangial cells, smooth muscle cells, and pericytes (Figure 

1.6)(Sims-Lucas, Schaefer et al. 2013, Boyle, Liu et al. 2014, Kobayashi, Mugford et al. 

2014, Sequeira-Lopez, Lin et al. 2015). However, the factors that control stromal cell 

differentiation are not well defined.  

 

Figure 1.6 - Stromal cell differentiation 

 
Stromal cell differentiation: Stromal cells can differentiate into capsular, cortical, and 
medullary stromal cells, but they also give rise to various cell types essential for vascular 
morphogenesis, such as endothelial cells, smooth muscle cells, pericytes, and mesangial 
cells (adapted from (Li, Hartwig et al. 2014)).   
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1.4.1 The functional role of the renal stroma 

The renal stroma is a population of matrix-producing fibroblast cells. It was 

traditionally thought to act purely as a supportive cell population for the developing 

nephrogenic structures of the kidney. However, gene ablation studies have demonstrated 

important roles for stromal cells in the control of stromal differentiation, nephrogenesis, 

and branching morphogenesis.  

Cortical stromal cells in the nephrogenic zone play an important role in nephron 

differentiation. The process of nephrogenesis relies on a tightly regulated balance 

between proliferation and differentiation of the nephron progenitors, which is primarily 

regulated by the ureteric epithelial factor Wnt9b. Interestingly, the ablation of all stromal 

progenitors results in stalled nephrogenesis and increased proliferation of the nephron 

progenitors (Das, Tanigawa et al. 2013, Hum, Rymer et al. 2014), suggesting stromal 

cells modulate communication between the epithelium and mesenchyme. Several cortical 

stromal factors have recently been shown to regulate the nephron progenitors. Fat4, an 

atypical cadherin expressed in cortical stromal cells, forms direct cell-cell interactions 

with the adjacent nephron progenitors to regulate proliferation via the hippo signaling 

effectors (Das, Tanigawa et al. 2013, Bagherie-Lachidan, Reginensi et al. 2015). 

Similarly, Decorin, a proteoglycan protein expressed in the cortical stroma signals to the 

nephron progenitors to repress Bmp-Smad signaling and prevent nephron differentiation 

(Fetting, Guay et al. 2014). The deletion of FoxD1 results in a similar expansion of the 

nephron progenitors, suggesting FoxD1 controls the expression of several stromal factors 
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important for nephron differentiation. However, the transcriptional activity of FoxD1 is 

stromal cells has not been investigated.  

 Stromal cells also play a critical role in the formation and regulation of the 

collecting duct system. Retinoic acid (RA) controls Ret expression in epithelial cells and 

is essential for proper branching morphogenesis. The cortical stroma strongly expresses 

Raldh2, the enzyme responsible for RA synthesis (Rosselot, Spraggon et al. 2010). 

Additionally, several RA receptors (Rarβ2 and Rarα) are expressed in stromal cells 

(Mendelsohn, Batourina et al. 1999, Batourina, Gim et al. 2001) and ureteric bud cells 

(Schmidt-Ott, Chen et al. 2006). The deletion of these factors results in reduced Ret 

expression and impaired branching morphogenesis, demonstrating critical communication 

between stromal and ureteric epithelial cells for branching morphogenesis. Medullary 

stromal markers are also thought to be essential for branching morphogenesis. The 

ablation of Pod1 results in the mis-expression of the Ret receptor and reduced branching 

morphogenesis, leading to medullary hypoplasia (lack of medulla) (Quaggin, Schwartz et 

al. 1999, Cui, Schwartz et al. 2003). Similarly, deletion of Pbx1 results in severe 

branching defects and renal dysplasia (Schnabel, Godin et al. 2003). Combined these 

studies demonstrate that stromal cells do not simply act as a supportive framework for the 

developing units of the kidney, but can communicate with the metanephric mesenchyme 

and the ureteric epithelium to modulate nephrogenesis and branching morphogenesis.  

Stromal cells also play a critical role in vascular development. Fate tracing studies 

have demonstrated that stromal progenitors give rise to various supportive cells essential 

for vascular development, such as vascular smooth muscle cells, mesangial cells, and 
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pericytes (Figure 1.6)(Humphreys, Lin et al. 2010, Kobayashi, Mugford et al. 2014). 

Furthermore, a subset of stromal cells can differentiate into endothelial cells to contribute 

to peritubular capillary formation (Sims-Lucas, Schaefer et al. 2013). Ablation of stromal 

progenitors leads to severe vascular morphogenesis defects (Hum et al. 2014) and 

abnormal development of vascular smooth muscle cells (Sequeira-Lopez, Lin et al. 2015). 

However, the factors that promote stromal cell differentiation are not well characterized.  
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1.5 β-catenin  

1.5.1 Junctional and Wnt-dependent roles for β-catenin 

 β-catenin is an evolutionarily conserved multifunctional protein with various 

intra-cellular functions (Heuberger and Birchmeier 2010). At the cell membrane, β-

catenin binds to the intracellular domain of E-cadherin to form adherens junctions. It 

forms a complex with α-catenin to link the cytoskeleton with E-cadherin. This complex is 

essential for cell movements during morphogenesis (Figure 1.7A)(Gumbiner 2000, 

Gumbiner 2005). Traditionally, β-catenin has been characterized as the central effector of 

the Wnt/β-catenin signaling pathway (Clevers and Nusse 2012). In the absence of a Wnt 

ligand, β-catenin is targeted for degradation by a destruction complex that consists of 

axin, adenomatosis polyposis coli (Apc), glycogen synthase kinase 3 (Gsk3), and Casein 

Kinase 1 (CK1). This destruction complex binds to β-catenin and phosphorylates 

serine/threonine residues within the N-terminal domain (GSK3 phosphorylates Serine33, 

Serine37, and Threonine41, whereas CK1 phosphorylates Serine45) leading to its 

ubiquitination and proteosomal destruction (Figure 1.7B & C). In this inactive state, Wnt 

downstream target genes are repressed by the transcriptional co-repressor transducin-like 

enhancer (TLE) protein. The TLE protein binds TCF/Lef DNA-bound transcription 

factors and recruits histone deacetylases (HDAC). This leads to deacetylation of H3 and 

H4 histone tails, resulting in a silenced chromatin structure and gene silencing. Upon 

binding of a Wnt ligand to a Frizzled (Fz) receptor and LRP5/6 co-receptor, the 

intracellular domain of the Fz receptor recruits a protein called Disheveled (Dsh) to the 

cell membrane. The mechanism of action of Dsh is not clear, however it sequesters the 
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destruction complex to the cell membrane by interacting with Axin via shared DIX 

domains. This results in a disassembly of the destruction complex, thereby preventing 

phosphorylation of β-catenin and leading to its stabilization in the cytoplasm (Figure 

1.7B). The accumulation of β-catenin in the cytoplasm allows it to translocate to the 

nucleus where it interacts with TCF/Lef transcription factors, inducing the dissociation of 

co-repressors and promoting the recruitment of co-activators (Zeng, Huang et al. 2008, 

MacDonald, Tamai et al. 2009)(Figure 1.7B). The C-terminus domain of β-catenin serves 

as a platform to recruit transcriptional co-activators involved in chromatin remodeling, 

such as the histone acetyltransferase p300/CBP, and transcription initiation such as the 

Mediator (MED) protein (Figure 1.7C)(MacDonald, Tamai et al, 2009). Once recruited to 

the TCF/β-catenix complex, MED promotes the recruitment of the RNA polymerase II 

complex to the transcription initiation site. This transcription complex then regulates the 

expression of genes involved in cell proliferation, cell fate determination, and 

differentiation (MacDonald , Tamai et al, 2009, Logan and Nusse 2004).  
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Figure 1.7 – Junctional and Wnt-dependent roles for β-catenin 

 
Junctional and Wnt-dependent roles for β-catenin – (A) Junctional role for β-catenin. 
β-catenin localizes to the cell membrane by interacting with the intracellular domain of E-
cadherin and the actin cytoskeleton. (B) – Wnt-dependent role for β-catenin. In the 
absence of a Wnt ligand (left) β-catenin is targeted for degradation by a destruction 
complex (Apc, Axin, Gsk-3). In the presence of a Wnt ligand (right), the destruction 
complex is sequestered to the cell membrane. This prevents degradation of β-catenin and 
results in its cytoplasmic stabilization. β-catenin can then freely translocate to the nucleus, 
where it interacts with transcription factors (Tcf/Lef) to regulate gene expression. (C) 
Linear depiction of β-catenin. The β-catenin protein is comprised of an N-terminal 
phospho-degron, a central armadillo repeat domain that binds TCF/Lef and E-cadherin, 
and a C-terminal transactivation domain involved in the recruitment of co-activators, such 
as MED and p300/CBP.   
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1.5.2 Wnt-independent transcriptional roles for β-catenin 

 While traditionally involved in the Wnt/β-catenin signaling pathway, β-catenin 

has been shown to interact with other signaling pathways. In the context of kidney 

development, β-catenin interacts with Smad1 and Smad4 to form a transcription complex 

(Figure 1.8A)(Hu, Piscione et al. 2003) that regulates the expression of genes important 

for cell proliferation and differentiation, such as c-myc (Hu and Rosenblum 2005). 

Similarly, β-catenin also interacts with Smad proteins in other developing organs to 

control the expression of Xtwn and Msx2 and control cell fate determination (Labbe, 

Letamendia et al. 2000, Hussein, Duff et al. 2003).  

Recent studies have demonstrated an interaction between β-catenin and the hippo 

signaling effector Yap in the developing heart. β-catenin forms a transcriptional complex 

with Yap to control cadiomyocyte proliferation (Heallen, Zhang et al. 2011). Other 

studies have demonstrated that β-catenin forms a transcription complex with YAP, Yes, 

and TBX5 in several human cancer cell lines to promote proliferation (Rosenbluh, 

Nijhawan et al. 2012). While there is no evidence for this interaction in the developing 

kidney, deletion of YAP specifically in the condensed mesenchyme results in a down-

regulation of β-catenin target genes such as Amph, Tafa5, Cited1, and Pla2g7, leading to 

reduced proliferation (Reginensi, Scott et al. 2013). This suggests β-catenin and the 

Hippo signaling effectors interact to promote proliferation of the condensed mesenchyme.  

β-catenin also binds to the intracellular domain of the Ret receptor in the ureteric 

epithelium. Upon activation of the Ret receptor by Gdnf, β-catenin is released from the 

Ret receptor and translocates to the nucleus to regulate the expression of genes important 
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for kidney development (Figure 1.8B) (Sarin, Boivin et al. 2014). This interaction is also 

observed in models of thyroid carcinomas (Gujral, van Veelen et al. 2008). Together, 

these studies demonstrate that β-catenin is a promiscuous protein that interacts with 

several transcription factors and effectors to regulate cell proliferation and differentiation.  

 

Figure 1.8 – Wnt-independent transcriptional roles for β-catenin 

	
Wnt-independent transcriptional roles for β-catenin - (A) β-catenin interacts with 
members of the TGF-β/Bmp signaling (Smad1/4) and hippo signaling (β-catenin/YAP). 
(B) β-catenin acts downstream of the Ret receptor in response to the Gdnf ligand in 
ureteric epithelial cells.   
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1.6 β-catenin in the Developing Kidney 

During mouse and human kidney development, β-catenin demonstrates a distinct 

spatial and temporal expression pattern in epithelial, mesenchymal, and stromal cells 

(Bridgewater, Cox et al. 2008, Sarin, Boivin et al. 2014). Analysis of transgenic Tcf/Lef 

reporter mice suggests β-catenin is transcriptionally active in the Wolffian duct, ureteric 

epithelium, condensed mesenchyme, and renal stroma (Iglesias, Hueber et al. 2007, 

Bridgewater, Cox et al. 2008, Yu, Carroll et al. 2009).  

1.6.1 β-catenin in the ureteric epithelium 

 Important roles for β-catenin have been established in the Wollfian duct and the 

ureteric epithelium. Prior to metanephric development, β-catenin controls proliferation 

and extension of the Wolffian duct by maintaining the expression of transcription factor 

Gata3 (Figure 1.9A). The deletion of β-catenin from the Wolffian duct results in a loss of 

Gata3 expression and failure to initiate normal ureteric budding, which ultimately leads 

to renal agenesis (Grote, Boualia et al. 2008). Once metenaphric development is initiated, 

β-catenin plays a critical role in regulating and maintaining the ureteric bud cell tip 

identity. During branching morphogenesis, the ureteric epithelium is divided into 

molecularly distinct ureteric bud tip and stalk cell populations (Bridgewater and 

Rosenblum 2009). The deletion of β-catenin specifically in epithelial cells results in a loss 

of ureteric bud tip associated genes (Bridgewater, Cox et al. 2008) and an activation of 

genes associated with fully differentiated epithelial stack cells (Marose, Merkel et al. 

2008). Furthermore, a loss of β-catenin in the ureteric epithelium results in reduced 

expression of Emx2, a transcription factor important for the maintenance of ureteric bud 
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tip cells (Bridgewater, Cox et al. 2008). The loss of Emx2 in those cells results in reduced 

expression of branching factors Ret and Wnt11, which leads to branching morphogenesis 

defects and severe renal hypoplasia (Bridgewater, Cox et al. 2008, Marose, Merkel et al. 

2008)(Figure 1.9B). Together, these studies demonstrate β-catenin in the ureteric 

epithelium controls branching morphogenesis by controlling a hierarchy of key branching 

genes and maintaining ureteric bud tip identity.  

 

Figure 1.9 – β-catenin in the ureteric epithelium 
 

 
β-catenin in the ureteric epithelium: (A) – The Wnt/β-catenin pathway is essential for 
Wolffian duct elongation by regulating Gata3 expression. (B) In ureteric bud tip cells, β-
catenin maintains branching morphogenesis via regulation of Emx2, which in turn 
regulated the expression of c-Ret, Pax2, and Lim1. β-catenin also inhibits ureteric 
differentiation.  
  



Ph.D. Thesis – Felix Boivin-Laframboise	 	 McMaster University – Medical Sciences	
	

	28	

1.6.2 β-catenin in the mesenchyme 

β-catenin also plays a central role in the induction of the condensed mesenchyme. 

Shortly after the formation of the ureteric bud, the metanephric mesenchyme is induced to 

condense around the ureteric bud tip. This process is initiated by the Wnt9b ligand, which 

is secreted by the ureteric bud cells. It signals to the adjacent mesenchyme population to 

activate the Wnt/β-catenin signaling pathway (Carroll, Park et al. 2005, Park, Valerius et 

al. 2007). This inductive β-catenin-mediated signal then up-regulates Wnt4 expression, 

which in turn activates the expression of key mesenchymal-to-epithelial transition (MET) 

factors, such as Pax8, Lhx1, and Fgf8, in a β-catenin dependent manner (Figure 

1.10)(Stark, Vainio et al. 1994, Kispert, Vainio et al. 1998, Park, Valerius et al. 2007, 

Schmidt-Ott, Masckauchan et al. 2007). The deletion of β-catenin in the condensed 

mesenchyme results in reduced expression of these key MET markers and a depletion of 

the nephrogenic progenitors. More recently, studies have highlighted the importance of β-

catenin in the maintenance of the nephrogenic progenitors of the condensed mesenchyme. 

In these cells, β-catenin forms a complex with Six2, a transcription factor essential for 

self-renewal of the nephrogenic progenitors, and regulates the expression of key 

nephrogenic progenitor genes, such as Cited1, Pla2g7, Tafa5, and Gdnf (Karner, Das et 

al. 2011, Sarin, Boivin et al. 2014). Interestingly, Six2 and the Wnt9b/β-catenin signaling 

form opposing gradients within the condensed mesenchyme to maintain the balance 

between proliferation and induction of the nephrogenic progenitors. The condensed 

mesenchymal cells farthest from the ureteric bud tip receive a low β-catenin inductive 

signal, which allows Six2 to promote self-renewal of the nephrogenic progenitors. 
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Conversely, the cells closest to the ureteric bud tip receive a high β-catenin inductive 

signal, which allows the up-regulation of Wnt4 and MET markers (Figure 1.10) (Park, 

Ma et al. 2012). Taken together, these studies demonstrate the central role of β-catenin in 

balancing self-renewal of nephrogenic progenitors and the induction of nephrogenesis. 

 

Figure 1.10 – β-catenin in the mesenchyme 

 
 
β-catenin in the mesenchyme: β-catenin and Six2 create opposing gradients in the 
mesenchymal nephron progenitors. The cells closest to the ureteric bud tip receive (right) 
high levels of Wnt9b signal, which stabilizes the levels of β-catenin and increases the 
expression of MET genes such as Wnt4 and Fgf8. The cells farthest from the ureteric bud 
tip (left) receive low levels of Wnt9b signaling, which results in low levels of β-catenin 
and allows Six2 to promote self-renewal of nephron progenitors (adapted from (Park, Ma 
et al. 2012)).  
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1.6.3 β-catenin in the renal stroma   

Although strong nuclear localization of β-catenin is observed in stromal cells of 

human fetal kidneys (Eberhart and Argani 2001), the functional contributions of stromal 

β-catenin to kidney development and the renal stroma are not well defined. A possible 

role for stromal β-catenin was shown in the development of the medulla. Studies have 

demonstrated Wnt7b, which is secreted from the ureteric epithelium, signals to 

neighbouring stromal cells to activate the Wnt/β-catenin signaling pathway and regulate 

proper cortico-medullary patterning and epithelial tubule elongation. The inactivation of 

β-catenin specifically in stromal cells results in cortico-medullary axis defects and 

impaired medullary development (Yu, Carroll et al. 2009). The specific role of β-catenin 

in those medullary stromal cells is not clear, however, the cyclin-dependent kinase 

inhibitor p57Kip2 is markedly reduced in both Wnt7b and β-catenin stromal cell mutants 

(Yu, Carroll et al. 2009), suggesting β-catenin regulates a genetic program that controls 

medullary stromal maintenance and development (Figure 1.11). While this study explores 

the functional role of β-catenin in medullary stroma, it is not known whether β-catenin 

plays a role in the other stromal populations during kidney development. Further studies 

are required to determine whether β-catenin is also required in the capsular and cortical 

stromal populations.  
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Figure 1.11 - β-catenin in the renal stroma 
 

 
β-catenin in the renal stroma: Wnt7b, which is expressed in ureteric epithelial stalk 
cells, signals to the adjacent medullary stromal cells to activate the Wnt/β-catenin 
pathway. β-catenin then regulates the expression of p57Kip2, which is thought to be 
essential for medullary development.  
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1.7 Renal Dysplasia 

1.7.1 Human renal dysplasia 

 Human renal dysplasia is a congenital kidney malformation that affects 1 in 1000 

live births and has an even higher incidence of 4% in fetuses and infants at autopsy (Chen 

and Chang 2015), thereby making it one of the leading causes of childhood end-stage 

renal disease (Neu, Ho et al. 2002). The label dysplasia is given to kidneys with structural 

abnormalities not seen in normal kidneys. At the gross level, these structural 

abnormalities include renal agenesis, hypoplasia, hypodysplasia, multiplex kidneys with 

duplicate kidneys (Figure 1.12A,B), and multicystic dysplastic kidneys (Figure 

1.12C,D)(Woolf, Price et al. 2004, Winyard and Chitty 2008, Goodyer 2009). Renal 

dysplasia arises from disruptions between the various cell populations in the kidney 

(epithelial, mesenchymal, and stromal). These disruptions lead to defects in branching 

morphogenesis and nephrogenesis. The underlying mechanisms that contribute to the 

development of renal dysplasia are not well understood and are most likely due to a 

combination of disruptions in genetic, environmental, and epigenetic cues (El-Dahr, 

Harrison-Bernard et al. 2000, Jain, Suarez et al. 2007, Thomas, Sanna-Cherchi et al. 

2011, Nicolaou, Renkema et al. 2015).  
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Figure 1.12 - Human renal dysplasia 
	

 
Human renal dysplasia – (A) Post-natal multiplex dysplastic kidneys with multiple 
ureters. (B) Embryonic multiplex dysplastic kidneys with bilateral bifid ureters. (C) 
Embryonic (15 weeks) multicystic dysplastic kidneys. (D) Sagittal section of an 
embryonic multicystic dysplastic kidney.  (A&B – adapted from (Boivin, Sarin et al. 
2015), C&D – retrieved from http://www.humpath.com/spip.php?article4882) .  
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At the histopathological level, dysplastic kidneys display a wide range of 

developmental abnormalities in the cortical and medullary regions that result from 

disrupted branching morphogenesis and nephrogenesis (Piscione and Rosenblum 1999). 

These abnormalities can be diffuse (involving the whole kidney), focal (involving 

abnormal regions intermingled with normal regions), or segmental (involving segments of 

the kidney). Dysplastic kidneys exhibit a disorganized collecting duct system and 

primitive nephrogenic structures (Figure 1.13A-B)(Woolf, Price et al. 2004), 

dilated/cystic tubules and epithelial structures (Figure 1.13C)(Hu, Piscione et al. 2003, 

Katabathina, Kota et al. 2010), undifferentiated mesenchyme, (Winyard and Chitty 2008), 

and cystic glomeruli (Figure 1.13B)(Sanna-Cherchi, Caridi et al. 2007). Notably, 

dysplastic kidneys also exhibit a marked expansion of loosely arranged stromal cells 

surrounding the primitive tubules and collecting ducts (Figure 1.13B)(Winyard and Chitty 

2008), suggesting disruptions in the stromal population.  
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Figure 1.13 - Histopathological features of renal dysplasia 
 

 
Histopathological features of renal dysplasia: (A) – Histological analysis of embryonic 
human kidney displaying glomeruli surrounded by their associated tubules. (B) – 
Embryonic human dysplastic kidney exhibiting primitive tubules surrounded by an 
expanded stroma population. (C) – Post-natal human multiplex dysplastic kidneys 
displaying cystic tubules and ectopic rudimentary kidney structure. (D) – Post-natal 
multiplex dysplastic kidneys displaying ectopic glomeruli and renal tubules. (adapted 
from (Boivin, Sarin et al. 2015)).  
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1.7.2 β-catenin in Renal Dysplasia 

 The exact cause of renal dysplasia in humans is not known but is likely due to a 

combination of environmental and genetic alterations (Nicolaou, Renkema et al. 2015). 

While most cases of renal dysplasia are sporadic, many cases a have been linked to 

genetic syndromes and hereditary factors (McPherson, Carey et al. 1987, Squiers, Morden 

et al. 1987, Murugasu, Cole et al. 1991, Moerman, Fryns et al. 1994). Several genomic 

mutations in key developmental genes such as TCF2, PAX2, RET, GDNF, and GATA3 

(Weber, Moriniere et al. 2006) have been linked to the pathogenesis of renal dysplasia. 

Additionally, increased levels of β-catenin are observed in the primitive epithelial 

structures and expanded stromal cell population in many patients with renal dysplasia 

(Hu, Piscione et al. 2003, Sarin, Boivin et al. 2014). Furthermore, several misregulated 

markers observed in renal dysplasia, such as Gata3 and GDNF, are known to be regulated 

by β-catenin (Grote, Boualia et al. 2008, Sarin, Boivin et al. 2014), suggesting the 

misregulation of β-catenin is a major contributor to the pathogenesis of renal dysplasia. 

Conditional mouse models where the levels of β-catenin are overexpressed specifically in 

the ureteric epithelium or metanephric mesenchyme were generated to understand the 

contribution of β-catenin to the development of renal dysplasia. The overexpression of β-

catenin specifically in the ureteric epithelium results in severe renal hypodysplasia, 

caused by defects in branching morphogenesis and nephrogenesis (Bridgewater, Di 

Giovanni et al. 2011). In these mice, the increased levels of β-catenin in the ureteric 

epithelium lead to an upregulation of secreted factors Tgfβ2 and Dkk1, resulting in 

reduced branching morphogenesis and increased apoptosis in the metanephric 
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mesenchyme (Bridgewater, Di Giovanni et al. 2011). Similarly, the overexpression of β-

catenin specifically in the nephrogenic progenitors (Six2+ population) results in severe 

hypodysplasia and in some cases renal agenesis at birth (Park, Valerius et al. 2007). 

Increased levels of β-catenin prevent nephrogenic progenitors to form the renal vesicle 

and undergo nephrogenesis, resulting in severely hypodysplastic kidneys. Conversely, the 

overexpression of β-catenin in the metanephric mesenchyme, which encompasses both 

the nephrogenic and stromal progenitors, results in large and misshapen lobular kidneys 

at birth and are consistent with the histopathological features of human renal dysplasia 

(Maezawa, Binnie et al. 2012, Sarin, Boivin et al. 2014). The discrepancy between these 

two models suggests an important contribution from the stromal population to the 

dysplastic phenotype. While increased nuclear β-catenin is observed in the expanded 

stromal population (Sarin, Boivin et al. 2014), its contribution to the pathogenesis of renal 

dysplasia has not been characterized.  
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1.8 Rationale and Hypothesis 

Elevated levels of β-catenin have been reported in epithelial, mesenchymal, and 

stromal cells in patients with dysplastic kidneys. Roles for β-catenin have been 

demonstrated in the metanephric mesenchyme and ureteric epithelium in the pathogenesis 

of renal dysplasia. However, the role of β-catenin in stromal cells remains poorly 

understood and it is not known whether a dysregulation of stromal β-catenin contributes 

to the pathogenesis of renal dysplasia. A role for stromal β-catenin has been suggested in 

the context of cortico-medullary axis formation, however the mechanisms by which 

stromal β-catenin regulates kidney development are not known. My hypothesis is that β-

catenin is essential for kidney development and that a dysregulation of β-catenin 

contributes to the pathogenesis of renal dysplasia.  

To test this hypothesis, I developed three separate research projects, which resulted in two 

publications and a manuscript in preparation.   

1. Determine the contribution of an overexpression of β-catenin in stromal cells to 

renal dysplasia.  

