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Lay Abstract 

 

 Diabetic kidney disease is the leading cause of kidney failure in developed 

nations. This progressive disease leads to the loss of kidney function due to an 

accumulation of scar proteins in the kidney over time. High glucose is a major factor that 

causes this to occur. Our lab studies specific kidney cells called mesangial cells, proximal 

tubule epithelial cells, and fibroblasts that produce scar proteins in the presence of high 

glucose. We have shown that when these cells are treated with high glucose, this causes 

the movement of a protein called GRP78 that normally resides inside the cell to move to 

the cellôs surface where it can interact with other proteins. My research has established 

that the proteins alpha 2-macroglobulin (ὄ2M), integrin ɓ1 (Intɓ1), and thrombospondin-1 

(TSP1) can bind to GRP78 on the cell surface and cause cells to make scar proteins. 

Preventing ὄ2M or Intɓ1 from binding to GRP78 or preventing TSP1 production prevents 

mesangial cells from making scar proteins when exposed to high glucose. In a mouse 

model that overproduces these scar proteins, we showed that preventing cell surface 

GRP78 and Ŭ2M interaction prevents scar protein production and is thus a novel potential 

treatment option for kidney disease.  
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Abstract 

 

Diabetic kidney disease (DKD) is the leading cause of end stage renal disease 

worldwide and occurs in up to 40% of patients with diabetes. The standard of care for 

DKD treatment has not kept up with the current health epidemic, which has led to a heavy 

economic toll and substantial health burden. Targeting either cell surface (cs)GRP78, 

activated Ŭ2-macroglobulin (Ŭ2M*) or preventing their interaction may provide a novel 

anti-fibrotic therapeutic target for the treatment of DKD and potentially non-diabetic 

chronic kidney disease (CKD) as well. Previously our lab has shown that HG-induced 

csGRP78 is a mediator of PI3k/Akt signaling and downstream extracellular matrix 

(ECM) protein production in glomerular mesangial cells (MC). However, the ligand 

responsible for activating high glucose (HG)-induced csGRP78 had not yet been 

determined. We have shown thus far that Ŭ2M is endogenously produced, secreted, and 

activated (denoted Ŭ2M*) in HG by MC, which leads to its binding to and activation 

thereof csGRP78. Further, Ŭ2M knockdown or Ŭ2M* neutralization attenuated Akt 

activation, the production of the profibrotic cytokine connective growth tissue factor 

(CTGF) and ECM proteins fibronectin and collagen IV. We have also shown that integrin 

ɓ1 (Intɓ1), a transmembrane receptor, associated with csGRP78 under HG conditions and 

likely acts as a tether to present csGRP78 completely extracellularly on MC. 

Interestingly, Intɓ1 activation, even in the absence of HG, was sufficient to induce 

csGRP78 translocation. Further, inhibition of either csGRP78 or Intɓ1 prevented 

synthesis, secretion and signaling of TGFɓ1. This data implicates a role for Intɓ1 as a 

required signaling partner for csGRP78-mediated profibrotic signaling. To further our 
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understanding of csGRP78/ Ŭ2M*ôs role in DKD, we investigated their ability to mediate 

TGFɓ1 signaling through its non-proteolytic activator thrombospondin-1 (TSP1). Here, 

HG-induced TSP1 expression, ECM deposition, and activation of TGFɓ1 was regulated 

by the PI3k/Akt pathway via csGRP78/Ŭ2M* in MC. Furthermore, we assessed whether 

this csGRP78/ Ŭ2M* axis is relevant to promoting profibrotic signaling in other renal cell 

types, including proximal tubule epithelial cells (PTEC) and renal fibroblasts (RF), that 

contribute to the pathogenesis of both later stage DKD and non-diabetic CKD. We show 

evidence here that HG and direct treatment with TGFɓ1, a key pathologic regulator of 

kidney fibrosis, induce GRP78 surface translocation as well as the endogenous production 

and activation of Ŭ2M in both PTEC and RF. Inhibition of either csGRP78 or Ŭ2M* 

prevented TGFɓ1 signaling measured as Smad3 activation as well as downstream ECM 

production. Interestingly, inhibition of this pathway under direct TGFɓ1 treatment did not 

prevent Smad3 activation, implicating a role for Smad-independent TGFɓ1 signaling 

through this axis. We identified the known noncanonical TGFɓ1 signaling partners, yes 

associated protein (YAP) and transcriptional co-activator with PDZ binding motif (TAZ), 

are mediated by csGRP78 and Ŭ2M*. Lastly, we evaluated the potential therapeutic 

benefit of inhibiting csGRP78/Ŭ2M* interaction in the kidney fibrosis model, unilateral 

ureteral obstruction (UUO). Here, we show evidence that inhibition of this signaling axis 

using an inhibitory peptide can prevent renal fibrosis. Whether this peptide also prevents 

fibrosis in DKD is currently being assessed. Together, these studies strongly implicate 

targeting csGRP78/Ŭ2M* interaction as a novel anti-fibrotic therapeutic intervention for 

early and late stage DKD, as well as a potential role in non-diabetic CKD. 
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Preface 

 

This is a ñsandwichò style thesis. Chapter 1 will include a general introduction of 

concepts relevant to the overall thesis. Chapters 2, 3, and 4 have been published in peer-

reviewed journals. Chapter 5 is presented as a manuscript which is being prepared for 

submission in a peer-reviewed journal. A preface will be found at the beginning of each 

chapter to outline the contributions of all authors and the work performed. Lastly, Chapter 

6 will include a general discussion that summarizes and analyzes all data presented, as 

well as providing key limitations and future directions.  
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1.1 Diabetic Kidney Disease 

 

 Diabetes Mellitus (DM) currently affects over 536 million people worldwide, and 

this number is expected to increase by ~ 40% (to 783 million) by the year 2045 [1]. 

People with DM suffer from chronic hyperglycemia due to the inability to either produce 

insulin or effectively use insulin to remove glucose from the blood stream. Type 1 DM 

typically manifests in children or young adults whereby their ability to produce insulin is 

compromised due to an autoimmune response in the body that attacks pancreatic beta-

cells [1]. In type 2 DM patients, hyperglycemia is the result of insulin resistance 

secondary to a poor diet and lack of exercise as well as unhealthy lifestyle habits such as 

heavy smoking and drinking. However, family history, ethnicity, and age have also been 

linked to the development of type 2 DM [1]. Type 2 DM is the most common form of 

diabetes, accounting for up to 90% of all DM patients. This diseasesô increased 

prevalence has been linked to a rise in urbanization, access to unhealthy foods, sedentary 

lifestyle, as well as an aging population [1].  

There are many complications that can arise from untreated or poorly managed 

DM, including damage to the heart, eyes, kidneys, and nerves [2]. Diabetic kidney disease 

(DKD) is the leading cause of kidney failure in Canada, with patients suffering the 

highest morbidity and mortality rates compared to any other kidney failure patient group 

[3]. Anywhere from 20-40% of all DM patients will develop DKD [4]. This progressive 

disease leads to reduced kidney function which is clinically defined as an increase in 

proteinuria and albuminuria as well as a decrease in glomerular filtration rate (GFR). The 

hallmark of established DKD is persistent albuminuria with at least two measurements 
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over 3 months apart. Further, the development of characteristic pathologic changes 

including glomerular matrix accumulation and thickening of the glomerular basement 

membrane, manifest at the onset of DKD, with tubulointerstitial fibrosis developing in its 

later stages [5]. The primary pathogenic factor of DKD is hyperglycemia [3], [5].  

1.1.1 Current Treatment and Possible Treatment Directions 

Currently there is no treatment that can prevent the onset or development of DKD; 

interventions and treatment can at best only delay disease progression. The current 

standard of care for DKD patients includes stringently controlling blood glucose, as well 

as blood pressure through the use of angiotensin converting enzyme (ACE) inhibitors or 

angiotensin receptor blockers (ARBs) (type I and II DM) and the use of sodium-glucose 

transport protein 2 (SGLT2) inhibitors (type II DM only) [5],[6]. However, the residual 

risks associated with DKD remain high, and many of these patients will still reach end 

stage renal disease (ESRD), requiring dialysis and eventually a kidney transplant. There 

are also severe adverse effects associated with many current treatments, which limit their 

use in the clinic. The current lack of effective clinical interventions severely reduces the 

quality of life for DKD patients, while also placing a significant economic burden on the 

health care industry. Thus, there is a major need to better characterize the mechanisms 

driving DKD, to identify novel therapeutic targets for disease intervention.  
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1.2 Kidney Physiology and Pathophysiology 

 The kidneyôs main function is maintaining homeostasis. Through filtration, 

reabsorption and secretion, the body can be rid of excess fluid, waste products, and 

harmful toxins in the form of urine, while maintaining a needed balance of water, ions, 

and electrolytes [7], [8]. The kidneys also play a central role in regulating blood pressure 

(enzymatic release of renin), pH balance (reabsorption of bicarbonate or secretion of 

hydrogen ions), red blood cell production (hormonal release of erythropoietin) and 

calcium metabolism (hormonal release of calcitriol) [8]. These functions are facilitated by 

the nephron, the main functional unit of the kidney [7], [8].  

The constituents of the nephron include the renal corpuscle, tubules, and 

collecting ducts which eventually drain into the ureter to be voided from the body [7]. 

The renal corpuscle, where blood filtration occurs, is made up of the glomerulus and the 

surrounding Bowmanôs capsule. The glomerulus consists of a network of specialized 

capillaries with fenestrated endothelial walls that allow for the movement of fluid, ions or 

molecules through these small openings [8]. Surrounding this capillary network are 

afferent arterioles bringing blood into the corpuscle and efferent arterioles leaving this 

structure carrying now filtered blood [8]. Using a difference in pressure between the 

arterioles entering and leaving the glomerulus allows for the passage of size-limiting 

waste products to leave the bloodstream. This prevents the removal of larger molecules, 

such as proteins, and red blood cells, and allows them to continue out of the glomerulus 

and back into systemic circulation [7]. The glomerular filtration barrier is made up of 

three layers that allow for the selectivity of products and fluids that can leave the 
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bloodstream based on charge, shape, and size. These three components include the 

fenestrated endothelial cells of capillaries, the finger-like foot processes of epithelial cells 

called podocytes and the basement membrane [7], [8]. The basement membrane is mainly 

comprised of extracellular matrix (ECM) proteins which are produced by mesangial cells 

(MC), residents of the mesangium which aid in supporting glomerular structure. The 

Bowmanôs capsule moves plasma filtrate, or capsular urine, from the capillaries towards 

the tubular system for further processing. 

The tubules of the nephron consist of a proximal and distal component that is 

delineated by the descending and ascending loop of Henle. Here, reabsorption of 

particular ions, glucose and water take place before finally reaching the collecting duct, 

the final drainage system leading to the ureter and out of the kidney [8]. A summary of 

the general anatomy of a nephron can be seen in Figure 1-1. 
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Figure 1-1. General anatomy of the nephron. 

The nephron is the functional unit of the kidney. Blood enters the Bowmanôs capsule 

through the afferent arteriole. Within the capsule, the passing of fluid, ions and other 

molecules into the surrounding space occurs through fenestrations in capillary walls. 

Filtered blood leaves via the efferent arteriole. Plasma filtrate then moves into the 

proximal convoluted tubule, into the descending loop of Henle, the ascending loop of 

Henle and into the distal convoluted tubule. Throughout this system the exchange of ions 

such as sodium and chloride as well as the movement of water and glucose occurs. The 

resulting filtrate moves into the collecting duct where it is concentrated and becomes the 

final product of urine as it moves out of the kidney through the ureter (not shown) and 

towards the bladder for removal from the body. Unmodified image taken from 

https://courses.lumenlearning.com/suny-dutchess-ap1/chapter/nephrons-structure/ 

(https://creativecommons.org/licenses/by/4.0/). 

 

https://courses.lumenlearning.com/suny-dutchess-ap1/chapter/nephrons-structure/
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 The earliest pathologic indications of DKD development include marked physical 

changes to the glomerular structure including basement membrane thickening, mesangial 

matrix expansion, glomerular hypertrophy, effacement of podocyte foot processes and 

functionally, hyperfiltration followed by albuminuria [9]. As DKD progresses, mesangial 

matrix expansion continues, followed by tubulointerstitial fibrosis and atrophy of tubular 

cells. These pathological effects manifest as a decline in GFR and elevated proteinuria 

and blood pressure (Figure 1-2 and 1-3) [9]. Thus, evaluating the role of various kidney 

cell types that are involved in both early and later stage DKD is an important 

consideration when investigating novel therapeutic interventions.  
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Figure 1-2. Morphological changes of the glomerulus and tubules in DKD. 

At the onset of DKD, morphological changes occur in the glomerulus including 

mesangial matrix expansion, basement membrane thickening, and podocyte foot 

effacement. As DKD progresses, further changes can be seen occurring within the tubular 

compartment of the nephron where interstitial fibrosis and tubular atrophy develop. These 

morphological changes result in the loss of function of the nephron and its ability to filter, 

reabsorb and secrete water, ions, or other molecules. Unmodified image taken from 

Thomas et al. (2015)[10], see Appendix for license. 
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Figure 1-3. Typical progression of DKD. 

Years since diagnosis is plotted along the horizontal axis, outlining the typical onset and 

development of DKD. The primary pathologic factor of DKD is hyperglycemia which 

induces these morphological changes in the kidney. Disease manifestation typically 

includes hyperfiltration (measured as an increase in GFR), glomerular mesangial 

expansion, and microalbuminuria. As DKD progresses, hypertension, glomerulosclerosis 

and tubulointerstitial fibrosis occur alongside the recruitment of inflammatory cells to the 

kidney. Here, reduced GFR and macroalbuminuria are observed. As patients progress 

towards end stage kidney disease, their residual risk for cardiovascular and kidney 

complications increases. Patients reaching end stage kidney disease require kidney 

replacement therapies such as dialysis and eventually a kidney transplant. Unmodified 

image taken from Radica et al. (2017)[11], see Appendix for license. 
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1.2.1 Kidney Fibrosis 

 One of the major outcomes of DKD as well as a strong correlate of its 

progression, is the development of kidney fibrosis [12], [13]. Here, an overproduction and 

accumulation of ECM proteins such as collagens I, III and IV as well as fibronectin and 

vimentin, lead to replacement of functional tissue with scar tissue in glomerular and 

tubular compartments, referred to as glomerulosclerosis and tubulointerstitial fibrosis 

respectively [12]. This ultimately leads to loss of function of the kidney. As a result of 

hyperglycemia, continual activation of resident kidney cells leads to inflammatory cell 

recruitment to the kidney as well as the secretion of endogenous inflammatory cytokines, 

such as transforming growth factor ɓ1 (TGFɓ1) and connective growth tissue factor 

(CTGF) [12]. TGFɓ1 is well known for its profibrotic role in DKD and has been 

implicated in several pathogenic signaling pathways across various kidney cell types 

relevant to disease, including mesangial cells (MC), proximal tubule epithelial cells 

(PTEC) and renal fibroblasts (RF) [12]. Previous studies have shown either high glucose 

(HG) or direct TGFɓ1 treatment activates all  these cell types and promotes fibrotic 

phenotypic changes in the kidney. Thus, investigating potential methods of TGFɓ1 

inhibition across these renal cell types are of current interest in developing novel anti-

fibrotic interventions for DKD patients. 
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1.2.2 Mesangial Cells 

 Glomerular resident cells known as MC are characterized as specialized 

microvascular pericytes. The mesangium, an interstitial space between capillaries, is 

home to MC along with endogenously produced ECM proteins [14]. Due to this cellôs 

distinct contractility and ability to respond to stretch, MC provide structural support for 

glomerular capillary loops, produce and regulate the turnover of mesangial matrix, and  

fine tune glomerular capillary flow and ultrafiltration, thus regulating GFR [14]. The 

predominant ECM proteins found within the mesangium include collagens IV and V, 

fibronectin, and laminin. The composition and amount of ECM present is tightly 

regulated by MC, however, can significantly be altered in a diseased state, such as DKD. 

Hyperglycemia, in combination with hypertension-induced glomerular mechanical 

stretch, causes MC to secrete growth factors, cytokines and matrix proteins. This leads to 

MC matrix expansion, basement membrane thickening, and in the initial stages of DKD, 

MC proliferation [14]. The fibrosis that occurs during DKD may be worsened by the 

inflammatory response triggered by the secretion of these growth factors and cytokines, 

including TGFɓ1 and CTGF [14]. Based on their critical involvement in early glomerular 

changes during DKD, MC have been a focal point for investigation to delay the 

progression of this disease. Our lab and others have gained much insight into the 

molecular mechanisms involved in MC ECM deposition and its involvement in DKD [3]. 

However, our lab is expanding our knowledge into how PTEC and RF promote 

tubulointerstitial fibrosis and further contribute to the pathophysiology seen in the later 

stages of DKD. 
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1.2.3 Proximal Tubule Epithelial Cells and Renal Fibroblasts 

 PTEC are responsible for up to 65% of reabsorption in the tubular compartment of 

the kidney. They are made up of cuboidal epithelial cells distinct from distal tubules due 

to their apparent brush border that facilitates increased surface area for reabsorption [15]. 

There are many pleiotropic functions of PTEC that regulate homeostasis in the body. 

Some of these include reabsorbing almost all of filtered amino acids, solutes and small 

proteins, regulating blood pH through reabsorption of up to 80% of filtered bicarbonate, 

and regulating glucose metabolism and gluconeogenesis through reabsorption of filtered 

glucose [15].  

RF are spindle-like mesenchymal cells that are crucial for the production and 

regulation of erythropoietin and for normal embryological kidney development [16].  In 

addition to their homeostatic and developmental roles,  RF also provide structural support 

and architecture to the kidney through their regulation of ECM deposition and 

degradation in the tubulointerstitial kidney compartment [17]. The main ECM proteins 

produced and secreted by RF include collagens I, III and IV, elastin, laminin and 

fibronectin [18], [19]. Similar to MC, there is tight regulation of ECM production and 

degradation in healthy kidneys, but this will quickly become dysregulated under 

conditions of cell stress, such as chronic hyperglycemia.  

In a healthy kidney, PTEC are not involved in ECM deposition and proliferation. 

However, this cell type is vulnerable to injury from hypoglycemia, hypoxia, proteinuria, 

and metabolic dysregulation [20]. Although PTEC can elicit self-repair mechanisms, with 

ongoing injury such as chronic hyperglycemia in DKD, tubules will dedifferentiate into a 
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secretory, profibrotic, and proinflammatory phenotype [16], [21]. This typically leads to 

the recruitment of inflammatory cells in the kidney, as well as the activation of nearby RF 

into myofibroblasts, potentiating a profibrotic and secretory environment in the 

surrounding tubulointerstitium (Figure 1-4) [21]. Myofibroblasts are not found under 

physiologic conditions and are thus indicative of a diseased state by their positivity for Ŭ-

smooth muscle actin (ŬSMA) [18]. Once dedifferentiated into this secretory phenotype, 

both PTEC and RF, although predominantly myofibroblasts, are responsible for the 

overproduction and accumulation of ECM proteins within the tubulointerstitial 

compartment of the kidney. Both PTEC and RF secrete growth factors, cytokines and 

ECM that potentiate this phenotypic change, leading to the development of 

tubulointerstitial fibrosis. This axis is typically seen in later stages of DKD, and has been 

correlated to kidney function decline [22]. Thus, both PTEC and RF play a vital role in 

the progression of DKD towards ESRD and should be assessed (in addition to MC) when 

evaluating novel potential therapeutic interventions for DKD. 
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Figure 1-4. Fibrosis of various kidney compartments. 

Periodic Acid Schiff (PAS) staining on healthy kidney cortex (left) and fibrosed kidney 

cortex (right), illustrating the development of glomerulosclerosis, tubulointerstitial 

fibrosis and tubular atrophy in diseased tissue (scale bar represents 100µm). Unmodified 

image taken from Djudjaj and Boor (2019)[16], see Appendix for license. 
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1.3 Transforming Growth Factor ɓ1 (TGFɓ1) 

 The highly pleiotropic molecules of the TGFɓ superfamily include activins, 

inhibins, bone morphogenic proteins, growth differentiation factors, glial-derived 

neurotropic factors and members of the TGFɓ subfamily. These molecules are responsible 

for modulating important biological processes including cell growth, differentiation, 

adhesion, proliferation, inflammation, tissue repair, fibrosis, morphogenesis, and 

apoptosis [23]ï[28]. Of the TGFɓ subfamily, three members are found in mammals, 

namely TGFɓ1-3. TGFɓ1 is by far the most abundant isoform and is endogenously 

produced by all resident renal cell types [29].  

After its synthesis, TGFɓ1 is secreted in a latent form that requires activation to 

allow for interaction with its cell surface receptors to elicit intracellular signaling 

pathways. TGFɓ1 can signal through canonical or noncanonical pathways depending on 

the receptor sites that are being phosphorylated [29], [30]. Canonically, activated TGFɓ1 

binds to its TGFɓ receptor II (TɓRII) which causes the recruitment of the TGFɓ receptor I 

(TɓRI), localizing these two receptors to the same cell surface area. TɓRII then 

phosphorylates and activates TɓRI. Once both receptors have been activated, this 

receptor-ligand complex is then endocytosed into the cell which promotes its association 

with and phosphorylation of the small mothers against decapentaplegic (Smad) proteins, 

Smad2 and Smad3 [29], [31], [32]. The now activated Smad2/3 complex dissociates from 

its binding site on TɓRI and forms an oligomeric complex with Smad4. This facilitates 

the translocation of Smad2/3/4 into the nucleus where they can now interact with other 

co-activators or repressors and drive the transcription of Smad-responsive genes (Figure 
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1-5) [29], [31], [32]. TGFɓ1 can also signal noncanonically through Smad-independent 

pathways such as p38, extracellular regulated kinase (ERK), mitogen activated protein 

kinase (MAPK), PI3k, Jun kinase, Rho-GTPases, integrin linked kinases (ILK) , and 

Hippo (YAP/TAZ) [30], [33].  

1.3.1 TGFɓ1 and DKD 

Through both its canonical and noncanonical signaling pathways, TGFɓ1 has been 

strongly implicated in the pathogenesis of renal fibrosis through its ability to increase the 

production of ECM protein such as fibronectin, laminin and collagens I and IV, decrease 

ECM degradation, and promote the transition to a more secretory and profibrotic 

phenotype in many kidney cell types, thus potentiating the overproduction of ECM [23], 

[29], [30], [34]ï[37]. Clearly, TGFɓ1 plays a vital role in renal fibrogenesis, thus making 

it an attractive target for therapeutic intervention in DKD and CKD. 

 Several studies have shown that TGFɓ1 inhibition has effective therapeutic 

potential as an anti-fibrotic. Using various agents such as TGFɓ1 neutralizing antibodies, 

antisense TGFɓ oligodeoxynucleotides, soluble human TɓRII or specific inhibitors of 

TɓR kinases, fibrosis was ameliorated across several kidney disease models [29]. 

However, when studies moved into clinical trials, inhibition of TGFɓ1 did not produce 

the same effects. One trial showed that treatment with the anti-fibrotic agent Pirfenidone, 

shown in part to function through its attenuation of TGFɓ1, improved albuminuria but 

had no effect on eGFR. Further, this study observed severe side affects in treatment 

groups that led to high drop out rates in this study [38]. Another clinical study assessed 

the efficacy of the neutralizing antibody for TGFɓ1, LY2383770. This trial was 
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terminated early due to limited beneficial effects. Further effective dosing was limited by 

previous dose response studies that identified the tolerated dose of this antibody [39]. Due 

to its pleiotropic nature, direct inhibition of TGFɓ1 is not feasible. Thus, indirect and 

disease-specific methods of TGFɓ1 attenuation that allow for its homeostatic functions to 

remain intact, are of current interest and therapeutic value.  
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Figure 1-5. Canonical TGFɓ1 signaling pathway. 

After its activation, TGFɓ1 binds to its TɓRII which then activates TɓRI and facilitates 

this receptor-ligand complexôs interaction with Smad2 and Smad3. In turn, Smad2/3 are 

phosphorylated, resulting in their complex formation with Smad4. This resulting complex 

then translocates to the nucleus where it can bind target genes and induce their 

transcription. Unmodified image taken from Gu et al. (2020)[35] 

(https://creativecommons.org/licenses/by/4.0/). 
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1.4 78 kDa Glucose Regulated Protein (GRP78) and ER Stress 

 78 kDa glucose regulated protein (GRP78) is commonly described as a chaperone 

protein in the endoplasmic reticulum (ER) that assists in the proper protein folding and 

degradation of improperly folded proteins [40], [41]. This function of GRP78 is required 

to maintain protein homeostasis within the cell. If ER homeostasis is perturbed, ER stress 

results. This typically leads to a build up of unfolded or misfolded proteins within the ER, 

which leads to the activation of a repair mechanism called the unfolded protein response 

(UPR) [40]. During times of stress, cells initiate the UPR to try to return to homeostasis. 

To overcome this ER stress, UPR activation will  terminate protein translation, increase 

misfolded or unfolded protein degradation and removal from the cell, and promote proper 

protein folding through increased GRP78 expression in the ER [40]ï[42]. There are three 

ER transmembrane proteins with which GRP78 interacts, thus regulating the UPR. These 

proteins include inositol-requiring kinase 1 (IRE1), activating transcription factor 6 

(ATF6) and PKR-like eukaryotic initiation factor 2Ŭ kinase (PERK). To initiate the UPR, 

GRP78 dissociates from these three proteins under conditions of ER stress, which 

activates their signaling pathways [40], [41]. If the cell stress cannot be overcome by this 

repair mechanism, apoptotic pathways will  be initiated also through the UPR [41].  

Atypical localizations of GRP78 have been suggested to play an important role in 

the pathogenesis of several diseases. The cell surface presentation of GRP78 (csGRP78) 

has been shown to occur on tumour cells whereby csGRP78 can act as a receptor which 

initiates pro-survival and anti-apoptotic signaling, thus contributing to the malignancy of 

several cancers including pancreatic, colorectal, breast, prostate and leukemia [43]ï[49]. 
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csGRP78 has been implicated in various signaling pathways depending on the cell type 

expressing csGRP78, where the activating ligand binds (N- vs C-terminal) and the 

stimulus which caused its cell surface translocation [50]. Pathways that are mediated by 

csGRP78 include RAS/MAPK, PI3K/Akt, and c-MYC and implicate this receptorôs 

involvement in the proliferative and anti-apoptotic phenotype of many cancer cells.  

Localization of GRP78 to the cell surface has been further implicated in non-

cancer pathologies. For example, csGRP78 has been shown to act as a receptor for cell 

internalization of viruses including Coxsackie virus, dengue virus, Borna disease virus, 

hepatitis E virus, Japanese encephalitis virus, human papillomavirus, Tembusu virus, and 

Measles virus (Figure 1-6) [51]ï[58]. Here, csGRP78 allows for viral entry into cells and 

ER-residing GRP78 allows for viral propagation and proliferation [59]. Increasing 

literature has implicated a role for csGRP78 as a receptor for its own autoantibodies, 

whereby their production occurs as an autoimmune response elicited after extracellular 

exposure of GRP78 to the immune system. GRP78 autoantibodies have been identified in 

patient serum from several malignancies such as rheumatoid arthritis, atherosclerosis, 

type 1 diabetes, and prostate, gastric and ovarian cancer [60]ï[64]. These autoantibodies 

have been shown to be specific to the N-terminal region on csGRP78 where their binding 

promotes tumour cell proliferation in cancer, acceleration of atherosclerotic lesion 

growth, and the pathogenesis of rheumatoid arthritis (Figure 1-6) [59]. Patient samples 

from immune-mediated neurological disorders such as multiple sclerosis, neuromyelitis 

optica, and neuropsychiatric systemic lupus erythematosus, indicate an increase in GRP78 

autoantibody production [65]. Overall, csGRP78 presentation has namely been identified 
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in pathologic settings and is not found on the cell surface of healthy cells, thus making it 

an attractive target for therapeutic intervention. 

