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ABSTRACT 

 

Patients on peritoneal dialysis (PD) are reliant on the peritoneum to 

provide a semi-permeable barrier to allow for dialysis (solute clearance), salt and 

water removal (ultrafiltration). PD patients are at risk of developing peritoneal 

fibrosis and angiogenesis which can lead to a decline in peritoneal membrane 

function. Specifically, PD patients develop increased solute transport and 

decreased osmotic conductance leading to ultrafiltration failure. Peritoneal 

angiogenesis is the leading factor that results in augmented peritoneal membrane 

solute transport which is associated with worse outcomes – increased risk of 

mortality and PD technique failure. Transforming growth factor beta (TGFB) is 

one of the primary cytokines involved in inducing epithelial to mesenchymal 

transition (EMT) and fibrosis. We hypothesize that PD leads to injury of the 

epithelial lining of the peritoneum – the mesothelial cells. These cells undergo a 

transition process and transitioned mesothelium are a source for angiogenic and 

fibrogenic growth factors.  

Matrix Metalloproteinase (MMP) 9 is an angiogeneic factor and has been 

observed to correlate with increased expression of vascular endothelial growth 

factor (VEGF). MMP9 has the ability to cleave and activate membrane bound 

factors such as E-cadherin and b-catenin respectively. There is substantial 

evidence that the canonical WNT/b-catenin pathway is active during fibrosis, and 

angiogenesis in different biological contexts. Thus, we investigated the role of 

MMP9 and WNT signaling in peritoneal angiogenesis. Limited evidence exists 
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describing the role of noncanonical WNT signaling but some reports suggest that 

non-canonical WNT signaling inhibits WNT/b-catenin signaling. Non-canonical 

WNT5A has differential effects based on receptor context and has been shown to 

block WNT/b-catenin signaling in the presence of Receptor Tyrosine Kinase Like 

Orphan Receptor 2 (Ror2). The overall hypothesis of this PhD thesis is that 

MMP9 and WNT signaling play a key role in inducing peritoneal angiogenesis 

and are associated with changes in peritoneal membrane function. We expect 

WNT5A and Ror2 to protect against peritoneal membrane injury. 

From the overnight effluent of stable PD patients, we cultured mesothelial 

cells and assayed these for expression of MMP and WNT related genes. MMP9 

and WNT1 gene expression were observed to be strongly correlated with 

peritoneal membrane solute transport in patients on PD. WNT2 mRNA was also 

positively correlated with peritoneal solute transport. We overexpressed MMP9 in 

the mouse peritoneum to demonstrate its role in angiogenesis and confirmed these 

findings using MMP9 -/- mice. In addition to this, we have shown a novel 

mechanism by which MMP9 induces angiogenesis by E-cadherin cleavage and b-

catenin mediated signaling. The observed cross-talk between MMP9 and b-

catenin prompted investigation of the activation of canonical WNT/b-catenin 

signaling in development of peritoneal membrane injury. In an experimental 

model of TGFB induced pertioneal injury, we confirmed the activation of 

WNT/b-catenin signaling. In addition to this we, we blocked the WNT pathway 

and observed that WNT/b-catenin signaling is required to induce peritoneal 
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angiogenesis. WNT5A mRNA was downregulated during TGFB induced injury 

suggesting a more protective role. Furthermore, several studies have demonstrated 

its ability to antagonize the WNT/b-catenin signaling pathway. We demonstrated 

that WNT5A protected against angiogenesis by blocking the canonical WNT 

pathway. WNT5A is thought to antagonize the WNT/b-catenin signaling pathway 

by signaling through receptor Ror2. In cell culture, we overexpressed TGFB and 

blocked Ror2. This resulted in elevated levels of VEGF and fibronectin 

suggesting that Ror2 is involved in mediating protection. Therefore, Ror2 

possesses the ability to regulate VEGF and may be a potential candidate by which 

WNT5A mediates its protective effects.  

In conclusion, our findings identified MMP9 and WNT1 as potential 

biomarkers of increased peritoneal solute transport in patients that are on PD. We 

have also found a novel mechanism by which MMP9 interacts with b-catenin to 

induce peritoneal angiogenesis and have provided a first look at WNT/b-catenin 

signaling in peritoneal angiogenesis. Lastly, we have shown WNT5A to protect 

against peritoneal angiogenesis. Taken together, our findings are not only 

significant to the realm of PD research but hold wide applicability to research in 

the biomedical sciences.  
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PREFACE 

 

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

2 outlines the hypothesis and aims. Chapter 3 is a review paper that I have 

published during my PhD and supplements the introduction with more detail on 

the origin of the myofibroblast and development of peritoneal membrane injury. 

Chapters 4 - 6 contribute to the body of this thesis where Chapter 4 has been 

published and Chapters 5 and 6 will be submitted to peer-reviewed journals for 

publication. Each chapter includes a preface that outlines the significance of each 

study to the overall thesis and the contribution to each of the works. Chapter 7 is a 

critical analysis of major findings highlighting the overall conclusions, significant 

impacts and potential limitations. 
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1.1 Peritoneal dialysis 

1.1.1 Mechanism and Clinical Relevance   

Patients suffering from chronic kidney disease or end-stage renal disease 

suffer from a loss of kidney function and must eventually undergo renal 

replacement therapy [1]. Peritoneal dialysis (PD) or hemodialysis (HD) are two 

dialysis options that are available to patients as a substitute for renal function [2]. 

Peritoneal dialysis is used by almost 200,000 patients worldwide accounting for 

10% of the dialysis population [1]. PD uses the peritoneal membrane to filter the 

blood and can be completed at home resulting in a better quality of life for 

patients [2].  

The peritoneum is a highly vascularized semipermeable membrane and 

can therefore facilitate the exchange of fluids and dissolved substances [1]. In this 

treatment, a catheter is permanently and surgically introduced into the peritoneal 

cavity. The peritoneal dialysis solution is transferred into the abdomen. This 

transferred fluid is referred to as a dwell (Figure 1.1 A-B). Dialysis fluid contains 

an osmotic agent, usually a high percentage of glucose, which generates a 

concentration gradient to drive the diffusion process [1]. As the dwell sits within 

the peritoneal cavity, water, solutes and waste products are filtered via the 

processes of diffusion and ultrafiltration (Figure 1.1 C-D). After several hours 

following the exchange, the waste fluid is removed and the process can be 

repeated with fresh PD fluid (Figure 1.1E) [1]. This regimen may be completed 
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manually (continuous ambulatory peritoneal dialysis) or it can be completed 

automatically over several cycles (automated peritoneal dialysis) [3].  

 

1.1.2 Peritoneal membrane structure and function   

The peritoneum is a blood vessel rich semipermeable membrane that lines 

the entire abdominal and pelvic cavity [1,4,5]. Normally, the peritoneum consists 

of three distinct layers, a superficial mesothelial layer, a basement membrane, and 

a thin submesothelial zone (Figure 1.2). The mesothelial layer is composed of a 

continuous monolayer of squamous-like epithelial cells called mesothelial cells 

[5]. The mesothelial layer acts as a barrier regulating peritoneal permeability [5]. 

The monolayer of mesothelial cells is supported by the basal lamina composed of 

Figure 1.1 Animation summarizing the process of peritoneal dialysis -

The peritoneum is a blood-vessel rich membrane lining the inside of the 

abdomen. The nature of the peritoneum makes it ideal for dialysis. A) A 

catheter is surgically inserted into the abdomen of the patient. B) Dialysis 

fluid is introduced into the peritoneal cavity of the patient. C) Dialysis 

fluid consists of an osmotic agent (usually glucose) which generates a 

gradient to drive exchanges from the plasma to the dialysate. Through the 

process of diffusion and ultrafiltration, wastes, solutes and water flow from 

the plasma into the dialysate. D) The exchanges have been completed and 

the dialysate is now made up of waste solution. E) Waste dialysate is 

drained at the end of the dwell (adapted from 

https://www.niddk.nih.gov/health-information/kidney-disease). 

 

https://www.niddk.nih.gov/health-information/kidney-disease)
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type IV collagen and laminin [4]. Underlying the superficial mesothelial layer is 

the submesothelium which is a matrix of collagen, fibronectin, fibroblasts, 

adipose, blood vessels and lymphatics [6]. The deepest layer is comprised of loose 

adipose connective tissue and a network of capillaries [1] (Figure 1.2 B). The 

physiological function of the mesothelium involves offering protection against 

physical damage and foreign pathogens and providing a frictionless interface for 

free movement of organs and tissues [5]. Under physiological settings, the 

peritoneum does not regulate the movement of water and is impervious to solutes 

[7].  

Figure 1.2 The Peritoneal Membrane - A) The peritoneal cavity used for 

peritoneal dialysis (adapted from 

http://www.mayoclinic.org/health/medical/IM00801) B) Normal rat parietal 

peritoneum taken from the anterior abdominal wall shows the superficial 

mesothelial cells and a thin submesothelial zone. C) Fourteen days after 

exposure to AdTGFB1, the peritoneal membrane demonstrates marked 

submesothelial thickening, angiogenesis, and cellular proliferation. 
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1.2 Peritoneal Membrane Injury  

The primary difficulty with peritoneal dialysis involves protecting and 

preserving the membrane integrity. Injury to the peritoneum can occur due to the 

bioincompatibility of the dialysis fluids as a result of glucose breakdown products 

or hyperglycemic or acidic nature of the solutions [8]. Long-term exposure to 

hyperglycemic PD solutions induces a change in peritoneal membrane structure 

and function in patients on PD [9,10]. The development of more biocompatible 

PD fluid is an area of intense research and over the years dialysate composition 

has improved to some extent [11]. The uremic status of the patient has also been 

implicated in peritoneal membrane injury [12].  

1.2.1 Peritoneal Fibrosis and Angiogenesis  

Continuous and repeated insults result in structural changes in the 

peritoneum including injury to the mesothelium and loss of mesothelial cells from 

the monolayer [12,13]. A subset of these mesothelial cells undergo epithelial to 

mesenchymal transition (EMT) resulting in the appearance of the myofibroblast 

which induces submesothelial fibrosis and angiogenesis (Figure 1.2C and Figure 

1.3) [12,13]. Furthermore, the recruitment of inflammatory cells and induction of 

reactive oxygen species is also observed. The myofibroblast is thought to be the 

main effector cell involved in the development of peritoneal membrane injury 

[12,13]. This cell appears in the submesothelium and produces fibrotic factors 

depositing components of the extracellular matrix (ECM) resulting in 

submesothelial thickening (Figure 1.3). The extracellular matrix is a dynamic 
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structure comprised of fibronectin, collagens, and proteoglycans [14]. Biopsy 

samples taken from both humans [15] [6] and animals [16] have demonstrated 

changes in membrane architecture including thickening of the submesothelial 

zone accompanied by deposition of extracellular matrix.  

Peritoneal angiogenesis is another modification observed in long term PD 

patients [6]. The increase in density of peritoneal microvasculature with time 

spent on dialysis was observed in human peritoneal biopsy samples [9,17]. In 

peritoneal dialysis, the exchange of solutes is regulated by changes in the 

peritoneal vasculature. Peritoneal membrane function is associated with 

modifications in the permeability of individual blood vessels and expansion of 

total vascular surface of the peritoneum (Figure 1.3) [18,19]. The process of 

angiogenesis involves the formation of new blood vessels from existing vessels. 

The endothelial cells may sprout to form new branches or existing vessels may 

split to form new ones. Angiogenesis is regulated by the microenvironment 

surrounding the extracellular matrix [20]. Vascular endothelial growth factor 

(VEGF) is an angiogenic cytokine which has been identified as a major 

contributor to expansion of the vasculature observed in peritoneal dialysis. VEGF 

participates in bone formation, wound healing and development in normal 

physiologies. However it also has a role in pathogenesis of cancer and fibrosis 

[21]. VEGF is a potent mitogen and chemoattractant for vascular endothelial cells. 

It is produced by a variety of cell types including mesothelial cells and 

myofibroblasts. VEGF also increases vascular permeability by increasing cellular 
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fenestrations within endothelial cells [22]. VEGF has been identified in biopsy 

samples taken from long-term peritoneal dialysis patients [17]. In chronic 

peritoneal dialysis patients, levels of VEGF in peritoneal effluent have been 

associated with peritoneal solute transport [23].  

1.2.2 Altered Solute Transport and Ultrafiltration   

The structural alterations observed during peritoneal fibrosis are 

associated with changes in peritoneal membrane function and therefore overall 

dialytic capacity. The standard method of assessing peritoneal membrane 

transport characteristics is using a peritoneal equilibrium test (PET) [24]. This 

semi-quantitative test yields the rate of exchange of solutes between the peritoneal 

capillary blood and the dialysate by generating a ratio of creatinine concentrations 

in dialysate and plasma (D/P creatinine) at a given time [24]. The D/P ratio of 

creatinine clearance is commonly used as a measure of solute equilibration. The 

D/P glucose ratio cannot be used as glucose is absorbed by the blood from the 

dialysate. Thus, the 4-hour dialysate/initial dialysate ratio of glucose (D/D0 

Glucose) is used in place of this. The net ultrafiltration which is the difference 

between the volume instilled and volume drained, can also be calculated [25]. 

This gives a general measure of the ultrafiltration capacity of the peritoneal 

membrane. 

The structural changes in submesothelial thickness and blood vessel 

density observed in biopsies taken from long term PD patients [6] seem to occur 

around the same time a decline in membrane function was observed. Therefore, 
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the structural changes that are seen in patients on peritoneal dialysis are likely 

associated with changes in peritoneal membrane function. This is supported by a 

longitudinal observational study where modifications in peritoneal membrane 

function was observed in 547 incident PD patients [26]. These patients exhibited 

an increase in solute transport and decline in ultrafiltration with increased time 

spent on PD over a period of 84 months on treatment [26]. A meta-analysis 

examining the relationship between peritoneal membrane function and mortality 

demonstrated an increased risk of mortality is correlated with patient solute 

transport status. High solute transporters have a 77.3% higher risk of mortality 

than low solute transporters [27].  

Peritoneal solute transport is theoretically proportional to vascular surface 

area [28]. Vascular surface area is determined by the density of blood vessels and 

the surface that is in contact with PD fluid. Therefore, a greater density of blood 

vessels has been correlated with high transport status in patients (Figure 1.3) 

[10,26]. Glucose is most commonly used as the osmotic agent in PD fluid and is 

therefore inversely proportional to solute transport. High transporters tend to 

rapidly reabsorb glucose resulting in the loss of the ultrafiltration gradient and 

poor clinical outcomes [29]. However, the underlying mechanism of this process 

is not entirely understood and require further investigation.  
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1.3 Pathophysiology   

1.3.1 Acute Wound Repair 

The changes in peritoneal membrane architecture is suggested to occur as 

a consequence of dysregulated wound healing response due to repeated injury by 

incompatible PD solutions [13]. Wound healing is a common physiological 

response to restore normal tissue structure with minimal loss of function [30]. The 

repair of internal organs and the skin involves an overlapping sequence of events 

including coagulation, inflammation, formulation of granulation tissue and 

resolution of the scar [30]. The first phase of wound healing begins immediately 

after injury and this includes vascular constriction followed by platelet activation. 

Platelets begin to adhere to the vessel wall initiating the coagulation cascade [31]. 

Platelets release growth factors and chemokines reinforcing the hemostatic plug 

and recruiting macrophages and fibroblasts to the site of injury [32]. As 

inflammatory cells approach the site of injury, the vessels begin to vasodilate to 

facilitate a greater infiltration of cells. Neutrophils and macrophages work to 

eliminate bacteria and cellular debris [31]. As the proliferative phase takes over, 

epithelial cells begin to migrate at the wound’s edge. As inflammatory cells 

subside, the fibroblast emerges and begins to deposit large amounts of ECM 

including collagen III, fibronectin, fibrin and hyaluronic acid during scar 

formation [30]. Formation of granulation tissue requires a network of blood 

vessels to supply necessary oxygen and nutrients [30]. Progression to the 

proliferative phase results in macrophage secretion of transforming growth factor 
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beta (TGFB) inducing fibroblasts to differentiate into myofibroblasts to prepare 

for contraction of the wound [31]. Over time these cells contract reducing the size 

of the wound. Following contraction of the wound, the preliminary extracellular 

matrix is modified into normal functioning tissue. Collagenases and 

metalloproteinases secreted by granulocytes, macrophages and fibroblasts mediate 

the remodeling of disorganized immature matrix. As collagen I replaces the 

provisional collagen, myofibroblasts begin the process of wound contraction 

[33,34]. Wound contraction is terminated with apoptosis of fibroblasts and 

myofibroblasts [33,34].  

1.3.2 The Myofibroblast  

The final stage of the normal wound healing response in adults involves 

resolving the scar and restoring normal function of the tissue. However, the 

normal wound repair may become dysregulated as a result of continuous exposure 

to injury such as with bioincompatible PD fluids [13]. Severe injury can develop 

into tissue fibrosis and eventual organ failure [35]. The state of fibrosis is 

characterized by an excessive deposition of extracellular matrix and the main 

effector cell associated with the pathogenesis of all fibrotic diseases is the 

myofibroblast [36]. Resident cells at the site of the damaged tissue and 

inflammatory cells begin producing cytokines as a part of the wound healing 

response. The myofibroblast migrates to the site of injury where it becomes 

stimulated by the cytokine TGFB and high mechanical stress [36]. The 

myofibroblast shares features with fibroblast cells, however the change in 
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mechanical stress that occurs during wound healing results in the development of 

contractile stress fibers unique to the protomyofibroblast [37]. In response to large 

amounts of TGFB and high mechanical stress, the protomyofibroblast transitions 

into a more differentiated state. It begins to express alpha smooth muscle actin (a-

SMA) which contributes to generating a greater force of contraction during acute 

wound repair. Normally, the myofibroblast undergoes apoptosis at the end of 

wound repair [37,38], however during fibrosis the myofibroblast is still present 

and continues to deposit large amounts of collagen and fibronectin [39].  

The peritoneal myofibroblast was first identified in biopsies taken from 40 

patients exposed to PD and its presence was associated with increased levels of 

collagen and vascularization [9,40]. The myofibroblast has long since been 

observed to induce thickening the submesothelial zone of the peritoneal 

membrane in patients on long term PD as well as in mouse models of peritoneal 

fibrosis [41]. The origin of the myofibroblast remains contentious, however 

different hypothesis propose it may arise from resident fibroblasts [38], 

perivascular cells [42], bone marrow derived cells [43], endothelial cells [44] and 

epithelial cells via epithelial to mesenchymal transition [45].   

1.3.3 Transforming Growth Factor Beta 

During peritoneal dialysis, bioincompatible PD solutions and episodes of 

peritonitis result in an increase in inflammation stimulating the production of 

profibrotic cytokines such as TGFB [13]. TGFB belongs to the transforming 

growth factor superfamily and has three different isoforms, TGFB1, 2, 3 with 
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similar biological properties [14]. TGFB is a multifunctional cytokine which 

controls cellular growth and differentiation but has also been implicated in the 

development of fibrosis in different organ systems. TGFB is released from 

platelets and latent forms of TGFB bound to the extracellular matrix can be 

activated following injury. The major role of TGFB during acute wound healing 

involves activating these cells to begin depositing extracellular matrix [14]. TGFB 

plays a fundamental role in each step of the normal wound healing cascade and 

administration of TGFB can replicate these events in normal tissue [46]. 

The TGFB1 isoform is associated with fibrosis and its signaling occurs via 

transmembrane serine-threonine kinases referred to as type I and II receptors. This 

pathway has several roles including regulating the synthesis and deposition of 

extracellular matrix [14,47]. Active TGFB acts through a canonical signaling 

pathway by binding to TGFB receptor II resulting in the recruitment and 

activation of TGFB receptor I. Active TGFB receptor I phosphorylates SMAD2 

and SMAD3 complexing with SMAD4. This complex of proteins translocates to 

the nucleus to upregulate transcription of a-SMA, collagen 1 and other fibrosis 

related genes. This results in the activation of the myofibroblast and deposition of 

extracellular matrix [47].  

The signal of TGFB is terminated following normal wound repair, 

however sustained production of TGFB can result in tissue fibrosis and this has 

been noted in the kidney, skin, lung and liver [48]. In the context of peritoneal 

membrane injury, elevated levels of TGFB in peritoneal effluent were established 
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early on [49,50]. The first in vitro studies of peritoneal mesothelial cells 

demonstrated that TGFB mRNA was heightened in these cells in response to 

increasing glucose concentrations [51,52]. The high concentrations of glucose in 

PD solutions stimulates mesothelial cells to secrete TGFB and also induce an 

increase in both TGFB receptor I and receptor II in peritoneal mesothelial cells. 

[53,54]. 

Since then it has been well established that TGFB induces peritoneal 

fibrosis and vascularization (Figure 1.3) [55]. TGFB stimulates fibroblasts to 

produce collagen I and III and induces production of extracellular matrix in the rat 

peritoneum and this is comparable to what occurs in patients on long-term PD 

[55]. TGFB also induced angiogenesis in the rat peritoneum and has been 

observed to promote production of VEGF. Elevated levels of VEGF were 

observed in response to TGFB in different cell types including fibroblasts and 

mesothelial cells [55,56]. Animals treated with adenovirus expressing TGFB also 

exhibited modifications in peritoneal membrane function including a significant 

increase in albumin clearance and a marked decrease in ultrafiltration. These 

changes in structure and function recapitulated what is observed in patients on 

peritoneal dialysis [55]. 
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Figure 1.3 The development of peritoneal membrane injury - The mechanism behind peritoneal membrane 

injury. Bioincompatible dialysis solutions and infection results in injury to the mesothelium. Injured mesothelial 

cells undergo EMT and produce large amounts of TGFB. The myofibroblast secretes fibrotic and angiogenic factors 

resulting in fibrosis and angiogenesis. Angiogenesis causes the peritoneal membrane to become more leaky so there 

is an increase in solute transport and decline in membrane function. Peritoneal solute transport is theoretically 

proportional to vascular surface area. This includes the density of blood vessels and the surface that is in contact 

with PD fluid. Therefore, a greater density of blood vessels has been correlated with high transport status in patients. 

Glucose is most commonly used as the osmotic agent in PD fluid and is therefore inversely proportional to solute 

transport. High transporters tend to rapidly reabsorb glucose resulting in the loss of the ultrafiltration gradient and 

poor clinical outcomes.  
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1.3.4 Epithelial to Mesenchymal Transition 

In progressive fibrosis, the origin of the myofibroblast remains 

undetermined.  Accumulating evidence has demonstrated epithelial to 

mesenchymal transition to be one of the major sources of the myofibroblast and 

fibrogenesis [45]. EMT has been well described in fibrotic disease of the kidney 

and liver in which TGFB has been established to be the prototypical initiator of 

this phenomenon [57]. EMT can be divided into two major stages, one being the 

cellular transition from an epithelial to a mesenchymal phenotype and the second 

being cellular invasion where the cell migrates into the interstitial layers (Figure 

1.4) [45].  

In the peritoneum, mesothelial cells are tightly connected with their 

neighbouring cells via intercellular adhesion molecules such as E-cadherin. On 

the basal side they interact with the basement membrane, while the apical side 

faces the peritoneal cavity [58]. During cellular transition, the epithelial layer 

loses cell adhesion and polarity and begins to rearrange the cytoskeleton. One of 

the main changes that is observed during EMT is the loss of E-cadherin 

expression which is a cell adhesion protein [45]. The Snail family transcriptional 

repressor 1 (SNAIL1) has been identified as an inhibitor of E-cadherin and a 

mediator of epithelial to mesenchymal transition [59–61]. The transitioning cells 

have increased expression of a-SMA and acquire migratory behaviour. During the 

second stage of EMT, the basement membrane is degraded and the myofibroblast 
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can migrate away from the epithelial cell layer into the interstitial layers and 

secrete components the extracellular matrix (Figure 1.4) [62].  

Initially, the proliferating peritoneal fibroblasts residing in the stroma were 

thought to be the primary cell type associated with peritoneal fibrosis [63]. 

Evidence of EMT as a source of the myofibroblast was first explored in a 

landmark paper in 2003 by Yanez-Mo and colleagues [58]. Mesothelial cells 

taken from patients on peritoneal dialysis had marked changes in cell morphology 

and the appearance of non-epithelial cells was correlated with time spent on PD. 

Non-epithelioid cells also had significantly lower levels of E-cadherin protein 

with greater levels of vimentin, a mesenchymal marker. Cells derived from the 

omentum acquired migratory capacity in response to a mechanical stimulus. 

These cells were more fibroblast like in appearance. Mesothelial cells treated with 

TGFB expressed decreased levels of E-cadherin. The phenotypic changes 

associated with cells taken from patient peritoneal effluent were correlated with 

increased SNAIL1 and decreased E-cadherin gene expression as the cell became 

more mesenchymal like. Furthermore, analysis of peritoneal biopsy specimens 

revealed evidence of EMT including the loss of the mesothelial cell monolayer 

and presence of elongated mesothelial cells in fibrotic tissue. Collectively these 

findings characterized the role of mesothelial cells in the process of EMT and 

progression of peritoneal fibrosis [58].   

Since then, evidence has accumulated in support of EMT as a source of 

the myofibroblasts and a mediator of peritoneal membrane injury (Figure 1.3). We 
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have also observed EMT after adenoviral delivery of TGFB to the rat peritoneum 

resulting in an increase of a-SMA positive cells in the submesothelial tissue [55]. 

In support of this, immunohistochemical examination of human peritoneal 

biopsies confirmed expression of mesothelial markers in fibroblast like cells 

embedded in the submesothelial zone. These myofibroblasts co-expressed a-SMA 

and cytokeratin and were found in the upper component of the submesothelial 

tissue [64]. Using a similar method, we further examined EMT in our lab after 

adenoviral delivery of TGFB to the rodent peritoneum. Gene expression analysis 

revealed an increase in a-SMA, SNAIL1 MMP2 and type 1 collagen in response 

to AdTGFB. Dual labeled cells co-expressing a-SMA and cytokeratin were 

observed in the mesothelial layer and a-SMA positive cells were observed 

underlying this layer. Progressively, cells expressing both epithelial and 

myofibroblast characteristics could be observed in the submesothelial zone and 

disruption of the basement structure provided evidence of cell migration into the 

interstitium [41]. Follow up studies using chronic infusion model also resulted in 

mesothelial cells that invaded the submesothelial zone. These cells co-expressed 

cytokeratin and a-SMA actin suggesting EMT takes place in the mouse 

peritoneum in response to peritoneal dialysis fluid [65].  

Aroeira and colleagues examined the link between EMT and peritoneal 

membrane function. Presence of fibroblast-like mesothelial cells in PD effluents 

correlated with high peritoneal membrane solute transport [66]. In support of this, 

analysis of mesothelial cells from patients on peritoneal dialysis for a two year 
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period of time showed a transition in morphology and this was associated with 

high solute transport [67]. Collectively, these studies demonstrate that mesothelial 

cells undergo transition and migrate into the submesothelial zone as 

myofibroblasts producing extracellular matrix and vascular growth factors (Figure 

1.3).  