2. Explore the mechanism by which β-catenin in stromal cells controls proliferation 

of the nephrogenic progenitors.  

3. Investigate the contribution of β-catenin to the development of the medullary 

stroma compartment via the regulation of cell survival. 		
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PREFACE 

Significance to thesis 

 Renal dysplasia is characterized by disrupted branching of the collecting duct 

system, primitive nephrogenic tubules, and an expansion of the renal stroma. The use of 

transgenic mouse models has demonstrated important contributions from the epithelial 

and mesenchymal cell populations to the genesis of renal dysplasia. However, the 

contribution of the expanded stromal population to renal dysplasia is not known. We, and 

others, have shown elevated levels of β-catenin in epithelial, mesenchymal, and stromal 

cells in dysplastic kidneys. In mice, the conditional overexpression of β-catenin in the 

metanephric mesenchyme or ureteric epithelium promotes histopathological features 

consistent with renal dysplasia. However, it is not known whether elevated levels of β-

catenin in stromal cells contribute to the abnormalities observed in renal dysplasia. The 

primary goal of this chapter is to understand the contribution of increased β-catenin to the 

stromal population and to the genesis of renal dysplasia. To do so, we generated a mouse 

model where the levels of β-catenin are specifically stabilized in stromal cells from the 

onset of stromal development. Additionally, we compared our findings with human renal 

dysplastic tissue to determine whether our mouse model is representative of the human 

renal disease.  
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ABSTRACT 

Renal dysplasia, the leading cause of renal failure in children, is characterized by 

disrupted branching of the collecting ducts, primitive tubules, and an expansion of the 

stroma. Yet a role for the renal stroma in the genesis of renal dysplasia is not known. 

Here, we demonstrate that β-catenin, a key transcriptional co-activator in renal 

development, is markedly increased in the expanded stroma in human dysplastic tissue. 

To understand its contribution to the genesis of renal dysplasia, we generated a mouse 

model that overexpresses β-catenin specifically in stromal progenitors, termed β-catGOF-S. 

Histopathological analysis of β-catGOF-S mice revealed a marked expansion of fibroblast 

cells surrounding primitive ducts and tubules, similar to defects observed in human 

dysplastic kidneys. Characterization of the renal stroma in β-catGOF-S mice revealed 

altered stromal cell differentiation in the expanded renal stroma demonstrating this is not 

renal stroma, and instead a population of stroma-like cells. These cells overexpress 

ectopic Wnt4 and Bmp4, factors necessary for endothelial cell migration and blood vessel 

formation. The characterization of the renal vasculature demonstrated disrupted 

endothelial cell migration, organization, and vascular morphogenesis in β-catGOF-S mice. 

Analysis of human dysplastic tissue demonstrated a remarkably similar phenotype as 

observed in our mouse model including altered stromal cell differentiation, ectopic Wnt4 

expression in the stroma-like cells, and disrupted endothelial cell migration and vessel 

formation. Our findings demonstrate that the overexpression of β-catenin in stromal cells 

is sufficient to cause renal dysplasia. Further the pathogenesis of renal dysplasia is one of 

disrupted stromal differentiation and vascular morphogenesis. Combined, this study 
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demonstrates for the first time the contribution of stromal β-catenin overexpression to the 

genesis of renal dysplasia.  

Key words: Renal Dysplasia, Stroma, B-catenin, Vascular Morphogenesis 
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INTRODUCTION 

Renal dysplasia affects up to 1 in 1000 of the general population (Winyard and 

Chitty 2008). It is one of the leading causes of childhood end-stage kidney disease, and 

no treatments are currently available (Neu, Ho et al. 2002). Human renal dysplasia is 

characterized at the gross level as complete absence of the kidneys, small kidneys with 

normal renal architecture, or massive multicystic kidneys (Sanna-Cherchi, Caridi et al. 

2007). Histologically, dysplastic kidneys are characterized by abnormal cortical and 

medullary patterning (Piscione and Rosenblum 1999), disorganization of the collecting 

system and nephrons (Winyard and Chitty 2008, Rosenblum 2012), dilated/cystic 

epithelial tubules and collecting ducts (Hu, Piscione et al. 2003, Katabathina, Kota et al. 

2010, Trnka, Hiatt et al. 2010), undifferentiated tubules and mesenchyme (Winyard and 

Chitty 2008), cystic glomeruli (Sanna-Cherchi, Caridi et al. 2007), metaplastic cartilage 

transformation (Woolf, Price et al. 2004), and an expanded population of loosely arranged 

stroma (Woolf, Price et al. 2004, Winyard and Chitty 2008). Renal dysplasia arises from 

the improper formation of kidney tissue elements. Normally the kidney develops from 

two main cell populations: 1) the ureteric epithelium and 2) the metanephric 

mesenchyme. Metanephric kidney development is initiated at embryonic day (E) 10.5 in 

the mouse, or 6-8 weeks in the human, with the formation of a ureteric bud from a tube of 

ureteric epithelial cells, termed Wolffian duct (Saxen and Sariola 1987). In response to 

signals emanating from the adjacent metanephric mesenchyme (MM), the ureteric bud 

migrates into the MM population and undergoes branching morphogenesis to form the 

collecting duct system of the kidney. Simultaneously, signals from the ureteric epithelium 
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induce the MM to form a population of condensed mesenchyme. These condensed MM 

cells undergo mesenchymal-to-epithelial transformation and progress through 

morphological stages to form the kidney nephrons (Saxen and Sariola 1987, Cebrian, 

Borodo et al. 2004, Little and McMahon 2012). Shortly after the invasion of the ureteric 

bud, at around E11.5, the renal stroma arises and surrounds the MM (Hatini, Huh et al. 

1996, Kobayashi, Mugford et al. 2014).  

The renal stroma is a population of fibroblast cells originating from the MM pool 

(Mugford, Sipila et al. 2008). The initial formation of the renal stromal cells is dependent 

on Foxd1 (Hatini, Huh et al. 1996, Levinson, Batourina et al. 2005, Fetting, Guay et al. 

2014). The FoxD1 stromal cells form a population of multipotent progenitors maintained 

via self-renewal around the MM and newly forming nephrons (Kobayashi, Mugford et al. 

2014). As kidney development progresses, the FoxD1 progenitors can differentiate into 

pericytes, mesangial, smooth muscle, interstitial, and endothelial cells (Sims-Lucas, 

Schaefer et al. 2013, Kobayashi, Mugford et al. 2014, Sequeira-Lopez, Lin et al. 2015). 

Studies have recently shown the stromal cells play important roles in kidney development 

(Li, Hartwig et al. 2014) and may also modulate the pathogenesis of renal dysplasia.  

β-catenin is a multi-functional protein involved in adherens junctions (Gumbiner 

2000) and cell signaling by acting as a transcriptional co-activator (Logan and Nusse 

2004). The misregulation of β-catenin in epithelial and mesenchymal populations of the 

kidney contributes to the genesis of renal dysplasia (Bridgewater, Di Giovanni et al. 2011, 

Sarin, Boivin et al. 2014). Previous studies have demonstrated increased levels of β-

catenin in the stromal compartment in human dysplastic kidneys (Sarin, Boivin et al. 



Ph.D. Thesis – Felix Boivin-Laframboise	 	 McMaster University – Medical Sciences	
	

	46	

2014). However, it is not known whether the misregulation of β-catenin in stromal cells 

contributes to the pathogenesis of renal dysplasia.  

In this study, we investigated the contribution of stromally expressed β-catenin to 

the development of renal dysplasia. We show that β-catenin overexpression in stromal 

cells results in severe renal dysplasia characterized by an expansion of abnormally 

differentiated stromal cells. The stromal cells overexpress Bmp4 and Wnt4, growth 

factors involved in vascular morphogenesis and blood vessel formation (Itaranta, Chi et 

al. 2006, Wiley and Jin 2011). We demonstrate the renal endothelial cells are sporadically 

distributed throughout the dysplastic tissue and do not form proper blood vessels. 

Interestingly, we observe identical findings in human dysplastic kidney tissue. Combined 

these studies demonstrate the overexpression of β-catenin in the stroma contributes to 

renal dysplasia by altering the stromal cell fate and disrupting endothelial cell 

organization.  
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METHODS	

Mouse strains: β-catenin stabilized mice, termed β-catGOF-S, were generated by crossing 

Foxd1eGFPCre mice (described in (Humphreys, Lin et al. 2010) and (Kobayashi, 

Mugford et al. 2014)) with mice containing LoxP sites flanking exon 3 of the β-catenin 

allele (β-catΔ3/Δ3)(described in (Brault, Moore et al. 2001)). Both mouse lines were 

maintained on a CD1 genetic background. Mice that did not express the eGFPCre allele 

were used as WT littermate controls. FoxD1 knockin mice, termed FoxD1GC/GC, were 

generated by crossing FoxD1GC/+ heterozygous mice, as described in (Humphreys, Lin et 

al. 2010). (See Online Supplemental Information for details).  

Human Kidney Tissue: Human renal tissues were obtained from the McMaster 

University pathology department in accordance with research ethics (Research Ethics 

Board approval 13-160-T) (See Online Supplemental Information for details).  

Histology and Immunofluorescence: Tissue slides were generated and subsequent 

staining was performed with hematoxylin and eosin. For immunofluorescence and 

immunohistochemistry, the following primary antibodies were used on WT, β-catGOF-S, 

FoxD1GC/GC sections: β-catenin, Pbx1, Pax2, Six2, Foxd1, Meis1/2, Erg, PECAM, α-

SMA, PDGFR-β, GFP. (See Online Supplemental Information for details).  

Whole-Mount Immunofluorescence: WT and β-catGOF-S kidneys were flattened, blocked 

in serum, and incubated with primary antibodies to Cytokeratin or PECAM. Kidneys 

were subsequently incubated with secondary antibodies (See Online Supplemental 

Information for details). 
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In Situ Hybridization: In Situ Hybridization for BMP4, Wnt4, SMA-α, and Pod1 was 

performed on mouse and human renal tissues using the Affymetrix QuantiGene 

ViewRNA assay (Please see online supplement for details). 

Real-time reverse transcriptase-PCR: Real-time PCR was performed using the SYBR 

green PCR Master Mix and run on the Applied Biosystems 7900HT fast RT-PCR system. 

Relative levels of mRNA expression were determined using the 2(-ΔΔCt) method (Livak 

and Schmittgen 2001). (Please see online supplement for details). 

Statistical Analysis: The qRT-PCR and endothelial cell count were analyzed using a 

two-tailed Student’s t-test using GraphPad Prism software, version 5.0c. P < 0.05 

indicates statistical significance.  

Ethics Statement: All studies were performed in accordance with animal care and 

guidelines put forth by the Canadian Council for Animal Care and McMaster’s Animal 

Research Ethics Board (AREB) (Animal Utilization Protocol #100855) and approved the 

project described in this study.   
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RESULTS 

Stabilization of β-catenin in Stromal Cells Contributes to Renal Dysplasia 

One of the histopathological hallmarks of human renal dysplasia is the focal 

expansion of stromal cells (Figure 2.1A, B). We analyzed 3 different human renal 

dysplastic tissues and observed increased nuclear β-catenin within the expanded stromal 

cells (Figure 2.1C, D), which is also observed in our previous reports (Sarin, Boivin et al. 

2014). Next, we sought to determine the functional significance of β-catenin 

overexpression in the renal stroma. Using the Cre-LoxP system, we crossed 

FoxD1eGFPCre (Humphreys, Lin et al. 2010, Kobayashi, Mugford et al. 2014) mice with 

β-catΔ3/Δ3 mice (Harada, Tamai et al. 1999), which stabilizes β-catenin leading to its 

overexpression in the cytoplasm and nucleus of the renal stroma (termed β-catGOF-S). The 

analysis of β-catenin by IF at E11.5, E12.5, and E14.5 confirmed β-catenin 

overexpression in β-catGOF-S mice exclusively in the expanded kidney stromal cell 

population (Supplemental Figure 2.1). 

β-catGOF-S mutants died shortly after birth and renal tissue was isolated for gross 

and histological analysis. In contrast to WT littermates, the majority of β-catGOF-S kidneys 

(n=5/6) demonstrated severe bilateral renal dysplasia and one mutant demonstrated 

unilateral aplasia at PN0 (n=1/6) (Figure 2.1E, F). Further analysis of β-catGOF-S at PN0 

confirmed numerous histological characteristics of renal dysplasia in β-catGOF-S kidneys 

(Figure 2.1G, H) including disorganized kidney tissue patterning, poorly differentiated 

tubules, and a lack of glomeruli (Figure 2.1I, J). Of note, similar to human renal 

dysplasia, we observed a marked expansion of stromal cells between primitive tubules 
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(Figure 2.1H, L). The cells within the expanded cell population appeared more rounded 

and lacked the distinctive stellate-like morphology observed in WT kidney stroma (Figure 

2.1K, L). Moreover, we observed several red blood cells within the expanded stroma 

population surrounding the tubules (Figure 2.1J-L).  

Due to the severe malformation of kidneys at PN0 we analyzed kidney tissue for 

abnormalities during kidney development. At E11.5 and E12.5 no overt changes were 

observed in kidney morphology or in the stromal cell population in β-catGOF-S mutants 

(Figure 2.2A-D and Supplemental Figure 2.2). However, at E12.5 β-catGOF-S kidneys did 

display increased condensed mesenchyme surrounding the ureteric epithelium (Figure 

2.2C,D and Supplemental Figure 2.2G,H). By E14.5 β-catGOF-S kidneys demonstrated 

abnormal kidney morphology characterized by a marked reduction in nephrogenesis and 

ureteric branching (Figure 2.2E,F and Supplemental Figure 2.2I-L). Notably, at E14.5 the 

stromal population in β-catGOF-S kidneys was forming clusters that occupied the majority 

of the renal interstitium (Figure 2.2G,H). Taken together, the overexpression of β-catenin 

in the renal stroma is sufficient to cause renal dysplasia. Moreover, the overexpression of 

β-catenin in the renal stroma leads to an expansion and clustering of stromal cells, a key 

feature of renal dysplasia.  
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Figure 2.1 - Human dysplastic kidneys exhibit increased levels of β-catenin in 
stromal cells 

Human dysplastic kidneys exhibit increased levels of β-catenin in stromal cells: (A) 
Normal human kidneys showing stromal cells (s) between tubules (t) (B) Dysplastic 
human kidneys displaying a focal zone of expanded stromal cell population (s). (C-D) 
Protein expression of the active form of β-catenin in postnatal normal (C) and dysplastic 
(D) human kidneys. β-catenin expression is markedly increased in stromal cells (s) and 
tubules (t) in dysplastic kidneys compared to normal kidneys. (E) Gross anatomy of wild-
type (WT) kidneys at PN0. (F) Gross anatomy of β-catGOF-S kidneys at PN0 showing 
severe gross abnormalities (G-H) Hematoxylin and Eosin stains of WT (G) and β-catGOF-S 
(H) kidneys at PN0. (I-L) Higher magnifications of the cortical and medullary regions in 
WT and β-catGOF-S kidneys. (I) Several glomeruli (g) are observed in the cortex in WT 
kidneys. (J) β-catGOF-S kidneys are devoid of mature nephrons and exhibit focal zones of 
expanded renal stroma (s) between poorly developed tubules (t). (K) Medullary stromal 
cells (s) are observed between the tubules (t) in WT kidneys. (L) The stromal population 
(s) is increased in β-catGOF-S kidneys and many red blood cells (rbc) are observed in the 
expanded stroma population. No tubules are observed in the medulla in β-catGOF-S 
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kidneys. ad = adrenal gland, b = bladder, k = kidney, rbc = red blood cells, s = stroma, t = 
tubule.  Scale bars = 100 µm.   
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Figure 2.2 - Overexpression of β-catenin in the stroma during kidney development 
leads to renal dysplasia 
 

 
 
Overexpression of β-catenin in the stroma during kidney development leads to renal 
dysplasia: (A-B) H&E stain of WT (A) and β-catGOF-S (B) kidneys at E11.5. No 
noticeable differences are observed. (C-D) H&E stain of WT (C) and β-catGOF-S (D) 
kidneys at E12.5. The condensed mesenchyme (cm) is increased in β-catGOF-S but no 
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stromal alterations are observed. (E-F) H&E stains of WT (E) and β-catGOF-S (F) kidneys 
at E14.5. β-catGOF-S kidneys display fewer ureteric bud tips with increased condensed 
mesenchyme around the ub tips. An increased population of loosely packed fibroblast 
cells is also observed. (G-H) Higher magnification of WT (G) and β-catGOF-S  (H) kidneys 
at E14.5. An expanded population of stromal cells is observed in β-catGOF-S kidneys 
between collecting ducts and condensed mesenchyme. cm =condensed mesenchyme, s = 
stroma, ub = ureteric bud, u = ureter. Scale = 100 µm.  
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Elevated levels of Stromal β-catenin Result in a Disrupted Stromal Cell differentiation 

We next characterized the renal stroma in β-catGOF-S kidneys to gain further 

insight into the stromal population. We first analyzed FoxD1, as this is the earliest known 

marker expressed in stromal progenitors (Kobayashi, Mugford et al. 2014). In WT, 

abundant capsular and cortical FoxD1 positive stromal cells were adjacent to the Six2 

positive condensed mesenchyme (Figure 2.3A). In contrast, β-catGOF-S kidneys revealed a 

marked reduction in the number of FoxD1 positive cells in both the capsular and cortical 

compartments (Figure 2.3B). We confirmed a 91% reduction in FoxD1 expression by RT-

PCR (Figure 2.3C) in β-catGOF-S kidneys (n=5) when compared to WT (n=4) at E14.5 

(WT-1.049 versus 0.1392, p=0.0006). Interestingly, we noted that in the region where the 

cortical stroma normally resides, β-catGOF-S kidneys displayed multiple cell clusters 

adjacent to the Six2 positive condensed mesenchyme that were not FoxD1 or Six2 

positive (white arrowheads, Figure 2.3B).  

β-catenin is involved in medullary stromal cell differentiation or maintenance (Yu, 

Carroll et al. 2009, Boivin, Sarin et al. 2015). Therefore we suspected that β-catenin 

overexpression might alter the differentiation of the stromal progenitors. We utilized the 

medullary stromal marker Pod1 to determine if, by overexpressing β-catenin, we have 

prematurely differentiated the stromal cells into medullary stroma. Surprisingly β-catGOF-S 

kidneys exhibited a virtual absence of Pod1 expression throughout the kidney including in 

the expanded stromal cell clusters (white arrowhead)(Figure 2.3D-E). We confirmed a 

63% reduction of Pod1 expression in β-catGOF-S mutants at E14.5 by RT-PCR (1.00 vs 

0.37, p<0.0001)(Figure 2.3F). Furthermore using Pbx1 and Meis1/2, markers of all renal 
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stromal cells (Hum, Rymer et al. 2014, Boivin, Sarin et al. 2015), the majority of the 

expanded population of stromal cells in β-catGOF-S kidneys did not express Pbx1 (Figure 

2.3G-H) or Meis1/2 (Figure 2.3J-K). These results were confirmed by RT-PCR, which 

showed a 54% reduction in Pbx1 (WT 1.1 vs. β-catGOF-S 0.52, p=0.044) (Figure 2.3I) and 

a 36% reduction in Meis1/2 (WT 1.01 vs β-catGOF-S 0.654, p=0.02) at E14.5 (Figure 2.3L). 

These results demonstrate the cells occupying the stromal compartment do not express 

classic markers of the renal stroma. We next analyzed FoxD1 mutant mice (termed 

FoxD1GC/GC) since the marked reduction in FoxD1 in β-catGOF-S mice may account for the 

disruptions in stromal differentiation. While the histological phenotype was similar to β-

catGOF-S (Hatini, Huh et al. 1996, Kobayashi, Mugford et al. 2014), we did not observe 

any disruptions in stromal cell differentiation as analyzed by IF and ISH for FoxD1, 

Pod1, and Pbx1 (Supplemental Figure 2.3). This demonstrates the reduction in stromal 

markers in β-catGOF-S is not caused by the reduction in FoxD1 expression.  

Despite the marked reductions in stromal markers, the β-catGOF-S kidneys exhibit 

an expanded population of cells in the compartment normally occupied by the stroma. 

Herein we will refer to these cells as “stroma-like” cells. We next performed a lineage 

tracing analysis by IF for Cre, β-catenin, and GFP to confirm these cells originate from 

the Foxd1 progenitors. This analysis confirmed that the stroma-like cells express GFP, 

Cre recombinase, and overexpress β-catenin (Figure 2.3M-O and Supplemental Figure 

2.4). Combined these results demonstrate that the expanded stroma-like cells arise from 

the Foxd1 progenitor cell population that overexpresses β-catenin and do not express 

classic kidney stromal markers.  
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Figure 2.3 - Disrupted and reduced stormal markers in β-catGOF-S kidneys 
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Disrupted and reduced stromal markers in β-catGOF-S kidneys: (A-B) 
Immunofluorescence for cortical marker FoxD1 (green) in WT and β-catGOF-S kidneys. 
The number of FoxD1 positive cells is reduced in β-catGOF-S (B) compared to WT (A) 
kidneys at E14.5. Several cells do not express FoxD1 (green) or Six2 (red), (white 
arrowhead). (C) FoxD1 expression is significantly reduced at E14.5 in β-catGOF-S. (D-E) 
In situ hybridization for medullary stromal marker Pod1 in WT and β-catGOF-S at E14.5. 
Compared to WT (D), the number of Pod1 expressing cells is significantly reduced in β-
catGOF-S kidneys (E) and clusters of Pod1 negative cells are observed between ureteric bud 
tips (white arrowhead) (F) qPCR analysis demonstrating the reduced levels of Pod1 in β-
catGOF-S compared to WT. Analysis of general stromal markers Pbx1 (G-I) and Meis1 (J-
L) in WT and β-catGOF-S. Several cells in the regions where the renal stroma should be do 
not express Pbx1 (white arrowhead) between the ureteric bud tips in β-catGOF-S (H) 
compared to WT (G).  The levels of Pbx1 mRNA are significantly reduced in β-catGOF-S 

(I). Similarly, many cells in β-catGOF-S (K) do not express Meis1 and Six2 (white 
arrowhead), compared to WT (J). The levels of Meis1 are significantly reduced in β-
catGOF-S kidneys (L). (M-O) The expanded stroma-like population expresses Cre 
recombinase (M) and overexpresses β-catenin (N) (arrrowheads). cm = condensed 
mesenchyme, cs = cortical stroma, ms = medullary stroma, s = stroma, ub = ureteric bud. 
Scale bar = 100 µm. 
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Stromal Defects Result in Disrupted Vasculature Morphogenesis 

Recent studies suggest that stromal cells can differentiate into endothelial cells 

(Sims-Lucas, Schaefer et al. 2013). Since β-catenin mediated signaling is involved in 

endothelial cell differentiation and angiogenesis (Cattelino, Liebner et al. 2003, 

Masckauchan, Shawber et al. 2005), we suspected that β-catenin overexpression might 

pre-maturely differentiate stromal cells into an endothelial fate. Therefore, we analyzed 

the stroma-like population for endothelial cell markers Erg and Pecam. We quantified the 

percentage of endothelial cells (Figure 2.4A) and the expression levels of Erg and Pecam 

(Figure 2.4B-C). While both WT and β-catGOF-S kidneys demonstrate a similar number of 

endothelial cells and equivalent expression of endothelial markers, we noted that β-

catGOF-S kidneys lacked the distinct endothelial cell patterning that is observed in WT. In 

WT, Pecam and Erg positive endothelial cells lined the developing nephrons and 

collecting duct system in an organized pattern consistent with forming a blood vessel tree 

as previously reported (Robert, St John et al. 1998) (Figure 2.4 D-E, 2.4H-I). Conversely, 

β-catGOF-S kidneys exhibited disorganized, sporadic, and ectopic endothelial cell 

localization within the kidney and around the kidney capsule (Figure 2.4F-G, 2.4J-K, 

Supplemental Figure S2.5). Unlike WT, these endothelial cells were primarily single 

unconnected cells that were sporadically placed throughout the dysplastic tissue (arrows, 

Figure 2.4K) (arrowheads, Supplemental Figure S2.5). Notably, numerous endothelial 

cells localized within the expanded stromal-like cells (dashed line, Figure 2.4K). To 

confirm that these disruptions were not caused by marked reductions in FoxD1 

expression, we performed an analysis of Erg and Pecam in FoxD1GC/GC kidneys. No overt 
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changes in endothelial cell organization were observed within FoxD1GC/GC kidneys 

(Supplemental Figure S2.6).  We next analyzed the expression of Cre and β-catenin in the 

endothelial cells in β-catGOF-S kidneys to determine whether these cells originated from 

stromal progenitors. None of the endothelial cells in β-catGOF-S kidneys overexpressed β-

catenin (Figure 2.4L-N) or expressed the Cre protein (Figure 2.4O-Q) demonstrating that 

overexpression of β-catenin does not result in endothelial cell differentiation, rather 

results in endothelial cell disorganization. 
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Figure 2.4 - Overexpression of stromal β-catenin leads to disrupted vascular 
morphogenesis 

 
 
Overexpression of stromal β-catenin leads to disrupted vascular morphogenesis: (A) 
No significant differences are observed in the percentage of endothelial cells in WT and β-
catGOF-S kidneys. (B-C) qPCR analysis of endothelial markers Erg (B) and PECAM (C) in 
WT and β-catGOF-S. No significant changes are observed. (D-G) IF analysis for Erg in WT 
(D-E) and β-catGOF-S kidneys (F-G). Unlike WT littermates, β-catGOF-S kidneys exhibit 
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many endothelial cells below the renal capsule (white arrowheads) and several 
endothelial cells in the expanded stroma-like population (arrows) (H-K) IF analysis for 
PECAM in WT (H-I) and β-catGOF-S kidneys (J-K). Endothelial cells are observed directly 
below the renal capsule (white arrowhead). Several endothelial cells in β-catGOF-S kidneys 
do not form vessels (arrows) in the expanded stroma-like population (arrow). (L-N) The 
endothelial cells (M) in the expanded stroma-like population do not overexpress β-catenin 
(L and N). (O-Q) The endothelial cells in the expanded stroma-like population do not 
arise from the stromal progenitors. These endothelial cells (P) do not express the Cre 
protein (O).  rc = renal capsule, scale bar = 100 µm.  
  