1.4.1 GRP78 Translocation to the Cell Surface 

 The exact pathway of GRP78ôs translocation to the cell surface is thought to be 

regulated by its ER retention sequence, KDEL [50]. This tetra-peptide sequence, found at 

the C-terminus of GRP78, interacts with and retains GRP78 locally within the ER, 

preventing this proteinsô movement to other areas of the cell or the cell surface. KDEL 

deletion has been shown to facilitate the cell surface translocation of GRP78 [50]. More 

recently the mechanism behind GRP78 cell surface translocation has been shown to 

involve modifications to or a loss thereof the GRP78 KDEL sequence, preventing its 

interaction with the ER KDEL receptor, and allowing for GRP78ôs cell surface 

translocation [50].  

To facilitate GRP78ôs translocation from the ER to the cell surface, co-chaperone 

proteins such as DNAJ-like transmembrane protein (MTJ1) and proteinase-activated 

receptor 4 (Par4) are required [50], [66]ï[69]. These co-chaperones seem to differ 

between cell types. Previous studies have shown the importance of MTJ1 for csGRP78-

mediated signaling in macrophages while Par4 was relevant in prostate cancer and 

trophoblastic cells [66], [68], [69]. Thus, different chaperones that facilitate GRP78 

translocation to the cell surface may be cell and stimulus dependent. 

Interestingly, csGRP78 has been shown to present with all regions exposed at the 

cell surface [67]. This allows for ligand binding at various areas of the exposed csGRP78; 

this however, is dominated by N- and C-terminus specific ligand binding, which is able to 
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activate distinct signaling pathways based on the terminus and ligand involved (Figure 1-

6) [50], [67]. GRP78 contains both an ATP-binding domain (for catalytic activity in 

protein folding) and a substrate-binding domain (required for its interaction with other 

proteins) (Figure 1-7). In a study by Tsai et al., the substrate-binding domain was shown 

to be critical for GRP78ôs localization to the cell surface, implicating GRP78ôs needed 

interaction with other proteins to remain at the cell surface [67]. Thus, a potential co-

receptor that tethers csGRP78 must be required for its intracellular signaling [67], [70]. 

This requires further elucidation. 

Previously, our lab has shown that HG induces the translocation of GRP78 to the 

surface of MC. Once presented at the surface, csGRP78 mediates HG-induced PI3k/Akt 

signaling and downstream ECM production [71]. We also showed that the transmembrane 

protein integrin ɓ1, interacts with HG-induced csGRP78 [71], suggesting its potential role 

as a tether for this completely extracellular receptor. However, the ligand which activates 

csGRP78 to potentiate its profibrotic signaling abilities, has not yet been identified. 

Further, as PI3k/Akt signaling has been shown to regulate TGFɓ1 in DKD [72]ï[74], 

whether csGRP78 is mediating TGFɓ1 production or signaling through this pathway 

requires further assessment. Thus, better defining the molecular mechanisms by which 

csGRP78 promotes fibrogenesis will be the focus of my thesis. 
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Figure 1-6. Signaling pathways mediated by cell surface GRP78. 

csGRP78 has various ligands that can cause its activation and promote intracellular 

signaling. Some of these ligands include T-cadherin, CRIPTO, alpha 2-macroglobulin, 

Par4, Kringle 5, various viruses, GRP78 autoantibodies, Integrin ɓ1 and alpha-synuclein. 

Binding of different ligands promotes distinct signaling pathways through csGRP78 that 

can be proliferative or pro-apoptotic depending on the terminus of GRP78 being bound. 

Unmodified image taken from Hernandez and Cohen (2022)[75] 

(https://creativecommons.org/licenses/by-nc-nd/4.0/).  
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Figure 1-7. Structure of GRP78. 

GRP78 is a 78kDa protein that primarily consists of an ATP-binding domain and a 

substrate-binding domain. The ER retention sequence KDEL is found on the C-terminus 

of this protein. Unmodified image taken from Hernandez and Cohen (2022)[75] 

(https://creativecommons.org/licenses/by-nc-nd/4.0/). 
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1.5 alpha 2-macroglobulin (Ŭ2M)  

Canonically, the pan protease inhibitor, alpha 2-macroglobulin (Ŭ2M), can bind to 

and inhibit a wide range of proteinases found in the bloodstream and allow for their quick 

clearance from systemic circulation. This anti-proteinase is produced by many cell types, 

although it is predominantly made in the liver. Ŭ2M is a secreted protein and can be found 

in plasma at a concentration of 1-5 µM [76], [77]. Four identical subunits comprise the 

structure of Ŭ2M with a total molecular weight of about 720kDa [78]. Each subunit of 

Ŭ2M contains a specific 25 amino acid sequence termed the bait region. Here, proteinases 

can interact with each subunit of Ŭ2M and cleave this region; when all four subunits are 

cleaved, a conformational change occurs, and the proteinases becomes entrapped in this 

complex. This conformational change exposes receptor recognition sites that allow its 

interaction with other proteins and ligands (Figure 1-8) [77], [78]. This resultant complex 

is considered the activated form of Ŭ2M, denoted Ŭ2M*. The conformational change also 

causes this protein to move faster through a non-denatured electrophoretic gel, giving it 

the title ñfast form Ŭ2Mò (Figure 1-9). This active or fast form has been implicated in 

various pathogenic signaling cascades as discussed below [47], [79], [80]. 



 

Ph.D. Thesis ï Jacqueline Trink McMaster University ï Medical Sciences 

26 
  

 

Figure 1-8. Conformational change of alpha 2-macroglobulin. 

Upon protease cleavage of the bait region in each Ŭ2M subunit, a conformational change 

occurs which 1) causes the entrapment of proteases in each subunit and 2) reveals 

receptor binding domains on this protein that allows for its interaction with cell surface 

receptors. Unmodified image taken from Vandooren and Itoh (2021)[81] 

(https://creativecommons.org/licenses/by/4.0/). 
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Figure 1-9. Comparison of native and activated (fast-form) Ŭ2M. 

Using rate electrophoresis, lane 1 shows a sample of native Ŭ2M compared to lane 2 with 

activated or faster migrating Ŭ2M running through the gel. Unmodified image taken from 

Birkenmeier et al. (2006)[82], see Appendix for license. 
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1.5.1 Ŭ2M and csGRP78 

Cell surface GRP78 has been well-characterized as a receptor for Ŭ2M* [47], [80], 

[83], [84]. Ŭ2M* binds to the N-terminal domain of csGRP78 which initiates signaling 

pathways that promote cell proliferation and survival in cancer cells. Some of these 

signaling cascades include the ERK1/2, p38 MAPK, PI3K/Akt, and NF-kB pathways, 

which have been implicated in the pathogenesis of cancer and other diseases [47], [50]. 

Although Ŭ2M* is also able to bind to its clearance receptor, the low density lipoprotein 

receptor-like protein (LRP1) (Kd ~ 40pM- 2nM), its binding affinity for csGRP78 is 

much higher in comparison (Kd ~ 150pM) and is the focus of cancer and atherosclerosis 

investigation [77],[85],[86]. 

1.5.2 Ŭ2M and DKD 

 Increased expression of  Ŭ2M has been shown in glomeruli, serum, and saliva of 

diabetic patients [87]ï[89]. Some of these studies associated increased Ŭ2M levels with 

poor glycemic control, although a recent study in 2019 did not detect any relation 

between glycemic control or fluctuation and Ŭ2M serum concentration (however diabetics 

did have significantly higher Ŭ2M serum levels compared to controls) [90]. Interestingly, 

this study did find an association between increased Ŭ2M serum levels and a higher 

albumin-to-creatinine ratio (ACR), a measurement of microalbuminuria [90]. ACR 

elevation is characteristic as DKD progresses, and is used to estimate the degree of 

albuminuria [91]. Using single cell (sc)RNA-sequencing data, Menon et al identified 

focal segmental glomerular sclerosis (FSGS)-specific endothelial Ŭ2M expression 

patterns in the kidney, implicating a potential pathogenic role for this protein in disease 
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[92]. Furthermore, glomerular Ŭ2M transcript levels were found to be significantly 

increased in human biopsy samples from patients with DKD and also correlated with 

poorer prognosis [92]. Together, these studies implicate Ŭ2M in diabetes and likely also 

in DKD. However, the molecular mechanism by which Ŭ2M could be contributing to the 

development of DKD (likely mediated by its known receptor csGRP78) has not yet been 

studied. Thus, the first aim of this thesis will evaluate the role of HG-induced Ŭ2M 

profibrotic signaling in MC.  

 

1.6 Integrins 

 Integrins play a critical role in cell-ECM interaction whereby the surrounding 

ECM environment can impact intracellular signaling through this transmembrane receptor 

[93]. Integrins are found as alpha beta heterodimers with each subunit consisting of a 

large extracellular ligand-binding domain, a single transmembrane domain, and a small 

cytoplasmic tail (Figure 1-10). This allows for bi-directional signaling or crosstalk 

between ECM proteins and the intracellular environment. In humans, there are currently 

18 Ŭ and eight ɓ integrin subunits known, with different combinations of these subunits 

yielding 24 heterodimer pairs (Figure 1-11) [94]. Each Ŭ and ɓ subunit has a distinct 

extracellular ligand binding domain that contributes to the binding site of the heterodimer. 

This allows for different ligand specificities that will induce signaling based on the ligand 

that binds. Each integrin pair is proposed to have a specific and non-redundant function 

[94]ï[96].  
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As mediators of ECM-cell interactions, integrins can bind various components of 

the ECM including fibrinogen, fibronectin, collagens and vitronectin. In addition to their 

role as regulators of ECM assembly and production, integrins can bind other ligands such 

as hormones, growth factors, other cell surface receptors, and viruses which can activate 

intracellular signaling pathways or viral internalization [97], [98]. Recent studies have 

shown that integrins exist in three forms at the cell surface, an inactive bent form, an 

active low affinity extended-closed form, and an active high affinity extended-open form 

(Figure 1-12) [99]. This configuration at the surface will determine the integrinsô affinity 

for its affiliated ligands or ECM partners. After activation, integrins will cluster together 

at the cell surface to promote intracellular signaling and regulate cellular responses to the 

surrounding environment [98], [100].  

One of the central integrin-mediated intracellular signaling molecules is focal 

adhesion kinase (FAK), which has been shown to regulate adhesion turnover, cytoskeletal 

structure, cell migration and proliferation, and cross-talk between growth factor-signaling 

and integrins [101]. In response to integrin activation and clustering at the cell surface, 

FAK is phosphorylated which reveals binding sites that promote this kinaseôs activity and 

interaction with other proteins including Src family kinases, phosphatidylinositol 3-kinase 

(PI3K), Akt, MAP kinases, and Rho GTPases [102], [103]. FAK and its downstream 

signaling partners have been implicated in various disease settings. 
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Figure 1- 10. Structure of Integrins. 

Both alpha and beta integrins are comprised of an extracellular head- and tailpiece where 

ligand-binding will occur, a transmembrane domain, and a small cytoplasmic domain 

which facilitates integrin transmembrane signaling. Unmodified image taken from 

Larjava et al. (2011)[104] (https://us.sagepub.com/en-us/nam/pre-approved-permission-

requests-journals). 
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Figure 1- 11. Integrin heterodimer binding receptors. 

Integrin ɓ1 has the most binding partners of any integrin subunit, making up the largest 

subfamily of integrin heterodimer pairs. Unmodified image taken from Hynes (2002)[96], 

see Appendix for license. 
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Figure 1- 12. Integrin activation allows for inside-out and outside-in signaling. 

Integrin heterodimers are inactive when in their bent confirmation. Activation of integrins 

allows for their interaction with various binding partners once these ligand binding sites 

are revealed. The activated conformations of integrins can allow for low or high affinity 

interactions depending on the orientation of the heterodimer pair. Once activated, 

integrins can facilitate outside-in or inside-out signaling that mediate cell survival, 

proliferation, migration, invasion, and ECM organization. Unmodified image taken from 

Gao et al. (2023)[105] (https://creativecommons.org/licenses/by-nc-nd/4.0/). 
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1.6.1 Intɓ1 and csGRP78 

   The largest subfamily of integrin pairs is made up of heterodimers with a ɓ1 

subunit. Integrin ɓ1 (Intɓ1) has been implicated in the tumorigenesis and growth, 

invasion, angiogenesis and metastasis of many cancers including liver, prostate, 

pancreatic, and breast [105]ï[108]. A previous study in colorectal cancer cells showed 

csGRP78 facilitated Intɓ1-mediated FAK signaling to promote tumour cell migration, 

invasion, and metastasis [45]. This study implicates csGRP78 and Intɓ1 as co-receptors at 

the cell surface that promote intracellular pathologic signaling. This data also supports a 

role for Intɓ1, a transmembrane receptor, as an anchor and signaling partner for the 

completely extracellularly residing csGRP78. However, this mechanism has not been 

further studied and requires elucidation. 

1.6.2 Intɓ1 and DKD 

Integrins are known for their role in both renal development and disease by 

mediating cellular processes including cell proliferation, migration and survival, cell 

differentiation and ECM assembly and production [93], [109]. As a cell surface receptor, 

Intɓ1 has different binding partners including the latent associated peptide (LAP)/TGFɓ1 

complex, and ECM residents thrombospondin-1, fibronectin, collagen and laminin [93]. 

Binding of these ligands to Intɓ1 elicits outside-in signaling through FAK, PI3k/Akt and 

ERK. These signaling pathways are known to promote the overproduction and 

accumulation of ECM proteins, which contribute to the fibrotic phenotype seen in DKD 

[93].  
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In various renal cell types, Intɓ1 promoted the pathologic overproduction of ECM 

proteins such as fibronectin and collagen IV with either HG or TGFɓ1 stimulus [110]ï

[112]. Further, pharmacological inhibition or deletion of Intɓ1 showed protective effects 

resulting in alleviated proteinuria and glomerulosclerosis as well as reduced ECM 

production across several kidney fibrosis models (adenine diet-induced renal injury 

model, unilateral ureteral obstruction model, adriamycin-mediated glomerulosclerosis 

model, and 5/6 nephrectomy model) [113], [114]. Clearly, Intɓ1 plays a role in promoting 

kidney fibrosis, however the exact mechanism by which it does so has yet to be 

determined.  

Previously, our lab has shown that HG-induced csGRP78 interacts with Intɓ1 on 

MC and csGRP78 inhibition mediated downstream FAK/Akt signaling and ECM 

production [71]. This data identifies Intɓ1 as a potential co-receptor for csGRP78, 

tethering it to the cell surface and facilitating this profibrotic signaling pathway. Further 

studies have also implicated PI3k/Akt in the production of the well-characterized 

profibrotic cytokine TGFɓ1 [37], [72], [115]. However, the potential role of both 

csGRP78 and Intɓ1 as pathologic regulators of TGFɓ1synthesis and signaling, through 

FAK/Akt, has not as yet been studied. Indirect inhibition of TGFɓ1 through this potential 

mechanism could disrupt the development of kidney fibrosis, which would identify a 

novel anti-fibrotic therapeutic target in DKD. Thus, this thesis will examine whether 

the csGRP78/ Intɓ1 axis is required for HG-induced TGFɓ1 profibrotic signaling in 

MC.  
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1.7 Thrombospondin-1 (TSP1)  

 TSP1 is an ECM-residing matricellular protein that regulates a multitude of 

cellular processes through its interactions with components of the ECM as well as matrix-

regulating enzymes, growth factors, other extracellular molecules and cell surface 

receptors [116]. TSP1 is secreted from cells and deposited into the surrounding ECM, 

however unlike structural matrix components, TSP1 does not have a direct influence on 

architectural integrity of the ECM but modulates this process through cell-matrix 

interactions. This homotrimeric glycoprotein, connected by disulfide bonds, has distinct 

binding partners, intermolecular interactions, and functional roles depending on the 

structural domain being bound (Figure 1-13) [116], [117]. Indeed, TSP1 is involved in a 

multitude of cellular processes such as cell adhesion, cell migration, apoptosis, ECM 

organization, and growth factor activity. Evaluating a potential pathophysiologic role for 

TSP1 has been of particular interest in cancer, fibrosis, and inflammation, where many of 

these cellular processes are dysregulated [116]ï[118]. 

Previous studies have implicated TSP1 as a major regulator of fibrosis through its 

role of TGFɓ1 activation [117], [119]ï[121]. TGFɓ1, a known profibrotic cytokine, is 

secreted in an inactive form whereby it is non-covalently bound to its latent association 

protein (LAP). This N-terminal pro-peptide dimer blocks the site for TGFɓ1 interaction 

with its cell surface receptors, thus leaving this ligand unable to bind and activate 

downstream profibrotic signaling [122], [123]. The LAP-TGFɓ1 is termed the small 

latent complex, which is then covalently linked to the latent TGFɓ1-binding proteins 

(LTBP), the large latent complex. LTBP anchors this latent complex to the nearby ECM 
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through covalent bonds with fibronectin and fibrillin [124]. This facilitates local and 

targeted TGFɓ1 activation (Figure 1-14). Activation of TGFɓ1 can occur through either 

proteolytic cleavage from LAP or a conformational change which reveals TGFɓ1 receptor 

binding sites, rendering this cytokine capable of signaling. TSP1 has been shown to 

activate TGFɓ1 through a non-proteolytic mechanism whereby its receptor binding sites 

are revealed without complete dissociation from the latent complex. TSP1 has been 

shown to bind both the small and large latent complex forms of TGFɓ1 [120], [121]. 

Several studies have identified the KRFK sequence in the second type 1 repeats of TSP1 

which outcompetes the RKPK sequence on TGFɓ1 for the conserved sequence LSKL on 

LAP. LSKL is found on the N-terminus of LAP and is a critical determinant of TGFɓ1 

latency [125]ï[128]. A second binding site for TGFɓ1 has been found on each of the type 

1 repeats of TSP1. The sequence WxxW binds to the VLAL sequence of both LAP and 

the active domain of TGFɓ1. This second binding motif is purported to act as a docking 

site that allows correct orientation of the KFRK with the LSKL sequence to facilitate their 

binding. Further, as this WxxW sequence also binds TGFɓ1, it is likely to play a role in 

the conformational change that activates TGFɓ1 (Figure 1-15)[120], [125], [129]. 

Through this mechanism, TSP1 can reveal TGFɓ1 receptor binding sites, rendering this 

profibrotic cytokine in its active form. Although TSP1 is not the sole activator of TGFɓ1, 

its ability to do so has been implicated in the pathologic dysregulation of ECM 

deposition, which is of particular interest in fibrotic diseases [117], [119], [130], [131].   
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Figure 1- 13. Thrombospondin-1 structure, major ligands, and functions. 

The N-terminal domain of TSP1 can interact with integrins and proteoglycans. Type 1 

repeats can interact with CD36, nitric oxide (NO), and latent TGFɓ1. Type II repeats can 

bind to neutrophil elastase and fibrin. Type III repeats can bind other integrin 

heterodimers and FGF2. Lastly, the C-terminal domain of TSP1 can interact with CD47. 

Depending on the binding partner for TSP1, distinct effects such as cell migration, ECM 

remodeling, coagulation, fibrosis, cell adhesion and apoptosis will be elicited. 

Unmodified image taken from Gutierrez and Gutierrez (2021)[116]  

(https://creativecommons.org/licenses/by/4.0/). 
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Figure 1- 14. Structure of latent TGFɓ1 and downstream signaling of active TGFɓ1. 

The LTBP is covalently bound to ECM proteins to tether this complex near the desired 

site of activation. The LAP-TGFɓ1 complex is bound covalently to the LTBP. After 

either proteolytic cleavage from the LAP or conformational revealing of TGFɓ1 receptor 

recognition sites, TGFɓ1 is rendered in its active form. With its receptor binding sites 

revealed, TGFɓ1 can now bind to TGFɓ receptor type II which both recruits and causes 

the auto-phosphorylation of TGFɓ receptor type I, producing the TGFɓ1 receptor 

complex. Here, downstream pathways, such as Smad signaling, are activated. Unmodified 

image taken from Hiromitsu and Hayashi (2012)[124] 

(https://creativecommons.org/licenses/by/4.0/). 
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Figure 1- 15. TSP1 interaction with and activation of TGFɓ1. 

The KRFK sequence found on the N-terminus of the second type 1 repeat of TSP1, 

recognizes the binding site for TGFɓ1 on LAP, the LSKL sequence. Binding of TSP1 to 

this sequence outcompetes TGFɓ1, thus disrupting the latent complex and revealing 

TGFɓ1 receptor binding sites. The second binding motif WxxW, acts as a docking site to 

ensure the correct orientation of TSP1, LAP and TGFɓ1. The conformational change 

induced from this dissociation with LAP, renders this cytokine in its active form. 

Unmodified image take from Sweetwyne and Ullrich (2012)[130], see Appendix for 

license. 
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1.7.1 TSP1 and DKD 

Previous studies have established a role for TSP1 in promoting the fibrotic 

phenotype seen in DKD through its non-proteolytic activation of TGFɓ1. In response to 

DKD-relevant stimuli such as HG and angiotensin II, TSP1 expression was increased in 

MC and podocytes [118], [132]ï[134]. Activation of TGFɓ1 by HG in MC also requires 

TSP1 [135], [136]. Further, increased glomerular TSP1 expression patterns were 

observed in DKD mouse models and human type 1 and 2 DKD [117], [136]ï[139]. 

Importantly, increased TSP1 expression was correlated with Smad signaling and 

proteinuria in type 2 DKD patients [137], [138].  

Several studies have also shown the potential therapeutic relevance of TSP1 

inhibition in DKD. In cell culture, MC treatment with a peptide that prevented TSP1 

interaction with the LAP-TGFɓ1 complex prevented the activation of TGFɓ1 [136]. 

Blockade of TSP1 using an inhibitory peptide in the type 1 diabetic mouse model induced 

by streptozotocin (STZ), resulted in improved DKD outcomes including reduced 

proteinuria, inflammation, and glomerular ECM accumulation [139]. Knockdown of the 

TSP1 gene in type 1 diabetic Akita mice also reduced glomerulosclerosis, podocyte loss, 

proteinuria, active TGFɓ1 and its downstream signaling, as well as the development of 

tubulointerstitial fibrosis [140]. A study by Wang et al. (2004) showed evidence that the 

transcription factor upstream stimulatory factor 2 (USF2) played a pathophysiologic role 

in DKD through its regulation of both HG-induced TSP1 expression and TGFɓ1 

signaling [141]. This role was further assessed in the STZ type 1 diabetic mouse model 

where USF2 was overexpressed. Here, glomerular expression of TSP1, TGFɓ1, and 
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collagen I were worsened by USF2 overexpression [142]. Clearly, TSP1 plays a critical 

role in promoting HG-induced TGFɓ1 and its downstream profibrotic signaling. 

However, the exact mechanism behind TSP1 upregulation in DKD has not yet been 

established. 

 Our lab has previously shown that HG induces the cell surface localization of 

GRP78 on MC where it is able to act as a signaling receptor. Further, csGRP78 was 

shown to be in part responsible for the HG-induced overproduction of ECM proteins 

through the PI3k/Akt pathway [71]. Wu et al. have previously shown that TGFɓ1 

synthesis and downstream ECM production are regulated through PI3k/Akt signaling in 

MC by HG [72]. Several studies have implicated the PI3k/Akt/PTEN pathway in 

promoting tumour angiogenesis through TSP1 regulation [143]ï[145]. However, whether 

this signaling cascade can regulate TGFɓ1 through its non-proteolytic activator, TSP1, 

has not yet been studied in DKD. Further, the role of HG-induced csGRP78 in mediating 

TGFɓ1 through this mechanism of action requires elucidation. If TSP1-mediated TGFɓ1 

activation is regulated by csGRP78, inhibition of this axis could be an attractive 

therapeutic target for disrupting the fibrotic phenotype seen in DKD. This thesis will 

thus determine whether HG-induced csGRP78 facilitates TGFɓ1 profibrotic 

signaling via TSP1 in DKD . 
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1.8 Evaluation of csGRP78/Ŭ2M* as a therapeutic target 

 Our lab has previously shown that HG treatment induces csGRP78 localization to 

the MC surface which promotes its downstream profibrotic signaling. As csGRP78 is not 

present on the surface of healthy cells, inhibition of this disease specific receptor has high 

therapeutic value for disrupting the fibrotic phenotype seen in DKD. Further, several 

studies have shown the increased expression of Ŭ2M, one of csGRP78ôs known ligands, 

in diabetes, DKD, and other fibrotic renal diseases [88]ï[90], [92], [146]. This implicates 

a potential role for this ligand as the activator of csGRP78. Importantly, as many of these 

studies indicate that Ŭ2M expression increases in disease, this supports the potential for 

disease specific expression of this ligand in the kidney. However, this has not yet been 

assessed. Lastly, csGRP78 has previously been shown to regulate PI3k/Akt signaling 

[71], a critical pathway which regulates TGFɓ1 in DKD [72]. A role for csGRP78, and 

potentially Ŭ2M*, in regulating TGFɓ1 synthesis and signaling must be assessed. If  

csGRP78 and Ŭ2M* can regulate this profibrotic cytokine, attenuation of either receptor, 

ligand or their interaction may be an effective indirect method of TGFɓ1 inhibition. This 

requires further elucidation.  

 Our lab has implicated a role for csGRP78 in the profibrotic signaling of MC [71]. 

However, whether csGRP78 profibrotic signaling is relevant in other renal cell types has 

not yet been assessed. As both PTEC and RF have been shown to promote 

tubulointerstitial fibrosis in the later stages of DKD [12], [147], [148], assessment of the 

role of this signaling cascade in other cell types would strengthen its value as a 

therapeutic target. Further, TGFɓ1 is a critical activator of profibrotic signaling in PTEC 
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and RF, in addition to MC [23], [37], [149]. Whether TGFɓ1, in the absence of HG, 

activates the csGRP78/Ŭ2M* axis and promotes its downstream signaling, has not yet 

been defined. This would identify a novel mechanism whereby TGFɓ1 induces csGRP78-

mediated signaling which would be relevant to both DKD and non-diabetic CKD. Thus, 

this thesis will determine if HG and TGFɓ1 can induce csGRP78/Ŭ2M* profibrotic 

signaling to promote fibrogenesis in both PTEC and RF. Further, this thesis will 

examine whether in vivo csGRP78/Ŭ2M* inhibition  is an effective anti-fibrotic 

therapy. 
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1.9 Main Objective 

The main objectives of this thesis are to elucidate the mechanisms by which HG-induced 

csGRP78/Ŭ2M* promote profibrotic signaling in the kidney and to assess whether 

inhibition of this axis is a potential novel therapeutic target for both DKD and non-

diabetic CKD. 

1.9.1 Research Aims 

1) Assess the role of activated Ŭ2M in HG-induced profibrotic signaling in MC. 

2) Determine if  csGRP78/Intɓ1 are required for TGFɓ1 synthesis and downstream 

profibrotic signaling. 

3) Determine whether HG-induced csGRP78 mediates TGFɓ1 signaling via TSP1 in 

DKD. 