The phenomenon of epithelial to mesenchymal transition has been recently 

challenged creating much debate surrounding the mesothelial as the initiator of 

injury. Recent genetic fate mapping studies demonstrate that the myofibroblast do 

not originate from injured mesothelial cells rather they appear to come from 

residing submesothelial fibroblasts [68]. In support of this, lineage tracing studies 

of kidney fibrosis reveal perivascular cells to be the main source of the 

myofibroblast, questioning existing evidence of EMT as a major source [69]. We 

have also described a non-invasive form of EMT where the mesothelial cell 

undergoes in situ cellular transition without invading into the submesothelial 

tissue. Addition of PDGFB to the peritoneum resulted in cellular transition 

without mobilization of the mesothelial cells. Mesothelial cells co-expressed 

epithelial and mesenchymal markers but remained as a single monolayer of cells 

[70].
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Figure 1.4 The process of Epithelial to Mesenchymal Transition- The mechanism behind peritoneal membrane 

injury. Bioincompatible dialysis solutions and infection results in injury to the mesothelium. Injured mesothelial 

cells produce large amounts of TGFB. We hypothesize that TGFB contributes to cellular transition of these 

mesothelial cells to become more myofibroblast like. The myofibroblast secretes fibrotic and angiogenic factors 

resulting in fibrosis and angiogenesis. Angiogenesis causes the peritoneal membrane to become more leaky so there 

is an increase in solute transport and decline in membrane function. Peritoneal solute transport is theoretically 

proportional to vascular surface area. This includes the density of blood vessels and the surface that is in contact 

with PD fluid. Therefore, a greater density of blood vessels has been correlated with high transport status in patients. 

Glucose is most commonly used as the osmotic agent in PD fluid and is therefore inversely proportional to solute 

transport. High transporters tend to rapidly reabsorb glucose resulting in the loss of the ultrafiltration gradient and 

poor clinical outcomes. 
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1.4 Matrix Metalloproteinases  

Matrix metalloproteinases (MMP) are a family of zinc-dependent 

endopeptidase enzymes involved in remodeling of the extracellular matrix in 

normal physiological processes such as embryogenesis, angiogenesis, cell 

migration and wound repair [71]. The MMP family consist of 24 vertebrae MMPs 

with 23 human homologues. In addition to this they appear to be involved in 

reproductive processes and bone development [72]. MMPs also modulate the 

processing of several molecules such as precursors to growth factors, receptors 

and other proteinases [71]. Physiological levels of MMPs usually appear low and 

become elevated during wound repair or diseases such as development of fibrosis 

and angiogenesis [72]. MMP2 and MMP9 are secreted gelatinases involved in 

degrading collagen IV, a component of the basement membrane [73]. MMP9 has 

been observed to regulate angiogenesis during embryonic development [74]. 

During wound healing, MMP9 has been shown to coordinate epithelial wound 

repair and aid in resolution [75] and wound contraction [76]. MMP9 has also been 

reported to regulate cell migration of inflammatory cells [77].  

1.4.1 The role of MMP9 in EMT and fibrosis 

Aberrant expression of these MMP2 and 9 has been implicated in the 

process of EMT playing a crucial role in facilitating migration and cellular 

invasion [78]. The increased expression of MMP2 and MMP9 has been observed 

to be associated with metastasis in ovarian cancer and breast cancer [79–83]. In 

vitro matrigel assays have also been useful in clearly demonstrating that MMP2 
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and MMP9 can degrade the basement membrane reinforcing their roles in cellular 

invasion [84]. MMP2 is also sufficient to induce invasive EMT in vitro and in 

vivo [85,86]. There is still some conflicting evidence on the role of MMPs in 

inducing both cellular transition and invasion. Some studies suggest MMPs may 

induce EMT without invasion but further investigation is required [87].  

 Traditionally, MMPs were thought to prevent fibrosis due to their ability 

to degrade ECM. However, accumulating evidence demonstrates the pro-fibrotic 

nature of MMPs and most of these studies have been linked to EMT. High levels 

of MMP9 have been observed in cardiac, lens and renal fibrosis [88] [89]. 

Elevated levels of MMPs including MMP9 have also been observed in human and 

experimental idiopathic pulmonary fibrosis. However, conflicting findings 

suggest MMP9 may induce or inhibit fibrosis in the lungs and this may be 

dependent on the effector cell present, the local inhibitor levels and availability of 

target substrates [90]. 

In functional studies of MMP9, macrophages secreting MMP9 induced 

full EMT in tubular epithelial cells resulting in the development of renal fibrosis 

[91]. MMP9 mediates EMT in these cells by cleaving type IV collagen and 

disrupting tubular cell membrane structure [92]. Studies that have inhibited 

MMP9 expression have resulted in decreased EMT and preservation of tubular 

basement membrane integrity [93][94]. Studies of renal fibrosis have indicated the 

reciprocal relationship between TGFB and MMP9 in inducing EMT and fibrosis 

[91,95,96].  
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MMPs have been somewhat studied in peritoneal membrane injury. 

MMP2 concentrations in peritoneal effluent are strongly correlated with measures 

of solute transport [97–99] and MMP9 is associated with infections peritonitis 

[97,100]. We have demonstrated some insight into the role of MMP2 and 9 in the 

first description of the non-invasive EMT phenotype in peritoneal fibrosis [70]. 

Overexpression of TGFB in the mouse peritoneum resulted in a full EMT 

phenotype where injured mesothelial cells transitioned into a-SMA expressing 

myofibroblast like cells and invaded into the submesothelial tissue. These animals 

demonstrated augmented levels of MMP2 and 9 in response to TGFB. 

Overexpression of PDGFB in the mouse peritoneum, resulted in cellular 

transition, however invasion into the underlying submesothelial layers was not 

observed. This non-invasive EMT phenotype was attributed to a lack of MMP2 

and 9 activity [70]. 

1.4.2 The role of MMP9 in angiogenesis 

 The process of angiogenesis involves formation of new blood vessels by 

migration of endothelial cells and proteolytic remodeling of the matrix [101]. 

MMPs have the ability to mobilize components of the ECM allowing for 

migration of endothelial cells and many studies have confirmed their expression 

in these cells [102]. Additionally, MMPs can release proangiogenic signaling 

molecules stored in the ECM [103]. Little evidence exists describing the 

contribution of MMP9 to peritoneal angiogenesis. However, MMP9 has been 

implicated in the expansion of vasculature in normal physiological processes such 
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as embryogenesis and also in conditions such as tumor growth, wound healing 

and ischemia [102,104–107]. Some evidence demonstrates that MMP9 induces 

blood vessel formation through the proteolytic degradation of the basement 

membrane of blood vessels. Cleavage of collagen IV of the basement membrane 

mediated endothelial cell growth and migration [102]. However, accumulating 

evidence is suggesting that MMP2 and 9 do not play as large of a role in invading 

the basement membrane, but are more involved in regulating the bioavailability of 

angiogenic factors [108]. For instance, in studies related to pancreatic tumors, 

MMP9 has been shown to be a component of the angiogenic switch contributing 

to the release of matrix bound VEGF [109–111]. Moreover, MMP9 can mobilize 

other ECM bound factors such as TGFB and FGF2 initiating proliferation and 

migration of endothelial cells during tumorigenesis [108]. Furthermore, the role of 

MMP9 in remodeling the extracellular matrix can result in exposing sites that act 

as signals for migration and angiogenesis [108]. MMP9 may also contribute to the 

release and differentiation of endothelial precursor stem cells from the bone 

marrow [112]. Thus MMP9 has been suggested to promote angiogenesis through 

a variety of different mechanisms but more evidence is required to pinpoint its 

exact role.  

1.4.3 MMP9 regulates cell adhesion protein E-cadherin  

In addition to the role of MMP9 in remodeling of the extracellular matrix, 

MMP9 can also regulate the bioavailability of cell adhesion molecule epithelial 

cadherin (E-cadherin) [113]. E-cadherin a transmembrane protein part of the 
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cadherin superfamily. E-cadherin enables the homotypic adhesion of cells to 

facilitate the organization of tissue which occurs during embryo development. 

Cadherins are connected to the actin cytoskeleton via catenins forming a complex 

referred to as the adherens junction [114]. During the process of cellular transition 

and invasion, E-cadherin has been observed to be downregulated [115,116]. E-

cadherin also modulates cell differentiation by acting as a cell signaling receptors 

[117].  

MMP9 has been observed to downregulate E-cadherin during the process 

of EMT and fibrosis as well as tumorigenesis. The decrease in E-cadherin levels 

has been attributed to evidence of ectodomain shedding via proteolytic 

processing. This results in release of a truncated soluble E-cadherin fragment 

which can participate in paracrine and autocrine signaling in the extracellular 

environment [118]. Loss of E-cadherin may also occur via upregulation of E-

cadherin repressors such as in the process of EMT. Several studies of tumor 

metastasis have demonstrated an imbalance between the MMP9 and E-cadherin 

[119–121]. Studies in ovarian carcinoma cells, demonstrate that MMP9 induced 

ectodomain shedding of E-cadherin [122]. Blocking MMP9 resulted in reduction 

of soluble E-cadherin [113] and decreased cellular migration and invasion [123]. 

Cleavage of 120kDa E-cadherin produces an extracellular 80kDa fragment and an 

intracellullar 38kDa fragment [113,118].  

Studies of fibrosis provide some insight into the proteolytic role of MMP9 

in fragmentation of E-cadherin. Fragmented E-cadherin was produced in response 
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to MMP9 and this resulted in Slug induced EMT in kidney tubular epithelial cells. 

TGFB alone also increased levels of fragmented E-cadherin. Inhibiting MMP 

activity during TGFB induced EMT resulted in increased levels of E-cadherin 

[124]. In lens fibrosis, MMP2 and 9 expression is increased in rodent lenses 

exposed to TGFB and a 72kDa E-cadherin fragment was also observed. Inhibition 

of MMP2 and 9 suppressed fragmentation of E-cadherin and reduced cataract 

formation [125]. 

1.4.4 Cleavage of E-cadherin releases b-catenin   

The cleavage of E-cadherin by MMP9 results in the release of b-catenin 

from the adherens junction. The adherens junction connects the plasma 

membranes of two adjacent cells and is comprised of the cytoplasmic domain of 

E-cadherin which is directly bound to b-catenin. b-catenin is bound to a-catenin 

which attaches to the actin filaments allowing for anchoring to the cytoskeleton 

[126]. In addition to regulating cell adhesion, b-catenin is also the main signaling 

mediator of the WNT pathway involved in controlling cellular proliferation and 

differentiation. Therefore, the adherens junction sequesters b-catenin at the 

plasma membrane preventing it from translocating to the nucleus. However, if E-

cadherin is cleaved, b-catenin is released to the cytoplasm can potentially 

translocate to the nucleus to upregulate transcription of target genes [118]. The 

loss of E-cadherin has been established as one of the main determinants of TGFB 

induced EMT and fibrosis. TGFB has also been involved in increasing b-catenin  

concentrations in the nucleus of tubular cells [127,128].  
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Therefore, the loss of E-cadherin and the upregulation of b-catenin are two 

major events observed in the development of fibrosis. Decreased expression of E-

cadherin and translocation of b-catenin  to the cytoplasm were both observed in 

patients with glomerulophepritis and diabetic and chronic allograft nephropathies 

[96,124,129,130]. Similar results come from patients with fibrosis in the lung and 

liver further suggesting the disassembly of the adherens junction during 

fibrogenesis [131–133]. Furthermore, Orsulic et al. demonstrate the ability of E-

cadherin to sequester b-catenin at the cell membrane. The loss of E-cadherin 

results in nuclear transport of b-catenin and its association with transcription 

factor LEF in vitro [134]. In normal kidney epithelial cells, TGFB appears to 

mediate the disassociation of b-catenin  from the adherens junction and stabilizes 

b-catenin  in the cytoplasm [127,128,135]. b-catenin upregulates essential genes 

involved in EMT. During EMT, E-cadherin levels decrease resulting in the 

accumulation of b-catenin  in the cytoplasm [124]. Therefore, the interceullular 

adherens junction indirectly regulates WNT signaling [124].  

1.5 Canonical WNT/b-catenin Signaling  

The WNT signaling pathway is an evolutionarily conserved pathway 

originally identified in drosophila. The human genome consists of 19 WNT genes 

that are involved in regulating cellular proliferation and differentiation and cell 

polarity during development and homeostasis. There are 10 frizzled (FZD) 

proteins that have been observed to act as receptors for WNT ligands and 2 co-

receptor proteins termed lipoprotein receptor proteins (LRP) 5 & 6 [136]. This 
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signaling pathway is divided into the canonical WNT pathway, which is the b-

catenin dependent pathway and the non-canonical pathway which is independent 

of b-catenin signaling. The non-canonical pathway can be further subdivided into 

the planar cell polarity pathway and the WNT/calcium pathway [137]. The effect 

of a specific WNT to activate b-catenin or non-canonical signaling is dependent 

on its receptor complement [138][139]. The FZD/LRP5/6 co-receptor model 

suggests that interaction of WNT with FZD and co-receptor LRP5/6 will activate 

the b-catenin  pathway [140]. Some evidence suggest that LRP6 antagonizes the 

non-canonical WNT pathway [141]. Other WNT receptors such as RYK and Ror2 

block WNT/b-catenin  signaling [139,142]. Studies have attempted to assign the 

WNT ligands to canonical or non-canonical signaling ligands, however many of 

the WNT proteins have been observed to have overlapping roles. Nonetheless, 

WNT1, 3A, 8 and 8B are thought to be associated with canonical WNT signaling 

and WNT4, 5a and 11 are a component of noncanonical WNT signaling in most 

settings [142]. 

In the absence of canonical WNT signaling, b-catenin is degraded by 

complex of proteins including glycogen synthase kinase 3B (GSK3B). GSK3B is 

responsible for the phosphorylation of b-catenin which mark it for ubiquitination 

and degradation. In the absence of b-catenin, lymphocyte enhancer binding factor 

1 (LEF1) and T cell factor (TCF) inhibit the transcription of WNT genes (Figure 

1.5A) [136,143]. WNT binds to its frizzled receptor and co-receptors LRP5/6 to 

activate WNT/b-catenin signaling. The binding of WNT to frizzled results in the 
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activation of dishevelled (DVL) and the phosphorylation and inhibition of 

GSK3B. Disruption of the destruction complex allows for the accumulation of b-

catenin in the cytoplasm and translocation to the nucleus. b-catenin  binds to 

LEF1 and TCF to reduce their repressor activity to initiate the transcription of 

target genes (Figure 1.5B) [136].  

 The WNT/b-catenin signaling pathway is antagonized by a number of 

secreted protein families including dickkopf WNT signaling pathway inhibitor 

(DKK-1), secreted frizzled-related proteins (SFRP) and WNT inhibitory protein 

(WIF). SFRPs bind to WNT and frizzled to antagonize both canonical and non-

canonical WNT signaling. [144]. DKK-1 binds to LRP5/6 to antagonize WNT/b-

catenin signaling [136]. 
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1.5.1 The role of WNT signaling in EMT and fibrosis 

Existing evidence from studies of tumorigenesis and development have 

confirmed the involvement of WNT/b-catenin signaling in inducing EMT, 

however the role of this pathway in the process of fibrogenesis requires further 

investigation. The first account of WNT signaling in fibrosis reported induced 

WNT4 expression in tubulointersitital fibrosis with high levels of expression 

observed in collagen 1 and a-SMA positive interstitial fibroblasts. WNT4 

stabilized cytosolic b-catenin in myofibroblast cultures. WNT4 positive 

fibroblasts were transferred into the normal kidney resulting in accumulation of 

interstitial cells and disruption of the tubular epithelium [145]. Since then several 

studies have profiled WNT gene expression to better characterize the function of 

this pathway in the development fibrotic diseases. Studies of idiopathic 

pulmonary fibrosis [146,147], systemic sclerosis [148] and renal fibrosis 

[149,150] have demonstrated an upregulation of WNT related ligands and 

receptors. In particular, WNT1 and 4 have been consistently upregulated during 

fibrogenesis of the skin [151], lung [152], and kidney [145]. Furthermore, nuclear 

Figure 1.5 The canonical WNT signaling pathway - This pathway regulates 

levels of cytoplasmic b-catenin. A) In the absence of WNT, b-catenin 

signaling is turned off. GSK3B is a major component of the destruction 

complex and phosphorylates b-catenin marking it for degradation. In the 

absence of b-catenin, TCF/LEF repress target gene transcription. B) During 

active WNT signaling, WNT binds to FZD receptor and activates DVL. DVL 

phosphorylates GSK3B and inactivates the destruction complex resulting in 

stabilization of b-catenin. b-catenin translocates to the nucleus and binds to 

TCF/LEF resulting in upregulation of target genes. 
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accumulation of b-catenin and elevated expression of b-catenin target genes have 

been observed during pathogenesis of EMT and fibrosis suggesting an activation 

of this pathway [149,150,153].  

Overexpression studies in vitro and in vivo have shed some light on the 

exact role of WNT/b-catenin signaling in fibrosis. Stabilization of b-catenin 

resulted in dermal fibrosis with a marked increase in number of myofibroblasts. 

Studies on inhibition of the WNT/b-catenin pathway have reinforced its role in 

EMT fibrosis and angiogenesis. Delivery of DKK-1 resulted in reduction in 

fibrosis and downregulated b-catenin in the kidney [149]. Treatment with an 

inhibitor of b-catenin (ICG-001) has been successful in reducing pulmonary 

[154], lens [155], and renal EMT and fibrosis [156]. ICG-001 specifically disrupts 

b-catenin mediated gene transcription. ICG-001 competes with b-catenin for 

binding to CBP and prevents b-catenin/CBP complex formation, thereby 

inhibiting b-catenin mediated gene expression [154]. There is limited evidence of 

the role of the WNT signaling pathway in the setting of peritoneal membrane 

injury. Levels of DKK-1 have been directly associated with fibroblast growth 

factor concentrations in the serum in patients undergoing PD [157]. A recent 

study explored the role of WNT signaling in EMT in the peritoneum. 

Administration of ICG-001 in a daily infusion model of peritoneal fibrosis 

resulted in reduced fibrosis and EMT both in vitro and in vivo. There was a 

marked reduction in submesothelial thickness and SNAIL1 with increased levels 

of E-cadherin [158].  
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1.5.2 The role of WNT signaling in angiogenesis  

There is some evidence to support the role of WNT/b-catenin signaling in 

angiogenesis. WNT/b-catenin signaling regulates a number of different processes 

which are essential to angiogenesis including cell proliferation, branching 

morphogenesis, apoptosis and cell polarity [159]. Several studies have confirmed 

the expression of canonical WNT signaling in endothelial cells including a variety 

of WNT ligands and receptors [160] and this pathway was observed to be active 

in endothelial cells further suggesting its association with vascular development 

and remodeling [161]. Accumulating evidence has highlighted the importance of 

the WNT/b-catenin pathway in endothelial growth, differentiation and survival 

[159]. The canonical WNT/b-catenin pathway has been shown to enhance 

endothelial cell proliferation and WNT1 and WNT3a have been observed to 

induce proliferation and capillary stability in vitro. WNT5a on the other hand had 

opposing effects where it resulted in decreased cellular number and capillary 

length [162]. Studies of endothelial cell differentiation have demonstrated a role 

for WNT3A and WNT2 in promoting embryonic stem cells to differentiate into 

endothelial cells [163–166]. WNT5A was also observed to be required for 

endothelial cell differentiation by activating both b-catenin and protein kinase C 

[167]. More importantly, WNT/b-catenin signaling has also been demonstrated in 

regulating blood vessel assembly by controlling levels of VEGF. In studies of 

cancer, b-catenin stimulates tumor angiogenesis by upregulating VEGF 

[160,168,169] and therefore may be implicated in mediating blood vessel 
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sprouting. VEGF is also confirmed to be a downstream target of b-catenin 

signaling [160]. Intriguing evidence from studies of vascular disorders of the eye 

have also shown active canonical WNT signaling to be important in angiogenesis 

[168]. Norrin is an agonist for WNT/b-catenin signaling and has been implicated 

in governing angiogenesis in the retina by signaling through FZD4. Deficiencies 

in both Norrin and FZD4 have led to abnormal angiogenesis of the retina referred 

to as Norrie disease [159]. Collectively these studies have suggested the 

importance of WNT in different stages of vessel development, however further 

exploration of the exact role is still necessary [160]. 

1.5.3 The interaction between WNT signaling and TGFB during injury 

 

Expression of both TGFB and WNT/b-catenin has been confirmed in the 

development of EMT and fibrosis of different organs and the convergence of 

these pathways has been suggested [150]. Current studies have demonstrated 

some reciprocal transregulation between both pathways where TGFB controls 

components of the WNT/b-catenin pathway and vice versa [143]. In vitro studies 

of fibrosis suggest that b-catenin expression is dependent on TGFB [170] and 

TGFB can directly activate WNT/b-catenin signaling resulting in the 

accumulation of nuclear b-catenin [171]. Interaction of the TGFB and the WNT 

pathway at the nuclear level has been reported in recent studies of fibrosis 

highlighting the importance of SMAD3. Communication between the TGFB/SMAD3 

pathway and b-catenin was observed to induce EMT in pulmonary fibrosis [171]. 

This interaction was confirmed in a study of dermal fibrosis where SMAD3 induced 
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b-catenin activity in the absence of TGFB [172]. In studies of EMT, TGFB has been 

shown to regulate transcription of LEF which complexes with SMAD2 and 4 to 

promote EMT by reducing E-cadherin [173]. EMT related genes SNAIL1 and 

SNAI2 have stimulated b-catenin /TCF complexes to induce TGFB resulting in 

EMT [174].  

1.6 The Non-canonical WNT Signaling Pathway  

Non-canonical WNT signaling involves two different signaling pathways 

independent of b-catenin including the planar cell polarity (PCP) pathway and the 

WNT/calcium pathway. The PCP pathway regulates rearrangement of the 

cytoskeleton important for cell polarization and migration during gastrulation. 

The PCP pathway involves signaling through non-canonical WNT proteins in 

concert with FZD independent of LRP5/6 resulting in the activation of small 

GTPases of the Rho family to modify the cytoskeleton. The WNT/Ca2+ pathway 

uses FZD mediated signaling to release intracellular stores of calcium and activate 

genes regulating cell fate and migration [175]. This pathway is active during 

tumorigenesis, inflammation and has also been observed in the setting of skin and 

liver fibrosis [176] 

1.6.1 Prototypical non-canonical WNT5A  

Classification of WNT ligands into canonical vs non-canonical is an area of 

continuous debate and much of the literature suggests that signaling is dependent 

on biological context. However, accumulating evidence has shown WNT5A to 

predominantly signal independently of b-catenin [177]. WNT5A has been 
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established to play a role in cell polarity via the planar cell polarity pathway in 

animal models of development (Figure 1.6A) [178]. Further investigation is 

required to determine the exact molecular mechanism by which WNT5A is 

signaling [178]. WNT5A also regulates intracellular levels of calcium by 

signaling through calmodulin-dependent protein kinase II (Figure 1.6B). This 

pathway is poorly understood, however WNT5A is observed to induce the 

activation of membrane associated calcium channels resulting in the influx of 

calcium. This influx results in signaling through CamkII and Protein Kinase C has 

been shown to inhibit b- catenin activity [177].   

Figure 1.6 The non-canonical WNT5A signaling pathway - A) WNT5A 

binds to FZD/Ror2 to activate small GTPases leading to actin polymerization. 

These GTPases go on to regulate cell polarity and migration. B) WNT5A 

signals through FZD/Ror2 to induce PKC, CAMKII and Calcineurin. 

Calcineurin regulates genes controlling cell fate and migration. This pathway 

is not well understood. C) WNT5A signals through Ror2 to inhibit b-catenin 

activity. The mechanism behind this requires further investigation. WNT5A 

can also activate canonical WNT signaling through FZD/LRP resulting in b-

catenin stabilization and stimulation of transcription. 



Ph.D. Thesis – Manreet Padwal              McMaster University – Medical Sciences 

 

 

 

 

35 

In studies of tumorigenesis, WNT5A has been implicated to work as a tumor 

suppressor protecting against tumor progression but also as an oncogenic factor 

involved in metastasis [179]. Levels of WNT5A are significantly reduced in 

aggressive tumor cells in human breast cancer, melanoma and in cases of 

colorectal cancer and is implicated as a tumour suppressor [180,181]. WNT5A is 

suggested to inhibit colon cancer by suppressing cellular proliferation and 

attenuating epithelial to mesenchymal transition. On the other hand, WNT5A has 

been considered to act as a proto-oncogene in breast cancer, prostate cancer, 

pancreatic cancer and also in melanoma. Its expression is highly correlated with 

invasion and metastasis [182]. WNT5A has also been active in regulating vascular 

development in development as well [166]. 

There is also conflicting evidence describing the exact role of WNT5A in 

wound healing and the pathogenesis of fibrosis. In vitro studies of wound repair 

demonstrate that WNT5A contributes to the wound healing response by 

enhancing migration [183]. Contrary to this, there have been some accounts of 

WNT5A alone delaying migration and in the presence of FZD1 [184]. 

Accumulating evidence has characterized the expression of WNT5A in fibrosis. 

WNT5A was reported to be upregulated in sarcoidosis [185], liver fibrosis 

[176,186], lung fibrosis and acute lung injury [187–189]. Much of the evidence of 

the functional role of WNT5A come from in vitro studies of fibrosis or 

inflammatory diseases. Vuga et al showed that treatment of lung fibroblasts with 

WNT5A resulted in increased proliferation and prevented apoptosis. These effects 
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were mediated independently of b-catenin and WNT5A actually induced a 

decrease in b-catenin in these cells. WNT5A also resulted in increased levels of 

fibronectin in normal lung fibroblasts [189]. WNT5A was observed to interact 

with TGFB and other WNT ligands to induce ECM production by airway smooth 

muscle cells in a recent study of asthma [190]. Opposing results were observed in 

cardiac fibroblasts where WNT5A expression was associated with decreased my 

fibroblast markers in the presence of FZD1. In the presence of FZD2, WNT5A 

stimulated differentiation and an increase in expression of myofibroblast markers 

[184]. WNT5A did not increase activity of b-catenin in these cells [184]. The 

inconsistencies of these studies underline the complexity of WNT5A signaling 

and demonstrate its differential roles based on the receptor that is present. 

1.6.2 The interaction between WNT5A and Ror2  

Non-canonical WNT5A can signal via the FZD receptors 1- 5, however its 

co-receptors are not well defined and require further investigation. Receptor 

tyrosine kinase like orphan receptor 2 (Ror2) has been shown to be potential 

candidate receptor interacting with WNT5A during developmental processes 

[191]. Ror2 is part of the receptor tyrosine kinase superfamily (RTK) and is 

known to regulate cell migration, cellular proliferation and differentiation. 

WNT5A and Ror2 null mice exhibit similar phenotypes. Ror2 null mice have 

been observed to harbor deformities in skeletal development as well as 

abnormalities in the heart and lungs and do not survive beyond the perinatal 

period [183,192].  
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WNT5A and Ror2 have been demonstrated to interact physically and also 

functionally resulting in activation of the PCP and calcium pathway during 

developmental processes [193]. In the setting of wound healing and fibrosis, the 

protective effects of WNT5A have been attributed to its interaction with co-

receptor Ror2. Previous reports show that WNT5A/Ror2 signaling is active during 

wound healing promoting rearrangement of microtubules and actin to promote 

cellular migration [183]. In vitro wound healing assays show that Ror2 mediates 

polarized cell migration during WNT5A induced wound closure and this is 

impaired when Ror2 is suppressed in cells [183]. Few studies have examined both 

WNT5A and Ror2 in the setting of fibrosis. In a study of renal fibrosis, WNT5A 

and Ror2 expression was induced following unilateral ureteral obstruction [194]. 

Expression of Ror2 was identified in tubular epithelial cells which co-expressed 

EMT related proteins such as SNAIL1 and MMP2. This study only characterizes 

the expression profile of WNT5A and Ror2, and therefore a follow up study is 

required to determine the exact effect of WNT5A/Ror2 signaling in renal fibrosis 

[194].  