Ph.D. Thesis – Felix Boivin-Laframboise	 	 McMaster University – Medical Sciences	
	

	63	

The origin of endothelial cells in the developing kidney is not entirely understood, 

but studies have demonstrated endothelial cells can differentiate from stromal progenitors 

(Sims-Lucas, Schaefer et al. 2013) and can also migrate into the kidney from unknown 

sources (Robert, St John et al. 1998, Sequeira-Lopez, Lin et al. 2015). Previous studies 

have demonstrated that a misexpression of BMP4, a known regulator of endothelial cell 

migration (Wiley and Jin 2011), results in the mislocalization of PECAM+/Flk1+ 

endothelial cells in the kidney (Valdimarsdottir, Goumans et al. 2002, Levinson, 

Batourina et al. 2005). Since β-catGOFS mutant kidneys exhibited ectopic and mislocalized 

endothelial cells we analyzed BMP4 mRNA expression. Similar to previous studies 

(Dudley and Robertson 1997), Bmp4 was primarily expressed in the stromal cells 

surrounding the ureter and in the proximal tubules in WT kidneys (Figure 2.5A, B).  

Conversely, β-catGOFS mutant kidneys displayed a marked increase in the number of cells 

expressing Bmp4 (Figure 2.5C,D). Furthermore, the ectopic Bmp4 expressing cells were 

mostly located in the expanded stroma-like cell population (dashed line, Figure 2.5D). 

We confirmed a 201% increase in Bmp4 expression by RT-PCR (Figure 2.5E) in β-

catGOF-S kidneys (n=5) when compared to WT (n=4) at E14.5 (WT-1.02 versus 2.05, 

p=0.01). The increase in ectopic Bmp4 expression prompted us to investigate Wnt4 

expression since studies have shown it controls Bmp4 expression and also promotes 

endothelial cell sprouting (Itaranta, Chi et al. 2006). In contrast to WT (Figure 2.5F,G), 

we observed the majority of Wnt4 positive cells in β-catGOF-S were found in the expanded 

stroma-like population much like the Bmp4 expression (Figure 2.5H,I). We confirmed a 

190% increase in Wnt4 expression by RT-PCR (Figure 2.5J) in β-catGOF-S kidneys at 
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E14.5 (WT-1.042 versus 1.9884, p=0.0079). Together our analysis reveals that 

overexpression of β-catenin results in ectopic expression of Wnt4 and Bmp4 in the 

expanded stroma-like population.  

Studies have demonstrated the Wnt4/Bmp4 signaling axis promotes the 

differentiation of stromal into smooth muscle cell types such as pericytes and mesangial 

cells (Itaranta, Chi et al. 2006), possibly mediated by β-catenin (DiRocco, Kobayashi et 

al. 2013). Therefore, we hypothesized that overexpression of β-catenin promotes 

differentiation of stromal cells toward a smooth muscle cell fate. We analyzed the 

PDGFR-β expression, which is predominantly expressed in mesangial, pericytes, and 

stromal cells surrounding developing vessels (Seifert, Alpers et al. 1998, Kobayashi, 

Mugford et al. 2014). Compared to WT (Figure 2.5K), PDGFR-β expression was 

markedly reduced in β-catGOF-S kidneys (Figure 2.5L). Some expression was observed 

adjacent to the condensed mesenchyme population and surrounding the cortical region, 

but the majority of the expanded stroma-like population did not express PDGFR-β 

(arrowhead, Figure 2.5L). Similarly, analysis of α-SMA revealed the presence of smooth 

muscle cells surrounding the developing vessels and in the vascular cleft in WT (Figure 

2.5M). While strong α-SMA expression was observed surrounding the β-catGOF-S mutant 

kidneys, we did not observe the presence of α-SMA expressing cells in the expanded 

stroma-like population in β-catGOF-S kidneys (Figure 2.5N). Taken together, these results 

demonstrate that ectopic expression of Wnt4 and Bmp4 in the stroma-like population 

does not promote differentiation of smooth muscle cell types.  
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Figure 2.5 - Overexpression of stromal β-catenin results in ectopic localization of 
Bmp4 and Wnt4 

 
 
Overexpression of stromal β-catenin results in ectopic localization of Bmp4 and 
Wnt4: (A-B) In WT kidneys, Bmp4 is expressed in stromal cells (s) surrounding the 
ureter and in tubules (t) at E14.5. (C-D) Bmp4 is ectopically expressed in most of the 
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stroma-like cell population in β-catGOF-S (white arrowheads). (E) The mRNA levels of 
Bmp4 are significantly increased in β-catGOF-S kidneys. (F-G) In WT littermates, Wnt4 is 
expressed in renal vesicles and medullary stromal cells at E14.5. (H-I) In β-catGOF-S 

kidneys, Wnt4 is ectopically expressed in most of the stroma-like population. (J) Wnt4 
expression is significantly increased in β-catGOF-S kidneys. (K-L) PDGFR-β expression in 
WT (K) and β-catGOF-S kidneys at E14.5. PDGFR-β expression is reduced in β-catGOF-S 
kidneys. (M-N) α-SMA expression in WT and β-catGOF-S kidneys at E14.5. α-SMA is not 
expressed in the expanded stroma-like population, but is ectopically localized around the 
β-catGOF-S kidneys (N). RV = renal vesicle, S = stroma, t = tubule. Scale bar = 100 µm.  
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Human dysplastic tissue exhibits similar stromal abnormalities  

The analysis of β-catGOF-S kidneys demonstrates an increase in stroma-like cells. 

To assess whether the increased levels of β-catenin in dysplastic human kidneys lead to a 

similar stromal phenotype as that observed in β-catGOF-S kidneys, we analyzed the 

differentiation state of the renal stroma cell population in human renal dysplasia. In 

normal tissue all stroma cells expressed Pbx1 (Figure 2.6A). In dysplastic human renal 

tissue numerous cell within the expanded stromal cell compartment were not positive for 

the stromal marker Pbx1; a pattern identical to the β-catGOF-S mouse model (Figure 2.6A-

B). Remarkably, within the expanded stromal compartment, a vast majority of cells 

expressed the endothelial marker Erg (Figure 2.6C-D). Notably, the Erg+ cells were 

ectopic and sporadically placed within the human dysplastic tissue suggesting they were 

not organized in a manner consistent with proper blood vessel formation. Also, identical 

to the β-catGOF-S mouse model we noted a significant infiltration of blood cells within the 

human dysplastic tissue (Figure 2.6F). These alterations were never observed in the 

human control tissue (Figure 2.6E). Interestingly, Wnt4 expression was also increased in 

the expanded stromal population (Figure 2.6G), while α-SMA expression was only 

observed in smooth muscle cells surrounding the dysplastic collecting ducts (Figure 

2.6H). Taken together these results support our mouse model findings and demonstrate 

that an increase in stromal β-catenin in dysplastic renal tissue disrupts proper stromal cell 

differentiation and endothelial cell organization.  
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Figure 2.6 - Human dysplastic kidney display a heterogeneous stromal cell 
population similar to β-catGOF-S kidneys 

 
Human dysplastic kidney display a heterogeneous stromal cell population similar to 
β-catGOF-S kidneys: (A-B) Analysis of Pbx1 in normal (A) and dysplastic (B) human 
kidneys. While all stromal cells stain positive for PBX1 in normal human kidneys, several 
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negative PBX1 cells in the stromal compartment are observed in dysplastic tissue 
(arrowhead, dotted line). (C-D) Analysis of Erg in normal (C) and dysplastic (D) human 
kidneys. Several ectopic endothelial cells are observed sporadically within the stromal 
population (white arrowheads, dotted line). (E-F) H&E staining of normal (E) and 
dysplastic (F) human kidneys. Numerous red blood cells are observed in the expanded 
stromal compartment identical to that observed in the β-catGOF-S kidneys (arrows). (G) 
Wnt4 expression in dysplastic kidneys. Wnt4 expression is observed in the expanded 
stroma population (dotted line). (H) α-SMA expression in dysplastic kidneys. α-SMA is 
expressed around the dysplastic tubules but is not observed in the expanded stroma 
population (dotted line) g= glomeruli, t= tubule, s=stroma. scale bar = 100 µm. 
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DISCUSSION 

Renal dysplasia is defined as an abnormal development of renal tissue elements 

yet the contribution of the renal stroma is not well understood. Here, we demonstrate the 

levels of β-catenin are increased in the expanded stromal population in human dysplastic 

renal tissue. In our mutant mouse model the increased β-catenin in stromal cells was 

sufficient to cause severe renal dysplasia. The β-catGOF-S mutant kidneys were 

characterized by an expanded stromal-like cell population that overexpressed Wnt4 and 

Bmp4, two known growth factors necessary for endothelial cell migration and 

angiogenesis in the kidney (Itaranta, Chi et al. 2006, Wiley and Jin 2011). Consequently, 

β-catGOF-S mutant kidneys exhibited disorganized endothelial cells and abnormal blood 

vessel formation. Human dysplastic kidneys also exhibit a maldifferentiated stromal cell 

population that also expresses ectopic Wnt4 and exhibits disorganized endothelial cells 

not organized into blood vessels. Combined, our data demonstrate that β-catenin 

overexpression in the renal stroma is sufficient to cause renal dysplasia by altering 

stromal cell differentiation resulting in disorganization of components of the renal 

vasculature in both mouse and human. 

 

Stromal β-catenin overexpression leads to renal dysplasia 

To date, the renal stroma in dysplastic tissue has been defined as an expanded 

population of stromal cells between the primitive collecting ducts and tubules (Winyard 

and Chitty 2008). However, our findings demonstrate that this expanded population, in 

fact, does not express classic markers of renal stroma and instead is a heterogeneous 
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population of stroma and stroma-like cells. Additionally, we demonstrate this disruption 

in stromal cells identity is a direct consequence of the β-catenin overexpression, as 

demonstrated by our stromal analysis of FoxD1GC/GC kidneys where stromal cell 

differentiation is not disrupted. In embryonic kidney development and kidney disease 

models, β-catenin is a known regulator of cell differentiation (Logan and Nusse 2004). 

Studies have shown that the overexpression of β-catenin in mesenchymal progenitors 

(Kuure, Popsueva et al. 2007, Park, Valerius et al. 2007) and ureteric epithelium 

(Bridgewater, Di Giovanni et al. 2011) affects proper differentiation of cells in the 

nephrons and collecting duct system. In other model systems, for example, in the adrenal 

gland, overexpresison of β-catenin in steroidogenic cells leads to adrenal dysplasia and 

promotes ectopic differentiation of the zona glomerulosa (Berthon, Sahut-Barnola et al. 

2010). In the lung, β-catenin overexpression promotes stromal cell differentiation into a 

myofibroblast fate, leading to bronchopulmonary dysplasia (Popova, Bentley et al. 2012). 

Our analysis is consistent with the overexpression of stromal β-catenin playing a role in 

aberrant stromal cell differentiation in the kidney.  

The consequences of the altered stromal cell differentiation are a disruption in the 

ability for the renal stroma to communicate with the neighboring ureteric epithelium and 

MM. To support this, we have previously demonstrated that stromal β-catenin modulates 

Wnt9b gene expression in the neighboring ureteric epithelium (Boivin, Sarin et al. 2015).  

Overexpression of β-catenin results in defects in mesenchymal proliferation which result 

from disruptions in Wnt9b expression and its downstream signaling to the MM (Boivin, 

Sarin et al. 2015). We believe that Wnt9b in the ureteric epithelium is modulated by β-
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catenin controlling factors in the renal stroma that signal to the neighboring ureteric and 

mesenchymal cells. This mechanism has been shown in previous studies to control MM 

differentiation. The stromal factors Decorin and Fat4 directly interact with the MM to 

modify proliferation and differentiation of mesenchyme progenitors and control nephron 

formation (Das, Tanigawa et al. 2013, Fetting, Guay et al. 2014). Therefore, we believe 

the alterations in stromal cell differentiation lead to altered expression of stromal factors 

leading to reduced and disorganized branching morphogenesis and an absence of nephron 

formation and we are currently working on further identifying these factors (Hatini, Huh 

et al. 1996, Levinson, Batourina et al. 2005, Das, Tanigawa et al. 2013, Fetting, Guay et 

al. 2014, Hum, Rymer et al. 2014). A study by Brusnkill et al (Brunskill, Park et al. 2014) 

demonstrated by single cell RNA-seq analysis an overlap of FoxD1 and Six2/Cited1 

expression in a small subset of cells in E11.5 mouse kidneys.  Therefore, it is possible 

that some of the phenotypes seen in β-catGOF-S are in fact nephron lineage phenotypes. 

While we cannot rule out this possibility, our analysis of β-catenin overexpression at 

E11.5, E12.5 and E14.5 did not identify β-catenin overexpressing cells within the 

condensed MM at any time point. While they might be present, these cells likely 

represent an extremely small contribution of the overall nephron progenitor population. 

Thus, a subset of Six2/Cited1 cells overexpressing β-catenin is unlikely to have any 

significant contribution to the overall phenotype. Taken together, β-catenin 

overexpression in the renal stroma disrupts stromal cell differentiation, which in turn 

disrupts the key kidney developmental processes thus contributing to renal dysplasia.  
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Characterization of the β-catenin overexpressing stromal-like population 

 Our data demonstrate the stromal cell population in renal dysplastic tissue does 

not express markers of the renal stroma. The stromal progenitors can differentiate into 

vascular smooth muscle cells (VSMC), pericytes, mesangial cells, endothelial cells, and 

capsular, cortical, and medullary interstitial fibroblasts (Humphreys, Lin et al. 2010, 

Sims-Lucas, Schaefer et al. 2013, Kobayashi, Mugford et al. 2014, Sequeira-Lopez, Lin 

et al. 2015). Considering the role of β-catenin in cell differentiation, we suspected β-

catenin overexpression promoted differentiation of the renal stroma into its derivatives. 

However, we did not observe any evidence to suggest that stromal progenitors were 

differentiating into endothelial, pericyte, mesangial or smooth muscle cells. There also 

existed the possibility that β-catenin was promoting myofibroblast differentiation as 

reported by DiRocco and colleagues. They demonstrated β-catenin stabilization drives 

myofibroblast differentiation in kidney medullary fibroblasts (DiRocco, Kobayashi et al. 

2013). Surprisingly, we found no evidence to suggest that stromal β-catenin 

overexpression resulted in myofibroblast differentiation in our mouse model as shown by 

an absence of smooth muscle actin expression in the stroma-like cell population. The time 

period at which β-catenin was overexpressed likely accounts for the differences between 

these two experimental models. In the DiRocco study β-catenin was overexpressed in 

mature fully differentiated medullary stromal cells (DiRocco, Kobayashi et al. 2013), 

whereas in our study β-catenin was overexpressed in the embryonic period where stromal 

cell differentiation was altered. This suggests medullary fibroblasts must be fully 

differentiated for β-catenin overexpression to promote myofibroblast differentiation. Our 
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data support that β-catenin does not promote differentiation of stromal progenitors into its 

derivatives, and thus future studies will be required to identify the fate of the stroma-like 

cells.  

Stromal β-catenin overexpression disrupts endothelial cell organization and vascular 

patterning 

 Stromal cells are critical for proper formation and migration of renal vasculature 

(Hum, Rymer et al. 2014, Sequeira-Lopez, Lin et al. 2015). The deletion of FoxD1 from 

the kidney stromal progenitors results in the presence of ectopic sub-capsular arteries 

(Hum, Rymer et al. 2014, Sequeira-Lopez, Lin et al. 2015). Interestingly, our mutant 

model also exhibited abnormal vascular development. We observed the presence of 

endothelial cells in the stroma-like population in β-catGOF-S kidneys that were ectopically 

and sporadically distributed and not connected to other endothelial cells to form vessels. 

Moreover, the analysis of the vascular patterning was disorganized in our β-catGOF-S 

mutants. This prompted us to investigate WNT4 and BMP4 since they play critical roles 

in endothelial cell migration and vessel formation in the kidney and in other organ 

systems (Valdimarsdottir, Goumans et al. 2002, Itoh, Itoh et al. 2004, Itaranta, Chi et al. 

2006, Suzuki, Montagne et al. 2008). In our mutant mouse model both Bmp4 and Wnt4 

were ectopically overexpressed in the stroma-like cell population. Both factors are 

sufficient to cause migration and sprouting of endothelial cells in vitro (Itaranta, Chi et al. 

2006, Suzuki, Montagne et al. 2008). Considering the high number of recruited 

endothelial cells not derived from the renal stroma to the stroma-like population, our data 

suggest that the overexpression of BMP4 and WNT4 may be factors required for 
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endothelial cell recruitment and organization. This role for BMP4 and WNT4 is 

supported by their specific spatial and temporal expression during normal kidney 

development. For instance, Wnt4 expression is observed in the pre-tubular aggregates 

(Stark, Vainio et al. 1994) and Bmp4 is expressed in specific segments of the developing 

nephrons (Miyazaki, Oshima et al. 2003), which are both regions where proper 

endothelial cell recruitment and formation of the vascular network are essential. 

Furthermore, the Bmp pathway is activated in developing vascular cells and in 

endothelial cells of the maturing glomerular tuft, which also suggests Bmp signaling is 

essential for vascular development (Blank, Seto et al. 2008). Thus, it is likely that the 

overexpression of Bmp4 and Wnt4 caused disruptions in the endothelial cell recruitment 

and organization leading to the disrupted vasculature patterning in the dysplastic tissue. 

Further investigation is required to determine whether β-catenin directly modulates Bmp4 

and Wnt4 expression and to determine what their roles are in endothelial migration and 

vascular formation in the developing kidney.   

 The hypothesis whereby disruptions in a specific cell population affects the 

behavior of the other cell populations in the kidney to contribute to or worsen the 

dysplastic phenotype has been postulated in the pathogenesis of renal dysplasia(Hu, 

Piscione et al. 2003, Sarin, Boivin et al. 2014). Our data support this model.  The 

overexpression of β-catenin in stromal progenitors is sufficient to cause renal dysplasia by 

first disrupting stromal cell differentiation. This results in alterations in the expression of 

stromal factors essential for nephrogenesis and branching morphogenesis. Secondly, the 

overexpression of β-catenin in the heterogeneous stroma-like population results in 
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increased levels of Wnt4 and Bmp4, and promotes disruptions in vascular morphogenesis. 

Of particular interest the characteristics and mechanisms observed in β-catGOF-S mutant 

kidneys were remarkably similar in the human dysplastic kidneys we analyzed, 

supporting a translatable mechanism in human renal dysplasia.  
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SUPPORTING INFORMATION – FIGURES  

Supplemental Figure S2.1 – Characterization of β-catenin expression in β-catGOF-S 

mutant mice  
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Characterization of β-catenin expression in β-catGOF-S mutant mice : (A-H) β-catenin 
immunofluorescence demonstrating β-catenin overexpression at E11.5, E12.5, and E14.5. 
β-catenin is overexpressed in the stromal cells surrounding the condensed mesenchyme 
and ureteric bud in β-catGOF-S kidneys (arrows). The levels of β-catenin are unchanged in 
ureteric bud cells and the condensed mesenchyme in β-catGOF-S kidneys. Cm=condensed 
mesenchyme, s= stroma, ub= ureteric bud. Scale bars = 100µm. 
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Supplemental Figure S2.2– β-catGOF-S kidneys display disrupted branching 
morphogenesis and nephrogenesis 
 

 
 
β-catGOF-S kidneys display disrupted branching morphogenesis and nephrogenesis: 
Analysis of branching morphogenesis analyzed by whole mount cytokeratin at E11.5 (A-
B), E12.5 (E-F), and E14.5 (I-J). Analysis of nephrogenesis using Pax2, a marker of the 
mesenchyme and epithelium, at E11.5 (C-D), at E12.5 (G-H), and E14.5 (K-L). β-catGOF-S 

kidneys display disrupted branching morphogenesis and fewer ureteric bud tips as early 
as E12.5. Pax2 revealed increased condensed mesenchyme around the ureteric epithelium 
as early as E12.5 (H), and persists at E14.5 (L). cm = condensed mesenchyme, ub = 
ureteric bud. scale bar = 100 µm. 
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Supplemental Figure S2.3– Analysis of stromal factors in FoxD1 knockouts  
 

 
 
Analysis of stromal factors in FoxD1 knockouts: (A-B) H&E staining of WT and 
FoxD1GC/GC kidneys at E14.5. (C-D) FoxD1 in situ hybridization in WT and FoxD1GC/GC 
kidneys. As expected, FoxD1 is completely absent in FoxD1GC/GC kidneys. (E-F) Pod1 in 
situ hybridization in WT and FoxD1GC/GC. Similar to WT, Pod1 is expressed in the 
medullary stroma in WT and FoxD1GC/GC. (G-H) Pbx1 expression is in the cortical and 
medullary stroma in WT (G’) and FoxD1GC/GC. cm= condensed mesenchyme, cs=cortical 
stroma, ms=medullary stroma, ub= ureteric bud. Scale bars = 100µm.  
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Supplemental Figure S2.4– The expanded stroma-like population originates from 
the FoxD1 stromal progenitor population 
 

 
 
The expanded stroma-like population originates from the FoxD1 stromal progenitor 
population: (A-F) GFP expression co-localizes with β-catenin over-expression in β-
catGOF-S kidneys at E12.5 (A-C) and E14.5 (D-F)(arrowheads). Scale bars = 100µm. 
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Supplemental Figure S2.5 - β-catGOF-S kidneys display disorganized vasculature 
patterning 
 

 
 
β-catGOF-S kidneys display disorganized vasculature patterning: (A-D) Whole-mount 
IF analysis showing renal vasculature morphogenesis using a PECAM antibody. 
Compared to WT kidneys, the overall arterial tree morphogenesis is disorganized in β-
catGOF-S kidneys. (B-D) The close examination revealed the presence of several single 
unconnected endothelial cells in β-catGOF-S kidneys (arrowhead) that were not observed in 
WT. scale bar = 100 µm. 
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Supplemental Figure S2.6 – Analysis of the endothelial markers in FoxD1GC/GC mice 
(FoxD1-/- knockouts) 
 

 
 
Analysis of the endothelial markers in FoxD1GC/GC mice (FoxD1-/- knockouts): (A-D) 
Erg and Pecam expression in WT and FoxD1GC/GC kidneys at E14.5. Endothelial cells 
demonstrate a similar organization in FoxD1GC/GC and WT kidneys. In FoxD1GC/GC 
kidneys endothelial cells localize to the renal capsule but are not observed in WT. (E-H) 
Bmp4 and Wnt4 expression in WT and FoxD1GC/GC kidneys. In FoxD1GC/GC kidneys, 
Bmp4 is observed in the medullary stroma and in the renal capsule. Wnt4 is 
predominantly observed in the renal vesicles (rv) and medullary stroma (ms) in WT (G’) 
and FoxD1GC/GC (H’) kidneys. (rc). ms=medullary stroma, rc=renal capsule, rv=renal 
vesicle, u=ureter. Scale bars = 100µm.   
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SUPPORTING INFORMATION - METHODS 

Mouse strains and genotyping: Mice with a stabilized β-catenin allele resulting in β-

catenin overexpression (termed β-catGOF-S) were generated by 

crossingFoxd1eGFPCre mice (described in [14] and [27]) with mice containing LoxP 

sites flanking exon 3 of the β-catenin allele (β-catΔ3/Δ3)(described in [28]). Both mouse 

lines were maintained on a CD1 genetic background. Mice were genotyped using the 

following primers specific to the FoxD1eGFPCre allele: Forward5’-

GCGGCATGGTGCAAGTTGAAT-3’ and Reverse 5’-

CGTTCACCGGCATCAACGTTT-3’. Mice that did not express the eGFPCre allele were 

used as WT littermate controls. FoxD1 knock-in mice, termed FoxD1GCE/GCE, were 

generated by crossing FoxD1GCE/+ heterozygous mice, as described in [14]. All animal 

studies were performed in accordance with animal care and guidelines put forth by the 

Canadian Council for Animal Care and McMaster’s Animal Research Ethics Board 

(AREB) (Animal Utilization Protocol #100855) and approved the project described in 

this manuscript.	

Human Dysplastic Kidney Tissue: Dysplastic human renal tissues were obtained from 

the McMaster University (Hamilton, ON, Canada) pathology department in accordance 

with research ethics (Research Ethics Board approval 13-160-T). Whole kidney tissue 

was fixed in 4% paraformaldehyde for at least 24 hours at 4°C. Kidneys were paraffin 

embedded, cut into sections (4 µm thick), mounted onto SuperfrostTM Plus slides (Thermo 

Fisher Scientific, Waltham, MA), and incubated overnight at 37°C. Sections were 
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deparaffinized using xylene washes and rehydrated using graded ethanol washes (100%, 

95%, 75%, 50%, H20) and stained with H&E (Sigma, St. Louis, MO). 

