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Abstract 

 

The renal medulla is critical for urine concentration and maintaining the body’s 

salt and water homeostasis.  Its development and physiology are dependent on reciprocal 

signaling between different cell types.  However, the way in which the various cells of 

the renal medulla orchestrate its development is not well understood.  For this reason, my 

work focuses on Wnt7b, a Wnt ligand that is expressed in the ureteric bud (UB) 

epithelium that gives rise to the collecting ducts.  Previous work demonstrated that 

Wnt7b promotes elongation of the medullary ureteric trunks through regulation of their 

oriented cell division, and elongation of the loop of Henle through regulation of their 

proliferation.  Wnt7b was shown to signal through the canonical Wnt pathway to the 

renal interstitium.  I set out to characterize the subset of interstitial cells in the medulla 

that are responsive to Wnt7b canonical Wnt pathway signaling, to identify the role of 

Wnt7b in their development, and to identify their roles in renal medulla formation.  Here 

I present evidence that canonical Wnt target cells in the medulla are pericytes of the peri-

UB capillaries, and that Wnt7b regulates the development of both these pericytes and of 

the endothelium these pericytes associate with in the renal medulla.  In the nascent renal 

medulla, Wnt7b regulates the proliferation of peri-UB pericytes and endothelial cells, 

pericyte expression of PDGFRβ, and endothelial cell flattening and capillary lumen 

formation.  To determine the mechanism by which Wnt7b directs renal medulla 

elongation, I also studied the role of p57kip2.  Medullary peri-UB pericyte expression of 

p57kip2 is lost in Wnt7b mutants, and p57kip2 mutants have a shorter renal medulla.  

Here I identify p57kip2 as a direct transcriptional target of canonical Wnt signaling, and 

demonstrate that pericyte expression of p57kip2 is sufficient and necessary for renal 
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medulla elongation.  Furthermore, I demonstrate that p57kip2 expression in the 

interstitium partially mediates Wnt7b’s role in renal medulla elongation, likely via 

oriented cell division.  My work shows that although p57kip2 is not a regulator of peri-

UB capillary lumen formation, it does regulate proliferation of pericytes and endothelial 

cells.  Importantly, my work on the function of p7kip2 that is expressed in the peri-UB 

capillary mural cells demonstrates the significance of this population of cells in renal 

medulla elongation, and the proliferation of the peri-UB capillaries, downstream of 

Wnt7b.  Finally, I extended my work into the embryonic lungs to compare the functions 

of Wnt7b in capillary development in the kidney and lungs.  My analysis of Wnt7b 

mutant lungs confirms the effect of Wnt7b on capillary lumen formation and on 

proliferation is tissue specific.  Together, my work identifies additional cells types whose 

development is regulates by Wnt7b, and has begun to uncover the signaling pathways and 

tissue interactions regulating renal medulla formation. 
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1.1 Physiology and structure of the adult kidney (the metanephric kidney) 

The physiological function of the kidney includes removal of wastes and 

regulation of acid-base, salt, and water homeostasis.1  The kidneys excrete excess water 

and waste from the blood into urine, while reabsorbing essential molecules such as 

glucose2 and amino acids3 into the blood stream.  The renal epithelium organized into the 

renal tubules is essential for collection of the plasma filtrate and for reabsorption and 

secretion, while the renal vasculature delivers blood to the glomerulus for filtration and 

carries the reabsorbed nutrients to the rest of the body.  Normal physiological function of 

the kidney requires specific organization of renal structures.  This section provides an 

overview of kidney organization and physiology. 

1.1.1 Organization of the kidney and the cortico-medullary axis 

 

The structure of the kidney can be divided into two distinct regions histologically, 

the outer region is called the cortex and is recognizable by its light color.  The inner 

region, which is darker in color, is called the medulla4.  In humans, the medulla is divided 

into 8-12 pyramids, or papillae, which each extend into an opening termed the renal 

calyx.4, 5  The calyces merge into the renal pelvis.  Conversely, rodent kidneys house a 

single medullary pyramid which extends directly into the pelvis.  The pelvis narrows as it 

reaches the hilum, defined as the opening at the medial surface of the kidney.  The kidney 

is connected to the urinary tract via the transitional epithelium of the pelvis which 

connects to the ureter.5 

The organization of the vasculature and the renal tubule system along this cortico-

medullary axis is important for the kidney’s physiological function.  This organization 
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allows us to further classify the regions of the adult kidney based on the tubule 

components present (Figure 1-1).  The cortex contains renal corpuscles which include 

glomeruli, convoluted tubules, and collecting ducts.  The outer stripe of the outer medulla 

contains the thick limbs of the LOH and collecting ducts, while the inner stripe of the 

outer medulla contains some thick ascending limbs of the LOH, thin descending limbs 

and collecting ducts.  Finally, the inner medulla is comprised of the thin limbs of the 

LOH and collecting ducts.  The inner-most part of the medulla is sometimes also referred 

to as the papilla.  The nephrons have varying LOH lengths based on their position along 

the cortico-medullary axis.  The nephrons containing a cortical renal corpuscle, closer to 

the kidney surface, have shorter LOH that do not extend into the inner medulla.  In 

humans there are some short cortical nephrons that do not extend into the medulla at all.  

The nephrons with their renal corpuscle located in the region of the cortex bordering the 

outer stripe of the renal medulla (juxtamedullary region) have long LOH that extend into 

the inner medulla.  The renal corpuscles are the primary filtration units of the kidney, 

while each tubule segment has a different combination of ion channels to facilitate 

reabsorption and secretion.  The collecting duct system is present in all compartments of 

the kidney, however the cellular composition and morphology of the collecting ducts is 

also organized along the cortico-medullary axis.6   
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Figure 1-1 Organization of the kidney tubule structures along a cortico-medullary axis 

This figure is adapted from Sands and Verlander, 20047 

 

1.1.2 Afferent vasculature and the glomerular filtration barrier 

 

The renal vasculature, besides bringing nutrients to the organ tissues, must also 

direct blood to the renal filtration system.  For this reason the kidney is heavily 

vascularized.8  The renal artery is the major vessel which brings blood from the dorsal 

aorta into the kidney.5, 8  In human kidneys, the renal artery branches into five segmental 

arteries before entering the kidney through the hilum.  The segmental arteries enter the 

pelvic space and branch into lobar arteries then interlobar arteries.  The interlobar arteries 

enter the kidney tissue at the cortico-medullary border.  In unipapillate animals such as 

rodents, the renal artery branches once outside the kidney, giving rise to two or three 

renal arteries that enter through the hilum.  These arteries branch at least once more 
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giving rise to interlobar arteries that enter the kidney tissue in rodents.  For all of the 

species used to study the kidney, the arteries entering the kidney tissue are called 

interlobar, despite some of them only having one lobe.8   

From this point the pattern of the arterial tree is conserved between species.  The 

interlobar arteries produce the accurate arteries that run along the cortico-medullary 

border.  The accurate arteries give rise to the interlobular arteries which extend upward 

toward the kidney surface.  The smallest branches of the interlobular arteries produce 

afferent arterioles, which lead into the renal corpuscles (Figure 1-2). 

The vascular component of the renal corpuscle is the glomerulus, where the 

endothelial cells form thin fenestrated capillary loops (Figure 1-2).  The fenestrations are 

the pores through which the filtrate exits the bloodstream and enters the nephron tubules.  

The glomerular endothelial cells are supported by specialized mural cells called 

mesangial cells.  Mesangial cells can regulate filtration through their contractile 

properties and maintenance of the extracellular matrix.9  The glomerulus is surrounded by 

the glomerular basement membrane (GBM) which is the main barrier for filtration.  The 

GBM has three layers of lamina visible by TEM and carries a negative charge.10, 11  

Another key mediator of the filtration barrier is the podocyte (Figure 1-2).  

Podocytes are the visceral epithelial cells that extend foot processes into the GBM.10, 11  

The space in between each foot is bridged with a thin membrane called the slit 

diaphragm.12  The slit diaphragm is a modified adherens junction that expresses tight 

junction marker ZO-113, 14, Nephrin, CD2AP, and Podocin15 as part of a specialized 

junctional complex.  Disruption of this complex is linked to proteinuria, highlighting the 

importance of the slight diaphragm for filtration.15  The basal surface of the podocytes are 
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embedded in the GBM,10, 11 while the apical surface is negatively charged due to 

negatively charged proteins which make up the glycocalyx layer.16, 17  One major 

component of the glycocalyx is Podocalyxin.18, 19  Podocytes also secrete VEGF, which 

promotes endothelial cell permeability by inducing the formation of fenestrae in the 

endothelial cells of the capillary loops.20-24  The podocytes form one side, the visceral 

layer, of an epithelial structure termed the Bowman’s capsule.  The other side of 

Bowman’s capsule is a sheet of the parietal epithelium that forms the outer border of the 

renal corpuscle.  The lumenal space between the podocytes and the parietal epithelium is 

described as the Bowman’s space.  

 

Figure 1-2 The renal corpuscle and its neighboring structures 

The renal corpuscle includes the capillary loops (glomerulus), mesangial cells, podocytes, and parietal 

epithelium.  Adjacent to the renal corpuscle on the left side of the figure, the macula densa, JG cells, and 

the extraglomerular mesangial cells comprise the Juxtaglomerular apparatus.  The right side of the figure 

shows the proximal tubule, through which the filtrate exits the renal corpuscle. 
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1.1.3 The nephron epithelium 

 

After primary filtration at the renal corpuscle, reabsorption and concentration of 

urine occurs via a series of tubules (Figure 1-1).  The nephron tubule components of this 

system are; from the proximal (closest to the renal corpuscle) to the distal end; proximal 

tubule, loop of Henle (LOH), distal tubule, and connecting tubule.  The connecting tubule 

leads to the collecting duct system which includes; the cortical collecting duct, the 

medullary collecting duct and the inner medullary collecting duct.  

The first tubule that the primary filtrate passes through is the proximal tubule, 

which is directly connected to Bowman’s capsule.  The proximal tubule is comprised of 

cuboidal epithelium with numerous microvilli on their apical surface, collectively termed 

the brush border.  The increased surface area provided by the brush border enhances the 

absorption and flow-sensing functions of the proximal tubule.25  All of the glucose and 

amino acids are reabsorbed at the proximal tubules, as well as most of the Na+.  Secreted 

molecules include ammonia,26, 27 and creatinine.  The brush border also has the ability to 

adjust the absorption rate of the proximal tubules based on the flow of filtrate from the 

glomerulus.28  Pars recta (the proximal straight tubule) is a portion of the proximal tubule 

that descends into the outer medulla.  The border between the pars recta and the thin 

descending LOH designates the border between the outer medulla and inner medulla. 

The loop of Henle (LOH) runs from the proximal tubule to the distal tubule.  It 

has a U-shape such that the structure extends down into the medulla then back up to the 

cortex.  The descending thin limb of the LOH varies in length depending on the position 

of the loop turn along the cortico-medullary axis.  Additionally, the cell shape of the 

descending thin limb epithelium depends on its location along the cortico-medullary 
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axis.29  The thin descending limb passively absorbs water and is impermeable to the 

sodium ion, while the thin ascending limb is impermeable to water, but permeable to ions.  

In the thick ascending limb, sodium, potassium and chloride are actively reabsorbed via 

the Na-K-2Cl co-transporter.30-32  Because the thick ascending limb is impermeable to 

water, only the ions move to the interstitial space, creating increased osmolality in the 

interstitial space.  The thin descending limb neighbors the ascending limb in the medulla 

(Figure1-1).  In response to the high osmolality in its environment, the thin descending 

limb draws water from the luminal space out into the interstitial space.  As a result, the 

filtrate inside the thin descending limb becomes more concentrated and hyperosmotic.  

The medulla as a whole becomes hyperosmotic, and an osmolality gradient is established 

where the deeper the medulla, the higher the osmolality.33 

The distal convoluted tubule consists of cuboidal epithelium with no brush border.  

It actively reabsorbs sodium via NaCl co-transporter.34  Distal convoluted tubule cells are 

mitochondria-rich,35 which belies their heavy transport activity.  Absorption in the distal 

convoluted tubule can be regulated by hormones such as aldosterone and ADH.36  The 

distal convoluted tubule is located in the cortex next to the renal corpuscle of the same 

nephron (Figure 1-1).  The part of the distal convoluted tubule that abuts the renal 

corpuscle, the macula densa (Figure 1-2), and the closely associated juxtaglomerular 

(JG) cells, as well as the extraglomerular mesangium comprise the juxtaglomerular 

apparatus, which regulates blood flow.  In this structure, the macula densa senses the salt 

concentration in the distal convoluted tubule and promotes vasodilation or 

vasoconstriction of the arteries to adjust glomerular filtration rate accordingly.37  JG cells 

secrete Renin in response to low salt levels as a part of this feedback regulation.38, 39  
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1.1.4 The connecting tubule and collecting duct system 

 

The connecting tubule is a heterogeneous structure that links the nephron 

epithelium to the collecting duct system.  This tubule contains cells from the distal 

convoluted tubule and the collecting duct.   

The collecting duct cellular morphology is more cuboidal in the cortex and 

columnar in the medulla.  Additionally, the collecting duct contains two specialized cell 

types, principal and intercalated cells.  Principal cells reabsorb sodium and secrete 

potassium via ENaC and reabsorb water via Aquaporin 2(AQP2).40  ENaC is regulated by 

aldosterone41 while AQP2 is regulated by vassopressin42.  Intercalated cells, which are 

important for acid base balance,43, 44 comprise 1/3 of the cortical collecting duct cell 

population.  The proportion of intercalated cells decrease gradually to 10% in the 

papillary collecting duct.6  The diameter of the collecting duct is also larger towards the 

papilla. 

1.1.5 Efferent arterioles and the post-glomerular capillary beds 

 

From the glomerulus, efferent arterioles of the cortical nephrons give rise to the 

peritubular capillaries surrounding the proximal and distal tubules.  The cortical 

peritubular capillaries supply blood and nutrients to the cortical tissue.  They also take up 

the fluids and ions that were reabsorbed by the tubules and reintroduce them in to the 

bloodstream.  Efferent arterioles of the juxtamedullary nephrons give rise to the main 

blood supply for the medulla, the vasa recta.  The vasa recta are straight capillaries 

running parallel to the LOH and collecting ducts.  Like the LOH, they have a descending 

and ascending component.  Descending vasa recta (DVR) and ascending vasa recta 

(AVR) are organized with the LOH in vascular bundles.45, 46  The vasa recta is critical for 
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the maintenance of the osmolality gradient in the medulla.  DVR are specialized 

endothelium because they express Aquaporin1 and Urea Transporter,47-49 indicating they 

perform an active role in salt and water balance.  Blood flow to the medulla is regulated 

by prostaglandins and nitric oxide, which control vasodilation.  Without proper 

vasodilation, reduction of medullary blood flow leads to salt retention and 

hypertension.50-54  In rodents, capillaries form interstitial nodal spaces throughout the 

inner medulla, but this structure is less frequent in humans.55 

1.1.6 Interstitial cells 

 

The renal interstitium is loosely defined as all of the space outside of tubules, 

blood vessels and glomeruli.  Lymphatics and microvessels have been considered as part 

of the interstitium, but microvessels can also be considered as separate from the 

interstitium.56  Dendritic cells are also considered part of the interstitium.56, 57  The 

cortical interstitium and medullary interstitium are structurally distinct, but how that 

relates to a difference in function is not well understood.56-58  In adult kidney much focus 

has been on interstitial cells as a source of fibrosis.57, 59, 60  Several specialized cells in the 

cortical interstitium have also been described, a few examples of which are given below.   

Erythropoietin (Epo) producing cells reside in the peritubular cortical 

interstitium.61  Epo is a hematopoietic growth factor, responsible for the proliferation, 

differentiation, and survival of red blood cells.  Transcription of Epo is promoted in 

hypoxic conditions,62, 63 and Epo deficiency is linked with anemia in chronic kidney 

disease.64, 65 

Another specialized cell type in the cortical interstitium is renin expressing cells.66  

Renin is expressed mainly by juxtaglomerular cells in response to a change in renal 
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homeostasis such as dehydration or hypertension.38, 39  Renin is an enzyme that 

hydrolyzes angiotensinogen to angiotensin I, which regulates blood pressure and fluid 

homeostasis.67  Renin cells can differentiate and contribute to smooth muscle, mesangial 

cells, Bowman’s capsule, and proximal tubules; and when homeostasis is disturbed, the 

former renin cells can de-differentiate and express renin again.68 

 

1.2 Kidney development 

Kidney development is a complex process involving two separate tubulogenic 

events; branching morphogenesis of the uretic bud to establish the renal collecting duct 

system and mesenchymal to epithelial transition to generate the nephron epithelium.69  

Kidney development also involves migration and differentiation of the interstitial cells,70-

72 a cell population that has not been fully characterized.  Signaling between the various 

progenitor compartments is essential for normal kidney development.73  This section 

broadly describes renal development, with a brief introduction of some of the signaling 

pathways involved. 

1.2.1 The ureteric bud: branching and elongation 

 

Kidney development starts in mice at E10.5 when the ureteric bud epithelium 

protrudes from the Wolfian duct and invades the neighboring metanephric 

mesenchyme.74-76  The metanephric mesenchyme induces a process called branching 

morphogenesis at the tip of the UB epithelium.77  The first branching event forms a T-

shaped structure, now with two tips.  The UB continues to branch, increasing the number 

of tips, while elongation occurs of the UB trunks (Figure 1-2A).  This process, branching 
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morphogenesis, establishes the collecting duct network and the sites of nephron 

differentiation. 

The major signaling pathway for UB branching Morphogenesis is GDNF-Ret 

signaling.  GDNF is expressed in the metanephric mesenchyme and signals to its 

receptors Ret and Gfrα in the ureteric tips.78-81  Gdnf, Ret, or Gfrα1 mutant exhibited 

failed branching morphogenesis and kidney agenesis.82-86  Furthermore, Wnt11 and Ret 

double heterozygotes have less glomeruli than the Wnt11 mutant,87 indicating a 

synergistic genetic interaction between Wnt11 and GDNF-Ret signaling.  