4) Elucidate the role of csGRP78/Ŭ2M* axis in other renal cell types relevant to 

DKD and non-diabetic CKD. Determine the therapeutic potential of inhibiting 

csGRP78/Ŭ2M* signaling in a mouse model of kidney fibrosis. 

1.9.2 Overall Hypothesis 

I hypothesize that HG-induced csGRP78/Ŭ2M* interaction promotes profibrotic 

responses in MC as well as other kidney cell types relevant to disease. Inhibition of this 

pathway could be a novel anti-fibrotic therapy for both DKD and CKD treatment. 
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1.9.3 Summary of Research Findings 

1) HG increased endogenous Ŭ2M production, secretion, and activation by MC. 

Inhibition of this csGRP78 ligand prevented PI3k/Akt signaling, downstream 

cytokine activation, and ECM accumulation. 

2)   Both csGRP78 and Intɓ1 are required for HG-induced TGFɓ1 synthesis and 

signaling in MC. Intɓ1 activation, in the absence of HG, is sufficient to induce 

translocation of GRP78 to the cell surface. 

3) Through csGRP78 on MC, the PI3k/Akt pathway regulated TSP1 production and 

deposition into the ECM, thus meditating its ability to non-proteolytically activate 

TGFɓ1 and its downstream signaling. 

4) Treatment with either HG or TGFɓ1 induced csGRP78 translocation and 

endogenous production of Ŭ2M* in both proximal tubule epithelial cells and renal 

fibroblasts. Inhibition of the csGRP78/Ŭ2M* axis ameliorated TGFɓ1 signaling 

and ECM production in these cell types relevant to later stage DKD and non-

diabetic CKD. Blockade of csGRP78/Ŭ2M* interaction via inhibitory peptide, 

attenuated profibrotic signaling and renal fibrosis in the unilateral ureteral 

obstruction mouse model. 
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Chapter 2: Assessing the role of activated Ŭ2M in HG-induced 

profibrotic signaling in MC  
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2.1 Preface 

Significance to Thesis 

Previously, our lab showed that HG treatment induced GRP78 translocation to the 

cell surface of MC. Acting as a cell surface receptor, csGRP78 was then able to mediate 

ECM production through the PI3k/Akt pathway, thus contributing to the pathogenesis of 

DKD. However, this novel mediator of profibrotic signaling requires an activating ligand 

to facilitate its role. The purpose of this study was to identify the ligand that binds to 

csGRP78 and initiates its profibrotic signaling. Here, we identified activated Ŭ2M (Ŭ2M*) 

as a critical regulator of HG-induced ECM and profibrotic cytokine production by MC. 

We observed endogenous production, secretion, and activation of Ŭ2M by MC, whereby 

its knockdown or inhibition prevented FN, Col IV and CTGF production. These findings 

support a novel role for csGRP78/Ŭ2M* profibrotic signaling in the kidney which 

contributes to the fibrogenesis of DKD. Inhibition of this molecular mechanism may 

prove beneficial as an anti-fibrotic therapeutic strategy. 
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2.2 Abstract 

 

Diabetic kidney disease (DKD) is caused by the overproduction of extracellular 

matrix proteins (ECM) by glomerular mesangial cells (MCs). We previously showed that 

high glucose (HG) induces cell surface translocation of GRP78 (csGRP78), mediating 

PI3K/Akt activation and downstream ECM production. Activated alpha 2-macroglobulin 

(Ŭ2M*) is a ligand known to initiate this signaling cascade. Importantly, increased Ŭ2M 

was observed in diabetic patientsô serum, saliva, and glomeruli. Primary MCs were used 

to assess HG responses. The role of Ŭ2M* was assessed using siRNA, a neutralizing 

antibody and inhibitory peptide. Kidneys from type 1 diabetic Akita and CD1 mice and 

human DKD patients were stained for Ŭ2M/Ŭ2M*. Ŭ2M transcript and protein were 

significantly increased with HG in vitro and in vivo in diabetic kidneys. A similar 

increase in Ŭ2M* was seen in media and kidneys, where it localized to the mesangium. 

No appreciable Ŭ2M* was seen in normal kidneys. Knockdown or neutralization of 

Ŭ2M/Ŭ2M* inhibited HG-induced profibrotic signaling (Akt activation) and 

matrix/cytokine upregulation (collagen IV, fibronectin, CTGF, and TGFɓ1). In patients 

with established DKD, urinary Ŭ2M* and TGFɓ1 levels were correlated. These data 

reveal an important role for Ŭ2M* in the pathogenesis of DKD and support further 

investigation as a potential novel therapeutic target. 
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2.3 Introduction  

 

Diabetic kidney disease (DKD) is the leading cause of kidney failure in developed 

nations, with patients suffering the highest morbidity and mortality rates of any kidney 

failure patient group. Currently, treatment can only delay DKD progression [1,2]. Thus, 

there is a major need to identify new therapeutic targets. The earliest pathologic hallmarks 

of DKD include glomerular hypertrophy and basement membrane thickening, followed 

by glomerular sclerosis due to deposition of extracellular matrix (ECM) proteins [3,4]. 

Glomerular mesangial cells (MC) play a central role in the pathogenesis of DKD. 

While we and others have gained much insight into the molecular mechanisms involved 

in MC matrix synthesis in response to high glucose (HG) [5], identification of clinically 

translatable targets is still much needed.  

The endoplasmic reticulum (ER) chaperone 78kDa glucose regulated protein 

(GRP78) maintains proper protein folding and homeostasis within the cell. It is 

now recognized that in non-homeostatic conditions, such as ER stress, GRP78 can also 

translocate to the cell surface to act as a receptor for intracellular signaling [6]. While best 

studied in tumor cells, we recently showed that csGRP78 is increased by HG in MC and 

in diabetic kidneys and showed its importance in mediating HG-induced profibrotic 

responses through PI3K/Akt signaling [7].  How HG initiates intracellular signaling 

through csGRP78, however, has yet to be elucidated.  

Ŭ2-macroglobulin (Ŭ2M) is an abundant serum protein and panproteinase 

inhibitor. At 720kDa, it is comprised of four identical 180kDa subunits [8], each 

containing a bait region that is cleaved once bound by a proteinase. Upon cleavage of all 
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subunits, a conformational change occurs, entrapping the proteinase. The resulting 

complex is considered the activated form of Ŭ2M, designated Ŭ2M*, in which receptor 

recognition sites are exposed. This allows interaction with its two identified receptors, low 

density lipoprotein receptor-like protein (LRP1) and csGRP78. The binding affinity for 

csGRP78 is significantly higher at a Kd ~150pM compared with a Kd in the nM range for 

LRP1, the predominant role of which is Ŭ2M* endocytic clearance [8ï10].  

Ŭ2M* interaction with csGRP78 has thus far been implicated predominantly in the 

pathogenesis of various cancers [11ï13]. Ŭ2M* binds to a region in the NH2-terminal 

domain of csGRP78 to initiate signaling pathways that promote tumor cell proliferation 

and survival such as ERK1/2, p38 MAPK, PI3K/Akt, and NF-əB [11,13ï16]. We 

previously showed that HG-induced PI3K/Akt activation and downstream matrix 

production in MC requires csGRP78 [7], but the ligand that activates csGRP78 has yet to 

be identified. Importantly, increased expression of Ŭ2M was shown in serum and saliva of 

diabetic patients [17ï19], and its transcript was recently found increased in human 

DKD [20]. These studies implicate Ŭ2M in diabetes and likely DKD. However, whether 

Ŭ2M is activated in DKD and plays a role in its pathophysiology is unknown and thus the 

focus of this study.  

 

2.4 Materials and Methods  

2.4.1 Cell Culture꜡  

Primary MC were obtained from glomeruli of male C57BL/6 mice (Charles 

River). Briefly, after Dynabead (Thermo Fisher) perfusion, kidneys were harvested and 
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sheared, and glomeruli isolated using a magnet. MC were outgrown and cultured using 

DMEM/20% FBS (Sigma). 1LN prostate cancer cells, which express high levels of 

csGRP78 [13], were cultured in RPMI 1640/10% FBS (ThermoFisher). Cells were grown 

at 37°C in 95% O2/5% CO2. MC were serum deprived at 80% confluency in medium with 

1% BSA 24h before treatment with HG (30mM), mannitol (24.4mM) as osmotic control 

or methylamine-activated Ŭ2M (100pM). The peptide sequence in GRP78 to which Ŭ2M* 

binds (CLIGRTWNDPSVQQDIKFL (Leu98-Leu115) was used to block Ŭ2M* binding and 

thus signaling through csGRP78 [11]. The scrambled 

peptide GTNKSQDLWIPQLRDVFI was used as a control, with both peptides used at 

100nM (Cedarlane).  

2.4.2 Protein Extraction and Immunoblotting꜡  

Cells were lysed as described previously [21]. Proteins were separated using SDS-

PAGE followed by immunoblotting. Antibodies used: Ŭ2M (1:1000, Bioss), F-Ŭ2M 

which specifically detects Ŭ2M* (generated as previously described [22]) 

(1:1000), pAkt S473 (1:1000, Cell Signaling), total Akt (1:1000, Cell Signaling), LRP1 

(1:1000, Abcam), GRP78(C20) (1:1000, Santa Cruz), platelet derived growth factor-ɓ 

(PDGFR-ɓ) (1:1000, Cedarlane), collagen IV (Col IV) (1:1000, Cell Signaling), 

fibronectin (FN) (1:1000, Abcam), connective tissue growth factor (CTGF) (1:1000, 

Santa Cruz), and tubulin (1:5000, Santa Cruz).Media was concentrated (Amicon Ultra 

4mL Centrifugal Filter) and run on a non-denaturing polyacrylamide gel. Membranes 

were probed for both inactive Ŭ2M and the conformationally changed and more 

rapidly migrating Ŭ2M*.  Proteins in the media could not be normalized, but each 
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experimental well was plated to the same confluency with no apparent difference in 

confluency observed at the time of media collection. Equal volumes of media were 

concentrated and run on a non-denatured gel. Nativemark unstained protein ladder 

(ThermoFisher) confirmed band location.  

2.4.3 qPCR꜡  

RNA was extracted using Trizol (Invitrogen), with 1ɛg reverse transcribed 

using qScript Supermix Reagent (Quanta Biosciences). Primers for Ŭ2M were: forward 5ô-

CCAGGACACGAAGAAGG-3ô and reverse 5ô-CACTTCACGATGAGCAT-3ô. 

Quantitative PCR was performed using the Power SYBR Green PCR Master Mix on the 

Applied Biosystems Vii 7 Real-Time PCR System. Changes in mRNA expression were 

determined relative to 18S using the ȹȹCt method.  

2.4.4 Experimental Animals and Tissue Processing꜡  

Two type 1 diabetic models were assessed: 1) Male type 1 diabetic C57BL/6-

Ins2Akita/J mice (Jackson Laboratories) and their wild-type controls were sacrificed at 18, 

30, and 40 weeks of age (Ethics approval number 18-07-30). 2) Male CD1 mice 

were uninephrectomized, followed by injection with 200Õg streptozotocin and sacrifice 

after 12 weeks of diabetes as previously described in the original studies (Ethics approval 

number 14-11-48). [23]. For human studies, kidney biopsy samples with a diagnosis of 

DKD were obtained. Normal kidney tissues surrounding resected renal cancers were used 

as controls. Tissue was obtained after approval by the local Research Ethics Board (Ethics 

approval number 2010-159).  
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For immunoblotting, samples were homogenized in tissue lysis buffer containing 

protease inhibitors (cOmplete Mini, Sigma and PhosSTOP, Sigma) in the Bead Mill 

Homogenizer (Bead Ruptor Elite, Omni International) using 1.4mm ceramic beads 

(Lysing Matrix D, MP Biomedicals). After clarification, protein concentration was 

determined using the DC Protein Assay (Bio-Rad).  

Forin situhybridization (ISH), 4µm paraffin embedded sections were 

deparaffinized, fixed (4% paraformaldehyde), and digested (proteinase K (20mg/mL, 

5min). After pre-hybridization in hybridization buffer (ultrapure 50% formamide, 20x 

SSC, 10ɛg/ɛl yeast t-RNA, 50x Denhardtôs solution) at 53ÜC, 2h, slides 

were incubated with a DIG-labeled Ŭ2M probe (5ôAAGTAGCTTCGTGTAGTCTCT3ô, 

Qiagen) for 2 days. Slides were washed with 2xSSC (RT) followed by washes with 

2xSSC and 0.1xSSC at 53ÜC. After blocking in 1x Casein, slides were incubated with AP-

coupled anti-DIG antibody (Abcam) overnight at 4ºC, developed using NBT/BCIP 

(Vector Laboratories), washed in PBS, dehydrated, and mounted in Faramount aqueous 

mounting medium (Dakocytomation).Images were quantified using Image J software and 

a separate quantification of glomeruli and tubules was completed (Supplementary 

Figure 2-1).  

For immunohistochemistry (IHC),꜡4Õm paraffin embedded kidney sections were 

deparaffinized and then probed for Ŭ2M (Bioss, 1:1000, no antigen retrieval) or Ŭ2M* 

(FŬ2M antibody, 1:100, antigen retrieval using proteinase K, 40Õg/ml, 5min). Images 

were quantified using Image J software. Separate glomerular and tubule quantification 

was also completed (Supplementary Figure 2-2).   
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For immunofluorescence (IF), 4Õm OCT-preserved kidney sections were 

fixed (3.7% paraformaldehyde) and permeabilized (0.2% Triton X-100). To block 

endogenous biotin and reduce high background fluorescence, an Avidin/Biotin Blocking 

Kit (Vector Labs) was used, followed by co-staining with F-Ŭ2M (1:200) and Ŭ8-integrin 

as a MC marker (1:100, Novus Biologicals). Images were captured using the Olympus 

BX41 microscope at 40x. For each mouse, 40 glomerular images were taken for 

quantification. The Image J colocalization plug-in was used to create a colocalization 

mask of areas expressing both Ŭ8-integrin and FŬ2M. Quantification was completed using 

Image J.  

2.4.5 Transfection꜡꜡  

For siRNA experiments, MC were plated at 50% confluence and transfected with 

100nmol of Ŭ2M, LRP1 or control siRNA (Silencer Select, ThermoFisher) using 

Lipofectamine 2000 (ThermoFisher).Electroporation was used to transfect cells with 

pcDNA3.1 GRP78æKDEL (GRP78 lacking the KDEL domain which localizes it to the 

ER, thus enabling significant localization to the cell surface [24]). Empty vector was used 

as a control. Confluent MC were trypsinized and centrifuged in medium with 20% FBS 

without antibiotics. Cells (200µl, 5x105/ml) were electroporated in a 4mm gap cuvette 

with 10Õg plasmid for one 30ms pulse at 250V (ECM 399, BTX Harvard 

Apparatus) before replating. MC were then serum deprived as above.  

2.4.6 Intracellular Calcium Assay꜡  

1LN cells were loaded with the calcium indicator Fura-2AM (5µM, Abcam) in 

HBSS for 45 minutes at 37ᴈ in the dark. Baseline fluorescence readings were taken 
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every minute for 5 minutes using a temperature-controlled fluorescent microplate reader 

(Gemini EM Spectra Max, Molecular Devices) set to 340 and 380nm excitation and 

510nm emission. After treatment with methylamine-activated Ŭ2M (100pM) with or 

without antibody (FŬ2M or control IgG, 2Õg), peptide or scrambled peptide (100nM), 

readings were taken every minute for 15min. Intracellular calcium concentrations were 

determined by calculating the ratio of fluorescence signal (340/380nm).  

2.4.7 Cell Surface Protein Isolation꜡  

After treatment, cells were incubated with 1mg/mL EZ-linked Sulfo-Biotin 

(Pierce) for 30 minutes, then washed with 0.1M glycine in PBS to remove excess Sulfo-

Biotin, lysed, clarified and equal quantities of protein incubated overnight in a 50% 

Neutravidin slurry (Fisher) to capture biotin-tagged proteins. Beads were washed 5x with 

lysis buffer and bound proteins cleaved by boiling for 10min in 2x PSB. Samples were 

separated using SDS-PAGE and immunoblotted.  

2.4.8 TGFɓ1 ELISA꜡  

Total secreted TGFɓ1 in conditioned media was quantified using the TGFɓ1 

Quantikine ELISA Kit (R&D Systems).  

2.4.9 Recovery of Ŭ2M* From Urine Samples꜡  

Urine Ŭ2M* was detected by ELISA using the FŬ2M antibody as described 

previously [22]. This assay has been tested on plasma/serum samples. We tested 

recoverability of Ŭ2M* in urine spiked with 0, 1, or 3 Õg/mL Ŭ2M*. Samples were 

diluted 1:100 and recovery was calculated as a percentage of the mean values. Spiking 

urine with 1 Õg/mL Ŭ2M* revealed a recovery percentage of 109%, and addition of 3 
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µg/mL showed a recovery percentage of 104%. Parallelism between the standard used in 

the assay and the urine plasma pool spiked with 50 Õg/mL Ŭ2M* was then studied. 

Samples were diluted 1:100 in sample dilution buffer and further 2-fold diluted on the 

plate. Values are shown in the results section.  

2.4.10 Patient Cohort꜡  

We studied the relationship between urinary Ŭ2M* and TGFɓ1 using samples 

from a published cohort of type 2 diabetic patients with overt DKD who previously 

participated in a longitudinal biomarker study [25]. First, we explored whether 

urinary Ŭ2M* was associated with total proteinuria in a sample from 4 subjects with 

proteinuria <0.5 g/g creatinine and 4 with > 2 g/g. Second, we verified the association 

between urinary Ŭ2M* and TGFɓ1 in 18 subjects with proteinuria < 2 g/g to attenuate the 

influence of proteinuria, which is also known to correlate with urinary TGFɓ1. Patients 

had provided multiple urinary specimens during their follow-up and Ŭ2M* was 

determined for each available sample. Urine TGFɓ1 was previously assessed by ELISA 

(Millipore) [25]. Urine Ŭ2M* was detected by ELISA as described above. Values were 

normalized to urine creatinine.  

2.4.11 Statistical Analysis  

Studentôs t-test or one-way ANOVA were used to compare the means between 

two or more groups, respectively. For calcium assay quantification, fold change at time of 

treatment (6 minutes) was compared between groups using a one-way ANOVA. 

Significant differences between multiple groups (post hoc) were analyzed using Tukeyôs 

HSD with pÒ0.05 considered significant. Data are presented as mean ÑSEM. To assess 
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the relationship between urinary biomarkers in patients with DKD, we used Spearman 

Rhoôs or Pearson correlations depending on whether data had skewed or normal 

distributions.  

 

2.5 Results  

2.5.1 Ŭ2M is increased and activated by HG in MC and in diabetic꜡kidneys꜡꜡  

Previous reports showed that Ŭ2M is increased in saliva and serum of diabetic 

patients and transcript levels were elevated in diabetic kidneys [17ï19]. We first 

determined whether HG increased Ŭ2M transcript and protein expression in MC.Figure 

2-1A and Bshow that HG, but not the osmotic control mannitol, increased Ŭ2M mRNA 

and protein expression, respectively, and that this was dose dependent (Figure 2-1C).We 

next confirmed increased Ŭ2M expression in type 1 diabetic Akita kidneys by ISH 

(Figure 2-1D). Figure 2-9 S1A shows separate quantification of glomerular and tubular 

staining. InFigure 2-1E, increased Ŭ2M protein levels were also seen by IHCin 

glomeruli as well as in tubules (with Figure 2-9 S1B showing separate quantification of 

glomerular and tubular staining).This was confirmed by immunoblotting of kidney 

lysates (Figure 1F).  

We next determined whether Ŭ2M is also activated in HG, thereby revealing the 

binding site for csGRP78. Since activation entails conformational change, we used a non-

denaturing gel to preserve Ŭ2M* tertiary structure. Ŭ2M* was detected with F-Ŭ2M, an 

antibody which specifically recognizes the conformationally-revealed receptor binding 

domain in Ŭ2M* [22].Figure 2-2Ashows that both secreted Ŭ2M and Ŭ2M* are 
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significantly increased by HG, with Ŭ2M* unaffected by mannitol. As expected, Ŭ2M* 

migrated further through the gel. We next determined whether Ŭ2M* was increased in 

diabetic kidneys. As previously observed for Ŭ2M, Ŭ2M* was also elevated in both 

glomeruli and tubules in Akita diabetic kidneys as shown by IHC (Figure2- 2B; Figure 

2-10 S2A shows separated glomerular and tubular quantification). This was supported 

by a second model of type 1 DKD (streptozotocin-treated uninephrectomized CD1 mice) 

(Figure 2-2C; Figure 2-10 S2B shows separated glomerular and tubular quantification). 

To confirm localization to MC, we performed IF with dual staining for Ŭ2M* and the MC 

marker Ŭ8-integrin [26] in Akita kidneys. Using a colocalization mask, an increase in 

Ŭ2M* is seen in the mesangium (Figure 2-2D). Finally, to determine whether Ŭ2M* is 

increased in human DKD, its expression was assessed by IHC in kidney biopsies with a 

DKD diagnosis in comparison to normal kidney tissue taken at the time of renal cancer 

resection.Figure 2-2Eshows that Ŭ2M*, not seen in control kidneys, is markedly 

expressed in diabetic glomeruli (Figure 2-10 S2C shows the separated quantification for 

glomeruli and tubules). Taken together, these data confirm that Ŭ2M expression and 

activation are induced by HG.  

2.5.2 Inhibition of꜡Ŭ2M/Ŭ2M* inhibits HG-induced profibrotic responses by꜡MC꜡  

Previous studies identified the importance of PI3K/Akt signaling in HG-

induced ECM protein production by MC. As we previously showed that csGRP78 

mediates this signaling pathway [7,27], we wished to determine whether Ŭ2M* could be 

the ligand leading to its activation. We thus first investigated the effects of Ŭ2M 

downregulation using siRNA on HG-induced PI3K/Akt activation. As seen inFigure 2-
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3A, Ŭ2M knockdown prevented activation of Akt, assessed by its phosphorylation on 

S473, in response to HG. Knockdown also significantly reduced ECM protein expression 

(fibronectin, collagen IV) and that of the profibrotic cytokine CTGF, known to contribute 

to mesangial expansion and kidney fibrosis in DKD [28] (Figure 2-3B).  

We then evaluated the importance of Ŭ2M* using the F-Ŭ2M antibody. As it binds 

the Ŭ2M*-specific receptor binding domain, through which it binds to csGRP78, it was 

used here to functionally neutralize Ŭ2M* [22]. To confirm its neutralizing ability, we 

used 1LN prostate cancer cells which highly express csGRP78, and in which Ŭ2M* was 

shown to induce a rapid increase in intracellular calcium [13].Figure 2-3C shows that F-

Ŭ2M, but not control IgG, prevented calcium internalization, confirming its neutralizing 

ability. We then tested its effects in HG. As seen inFigure 2-3D and E, Ŭ2M* 

neutralization inhibited Akt activation and ECM/CTGF upregulation, similar to Ŭ2M 

knockdown.  

Previous studies showed that the receptor-binding domain of Ŭ2M* binds to the 

sequence Leu98-Leu115in GRP78 [11]. Calcium signaling in 1LN cells induced by Ŭ2M* 

was abolished by a peptide comprising these residues [11,12,29].Figure 2-4A confirms 

that this peptide, but not a scrambled control peptide, inhibits the Ŭ2M*-induced increase 

of intracellular calcium in 1LN cells. We thus used this peptide to confirm that Ŭ2M* 

mediates the HG-induced profibrotic response in MC. As seen inFigure 2-4B and C, this 

peptide abrogated HG-induced Akt activation and matrix protein/CTGF upregulation. 

Scrambled peptide had no effect. Taken together, these data support the importance of 
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Ŭ2M and its activation in mediating profibrotic responses to HG, likely through 

csGRP78.  

2.5.3 LRP1 is not involved in HG-induced profibrotic responses in꜡MC꜡  

As described above, both LRP1 and csGRP78 are receptors for Ŭ2M*, although its 

affinity is significantly higher for csGRP78 [11]. To determine whether LRP1 is involved 

in mediating the HG response, the effect of LRP1 knockdown using siRNA was 

evaluated. As seen inFigure 2-5A and B, this did not affect HG-induced Akt activation 

or matrix/CTGF upregulation, indicating that csGRP78 rather than LRP1 mediates Ŭ2M* 

profibrotic signals in HG.  

2.5.4 Increased matrix synthesis with csGRP78 overexpression requires Ŭ2M*꜡꜡  

In prostate cancer cells, Ŭ2M* increased csGRP78 [30]. We tested whether this 

positive feedback loop also occurs in MC using a biotinylation assay to detect csGRP78. 

As shown inFigure 2-6A, Ŭ2M* increased csGRP78 in the absence of HG. We further 

assessed whether HG-induced Akt activation could be augmented by Ŭ2M* cotreatment 

(Figure 2-6B). However, no additive effect was seen, suggesting that the HG-induced 

increase in Ŭ2M* is sufficient to generate enough ligand to occupy available csGRP78.  

We next wished to evaluate whether forced GRP78 surface translocation can initiate 

signaling or augment HG responses. We thus overexpressed GRP78 lacking the ER-

retention signal KDEL (GRP78KDEL). We first confirmed by biotinylation and pull-

down of cell surface proteins that its overexpression increases csGRP78 (Figure 2-6C). 

Interestingly, a further increase was seen with HG. We next examined its effects on Akt 

activation. As seen inFigure 2-6D, overexpression itself led to Akt activation and this 
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was further augmented by the addition of HG (Figure 2-6D). Similar effects were seen 

for ECM protein and CTGF expression (Figure 2-6E). These data suggest that in the 

absence of HG, basal levels of Ŭ2M* (as seen inFigure 2-2A) induce signaling through 

overexpressed csGRP78. To test this, we used the Ŭ2M* blocking peptide. As shown 

inFigure 2-6F, thisblocked Akt activation and matrix synthesis induced by csGRP78 

overexpression. Similar results were seen with Ŭ2M* neutralization using the F-Ŭ2M 

antibody (Figure 2-6G). Taken together, these data support a critical role for Ŭ2M* in 

MC profibrotic signaling.  

2.5.5 Ŭ2M* regulates TGFɓ1 production by HG in꜡MC꜡꜡  

TGFɓ1 is a well-characterized mediator of the profibrotic process in DKD and of 

HG-induced matrix upregulation in MC [31,32]. Since Akt is known to regulate its 

synthesis in response to HG [33], inhibition of Ŭ2M* is likely to inhibit TGFɓ1 

production. Confirmation of this is shown inFigure 2-7A, in which HG-induced 

secretion of TGFɓ1 into the medium, assessed by ELISA, was blocked by Ŭ2M* 

neutralization with F-Ŭ2M.  

2.5.6 Urinary Ŭ2M* is associated with urinary TGFɓ1 in individuals with overt꜡DKD꜡꜡  

We previously showed that urinary TGFɓ1 contributed to prediction of kidney 

disease progression in a cohort of patients with established DKD [25]. We thus analyzed 

the urine of a subset of these patients to address the association between Ŭ2M* and 

TGFɓ1. Previously, an ELISA specific to Ŭ2M* was validated for use with serum and 

plasma samples [22] but has not been used for urine samples. Thus, as described in 

Methods we first validated its use for human urine samples spiked with various 
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concentrations of Ŭ2M* to confirm recovery. Figure 2-7B shows that the recovered 

Ŭ2M* from urine samples closely corresponded to the standard concentrations of Ŭ2M* 

used for this assay, confirming the ability of the ELISA to quantify Ŭ2M* from human 

patient urine samples.   