Histology and Immunofluorescence: Whole kidney tissue was fixed in 4% 

paraformaldehyde for 24 hours at 4 °C. Kidneys were paraffin-embedded, sectioned to 

5µm, and mounted on SuperfrostTM Plus slides (Thermo Fisher Scientific, Waltham, MA) 

and incubated overnight at 37°C. Sections were deparaffinized using xylene washes and 

rehydrated using graded ethanol washes (100%, 95%, 75%, 50%, H20) and stained with 

hematoxylin and eosin (Sigma, St. Louis, MO). For immunofluorescence, tissue was 

prepared as described above and antigen retrieval was performed for 5 minutes in 10mM 

sodium citrate solution pH 6.0 in a pressure cooker, followed by blocking with serum-free 

protein block (Dako Corporation, Carpinteria, CA). Sections were incubated with primary 

antibodies to β-catenin(cat# 610153, BDTransduction, Lexington, KY; 1:200), Pbx1 (cat# 

4342S, Cell Signaling, Beverly, MA; 1:250 dilution), Pax2 (cat# PRB-276P, Covance, 

Montreal, QC; 1:200 dilution), Six2 (cat# 11562-1-AP, Proteintech Group, Chicago, IL; 

1:250), Foxd1 (cat# SC-47585, Santa Cruz, 1:200), Meis1/2 (cat# SC-10599, Santa Cruz, 

1:200), Erg (cat# 133264, AbCam, Cambridge, MA, 1:200), Pecam (cat# 553370, BD 

Transduction, Lexington, KY; 1:200), Flk-1 (cat# 550549, BD Transduction, Lexington, 

KY; 1:200), α-Sma (cat# A2547, Sigma, St. Louis, MO, 1:200), Pdgfr-β (cat# 05-1135, 

Millipore, Billerica, MA; 1:200), GFP (cat# ab6673, AbCam, Cambridge, MA, 1:250) 

overnight at 4°C. Tissue sections were washed in PBS pH 7.4, incubated with secondary 

antibodies AlexaFluor 488 or 568 (Invitrogen, Carlsbad, CA; 1:1000 dilution) for 1 hour 

at room temperature, counterstained with DAPI (Sigma, St. Louis, MO; 1:1000 dilution) 
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for 5 minutes and cover-slipped using Fluoromount (Sigma, St. Louis, MO) and 

photographed on a Nikon 90i-eclipse upright microscope. Immunohistochemistry (IHC) 

was performed using the Vectastain elite avidin-biotin complex kit (Vector Labs, 

Burlingame, CA). After antigen retrieval, endogenous peroxidase activity was blocked 

using 3% H2O2 for 10 minutes, followed by blocking endogenous biotin-binding activity 

using a biotin/avidin blocking kit (Vector Labs), as per the manufacturer’s protocol. 

Incubation with β-catenin antibody (Millipore, Billerica, MA; 1:100 dilution) was 

performed overnight at 4°C. 

Whole-Mount Immunofluorescence: Kidneys were flattened on 0.4-mm transwell 

filters (BD, Franklin Lakes, NJ) for 4 hours at 37°C in wells containing Dulbecco’s 

minimal essential medium (DMEM) and stored in 100% methanol at -20°C. Kidneys 

were washed 3  with PBS and blocked in 10% normal goat serum, followed by incubation 

with primary antibodies to cytokeratin (Sigma; 1:200 dilution) or PECAM (BD 

Transduction, Lexington, KY; 1:200) at 37°C for 1.5 hours. Kidneys were washed in PBS 

(pH 7.4), incubated with secondary antibodies Alexa Fluor 488 or 568 (Invitrogen; 1:200 

dilution) for 1.5 hours at 37°C, and imaged on a Nikon 90i-eclipse inverted microscope.	

In Situ Hybridization: In situ hybridization using mouse probes for Wnt4, Bmp4, 

Pod1 was performed using the Affymetrix QuantiGene ViewRNA assay. Separate human 

probes for WNT4, BMP4, and α-SMA were used on human samples. Briefly, paraffin-

embedded WT and β-catGOF-S kidneys and normal and dysplastic human renal tissue were 

sectioned at a thickness of 5 µm, deparaffinized, boiled in pre-treatment solution 

(Affymetrix, Santa Clara, CA) and digested with proteinase K. Sections were incubated 
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with a custom designed QuantiGene ViewRNA Wnt4 probe for 2 hrs at 40°C. Signal was 

amplified with Pre-Amp and Amp solutions and then developed Fast-Red substrate. 

Slides were counter-stained with DAPI, mounted with Fluoromount (Sigma, St. Louis, 

MO) and photographed on a Nikon 90i-eclipse upright microscope.  

Reverse transcription-PCR: Complementary DNA was generated from total 

RNA using first strand cDNA synthesis (Invitrogen Carlsbad, CA). QPCR was performed 

using the Applied Biosystems 7900HT fast RT-PCR system (Applied Biosystems, 

Burlington, ON) Real-time PCR reaction mix contained 12.5ng/ul of each cDNA sample, 

SYBR green PCR Master Mix (Applied Biosystems, Burlington, ON) and 300nM of each 

primer to a total volume of 25 µl. Primers for Foxd1, Pbx1, Meis1/2, Pod-1, Erg, Pecam, 

Wnt4, and Bmp4 were designed using the Primer 3 software (http://bioinfo.ut.ee/primer3-

0.4.0/) and verified using the UCSC genome bioinformatics 

website (genome.ucsc.edu). Relative levels of mRNA expression were determined using 

the 2(-ΔΔCt) method. Individual expression values were normalized by comparison to β-2-

microglobin.	

Statistical Analysis: The qRT-PCR and endothelial cell count were analyzed using a 

two-tailed Student’s t-test using GraphPad Prism software, version 5.0c. P < 0.05 

indicates statistical significance.  

Ethics Statement: All studies were performed in accordance with animal care and 

guidelines put forth by the Canadian Council for Animal Care and McMaster’s Animal 

Research Ethics Board (AREB) (Animal Utilization Protocol #100855) and approved the 

project described in this study.    
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PREFACE  

Significance to thesis:  

The primary goal of this chapter is to investigate the role of stromal β-catenin in kidney 

development. In Chapter 2 we investigated the contribution of an overexpression of 

stromal β-catenin to the genesis of renal dysplasia. This approach provides insights into 

the mechanisms that contribute to renal dysplasia by mimicking the human disease. 

However, to gain a better understanding of the role of stromal β-catenin in the context of 

proper kidney development, we generated a model deficient for β-catenin specifically in 

stromal cells. In this chapter we demonstrate the role of stromal β-catenin in regulating 

proliferation of the nephrogenic progenitors. In addition, we utilize the gain of function 

model established in Chapter 2 to demonstrate the direct contribution of β-catenin to this 

mechanism.  

Authors’ Contribution 
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ABSTRACT 

The mammalian kidney undergoes cell interactions between the epithelium and 

mesenchyme to form the essential filtration unit of the kidney, termed the nephron. A 

third cell type, the kidney stroma, is a population of fibroblasts located in the kidney 

capsule, cortex and medulla and is ideally located to affect kidney formation. We found 

β-catenin, a transcriptional co-activator, is strongly expressed in distinctive intracellular 

patterns in the capsular, cortical, and medullary renal stroma. We investigated β-catenin 

function in the renal stroma using a conditional knockout strategy that genetically deleted 

β-catenin specifically in the renal stroma cell lineage (β-cats-/-). β-cats-/- mutant mice 

demonstrate marked kidney abnormalities, and surprisingly we show β-catenin in the 

renal stroma is essential for regulating the condensing mesenchyme cell population. We 

show that the population of induced mesenchyme cells is significantly reduced in β-cats-/- 

mutants and exhibited decreased cell proliferation and a specific loss of Cited 1, while 

maintaining the expression of other essential nephron progenitor proteins. Wnt9b, the key 

signal for the induction of nephron progenitors, was markedly reduced in adjacent 

ureteric epithelial cells in β-cats-/-. Analysis of Wnt9b-dependent genes in the neighboring 

nephron progenitors was significantly reduced while Wnt9b-independent genes remained 

unchanged. In contrast mice overexpressing β-catenin exclusively in the renal stroma 

demonstrated massive increases in the condensing mesenchyme population and Wnt9b 

was markedly elevated. We propose that β-catenin in the renal stroma modulates a genetic 

program in ureteric epithelium that is required for the induction of nephron progenitors.  
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INTRODUCTION 

Development of the mammalian kidney is dependent upon inductive interactions 

between epithelial and mesenchymal cells (Grobstein 1967). Development of the mature 

kidney is initiated with the outgrowth of an epithelial tube, termed the ureteric bud, which 

elongates and migrates into a population of mesenchyme, termed the metanephric 

mesenchyme (MM) beginning at embryonic (E) day 10.5. The ureteric cells send signals 

to the adjacent mesenchyme that instruct the MM to condense around the tips of the 

ureteric epithelium forming a population of induced nephron progenitors. These nephron 

progenitors undergo a mesenchymal-to-epithelial transition and progress through a series 

of molecular and morphological changes to form the nephron, the filtering units of the 

kidney. In reciprocal fashion the MM cells signal to the ureteric epithelial cells to 

promote growth and reiterative branching of the ureteric epithelial cells to form the 

collecting system of the kidney (Little and McMahon 2012), (Costantini and Kopan 

2010). By E11.5, two distinct cell populations are established within the MM, the 

nephrogenic progenitors and the renal stroma. The reciprocal signaling interactions 

between the nephrogenic progenitors and the ureteric epithelium during kidney 

development are well characterized. However, the role of the renal stroma and its 

interactions with the nephrogenic progenitors and epithelium are poorly understood 

during kidney development.  

The renal stroma is a population of matrix-producing fibroblast cells (Hatini, Huh 

et al. 1996), (Kanwar, Carone et al. 1997). During kidney development the stromal 

population is initially observed after the ureteric epithelium invades the MM, as 
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evidenced by the expression of the earliest stromal differentiation marker Foxd1 (Hatini, 

Huh et al. 1996). At the initiation of kidney development, the Foxd1 positive cells are 

loosely packed cells positioned adjacent to the condensing mesenchyme (Hatini, Huh et 

al. 1996). As the ureteric epithelium continues to branch, the stromal cells are positioned 

around the maturing epithelium and newly forming nephrons. As the kidney develops 

beyond E14.5, the renal stroma subdivides into three distinct cell populations: the 

capsular, cortical and medullary stroma. The function of the renal stroma was originally 

thought to provide a supportive framework for the nephrons and collecting duct system 

(Ekblom and Weller 1991). However, deletion of Foxd1 in the developing kidney results 

in defects in branching morphogenesis and nephrogenesis, suggesting an essential role for 

the renal stroma in kidney development (Hatini, Huh et al. 1996). Recent studies 

demonstrated that a complete ablation of the renal stromal resulted in increased induced 

nephron progenitors and significantly disrupted branching morphogenesis (Das, 

Tanigawa et al. 2013), (Hum, Rymer et al. 2014). Moreover, the renal stroma controls 

nephron differentiation by forming direct cell interactions with the nephrogenic 

progenitors (Das, Tanigawa et al. 2013). These studies highlight the importance of 

reciprocal interactions between stroma, mesenchyme, and epithelium. However the 

stromal factors that guide these interactions are poorly defined.     

β-catenin is a multi-functional protein involved in cell adhesion and the regulation 

of gene transcription. In the cell, β-catenin localizes to the cell membrane, cytoplasm, and 

nucleus where it performs different cellular functions. At the cell membrane β-catenin is 

involved in the formation, maintenance, and function of adherens junctions by linking 
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cadherins to the actin cytoskeleton (Gumbiner 2000). In the cytoplasm, β-catenin is 

involved in cell signal transduction by translocating to the nucleus in response to 

extracellular stimuli. In the nucleus β-catenin acts as a co-transcriptional activator by 

forming complexes with DNA bound transcription factors to regulate gene transcription 

(Logan and Nusse 2004). During kidney development, β-catenin is expressed in the 

ureteric epithelium and plays essential roles in branching morphogenesis and in the 

differentiation of ureteric epithelial cells through the regulation of key genetic targets 

(Bridgewater, Cox et al. 2008, Marose, Merkel et al. 2008). β-catenin expression in the 

mesenchyme is essential for nephron formation by mediating signals necessary for the 

induction of nephron progenitors (Park, Valerius et al. 2007). Previously a role for β-

catenin mediated signaling was demonstrated in the medullary stroma. In response to 

Wnt7b, secreted by ureteric epithelial cells, the medullary stroma activates a β-catenin-

mediated canonical signaling pathway to control proper patterning of the cortico-

medullary axis and elongation of epithelial structures (Yu, Carroll et al. 2009). However, 

the expression of β-catenin in stromal cells and the molecular mechanism by which 

stromally expressed β-catenin controls kidney development in not known.  

In this study, we investigated the role of stromally expressed β-catenin in kidney 

development. We show β-catenin expression in distinctive intracellular patterns in the 

capsular, cortical, and medullary renal stroma. To understand the significance of 

stromally expressed β-catenin we generated a conditional knockout mouse in which β-

catenin is specifically deleted in the renal stroma cell lineage (β-cats-/-). These mutant 

mice demonstrate marked kidney abnormalities, most notably reductions in the 
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condensing mesenchyme. Using in situ hybridization and real-time quantitative PCR 

(qRT-PCR), we demonstrated Wnt9b, the key signal for the induction of nephron 

progenitors, was markedly reduced in ureteric epithelial cells in β-cats-/-. Consistent with 

reduced levels of Wnt9b, we demonstrated a significant down regulation of Wnt9b-

dependent genes, while Wnt9b-independent genes remained unchanged in nephron 

progenitors. Moreover mice overexpressing β-catenin exclusively in the renal stroma 

demonstrated massive increases in induced nephron progenitors and Wnt9b. Together 

these data support a model in which β-catenin in the renal stroma communicates with the 

ureteric epithelium to modulate a genetic program that is required for the induction of 

nephron progenitors during mammalian kidney development. 
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MATERIALS AND METHODS 

Mice strains and genotyping 

 Foxd1EGFPCre mice were crossed with mice containing LoxP sites flanking 

exons 2 through 6 (β-catΔ2-6/Δ2-6) (Brault, Moore et al. 2001) of the β-catenin allele. The 

Foxd1-Cre;β-cat+/- males were then crossed with β-catΔ2-6/Δ2-6 to generate homozygous β-

catenin loss-of-function mutants in the renal stroma (termed β-catS-/-). β-catenin gain-of-

function mice were generated by crossing Foxd1EGFPCre mice with mice containing 

LoxP site flanking exon 3 of the β-catenin allele (β-catΔ3/Δ3). Tail genomic DNA was 

isolated and PCR was used to detect the mutants using Foxd1EGFPCre primers 5’-

GCGGCATGGTGCAAGTTGAAT-3’ and 5’-CGTTCACCGGCATCAACGTTT-3’. 

Primers used to identify the β-catenin mutants are previously described (Brault, Moore et 

al. 2001). To validate the spatial pattern of Foxd1EGFPCre recombinase activity the 

Foxd1EGFPCre mice were crossed with Gt(ROSA)26Sor(ROSA) mice. All animal studies 

were performed in accordance with animal care and guidelines put forth by the Canadian 

Council for Animal Care and McMaster’s Animal Research Ethics Board (AREB) 

(Animal Utilization Protocol #100855) and approved the project described in this 

manuscript.  

 

Histology and Immunofluorescence  

Whole kidney tissue was fixed in 4% paraformaldehyde for 24 hours at 4 °C. 

Kidneys were paraffin-embedded, sectioned to 5µm, and mounted on SuperfrostTM Plus 

slides (Thermo Fisher Scientific, Waltham, MA) and incubated overnight at 37°C. 
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Sections were deparaffinized using xylene washes and rehydrated using graded ethanol 

washes (100%, 95%, 75%, 50%, H20) and stained with hematoxylin and eosin (Sigma, St. 

Louis, MO). For immunofluorescence, tissue was prepared as described above and 

antigen retrieval was performed for 5 minutes in 10mM sodium citrate solution pH 6.0 in 

a pressure cooker, followed by blocking with serum-free protein block (Dako 

Corporation, Carpinteria, CA). Sections were incubated with primary antibodies to β-

catenin (BD Transduction, Lexington, KY; 1:200), Pbx1 (Cell Signaling, Beverly, MA; 

1:250 dilution), Pax2 (Covance, Montreal, QC; 1:200 dilution), Six2 (Proteintech Group, 

Chicago, IL; 1:250), Cited1 (Thermo Scientific, Fremont, CA, 1:200), Foxd1 (Santa Cruz, 

1:200), Meis1/2 (Santa Cruz, 1:200), TN-C (AbCam, Cambridge, MA, 1:200), Amph 

(Proteintech Group, Chicago, IL, 1:250), Ncam (Sigma, St. Louis, MO, 1:250), Jag1 

(Santa Cruz, CA, 1:200), Wt-1 (Santa Cruz, CA, 1:200), Cytokeratin (Sigma, St. Louis, 

MO, 1:200), Aquaporin-3 (Novus Biologicals, Oakville, ON, 1:200), overnight at 4°C. 

Tissue sections were washed in PBS pH 7.4, incubated with secondary antibodies 

Alexafluor 488 or 568 (Invitrogen, Carlsbad, CA; 1:1000 dilution) for 1 hour at room 

temperature and stained with Dapi (Sigma, St. Louis, MO; 1:1000 dilution) for 5 minutes 

and cover-slipped using Fluoromount (Sigma, St. Louis, MO) and photographed on a 

Nikon 90i-eclipse upright microscope. 

 
Analysis of cell proliferation and apoptosis  
 

Cell proliferation was assayed in paraffin-embedded kidney tissue by 

incorporation of 5-bromo-2-deoxyuridine (Roche Molecular Biochemicals, Mannheim, 

Germany), as previously described (Cano-Gauci, Song et al. 1999). Pregnant mice 
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received an intraperitoneal injection of BrdU (100 mg/g of body weight) 2 h prior to 

sacrifice. BrdU-positive cells were identified using an anti-BrdU peroxidase-conjugated 

antibody (Roche Molecular Biochemicals, Mannheim). Immunoreactivity was visualized 

using Aminoethyl Carbazole horseradish peroxidase chromogen/substrate solution 

(Vector, USA). Apoptosis was assessed in paraffin-embedded kidney tissue using the cell 

death detection kit (Roche Molecular Biochemicals, Mannheim, Germany) and visualized 

using 3,3’-Diaminobenzidine (DAB) substrate solution (Vector, USA).  

 
Real-time reverse transcriptase-PCR 
 

Real-time PCR was performed using the Applied Biosystems 7900HT fast RT-

PCR system (Applied Biosystems, Burlington, ON). cDNA was generated using first 

strand cDNA synthesis (Invitrogen Carlsbad, CA) from total RNA. Real-time PCR 

reaction mix contained 12.5ng/ul of each cDNA sample, SYBR green PCR Master Mix 

(Applied Biosystems, Burlington, ON) and 300nM of each primer to a total volume of 25 

µl. Primers for Cited1, Six2, Pax2, Wnt9b, Amph, Tafa5, Eya1, Ret, Wnt11 were designed 

using the Primer 3 software (http://bioinfo.ut.ee/primer3-0.4.0/) and verified using the 

UCSC genome bioinformatics website (genome.ucsc.edu). Relative levels of mRNA 

expression were determined using the 2(-ΔΔCt) method. Individual expression values were 

normalized by comparison to β-2-microglobin. 

 

In Situ Hybridization 

Frozen blocks were sectioned at a thickness of 20 µm. Non-radioactive In situ 

hybridization was performed as described (Yu, Carroll et al. 2009) using 1.2µg of either 
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Wnt9b, Ret, or Wnt11 digoxigenin-labeled (DIG) riboprobes overnight at 68°C. Sections 

were treated with 2µg/ml RNase for 15 minutes at 37°C and incubated in anti-DIG-AP 

antibody (1:2000, Roche) at 4°C overnight and incubated with BM purple at room 

temperature to visualize signals. Sections were fixed in 4% PFA, mounted in glycergel 

mounting media (Vector, Burlingame, CA). In Situ Hybridization for Wnt4 was 

performed using the Affymetrix QuantiGene ViewRNA assay. Briefly, paraffin blocks 

were sectioned at a thickness of 5 µm, deparaffinized, boiled in pre-treatment solution 

(Affymetrix, Santa Clara, CA) and digested with proteinase K. Sections were incubated 

with a custom designed QuantiGene ViewRNA Wnt4 probe for 2 hrs at 40°C. Signal was 

amplified with Pre-Amp and Amp solutions and then developed Fast-Red Substrate. 

Slides were counterstained with DAPI, mounted with Fluoromount (Sigma, St. Louis, 

MO) and photographed on a Nikon 90i-eclipse upright microscope.  

Statistical Analysis 

The qRT-PCR, apoptosis, and proliferation data was analyzed using a two-tailed 

Student’s t-test using GraphPad Prism software, version 5.0c (Graphpad, La Jolla, CA). P 

< 0.05 indicates statistical significance.  

Ethics Statement  

All animal studies were performed in accordance with animal care and 

institutional guidelines at McMaster University (Animal Utilization Protocol #100855). 
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RESULTS / DISCUSSION 

β-catenin is expressed in distinctive patterns in the renal stroma 

To establish the expression pattern of β-catenin in the renal stroma we performed 

co-immunofluorescence using antibodies to β-catenin and the renal stromal nuclear 

marker Pbx1. We utilized a β-catenin antibody that recognizes all forms of the β-catenin 

protein (cadherin-bound, active, and inactive), and localizes to the membrane, cytoplasm 

and nucleus (Eger, Stockinger et al. 2000). The renal stroma is initially observed at E11.5 

after the ureteric epithelium invades the mesenchyme (Hatini, Huh et al. 1996). At E11.5 

Pbx1, a marker of all stromal cells (Supplemental Figure 3.1), is expressed in stromal 

cells surrounding the condensed mesenchyme and is primarily absent from the condensed 

mesenchyme itself (Figure 3.1A). We confirmed our previous findings that β-catenin is 

expressed in the condensed mesenchyme and ureteric epithelium (Bridgewater, Cox et al. 

2008)(Figure 3.1B) and here we further demonstrate β-catenin co-localizes with stromal 

marker Pbx1 (Figure 3.1C). At E11.5, the intracellular distribution of β-catenin in Pbx1 

positive cells is primarily cytoplasmic, and virtually absent from the nucleus (Figure 3.1B 

and C inset). Interestingly, some Pbx1 positive cells are found within the condensed 

mesenchyme population in close proximity to the ureteric epithelium (Figure 3.1A and C 

- arrow). Stromal-epithelial interactions have been shown to be essential in prostate and 

mammary branching morphogenesis (Cunha, Bigsby et al. 1985, Howard and Lu 2014). 

Therefore, the close proximity between the stroma and the ureteric epithelium may 

suggest possible cell-cell interactions between the renal stroma and ureteric epithelial 

cells.	  
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Figure 3.1 – β-catenin is expressed in distinctive patterns in the renal stroma 
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β-catenin is expressed in distinctive patterns in the renal stroma: (A-I) 
Immunofluorescence demonstrating β-catenin spatial and temporal expression in stromal 
cells. (A) At E11.5 Pbx1 is expressed in the nucleus of stromal cells (arrow head-inset) 
surrounding the condensing mesenchyme. Some Pbx1 positive stromal cells locate within 
the condensing mesenchyme, directly adjacent to epithelial cells (arrows). (B,C) At E11.5 
β-catenin is expressed in the condensing mesenchyme and ureteric epithelium, and co-
localizes with Pbx1 demonstrating expression in the renal stroma. At E11.5, some Pbx1 
cells co-localize with β-catenin in the nuclear compartment of stromal cells (arrowhead-
inset). (D) At E13.5, Pbx1 is expressed in capsular and cortical stroma surrounding the 
condensing mesenchyme. (E, F) At E13.5, β-catenin co-localizes in the cytoplasm of 
capsular stromal cells.  The stromal cells located between developing nephrons express β-
catenin in the cytoplasmic (arrow-inset) and nuclear compartment (arrowhead-inset). (G) 
At E17.5, Pbx1 marks the capsular, cortical, and medullary stroma. (H-I) β-catenin is 
expressed in the medullary stroma and co-localizes strongly with Pbx1 in the nuclear 
compartment (arrowhead-inset). (scale bar = 100µm, s=stroma, cm=condensing 
mesenchyme, ub=ureteric epithelium, rc=renal capsule, ms=medullary stroma, rp=renal 
pelvis). 
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At E13.5, the Pbx1 positive renal stroma cells are located between adjacent 

condensed mesenchymal populations and also form the renal capsule (Levinson, 

Batourina et al. 2005)(Figure 3.1D). β-catenin is expressed in both the capsular stromal 

cells and stromal cells located between the condensed mesenchyme (Figure 3.1 E, F). The 

cortical-medullary axis is established at E14.5, and after this time point (Li, Hartwig et al. 

2014) the renal stroma is divided into the capsular, cortical, and medullary stroma. We 

observed β-catenin expression at E17.5 in cortical and capsular stroma in a pattern 

identical to that observed at E13.5. Further at E17.5 β-catenin is expressed in the 

medullary stroma (Figure 3.1G-I). Our temporal analysis reveals that β-catenin is 

expressed at the onset of stromal cell formation and is maintained in the different stromal 

cell populations throughout kidney development.  