At E13.5 the lengths of the UB trunks between branch points are consistent 

throughout the kidney, however at E14.5, the interbranch regions of the more distal UB 

epithelium (closer to the ureter and future pelvic space) elongate.70, 88  Concurrently, the 

ureter swells in the region where it meets the UB epithelium.  At E15.5 a pelvic space has 

started to form and the UB trunks from the first few branching events are positioned so 

that they open into the pelvic space.  This designates the onset of renal medulla formation 

(Figure 1-2B).  From E15.5 until several days after birth, the medullary UB continues to 

elongate along a cortical-medullary axis.  

Defects in branching morphogenesis can lead to renal medulla dysplasia or 

hypoplasia.  Mice with the expression of BMP receptor ALK3 removed from the UB 

exhibited increased branching at earlier stages, followed by decreased tertiary branching 

at later stages and a decreased number of collecting ducts.89  Adult kidneys had dilated 

collecting ducts and the medulla was absent.89  This mouse model highlights how the 

initial branching events are important for subsequent growth and patterning of the 

collecting ducts. 
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Proper oxygenation from the vasculature is also important for normal renal 

medulla development.  Mice lacking Cited1 expression in the placenta have renal 

medullary dysplasia due to hypoxia induced apoptosis.90  Sox17; Sox18 double mutants 

have an atrophied outer medulla, due to loss of vasa recta in that region.91  

The basement membrane is important for collecting duct development.92, 93  Mice 

deficient in laminin in their UBs had defects at multiple stages of UB development and 

maturation, including branching, proliferation, and water transport postnatally.93  The 

collecting ducts of Wnt5a mutant mice have various UB branching defects in conjunction 

with thicker basal lamina and lowered expression of several basement membrane 

components.92 

 
Figure 1-3 Development of the murine renal epithelia  

Images were obtained from the GUDMAP database (http://www.gudmap.org/Schematics).94  Originally 

designed by Kylie Georgas, University of Queensland  
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(A) The ureteric bud epithelium, in brown, undergoes multiple branching events.  Pretubular aggregates, 

blue, are also visible from E12.5.  (B) At E15.5 the UB epithelia, in brown, open into the pelvic space.  The 

medulla contains UB trunks and loops of Henle, the cortex contains mature glomeruli closer to the medulla 

and immature glomeruli farther away from the medulla.  The most cortical region is the nephrogenic zone.  

(C) Postnatally, the medulla extends out of the kidney, and can be divided into three regions (see also fig1-

1).  (D) Nephron differentiation.  The condensed mesenchyme progenitor population is represented in 

purple, the induced nephron epithelium in blue.  Endothelial cells are red.  UB epithelium is brown.   

 

1.2.2 Induction and differentiation of the nephron epithelium 

 

Upon contact at E10.5, the ureteric bud epithelium induces the Six2+ subset of the 

metanephric mesenchyme to condense around the UB tips.95  This population of the 

metanephric mesenchyme, which has also been referred to as the condensed mesenchyme 

or the cap mesenchyme, is a multipotent, self-renewing population that gives rise to all 

epithelial components of the nephon.95  The cap mesenchyme that is Six2+ and Cited1+ 

remain in the nephron progenitor pool.96  In contrast, the Six2+ Wnt4+ cells in the cap 

mesenchyme are committed to nephrogenesis.95  In response to Wnt9b signal from the 

UB tips, the committed cells then down-regulate Six2, upregulate Wnt4 and many other 

factors, and condenses further under the UB tips to make a structure called the pretubular 

aggregate.97-102  The structure undergoes a mesenchyme to epithelial transition (MET) to 

become the renal vesicle, and after a series of morphological changes differentiates into 

the nephron.77  Although the earliest differentiation from pretubular aggregate is at E12.5, 

as the UB continues to branch new nephrons continue to differentiate at the newly formed 

UB tips, in a process that continues throughout development.88, 95, 103 

The earliest nephron epithelial structure, the renal vesicle (RV), expresses 

different gene combinations along a proximal to distal axis, specifying the different 

segments of the future nephron.104, 105  The distal end of the RV and the UB epithelium 

merge along with some Six2+ cells to make the connecting tubule.106  The proximal 
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portion of the renal vesicle elongates, changing the shape of the epithelial structure from 

renal vesicle to a comma shape and then S-shape.  The S-shaped body has a proximal, 

medial and distal segment.  The proximal segment becomes the glomerular epithelium 

and the proximal tubule, while the medial and distal segments become the distal tubule 

and the Loop of Henle (LOH).  Notch signaling in conjunction with RBP-J mediates 

specification of the proximal portion of the nephron.107, 108  Lgr5+ cells in the medial 

segment of the S-shaped body give rise to the thick ascending LOH as well as the distal 

convoluted tubule.109  The first nephrons with capillary loops are visible at E15.5, but 

new nephrons continue to be induced throughout development.  The cap mesenchyme is 

gone by P3.110 

1.2.3 The stroma and its descendant interstitial cells 

 

Upon the initiation of UB branching morphogenesis, the metanephric 

mesenchyme consists of two distinct progenitor compartments; the Six2+ cells (discussed 

in section 1.2.2) and the Foxd1+ stromal cells.95, 111  While Foxd1 expression itself is 

restricted to the stromal cells surrounding the cap mesenchyme the descendant cells of 

the Foxd1+ stroma are found throughout the kidney and include: PDGFRβ+ mesangial 

cells in the glomerulus, PDGFRβ+ pericytes in the cortex, the vascular smooth muscle 

cells, the renin cells, the cortical interstitium, p57kip2 expressing interstitial cells in the 

medulla and p57kip2 negative interstitial cells in the medulla.111, 112  Lineage tracing of 

Foxd1+ cells with tamoxifen induced labeling at different developmental stages indicate 

the Foxd1+ stromal cells are a continuously renewing stem cell population.111  Further, 

they contribute to stromal lineages in a temporally restricted manner, such that the 
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earliest labeled cells contribute to the distal-most region (the medulla tip) and the latest 

labeled cells contribute to the cortex.   

The Foxd1+ stroma is important for branching morphogenesis and nephrogenesis.  

Stromal expression of retinoic acid modulates GDNF-Ret signaling and promotes 

branching morphogenesis.113  Stroma expressed angiotensin II also promotes GDNF-Ret 

signaling.114  Foxd1 itself is important for nephron differentiation.115  When Foxd1 was 

deleted in mice, the stroma lost expression of progenitor markers and gained expression 

of differentiation markers such as PDGFRβ.115  This indicates Foxd1 is important for 

maintenance of the stromal progenitor state, and that the progenitor stromal cells are 

necessary for nephron maturation.  Supporting this conclusion, ablation of  the stroma 

with diphtheria toxin A (Foxd1Cre;DTA) leads to arrested nephrogenesis.72 

Foxd1Cre;DTA mice also exhibit ectopic vasculature in the nephrogenic zone,72 

and Foxd1 null mutants had endothelial cells in the capsule, as well as fully differentiated 

arteries.112, 116  This indicates that stromal cells are required for vascular patterning.  The 

mural cells in the kidney, which are descendants of the stromal cells, are also required for 

normal development of the vasculature (discussed in section 1.2.4 and section 1.3.3).   

The medullary interstitium expresses several genes that are important for renal 

medulla development, including β-catenin, Pod1, and p57kip2.70, 117-119  Chapter 4 further 

discusses the role of p57kip2 in renal medulla development.   

1.2.4 Renal endothelial cells and glomerulus maturation 

 

The vascular network develops concurrently with the epithelium, and is 

established through vasculogenesis and later refined via angiogenesis.120-125  Vessels are 

detected as early as E12.5, before the arterioles are detected, indicating that 
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vasculogenesis occurs in the kidney.123  In fact, a recent study has shown that SCL/Tal1+ 

cells present in the metanephric mesenchyme at E12.5 give rise to endothelial cells in the 

renal artery, veins, glomerular capillaries, arterioles, and peritubular capillaries.126  At 

E18.5 the arterial network is visible, and it continues to grow via branching and 

elongation until about one week postnatally.123  Postnatal branching is regulated by the 

renin-angiotensin system.127 

When nephron precursors are at the S-shaped body stage, angioblasts invade the 

vascular cleft to eventually differentiate into the capillary loops.  The vascular cleft is 

located in the lower region of the S-shaped body, next to the podocytes.  VEGF secreted 

by the podocytes acts as a chemoattractant for the migrating endothelial cells.128  

Maturation of the endothelial cells into a capillary loop requires signaling to and from the 

mesangial cells.  Deletion of the Notch pathway effector, RBPJ, in FoxD1+ renal stromal 

progenitors leads to the absence of mesangial cells from the glomerulus and dilated 

glomerular capillaries.71, 129  Deletion of pdgfb from the endothelial cells or pdgfrb from 

the mesangial cells also leads to a deformed glomerular capillary, due to the failure in the 

migration of mesangial cells into the vascular cleft.130-132 

The development of the vasa recta is likely dependent on signals from the 

neighboring epithelial tubules.  VEGF secretion from renal tubules mediates 

AngiotensinII dependent vasa recta development postnatally.133  However, vasa recta 

development in embryonic stages has not been studied.   

 

1.3 Development of endothelial cells and mural cells 
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The vasculature is important for distributing oxygen, nutrients, hormones, and 

immune cells throughout the body.  The two major categories of vasculature are 

lymphatic vessels and blood vessels.  Lymphatic vessels function to drain excess fluid 

from interstitial spaces.134  In the adult kidney they are present abundantly in the cortex, 

around the nephron tubule and the glomerulus, and sparingly in the outer medulla 

neighboring the cortex.135  Lymphatics are absent in the inner medulla, where fluid is 

absorbed into the vasa recta instead.135, 136  This section will focus on development of the 

blood vessels and their support cells or mural cells. 

1.3.1 Angiogenesis and vasculogenesis 

 

The two main processes through which blood vessels form are vasculogenesis and 

angiogenesis.  Vasculogenesis is the de novo formation of blood vessels from endothelial 

progenitor cells, termed angioblasts.  The initial vascular plexus forms through 

vasculogenesis from angioblasts located in the yolk sac islands137 and in the 

mesoderm.138  VEGFR2 (also known as Flk1) is expressed in angioblasts and is required 

for vasculogenesis.138-141  The angioblasts cluster together and form cords.  Each cord 

then becomes a tube by forming a lumen and a basal lamina.142  In addition to formation 

of the vascular plexus, vasculogenesis has been shown to occur within organs such as the 

liver, spleen and lung.142, 143 

Angiogenesis describes the growth of new vasculature from preexisting vessels.  

In response to an angiogenic signal, the basement membrane of the existing vessel is 

broken down, and specialized endothelial cells called tip cells migrate toward the 

signal.144  For example in hypoxia, cells will express VEGFA to induce angiogenesis, 

while VEGFR2 is expressed at the filopodia of the tip cells, making then sensitive to 
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changes in VEGF concentration.145-147  Stalk cells are attached to the tip cell and trail 

behind.  The stalk cells undergo proliferation to extend the new vessel.  Notch signaling 

downstream of VEGF represses the VEGFR2 expression in the stalk cells.145, 148, 149  Tube 

formation, mural cell association and finally basement membrane deposition mark the 

formation of the new vessel.   

1.3.2 Vascular lumen formation 

 

Angioblasts must undergo tubulogenesis, or vascular lumen formation to form a 

functional, mature blood vessel.  During this stage, angioblasts change shape from 

cuboidal to flattened, and rearrange their junctions to the lateral sides of the cells.150  

Tubulogenesis was historically considered to occur mainly though vesicle or vacuole 

fusion,151 however a number of studies describe a mechanism of membrane repulsion 

and/or junction remodeling.  In mouse dorsal aorta cell flattening is VE-cadherin 

dependent, and lumen formation is driven by recruitment of negatively charged 

sialomucins to the luminal surface.152  A similar mechanism is present in Drosophila 

heart tube formation, where Slit-Robo signaling mediates repulsion at the luminal 

surface.153  Ras interacting protein 1 (Rasip1) is also required for lumen formation in 

mouse.  Depletion of Rasip in culture leads to an abnormal increase in 

RhoA/ROCK/MyosinII signaling, mislocalization of Par3, and ectopic apical junctions. 

1.3.3 Endothelial-mural cell communication 

 

Several signaling pathways are known to be important for mural cell recruitment 

to the endothelium.  The ligand platelet-derived growth factor B (PDGFB) is expressed in 

the endothelial cells while its receptor PDGF receptor beta (PDGFRβ) is expressed in 
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mural cells.132, 154  Lack of either molecule causes loss of mural cells, and blood vessel 

instability.131  The Angiopoetin (Ang) family of growth factors is expressed in the mural 

cells, while its receptor, Tie2, is expressed in endothelial cells.155-158  Tie2 mutant blood 

vessels lack mural cell associations, and mice have hemorrhage and die at E9.5.159, 160 

Maturation of the endothelial cells and mural cells is also regulated by many 

different factors.  TGFβ signaling can promote or inhibit endothelial cell migration, 

proliferation and differentiation depending on expression levels and receptors.161  

Removal of Alk1, a TGFβ receptor that is specifically expressed in endothelial cells,162 

causes defects in vessel remodeling and hematopoiesis.163  Notch3 mutants have altered 

morphology of vascular smooth muscle cells (VSM), and poor association of VSM cells 

to vessels.164  Interestingly, Notch3 also promotes PDGFRβ expression.165 

 

1.4 Known roles of Wnt7b 

Wnt7b is a secreted Wnt ligand that has been shown to act via canonical,166, 167 

non-canonical PCP (Planar Cell Polarity),168 and non-canonical G-protein coupled 

pathways.169  Wnt7b has three isoforms that share a common exon 2 and 3, one of the 

isoforms has a different exon 1.170  The other two isoforms’ mRNA share the exon1 

sequence but have a different translation start site, causing difference in the region of the 

protein translated from exon1.171  Wnt7b regulates the development of multiple tissues, 

with striking diversity in target cells and cellular mechanisms.70, 166, 168-170, 172-182  In this 

section I will discuss in detail Wnt7b role in kidney, lung and other systems. 
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1.4.1 Wnt7b is required for renal medulla formation 

 

Wnt7b is expressed in the non-branching uretic trunk epithelium, which gives rise 

to the ureter and collecting duct system of the kidney.  Conditional knockouts of Wnt7b 

exhibit defective oriented cell division in the UB trunks, decreased proliferation in the 

LOH and failure to form the renal medulla.70  Starting from the onset of renal medulla 

development, E15.5, mutant kidneys displayed dilated UB in the nascent medulla, and 

from E16.5 onward cortical structures were observed directly abutting the renal pelvis.70  

The histology of the cortex was normal, and analysis of several markers of cortical 

development showed that uretic branching, nephron induction, and nephron patterning 

were normal in Wnt7b mutant kidneys despite the absence of a renal medulla.70  At P10 

Wnt7b mutant urine osmolality was 56% that of control mice; within the next few days 

the mice die, most likely from dehydration.70   

Wnt7b expression in the kidney is regulated by Integrin α3 (Itα3) in conjunction 

with c-Met.171  When Itα3 expression was removed from the entire kidney or 

conditionally from collecting ducts, the inner medulla did not fully elongate.171, 183  

Interestingly, this is a less severe phenotype than Wnt7b mutants.  This is likely because 

Itα3 only regulates two of the three isoforms of Wnt7b.  c-Met binds to integrin, and 

treatment with HGF (the ligand for c-met) promoted transcription of all three Wnt7b 

isoforms.171  On the other hand, Itα3 expression did not change in Wnt7b mutants, 

indicating the absence of a feedback loop. 

Wnt7b regulates renal medulla elongation by activation of canonical Wnt 

signaling in the neighboring medullary interstitial cells.70  In the canonical Wnt pathway 

the Wnt ligand binds to its receptor Frizzled, which is a multipass transmembrane 
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receptor.184  In vertebrates Frizzled forms a complex with co-receptor LRP5 or LRP6,185 

resulting in the stabilization of β-catenin.  In the absence of Wnt signal, β-catenin is 

recruited by the “destruction complex” consisting of Axin, Glycogen Synthase Kinase-3 

(GSK3) and Adenomatosis Polyposis Coli (APC).  β-catenin enters the nucleus and binds 

transcription factors of the TCF/Lef family186-189 and activates target genes.  Wnt7b-

depentent expression of the canonical Wnt pathway components and targets Lef1 and 

Axin2 are detected in the medullary interstitium, and when β-catenin was removed from 

the interstitial cells, renal medulla failed to form.70  Conversely, deletion of canonical 

Wnt pathway agonist Dkk1 led to increased expression of Lef1 in the interstitium and a 

longer medulla.178 

Another gene that causes a shorter renal medulla when lost is p57kip2.117  In 

Wnt7b mutants, p57kip2 expression was lost in the medullary interstitium yet unchanged 

in the podocytes.70  These data suggest p57kip2 is a downstream mediator of Wnt7b role 

in renal medulla elongation (p57kip2 is discussed in section 1.5). 