In a subset of individuals with low and high proteinuria (described in 

methods) urinary Ŭ2M* was strongly associated with total urinary protein (Spearmanôs 

Rho 0.76, p=0.03, n=8). To attenuate the influence of proteinuria on both Ŭ2M* and 

TGFɓ1, we analyzed a subset of 18 patients with median proteinuria <2 g/g of 

creatinine during follow-up.Table 2-1shows patient clinical characteristics. Ŭ2M* was 

determined in 56 samples. As shown inFigure 2-7C, the median value of urinary Ŭ2M* 

for each individual was associated with the median value of urinary TGFɓ1. The 

association between Ŭ2M* and proteinuria was not significant in this low-proteinuria 

subgroup (p=0.16, Pearson correlation).Together, these data identify an important role 

for Ŭ2M* in mediating HG-induced TGFɓ1 upregulationin vitro꜡and suggest the clinical 

relevance of this finding. Further clinical studies will more clearly define this 

relationship.  

 

2.6 Discussion  

We recently demonstrated that csGRP78 is increased in diabetic kidneys and 

showed its importance in mediating MC HG-induced profibrotic signaling [7]. However, 

the mechanism by which csGRP78 is activated in this setting was unknown. Our data 

now identify Ŭ2M*, a known ligand for csGRP78, as a critical mediator of this signaling 
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in MC. Not only is Ŭ2M expression increased by HG in MC and in diabetic mouse and 

human kidneys in both glomeruli and tubules, but more importantly, its activation enables 

its function as a signaling ligandfor csGRP78. Localization of Ŭ2M and Ŭ2M* expression 

tothe mesangium was confirmed using ISH and IF respectively. Similar to our previous 

findings with csGRP78 inhibition, Ŭ2M knockdown or Ŭ2M* neutralization inhibits 

profibrotic Akt activation and downstream matrix and profibrotic cytokine production. 

These data support an important role for Ŭ2M* in the pathogenesis of diabetic 

glomerulosclerosis, an early hallmark of DKD, and provide rationale for its further 

evaluation as a potential therapeutic target.   

Several studies have suggested a role for Ŭ2M in diabetes and more recently in 

DKD. Increased Ŭ2M levels in saliva of diabetic patients corresponded with higher blood 

glucose levels, potentially associating Ŭ2M with glycemic control [19]. Increased Ŭ2M 

serum levels were also found in diabetic patients [18], and these correlated with 

microalbuminuria, a clinical feature associated with DKD progression [34,35]. Increased 

presence of Ŭ2M was further identified in diabetic kidneys by IHC, postulated to be due to 

non-specific leakage and trapping of plasma proteins [17]. A recent study, however, 

showed elevation of Ŭ2M transcript levels in diabetic glomeruli, supporting local 

regulation and synthesis [20]. Our studies clearly demonstrate increased local production 

of Ŭ2M. However, the pathogenic role of Ŭ2M in DKD has been undefined. We now show 

that Ŭ2M is activated only in diabetic kidneys, where its activation is likely due to the 

presence of various Ŭ2M-binding proteinases in the hyperglycemic environment[36], 

but this needs to be further evaluated. Importantly, in this activated form, Ŭ2M* can bind 
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to and signal through csGRP78 to induce profibrotic responses. Our data thus reveal a 

novel role for Ŭ2M* in the pathogenesis of DKD which can be potentially exploited for 

treatment purposes.  

An association of Ŭ2M with non-diabetic renal fibrosis has also been observed in 

several models. In age-associated renal fibrosis, Ŭ2M was increased in both glomeruli and 

the tubulointerstitium. It was postulated that this increase inhibited the matrix-degrading 

ability of MMP2, thus contributing to the accumulation of collagens in the aging kidney. 

With caloric restriction, Ŭ2M expression was attenuated in parallel with a decrease in 

fibrosis and increase in MMP2 activity [37]. Ŭ2M was also increased in two models of 

renal fibrosis (puromycin aminonucleoside nephrosis and 5/6 nephrectomy), particularly 

in glomeruli, with expression noted to increase as fibrosis progressed [38]. Recently, 

increased renal Ŭ2M transcript was associated with human focal glomerulosclerosis 

(FSGS) disease progression and poor renal prognosis. From single cell RNAseq data, 

Ŭ2M transcript was identified in both endothelial and mesangial cells [20]. Interestingly, 

in these studies and consistent with our data, Ŭ2M was absent in normal kidneys. We thus 

further investigated whether the activated Ŭ2M* was increased in our non-diabetic model 

of chronic kidney disease, 5/6 nephrectomy in mice, by IHC (Ethics approval number 18-

07-30 [39]. Here we also observed a significant increase in Ŭ2M*, suggesting a 

potentially broader profibrotic role for Ŭ2M* in non-diabetic chronic kidney disease 

(Figure 2-11 S3A and separate quantification for glomeruli and tubules in 2-11 S3B). 

Future studies will determine whether cell surface presence of its receptor GRP78 is also 



 

Ph.D. Thesis ï Jacqueline Trink McMaster University ï Medical Sciences 

68 
  

increased in non-diabetic chronic kidney disease, and whether inhibition of this pathway 

protects against fibrosis.  

Studies have suggested a potential for urinary Ŭ2M (the inactive form) to serve as 

a biomarker for DKD. One study showed a correlation between urinary Ŭ2M levels and 

the degree of microalbuminuria in individuals with type 2 diabetes [40]. Yang et al 

identified a urine proteome specific for proliferative diabetic retinopathy, also in type 2 

diabetic patients. While Ŭ2M was one of the top two proteins significantly increased in 

those with DKD, the prospective arm of the study focused only on the ability of 

haptoglobin, the second of these proteins, to predict progression of DKD [41]. It is thus 

possible that urinary levels of Ŭ2M, or Ŭ2M* as suggested by our study, are potential 

biomarkers that may identify those with DKD and/or those at higher risk of progression. 

This will require further study.   

Ŭ2M may promote fibrosis in two main ways. First, locally increased Ŭ2M may 

inhibit matrix-degrading metalloproteinases [42], thus indirectly contributing to matrix 

accumulation. Second, we show that Ŭ2M* signalingthrough csGRP78 

promotes profibrotic Akt signaling [7]. We also evaluated the contribution of LRP1, the 

second identified Ŭ2M* receptor [43]. Functioning as a scavenger receptor, LRP1 clears a 

variety of ligands through endocytosis, although it was also shown to be involved in 

activation of various signaling pathways including Akt [43]. Furthermore, 

LRP1 was implicated in the pathogenesis of several human diseases including 

Alzheimerôs disease, breast cancer, and prostate cancer [43], although it has not been 
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directly studied in diabetes or DKD. Our data using LRP1 knockdown, however, do not 

support a significant role for LRP1 in MC HG-induced profibrotic responses.  

The mechanism by which Ŭ2M transcript is increased by HG has yet to be 

elucidated. The cytokines IL-6 and IL-11 were shown to increase Ŭ2M promoter activity 

through members of the STAT transcription factor family [44,45]. Synergy between 

STAT and AP-1 was additionally important for Ŭ2M promoter regulation by IL-6 [44]. 

Interestingly, activity of both STATs and AP-1 are known to be induced by HG, with 

targeting of STAT activation through the use of JAK inhibitors being currently evaluated 

for the treatment of DKD [46,47]. The role of STAT and AP-1 in the regulation of Ŭ2M 

promoter activity in response to HG and in DKD, and the potential role of other 

transcription factors, will be evaluated in further studies.  

Our biotinylation results suggest that locally increased Ŭ2M* may facilitate the 

presentation of GRP78 on the cell surface, in addition to its role as a ligand, as this has 

also been shown in prostate cancer cells [48]. This suggests that Ŭ2M* may participate in 

a positive feedback loop, leading to an augmentation of csGRP78 signaling and thus 

potentiation of profibrotic signaling. Interestingly, we observed that forced cell surface 

GRP78 expression was sufficient to increase Akt activation and upregulation of ECM 

proteins/CTGF and this was augmented by HG. This was blocked by Ŭ2M* inhibition, 

supporting a requirement for Ŭ2M* in both basal and HG-induced signaling through 

csGRP78.  
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2.7 Conclusion 

Taken together, we have shown that Ŭ2M/Ŭ2M* are increased in MC by HG and 

in diabetic glomeruli, and that Ŭ2M* regulates MC profibrotic responses through its 

interaction with csGRP78 (Figure 2-8). These data suggest that blocking Ŭ2M*/csGRP78 

interaction may be a novel therapeutic option for DKD. Importantly, our data also support 

the potential therapeutic use of a peptide that specifically blocks Ŭ2M*/csGRP78 

interaction. Indeed, peptide therapy is well accepted in clinical use, as for example with 

the widely used glucagon-like peptide 1 (GLP-1) in type 2 diabetes for lowering blood 

glucose levels [49]. Further studies will evaluate the efficacy of a peptide targeting the 

Ŭ2M*/csGRP78 interaction in attenuating DKDin vivo.꜡  
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Figure 2- 1. Ŭ2M is increased by HG in mesangial cells and in diabetic kidneys. 

HG increased Ŭ2M mRNA (24h)(A)and protein (48h)(B) expression in MC. No effect 

was seen with the osmotic control mannitol (M) (A: n=6; B: n=5) (*p<0.01 vs 

others).(C)Ŭ2M expression increased dose-dependently with HG (24h) concentrations 

from 10 to 30mM (n=3, *p<0.01 vs con).(D)Ŭ2M transcript expression, assessed by ISH, 

was significantly higher in type 1 diabetic Akita kidney sections compared to wild type 

mice at 40 weeks of age (40x magnification, n=3) (*p<0.01 vs control).(E)Ŭ2M protein 

expression, as assessed by IHC, was significantly higher in kidney sections of 30- and 40-

week old type 1 diabetic Akita mice compared to wild type mice (40x magnification, 

n=10).(F)This was also seen by immunoblotting of kidney lysate from 40-week 

old Akita compared to wild type mice (n=3) (*p<0.01 or **p<0.05 vs respective control).  
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Figure 2- 2. Activated Ŭ2M (Ŭ2M*) is increased by HG in mesangial cells and in diabetic 

kidney mesangium. 

 (A)High glucose (HG, 48h) increased media expression of Ŭ2M (left) and Ŭ2M* (right) 

in MC, seen using a nondenaturing gel. Activated Ŭ2M migrates faster on a non-

denaturing gel compared to its inactive form. The osmotic control mannitol (M) had no 

effect (n=3) (**p<0.05 vs its own control).(B)Ŭ2M* expression was significantly higher 

in kidney sections from type 1 diabetic Akita mice compared to wild type mice at 30 and 

40 weeks of age (40x magnification, n=10 each, **p<0.05 vs respective 

control).(C)Ŭ2M*expression was also significantly higher in uninephrectomized type 1 

diabetic CD1 mice compared to their non-diabetic controls (40x magnification, n=3, 

*p<0.01 vs control group).(D)Ŭ2M* colocalization with mesangial cells, identified by 

their marker Ŭ8-integrin, was significantly higher in kidney sections from type 1 diabetic 

Akita mice compared to wild type mice at 40 weeks of age (40x magnification, n=2, 20 

glomeruli per section) (**p<0.05 vs respective control).(E)Ŭ2M* expression in human 

biopsy samples from DKD patients was significantly higher compared to control kidneys 

(40x magnification, n=4) (**p<0.05 vs control group).  
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Figure 2- 3. Ŭ2M knockdown or neutralization inhibits HG-induced Akt activation and 

downstream ECM accumulation. 

(A,B)Immunoblotting shows that Ŭ2M siRNA inhibited upregulation of fibronectin (FN), 

collagen (Col) IV, the cytokine CTGF and Akt activation (pAkt on S473) compared to 

control siRNA in response to high glucose (HG, 48h, n=5)(*p<0.01 vs all others in the 

individual group).(C)Fura 2-AM calcium assay in 1-LN cells shows that the increased 

release of intracellular calcium stores in response to Ŭ2M* (100pM, 15 min) is inhibited 

with addition of the neutralizing antibody FŬ2M (2Õg/ml), but not control IgG. Groups 

were compared at one minute after time of treatment which is indicated by the arrow (n= 

6, p*<0.01 or **p<0.05).(D,E)Antibody neutralization of Ŭ2M* abrogated high glucose 

(HG, 48h)-induced FN, Col IV and CTGF protein upregulation and Akt activation (pAkt 

on S473), compared with nonspecific IgG (n= 11)(*p<0.01 or **p<0.05 vs con and HG+ 

FŬ2M).  
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Figure 2- 4. An Ŭ2M* blocking peptide inhibits HG-induced profibrotic responses. 

  (A)The peptide (Pep) blocking csGRP78/Ŭ2M* interaction, but not a control scrambled 

(Scr) peptide (both 100nM), inhibited release of intracellular calcium stores in response to 

Ŭ2M* (100pM, 15 min) in 1-LN cells (n=6, *p<0.01 or **p<0.05).(B,C)MC were 

treated with high glucose (HG, 48h) with or without peptides as in (A). The inhibitory 

peptide, but not the scrambled peptide, prevented HG-induced Akt activation (B) and 

upregulation of matrix proteins fibronectin (FN) and collagen (Col) IV and of the 

profibrotic cytokine CTGF (n=5, *p<0.01 vs control and HG with peptide).  
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Figure 2- 5. LRP1 knockdown did not affect Akt activation or ECM production.  

  (A,B)Knockdown of LRP1 with siRNA did not attenuate Akt activation (pAkt on S473) 

or production of fibronectin (FN), Collagen (Col) IV or CTGF compared to control 

siRNA in response to high glucose (HG, 48h). Successful LRP1 knockdown is shown (n= 

5, *p<0.01 or **p<0.05 vs. all others in individual group).  
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Figure 2- 6. Increased matrix synthesis with csGRP78 overexpression requires Ŭ2M*. 

  (A)Ŭ2M* (100pM) induced cell surface expression of GRP78 at 3 and 6h in MC (n=3, 

*p<0.01)(B)HG-induced Akt activation (pAkt on S473) was not augmented by addition 

of Ŭ2M* (100pM, 24h) (n=6, **p<0.05 or *p<0.01 vs control).(C)Increased 

translocation of GRP78 to the cell surface was induced by overexpression of GRP78 

lacking KDEL ( KDEL) in MC(D) This increased both basal and high glucose (HG, 

48h)-induced Akt activation (pAkt on S473).(E)Similar findings were seen with HG 

(48h)-induced fibronectin (FN), collagen (Col) IV and CTGF upregulation (for C,D,E: 

n=3 except for D n=5, **p<0.05 vs empty vector control (significant through t test) or 

*p<0.01 vsKDEL vector control, #p<0.05 or ##p<0.01 or ###p<0.01 vs empty vector 

control ).(F)The augmented responses to HG seen with GRP78KDEL overexpression, 

including Akt activation (pAkt on S473) and collagen (Col) IV upregulation, were 

prevented by the Ŭ2M*/csGRP78 inhibitory peptide, but not the scrambled control 

peptide (n=5, **p<0.05 or *p<0.01).(G)Similar inhibition was seen with Ŭ2M* 

neutralization using FŬ2M (2Õg/ml) (n=4, **p<0.05 or *p<0.01).  
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Figure 2- 7. TGFɓ1 production is dependent on Ŭ2M* in MC, with urinary TGFɓ1/Ŭ2M* 

association in patients with established DKD. 

  (A)Neutralization of Ŭ2M* with FŬ2M (2µg/ml) prevented high glucose (HG, 48h)-

induced secretion of TGFɓ1 into the medium, as assessed by ELISA (n=4, 

****p<0.0001). Control IgG had no effect. (B) Correlation of spiked urine to standard 

concentrations of Ŭ2M* in human urine samples confirm the assayôs ability to quantify 

Ŭ2M* in urine samples. (C) There was an association between urinary Ŭ2M* and TGFɓ1 

in patients with established DKD (p=0.03, Pearson correlation).  
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Table 2-1. Patient characteristics.  

Number  18  

Male, n (%)  16 (89)  

Age (years)  70 ± 8  

Baseline eGFR (mL/min/1.73m²)  25 ± 10  

eGFR decline rate 

(mL/min/1.73m²/year)  

-2 ± 2  

Follow-up period (year)  2.3 ± 0.6  

Protein/creatinine ratio (g/g)  1.3 ± 0.5  

SBP (mmHg)  142 ± 14  

DBP (mmHg)  66 ± 8  

RASB use, n (%)  17 (94)  

SBP, systolic blood pressure; DBP, diastolic blood pressure; RASB, renin-angiotensin 

system blocker.  

Normally distributed values are presented as mean ± standard deviation.  
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Figure 2- 8. Proposed pathway for HG-induced Ŭ2M*/csGRP78 mediated profibrotic 

signaling in MC. 

HG leads to increased synthesis and activation of Ŭ2M, as well as translocation to the cell 

surface of its receptor GRP78. Interaction between Ŭ2M*/csGRP78 leads to activation of 

Akt and downstream synthesis of profibrotic cytokines and extracellular matrix proteins.  
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Figure 2- 9. Supplementary Figure 1. Separate quantifications showed increased Ŭ2M 

in both glomerular and tubular kidney compartments. 

Ŭ2M (A) transcript (n=3) and (B) total expression (n=8) were increased in the type 1 

diabetic Akita mouse model at 40 weeks and 30 and 40 weeks respectively in both 

glomeruli and tubules (*p<0.01). 
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Figure 2- 10. Supplementary Figure 2. Ŭ2M* expression was increased in glomeruli 

and tubules in mouse and human DKD. 

(A) At 30 and 40 weeks of age, type 1 diabetic Akita mice showed increased Ŭ2M* 

expression in tubules and glomeruli (n=3, *p<0.01). In both the (B) CD1 streptozotocin-

induced type 1 diabetic mouse model, and (C) human biopsy samples from type 2 

diabetic patients, Ŭ2M* was significantly increased in both tubular and glomerular kidney 

compartments (n=3, **p<0.05, *p<0.01). 
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Figure 2- 11. Supplementary Figure 3. Ŭ2M* expression was increased in the CD1 

5/6 nephrectomy mouse model of non-diabetic chronic kidney disease. 

(A) IHC staining for Ŭ2M* showed elevated expression in CKD, (B) in both glomerular 

and tubular kidney compartments (n=4, *p<0.01). 
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3.1 Preface 

Significance to Thesis 

Our recent data have implicated the csGRP78/Ŭ2M* axis as an important mediator 

of glomerulosclerosis. Inhibition of either receptor or ligand prevented FAK/Akt 

activation and downstream ECM production. Importantly, GRP78 surface localization 

and activated Ŭ2M were only present under HG conditions, implicating their disease 

specificity and potential viability as a therapeutic with minimal off target effects. 

Characterization of this signaling cascade is required to further evaluate its therapeutic 

potential in DKD.  

The purpose of this study was to investigate whether csGRP78/FAK/Akt signaling 

mediates ECM production through TGFɓ1 regulation, since TGFɓ1 has been shown to be 

regulated by the PI3k/Akt pathway. As csGRP78 is exposed completely extracellularly, 

identification of a potential tether to the cell surface can help better define the molecular 

mechanism of csGRP78 signaling. Here we identified Intɓ1, a transmembrane protein, as 

a key signaling partner for csGRP78. These co-receptors are both required for HG-

induced TGFɓ1 synthesis, secretion and signaling, leading to downstream ECM 

attenuation. Interestingly, Intɓ1 activation was shown to facilitate GRP78ôs translocation 

to the cell surface, and this mechanism was found to be independent of its role in 

cytoskeletal organization. These findings further support inhibition of csGRP78 as a 

novel therapeutic intervention for DKD. 
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3.2 Abstract 

Diabetic kidney disease (DKD) is the leading cause of kidney failure worldwide. 

Characterized by overproduction and accumulation of extracellular matrix (ECM) 

proteins, glomerular sclerosis is its earliest manifestation. High glucose (HG) plays a 

central role by increasing matrix production by glomerular mesangial cells (MC). We 

previously showed that HG induces translocation of GRP78 from the endoplasmic 

reticulum to the cell surface (csGRP78) where it acts as a signaling molecule to promote 

intracellular profibrotic FAK/Akt activation. Here, we identify integrin ɓ1 as a key 

transmembrane signaling partner for csGRP78. We show that it is required for csGRP78-

regulated FAK/Akt activation in response to HG, as well as downstream production, 

secretion, and activity of the well characterized profibrotic cytokine transforming growth 

factor ɓ1 (TGFɓ1). Intriguingly, integrin ɓ1 also itself promotes csGRP78 translocation. 

Furthermore, integrin ɓ1 effects on cytoskeletal organization are not required for its 

function in csGRP78 translocation and signaling. These data together support an 

important pathologic role for csGRP78/integrin ɓ1 in mediating key profibrotic responses 

to HG in kidney cells. Inhibition of their interaction will be further evaluated as a 

therapeutic target to limit fibrosis progression in DKD.   
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3.3 Introduction  

Diabetic kidney disease (DKD) continues to be the leading cause of kidney failure 

worldwide [1]. The current standard of care for DKD includes glucose and blood pressure 

optimization as well as the use of renin-angiotensin-aldosterone system (RAAS) blockers 

and more recently the use of sodium glucose cotransporter 2 (SGLT2) inhibitors for type 

two diabetics [2, 3]. Although DKD progression is slowed by these treatments, many 

patients still develop kidney failure and require costly life-sustaining therapies including 

dialysis or kidney transplantation. Not only does this impact quality of life, but it also 

places a significant financial burden on healthcare infrastructure [1]. Hence, there is a 

major need to identify novel therapeutic targets to prevent DKD progression.  

The earliest manifestations of DKD are observed in the glomerulus or filtering 

unit of the kidney. Here, glomerular basement membrane thickening and mesangial 

matrix expansion due to the production of extracellular matrix (ECM) proteins by 

mesangial cells (MC) are key pathological changes that lead to reduction of filtering 

capacity and DKD progression [4ï6]. Thus, inhibiting the production of ECM by MC is a 

focal point for novel therapeutic treatments. Recently, our lab identified a high glucose 

(HG)-induced cell surface receptor on MC, cell surface GRP78 (csGRP78), as an 

important regulator of PI3K/Akt activation and downstream ECM production [7, 8].   

Endogenously, GRP78 is found in the endoplasmic reticulum (ER) where it is 

responsible for maintaining homeostasis and proper protein folding [9]. However, under 

conditions of ER stress including HG, its translocation to the cell surface in association 

with the co-chaperone MTJ1 has been described [10, 11]. At the cell surface, GRP78 can 
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be activated by ligands such as activated alpha 2-macroglobulin (Ŭ2M*) to promote 

activation of intracellular signaling cascades. These may differ depending on ligand 

identity and the nature of its binding to csGRP78 [10]. In MC, we have shown that Ŭ2M* 

is increased by HG and its binding to csGRP78 is important for activation of PI3K/Akt 

signaling and matrix upregulation.  

In keeping with the lack of an identified transmembrane domain, GRP78 is known 

to reside as a peripheral protein on the plasma membrane with all regions exposed on the 

cell surface [12]. Given its cell surface localization, GRP78 association with a 

transmembrane protein ñcoreceptorò is required for intracellular signaling. These are cell 

and context dependent [10, 12]. We have recently shown that csGRP78 interacts with the 

transmembrane receptor integrin ɓ1 under HG conditions [7]. Inhibition of either 

csGRP78 or integrin ɓ1 attenuated both FAK and Akt activation by HG, suggesting that 

integrin ɓ1 is a functional coreceptor for csGRP78 in mediating this profibrotic pathway 

[7]. Furthermore, previous studies have shown that PI3K/Akt signaling promotes 

synthesis of the well-characterized profibrotic cytokine transforming growth factor ɓ1 

(TGFɓ1) [13ï15], known to be a key pathogenic factor in DKD [16]. In this study we 

determine whether integrin ɓ1 functions as a required coreceptor for csGRP78 profibrotic 

signaling in response to HG in MC, and the relevance of the csGRP78/integrin ɓ1 axis as 

a pathologic regulator of TGFɓ1 production. Findings will provide insight into its 

potential as an anti-fibrotic therapeutic target for DKD.   
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3.4 Materials and Methods  

3.4.1 Cell Culture, Reagents and Protein Extraction  

Primary MC from C57BL/6 mice were previously isolated using Dynabeads. Cells 

were cultured in DMEM with 5.6mM glucose supplemented with 20% FBS, 100µg/mL 

streptomycin/penicillin and grown at 37ᴈ in 95% O2, 5% CO2. MC were serum 

deprived with 0.5% FBS for 24h prior to treatment with HG (30mM) with or without 

csGRP78 inhibitors: Subtilase cytotoxin A (SubA, generously donated by Dr. J. Paton, 

University of New Mexico School of Medicine) (25ng/mL) [17] or antibodies targeting 

the N- or C-terminus of GRP78 (N88, C38 respectively gifted by Dr. S. Pizzo, Duke 

University Medical Centre at Durham) or pre-adsorbed IgG control (10µg/mL) [18].   

The following antibodies were used: pFAK Tyr397 (1:1000, Cell Signaling), total FAK 

(1:1000, Cell Signaling), pSmad3 Ser423/425 (1:4000, Novus), total Smad3 (1:1000, 

Abcam), latency-associated peptide (LAP)-TGFɓ1 (1:1000, R&D Systems), fibronectin 

(FN) (1:1000, Novus), Collagen IV (Col IV) (1:1000, Cell Signaling), Ŭ-tubulin (1:40000, 

Sigma), GRP78 (1:1000 BD Biosciences), platelet-derived growth factor receptor ɓ 

(PDGFRɓ) (1:1000, Santa Cruz), integrin ɓ1 (1:1000, Abcam), integrin ɓ1 activating 

antibody (P4G11) (Sigma-Aldrich) and LEAFTM purified anti-mouse/rat active integrin 

ɓ1 neutralizing antibody (Biolegend). The following inhibitors were used: FAK inhibitor 

(PF573228, 2µM), cytochalasin D (200ng/mL), latrunculin B (400nM), and colchicine 

(5µg/mL). Protein harvest from whole cell lysates was described previously [19]. Proteins 

were separated using SDS-PAGE and immunoblotted to assess protein expression.  
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3.4.2 Transfection and Luciferase   

For short interfering (si)RNA and luciferase experiments, MC were plated at 50% 

confluence and transfected with 100nM of MTJ1, integrin ɓ1 or control siRNA (Silencer 

Select, ThermoFisher) using Lipofectamine (Invitrogen) or 1µg of the Smad3-responsive 

luciferase reporter construct CAGA12-luciferase (donated by Dr. M. Bilandzic, Hudson 

Institute of Medical Research) with 0.05Õg pCMV ɓ-galactosidase (ɓ-Gal, Clontech) 

using Effectene (Qiagen) respectively. Media was changed 18h after transfection and 

cells serum deprived prior to treatment.   

Electroporation was used to transfect cells with pcDNA3.1 GRP78 æKDEL 

(GRP78 lacking the KDEL domain which localizes it to the ER, thus enabling significant 

localization to the cell surface [20]). Empty vector was used as a control. Confluent MCs 

were trypsinized and centrifuged in 20% FBS DMEM without antibiotics. Cells (200µL, 

5×105/well) were electroporated in a 4mm gap cuvette with 10µg plasmid for one 30ms 

pulse at 250V (ECM 399, BTX Harvard Apparatus, Holliston, MA, USA) before 

replating. MCs were then serum-deprived, treated and harvested as above.  