1.6.3 WNT5A/Ror2 Inhibits WNT/b-catenin Signaling  

WNT5A has been reported to have both antagonistic [195] and agonistic 

effects on the WNT/b-catenin pathway. The differential effects have been 

proposed to be dictated by the cell surface receptor. In studies of cancer, WNT5A 

has been observed to act as a tumor suppressor by antagonizing WNT/b-catenin 

signaling in the presence of Ror2 [180]. In vitro studies provide evidence of the 
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interaction between Ror2 and WNT5a in inhibiting WNT/b-catenin signaling. 

WNT5A potentiates WNT/b-catenin signaling by activating TCF in the presence 

of FZD4 [142,196,197].  These results suggest WNT5A regulates the WNT/b-

catenin signaling pathway based on the cellular context and the receptor which is 

present. We hypothesize that WNT5A may antagonize WNT/b-catenin signaling 

through Ror2 and perhaps protect against injury. The mechanism by which 

WNT5A/Ror2 signaling attenuates WNT/b-catenin signaling requires further 

investigation. WNT5A has been proposed to downregulate WNT/b-catenin 

signaling by mediating the phosphorylation of TCF or by inhibiting co-activators 

such as p300 and CREB-binding protein. The latter hypothesis involves the 

interaction between WNT5A and Ror2 to downregulate b-catenin [197]. It has 

also been proposed that WNT5A may work independently of Ror2 by promoting 

the ubiquitination of b-catenin or it may antagonize the interaction between 

canonical WNT ligands and respective receptors [197]. Studies that have 

demonstrated the inhibitory effect of WNT5A on b-catenin signaling need to 

investigate the importance of Ror2 in mediated this effect. The exact role of 

WNT5A on canonical WNT/b-catenin signaling in peritoneal membrane injury 

has not yet been characterized.  
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CHAPTER 2: HYPOTHESIS AND AIMS 

 

 

Purpose:  

To investigate the mechanism by which peritoneal angiogenesis occurs.  

 

Aims 

1. Determine the role of MMP9 in development of peritoneal angiogenesis. 

2. Investigate the contribution of canonical WNT signaling to TGFB induced 

peritoneal angiogenesis. 

3. Examine the role of non-canonical WNT5A and Ror2 in protecting against 

peritoneal angiogenesis. 

 

Hypothesis  

We hypothesize that MMP9 is involved in peritoneal angiogenesis by 

cleavage of E-cadherin signaling through b-catenin to upregulate VEGF. We also 

hypothesize that canonical WNT signaling interacts with TGFB signaling to 

induce peritoneal angiogenesis and blocking this pathway may reduce injury. We 

hypothesize that non-canonical WNT5A may protect against peritoneal membrane 

injury and Ror2 mediates these effects. 
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PREFACE 

 

The myofibroblast is the primary effector cell initiating peritoneal fibrosis 

and angiogenesis. In response to TGFB, this cell secretes extracellular matrix and 

proangiogenic factors during injury. The origin of the myofibroblast in peritoneal 

membrane injury is under current debate and is an area of active research. The 

myofibroblast has been proposed to come from resident fibroblasts, epithelial to 

mesenchymal transition, endothelial cells, perivascular cells and bone marrow. In 

previous research of peritoneal membrane injury, the myofibroblast has been 

suggested to derive from EMT. Experimental methods such as 

immunofluorescence have been commonly used to identify cells expressing both 

epithelial and mesenchymal markers. These studies have provided a foundation 

for our understanding of EMT, however this only provides a snapshot of this 

process. EMT has been recently challenged by lineage tracing studies. Because 

EMT is a dynamic process, this powerful technique can visualize the origin of the 

cell with molecular precision. These studies have suggested that the myofibroblast 

does not derive from epithelial cells, but instead comes from resident fibroblasts 

in the submesothelial zone. In this Chapter, we evaluate current experimental 

methods used to study the origin of the myofibroblast during peritoneal membrane 

injury and emphasize the importance of combining various methods to better 

understand the role of the mesothelium in this process.  

The concept of this Review was developed by Dr. Peter Margetts and 

Manreet Padwal. Manreet Padwal completed a systematic review of current 



Ph.D. Thesis – Manreet Padwal              McMaster University – Medical Sciences 

 

 

 

 

42 

literature. This involved an evaluation of experimental systems currently being 

used to study the origin of the myofibroblast in fibrosis. Manreet Padwal wrote 

the original draft of the manuscript and edited the manuscript based on reviewers’ 

comments. Dr. Peter Margetts edited and revised the final manuscript. 
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ABSTRACT 

Peritoneal fibrosis is one of the major complications occurring in long 

term peritoneal dialysis patients as a result of injury. Peritoneal fibrosis is 

characterized by submesothelial thickening and fibrosis which is associated with a 

decline in peritoneal membrane function. The myofibroblast has been identified as 

the key player involved in the development and progression of peritoneal fibrosis. 

Activation of the myofibroblast is correlated with expansion of the extracellular 

matrix and changes in peritoneal membrane integrity. Over the years, epithelial to 

mesenchymal transition (EMT) has been accepted as the predominant source of 

the myofibroblast. Peritoneal mesothelial cells have been described to undergo 

EMT in response to injury. Several animal and in vitro studies support the role of 

EMT in peritoneal fibrosis, however emerging evidence from genetic fate 

mapping studies has demonstrated myofibroblasts may be coming from resident 

fibroblasts and or pericytes/perivascular fibroblasts. In this review, we will 

discuss hypotheses currently surrounding the origin of the myofibroblast and 

highlight the experimental systems predominantly being used to investigate this.  
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Introduction 

Peritoneal dialysis (PD) is a widely used renal replacement therapy for 

patients with end stage renal disease [1;2]. The healthy peritoneum is a 

semipermeable membrane consisting of a superficial mesothelial layer, a 

basement membrane, and a thin submesothelial zone (Figure 3.1A) [3]. Long-term 

exposure to bioincompatible dialysis solutions, uremia [4], and intermittent 

peritonitis [5] leads to a low grade chronic inflammation triggering a reparative 

response. This response normally provides restoration of tissue structure with 

minimal loss of function. However, this reparative mechanism may become 

dysregulated. This results in tissue fibrosis with deposition of extracellular matrix 

(ECM), angiogenesis, and eventual membrane failure (Figure 3.1B). The 

appearance of myofibroblasts in the submesothelial tissue is a critical component 

of peritoneal membrane fibrosis and angiogenesis [6]. 
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The Myofibroblast in Fibrosis  

The myofibroblast is a specialized contractile cell that expresses both 

fibroblast and smooth muscle cell-like characteristics [7]. Myofibroblasts are 

motile cells and therefore possess stress fibers and ruffled cell membranes due to 

changes in the actin cytoskeleton [8]. Stress fibers are composed of bundles of 

actin microfilaments and contractile proteins. Actin microfilaments terminate at 

the cell surface in a specialized adhesion complex termed the fibronexus that 

becomes linked to extracellular fibronectin fibrils [8]. This creates a mechano-

transduction system that allows for transmission of force from stress fibers to the 

extracellular matrix. Similarly,  mechanical signals from the extracellular 

environment can activate intracellular signaling pathways [9]. Expression of alpha 

smooth muscle actin (a-SMA) is a key marker that distinguishes the myofibroblast 

Figure 3.1 Histology of the peritoneal membrane - (A) Healthy mouse 

peritoneum taken from the anterior adbominal wall consists of superficial 

mesothelial layer and a thin submesothelial zone. (B) Exposure to an 

adenovirus expressing transforming growth factor beta results in 

submesothelial thickening, angiogenesis, and increased cell number in the 

peritoneum. 
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from the fibroblast [10]. Although the function of the myofibroblast has not fully 

been elucidated, the myofibroblast has mostly been studied for its role in wound 

healing and its presence during pathological conditions such as fibrosis. 

Originally, myofibroblasts were observed in granulation tissue of healing wounds. 

They were observed to produce the contractile force required during wound 

contraction. More recently, several studies have identified the myofibroblast as an 

important element in the production of extracellular matrix (ECM) and 

progression of fibrosis [8;11]. 

In a healthy environment, stromal cells including fibroblasts and 

perivascular cells remain quiescent, producing little ECM and few actin 

interactions between cells and cell to matrix [9]. In response to injury, 

myofibroblasts accumulate at the site of injury where they produce ECM in 

response to cytokines from local cells [7;9]. Transforming growth factor beta 

(TGFB) is a key cytokine that regulates expression of a-SMA expression and type 

1 collagen in myofibroblast [10;12]. Moreover, the differentiation process of the 

myofibroblast is largely regulated by TGFB. In addition to TGFB, myofibroblasts 

are also stimulated by changes in the mechanical microenvironment and high 

extracellular stress [8;9]. During normal conditions, the ECM maintains its 

crosslinked structure, however tissue injury results in remodeling of the ECM and 

changes in the mechanical environment. In response to this change in ECM 

structure and TGFB signaling, precursor cells begin to acquire contractile stress 

fibers [8]. During this time, myofibroblasts expresses some features that are 
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similar to fibroblasts such as actin stress fibers. This transitional cell has been 

characterized as the protomyofibroblast [9;13]. The protomyofibroblast begins to 

acquire more contractile activity with the expression of a-SMA in the stress fibers 

and can now be characterized as a myofibroblast. ECM stiffness is one promoter 

of myofibroblast maturation [13;14]. During the final stages of wound healing, the 

ECM regains its normal structure and the myofibroblasts undergo apoptosis 

[9;13]. 

The last component of the wound healing response involves replacement 

of injured cells with new cells and resolution of scar tissue to preserve functional 

and structural integrity of the organ [15]. However, this is not always the case 

depending on type and duration of injury as well as the severity of damage. Often, 

chronic injury may result in the inability to replace scar tissue with functional 

tissue resulting in irreversible fibrosis [15]. Therefore fibrosis is largely 

characterized as accumulation of ECM including collagen, proteoglycans and 

fibronectin [11]. The myofibroblast is the primary effector cell that is activated 

during this process [11]. Myofibroblast populations have been noted in abnormal 

wound healing in several vital organs such as the kidney, lung, liver, and heart 

[12;16;17].  

Myofibroblasts have also emerged as the main effector cell contributing to 

peritoneal fibrosis. The presence of the myofibroblast contributes to the loss of 

integrity of the peritoneal membrane in long term PD patients by inducing 

collagen deposition resulting in structural and functional changes in the peritoneal 
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membrane [18]. In PD patients, the myofibroblast is dominant in the peritoneal 

membrane even before fibrosis is present in contrast to normal healthy peritoneum 

[19].  

It is challenging to study stromal cells; fibroblasts do not express any 

specific markers resulting in difficulties distinguishing them from other cells [11]. 

Several studies have used FSP1 (also known as S100A4) as fibroblast specific 

marker [20]. Recent evidence demonstrates FSP1 is not specific to fibroblasts and 

is also expressed in other cells such monocytes [41]. Myofibroblast expression of 

a-SMA is increasingly being used as method of identifying the myofibroblast.  

However, this marker still presents some challenges as a-SMA is also expressed 

by other cells of the mesenchymal lineage such as vascular smooth muscle cells 

[11].  

Origin of the myofibroblast: Current Hypotheses   

As the myofibroblast is the key effector cell in progression of fibrosis, 

it is of scientific and practical interest to elucidate the origin of this cell. This 

is a controversial area of research. In various research studies, myofibroblasts 

have been shown to derive from different cellular sources including resident 

fibroblasts [9;17], epithelial cells via epithelial to mesenchymal transition 

[21], endothelial cells (endothelial to mesenchymal transition) [22], 

perivascular cells [23], and from bone-marrow derived cells [20;24]. 

Interestingly, the original hypothesis was that myofibroblasts arose from 

locally residing mesenchymal cells such as resident fibroblasts and 
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pericytes/perivascular fibroblasts [9;17] based on studies of dermal wound 

healing [13;25] (Figure 3.2a). This was also supported in models of fibrosis 

such as scleroderma [26], liver and renal fibrosis [13;27]. However this view 

quickly changed as a result of accumulating evidence in support of conversion 

of local epithelial cells via EMT [28] (Figure 3.2B). The first piece of 

evidence comes from studies in vitro where epithelial cells can be transformed 

into myofibroblasts by exposing cells to wound healing cytokines such as 

TGFB [28]. Secondly, evidence from experimental fibrosis in animal models 

has provided us with snapshots of molecular markers of EMT in vivo [29]. 

Myofibroblasts appear in the submesothelial zone in experimental models of 

peritoneal fibrosis [18] and have been observed in biopsy samples in PD 

patients with peritoneal fibrosis [30]. The origin of the myofibroblasts in 

peritoneal membrane injury remains an area of active research. Early studies, 

including our own work, have pointed to EMT as a source of submesothelial 

myofibroblasts. More recently, these observations have been challenged by 

cell-fate tracing experiments [31]. There is also some experimental evidence 

that myofibroblasts can originate from the bone marrow and play a role in 

peritoneal fibrosis [20;24]. 
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Figure 3.2 Proposed theories on the origin of the myofibroblast, submesothelial fibrosis, and angiogenesis - 

Peritoneal membrane injury occurs as a result of exposure to bioincompatible dialysate and intermittent 

inflammation or infection. (A) Although injury can damage the mesothelial cells, the mesothelium is not necessary 

for subsequent myofibroblast accumulation, submesothelial fibrosis, and angiogenesis, which is driven directly by 

the injury response. (B) In this model, full EMT occurs with injury inducing mesothelial transition and transitioned 

mesothelial cells migrate through the basement membrane into the submesothelial space and form a subset of the 

submesothelial myofibroblasts. These cells then drive submesothelial fibrosis and angiogenesis. (C) In this model, 

mesothelial transition occurs without migration (in situ EMT). These transitioned mesothelial cells are an essential 

source of growth factors (TGFB and VEGF) that then drive submesothelial fibrosis and angiogenesis.  
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In vitro and ex vivo evidence for EMT 

The study of the origins of the myofibroblast began in vitro and moved 

into experimental animal models. Initial evidence supporting EMT comes 

from studies in vitro where epithelial cells have been induced to transform 

into myofibroblasts during conditions of injury [32;33].  This process has been 

extensively studied in renal fibrosis where primary tubular epithelial cells 

exposed to TGFB undergo EMT [34]. 

These studies have been fundamental in our understanding of the EMT 

process by defining the basic markers used to characterize EMT and the signaling 

pathways involved during this process [29]. EMT can be considered as a two-step 

process, the primary step being cellular transition followed by invasion into the 

interstitial tissue (Figure 3.2B) [28]. In vitro studies have outlined the process of 

cellular transition, but in standard 2 dimensional cell culture, cellular invasion has 

been more difficult to study; EMT is characterized by the loss of cell adhesion 

through downregulation of intercellular adhesion molecules such as E-cadherin, 

loss of cell polarity, rearrangement of the cytoskeleton with increased expression 

of a-SMA, and acquisition of migratory behavior (Figure 3.2B) [28;29]. During 

the last stage of EMT, the basement membrane can be degraded and the 

mesenchymal cell can migrate into the interstitial layers and deposit collagen 

resulting in fibrosis (Figure 3.2B). Metalloproteinases (MMPs) are usually 
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thought to be involved in degradation of the basement membrane and may 

facilitate invasion of transitioned cells [28;35].  

The EMT cellular program is driven by initiating factors such as hypoxia, 

inflammation, or growth factors such as TGFB. These activate transcriptional 

regulators such as SNAIL1, ZEB, or TWIST [36]. These transcriptional regulators 

then initiate a genetic program that leads to the EMT phenotype [36]. 

Studies in vitro have been useful because they can demonstrate the 

transitional aspect of EMT by measuring cell movement and combining this with 

changes in cell phenotype [37]. Matrigel is a common substrate used to measure 

cellular invasion and studies have used this as a method of measuring cell 

movement [38]. However, cross-linked, mature basement membrane may not be 

susceptible to protease activity as is matrigel [39]. Similarly, collagen invasion 

assays have been used to study cell invasion against laminin, collagen 1 and 

collagen IV. However, in vivo, the triple helical structure of collagen is resistant 

to proteolytic attack [39]. Therefore analysis of invasive EMT is difficult to detect 

in vivo and investigators usually have to rely on recognition of certain markers 

that reflect transition [37]. 

EMT was first demonstrated in the human peritoneum after dialysis in a 

landmark paper in 2003 by Yanez-Mo and colleagues [40]. An ex vivo culture of 

mesothelial cells was developed from peritoneal effluent from patients on PD. 

They found that the cell morphology could be classified as epithelioid like or non-

epithelioid like. The epithelioid cells demonstrated the usual markers such as 
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cytokeratin, E-cadherin and intracellular adhesion molecule 1. There was 

decreased E-cadherin and cytokeratin expression in cells with a fibroblast 

phenotype compared to those with a more epithelioid phenotype [40]. The 

epithelial markers also declined with time spent on PD. The gene expression of 

SNAIL1 was increased in transitioning and fibroblast like cells grown from 

peritoneal effluent. Confluent layers of mesothelial cells were also mechanically 

wounded and fibroblastic cells appeared in the layer of migrating cells near the 

wound. Cultured cells treated with TGFB displayed decreased amounts of E-

cadherin and increased levels of SNAIL1. Biopsy specimen taken from 9 PD 

patients confirmed the results from the ex vivo mesothelial culture [40]. These 

results have been confirmed by a similar study of mesothelial cells also derived 

from peritoneal effluent [2]. These studies strongly suggest that myofibroblasts 

may originate from injured mesothelial cells undergoing epithelial to 

mesenchymal transition.  

These ex-vivo cell based experimental results have been questioned by 

recent work in a rodent model of dialysate exposure [41]. Cho and colleagues 

found that the evaluation of EMT markers in the cells grown from the peritoneum 

of rats treated with PD solutions did not correlate well with the EMT observed in 

the peritoneal tissues [41]. Whether these results in a rat model can be applied to 

patients on PD is still an open question.  
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Animal models to study peritoneal membrane injury  

 Experimental animal models can recreate aspects of a pathophysiological 

condition and can thus help to identify mechanisms of disease and identify targets 

for therapeutic intervention. The extent to which an animal model of human 

disease actually simulates the disease state is always open to criticism [42]. 

 Different animal models have been developed to study the underlying 

challenges in peritoneal dialysis including viability of the peritoneal membrane 

and biocompatibility of dialysis solutions [43]. Experimental animal models give 

us the ability to study mechanisms underlying peritoneal membrane injury and 

could lead to improvements in current techniques. Historically, investigators have 

used rat or rabbit to model PD generating acute and chronic models of PD. In a 

standard acute model of PD, fluid is infused by intraperitoneal injection or a 

temporary catheter into the peritoneal cavity in mice, rats, rabbit and sheep 

[44;45]. This model has been important in understanding properties of solute 

transport across the peritoneal membrane, changes in the interstitial matrix, and 

changes in attachment and morphology of mesothelial cells during injury [46-48]. 

The chronic infusion model of PD uses a peritoneal catheter implanted into 

rodents which then receive a daily or twice daily infusion of dialysis fluid for a 

span of 4-20 weeks [49]. Although this model closely mimics the progression of 

peritoneal membrane injury, the indwelling catheter has been shown to amplify 

the inflammatory response via a foreign body reaction [50].  
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 The model used extensively in our lab and others involves gene transfer of 

TGFB into the rodent peritoneum [51]. TGFB is one of the major mediators of 

peritoneal fibrosis and angiogenesis and can be delivered to the peritoneum to 

model this condition. Adenovirus mediated gene transfer of TGFB has been used 

to model peritoneal fibrosis in mice [51] and rats [52]. This model has 

demonstrated changes in the functionality and structure of the peritoneum similar 

to what is seen in patients on long term PD. We have also a helper dependent 

adenovirus expressing TGFB to induce prolonged expression of the transgene and 

this resulted in changes in the peritoneal structure as observed in encapsulated 

peritoneal sclerosis (EPS) [53]. The helper dependent adenovirus allows for 

longer duration and lower expression of transgene with an attenuated immune 

response [53]. 

 EPS is a rare disease that occurs in a small minority of PD patients [53]. 

Peritoneal fibrosis may be an underlying factor in development of EPS and 

therefore the study of EPS can also provide clues to understanding peritoneal 

fibrosis. One of the most commonly used agent to model EPS in animals is 

chlorohexidine gluconate [54]. Chlorohexidine was initially used as a topical 

antiseptic agent to prevent peritonitis but became associated with an increased risk 

of EPS and is now used as an experimental model of EPS. Daily intraperitoneal 

injections of chlorohexidine gluconate can induce peritoneal fibrosis and 

angiogenesis in mice and rats [55].   
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Animal models and EMT 

Several animal models of peritoneal membrane injury have been generated 

which support the hypothesis that the epithelium is a source of myofibroblasts. 

Supported by extensive in vitro data for EMT, researchers have studied common 

peritoneal membrane injury models to confirm EMT in vivo [2;18]. The 

identification of in vivo EMT involves use of surrogate markers to identify 

changes in expression of epithelial markers, cell to cell adhesion molecules, 

cytoskeletal changes, and altered regulation of transcription factors associated 

with EMT [29;56]. Some of the major and most common markers used to identify 

EMT include loss of epithelial markers including E-cadherin and cytokeratin and 

gain of mesenchymal markers such as a-SMA and SNAIL1 [56]. The most 

common method that has been used to provide better visualization of the EMT 

process is immunofluorescence analysis of epithelial and mesenchymal markers 

[29]. Cells undergoing transition can then be identified by analyzing the co-

localization of both epithelial and mesenchymal markers in cells in the peritoneal 

membrane [56]. However, these studies have received some criticism as static 

markers of EMT are commonly used. Changes in these markers may not be 

representative of EMT as EMT is a more transitory process [29].  Detecting EMT 

in vivo has presented several limitations. As mentioned previously, there are no 

specific markers for myofibroblasts, so immunohistochemistry is confusing due to 

non-specificity [56]. EMT is a reversible process so there may be stages where 

cells revert to their parental phenotype and lose their mesenchymal characteristics 
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[56]. There are also more advanced stages where epithelial cell characteristics are 

lost completely. Therefore, the detection of transitioning cells critically depends 

on the timing of detection after peritoneal membrane injury [56]. Detection of 

intermediate stages of EMT in injured tissue is a simple method that has been 

used in the past to identify transitioning cells in vivo [56]. Intermediate stages of 

EMT are characterized by cells expressing epithelial characteristics such as 

cytokeratin and E-cadherin but have also acquired mesenchymal markers such as 

a-SMA. Therefore these cells co-express epithelial and mesenchymal features at 

the same time [21] (Figure 3.3). 
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Figure 3.3 EMT demonstrated by immunofluorescent labeling of the epithelial marker, cytokeratin, and 

the mesenchymal marker, a-SMA - (A-C) Mouse peritoneum treated with control adenovirus (AdDL) does 

not display any dual-labeled cells and displays epithelial cells only (thin arrows). (D-F) Treatment of mouse 

peritoneum with AdTGF-b results in dual-labeled cells co-expressing epithelial (cytokeratin) and mesenchymal 

markers (a-SMA) (thick arrows). Some cells continue expressing cytokeratin and do not express a-SMA (thin 

arrows). 
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Aroeira et al. used these immunohistologic methods to identify EMT in 

vivo using an animal model of exposure to glucose based PD fluids to induce 

peritoneal fibrosis and angiogenesis over a period of 5 weeks [2]. This exposure 

was accompanied by a failure in ultrafiltration. After two weeks of PD fluid 

exposure, there was a loss of mesothelial cells from the peritoneum. This closely 

mimics the structural changes that occur in patients on PD [2]. 

Immunofluorescence staining for both an epithelial marker, cytokeratin, and the 

myofibroblast marker, a-SMA was used to identify mesothelial cells and 

myofibroblasts respectively. Dual-labelled cells expressing both cytokeratin and 

a-SMA were considered cells undergoing EMT in the intermediate stages. This 

analysis revealed that the loss of mesothelial cells from the peritoneal membrane 

surface coincided with the appearance of cells labelled with cytokeratin and a-

SMA in the submesothelium [2]. We have also examined the process of EMT by 

combining analysis of EMT related genes and proteins along with 

immunofluorescence staining for EMT markers in our model of adenovirus 

mediated TGFB gene delivery (Figure 3.3). TGFB induces peritoneal fibrosis and 

angiogenesis in the rodent peritoneum creating a robust model of peritoneal 

membrane injury [18]. Rat peritoneum exposed to adenovirus expressing TGFB 

exhibited increased submesothelial thickness and angiogenesis. We observed an 

early increase in expression of SNAIL1, a-SMA, MMP2 and type 1 collagen. 

Laminin staining revealed a disruption of the basement membrane at an early time 

point. Dual staining revealed cells expressing both epithelial and myofibroblast 
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characteristics in the submesothelial layer [18]. In this study, along with other 

studies done in vivo, submesothelial a-SMA positive myofibroblasts without 

epithelial markings are of an unknown origin. They may be fully transformed 

epithelial cells, transformed fibroblasts or other cell types recruited locally or 

from the circulation. Therefore, these experiments suggest that at least some 

myofibroblasts in the submesothelial space may come from mesothelial cell 

conversion and supports the notion of EMT derived myofibroblasts.  

The use of immunofluorescence labeling of epithelial and myofibroblast 

markers to identify cells undergoing EMT has been criticized. This provides only 

a static picture of the cellular response to injury and we have shown that this 

picture looks very different depending on the point of time in the injury response 

[34; 46]. Furthermore, there are criticisms of immunofluorescence studies 

including the non-specificity of antibodies used and image processing artifacts. 

Different models of peritoneal injury may yield different temporal patterns of 

damage and may thus make detection of EMT challenging. For example, the 

adenovirus mediated gene transfer model of TGFB yields a fairly rapid fibrogenic 

response, whereas daily exposure to PD fluids will lead to a more gradual onset of 

fibrosis and will likely be more difficult to detect EMT using dual 

immunofluorescence studies. Finally, different animal strains may have very 

different response to fibrogenic stimuli [36].  

We have quantified the EMT response and find that very few cells express 

both mesenchymal and epithelial markers in the peritoneum after injury. In 
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general, we find only 1-2 cells per high power field to be dual labeled [51;57]. 

This could indicate that EMT is a rare event in peritoneal fibrosis, or that our 

‘snapshot’ of peritoneal membrane injury captures only those cells in the process 

of transition, not those cells fully transitioned to a myofibroblast phenotype. 

Fate tracing experiments and evidence refuting EMT in peritoneal fibrosis 

An alternate method of visualizing the origin of cells in a complex injury 

response system has been developed using inducible genetic fate mapping. 

Emerging evidence from these studies sheds more light on the origin for the 

myofibroblast in tissue injury and throws into question the dominant role of EMT 

in the appearance of submesothelial myofibroblasts. Genetic fate mapping is a 

technique which allows researchers to detect the origin of cells with molecular 

precision [17;29]. Mammalian fate mapping studies have adopted the LoxP / Cre 

recombinase system. A mouse is constructed where a reporter molecule such as 

green or red fluorescent protein (GFP or RFP) is inserted in the genome. This 

reporter gene is silenced with an upstream STOP codon that is flanked by LoxP 

sites (‘floxed’)[17]. When this mouse is mated with a mouse that has a tissue 

specific promoter driving cre recombinase, the stop codon in that tissue is 

permanently removed, allowing for permanent expression of the reporter. The 

label is driven by a strong, constitutively active promoter. Therefore, all 

descendent cells will express this reporter molecule. Moreover, this system can be 

modified to generate inducible reporter expression or tissue specific reporter [17]. 

For example, in the kidney, podocyte specific gene expression can be achieved by 
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crossing reporter mice with a podocin promoter – Cre gene construct. Cre will be 

expressed in a tissue specific manner, resulting in permanent labeling of 

podoyctes. This system can be manipulated further by using an inducible 

promoter for the Cre gene. That way, Cre can be turned on in a cell specific 

manner by adding an inducing agent, such as tamoxifen for an estrogen receptor 

inducible promoter [17].  