1.4.2 Wnt7b regulates lung proliferation and vessel stability 

 

In the lung, Wnt7b is expressed in the tips of the branching lung bud epithelium 

(future airway epithelium).190, 191  Similar to the kidney, the lung is an organ that 

undergoes branching morphogenesis, and the branching epithelium exchanges signals 

with its surrounding mesenchyme to coordinate lung growth.192  Lung development starts 

at E9.5, when the primary lung buds emerge from the foregut endoderm, into the 

mesodermally derived mesenchyme.193  E9.5 to E16.5 (pseudoglandular stage) is marked 

by highly stereotyped branching.194, 195  E16.5 to E17.5 marks the canalicular stage, 

defined by the narrowing of the terminal buds.  During this time the distal airway 
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epithelium begins to differentiate into specialized alveolar cells.196  The saccular stage, 

when the alveoli mature, starts at E18.5 and continues postnatally.197  Branching 

morphogenesis does not continue after birth, but the epithelial tubes increase in both 

length and diameter, thus increasing the organ size postnataly.197, 198  The mesenchyme is 

not as well studied as the endothelium, but it is thought to give rise to vascular smooth 

muscles199 and endothelial cells.200, 201  Wnt7b’s role in lung development was examined 

by detailed characterization of two mouse models.  In the Wn7bLacZ-/- mouse, one of the 

two alternative exon1 was replaced by LacZ.179  This mouse is likely a hypomorph, due 

to alternative splicing.170  A mouse generated with exon3 deleted (D3) was a true null and 

died at E9.5 due to a placental defect.170  Thus a conditional version of the gene, 

Wnt7bC3, was generated and used to study Wnt7b functions in several tissues, including 

in the lung.170 

1.4.2.1 Wnt7bLacZ-/- mouse exhibits defects in vascular differentiation, airway 

differentiation, and proliferation 

 

Wnt7bLacZ-/- mice were born with smaller lungs that exhibited hemorrhage and 

collapsed distal airways that failed to fill with air, causing neonates to die shortly after 

birth.179  Examination of lungs during the pseudoglandular stage revealed abnormally 

small lungs at E12.5.179  E12.5 mutant lungs also had reduced proliferation of the 

mesenchyme surrounding the lung bud tip, but not the tip itself, resulting in a thinner 

mesenchyme layer that was evident at both E12.5 and E14.5.179  Examination of the 

canalicular/saccular stages revealed failed differentiation of the alveolar epithelial type I 

cells, the major cell type responsible for gas exchange, at E18.5.179, 193  The major blood 
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vessels at E18.5 had no change in proliferation, but exhibited a thicker vessel wall 

compared to wildtype as well as dilation of the vessels and decreased branching.179 

Analysis of the molecular mechanism of Wnt7b function in Wnt7bLacZ-/- mice 

demonstrated that Wnt7b regulates the development of smooth muscle precursors.202  In 

the lung, smooth muscle cells support major arteries as well as surround the airway 

epithelium.193  Wnt7b expression in the epithelium and β-catenin expression in the 

smooth muscle cells were shown to promote expression of SM22a (a smooth muscle 

specific protein), PDGFRα and PDGFRβ in smooth muscle precursor cells.202  Tenascin 

C (TnC), an ECM protein expressed in the mesenchyme, was shown to be a direct target 

of the canonical Wnt signal, and was both necessary and sufficient for PDGFRα and 

PDGFRβ expression in lung explants.202 

1.4.2.2 Wnt7bC3 mice with complete ablation of Wnt7b function in the embryo 

proper have decreased proliferation resulting in severe hypoplasia 

 

Mice with Wnt7b completely removed from embryonic tissues but not the 

placenta (Wnt7bc3/-;Sox2Cre) die shortly after birth.170  Compared with the hypomorphic 

Wnt7bLacZ-/- mutants, they had less severe hemorrhage in major vessels.  However 

hemorrhage was observed in alveolar capillaries, unlike Wnt7bLacZ-/- mutants.170, 179  

Compared to wildtype, Wnt7bc3/-;Sox2Cre lungs were smaller and poorly inflated.170  

Smaller lungs were observed in the mutant from E12.5.170  The mutant lungs exhibited 

decreased proliferation in both the mesenchyme and the epithelial cells, resulting in lungs 

with fewer epithelial tips and thinner mesenchyme surrounding the tips.170  Interestingly 

no patterning defect, epithelial differentiation, or smooth muscle differentiation defect 

was detected.170 
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In wildtype lungs, canonical Wnt target Axin2 is expressed in both the epithelium 

tips and the mesenchyme surrounding the tips, while Lef1 is expressed only in the 

mesenchyme.170, 203-205  Expression of Axin2 and Lef1 was lost in the Wnt7bc3/-;Sox2Cre 

mutant lungs.170  Furthermore, expression of Bmp4 and Id2 in the tips were lost in the 

mutants.  BMP4 is a known regulator of proliferation in distal lung epithelial cells,206 thus 

it is a likely mediator of Wnt7b’s regulation of proliferation in the epithelium.  In short, 

Wnt7b directs proliferation in lung through a canonical paracrine signal to the 

mesenchyme and a canonical autocrine signal to Bmp4 and Id2 in the epithelium.170  

1.4.3  The diverse roles of Wnt7b in other tissues 

 

Studies in the pancreas illustrate that the response to Wnt7b signaling is both cell 

type specific and dynamic.172  In the pancreas, deletion of Wnt7b expressed in the 

epithelial cells causes reduced proliferation of the epithelial progenitor cells and 

decreased organ size, whereas overexpression of Wnt7b at the onset of pancreas 

development prevented specification of the epithelial tip and trunk progenitor cells, 

resulting in disrupted branching morphogenesis.  At a later stage, extreme dilation of the 

epithelium was reported.  When Wnt7b overexpression was induced later in pancreas 

development, the epithelial cell differentiation was rescued, but the organ size was 

smaller.  Interestingly, the neighboring mesenchyme exhibited increased proliferation, 

and increased expression of Lef1, cFos and Desmin.172  

Wnt7b signals to vascular endothelial cells in several tissues.  In the brain, Wnt7b 

expressed in epithelium promotes angiogenesis and maintenance of the blood brain 

barrier.182  In the eye, Wnt7b expressed in macrophages signals to endothelial cells of the 

hyaloid vasculature, inducing their programmed cell death that is necessary for vascular 
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remodeling.166  Conversely, in breast cancer tumors, Wnt7b expressed in macrophages 

promotes angiogenesis and tumor growth.207  Together, these studies show how Wnt7b 

can signal to the same cell type but have a different effect based on the tissue context. 

 

1.5 p57kip2 structure and function 

p57kip2 is a cyclin dependent kinase inhibitor (CKI)208 that has been implicated 

in non-CKI related functions such as transcription, apoptosis and migration, and 

differentiation.117, 209-211  p57kip2 is expressed in several organs during development, and 

it is the only CKI that has a developmental defects when knocked out, including defects 

in abdominal wall, bone, palate, eye adrenal gland, and kidney.117, 212  This section is an 

overview of p57kip2 structure and function. 

1.5.1 p57kip2 has conserved and unique domains 

 

p57kip2 is transcribed from Cdkn1c, a maternally imprinted gene located on 

mouse chromosome 7 and human chromosome 11p15.213-217  Cdkn1c mRNA undergoes 

alternative splicing and produces three transcripts.214  This variant splicing is conserved 

from rodents to humans and produces heterogeneity in the amino terminus of p57kip2 

protein.214, 218  Downstream of the amino terminus, murine p57kip2 has 4 domains; (I) a 

cyclin dependent kinase (CDK) inhibitory domain similar to p21 and p27, (II) a proline 

rich domain containing a MAP kinase phosphorylation site, (III) an acidic domain 

containing tandem repeats of a 4 amino acid sequence, and (IV) a c-terminal domain 

similar to p27 containing a CDK phosphorylation site and a nuclear localization signal.214, 
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216  In humans, domains I and IV are conserved, but domains II and III are replaced with 

a single domain of proline-alanine repeats (PAPA domain).  

1.5.2 p57kip2 in cell division 

 

p57kip2 is a member of the CIP/KIP family of cell cycle inhibitors, which inhibit 

the G1 to S phase transition.208, 214, 216  CIP/KIP broadly binds G1and S complexes; 

including cyclin E-CDK2, cyclin D2-CDK4, and cyclin A-CDK2.214, 216, 219  At low levels, 

CIP/KIP family CKIs will promote CDK-cyclin assembly, and at high levels they inhibit 

CDK activity.  The binding sites for cyclins and CDKs are in domain (I) of the p57kip2 

protein, which is conserved between all CIP/KIP family members.  Domain (I) alone, 

when transfected was able to arrest sarcoma osteogenic cells at G1 in vitro,217 illustrating 

that it is sufficient for p57kip2’s CKI activity. 

Cell cycle exit is often accompanied by differentiation, a role that is supported by 

the spatial and temporal restriction of p57kip2 during development.  Several studies 

demonstrate that p57kip regulates differentiation via its CKI functions.  In the retina, 

p57kip inhibits cyclin D, promoting cell cycle exit in the differentiating lens fiber cells.220  

In placental development, p57kip2 binds to CDK1 and prevents the trophoblast cells 

from entering mitosis.221  This allows the trophoblast cells to undergo endoreduplication, 

repeated G and S phase without mitosis, in order to differentiate into giant cells.222-224  

p57kip2 protein expression drops at the end of G phases which allows the trophoblast 

cells to proceed to S phase.221, 225   

1.5.3 Non CKI roles of p57kip2 
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p57kip2 is most widely expressed during development,226 and is the only CIP/KIP 

family CKI to have developmental defects when knocked out.  Mouse mutants have 

several gross defects that cannot be explained solely by its CKI functions, including clef 

palate, renal medullary dysplasia, and defective bone formation which leads to smaller 

limbs.117, 212 

p57kip2’s central domain is unique among the CKIs, and is a candidate for 

elucidation of p57kip2’s non-CKI roles.214  Using human cDNA library a yeast two 

hybrid screen was performed to identify binding partners for the p57kip2 PAPA 

domain.211  The study revealed that p57kip2 PAPA domain binds LIM kinase, and in 

cultured cells p57kip2 was shown to regulate actin dynamics through translocation of 

LIM kinase to the nucleus.211  In rats, the proline rich domain of p57kip2 was also shown 

to interact with LIM kinase, indicating this function is conserved from rodents to humans 

despite differences in the protein structure.227  p57kip2 inhibition induced actin 

stabilization, cell cycle exit, and myelination of the Schwann cells.228  These results 

indicate that p57kip2’s normal function in Schwann cells is inhibition of differentiation, 

which is contrary to its CKI function.  p57kip2 control of actin dynamics can also 

promote apoptosis229 and cell migration230.  

1.5.4 p57kip2 in human diseases 

 

Two maternally inherited developmental diseases, RSS (Russel Silver Syndrome) 

and IMAGe (Intrauterine growth restriction, Metaphyseal dysplasia, Adrenal hypoplasia 

congenita and Genital anomalies) syndrome, have been linked to gain of function 

mutations in the PCNA binding domain of human CDKN1C.231, 232  Mutations in the 

PCNA binding domain result in stabilization of p57kip protein so that cells are unable to 
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enter S-phase and proliferate.233  Accordingly, both RSS and IMAGe syndrome are 

marked by growth retardation.231, 232 

Conversely, loss of function of CDKN1C is linked to Beckwith-Wiedemann 

Syndrome (BWS).  BWS has an incidence of 1:13,700 live births and is the most 

common overgrowth syndrome.234, 235  Most cases of BWS are caused by an error in 

imprinting at chromosome 11p15.235-238  However 5%-10% of sporadic cases106, 239 and 

40% of inherited BWS240 are from point mutations in CDKN1C. 
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2.1 Mice 

All work on mice was approved by the Animal Care and Use Committee at the 

University of Virginia.  Wnt7bc3,70 Wnt7b-,177 Sox2Cre,241 HoxB7Cre242 Foxd1GC59 and 

p57kip2-117 and ROSAmT/mG(Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) 243 were previously 

published.  p57kip2NTAP was obtained from Pumin Zhang.  R26Rp57 is described below. 

2.2 Generation of R26p57 mice 

R26Rp57 was generated from cloning the short isoform of p57kip2 into a 

CAGGSpuro vector made in our lab.  The CAGGSpuro vector contains a “floxed” dsRed 

CDS downstream of the CAGGS promoter, which is downstream of a splicing acceptor 

sequence.  p57kip2 CDS was amplified from an E15.5 kidney cDNA library and cloned 

downstream of the “floxed” dsRed between the NheI and XhoI sites to generate 

CAGGSpuro-p57kip2.  Then the entire DNA fragment was cloned into the RosaPAS 

vector between the PacI and AscI sites to generate the targeting plasmid RosaPAS-

p57kip2.  RosaPAS-p57kip2 was linearized with SwaI and electroporated into ES cells 

for knock-in targeting into the Rosa26 locus.  The ES cell clones were screened with PCR 

for the 5’ arm and confirmed with PCR for the presence of the p57Kip2 CDS.  Primers 

used to amplify the 57kip2 short isoform and to screen for homologous recombination at 

the 5’arm are listed in Table2-1. 

2.3 Histology and immunohistochemistry 

Tissue preparation, histology, BrdU labeling, in situ hybridization and 

immunohistochemistry were performed as in Nagalakshmi et al.244 For double staining 
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with two rabbit antibodies, a Zenon Kit (Invitrogen) was used on the antibody that 

produces stronger signals.  A Tyramide Signal Amplification (TSA) kit (Invitrogen) was 

used to amplify signals for PDGFRβ.  An Apoptag Red kit (Millipore) was used for 

TUNEL staining.  High magnification images were collected with a CoolSnap HQ2 

digital camera (Photometrix) attached to a Deltavison Microscope (Applied Precision). 

Images were deconvolved using the Applied Precision software and were projected as 

1µm optical sections using Fiji245.  Low magnification Images were collected with a 

DFC300 FX camera attached to a Leica MZ16F stereomicroscope.  Antibodies used in 

this study were anti-Lef1 (Cell Signaling 1:200), anti-p57kip2 (Thermo Scientific 1:500), 

anti-Desmin (Epitomics 1:10K), anti-pan-Cytokeratin (Sigma 1:1K), anti- PDGFRβ (Cell 

Signaling 1:500), Streptavidin-conjugated DBA (sigma, 1:1K), anti-PECAM (BD 

Pharmingen 1:200), anti-BrdU (BD Pharmingen, 1:100), anti-VE-cadherin (Abcam 

1:200), anti-CD34 (eBioscience 1:200), and anti-ZO1 (Invitrogen).  

2.4 Cell proliferation measurements 

2.4.1 Kidney 

For the measurement of cell proliferation rates in epithelial cells, BrdU+ cells in 

the DBA+ or Cytokeratin+ cell population within the medulla were counted.  For the 

measurement of cell proliferation rates in mural cells, BrdU+ cells in the Desmin+ mural 

cells located within the 6 µm distance from the basal surface of the medullary UB 

epithelium were counted.  150-206 cells were counted per embryo in 5 controls and 7 

Wnt7b mutant embryos analyzed.  For p57kip2 mutants, 4 mutants and 4 controls were 

analyzed.  For the measurement of cell proliferation rates in endothelial cells, BrdU+ 

cells in the Pecam+ endothelial cells located within the 6 µm distance from the basal 
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surface of the medullary UB epithelium were counted.  150-250 cells were counted per 

embryo.  For Wnt7b mutants, 4 mutants and 3 controls were analyzed.  For p57kip2 

mutants, 3 mutants and 4 controls were analyzed.  The Student’s t-test was used for the 

analysis of statistical significance. 

2.4.2 Lung 

 

For cell proliferation measurements in lungs, BrdU+ cells in 250 - 350 cells were 

counted per embryo in 4 controls and 3 Wnt7b mutants.  The Student’s t-test was used for 

the analysis of statistical significance. 

2.5 Measurement of endothelial cell density in renal medulla 

Endothelial cell density was represented as the number of endothelial cells per 

unit area.  The area, was determined in each image by the length of medullary ureteric 

epithelium, and a width of 6µm from the basal surface of the ureteric bud epithelium, 

which covered the region that peri-UB capillaries resided.  Immunostaining for Pecam 

together with Hoechst was used to identify endothelial cells within the region of interest 

(ROI).  For each image, the number of Pecam-positive cells was normalized over the area 

of the ROI.  The Student’s t-test was used for the analysis of statistical significance. 

2.6 Transmission electron microscopy 

Freshly dissected kidney or lung samples were fixed in 4% paraformaldehyde 

(PFA) with 2.5% glutaraldehyde overnight, then post-fixed in 2% osmium tetroxide for 1 

hr.  After dehydration with ethanol, tissues were embedded in epoxy resin for 1 day at 

65°C.  Semi-thin sections were stained with Toluidine blue and used to determine the 
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suitable region for analysis.  Ultra-thin sections were cut at 75 nm thickness and mounted 

on 200 mesh copper grids.  The grids were contrast-stained with 0.25% lead citrate and 

2% uranyl acetate and carbon-coated.  Images were collected using a JEOL 1230 

Transmission Electron Microscope. 

2.7 Quantification of capillary morphology 

TEM images were imported into Fiji,245 and measurements were taken with the 

Line ROI Tool.  Lumen width measurements were taken every 5 µm along a visible 

vessel length and averaged for each blood vessel.  Cytoplasm length was measured from 

the nucleus to the lateral cell-cell junctions of each endothelial cell that could be 

identified as part of a blood vessel.  Cells at the ‘end’ of a visible blood vessel were 

excluded. For the cytoplasm height measurement, the distance from the apical to basal 

boundaries of the endothelial cell was measured at 2 µm intervals along the lateral axis of 

the endothelial cell, from a point 2 µm from one lateral junction, to a point 2 µm from the 

nucleus, and measurements were then repeated at the other side of the nucleus.  These 

distances were then averaged to get the cytoplasm height for each endothelial cell.  

Statistical analysis were was performed using the Mann-Whitney test (the U test).  Color 

was added to TEM images in Photoshop. 

2.8 Fluorescent dye injection into the embryonic circulation 

Dye injection into the embryonic circulation was performed based on a protocol 

published by Ben-Zvi et al.246 with modifications.  Embryos were partially dissected from 

anesthetized dams with the umbilical cord remaining connected to the mother.  An 

amount of 5 µl of 10 mg/ml 500 Kda Dextran Fluorescein, Lysine Fixable (Molecular 
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Probes) was injected into the embryonic liver.  Five minutes after dissection, embryos 

were fixed in 4% PFA.  The kidneys were then dissected in 4% PFA and fixed for 1 hr at 

4°C before being processed for cryosectioning. 