For luciferase harvest, cells were lysed in 1x Reporter Lysis Buffer (Promega) and 

stored at -80ᴈ overnight. Luciferase activity was measured after clarification of lysates 

using the Luciferase Assay System (Promega) with a luminometer (Junior LB 9509, 

Berthold). ɓ-Gal activity was used to normalize samples and was measured using the ɓ-

Galactosidase Enzyme Assay System (Promega) with a SpectraMax Plus 384 Microplate 

Reader (Molecular Devices) set to read absorbance at 420nm.  
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3.4.3 RNA Extraction and qPCR  

Trizol (Invitrogen) was used to extract RNA and 1µg was reverse transcribed 

using qScript Supermix Reagent (Quanta Biosciences). Using Power SYBR Green PCR 

Master Mix on the Applied Biosystems Vii 7 Real-Time PCR System, quantitative PCR 

was performed to determine changes in mRNA expression relative to 18S using the ȹȹCt 

method with the following primers: TGFɓ1 forward 5ô- AAACGGAAGCGCATCGAA-

3ô and reverse 5ô- GGGACTGGCGAGCCTTAGTT-3ô and 18S forward 5ô- 

GCCGCTAGAGGTGAAATTCTTG-3ô and reverse 5ô- 

CATTCTTGGCAAATGCTTTCG-3ô.  

3.3.4 Biotinylation  

After treatment, MC were incubated with 1mg/mL EZ-linked Sulfo-Biotin 

(Pierce) for 30 minutes. Excess Sulfo-Biotin was removed by washes with 0.1M glycine 

in PBS, then cells were lysed, clarified, and normalized concentrations of proteins were 

incubated overnight with a 50% Neutravidin slurry (Fisher) to capture biotin-tagged 

proteins. The following day, beads were washed with lysis buffer 5 times after which 

tagged proteins were cleaved from beads by boiling for 10min in 2x PSB. Samples were 

separated using SDS-PAGE prior to immunoblotting.   

3.4.5 TGFɓ1 ELISA  

Conditioned media was collected from MC after treatment and total secreted 

TGFɓ1 was measured after acid activation using the TGFɓ1 Quantikine ELISA kit (R&D 

Systems).   

 



 

Ph.D. Thesis ï Jacqueline Trink McMaster University ï Medical Sciences 

105 
  

3.4.6 TGFɓ1 Bioassay with Mink Lung Epithelial Cells (MLECs)  

MLEC stably transfected with the PAI-1 luciferase promoter construct were used. 

They were cocultured with MC in MEM with 10% FBS, plated at 5,000 and 25,000 

cells/well respectively on a 12-well plate (1:5 ratio MLEC:MC). The next day, cells were 

serum deprived for 18h followed by treatment with HG and inhibitors. At collection, cells 

were lysed in 1x Reporter Lysis Buffer (Promega) and stored at -80ᴈ overnight before 

analysis of PAI-1 luciferase activity.  

3.4.7 Surface Protein Co-Immunoprecipitation from Live Cells  

Cells were washed three times with PBS and then incubated in starvation medium 

with 5µg anti-GRP78 N88, anti-integrin ɓ1 or control IgG at 4ᴈ for 2 hours with gentle 

agitation. MC were then washed with PBS, lysed, and passed through a 25-gauge needle 

(Precision Glide Needle, BD) 5 times to ensure complete lysis. Lysates were clarified and 

Protein G beads (rProtein G Agarose, Invitrogen) were added to normalized samples for 2 

hours at 4ᴈ on a rocking plate. Beads were washed with lysis buffer and proteins then 

eluted by boiling for 10 min in 2x PSB. Samples were analyzed using SDS-PAGE and 

immunoblotting.   

3.4.8 Statistical Analysis  

For comparison between two or more groups, a two-tailed t-test or one-way 

ANOVA were used respectively using GraphPad Prism 6.0. Tukeyôs post hoc analysis 

was completed when more than two groups were analyzed. Statistical significance was 

designated at p<0.05 and data are presented as mean ± SEM.  
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3.5 Results  

3.5.1 csGRP78 mediates TGFɓ1 transcription in response to HG  

To assess the role of csGRP78 in the regulation of TGFɓ1 transcription, we first 

confirmed the increase in surface expression of GRP78 under HG treatment (Figure 3-

1A). Next, we assessed the effects of csGRP78 inhibition on HG-induced TGFɓ1 

transcript upregulation. We first used an antibody that targets the C-terminus of GRP78, 

termed C38 [18]. We previously showed that the C-terminal targeting antibody C-20, no 

longer manufactured, inhibits HG-induced FAK/Akt activation [7], and confirmed similar 

efficacy of C38 (not shown). Figure 3-1B shows that C38 prevented HG-induced TGFɓ1 

transcript upregulation. We next used the enzyme SubA, a cell-impermeable proteinase 

that selectively cleaves the C-terminus of cell surface GRP78 [17], which we showed also 

inhibits HG-induced signaling [7]. This similarly prevented HG-induced TGFɓ1 

transcript upregulation (Figure 3-1C). Finally, using siRNA we downregulated the co-

chaperone MTJ1, required for HG-induced translocation of GRP78 to the cell surface [7, 

21]. This also prevented TGFɓ1 mRNA upregulation induced by HG (Figure 3-1D). We 

further assessed if HG-induced csGRP78 regulates TGFɓ1 promoter activity in MC. 

Figures 3-1E-G show that TGFɓ1 promoter luciferase activity in HG was significantly 

reduced with csGRP78 inhibition using C38, SubA and MTJ1 knockdown respectively. 

These data support a role for csGRP78 in regulating TGFɓ1 transcription.  

3.5.2 HG-induced TGFɓ1 protein synthesis and secretion are mediated by csGRP78  

We next wished to assess whether csGRP78 also modulates TGFɓ1 production 

and secretion in HG. We first measured protein expression of the secreted inactive form 
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of TGFɓ1, LAP-TGFɓ1. In Figure 3-2A and B we observed cellular inhibition of HG-

induced LAP-TGFɓ1 expression by C38 or SubA respectively. Further, knockdown of 

MTJ1 also abrogated LAP-TGFɓ1 upregulation (Figure 3-2C). Next, we analyzed the 

secretion of total TGFɓ1 by ELISA. Again, we observed a significant reduction in 

secreted TGFɓ1 with C38 (Figure 3-2D), SubA (Figure 3-2E), or after downregulation 

of MTJ1 with siRNA (Figure 3-2F), implicating csGRP78 in the modulation of TGFɓ1 

protein synthesis and secretion.  

3.5.3 csGRP78 facilitates HG-induced Smad3 activation  

As our data thus far implicate a role for csGRP78 in the production and secretion 

of TGFɓ1, we next wished to confirm that downstream signaling was also affected. We 

thus assessed activation of Smad3 by measuring its phosphorylation (at C-terminus 

Ser473/475) and activation of the Smad3-responsive reporter CAGA12 luciferase [16, 

22]. In Figure 3-3A and B we observed attenuation of HG-induced Smad3 

phosphorylation by C38 and SubA respectively. Further, HG-induced CAGA12 luciferase 

activity was also inhibited by C38 (Figure 3-3C) and SubA (Figure 3-3D). These data 

clearly show that csGRP78 mediates downstream TGFɓ1 signaling in MC in response to 

HG.  

 3.5.4 Integrin ɓ1 interaction with csGRP78 is required for TGFɓ1 upregulation and 

signaling in HG   

Our lab has previously shown that integrin ɓ1 may play an important role in 

regulating csGRP78-mediated profibrotic FAK/Akt activation [7], with Akt known to 

regulate TGFɓ1 induction by HG [15]. We thus next wished to investigate if integrin ɓ1 
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was also required for modulating TGFɓ1 upregulation and activity in HG. Using a 

neutralizing antibody targeting the conformationally active form of integrin ɓ1, we 

assessed whether inhibition of integrin ɓ1 would affect TGFɓ1 production, secretion, and 

downstream activity. In Figure 3-4A and B we observed attenuation of HG-induced 

TGFɓ1 production with integrin ɓ1 neutralization at both the transcript and protein level 

respectively. HG-induced secretion of total TGFɓ1 (Figure 3-4C) and its downstream 

activity measured by phosphorylation of Smad3 (Figure 3-4D) and CAGA12 luciferase 

activity (Figure 3-4E) were also inhibited by integrin ɓ1 neutralization. Further, 

knockdown of integrin ɓ1 prevented HG-induced FAK activation, TGFɓ1 upregulation 

and downstream TGFɓ1 signaling as well as ECM protein (fibronectin, collagen IV) 

upregulation (Figure 3-4F).   

We next assessed whether GRP78 associates with both integrin ɓ1 and LAP-

TGFɓ1 at the cell surface. Cell surface GRP78 was immunoprecipitated from live cells 

after treatment as described in methods. In Figure 3-4G, we observed HG-induced 

association of csGRP78 and integrin ɓ1 as we have shown previously [7], in addition to 

csGRP78 association with LAP-TGFɓ1. In Figure 3-4H, reverse immunoprecipitation 

with cell surface integrin ɓ1 confirmed this association under HG treatment. Importantly, 

association between these proteins was attenuated by csGRP78 inhibition with the C38 

antibody. We next sought to confirm that both integrin ɓ1 and csGRP78 are required for 

TGFɓ1 signaling in HG. For this assay, MC were cocultured with MLEC stably 

transfected with the Smad3-dependent PAI-1 promoter luciferase construct, allowing for 

assessment of TGFɓ1 activity. After plating, cells were treated with HG and inhibitors of 
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either csGRP78 or integrin ɓ1, or control IgG. As seen in Figure 3-4I, HG led to TGFɓ1 

activation as shown by increased luciferase activity in cell lysate. This was inhibited by 

both C38 and the integrin ɓ1 neutralizing antibody. These data implicate a direct role for 

both csGRP78 and integrin ɓ1 in modulating TGFɓ1 activation under HG.   

 3.5.5 Overexpression of csGRP78 augments TGFɓ1 synthesis, secretion, and 

downstream profibrotic signaling  

We previously showed that overexpression of GRP78 lacking the ER-retention 

sequence KDEL (ȹKDEL) localizes it to the cell surface and augments HG-induced ECM 

and profibrotic cytokine production [8]. Here we aimed to investigate whether the 

overexpression of csGRP78 could also augment TGFɓ1 production, secretion and 

downstream signaling, and whether this required integrin ɓ1. In Figure 3-5A we observed 

an increase in the basal expression level of LAP-TGFɓ1 in MC transfected with ȹKDEL, 

and this response was augmented by HG. Similarly, we observed an increase in TGFɓ1 

secretion (Figure 3-5B) and phosphorylation of Smad3 (Figure 3-5C) with ȹKDEL 

alone, both of which were further augmented by HG. We next wished to evaluate if 

integrin ɓ1 was required for this signaling cascade. We thus treated ȹKDEL-

overexpressing MC with the integrin ɓ1 neutralizing antibody. Figure 3-5D and E show 

that integrin ɓ1 neutralization reduced expression of LAP-TGFɓ1 and pSmad3 to levels 

seen in cells transfected with the empty control vector, indicating a critical role for 

integrin ɓ1 in csGRP78 signaling.  
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3.6 Integrin ɓ1 contributes to GRP78 cell surface translocation  

Previous studies have shown manganese (Mn) to be a non-specific integrin 

activator, with its activation of FAK downstream of integrins also confirmed [23, 24]. We 

thus initially used Mn to determine whether integrin activation was necessary or sufficient 

to induce GRP78 localization to the cell surface as well as for TGFɓ1 production and 

signaling. In Figure 3-6A we observed significant Mn-induced translocation of GRP78 to 

the cell surface. In Figure 3-6B and C, both TGFɓ1 production and downstream 

signaling (measured by Smad3 phosphorylation) were increased by Mn treatment. 

Importantly, both csGRP78 and integrin ɓ1 are required for this as inhibition of either 

csGRP78 (Figure 3-6D) or integrin ɓ1 (Figure 3-6E) resulted in a loss of Mn-induced 

Smad3 phosphorylation. Using an antibody that specifically activates integrin ɓ1 

(P4G11), we confirmed that localization of GRP78 to the cell surface (Figure 3-6F) and 

activation of downstream signaling measured as FAK and Smad3 phosphorylation 

(Figure 3-6G and H respectively) were induced by integrin ɓ1. Furthermore, these were 

prevented by csGRP78 inhibition (Figure 3-6I and J). Finally, we tested whether integrin 

ɓ1 was needed for GRP78 translocation to the cell surface in response to HG. As seen in 

Figure 3-6K, integrin ɓ1 downregulation with siRNA inhibited HG-induced 

translocation. Taken together, these data show the critical interdependence of csGRP78 

and integrin ɓ1 in the profibrotic response to HG.   

 3.7 HG-induced csGRP78 translocation is independent of cytoskeleton organization  

The importance of integrins in the regulation of cytoskeleton organization, in 

addition to their role as modulators of transmembrane signaling pathways, is well 
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established [25ï28]. Having shown that integrin ɓ1 is required for csGRP78 signaling in 

HG, we next sought to determine whether cytoskeletal integrity is required for csGRP78 

signaling. We first assessed the actin cytoskeleton. Phalloidin staining for actin shown in 

Figure 3-7A confirms that the inhibitors cytochalasin D and latrunculin B both disrupted 

the actin cytoskeleton. However, neither prevented HG-induced translocation of GRP78 

to the cell surface (Figure 3-7B). We then tested whether the microtubule network was 

required. Its disruption with colchicine was first confirmed by staining for tubulin 

(Figure 3-7C), but it also did not reduce HG-induced csGRP78 expression (Figure 3-

7D), suggesting that cytoskeletal integrity is not required for GRP78 surface 

translocation.   

We next sought to determine whether activity of FAK downstream of integrin ɓ1, 

which regulates signaling events as well as cytoskeletal organization [27], was required 

for signaling in HG. In Figure 3-7E we observed a loss of HG-induced cell surface 

presentation of GRP78 with a FAK inhibitor. FAK inhibition also resulted in a loss of 

HG-induced TGFɓ1 production and signaling as well as downstream reduction in ECM 

protein (fibronectin, collagen IV) synthesis (Figure 3-7F). Together, these data support 

an important signaling function for integrin ɓ1, in cooperation with csGRP78, to promote 

the profibrotic response to HG in MC.  

 

3.8 Discussion  

Recently, we identified csGRP78 as an important regulator of profibrotic 

signaling in MC under HG conditions and showed the de novo expression of GRP78 at 
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the cell surface in vivo in models of DKD [7, 8]. We also implicated activated alpha 2-

macroglobulin (Ŭ2M*) as a ligand for csGRP78 which is required for its profibrotic 

signaling [7, 8]. However, as csGRP78 is found completely extracellularly, a 

transmembrane coreceptor is required to transmit signaling intracellularly. While several 

such proteins have been shown to associate with csGRP78 [10], the identity of the 

coreceptor required for HG signal transduction is as yet unknown. In this study, we built 

on our previous work in which we showed that csGRP78 interacts with integrin ɓ1 under 

HG conditions, suggesting that this integrin could be the potential binding partner 

relevant for signaling [7]. Here, we showed a critical role for integrin ɓ1 in transmitting 

profibrotic FAK/Akt signaling by csGRP78 in response to HG and demonstrated that 

integrin ɓ1/csGRP78 are required for HG-induced TGFɓ1 production, secretion and 

downstream signaling in MC. Intriguingly, we also showed that integrin ɓ1 activation, 

independent of its role in cytoskeletal organization, can induce GRP78 translocation to 

the cell surface, thereby potentially amplifying profibrotic signaling. These data, 

summarized in Figure 3-8, support further evaluation of the integrin ɓ1/csGRP78 

signaling axis as a potential therapeutic target for DKD.   

Previous studies have shown the importance of integrin ɓ1 in regulating the 

assembly and production of ECM proteins that contribute to the fibrotic phenotype seen 

in DKD [29, 30]. Integrin ɓ1 was also shown to bind to LAP and through traction release 

the mature profibrotic cytokine, indirectly contributing to the overproduction of ECM 

proteins [31]. Our MLEC coculture data support a role for integrin ɓ1 in the activation of 

TGFɓ1, showing a decrease in TGFɓ1 functional effects in the presence of either integrin 
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ɓ1 or csGRP78 blockade. That both reduce TGFɓ1 effects in this functional assay to the 

same degree and to baseline levels supports their integrated and cooperative role. The 

molecular mechanism underlying the role of csGRP78 in regulating extracellular TGFɓ1 

activation, however, requires further elucidation. Our immunoprecipitation data show 

interaction between integrin ɓ1, LAP-TGFɓ1 and csGRP78 in response to HG. It is 

possible that csGRP78 facilitates interaction with ECM proteins required to provide 

traction for release of TGFɓ1 [32], such as with the matricellular ECM glycoprotein 

thrombospondin-1 [33ï35]. Further studies are required to address this possibility.   

Our data also add to these known roles of integrin ɓ1 in ECM accumulation. We 

show that, in cooperation with csGRP78, integrin ɓ1 also enables the increased synthesis 

of TGFɓ1, thereby amplifying profibrotic capability. This is important since the direct 

targeting of TGFɓ1 is not clinically feasible due to the pleiotropic effects of the cytokine 

and associated adverse effects with its inhibition [36]. Indirect methods relevant to 

disease pathology, such as targeting the integrin ɓ1-csGRP78 interaction, may thus 

provide greater clinical benefit without adverse effects.  

Integrins exist as heterodimeric transmembrane glycoproteins that consist of non-

covalently associated Ŭ and ɓ subunits [27]. While our studies assessed the role of 

integrin ɓ1 as a csGRP78 signaling partner, we have not as yet identified its relevant 

alpha binding partner, with 18 alpha subunits known to exist in mammals. Indeed, each 

Ŭɓ heterodimer has been shown to have different affinities for their ligand ECM 

components, and integrin heterodimers that bind to the same ligand can further elicit 

distinct signaling cascades [28, 37]. Whether there is a disease-specific ɓ1 heterodimer 



 

Ph.D. Thesis ï Jacqueline Trink McMaster University ï Medical Sciences 

114 
  

that interacts with csGRP78 to propagate the profibrotic signaling pathway we observed 

in this study requires clarification. Furthermore, given the various distinct cell types in the 

kidney, whether integrin ɓ1-csGRP78 signaling is more broadly seen, such as in tubular 

cells or fibroblasts which contribute to the tubulointerstitial fibrosis that defines later 

stages of disease, requires further study. Similarly, whether the alpha binding partner is 

consistent across cell types in the diabetic kidney also needs to be identified.    

 Previous studies have implicated several integrin heterodimers in the 

pathogenesis of DKD and other kidney diseases. Integrin Ŭ2ɓ1 has been shown to 

mediate glomerular fibrosis in kidney disease through the production of collagen IV and 

reactive oxygen species. Deletion or inhibition of integrin Ŭ2ɓ1 showed protective effects 

to the glomerulus and prevented the development of fibrosis [38]. The fibronectin-

assembling integrin Ŭ5ɓ1 was shown to be upregulated by TGFɓ1 in MC and by HG in 

both MC and podocytes but has not as yet been directly shown to promote kidney disease 

[39ï41]. Inhibition of both integrin Ŭvɓ1 and Ŭvɓ3 were shown to ameliorate kidney 

fibrosis in a diabetic murine and porcine model respectively [31, 42]. Future studies will 

determine whether these known profibrotic integrin heterodimers function at least in part 

through csGRP78.   

We previously showed an important role for cytoskeleton organization in 

mechanical stress-induced profibrotic signaling in MC, with disruption of the actin or 

microtubule cytoskeleton inhibiting signaling [19, 43]. Our current study, however, has 

identified a distinct mechanism for integrin ɓ1/FAK signaling that is independent of 

cytoskeleton integrity in MC. This may be important therapeutically since inhibition of 
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csGRP78/integrin ɓ1 interaction should not disrupt cytoskeleton regulation. Thus, this 

important cellular process will remain intact, providing targeted disease specificity which 

reduces the likelihood of adverse effects.   

Our previous study has shown that Ŭ2M*, a high affinity ligand for csGRP78, is 

increased significantly in diabetic kidneys and is required for profibrotic signaling in 

response to HG in MC [8]. How Ŭ2M*, csGRP78 and integrin ɓ1 interact at a molecular 

level is as yet unknown. It is possible that HG may induce integrin ɓ1 anchoring of 

GRP78 to the cell surface, thereby allowing for its presentation on the surface in a 

particular topology. This may facilitate the interaction of csGRP78 with Ŭ2M*, with 

consequent promotion of profibrotic signaling. Alternatively, Ŭ2M* binding to csGRP78 

may alter its conformation and facilitate binding to active integrin ɓ1. Future studies will 

aim to elucidate the particular mechanism by which this signaling occurs.  

 

3.9 Conclusion 

Overall, we have shown that both csGRP78 and integrin ɓ1 are required for HG-

induced TGFɓ1 synthesis, secretion, and signaling in MC. Interruption of the interaction 

between these cell surface proteins may represent a novel therapeutic target to prevent 

profibrotic signaling in DKD. In vivo studies that assess the efficacy of inhibiting 

csGRP78/integrin ɓ1/Ŭ2M* signaling will elucidate the viability of inhibiting this axis as 

a potential therapeutic target for DKD.  
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Figure 3- 1. csGRP78 mediates TGFɓ1 transcription in response to HG. 

 csGRP78 mediates TGFɓ1 transcription in response to HG. (A) HG (6h) induced cell 

surface localization of GRP78 in MC (n=4, *p< 0.05). (B) The GRP78 antibody C38 

attenuated HG (48h)-induced TGFɓ1 transcript upregulation compared to nonspecific IgG 

(2µg for each antibody, n=12, *p< 0.05, **p< 0.01, ***p< 0.005). (C) Cleavage of the C-

terminus of csGRP78 with SubA (25ng/mL) prevented TGFɓ1 transcript upregulation by 

HG (48h) (n=10, *p< 0.05, **p< 0.01). (D) siRNA knockdown of MTJ1, required for cell 

surface translocation of GRP78 in HG, attenuated HG (48h)-induced TGFɓ1 mRNA 

upregulation compared to control siRNA (100nM, n=4, *p< 0.05 **p< 0.01). HG (48h)-

induced TGFɓ1 promoter activity, assessed using a luciferase reporter construct, was also 

inhibited by (E) C38 (n=10, ***p< 0.005, ****p< 0.0001), (F) SubA (n=12, **p< 0.01, 

***p< 0.005), or (G) MTJ1 knockdown (n=6, **p< 0.01, ***p< 0.005) in MC.  
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Figure 3- 2. HG-induced TGFɓ1 protein synthesis and secretion are mediated by csGRP78. 

Increased synthesis of LAP-TGFɓ1 in response to HG (48h) was inhibited by (A) the 

GRP78 antibody C38, but not control IgG (2µg, n=6, *p< 0.05, **p< 0.01), (B) csGRP78 

inhibitor SubA (25ng/mL, n=5, *p< 0.05, ***p< 0.005), or (C) MTJ1 siRNA, but not 

control siRNA (100nM, n=3, **p< 0.01, ***p< 0.005). HG (48h)-induced TGFɓ1 

secretion, assessed by ELISA of acid-activated medium, was prevented by csGRP78 

inhibition using either (D) C38 antibody (2µg, n=4, *p< 0.05, ***p< 0.005), (E) SubA 

(25ng/mL, n=6, *p< 0.05, **p< 0.01), or (F) MTJ1 siRNA knockdown (100nM, n=3, *p< 

0.05).  
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Figure 3- 3. csGRP78 facilitates HG-induced Smad3 activation. 

csGRP78 facilitates HG-induced Smad3 activation. HG (48h)-induced Smad3 activation, 

assessed by its C-terminal phosphorylation at Ser473/475, was prevented by csGRP78 

inhibition with (A) C38 antibody, but not nonspecific IgG (2µg, n=9, *p< 0.05, **p< 

0.01) or (B) SubA (25ng/mL, n=8, *p< 0.05, **p< 0.01). HG (48h)-increased Smad3 

transcriptional activity, assessed using the Smad3-responsive CAGA12 luciferase 

reporter, was also prevented by csGRP78 inhibition with (C) C38 (n=16) or (D) SubA 

(n=12, *p< 0.05, **p< 0.01, ****p< 0.0001).  
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Figure 3- 4. Integrin ɓ1 interaction with csGRP78 is required for TGFɓ1 upregulation and 

signaling in HG. HG-induced TGFɓ1 

 (A) transcript upregulation (n=4), (B) protein synthesis (n=4), (C) secretion (n=3) and 

signaling measured as (D) Smad3 activation (phosphorylation at Ser473/475) (n=4) or (E) 

CAGA12 luciferase activity (n=12) were inhibited by a neutralizing integrin ɓ1 antibody 

(10µg, HG 24h for mRNA and 48h for all others, *p< 0.05, **p< 0.01). (F) These were 

also prevented by downregulation of integrin ɓ1 using siRNA, which also inhibited 

activation of the integrin-regulated kinase FAK (phosphorylation at Tyr397) and 

upregulation of matrix proteins fibronectin (FN) and collagen IV (Col IV) in response to 

HG (48h, n=6, *p< 0.05, **p< 0.01, ***p< 0.005, ****p< 0.0001). (G) csGRP78 was 

immunoprecipitated from live cells after HG for 48h, showing interaction with integrin ɓ1 

and LAP-TGFɓ1 (n=3, *p< 0.05). (H) Reverse immunoprecipitation of cell surface 

integrin ɓ1 confirmed interaction with csGRP78 as well as with LAP-TGFɓ1 in response 

to HG (48h) (n=4, *p< 0.05, **p< 0.01, ***p< 0.005, ****p< 0.0001). (I)  MC were co-

cultured with mink lung epithelial cells (MLEC) stably transfected with Smad3-regulated 

PAI-1 promoter luciferase. The increase in luciferase activity induced by HG (48h) was 

prevented by either csGRP78 inhibition with C38 (2µg) or antibody neutralization of 

active integrin ɓ1 (10Õg) (n=9, ****p< 0.0001).  
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Figure 3- 5. Overexpression of csGRP78 augments TGFɓ1 synthesis, secretion, and 

downstream profibrotic signaling. 

  (A) Overexpression of GRP78 ȹKDEL, which increases csGRP78, increased basal 

LAP-TGFɓ1 expression and augmented expression induced by HG (48h) (n=5, **p< 

0.01). Increased basal and HG (48h)-induced expression of both (B) total secreted TGFɓ1 

(n=4) and (C) downstream signaling measured by Smad3 phosphorylation (Ser473/475) 

(n=5) were also seen (*p< 0.05, **p< 0.01, ***p< 0.005, ****p< 0.0001). GRP78 

ȹKDEL-induced increases in (D) LAP-TGFɓ1 and (E) pSmad3 (phosphorylation at 

Ser473/475) were both attenuated by a neutralizing integrin ɓ1 antibody (10Õg, HG 48h, 

n=6, *p< 0.05, **p< 0.01).  
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Figure 3- 6. Integrin ɓ1 contributes to GRP78 cell surface translocation. Activation of 

integrins using manganese. (Mn) induced.  