Peritoneal mesothelial cells are somewhat more difficult to label as a 

specific marker is not available. The closest available is a Wilms tumor -1 (WT1) 

promoter that labels mesothelial cells as well as developing podocytes. Recent 

studies by Chen and colleagues using this system will be outlined below [31]. 

Earlier work using lineage tracing came from models of kidney injury and 

fibrosis. Humphreys and colleagues used several different kidney specific 

promoter mice to demonstrate that myofibroblasts do not develop from injured 

tubular epithelial cells in vivo, however the in vitro response was similar to earlier 

reported studies [18]. They did arrive at the surprising result that the majority of 

interstitial myofibroblasts actually came from perivascular cells within the 

interstitium after kidney injury [23].  These striking results contradicted many 

previous studies suggesting EMT was a source of interstitial myofibroblasts after 

kidney injury.  

Similar to Humphreys et al., Le Bleu et al also used genetically modified 

mice to track the origin and function of the myofibroblast [23;58]. Mice 

expressing yellow fluorescent protein driven by the a-SMA promoter mediated by 
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the LoxP / Cre system in a UUO model of renal fibrosis exhibited an 

accumulation of a-SMA+ myofibroblasts in the interstitium of fibrotic kidney 

[58]. Bone marrow transplant experiments using a-SMA-RFP mice and 

immunolabeling for a-SMA+ cells revealed that 35% of myofibroblasts in the 

interstitium of injured kidneys originated from the bone marrow and 65% 

originated from resident cells including pericytes. Interestingly, ablation of bone 

marrow derived myofibroblasts reduced kidney fibrosis, whereas the deletion of 

pericyte derived myofibroblasts did not [58]. Using mice expressing yellow 

fluorescent under the control of the γ-Glutamyl Transferase promoter (γGT) 

crossed with a-SMA RFP mouse, LeBleu and colleagues were able to demonstrate 

that a small number (about 5%) of interstitial myofibroblasts in the kidney arose 

from epithelial cells through EMT [58].  

Similar studies have been recently carried out by Chen and colleagues in 

models of peritoneal fibrosis [31]. Transgenic mice were generated to 

conditionally express red fluorescent protein in WT1+ cells. The WT1 promoter 

was conditionally induced using tamoxifen to label mesothelial cells in adult 

mice. These authors used several models of peritoneal membrane injury including 

hypochlorite injection, exposure to dialysis fluid, and adenovirus mediated gene 

transfer of TGFB [31].  They observed that WT1 labeled the majority of 

mesothelial cells along with an occasional submesothelial cell of unknown type. 

Following injury, very few WT1+-RFP cells co-expressing a-SMA were found in 

the thickened laminin scar. WT1+-RFP cells remained in the mesothelial layer. 
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Type 1 collagen (COL1A) reporter mice were used to label collagen producing 

cells in the peritoneum. A-SMA / Col1A positive cells were found in the 

interstitium as myofibroblasts [31]. These were subsequently shown to originate 

from existing submesothelial fibroblasts. Peritoneal mesothelial cells expressed 

Col1A after injury, but not a-SMA, suggesting that the mesothelium participates 

in the injury response, but not through EMT [31].  Because this study is one of the 

first studies in the peritoneum to directly contradict EMT as an origin for 

myofibroblasts, confirmatory studies would be welcome. Furthermore, the 

expression of WT1 in the submesothelium is not as specific a cellular marker for 

mesothelium as kidney specific markers. The inducible WT1 promoter did not 

label all mesothelial cells but did label a proportion (15%) of submesothelial 

fibroblasts [31]. The fibroblast origin of myofibroblasts in this study was 

confirmed using a double transgenic Col1A1 reporter mouse with an inducible 

Col1A2 reporter construct. However, 65% of submesothelial fibroblasts were 

labelled with Col1A2 and these expanded to become roughly 65% of all 

myofibroblasts [31]. Therefore, the cell specific markers in the peritoneum are 

neither completely specific nor sensitive. This may have an impact on the results 

obtained. Finally, in all these lineage tracing experiments, it is theoretically 

possible for lineage promoter to become transcriptionally silenced [29]. 

What is the role of epithelial cell transition in organ fibrosis? 

 Studies of myofibroblasts in organ fibrosis, including peritoneal fibrosis, 

have focused on the origin of these cells in the interstitial or submesothelial tissue. 
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It is becoming increasingly clear, however, that the injurepithelium may play a 

critical role in directing organ repair without undergoing a full EMT process with 

transition and migration to the interstitium. Strong evidence for this comes from a 

recent paper by Lovisa and colleagues in evaluation of the role of the epithelium 

in directing renal fibrosis [59]. These researchers developed a mouse model where 

the key EMT transcription factors Twist or SNAIL1 were silenced specifically in 

the renal tubular epithelium. In a model of renal interstitial fibrosis, they 

demonstrated that silencing these transcription factors blocked the expression of 

a-SMA in the renal tubular epithelium. By preventing EMT, or at least cellular 

transition of epithelial cells, the extent of the renal interstitial fibrosis was 

abrogated [31].  

 In the work by Chen and colleagues using a Col1A reporter mouse, the 

injured mesothelial cells began to express collagen after peritoneal injury. They 

did not identify a-SMA staining of these cells [31]. In our own models, we have 

seen several instances where the peritoneal mesothelium undergoes a cellular 

transition and begins to express both cytokeratin and a-SMA, without migration 

of these cells to the interstitium (‘in situ’ EMT) [35] (Figure 3.2C). Using laser 

capture microdissection, injured peritoneal mesothelial cells expressed SNAIL1, 

a-SMA, and VEGF, suggesting these cells undergo EMT and elaborate growth 

factors that induce submesothelial resident cells to participate in the wound 

healing response [60]. The mesothelium is maintained in a healthy balance by a 

combination of pro- and anti-fibrotic factors. Among the anti-fibrotic factors is 
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bone morphogenic protein 7 which has been shown to be antagonized by the 

secreted factor Gremlin [61]. Recently, we overexpressed Gremlin in the 

peritoneum which led to in situ EMT. This cellular transition alone was able to 

drive the subsequent peritoneal fibrogenic response with matrix deposition and 

angiogenesis [57]. 

 Therefore, recent evidence concerning the origin of myofibroblasts in 

organ fibrosis using cell fate tracing experiments may not be as contradictory with 

previous research as initially thought. Our previous work is consistent with the 

possibility that few of the myofibroblasts in the interstitial tissue are derived from 

the overlying epithelium. Despite this, there is increasing evidence that injured 

epithelial cells undergo a limited transition, or in situ EMT, and this may be 

sufficient to direct the subsequent interstitial or submesothelial fibrosis. 

Summary 

The origin of the myofibroblast requires further research as the recent 

evidence from fate mapping studies contradicts evidence from the past [23;31]. 

This could be attributed to technical difference between techniques and studies, or 

it could related to the development of the disease process and timing of 

pathogenesis. Research from in vitro studies of the origin of the myofibroblast 

have been useful in identifying surrogate markers of EMT including the loss of 

epithelial markers, E-cadherin and cytokeratin and gain of mesenchymal markers, 

a-SMA and SNAIL1. Using these surrogate markers, several animal models of 

peritoneal membrane injury have provided evidence in support of EMT as a 
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source of myofibroblasts [56]. Most commonly used, immunofluorescence 

methods have identified the transitioning cells in vivo by analyzing co-

localization of epithelial and mesenchymal markers [29].  Moreover, most studies 

in vitro and in vivo support the injured mesothelial cell as the progenitor of the 

myofibroblast and there is one recent study with opposing results [31]. Studies of 

fibrosis in other organs also present evidence in support of EMT [28]. Recently 

some studies of renal fibrosis present results opposing epithelia as a major source 

of the myofibroblast, however still suggest a smaller portion of cells derive from 

EMT [18]. Therefore, confirmatory studies are necessary to further understand 

this process and to understand to what extent EMT is contributing to the 

myofibroblast population. This may be explained by the concept of in situ EMT. 

In other words, injured epithelial cells may not fully transition to yield a complete 

EMT and cells may only transition to an intermediate stage.  A more specific 

method is required to define, and identify EMT as well as account for the disease 

model that is being used to truly understand its contribution to the origin of the 

myofibroblast. In the end, this may require using a combination of lineage tracing 

studies and EMT criteria. The role of ‘in situ’ EMT in driving peritoneal fibrosis 

could be further evaluated by deleting key EMT transcription factors, such as 

SNAIL1 or TWIST, in the mesothelium in a model of peritoneal fibrosis. 

Elucidating the origin of myofibroblast and better defining the role of the 

mesothelium will lead to development of new anti-fibrotic therapies and 

improvement of current treatment methods.  
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PREFACE 

 

Peritoneal angiogenesis is one the major changes that occurs in long term 

peritoneal dialysis patients. Changes in peritoneal vasculature including an 

increase in surface area and vascular permeability results in changes in peritoneal 

solute transport. Increased solute transport is associated with a decline in 

ultrafiltration and increased risk of mortality. The goal of this work is to better 

understand the mechanism behind peritoneal membrane angiogenesis. 

Angiogenesis consists of remodeling of the extracellular matrix to allow for 

migration of endothelial cells and formation of new blood vessels. Matrix 

Metalloproteinases have been implicated in proteolysis of the extracellular matrix 

and MMP9 specifically degrades collagen IV which is a component of the 

basement membrane. We hypothesize that MMP9 is involved in development of 

peritoneal angiogenesis by cross-talk with WNT/b-catenin signaling. In this 

Chapter, we discuss the role of MMP9 in peritoneal angiogenesis. We proposed a 

novel mechanism by which MMP9 interacts with WNT/b-catenin signaling to 

induce angiogenesis in the peritoneum. We also discuss the role of MMP9 in 

peritoneal membrane function and its potential as a biomarker of peritoneal 

angiogenesis.  

Manreet Padwal designed the study, performed all experiments and data 

analysis. The animal work was carried out with the assistance of Limin Liu. All 

adenoviruses were amplified by Limin Liu. The MMP2 and 9 knockout mice were 

provided to us by the West-Mays lab. Dr. Scott Brimble and Dr. Azim Gangji 
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peritoneal effluent. Histology support was carried out by Mary Jo Smith. Imad 

Siddique, Lili Wu and Dr. Felix Boivin assisted with immunohistochemistry. 

Katelynn Tang assisted with animal work and data analysis. Manreet Padwal 

wrote the original draft of the manuscript and edited the manuscript based on 

reviewers’ comments. Dr. Peter Margetts contributed to the concept of this paper, 
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ABSTRACT 

Background: For patients using peritoneal dialysis, the peritoneal membrane can 

develop fibrosis and angiogenesis leading to ultrafiltration failure, chronic 

hypervolemia and increased risk of technique failure and mortality. Matrix 

metalloproteinases (MMP), and specifically the gelatinases (MMP2 and MMP9), 

may be involved in peritoneal membrane injury. 

Methods: From stable PD patients, mesothelial cells were assayed for MMP gene 

expression. MMP9 was overexpressed in mouse peritoneum by adenovirus and 

MMP9-/- mice were subjected to transforming growth factor beta (TGFB) induced 

peritoneal fibrosis.  

Results: MMP9 mRNA expression correlated with peritoneal membrane solute 

transport properties. Overexpression of MMP9 in the mouse peritoneum induced 

submesothelial thickening and angiogenesis. MMP9 induced mesothelial cell 

transition to a myofibroblast phenotype measured by increased alpha smooth 

muscle actin and decreased E-Cadherin expression. Angiogenesis was markedly 

reduced in MMP9-/- mice treated with an adenovirus expressing active 

transforming growth factor beta (TGFB) compared with wildtype mice.  TGFB 

mediated E-cadherin cleavage was MMP9 dependent and E-cadherin cleavage led 

to b-catenin mediated signaling. A b-catenin inhibitor blocked the angiogenic 

response induced by AdMMP9.  

Conclusions: Our data suggest that MMP9 is involved in peritoneal membrane 

injury possibly through cleavage of E-cadherin and induction of b-catenin 
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signaling. MMP9 is a potential biomarker for peritoneal membrane injury, and is 

a therapeutic target to protect the peritoneal membrane in peritoneal dialysis 

patients. 
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INTRODUCTION 

For peritoneal dialysis (PD) patients, the peritoneal membrane is injured 

by bioincompatible dialysis solutions, uremia, and peritonitis [1]. Loss of the 

mesothelial cell monolayer, submesothelial thickening and angiogenesis are  

associated with functional changes such as increased solute transport [2]. 

Increased solute transport has been associated with the failure of ultrafiltration [3] 

and increased risk of mortality [4]. The thickening of the submesothelial zone and 

the angiogenic response has been associated with accumulation of submesothelial 

myofibroblasts [5]. The origin of these myofibroblasts is controversial. We have 

shown that a portion of these cells derive from the mesothelium in a process of 

epithelial mesenchymal transition (EMT) [6]. Others have shown that the majority 

of submesothelial myofibroblasts derive from existing interstitial fibroblasts [7].  

Metalloproteinases (MMPs) are a family of zinc-dependent 

endopeptidases involved in fibrotic and remodeling processes. MMP2 and 9 are 

gelatinases which degrade type IV collagen, an important structural component of 

the basement membrane [8]. Previous studies have demonstrated a role for MMP2 

and MMP9 in cellular invasion as a component of EMT [9]. We have previously 

demonstrated that platelet derived growth factor B (PDGFB) induces a non-

invasive EMT phenotype where the mesothelial cells transition but do not invade 

into the submesothelium [10]. This is in contrast to transforming growth factor 

beta (TGFB) induced peritoneal fibrosis which was associated with the 

appearance of transitioned epithelium in the submesothelial tissue [6]. TGFB 
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overexpression is associated with increased MMP2 and 9 expression [6] whereas 

PDGFB induced fibrosis did not increase gelatinase expression [10]. Therefore, 

gelatinases may be required to degrade the basement membrane to facilitate 

invasion of transitioned cells into the submesothelial zone.  

MMP2 and 9 are angiogenic and are associated with increased activity of 

vascular endothelial growth factor (VEGF) [11]. They are also involved in 

cleavage of cell surface proteins and elaboration of growth factors from matrix 

stores [12]. E-cadherin is an epithelial cell adhesion protein found on peritoneal 

mesothelial cells and loss of E-cadherin is essential in EMT [13]. MMP9 has been 

shown to cleave the extracellular domain of E-cadherin resulting in an 80 kDa E-

cadherin fragment [14]. The intracellular domain of E-cadherin is associated with 

b-catenin which connects to the cell’s actin cytoskeleton. E-cadherin cleavage 

leads to increased concentration of cytosolic b-catenin  which can then act as a 

transcription factor that regulates a variety of genes involved in cell growth and 

differentiation including MMPs, c-myc, and VEGF [15]. This study was aimed to 

identify the role of MMP9 in peritoneal membrane injury.  Specifically, we 

analyzed mesothelial cells derived from peritoneal effluent from patients on PD to 

evaluate MMP9 expression and markers of peritoneal membrane function. 

Furthermore, we examined the effect of MMP9 on peritoneal angiogenesis, 

fibrosis and cellular invasion. We hypothesized that MMP9 induces peritoneal 

angiogenesis by cleavage of E-cadherin and signaling through b-catenin to 

upregulate VEGF. 
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SUBJECTS and METHODS  

Human mesothelial cell culture 

A 2L overnight dwell of peritoneal fluid effluent was taken from 33 stable 

PD patients with no peritonitis within 3 months of enrollment in the study. PD 

effluent was centrifuged and mesothelial cells were resuspended in F12 media and 

cultured. At the same clinic visit, a PET was carried out using a four hour dwell of 

4.25% glucose solution as previously described [16]. Solute transport data 

including dialysate to plasma creatinine ratio (D/P creatinine) and a 4 hour to 

initial PD fluid glucose ratio (D/D0 glucose) was obtained. Local ethics board 

approval was obtained and patients provide informed consent. 

Gene expression analysis 

After 2 passages, human mesothelial cells were suspended in Trizol 

reagent and RNA was isolated. mRNA was evaluated using both nanoString 

nCounter (Seattle, WA) and quantitative real time PCR. NanoString technology 

has been previously described by Kulkarni and colleagues [17]. Briefly, 

customized probes for a panel of 31 genes associated with matrix 

metalloproteinase, cell differentiation, and angiogenesis, along with 4 

housekeeping genes, were created (Supplemental table). We initially compared a 

subset of 7 MMP associated genes with D/P creatinine. We selected these genes 

based on a literature search of MMPs associated with fibrosis, and included 

representation of the major metalloproteinase families [18]. We then compared 

MMP9 gene expression with the entire 31 gene panel. Probes were hybridized to 
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100 ng of total RNA. Data were collected using the nCounter™ Digital Analyzer 

by counting individual barcodes. Positive and negative controls were included. 

mRNA counts were normalized using the geometric mean of the 4 housekeeping 

genes. 

 For quantitative real time PCR, 1µg of RNA obtained was reverse 

transcribed and gene expression for MMP9 was determined by ABI Prism 7500 

Sequence Detector (Applied Biosystems, Life Technologies, Burlington, ON, 

Canada). Samples were run in duplicate and normalized to 18s. 

Recombinant Adenovirus  

We used three different adenoviruses in these experiments: AdTGFB, 

AdMMP9, and AdDL. AdDL is a null adenovirus used as viral control. AdTGFB 

expresses constitutively active TGFB1 [19]. AdMMP9 expresses human MMP9 

[20]. Amplification and purification of adenoviruses was completed by CsCl 

gradient centrifugation and plaque-titred on 293 cells as previously described 

[21]. 

Animal Experiments   

All animal studies were performed according to the Canadian Council on 

Animal Care guidelines with local ethics board approval. C57BL/6 mice received 

an injection of 3x108 plaque forming units (pfu) of AdMMP9 (n=7 animals/group) 

and controls were treated with AdDL (n=8 animals/group). All adenoviruses were 

diluted in 100 μl of saline and administered by intraperitoneal injection (IP). One 

hour prior to euthanization, the animals received an intraperitoneal injection of 3 
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ml of 4.25% glucose dialysis solution (Dianeal, Baxter Healthcare, Mississauga, 

ON, Canada). Animals were euthanized 10 days after adenovirus injection.  

An additional group of mice were treated with AdMMP9 (n=10 

animals/group). At day 4, animals were administered with daily IP injections of 

ICG-001 (Millipore, Etobicoke, ON, Canada) (5mg/kg) for five days (n=5 

animals/group). All animals received 3 ml IP injection of 4.25% Dianeal (Baxter 

Healthcare) an hour before euthanization Animals were euthanized 10 days after 

initial AdMMP9 injection.  

Both MMP2-/- mice (Baylor College of Medicine, Houston, TX) [22] and 

MMP9-/- mice (Jackson Laboratories, Bar Harbor, ME) [23] were on a C57BL/6 

background. C57BL/6 (n=13 animals/group), MMP2-/- (n=13 animals/group), and 

MMP9-/- (n=13 animals/group) mice were administered with 0.8x108 pfu of 

AdTGFB diluted to 100 ul of saline via the IP route. AdTGFB induced fibrosis 

and EMT in the peritoneum. Animals were also treated with control adenovirus 

(n=13 animals/group). As above, all animals received 3 ml IP injection of 4.25% 

Dianeal (Baxter Healthcare) an hour before euthanization which was carried out 

ten days after adenovirus infection. 

For all experiments, the peritoneum was opened and the entire peritoneal 

fluid content was collected by pipette. The anterior abdominal wall was removed 

and stored in 4% neutral-buffered formalin. The omentum was taken and frozen in 

liquid nitrogen for protein analysis. 
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Histology  

Peritoneal membrane samples from the anterior abdominal wall were 

initially fixed in 10% formalin for 48 hours and paraffin embedded. Fixed 

sections were stained with Masson’s trichrome. Immunostaining for blood vessels 

was performed using vonWillebrand Factor antibody / Factor VIII (1:150) (Dako, 

Burlington, ON, Canada). Five images were taken per stained section from each 

animal. Northern Eclipse software was used to analyze the blood vessel density 

and submesothelial thickness. Photomicrographs (5-10 / section) were taken and 

vascular density was calculated in rectangles 100, 200 and 500 µm deep from the 

mesothelial cell layer. Submesothelial thickness was calculated by measuring the 

average distance from the superficial mesothelial cell layer to the muscle.  

Immunostaining of the laminin basement membrane was performed using a 

polyclonal antibody against laminin (1:50) (Millipore). For b-catenin, we used a 

monoclonal antibody that is specific for the non-phosphorylated or active b-

catenin (Millipore) [24]. For quantification of b-catenin expression, 

photomicrographs (5-10 / section) were taken and positive stained cells were 

counted. 

Immunofluorescence was completed using a monoclonal mouse anti-

human a-SMA antibody (1:50) (Dako, Burlington, ON, Canada) with a Texas Red 

goat antimouse secondary antibody (1:100) (Molecular Probes, Life 

Technologies) followed by a FITC labeled monoclonal mouse antibody against 

pan-cytokeratin (1:50) (Sigma-Aldrich). To control for non-specific staining, 
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sections were exposed to the secondary antibody without the primary a-SMA 

antibody. To confirm dual-labeling, we also stained representative sections 

directly with a fluorescently labeled a-SMA antibody (Cy3, Sigma-Aldrich) 

(Supplemental figure 4.1).  ImageJ (NIH) was used to analyze and quantify dual 

labeled cells in the mesothelial and submesothelial layer. Dual labelled cells co-

expressing a-SMA and pancytokeratin were identified in the mesothelial cell layer 

and in the submesothelial cell layer from five high-power fields from each section 

and this was using a blinded approach. Dual labelled cells in the mesothelial layer 

were categorized as non-invading cells and dual labelled cells in the 

submesothelium were considered invading cells.  

Mesothelial cells were grown on 22 x 22-mm glass cover slips in a 35 mm 

dish for immunofluorescence. The cells were fixed and permeabilized with 100% 

methanol and stained with a FITC labeled monoclonal mouse antibody against pan-

cytokeratin (1:50) (Sigma-Aldrich, Oakville, ON, Canada). 

Protein Analysis 

Protein was extracted from frozen omental peritoneal tissue. Samples were 

electrophoresed on a 10% SDS-PAGE gel, and probed for E-cadherin (BD 

Biosciences, Mississauga, ON, Canada), E-cadherin fragment (Santa Cruz, Dallas, 

TX), MMP9 (Abcam, Toronto, ON, Canada), MMP2 (Santa Cruz) and VEGF 

(Milipore). Alpha tubulin (Abcam) and b-actin (Sigma Aldrich) were used as 

loading controls. For the peritoneal effluent, a non-specific band on coomassie blue 

stained blots was used as loading control. 
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 Gelatin zymography was performed on an 8% SDS–PAGE with 0.1% 

gelatin (Sigma). Gels were soaked in 2.5% Triton X-100 for 30 min to remove SDS. 

They were then incubated in activation buffer (50 mM Tris–HCl;pH-8, 10 

mMCaCl2, 5 μMZnSO4, and 150 mMNaCl) for 12 h at 37 °C. Following 

incubation, activity was observed using coomassie blue and quantified (ImageJ). 

 Peritoneal effluent concentration of VEGF was measured using a standard 

enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, MN) 

according to manufacturer’s instructions.  

Statistical Analysis 

Data are presented as mean ± SD. Correlations were assessed by 

Spearman’s co-efficient. A Bonferroni correction was used for multiple 

comparisons. For comparison between groups, Kolmogorov-Smirnov test was 

used to confirm normally distributed data. For normally distributed data, a t-test 

was used to compare between two groups and ANOVA with post-hoc Tukey’s 

test was used for multiple groups.  A Mann-Whitney test was used for non-

normally distributed data.   

 

RESULTS 

MMP9 is correlated with peritoneal membrane solute transport  

 We studied a total of 33 stable PD patients. Average age of the patients 

was 62 (±13) years. Forty-five percent had diabetes. Average PD duration was 1.4 

(±1.3) years. Using nanoString gene expression analysis, we measured 7 MMP 
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genes in ex vivo derived mesothelial cell culture and examined the association 

with the patients’ peritoneal membrane solute transport properties (Figure 4.1A). 

Of our 7 gene MMP panel, MMP9 was found to be most strongly associated with 

D/P creatinine (r=0.746, p<0.001) but MMP7 was also significantly associated 

with solute transport (Figure 4.1A).  Gene expression of MMP14 was correlated 

with solute transport in univariate analysis but is no longer significant after 

Bonferroni correction for multiple comparisons (Figure 4.1A).  Notably, MMP2 

gene expression did not correlate with solute transport (Figure 4.1A). We 

confirmed the association between ex vivo mesothelial cell gene expression of 

MMP9 and solute transport using quantitative PCR. MMP9 gene expression 

correlated with D/P creatinine (Figure 4.1B) and inversely with D/D0 glucose 

(Figure 3.1C). We compared MMP9 gene expression measured by nanoString 

with quantitative real time PCR and found a very close correlation (r=0.804, 

p<0.001) (Figure 4.1D). MMP9 gene expression in ex-vivo mesothelial cells was 

also higher in patients with diabetes than those without (1.0 vs 0.6, p=0.01, data 

not shown).  

The peritoneal effluent initially contained about 5% mesothelial cells. 

After 2 passages in cell culture, the cells were virtually all cytokeratin positive 

mesothelial cells (Supplemental figure 4.2).  
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MMP9 overexpression leads to submesothelial thickening and angiogenesis 

 Because of this association between peritoneal membrane solute transport 

and mesothelial MMP9 gene expression, we used an adenovirus to overexpress 

MMP9 in the peritoneal membrane of mice (Figure 4.2A-B). The control 

adenovirus (AdDL) did not alter peritoneal membrane structure (Figure 4.2A). 

AdMMP9 led to submesothelial thickening, fibrosis, and angiogenesis. The 

mesothelial cells appear to be reactive with increased cell number and 

hypertrophy. These histologic changes were quantified from Factor VIII stained 

sections (Figure 4.2C, D, quantified in 4.2E, F). Submesothelial thickness 

increased by 2-fold (p=0.004) and angiogenesis increased by 3-fold (p<0.001) in 

response to AdMMP9. AdMMP9 induced a significant increase in VEGF protein 

concentration in the peritoneal effluent taken from these mice at the time of 

euthanasia (Figure 4.2G). We used zymography to confirm MMP9 expression 

after infection with AdMMP9 (Figure 4.2H, I) and noted that AdMMP9 also 

significantly upregulated MMP2 expression (Figure 4.2J). 

Figure 4.1 MMP9 is associated with peritoneal membrane solute 

transport- We measured the expression of 7 MMP related genes in ex vivo 

mesothelial cell culture from stable PD patients using nanoString. A) We 

found that MMP9 and MMP7 gene expression was highly associated with D/P 

creatinine. We confirmed this using quantitative real time PCR. MMP9 mRNA 

correlates with measures of solute transport including (B) D/P creatinine and 

(C) inversely with D/D0 glucose. D) MMP9 gene expression measured by 

nanoString correlated closely with MMP9 expression measured by real time 

PCR.  
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MMP9 leads to mesothelial cell transition. 

We used immunofluorescence labelling of epithelial and mesenchymal 

markers to investigate the peritoneum for evidence of EMT and cellular invasion 

(Figure 4.3A-D).  Control adenovirus treated animals showed cytokeratin positive 

mesothelium with no evidence of dual labeling with alpha-smooth muscle actin 

(a-SMA) (Figure 4.3A-C). Animals treated with AdMMP9 demonstrated an 

increase in dual labelled mesothelial cells suggestive of EMT (Figure 4.3D-F). 

There was no evidence of accumulation of submesothelial dual labeled cells 

suggesting a lack of mesothelial cell migration after transition (Figure 4.3H).  

Decreased E-cadherin expression is a hallmark of mesothelial cell 

transition and we found that MMP9 overexpression led to a significant decrease 

of E-cadherin expression in peritoneal tissue (Figure 4.3I, J).

