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Abstract 

 
The up-regulation and trafficking of tissue transglutaminase (TG2) has been implicated in the 
development of kidney scarring and the progression of chronic kidney disease (CKD). TG2 is 
a calcium dependent enzyme that catalyses the crosslinking of proteins via the formation of 
highly stable ε(γ-glutamyl) lysine bonds. It is proposed that the increased formation of these 
bonds within the extracellular matrix (ECM) contributes to scarring directly by enhancing 
ECM deposition and impeding proteolytic degradation.  

 
To investigate this, ECM metabolism was studied in vitro in tubular epithelial and mesangial 
cells stably transfected to over-express TG2 and in cells isolated from the TG2 knockout 
mouse. Further, in vivo TG2 inhibition studies were performed in rats subjected to 5/6ths 
nephrectomy.  

 
Increased expression of TG2 in tubular epithelial cells corresponded to increased extracellular 
TG2 activity (p<0.05), elevated ε(γ-glutamyl) lysine crosslinking in the ECM and higher 
levels of ECM collagen. Increased ECM collagen was attributable to elevated collagen III and 
IV. Elevated TG2 levels were associated with accelerated collagen deposition and reduced 
ECM breakdown by matrix metalloproteinases (MMPs). In contrast, a lack of tubular TG2 
was associated with reduced ε(γ-glutamyl) lysine crosslinking in the ECM, causing reduced 
ECM collagen levels and lower ECM per cell.  

 
TG2 over-expressing mesangial cells differed from tubular cells in their handling of TG2 by 
retaining the enzyme and failing to show increases in extracellular activity, ε(γ-glutamyl) 
lysine crosslinking or ECM levels.  

 
The in vivo application of site-directed irreversible TG2 inhibitors strongly supported a 
causative role for TG2 in the accumulation of ECM associated with scarring. Inhibition of 
TG2 was effective at preventing a decline in kidney function by reducing glomerulosclerosis 
and tubulointerstitial fibrosis through a lowering in the accumulation of interstitial collagen.  

 
The data presented here demonstrates a direct pathological role for TG2 in the accumulation 
of matrix associated with kidney scarring.  
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1.1 Chronic Kidney Disease (CKD) 
Chronic Kidney Disease (CKD) is characterised by a slow, progressive decline in kidney 

function with time, leading to the development of end stage renal disease (ESRD) and the 

requirement for renal replacement therapy (RRT). CKD is a major global healthcare problem, 

with more than 1 million patients on RRT worldwide, expecting to rise to 2 million patients 

by 2010 (Lysaght, 2002; Xue et al., 2001). In the UK, the prevalence of CKD is estimated to 

be approximately 5,554 patients per million population (pmp) (John et al., 2004) with 101 

new patients pmp requiring RRT every year at a total annual cost in excess of £600 million 

(Roderick et al., 2005). In addition to the financial implications of CKD, it is a debilitating 

disease with patients having a significantly reduced quality of life with high levels of 

morbidity and mortality. Despite a number of available therapeutic strategies aimed at 

targeting the underlying causes of CKD and delaying the onset of renal replacement, there 

remains no effective therapy to halt the progression to ESRD. Therefore, research into the 

mechanisms and pathogenesis of CKD with the ultimate aim of developing an effective 

therapeutic intervention is crucial if CKD is to be conquered.  

 

1.2 Clinical Features of CKD 
Clinically, CKD is characterised by a decline in glomerular filtration rate (GFR) which is 

a critical determinant of normal renal function (Baylis, 1997). Patients are considered to have 

CKD if their GFR falls below 60ml/min/1.73m2 for greater than 3 months (Levey et al., 

2003). The clinical progression of CKD has been classified from Stage 1 to Stage 5 (table 1.1) 

according to changes in GFR (2002). Stage I represents normal renal function (GFR ≤ 90 

ml/min/1.73m2), stage II mild renal insufficiency (60-89 ml/min/1.73m2) with end stage renal 

failure (ESRF) occurring at Stage 5 (<15 ml/min/1.73m2).  
 