During our analysis of β-catenin expression, we observed that the intracellular 

distribution of β-catenin varied between the capsular, cortical, and medullary stromal 

compartments. In the capsular stroma, the intracellular distribution of β-catenin is 

primarily in the cytoplasm and membrane and virtually absent from the nucleus (Figure 

3.2A-D), indicating a more prominent role in cell adhesion. In the population of cortical 

stroma, β-catenin is cytoplasmic and low levels are observed in the nucleus (Figure 3.2E-

H). This intracellular pattern suggests an important role in cell adhesion with a more 

minor role in signaling and gene transcription. In contrast, within the medullary stroma, 

β-catenin is most highly expressed in the nuclei with lower levels in the cytoplasm 

(Figure 3.2I-L), suggesting a prominent role in the regulation of gene transcription. This 

intracellular distribution of β-catenin within these stromal compartments was maintained 
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throughout kidney development. These results demonstrate that each stromal cell 

population has a unique intracellular distribution of β-catenin suggesting unique 

functional roles during kidney development.  
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Figure 3.2 - Intracellular localization of β-catenin in capsular, cortical, and 
medullary stoma 

 
 
Intracellular localization of β-catenin in capsular, cortical, and medullary stroma: 
(A-L) Immunofluorescence showing β-catenin intracellular distribution in the capsular, 
cortical, and medullary stroma. (A-C) In the capsular stroma, β-catenin localizes in a 
membrane and cytoplasmic pattern and does not co-localize with nuclear stromal factor 
Pbx1. (D) Schematic diagram of the intracellular β-catenin localization and a suggested 
role in cell-cell adhesion via adherens junctions. (E-G) β-catenin weakly co-localizes with 
Pbx1 in the nuclear compartment but is primarily cytoplasmic. (H) Schematic diagram of 
the intracellular β-catenin localization showing possible roles in the cytoplasm and 
nucleus. (I-K) In the medulla, β-catenin co-localizes with Pbx1 primarily to the nuclear 
compartment but some cytoplasmic β-catenin expression is observed. (L) Schematic 
diagram of the intracellular β-catenin localization showing a more prominent role in the 
nucleus. (scale bar = 5µm, M = membrane, C=cytoplasm, N=nuclear, AJ=Adherens 
junctions).  
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Ablation of β-catenin in stromal cells leads to multiple kidney abnormalities 

To investigate the role of stromally expressed β-catenin in kidney development we 

generated a conditional knockout mouse model whereby β-catenin was specifically 

deleted in the renal stroma cell lineage. We utilized a Foxd1-Cre transgenic mouse line 

(Humphreys, Lin et al. 2010) that expresses the Cre recombinase protein exclusively in 

the renal stroma (Das, Tanigawa et al. 2013), (Hum, Rymer et al. 2014). We crossed the 

Foxd1-Cre mice with transgenic mice containing LoxP sites flanking exons 2-6 of the β-

catenin allele (Brault, Moore et al. 2001) resulting in the generation of mice with a 

genetic deletion of β-catenin from renal stromal cells (termed β-catS-/-). We performed 

immunofluorescence using Pbx1 and β-catenin antibodies to confirm the absence of β-

catenin within all stromal cells in β-catS-/- mutant kidneys (Supplemental Figure 3.2). Our 

results demonstrate β-catenin expression was maintained in the condensed mesenchyme 

and ureteric epithelium but completely absent in Pbx1 positive cells during embryonic 

kidney development and at post-natal day 0 (PN0) in the cortex and medulla 

(Supplemental Figure 3.2). 

β-catS-/- mice died within hours after birth and kidney tissue was immediately isolated for 

gross and histological analysis. Analysis of the gross anatomy of kidneys from 7 different           

β-catS-/- mutants at PN0 revealed 6 mutants with normal to slightly smaller kidneys when 

compared to wild-type (WT) (Figure 3.3A and B).  One mutant demonstrated kidneys that 

were 50% smaller than WT littermates (data not shown). We then performed a 

histological analysis of β-catS-/- kidneys.  In contrast to WT (Figure 3.3C), β-catS-/- mutant 

kidneys were lobular and contained numerous large ureteric epithelial derived cysts 
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(Supplemental Figure 3.3) in the medulla and cortex (Figure 3.3D). In addition, we 

observed glomeruli abnormally located in the medulla (Figure 3.3E-H) and tubules were 

inappropriately located just beneath the renal capsule (Figure 3.3E, F, I, J). β-catS-/- 

mutant kidneys demonstrate a phenotype that is consistent with previous reports by Yu et 

al (Yu, Carroll et al. 2009). Yu et al demonstrated that the loss of β-catenin from the 

medullary stroma cells resulted in the cystic transformation of collecting ducts (Yu, 

Carroll et al. 2009). Their study concluded that ureteric epithelial cells secrete Wnt7b 

which activates the canonical Wnt pathway in medullary stroma resulting in elongation 

and maintenance of loops of Henle and collecting ducts (Yu, Carroll et al. 2009). 
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Figure 3.3 – β-catS-/- mutants demonstrate multiple kidney abnormalities  
	

 

(A,B) Gross anatomy of PN0 WT and β-catS-/- kidneys show comparable size and shape. 
(C-J) In contrast to WT, histological analysis of β-catS-/- mutant kidneys demonstrate 
numerous kidney abnormalities. (C,D) As compared to WT, β-catS-/- mutant kidneys were 
lobular, lacked a distinct boarder, contained numerous cysts in the medulla and cortex 
(star), with an ill-defined cortical medullary axis and misplaced glomeruli (arrow). (E-J) 
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In contrast to WT, high magnification of β-catS-/- kidneys at PN0 revealed a non-adherent 
sporadic renal capsule (F and J), misplaced tubules just under the renal capsule (F and J), 
glomeruli in the medulla (H) and a marked reduction in medullary stroma (H). (A, B scale 
bar = 1mm, C, D scale bar = 100µm, ad=adrenal gland, k=kidney, b=bladder, rc=renal 
capsule, cs=cortical stroma, ms=medullary stroma, g=glomerulus). 
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In addition, β-catS-/- kidneys revealed a paucity of renal capsule and sporadic non-

adherent capsular cells (Figure 3.3I,J). This data combined with our expression analysis 

in which β-catenin primarily localizes to the cell membrane of the capsular stroma 

suggest a primary role in cell-cell adhesion. However, there are regions where the renal 

capsule remains intact and this could be due to the compensatory role of γ-catenin 

(plakoglobin) as previously described (Zhurinsky, Shtutman et al. 2000).  

To determine when the mutant phenotype is initially established, we performed a 

histological analysis of β-catS-/- kidneys at various embryonic time points including E13.5, 

E14.5, and E15.5. β-catS-/- kidneys at E13.5 were indistinguishable from WT littermates 

(Figure 3.4A, B). By E14.5, β-catS-/- kidneys revealed glomeruli in the medulla and a 

loosely adherent renal capsule (Figure 3.4C, D). At E15.5, β-catS-/- kidneys displayed 

sparse, loosely packed cortical stroma between the adjacent condensed mesenchymal 

populations, glomeruli in the medulla, sparse medullary stroma, and the non-adherent 

renal capsule phenotype persisted (Figure 3.4E-J). We also analyzed branching 

morphogenesis and nephrogenesis and observed no overt changes in branch generation or 

nephrogenesis in β-catS-/- kidneys (Supplemental Figure 3.4). We next analyzed the renal 

stroma cell population using various stromal markers Meis1/2, Foxd1, Tenascin C, and 

Pbx1 (Figure 3.5A-L). While the capsular, cortical, and medullary stroma were present 

we noted a reduction in the medullary stromal cell population (Figure 3.5C,D,G,H). To 

determine if apoptosis was a contributing factor to the reduced medullary stroma we 

performed a TUNEL analysis. Indeed the analysis showed increases in apoptosis within 

the medullary stroma at E15.5 (Figure 3.5M,N). Combined, these studies highlight the 
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role of stromally expressed β-catenin in the proper formation of the distinct stromal 

compartments. 
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Figure 3.4 – Temporal analysis of the embryonic idney phenotype in β-catS-/- mutant 
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Temporal analysis of the embryonic kidney phenotype in β-catS-/- mutants: (A, B) 
Histological analysis of WT and β-catS-/- embryonic kidneys at E13.5 demonstrates no 
abnormalities in the stromal population, developing nephrons, or kidney patterning. (C, 
D) In contrast to WT at E14.5, β-catS-/- kidneys demonstrate abnormally located glomeruli, 
and a non-adherent irregular patterned renal capsule. (E-J) In contrast to WT at E15.5, the 
non-adherent capsular phenotype persists in β-catS-/- kidneys (H) and the cortical stroma is 
reduced and loosely packed (H). Similarly, the medullary stroma in β-catS-/- kidneys is 
markedly reduced compared to WT (J) and glomeruli are also abnormally located within 
the medulla (rc= renal capsule, cs = cortical stroma, ms=medullary stroma, g=glomerulus, 
arrowhead = ureter). Scale Bar C-F =100µm, G-J=50µm 
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Figure 3.5 – Investigation of the renal stroma in β-catS-/- mutant kidneys  
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Investigation of the renal stroma in β-catS-/- mutant kidneys :(A-L) Analysis of the 
renal stroma using stromal markers; Meis1/2, Pbx1, Foxd1, and TN-C at E15.5. As 
compared to WT, no overt changes were observed in the cortical stroma with respect to 
Meis1/2 (A, B), Pbx1 (E, F), Foxd1 (I, J), and TN-C (K, L). However, a reduction of 
Meis1/2 (C, D) and Pbx1 (G, H) was observed in the medullary region in β-catS-/- kidneys. 
(M, N) TUNEL assay at E15.5 reveals an increase in apoptosis in the medullary stroma of 
β-catS-/- kidneys compared to WT. (rc= renal capsule, cs = cortical stroma, ms=medullary 
stroma, A=apoptosis). Scale Bar =50µm 
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Stromally expressed β-catenin modulates Wnt9b expression in the ureteric epithelium 

During kidney development the ureteric epithelial tips induce the mesenchyme 

population to tightly cluster around the ureteric epithelium tips and form a 3-4 cell-layer 

thick population of condensed mesenchymal cells (Little and McMahon 2012). Notably, 

the condensed mesenchyme population surrounding the ureteric epithelial tips in β-catS-/- 

mutant kidneys was reduced to a single loosely packed layer of condensed mesenchymal 

cells when compared to WT (Figure 3.6 A, B). This finding suggests an important role for 

stromally expressed β-catenin in the induction of mesenchyme progenitors during kidney 

development. Signals from the ureteric epithelium promote proliferation of these 

mesenchyme progenitors (Carroll, Park et al. 2005, Karner, Das et al. 2011). We next 

examined whether the reduction in the condensed mesenchymal population in β-catS-/- 

kidneys resulted from changes in cell proliferation. We quantified the percentage of 

proliferating cells at E14.5 and E15.5 specifically in the condensed mesenchyme using 

BrdU labeling. The percentage of proliferating condensing mesenchyme cells was 

reduced in β-catS-/- mutant kidneys at E14.5 (WT: 34.56% versus β-catS-/-: 28.02%) and at 

E15.5 (WT: 34.09% versus β-catS-/-: 26.73%) (Figure 3.6C-H). In contrast, we observed 

virtually no apoptosis within the condensing mesenchyme population in either β-catS-/- 

mutants or WT littermates (Figure 3.6I,J). This data demonstrates the reduction in the 

condensed mesenchyme in β-catS-/- is most likely caused by reduced proliferation of the 

progenitor cell population. 
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Figure 3.6 – The condensing mesenchyme cell population is reduced in β-catS-/- 

mutant kidneys 
	

 
 
The condensing mesenchyme cell population is reduced in β-catS-/- mutant kidneys: 
(A,B) As compared to WT, which demonstrates 3-4 cell layers of aggregated condensing 
mesenchyme, β-catS-/- kidneys display a reduced, single cell layer of loosely aggregated 
condensing mesenchyme. (C-H) Analysis of cell proliferation in the condensing 
mesenchyme was performed using Brdu cell proliferation assay. (C-E) As compared to 
WT, β-catS-/- mutants demonstrated a 6.46% reduction in condensing mesenchyme cell 
proliferation at E14.5 (WT, 34.56%±1.45, n=28 versus β-catS-/-, 28.02%±1.05, n=27, 
p=0.0006).  (F-G) At E15.5 β-catS-/- mutants demonstrated a 7.35% reduction in 
condensing mesenchyme cell proliferation when compared to WT (WT, 34.09%±1.65, 
n=17 versus β-catS-/-, 26.73%±2.21, n=15, p=0.01). (I,J) A TUNEL assay at E15.5 did not 
reveal any changes in apoptosis in the condensing mesenchyme between WT and β-catS-/-. 
Scale Bar =50µm 
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Wnt9b is the key signaling factor secreted by the ureteric epithelium and controls 

the proliferation of progenitors and the induction of mesenchymal-to-epithelial transition 

of the nephrogenic progenitor population (Karner, Das et al. 2011). Therefore we 

analyzed Wnt9b expression by section in situ hybridization. We observed a marked 

reduction in Wnt9b mRNA expression in the majority of ureteric epithelial cells in β-catS-

/- kidneys (Figure 3.7A,B).  We performed qRT-PCR in β-catS-/- kidneys using 5 mutant 

kidneys from 3 separate litters, and confirmed a 72% reduction in Wnt9b mRNA levels in 

β-catS-/- kidneys (Figure 3.7C). In support of these findings Wnt9b hypomorphs display a 

similar phenotype to our β-catS-/- mutants (Karner, Chirumamilla et al. 2009, Das, 

Tanigawa et al. 2013). These results demonstrate a loss of β-catenin in stromal cells leads 

to reduced Wnt9b levels in the ureteric epithelium. To ensure the reductions in Wnt9b 

expression were not caused by a general disruption in the ureteric epithelium integrity, we 

analyzed Ret and Wnt 11, two other essential ureteric epithelial markers, and show no 

changes in their mRNA expression by in situ hybridization and qRT-PCR (Figure 3.7D-

I). These results led us to hypothesize that stromally expressed β-catenin modulates 

Wnt9b expression in the ureteric epithelium. To support this hypothesis, we generated a 

second mutant mouse model in which β-catenin was overexpressed exclusively in kidney 

stromal cells (β-catGOF-S). The histological analysis of β-catGOF-S kidneys revealed a 

marked increase in the progenitor population at E14.5 (Figure 3.7J,K). We next 

performed in situ hybridization and observed marked increases in Wnt9b expression at 

E14.5 (Figure 3.7L,M). We confirmed these changes by qRT-PCR and demonstrated a 

310% increase in Wnt9b expression in β-catGOF-S (Figure 3.7N). Taken together, analysis 
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of β-catS-/- and β-catGOF-S mutants implicate stromally expressed β-catenin in the 

modulation of Wnt9b expression in the ureteric epithelium. 
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Figure 3.7 – β-catenin in the renal stroma modulates Wnt9b expression in ureteric 
epithelial cells 
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β-catenin in the renal stroma modulates Wnt9b expression in ureteric epithelial 
cells: (A-C) When compared to WT, In situ hybridization and real-time quantitative PCR 
for Wnt9b demonstrates Wnt9b mRNA expression is significantly reduced (1.00 versus 
0.29, p=0.008) in E14.5 β-catS-/- kidneys. (D-I) In situ hybridization and Real-time 
quantitative PCR for Ret and Wnt11 demonstrated no differences in mRNA expression 
between WT and β-catS-/- at E14.5. (J-K) Histological analysis of β-catGOF-S mutant 
kidneys demonstrate a marked increase in condensing mesenchyme population when 
compared to WT at E14.5. (L-N) In situ hybridization and quantitative PCR demonstrate 
Wnt9b expression in β-catGOF-S kidneys was significantly increased (1.02 versus 3.102, 
p=0.021) as compared to WT at E14.5. (scale bar = 50 µm, rc=renal capsule, cm= 
condensing mesenchyme, ub = ureteric epithelium).   
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Deletion of β-catenin in stromal cells impairs Wnt9b signaling to the nephrogenic 

progenitors 

 Wnt9b signaling controls genes in the condensed mesenchyme which 

promote nephron formation through the β-catenin mediated canonical Wnt pathway 

(Karner, Das et al. 2011). To determine whether the reduction in Wnt9b expression 

disrupted Wnt9b downstream signaling, we analyzed the expression of known Wnt9b-

independent and -dependent targets in β-catS-/- mutants. We first analyzed the expression 

Wnt9b independent genes, Pax2, Six2, and Eya1, which are all necessary for the proper 

induction of the nephrogenic progenitors (Mugford, Sipila et al. 2008). First, we 

performed immunofluorescence for Pax2 and Six2 on WT and β-catS-/- mutant kidneys at 

E15.5. The number of Pax2 positive cells surrounding the ureteric epithelium was 

markedly reduced compared to WT, which is consistent with our finding of decreased 

induced nephrogenic progenitors (Figure 3.8A,B). Using qRT-PCR at E14.5, a time point  

prior to the reduced progenitor population, we demonstrated no significant change in 

Pax2 mRNA expression in β-catS-/- mutant kidneys when compared to WT (Figure 3.8C). 

Similarly, immunofluorescence analysis of Six2 revealed a modest decrease in the 

number of Six2 induced nephrogenic cells (Figure 3.8D, E) while qRT-PCR showed the 

levels of Six2 expression were not changed in β-catS-/- kidneys (Figure 3.8F). We also 

analyzed Eya1, a third Wnt9b independent gene (Gong, Yallowitz et al. 2007), which 

demonstrated no significant alterations in expression in β-catS-/- kidneys (Figure 3.8P). 

Taken together, this analysis confirms the reduction in the number of nephrogenic 

progenitor cells in β-catS-/- kidneys but does not affect the expression levels of these 
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Wnt9b-independent genes. Therefore Pax2, Six2, and Eya1 are not likely contributing to 

the reduction of the induced nephrogenic progenitors. 
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Figure 3.8 - β-catS-/- mutants demonstrate altered Wnt9b signaling to the condensing 
mesenchyme 
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β-catS-/- mutants demonstrate altered Wnt9b signaling to the condensing 
mesenchyme - (A-P) Analysis of Wnt9b dependent and independent gene targets by 
immunofluorescence and real-time quantitative PCR at E15.5 and E14.5 respectively.  
(A-F) In contrast to WT at E15.5, the number of Pax2 and Six2 positive cells in the 
condensing mesenchyme was reduced in β-catS-/- kidneys. No changes were observed in 
the Pax2 and Six2 mRNA expression levels at E14.5 by qRT-PCR. (G-I) Both the number 
of Cited 1 positive cells and Cited 1 mRNA expression levels were reduced (1.00 versus 
0.62, p=0.003) in β-catS-/- kidneys. (J-L) The levels of Amphiphysin were significantly 
reduced in the condensing mesenchyme at both the protein and mRNA levels in β-catS-/- 

kidneys (1.01 versus 0.48, p=0.025) (M-O) In situ hybridization and qRT-PCR analysis 
of Wnt4 demonstrates a reduction in Wnt4 mRNA levels in E14.5 β-catS-/- kidneys (1.00 
versus 0.30, p=0.0007). (P) QRT-PCR of Wnt9b-independent gene Eya1 demonstrates no 
changes in mRNA expression levels in β-catS-/- kidneys. In contrast, Wnt9b-dependent 
gene Tafa5 (1.00 versus 0.42, p=0.003) was significantly decreased in β-catS-/- kidneys 
(scale bar = 50µm) (rv=renal vesicle, ub=ureteric bud).   
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To determine if the reduction in Wnt9b translates to decreased Wnt9b-dependent 

downstream targets in the nephrogenic progenitors, we analyzed Cited1, Amph, Tafa5 and 

Wnt4 (Karner, Das et al. 2011). First, we performed immunofluorescence for Cited1 and 

Amph at E15.5. β-catS-/- mutants demonstrated reduced Cited1 and Amph nephrogenic 

progenitors. The cells that expressed Cited1 and Amph demonstrated decreased protein 

expression levels when compared to WT (Figure 3.8G,H,J,K). We confirmed a 38% and 

47% reduction in Cited 1 and Amph mRNA respectively at E14.5 in β-catS-/- kidneys 

using qRT-PCR (Figure 3.8F, I).  In addition, Wnt9b dependent targets Wnt4 and Tafa5 

also demonstrated reduced mRNA expression levels (Figure 3.8M-P). Our results are 

consistent with previous reports in Wnt9b hypomorph mice and Wnt9b null mice (Karner, 

Chirumamilla et al. 2009, Karner, Das et al. 2011), and strongly support a role for 

stromally expressed β-catenin in the regulation of Wnt9b expression and its downstream 

signaling to the condensing mesenchyme.  

β-catenin is expressed in distinctive intracellular patterns within the capsular, 

cortical, and medullary renal stroma. However the role of stromally expressed β-catenin 

in the regulation of kidney development is not described. Ablation of β-catenin in stromal 

cells results in numerous kidney abnormalities, most notably a reduction in the 

condensing mesenchyme. Wnt9b expression in the ureteric epithelium and Wnt9b-

dependent genes in the nephron progenitors were markedly reduced in β-cats-/- mutants. 

Our findings support a model by which stromally expressed β-catenin regulates the 

expression of Wnt9b and its downstream targets, thereby regulating the induction of 

nephrogenic progenitors. The molecular mechanisms by which stromal cells control 
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Wnt9b expression in the ureteric epithelium remain to be determined. We propose three 

possible mechanisms by which stromally expressed β-catenin modulates Wnt9b 

expression in the ureteric epithelium. First, previous studies have shown stromal cells 

secrete factors that affect gene expression in epithelial cells in other model systems 

(Cullen-McEwen, Caruana et al. 2005, Li, Hartwig et al. 2014). The localization of β-

catenin to the nucleus in the cortical and medullary stroma suggests β-catenin may control 

the expression of secreted factors that signal to the adjacent ureteric epithelium to control 

Wnt9b expression. These potential secreted factors are the focus of our future studies. 

Second, stromal-epithelial cell interactions have been shown to regulate the development 

of other organ systems (Cunha, Bigsby et al. 1985, Howard and Lu 2014). Therefore, it is 

possible that stromal cells directly interact with the ureteric epithelial population in the 

kidney. We and others have demonstrated that the renal stroma is directly adjacent to the 

ureteric epithelium and therefore is ideally located to form direct cell-cell interactions 

with ureteric epithelial cells to affect cellular processes. Third, recent studies have shown 

that the renal stromal and condensed mesenchyme form direct cell interactions through 

stromally expressed proto-cadherin Fat4 (Das, Tanigawa et al. 2013). Thus, it is possible 

that stromal cells, via the mesenchyme cell population, modulate Wnt9b expression in 

epithelial cells. Taken together our studies highlight that the renal stroma communicates 

with the ureteric epithelium to modulate gene expression and control kidney 

development. 
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SUPPLEMENTARY MATERIAL  

Supplemental Figure 3.1 - The Pbx1 antibody targets the capsular, cortical, and 
medullary stroma 

 
The Pbx1 antibody targets the capsular, cortical, and medullary stroma: (A-D) 
Immunofluorescence analysis of Pbx1, Meis1/2, TN-C, and Foxd1 in WT kidneys at 
E15.5. Pbx1 (A) and Meis1/2 (B) mark the capsular (rc), cortical (cs), and medullary 
storma (ms), whereas TN-C (C) and Foxd1 (D) expression is restricted to the capsular and 
cortical stroma between the developing nephrons. The insets demonstrate the expression 
pattern of each marker in the whole kidney (scale bar = 50 µm, ad= adrenal gland, cs = 
cortical storma, ms = medullary stroma, rc = renal capsule). 
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Supplemental Figure 3.2 - Generation of mutant mice with stroma specific deletion 
of β-catenin. 
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Generation	of	mutant	mice	with	stroma	specific	deletion	of	β-catenin:	(A-R)	
Pbx1	and	β-catenin	immunofluorescence	demonstrating	the	loss	of	β-catenin	from	
stromal	cells	in	β-catS-/-	kidneys.	(A-F)	At	E13.5	in	β-catS-/-	kidneys,	β-catenin	is	not	
expressed	in	Pbx1	positive	stromal	cells.	β-catenin	expression	is	maintained	in	the	
ureteric	epithelium	and	mesenchyme	populations.	(G-R)	In	β-catS-/-	kidneys	at	PN0	
β-catenin	is	not	expressed	in	capsular,	cortical	or	medullary	stroma.	β-catenin	
expression	persists	in	the	ureteric	epithelium	and	mesenchyme	populations.	(scale	
bar	=	50	μm,	ub=ureteric	epithelium,	cm=condensing	mesenchyme,	s=stroma,	
cs=cortical	storma,	ms=medullary	stroma,	rp=renal	papilla,	rc=renal	capsule).		
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Supplemental Figure 3.3 – Characterization of cyst origin in β-catS-/- 

	

Characterization of cyst origin in β-catS-/-: (A-H) Expression analysis of collecting duct 
markers Aquaporin-3 (A-D) and Cytokeratin (E-H) in WT and β-catS-/- kidneys at PN0. 
All cysts observed in β-catS-/- kidneys originated from the ureteric epithelium. No cysts 
were found in the tubules or loops of Henle.   
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Supplemental Figure 3.4 – Branching morphogenesis and Nephrogenesis are not 
disrupted in β-catS-/- kidneys  

	
Branching morphogenesis and Nephrogenesis are not disrupted in β-catS-/- kidneys: 
(A-F) Whole-mount branching analysis using the ureteric epithelium marker cytokeratin 
at E13.5 (A,D), E15.5 (B,E), and PN0 (C,F). No overt changes were observed between 
WT and β-catS-/- kidneys. (G-L) Immunofluorescence analysis of nephrogenic markers 
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Ncam (G,H), Jag1 (I,J), and Wt-1 (K,L) in WT  and β-catS-/- kidneys at E15.5. Despite the 
reduction in condensing mesenchyme, β-catS-/- kidneys undergo nephrogenesis and form 
mature nephrons (glomerulus in L). (scale bars A-F = 100 µm, G-L=50 µm) (rv=renal 
vesicles, ub= ureteric bud, csb=comma-shaped body, cm= condensing mesenchyme, g= 
glomerulus).   
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PREFACE 

Significance	to	thesis	

In chapter 3 we demonstrated that a loss of stromal β-catenin resulted in defects in 

the renal capsule, the renal cortex, and the medulla. A histological analysis of stromal β-

catenin deficient kidneys revealed non-adherent capsular stromal cells, a reduction of 

nephrogenic progenitors in the renal cortex, and a lack of medulla. This suggests distinct 

roles for β-catenin in the different stromal compartments. The study presented in chapter 

3 focused on the role of stromal β-catenin in the regulation of the nephrogenic progenitors 

in the renal cortex. However, the role of β-catenin in the regulation of medulla formation 

is not clear. Additionally, the mechanisms that control the development, maintenance, and 

differentiation of the stromal populations are poorly defined. Therefore, in chapter 4 we 

explore the role of β-catenin in medullary stroma development.  

Authors’ contribution 

Felix J. Boivin conceived and designed the study, performed and supervised all 

experiments, performed and supervised all data analysis, wrote the original draft of the 

manuscript.   