Figure 4.2 Histology of the peritoneal membrane from C57Bl/6 mice 10 

days after adenoviral gene transfer of control adenovirus (AdDL) or 

AdMMP9 - A) AdDL does not significantly alter the peritoneal membrane 

histology. B) AdMMP9 led to submesothelial thickening and fibrosis 

(sections stained with Masson’s trichrome, 200x magnification). C, D) Factor 

VIII stained sections of C57Bl/6 mouse peritoneum after adenoviral gene 

transfer of AdDL (C) or AdMMP9 (D) (100x magnification). E, F) 

Quantification of Factor VIII stained sections demonstrates an increase in 

submesothelial thickness after treatment with AdMMP9 (E) with an increase 

in blood vessel density (F). G) Increased angiogenesis was associated with a 

significant increase in VEGF measured in the peritoneal effluent. H) 

Representative zymogram from peritoneal effluent. The first two lanes are 

positive controls. I) Quantification shows increased MMP9 in mice receiving 

AdMMP9 along with an increase in MMP2 expression (J).  
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Angiogenesis is inhibited in MMP9-/- mice 

Our results from human mesothelial cells suggested that MMP2 and 

MMP9 may have distinct actions with respect to peritoneal membrane injury 

(Figure 4.1). We induced peritoneal fibrosis in mice using an adenovirus 

expressing active TGFB1 in MMP2-/- and MMP9-/- mice (Figure 4.4A-F). We 

confirmed that the MMP2-/- and MMP9-/- mice were deficient in MMP2 and 9 

respectively by western blot (Figure 4.4G).  Control adenovirus treated MMP2-/- 

and MMP9-/- mice demonstrated normal histology (Figure 4.4A, C, E). There was 

a similar change in submesothelial thickness in response to AdTGFB in C57Bl/6, 

MMP2-/- and MMP9-/- mice (Figure 4.4B, D, F). All animals treated with 

AdTGFB exhibited a thickened submesothelial zone (quantified in figure 4.4H) 

and increased cell numbers.  In addition, AdTGFB induced an increase in blood 

vessel density in C57Bl/6 (and MMP2-/- mouse peritoneum (Figure 4.4I). 

However, this angiogenic response to TGFB was not seen in the MMP9-/- mice.  

Figure 4.3 Dual staining for cytokeratin and a-SMA in C57Bl/6 mice after 

adenoviral gene transfer - A-C) Mice treated with AdDL display normal 

peritoneal membrane structure with cytokeratin positive mesothelial cells, 

minimal a-SMA expression seen in vascular structures, and no dual staining 

cells. (D-F) Infection with an adenovirus expressing MMP9 resulted in an 

increase in dual labelled cells in the mesothelial layer. (D-F, arrow in F). G) A 

negative control was used to confirm results were not due to non-specific 

staining. H) Quantification of dual labelled cells. MMP9 induces an increase of 

dual labelled mesothelial cells with no evidence of invasion into the 

submesothelial zone. I, J) E-cadherin expression was regulated by MMP9. (H) 

Representative blot. (I) Density analysis demonstrates that MMP9 alone 

induces a significant decrease in E-cadherin.  
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ELISA analysis of peritoneal effluent revealed significantly increased 

levels of VEGF in C57Bl/6 and MMP2-/- mice treated with AdTGFB whereas 

MMP9-/- mice did not display a similar increase in VEGF (Figure 4.4J).   
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TGFB induced mesothelial cell transition is reduced in MMP9-/- mice 

We evaluated the effect of MMP9 deficiency on mesothelial cell transition 

and invasion using dual immunofluorescence with cytokeratin and a-SMA to 

identify transitioned cells. TGFB1 induced mesothelial cell transition and 

invasion in C57Bl/6 mice (Figure 4.5A-C, quantified in figure 5G). MMP9-/- mice 

treated with TGFB1 exhibited significantly lower levels of transitioned cells with 

no evidence of cellular invasion (Figure 4.5D-F). Laminin staining suggested that 

MMP9-/- mice were protected against TGFB induced basement membrane 

degradation (Supplemental figure 4.3).

Figure 4.4 Histology of the peritoneal membrane from C57Bl/6, MMP2-/- 

and MMP9-/- mice after adenoviral gene transfer of TGFB1- (A-F) 

C57Bl/6, MMP2-/-  and MMP9-/- mice appear to have similar responses to 

TGFB1. (G) Confirmation by western blot of MMP2 and MMP9 knock out 

status. (H) Quantification of submesothelial thickness displays no significant 

difference between wildtype, MMP2-/- and MMP9-/- mice treated with TGFB1. 

(I) Quantification of blood vessel density shows that TGFB1 resulted in an 

increase in blood vessel density in wildtype  and MMP2-/-mice whereas 

MMP9-/- mice did not experience and increase in blood vessel density in 

response to AdTGFB1. (J) ELISA analysis of peritoneal effluent displays 

significantly increased levels of VEGF in C57Bl/6 mice and MMP2-/- mice 

treated with TGFB but not in MMP9-/- mice.   
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MMP9 cleaves E-cadherin 

As noted previously, AdMMP9 treated peritoneal tissue demonstrated a 

decrease in E-cadherin protein (Figure 4.3I, J) suggesting that MMP9 is involved 

in downregulation of E-cadherin. We determined whether MMP9 was involved in 

E-cadherin cleavage from the cell surface by measuring the amount of E-cadherin 

fragment (80kDa) in the peritoneal effluent from mice treated with AdMMP9. 

Western blot analysis revealed a 3-fold (p=0.007) increase in fragmented E-

cadherin in response to MMP9 (Figure 4.6A, B). We also evaluated levels of E-

cadherin fragment in the peritoneal effluent from TGFB-induced fibrosis in 

MMP2 or MMP9 deficient mice. Western blot analysis showed a significant 

increase in fragmented E-cadherin in the peritoneal effluent in C57Bl/6 and 

MMP2-/- animals treated with AdTGFB1 (Figure 4.6C, D). MMP9-/- mice treated 

with AdTGFB1 exhibited significantly lower levels (1.5 fold, p=0.05) of 

fragmented E-cadherin in the peritoneal effluent compared to C57Bl/6 mice 

treated with AdTGFB (Figure 4.6D). 

Figure 4.5 Dual staining for cytokeratin and a-SMA in C57B1/6 and 

MMP9-/- mice - (A-C) TGFB1 induces an increase in invasive dual labeled 

cells in C57Bl/6 mice. (D-F) A similar response was seen after TGFB1 

treatment of MMP9-/- mice with occasional dual labeling of mesothelial cells 

(arrow in E). G) Quantification of dual staining. TGFB1 induces invasive 

(submesothelial) dual labelled cells. TGFB1 did not induce significant dual 

labeled cells in MMP9-/- mice.  

 



Ph.D. Thesis – Manreet Padwal              McMaster University – Medical Sciences 

 

 

 

 

100 

 



Ph.D. Thesis – Manreet Padwal              McMaster University – Medical Sciences 

 

 

 

 

101 

 

MMP9 signals through b-catenin  

Our findings indicate that MMP9 is essential in cleaving E-cadherin and is 

associated with an upregulation of VEGF and angiogenesis in peritoneal 

membrane injury. We hypothesize that MMP9 induced E-cadherin cleavage may 

lead to dissociation of the E-cadherin / b-catenin complex and facilitate b-catenin 

translocation to the nucleus. To support this, we found an increase in active b-

catenin seen in the peritoneal membrane in animals treated with AdMMP9 (Figure 

4.6E, quantified in figure 4.6G). This was not observed in the control adenovirus 

treated mice (Figure 4.6F).   

Consistent with our in vivo experiments, MMP9 expression in the patient-

derived mesothelial cell culture was correlated with transcription factors 

Figure 4.6 MMP9 cleaves E-cadherin and activates b-catenin - E-cadherin 

fragment (approx 80 kDa) was measured in the peritoneal effluent. (A) 

Representative blot form mice treated with AdDL or AdMMP9. (B) Analysis 

of band density normalized to a non-specific band on Coomasie blue stained 

sectiondemonstrates that MMP9 induces cleavage of E-cadherin. (C) 

Representative blot, normalized to a non-specific band on coomasie stained 

blot. (D) Analysis of band density demonstrates that TGFB1 induced E-

Cadherin cleavage in C57Bl/6 mice and in MMP2-/- mice but there was 

significantly less E-Cadherin cleavage product in the peritoneal effluent of 

MMP9-/- mice treated with AdTGFB1. E, F) Staining of peritoneal tissue for 

active b-catenin. E) No active b-catenin was observed in the control adenovirus 

(AdDL) treated mouse peritoneum, whereas active b-catenin was observed 

after exposure to MMP9 in the mesothelial cells (arrow) and other 

submesothelial cells (F). (G) Quantification of b-catenin staining. MMP9 

induces an increase in active b-catenin in mesothelial and submesothelial cells. 

(H) On a larger gene panel including WNT related genes, MMP9 gene 

expression was correlated with a number of genes including other 

metalloproteinases, along with genes associated with cellular transition, 

angiogenesis, and WNT signaling.  
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associated with cellular transition (SNAIL1, TWIST), and genes associated with 

angiogenesis (VEGF, angiopoietin 2) (Figure 4.6H). We also observed a 

correlation between MMP9 gene expression and other genes involved in the WNT 

signaling pathway including WNT1, WNT5A, and the WNT receptors FZD3 and 

LRP6. MMP7, VEGF and c-myc are known to be regulated by b-catenin signaling 

and were all significantly associated with MMP9 gene expression. 

In order to directly assess the role of b-catenin in MMP9 induced 

angiogenesis, we blocked b-catenin with a specific t-cell factor/lymphoid 

enhancer factor (TCF/LEF) inhibitor, ICG-001[25] in mice after infection with 

AdMMP9.  Analysis of blood vessel density in the mouse peritoneum after 

adenoviral gene transfer confirmed that MMP9 induces an increase in blood 

vessel density in the peritoneum (Figure 4.7A, B).  ICG-001 inhibited this 

angiogenic response (Figure 4.7C, quantified in figure 4.7E). ICG-001 did not 

induce significant changes in submesothelial thickness (Figure 4.7D). Animals 

treated with ICG-001 demonstrated a 4-fold (p=0.023) reduction in VEGF protein 

measured in the peritoneal tissue by western blot (Figure 4.7F, G).  
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DISCUSSION  

The peritoneal membrane is a lifeline for patients with end stage kidney 

disease on PD therapy. Injury to the peritoneum results in both structural and 

functional changes. Blood vessel formation is of critical importance because it is 

associated with high transport status [26] and a decline in peritoneal membrane 

function. In our study, we measured gene expression of MMPs in mesothelial 

cells derived from overnight effluent from stable PD patients. Ex-vivo mesothelial 

cell MMP9 mRNA expression was significantly correlated with peritoneal 

membrane solute transport in stable PD patients. Mesothelial cell gene expression 

of the associated gelatinase MMP2 did not correlate with solute transport 

properties.  

Several recent studies have evaluated biomarkers of early peritoneal 

membrane injury in order to optimize renal replacement therapy [27, 28]. Our 

observations suggest that ex-vivo mesothelial cell MMP9 mRNA expression may 

be a useful biomarker for peritoneal membrane injury for PD patients but this 

Figure 4.7 Factor VIII stained sections of C57Bl/6 mouse peritoneum after 

adenoviral gene transfer - (A) AdDL is a control virus and demonstrates the 

normal mouse peritoneum. (B) MMP9 induces an increase in blood vessel 

density and submesothelial thickness in the peritoneum (C) ICG-001 inhibits 

the angiogenic response to MMP9. ICG-001 does not induce a significant 

reduction in submesothelial thickness. (D) Quantification of submesothelial 

thickness. E) Quantification of angiogenesis. F, G) VEGF expression in 

peritoneal tissue is reduced by ICG-001 treatment.  F) Representative blot 

quantified in (G).  
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result needs to be confirmed in a larger cohort of stable PD patients with 

longitudinal follow up.  

Recent studies by Barreto [28], Cho [29], and Hirahara [30] have 

demonstrated that MMP2 measured in the peritoneal effluent correlated with 

peritoneal membrane solute in large population studies. In the study by Barreto et 

al, MMP2 was measured in 86 stable PD patients and the intraperitoneal 

production of MMP2 was estimated [28]. In larger studies by Cho and colleagues 

and Hirahara and colleagues, total MMP2 in the peritoneal effluent was measured 

by ELISA [29], [30]. In our study, we evaluated both MMP2 and MMP9 gene 

expression in mesothelial cells derived from the peritoneal effluent. This ensured 

that the MMP expression reflects local intraperitoneal production. The close 

correlation between mesothelial cell MMP9 expression and peritoneal solute 

transport suggests that mesothelial derived MMP9 may be a useful biomarker, and 

may be directly involved in the pathology of peritoneal membrane injury.  

Our results are discordant to the other 3 studies that have identified MMP2 

as a potential biomarker for peritoneal membrane injury [27, 28]. The MMP9 

enzyme is found at low concentration in the peritoneal effluent whereas MMP2 is 

found at a much higher concentration and is thus more easily measured [27, 28]. 

Furthermore, our results suggest that MMP2 is induced by MMP9 in the 

peritoneal tissues (Figure 4.2J) suggesting that locally active MMP9 may induce 

MMP2 which can then be measured in the PD effluent. This suggests that 

mesothelial derived MMP9 may be an earlier indicator of peritoneal membrane 
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injury. Hirahara and colleagues have also shown that in an animal model of 

peritoneal fibrosis, the majority of MMP2 detected in the peritoneal effluent is not 

active, but in situ film zymography shows extensive gelatinase activation within 

the injured peritoneal membrane [31], which suggests local activation of 

gelatinases within the peritoneal tissue. 

We have identified a novel mechanism for MMP9 mediated peritoneal 

angiogenesis. Specifically, our results suggest that MMP9 leads to E-cadherin 

cleavage and activation of b-catenin signaling. Cleavage of a 50-84 kDa sized N-

terminal fragment of E-cadherin is an essential step in epithelial cell transition and 

has been studied extensively in the setting of epithelial malignancies [32]. MMP9 

has been reported to cleave an 80 kDa E-cadherin fragment in ovarian carcinoma 

cells [33]. Our results agree with these studies. We found that AdMMP9 treated 

mice had increased amounts of E-cadherin fragment in the peritoneal effluent 

(Figure 4.6A,B). Similarly, we found that wildtype and MMP2-/- mice treated with 

AdTGFB1 had high levels of E-cadherin fragment in the peritoneal effluent; this 

was greatly reduced in MMP9-/- mice exposed to TGFB1 (Figure 4.6C, D).  

Several studies have identified that cleavage of E-cadherin can lead to b-

catenin signaling [32, 34-36]. b-catenin is sequestered by E-cadherin at the cell 

membrane as part of the adherens junction. With E-cadherin cleavage, b-catenin is 

released into the cytosol. Cytosolic b-catenin is rapidly degraded and activation of 

the canonical WNT pathway is required to inhibit b-catenin ubiquitination [37]. 

Therefore, we hypothesize that in MMP9-induced peritoneal injury, there is likely 
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activation of WNT signaling that facilitates b-catenin mediated gene expression.  

In support of this, we found a correlation between MMP9 gene expression in 

patient-derived mesothelial cells and gene expression of other WNT signaling 

molecules such as WNT1 and the receptors FZD3 and LRP5. There was 

simultaneous activation of several b-catenin regulated genes including MMP7, 

MMP14, VEGF and c-myc (Figure 4.6H). 

Previous studies have identified the role of MMP9 in angiogenesis in the 

setting of tumor cell metastasis [38], fibrosis [39], and ischemia [40]. MMPs have 

been hypothesized to be involved in degrading the basement membrane of blood 

vessels to allow endothelial cells the ability to migrate and form new blood 

vessels [41]. MMPs may also contribute to angiogenesis through the release of 

ECM bound pro-angiogenic factors [40] including VEGF. Our results support an 

angiogenic function of MMP9 as we observed increases in both VEGF and 

angiogenesis when MMP9 was overexpressed in the mouse peritoneum. The 

angiogenic response to peritoneal overexpression of TGFB was attenuated in 

MMP9-/- but not MMP2-/- mice. We did not assess the association between MMPs 

and uremia due to the lack of uremia in this model.  

Furthermore, our results suggest a novel mechanism by which MMP9 

induces VEGF to promote blood vessel growth. We propose that MMP9 induces 

b-catenin signaling which increases expression of VEGF. We observed nuclear 

localization of active b-catenin in peritoneal tissues after overexpression of 

AdMMP9 (Figure 4.6F, quantified in 4.6G). Further, we used the b-catenin 
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signaling inhibitor ICG-001 in the peritoneum of mice treated with AdMMP9. 

ICG-001 prevented MMP9 induce angiogenesis and blocked MMP9 associated 

increase in tissue concentration of VEGF (Figure 4.7).  

Previous studies have demonstrated a role for SMAD signaling in TGFB 

induced VEGF expression [42]. Our data suggests both SMAD and MMP9 may 

be involved in regulating VEGF expression. In fact, these pathways have been 

linked by observations that SMAD and b-catenin cooperate in nuclear signaling 

[43]. 

MMPS have been involved in the remodelling of the ECM, but their role 

in fibrosis has not been fully elucidated. Several studies describe MMPs to 

contribute to progression of fibrosis [44, 45], however recent evidence 

demonstrates MMPs may have a more protective effect [46]. This discordance 

may be attributed to differences in function of diverse types of MMPs as 

collagenases degrade collagen and may be more protective and gelatinases 

degrade basement membrane and may be more injurious.   

The role of EMT in fibrosis has become increasingly controversial. 

Studies in both the kidney [47] and the peritoneum [7] suggest that transition of 

mesothelial cells does not contribute significantly to the accumulation of 

submesothelial myofibroblasts characteristic of fibrosis. Despite these 

observations, the epithelium likely has a key role in driving peritoneal fibrosis 

indirectly and this process may require epithelial cellular transition without 

migration into the submesothelium [48]. Aroeira and colleagues previously found 
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that the cells grown from the peritoneum of PD patients take on different 

morphologies, from epithelial-like to fibroblast-like [5]. They demonstrated an 

association between cell morphology and peritoneal membrane transport that we 

were unable to replicate in our patients (Supplemental figure 4.4).  

Abnormal expression of MMP9 has been implicated in induction of EMT 

[44] and fibrosis [49]. Tan and colleagues found that MMP9 causes EMT of renal 

tubular epithelial cells in vitro [50]. Our observations support these findings. We 

found infection with AdMMP9 induced co-localization of epithelial and 

mesenchymal markers in cells suggesting an EMT process (Figure 4.3). We also 

found the TGFB induced EMT response was attenuated in MMP9-/- mice (Figure 

4.5). 

There is extensive data from cancer research to suggest that MMP2 [51] 

and MMP9 [52] are directly involved in cellular invasion after EMT. It is clear 

that MMP2 and 9 can effectively degrade basement membrane proteins in an in 

vitro assay using material such as matrigel [32, 53].  However, cross-linked, 

mature basement membrane may not be susceptible to gelatinase activity [54]. 

Our study demonstrated potential degradation of basement membrane in response 

to AdMMP9 and AdTGFB. Laminin stained sections from these mice 

demonstrated areas of decreased or absent basement membrane, whereas the 

control adenovirus treated mice demonstrated a continuous basement membrane 

structure. (Supplemental Figure 4.2).  Transitioned mesothelium do not constitute 

a large component of submesothelial myofibroblasts after peritoneal membrane 
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injury [7] and our data do not support a role for MMP9 in cellular invasion 

(Figure 4.3H).  

Therefore, in the setting of peritoneal membrane injury, MMP9 appears to 

have a role in the induction of EMT but does not facilitate cellular invasion. 

MMP9 also has a role in peritoneal membrane angiogenesis and we have 

identified a novel b-catenin mediated pathway for this response. This expands 

potential therapeutic options for preservation of the peritoneal membrane in PD 

patients by targeting the metalloproteinase or WNT pathways. Furthermore, 

mesothelial cell MMP9 mRNA may be a potential biomarker for peritoneal 

membrane injury and could eventually be used to guide PD therapy. 
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SUPPLEMENTARY MATERIAL 

 
Supplemental Figure 4.1 – Immunofluorescence with fluorescently labeled a-SMA 

antibody (A-C) Positive staining for cytokeratin / alpha-SMA (D-F) Control staining without 

primary a-SMA antibody and with isotype control for cytokeratin. G-I) Dual staining using a 

second primary antibody for a-SMA (a-SMA-cy3 (Sigma) demonstrates similar staining 

pattern. Thick arrow: dual labeled cells. Thin arrow: single-labeled cytokeratin positive 

mesothelial cell. 
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Supplemental Figure 4.2 – Immunofluorescence for cytokeratin in ex vivo mesothelial 

cells A, B) An aliquot of cells from PD fluid was plated by cytospin and stained with 

cytokeratin antibody. A) Low power and B) high power images show rare (approximately 

5%) of cells are cytokeratin positive mesothelial cells. C) After culture and 2 passages, 

virtually 100% of the cells are cytokeratin positive mesothelial cells. D) Similar cell culture 

with non-specific fluorescent antibody to control for non-specific staining. 
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Supplemental Figure 4.3 - Laminin stained sections of mouse peritoneum 

after adenoviral gene transfer (A) C57Bl/6 mice treated with control virus 

demonstrate normal submesothelial basement membrane architecture. (B) 

C57Bl/6 mice treated with AdMMP9 demonstrated an expansion of 

submesothelial tissue with some disruptions in the basement membrane. (C) 

C57Bl/6 mice treated with AdTGFB also demonstrated a disrupted basement 

membrane with submesothelial thickening. (D) MMP9-/- mice treated with 

AdTGFB also showed some areas of possible degradation in the basement 

membrane.  

 

Supplemental Figure 4.4 – Cell Type and Peritoneal Membrane function 

There was no significant correlation correlation between cell morphology and 

d/p creatinine.  
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PREFACE 

 

In the previous Chapter, we established a role for MMP9 in mediating 

peritoneal membrane angiogenesis. Moreover, we observed MMP9 to be directly 

associated with increased peritoneal membrane solute transport. We suggested a 

novel mechanism by which MMP9 cleaves E-cadherin and releases membrane 

bound b-catenin. We propose that active WNT signaling stabilizes free b-catenin 

and allows for upregulation of angiogenesis related genes particularly VEGF. 

Therefore, we further investigate WNT/b-catenin signaling in peritoneal 

membrane injury in this chapter. We hypothesize that TGFB interacts with 

canonical WNT signaling to induce peritoneal membrane injury and blocking this 

pathway may reduce injury. We examine WNT related ligands and receptors in 

patient derived mesothelial cells and observe a strong correlation between WNT1 

and solute transport. In a TGFB model of peritoneal membrane injury, we also 

observe activation of WNT/b-catenin signaling. We confirm the role of WNT/b-

catenin in TFGB induced peritoneal angiogenesis by using two different 

inhibitors. Our study supports current literature of the adverse effects of WNT/b-

catenin signaling in other fibrotic diseases.  

Manreet Padwal designed the study, performed all experiments and data 

analysis. The animal work was carried out by Manreet Padwal and Genyang 

Cheng. AdTGFB was amplified by Limin Liu. Adenovirus expressing DKK-1 

was provided by Dr. Calvin Kuo, Stanford University and was amplified by 

Manreet Padwal with the assistance of Limin Liu. Dr. Scott Brimble and Dr. 
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Azim Gangji developed the clinical study facilitating the collection of mesothelial 

cells and patient data.  Manreet Padwal developed an ex vivo cell culture from 

patient peritoneal effluent. Manreet Padwal performed all other experiments and 

Dr. Genyang Cheng assisted with these. Histology support was carried out by 

Mary Jo Smith and Dr. Felix Boivin assisted with completion of 

immunohistochemistry for b-catenin. Manreet Padwal completed all data analysis 

and wrote the original draft of the manuscript. Dr. Peter Margetts contributed to 

the concept of this paper, interpretation of the data, Nanostring analysis and 

reviewed the final manuscript.  
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ABSTRACT 

 The WNT signaling pathway is involved in wound healing and fibrosis. 

We evaluated the WNT signaling pathway in peritoneal membrane injury.  We 

assessed WNT1 protein expression in the peritoneal effluents of 54 stable 

peritoneal dialysis (PD) patients and WNT-related gene expression in ex vivo 

mesothelial cell cultures from 21 PD patients. In a transforming growth factor 

beta (TGFB) mediated animal model of peritoneal fibrosis, we evaluated 

regulation of the WNT pathway and the effect of WNT inhibition on peritoneal 

fibrosis and angiogenesis.  

WNT1 protein and gene expression was positively correlated with peritoneal 

membrane solute transport in PD patients. WNT1 gene expression was associated 

with genes involved in cellular transition such as SNAIL1 and TWIST. In the 

mouse peritoneum, TGFΒ-induced peritoneal fibrosis was associated with 

increased expression of WNT2, WNT4 and WNT11 and decreased expression of 

WNT7B and WNT8A. Peritoneal b-catenin protein was significantly upregulated 

after infection with AdTGFB. Elements of the WNT signaling pathway were 

increased after exposure to AdTGFB. Treatment with a b-catenin inhibitor (ICG-

001) in mice with AdTGFB-induced peritoneal fibrosis resulted in attenuation of 

peritoneal angiogenesis and reduced vascular endothelial growth factor. Similar 

results were also observed with the WNT antagonist Dickkopf related protein 

(DKK) 1. In addition to this, DKK-1 blocked epithelial to mesenchymal transition 

and increased levels of the cell adhesion protein E-cadherin.    
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 We provide evidence that WNT signaling is active in the setting of 

experimental peritoneal fibrosis and WNT1 correlates with patient peritoneal 

membrane solute transport. Intervention in this pathway is a possible therapy for 

peritoneal membrane injury. 
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INTRODUCTION  

Peritoneal dialysis (PD) is a renal replacement therapy that uses the 

semipermeable peritoneal membrane to provide dialysis and ultrafiltration. 

Peritoneal membrane injury is a consequence of peritonitis or long-term exposure 

to bioincompatible PD fluid. With injury, the peritoneal membrane undergoes 

structural changes including the denudation of the mesothelial cells, thickening of 

the submesothelial zone, and angiogenesis. These structural changes correlate 

with increased solute transport and a loss of ultrafiltration [1]. Ultrafiltration 

dysfunction has been identified as a contributing factor of modality failure [2,3] 

and reduced peritoneal ultrafiltration is associated with increased mortality [4,5]. 

Increased solute transport and reduced peritoneal ultrafiltration leads to 

hypervolemia, which has been associated with increased comorbidity, 

hypertension, and arterial stiffness [6]. 

The role of transforming growth factor beta (TGFB) is a key contributor to 

peritoneal membrane injury [7]. TGFB induces collagen deposition [8], activates 

fibroblasts [9] and promotes angiogenesis in the submesothelial zone of the 

peritoneal membrane [7]. Epithelial mesenchymal transition (EMT) describes the 

transition of mesothelial cells to a mesenchymal phenotype with loss of 

intercellular adhesion, loss of epithelial markers, and increased expression of 

mesenchymal proteins [10]. Although the role of EMT in peritoneal fibrosis is 

controversial [11], TGFB has been shown to induce EMT of peritoneal 
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mesothelial cells [12] and these transitioned cells are a source of angiogenic and 

fibrogenic growth factors [13].  