2.9 Generation of plasmids for luciferase assay 

Intron 2 of p57kip2 was amplified by PCR from mouse genomic DNA (see 

Table2-1 for primers) and first cloned into pGL3 using TA cloning kit from Invitrogen.  

It was then released from pGL3 using Nhe I and Xho I, and cloned into 8xFoflash. 

Mutation of the two putative Lef/Tcf binding sites in the p57Kip2 intron 2 

sequence site1B CTTTGTT to CTTGcg and site Q4 CCTTTAATGCC to 

CCTTTAcgGCC was performed on p57-Fof using a modified version of the quikchange 

site-directed mutagenesis protocol (Stratagene).  Briefly, primers listed in Table 2-1were 

used to amplify the mutated site with PCR.  Then the non-mutated, methylated plasmids 

were digested with Dpn1, and the mutated plasmid were gel purified and ligated. 

Sequencing of p57kip2 intron 2, 1B*, Q4* and 1B*+Q4*was performed at the 

University of Virginia DNA sequencing facility.  Since the plasmids were in a Fopfalash 

backbone, the reverse luciferase primer was used to sequence the plasmids. 

2.10 Cell culture and Luciferase Assay 

NIH3T3 cells were cultured in DMEM supplemented with 20% Calf serum, and 

incubated at 37C in a CO2 humidified atmosphere.  The day before transfection cells 

were split into 24 well plate at a density of 1*10^5 cells per well.  Cells at 50% to 60% 

confluency were transfected in OPTI-MEM with 0.8ug of DNA using 50ul of 

Lipofectamine transfection reagent.  Each well included 40ng of pRL for normalization, 
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152ng of DA β-catenin, 304ng of DN-TCF or mCherry, and 304 ng of a firefly luciferase 

reporter construct (Topflash, Fopflash, p57-Fop with wild-type or mutant putative 

Lef/Tcf binding sites).  After 48hrs, cells were lysed and luciferase activity was measured 

using Dual-Glo luciferase assay system from Promega.  Plate reader used was a 

GloMax® 96 Microplate Luminometer w/Single Injectors (Promega). 

2.11 Chromatin Immunopreciptation  

GFP-positive interstitial cells were dissociated with Trypsin at 37C for 7 min, 

triturated to single cell suspension, and sorted from E15.5 Foxd1GC; ROSAmT/mG. 243 

kidneys with a Becton Dickinson FACSVantage SE Turbo Sorter with DIVA Option (BD 

Biosciences, San Jose, CA). Chromatin Immunoprecipitation was performed using a 

previously published protocol101 A Misonix sonicator was used with settings of 10sec on 

and 15sec off for 25times, at level 5.  For immunoprecipitation, rabbit anti β-catenin 

antibody (Invitrogen) was used and rabbit IgG was the control.  Primers used for qPCR 

are listed in Table 2-1 
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Table2-1  Primers used 

Name Sequence Application 

p57Kip2s 

p57kip2as  

5'-gggggctagcCCTCTCATCTCCGGTGAGC 

5'-ggggctcgagAGAGACCCGCGAGGAGAC 

Amplification of p57kip2 

intron 2 for luciferase 

reporter assay 

p57-1bmut top 

p57-1bmut bot 

Phos -  GCTACGTCGCCGCGCAATGTGCTGTGTA 

Phos - CAAAGCTGACCCGCCGCGGACCTC 

Mutation of 1B site 

p57-q4mut top 

p57-q4mut bot 

Phos - GCCACGGGAGGAGGCGGGGACCGG 

Phos - GTCAAAGGGCCCGCGGCGCTTAGGG 

Mutation of Q4 site 

   

p57kip2 

Negative 

Control 

L - TCCCAGCGGTTCTGGTCCTC   

R – CGCTTGGCCTCCAGCGATAC 

qPCR of ChIP product 

p57 1B L - CAGAGACCCGCGAGGAGACC  

R - GGCGACGTAAACAAAGCTGACC 

qPCR of ChIP product 

p57 Q4 L - CTTAGCTGCACCCCTACCAGT  

R - GGTGCGATCAAGAAGCTGTCG 

qPCR of ChIP product 

   

p57kip2fwd 5’ -GGGGGCTAGCgccgccacc 

ATGGAACGCTTGGCCTCCTCCAG 

Amplification of p57kip2 

short isoform + NheI site 

p57kip2rev 5’ –GGGGCTCGAG 

TCATCTCAGACGTTTGCGCGGGGTCT 

Amplification of p57kip2 

short isoform + XhoI site 

5armup 

5armdwn 

5’-CCTAAAGAAGAGGCTGTGCTTTGG  

5’-CATCAAGGAAACCC TGGACTACTG 

Screening for 

homologous 

recombination at 5’ arm. 

 

 

Table2-2 Plasmids used in luciferase reporter assay 

 

Name Description Source 

8xTopFlash 7 TCF/Lef binding sites upstream of 

Luciferase Reporter 

Addgene12456 –from 

Randall Moon 247 

8xFopFlash 7 Mutated TCF/Lef Binding sites 

upstream of Luciferase Reporter 

Addgene 12457 –from 

Randall Moon 247 

p57-Fof 

*1B, *Q4 

*1B+Q4 

p57kip2 intron 2 wildtype, and 

TCF/Lef sites mutants, upstream of 

Luciferase 

Described in Section 2.9 

pCS2+MT-xbCAT Dominant Active β-catenin Barry Gumbiner 
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Chapter 3  

Wnt7b signaling from the ureteric bud epithelium regulates 

medullary capillary development 

 

This chapter is based on work submitted for publication by: 

LaToya Ann Roker, Katrina Nemri, and Jing Yu 
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3.1 Abstract 

 The renal vasculature is an integral component of the kidneys for its 

physiological function of regulating hemodynamics of the body, in addition to 

maintaining organ health.  The close interrelationship of capillaries and the renal 

epithelium is key to renal physiology.  In this study we uncovered a novel role of Wnt7b 

signaling and the ureteric bud epithelium in renal medullary capillary development.  Our 

previous work has shown that Wnt7b is expressed in the ureteric trunk epithelium and 

activates canonical Wnt signaling in the surrounding medullary interstitium, where the 

capillaries reside.  In this study, we demonstrate that the target interstitial cells of 

Wnt7b/canonical Wnt signaling are mural cells of peri-ureteric bud capillaries in the 

nascent renal medulla.  Wnt7b inhibited proliferation of its target mural cells, at least in 

part due to its promotion of expression of PDGFRβ and p57Kip2 (Cdkn1c), a cyclin-

dependent kinase inhibitor, in these cells.  Furthermore, Wnt7b regulated lumen 

formation of the capillary endothelium in the renal medulla.  In the absence of Wnt7b 

signaling, the peri-ureteric bud medullary capillaries displayed a narrower lumen that 

were lined with less flattened endothelial cells, and a significantly increased presence of 

luminal endothelial cell-cell junctions, a transient configuration in the forming blood 

vessels in the controls.  Wnt7b achieved this function likely through modulation of VE-

cadherin in the endothelial cells of these blood vessels, an upstream molecular player 

essential for blood vessel lumen formation. 
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3.2 Introduction 

The kidney is a highly vascularized organ with an extensive capillary network.  Its 

peritubular capillaries are key for the kidney’s physiological role in removing metabolic 

waste and reserving nutrients in the bloodstream, and in maintaining body water and 

electrolyte homeostasis.  Further, capillary rarefaction and regeneration is closely 

associated with pathogenesis of renal diseases.  However, despite their physiological and 

pathological significance, the timing, morphogenesis, and molecular control of 

extraglomerular capillary formation in the kidney have been little explored.  A 

tubulovascular cross-talk was recently discovered where the renal tubules maintain 

peritubular capillaries.248  It remains to be identified what other aspects of capillary 

development renal tubules regulate and what specific segment(s) of the renal tubular 

epithelium is involved.  

Wnt7b is a Wnt family ligand important for the proper formation of a number of 

organs and tissues including the placenta, the eye, the bones, the lungs, the kidney, the 

central nervous system (CNS), neurons, hair, the pancreas, and olfactory receptor neuron 

axon connectivity.70, 166, 168-170, 172-182  Notably, Wnt7b has been reported to regulate 

vasculature development in the eyes, the brain, and the lungs, by different cellular 

mechanisms.  In the eye, it signals to the endothelial cells of the hyaloid vasculature and 

activates their apoptosis.166 In the CNS, it also acts on the endothelial cells but promotes 

angiogenesis and blood-brain barrier formation.180, 182  In the lungs, it signals to the 

mesenchyme and regulates the differentiation/maintenance of vascular smooth muscles 

surrounding the major pulmonary vessels.179  
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In the embryonic kidneys, Wnt7b is expressed in the ureteric trunk epithelium and 

activates Wnt/β-catenin signaling in the surrounding medullary interstitium.70, 170, 179, 202  

It is required for collecting duct and loops-of-Henle elongation and renal medulla 

formation.70, 170, 179, 202  Here we demonstrate that the medullary ureteric bud (UB) 

epithelium, through Wnt7b, regulates both the mural and the endothelial components of 

the capillaries that surround it.  The Wnt7b target cells in the renal medullary interstitium 

are mural cells associated with peri-UB capillaries, and Wnt7b inhibits their cell 

proliferation.  Further, Wnt7b regulates endothelial cell proliferation and lumen formation 

of the peri-UB capillaries in the renal medulla. 

 

3.3 Results 

3.3.1 A subset of renal interstitial cells in the nascent renal medulla responds to 

canonical Wnt signaling 

 

We previously showed that Wnt7b activates canonical Wnt signaling (Wnt/β-

catenin signaling) in the renal medullary interstitium, and Wnt/β-catenin signaling in the 

renal interstitial cells, like Wnt7b, is required for renal medulla formation.70  To 

characterize this functionally important population of Wnt7b-responsive interstitial cells, 

we closely examined the distribution of these cells using Lef1, a readout of canonical 

Wnt signaling, as the marker (Figure 3-1A).  At E15.5, the stage where a renal medulla 

defect was first observed in Wnt7b mutants,70 in the wild-type renal medulla, not all the 

interstitial cells, but only the 1-3 layers of cells surrounding the UB epithelium were 

Lef1+ (Figure 3-1A).  Their expression of Lef1 appeared to be in a gradient in which the 

strongest expression is closest to the UB epithelium (Figure 3-1A).  Moreover, even 
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within these regions, not all interstitial cells were Lef1+.  Consistent with our previous 

report, this expression of Lef1 was reduced to undetectable levels in Wnt7b mutants 

(Figure 3-1A). 

Lef1 expression in interstitial cells surrounding the ureteric bud epithelium was 

not restricted to the renal medulla; rather, it extended into the renal cortex, around the 

entire length of the ureteric trunks (Figure 3-2A).  However, in Wnt7b mutants, unlike 

the situation in the nascent medulla, Lef1 expression in the outer cortex was unaltered, 

and was only reduced in the deeper cortex abutting the renal medulla (Figure 3-2A).  

Taken together, this indicates that Wnt7b is specifically required for canonical Wnt 

signaling in the interstitium surrounding the medullary UB epithelium (the prospective 

medullary collecting ducts).  Consistent with the less significant effect of Wnt7b on 

canonical Wnt signaling in the E15.5 renal cortex, canonical Wnt signaling in the Wnt7b 

mutant interstitium was unaltered in the outer region, and was reduced in the deeper 

region at E14.5, the stage right before a renal medulla emerges (Figure 3-2B).  Lef1 

expression at E13.5 was not altered in Wnt7b mutants (Figure 3-3).  Therefore, the most 

dramatic disruption of canonical Wnt signaling in the Wnt7b mutant renal interstitium 

was initiated at E15.5, in the nascent renal medulla.  This offers an explanation for the 

specific disruption of renal medulla development in Wnt7b mutants that we reported 

previously70, 170, 179, 202 despite the fact that Wnt7b was ablated from the entire UB trunk 

epithelium.  
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3.3.2 Wnt7b/Canonical Wnt-responsive cells in the renal medulla are capillary 

mural cells  

 

Given that the most Wnt7b-responsive interstitial cells are in the renal medulla, 

we focused our subsequent study on the renal medullary interstitium.  At E15.5, we 

observed that endothelial cells, as identified by PECAM (CD31) staining, surrounded the 

medullary UB epithelium (Figure 3-4A).  These endothelial cells form lumenized 

capillary blood vessels with cell-cell junctions appearing electron-dense by transmission 

electron microscopy (TEM) (Figure 3-4B).  Mural cells and endothelial cells were 

observed interacting with each other with cytoplasmic extensions (Figure 3-4B). 

Given the similar location of the Wnt7b-responsive interstitial cells and the 

capillaries surrounding the medullary UB, we set forth to determine whether the Wnt7b-

responsive cells are a component of the peri-UB capillaries with markers for endothelial 

cells and mural cells.  As shown in Figure 1B, the Lef1+ cells in the nascent renal 

medulla were PECAM-, demonstrating that they are not endothelial cells.  However, they 

lay immediately adjacent to the PECAM+ endothelial cells (Figure 3-1B), suggesting 

that they are mural cells.  Indeed, staining for mural cell markers PDGFRβ and Desmin249 

showed that the cells positive for Lef1 in the nucleus were also positive for PDGFRβ, 

which is localized to the cell surface, and for Desmin, which is an intermediate filament 

component in the cytoplasm (Figure 3-1B, panels f–o). Taken together, our analysis 

showed that the Wnt7b-responsive cells are mural cells of the peri-UB capillaries in the 

nascent renal medulla.  Of note, we also observed that the interstitial cells close to the 

endothelium surrounding the loops of Henle (LOH) expressed PDGFRβ at a higher level 

than those surrounding the ureteric trunk epithelium (Figure 3-5A).  The rest of the 
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nascent medullary interstitium expresses PDGFRβ at the basal level.  Furthermore, the 

expression of PDGFRβ in the medulla is lower than that in the cortex (Figure 3-5A).  

3.3.3 Wnt7b regulates PDGFRβ and p57kip2 expression in and proliferation of 

renal medullary peri-UB mural cells  

 

To determine whether Wnt7b signaling regulates the fate of Wnt7b-reponsive 

mural cells during development, we examined their expression of mural cells markers in 

control and Wnt7b mutant mice at E15.5 (Figure 3-6).  Desmin staining appeared 

unchanged in the interstitium adjacent to the UB epithelium in the nascent medulla of 

Wnt7b mutants, compared to the control counterpart (Figure 3-6A, panels b and g and 

Figure 3-5B), indicating that this population of mural cells was still present despite 

ablation of Wnt7b signaling.  In contrast, PDGFRβ expression was drastically decreased 

in the Wnt7b mutant medullary interstitium surrounding the UBs (Figure 3-6A, panels a 

and f).  Pdgfrb expression in this domain was decreased also at the mRNA level based on 

the in situ hybridization analysis (Figure 3-6B).  The change in PDGFRβ expression was 

specific to the Wnt7b-responding cell population, since PDGFRβ expression in the 

interstitium surrounding loops of Henle remained unaltered (Figure 3-5C).  The 

disruption of PDGFRβ expression in the Wnt7b mutant kidneys was restricted to the 

nascent renal medulla, whereas its expression in the E15.5 cortex (Figure 3-5A) or E14.5 

kidneys (Figure 3-7) was not affected, even in regions where canonical Wnt signaling 

was reduced. 

p57kip2 was first identified as a cyclin-dependent kinase inhibitor (CKI),214, 216 

but it can also function beyond cell cycle control.250  In humans, its loss-of-function 

mutations are associated with Beckwith-Wiedemann syndrome213, 235 and gain-of-
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function mutations with IMAGe syndrome.231  In mice, p57kip2 mutant kidneys exhibited 

a shorter renal medulla.117  We previously reported that p57Kip2 expression in the 

nascent medullary interstitium depends on Wnt7b signaling, such that in Wnt7b mutant 

kidneys the expression of p57kip2 in this domain was reduced to undetectable levels.70  

To determine whether p57kip2 is expressed in the Wnt7b-responding mural cells, we 

performed immunostaining for p57Kip2 together with either Lef1 or mural cell markers.  

As shown in Figure 3-8, in the medullary interstitium, p57Kip2-expressing cells were all 

Lef1+, demonstrating that p57Kip2 is expressed only in the subset of the medullary 

interstitium that responds to Wnt7b.  Furthermore, p57kip2+ interstitial cells expressed 

PDGFRβ (Figure 3-8).  Therefore, the p57 kip2+ cells in the medulla are the Wnt7b 

target mural cells. 

As a cyclin-dependent kinase inhibitor, p57Kip2 inhibits cell proliferation.  

Consistent with p57Kip2 acting as a CKI in the Wnt7b target mural cells, the cell 

proliferation rate of these cells was increased in p57Kip2 mutant kidneys as compared to 

that of controls, as assayed with BrdU incorporation (Figure 3-9).  On the other hand, 

PDGFRβ, through its ligand PDGF-B, has been shown to promote mural cell 

proliferation.251, 252  Since the Wnt7b target medullary mural cells exhibited great 

reduction in the expression of both PDGFRβ and p57kip2, we set out to determine 

whether and how cell proliferation in this population of mural cells was affected by loss 

of Wnt7b function.  As shown in Figure 3-9, the cell proliferation rate of this cell 

population was increased in the Wnt7b mutants.  However, this increase was less than 

that in the p57Kip2 mutants.  Interestingly, unlike the Wnt7b mutants, the expression of 

PDGFRβ in the peri-UB medullary mural cells in p57kip2 mutants was not affected 
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(Figure 3-10).  The difference in the PDGFRβ expression levels in Wnt7b and p57kip2 

mutant mural cells probably explains, at least in part, the difference in the cell 

proliferation rates of the two mutants. 