Janice Lim assisted in experiments and analysis.  

Darren Bridgewater contributed to the design of the study, assisted in the interpretation of 

the data, contributed to refining the original draft of the manuscript.  
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ABSTRACT 

The renal stroma is a population of matrix-producing fibroblast cells essential for kidney 

development by modulating branching morphogenesis and nephrogenesis. Yet the 

development, differentiation, and maintenance of the stroma are not well defined. The 

transcriptional co-activator β-catenin is essential for the formation of the cortico-

medullary axis and the development of the medullary compartment. While a deletion of 

β-catenin specifically in stromal cells results in a lack of medulla, the role of β-catenin in 

medullary development is not clear. Here we demonstrate that the defects in the cortico-

medullary axis and the lack of medullary compartment are primarily due to a reduction in 

the medullary stroma. We demonstrate that a loss of stromal β-catenin primarily affects 

the differentiation between cortical and medullary stroma and results in increased stromal 

apoptosis at the cortico-medullary junction. Our results indicate β-catenin controls 

stromal cell survival by modulating the levels of anti-apoptotic genes. This regulation 

possibly results from the formation of a new transcriptional complex that binds to the 

promoter region of anti-apoptotic genes to regulate the differentiation between cortical 

and medullary stroma.  

Key words: Renal stroma, β-catenin, Apoptosis, Bcl2l1, Medullary development 
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INTRODUCTION 

Stromal cells are a population of matrix-producing fibroblast cells found within 

the kidney parenchyma that provide a supportive framework for the nephrons and 

collecting ducts and regulate interstitial pressure within the kidney (Garcia-Estan and 

Roman 1989, Ekblom and Weller 1991). Recent studies have demonstrated that stromal 

cells also play essential roles in the developing kidney. Stromal cells modulate 

nephrogenesis by forming direct cell-cell interactions with the nephron progenitors of the 

condensed mesenchyme to control the balance between proliferation and differentiation 

(Das, Tanigawa et al. 2013, Bagherie-Lachidan, Reginensi et al. 2015). Similarly, stromal 

factors such as Raldh2, Ecm1, and Pigf1 modulate communication between the stroma 

and the ureteric epithelium for proper branching and elongation of the collecting duct 

system (Mendelsohn, Batourina et al. 1999, Batourina, Gim et al. 2001, Zhang, Palmer et 

al. 2003, Paroly, Wang et al. 2013). The ablation of all stromal progenitors results in 

delayed branching of the epithelium and an expansion of the nephron progenitors (Das, 

Tanigawa et al. 2013, Hum, Rymer et al. 2014). In the progression of chronic kidney 

disease, stromal-derived pericytes promote fibrosis development by undergoing 

myofibroblast transdifferentiation and increasing production of extra-cellular matrix 

proteins (Humphreys, Lin et al. 2010). Similarly, acute kidney injury promotes 

proliferation of medullary interstitial fibroblasts and myofibroblast transdifferentiation via 

the Wnt/β-catenin pathway, suggesting a recapitulation of developmental pathways post 

injury. Although studies have highlighted important roles for the renal stroma during 
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kidney development and disease, the mechanisms that control their development, 

differentiation, and survival are poorly understood.  

We recently demonstrated an essential role for β-catenin in the differentiation and 

specification of the renal stroma. The overexpression of stromal β-catenin results in 

disruptions in stromal cell identity and ectopic expression of factors, such as Wnt4 and 

Bmp4, essential for vascular morphogenesis (Boivin, Sarin et al. 2016). Conversely, the 

deletion of stromal β-catenin results in abnormal medullary formation and reductions in 

medullary stroma (Yu, Carroll et al. 2009, Boivin, Sarin et al. 2015). A functional role for 

β-catenin in medullary stromal cells has been demonstrated in medullary extension of the 

nephrogenic tubules, growth of the loop of Henle, and elongation of the collecting ducts 

(Yu, Carroll et al. 2009). Wnt7b, which is expressed and secreted by the ureteric stalk 

epithelial cells, activates β-catenin in the adjacent medullary stromal cells and promotes 

p57Kip2 expression, a cyclin-dependent kinase inhibitor. However, the contributions of 

p57Kip2 to renal medulla morphogenesis are not clear, as no changes in cell proliferation 

are observed in stromal β-catenin and p57Kip2 deficient kidneys (Zhang, Liegeois et al. 

1997, Yu, Carroll et al. 2009). This suggests β-catenin regulates other genes essential for 

medullary stroma development. However, the mechanisms and genes regulated by β-

catenin in medullary stroma are poorly defined.   

 In this study, we demonstrate that a loss of β-catenin expression in stromal cells 

from the onset of kidney development does not affect the cortical stroma population 

demonstrating β-catenin does not modulate the formation of cortical stromal progenitors. 

Instead, the loss of β-catenin results in reduced medullary stroma caused by an increase in 
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apoptosis in the stromal cells that are located deeper into the kidney. Our data provide 

evidence that β-catenin ensures proper medullary stromal cell differentiation by 

regulating stromal cell survival via the expression of anti-apoptotic genes. This regulation 

results from a novel transcriptional complex that binds to the promoter region of anti-

apoptotic genes to control the development of the medullary stroma compartment.  
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METHODS  

Mice strains and genotyping  

To generate β-catenin deficient mice, termed β-catS-/-, we first crossed FoxD1eGFPCre 

males (Humphreys, Lin et al. 2010) with mice containing loxP sites flanking exons 2-6 

(β-catΔ2-6/Δ2-6) of the β-catenin allele (Brault, Moore et al. 2001). The Foxd1-Cre;β-cat+/- 

males were then crossed with β-catΔ2-6/Δ2-6 females to generate homozygous β-catenin 

loss-of-function mutants in the renal stroma. FoxD1eGFPCre mice were maintained on a 

CD1 genetic background, while β-catΔ2-6/Δ2-6 mice were maintained on a C57BL/6J 

genetic background. Mice were genotyped using the following primers specific to the 

FoxD1eGFPCre allele: Forward 5’-GCGGCATGGTGCAAGTTGAAT-3’ and Reverse 

5’-CGTTCACCGGCATCAACGTTT-3’, and Forward 5’- 

AAGGTAGAGTGATGAAAGTTGTT-3’ and Reverse 5’- 

CACCATGTCCTCTGTCTATTC-3’ for the floxed β-catenin allele. All animal studies 

were performed in accordance with animal care and guidelines put forth by the Canadian 

Council for Animal Care and McMaster’s Animal Research Ethics Board (AREB) 

(Animal Utilization Protocol #100855) and approved the project described in this 

manuscript. 

Histology and Immunofluorescence  

Whole kidney tissue was fixed in 4% paraformaldehyde for 24 hours at 4 °C. Kidneys 

were paraffin-embedded, sectioned to 5µm, and mounted on SuperfrostTM Plus slides 

(Thermo Fisher Scientific, Waltham, MA) and incubated overnight at 37°C. Sections 

were deparaffinized using xylene washes and rehydrated using graded ethanol washes 
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(100%, 95%, 75%, 50%, H20) and stained with hematoxylin and eosin (Sigma, St. Louis, 

MO). For immunofluorescence, tissue was prepared as described above and antigen 

retrieval was performed for 5 minutes in 10mM sodium citrate solution pH 6.0 in a 

pressure cooker, followed by blocking with serum-free protein block (Dako Corporation, 

Carpinteria, CA). Sections were incubated with primary antibodies to Pbx1 (Cell 

Signaling, Beverly, MA; 1:250 dilution) and Foxd1 (Santa Cruz, 1:200) overnight at 4°C. 

Tissue sections were washed in PBS pH 7.4, incubated with secondary antibodies 

Alexafluor 488 or 568 (Invitrogen, Carlsbad, CA; 1:1000 dilution) for 1 hour at room 

temperature and stained with Dapi (Sigma, St. Louis, MO; 1:1000 dilution) for 5 minutes 

and cover-slipped using Fluoromount (Sigma, St. Louis, MO) and photographed on a 

Nikon 90i-eclipse upright microscope. 

In Situ Hybridization 

In Situ Hybridization for Pod1 was performed using the Affymetrix QuantiGene 

ViewRNA assay. Briefly, paraffin-embedded WT and β-catS-/- kidneys were sectioned at a 

thickness of 5 µm, deparaffinized, boiled in pre-treatment solution (Affymetrix, Santa 

Clara, CA) and digested with proteinase K. Sections were incubated with a custom 

designed QuantiGene ViewRNA probe for 2 hrs at 40°C. Signal was amplified with Pre-

Amp and Amp solutions and then developed Fast-Red or Fast-blue Substrate. Slides were 

counter- stained with DAPI, mounted with Fluoromount (Sigma, St. Louis, MO) and 

photographed on a Nikon 90i-eclipse upright microscope. 

Real-time reverse transcriptase-PCR 

Real-time PCR was performed using the Applied Biosystems 7900HT fast RT-PCR 
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system (Applied Biosystems, Burlington, ON). cDNA was generated using first strand 

cDNA synthesis (Invitrogen Carlsbad, CA) from total RNA. Real-time PCR reaction mix 

contained 2.5ng of each cDNA sample, SYBR green PCR Master Mix (Applied 

Biosystems, Burlington, ON) and 300nM of each primer to a total volume of 25 µl. 

Primers for FoxD1, Pod1, Vegfa, Birc5, Bcl2l1, Mybl2, Bag3, Esr1, Kcnip1, Pbx1, Pax2, 

Ret were designed using the Primer 3 software (http://bioinfo.ut.ee/primer3-0.4.0/) and 

verified using the UCSC genome bioinformatics website (genome.ucsc.edu). Relative 

levels of mRNA expression were determined using the 2(-ΔΔCt) method. Individual 

expression values were normalized by comparison to β-2-microglobulin. 

Analysis of cell proliferation and apoptosis  
 
Cell proliferation was assayed in paraffin-embedded kidney tissue by incorporation of 5-

bromo-2-deoxyuridine (Roche Molecular Biochemicals, Mannheim, Germany), as 

previously described (Cano-Gauci, Song et al. 1999). Pregnant mice received an intra-

peritoneal (IP) injection of BrdU (100 mg/g of body weight) 2 h prior to sacrifice. BrdU-

positive cells in the stroma were identified by co-labeling with the anti-BrdU antibody 

(Abcam, Cambridge, ab8152, 1:250) and Pbx1 antibody (Cell Signaling, Beverly, MA; 

1:250). Apoptosis was assessed in paraffin-embedded kidney tissue using the cell death 

detection kit (Roche Molecular Biochemicals, Mannheim, Germany) and visualized using 

3,3’-Diaminobenzidine (DAB) substrate solution (Vector, USA).  

Immunoblotting and Co-Immunoprecipitation 

Whole kidney tissue was homogenizing in TENT++ buffer [0.1M Tris-Cl (pH 8.0), 

0.01M EDTA (pH 8.0), 1M NaCl, 0.2% Triton-X 100, protease inhibitor, phosphatase 
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inhibitor]. Protein concentration was determined by Bradford protein assay according to 

the manufacturer’s instructions (Bio-Rad). For immunoblotting, 20 µg was loaded on an 

SDS-PAGE and probed with Bcl-XL (Cell Signaling, Beverly, MA). For 

immunoprecipitations, lysates were incubated with a 1:40 dilution of β-catenin antibody 

(BD Transduction, Lexington, KY), YAP1 (Novus Biologicals, Oakville, ON), or TBX5 

(Abcam, Cambridge, MA) and immunoprecipitation matrix (ImmunoCruz, 

SantaCruzBiotech, Dallas, TX) at 4°C overnight on a rotator. Immunoprecipitates were 

pelleted, resuspended in SDS-PAGE sample buffer, and immunoblotting performed by 

incubating for 1 hr at RT with primary antibodies β-catenin (BD Transduction 

Laboratories, Mississauga, ON), YAP1 (Novus Biologicals, Oakville, ON), and TBX5 

(Abcam Inc, Cambridge, MA) and horseradish peroxidise-conjugated secondary 

antibodies. The reaction was visualized using an Enhanced Chemiluminescence Detection 

system (Pierce Thermo Scientific, IL). 

Chromatin Immunoprecipitation (ChIP)  

Kidney tissue was dissected and cross-linked in 4 % formaldehyde. Cross-linked 

tissue was homogenized in lysis buffer (1%SDS, 10mM EDTA, 50MmTris pH 8.0) and 

sonicated to generate DNA fragments of 200-1000bp. Soluble chromatin was precleared 

by Protein G agarose /salmon sperm DNA beads (Millipore, Billerica, MA). 

Immunoprecipitation was performed using 2µg of mouse anti-β-catenin antibody (BD, 

Franklin Lakes, NJ), anti-YAP antibody (Novus Biologicals, Oakville, ON) or isotype 

specific IgG (negative control) was added to every 100µl of soluble chromatin to 

immunoprecipitate β-catenin and YAP-binding DNA. Immune complexes were separated 
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with G agarose /salmon sperm DNA beads followed by a series of washing buffer with 

protein inhibitors.  Crosslinked protein-DNA compound was disassociated by incubation 

with DNase-free proteinase K and RNA residual was removed by RNase A. DNA 

purified with Zymo ChIP DNA clean & concentrated kit (Zymo Research, Irvine, CA). 

Fragments containing the Tbx5 binding sites identified via in silico using MULAN were 

examined by PCR. A fragment within the Bcl2l1 coding region was used as a negative 

control. All primers were designed with Primer 3 software.  

RT2 Profiler PCR Array 

RNA from whole kidneys was extracted using the Qiagen RNeasy micro Kit (Qiagen, 

Hilden, Germany). cDNA was generated using the RT2 First Strand Kit (Qiagen, Hilden, 

Germany). Quantitative PCR was performed using the RT2 Profiler PCR Array plates 

(PAMM-212Z, Qiagen). The cDNA samples were mixed with RT2 MasterMix and added 

to the PCR array plates. The plates were run on the Applied Biosystems StepOne Real-

Time PCR machine and analyzed using the PCR array Data analysis software provided by 

Qiagen.   

Statistical Analysis 

The RT-qPCR, stromal cell count, apoptosis, and cell proliferation were analyzed using a 

two-tailed Student’s t-test using GraphPad Prism software, version 5.0c. P < 0.05 

indicates statistical significance.  

Ethics Statement 

All studies were performed in accordance with animal care and guidelines put 

forth by the Canadian Council for Animal Care and McMaster’s Animal Research Ethics 
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Board (AREB) (Animal Utilization Protocol #100855) and approved the project described 

in this study. 
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RESULTS 

The ablation of stromal β-catenin results in reduced medullary stroma  

The genetic ablation of β-catenin specifically in the renal stroma cells from 

embryonic day (E) 11.5 results in multiple developmental renal abnormalities (Boivin, 

Sarin et al. 2015). Initially, kidney development appears phenotypically normal between 

E11.5 and E13.5. However, by E14.5, the stromal β-catenin deficient kidneys exhibit 

cortico-medullary patterning defects with glomeruli ectopically located within the 

medullary compartment and a sporadic loosely adherent renal capsule surrounding the 

kidney. By E15.5, the nephrogenic progenitor population surrounding the ureteric 

epithelium is reduced compared to WT littermates. At birth, there are numerous ureteric 

epithelial derived cysts in the cortex and medulla, indicating that β-catS-/- kidneys are not 

functioning properly (Boivin et al, 2015). Since stromal cells modulate proliferation of 

the nephron progenitors (Das, Tanigawa et al. 2013, Hum, Rymer et al. 2014) and control 

formation of the cortico-medullary axis (Yu, Carroll et al. 2009), we suspected these 

abnormalities were associated with defects in the stromal population. 

Our previous histological analysis of β-catS-/- kidneys suggested no overt changes 

in the cortical stroma. At E15.5, the cortical stroma appeared loosely packed surrounding 

the condensed mesenchyme and developing nephrons. Furthermore, our analysis of 

cortical stromal markers, such as FoxD1 and Tenacin-C, demonstrated no changes in the 

amount and organization of the cortical stroma at E15.5 (Boivin, Sarin et al. 2015). In 

contrast, a close histological analysis of the medullary compartment revealed very few 

stromal cells surrounding the maturing collecting ducts and nephrogenic tubules in β-catS-
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/- kidneys (Figure 1A-B). The medullary stromal cells in WT controls form a large 

population of stellate-shaped cells (Figure 1A’) compared to the very few medullary 

stromal cells surrounding the nephrogenic tubules in β-catS-/- kidneys (Figure 1B’). 

Additionally, the medullary stromal cells in β-catS-/- kidneys appear more rounded 

compared to WT medullary stroma. The severe reduction in medullary stromal cells could 

explain the cortico-medullary axis defects (as evidenced by the presence of glomeruli (g) 

in the medulla (Figure 1B’) previous reported in β-catS-/- kidneys (Yu, Carroll et al. 2009, 

Boivin, Sarin et al. 2015).  

Our previous characterization of the renal stroma using general markers of all 

stromal cells, such as Pbx1 and Meis1/2, revealed a markedly reduced medullary stroma 

compartment (Boivin, Sarin et al. 2015). However, due to the lack of specific antibodies 

that detect the medullary stroma, we were not able to directly count the number of 

medullary stromal cells. Therefore, to determine whether a loss of stromal β-catenin 

resulted in reduced medullary stroma, we first quantitated the overall number of stromal 

cells using a nuclear marker of all stromal cells (Pbx1) and then quantified the levels and 

expression pattern of Pod1, a known medullary stromal marker (Quaggin, Schwartz et al. 

1999), by In Situ hybridization (ISH) and qPCR. Combining these two quantification 

methods allows us to specifically determine if the amount of medullary stroma is reduced 

since we established there are no changes in the cortical stroma. Analysis of Pbx1 at 

E13.5, a time point where no abnormalities are observed (Figure 1C-D), did not reveal 

any significant changes in the number of stromal cells (4.32 cells/mm2 in WT vs 4.33 

cells/mm2 in β-catS-/-, p=0.97) (Figure 1E). At E15.5, a time point when the medulla is 
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established in WT mice, the number of all stromal cells was reduced in the regions 

consistent with the medulla (below dotted line) in β-catS-/- compared to WT littermate 

kidneys (Figure 1F-G). We observed a 16.67% reduction in the number of Pbx1+ cells in 

β-catS-/- compared to WT littermate kidneys in all stromal cells. (4.20 cells/mm2   in WT vs 

3.50 cells/mm2 in β-catS-/-, p=0.0025) (Figure 1H). To confirm the reduction in medullary 

stromal markers, we quantified the levels and analyzed the expression pattern of Pod1 in 

β-catS-/- kidneys. In WT littermates, Pod1 expression was observed surrounding the 

nephrogenic tubules and ureter in the medulla (Figure 1I-I’). In contrast, Pod1 expression 

was virtually absent in the medulla in β-catS-/- kidneys and was observed at very low 

levels in a few medullary stromal cells surrounding the glomeruli and tubules (Figure 1J). 

Expression was maintained in the glomeruli (Figure 1J’). Quantification of Pod1 

expression by qPCR confirmed a significant reduction in β-catS-/- compared to WT 

littermates (1.11 vs 0.42, p=0.02)(Fig. 1K). Combined with our previous findings, this 

analysis of the renal stroma demonstrates that a loss of β-catenin in stromal cells does not 

affect the cortical stroma cell population but specifically affects the development of the 

medullary stroma.  
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Figure 4.1 - The ablation of stromal β-catenin results in reduced medullary stroma  

 

The ablation of stromal β-catenin results in reduced medullary stroma: (A-B) H&E 
stain of WT littermates and β-catS-/- kidneys at E15.5. The medullary stroma is markedly 
reduced between the nephrogenic tubules in β-catS-/- kidneys (B’) compared to WT (A’). 
(C-D) Pbx1 expression in WT control littermates and β-catS-/- kidneys at E13.5. (E) 
Number of stromal cells per mm2 of renal tissue at E13.5. The overall number of stromal 
cells is not significantly reduced in β-catS-/- kidneys (4.32 cells/mm2 in WT vs 4.33 
cells/mm2 in β-catS-/-, p=0.97). (F-G) Pbx1 expression in WT control littermates and β-
catS-/- kidneys at E15.5. (H) Number of stromal cells per mm2 of renal tissue at E15.5. The 
overall number of stromal cells is significantly reduced in β-catS-/- kidneys (4.20 
cells/mm2   in WT vs 3.50 cells/mm2 in β-catS-/-, p=0.0025). (I-J) Pod1 In Situ 
hybridization in WT littermates and β-catS-/- kidneys at E15.5. Pod1 expression is 
observed in all medullary stromal cells (ms) surrounding the tubules (t) and ureter in WT 
littermates (I’). In β-catS-/- kidneys, Pod1 expression is observed in glomeruli and at low 
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levels in a few medullary stromal cells (ms) (J’). (K) Pod1 expression is significantly 
decreased in β-catS-/- kidneys, (1.11 vs 0.42, p=0.02). (cs=cortical stroma, g=glomeruli, 
ms=medullary stroma, t=tubule, u=ureter. Scale bars = 100µm)  
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β-catenin is not required for the development of stromal progenitors 

Next, we wanted to determine the cellular events that contribute to the reduction 

in medullary stroma. The kidney develops in a circumferential manner (Cebrian, Borodo 

et al. 2004). In this regard, the youngest developing structures are found in the outermost 

region of the kidney cortex. In contrast the more mature nephrogenic structures are 

located deeper in the nephrogenic zone farthest from the outside of the kidney (Cebrian, 

Borodo et al. 2004). As kidney development progresses, the progenitor cells in the outer 

region of the kidney that will form the stroma express high levels of FoxD1. These Foxd1 

progenitors will differentiate into distinct stromal populations: 1) the capsular and cortical 

stroma in the cortex, and 2) the medullary stroma in the medulla (Kobayashi, Mugford et 

al. 2014). A close examination of the FoxD1+ cell population did not reveal any major 

changes in the overall organization of the stromal progenitors between β-catS-/- and WT 

littermates (Figure 2A-B). In both WT and β-catS-/-, FoxD1+ cells were found surrounding 

the condensed mesenchyme in the nephrogenic zone. However, in contrast to WT 

littermates (Figure 2A’), a few FoxD1+ cells were found deeper into the cortex, below the 

nephrogenic zone (Figure 2B’). Quantification of FoxD1 expression between WT and β-

catS-/- kidneys did not reveal any alterations (1.029 vs 0.69, p=0.112)(Figure 2C). 

Combined, these data demonstrate that the loss of stromal β-catenin from the onset of 

kidney development does not affect the ability of stromal progenitors to form properly 

and does not affect the differentiation state of these cells.  

We next analyzed the proliferation rate of the stromal cells by pulse-labeling with 

BrdU to determine whether the reduction in medullary stroma was caused by a reduction 
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in stromal proliferation. We analyzed BrdU incorporation in stromal cells using an anti-

BrdU antibody co-localized with the general stromal marker Pbx1 (the yellow cells 

represent the co-localization of BrdU and Pbx1). We demonstrate no changes in the 

overall proliferation rate at E13.5, prior to the onset of medullary development (22.95 vs. 

25.44, p=0.38) (arrowhead, Figure 2D-F). Additionally, we demonstrate no changes at 

E15.5, once medullary stroma is established (27.17 vs. 25.30, p=0.1945) (Figure 2G-I) in 

β-catS-/-kidneys compared to WT littermates. This demonstrates that a loss of stromal β-

catenin does not affect proliferation of the renal stroma and that the reduction in 

medullary stroma is not caused by reduced proliferation of stromal cells.  
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Figure 4.2 - β-catenin is not essential for cortical stroma development  

 

β-catenin is not essential for cortical stroma development: (A-B) FoxD1 expression in 
the cortical stroma progenitors is unchanged in β-catS-/- kidneys (B) compared to WT 
littermates (A). (C) FoxD1 mRNA expression is not significantly different in β-catS-/-

(1.029 vs 0.69, p=0.112). (D-E) Proliferation assay in β-catS-/-  and WT littermate kidneys 
at E13.5. Arrowheads indicate proliferating cells. They co-express Pbx1 and BrdU (F) 
Proliferation rate is not significantly different in β-catS-/- kidneys at E13.5, (22.95 vs. 
25.44, p=0.38). (G-H) Proliferation assay at E15.5. (I) Proliferation rate is not 
significantly different in β-catS-/- kidneys at E15.5, (27.17 vs. 25.30, p=0.1945). (scale bar 
= 100µm, sp=stromal progenitors)  
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The loss of stromal β-catenin results in increased apoptosis of stromal cells 

Since apoptosis eliminates cells via programmed cell death, we next analyzed 

whether medullary stromal cells were undergoing apoptosis. To analyze this, we 

performed a TUNEL (Terminal deoxynucleotidyl transferase dUTP Nick End Labeling) 

assay and identified numerous brown TUNEL+ cells located in the stromal compartment 

in the β-catS-/- kidneys compared to WT (0.54 vs 1.2 cells/mm2, p<0.05)(Figure 3A-C) as 

early as E13.5.  The cells undergoing cell death were found in clusters deep within the 

renal tissue and displayed dense and round nuclei, which is a hallmark of apoptotic 

chromatin shrinkage (Elmore 2007). These apoptotic cells were never found within the 

outer regions of the nephrogenic zone (above dotted line in the images) (Figure 3B’) and 

few apoptotic cells were observed in WT littermates (Figure 3A’). Since TUNEL staining 

identifies double stranded DNA breaks, which is a feature of both necrosis and apoptosis, 

we also performed immunofluorescence at E13.5 for activated Caspase-3, a marker of 

apoptosis. We co-localized the Caspase-3 expression with the stromal marker Pbx1, to 

determine whether the Caspase-3+ cells were stromal cells. The Caspase-3 cells are 

marked in green and the Pbx1 stromal cells are marked in red, which means that the cells 

co-expressing both Caspase-3 and Pbx1 appear yellow. We demonstrated that Caspase-3 

and Pbx1 co-localized in β-catS-/- kidneys, which confirmed that the TUNEL+ cells were 

undergoing apoptosis and were of stromal origin (Figure 3D-E). Similar to TUNEL+ 

cells, Casp-3+ cells were found in clusters just below the nephrogenic zone in β-catS-/- 

kidneys (Figure 3E’). To determine whether these apoptotic cells were always found in 

clusters at the cortico-medullary junction as kidney development progresses, we 
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quantitated the number of TUNEL+ cells and analyzed their expression pattern at E15.5. 