The WNT signaling pathway plays a complementary role to TGFB in 

promoting fibrosis in many different organ systems [14], however its role is yet to 

be elucidated in the development of peritoneal membrane injury. This pathway is 

comprised of 19 WNT proteins, 9 Frizzled (FZD) receptors, several co-receptors 

including lipoprotein receptor proteins (LRP) 5 and 6 and the orphan tyrosine 

kinase receptor ROR2 [15]. WNT signaling is categorized as either canonical or 

non-canonical, depending on whether b-catenin is activated [16]. Cytoplasmic 

levels of b-catenin are tightly regulated by a protein complex which includes 

glycogen synthase kinase (GSK) 3B. When active, this complex facilitates b-

catenin ubiquitination and proteolysis. During canonical WNT signaling, WNTs 

bind to the FZD receptor which phosphorylates disheveled (DVL) which in turn 

phosphorylates and inactivates GSK3b. Stabilized b-catenin then translocates to the 

nucleus and acts as a signal transduction factor inducing genes involved in cellular 

proliferation and differentiation. b -catenin activated genes include c-myc, matrix 

metalloproteinase (MMP)7, and vascular endothelial growth factor (VEGF)[26]. 

Secreted frizzled-related proteins (SFRP) and Dickkopf (DKK) proteins act as 

inhibitors to WNT signaling [16].  

There is limited evidence of the role of the WNT signaling pathway in the 

setting of peritoneal membrane injury [17,18]. In our study, we found that WNT1 

protein and gene expression in primary mesothelial cell culture directly correlated 
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with peritoneal membrane function in stable PD patients. We also confirmed 

activation of WNT pathways in an experimental model of peritoneal membrane 

injury. Our results indicate that there is an interaction between TGFB and b-

catenin in mediating peritoneal membrane injury and we have identified a novel 

mechanism contributing to EMT and angiogenesis in the peritoneum.  

METHODS 

Recombinant Adenovirus 

AdTGFB was created with TGFB1 cDNA mutated at residues 223 and 225, 

so that the transgene product does not bind to the latency-associated protein and is 

therefore biologically active [45]. AdDKK-1 was kindly provided by Dr. Calvin 

Kuo, Stanford University. A null adenovirus (AdDL) was used as a control. 

Amplification and purification of adenoviruses was performed using CsCl 

gradient centrifugation as previously described [46].  

Human Mesothelial Cell Culture 

A 2L overnight dwell of PD effluent was obtained from 54 stable PD patients 

free from peritonitis for at least 3 months before enrollment. A peritoneal 

equilibration test (PET) was performed at the same clinic visit. The PET was 

carried out using a four hour dwell of 4.25% glucose solution as previously 

described [19]. Solute transport data measured by dialysate to plasma creatinine 

ratio (d/p creatinine). Demographic information including age, time on PD 

therapy, and presence of diabetes was also recorded. For 21 of these patients, we 

developed an ex vivo mesothelial cell culture as previously described [20]. 
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Animal Experiments 

All animal studies were performed according to the Canadian Council on 

Animal Care guidelines. Mice (C57BL/6, 5-6 weeks; Harlan, Indianapolis, IN, 

USA) received an intraperitoneal (IP) injection of 1 × 108 plaque forming units 

(pfu) of first generation AdTGFB or AdDL. AdTGFB was diluted to 100 mL in 

phosphate-buffered saline. Animals (n=6 animals/group) were injected with a 

peritoneal dwell of 3 ml of 4.25% glucose dialysis solution (Dianeal, Baxter, 

Mississauga ON Canada) 30 minutes prior to euthanasia 4 and 10 days after 

infection with adenovirus.  

In the next experiment, 1 × 108 pfu of AdTGFB was administered to C57Bl/6 

mice via IP injection. Starting at day 4, animals were given daily IP injections of 

ICG-001 (Millipore, Etobicoke, ON, Canada) (5mg/kg) for the following five 

days (n=5 animals/group). In the final experiment, C57Bl/6 mice received an IP 

injection of 1 × 108 pfu of AdTGFB + AdDL, AdDKK-1 + AdDL, or AdTGFB + 

AdDKK-1 (n=5 animals/group). Animals were euthanized 10 days after infection 

with AdTGFB, with a 4.25% PD solution peritoneal dwell 30 minutes prior. 

The entire anterior abdominal wall was then removed from euthanized mice 

and divided with the lower section placed in 10% formalin for histological 

analysis and the upper section was placed in 1 mL Easy-blueTM reagent 

(Fraggabio, North York, ON, Canada) for RNA isolation. Omental tissue was 

taken and frozen in liquid nitrogen for protein analysis. 

Gene Expression Analysis 
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Peritoneal mRNA was extracted from sacrificed animals by immersion of the 

parietal peritoneal surface in the Easy-blueTM reagent (Froggabio) for 20 minutes. 

mRNA was also extracted from the ex vivo mesothelial cell culture. 

Concentration of extracted mRNA was determined by Agilent 2100 Bioanalyzer 

using RNA Nano Chips (Agilent Technologies, Mississauga, ON, Canada). 

Samples were diluted to 20ng/ul for the Nanostring assay. NanoString technology 

has been previously described by Kulkarni and colleagues [47]. Briefly, 

customized probes were created for a panel 31 human and 49 mouse WNT 

signaling related genes, genes related to cellular transition, fibrosis, angiogenesis, 

and 4 housekeeping genes (Supplemental tables). mRNA counts were normalized 

using the geometric mean of the 4 housekeeping genes. A codeset consists of 

gene-specific capture probes and reporter probes tagged with a specific 

fluorescent barcode. Probes were hybridized to 100 ng of total RNA. nCounter™ 

Digital Analyzer was used to count the individual barcodes. Positive and negative 

controls were included. We compared a subset of 6 WNT genes to D/P creatinine.  

Histology 

Tissue samples were fixed in a sufficient amount of 10% neutral-buffered 

formalin for 48 hours, followed by 70% ethanol. The tissue samples were then 

processed, paraffin embedded, and cut in 5-um sections. Sections were stained with 

Masson’s trichrome. Sections were also stained using vonWillebrand Factor 

antibody / Factor VIII (Dako, Burlington, ON, Canada) to measure blood vessel 

density. Five images were taken per stained section from each animal. Northern 
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Eclipse software (Empix Imaging, Mississauga, ON, Canada) was used to quantify 

blood vessel density and thickness of the submesothelial zone. 

Immunhistochemistry was completed for the non-phosphorylated form or active 

form of b-catenin using (Millipore) [48]. B-catenin positive cells were counted and 

quantified in photomicrographs using Image J (5 images per section).  

We used immunofluorescence for a-SMA and pancytokeratin to identify 

EMT in the mesothelial and submesothelial layers. We used a monoclonal mouse 

anti-human a-SMA antibody (1:50) (Dako, Burlington, ON, Canada) as a 

mesenchymal marker with a Texas Red goat anti-mouse secondary antibody 

(1:100) (Molecular Probes, Life Technologies). Following this, a FITC labeled 

monoclonal mouse antibody was used against the epithelial marker pan-

cytokeratin (1:50) (Sigma-Aldrich, Oakville, ON, Canada). Cells expressing both 

a-SMA and pancytokeratin were categorized as dual labelled cells undergoing 

EMT and were quantified in the mesothelial cell layer and in the submesothelial 

cell layer from five high-power fields from each section using a blinded approach.  

Protein Analysis 

Protein was extracted from frozen omental tissue by homogenization in a 

standard lysis buffer with proteinase inhibitors. Equal amounts of the protein were 

run on a 8% or 10% SDS-PAGE gel, transferred to a membrane, and probed with 

Dvl2 (1:1000, cell signaling ), b-catenin (1:1000, cell signaling ), p-GSK3B 

(1:1000, cell signaling ), GSK3B (1:1000, cell signaling ) and alpha-tubulin 

(1:1000, Sigma), VEGF (1:1000, Millipore), E-cadherin (1:1000, BD 
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Biosciences). Equal volumes of PD effluent were run on 10% SDS-PAGE gel and 

probed with WNT1 (1:200, Santa Cruz). Coomasie blue staining of the western 

blot was used to obtain a non-specific band for the loading control.    

Statistics 

Significance of correlations were evaluated using Spearman`s coefficient. 

Bonferroni correction was applied for multiple testing. Differences between 

AdTGFB and AdDL treated mice were evaluated using t-test. Differences 

between multiple groups were assessed using ANOVA with Tukey`s post hoc 

analysis. Analysis was carried out using SPSS v 22.0 (IBM, Armonk NY). 

 

RESULTS 

WNT1 is correlated with peritoneal solute transport properties 

We evaluated peritoneal effluents from 54 stable peritoneal dialysis patients. 

These patients were 63 ± 12 (± standard deviation) years old, 44% had diabetes, 

and they had been on peritoneal dialysis therapy for 1.6 ± 1.2 years. From an 

overnight dwell the night before a standard peritoneal equilibrium test [19], we 

established a mesothelial cell culture as previously described [20] and took a PD 

effluent sample. Using NanoString RNA analysis, we characterized the expression 

of WNT genes in the ex-vivo mesothelial cell culture from 21 patients in this 

cohort. We chose to analyze the expression of these genes based on existing 

literature [14,21,22]. WNT1 mRNA extracted from ex vivo cell culture correlated 

with peritoneal membrane solute transport measured by dialysate to plasma (D/P) 
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creatinine (r=0.639, p=0.002). Therefore, higher levels of WNT1 mRNA were 

associated with higher levels of solute transport (Figure 5.1A, B). WNT2 and 

WNT3a were also correlated with D/P creatinine but did not meet significance 

after Bonferroni correction for multiple testing (corrected p<0.008) (Figure 5.1A).  

In order to confirm this association between peritoneal WNT1 and peritoneal 

membrane solute transport, we evaluated WNT1 protein concentration in the 

peritoneal effluent from the entire cohort. WNT1 protein concentration in PD 

effluent and WNT1 gene expression in ex vivo mesothelial cells were 

significantly correlated (r=0.606, p=0.005) (Figure 5.1C). Furthermore, WNT1 

protein concentration in the peritoneal effluent correlated with solute transport 

measured by D/P creatinine (r=0.486, p<0.001) (Figure 5.1D). 

Because WNT1 gene and protein expression demonstrated the strongest 

association with peritoneal membrane function, we evaluated the correlation 

between WNT1 peritoneal mesothelial cell gene expression and the expression of 

31 fibrosis-related genes. Thirteen genes significantly correlated with WNT1 gene 

expression (Figure 5.1E). WNT1 gene expression correlated with the expression 

of other WNTs including WNT2, WNT3A, and WNT11, along with WNT 

inhibitor SFRP2 and the receptor FZD3. WNT1 gene expression also correlated 

with regulatory genes involved in EMT - TWIST and SNAIL1 – and genes 

associated with fibrosis and angiogenesis - MMP7, MMP9, VEGF, angiopoietin 

(ANGPT) 1, and ANGPT2. Several known targets of WNT signaling including c-
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MYC [24], TWIST [24], SNAIL1 [24], MMP7 [25], MMP9 [23], and VEGF [23] 

were correlated with WNT1 expression. 
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WNT Signaling is upregulated in an experimental model of peritoneal injury 

We used an adenovirus to overexpress TGFB in the mouse peritoneal 

membrane and examined the changes in genes associated with fibrosis based on a 

NanoString 49 gene panel. Control adenovirus (AdDL) had no effect on 

peritoneal membrane histology (Figure 5.2A) whereas overexpression of TGFB 

resulted in increased submesothelial thickening and extracellular matrix 

deposition (Figure 5.2B). Ten genes were at least 2-fold significantly upregulated 

4 days after administration of AdTGFB (Figure 5.2C). Of these, 4 genes remained 

significantly elevated 10 days after AdTGFB infection. WNT4 was significantly 

upregulated 4 and 10 days after AdTGFB infection and WNT2 was significantly 

upregulated 4 days after AdTGFB infection. WNT1 was not significantly 

upregulated in response to AdTGFB. The WNT modulating protein SFRP1 was 

also significantly elevated 4 days after induction of fibrosis. 

Six genes were found to be significantly downregulated by at least 2 fold 

after AdTGFB. WNT7B and WNT8A were downregulated at 4 and 10 days after 

Figure 5.1 WNT1 is correlated with peritoneal solute transport properties- 

A) Correlation between expression of selected WNT genes in ex-vivo 

mesothelial cell culture and D/P creatinine. WNT1 expression was 

significantly associated with D/P creatinine. WNT2 and WNT3a were also 

associated, but did not meet significance with correction for multiple testing. 

B) Graph of log(WNT1) and d/p creatinine. C) WNT1 gene expression from 

ex-vivo mesothelial cells correlated with WNT1 protein expression in the PD 

effluent. D) WNT1 protein expression in the peritoneal effluent correlated with 

D/P creatinine. E) From a panel of 31 fibrosis related genes, associations with 

WNT1 gene expression in ex-vivo mesothelial cells are shown.  
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infection (Figure 5.2 E, F). SFRP4 expression was significantly suppressed 4 days 

after AdTGFB administration. 
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WNT/b-catenin signaling is activated during peritoneal membrane injury 

In mice administered AdTGFB, we assessed for changes in b-catenin protein 

expression. B-catenin stained sections of mouse peritoneum revealed that 

expression of active, nuclear b-catenin was increased in mice treated with 

AdTGFB (Figure 5.3A and B). By western blot, there was a 2.5 fold increase in 

peritoneal tissue protein concentration of b-catenin in the peritoneum at both time 

points (Figure 5.3C). DVL2, part of the WNT signaling pathway, was increased 5 

fold after exposure to AdTGFB at day 4 and this was less pronounced at day 10 

(2.5 fold increase) (Figure 5.3D). GSK3B is phosphorylated and inactivated by 

canonical WNT signaling. There was a significant 2.5 fold increase of 

phosphorylated GSK3B at day 4. These effects were less prominent at day 10 

(Figure 5.3E).  

Figure 5.2 - Histology of the peritoneal membrane 10 days after infection 

with adenovirus A) AdDL (control adenovirus) or B) AdTGFB. TGFB 

overexpression is associated with submesothelial thickening and fibrosis 

(arrow). C) Genes significantly upregulated 4 or 10 days after TGFB 

overexpression (D) (fold change compared with control adenovirus treated 

animals). E) Genes significantly downregulated 4 or 10 days after TGFB 

overexpression (F). Genes shown include those with significant difference in 

expression (p <0.05) and more than 2 fold up or downregulation. 

Photomicrographs are stained with Masson’s trichrome, bar = 100 um. TIMP – 

tissue inhibitor of metalloproteinase, IL – interleukin, a-SMA – alpha smooth 

muscle actin, P4H – prolyl hydroxylase 4, ANGPT – angiopoietin, BMP – 

bone morphogenic protein. 
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TGFΒ signals through b-catenin to stimulate angiogenesis  

        

       We have previously demonstrated that TGFB induces angiogenesis during 

peritoneal membrane injury [7] and have shown that MMP9 induced peritoneal 

angiogenesis is related to b-catenin signaling [20]. The link between WNT/b-

catenin signaling and VEGF induced angiogenesis has also been observed in other 

model systems [26]. We hypothesize that a similar connection exists between 

WNT/b-catenin signaling and changes in peritoneal membrane vasculature.  

Mice with AdTGFB induced peritoneal fibrosis were co-treated with an 

adenovirus expressing DKK-1 (AdDKK-1), or the b-catenin inhibitor ICG-001 

[27]. AdDL and AdDKK-1 had little effect on the peritoneal membrane seen 10 

days after infection (Figure 5.4A, B). As seen previously, TGFB induced a 

thickening of the submesothelial zone (Figure 5.4C). The addition of ICG-001 or 

AdDKK-1 had little effect on the gross appearance of TGFB-induced peritoneal 

membrane fibrosis (Figure 5.4D, E). Immunostaining for non-phosphorylated or 

active b-catenin was used to confirm the role of DKK-1 in antagonizing the 

WNT/b-catenin signaling pathway (Fig 5.4F, G). DKK-1 induced a marked 

Figure 5.3 WNT/b-catenin signaling is activated during peritoneal 

membrane injury - A, B) Sections of mouse peritoneum infected with AdDL 

(A) or AdTGFB (B) and stained for active b-catenin. b-catenin expression was 

increased in the peritoneal tissues of mice treated with AdTGFB. Inset is a 

magnified area of mesothelium showing staining. Bar = 100 um. C) Western 

blot of peritoneal tissues demonstrates increase b-catenin concentration 4 and 

10 days after infection with AdTGFB. Similar results were seen with other 

WNT signaling elements DVL2 (D) and pGSK3B (E). F) Representative 

western blot.  TUB1A – alpha tubulin. 
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decrease in b-catenin expression in both mesothelial and submesothelial cells in 

the peritoneum. Positive staining was quantified in Figure 4H.  

 

Submesothelial thickening and peritoneal membrane angiogenesis were 

quantified (Figure 5.5A, B). There was no observed difference in submesothelial 

thickness between mice treated with AdTGFB, or co-treated with AdTGFB and 

ICG-001, or AdTGFB and AdDKK-1 (Figure 5.5A). TGFB alone induced 

angiogenesis in the peritoneum, and both ICG-001 and DKK-1 inhibited this 

angiogenic response (Figure 5.5B). We measured protein concentrations of VEGF 

in mice peritoneal effluent and found reduced levels of VEGF protein in ICG-

001and AdDKK-1 treated mice compared to AdTGFB (Figure 5.5C, D).  

Figure 5.4 TGFΒ activates b-catenin -  (A-E) Trichrome stained sections of 

C57Bl/6 mouse peritoneum 10 days after adenoviral gene transfer of control 

adenovirus (AdDL), AdDKK-1, AdTGFB+AdDL, AdTGFB + ICG-001, 

TGFB+AdDKK-1. F, G) Staining for active b-catenin demonstrates significant 

downregulation in animals treated with both AdTGFB and AdDKK-1. Inset 

shows magnified details of mesothelium. H) Staining quantified. Bar = 100 

um. 
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TGFB promotes EMT via WNT/b-catenin signaling  

TGFB has been observed to stimulate EMT resulting in loss of the 

epithelial phenotype and acquisition of mesenchymal characteristics [10]. During 

peritoneal membrane injury, EMT in the mesothelial cell involves loss of cell 

adhesion proteins such as E-cadherin, reorganization of the cytoskeleton and 

increase expression of alpha smooth muscle actin (a-SMA) resulting in a more 

myofibroblast phenotype [12]. Although it is controversial whether the 

transitioned mesothelial cells invade into the submesothelium [11], these 

transitioned cells do express pro-fibrotic and pro-angiogenic factors such as 

VEGF [28]. There is evidence that WNT/b-catenin signaling may augment the 

TGFB pathway in promoting EMT and we hypothesized that TGFB may be 

interacting with the WNT/b-catenin pathway to promote EMT [10].  

We used immunofluorescence labelling of epithelial and mesenchymal 

markers to identify cells undergoing EMT in the mesothelium and 

submesothelium (Figure 5.6A-C). AdTGFB induced dual labeled cells expressing 

both cytokeratin and a-SMA in the mesothelium and submesothelium (Figure 

5.6A, C). This was inhibited by DKK-1 (Figure 5.6B, C).  

Figure 5.5 TGFΒ signals through b-catenin to stimulate angiogenesis -   

A) Quantification of submesothelial thickness demonstrates that neither DKK-

1 nor ICG-001 affects submesothelial thickening in response to TGFB. B) 

TGFB induces a significant increase in blood vessel density in the peritoneum. 

Both ICG-001 and DKK-1 inhibit this angiogenic response. Peritoneal effluent 

VEGF is significantly increased in response to AdTGFB. Treatment with ICG-

001 and DKK-1 inhibits this response. D) Representative blot of VEGF 

expression in peritoneal fluid. 
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Decreased E-cadherin expression is a hallmark of mesothelial cell 

transition [29] and TGFB has been observed to downregulate the expression of E-

cadherin in peritoneal tissue. We observed an increase in E-cadherin in response 

to DKK-1 (Figure 5.6D, E). 
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DISCUSSION 

 

Our results suggest that, in PD patients, WNT1 is associated with peritoneal 

membrane solute transport measured by D/P creatinine. Peritoneal membrane 

solute transport has been directly associated with peritoneal vascularization [30] 

and we demonstrate in an animal model of peritoneal membrane injury that WNT 

signaling blockade reduces peritoneal angiogenesis.  

We have previously shown that increased D/P creatinine is associated with 

increased risk of mortality in PD patients [31]. Therefore, this observed 

association between WNT1 and D/P creatinine suggests that the WNT signaling 

pathway may be an important target for intervention to prevent chronic damage to 

the peritoneal membrane and improve outcomes for PD patients. Furthermore, 

WNT1 may be a biomarker for clinical outcomes in PD patients.  

The association between an injury marker and peritoneal membrane solute 

transport may be spurious as the marker may be passively transported from the 

blood to the peritoneal effluent [32]. We found that WNT1 gene is expressed in ex 

vivo mesothelial cells culture, and the expression in these cells correlated with 

Figure 5.6 TGFB promotes EMT via WNT/b-catenin signaling - Dual 

staining for cytokeratin and a-SMA in C57Bl/6 mice after adenoviral gene 

transfer. A) Four days after AdTGFB infection, there is an increase in dual-

labeled (cytokeratin, a-SMA) cells which was reduced by co-infection with 

AdDKK-1 (B). Inset shows magnified view of mesothelium with dual labeling 

(A). C) Quantification of dual stained cells shows DKK-1 treatment decreases 

the number of these cells in the in mesothelium (p=0.011) and submesothelium 

(p=.008) compared with AdTGFB alone. D) Protein extracted from omental 

tissue shows that co-infection with AdDKK-1 preserves E-Cadherin expression 

which is downregulated by TGFB. E) Representative western blot. 
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WNT1 protein concentration in the peritoneal effluent (Figure 5.1). These data 

suggest that WNT1 is locally produced in the peritoneal tissues which supports a 

causative role in peritoneal membrane injury. 

Ex vivo mesothelial cells cultured from overnight PD effluent have been 

described previously [33,34]. We have shown that the initial cell collection from 

the peritoneal effluent includes about 5% mesothelial cells, but after 2 passages, 

the cells are virtually 100% cytokeratin positive mesothelial cells [20]. It has 

previously been shown that the phenotype of cultured peritoneal mesothelial cells 

(epithelial-like, non-epitheloid) correlates with peritoneal solute transport 

properties [34], and ex-vivo mesothelial cell expression of VEGF correlates with 

peritoneal membrane solute transport [35]. Using the same methodology, we 

demonstrated that MMP9 correlates with peritoneal membrane solute transport 

[20]. The research outlined above uses this same procedure to identify the role of 

WNT signaling in peritoneal membrane injury in PD patients and confirmed this 

in an animal model.  

The WNT signaling pathway as a component of peritoneal membrane 

dysfunction has not been explored in detail. In our own research, we have shown 

that MMP9 cleaves E-cadherin, and this initiates a signaling cascade that leads to 

peritoneal membrane angiogenesis [20]. This response was blocked by the b-

catenin inhibitor ICG-001 [20]. Zhang and colleagues previously outlined the role 

of WNT/b-catenin signaling in EMT of peritoneal mesothelial cells [17]. Ji and 

colleagues recently demonstrated that b-catenin contributes to EMT in a model of 
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dialysate induced peritoneal fibrosis. Their results confirm our findings with a 

reduction in peritoneal membrane injury using ICG-001 [36]. Our research 

extends these observations from a mouse model of peritoneal membrane injury to 

PD patients samples. 

Our results differ from those of Ji and colleagues as they demonstrated a 

decrease in fibrosis in response to b-catenin inhibitor, ICG-001 [36]. In our work, 

ICG-001 did not have any significant effect on fibrosis. The difference may be 

explained by the models used. Ji and colleagues used a chronic infusion model 

involving daily exposure to peritoneal dialysis fluid for a period of 30 days [36]. 

In this model, peritoneal dialysis fluid directly injures the mesothelial cells 

resulting in TGFB production and epithelial to mesenchymal transition. TGFB 

production from these injured mesothelial cells is likely an important component 

of peritoneal membrane fibrosis inducing myofibroblasts to secrete ECM. In this 

model, ICG-001 was administered at the earliest stage of injury as it was 

combined with delivery of PD fluid and is likely to act on initial injury to the 

mesothelium. Therefore, in this model ICG-001 prevented both peritoneal EMT 

and fibrosis [36]. Our model directly induces TGFB by adenovirus gene transfer 

to the peritoneum and circumvents the step of initial injury to the mesothelium. 

TGFB works in a positive feedback loop to induce injury to the mesothelium 

resulting in EMT and greater production of TGFB. Therefore, blocking b-catenin 

signaling does not have significant effects on peritoneal fibrosis. This model is 

more suitable for studying the development of peritoneal angiogenesis. We were 
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able to demonstrate a causative role of WNT signaling on TGFB-induced 

angiogenesis by directly blocking this pathway using DKK1 or ICG-001. 

In peritoneal membrane injury, EMT refers to transition of mesothelial cells 

to a myofibroblast phenotype with subsequent migration of these cells into the 

interstitium where they play a role in fibrosis and angiogenesis [12]. There have 

been mixed findings with regard to the role of EMT in peritoneal membrane 

injury using lineage tracing experiments. Chen and colleagues found that 

submesothelial myofibroblasts were derived from existing fibroblasts [11]. Lua 

and colleagues, using the similar lineage tracing techniques, found that 17% of 

submesothelial myofibroblasts were derived from transformed mesothelial cells 

[37]. 

Our research suggests that mesothelial cells may undergo transition with 

decreased E-cadherin expression and increased a-SMA associated with increased 

EMT related transcription factors such as SNAIL1 [38]. Migration of these 

transformed mesothelial cells into the interstitium is variable depending on the 

extent of injury to the peritoneal tissues. Further, we have demonstrated that 

transitioned mesothelial cells are a source for VEGF, and thus promote peritoneal 

angiogenesis [13,35]. Therefore, we believe that EMT, whether invasive or ‘in 

situ’ is an important first step in promoting peritoneal membrane changes 

including fibrosis and angiogenesis. Our data suggest that blockade of WNT 

signaling through AdDKK1 significantly reduced evidence of EMT through a 

reduction in dual labeled a-SMA / cytokeratin cells and an increase in E-cadherin 
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expression. Our results are supported by a recent study by Ji and colleagues where 

chlorhexidine induced peritoneal membrane injury and EMT was reversed with 

ICG-001 [36]. 

The WNT profile in ex vivo mesothelial cell culture and in the mouse model 

of peritoneal fibrosis were different. We saw an association between WNT1, 2, 

and 3A with D/P creatinine as a marker of peritoneal membrane injury. In the 

mouse model, TGFB1 induced an increased expression of WNT4 and WNT2, but 

WNT1 was unchanged. In previous animal models of renal fibrosis, multiple 

WNT ligands are upregulated simultaneously [39]. There are redundancies in 

action of WNTs, and some WNT ligands may be upregulated in response to the 

injury and not have a direct causal role [40]. Therefore, it is not unexpected that a 

different WNT profile would emerge in an animal model vs human pathology.  

Ours is the first study to identify a role for WNT signaling in peritoneal 

membrane angiogenesis. There is extensive evidence of WNT involvement in 

angiogenesis in other biologic processes. b-catenin has been shown to stimulate 

tumor angiogenesis by upregulating VEGF [41] and also regulates vascular 

development during embryogenesis [42]. We previously observed MMP9 to 

induce angiogenesis in the peritoneal membrane by cleaving E-cadherin and 

signaling through b-catenin [20]. In this study, we investigated the direct role of 

the WNT/b-catenin pathway in TGFB induced peritoneal membrane injury. We 

used two different inhibitors to silence WNT/b-catenin signaling in the mouse 

peritoneum and examine the effect on peritoneal angiogenesis. ICG-001 acts by 
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suppressing b-catenin associated t-cell factor/lymphoid enhancer factor signaling 

by obstructing the interaction with cyclic AMP response element-binding protein 

[43]. DKK-1 sequesters the LRP5/6 co-receptor of the frizzled receptor complex 

resulting in suppression of the WNT/b-catenin signaling pathway [44]. We 

demonstrate that TGFB mediates angiogenesis by signaling through b-catenin, 

however we did not observe any direct effect on peritoneal fibrosis. This is likely 

due to the fact that, in our model, fibrosis is driven directly by TGFB1 driven by 

the adenovirus gene transfer. This process is unlikely to be affected by WNT 

signaling, whereas downstream TGFB-mediated processes such as angiogenesis, 

are WNT dependent.  