The decline in GFR to ESRD is characterised by the onset of uraemia, a toxic condition 

in which nitrogenous metabolites such as uric acid, urea and creatinine accumulate in the 

blood.  The development of uraemia is associated with a number of clinical manifestations 

including oedema, hypertension, atherosclerosis, metabolic bone disorders, hyperlipideamia 

and anaemia (Alvestrand A and P, 1997). Many of these are known to contribute to an 

increased risk of cardiovascular disease that is a major cause of mortality in patients with 

CKD (Sarnak, 2003). In addition, some of the physiological effects of uraemia such as 

hypertension as well as exposure of the damaged kidney to toxic substances are considered to 

be important factors in promoting the progression of CKD (section 1.3).   
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Table 1.1 Classification of Chronic Kidney Disease  

 

 

 

Classification Description GFR (ml/min/1.73m2)
Stage I Kidney damage∗ with 

normal or ↑ GFR 

≥ 90 

Stage II 

(mild) 

Kidney damage with 

mild ↓ GFR 

60-89 

Stage III 

(moderate) 

Moderate ↓ GFR 30-59 

Stage IV 

(severe) 

Severe ↓ GFR 15-29 

Stage V Kidney failure (ESRF) < 15 

 

 

Chronic Kidney Disease = GFR < 60ml/min/1.73m2 for greater than 3 months 

∗ Kidney damage is defined as pathological abnormalities or markers of damage 

including abnormalities in blood or urine tests or imaging studies  

 

 

 

Table 1.1 Adapted from National Kidney Foundation K/DOQI Clinical Practice Guidelines 

for Chronic Kidney Disease: evaluation, classification and stratification (Levey et al., 2003).  
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1.3 Progression of CKD 
The development of CKD and its progression to ESRD is known to arise from a variety 

of initiating diseases and pathological processes. These include inflammatory diseases such as 

glomerulonephritis and tubulointerstitial nephritis, diabetic nephropathy and physical factors 

such as hypertension (Wing and Jones, 2000). 
   

Despite the diversity of these initiating factors and the differences in their pathological 

mechanisms, the subsequent progression of CKD is considered to proceed via a final common 

pathway that is characterised by loss of functional renal tissue and the development of kidney 

scarring and fibrosis. Such events do not require the maintenance of the initiating insult and 

once instigated occur independently of the underlying disease (Klahr et al., 1988).  
 

The critical common event in the initiation and progression of CKD is a substantial 

reduction in the number of functioning nephrons. The kidney responds to this by both 

adaptive and compensatory changes in remaining nephrons in an attempt to maintain normal 

kidney homeostasis. A loss of functional renal tissue leads to an increase in the single nephron 

GFR of remaining nephrons (Hostetter et al., 1981) (section 1.4.1) as well as to an increase in 

kidney growth due to glomerular and tubular hypertrophy (Wesson, 1989). Whilst initially 

serving to preserve normal kidney function, in the long term, this response is maladaptive and 

significantly contributes to the perpetuating cycle of further nephron damage and loss 

(Hostetter et al., 1981). The ultimate consequence of this damage is the development of 

progressive kidney scarring.  

 

1.4 Mechanisms of CKD Progression 

1.4.1 Systemic and glomerular hypertension 

It is widely accepted that the presence of systemic hypertension accelerates the 

progression of both diabetic and non-diabetic CKD (Jacobsen et al., 1999; Klahr et al., 1994) 

and that it can be both a cause and a consequence of the disease. In the USA for example, 

hypertension affects 24% of the adult population that rises to around 70% of all patients with 

CKD (Agarwal, 2005).  
 

Much of the evidence for the role of hypertension in the progression of CKD has come 

from the study of the subtotal nephrectomy model (Anderson et al., 1985; Brenner et al., 

1982; El-Nahas et al., 1983; Jackson et al., 1986; Katoh et al., 1994; Purkerson et al., 1987). 

For example, in rats subjected to 5/6th nephrectomy, the loss of more than 75% of the renal 

mass results in the development of hypertension, proteinuria and the progressive loss of GFR 

consistent with human CKD (El-Nahas et al., 1983). Many of these studies have established a 
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link between systemic hypertension and the development of glomerular damage and 

glomerulosclerosis (Anderson et al., 1985; Brenner et al., 1982; El-Nahas et al., 1983). The 

control of systemic hypertension by anti-hypertensive agents has been demonstrated to be a 

critical factor in the prevention of disease progression (Anderson, 1989; Griffin et al., 1994; 

Simons et al., 1994).   
 