 

3.3.4 Wnt7b regulates renal medulla microvascular lumen formation 

 

PDGFRβ signaling is also involved in mural cell recruitment to the 

microvasculature, and in the regulation of microvasculature development and 

maturation.132, 249, 253-255  To determine whether mural cell recruitment and capillary 

development were affected in Wnt7b mutants, we employed transmission electron 

microscopy to examine the capillaries surrounding the UB epithelium in the nascent 

medulla.  As shown in Figure 3-11A, B, mural cells were seen close to the endothelial 

wall of the capillaries and making contacts with the endothelial cells in Wnt7b mutants 

similar to that in the controls.  Thus, Wnt7b and PDGFRβ signaling is not required for 

mural cell recruitment and/or maintenance of mural cell association for this population of 

capillaries.  Alternatively, the reduced expression of PDGFRβ is still sufficient for mural 

cell recruitment/maintenance of mural cell association for this population of blood 

vessels.  

Our examination of E15.5 capillary morphology in the controls by TEM revealed 

that endothelial cells were organized into cords and vessels, representing multiple stages 

of active lumen formation (Figure 3-12).  Endothelial cells were identified based on their 

similar histology in TEM to those in published reports, and the presence of electron-

dense cell-cell junctions.152, 256, 257  We observed endothelial cells with lateral junctions 

and only a slit between their luminal membranes, and flattened and unflattened 
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endothelial cells with a lumen and lateral junctions (Figure 3-12).  When the peri-UB 

capillaries in the Wnt7b mutant medulla were examined, which was identified based on 

the presence of electron-dense cell-cell junctions between the cells lining them even 

when a lumen was absent (Figure 3-11F), we found that the endothelial component of 

these capillaries in Wnt7b mutants was visibly different from that in the controls (Figure 

3-11A).  Quantitative analysis confirmed that a higher percentage of endothelial cells 

were less flattened in Wnt7b mutants when cytoplasm height and length were measured 

(Figure 3-11C, D).  More endothelial cells in the peri-UB medullary capillaries of Wnt7b 

mutants were taller (median, control=0.8 µm, mutant=1.2 µm, p=0.0024) and shorter 

(median, control=4.8 µm, mutant=3.9 µm, p=0.0004) than those of control kidneys 

(Figure 3-11C and D).  Further, the lumen of the capillaries in the Wnt7b mutants was 

narrower (median, control=1.6 µm, mutant=1.0 µm, p=0.0139) (Figure 3-11E).  

Moreover, in the controls the vast majority of the endothelial cells had only lateral cell-

cell junctions, with only a small fraction of endothelial cells (7%) with additional cell-cell 

junctions at the lumenal cell surface, whereas in Wnt7b mutants there was a significantly 

increased incidence of endothelial cells (25%) with additional junctions at the lumenal 

surface (Figure 3-11F, G).  

Taken together, these results showed that capillary vessel lumen formation, in 

particular the resolution of cell-cell junctions (and/or apical membrane separation) and 

endothelial cell shape change, was disrupted from the loss of Wnt7b function.  To 

determine the earliest time point at which the lumen formation defect of the peri-UB 

capillaries appeared, we examined capillary morphology at E14.5 with TEM (Figure 3-

13).  Since a nascent medulla is not present at this stage, we focused on the area adjacent 
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to the UB epithelium that is closest to the emerging pelvis.  In the controls, there were far 

fewer endothelial tubes than at E15.5, and most of the endothelial cells were in clusters 

with or without a slit between the cells, suggesting that lumen formation of this 

population of capillaries likely commences at E14.5.  Cells in clusters without a slit were 

identified as endothelial cells based on the presence of electron-dense cell-cell junctions35 

(Figure 3-13, arrowheads).  Notably, in any of these configurations, we did not observe a 

prominent presence of vacuoles in the endothelial cells, suggesting that lumen formation 

in the population of capillaries does not involve vacuole fusion with the plasma 

membrane and may employ a mechanism similar to that of mouse dorsal aorta.152  

Examination of the counterpart in Wnt7b mutants identified no obvious difference from 

the controls (Figure 3-13), demonstrating that the earliest defect in lumen formation in 

Wnt7b mutants occurred at E15.5, after a slit between apposing endothelial cells started 

to form.  

VE-cadherin has been shown to be an upstream player in vascular lumen 

formation.  In its absence, endothelial cells failed to form a lumen or to flatten, and CD34 

failed to localize to the apical membrane.152, 258-261  To determine whether VE-cadherin is 

involved in Wnt7b-dependent capillary lumen formation, we examined VE-cadherin 

localization in the peri-UB capillaries in the nascent medulla.  As shown in Figure 3-14A, 

in Wnt7b mutant peri-UB capillaries in the nascent medulla, VE-cadherin levels at the 

cell surface (marked by PECAM signals) was greatly diminished compared to that in the 

controls.  As VE-cadherin is required for apical membrane localization of CD34 

sialomucin,152 which provides electrostatic repulsion for apical membrane separation 

during vascular lumen formation,262 we examined CD34 localization in peri-UB 
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capillaries in Wnt7b mutant nascent medulla (Figure 3-14B).  CD34 localization at the 

endothelial cell surface (labelled with PECAM) in Wnt7b mutant capillaries was also 

reduced and it appeared to be diffusely localized in the endothelial cells compared to the 

controls (Figure 3-14B).  These results offer an explanation to the defects of the higher 

incidence of lumenal junctions and less elongation of the endothelial cells in Wnt7b 

mutants, and strongly suggest that the lumen formation defect in Wnt7b mutants is due to 

the deficiency of expression and/or proper localization of VE-cadherin in the endothelial 

cells.  In contrast, at E14.5, VE-cadherin expression at the endothelial cell surface was 

patchy in controls, and this expression pattern was unchanged in Wnt7b mutants (Figure 

3-13), in agreement with the observation that the majority of the endothelial cells were 

not lumenized and are consistent with the normal vascular phenotype of the Wnt7b 

mutants at this time point by TEM.  

Despite the defective pattern of VE-cadherin at the endothelial cell surface, 

staining of ZO-1, a tight junction marker, identified its localization to the endothelial cell 

surface in the peri-UB capillaries in Wnt7b mutant nascent medulla (Figure 3-15A), 

consistent with the presence of electron-dense cell-cell junctions between endothelial 

cells in both controls and Wnt7b mutants by TEM.  Taken together, these data suggest 

that the tight junctions can still form in these mutant capillaries.  Consistent with this 

conclusion, injection of a fluorescence dye into the embryonic circulation showed that the 

integrity of these capillaries was not compromised in Wnt7b mutants, as the fluorescent 

dye was detected in the mutant capillaries at similar intensity to that in the controls 

(Figure 3-15B).  Of note, that the fluorescent dyes injected into the embryonic liver can 



50 

 

be detected in the peri-UB capillaries in the nascent renal medulla demonstrated that 

these capillaries were open to the systemic circulation. 

 

3.3.5 Wnt7b regulates renal medulla endothelial cell proliferation/density 

 

The higher percentage of less flattened endothelial cells in Wnt7b mutants 

predicted a higher density of endothelial cells surrounding the mutant UB epithelium.  

Indeed, our quantification of PECAM+ endothelial cells adjacent to the UB epithelium in 

the nascent medulla clearly showed a higher density of endothelial cells in Wnt7b 

mutants as compared to that in the controls (Figure 3-16A).  This suggests that there is 

either an increase in endothelial cell proliferation or a decrease in endothelial cell death.  

Our TUNEL staining did not reveal changes in apoptosis in these endothelial cells (data 

not shown).  In contrast, the proliferation rate of endothelial cells surrounding the UB 

epithelium of the nascent medulla in the Wnt7b mutants was higher than that in the 

controls when examined with BrdU incorporation (Figure 3-16B, C).  

 

3.4 Discussion 

We have identified a new role for the ureteric bud epithelium and Wnt7b in the 

renal medulla during development, where the ureteric bud epithelium, via Wnt7b it 

secretes, regulates the development of the capillaries surrounding the ureteric bud 

epithelium of the nascent renal medulla (Figure 3-17). 

In the developing kidney, Wnt7b is expressed along the entire length of the 

ureteric trunks, but the loss of canonical Wnt response in the interstitium from Wnt7b 
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ablation is only observed in the renal medulla.  This suggests that other Wnt ligands 

expressed in the UB epithelium and/or other cortical structures performed redundant 

signaling functions in the renal cortex.  Regardless, the normal canonical Wnt response in 

the Wnt7b mutant cortex explains the unaltered development of peri-UB capillaries in this 

compartment.  

The proliferation of the peri-UB mural cells in the nascent renal medulla is 

increased in Wnt7b mutants as well as in p57kip2 mutants.  These results suggest that in 

the normal renal medulla, Wnt7b inhibition of mural cell proliferation is mediated by 

p57kip2.  However, the increase in mural cell proliferation of the p57kip2 mutants was 

greater than that of the Wnt7b mutants.  This difference indicates that there is also a pro-

proliferative signal acting downstream of Wnt7b.  PDGF signaling is a likely candidate 

for the pro-proliferative signal in the renal medulla, since it has been previously shown to 

promote proliferation of renal mesangial cells.  The fact that PDFGRβ expression was 

reduced in Wnt7b mutants, but not in p57kip2 mutants, correlates with the difference in 

proliferation change between the two mutants.  

Though PDGFRβ expression in Wnt7b mutants was greatly reduced in the Wnt7b 

target mural cells in the renal medulla, where canonical Wnt signaling was undetectable, 

it remained normal in the deeper cortex where canonical Wnt signaling was weak.  This 

demonstrated that either the residual level of canonical Wnt signaling in the deeper 

cortical interstitium is sufficient for Pdgfrb expression, or other signaling pathways play 

a dominant role in regulating Pdgfrb expression in the cortex.  On the other hand, for the 

peri-UB medullary capillaries, Wnt7b/canonical Wnt signaling is a dominant player in 

regulating Pdgfrb expression. 
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Pbx1 has been recently shown to negatively regulate Pdgfrb expression in renal 

interstitial cells and mural cell differentiation.263  However, its expression in Wnt7b target 

mural cells was unaltered in Wnt7b mutant kidneys (Figure 3-18), suggesting that Wnt7b 

does not regulate Pdgfrb expression through inhibiting Pbx1.  In the lungs, it has been 

reported that Wnt7b regulates Pdgfrb expression through Tenascin-C (TnC).202  TnC 

expression was unaltered in the Wnt7b target mural cells in the developing kidneys 

(Figure 3-19), demonstrating organ-specific regulation of Pdgfrb by Wnt7b.  

The importance of VE-cadherin in blood vessel lumen formation has been well 

documented in several animal models including the mice (see259 for a recent review). In 

Wnt7b mutant kidneys, we observed a reduction in the cell surface (presumably cell-cell 

adherens junctions) localization of VE-cadherin in the peri-UB capillaries in the nascent 

medulla.  This reduction is likely to cause the defective localization pattern of sialomucin 

CD34 in these endothelial cells, and to lead to disrupted lumen formation.  On the other 

hand, the reduced abundance of VE-cadherin at the endothelial cell surface may be still 

sufficient to allow lumen formation to proceed in some regions of the developing 

capillaries, thus the variable severities of the lumen formation defect in the mutant 

capillaries.  Though VE-cadherin expression/localization and thus adherens junctions 

were defective in the Wnt7b mutant renal medullary peri-UB capillaries, ZO-1 

localization appeared normal.  In a recent report where VE-cadherin was knocked down 

in Zebrafish embryos, some organized ZO-1 staining was still observed in the forming 

intersegmental vessels (ISV), suggesting some limited tight junctions can still form 

without (or with little) VE-Cadherin.260  Thus it is possible that the reduced VE-cadherin 
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localization at the endothelial cell surface in Wnt7b mutant kidneys is still sufficient for 

tight junction formation.  

The molecular mechanisms underlying the effect of Wnt7b on endothelial cell 

morphogenesis and proliferation in the developing kidney remain elusive, but likely lie in 

the effect of Wnt7b on its target mural cells.  The fact that Wnt7b targets mural cells but 

endothelial cell morphogenesis and lumen formation was disrupted in the Wnt7b mutant 

peri-UB medullary capillaries during embryonic development implicates mural cells in 

capillary lumen formation, at least in the subpopulation of capillaries surrounding the 

medullary ureteric buds.  The Wnt7b target mural cells is a population of mural cells that 

express unique markers, such as p57Kip2, which distinguish them from both the cortical 

mural cells and mural cells surrounding the loops of Henle.  Future work on identifying 

the signals from these mural cells to the endothelium that regulate endothelial cell 

proliferation, morphogenesis and lumen formation in the peri-UB medullary capillaries 

should help identify the mechanism governing the regulation of capillary lumen 

formation by Wnt7b/canonical Wnt signaling.  

The understanding of the regulation of extraglomerular capillary formation in the 

kidney is only beginning.  In this study, we establishes a crucial role of the medullary 

ureteric bud epithelium, through Wnt7b, in the formation of the capillary bed surrounding 

it during embryonic development. 
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3.5 Figures 
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Figure 3-1 Wnt7b target cells in the medullary interstitium are mural cells of peri-

UB capillaries 

(A) Lef1 expression in the control and Wnt7b mutant renal medulla. The renal epithelium 

is labeled with Laminin (green), and the UB epithelium is labeled with DBA and 

Cytokeratin (white). Interstitial cells are Laminin-. (a–e) Not all interstitial cells express 

Lef1 in the control. Instead, Lef1 is expressed in 1-3 layers of renal medullary interstitial 

cells surrounding the UB epithelium. Asterisk marks some of the Lef1- medullary 

interstitial cells. (f–j) Lef1 expression is reduced to undetectable levels in Wnt7b mutants. 

Scale bar=5 µm.  

(B) Wnt7b target cells are mural cells of peri-UB capillaries. (a–e) Wnt7b target cells are 

not positive for endothelial cell marker PECAM, but are closely associated with 

endothelial cells. Mural cell markers PDGFRβ (f–j) and Desmin (k–o) are expressed in 

Lef1+ cells. Scale bar= 5 µm. 
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Figure 3-2 Expression of Lef1 in the renal cortex of controls and Wnt7b mutants 

(A) Lef1 expression in the control and Wnt7b mutant cortex at E15.5. (a–k) Lef1 is 

expressed in 1-3 layers of cells surrounding the UB in the control cortex.  (l–v) In Wnt7b 

mutants, Lef1 expression in this domain is unaltered in the outer cortex, but reduced in 

the deep cortex close to the medulla. Scale bar=10 µm for panels a-e, g-k, l-p, and r-v. 

Scale bar=100 µm for panels f and q. 

(B) Lef1 expression at E14.5. (a-k) peri-UB cells surrounding the UB trunk of control 

kidneys express Lef1 strongly.  (l–v) In Wnt7b mutants this expression is unchanged in 

the outer cortex, but reduced in the deep cortex adjoining the pelvis. Scale bar=10 µm for 

panels a-e, g-k, l-p, and r-v. Scale bar=100 µm for panels f and q. 
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Figure 3-3 Lef1 expression is unchanged in Wnt7b mutants at E13.5 

 Scale bar=5µm. 
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Figure 3-4 A network of capillaries surrounding the E15.5 UB in the nascent renal 

medulla 

(A) An extensive network of Pecam-positive endothelial cells surrounding the UB at 

E15.5.  

(B) Transmission electron microscopy (TEM) of a capillary vessel (highlighted in 

yellow) containing erythrocytes in the lumen (red asterisks) and in close contact with 

mural cells (yellow asterisks). Scale bar=5 µm.  

(C) Cell-cell junctions (red arrow) are visible between the endothelial cells (EC).   

Endothelial cells and mural cells (M) interact through cytoplasmic extensions (yellow 

arrow). 
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Figure 3-5 PDGFRβ and Desmin expression in the kidney 

(A) PDGFRβ exhibits multiple levels of expression in the E15.5 kidney. PDGFRβ 

expression in the cortical interstitium is higher than that in the medulla. In the medulla, 

PDGFRβ expression in cells surrounding the UB is higher than basal levels, but lower 

than that in cells surrounding the loops of Henle. Scale bar= 100µm. 

(B) Desmin expression is unchanged in Wnt7b mutants. Scale bar= 100µm. 

(C) In Wnt7b mutants, PDGFRβ expression surrounding the loops of Henle is unchanged. 

Scale bar=10 µm. 
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Figure 3-6 PDGFRβ expression is reduced to basal levels in the peri-UB mural cells 

in the Wnt7b mutant nascent medulla 
(A) In Wnt7b mutants, expression of Desmin in mural cells surrounding the medullary 

UB epithelium is unchanged, but PDGFRβ protein levels in these cells are reduced.  

Scale bar=10 µm.  

(B) The Pdgfrb mRNA level in interstitial cells adjacent to the UB epithelium is reduced 

in the Wnt7b mutant renal medulla. UB, ureteric bud; P, pelvis. Scale bar=100 µm. 
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Figure 3-7 PDGFRβ expression is unchanged at E14.5 

Scale bar=5 µm. 
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Figure 3-8 p57kip2-positive cells in the renal medulla are peri-UB mural cells 

(A–F) p57kip2 co-localizes with Lef1 in the renal medulla. Scale bar=200 µm. (G–K) 

p57kip2+ cells in the renal medulla are PDGFRβ+. Scale bar=5 µm. 
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Figure 3-9 Peri-UB mural cell proliferation is increased in Wnt7b and p57kip2 

mutants 

Cell proliferation was measured as the percentage of BrdU-positive cells in the 

population of Desmin-positive cells surrounding the nascent medullary UB epithelium of 

controls, Wnt7b mutants, and p57kip2 mutants. At E15.5 proliferation is increased in 

Wnt7b mutants (p=0.0302). In p57kip2 mutants, the increase in mural cell proliferation 

(p=0.0123) is greater than that in Wnt7b mutants. 
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Figure 3-10 PDGFRβ expression is not changed in E15.5 p57kip2 mutants 

(A) The global view of PDGFRβ expression (red) in the E15.5 control and p57Kip2 

mutant kidneys. Scale bar=100 µm.  (B) Expression of PDGFRβ in the mural cells 

surrounding the medullary UB epithelium is unchanged in p57Kip2 mutant kidneys. 