Peritoneal fibrosis is an irreversible process that still does not have effective 

treatment available. Peritoneal fibrosis and angiogenesis lead to increased solute 

transport, decreased ultrafiltration failure, and eventual peritoneal membrane 

failure. A better understanding of these phenomena is required to improve the 

current therapeutic strategies and understanding the role of WNT signaling may 

provide some insight on the mechanisms behind peritoneal membrane injury to 

improve PD in the future. 
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PREFACE 

WNT signaling can be separated into the canonical b-catenin dependent 

pathway and the non-canonical b-catenin independent pathway. In the previous 

Chapter, we elucidated the role of canonical WNT/b-catenin signaling in 

peritoneal membrane injury. The WNT ligands have been sorted as canonical vs 

non-canonical based on their ability to activate b-catenin. Non-canonical WNT 

signaling has been observed to regulated cell polarity and intracellular levels of 

calcium. Interestingly, some non-canonical WNT signaling members such as 

WNT5A have the ability to inhibit canonical WNT/b-catenin signaling. This is of 

particular interest because we previously showed that aberrant WNT/b-catenin 

signaling induces peritoneal membrane injury. Accumulating evidence have 

shown WNT5A to inhibit b-catenin dependent signaling in the presence of 

receptor Ror2. WNT5A has been observed to have deleterious effects in the 

presence of FZD receptors. We hypothesize that non-canonical WNT5A and Ror2 

may protect against peritoneal membrane injury. In this Chapter, we confirm the 

role of WNT5A and Ror2 in protecting against peritoneal membrane injury. We 

also demonstrate that WNT5A can block canonical WNT/b-catenin signaling in 

TGFB induced peritoneal membrane injury.  

Manreet Padwal designed the study, performed all experiments and data 

analysis. AdTGFB was amplified by Limin Liu. Adenovirus expressing WNT5A 

was provided by Dr.Tong Chuan He from The University of Chicago Medical 

Center and was amplified by Manreet Padwal with the assistance of Limin Liu. 
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Histology support was carried out by Mary Jo Smith. Manreet Padwal wrote the 

original draft of the manuscript. Dr. Peter Margetts contributed to the concept of 

this paper, interpretation of the data, and reviewed the final manuscript. 
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ABSTRACT 

Patients on peritoneal dialysis are at risk of developing peritoneal fibrosis 

and angiogenesis which can lead to dysfunction of the peritoneal membrane. 

Recent evidence has identified cross-talk between transforming growth factor beta 

(TGFB) and the WNT/b-catenin pathway to induce fibrosis and angiogenesis. 

Limited evidence exists describing the role of non-canonical WNT signaling in 

peritoneal membrane injury. Non-canonical WNT5A is suggested to have 

different effects depending on the cell surface receptor that is present. WNT5A 

has been implicated in antagonizing canonical WNT/b-catenin signaling in the 

presence of receptor tyrosine kinase like orphan receptor (Ror2). We co-expressed 

TGFB and WNT5A using adenovirus and examined its role in the development of 

peritoneal fibrosis and angiogenesis. The treatment of mouse peritoneum with 

AdTGFB and AdWNT5A resulted in a decrease in submesothelial thickness. We 

also observe a decrease in angiogenesis and reduced levels of vascular endothelial 

growth factor (VEGF). Our observations demonstrated that WNT5A blocks 

WNT/b-catenin signaling by decreasing levels of phosphorylated glycogen 

synthase kinase 3 beta (GSK3B). To examine the function of Ror2, we 

overexpressed TGFB and used an siRNA against Ror2 in MET5A cells. In 

MET5A cells, levels of VEGF and fibronectin were significantly increased in 

response to Ror2 silencing. Our results suggest that WNT5A protects against 

peritoneal injury by antagonizing the WNT/b-catenin pathway and this may 

depend on receptor context.   
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INTRODUCTION  

Peritoneal dialysis (PD) is a common treatment for patients with chronic 

kidney disease or end stage renal disease [1]. The healthy peritoneum is a 

semipermeable membrane consisting of a superficial mesothelial layer, a 

basement membrane and a thin submesothelial zone [2,3]. During PD, 

hyperosmotic dialysis fluid is used to generate a concentration gradient, which 

drives diffusion of fluids and dissolved substance across the peritoneal membrane. 

This results in the removal of wastes and toxins from the blood [4]. Continuous 

time spent on PD results in two major structural changes in the peritoneum 

including thickening of the submesothelium and expansion of the membrane 

vasculature [1,2]. Studies have also documented a change in peritoneal membrane 

function recorded as an increase in solute transport [5]. The increase in 

angiogenesis is associated with an increase in solute transport rate and a decline in 

the ultrafiltration capacity [3,4,6]. Decreased ultrafiltration capacity, combined 

with loss of residual renal function, may predict for subclinical volume expansion 

which is associated with inflammation and cardiac hypertrophy [7]. 

Transforming growth factor beta (TGFB) is a predominant cytokine 

involved in the initiation and progression of peritoneal fibrosis [3,4]. Mesothelial 

cells secrete TGFB in response to injury from dialysis solutions and possible 

infection [4]. Active TGFB has been observed to induce changes in peritoneal 

structure including thickening of the submesothelial zone and angiogenesis. In 

conjunction with TGFB, the WNT signaling family has also been reported to play 
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an important role in the initiation and progression of fibrosis in different organ 

systems [8,9]. WNT signaling can be separated into canonical signaling and non-

canonical signaling; canonical WNT signaling utilizes a b-catenin dependent 

pathway. Canonical WNT signaling has been observed to interact with the TGFB 

pathway to potentiate fibrosis in the kidney [8,9], liver [10], lungs [11] and the 

skin [12]. The WNT family of proteins can be loosely separated into canonical vs 

non-canonical WNT ligands and WNT5A is considered a prototypical non-

canonical WNT protein [13]. 

The role of WNT signaling in peritoneal membrane injury has been recently 

clarified. We examined the interaction between TGFB and WNT signaling in the 

development of peritoneal fibrosis and angiogenesis. We observed WNT/b-

catenin signaling to be active during TGFB induced peritoneal membrane injury 

and our results suggest cross-talk with the TGFB pathway during the development 

of injury. We used DKK-1 to inhibit WNT/b-catenin  signaling and observed a 

decrease in both angiogenesis and also epithelial to mesenchymal transition 

(EMT) [14]. In a similar study of dialysis infused peritoneal fibrosis, b-catenin  

was shown to induce EMT [15]. Our results concur with reports of WNT 

signaling in other fibrotic diseases [9-11, 16-18]. 

 The majority of studies in fibrotic diseases have focused on the role of b-

catenin dependent signaling. There are few studies on the pathological role of 

non-canonical WNT5A in fibrosis. Physiologically, WNT5A has been observed to 

regulate cell polarity and intracellular calcium levels through the planar cell 
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polarity pathway (PCP) and calmodulin-dependent protein kinase II pathway, 

respectively [19]. During acute wound repair, the fibroblast deposits extracellular 

matrix and myofibroblasts migrate to mediate contraction of the wound. In vitro 

studies of wound healing have demonstrated that WNT5A induces cell migration 

and assists in wound closure suggesting a potential role in preventing fibrosis [13, 

20, 21]. A few studies have revealed elevated levels of WNT5A in fibrosis of the 

liver [22] and in patients with idiopathic pulmonary fibrosis and acute lung injury 

[23-25]. Although these studies shed some light on the gene expression profile of 

WNT5A, further investigation is required to understand why WNT5A is 

upregulated during wound healing and fibrosis and if it is exerting a positive or 

negative effect. Emerging studies in fibrosis suggest that WNT5A contributes to 

progression of fibrosis by inducing fibroblast proliferation [26-28] and by 

inducing matrix production [29,30]. In the studies that have analyzed receptor 

environment, the Frizzled (FZD) family of receptors have been involved in 

mediating the injurious effects of WNT5A [31].  

In studies of tumorigenesis, WNT5A has been reported to have opposing 

effects. WNT5A has been shown to work as a tumour suppressor in certain types 

of cancer [32-34]. In contrast to this, WNT5A has been associated with the 

progression of many cancer types and its expression is highly related to invasion 

and metastasis [21-35]. Moreover, in the process of epithelial to mesenchymal 

transition (EMT) WNT5A been reported to suppress EMT [33], but also induce 

EMT during tumor development [36]. WNT5A has also been described to 
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regulate vascular development during normal embryogenesis playing a role in 

endothelial cell differentiation as well as during tumor development [37]. Overall, 

the adverse effects of WNT5A seem to occur in the presence of FZD [36] and we 

hypothesize that the role of WNT5A may be depend on receptor context. 

WNT5A has been observed to mediate signaling through receptor tyrosine 

kinase- like orphan receptor 2 (Ror2) and through FZD 3, 4, 5 and LRP5/6. 

WNT5A and Ror2 have been demonstrated to interact physically and also 

functionally by activating the PCP pathway to regulate the cytoskeleton during 

embryogenesis [38]. Ror2 can also interact with several canonical WNT proteins. 

In addition to this, accumulating evidence suggests that WNT5A can have both 

antagonistic and agonistic effects on the WNT/b-catenin  pathway based on the 

receptor it is signaling through [13,39]. Mikels et al investigated the signaling of 

WNT5A in the presence of two different receptors, Ror2 or FZD4 [13]. Ror2 was 

observed to interact with WNT5A to inhibit the WNT/b-catenin pathway. 

However, in the presence of FZD 4, WNT5A potentiated WNT/b-catenin  

signaling [13,40].  

There is very little evidence of the role of WNT5A and Ror2 in peritoneal 

membrane injury. Aberrant WNT/b-catenin signaling has been established to 

contribute to progressive fibrosis in several different organs [8,10,41]. Therefore, 

we hypothesize WNT5A may block canonical WNT signaling and protect against 

development of injury. In our study we examined the function of WNT5A in 

TGFB induced peritoneal membrane injury. We found WNT5A protected against 
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fibrosis and angiogenesis in the mouse peritoneum by inhibiting the WNT/b-

catenin pathway. We evaluated whether WNT5A signaling differs based on 

receptor context. We blocked Ror2 using an siRNA and overexpressed TGFB in 

both MET5A cells and mesothelial cells from patients. We found that WNT5A 

signals through Ror2 to regulate levels of VEGF and fibronectin.  

 

METHODS 

Recombinant Adenovirus 

The construction of the adenovirus vector AdTGFB has been previously 

described. AdTGFB expresses constitutively active TGFB1 [42]. AdTGFB was 

created with TGFB1 cDNA mutated at residues 223 and 225, so that the transgene 

product does not bind to the latency-associated protein and is therefore 

biologically active. A null adenovirus (AdDL) was used as a control. AdWNT5A 

expressing murine WNT5a was a kind gift from Dr. Tong Chuan He. 

Amplification and purification of adenoviruses was performed using CsCl 

gradient centrifugation as previously described. Titration of adenovirus was 

completed using 293 cells as previously described [42]. 

Animal Experiments 

All animal studies were performed according to the Canadian Council on 

Animal Care guidelines. Mice (C57BL/6, 5-6 weeks; Harlan, Indianapolis, IN, 

USA) were injected intrapertioneally with 1 × 108plaque forming units (pfu) of 

first generation AdTGFB + AdDL (n=4 animals/group) or AdWNT5A + AdDL 
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(n=4 animals/group). AdTGFB or AdWNT5A was diluted to 100 mL in 

phosphate-buffered saline. Animals were infused with a peritoneal dwell of 4.25% 

glucose dialysis solution an hour prior to sacrifice. Animals were anesthetized 

with isoflurane (MTC Pharmaceuticals, Cambridge, ON, Canada) and sacrificed 

at day 10.  

At sacrifice, the entire anterior abdominal wall was then removed and divided 

into two sections. The lower section was placed in 10% formalin for histological 

analysis and the upper section was placed in 1 mL Easy-blueTM reagent 

(Froggabio) for RNA isolation. Omental tissue was taken and frozen in liquid 

nitrogen for protein analysis. 

Cell Culture Experiments 

 Human mesothelial cells were cultured from peritoneal effluent obtained 

from one patient undergoing peritoneal dialysis. PD effluent was centrifuged and 

mesothelial cells were resuspended in F12 media and cultured. Human MET5A 

cells were cultured in M199 media (Sigma-Aldrich Canada Ltd, Oakville, ON, 

Canada). 

Human MET5A cells (ATCC, Manassas, VA, USA) and mesothelial cells 

from patients were transfected with small interfering RNA (siRNA) against Ror2 

(Stealth, Invitrogen, Burlington, ON, Canada) or nontargetting siRNA (Fisher 

Scientific, Ottawa, ON, Canada). Twenty four hours after transfection, serum 

starved cells were treated with either rTGFB (R&D Systems, Burlington, ON, 
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Canada) at 2.5ng/mL for 8 hours. Cells were harvested to collect supernatant, 

protein and RNA.  

Histology 

Tissue samples were fixed in a sufficient amount of 10% neutral-buffered 

formalin for 48 hours, followed by 70% ethanol. The tissue samples were then 

processed, paraffin embedded, and cut in 5-mm sections. Sections were stained with 

Masson’s trichrome. Sections were also stained using vonWillebrand Factor 

antibody / Factor VIII (Dako, Burlington, ON, Canada) to measure blood vessel 

density. Five images were taken per stained section from each animal. Image J was 

used to quantify blood vessel density and thickness of the submesothelial zone. 

Immunofluorescence  

Immunofluorescence was performed by using a monoclonal mouse anti-

human α smooth muscle action (α -SMA) antibody (1:50) (Dako, Burlington, ON, 

Canada) with a Texas Red goat anti-mouse secondary antibody (1:100) 

(Molecular Probes, Life Technologies) followed by a FITC-labeled monoclonal 

mouse antibody against pan-cytokeratin (1:50) (Sigma-Aldrich, Oakville, ON, 

Canada). Quantification of dual labeled cells in the mesothelial and 

submesothelial zones was completed using ImageJ software (National Institutes of 

Health, Bethesda, MD, USA).  Cells co-expressing a-SMA and pan-cytokeratin 

were classified as dual labeled. Dual labeled cells were identified in the 

mesothelial cell layer and in the submesothelial cell layer from five high-power 

fields from each section using a blinded approach.  
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Protein Analysis 

Protein was extracted from frozen omental tissue by homogenization in a 

standard lysis buffer with proteinase inhibitors. Equal amounts of the protein were 

run on a 8% or 10% SDS-PAGE gel, transferred to a membrane, and probed with 

VEGF (1:1000, Millipore), E-cadherin (1:1000, BD Biosciences), PGSK3B 

(1:1000, Cell Signaling), GSK3B (1:1000, Cell Signaling) Fibronectin (1:1000, 

Sigma), a-SMA (1:1000, Dako), B-actin (1:1000, Sigma ) and alpha-Tubulin 

(1:1000, Sigma).      

Concentration of human VEGF was measured in cell culture supernatant 

using a standard ELISA kit (Sigma-Aldrich Canada Ltd, Oakville, ON, Canada) 

according to the manufacturer’s instructions. 

Gene expression analysis 

RNA was extracted from MET5A cells according to manufacturer’s 

instructions (Invitrogen, Burlington, ON, Canada). The concentration of RNA 

obtained was measured by nanodrop. 1μg of RNA obtained was reverse 

transcribed by RT-PCR. Gene expression of VEGF was determined by 7500 Real 

Time PCR (Applied Biosystems, Foster City, CA). Samples were run in duplicate 

and normalized to 18s housekeeping gene. A standard curve generated from 

pooled mRNA samples was used for comparative quantification. Results are 

reported relative to 18s RNA.  
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Statistical Analysis 

Differences between two groups were evaluated using t-test.  Differences 

between multiple groups were assessed using ANOVA with Tukey`s post hoc 

analysis. Analysis was carried out using SPSS v 22.0 (IBM, Armonk NY). 

 

RESULTS 

WNT5A inhibits TGFB induced fibrosis and angiogenesis  

We co-expressed TGFB and WNT5A to understand its effect on peritoneal 

fibrosis. Adenoviral gene transfer of TGFB induced a significant thickening of the 

submesothelial region, 10 days after infection. AdDL displayed normal peritoneal 

membrane structure (p<0.01). Animals that were co-treated with TGFB and 

WNT5A exhibited a marked reduction in submesothelial thickness (p <0.001) 

(Figure 6.1E). We also assessed angiogenesis by analyzing changes in blood 

vessel density and VEGF protein. Analysis of blood vessels stained for factor VIII 

confirmed that AdTGFB induced an increase in blood vessel density in the 

peritoneum (p=0.001) (Figure 6.1H). AdWNT5A alone did not induce an increase 

in angiogenesis and appeared similar to control adenovirus. Co-expression of 

AdTGFB and AdWNT5A inhibited this response as we observed a reduction in 

blood vessel density (p <0.01) (Figure 6.1G, quantified in Figure 6.1H). We also 

examined levels of VEGF protein in the peritoneal tissue by western blot analysis 
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and we observed a decrease in VEGF in response to AdTGFB and AdWNT5A (p 

= 0.042) (Figure 6.1 I, J).  
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WNT5A inhibits EMT in mesothelial cells 

 We completed immunofluorescent dual staining for cytokeratin and a-

SMA as a measure of EMT in the peritoneal membrane. Addition of TGFB 

resulted in an increase of mesothelial cells co-expressing cytokeratin and a-SMA 

(p = 0.014). Treatment with TGFB and WNT5A suppressed dual labelled cells in 

the mesothelial layer (p = 0.027). Dual labelled cells in the submesothelial zone 

were not significantly affected.   

Figure 6.1 WNT5A Protects against TGFB induce peritoneal 

angiogenesis - (A-D) Trichrome stained sections of C57Bl/6 mouse 

peritoneum after adenoviral gene transfer of AdDL, AdWNT5A, AdTGFB + 

AdDL and AdTGFB + AdWnt5a. (E) Co-expression of WNT5A and TGFB 

results in a decreased submesothelial thickness (p=0.013). (F-G) Factor VIII 

stained sections of mouse pertioneum treated with AdTGFB + DL and 

AdTGFB + AdWNT5A H) TGFB induces an increase in blood vessel density 

in the pertioneum. Ad TGFB + AdWnt5a inhibits this angiogenic response. I) 

Representative blot (J) Wnt5a inhibits levels of VEGF in the omentum. 
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Figure 6.2 WNT5A inhibits dual labeled cells in the mesothelial layer - Immunofluorescence for cytokeratin and 

a-SMA in C57Bl/6 mice after adenoviral gene delivery. A) AdDL treated mice demonstrate normal peritoneal 

membrane structure with cells expressing cytokeratin and little a-SMA. B) Mice treated with AdWNT5A also 

exhibit normal structure similar to controls. C) Infection with AdTGFB increase dual labeled cells in the mesothelial 

layer. D) Co-infection with AdTGFB and AdWNT5A resulted in a significant decrease in dual labeled cells in the 

mesothelial layer. E) Quantification of dual labelled cells demonstrates that WNT5A inhibits mesothelial cell 

transition. 

E 
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WNT5A antagonizes WNT/b-catenin signaling 

We observed that co-expression of WNT5A and TGFB attenuated fibrosis 

and angiogenesis and therefore exhibits protection against peritoneal membrane 

injury. Studies have inconsistently reported WNT5A as either inducing or 

protecting against injury in the setting of wound healing. Furthermore, some 

studies have reported the antagonism between b-catenin dependent and 

independent signaling. These studies demonstrate that WNT5A activity is 

dependent on the receptor context. In the presence of FZD, WNT5A activates 

WNT/b-catenin and in the presence of Ror2, WNT5A inhibits WNT/b-catenin 

[13]. We hypothesized that WNT5A is antagonizing WNT/b-catenin signaling to 

reduce fibrosis and angiogenesis. To assess this, we analyzed levels of 

phosphorylated glycogen synthase kinase 3 beta (PGSK3B) in animals co-treated 

with AdWNT5A and AdTGFB and compared this to animals treated with 

AdTGFB alone. Activation of WNT signaling results in phosphorylation of 

GSK3B and stabilization of b-catenin [10]. Western blot analysis revealed a 

marked decrease in relative PGSK3B in response to AdTGFB and AdWNT5A 

compared to AdTGFB alone (p=0.008) (Figure 6.2A,B).  
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WNT5A signals through Ror2 to regulate fibrosis and angiogenesis   

 WNT5A appeared to inhibit fibrosis and angiogenesis in our peritoneal 

fibrosis model. We therefore investigated the mechanism by which WNT5A 

downregulates fibrosis and angiogenesis related mediators. WNT5A has been 

documented to signal through two different families of receptors including Ror2 

and FZD. Existing evidence suggests that WNT5A has differential roles based on 

Figure 6.3 WNT5A inhibits canonical WNT/b-catenin  

signaling - (A) Representative blot (B) Western blot analysis 

revealed a marked decrease in relative PGSK3B in response to 

WNT5A compared to TGFB (p=0.008).   
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the receptor context and inhibits WNT/b-catenin  signaling in the presence of 

Ror2 [13]. We hypothesized that WNT5A may be signaling through Ror2 to 

protect against angiogenesis. To examine this, we exposed MET5A cells to 

recombinant TGFB and used an siRNA to block Ror2. Ror2 was successfully 

silenced. Scrambled RNA was included in the control group. TGFB induced an 

increase in fibronectin (p=0.002) and this effect was amplified with an siRNA 

against Ror2 (p<0.01) (Figure 6.3A, B). We observed increased levels of VEGF 

mRNA in response to TGFB. Furthermore, blocking Ror2 resulted in an even 

greater augmentation of VEGF mRNA (p = 0.009) (Figure 6.3C). Similarly, we 

analyzed levels of VEGF protein in supernatant from cultured mesothelial cells 

and observed the same effect (p<0.001). TGFB induced an increase in VEGF 

protein and this effect was exacerbated in response to an siRNA against Ror2 

(p<0.001) (Figure 6.3D).
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We repeated this experiment in mesothelial cells cultured from peritoneal 

effluent from a patient sample. Analysis of VEGF protein in the supernatant of 

these mesothelial cells demonstrated a similar trend in response to TGFB as 

observed in the MET5A cells (p<0.01) (Figure 6.5). With the addition of siRor2, 

levels of VEGF were found to be increased compared to TGFB alone, however 

this was not significant (Figure 6.5). Collectively, these results suggest Ror2 is 

involved in protecting against angiogenesis by regulating levels of VEGF gene 

and protein expression in both MET5A cells and mesothelial cells cultured from 

patient peritoneal effluent. 

 

Figure 6.4 WNT5A signals through Ror2 to regulate fibrosis and 

angiogenesis - (A) Representative Blot (B) Western blot analysis of fibronectin 

demonstrated an increase in response to recombinant TGFB (p=0.002). 

Blocking Ror2 exacerbated this effect (p<0.01) (C) Quantitative analysis of 

VEGF mRNA: TGFB induced an increase in VEGF mRNA. When using an 

siRNA to block Ror2, there was a further increase in VEGF mRNA (p=0.009) 

(D) ELISA analysis of VEGF protein in cell culture supernatant. TGFB 

induced an increase in VEGF protein levels (p<0.001). When using an siRNA 

to block Ror2, there was an even greater effect on the increase in VEGF protein 

(p= 0.008). 
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DISCUSSION 

Patients undergoing peritoneal dialysis begin to develop a change in 

peritoneal membrane structure including fibrosis and angiogenesis. Peritoneal 

fibrosis has been associated with a decline in ultrafiltration capacity by altering 

hydraulic conductance of the membrane [42]. Expansion of peritoneal vasculature 

is also suggested to be associated with increased solute transport or leakiness of 

the membrane [4]. High solute transport results in increased reabsorption of 

Figure 6.5 ELISA analysis for VEGF from human mesothelial cells 

cultured from patient peritoneal effluent - Recombinant TGFB induced an 

increase in VEGF protein ((p=0.003). Similar to what was observed with the 

MET5A cells, there is an in VEGF when cells were treated with TGFB and an 

siRNA against Ror2 although not significant.  
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glucose and loss of the solute gradient that drives ultrafiltration [3]. Although 

fibrosis and angiogenesis are interrelated events, angiogenesis is suggested to 

have a greater impact on solute transport and may be a more important therapeutic 

target [4].  

In this study, we assessed the role of WNT5A, in the development of both 

fibrosis and angiogenesis and observed it protects against both elements of 

peritoneal membrane injury. Addition of WNT5A to the mouse peritoneum 

resulted in reduced submesothelial thickness and blood vessel density. 

Accumulating evidence has described WNT5A to exhibit distinct effects 

depending on the cell surface receptor that is present. Studies of angiogenesis 

report that WNT5A can either stimulate [44] or inhibit endothelial cells [45] and 

its effect may be attributed to receptor context. Emerging functional studies in 

fibrosis have suggested a more deleterious role for WNT5A in fibrosis [26] and 

most have shown WNT5A to exacerbate injury in the presence of FZD receptors. 

For instance, in a study of asthma development WNT5A and TGFB resulted in 

ECM production in airway smooth muscle cells and these cells demonstrated high 

levels of FZD8. This WNT receptor was observed to regulate TGFB induced 

expression of collagen and fibronectin. Minimal levels of Ror2 expression were 

observed in these cells and Ror2 was not further investigated [29]. In other 

studies, WNT5A has been observed to mediate cell migration in the presence of 

FZD1, 2 and 7 [46,47]. In our study, we examined the receptor environment in 

injured mesothelial cells by blocking Ror2. Ror2 mediated protective effects in 
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injured mesothelial cells. Overexpression of TGFB induced an increase in 

fibronectin and VEGF. When Ror2 was silenced, levels of fibronectin and VEGF 

protein were exacerbated. In addition to this, we observed a similar response in 

mesothelial cells cultured from patients on PD.  

In contrast to our observations, WNT5A and Ror2 were shown to contribute 

to injury in a recent study of renal fibrosis [30]. WNT5A and Ror2 were both 

elevated after unilateral ureteral obstruction (UUO) and Ror2 expression was 

associated with expression of EMT related proteins. Ror2 heterozygotes were 

generated to partially reduce Ror2 and exposed to UUO, but did not yield altered 

levels of EMT markers. However, lower levels of Ror2 did result in reduced 

damage to the basement membrane [30]. Although this study suggests that Ror2 is 

contributing to injury, it is unclear how this receptor is functioning in the context 

of WNT5A. It may be acting as a co-receptor alongside FZD and stimulating a 

different pathway. Moreover, Ror2 heterozygotes still express Ror2 to some 

degree. Interestingly, Ror2 heterozygotes showed an increase in Dvl2 which is a 

component of both canonical and non-canonical WNT signaling. In our study, we 

directly co-expressed WNT5A with TGFB and observed protection against both 

angiogenesis and fibrosis. In vitro, we used siRNA against Ror2 successfully 

silenced Ror2 to a greater extent. Overall, further investigation is required to 

understand the mechanism by which Ror2 is acting and which downstream 

pathways it may be activating or inhibiting during the development of injury. 

Moreover, several transcription factors regulate the expression of WNT5A which 
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is different in each cell type; thus surrounding signaling pathways require closer 

analysis [31].  