(A) localization of GRP78 to the cell surface (n=3, *p< 0.05, **p< 0.01), (B) production 

of LAP-TGFɓ1 (n=3, **p< 0.01) and (C) downstream TGFɓ1 signaling measured as 

Smad3 phosphorylation (Ser473/475) (n=3, **p< 0.01). Inhibition of either (D) csGRP78 

using the C38 antibody (n=8, *p< 0.05, **p< 0.01) or (E) integrin ɓ1 using a neutralizing 

antibody (n=5, *p< 0.05, **p< 0.01) attenuated Mn (24h)-induced activation of Smad3 

(phosphorylation at Ser473/475). To specifically assess the role of integrin ɓ1, its 

activating antibody P4G11 was used. (F) P4G11 (2 or 10µg, 6h) increased csGRP78 

expression in MC (n=3, *p< 0.05, ***p< 0.005). P4G11 (2 or 10µg, 12h) also induced 

activation of both (G) FAK (phosphorylation at Tyr397) and (H) Smad3 (phosphorylation 

at Ser473/475) (n=4, **p< 0.01, ***p< 0.005, ****p< 0.0001). (I, J) These were 

attenuated by csGRP78 inhibition (C38 2µg, 12h, n=8, ***p< 0.005, ****p< 0.0001). (K)  

Downregulation of integrin ɓ1 using siRNA prevented HG (6h)-induced GRP78 

localization to the cell surface in MC (n=3, ***p< 0.005, ****p< 0.0001).  
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Figure 3- 7. HG-induced csGRP78 translocation is independent of cytoskeleton 

organization. 

(A) Cells were stained with rhodamine phalloidin to visualize actin filaments, confirming 

actin cytoskeleton disruption using F-actin inhibitor cytochalasin D (200ng/mL, 1h) and 

G-actin polymerization inhibitor latrunculin B (400nM, 1h). (B) HG (6h)-induced 

csGRP78 localization was not affected by either inhibitor (n=4 for Lat B and n=3 for 

Cyto D, *p< 0.05, **p< 0.01). (C) Cells were stained with tubulin to visualize 

microtubule filaments, confirming disruption using colchicine (5µg/mL). (D) Colchicine 

did not attenuate HG (3h)-induced localization of GRP78 to the cell surface (n=3, *p< 

0.05, **p< 0.01). (E) Inhibition of FAK, a mediator of integrin ɓ1 signaling, with 

PF573228 (2µM, FAKi) attenuated HG (6h)-induced localization of GRP78 to the cell 

surface (n=3, **p< 0.01). (F) HG (48h)-induced upregulation of LAP-TGFɓ1 and 

downstream activation of Smad3 (phosphorylation at Ser473/475), as well as production 

of ECM proteins fibronectin (FN) and collagen IV (Col IV) were also prevented by FAK 

inhibition (n=8, *p< 0.05, **p< 0.01).  
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Figure 3- 8. Proposed role of integrin ɓ1 in csGRP78 profibrotic signaling in response to HG 

in MC. HG promotes the presentation of GRP78 on the cell surface in MC 

 Here, interaction with HG-activated integrin ɓ1 induces FAK and downstream Akt 

signaling. This increases TGFɓ1 synthesis, secretion and activation, ultimately leading to 

an increase in ECM production. Activation of integrins with manganese (Mn) or of 

integrin ɓ1 more specifically using the activating antibody P4G11 replicates HG effects, 

supporting a critical role for integrin ɓ1 as a csGRP78 signaling coreceptor. Created with 

BioRender.  
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4.1 Preface 

Significance to thesis 

We have thus far implicated the csGRP78/Ŭ2M*/Intɓ1 axis as a pathologic 

regulator of fibrosis by MC. We have also shown that HG-induced TGFɓ1 synthesis and 

signaling are mediated by this pathway. Previous studies have shown that this well-

known profibrotic cytokine is regulated through PI3k/Akt, which we have shown is found 

downstream of csGRP78/Ŭ2M* signaling. However, the exact mechanism behind TGFɓ1 

upregulation and activation is as yet unknown. The purpose of this study was to evaluate 

if  csGRP78/Ŭ2M*/PI3k/Akt signaling regulated TGFɓ1 through its known non-

proteolytic activator thrombospondin-1 (TSP1). TSP1 has also been shown to be 

regulated through PI3k/Akt by complement activation in MC, but further characterization 

of this mechanism is needed. Here we showed that inhibition of csGRP78, Ŭ2M*, PI3k, 

and Akt prevented TSP1 production, deposition into the ECM, as well as TGFɓ1 

activation and downstream signaling (measured as Smad3 phosphorylation). Together, 

this data implicates indirect regulation of TGFɓ1 profibrotic signaling through the 

csGRP78/Ŭ2M* pathway, thus strengthening the potential of this mechanism as a 

therapeutic target for DKD. 
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4.2 Abstract  

Diabetic kidney disease (DKD) is the leading cause of kidney failure in North 

America, characterized by glomerular accumulation of extracellular matrix (ECM) 

proteins. High glucose (HG) induction of glomerular mesangial cell (MC) profibrotic 

responses plays a central role in its pathogenesis. We previously showed that the 

endoplasmic reticulum resident GRP78 translocates to the cell surface in response to HG, 

where it mediates Akt activation and downstream profibrotic responses in MC. 

Transforming growth factor ɓ1 (TGFɓ1) is recognized as a central mediator of HG-

induced profibrotic responses, but whether its activation is regulated by cell surface 

GRP78 (csGRP78) is unknown. TGFɓ1 is stored in the ECM in a latent form, requiring 

release for biological activity. The matrix glycoprotein thrombospondin-1 (TSP1), known 

to be increased in DKD and by HG in MC, is an important factor in TGFɓ1 activation. 

Here we determined whether csGRP78 regulates TSP1 expression and thereby TGFɓ1 

activation by HG in primary MC.   

TSP1 transcript and promoter activity were increased by HG, as were cellular and 

ECM TSP1, and these required PI3K/Akt activity. To determine whether csGRP78 was 

required, its activity was inhibited using vaspin or the C-terminal targeting antibody C38. 

Alternatively, GRP78 translocation to the cell surface was prevented with siRNA 

downregulation of its transport co-chaperone MTJ-1. All prevented HG-induced TSP1 

upregulation and deposition into the ECM. The HG-induced increase in active TGFɓ1 in 

the medium was also inhibited, which was associated with reduced intracellular Smad3 

activation and signaling. These data support an important role for csGRP78 in regulating 
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HG-induced TSP1 transcriptional induction via PI3K/Akt signaling. Functionally, this 

enables TGFɓ1 activation in response to HG, with consequent increase in ECM proteins. 

Means of inhibiting csGRP78 signaling represent a novel approach to preventing fibrosis 

in DKD.   

 

4.3 Introduction  

As the largest cause of kidney failure worldwide, diabetic kidney disease (DKD) 

places a significant burden on our healthcare system. The current standard of care for 

DKD can only slow disease progression, meaning many of these patients will develop 

end-stage kidney disease and require costly therapies including dialysis or kidney 

transplant (Johnson and Spurney, 2015; Tuttle et al., 2020). Thus, identifying novel 

therapeutic interventions that can prevent disease progression are crucial. The primary 

hallmark of DKD manifestation begins with structural changes to the glomerulus, the 

filtering unit of the kidney. These pathological changes include glomerular basement 

membrane thickening and the overproduction of extracellular matrix proteins (ECM) by 

glomerular mesangial cells (MC) which leads to glomerulosclerosis and ultimately loss of 

filtration ability (Reidy et al., 2014; Alicic, Rooney and Tuttle, 2017; Sagoo and Gnudi, 

2020). Thus, MC play a critical role in the pathogenesis of DKD and are an important 

therapeutic target for attenuating fibrosis.  

The profibrotic cytokine transforming growth factor ɓ1 (TGFɓ1) is well 

characterized for its role in promoting ECM production by MC in response to high 

glucose (HG) through Smad-dependent and -independent signaling pathways (Li et al., 
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2003; Chang et al., 2016; Zhao, Zou and Liu, 2020). TGFɓ1 is secreted in an inactive 

form, with the mature cytokine noncovalently attached to its N-terminal propeptide, the 

latency- associated peptide (LAP). As LAP binding blocks TGFɓ1 receptor binding, 

extracellular dissociation from LAP is required to reveal the receptor recognition site and 

thus cytokine activation (Taylor, 2009). Integrin activation may dissociate LAP either 

through traction and mechanical release or through protease activation and LAP cleavage 

(Worthington, Klementowicz and Travis, 2011). However, activation of TGFɓ1 by HG in 

MC was shown to be dependent on the extracellular glycoprotein thrombospondin-1 

(TSP1), which enables the non-proteolytic release of active TGFɓ1 (Yevdokimova, Abdel 

Wahab and Mason, 2001; Taylor, 2009).  

TSP1 interacts with both the mature portion of TGFɓ1 and with LAP through 

distinct sites. Binding to the mature domain orients TSP1 to enable additional binding to 

LAP. This binding disrupts the intramolecular LAP-mature domain interaction to expose 

the receptor binding sequence of TGFɓ1, enabling receptor binding and signaling 

(Murphy-Ullrich and Suto, 2018). Upregulation and increased deposition of TSP1 into the 

ECM as well as its role in TGFɓ1 activation has been reported in HG in MC as well as in 

in vivo DKD mouse models and in human DKD (Poczatek et al., 2000; Wahab et al., 

2005; Hohenstein et al., 2008; Lu et al., 2011). Furthermore, TSP1 knockout mice were 

protected from the development of DKD (Daniel et al., 2007), and the use of the peptide 

LSKL which blocks the interaction of TSP1 with LAP, protected type 1 diabetic Akita 

mice from DKD (Lu et al., 2011). Reduced active TGFɓ1 and downstream signaling were 
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seen in both studies. Thus, TSP1 is critical for the activation and profibrotic signaling of 

TGFɓ1, but how TSP1 is upregulated in DKD has not yet been elucidated.  

Previously, our lab has shown that the endogenous endoplasmic reticulum resident 

GRP78 translocates to the cell surface of MC in response to HG. Here, it acts as a 

receptor for the activated form of the protease inhibitor alpha 2 macroglobulin, the 

binding of which enables HG-induced downstream profibrotic signaling (Van Krieken et 

al., 2019; Trink et al., 2021, 2022). PI3k/Akt is a key mediator of cell surface (cs)GRP78 

signaling, a pathway known to facilitate TGFɓ1 synthesis as well as ECM production in 

response to HG (Wu et al., 2009; Van Krieken et al., 2019). We have also shown that 

csGRP78 inhibition attenuates the HG-induced synthesis of TGFɓ1 (Trink et al., 2022). 

However, whether csGRP78 also contributes to TGFɓ1 activation in HG through 

regulation of its non-proteolytic activator TSP1 has not yet been determined and is 

addressed in these studies.  

 

4.4 Materials and Methods  

4.4.1 Cell Culture  

Primary MC from C57Bl/6 mice were isolated for culture using Dynabeads. They 

were cultured in DMEM (1000mg/L or 5.6mM glucose) supplemented with 20% FBS, 

100µg/mL streptomycin, and 100µg/mL penicillin at 37ᴈ in 95% O2, 5% CO2. Cells were 

serum- deprived in 0.5% FBS for 24h prior to treatment with HG (30mM) with or without 

inhibitors of csGRP78 signaling: the C-terminus targeting GRP78 antibody C38 

(2µg/mL) (Munro and Pelham, 1987; De Ridder, Ray and Pizzo, 2012; Trink et al., 2022) 
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or vaspin (100ng/mL) (Nakatsuka et al., 2012, 2013; Abdolahi et al., 2022), or the 

following PI3k/Akt inhibitors: wortmannin (100ng/mL), LY294002 (20µM), and Akt 

Inhibitor VIII (10µM).  

4.4.2 Protein Extraction and Immunoblotting  

MC protein extraction was previously described (Krepinsky et al., 2003). Protein 

expression was assessed using SDS-PAGE and immunoblotting. Antibodies used for 

western blotting were: TSP1 (1:1000, R&D Systems), pAkt Ser473 (1:1000, Cell 

Signaling), total Akt (1:1000, Cell Signaling), pSmad3 Ser423/425 (1:4000, Novus), total 

Smad3 (1:1000, Abcam), MTJ1 (1:1000, Cedarlane), LAP-TGFɓ1 (1:1000, R&D 

Systems), GRP78 (1:1000, BD Biosciences), Ŭ-tubulin (1:40000, Sigma).  

4.4.3 Luciferase and Transfection   

For transfection experiments, MC were plated at 50% confluency and transfected 

with either 1µg of the mouse TSP1 luciferase reporter construct (mTSP1-luciferase, a gift 

from P. Bornstein, Plasmid #12409, Addgene (Michaud-Levesque and Richard, 2009)) 

with 0.05Õg pCMV ɓ-galactosidase (ɓ-Gal, Clonetech) using Effectene (Quiagen) or 

100nM of MTJ1 or control siRNA (Silencer Select, ThermoFisher) using Lipofectamine 

(Invitrogen). After 18h, cells were serum- deprived and treated as above for protein 

collection for siRNA experiments. For luciferase harvest, 1x Reporter Lysis Buffer 

(Promega) was added to the plate which was then stored at -80ᴈ overnight prior to cell 

lysis. Luciferase activity was measured on clarified lysate using the Luciferase Assay 

System (Promega) with a luminometer (Junior LB 9509, Berthold). ɓ-Gal activity was 

used to normalize for transfection efficiency, measured using the ɓ-Galactosidase 
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Enzyme Assay System (Promega) with a SpectraMax Plus 384 Microplate Reader 

(Molecular Devices) set to read absorbance at 420nm.    

The pcDNA3.1 plasmid which contains GRP78 lacking its ER retention sequence 

KDEL was transfected by electroporation as previously described (Trink et al., 2022). 

This was used to overexpress GRP78 at the cell surface. The empty vector pcDNA 3.1 

was used as a control.  

4.4.4 RNA Extraction and qtPCR  

RNA was extracted from MC using Trizol (Invitrogen), and 0.5µg of RNA was 

reverse transcribed using qScript Supermix Reagent (Quanta Biosciences). Expression of 

TSP1 mRNA relative to 18S was determined using the ȹȹCt method. Quantitative PCR 

was performed using Power SYBR Green PCR Master Mix on the Applied Biosystems 

Vii 7 Real-Time PCR System. The following primers were used: TSP1 forward 5ô-

TGGCCAGCGTTGCCA -3ô and reverse 5ô- TCTGCAGCACCCCCTGAA-3ô and 18S 

forward 5ô- GCCGCTAGAGGTGAAATTCTTG-3ô and reverse 5ô- 

CATTCTTGGCAAATGCTTTCG-3ô.  

4.4.5 ELISA for Active TGFɓ1  

To measure biologically active TGFɓ1 in conditioned MC media, the TGFɓ1 

Quantikine ELISA kit (R&D Systems) was used, with omission of the activation step 

described in the protocol.   

4.4.6 TGFɓ1 Bioassay with Mink Lung Epithelial Cells (MLECs)  

MLEC stably transfected with the PAI-1 luciferase promoter construct, generously 

provided by Dr. T. Tsuda, were used. MC and MLEC were cocultured in MEM with 10% 
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FBS, plated on a 12-well plate at 5000 and 25,000 cells/well, respectively (1:5 ratio 

MLEC: MC). The following day, cells were serum deprived for 18h followed by 

treatment with HG and various inhibitors. At collection, cells were lysed in 1× Reporter 

Lysis Buffer (Promega) and stored at ī80 ÁC overnight before analysis of PAI-1 

luciferase activity as described above.  

4.4.7 Extracellular Matrix Extraction   

MC were lysed with 0.5% sodium deoxycholate (DOC; 0.5% DOC, 50 mM Tris 

pH 8.0, 150 mM NaCl, 1% Nonidet P-40; as used in (Klingberg et al., 2014)) three times 

to allow complete removal of cells while maintaining ECM adhesion to plates. Plates 

were then washed twice with cold DOC lysis buffer and three times with cold 1xPBS. 

Lysis buffer (PBS pH 7.4, 5mM EDTA, 5mM EGTA, 10mM sodium pyrophosphate, 

50mM NaF, 1mM NaVO3, 1% Triton) containing 1mM DTT, 60mM N-octyl, and 

protease inhibitors was heated at 100ᴈ for two minutes before being added to the plate. 

After thorough scraping, ECM lysate was transferred into an Eppendorf tube and boiled 

for an additional ten minutes. Samples were assessed using SDS-PAGE and 

immunoblotting. An aliquot from the first DOC extraction of each sample was taken and 

run alongside the final ECM extraction to confirm the complete removal of cellular debris 

by probing for tubulin.    

4.4.8 Surface Protein Co-Immunoprecipitation from Live Cells  

MC were washed three times with 1xPBS and then incubated in 1% BSA with 

5µg anti-TSP1 antibody at 4ᴈ for 2h on a shaker set to low speed. Cells were then 

washed and lysed by passing through a 25-gauge needle (Precision Glide Needle, B) 5 
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times. Lysates were clarified and normalized with an equal amount of Protein G beads 

(rProtein G agarose, Invitrogen) added to each sample with gentle rocking overnight at 

4ᴈ. Samples were then washed in lysis buffer and eluted from the beads by boiling for 5 

minutes in 1x PSB. Samples were assessed by SDS-PAGE and immunoblotting.  

4.4.9 Statistical Analysis  

All points presented in graphs represent individual data points. A two-tailed t-test 

or one-way ANOVA was used to analyze differences between two or more groups 

respectively. Tukeyôs post hoc analysis was used to compare differences between two or 

more groups. ImageJ was used for the quantification of experiments and GraphPad Prism 

6.0 was used for the analysis of data. Statistical significance was set to p<0.05 and data 

are presented as mean ±SEM.   

 

4.5 Results  

4.5.1 PI3K/Akt signaling is required for HG-induced TSP1 regulation  

Previously we showed that HG-induced PI3k/Akt activation requires csGRP78 in 

MC (Van Krieken et al., 2019; Trink et al., 2021). Since PI3k/Akt signaling was shown to 

mediate TSP1 expression by complement in MC (Wang et al., 2006), we hypothesized 

that csGRP78 would promote TSP1 expression in HG through this pathway. To first test 

whether PI3k/Akt are required for HG-induced TSP1 upregulation, we used the following 

inhibitors: LY294002 and wortmannin to inhibit PI3k activity and Akt inhibitor VIII to 

inhibit Akt activity. We previously showed that the osmotic control mannitol has no 

effect on the cell surface translocation of GRP78 or the upregulation and activation of 
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Ŭ2M in MC (Van Krieken et al., 2019; Trink et al., 2021). Further, mannitol does not 

induce TSP1 expression (Yevdokimova, Abdel Wahab and Mason, 2001). Thus, mannitol 

was omitted from these experiments. We observed significantly increased TSP1 

expression in response to HG, which was attenuated by all three inhibitors (Figure 4-1A-

C). We next assessed TSP1 transcript regulation. Similar to its protein expression, HG-

induced TSP1 transcript upregulation was attenuated by the Akt inhibitor (Figure 4-1D). 

Next, we confirmed that TSP1 promoter activity was also regulated by PI3k/Akt 

signaling. Both PI3k inhibitors and the Akt inhibitor suppressed TSP1 promoter 

activation by HG. Some suppression of basal activity was also seen with LY294002 and 

Akt VIII (Figure 4-1E-G). Taken together, PI3k/Akt is required for HG-induced TSP1 

regulation.  

4.5.2 PI3k/Akt inhibition attenuates HG-induced TGFɓ1 activation and signaling  

Given that TSP1 is an important activator of TGFɓ1 in response to HG 

(Yevdokimova, Abdel Wahab and Mason, 2001), we next assessed whether PI3k/Akt 

inhibition would also abolish TGFɓ1 activation and downstream signaling. In Figure 4-

2A-C, the increase in active TGFɓ1 in the medium seen with HG, as assessed by ELISA, 

was prevented by both PI3k and Akt inhibitors. Activation of the major mediator of 

TGFɓ1 signaling Smad3 was then assessed by immunoblotting for its activated form, 

phosphorylated at its C-terminus Ser473/475. As anticipated, PI3k and Akt inhibition 

blocked HG-induced Smad3 activation (Figure 4-2D-F). Thus, PI3k/Akt are required for 

TSP1-mediated activation of TGFɓ1 and its downstream signaling.  
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4.5.3 csGRP78 mediates HG-induced TSP1 expression through Akt activation  

We next wished to determine whether csGRP78 was an upstream mediator of 

TSP1 regulation by HG through its activation of Akt. Cell surface GRP78 signaling was 

shown to be blocked by the C-terminus targeting GRP78 antibody C38 (Munro and 

Pelham, 1987; De Ridder, Ray and Pizzo, 2012) and the adipokine vaspin (visceral 

adipose tissue-derived serine proteinase inhibitor) in other settings (Nakatsuka et al., 

2012, 2013). We thus used these to assess whether csGRP78 mediates TSP1 upregulation 

by HG. Figures 4-3A shows that C38, but not a control IgG, inhibits HG-induced TSP1 

transcript upregulation. Similar inhibitory effects were seen on TSP1 promoter activation 

and increased protein expression by HG with both C38 and vaspin (Figure 4-3B-E). In 

Figures 4-3D and E, we confirmed that both csGRP78 inhibitors prevented HG-induced 

Akt activation, as assessed by its phosphorylation at Ser473. We further tested the effects 

of downregulating MTJ1, a co-chaperone required for GRP78 translocation to the cell 

surface in response to HG (Van Krieken et al., 2019). Short interfering (si)RNA 

knockdown of MTJ1 inhibited both HG-induced Akt activation and TSP1 upregulation 

(Figure 4-3F).   

Lastly, we previously showed that the high- affinity ligand for csGRP78, activated 

alpha 2-macroglobulin (denoted Ŭ2M*), mediates PI3k/Akt activation in response to HG 

through csGRP78 (Trink et al., 2021). Using a neutralizing antibody specific for Ŭ2M*, 

as well as an inhibitory peptide that prevents the interaction between csGRP78 and Ŭ2M*, 

we show that HG-induced TSP1 upregulation is attenuated by Ŭ2M* inhibition (Figure 4-
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3G-H). Altogether, these data show the importance of Ŭ2M*-csGRP78 in the 

upregulation of TSP1 through Akt signaling in response to HG.   

4.5.4 Deposition of TSP1 in the ECM is mediated by csGRP78  

Increased deposition of TSP1 into the ECM under HG conditions has previously 

been shown (Yevdokimova, Abdel Wahab and Mason, 2001; Xu et al., 2020). Here we 

investigated whether its deposition is mediated by csGRP78. In Figures 4-4A-B, 

inhibition of csGRP78 by C38 or vaspin prevented ECM deposition of TSP1 stimulated 

by HG. Similar effects were observed with downregulation of MTJ1 to inhibit GRP78 

cell surface translocation (Figure 4-4C). Lastly, the localization of TSP1 in the ECM was 

visualized using immunofluorescence. As detailed in Methods, cells were removed after 

treatment, with the remaining DOC-insoluble matrix assessed for TSP1 presence. 

Inhibition of csGRP78 by the C38 antibody, but not the isotype control IgG, decreased 

HG-induced TSP1 deposition in the ECM (Figure 4-4D). Thus, csGRP78 is crucial for 

TSP1 upregulation as well as ECM deposition in response to HG in MC.   

4.5.5 HG-induced TGFɓ1 activation requires csGRP78   

Since TSP1 is an important regulator of HG-induced TGFɓ1 activation in MC and 

diabetic kidneys (Poczatek et al., 2000; Wahab et al., 2005; Hohenstein et al., 2008; Lu et 

al., 2011), and csGRP78 is required for its upregulation, we next investigated whether 

csGRP78 would be required for TGFɓ1 activation by HG. In Figure 4-5A-C we observed 

a marked increase in the activation of TGFɓ1 in the medium in response to HG. This was 

prevented by csGRP78 inhibitors C38 antibody and, vaspin, as well as the knockdown of 

MTJ1. We further assessed TGFɓ1 activation functionally by using MLECs that are 
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stably transfected with the Smad3-responsive PAI-1 luciferase construct. We first 

established that PAI-1 luciferase activity is not increased in MLEC in response to HG 

(not shown). We then co-incubated MLEC with MC. After treatment with HG, increased 

luciferase activity was observed (Figure 4-5D-F), reflecting increased bioactive TGFɓ1 

in the medium. Inhibition of csGRP78 with the C38 antibody (Figure 4-5D) or vaspin 

(Figure 4-5E), as well as inhibition of Ŭ2M* using a neutralizing antibody (Figure 4-5F) 

or an inhibitory peptide (Figure 4-5G) all prevented HG-induced TGFɓ1 activation. We 

further confirmed that inhibition of csGRP78 also abrogated TGFɓ1 downstream 

signaling in MC exposed to HG. Figure 4-5H shows that csGRP78 inhibition with vaspin 

abrogated HG-induced activation of Smad3 as assessed by its phosphorylation at 

Ser473/475. Knockdown of MTJ1 similarly prevented Smad3 activation (Figure 4-5I).   

In the ECM, TSP1 dual interaction with LAP and the mature TGFɓ1 in its latent 

complex enables TGFɓ1 activation (Yevdokimova, Abdel Wahab and Mason, 2001; 

Taylor, 2009). We previously showed that HG induces interaction between csGRP78 and 

LAP (Trink et al., 2022). We thus sought to determine whether csGRP78 could also 

interact with TSP1. We immunoprecipitated TSP1 from live cell cultures to isolate the 

cell surface/extracellular TSP1 as outlined in Methods. Figure 4-5J shows that HG 

induces an interaction between TSP1, LAP, and csGRP78 which is prevented by 

csGRP78 inhibition with the C38 antibody. Overall, these data support an important role 

for csGRP78 in regulating the activation of TGFɓ1 in response to HG and suggest that 

physical interaction at the cell surface is likely important for this regulation.  
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4.5.6 Overexpression of csGRP78 augments TSP1 production and TGFɓ1 activation in 

HG  

We have previously shown that overexpressing GRP78 lacking the ER retention 

sequence KDEL (GRP78 ȹKDEL) increases GRP78 at the cell surface, profibrotic 

signaling, and matrix production and augments HG responses (Trink et al., 2021). Here 

we wanted to assess whether csGRP78 overexpression could also augment TSP1 

production and TGFɓ1 activation. In Figure 4-6A, we observed increased basal activity 

of the TSP1 promoter luciferase in cells expressing GRP78 ȹKDEL, at a level similar to 

that of HG-induced TSP1 luciferase activity. HG further augmented TSP1 promoter 

activity, although this did not reach statistical significance. We next assessed the effects 

on the TSP1 protein. Similarly to TSP1 luciferase, protein was increased by GRP78 

ȹKDEL alone and further increased with HG (Figure 4-6B). In parallel, we observed an 

increase in active TGFɓ1 in the medium (Figure 4-6C) and an increase in TGFɓ1 

biologic activity assessed using the MLEC system described above (Figure 4-6D) with 

GRP78 ȹKDEL alone, also augmented by HG.   

Our previous data show that Ŭ2M* is required not only for HG responses, but also 

for csGRP78 effects seen with overexpression of GRP78 ȹKDEL (Trink et al., 2021). To 

determine whether this extends to TSP1 effects, we treated cells in which csGRP78 was 

overexpressed using GRP78 ȹKDEL with Ŭ2M* inhibitors. Both its neutralizing antibody 

(Figure 4-6E) and the inhibitory peptide (Figure 4-6F) blocked GRP78 ȹKDEL-induced 

expression of TSP1, showing the importance of this ligand-receptor pair in regulating 

TSP1 production.  
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4.6 Discussion  

We have previously shown the de novo expression of csGRP78 in DKD and the 

importance of HG-induced GRP78 translocation to the cell surface to mediate profibrotic 

signaling in MC (Van Krieken et al., 2019; Trink et al., 2021). While these studies 

showed that csGRP78 was important for HG-induced TGFɓ1 upregulation (Trink et al., 

2021, 2022), whether it also regulated activation of TGFɓ1 from its latent state was not 

clear. In these follow-up studies, we chose to focus on TSP1 given its central role in the 

non-proteolytic activation of TGFɓ1 by HG and in DKD, as well as the limited 

information on how TSP1 production is regulated in this setting. We now present 

evidence, summarized in Figure 4-7, that csGRP78 facilitates the production and 

consequent extracellular deposition of TSP1 through PI3k/Akt signaling in response to 

HG, with inhibition of this pathway preventing the bioactivation of TGFɓ1. This novel 

data provides further support for the potential therapeutic value of inhibiting csGRP78 to 

prevent the fibrotic phenotype seen in DKD. Indeed, direct TGFɓ1 inhibition is not 

feasible due to its pleiotropic homeostatic effects. This was shown in a clinical trial 

evaluating the efficacy of a neutralizing TGFɓ1 antibody in patients with DKD, in which 

dosing that limited adverse effects was ineffective in slowing DKD (Voelker et al., 2017). 