Scale bar=5 µm. 
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Figure 3-11 Wnt7b regulates endothelial cell flattening and capillary lumen 

formation 

(A) A representative transmission electron microscopy (TEM) image of control and 

Wnt7b mutant capillaries surrounding the UB in the renal medulla with the box indicating 

the area showed in (B). Scale bar=5 µm. (B) High magnification transmission electron 

micrograph of endothelial cells (EC) of capillaries surrounding the UB epithelium and the 

mural cells (M) that interact with those endothelial cells. Mural cells and endothelial cells 

interact with each other with cytoplasmic extensions in both controls and mutants. (C) 

Wnt7b mutants have more endothelial cells with taller cytoplasm (p=0.0024). (D) Wnt7b 

mutants have more endothelial cells with shorter cytoplasm length (p=0.0004). (E) Wnt7b 

mutants have a higher number of capillary vessels with narrower lumens (p=0.0139). (F) 

A representative TEM image showing the lateral cell-cell junctions (yellow arrowheads) 

between ECs in a capillary surrounding the medullary UB and ectopic, lumenal cell-cell 

junctions (red arrowheads). Scale bar=5 µm. (G) Quantification of the percentage of 

endothelial cells with different numbers of lumenal junctions in the control and Wnt7b 

mutant medullary peri-UB capillaries (p=0.0002). 
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Figure 3-12 Transmission electron micrographs of the forming peri-UB capillaries 

in the E15.5 nascent renal medulla 

(A) Early stages of peri-UB capillary development showing endothelial cells (EC) with 

lateral junctions (arrowheads) and a slit between lumenal membranes.  (B) A lumenized 

peri-UB capillary with lateral junctions and a visible lumen, often with Erythrocyte (Er) 

inside. Scale bar=5 µm. 
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Figure 3-13  No lumen formation defect in Wnt7b mutant kidneys at E14.5 

(A-B, and H-I) Transmission electron micrographs showing normal endothelial 

organizations in Wnt7b mutants. EC, endothelial cells. Arrowheads point to cell-cell 

junctions. Brackets mark the slits. (C-G and J-N) The VE-cadherin expression pattern in 

the peri-UB region in the deep cortex of Wnt7b mutants is similar to that of controls. 

Scale bar=5 µm. 
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Figure 3-14 Decrease in the cell surface expression of VE-cadherin and CD34 in 

peri-UB capillaries in the Wnt7b mutant nascent medulla 

(A) (a-f) VE-Cadherin co-localizes with PECAM on the surface of endothelial cells 

adjacent to the UB epithelium.  Some endothelial cells are marked with asterisks.  (g-k) 

In Wnt7b mutants, VE-Cadherin expression is reduced in the endothelial cells which still 

express PECAM. Some endothelial cells are marked with asterisks.  (l) The loss of VE-

Cadherin in Wnt7b mutants is restricted to the medulla. Panels a-e and g-k, scale bar= 

10µm.  Panels f and l, scale bar=500 µm.(B) (a-f) CD34 is localized to the cell surface of 

PECAM+ endothelial cells. Some endothelial cells are marked with asterisks. (g-l) CD34 

is reduced at the cell surface of and diffused in the endothelial cells adjacent to the 

medullary UB epithelium. Some endothelial cells are marked with asterisks. Panels a-e 

and g-k, scale bar= 10µm.  Panels f and l, scale bar=500 µm. 
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Figure 3-15 The integrity of peri-UB capillaries in the Wnt7b mutant nascent 

medulla is not compromised 

(A) The normal ZO-1 expression pattern in the peri-UB endothelial cells in the Wnt7b 

mutant nascent renal medulla. Scale bar=5 µm. (B) Fluorescent Dextran injected into the 

blood circulation is retained at similar intensity in the peri-UB capillaries of Wnt7b 

mutant nascent renal medulla as in those of controls. Scale bar=10 µm. 
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Figure 3-16 Quantification of density and proliferation of endothelial cells 

surrounding the UB epithelium in the nascent renal medulla 

(A) Higher density of endothelial cells surrounding the UB epithelium in the Wnt7b 

mutant nascent renal medulla than in the controls (p=0.0014). (B) The cell proliferation 

rate in the endothelial cells surrounding the UB epithelium measured by BrdU 

incorporation is higher in the Wnt7b mutant nascent renal medulla than in the controls 

(p=0.0015). (C) Representative images of BrdU labeling in the endothelial cells 

surrounding the UB epithelium in the nascent renal medulla.  Scale bar=10 µm. 
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Figure 3-17 Wnt7b regulates vascular lumen formation and mural cell proliferation 

in the renal medulla 

Wnt7b is secreted by the UB epithelium shown in yellow.  Wnt7b promotes (green 

arrows) expression of pdgfrb and p57kip2.  p57kip2 mediates inhibition (red line) of 

mural cell proliferation.  PDGFRβ likely promotes proliferation in mural cells (possible 

signaling represented by blue arrows).  A signal from the Mural cells (stars) likely 

regulates proliferation and capillary lumen formation in endothelial cells (red).  
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Figure 3-18 Pbx1 expression is unchanged in Wnt7b mutants 

Scale bar=5 µm  
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Figure 3-19 TenascinC expression is unchanged in Wnt7b mutants 

Scale bar=5 µm 
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Chapter 4  

Mural cell expression of p57kip2 in the renal medulla is 

promoted by canonical Wnt signaling and regulates renal 

medulla elongation 
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4.1 Abstract 

The renal medulla is essential for urine concentration and thus body salt and water 

homeostasis.  Despite its role in renal physiological function, the mechanisms governing 

collecting duct elongation and renal medulla formation are not well understood.  Wnt7b 

has been shown to mediate renal medulla formation, via activation of the canonical β-

catenin pathway in the neighboring mural cells associated with the peri-UB capillaries, 

but the mechanism whereby the mural cells mediate Wnt7b action is unknown.  Here we 

address the role of p57kip2 as a mediator of Wnt7b signaling and effector of renal 

medulla formation.  Results suggest that p57kip2 expression in renal medullary mural 

cells is regulated by canonical Wnt signaling, through the binding of β-catenin with 

p57kip2 intron 2.  Furthermore, p57kip2 expressed in renal medullary mural cells is 

necessary for renal medulla elongation, and p57kip2 mediates Wnt7b's role in renal 

medulla elongation. 
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4.2 Introduction 

The physiological function of the kidney is facilitated by organization of the renal 

structures along a cortical-medullary axis.  The glomeruli and convoluted tubules are 

restricted to the cortex, while the loops of Henle (LOH) and collecting duct system 

extend from the cortex to the medulla.264  The organization of collecting duct cells also 

varies from the cortex to the medulla.265  The renal interstitium consists of mesenchymal 

cells descendent from the Foxd1+ stroma that are distributed throughout the kidney.59, 115  

Interstitial cells have been shown to be important for nephron formation, branching 

morphogenesis, and elongation of the presumptive collecting duct or ureteric bud (UB).70, 

115  The identities of various subsets of the interstitial cell populations, and the 

mechanisms by which they direct the development of kidney structures, are still being 

uncovered. 

Wnt7b is a Wnt ligand which is important for development of various tissues, 

including the placenta, eye, bones, lungs, kidney, pancreas and neurons.70, 166, 168-170, 172-182  

In the kidney, Wnt7b is required for renal medulla formation.  It promotes LOH 

elongation, regulates oriented cell division and elongation of the UB epithelium, inhibits 

proliferation in the peri-UB vasculature, and promotes peri-UB capillary formation.70 

(chapter3) Wnt7b is expressed in the ureteric trunk, and regulates renal medulla 

elongation through canonical Wnt signaling to cells in the neighboring interstitium.70  My 

previous work shows the subset of interstitial cells in the medulla that receive a canonical 

Wnt signal from Wnt7b are mural cells associated with the peri-UB capillaries (chapter3).  

How peri-UB mural cells respond to canonical Wnt signaling, and what their role is in 

renal medulla elongation, is not studied.  
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p57kip2 is a member of the cip/kip family of cyclin dependent kinase inhibitors 

(CKI), which inhibit G1/S phase cyclins.208  p57kip2 is a unique member of this family in 

that its expression is restricted to specific cells types, and it has been implicated in non-

CKI related functions such as transcription, apoptosis and migration.117, 209-211  Loss of 

p57kip2 in mice causes defects in the abdominal wall, bone, palate, eye adrenal gland, 

and kidney.117, 212  Defects seen in the mutant mice are similar to human patients with 

Beckwith-Wiedemann Syndrome.  Patients with Beckwith-Wiedemann syndrome have 

renal medullary dysplasia; a smaller medulla with less epithelia than normal.  In the 

embryonic kidney, p57kip2 is expressed in mural cells (Chapter 3) and also in podocytes.  

However when Wnt7b is ablated from the renal collecting ducts, only the mural cell 

expression of p57kip2 is lost.70   

Here we provide evidence that p57kip2 expressed in mural cells is a direct 

transcriptional target of canonical Wnt signaling, and is necessary and sufficient for renal 

medulla elongation.  p57kip2 not only regulates the proliferation of the mural cells where 

it is expressed, but also regulates the proliferation of the adjacent endothelial cells.  

Additionally, p57kip regulates oriented cell division of the collecting ducts.  Furthermore, 

p57kip2 partially mediates Wnt7b’s regulation of renal medulla elongation. 

 

4.3 Results 

4.3.1 Wnt7b directly regulates expression of p57kip2 in the peri-UB mural cells. 

 

Previous work showed that Wnt7b signals through canonical pathway to the renal 

interstitium, specifically the mural cells in the renal medulla.70(Chapter 3)  In Wnt7bc3/-
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;Sox2Cre mice, where Wnt7b expression is ablated throughout the embryo, the medullary 

expression of p57kip2 is lost.70  This suggests that p57kip2 expressed in this domain is a 

target of canonical Wnt signaling.  Examination of the p57kip2 genomic sequence with 

ECR browser (Figure4-1A) revealed that p57kip2 has two putative binding sites for 

TCF/Lef family members, which are canonical Wnt pathway effectors.  Both sites, a 

LEF1B site (1B site) and a LEF1TCF1_Q4 site (Q4 site), were located in intron 2.   

To determine if the 1B site and Q4 site are functional TCF/Lef response elements, 

we used a luciferase reporter assay in NIH3T3 cells (Figure 4-1B) where the expression 

of the luciferase reporter is controlled by canonical Wnt activity.  We activated canonical 

Wnt pathway in these cells through transfection of a plasmid expressing a dominant 

active β-catenin, and compared their luciferase expression to that in the cells that had 

been transfected with plasmids expressing both a dominant active β-catenin and a 

dominant negative TCF.  When the luciferase reporter 8xTopflash, which contains 

7TCF/Lef binding sites, was co-transfected in these cells, we could detect a robust 

response to canonical Wnt signal.  The negative control for Topflash, Fopflash, which 

contained only mutant TCF/Lef binding sites, did not produce luciferase in the presence 

of canonical Wnt signaling.  I amplified p57kip2 intron 2 from mouse genomic DNA 

with PCR, and inserted it upstream of the luciferase cDNA in the Fopflash vector.  Site-

directed mutagenesis was used to generate 3 mutant versions of the p57kip2 intron 2 

sequence; one with the 1B site mutated (*1B), one with the Q4 site mutated (*Q4) and 

one with both sites mutated (*1B+Q4).  When the wildtype and mutant p57kip2 

constructs were tested for their ability to respond to canonical Wnt signaling, only the 

wildtype p57kip2 intron 2 sequence had a significant fold change of the luciferase 
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activity compared to the dominant negative TCF condition.  When either or both sites are 

mutated, intron 2 could not respond to canonical Wnt signaling.  The luciferase reporter 

results indicate that the 1B site and Q4 site are both necessary for the canonical Wnt 

response in vitro.  

To test whether p57kip2 is a direct target of canonical Wnt signaling in vivo, 

E15.5 renal interstitial cells including the Wnt7 target mural cells were isolated from the 

Foxd1GC; ROSAmT/mG mice.  Then Chromatin Immunoprecipitation (ChIP) was 

performed using anti-β-catenin antibodies (Figure 4-1C).  PCR was used to determine if 

the 1B and Q4 sites were pulled down by anti-β-catenin antibodies.  Both the 1B and Q4 

sites had a significant fold change over immunoprecipitation with IgG, showing that both 

sites bind with β-catenin.  As a negative control, we also designed primers to amplify a 

region of p57kip2 intron 2 that is 1kb away from the 1B and Q4 TCF/Lef binding sites, 

and we did not see a significant fold change over immunoprecipitation with IgG.  

Together, the results strongly suggest that p57kip2 expressed in mural cells is a direct 

target of canonical Wnt signaling via two TCF/Lef binding sites in intron 2.  

4.3.2 p57kip2 action in peri-UB mural cells is necessary and sufficient for renal 

medulla elongation. 

 

p57kip2 is expressed in both podocytes and renal medullary mural cells.212  In 

order to specify the contribution of different p57kip2 expressing cell populations to renal 

medulla elongation, we took advantage of the p57kip2NTAP mouse model.  The 

p57kip2NTAP allele has a stop site flanked by loxP sites inserted into Exon 2 of the 

p57kip2 gene (Figure 4-2A).  In the absence of Cre, p57kip2 NTAP produces a short 

transcript that gets degraded.  In the presence of Cre, p57kip2 endogenous expression is 
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restored in the cells that express Cre and their progeny.  Examination of the 

p57kip2NTAP kidneys confirmed that the allele behaved as designed, at least in the 

kidney.  It did not express p57kip2 protein in either podocytes or mural cells, and the 

medulla length is shorter (Figure4-2B). 

I then crossed p57kip2NTAP with Sox2Cre mice, where p57kip2 expression was 

restored in the entire embryo proper, and thus in the kidney p57kip2 expression was 

restored to both podocytes and Wnt7b target mural cells.  A renal medulla of normal 

length formed, demonstrating that the p57kip2NTAP allele behaved as designed (Figure 

4-3A).  I then crossed p57kip2NTAP with Six2Cre mice (p57kip2; Six2TCG) to restore 

p57kip2 expression in the podocytes but not the Wnt7b target mural cells, and with 

Foxd1GC mice (p57kip2NTAP;Foxd1GC) to restore p57kip2 expression in the Wnt7b 

target mural cells but not podocytes (Figure 4-3).  The medulla length was quantified as 

the distance starting directly below convoluted tubules and ending at the papilla tip, 

normalized over a distance starting at the same point and ending at the hilum.  The 

resulting unit (M/M+P) is a reflection of the elongation of the medulla into the pelvic 

space.  When p57kip2 endogenous expression was restored only to the podocytes, using 

Six2Cre, the medulla was short, similar to null mutants (Figure 4-3B,J).  However when 

p57kip2 endogenous expression was restored to the peri-UB mural cells using Foxd1GC, 

the medulla is rescued to the wildtype length (Figure 4-3C,J).  Together this indicates 

that p57kip2 expression in the peri-UB mural cells is both necessary and sufficient for 

renal medulla elongation, while its podocyte expression is not involved in the regulation 

of the renal medulla length. 



83 

 

4.3.3 Podocytes appear normal in p57kip2 mutants. 

 

Given that p57kip2 has known roles in proliferation, cell survival and 

differentiation, we examined whether p57kip2 had an effect on the development of the 

podocytes.  We did not observe any obvious defect in glomerular structure in any of the 

p57kip2NTAP mouse strains (Figure 4-3).  In situ hybridization showed mRNA 

expression of podocyte markers Gsh1 and Pod1 were also unchanged in p57kip2NTAP 

mutants, indicating that p57kip2 is not required for normal podocyte differentiation.  

4.3.4  p57kip2 partially mediates Wnt7b’s role in renal medulla elongation. 

 

To resolve the mechanistic relationship between Wnt7b signal and p57kip2 in the 

renal medulla, we examined whether p57kip2 is a functional mediator ofWnt7b in 

regulating medulla elongation.  We generated a mouse that allows Cre-mediated p57kip2 

expression, the R26p57 mouse (Figure 4-5A).  In the absence of Cre, no p57kip2 is 

expressed from this mouse, and in the presence of Cre, it will constitutively express 

p57kip2 in all progeny of Cre expressing cells.  Unlike the p57kip2NTAP mouse or the 

endogenous expression of p57kip2 in the Wnt7b target mural cells, expression of p57kip2 

from R26p57 locus is not dependent on canonical Wnt signaling.  We first performed a 

mouse cross to confirm that the protein expressed by R26Rp57kip2 is functional, and that 

constitutive expression of p57kip2 throughout the interstitium beyond its endogenous 

expression domain does not interfere with renal medulla elongation.  We crossed R26p57 

mice with the Foxd1GC mice, and with p57kip2 null mice (p57kip2+/-m; Foxd1GC; 

R26Rp57).  These mice were in the p57kip2 null background, but expressed p57kip2 

constitutively in the interstitium.  This expression rescues the medulla length defect in 

p57kip2 mutants (Figure 4-5B,C), indicating that the protein expressed by R26p57 in the 



84 

 

interstitium behaves similarly to the endogenous one and expressing p57kip2 in the 

interstitial cells that normally do not express p57kip2 does not interfere with renal 

medulla elongation. 

To see if expression of p57kip2 in the renal interstitium including the Wnt7b 

target mural cell rescues the renal medulla elongation defect in the Wnt7b muants, we 

generated Wnt7b+/-; HoxB7Cre; Foxd1GC; R26Rp57kip2 embryos where p57kip2 is 

expressed in the Foxd1 descendant renal interstitium including mural cells, but in the UB 

epithelium as well due to the presence of Hoxb7Cre.  The medulla length of Wnt7b+/-; 

HoxB7 Cre; Foxd1GC; R26Rp57kip2 mice is greater than in that of Wnt7b mutants, or 

that of Wnt7b+/-; HoxB7Cre; R26Rp57kip2 kidneys, but was not completely restored to 

the wildtype length (Figure 4-6), indicating that p57kip2 expression in the interstitium is 

a partial mediator of Wnt7b function in renal medulla elongation. 