The mechanism by which systemic hypertension contributes to glomerular injury is 

through greater transmission of arterial pressure to the glomerular capillaries, causing 

alterations to glomerular haemodynamics (Imig and Inscho, 2002). This is mediated mainly 

through the activation of Angiotensin II, a major effector of the renin-angiotensin system 

causing constriction of the efferent arteriole (Edwards, 1983). The consequences of this are 

increased glomerular capillary hydraulic pressure or glomerular hypertension and substantial 

increases in single nephron GFR leading to hyperfiltration (Hostetter et al., 1981).  With time, 

sustained hyperfiltration is thought to damage the glomerular capillaries by exerting physical 

forces of mechanical stretch and shear stress (Hostetter, Olson et al 1981) leading to further 

nephron loss.  The exposure of endothelial cells and glomerular mesangial cells to such forces 

is thought to further promote glomerular damage and glomeruloscleosis by inducing 

phenotypic changes. In endothelial cells, these include the increased expression of 

chemokines (Wung et al., 1996) and the altered expression of adhesion molecules (Chien et 

al., 1998).  Mesangial cells respond directly to forces such as mechanical stretch by increasing 

the expression and accumulation of ECM components such as collagens and FN as well as the 

expression of growth factors such as TGF-β1 (Yasuda et al., 1996).  In addition, increased 

exposure of mesangial cells to proteins (section 1.4.2) as a result of glomerular capillary 

damage is thought to stimulate fibrogenic mechanisms such as proliferation (Greiber et al., 

1996; Mondorf et al., 1999) and increased matrix production (Chana et al., 2000; Rovin and 

Tan, 1993; Wheeler and Chana, 1993).  

 
1.4.2 Proteinuria 

A critical consequence of glomerular damage is the abnormal ultra-filtration of plasma 

proteins leading to the accumulation of medium and high molecular weight proteins in the 

urine or proteinuria. Numerous studies have demonstrated that the degree of proteinuria 

correlates with the rate of progression of CKD suggesting that proteinuria is an independent 

mediator of progression (Remuzzi and Bertani, 1998; Zandi-Nejad et al., 2004). 
 
The abnormal filtration of proteins brings them into contact with both the mesangium and  

tubular cells instigating injury to the glomerular and tubular compartments.  In the mesangium  
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increased exposure of mesangial cells to lipoproteins is known to play a role in affecting their 

cell function. The mesangial expression of receptors for low density lipoprotein (LDL) and 

very low density lipoprotein (vLDL) with the subsequent binding of these proteins stimulates 

activation of Ras and mitogen activated protein (MAP) kinase signalling pathways leading to 

increased expression of c-fos and c-jun (Kamanna, 2002). These changes may contribute to 

glomerular injury by stimulating mesangial cell proliferation (Greiber et al., 1996; Mondorf et 

al., 1999), monocyte infiltration (Rovin and Tan, 1993), hypertrophy (Wheeler et al., 1990) 

and mesangial matrix production (Chana et al., 2000; Rovin and Tan, 1993; Wheeler and 

Chana, 1993).    
 

In tubular cells, the absorption of filtered protein has been attributed to expression of 

megalin-cubulin complexes on the apical membrane and clathrin mediated endocytosis 

(Kozyraki et al., 2001).   A number of pathways have been proposed by which proteinuria can 

cause tubular injury (figure 1.1).  The sheer quantity of protein to be metabolised by these 

cells, in itself, can cause injury by overloading the lysosomes resulting in leakage of 

lysosomal enzymes (Eddy, 1989). Protein ultrafiltration can stimulate the transcription of 

nuclear factor-kappa B (NF-κB) -dependent (Mezzano et al., 2004; Mezzano et al., 2001) and 