We confirmed a significant increase in the number of apoptotic cells in the stromal 

compartment (0.36 vs 1.19 cells/mm2) (Figure 3H) at the junction between the cortex and 

medulla. This expression pattern was identical to that observed at E13.5 in β-catS-/- 

kidneys. Similarly, no cell death was observed in the outer cortex (Figure 3F-G). 

Additionally, the analysis of WT littermates revealed no apoptotic cells were in the 

cortico-medullary region (Figure 3F’). Together, these findings demonstrate that a loss of 

stromal β-catenin results in increased apoptosis predominantly around the region where 

the cortico-medullary junction is established.  
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Figure 4.3 - β-catenin deficiency increases apoptosis in the medullary stroma  
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β-catenin deficiency increases apoptosis in the medullary stroma: (A-C) TUNEL 
assay at E13.5. Apoptotic clusters are observed in the stroma in β-catS-/- kidneys below the 
developing nephrons. Apoptosis is significantly increased in β-catS-/- kidneys compared to 
WT littermates, (0.54 vs 1.2 cells/mm2, p<0.05)(C). (D-E) Double immunofluorescence 
using active caspase3 and stromal marker Pbx1 in β-catS-/-  and WT littermate kidneys. 
Stromal cells are undergoing apoptosis. (F-G) TUNEL assay at E15.5. Apoptotic clusters 
are observed in the renal stroma between the cortex and medulla in β-catS-/- kidneys. (H) 
Apoptosis is significantly increased in β-catS-/- kidneys compared to WT littermates (0.36 
vs 1.19 cells/mm2). A=apoptosis, cs= cortical stroma, scale bars = 100µm.  
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Stromal β-catenin modulates the expression of anti-apoptotic genes  

 The Wnt/β-catenin pathway modulates apoptosis via regulation of anti-apoptotic 

genes (Ille and Sommer 2005, Huang, Wang et al. 2006) in various cell types, such as 

endothelial cells and vascular smooth muscle cells (Holnthoner, Pillinger et al. 2002, 

Wang, Xiao et al. 2002). Additionally, in models of acute kidney injury, β-catenin inhibits 

apoptosis by modulating the levels of Bax, a pro-apoptotic factor, via the regulation of 

Akt1 expression in proximal tubular epithelial cells (Wang, Havasi et al. 2009, Zhou, Li et 

al. 2012). Therefore, we hypothesized that β-catenin in the renal stroma regulates the 

expression of genes involved in protecting cells from apoptosis. We searched for known 

anti-apoptotic genes that are regulated by β-catenin and expressed in the developing 

kidney. This analysis identified candidates Birc5 (Schwab, Patterson et al. 2003, 

Rosenbluh, Nijhawan et al. 2012), CD44 (Fanni, Fanos et al. 2013), Bcl2l1 (Gonzalez-

Garcia, Perez-Ballestero et al. 1994, Xie, Huang et al. 2005, Rosenbluh, Nijhawan et al. 

2012), Mybl2 (Huang, Wang et al. 2006), Bag3 (Huang, Wang et al. 2006), and Vegf-a 

(Kim and Goligorsky 2003, Clifford, Deacon et al. 2008). Furthermore, to identify novel 

apoptotic genes regulated by β-catenin, we also performed a quantitative assay using a 

Qiagen profiler array. This profiler array allows the investigation of 84 central genes 

associated with mechanisms of programmed cell death, such as shrinkage, fragmentation, 

and activation of the caspase cascade. Both pro- and anti-apoptotic genes are included in 

this array, which allows us to identify indirect pro-apoptotic targets of β-catenin that may 

contribute to apoptosis in β-catS-/- kidneys. The Qiagen profiler assay relies on a qPCR 
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approach using 96-well plates where 84 genes are quantified simultaneously along with 

housekeeping genes and negative controls. We performed the quantitative analysis on at 

least 3 WT littermates and 3 β-catS-/- kidneys using mRNA from whole kidneys at E12.5, a 

day prior to the changes in apoptosis to see if changes in apoptotic genes were promoting 

the increase in apoptosis observed at E13.5. A heatmap was generated where green 

squares represent underexpressed genes and red squares represent overexpressed genes 

(Figure 4A). This analysis demonstrated 3 genes were downregulated (Esr1, Kcnip1, and 

Snca) and 1 gene was upregulated (Fasl) (Figure 4A). Specifically, anti-apoptotic genes 

Esr1 (54% reduction, 1.01 vs 0.47, p=0.03) and Kcnip1 (59% reduction, 1.02 vs 0.43, 

p=0.04) were significantly reduced in β-catS-/- kidneys (Figure 4B). In addition, we 

observed a 66% reduction (1.079 vs 0.41, p=0.08) in anti-apoptotic gene and a 182% 

increase (1 vs 2.82, p=0.54) in pro-apoptotic gene Fasl. However, these two genes were 

not statistically significant. Additionally by qPCR, anti-apoptotic genes Bcl2l was 

reduced 64% (1 vs 0.36, p=0.0035) and Cd44 was reduced by 57% (1 vs 0.43, p=0.0092) 

(Figure 4C).  

Since Bcl2l1 expression in β-catS-/- was markedly lower than the other anti-

apoptotic genes and has been shown to be involved in the regulation of apoptosis during 

murine organogenesis (Gonzalez-Garcia, Perez-Ballestero et al. 1994) and the 

development of β-catenin-driven renal cancers, such as Wilms’ tumour (Ghanem, Van der 

Kwast et al. 2001), we focused on Bcl2l1 to determine if β-catenin has the potential to 

regulate its transcription. Since β-catenin regulates gene transcription by forming a 

complex with the Tcf/Lef family of DNA-bound transcription factors (MacDonald, Tamai 
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et al. 2009) we analyzed the Bcl2l1 promoter region for conserved Tcf/Lef binding sites. 

Surprisingly, this analysis did not reveal any conserved Tcf/Lef binding sites suggesting 

Bcl2l1 transcription is not likely regulated by an interaction between β-catenin and the 

Tcf/Lef complex (Figure 4D). However, β-catenin can regulate the expression of Bcl2l1 

by forming a complex with the transcriptional co-activators Yes1-associated protein 

(Yap) and Yes1, and the transcriptional factor Tbx5 in colon cancer cell lines (Rosenbluh, 

Nijhawan et al. 2012). Therefore, we investigated the Bcl2l1 promoter for Tbx5 binding 

sites in the 5’ proximal promoter region and found a highly conserved Tbx5 binding site 

1.2 kb upstream of the Bcl2l1 start site. (Figure 4E).  
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Figure 4.4 – Stromal β-catenin regulates the expression of anti-apoptotic genes  
 

 
 
Stromal β-catenin regulates the expression of anti-apoptotic genes: (A) Quantitative 
analysis of anti-apoptotic genes using a Qiagen profiler assay. A heatmap was generated 
to identify the genes that are upregulated and downregulated using whole kidney lysate. 
(B) Esr1 and Kcnip1 were significantly downregulated in β-catS-/- kidneys compared to 
WT littermates. (C) qRT-PCR of anti-apoptotic genes in whole kidneys at E12.5. Bcl2l1 
(1 vs 0.36, p=0.0035) and CD44 (1 vs 0.43, p=0.0092) are significantly reduced 
compared to WT littermates. (D) In Silico analysis of the Bcl2l for Tcf/Lef conserved 
binding sites. No Tcf/Lef binding sites were observed in the Bcl2l1 promoter region. (E) 
In Silico analysis of Bcl2l1 for Tbx5 conserved binding sites. There is a highly conserved 
binding site 1.2Kb upstream of the Bcl2l1 transcription start site.  
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 To determine whether this complex formed at the Tbx5 site in the Bcl2l1 promoter 

in the developing kidney, we performed chromatin immunoprecipitation on E13.5 whole 

kidney tissue lysates. We performed these experiments on whole kidney lysates, since 

using isolated stroma cells did not yield enough protein.  We demonstrated that β-catenin 

and Yap associated with the Tbx5 binding site in the Bcl2l1 promoter 1.2kb upstream of 

the Bcl2l1 transcription start site (Figure 5A). The protein/chromatin complex was 

immunoprecipitated using antibodies specific to either β-catenin or Yap. We then utilized 

primers designed specifically to target the Tbx5 binding site in the Bcl2l1 promoter 

region to determine, via PCR amplification, whether this DNA fragment associated with 

β-catenin and Yap. We used a non-specific IgG as a negative control and demonstrated no 

amplification at the same Tbx5 site. This demonstrates that β-catenin and Yap 

independently associate with the Tbx5 binding site in the Bcl2l1 promoter, and suggests 

that Bcl2l1 is a direct target of β-catenin in the developing kidney. These results are 

consistent with previous findings demonstrating association of β-catenin and Yap with the 

Tbx5 site in Bcl2l1 promoter (Rosenbluh, Nijhawan et al. 2012). While we do not show 

the functional contribution to this complex, Rosenbluh et al demonstrated using a 

luciferase assay that the association of Yap and β-catenin at the Tbx5 site in the Bcl2l1 

promoter is sufficient to promote transcription of Bcl2l1.  

While β-catenin does not physically interact with chromatin (MacDonald, Tamai 

et al. 2009) Rosenbluh et al demonstrated these proteins work in a complex to modulate 

Bcl2l1 expression in various cancer cells (Rosenbluh, Nijhawan et al. 2012), to 

demonstrate whether the presence of this complex in the developing kidney, we next 
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performed a series of immunoprecipitation assays with β-catenin, Yap, and Tbx5 (Figure 

5B). This analysis was performed on whole kidney lysates since we were unable to 

extract a sufficient amount of protein from isolated stromal cells. We first pulled down β-

catenin and demonstrated strong association of Yap and Tbx5 by immunoblotting, 

demonstrating an interaction with β-catenin. We confirmed all three proteins interacted 

together by also performing pull down assays with Yap and Tbx5 (Figure 5C). Studies 

have demonstrated that interaction with Yes1, a Yap binding partner, is essential for 

formation and activation of this complex (Rosenbluh, Nijhawan et al. 2012). We 

confirmed the presence of Yes1 in the complex and, as expected, demonstrated stronger 

interaction with the Yap protein than with β-catenin and Tbx5 (Figure 4G). Together, this 

analysis confirms the presence of a β-catenin/Yap/Tbx5 in the developing kidneys, and 

demonstrates that Bcl2l1 is most likely a direct target, as evidenced by other studies 

(Rosenbluh, Nijhawan et al. 2012). 
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Figure 4.5 –β-catenin forms a complex with Tbx5 and Yap, which binds to the 
promoter region of Bcl2l1 
 

 
 
β-catenin forms a complex with Tbx5 and Yap, which binds to the promoter region 
of Bcl2l1: (A) Chromatin Immunoprecipitation demonstrating amplification of the Tbx5 
binding site when immunoprecipitated with β-catenin and YAP. (B) Co-
immunoprecipitation for β-catenin, Yap, and Tbx5 in whole kidney lysates. 
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DISCUSSION 

 The processes that control the formation of the renal stroma cell lineage are poorly 

understood. Here, we demonstrate that β-catenin is an important player in the 

maintenance of the medullary stroma. The generation of a mouse model with an ablation 

of β-catenin in all Foxd1+ stromal progenitors leads to reduced medullary stroma 

resulting from an increase in stromal cell apoptosis. This apoptosis was strictly localized 

at the junction between the renal cortex and medulla. Our results suggest that β-catenin 

may regulate stromal cell survival through the modulation of anti-apoptotic gene 

expression. Additionally, we provide evidence that a novel transcriptional complex 

consisting of β-catenin, Tbx5, Yap, and Yes exists in the developing kidney and binds to 

the promoter region of the anti-apoptotic gene Bcl2l1. Together, our findings demonstrate 

that stromal β-catenin is central to proper medullary stroma formation by modulating 

stromal cell survival possibly through a novel transcriptional complex that regulates the 

anti-apoptotic gene Bcl21l. 

β-catenin controls medullary stroma development   

Lineage tracing studies have defined a population of FoxD1+ cells located in the 

renal cortex as stromal progenitors that give rise to all stromal cell types. Throughout 

kidney development, the stromal progenitors in the renal cortex ultimately differentiate 

into mature stromal cells that integrate the cortex and medulla (Kobayashi, Mugford et al. 

2014). The factors that control the differentiation of these stromal progenitors are not well 

established. Interestingly, while the FoxD1 transcription factor defines the stromal 

progenitors, studies have shown it is dispensable for the differentiation of stromal lineage 
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and that cortical and medullary stromal cells form despite the ablation of FoxD1 (Fetting, 

Guay et al. 2014, Kobayashi, Mugford et al. 2014). This suggests other factors are acting 

independently of FoxD1 to regulate stromal cell specification. Our results demonstrate 

that the ablation of stromal β-catenin results in reduced medullary stroma without 

affecting the initial Foxd1 stromal progenitor population or the cortical stroma. Therefore, 

these results demonstrate β-catenin is not essential for the specification and maintenance 

of the cortical stroma, but instead controls the process of medullary stroma formation.  

How does β-catenin control medullary stroma formation? In the developing 

kidney, β-catenin plays important roles in cell fate determination. In ureteric epithelial 

cells, β-catenin controls the expression of genes essential for ureteric bud tip cell identity, 

such as c-Ret (Bridgewater, Cox et al. 2008). Similarly, in the condensed mesenchyme β-

catenin controls the expression of genes essential for mesenchymal-to-epithelial 

differentiation, such as Wnt4 and Fgf8 (Park, Valerius et al. 2007). Our results support a 

similar role for β-catenin in the regulation of medullary stroma development. However, it 

is not clear whether β-catenin directly regulates the expression of genes essential for 

medullary stroma formation. We demonstrated a virtual absence of Pod1, which is a 

known regulator of medullary formation and is expressed in fully differentiated medullary 

stromal cells. A loss of Pod1 results primarily in a severe reduction in medullary stroma 

(Quaggin, Schwartz et al. 1999, Cui, Schwartz et al. 2003) similar to that observed in β-

catS-/- kidneys. Additionally, other reports have identified p57Kip2, a cyclin-dependent 

kinase inhibitor essential for medulla development (Zhang, Liegeois et al. 1997), as a β-
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catenin target in the medullary stroma (Yu, Carroll et al. 2009). Together, this suggests β-

catenin controls the expression of factors essential for medullary stroma differentiation.   

β-catenin regulates cell survival in the renal stroma 

We have demonstrated increased apoptosis in stromal cells specifically at the 

junction between the renal cortex and medulla in β-catS-/- kidneys, demonstrating stromal 

cells fated to integrate the medulla are eliminated via a cell death program. However, it is 

not clear whether this process is directly regulated by β-catenin. Two scenarios could 

explain the increase in programmed cell death.   

 First, we propose a mechanism whereby programmed cell death is triggered in 

stromal cells that fail to differentiate properly. Studies have shown the repression of β-

catenin in mammary gland epithelial cells leads to differentiation defects and results in 

increased apoptosis in various organs throughout development (Hsu, Shakya et al. 2001). 

Additionally, mice deficient for p57Kip2, which is essential for medulla formation 

(Zhang, Liegeois et al. 1997), exhibit delayed differentiation and increased apoptosis 

(Yan, Frisen et al. 1997), suggesting programmed cell death is triggered as a mechanism 

to eliminate improperly differentiating stromal cells. Further research is required to 

determine whether the misregulation of medullary factors results in programmed cell 

death. 

 Alternatively, we have demonstrated that a loss of stromal β-catenin results in 

reduced expression of anti-apoptotic genes. Additionally, our analysis of the anti-

apoptotic gene Bcl2l1 demonstrates that β-catenin can target the promoter region of anti-

apoptotic genes by forming a complex with Yap and Tbx5. Therefore, it is possible that 
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β-catenin modulates the expression of anti-apoptotic genes to promote survival of 

differentiating medullary stromal cells. Studies performed in embryonic stem cells have 

demonstrated that high levels of anti-apoptotic genes, such as Bcl2l1 and Bcl2, are 

activated in properly differentiating stem cells (Duval, Malaise et al. 2004). This suggests 

anti-apoptotic genes confer protective properties in differentiating stem cells by 

preventing apoptosis. We propose that multipotent stromal progenitors fated to 

differentiate into medullary stromal cells are protected from apoptosis via the regulation 

of anti-apoptotic genes. Since our analysis of anti-apoptotic genes was performed using 

whole kidney lysates, we cannot confirm the changes in gene expression were specific to 

the renal stroma. Therefore, further investigation is required to determine whether the 

changes in anti-apoptotic genes observed in β-catS-/- kidneys are specific to the renal 

stroma. Additionally, the functional contribution of the Tbx5/Yap/β-catenin complex to 

the regulation of stromal survival in the developing kidney is not clear. While we did not 

demonstrate the expression of this complex specifically in stromal cells, microarray 

analysis of laser captured renal medullary interstitial cells at E15.5 along with In Situ 

hybridization of whole mount kidneys demonstrates strong expression of Tbx5 in 

medullary stromal cells (www.gudmap.com). Furthermore, the Yap co-activator, which 

acts as a nuclear effector in the Hippo signaling pathway, strongly localizes to the nuclei 

of medullary stromal cells in the developing kidney (Bagherie-Lachidan, Reginensi et al. 

2015). Combined with our expression analysis of β-catenin during kidney 

development(Boivin, Sarin et al. 2015), the expression of these factors in stromal cells 

suggests this complex is capable medullary stromal cells. Potentially, the loss of β-catenin 
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in those medullary stromal cells would prevent the formation of this complex and prevent 

the expression of Bcl2l1. Further research is required to determine whether this complex 

forms specifically in stromal cells.  

In summary, we demonstrate here that β-catenin is essential for proper 

differentiation and survival of medullary stromal cells. Our findings are consistent with 

the work of others with respect to the medullary defects (Yu, Carroll et al. 2009) and 

provide further insight into the role for β-catenin in medulla formation. However, we 

were unable to demonstrate changes in anti-apoptotic genes specifically in stroma cells, 

which limits our interpretation of β-catenin’s role in stromal cell survival. Therefore, we 

are currently working on characterizing isolated β-catenin-deficient stromal cells to 

identify direct targets of β-catenin and gain a better appreciation of the its role in 

medullary stromal cell differentiation. 	
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PREFACE 

Significance to thesis  

 By generating transgenic mouse models where the levels of β-catenin are 

specifically altered in stromal cells, we have demonstrated that β-catenin controls factors 

essential for proper communication with neighbouring cells. Additionally, our findings 

suggest β-catenin controls mechanisms that regulate the differentiation and survival of the 

medullary stroma. However, since the developing kidney comprises various cell types, it 

is difficult to investigate the role of β-catenin in a cell-specific manner. In chapter 5 we 

describe a protocol to isolate renal stromal cells from WT and β-catenin-deficient mice 

and explore downstream applications that facilitate the study of β-catenin specifically in 

the renal stroma.  

Authors’ contribution 

Felix J. Boivin designed the study, performed all experiments, performed all data 

analysis, and wrote the original draft of the manuscript.   

Darren Bridgewater contributed to the design of the study, assisted in the interpretation of 

the data, and contributed to refining the original draft of the manuscript.  
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ABSTRACT 

Our studies have demonstrated the important role of stromal cells in the 

developing kidney. The renal stroma provides a structural framework for the developing 

nephrons and collecting ducts by producing extracellular matrix components, but is also 

essential for regulating communication between the condensed mesenchyme and ureteric 

epithelium. The developing kidney comprises several cell types, and therefore it is 

difficult to study the intrinsic cellular mechanisms that regulate the development, 

differentiation, and survival of the stromal population. Also, while some studies have 

reported successful culture of primary stromal cells, they are difficult to manipulate in 

culture.  Furthermore, there are no immortalized renal stromal cell lines available to 

perform in vitro assays, such as transfection. In the context of our studies, we have 

generated genetically altered mouse models that manipulate the levels of β-catenin 

exclusively in the renal stroma. These mouse models exhibit developmental defects that 

highlight stromal factors in the regulation of neighboring cells, but these factors are 

poorly understood. To investigate this further, I developed a protocol that allows the 

isolation of stromal cells from WT and genetically altered mutant mice. Additionally, I 

demonstrate potential downstream applications for these cells, such as qPCR, microarray 

analysis, and RNA-seq. This method does not involve making further mouse crosses and 

allows us to investigate stromal cells in a cell-specific manner to investigate their role in 

kidney development and determine the cell-autonomous role of β-catenin in the 

specification and maintenance of the renal stroma.   
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INTRODUCTION 

Previous studies have suggested a role for stromal β-catenin in the formation of 

the cortico-medullary axis in the developing kidney (Yu, Carroll et al. 2009). 

Additionally, the analysis of β-catenin/TCF reporter mice, which help to identify the 

pattern of Wnt/β-catenin activity, demonstrates high levels of β-catenin activity in stromal 

cells during kidney development. However, the direct targets of β-catenin in stromal cells 

are poorly characterized. My thesis is focused on studying the role of β-catenin in the 

renal stroma population during kidney development. Specifically, I am interested in 

identifying direct transcriptional targets of β-catenin in stromal cells. To do so, I 

generated a genetically altered mouse model where the levels of β-catenin are deleted 

exclusively in the renal stroma. Our characterization of this stromal β-catenin deficient 

model demonstrates a mis-regulation of anti-apoptotic genes, such as Bcl2l1 (Boivin and 

Bridgewater 2014), CD44, Esr1, and Kcnip1. Additionally, we have demonstrated using 

the same model that stromal β-catenin modulates the levels of Wnt9b expression in the 

ureteric epithelium (Boivin, Sarin et al. 2015). These findings suggest that stromal β-

catenin controls the expression of genes important for proper stromal development and 

communication with adjacent cell populations in the developing kidney.  

Our analysis of whole WT and β-catS-/- kidneys allowed us to identify mis-

regulated genes that are potentially regulated by stromal β-catenin. However, since the 

developing kidney involves up to 20 distinct cell types depending on the embryonic time 

point (Quaggin 2016), it  is difficult to determine whether the misregulated genes we 

identified in our mouse models are directly controlled by stromal β-catenin. Furthermore, 
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while some studies have been able to culture primary stroma cells (Sims-Lucas, Schaefer 

et al. 2013), there are no immortalized stromal cell lines available that can be easily 

transfected. Therefore, we have developed a protocol that specifically allows us to study 

the stromal population via Fluorescence Activated Cell Sorting (FACS). In this technical 

report, we describe the steps used to isolate and confirm the identity of stromal cells from 

FoxD1-eGFPCre, FoxD1-eGFPCre;β-cat+/-, and FoxD1-eGFPCre;β-cat-/-kidneys and 

demonstrate the potential downstream applications for these stromal cells, such as RT-

qPCR, microarray, and RNA-seq. In addition to identifying novel targets of β-catenin, the 

isolation of stromal cells will allow us to better understand the contribution of β-catenin 

to the development and survival of the renal stroma in a cell-specific manner.   
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METHODS  

Mouse strains and genotyping  

To generate β-catenin deficient mice, termed β-catS-/-, we first crossed FoxD1eGFPCre 

males (Humphreys, Lin et al. 2010) with mice containing loxP sites flanking exons 2-6 

(β-catΔ2-6/Δ2-6) of the β-catenin allele (Brault, Moore et al. 2001). The Foxd1-Cre;β-cat+/- 

males were then crossed with β-catΔ2-6/Δ2-6 females to generate homozygous β-catenin 

loss-of-function mutants in the renal stroma. FoxD1eGFPCre mice were maintained on a 

CD1 genetic background, while β-catΔ2-6/Δ2-6 mice were maintained on a C57BL/6J 

genetic background. Mice were genotyped using the following primers specific to the 

FoxD1eGFPCre allele: Forward 5’-GCGGCATGGTGCAAGTTGAAT-3’ and Reverse 

5’-CGTTCACCGGCATCAACGTTT-3’, and Forward 5’- 

AAGGTAGAGTGATGAAAGTTGTT-3’ and Reverse 5’- 

CACCATGTCCTCTGTCTATTC-3’ for the floxed β-catenin allele. All animal studies 

were performed in accordance with animal care and guidelines put forth by the Canadian 

Council for Animal Care and McMaster’s Animal Research Ethics Board (AREB) 

(Animal Utilization Protocol #100855) and approved the project described in this 

manuscript. 

Immunohistochemistry  

Whole kidney tissue was fixed in 4% paraformaldehyde for 24 hours at 4 °C. Kidneys 

were paraffin-embedded, sectioned to 5µm, and mounted on SuperfrostTM Plus slides 

(Thermo Fisher Scientific, Waltham, MA) and incubated overnight at 37°C. Sections 

were deparaffinized using xylene washes and rehydrated using graded ethanol washes 
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(100%, 95%, 75%, 50%, H20). Antigen retrieval was performed for 5 minutes in 10mM 

sodium citrate solution pH 6.0 in a pressure cooker. Endogenous peroxidase activity was 

blocked with 3%H2O2 for 15 mi. Sections were then blocked with 5% Horse serum for 

1hr followed by a Biotin and Avidin block for 15min each. Slides were then incubated 

with a GFP antibody (AbCam, Cambridge, MA; 1200 dilution) overnight at 4°C. Tissue 

sections were washed in PBS and incubated with a biotinylated horse anti-goat secondary 

antibody (Vector, 1:1000 dilution) for 1 hour at room temperature. Signal was amplified 

using the ABC amplification Kit (Vector Lab) for 30 minutes and signal was developed 

using a DAB peroxidase (HRP) substrate kit (Vector Lab) until desired staining was 

achieved. Slides were dehydrated through a series of ethanol washes followed by three 

Xylene washes. Slides were mounted using the VectaMount permanent mounting 

medium (Vector Lab) and photographed on a Nikon 90i-eclipse upright microscope. 