4.3.5 p57kip2 regulates oriented cell division in the collecting duct. 

 

Oriented cells division in the prospective medullary collecting ducts was 

disrupted in Wnt7b mutants and is likely to contribute to the renal medulla elongation 

defect.  We therefore examined oriented cell division in the p57kip2 mutant prospective 

medullary colleting ducts.  We observed a disruption in the distribution of mitotic angles 

in the medullary UB as well (Figure 4-7A).  In controls, there was a bias toward planar 

cell division along the longitudinal axis of the elongating UB epithelium.  In p57kip2 

mutant the direction of cell division was randomized.  Consistent with our medulla length 

observations, the p57kip2 mutants oriented cell division defect was milder than that of 

Wnt7b mutants.70  Similar to Wnt7b mutants, proliferation in the UB was unchanged in 

p57kip2 mutants (Figure 4-7B).  
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4.3.6 Wnt11 expression is greatly reduced in p57kip2 mutants. 

 

Wnt11 is downregulated in the interstitial cells neighboring the prospective 

medullary collecting ducts of Wnt7b mutants.70  Wnt11 is primarily associated with 

signaling through the planar cell polarity pathway.  Further, Wnt11 has been shown to 

regulate oriented cell division in the kidney.266  To determine whether Wnt11 expression 

is regulated by p57kip2, we examined the mRNA expression of Wnt11 in p57kip2 

mutants.  We observed a decrease in Wnt11 mRNA level in the cells neighboring the 

medullary UB epithelium, though not as severe as that in the Wnt7b mutants (Figure 4-

8A).  Wnt4 is also downregulated in the medullary interstitium of Wnt7b mutants, 

however Wnt4 expression was unchanged in the p57kip2 mutants (Figure 4-8B). 

4.3.7 The role of p57kip2 in capillary development. 

 

We showed in Chapter 3 that both p57kip2 and Wntb7 inhibits Wnt7b target 

mural cell proliferation.  Wnt7b also regulates endothelial cell proliferation and vascular 

lumen formation (Chapter3).  Thus, we examined whether p57kip2 mutants had 

vasculature defects similar to Wnt7b mutants.  Proliferation of endothelial cells were 

increased in p57kip2 mutants, although the change in proliferation was not as great as in 

Wnt7b mutants (Figure 4-9).  However p57kip2 mutants did not have changes in VE-

cadherin expression in the peri-UB medullary capillaries (Figure 4-10).  Thus, p57kip2 

regulates neighboring endothelial cells proliferation, but likely not capillary lumen 

formation. 

 

4.4 Discussion 
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Our work has started to uncover the molecular mechanisms regulating renal 

medulla formation, by identifying p57kip2 in the mural cells as a direct target of 

canonical Wnt signaling from the UB and a mediator of a part of Wnt7b functions in 

regulating renal medulla elongation.  In addition, my work showed that the p57kip2 

expressing Wnt7b target mural cells regulate some aspects of renal medulla elongation 

and development. 

We demonstrated that p57kip2 is a direct target of canonical Wnt signal.  Even 

though canonical Wnt target Lef1 is expressed in both cortical and medullary interstitium, 

p57kip2 expression is restricted to the medulla (Chapter 3).  This shows that canonical 

Wnt promotion of p57kip2 expression is cell type specific, and that the cortical and 

medullary mural cells are indeed different cell types.  The p57kip2 expressing cells in the 

medulla are older than the cortical interstitial cells,111 so p57kip2 expression in the peri-

UB mural cells may indicate a more differentiated cell type, consistent with the role of 

p57kip2 in promoting cell differentiation as a CKI. 

p57kip2 mutants have increased proliferation of both endothelial cells and mural 

cells.  That p57kip2 regulated proliferation in the mural cells where it is expressed is not 

surprising given its CKI function.  Here we show that p57kip2 is also necessary to inhibit 

proliferation in the neighboring endothelial cells.  Co-culture experiments showed that 

mural cells can inhibit endothelial cell proliferation by a mechanism likely dependent on 

contact or close proximity.267  My data suggests p57kip2 mediates mural cell inhibition of 

endothelial cell proliferation.   

p57kip2 mutants appear to have a lower density of epithelia in the medulla.  This 

could be due to there being fewer UB trunks in p57kip2 kidneys, fewer LOH, or an 
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increase in non-epithelial cell types.  Wnt7b mutants have a defect in LOH elongation, 

and an increase in UB apoptosis at E17.5.  Preliminary data for the p57kip2 mutant 

indicate that LOH elongation is not completely disrupted, yet there does appear to be 

fewer LOH in p57kip2 mutant.  Future experiment will include measurements of LOH 

and UB trunk number/density, as well as measurements of apoptosis in the epithelia from 

E15.5 to E18.5, in both p57kip2 mutants and in rescue mice. 

Renal medulla development can be impaired due to placental defects,90 and 

p57kip2 has been shown to regulate placental development.221, 268  However when we 

crossed the p57kipNTAP mouse with Sox2Cre, which is specific for all embryonic tissue, 

the renal medulla looked fully extended, with normal morphology (Fig4-3A), indicating 

loss of p57kip2 in extraembryonic tissues does not affect renal medulla elongation.   

We have shown that peri-UB mural cells in the renal medulla can regulate 

endothelial cell proliferation, oriented cell division in the UB epithelium, and renal 

medulla elongation.  Increased proliferation in cells that have lost p57kip2 expression can 

cause defective or delayed differentiation in many cell types.117, 212  However peri-UB 

mural cells in p57kip2 mutants did not lose PDGFRβ expression (Chapter 3), which 

indicates they have kept mural cell identity.  Podocyte differentiation is normal as well 

despite the loss of p57kip2.  

Removal of Wnt7b from the collecting duct, and removal of β-catenin from the 

interstitium result in failure to form renal medulla,70 while removal of p57kip2 results in 

a drastically shortened renal medulla.117  Consistent with this difference, the p57kip2 

rescue in Wnt7b mutant background partially rescued medulla length.  Additionally the 

oriented cell division defect was not as strong in p57kip2 mutants as it was in Wnt7b 
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mutants.  This indicates there is at least another Wnt7b regulated pathway that directs 

oriented cell division and renal medulla elongation.  

How could mural cells regulate oriented cell division in the UB epithelium?  

Wnt11 is known to signal through the planar cell polarity pathway.  Furthermore, PCP 

pathway can regulate oriented cell division in the kidney.266  We observed a decrease in 

Wnt11 expression in p57kip2 mutants that is a milder reduction than that in the Wnt7b 

mutants, suggesting that p57kip2 could promote a PCP signal from the peri-UB mural 

cells to the UB epithelium to regulate oriented cell division. 

Together, our results start to outline a pathway whereby Wnt7b promotes p57kip2 

expression via the canonical Wnt pathway, to regulate renal medulla elongation.  We 

identified p57kip2 as a direct target of canonical Wnt signaling and showed that p57kip2 

mediates, at least in part, Wnt7b’s role in renal medulla elongation.  There is much work 

still required to understand the downstream components of this pathway. 
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4.5 Figures 
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Figure 4-1 p57kip2 expressed in the Wnt7b target mural cells is a direct target of 

canonical Wnt signal 

(A) Predicted conserved TCF/Lef binding sites in intron 2 of the Cdkn1c gene of the 

human rat and mouse genomes.  The exons were marked in blue and the introns in pink.  

(B) The luciferase reporter assay in NIH3T3 Cells.  When the 8x-Topflash vector was co-

transfected with a dominant active β-catenin, robust luciferase activity is produced.  This 

response is ablated when a dominant negative TCF is co-transfected.  No luciferase is 

produced from transfection of 8x-Fopflash with a dominant active β–catenin with or 

without a dominant negative TCF. When both 1B and Q4 sites are intact, p57kip intron 2 

(p57) has a 2 fold response compared to Fopflash, and a 3.5 fold response compared to 

p57kip2 intron2 in the absence of Wnt signaling (p=0.0123). When either (1B* and Q4*) 

or both (1B+Q4*) sites are mutated, there is no statistically significant response to 

canonical Wnt signaling (p=0.6820, p=0.4336, p=09226).  (C)  Chromatin 

ImmunoPrecipitation (ChIP) on E15.5 Foxd1-descendant renal interstitial cells.  Both the 

1B site and Q4 site were enriched with anti-β-catenin antibody pull-down, compared to 

an unrelated region of p57kip2 intron 2. (1B p=0.036) (Q4 p=0.034) 
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Figure 4-2 p57kip2NTAP mouse 

(A) Schematic of the p57kip2NTAP mouse. (a) the wild type allele (b) the NTAP allele 

without Cre recombination.  A stop site flanked by loxP sites is inserted into exon 2, 

producing a shortened transcript. (c) NTAP allele after Cre recombination.  p57kip2 is 

transcribed by its endogenous promoter.  (B) Characterization of the kidney of the 

p57kip2NTAP mouse.  (a-c) wildtype littermates of p57kip2NTAP mice have normal 

expression of p57kip2 protein and normal medulla elongation.  (d-f) p57kip2NTAP mice 

do not express p57kip2 protein and have shorter renal medulla.  Scale bar= 100µm fir 

panels (a and d), and 500 µm for panels (b-c and e-f) 
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Figure 4-3 p57kip2 endogenous expression in peri-UB mural cells, but not 

podocytes, restores medulla length 

(A-C) the medulla length is restored at E18.5 with restoration of expression in the Wnt7b 

target mural cells.  Scale bar = 100 µm (D-I) expression of p57kip2 restored at E15.5 in 

the progeny of Cre-expressing cells that normally express p57kip2. Asterisks mark the 

location of renal corpuscles. Scale bar = 20 µm  (J) Quantification of the medulla length.  

The medulla length was normalized over the length from the cortico-medullary border to 

the hilum, represented by the blue line in (A). (p57NTAP vs p57NTAP; Six2Cre 

p=0.6141)(p57NTAP vs p57NTAP;Foxd1GC p=0.0039)(p57NTAP vs P57NTAP;Sox2Cre 

p=0.0004) 
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Figure 4-4 Expression of podocyte markers Gsh1 and Pod1 is unchanged in p57kip2 

mutants 

Scale bar=100µm 

 



96 

 

 
Figure 4-5 Expression of p57kip2 from the Rosa26 locus in the Foxd1 lineage 

rescues the renal medulla elongation defect of p57kip2 mutants 

(A) A schematic diagram of R26Rp57 mouse.  p57kip2 cDNA is introduced in the 

ROSA26 locus downstream of a transcriptional stop site flanked by loxP sites.  p57kip2 

will be expressed in any tissues that have expressed Cre in their history.  (B) In the 

p57kip2 mutant background, R26Rp57kip2 allele rescues medulla elongation defect. 

(p57kip2+/-m;Foxd1GC vs p57kip2+/-m;Foxd1GC;R26Rp57 p=0.0050) (C) Representative 

images of control, p57kip2 mutant, and p57kip2 rescue ((a)Foxd1GC;R26R57 

(b)p57kip2+/-m;Foxd1GC (c)p57kip2+/-m;Foxd1GC;R26Rp57) kidney sections showing 

the normal medulla length in the p57kip2 rescue mouse kidney.  Scale bar = 500µm. 
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Figure 4-6 Expression of p57kip2 from the Rosa26 locus in the Foxd1 lineage 

partially rescues the medulla elongation defect of Wnt7b mutants 

(A) Quantification of the renal medulla length showing a partial rescue of the renal 

medulla elongation defect in the Wnt7b mutants(Wnt7bc/-; R26Rp57kip2; Hoxb7Cre), in 

rescue (Wnt7bc/-;R26Rp57kip2;Foxd1GC;Hoxb7Cre) kidneys.(p=0.0126)  The rescue 

mice renal medulla length is a partial rescue and not a long as control 

(Wnt7bc/+;R26Rp57kip2;Foxd1GC;Hoxb7Cre) renal medulla. (p=0.0012)  (B) 

Representative images of kidney sections of Wnt7b mutant (Wnt7bc/-; R26Rp57kip2; 

Hoxb7Cre), positive control (Wnt7bc/+;R26Rp57kip2;Foxd1GC;Hoxb7Cre), and Wnt7b 

rescue (Wnt7bc/-;R26Rp57kip2;Foxd1GC;Hoxb7Cre) (a) mutant kidneys have very little 

renal medulla. (b)positive control  kidneys look normal. (c) rescue mice have some 

medulla elongation. Scale bar = 500µm. 
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Figure 4-7 Medullary UB cells in p57kip2 mutants do not have changed proliferation 

but have a defect in oriented cell division 

(A)No change in proliferation in the medullary UB of p57kip2 mutants. (p=0.3781)  (B) 

Oriented Cell Division is disrupted in p57kip2 mutants. (U-test p value =0.025) 
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Figure 4-8 Expression of PCP pathway Wnts in the renal interstitium of p57kip2 

mutants 

(A) Wnt11 expression is decreased in p57kip2 mutants. (B) Wnt4 expression is 

unchanged in p57kip2 mutants. Scale bar=50µm 
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Figure 4-9 Proliferation of peri-UB medullary endothelial cells is increased in 

p57kip2 mutants 

(p=0.0364) 
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Figure 4-10 VE-Cadherin expression is unchanged in peri-UB endothelial cells of 

p57kip2 mutants 

Scale bar = 5µm 
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Chapter 5  

Conserved and tissue specific roles of Wnt7b in embryonic 

lung vasculature 
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5.1 Abstract 

The vasculature is an integral component of the kidney and lungs for their 

physiological function in the regulation of blood contents.  The close interrelationship of 

capillaries and the epithelium is key to the physiology of the two organs.  Our previous 

and others’ work showed that Wnt7b signaling shares similarity in these two organs 

during development.  In both organs Wnt7b is expressed in the epithelium and activates 

canonical Wnt signaling in the surrounding mesenchyme where the capillaries reside.  In 

Chapter 3, I examined the role of Wnt7b in the renal medullary vasculature in detail.  

This chapter describes an analysis of Wnt7b’s role in embryonic lungs.  In embryonic 

lungs, Wnt7b is expressed in the distal lung bud tip.  Wnt7b signaling targets mural cells 

of the capillaries surrounding the lung bud tip, and promotes their PDGFRβ expression.  

These findings identify a conserved role of Wnt7b, and the epithelium, in capillary 

development in both lung and kidney.  On the other hand, our analysis of Wnt7b’s 

function also revealed tissue-specific roles of Wnt7b in capillary formation.  Unlike in the 

kidney, Wnt7b promotes proliferation in the lungs, possibly due to the differential 

expression of p57Kip2 (Cdkn1c), a cyclin-dependent kinase inhibitor, in the two 

populations of Wnt7b target mural cells.  Further, in lungs Wnt7b does not regulate 

lumen formation and cell cycle exit of the capillary endothelium.  Our study presents the 

common and tissue-specific action of Wnt7b signaling in lungs. 
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5.2 Introduction 

A capillary blood vessel is composed of an endothelial tube with a lumen of less 

than 10 µm and pericytes associated at its abluminal surface.256, 257  In the lungs, 

capillaries localizing around the alveolar epithelium are an integral component of the 

blood-air barrier and perform the pulmonary function of gas exchange.269  In the kidney, 

the capillary bed is a two-portal system consisting of glomerular capillaries and 

peritubular capillaries connected by efferent arterioles.7, 8  These capillaries facilitate the 

kidney’s physiological role in removing metabolic waste and reserving nutrients in the 

bloodstream, and in maintaining body water, electrolyte, and acid-base homeostasis.  In 

both organs, the capillaries cooperate intimately with the epithelium to achieve their 

physiological functions.  While our understanding of the formation of the larger-caliber 

blood vessels in the kidneys and lungs has been accumulating in recent years, the timing, 

morphogenesis, and molecular control of capillary formation in these organs have been 

little explored.   

Wnt7b is a Wnt family ligand important for the proper formation of a number of 

organs and tissues including the placenta, the eye, the bones, the lungs, the kidney, the 

central nervous system (CNS), neurons, hair, the pancreas, and olfactory receptor neuron 

axon connectivity.70, 166, 168-170, 172-182  Notably, Wnt7b has been reported to regulate 

vasculature development in the eyes, the brain, and the lungs, by different cellular 

mechanisms.  In the eye, it signals to the endothelial cells of the hyaloid vasculature and 

activates their apoptosis.166  In the CNS, it also acts on the endothelial cells but promotes 

angiogenesis and blood-brain barrier formation.180, 182  In the lungs, it signals to the 
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mesenchyme and regulates the differentiation/maintenance of vascular smooth muscles 

surrounding the major pulmonary vessels.179 

In both the embryonic kidneys and lungs, Wnt7b is expressed in the epithelium 

and activates Wnt/β-catenin signaling in the surrounding mesenchyme.70, 170, 179, 202  Here 

we demonstrate that, similar to kidney, the Wnt7b target cells in the lung mesenchyme are 

mural cells associated with capillaries.  However the effect of Wnt7b signal on the 

proliferation of lung mural cells and the capillary endothelial cells they surround is 

opposite from kidney.  Further, in the lungs Wnt7b does not regulate lumen formation or 

endothelial cell shape of the capillaries. 