Indirect methods of TGFɓ1 attenuation targeting disease-specific abnormally heightened 

signaling, while leaving homeostatic signaling undisturbed, are thus of high therapeutic 

interest. Our study supports csGRP78 as a potential anti-fibrotic therapeutic target that 

could provide a disease specific mechanism by which to inhibit TGFɓ1 profibrotic 
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signaling in DKD. Current studies are underway to test the efficacy of csGRP78 

inhibition in an in vivo DKD model.  

Previous studies have shown that TSP1 is increased in MC and some non-kidney 

cells in response to HG as well as other stimuli relevant to DKD such as angiotensin II 

(Poczatek et al., 2000; Naito et al., 2004; Zhou et al., 2006). Importantly, TSP1 

upregulation was also seen in both murine models of DKD and human type 1 and 2 

diabetic kidneys (Yevdokimova, Abdel Wahab and Mason, 2001; Wahab et al., 2005; 

Hohenstein et al., 2008; Lu et al., 2011; Murphy-Ullrich, 2019). Several studies have 

shown the pathologic importance of TSP1 as an activator of latent TGFɓ1, contributing to 

the pathogenesis of fibrosis that is characteristic of DKD. Notably, TSP1 was shown to be 

expressed in a mesangial pattern in DKD (Daniel et al., 2007). In cultured MC, HG-

induced TGFɓ1 activation was blocked by a peptide that inhibited interaction between 

TSP1 and latent TGFɓ1 (Yevdokimova, Abdel Wahab and Mason, 2001; Lu et al., 2011). 

TSP1 knockout mice with type 1 diabetes induced by streptozotocin showed reduced 

DKD compared to their wild-type counterparts. Less glomerular matrix accumulation, 

inflammation, and proteinuria were associated with reduced active glomerular TGFɓ1 and 

downstream signaling, with no difference in total TGFɓ1 levels (Daniel et al., 2007). In 

another study, inhibition of latent TGFɓ1-TSP1 interaction with a specific peptide 

attenuated DKD in type 1 diabetic Akita mice, with a reduction in proteinuria, urinary 

active TGFɓ1 and Smad2/3 activation. Importantly, peptide treatment also reduced 

tubulointerstitial fibrosis, a pathologic finding seen in the later stages of DKD (Lu et al., 



 

Ph.D. Thesis ï Jacqueline Trink McMaster University ï Medical Sciences 

156 
  

2011). TSP1 thus contributes to both early and later-stage DKD development through its 

regulation of TGFɓ1 activation.  

Several studies suggest that the important role of TSP1 in kidney fibrosis extends 

beyond DKD. For example, increased TSP1 was found in the kidneys of remnant rats, a 

model of reduced kidney mass and fibrosis as is seen in chronic kidney disease of any 

etiology. This increase preceded and was predictive of the development of tubular 

interstitial fibrosis (Hugo, Kang and Johnson, 2002). Additionally, TSP1 deficiency was 

found to be protective against the development of proteinuria, fibrosis, and inflammation 

induced by the chemotherapeutic agent adriamycin in mice (Maimaitiyiming, Zhou and 

Wang, 2016). Interstitial fibrosis that developed following unilateral ureteral obstruction 

was significantly attenuated by a peptide inhibiting TSP1/latent TGFɓ1 interaction, and 

this was associated with a reduction in active TGFɓ1 and Smad activation (Xie et al., 

2010). Finally, TSP1 was also found to contribute to the longer-term development of 

fibrosis after acute injury in an ischemia/reperfusion model, again associated with TGFɓ1 

activation (Julovi et al., 2020). While requiring assessment, it is probable that csGRP78 is 

increased in response to various pathogenic stimuli in kidney cells in addition to HG. 

Indeed, our unpublished data show that angiotensin II, a common pathogenic mediator of 

fibrosis in diabetic and non-diabetic chronic kidney disease, also induced GRP78 

localization to the cell surface in MC. The effect of additional stimuli in MC and other 

kidney cell types, as well as the localization of GRP78 to the cell surface in various non-

DKD models, will be determined in future studies.  
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While the upregulation of TSP1 by HG in MC and DKD is well documented, the 

mechanism by which this occurs is less well-defined. An important role for cGMP-

dependent protein kinase G (PKG) has been identified, with PKG normally repressing 

TSP1 transcription. PKG is activated by nitric oxide signaling to activate soluble 

guanylate cyclase, thereby increasing cGMP levels. In MC exposed to HG, a reduction in 

nitric oxide in the medium and intracellular cGMP was seen, and a nitric oxide donor or 

overexpression of a constitutively active PKG prevented HG-induced TSP1 upregulation 

and TGFɓ1 activation (Wang et al., 2002, 2003). TSP1 upregulation in HG was mediated 

by the transcription factor upstream stimulatory factor 2 (USF2), which under normal 

glucose conditions is repressed by PKG (Wang et al., 2004). In our studies, we showed an 

important role for PI3k/Akt activation in TSP1 upregulation. This pathway was also 

shown to mediate complement induced TSP1 upregulation and consequent TGFɓ1 

activation in MC (Wang et al., 2006). Interestingly, increased USF2 production by HG in 

MC was shown to be dependent on the transcription factor CREB, known to be activated 

by Akt phosphorylation (Du and Montminy, 1998; Shi et al., 2008).  Future studies will 

explore whether csGRP78/Akt regulation of TSP1 intersects with PKG/USF2 signaling.  

Our previous studies have shown that the high-affinity ligand for csGRP78, 

Ŭ2M*, is locally produced by MC in HG and in DKD to enable PI3k/Akt signaling and 

downstream ECM production (Trink et al., 2021). We showed not only its activation in 

the diabetic kidney, but also its upregulation at the protein and transcript levels. 

Additional data available in the RNA-seq database NephroSeq also show a disease-

specific increase in Ŭ2M in DKD patients in both glomeruli and the tubulointerstitium 
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compared to healthy control patients (Figure 4-8 Supplementary Figure 1) (Ju et al., 

2013, 2015). Further, Ŭ2M was shown to be increased in human endothelial cells and MC 

in patients with focal segmental glomerular sclerosis (FSGS), another fibrotic disease of 

the kidney. This study showed that Ŭ2M was specifically upregulated in disease and its 

higher expression was associated with poorer kidney outcomes (Menon et al., 2020), 

suggesting the importance of Ŭ2M* signaling may also be relevant to non-diabetic kidney 

disease. Our current data extend these observations by showing that Ŭ2M* is also 

required for csGRP78-mediated TSP1 upregulation and TGFɓ1 activation in HG. 

Furthermore, as csGRP78 is positioned entirely extracellularly, we identified integrin ɓ1 

as a transmembrane signaling partner for csGRP78 that enables intracellular signal 

transmission and profibrotic responses (Van Krieken et al., 2019; Trink et al., 2022). 

Interestingly, TSP1 was also shown to bind integrin ɓ1 (Calzada et al., 2004). Whether 

activation of TGFɓ1 by TSP1 in HG requires binding to integrin ɓ1 and/or csGRP78 

needs further study, as do the details of their interaction at a molecular level.   

 

4.7 Conclusion 

In this study, we have shown that HG-induced csGRP78 and Ŭ2M* mediate 

TGFɓ1 activation and downstream signaling through the regulation of TSP1. This 

pathway provides an indirect method of TGFɓ1 inhibition that is entirely extracellular, 

and thus an attractive potential therapeutic target. Further studies will investigate whether 

inhibition of csGRP78, Ŭ2M*, or their interaction is an effective approach to DKD 

treatment and prevention.  



 

Ph.D. Thesis ï Jacqueline Trink McMaster University ï Medical Sciences 

159 
  

 

 

 

 



 

Ph.D. Thesis ï Jacqueline Trink McMaster University ï Medical Sciences 

160 
  

Figure 4- 1. HG-induced TSP1 upregulation requires PI3K/Akt . 

HG (48 h)-induced TSP1 upregulation in MC was attenuated by the PI3K inhibitors (A) 

LY294002 and (B) wortmannin as well as (C) Akt inhibitor VIII (n= 10, ** p < 0.01, *** 

p<0.005). (D) TSP1 transcript upregulation by HG (24 h) was inhibited by Akt inhibitor 

VIII (n= 4, * p<0.05). HG (48 h)-induced TSP1 promoter activity, assessed using a 

luciferase reporter construct, was also inhibited by (E) LY294002 (n = 3, * p < 0.05, ** p 

< 0.01, *** p < 0.005, **** p < 0.0001), (F) wortmannin (n = 9, * p < 0.05, ** p < 0.01, 

**** p < 0.001), or (G) Akt inhibitor VIII (n = 9, **** p < 0.001) in MC. 
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Figure 4- 2. HG-induced TGFɓ1 activation and signaling are blocked by PI3K/Akt 

inhibition.  

HG (48 h)-induced TGFɓ1 activation, assessed by ELISA of medium without acid 

activation, was prevented by PI3K inhibition using either (A) LY294002 (n = 4, ** p < 

0.01, *** p < 0.005) or (B) wortmannin (n = 4, ** p < 0.01, **** p < 0.0001), as well as 

Akt inhibition using (C) Akt inhibitor VIII (n = 4, ** p < 0.01). Smad3 signaling 

downstream of TGFɓ1 was assessed by its C-terminal phosphorylation at Ser473/475 

(pSmad3). HG (48 h)-induced Smad3 phosphorylation was prevented by (D) LY294002, 

(E) wortmannin, and (F) Akt inhibitor VIII (n =4, * p <0.05).     
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Figure 4- 3. Cell surface GRP78 mediates HG-induced TSP1 expression through Akt 

activation. 

 (A) csGRP78 inhibition using the C38 antibody, but not a control IgG (2µg for each 

antibody) prevented HG (24 h)-induced TSP1 transcript upregulation (n = 6-8, ** p < 

0.051). HG (48 h)-induced TSP1 promoter activity, assessed using a luciferase reporter 

construct, was also inhibited by csGRP78 inhibition using either (B) the C38 antibody (n 

= 3, ** p < 0.01, *** p < 0.005, **** p < 0.0001) or (C) vaspin (n = 3, ** p < 0.01, *** p 

< 0.005, **** p < 0.001). Further, csGRP78 inhibition also prevented HG (48 h)-induced 

Akt activation assessed by its phosphorylation at Ser473 as well as TSP1 upregulation 

using (D) C38, but not control IgG, antibody (n = 5, * p < 0.05, ** p < 0.01), (E) vaspin 

(n = 10, * p < 0.05, ** p < 0.01, *** p < 0.005) and (F) siRNA knockdown of MTJ1, the 

chaperone required for cell surface translocation of GRP78 in HG (n = 3, * p < 0.05, ** p 

< 0.01). (G) Antibody neutralization of the known ligand and activator for csGRP78, 

Ŭ2M*, prevented HG (48 h)-induced TSP1 upregulation. Control IgG had no effect (10µg 

for each antibody, n = 3, * p < 0.05). (H) An inhibitory peptide (Pep) that prevents the 

interaction between Ŭ2M* and csGRP78 also inhibited TSP1 upregulation by HG (48 h), 

with scrambled peptide (Scr) having no effect (100nM, n = 5, * p < 0.05, ** p < 0.01, *** 

p < 0.005). 
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Figure 4- 4. Deposition of TSP1 in the ECM is mediated by csGRP78. 

ECM was extracted as DOC-insoluble material after HG for 48h. The increased 

deposition of TSP1 into the ECM by MC was prevented by csGRP78 inhibition using (A) 

C38 antibody, but not control IgG antibody, (B) vaspin and (C) MTJ1 knockdown with 

siRNA (n = 3 for each experiment). (D) Immunofluorescent staining of remaining ECM. 

Prior to decellularization, cells were treated with HG for 48h, causing increased TSP 

deposition into the matrix. This was prevented by C38, but not control IgG (n = 6, * p < 

0.01, *** p < 0.005, **** p < 0.0001). 
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Figure 4- 5. HG-induced TGFɓ1 activation requires csGRP78. 

Assessment of active TGFɓ1 in the medium by ELISA showed that csGRP78 inhibition 

by (A) C38, but not a control IgG antibody (n = 8, **** p < 0.0001, (B) vaspin (n = 4, ** 

p < 0.01, *** p < 0.005) or (C) MTJ1 siRNA knockdown (n = 4, ** p < 0.01, *** p < 

0.005) prevented HG (48 h)-induced TGFɓ1 activation. (D-F) MC were co-cultured with 

mink lung epithelial cells (MLEC) stably transfected with the Smad3-regulated PAI-1 

promoter luciferase. The HG (48h)-induced increase in PAI-1 luciferase activation, 

reflecting bioactive TGFɓ1, was prevented by csGRP78 inhibition with (D) C38, but not 

control IgG antibody or (E) vaspin, as well as by Ŭ2M* inhibition with (F) a neutralizing 

antibody, but not control IgG (10Õg) or (G) a peptide that prevents csGRP78/Ŭ2M* 

interaction (100nM, n = 12, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.0001). In 

MC, signaling downstream of TGFɓ1 was assessed by immunoblotting for Smad3 

phosphorylated at Ser473/475. Inhibition of csGRP78 using both (H) vaspin and (I) MTJ1 

siRNA knockdown prevented Smad3 activation in HG (n = 3, * p < 0.05, ** p < 0.01). (J) 

TSP1 was immunoprecipitated from live cells after HG (48h) using C38, with IgG used 

as a control. Immunoblotting shows association with both LAP and csGRP78 in response 

to HG (n = 3, **** p < 0.0001). 
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Figure 4- 6. csGRP78 overexpression augments TSP1 production and TGFɓ1 

activation. 

Overexpression of GRP78 ȹKDEL, which increases csGRP78, increased basal and HG 

(48 h)-induced TSP1 (A) promoter activity and (B) protein expression (n = 6, * p < 0.05, 

** p < 0.01, *** p < 0.005, **** p < 0.0001). (C) Activation of TGFɓ1 measured by 

ELISA on medium, as well as its downstream signaling assessed using (D) MC co-

cultured with MLEC stably expressing PAI-1 luciferase, showed that GRP78 ȹKDEL 

transfection increased basal and HG (48 h)-induced TGFɓ1 activity (n = 9, * p < 0.05, 

**** p < 0.0001). The induction of TSP1 expression by GRP78 ȹKDEL was attenuated 

by Ŭ2M* inhibition using either (E) a neutralizing antibody (10 µg) or (F) a peptide 

preventing csGRP78/Ŭ2M* interaction (100nM) (n = 4, ** p < 0.01).  
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Figure 4- 7. Proposed role for csGRP78 in mediated TGFɓ1 activation through 

regulation of TSP1 in MC. 

HG promotes GRP78 localization on the cell surface. Increased activation of the protease 

inhibitor Ŭ2M (denoted Ŭ2M*) enables its high-affinity interaction with csGRP78. This 

induces downstream PI3K/Akt activation and consequent TSP1 gene upregulation. The 

increased TSP1 localizes to the ECM, where others have shown it to interact with latent 

TGFɓ1 and serve as an important regulator of TGFɓ1 activation. The nature and role of 

csGRP78 interaction with this complex requires further study. These data support a role 

for csGRP78/Ŭ2M* in mediating TGFɓ1 profibrotic activation in MC by HG, thus 

highlighting a potential therapeutic target for indirect TGFɓ1 inhibition. Created with 

BioRender. 
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Figure 4- 8. Supplementary Figure 1. NephroSeq data shows increased Ŭ2M 

expression in glomeruli and the tubulointerstitium in DKD. 

(A) Ŭ2M RNA expression was significantly increased in glomeruli from human DKD 

patients compared to healthy living donors (n=21 for control patients and 12 for DKD 

patients, ****p< 0.0001). (B) Increased Ŭ2M transcript expression was observed in the 

tubulointerstitium of DKD patients compared to healthy controls (n=31 for control 

patients and 17 for DKD patients, ****p< 0.0001). 
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5.1 Preface 

Significance to thesis 

 Our studies thus far strongly implicate a role for csGRP78/Ŭ2M*-mediated 

TGFɓ1 profibrotic signaling in mesangial cells by HG. We next wanted to assess whether 

this signaling pathway was relevant to other cell types, including proximal tubule 

epithelial cells (PTEC) and renal fibroblasts (RF), which both contribute to the 

development of tubulointerstitial fibrosis seen in the later stages of diabetic kidney 

disease. Here we showed that both PTEC and RF express csGRP78 and produce activated 

Ŭ2M (Ŭ2M*) locally under high glucose (HG) treatment, and inhibition of either protein 

prevented profibrotic signaling. Further, we wanted to evaluate if stimuli other than HG, 

such as direct TGFɓ1 treatment, which has been shown to be a major driver of kidney 

disease, could promote this signaling pathway. This would allow us to determine if this 

signaling pathway was more broadly relevant to chronic kidney disease. Similar to our 

HG data, csGRP78 and Ŭ2M* were upregulated by direct TGFɓ1 treatment and their 

inhibition prevented signaling. Lastly, we wanted to assess the therapeutic benefit of 

inhibiting csGRP78/Ŭ2M* interaction by peptide blockade in a mouse model for kidney 

fibrosis. Here we show evidence that preventing csGRP78/Ŭ2M* interaction attenuates 

fibrosis and profibrotic signaling in vivo, supporting their inhibition as a potential 

therapeutic intervention for kidney disease. 
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5.2 Abstract 

 We recently showed that the endoplasmic reticulum resident GRP78 translocates 

to the cell surface (csGRP78) in response to high glucose (HG). In the presence of 

activated alpha 2 macroglobulin (Ŭ2M*), it induces profibrotic responses in glomerular 

mesangial cells (MC), implicating its pathogenic role in glomerulosclerosis. Interstitial 

fibrosis, largely mediated by proximal tubular epithelial cells (PTEC) and renal 

fibroblasts (RF), develops later in disease, and correlates with kidney function decline. 

Here we investigated whether interstitial fibrosis was mediated by csGRP78/Ŭ2M* 

signaling. csGRP78/Ŭ2M* were increased in the tubulointerstitium in both diabetic and 

non-diabetic kidney disease (CKD) mouse models. HG and transforming growth factor ɓ1 

(TGFɓ1), a major cytokine mediator of fibrosis in CKD, increased csGRP78 expression 

and Ŭ2M activation in PTEC and RF. Inhibition of either protein prevented HG and 

TGFɓ1-induced extracellular matrix protein production. Furthermore, HG-induced 

TGFɓ1 signaling was attenuated by csGRP78/Ŭ2M* inhibition. Interestingly, 

csGRP78/Ŭ2M* inhibition did not alter Smad3 activation by direct TGFɓ1 treatment. 

Instead, it prevented TGFɓ1-induced activation of the non-canonical mediators 

YAP/TAZ. To evaluate the in vivo importance of this pathway in regulating interstitial 

fibrosis, mice with unilateral ureteral obstruction were treated with an inhibitory peptide 

that prevented csGRP78/Ŭ2M* interaction. Peptide inhibitor, but not scrambled control, 

attenuated fibrosis and profibrotic signaling. Overall, these findings show an important 

role for csGRP78/Ŭ2M* in mediating tubulointerstitial fibrosis. Their inhibition should be 

further explored as a potential novel anti-fibrotic therapeutic intervention for CKD. 
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5.3 Introduction 

Chronic kidney disease (CKD) affects more than 10% of the worldôs population 

and is associated with a significant increase in morbidity and mortality [1]. It is 

characterized by the development of glomerular and tubulointerstitial fibrosis, which 

eventually leads to loss of kidney function and end stage renal disease (ESRD) in many 

individuals. This requires dialysis or transplantation to sustain life. Not only do these 

therapies significantly reduce quality of life, but they also place a substantial economic 

burden on the healthcare system. The most common causes of CKD in North America are 

diabetes and hypertension. Thus, medications to stabilize these factors make up the 

current standard of care [2]. These therapies include inhibitors of the renin-angiotensin 

system and the sodium glucose co-transporter 2 (SGLT2). However, current therapies are 

unable to prevent disease progression. There is thus a critical need for novel therapeutics 

with a complementary mechanism of action to existing therapies.   

Our lab has previously shown that high glucose (HG) induces the translocation of 

GRP78, an endogenous endoplasmic reticulum protein, to the cell surface of glomerular 

mesangial cells. Here, this protein acts as a profibrotic signaling receptor which requires 

ligand binding to elicit its effects. In parallel, we have shown the known ligand for 

csGRP78, activated Ŭ2-macroglobulin (Ŭ2M*), is locally produced by mesangial cells in 

response to HG. Its binding to csGRP78 promotes downstream profibrotic signaling in 

mesangial cells, an important cell type for early CKD development [3], [4]. We further 

showed that this signaling pathway can mediate synthesis and activity of the profibrotic 

cytokine, transforming growth factor ɓ1 (TGFɓ1). Although it is well known to be a 
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major contributor to CKD of varying etiology [5], [6], the pleiotropic homeostatic 

functions of TGFɓ1 make its direct inhibition unfeasible [7]. The indirect inhibition of 

TGFɓ1 activity is thus of current therapeutic interest, with the targeting of 

csGRP78/Ŭ2M* signaling a potential novel approach. Importantly, we have shown that 

csGRP78 presentation and Ŭ2M* activation are only present in a diseased state, making 

their inhibition an attractive therapeutic target with potentially limited side effects. 

The progression of CKD, regardless of etiology, is marked by the development of 

tubulointerstitial fibrosis, a process largely regulated by crosstalk between proximal 

tubule epithelial cells (PTEC) and renal fibroblasts (RF) [8]ï[10]. The relevance of 

csGRP78/Ŭ2M* signaling to the regulation of tubulointerstitial fibrosis is as yet unknown. 

Here, we wished to determine whether this ligand/receptor pair could also mediate 

tubulointerstitial fibrosis, thereby supporting its targeting as a more generalizable 

approach to reducing fibrosis in CKD. Further, given the prominent role of TGFɓ1 in the 

development of kidney fibrosis, we also wished to determine whether csGRP78/Ŭ2M* 

could mediate the cellular profibrotic response to direct TGFɓ1 treatment in the absence 

of HG. Importantly, the therapeutic potential of inhibiting csGRP78/Ŭ2M* signaling was 

explored in vivo.  

 

5.4 Methods 

5.4.1 Cell culture 

 Primary rat renal fibroblasts (RF) (Cell Biologics) and immortalized human PTEC 

(HK2 cells, ATCC) were cultured in Dulbeccoôs modified Eagleôs medium/F12 
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supplemented with 10% fetal bovine serum, streptomycin (100ɛg/mL), and penicillin 

(100ɛg/mL). Cells were stored and grown at 37  in 95% O , and 5% CO . The day prior 

to treatment, PTEC were serum deprived in medium with 0.5% FBS and RF with 1% 

BSA. Cells were treated with HG (30mM) or TGFɓ1 (5ng/mL) with or without the 

following: csGRP78/Ŭ2M* inhibiting peptide (previously shown to block HG responses 

in MC, CLIGRTWNDPSVQQDIKFL [4]) or control scrambled peptide 

(GTNKSQDLWIPQLRDVFI) (both at 100nM), csGRP78 neutralizing antibody (C38, 

10Õg), or Ŭ2M* neutralizing antibody (F-Ŭ2M antibody obtained as previously described 

[11], 10µg).  

5.4.2 Protein Extraction and Western Blotting  

Cells were lysed with cell lysis buffer containing protease and phosphatase 

inhibitors as previously described [12]. Cellular debris was separated from cell lysate by 

centrifugation at 14,000rpm for 10 minutes at 4 . Equal concentrations of proteins were 

separated using SDS-PAGE and immunoblotted.  

Conditioned media was run on a non-denaturing polyacrylamide gel. Membranes 

were probed for the conformationally changed and more rapidly migrating Ŭ2M*. 

Proteins in the media could not be normalized, but each experimental well was plated to 

the same confluency with no difference observed at the time of media collection. Equal 

volumes of media were run. Nativemark unstained protein ladder (Thermo Fisher, 

Waltham, MA, USA) confirmed band location. 
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5.4.3 Biotinylation 

  For surface protein extraction, cells were washed three times with cold phosphate-

buffered saline (PBS) with 2.5mM CaCl  and 1mM MgCl  and incubated with EZ-linked 

Sulfo-Biotin for 30 minutes (Pierce, 21331). Cells were then washed with quenching 

buffer containing 0.1M glycine in PBS to remove excess Sulfo-Biotin. Cells were then 

lysed, clarified and samples incubated overnight in a 50% Neutravidin slurry (Fisher, 

P129200). The following day, beads were washed 5 times with lysis buffer and cleaved 

from the cell surface proteins by boiling at 100  for 10 minutes in 2x PSB. Proteins 

were analyzed using SDS-PAGE and immunoblotting.  

5.4.4 Luciferase Assays 

 PTEC and RF were transfected at 50% confluency with the Smad3-repsonsive 

promoter, CAGA12-luciferase, for 12 and 18 hours respectively. Cells were starved and 

treated as described above. At time of harvest, cells were lysed using Reporter Lysis 

Buffer (Promega) and overnight freezing at -80 . Lysates were scraped, centrifuged and 

luciferase activity was measured using the Luciferase Assay System (Promega) and a 

luminometer (Junior LB 9509, Berthold). Samples were normalized using the ɓ-

Galactosidase Enzyme Assay System (Promega) with a plate reader set to 420nm 

absorbance (SpectraMax Plus 384 Microplate Reader, Molecular Devices). 

5.4.5 Immunofluorescence 

OCT-preserved kidney sections (10µm) were fixed (3.7% paraformaldehyde) and 

permeabilized (0.2% Triton X-100). These steps were omitted for csGRP78 assessment to 

prevent staining of intracellular GRP78. Tissues were stained for GRP78 (Abcam, 
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ab21685, 1:50,000) and Ŭ2M* (F-Ŭ2M, 1:100). Secondary antibodies used were anti-

rabbit (AF488, Invitrogen, A21206) and anti-mouse (AF488, Invitrogen, A21202) 

respectively. Images were captured using the Olympus BX41 microscope at 20x. The 

Image J colocalization plug-in was used to create a colocalization mask of areas 

expressing both csGRP78 and wheat germ agglutinin (WGA, 1:400) (AF594, Invitrogen, 

W11262) which allowed localization of GRP78 to the cell surface. Quantification was 

completed using Image J. 

5.4.6 Experimental Animals 

All studies were conducted in accordance with McMaster University and the 

Canadian Council on Animal Care guidelines. Kidneys were harvested from type 1 

diabetic Akita mice (C57BL/6-Ins2Akita/J, The Jackson Laboratory) at 40 weeks of age. 

To generate the unilateral ureteral obstruction (UUO) model of fibrosis, the left ureter 

was ligated close to the renal pelvis in 8-week-old male C57BL/6 mice (Charles River). 