It has become apparent that WNT5A can also regulate b-catenin dependent 

signaling. Mikels et al., observed the dual nature of WNT5A where it could both 

activate and inhibit the canonical WNT/ b-catenin signaling pathway depending 

on the cell surface receptor that was present. In the presence of FZD4, WNT5A 

increased b-catenin levels. Paradoxically, in the presence of Ror2, WNT5A 

suppressed b-catenin activity in vitro [13]. Therefore, WNT5A can lead to 

activation of two discrete pathways based on receptor context and these 

observations were validated in other studies [48]. Levels of b-catenin are 

controlled by a complex of proteins including GSK3B which marks b-catenin for 

ubiquitination and degradation. When WNT signaling is turned on, GSK3B is 

phosphorylated and inactivated resulting in stabilization of b-catenin and 

upregulation of its target genes. We found WNT5A induced a decrease in 

PGSK3B and may be implicated in antagonizing WNT/b-catenin signaling. Our 

results agree with other studies where WNT5A has inhibited canonical WNT 

signaling in the development of cancer [49]. Other groups have reported that 

WNT5A blocks transcriptional activity of b-catenin and does not directly impact 

levels of PGSK3B or b-catenin protein levels [13,38,50,51]. Our results 

demonstrate a more upstream effect as we observed WNT5A to reduce levels of 

PGSK3B. The molecular mechanism by which WNT5A regulates WNT/b-catenin 

signaling requires further investigation.  
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The peritoneal membrane is a lifeline for patients with end stage kidney 

disease on peritoneal dialysis therapy. We know that injury to the peritoneum 

increases the risk of technique failure and mortality. This current research 

expands potential therapeutic options for preservation of the peritoneal membrane 

in PD patients. Based on our findings, we suggest WNT5A blocks the canonical 

WNT pathway to reduce both fibrosis and angiogenesis in the peritoneum and 

Ror2 is a potential candidate for mediating these effects. Although further 

investigation is necessary, the dual nature of WNT5A may be used as a method of 

targeting and blocking aberrant WNT/b-catenin signaling to prevent progression 

of injury.  
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Peritoneal membrane injury is a common complication observed in 

patients undergoing long-term peritoneal dialysis. This condition consists of 

thickening of the submesothelial layer and expansion of the peritoneal vasculature 

as a result of bioincompatibility of dialysis fluids and recurring episodes of 

peritonitis [6]. The observed changes in peritoneal membrane structure are 

associated with changes in peritoneal membrane function. The increase in blood 

vessel density is thought to be the major contributor of changes in peritoneal 

membrane filtration [28]. The presence of a higher number of blood vessels, 

changes in surface area and permeability of these vessels results in an increase in 

solute transport across the peritoneal membrane [10,26]. High solute transport is 

associated with reabsorption of glucose and volume expansion increasing the risk 

of hypertension and related cardiovascular events [198]. Furthermore high solute 

transport is also associated with reduced osmotic conductance and poorer clinical 

outcomes [26,28]. As a result of these complications, many of the patients on PD 

must be switched to hemodialysis or receive a transplant which may not be readily 

available [199]. Therefore, it is important to understand how we can better protect 

and preserve the peritoneal membrane for patients on PD.  

TGFB and the appearance of the myofibroblast have been recognized as 

the main initiators of both peritoneal fibrosis and angiogenesis [55]. The 

mechanism by which TGFB induces injury in the peritoneal membrane has not 

fully been elucidated. In previous work, we have generated an adenoviral vector 

expressing TGFB and have used this to create a model of peritoneal membrane 
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injury. Addition of AdTGFB to the mouse peritoneum has recapitulated the 

changes in peritoneal membrane structure observed in patients on PD including 

submesothelial thickening and increased blood vessel density [55]. The 

adenovirus can effectively transfer the candidate gene to the peritoneum and yield 

high levels of transient and stable gene expression. In addition to this, adenoviral 

vectors can hold large segments of DNA which are easy to manipulate and 

transfer into non proliferating cells [200].  In this model, active TGFB is 

maximum at day 4 and day 7 up until day 14. Significant changes in peritoneal 

membrane structure begin to appear at day 4 and this includes increased 

peritoneal thickness, angiogenesis and cellular proliferation. These changes are 

more pronounced at day 7 [55]. This included an increase in levels of VEGF 

which peaked at day 7 after exposure to AdTGFB. This model also mimics 

changes in peritoneal membrane function with significant reductions in 

ultrafiltration from day 4 to 21 until day 28. Other studies have confirmed that the 

adenovirus itself does not induce any acute changes and we have observed similar 

effects with replication-deficient adenoviral vectors. Using a control adenovirus, 

we confirmed the changes in structure and function in the peritoneum were not 

virus-induced effects [55]. Another commonly used model is the chronic infusion 

model of PD which involves daily infusion of dialysis fluid into the rat 

peritoneum over a period of 5 weeks. Although, this model successfully replicates 

components of peritoneal membrane injury, the indwelling catheter has resulted in 

amplification of the inflammatory response [7]. 
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In our model of TGFB induced injury, angiogenesis was associated with 

changes in peritoneal membrane function. This suggests a link between 

vascularization and solute transport. Elevated levels of VEGF and increased 

albumin transport at day 4 suggests that VEGF may induce increased permeability 

of existing blood vessels. Moreover, the sustained increase in blood vessel density 

and decrease in ultrafiltration also indicates that solute transport is associated with 

vascular surface area [55]. Angiogenesis is considered the leading contributor to 

increases in solute transport and volume expansion leading to poorer clinical 

outcomes [28]. Therefore, this animal model allows us to measure angiogenesis 

and angiogenic factors. We have used immunohistochemistry for von Willebrand 

factor as a measure for angiogenesis and we have also assessed gene and protein 

expression of angiogenic factors such as VEGF directly in the peritoneal 

membrane, omental tissue and peritoneal dialysis effluent. 

The Role of MMP9 and WNT Signaling in Peritoneal Angiogenesis  

As angiogenesis of the peritoneal membrane is considered a primary 

contributor of ultrafiltration failure, our research is focused on understanding the 

underlying mechanism behind this process [13]. These findings can be applied to 

similar areas of biomedical research such as the pathogenesis of vascular diseases 

and vascularization of tumours [244, 245]. One of the important steps during 

angiogenesis involves clearance of the extracellular matrix for the formation of 

new vessels. Proteolysis of the basement membrane and remodeling of the matrix 

facilitates the migration and invasion of new endothelial cells [203]. Matrix 
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metalloproteinases play an important role in remodeling of the extracellular 

matrix and MMP2 and 9 have been consistently recognized for their ability to 

degrade collagen IV of the basement membrane [73]. Much of the evidence on the 

function of MMPs in vascular formation comes from studies of malignancy [202] 

and other vascular diseases [204]. Several studies involving knockout of MMP2 

and 9 in tumors demonstrate defects in vessel formation and development. MMP2 

and 9 have also been shown to play a role in regulating angiogenesis during 

normal processes such as embryogenesis [204] and wound repair [205]. In support 

of these studies, our work has shown evidence of the proangiogenic role of 

MMP9 in TGFB induced peritoneal membrane injury. We did not, however, 

observe MMP2 to have a significant effect on angiogenesis suggesting that 

MMP9 is a more critical component to focus on. The discrete effects of MMP2 

and 9 also indicate an independent role for each metalloproteinase.  

We have discovered a novel mechanism by which MMP9 upregulates 

VEGF to induce angiogenesis (Figure 7.1). Substantial evidence exists for the role 

of MMPs in vascular remodeling via upregulation of VEGF [204]. MMPs have 

also been proposed to induce angiogenesis via other mechanisms such as 

proteolysis of the basement membrane and type1 collagen for endothelial cell 

migration and modification of PDGF [204]. Of all the proposed mechanisms 

implicated in angiogenesis, VEGF is a critical factor that has been observed to 

induce endothelial cell proliferation, sprouting and assembly and also affects 

vessel permeability [110]. MMP9 mediates the release of matrix sequestered 
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VEGF in studies of ovarian [110], breast [105], and gastric cancer [202] resulting 

in tumor angiogenesis.  

Although these studies have demonstrated the proteolytic release of VEGF 

by MMPs, our study is the first to demonstrate an interaction between MMP9 and 

the WNT/b-catenin signaling pathway in inducing VEGF (Figure 7.1) [110]. In 

our proposed mechanism, we suggest that MMP9 cleaves E-cadherin and 

activates b-catenin signaling to induce VEGF. Our work provides evidence of E-

cadherin cleavage by MMP9 and our observations are supported by studies of 

cancer [118]. E-cadherin is a cell adhesion protein bound to the cytoskeleton via 

b-catenin  [126]. We suggest that MMP9 cleaves E-cadherin and releases 

membrane bound b-catenin. In the absence of WNT signaling, cytoplasmic b-

catenin is phosphorylated and degraded. We propose that activation of canonical 

WNT signaling stabilizes free b-catenin allowing it translocate to the nucleus to 

upregulate VEGF (Figure 7.1). We examined the interaction between MMP9 and 

WNT signaling by overexpressing MMP9 and used ICG-001 to inhibit activation 

of the WNT pathway. ICG-001 blocks the WNT pathway by disrupting b-catenin  

mediated gene transcription [206]. ICG-001 effectively blocked MMP9 induced 

angiogenesis and resulted in a reduction of VEGF levels in the peritoneal 

membrane. MMP9 gene expression in patient mesothelial cells was also 

associated with gene expression of several WNT related ligands and receptors. 

We propose VEGF is coming from the injured mesothelium and is acting in a 

paracrine manner. We have demonstrated that both MMP9 and WNT signaling 
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cooperate with TGFB to induce angiogenesis. Other studies expand on our 

findings by further examining the interactions between MMPs and WNT 

signaling. Evidence from these studies has shown that MMPs are both upstream 

activators of WNT/b-catenin signaling and downstream targets of b-catenin [207–

209] suggesting a possible positive feedback loop by which b-catenin could 

amplify MMP signaling. We have shown MMP9 induces nuclear translocation of 

b-catenin, but have not examined upstream of this pathway. Thus, combining our 

evidence with these studies prompts further exploration of the interaction between 

MMP9 and WNT/b-catenin signaling to delineate this potential feedback 

mechanism. Combining this work with studies of peritoneal membrane function 

will allow for a better understanding of the contribution of angiogenesis to 

ultrafiltration failure.  
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Figure 7.1 Mechanism of MMP9 and b-catenin Signaling to induce angiogenesis - Injury to the 

mesothelial cells results in production of TGFB which induces EMT. TGFB induces secretion of MMP9 in 

the transitioning cell. E-cadherin is anchored to the cytoskeleton via b-catenin. MMP9 facilitates cleavage of 

E-cadherin which releases b-catenin into the cytosol. At the same time TGFB induces an increase in WNT/ b-

catenin signaling. Cross-talk with WNT signaling stabilizes b-catenin which translocates to the nucleus and 

upregulates proangiogenic genes such as VEGF. 
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Our findings suggest that the TGFB pathway induces activation of the 

canonical WNT signaling pathway. Several reports have investigated the 

mechanism by which these pathways may interact. Reciprocal transregulation has 

been observed in studies of embryogenesis and malignancy where WNT factors 

can regulate members of the TGFB family and conversely TGFB can regulate 

WNT ligand expression [174]. For instance, TGFB has been observed to 

downregulate levels of DKK-1 [143]. In addition, TGFB and WNT signaling have 

also been shown to co-regulate gene expression [210]. In recent studies of 

fibrosis, the convergence of the TGFB and WNT pathway has been observed in 

the nucleus. In pulmonary fibrosis, ICG-001 was shown to block EMT and 

fibrosis. In this study, the TGFB/SMAD3 pathway was observed to interact with 

b-catenin to induce effects of EMT [171]. In dermal fibrosis, overexpression of 

SMAD3 induces b-catenin activity in the absence of TGFB [172]. ICG-001 also 

blocked renal fibrosis independently of SMAD2 signaling [156]. Collectively, 

these data indicate that TGFB is interacting with the WNT pathway and in the 

future, we would like to understand how these factors cooperatively induce 

angiogenesis.  

The proangiogenic role of MMP9 is important in peritoneal membrane 

injury because expansion of peritoneal membrane vasculature is the main factor 

that leads to increased solute transport and failure of ultrafiltration [28]. 

Therefore, it is necessary to understand the exact function of MMP9 in peritoneal 

angiogenesis. We developed an ex vivo cell culture of human mesothelial cells 
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from patient peritoneal dialysis effluent. We used Nanostring technology to 

characterize the gene expression of MMPs and WNT related genes in this ex vivo 

cell culture. We also looked to see if these genes were associated with properties 

of peritoneal membrane function measured by D/P creatinine and D/D0 glucose. 

We found that MMP9 was most strongly correlated with D/P creatinine or 

peritoneal membrane solute transport compared to other MMPs including MMP2. 

In other studies of peritoneal membrane solute transport, MMP2 in peritoneal 

effluent was observed to be associated with solute transport, however MMP9 was 

found at lower concentrations [97–99]. In these studies, peritoneal effluent may 

include systemic amounts of MMP2, therefore confounding the final assessment. 

To account for this, we have measured the local production of MMP9 directly 

from patient mesothelial cells. We found that MMP9 gene expression in human 

mesothelial cells is correlated with expression of WNT related ligands and 

receptors as well as VEGF. From our panel of WNT signaling genes, we observed 

the strongest correlation between WNT1 and peritoneal membrane solute 

transport among other WNT ligands. We provide the first look at peritoneal 

membrane function and WNT related proteins and receptors.  

The WNT signaling pathway can be separated into the canonical and non-

canonical pathway. The canonical pathway is well characterized and involves 

signaling via b-catenin whereas the non-canonical pathway exerts its effects 

independently of b-catenin. Some studies have separated the different WNT 

ligands and receptors into canonical or non-canonical based on their activity in 
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each respective pathway. Prototypically, WNT1, WNT2 and WNT3A are 

considered canonical WNTs and have been observed to signal through the b-

catenin dependent pathway [211]. WNT4, WNT5A and WNT11 have been 

documented to mostly participate in b-catenin independent signaling and therefore 

are considered non-canonical WNT ligands [211]. Physiologically, activation of 

WNT/b-catenin  signaling is mainly observed in vasculature of developing 

organisms but is silenced in adults [212–214].  

We characterized WNT signaling in peritoneal membrane injury and saw 

that it induces angiogenesis, but it did not significantly impact fibrosis. Active 

canonical and non-canonical WNT signaling have been implicated in studies of 

development and human vascular diseases. b-catenin has been shown to directly 

regulate the expression of VEGF and when inhibited, VEGF is decreased [215]. 

WNT/b-catenin promotes proliferation and survival of endothelial cells [163]. The 

WNT system has significant importance in vascular morphogenesis during 

development and during endothelial cell differentiation [136]. Cultured 

endothelial cells have been shown to express many WNT family members 

including WNT ligands but also FZD receptors and co-receptors confirming that 

these cells can respond to WNT signaling [216]. Abnormal levels of b-catenin 

have been associated with angiogenesis in vascular disorders of the eye including 

Norrie disease [159] and diabetic retinopathy [217]. In Norrie disease, 

deficiencies in FZD4/Norrin signaling resulted in defective vascular development 

of the retina [159]. WNT signaling was also found to be active in the retinas of 
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diabetic human and animal models. Blocking WNT signaling using a novel 

inhibitor resulted in decreased levels of VEGF and decreased endothelial cell 

migration [217]. We found that the TGFB pathway interacts with the WNT/b-

catenin pathway to induce injury. WNT signaling is proposed to act through 

several different mechanisms which include both regulating angiogenic factors 

such as VEGF and directly acting on endothelial cell migration. Our work has 

shown that WNT/b-catenin signaling induces an increase in VEGF and blood 

vessel density. Future investigation is necessary to investigate the mechanism of 

interaction between the TGFB and WNT pathway during peritoneal membrane 

injury.  

The role of MMP9 and WNT Signaling in EMT and Fibrosis 

The role for MMPs in extracellular matrix remodeling is well established 

[103]. Traditionally, MMPs have been implicated in reducing fibrosis due to their 

ability to degrade ECM. However accumulating evidence has shown MMPs to 

have both stimulatory and inhibitory functions. MMP2 has been shown to be anti-

fibrotic in the kidney [218] and liver [219]. On the other hand, MMP9 has mostly 

been observed as having pro-fibrotic properties in the kidney [94], lung [220] and 

lens tissue [221]. Studies of lung fibrosis have reported conflicting results of the 

function of MMP9 and therefore further investigation is critical [222,223]. Our 

work has shown MMP9 to be a mediator of angiogenesis with less effect on 

fibrosis. The inconsistencies on the role of MMP9 in fibrosis may be attributed to 

the difference in function of each MMP. Moreover, future studies need to focus 
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on the regulation of these proteins in addition to their functionality. During 

fibrosis, MMPs are regulated at the level of transcription but also post-

translationally by other enzymes [224]. Moreover, diverse MMPs play distinct 

roles and can contribute to fibrosis in a number of different ways including 

regulation of ECM, activating or deactivating the myofibroblast, controlling level 

of inflammation and degree of injury or repair [224].  

In chronic fibrotic conditions, the resolution phase of wound healing is 

defective and the fibrotic matrix is not effectively cleared. At this point, a-SMA 

positive myofibroblasts continue to deposit collagen and is the key effector cell 

contributing to injury. It is unclear where these myofibroblasts originate from, but 

EMT is a potential contributing process. EMT in fibrosis has recently become a 

contentious area of study due to new evidence from lineage tracing studies. This 

powerful technique allows researchers to determine the origin of the 

myofibroblast. An acceptable marker to label peritoneal cells has not been found, 

however Wilms’ Tumor 1 (WT1) has been used to identify mesothelial cells thus 

far [68]. A recent study using this system suggested that the myofibroblast found 

in the submesothelial zone does not come from transitioning mesothelial cells but 

instead from local submesothelial fibroblasts [68]. These results challenge the 

current notion of EMT as a major source of the myofibroblast. However, the 

specificity of this marker prompts further investigation as it did not label all 

mesothelial cells.  
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EMT can be broken into two processes, one which includes epithelial cell 

transition and the second involves invasion of the transitioned cell. We 

hypothesize epithelial cell transition is occurring without invasion (In situ EMT). 

The mesothelial cells may be undergoing an in situ EMT involving cellular 

transition without invasion into the submesothelium. These transitioning cells are 

producing growth factors such as TGFB and VEGF contributing to both fibrosis 

and angiogenesis. Our work has shown evidence for MMP9 induced EMT in the 

peritoneal membrane. Aberrant expression of MMP9 has also been observed to 

induce EMT of renal tubular epithelial cells and in studies of cancer [87,91]. In 

these reports, MMP2 and 9 were also shown to degrade the basement membrane 

to facilitate cellular invasion [113,124].   

Using adenoviral delivery of TGFB, we have also developed an in vivo 

model of EMT and observed that TGFB induces a full EMT phenotype. In a 

follow-up study, we constructed an adenovirus expressing PDGFB. PDGF plays a 

multitude of roles in a number of different biological contexts. PDGF can induce 

cellular proliferation and fibrosis but is also involved in modulating blood vessel 

growth. We have found PDGF to induce a non-invasive phenotype of EMT which 

is comprised of cellular transition without invasion. This non-invasive EMT 

phenotype was associated with a lack of MMP2 and 9 activities and therefore we 

suggested that they are involved in facilitating invasion of transitioned cells.  

WNT1 has been observed to be upregulated in progressive fibrosis of the 

lung, heart and skin. In adriamycin nephropathy, WNT1 gene expression 
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exacerbated podocyte injury and proteinuria [150]. During TGFB induced 

peritoneal membrane injury, we observed activation of WNT/b-catenin signaling 

denoted by increased expression of WNT related genes and proteins. Furthermore, 

our results suggest that WNT/b-catenin signaling pathway is interacting with the 

TGFB pathway to induce injury. Only one other study has looked at WNT/b-

catenin and its function in peritoneal fibrosis [158]. This study uses a dialysate 

induced model of peritoneal fibrosis and detected increased levels of b-catenin, 

GSK3B and SNAIL1 expression in response to injury. Similar to our study, they 

used ICG-001 to inhibit WNT/b-catenin activation and this reversed the levels of 

pGSK3B, b-catenin and SNAIL1. In addition, levels of E-cadherin were rescued 

suggesting WNT/b-catenin induces EMT during injury [158]. ICG-001 has been 

used in other studies of fibrosis and has inhibited renal interstitial fibrosis after 

UUO [156], bleomycin induced lung fibrosis [154] and dermal fibrosis [225].  We 

also used DKK-1 to inhibit WNT/b-catenin signaling which acts by binding to co-

receptor LRP6. EMT was also significantly reduced in response to DKK-1 

verifying that TGFB is interacting with WNT/b-catenin signaling to induce injury. 

ICG-001 and DKK-1 only provide a knock down approach to blocking WNT/b-

catenin signaling. A tissue specific knockout mouse would be a more suitable 

model that could be used to validate our results. 

WNT5A Protects Against Peritoneal Membrane Injury 

WNT5A has the ability to activate both the b-catenin dependent pathway 

as well as two b-catenin independent pathways including the PCP and the 
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WNT/calcium pathway. WNT5A has been documented to exhibit differential 

effects depending on receptor context. WNT5A has the ability to signal through 

FZD 3, 4 and 5 and also through Ror2. Studies of WNT5A in angiogenesis and 

fibrosis have shown conflicting results and this may be attributed to receptor 

context. WNT5A can stimulate or inhibit angiogenesis during embryogenesis 

[226] and cancer development [227].  Recent studies have come to profile the 

gene expression of WNT5A in fibrosis and have found it to be upregulated in the 

liver and the lung [188]. Furthermore, functional studies have reported deleterious 

effects for WNT5A in fibrosis and inflammatory diseases, almost always in the 

presence of FZD receptors [189]. Inconsistent reports from studies of malignancy 

have also shown a dual role for WNT5A capable of inducing and attenuating 

EMT [228,229]. Our work shows that WNT5A inhibits peritoneal fibrosis and 

angiogenesis and therefore suggests a more protective effect. Moreover, we saw 

that WNT5A attenuated EMT in mesothelial cells in TGFB induced injury. The 

conflicting data from existing studies led us to hypothesize that WNT5A signaling 

is dependent on the cell surface receptor that is present and it may exhibit 

differential effects as a result of this. In the studies that examined receptor 

environment, WNT5A usually had adverse effects in the presence of FZD 

receptors [228,230,231]. Future studies should focus on examining receptor 

environment to validate this hypothesis.  

Ror2 may be a potential candidate by which WNT5A mediates protective 

effects. WNT5A directly interacts with Ror2 to activate the PCP and calcium 
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pathway inducing polarized cell migration in developmental processes as well as 

during wound healing. Ror2 has been shown to induce formation of lamelliopodia 

and reorganize the MTOC for cellular migration and is potentially protective 

during the wound healing response [183]. WNT5A-Ror2 signaling may become 

dysregulated during this process resulting in abnormal wound healing and 

fibrosis. Interestingly, WNT5A-Ror2 signaling has been observed to attenuate the 

b-catenin dependent WNT signaling pathway. In the presence of FZD/LRP5/6, 

WNT5A activates b-catenin signaling. In the presence of Ror2, WNT5A has been 

observed inhibit b-catenin signaling [142]. In our work, we observed a reduction 

in b-catenin activity in response to WNT5A during peritoneal membrane injury. 

However, the mechanism of signaling of WNT5A in the presence of FZD or Ror2 

must be clarified. Our work sheds some light on the effects of Ror2 in TGFB 

induced injury. We overexpressed TGFB and blocked Ror2 using an siRNA in 

mesothelial cells. We observed an exaggerated increase in levels of VEGF and 

fibronectin when Ror2 was silenced. Therefore, this suggests that Ror2 protects 

against angiogenesis and fibrosis. Other canonical WNT ligands also have the 

ability to physically and functionally interact with Ror2 including WNT3A and 

therefore it is important to examine the surrounding biological environment 

[193,232]. These studies suggest that WNT5A may act in separate pathways to 

provide different outcomes on angiogenesis and fibrosis. 

Our work has demonstrated that non-canonical and canonical signaling 

potentially have discrete effects. The non-canonical pathway inhibited both 
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fibrosis and angiogenesis but the canonical pathway did not affect fibrosis. This 

finding is difficult to reconcile but may be attributed to the interaction of WNT5A 

with other surrounding signaling pathways. We observed WNT5A to inhibit 

PGSK3B supporting its ability to block WNT/b-catenin signaling. However, we 

propose WNT5A may go beyond this effect by interacting with other key players 

such as TGFB. Furthermore, the effect of WNT5A becomes more complex based 

on receptor environment and we have demonstrated the importance of Ror2 in 

regulating both fibronectin and VEGF. The linkage between WNT5A and TGFB 

has been studied in carcinogenesis and recently fibrosis. In studies of malignancy, 

TGFB has been shown to directly induce WNT5A and act as a tumor suppressor 

[233,234]. In human aortic smooth muscle cells from asthmatic patients, TGFB 

induced upregulation of WNT5A [190]. In lung fibroblasts, co-regulation of 

WNT5A by WNT7B and TGFB was also observed. These studies suggest a more 

pro-fibrotic role for WNT5A, lacking crucial evidence on the surrounding 

receptor environment. [187]. Therefore, greater exploration is required to examine 

the interaction between WNT5A and Ror2 in combination with TGFB to shed 

light the mechanism behind blocking both fibrosis and angiogenesis in the 

peritoneum. This would be imperative to understanding the different effects seen 

by canonical and non-canonical WNT signaling.  
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Limitations and Future Directions 

In patients on peritoneal dialysis, vascular remodeling occurs in response 

to bioincompatible dialysis fluids and infection. This research will improve our 

understanding of peritoneal injury in patients on peritoneal dialysis and 

potentially predict outcome of a patient on PD. Our work has shed some light on 

the relative contribution of MMP9 and WNT signaling in angiogenesis of the 

peritoneal membrane. This is important because angiogenesis is associated with 

an increase in solute transport which can lead to failure of ultrafiltration and 

poorer clinical outcomes. Therefore, identifying the underlying mechanisms 

contributing to angiogenesis will improve the long term utility of this therapy and 

also make it safer for patients.  

Our work will also help in identifying useful biomarkers to predict the 

transport status and filtration capacity of the peritoneal membrane for each 

patient. The direct correlation of MMP9 and WNT1 with peritoneal membrane 

and solute transport is an important finding in peritoneal dialysis research because 

these proteins can potentially be used as early markers of peritoneal membrane 

injury. This could shape treatment options and dialysis regimens for patients with 

chronic kidney disease creating a more personalized level of care. Another option 

is directly targeting MMP9 and potential MMP inhibitors do exist [235], however 

this avenue presents the concern of specificity and issues with disrupting normal 

physiological processes [224]. With targeting MMPs, we also have to consider 

substrate specificity, regulation by other MMPs and inter-MMP compensation 
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[205,224]. WNT signaling based therapeutics have already been moving into 

clinical trials in cancer and osteoporosis, however there are no current treatments 

on the market that reverse fibrosis. This is because the WNT signaling pathway 

has not been clearly defined in fibrosis. This includes clarifying information on 

the interaction of individual protein interfaces as well as ligand-receptor 

complexes. The efficacy of ICG-001 has been demonstrated in studies of 

malignacy and the use the clinical equivalent, PRI-724 is under current clinical 

trials of colon and pancreatic cancer as well as myeloid malignancies [236]. We 

demonstrated that ICG-001 successfully blocked TGFB induced angiogenesis and 

therefore may offer a new therapeutic approach in the future. 

It is conceivable that other vascular pathologies may stem from abnormal 

MMP9 and WNT/b-catenin signaling. On a broader scale, this research will not 

only impact the basic understanding of peritoneal biology, but also biomedical 

research and medicine. This will lead to the discovery of several novel chemical 

inhibitors of both MMPs and WNT/b-catenin signaling to protect peritoneal 

membrane injury and diseases of similar pathogenesis.  
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