 

5.3 Results 

5.3.1 Wnt7b regulates lung mural cell proliferation 

 

Similar to the kidney, Wnt7b is expressed in the lung bud epithelium.167, 179, 191 

and activates canonical Wnt signaling in the surrounding mesenchyme in embryonic 

lungs.167, 170  Furthermore, a vascular defect in Wnt7b mutant lungs has been observed, 

though unlike what we reported in the kidney, the lung vascular defect reported lies in the 

large-caliber blood vessels.179, 202  To compare and contrast the role and mode of actions 

of Wnt7b in the embryonic lungs and the kidneys, we characterized the Wnt7b-responsive 

lung mesenchymal cells in detail.  As shown in Figure 5-1A-E, canonical Wnt target 

cells in the lungs were PDGFRβ-positive, consistent with previous studies,202 and 

although they were PECAM-negative, they were adjacent to the PECAM+ capillaries, 

thereby demonstrating that like those in the renal medulla, the Wnt7b-responsive 
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mesenchymal cells in the embryonic lungs are capillary mural cells.  In contrast, our 

examination of p57kip2 expression in the lungs showed that unlike those in the kidney, 

the Lef1+ mural cells surrounding the lung buds do not express p57Kip2.(Figure 5-1F-J) 

Previously published studies have reported a global decrease in proliferation in 

the Wnt7b mutant lung mesenchyme170, 179 and a reduction in PDGFRβ expression202.  To 

determine whether the mural cells exhibited decreased cell proliferation in Wnt7b mutant 

lungs, we quantified BrdU incorporation in PDGFRβ-positive (mural cells in Wnt7b 

mutant lungs still expressed PDGFRβ, albeit at reduced levels 202), PECAM-negative 

mesenchyme.(Figure 5-2)  This analysis showed that the cell proliferation rate of the 

Wnt7b mutant lung mural cells was significantly reduced.  The difference between the 

mural cell proliferation phenotype in the lungs and the kidney may be due to their organ-

specific expression of p57kip2. 

5.3.2 Wnt7b regulates lung endothelial cell proliferation but not lumen formation    

 

To determine whether lumen formation occurred normally in the capillaries lining 

lung buds in the absence of Wnt7b functions, we examined lung capillary morphology 

with TEM.  Lung development initiates one day ahead of the kidney, and 

correspondingly, capillaries surrounding lung buds developed one day ahead of the peri-

UB capillaries in the renal medulla.  From E14.5, lumenized capillaries were extensively 

observed lining lung buds.  Unlike the kidneys, there was no discernible difference in 

lumen formation, EC cell flattening, or luminal junctions between control and Wnt7b 

mutant lung capillaries (Figure 5-3A,G).  Consistent with this observation, VE-cadherin 

localization in these capillaries appeared normal in Wnt7b mutants (Figure 5-3B-F, H-L).  

Furthermore, in agreement with normal endothelial cell flattening, endothelial cell 
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density surrounding the Wnt7b mutant lung buds was similar to that of controls (Figure 

5-4A).  Moreover, when proliferation of the endothelial cells lining the lung buds was 

measured at E14.5 by BrdU incorporation (Figure 5-4B), a decrease in cell proliferation 

was observed in Wnt7b mutant lungs at E14.5, unlike in the kidney.  

 

5.4 Discussion 

Here we have shown that while the signaling and target cell types are conserved 

between the developing kidneys and the lungs, Wnt7b exerts organ-specific effects on its 

target capillaries, on both the mural and the endothelial components.  

The organ-specific effect of Wnt7b on mural cell proliferation likely results from 

the distinct downstream target genes that Wnt7b regulates, one of which is p57kip2.  

p57kip2 is normally expressed in the Wnt7b target mural cells in the renal medulla, but 

absent in those in the lungs.  As p57kip2 is a cell-cycle inhibitor and has was shown in 

Chapter 3 to negatively regulate mural cell proliferation in the renal medulla, the 

difference in its expression in the mural cells of the two organs may contribute 

significantly to the differential regulation of mural cell proliferation by Wnt7b in the two 

organs.  

The molecular mechanisms underlying the organ-specific effects of Wnt7b on 

endothelial cell morphogenesis and proliferation in the kidney and lung remain elusive, 

but likely lie in the distinct effect of Wnt7b on mural cells.  That the changes in 

endothelial cell proliferation went parallel to the changes in the proliferation of mural 

cells associated with them in both organs is consistent with this notion.  It could be that 

the expression of p57kip2 triggers a cascade of changes in mural cells that relay Wnt7b’s 
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effect to the endothelium.  Alternatively, some unidentified kidney-specific Wnt7b target 

genes in the mural cells are responsible for the endothelial phenotype.   

In both the kidneys and the lungs, the close relationship between the epithelium 

and the vasculature is critical for their functions as modifiers of blood contents.  Our 

study showed that despite differences in mechanisms and effects, the epithelium plays a 

crucial role in the formation of its physiological partner, the capillary bed, in both organs.  

This mechanism probably serves to coordinate their development to establish the 

structural basis serving postnatal physiological needs.  
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5.5 Figures 

 
Figure 5-1 Characterization of canonical Wnt responsive mesenchyme lining the 

embryonic lung bud 

(A – E) Lef1 positive cells make up most of the mesenchyme adjacent to the lung bud.  

(A) Lef1+ cells express PDGFRβ.  Pecam expressing endothelial cells do not express 

Lef1.  (F - J) The Lef1+ cells are not p57kip2 positive. Scale bar=10µm. 
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Figure 5-2 Mural cell proliferation surrounding the lung bud tips is decreased in 

Wnt7b mutant lungs 

(p=0.0037) 



113 

 

 

 
Figure 5-3 No lumen formation defect in the capillaries of E14.5 Wnt7b mutant 

lungs 

Both VE-Cadherin expression and endothelial cell morphology appear unchanged in 

Wnt7b mutants.  Scale bar 5µm. 
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Figure 5-4 Endothelial Cell Density and Proliferation in Wnt7b Mutant Lungs 

(A) Endothelial Cell Density is not affected in Wnt7b mutant lungs(p=0.26).  (B) Wnt7b 

mutant lung endothelial cells proliferation rate is reduced at E14.5 (p=0.0234) 
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Chapter 6  

Discussion and Future Directions 
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6.1 Summary 

In order to understand how the reciprocal signaling between the UB epithelium 

and the interstitium direct renal medulla development, I analyzed the function of two 

genes necessary for normal renal medulla formation, Wnt7b, and p57kip2. 

My work has revealed a novel role for Wnt7b in the kidney, regulation of the 

medullary microvasculature.  I identified peri-UB mural cells as the target of canonical 

Wnt signaling in the renal medulla, and demonstrated that Wnt7b can regulate capillary 

lumen formation.  Furthermore, I have shown that peri-UB mural cells can regulate 

oriented cell division and renal medulla elongation, and they mediate Wnt7b’s role in 

these processes.  I also analyzed the lungs, the one other organ where Wnt7b regulates 

Pdgfrβ expression in mural cells, and demonstrated that Wnt7b’s role in capillary lumen 

formation is tissue specific.  Together, my work has described several cell types regulated 

by Wnt7b, and has begun to uncover the pathways involved in regulating renal medulla 

formation (Figure 6-1).  One pathway is a p57kip2 mediated pathway that directs UB 

elongation through oriented cell division.  Second, a non-p57kip2 mediated pathway 

regulates the mural cell expression of PDGFRβ and medullary capillary lumen formation. 

There are still many questions regarding the mechanism by which Wnt7b 

regulates proliferation, lumen formation and oriented cell division.  How does Wnt7b 

signal to the endothelial cells to regulate capillary lumen formation?  How do the changes 

in peri-UB mural cells affect the endothelium?  What is the signal received by the UB 

epithelial to regulate its elongation, and which cell is it coming from.  How does Wnt7b 

promote LOH elongation?  What do the tissue specific differences tell us about Wnt7b 
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function?  In this chapter I examine these questions and suggest some ways to address 

them.  

 

 

Figure 6-1 Wnt7b directs renal medulla development via a p57kip2 mediated pathway and at least 

one other pathway involving pdgfrb 

Green arrows represent activation, red lines represent inhibition.  Blue arrows represent possible signaling 

to be examined in future experiments.  

 

6.2 The role of Wnt7b in mural cells in the renal medulla and in the lungs 

Wnt7b regulates the expression of Pdgfrβ in both kidney and in lung.  Deletion of 

Wnt7b in lungs caused a decrease in mural cell expression of Pdgfrβ.202  In the kidneys of 

Wnt7b mutants, loss of Pdgfrβ was restricted to the subset of mural cells that lost Lef1 

expression.  The mural cells that surround the LOH do not express Lef1, but do express 

Pdgfrβ.  Together, this indicates that in the cells that do express Lef1, Pdgfrβ expression 

is downstream of canonical Wnt signaling.  In cells that are not canonical Wnt signaling 
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targets, Pdgfrβ is regulated by some other signaling pathway.  p57kip2 mutants do not 

lose Pdgfrβ expression, indicating that p57kip2 and Pdgfrβ function in parallel pathways.  

Wnt7b regulation of peri-UB mural cell proliferation in the renal medulla is likely 

primarily mediated by p57kip2.  In the lungs, where p57kip2 is not expressed in the 

Wnt7b target cells, proliferation of the mural cells was decreased in Wnt7b mutants.  In 

Wnt7b mutant kidneys, which lose expression of p57kip2 and PDGFRβ, proliferation of 

the mural cells was increased.  In p57kip2 mutants, which lose expression of p57kip2 but 

not PDGFRβ, the increase in mural cell proliferation was even greater than in Wnt7b 

mutants.  Together this indicates that Wnt7b has both positive and negative effects on 

mural cell proliferation.  Wnt7b inhibits proliferation via p57kip2, and promotes 

proliferation through a parallel pathway.  Both signaling pathways are needed to maintain 

a specific level of proliferation during development.   

The proliferation promoting pathway could be mediated by PDGFRβ or some 

other factor.  PDGFB, the ligand for PDGFRβ signaling, has been shown to promote 

proliferation of mural cells.251, 252  Additionally, canonical Wnt signaling has been shown 

to promote proliferation via upregulation of Cyclin D1 and c-Myc in skeletal muscle270, 

hence these factors could be working in conjunction with or instead of PDGFRβ to 

promote proliferation of peri-UB mural cells in the renal medulla.  Cyclin D1 gene 

(Ccnd1) is expressed in the medullary interstitium at E15.5.94  Analysis of Ccnd1 

expression in Wnt7b and p57kip2 mutants at this stage would be informative, as would 

analysis of medullary peri-UB mural cells’ proliferation in PDGFRβ mutant kidneys. 

6.3 Wnt7b-directed mural cell-endothelial cell signaling and regulation of 

endothelial cell proliferation 
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In the renal medulla, proliferation of the peri-UB endothelial cells is increased in 

Wnt7b mutants, while in the lungs endothelial cell proliferation is decreased.  In both 

organs endothelial cell proliferation is changed in the same direction as the mural cell 

proliferation, indicating that endothelial cell proliferation is regulated by the mural cells.  

However, the increase in endothelial cell proliferation in Wnt7b mutants is greater than 

that of p57kip mutants, despite the increase in proliferation in mural cells being greater in 

p57kip2 mutants.  The ratio of endothelial cells to mural cells is important for their ability 

to make contacts and their signaling.267  Hence, some of the differences observed 

between Wnt7b mutants and p57kip2 mutants could be influenced by their proliferation 

rates.  

Using TEM, I observed that mural cell recruitment to the vessels appeared normal 

in Wnt7b mutants.  However, I did not use any markers to examine the mural cell – 

endothelial cell interaction.  N-cadherin is expressed at the sites of endothelial- mural cell 

contacts, and it can regulate endothelial proliferation.271, 272  Examination of N-cadherin 

expression in control animals and Wnt7b mutants as well as p57kip2 mutants might tell us 

if mural-endothelial cell interaction is impaired. 

6.4 Capillary formation and stability  

Wnt7b regulates the capillary lumen formation in the renal medulla, most likely 

via VE-Cadherin.  Whether the signal directing lumen formation comes from the mural 

cells or from the epithelium is unclear.  Future work in finding the upstream promotors 

for VE-cadherin will help us bridge the gap between canonical Wnt signaling and 

capillary lumen formation.  It is currently unknown whether VE- cadherin in the peri-UB 



120 

 

endothelial cells of the renal medulla is regulated at the DNA or protein level.  This 

question can be answered using in situ hybridization. 

VE-cadherin expression can be induced by FGF signaling, and is regulated by 

transcription factors of the Ets and Sp1 families.273, 274  At the protein level, VE-cadherin 

endocytosis is mediated by VEGF.  It could be upregulated in Wnt7b mutants, thereby 

decreasing VE-cadherin expression at the cell membrane.  Conversely VEGF could be 

decreased in Wnt7b mutants, thus impairing junction remodeling.  However in Lammert’s 

model of lumen formation VEGF acts downstream of VE-cadherin, regulating MyosinII 

role in cell flattening.152  Additionally, N-cadherin was also shown to regulate VE-

cadherin expression,272 and is a likely candidate to mediate Wnt7b function because of its 

role in mural cell-endothelial cell interactions. 

The established role of PDGFRβ signaling is recruitment of mural cells to the 

endothelium and support and maintenance of the capillary structure.  Pdgfrβ mutant’s 

reported kidney phenotype is failure of the mesangial cells to associate with the 

glomerular capillary, resulting in absent mesangium and dilated capillary.131, 254  

Correspondingly, Wnt7b mutant lungs can exhibit hemorrhage in both the large vessels 

and capillaries resulting from the lack of proper mural cell function.170, 179  However in 

Wnt7b mutant kidneys, which lost PDGFRβ expression, we did not see a change in 

recruitment of peri-UB mural cells, structure of endothelial cell junctions by TEM, or 

permeability of the capillary.  It is possible that in the kidney, there is a compensatory 

mechanism that prevented these phenotypes despite the decrease of PDGFRβ.  

Additionally, the presence of a compensatory mechanism in the lungs could explain why 
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the lung hypomorph has a stronger and more prevalent hemorrhage phenotype than in the 

lungs where Wnt7b is completely deleted.170, 179 

6.5 The role of Wnt7b target peri-UB mural cells in renal medulla elongation 

My characterization of the role of p57kip2 in the kidney demonstrates that Wnt7b 

target peri-UB mural cells regulate medulla elongation and oriented cell division in the 

trunks of the UB epithelium, or the future collecting ducts.  Although p57kip2 is not the 

sole mediator of Wnt7b function, it is a key player downstream of Wnt7b in renal 

medulla elongation, as evidenced by the ability of p57kip2 to partially rescue medulla 

length in Wnt7b mutant background.  Interestingly, both the oriented cell division defect 

and the decrease in Wnt11 expression was not as strong in p57kip2 mutants as it was in 

Wnt7b mutants.  One model for pericyte regulation of renal medulla elongation is that 

p57kip2, along with some unidentified target of Wnt7b, promotes the expression of 

Wnt11.  Then Wnt11, a known non-canonical Wnt, signals through the PCP pathway to 

regulate oriented cell division.  PCP pathway has been implicated in regulation of 

oriented cell division in UB epithelium acting via the Fat-Ds-Fj cassette.266  Mice with a 

deletion of Fat4 exhibited disruption of oriented cell division and tube elongation in UB 

and in LOH, and neither Wnt7b nor Wnt11 expression was changed in Fat4 mutants.266  

Together these findings suggest that p57kip2 could promote a PCP signal from the 

pericytes to the UB epithelium to regulate oriented cell division. 

What is the other signal from Wnt7b that is acting in parallel to p57kip2 mediated 

pathway?  I have already shown that Pdgfrβ is also a target of Wnt7b.  However, no 

medullary defect is reported in Pdgfrβ or Pdgfb mutants.  If p57kip2 and Pdgfrβ are 
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acting in parallel, loss of both genes may produce a phenotype stronger than that of 

p57kip2 alone. 

Another signaling molecule with differential expression between Wnt7b mutants 

and p57kip2 mutants is Wnt5a.  Wnt5a is expressed in the peri-UB interstitial cells and is 

slightly decreased in Wnt7b mutants,70 but unchanged in p57kip2 mutants.  Wnt5a 

mutants have a malformed basement membrane and various defects in the UB 

epithelium.92  Wnt7b mutants did not exhibit changed laminin expression, nor were there 

any obvious defects in the basement membrane of Wnt7b mutants UB epithelial 

observable by TEM.  Therefore, it is unlikely that Wnt5a is a mediator of Wnt7b 

regulation of renal medulla elongation. 

6.6 How vasculature could affect renal medulla elongation 

The difference between medulla lengths in Wnt7b vs p57kip2 mutants could also 

be attributed to contributions from the vasculature.  A role for hypoxia seems less likely 

in Wnt7b mutant kidneys, since they did not have hemorrhage, and we observed injected 

fluorescent dextran located inside the blood vessels throughout the medulla of Wnt7b 

mutant mice.  However the higher percentage of capillaries with smaller lumenal space in 

Wnt7b mutant mice could presumably cause a defect in the amount of nutrients able to 

reach the medulla tissues over time.  Additionally, hypoxia has been shown to affect renal 

medulla length in a mouse model with placental insuffiecieny.90  Expression of hypoxia 

inducible factors may have increased expression in Wnt7b mutant kidneys at E15.5. 

6.7 Loop of Henle elongation 
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The mechanism by which Wnt7b promotes proliferation in the LOH is still 

unclear.  In the lung, Wnt7b likely promotes BMP signaling in the lung bud epithelium to 

promote its proliferation.170  Because Wnt ligands are highly insoluble and cannot signal 

over long distances,166 it is highly unlikely that the LOH is receiving a direct signal from 

Wnt7b in the UB to promote its proliferation.  The mural cells surrounding the UB 

epithelial in the renal medulla are also neighboring the LOH, and are the likely mediators 

of Wnt7b regulation of LOH elongation.  Some elongated LOH are still present in 

p57kip2 mutants at E18.5, indicating the decrease in LOH proliferation in Wnt7b mutants 

cannot be completely due to p57kip2 loss.  A screen for genes that are decreased in the 

nephron lineage cells of Wnt7b mutants may uncover some other candidates for 

regulation of LOH elongation. 

6.8 Conclusion 

In this work, I have demonstrated crosstalk between the vasculature and the UB-

epithelium that regulates the development of both structures.  I have shown that Wnt7b 

expression in the UB epithelium is required for normal development of the microvascular 

endothelium in the renal medulla.  Furthermore, I have identified that the pericytes, 

through expression of p57kip2, regulate oriented cell division and thus direct renal 

medulla elongation.  Finally I have shown that the role of Wnt7b in the microvasculature 

is tissue specific.  Together, this work contributes to our understanding of how an 

essential renal compartment, the renal medulla, is formed. 
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