Sham mice were anesthetized, and their kidney manipulated without ligation. Two 

separate studies were conducted: 1) a time course, with harvest at 1, 7, 14 and 21 days 

after UUO or sham operation to assess target protein expression; 2) a treatment study, in 

which a 7-day osmotic minipump was implanted after 3 days of UUO to deliver 

functional or scrambled csGRP78/Ŭ2M* inhibitory peptide at 25Õg/day until harvest at 10 

days. 
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5.4.7 Statistical Analysis 

 Studentôs t-test or one-way ANOVA were used to compare the means between 

two or more groups respectively. Significant differences between multiple groups (post 

hoc) were analyzed using Tukeyôs HSD with pÒ0.05. Data are presented as mean Ñ SEM. 

 

5.5 Results 

5.5.1 High glucose-induced csGRP78 and activated Ŭ2M mediate matrix production in 

proximal tubular epithelial cells and renal fibroblasts 

We previously showed the importance of HG-induced profibrotic csGRP78/Ŭ2M* 

signaling in mesangial cells [4]ï[6]. While this is relevant to the development of 

glomerulosclerosis in DKD, whether this ligand-receptor pair also regulates 

tubulointerstitial fibrosis is not known. We thus first wanted to determine if csGRP78 and 

Ŭ2M* are induced by HG in cell types which contribute importantly to this process, 

PTEC and RF. In Figure 5-1A and B we observed a significant increase in csGRP78 in 

response to HG in both PTEC and RF, with surface expression increasing over time in 

RF, but being most prominent at 6h in PTEC. In Figure 5-1C and D we observed 

increased Ŭ2M production and the presence of activated Ŭ2M (Ŭ2M*) in the medium with 

HG treatment in PTEC. Parallel findings were observed in RF (Figure 5-1E and F).  

We next evaluated whether inhibition of csGRP78 using the C-terminal targeting 

antibody C38 (which has previously been shown to attenuate signaling downstream of 

csGRP78 [3], [13], [14]) would prevent HG-induced extracellular matrix production in 

PTEC and RF. In Figure 5-1G and H, HG-induced production of fibronectin and 
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collagen IV were inhibited by C38 in PTEC and RF respectively. Further, we determined 

the effects of Ŭ2M* inhibition on HG profibrotic responses. Here, we used the antibody 

F-Ŭ2M which recognizes the receptor binding domain of Ŭ2M*, which we have 

previously shown to neutralize Ŭ2M* [4].  Figure 5-1I and J show that neutralizing 

Ŭ2M* inhibits HG-induced fibronectin and collagen IV upregulation in both PTEC and 

RF. Similarly, a peptide derived from the N-terminal Leu91-Leu115 sequence of GRP78, 

which inhibits csGRP78/Ŭ2M* interaction, also blocked HG-induced matrix protein 

upregulation (Figure 5-1K and L). These data support a novel role for HG-induced 

csGRP78/Ŭ2M* profibrotic signaling in kidney cells relevant to tubulointerstitial fibrosis 

as seen in the later stages of DKD. 

5.5.2 Inhibition of TGFɓ1-induced csGRP78 or Ŭ2M* prevents matrix production in 

PTEC and RF 

TGFɓ1 is an established mediator of fibrosis in both diabetic and non-diabetic 

CKD [8], [15], [16]. We have previously shown that HG-induced csGRP78/Ŭ2M* 

mediate TGFɓ1 activation and profibrotic signaling through regulation of its non-

proteolytic activator, thrombospondin-1 [6]. However, whether this pathway is important 

to fibrogenesis in other renal cell types is unknown. Further, we wanted to assess whether 

stimuli other than HG could elicit profibrotic signaling through this pathway. Thus, we 

next assessed whether csGRP78/Ŭ2M* signaling could mediate profibrotic responses to 

TGFɓ1 in PTEC and RF. In Figure 5-2A and B we observed increased csGRP78 

expression with TGFɓ1 at 6 and 24 hours in both cell types. We next assessed whether 

TGFɓ1 could induce Ŭ2M production as well as its activation once secreted. In Figure 5-
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2C and D we observed increased production and activation of Ŭ2M by PTEC at 48 hours. 

Figure 5-2E and F further support the endogenous production and activation of Ŭ2M in 

the kidney by RF. Thus, the translocation of GRP78 and upregulation, secretion, and 

activation of Ŭ2M can be elicited by stimuli other than HG relevant to kidney disease.   

With evidence that TGFɓ1 induces csGRP78 localization as well as Ŭ2M 

production and activation in both PTEC and RF, we next assessed whether blocking this 

signaling pathway would also prevent TGFɓ1-mediated matrix protein production. 

Inhibition of csGRP78 with the C38 antibody decreased expression of the matrix proteins 

fibronectin and collagen IV in PTEC (Figure 5-2G) and RF (Figure 5-2H). Inhibition of 

Ŭ2M* also attenuated matrix protein production in PTEC and RF (Figure 5-2I and J). 

Hence, csGRP78/Ŭ2M* signaling is at least in part required for TGFɓ1-mediated matrix 

production.  

5.5.3 Both csGRP78 and Ŭ2M* inhibition prevent HG but not TGFɓ1-induced Smad3 

activation 

As we have previously shown that csGRP78 regulates TGFɓ1 activation and 

signaling in response to HG in mesangial cells, we next sought to assess whether this was 

also the case in PTEC and RF [5]. We evaluated the activation of Smad3, a downstream 

mediator of TGFɓ1 profibrotic signaling. Smad3 activation was assessed by its C-

terminal phosphorylation (Ser473/475). In Figure 5-3A and B, HG induced Smad3 

activation in PTEC and RF, and this was inhibited by the C38 neutralizing antibody for 

csGRP78. Both the Ŭ2M* neutralizing antibody (Figure 5-3C and D) and inhibitory 

peptide (Figure 5-3E and F) also prevented HG-induced Smad3 activation in both cell 
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types. This supports an important role for csGRP78/Ŭ2M* signaling in Smad3 activation 

across multiple cell types in response to HG.  

Interestingly, in contrast to our findings above, TGFɓ1-induced Smad3 

phosphorylation was unaffected by csGRP78 inhibition in both cell types (Figure 5-3G 

and H). Lack of C38 effect on Smad3 transcriptional activity was confirmed using the 

reporter CAGA12-luciferase (Figure 5-3I and J). Similarly, inhibition of Ŭ2M* did not 

prevent Smad3 activation by TGFɓ1 in PTEC or RF (Figure 5-3K and L)  or downstream 

activity of the Smad3-mediated CAGA12-promoter (Figure 5-3M and N). These data 

support a potential role for csGRP78/Ŭ2M* in non-canonical TGFɓ1 signaling in the 

absence of a HG stimulus. 

5.5.4 csGRP78/Ŭ2M* mediate non-canonical TGFɓ1 signaling through YAP and TAZ 

The known non-canonical TGFɓ1 transcriptional co-activators yes associated 

protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) have 

previously been shown to play a role in promoting the profibrotic phenotype seen in CKD 

[17]ï[20]. These transcriptional activators were also shown to be regulated by csGRP78 

in pancreatic cancer [21]. We thus assessed their potential role as factors downstream of 

csGRP78/Ŭ2M* in mediating the profibrotic response to HG and TGFɓ1 in PTEC and 

RF. In Figure 5-4A and B, HG increased expression of YAP and TAZ, and this was 

prevented by C38 inhibition of csGRP78 in both PTEC and RF respectively. Similar 

inhibition was seen by Ŭ2M* inhibition using either the neutralizing antibody F-Ŭ2M 

(Figure 5-4C and D) or the inhibitory peptide (Figure 5-4E and F). We observed similar 

effects with TGFɓ1 stimulus. In Figure 5-4G and H, csGRP78 inhibition attenuated 
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TGFɓ1-induced expression of YAP and TAZ in PTEC and RF. Neutralization of Ŭ2M* 

similarly inhibited the increased expression of YAP and TAZ in response to TGFɓ1 in 

both PTEC and RF (Figure 5-4I and J). Thus, both HG and TGFɓ1-induced YAP/TAZ 

profibrotic signaling is mediated by csGRP78/Ŭ2M* in PTEC and RF. 

As we had previously shown that HG-induced profibrotic responses were 

mediated by csGRP78/Ŭ2M* in mesangial cells, we next tested whether TGFɓ1-induced 

profibrotic responses also require csGRP78/Ŭ2M* in these cells as was found in PTEC 

and RF. Figure 5-8 Supplementary Figure 1A shows that csGRP78 expression was 

increased in mesangial cells by TGFɓ1 treatment. As seen in PTEC and RF, csGRP78 or 

Ŭ2M* inhibition did not attenuate Smad3 phosphorylation (Figure 5-8 Supplementary 

Figure 1B and C respectively) or its transcriptional activity as assessed by CAGA12 

luciferase (Figure 5-8 Supplementary Figure 1D and E). However, both attenuation of 

TGFɓ1-induced ECM production as well as the non-canonical signaling mediators YAP 

and TAZ were seen (Figure 5-8 Supplementary Figure 1F and G). Altogether, 

csGRP78/Ŭ2M* clearly play a role in mediating non-canonical TGFɓ1-induced 

profibrotic responses in multiple kidney cell types including PTEC, RF and mesangial 

cells. These data support a potential role for csGRP78/Ŭ2M* in the progression of 

tubulointerstitial fibrosis. 

5.5.5 csGRP78 and Ŭ2M* are increased in tubular cells of mouse models of both DKD 

and CKD 

We previously showed increased glomerular csGRP78 and Ŭ2M* expression in 

40-week-old type 1 diabetic Akita mice [3], [4]. To determine whether csGRP78 and 
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Ŭ2M* are relevant to tubulointerstitial fibrosis in vivo, we next assessed their expression 

in this compartment. [22]. We performed IF on nonpermeabilized kidney sections to 

identify cell surface rather than intracellular GRP78 and confirmed its surface localization 

using the cell surface marker wheat germ agglutinin (WGA) in 40-week type 1 diabetic 

Akita mice (Figure 5-5A) [23]. Colocalization with megalin further confirmed 

localization of csGRP78 and Ŭ2M* to PTEC (Figure 5-5B and C), supporting their 

specific upregulation only in disease within the tubular kidney compartment.  

 We have also shown increased Ŭ2M* expression in the remnant kidney model of 

CKD in which 5/6 of the kidney mass is resected [4]. This model is characterized by both 

glomerular sclerosis and tubulointerstitial fibrosis, with TGFɓ1 a critical mediator of the 

pathogenesis seen in this model [24]. To further evaluate the potential role of 

csGRP78/Ŭ2M*-mediated profibrotic signaling in a non-diabetic model of kidney disease, 

we determined their expression in the UUO model. This model shows pathological 

changes including tubulointerstitial fibrosis, inflammatory cell infiltration and tubular 

atrophy, and is a useful tool for initial testing of novel therapeutic agents [25]. In Figure 

5-6A, csGRP78 expression (colocalized with WGA) was increased at 7, 14 and 21 days 

after UUO, with a small increase seen as early as 1 day following model creation. 

Similarly, Ŭ2M* was also increased at these time points following UUO creation (Figure 

5-6B). These data support a potential role for csGRP78/Ŭ2M* in mediating 

tubulointerstitial fibrosis in vivo.  
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5.5.6 Peptide inhibition of csGRP78/Ŭ2M* interaction attenuates profibrotic signalling 

and fibrosis in UUO 

To test the efficacy of csGRP78/Ŭ2M* inhibition in vivo, mice were treated 

starting day 3 after UUO creation with either inhibitory active peptide or scrambled 

peptide via minipump for 7 days. As seen in Figure 5-7A, fibrosis, assessed by 

Trichrome, Picrosirius red (for collagens I/III) and fibronectin IHC, was attenuated by the 

peptide. Further, FAK and Akt activation, which we have previously shown to be 

csGRP78-mediated, were decreased by peptide compared to scrambled control (Figure 5-

7B).  

TGFɓ1 activity has been shown to play an important role in the fibrogenesis 

observed in the UUO model [26], [27], with inhibition of either its Smad-dependent or 

independent signaling reducing tubulointerstitial fibrosis [28]ï[30]. In Figure 5-7C, 

similar to our in vitro findings, Smad3 activation (measured as its phosphorylation) was 

not affected by peptide administration. Increased expression of the non-canonical TGFɓ1 

signaling mediator YAP was reduced by peptide treatment (Figure 5-7C). This was 

further confirmed by decreased nuclear localization of YAP by peptide treatment (Figure 

5-9 Supplementary Figure 2A), as its translocation to the nucleus is required for its 

regulation of TGFɓ1-induced genes [31]. However, no attenuation of TAZ expression or 

nuclear localization was seen (Figure 5-7C), suggesting the presence of additional and 

discrete regulators of YAP and TAZ in vivo. Together, these data implicate a role for 

csGRP78/Ŭ2M* in regulating extracellular matrix production through non-canonical 

TGFɓ1 signaling partners. 
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As recruitment of activated inflammatory cells was shown to contribute to the 

pathogenesis of kidney fibrosis, we next determined whether peptide inhibition could 

attenuate inflammation. In Figure 5-7D, neither T-cell nor macrophage infiltration were 

affected by csGRP78/Ŭ2M* inhibition. Peptide treatment also did not affect the 

upregulation of Ŭ2M* in this short-term model (Figure 5-9 Supplementary Figure 2B). 

Future studies will assess whether a higher peptide dose has any effect on TAZ 

expression, which we showed is regulated by csGRP78/Ŭ2M* in vitro. Further, whether 

an increased peptide dose has any effect on inflammatory cell recruitment or expression 

levels of Ŭ2M* in this fibrosis model will be determined. 

 

5.6 Discussion 

We have previously shown that both csGRP78 and Ŭ2M* expression are increased 

by HG in mesangial cells [3], [4]. At the cell surface, GRP78 acts as a signaling receptor 

when bound and activated by Ŭ2M*, which promotes TGFɓ1 production, activation, and 

downstream profibrotic signaling [5], [6], thus contributing to the pathogenesis of 

glomerulosclerosis in DKD. However, whether this signaling pathway was pertinent to 

other renal cell types relevant to the development of tubulointerstitial fibrosis, which 

occurs in the later stages of DKD and is largely regulated by PTEC and RF, [8]ï[10], had 

not yet been assessed. Here, we show evidence that both csGRP78 and Ŭ2M are locally 

produced and activated respectively by PTEC and RF. Inhibition of either receptor or 

ligand prevented HG-induced matrix production by both cell types.  Further, as other 

stimuli are relevant to both diabetic and non-diabetic kidney disease, such as the well-
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characterized profibrotic cytokine TGFɓ1 [15], [16], [32], we wished to assess whether 

this pathway could be elicited under conditions other than HG. Similar to our HG studies, 

inhibition of either csGRP78 or Ŭ2M* prevented TGFɓ1-induced matrix production. This 

data supports the relevance of csGRP78/Ŭ2M* as a therapeutic target for DKD, and 

potentially more broadly in CKD as well. Importantly, our data showed the therapeutic 

potential of csGRP78/Ŭ2M* inhibition in vivo, with both a reduction in matrix proteins 

and signaling downstream of csGRP78/Ŭ2M* in UUO mice. There was no effect on 

inflammatory cell recruitment with peptide administration at this dose. Together with our 

previous data, we have shown the importance of csGRP78/Ŭ2M* in regulating profibrotic 

signaling relevant to both glomerular sclerosis and tubulointerstitial fibrosis supporting 

importance of this pathway for both early and later stages of kidney fibrosis development 

and progression. It is thus an attractive potential anti-fibrotic target. 

Although TGFɓ1 is an important pathologic regulator of fibrosis in kidney disease 

[15], its pleiotropic functions limit its direct inhibition. This was shown in clinical trials in 

which TGFɓ1 neutralization had limited therapeutic benefit when dosed at levels which 

minimized severe adverse effects; this resulted in early termination of these studies [7], 

[33]. Thus, methods of its indirect attenuation are of current therapeutic interest. In this 

study, we showed that csGRP78/Ŭ2M* mediates TGFɓ1 profibrotic matrix production in 

PTEC and RF which are relevant to tubulointerstitial fibrosis, seen in later stage DKD 

development [34]. This was in support of our previous findings that implicated this 

signalling pathway in promoting TGFɓ1-mediated glomerulosclerosis by mesangial cells 

[5], [6]. Importantly, we have shown across cell types both in vitro and in vivo that this 



 

Ph.D. Thesis ï Jacqueline Trink McMaster University ï Medical Sciences 

204 
  

receptor-ligand pair are only present in disease, which implicates their disease specificity 

as well as the likelihood of limited side effects that would be associated with their 

inhibition. These data show that inhibition of csGRP78, Ŭ2M* or their interaction could 

provide a novel anti-fibrotic agent that can indirectly inhibit TGFɓ1 profibrotic signaling 

in CKD. Future studies will assess blockade of csGRP78/Ŭ2M* in other kidney disease 

models to further validate its therapeutic potential.  

In our current study, we identified a novel role for csGRP78/Ŭ2M* in promoting 

tubulointerstitial fibrosis by PTEC and RF. These results are similar to our studies in 

mesangial cells, which implicated this pathway in promoting fibrosis in response to HG 

and glomerulosclerosis in diabetic kidneys. Unpublished data from our lab have shown 

that either csGRP78 or Ŭ2M* inhibition further prevented FAK and Akt activation in 

PTEC and RF, which we have previously shown are downstream and required for this 

signaling cascade [3]ï[5]. We postulate that under HG conditions, the translocation of 

GRP78 to the cell surface as well as the production and activation of Ŭ2M, promote a 

similar profibrotic cascade across renal cell types evaluated in our studies. Further, as 

Ŭ2M* is a known secreted protein, it is possible that its local production allows crosstalk 

between renal cell types, which has been shown to potentiate kidney fibrosis development 

[35], [36]. However, whether PTEC production and secretion of Ŭ2M allows for crosstalk 

with other interstitial cell types, such as RF and immune cells such as macrophages, 

which could activate csGRP78 and promote profibrotic signaling in these other cell types, 

has not yet been assessed.  
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In this study, we identified an important difference in csGRP78/Ŭ2M* signaling 

when induced by HG or TGFɓ1. Here, we showed that TGFɓ1-induced Smad3 activation 

and activity were independent of csGRP78 and Ŭ2M* in PTEC, RF and mesangial cells 

while in HG conditions, csGRP78/Ŭ2M* regulated Smad3 activation. Although our lab 

and others have shown that HG induces TGFɓ1 production and Smad3-dependent 

profibrotic signaling [5], [6], [37], the absence of an effect on Smad3 activation by direct 

TGFɓ1 treatment alludes to an alternative mechanism by which csGRP78/Ŭ2M* signals 

under direct ligand binding. The exact molecular mechanism by which direct TGFɓ1 

stimulus elicits only non-canonical signaling through csGRP78/Ŭ2M* requires 

elucidation in future studies. Previous studies have shown that in Smad-independent 

TGFɓ1 signaling, TGFɓ1 receptor type I or II can phosphorylate non-Smad proteins such 

as TGFɓ activated kinase, atypical protein kinase C, Par6, or PI3k [38]. The mechanism 

of ongoing (ie. 48h) Smad3 activation may be different with direct TGFɓ1 treatment; HG 

treatment leads to upregulation of TSP1 which may interact with csGRP78 to promote 

ongoing Smad3 activation and thus in HG, Smad3 activation is sensitive to csGRP78 

inhibition because we're also blocking TSP1 upregulation. Direct TGFɓ1 treatment may 

also promote different integrin heterodimers associating with csGRP78 which may 

promote distinct downstream signaling. This will be further assessed in future studies. 

Interestingly, we identified the non-canonical TGFɓ1 signaling partners, YAP and 

TAZ, were regulated by csGRP78/Ŭ2M* under either HG or TGFɓ1 stimulus. Previously, 

YAP and TAZ were shown to be regulated by csGRP78 in pancreatic cancer [21]. These 

signaling partners have also been implicated in contributing to the fibrogenesis of kidney 
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disease [17], [19], [20]. However, how YAP and TAZ are regulated in disease remains 

largely unexplored. Here, our data support csGRP78/Ŭ2M* as regulators of these non-

canonical TGFɓ1 coactivators under either HG or direct TGFɓ1 stimulation in several 

renal cell types, thus contributing to the development of fibrosis in both diabetic and non-

diabetic kidney disease. However, in our in vivo study, we did not observe a significant 

decrease in TAZ expression levels when csGRP78/Ŭ2M* interaction was inhibited. Some 

studies have implicated that YAP and TAZ can signal independently from one another 

[20], [31], [39], which could provide an explanation as to why we see no effect on TAZ, 

but YAP was significantly reduced by peptide blockade. Further, other stimuli present in 

vivo, that cannot be accounted for in an isolated cell culture environment, may cause these 

differences in TAZ regulation observed in our animal studies. Future studies will assess 

whether a higher concentration of peptide is effective in reducing TAZ upregulation.  

In this study, we have shown that inhibition of csGRP78/Ŭ2M* interaction with an 

inhibitory peptide significantly reduces the production of profibrotic matrix proteins, thus 

reducing tubulointerstitial fibrosis in UUO mice. These data support a novel therapeutic 

target by which this pathwayôs inhibition can prevent fibrogenesis in kidney disease. 

There are currently over 200 peptides in clinical trials or preclinical development, which 

are being assessed across several indications including diabetes, sepsis, liver cirrhosis, 

migraines, prostate cancer, and renal cell carcinoma [40]. Importantly, among the major 

players in the peptide therapeutic space currently are glucagon-like peptide 1 (GLP1) 

receptor agonists, whose main indication is type 2 diabetes [40]. The therapeutic viability 
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and marketability of this peptide-based treatment supports our ongoing assessment of an 

inhibitory peptide as a potential novel anti-fibrotic for kidney disease. 

 

5.7 Conclusion 

 In this study, we show evidence that csGRP78/Ŭ2M* profibrotic signaling is 

relevant across kidney types that promote glomerulosclerosis and tubulointerstitial 

fibrosis. In addition, this pathway can be elicited by stimuli such as HG and direct TGFɓ1 

treatment. Further, in vivo inhibition of this molecular target prevents fibrosis and 

profibrotic signaling in a model for kidney fibrosis. Importantly, both csGRP78 and 

Ŭ2M* are only found in disease, strengthening their therapeutic potential which would 

likely minimize off target effects. Together, this supports further assessment of 

csGRP78/Ŭ2M* inhibition as a potential anti-fibrotic agent for preventing kidney fibrosis 

in both diabetic and non-diabetic kidney disease.  
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Figure 5- 1. HG induces csGRP78 localization and Ŭ2M activation and their 

inhibition prevents matrix production in PTEC and RF. 

HG (6 or 24h, 30mM)-induced csGRP78 expression was increased in (A) PTEC (n=6) 

and (B) RF (n=3). Ŭ2M production (24 and 48h) (C) and activation (48h) (D) by PTEC 

was increased by HG treatment (30mM, n=6). Similar results were observed for RF (E 

and R respectively) (HG 48h, 30mM, n=8). Inhibition of csGRP78, using a neutralizing 

antibody against its C-terminus, prevented HG (30mM, 48h)-induced fibronectin and 

collagen IV production in both (G) PTEC (n=6) and (H) RF (n=6). Similarly, Ŭ2M* 

inhibition attenuated ECM protein production under HG treatment (30mM, 48h, n=6) 

(I=PTEC and J=RF). ECM accumulation was also mediated by HG (30mM, 48h)-induced 

csGRP78/Ŭ2M* interaction inhibition in (K) PTEC and (L) RF (n=6) (* p < 0.05, ** p < 

0.01, *** p < 0.005). 
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Figure 5- 2. Inhibition of TGFɓ1-induced csGRP78 or Ŭ2M* prevents matrix 

production in PTEC and RF. 

TGFɓ1 treatment (5ng/mL, 6 or 24h) increased localization of GRP78 to the surface of 

both PTEC and RF (A and B respectively) (n=4). Similarly, TGFɓ1(5ng/mL)-induced 

Ŭ2M production (24 and 48h) and activation (48h) were increased in PTEC (C and D) and 

RF (E and F) respectively (n=10). TGFɓ1 (5ng/mL, 48h)-induced fibronectin and 

collagen IV production were attenuated by csGRP78 (G and H for PTEC and RF 

respectively) (n=6). Similarly, Ŭ2M* inhibition in PTEC and RF prevented TGFɓ1-

induced ECM production (I and J) (5ng/mL, 48h, n=6) (* p < 0.05, ** p < 0.01, *** p < 

0.005). 
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Figure 5- 3. Both csGRP78 and Ŭ2M* inhibition prevent HG but not TGFɓ1-

induced Smad3-activation. 

HG-indued activation of Smad3 (measured as phosphorylation at Ser473/475) was 

prevented by csGRP78 inhibition in PTEC (A) and RF (B) (n=5). Similarly, Ŭ2M* 

inhibition attenuated Smad3 activation by HG with either neutralizing antibody (C=PTEC 

and D=RF) (n=6) or inhibitory peptide (E=PTEC and F=RF) (n=5). Interestingly, we did 

not observe the same effect with direct TGFɓ1 treatment. In both PTEC and RF, 

csGRP78 did not prevent TGFɓ1 (0.05ng/mL, 24h)-induced Smad3 activation (n=6) (G 

and H respectively). We confirmed these results using the Smad3-mediated promoter, 

CAGA12. TGFɓ1-induced CAGA12 upregulation was not prevented by csGRP78 

inhibition in either PTEC or RF (n=8) (I and J respectively). Similarly, inhibition of 

Ŭ2M* did not prevent promoter upregulation by TGFɓ1 treatment (M and N respectively) 

(0.05ng/mL, 24h, n=8) (* p < 0.05, ** p < 0.01, *** p < 0.005, ****p<0.0001). 
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Figure 5- 4. Noncanonical TGFɓ1 mediators YAP and TAZ are regulated by both 

HG and TGFɓ1-induced csGRP78/Ŭ2M*. 

HG (30mM, 48h)-induced YAP and TAZ expression were attenuated by csGRP78 (A= 

PTEC and B=RF) and Ŭ2M* (C=PTEC and D=RF) expression (n=6). This was confirmed 

using a peptide that prevents csGRP78/Ŭ2M* interaction. Here in both (E) PTEC and (F) 

RF, YAP and TAZ expression were inhibited by peptide treatment in HG (30mM, 48h, 

n=4). Further, under direct TGFɓ1 treatment, YAP and TAZ were still mediated by 

csGRP78 (G=PTEC and H=RF) and Ŭ2M* (I=PTEC and J=RF) inhibition (n=6) (* p < 

0.05, ** p < 0.01, *** p < 0.005, ****p<0.0001). 
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Figure 5- 5. Type 1 diabetic mice showed increased expression of csGRP78 and 

Ŭ2M* in tubules. 

 (A) 40-week-old Akita mice showed increased csGRP78 expression which was localized 

to the basolateral cell membrane with the marker wheat germ agglutinin (WGA) 

compared to wild-type control mice. Further, increased (B) csGRP78 and (C) Ŭ2M* 

expression were colocalized to proximal tubule cells with the marker megalin. 
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Figure 5- 6. csGRP78 and Ŭ2M* are increased in the tubular kidney compartment in 

the UUO model for fibrosis. 

 (A) IF staining for csGRP78 showed increased expression in UUO mice at days 7,14, 

and 21 post surgery. Sham mice notably did not express csGRP78 (n=3). (B) Increased 

Ŭ2M* expression was observed at 7 (though not significant), 1- and 21 days post UUO 

surgery. Again, Sham operated mice did not express Ŭ2M* (n=4) (* p < 0.05, *** p < 

0.005, ****p<0.0001). 
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