Real-time reverse transcriptase-PCR 

Real-time PCR was performed using the Applied Biosystems 7900HT fast RT-PCR 

system (Applied Biosystems, Burlington, ON). cDNA was generated using first strand 

cDNA synthesis (Invitrogen Carlsbad, CA) from total RNA. Real-time PCR reaction mix 

contained 2.5ng of each cDNA sample, SYBR green PCR Master Mix (Applied 

Biosystems, Burlington, ON) and 300nM of each primer to a total volume of 25 µl. 

Primers for Pbx1, Pax2, Ret, Pod1, Sfrp1, FoxD1 and B2M were designed using the 

Primer 3 software (http://bioinfo.ut.ee/primer3-0.4.0/) and verified using the UCSC 

genome bioinformatics website (genome.ucsc.edu). Relative levels of mRNA expression 

were determined using the 2(-ΔΔCt) method. Individual expression values were normalized 
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by comparison to β-2-microglobulin. 

Fluorescent-Activated Cell Sorting 

For FACS experiments, renal tissue was dissected, washed in PBS, and then dissociated 

using 0.3% Collagenase (Sigma, St Louis, MO) for 10min at 37°C. Kidneys were then 

triturated through a 25-gauge needle to make a single-cell suspension, and then washed 3 

times in iced cold PBS supplemented with 2%FBS. Before sorting, cells were run through 

a 40µm strainer (FisherScientific, Nepean, ON). Cells were either sorted into PBS or 

directly into Qiagen’s RLT Lysis Buffer.  

Statistical Analysis 

The RT-qPCR quantification was analyzed using a two-tailed Student’s t-test with the 

GraphPad Prism software, version 5.0c. P < 0.05 indicates statistical significance.  

Ethics Statement 

All studies were performed in accordance with animal care and guidelines put forth by the 

Canadian Council for Animal Care and McMaster’s Animal Research Ethics Board 

(AREB) (Animal Utilization Protocol #100855) and approved the project described in 

this study.   
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RESULTS  

Isolation of renal stromal cells from WT and β-catS-/- mice 

In previous studies, we demonstrated that a loss of stromal β-catenin results in a 

downregulation of several anti-apoptotic genes. However, since the developing kidney is 

comprised of several different cell types (Quaggin 2016), we were unable to confirm 

changes in those anti-apoptotic genes specifically in the renal stroma. Therefore, in order 

to perform a gene expression analysis specifically in the renal stroma, we developed a 

protocol to specifically isolate the stromal population. To develop our model system, we 

utilized a cre-lox recombination system. The Cre-expressing mice used in our study 

express the Green Fluorescent Protein (GFP) reporter and a promoter fragment that 

specifically drives Cre recombinase in FoxD1+ stromal progenitors. Theoretically, the 

dual expression of Cre and GFP in stromal cells allows us to specifically isolate stroma 

cells via Fluorescence-Activated-Cell-Sorting (FACS). However, studies have reported 

weak eGFP expression in FoxD1eGFPCre mice (Sims-Lucas, Schaefer et al. 2013), 

resulting in low yields during the cell isolation procedure, which prevents the use in 

downstream applications. To circumvent this problem, Sims-Lucas et al crossed the 

FoxD1eGFPCre mice with tdTomato-ROSA mice, which allow the expression of a 

brighter fluorescent marker (red fluorescent protein) specifically in Cre expressing cells 

(stroma in this case). However, crossing the dtTomato-ROSA to generate our mutant 

mice would require extensive breeding of multiple colonies and would require a 

phenotypic analysis of the new crosses, as dtTomato mice are on a different genetic 

background. Therefore, we determined whether the eGFP reporter gene in 
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FoxD1eGFPCre mice could yield sufficient stromal cells for downstream applications 

such as qPCR, microarray, and RNA-seq.  Since the eGFP reporter is expressed in 

FoxD1+ stromal progenitors and we are interested in isolating all stromal from the cortex 

and medulla, we first performed an immunohistochemistry stain in both 

FoxD1eGFPCre;β-catΔ2-6/+ (WT littermates) and FoxD1eGFPCre;β-catΔ2-6/ Δ2-6 (β-catS-/-) 

kidneys to confirm eGFP expression in all the stromal populations. We compared the 

eGFP expression pattern to an immunofluorescence stain for Pbx1, which marks all 

stromal cells (Boivin, Sarin et al. 2015). At E13.5, GFP+ cells are found the condensed 

mesenchyme and ureteric epithelium in a pattern identical to stromal cells, as evidenced 

by the Pbx1 expression  (Figure 1A-B). In addition, the GFP+ cells adopt morphology 

identical to Pbx1 stromal cells (Figure 1B). At E15.5, a time point when the cortex and 

medulla are clearly established, GFP+ cells are found surrounding the collecting ducts, 

condensed mesenchyme and developing nephrons (Figure 1C) in a pattern identical to 

that of Pbx1+ cells (Figure 1D). In the medulla, GFP is expressed in the cells surrounding 

the collecting ducts and nephrogenic tubules, consistent with the Pbx1 expression pattern 

(Figure 1E-F). GFP expression is also observed in the glomeruli (Figure 1D, arrow), 

which was previously reported in previous lineage tracing studies that demonstrated 

stromal cells give rise to mesangial cells in the glomeruli, and that FoxD1 is also highly 

expressed mature podocytes (Kobayashi, Kwan et al. 2005, Kobayashi, Mugford et al. 

2014). Together, this analysis confirms the presence of the eGFP reporter in all stromal 

populations.  
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Figure 5.1 – Lineage tracing analysis in FoxD1-eGFPCre kidneys   

 

Lineage tracing analysis in FoxD1-eGFPCre kidneys - (A,C,E) GFP expression in 
FoxD1-eGFPCre kidneys at E13.5 (arrowheads)(A) and E15.5 in the cortex (C) and 
medulla (E). In the cortex, GFP (A,C) is expressed in a pattern identical to that of Pbx1 
(B, D), a general stromal marker, around the condensed mesenchyme (cm) at E13.5 (A-B) 
and E15.5 (C-D). In the medulla, GFP is expressed in cells surrounding the mature 
nephrogenic tubules (t) and collecting ducts (cd)(E) consistent with the Pbx1 expression 
in medullary stromal cells (F). (cd = collecting duct, cm = condensed mesenchyme, cs = 
cortical stroma, ms = medullary stroma, t = tubule, scale bar = 100µm).  
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 Now that we have established that the GFP expression is limited to the stroma 

population at E13.5, we next investigated whether we could isolate the stromal cell 

population via FACS sorting. Kidneys from WT and our mutant mice were dissected at 

E13.5. Four WT and four β-catS-/- kidneys were used. The kidneys were dissociated and 

triturated in 0.3% collagenase and subsequently washed in ice-cold PBS supplemented 

with 2% Fetal Bovine Serum (FBS). To ensure high specificity of the GFP+ cell 

population, we sorted one of the samples twice (in this case were sorted the β-catS-/- 

twice). The GFP+ cells were initially sorted into PBS. From the first sorting event, we 

demonstrated that 7.65% of the cells were GFP+ (24,915 cells)(Figure 2B). The GFP+ 

cells were sorted a second time and we confirmed 98.6% of the cells were GFP+ (24,566 

cells)(Figure 2C-D). The second time the cells were sorted directly into RTL Qiagen 

Lysis buffer to prevent RNA degradation. We FACS sorted 24,566 cells from four β-catS-

/- kidneys (2 embryos), and 19,836 cells from four WT littermate kidneys (2 embryos). WT 

kidneys from a separate litter (FoxD1eGFPCre x CD1) were also used to further isolate 

WT stromal cells. However, cells isolated from FoxD1eGFPCre mice cannot be used as 

littermate controls since the kidneys are not isolated at the same time and the post-coital 

time point might differ for two different pregnant mice. However, using these mice 

allows us to compare WT stroma cells on different genetic backgrounds (CD1 vs 

C57;Bl/6J), which provides further insight into stromal cells from different mouse strains. 

We sorted 38,000 cells from six WT FoxD1eGFPCre kidneys. Taken together, this 

demonstrates that we can isolate approximately 5,800 cells per kidney without having to 

cross these mice with a dtTomato reporter to increase the signal to permit increased 
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isolation efficiency. These FACS isolations demonstrate that we can isolate GFP+ cells 

with high efficiency from embryonic kidneys and confirms the low levels of 

contamination. However, the identity of these sorted cells should be confirmed in order to 

be used for downstream applications such as RNA-seq.  
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Figure 5.2 – Isolation of stromal cells using FACS  

 

Isolation of stromal cells using FACS – (A) Steps to perform isolation of stromal cells 
via fluorescence-activated cell sorting (FACS). (B) – Cells were sorted a first time in 
PBS. We demonstrated that 7.65% were GFP+ cells. (C) – To reduce the level of 
contamination, we sorted the GFP+ cells a second time. We demosntrated 98.6% of the 
cells were GFP+. (D) Overlap of first and second sorting event. The blue population 
demonstrates the GFP+ cell population.  
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RNA extraction of FACS sorted stromal cells  

Next, we determined whether these cells can be used for downstream applications. 

Since we first wanted to identify the types of cells present within the sorted population, 

we performed mRNA extraction using the RNeasy micro extraction kit, which is 

specifically designed for mRNA extraction of small cell samples. The sorted cells were 

directly sorted into lysis buffer and vortexed for about one minute to extract the RNA. 

Each sample was processed through a Qiagen column where RNA binds to the RNA 

binding membrane matrix. The column is then washed with ethanol and the RNA eluted 

into 14ul RNase free water (for a full protocol visit 

https://www.qiagen.com/ca/shop/sample-technologies/rna/rna-preparation/rneasy-micro-

kit).  We first quantified and assessed the quality of each sample. We analyzed the 

isolated RNA using a bioanalyzer, which provides an assessment of the quality and 

quantity of very small RNA samples (less than 1ng/ul) (performed by the Mobix DNA 

sequencing lab at McMaster University). The results from the bio analyzer demonstrated 

the isolation process yields high quality mRNA as indicated by the presence of 

undegraded ribosomal RNA (rRNA) bands at 2kb for 12S and 5kb for 28S in each sample 

(Figure 2A). Further quantitation of the isolated RNA demonstrated that for the WT1 

sample, which was composed of 6 kidneys (E13.5) and 38,000 cells, had a yield of 

0.36ng/ul. The WT2 sample, which was composed of 4 kidneys and 19,836 cells, had a 

yield of 2.182ng/ul. Finally, the β-catS-/- sample, which was composed of 4 kidneys and 

24,566 cells, had a yield of 2.101 ng/ul (Figure 3A). While the RNA extraction appears 

somewhat variable using the Qiagen kit, our analysis demonstrates that approximately 
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29ng of RNA (14ul x 2.1ng/ul) can be extracted from about 22,000 cells. According to 

the Qiagen RNeasy Micro kit, 500,000 cells should yield approximately 5000ng. This 

means that about 22,000 cells should yield around 220ng or a concentration of 15.71ng/ul 

when eluted in 14ul of water. Since the concentrations of our samples are relatively low 

we are currently working on optimizing the RNA extraction step using different kits 

designed for very small samples.   

 

Identification of FACS sorted stromal cells 

As early as E13.5, the kidney is composed multiple cell populations that originate 

from the stromal progenitors, the ureteric epithelial progenitors, and the nephrogenic 

progenitors (Little and McMahon 2012). Therefore, to ensure that the GFP+ cells we 

isolated were stromal cells, we utilized the RNA isolated above to perform RT-qPCR and 

assessed the expression level of factors specific to the three main cell populations in the 

kidney. First, we analyzed the expression of Ret, a marker of the ureteric epithelium, and 

demonstrated a virtual absence in WT and β-catS-/- isolated cells compared to whole 

kidneys (1.03 vs 0.154, p=0.006)(Figure 3B). Similarly, Pax2 expression, which is found 

both in the ureteric epithelium and nephrogenic progenitors, was also virtually absent in 

WT and β-catS-/- cells compared to whole kidney lysate (1.03 vs 0.29, p=0.01)(Figure 3B). 

The presence of low Pax2 and Ret expression in the WT sample demonstrates there is 

some level of epithelial and mesenchymal contamination. The expression of Pbx1, which 

is a marker of stromal cells, was strongly expressed in both WT and β-catS-/- cells and in 

whole kidney lysates. This demonstrates that the isolated cells are stromal cells and there 



Ph.D. Thesis – Felix Boivin-Laframboise	 	 McMaster University – Medical Sciences	
	

	188	

is a very low level of contamination from nephrogenic or ureteric epithelial progenitors 

that are not likely to have significant effects on downstream applications.  

Furthermore, to specifically determine which stromal cell populations were 

present within the isolated GFP+ cells, we analyzed markers from the capsular, cortical, 

and medullary stroma by performing PCR on cDNA from one of the WT samples. We 

detected the expression of Pbx1 (general stroma), Sfrp1 (capsular), FoxD1 (cortical), and 

Pod1 (medullary) markers in WT GFP+ cells. Ret expression (ureteric epithelium) was 

not detected in WT FACS cells (Figure 3C). Together, this analysis demonstrates that 

stromal cells from FoxD1eGFPCre (WT1 sample on CD1 background), 

FoxD1eGFPCre;β-catS+/- (WT2 sample) and FoxD1eGFPCre;β-catS-/-  (β-catS-/- sample) 

kidneys can be isolated to extract sufficient amounts of stromal specific mRNA for gene 

expression analysis. This protocol will allow us to perform gene expression analysis as 

well as RNA-seq on FACS sorted cells to identify stromal specific β-catenin-targets. 

However, since the number of sorted cells per FACS experiment is still relatively low 

(around 5,800 cell/kidney), this protocol may not be suitable for protein assays, such as 

co-immunoprecipitation and chromatin immunoprecipitation. Therefore, we are currently 

optimizing a FACS protocol to determine whether crossing FoxD1eGFPCre and 

FoxD1eGFPCre;β-catS-/-  mice with  dtTomato-ROSA mice would allow us to extract 

sufficient protein yields.   
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Figure 5.3 – Identification of the stromal markers in FACS stromal cells 
 

 
Identification of the stromal markers in FACS stromal cells – (A) RNA isolation from 
WT FACS cells (samples WT1 and WT2) and β-catS-/- cells. (B) – qPCR quantification of 
stromal, mesenchymal, and epithelial markers in whole kidneys, WT FACS sorted cells 
and β-catS-/-  sorted cells (1.03 vs 0.29, p=0.01 and 1.03 vs 0.154, p=0.006). Epithelial and 
mesenchymal markers are virtually absent in WT and β-catS-/- sorted cells. (C) 
Quantification of different stromal markers in FACS WT cells. We observed the presence 
of capsular (Sfrp1), cortical (FoxD1), and medullary (Pod1) markers in FACS WT cells. 
Ret expression was not observed in FACS WT cells.  
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CHAPTER 6 – DISCUSSION 
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At the onset of this thesis project, the contribution of the stromal population to 

kidney development and renal dysplasia was poorly understood. Additionally, the role of 

stromal β-catenin in kidney development and in the genesis of renal dysplasia was not 

known. This thesis identified important roles for β-catenin in the developing kidney. First, 

I demonstrated that a stabilization of β-catenin specifically in stromal cells contributes to 

the genesis of renal dysplasia by disrupting proper stromal cell differentiation. Secondly, I 

showed that stromal β-catenin regulates communication between the ureteric epithelium 

and the condensed mesenchyme via the Wnt9b signaling pathway. Thirdly, I 

demonstrated that β-catenin is essential for medullary stromal cell differentiation. Finally, 

I developed a protocol to isolate stromal cells from WT and stromal β-catenin deficient 

mice and investigated potential downstream applications to further our understanding of 

stromal β-catenin in the context of kidney development and disease. Combined, these 

studies advance our understanding of stromal β-catenin in the developing kidney and 

define its crucial role in the development of renal dysplasia. 

 

The Role of Stromal β-catenin in Renal Dysplasia 

The overexpression of stromal β-catenin was sufficient to mimic the 

histopathological features observed in renal dysplasia, including disrupted nephrogenesis, 

disrupted branching morphogenesis, and a notable expansion of the stromal-like cells. 

Prior to the work presented in chapter 2, this expanded population of fibroblast cells in 

renal dysplasia had always been described as stromal cells (Woolf, Price et al. 2004, 

Winyard and Chitty 2008, Goodyer 2009, Sarin, Boivin et al. 2014, Chen and Chang 
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2015). My work provides a better characterization and understanding of the molecular 

changes in this cell population and demonstrates that they are in fact not stromal cells. 

Instead, they are a population of cells that express high levels of chemo-attractants, which 

promote vascular defects. I have identified misregulated chemo-attractants both in β-

catGOF-S kidneys and in human samples of renal dysplasia that are likely direct targets of 

β-catenin. Additionally, by comparing β-catGOF-S kidneys to human dysplastic tissues, I 

demonstrated that our model is suitable to study the molecular mechanisms involved in 

the pathogenesis of renal dysplasia. Moving forward with this project, it will be important 

to determine whether a downregulation of these chemo-attractants can rescue vascular 

morphogenesis defects, and possibly rescue the defects in stromal cell identity observed 

in β-catGOF-S kidneys. Combined, this work provides foundational knowledge for the 

development of better treatment strategies for patients with renal dysplasia.  

 

The Functional Role of Stromal β-catenin in Kidney Development 

Despite prior work hinting at a functional role for β-catenin in medullary stromal 

cells (Yu, Carroll et al. 2009), the expression and cellular localization of β-catenin in the 

different stromal populations was poorly defined when I started this thesis project. To 

gain a better understanding of its functional role in the distinct stromal lineages, I 

performed a careful analysis of β-catenin expression at different embryonic time points 

and demonstrated a dynamic expression pattern throughout development in capsular, 

cortical, and medullary stromal cells. This expression analysis advanced our 

understanding of the potential roles of β-catenin in the different stromal compartments 
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and expanded on previous studies that demonstrated Wnt/β-catenin signaling activity in 

medullary stromal cells (Yu, Carroll et al. 2009).  

In the renal capsule, the deletion of β-catenin resulted in several non-adherent 

capsular stromal cells, suggesting a role in cell adhesion. The contribution of these 

capsular defects to kidney development is not clear. Capsular stromal cells play an 

essential role in maintaining the high pressure within the kidney parenchyma (Garcia-

Estan and Roman 1989) and regulating proper formation and communication with the 

underlying cortical stroma and condensed mesenchyme (Levinson, Batourina et al. 2005, 

Yallowitz, Hrycaj et al. 2011). β-catS-/- kidneys exhibited several misplaced tubules 

directly below the non-adherent capsular stromal cells. This suggests the defects in 

capsular stroma likely contribute to the abnormalities observed in the underlying 

nephrogenic zone. Further work is required to determine whether these defects are 

directly caused by the loss of β-catenin or caused by disruptions in renal capsule 

formation.  

 In the renal cortex, I demonstrated using both β-catS-/- and β-catGOF-S kidneys that 

stromal β-catenin modulates Wnt9b signaling between the ureteric epithelium and 

condensed mesenchyme. During the course of this thesis, several studies have advanced 

our understanding of the mechanisms that regulate the nephron progenitors. Stromal cells 

are ideally located directly adjacent to the nephron progenitors and ureteric epithelium to 

modulate cellular processes. Studies have shown that stromal factors, such as Fat4 (Das, 

Tanigawa et al. 2013) and Decorin (Fetting, Guay et al. 2014) communicate directly with 

the nephrogenic progenitors to modulate proliferation and differentiation of the 
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nephrogenic progenitors. My results support a similar mechanism whereby stromal cells 

modulate proliferation of the nephrogenic progenitors. However, unlike previous studies 

that focused mainly on direct interactions between the stroma and the nephrogenic 

progenitors, my findings demonstrate that β-catenin controls factors that modulate gene 

expression in epithelial cells to control proliferation of the nephrogenic progenitors. 

Interestingly, a study published at the same time as mine demonstrated that a stromal 

deletion of Dicer1, a protein essential for post-transcriptional processing of micro-RNAs, 

resulted primarily in a lack of β-catenin expression and reduced nephrogenic progenitors 

around the ureteric bud tip (Nakagawa, Xin et al. 2015). Surprisingly, these stromal 

Dicer1 deficient kidneys are phenotypically similar to β-catS-/- kidneys with respect to 

cortico-medullary axis defects and reduced nephrogenic progenitors (Nakagawa, Xin et 

al. 2015). This study further supports a mechanism where a loss of stromal β-catenin 

results in reduced nephrogenic progenitors.    

 The molecular mechanism by which β-catenin in stromal cells controls the 

expression of Wnt9b in epithelial cells is not clear. Previous studies have demonstrated 

stromal cells secrete factors that signal to adjacent cell populations (Mendelsohn, 

Batourina et al. 1999, Batourina, Gim et al. 2001, Yang, Blum et al. 2002, Paroly, Wang 

et al. 2013). Since β-catenin localizes to the nucleus of cortical and medullary stromal 

cells, it likely controls the expression of secreted factors that signal to the epithelium to 

modulate Wnt9b expression. Alternatively, direct stromal-epithelial interactions have 

been shown to regulate proper development of other organs (Cunha, Bigsby et al. 1985, 

Howard and Lu 2014), suggesting β-catenin could regulate the expression of factors, such 
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as extracellular matrix components and cell surface factors, that signal directly to the 

epithelium via cell-cell interactions to modulate cellular processes. Further work is 

required to identify these stromal factors. In chapter 5, I demonstrated that sufficient 

mRNA could be isolated specifically from stromal cells in WT and β-catS-/- kidneys. 

Performing RNA-sequencing using stroma-specific mRNA from WT and β-catS-/- would 

allow us to identify stromal factors controlled by β-catenin that promote communication 

between the renal stroma and the epithelium to modulate Wnt9b signaling.  

 My studies have also identified an important role for β-catenin in the medullary 

stroma. A deletion of stromal β-catenin results primarily in a failure of medullary 

formation and cortico-medullary defects. Before I started this thesis project, previous 

studies had reported a mechanism where Wnt7b, expressed and secreted by the ureteric 

epithelial stalk cells, signals to the adjacent stromal cells to activate the Wnt/β-catenin 

pathway and contribute to tubule elongation and medulla. The role of β-catenin in these 

medullary stromal cells however was not clear. The analysis of medullary stroma in β-

catS-/- kidneys revealed a significant reduction in medullary genes essential for medullary 

stromal differentiation, such as Wnt4 (Yu, Carroll et al. 2009, Boivin, Sarin et al. 2015), 

and Pod1, demonstrating an important role for β-catenin in the development of the 

medullary stroma. However, further work will be required to determine whether β-catenin 

specifically regulates the expression of those medullary stromal genes.  

 In addition to a role in medullary stroma differentiation, I demonstrated that 

stromal β-catenin possibly plays a role in the regulation of stromal cells survival. 

However, the mechanism by which stromal β-catenin regulates cell survival is not clear. 
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One possibility is that the misdifferentiated stromal cells are simply discarded via 

programmed cell death. However, I demonstrated that β-catenin binds to Tbx5, Yap, and 

Yes to form a complex that interacts with the promoter region of Bcl2l1, which is 

significantly reduced in β-catS-/- kidneys. This complex has previously been shown to 

directly regulate the transcription of Bcl2l1 (Rosenbluh, Nijhawan et al. 2012), suggesting 

a potential functional role in the kidney. Therefore, it is possible that stromal β-catenin 

controls survival of the development medullary stroma by regulating the expression of 

anti-apoptotic genes. Further research is required to determine whether this complex 

forms specifically in stromal cells and to determine if it regulates the expression of 

Bcl2l1. Interestingly, previous studies have demonstrated medullary stromal cell survival 

must be tightly regulated for proper medulla formation (Carev, Krnic et al. 2006, Ho 

2014). My findings expand on a potential role for β-catenin in the regulation of apoptosis 

in the kidney and suggest cell survival must be tightly regulated for proper formation of 

the medullary stroma.       

 

Limitations and Future Directions 

 The work presented in this thesis has allowed me to identify several misregulated 

genes in β-catS-/- kidneys. However, the quantification of these genes was performed using 

mRNA from whole kidneys. While this approach is appropriate for cell-specific genes, 

such as Wnt9b in ureteric epithelial cells (Carroll, Park et al. 2005), it is difficult to 

confirm changes in genes that are ubiquitously expressed in various cell types of the 

developing kidney, such as Bcl2l1 (Gonzalez-Garcia, Perez-Ballestero et al. 1994). In 
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order to address this limitation, I developed a protocol to isolate sufficient amounts of 

mRNA specifically from WT and β-catS-/- stromal cells. This approach will allow us to 

confirm changes in anti-apoptotic genes specifically in stromal cells. Furthermore, I 

suspect β-catenin controls genes in stromal cells that signal to the adjacent ureteric 

epithelium to regulate the expression of Wnt9b. Therefore, performing RNA-sequencing 

on WT and β-catenin deficient stromal cells will allow us to identify novel β-catenin 

targets involved in this mechanism and further our current understanding of stromal β-

catenin in the kidney.  

This thesis has established important roles for stromal β-catenin in the 

development of renal dysplasia and kidney formation. Most importantly, with the 

development of two novel mouse models, I have demonstrated that β-catenin must be 

tightly regulated in stromal cells for proper kidney formation. Increased levels of stromal 

β-catenin result in renal dysplasia by disrupting proper stromal cell identity and vascular 

morphogenesis. Conversely, a loss of β-catenin in stromal cells results in a failure of renal 

medulla formation and disrupted communication between adjacent epithelial and 

mesenchymal cells populations. These studies expand our understanding of stromally-

expressed β-catenin in the kidney and provide significant foundational knowledge for the 

development of better treatment strategies for patients with renal dysplasia by identifying 

key mechanisms involved in the pathogenesis of kidney disease.  
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