-independent genes such as endothelin-1 (Zoja et al., 1995), monocyte chemoattractant 

protein-1 (MCP-1) (Wang et al., 1997) and osteopontin (Kramer et al., 2005) which are 

secreted via the basolateral membrane of tubular cells. These factors promote inflammation 

by attracting mononuclear cells.  In addition, increased exposure of tubular cells to albumin 

can increase the expression of TGFβ-1 (Wolf et al., 2004; Yard et al., 2001) which is a major 

stimulus for epithelial-mesenchymal transformation (Fan et al., 1999) (EMT, section 1.5.2.4) 

as well as increased matrix production (Eddy and Giachelli, 1995). Release of endothelin-1 

can induce renal ischaemia leading to hypoxia (section 1.4.3), stimulate tubular proliferation 

(Ong et al., 1995) and alter ECM metabolism (Ruiz-Ortega et al., 1994). The increased re-

absorption of iron/transferrin complexes may cause tubular injury by increasing the 

production of reactive oxygen species (ROS) and inducing oxidative stress (Alfrey, 1994). 

Similarly, increased albumin reabsorption by proximal tubular cells stimulates the generation 

of ROS , along with the over-expression of chemokines and fibrogenic cytokines (Morigi et 

al., 2002), all of which may contribute to progressive tubular damage.  
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Figure 1.1 Mechanisms of Proteinuric Injury in Tubular Epithelial Cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Proteinuria can cause damage to tubular epithelial cells by a variety of 
mechanisms including [1] lysosome overload leading to leakage of lysosomal enzymes and 
tubular atrophy; [2] expression of chemotactic and inflammatory cytokines; [3] generation 
of reactive oxygen species and stimulation of NF-kappa-B -dependent cytokines; [4] 
synthesis and release of TGF-β1 leading to myofibroblast formation, ECM deposition and 
epithelial mesenchymal transformation (EMT). Adapted from: (Abbate et al., 2006). 
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1.4.3 Hypoxia 

Evidence is accumulating that the loss of tissue oxygen or hypoxia represents an 

important common pathway in the pathogenesis and progression of CKD. In human renal 

disease (Bohle et al., 1996) and in experimental models of CKD including experimental 

glomerulonephritis (Ohashi et al., 2000), the remnant kidney model (Kang et al., 2001) and 

ureteral obstruction (Ohashi et al., 2002) the number of peritubular capillaries declines with 

the progressive loss of renal function. The trigger for this loss is unclear but appears to be 

related to microvascular damage induced by haemodynamic factors. Such damage leads to a 

cycle of localised ischaemia, peritubular capillary loss and hypoxia (Fine et al., 2000; Fine et 

al., 1998).  
 

Hypoxia is a potent inducer of gene expression and contributes to tubular injury and 

fibrogenesis mainly by regulating the expression of a number of pro-fibrogenic genes. This is 

mediated by the activation of a number of transcription factors including NF-κB (Schreck et 

al., 1992), AP-1 (Bandyopadhyay et al., 1995) and in particular, the hypoxia inducible 

 7



transcription factors (HIFs) (Semenza, 1999b; Wang and Semenza, 1993). HIFs are 

heterodimers consisting of oxygen regulated α subunit and constitutively expressed β subunit 

(Wang et al., 1995; Wang and Semenza, 1995). Expression of HIFs is tightly regulated by O2 

concentration and under normoxic conditions they are subject to ubiquitination and 

proteosomal degradation (Huang et al., 1998; Kallio et al., 1999). Hypoxia leads to increased 

HIF expression, activity and binding of the heterodimers to hypoxia response elements 

(HREs) within target genes (Semenza, 1998). The mechanism of oxygen sensing is still 

unclear but has been suggested to rely on the presence of a global haem-based oxygen sensor 

(Goldberg et al., 1988) and the activation of protein kinase and tyrosine kinase mediated 

signalling pathways (Bunn and Poyton, 1996; Morwenna and Ratcliffe, 1997; Norman et al., 

2000; Semenza, 1999a). However, recently the oxygen sensing ability of cells has been 

attributed to prolyl hydroxylase enzymes capable of hydroxylating proline residues within 

HIF-1α (Huang et al., 1998; Zhu and Bunn, 2001). Hydroxylation of HIFs under normoxic 

conditions confers rapid degradation whilst under hypoxic conditions, a lack of hydroxylation 

serves to stabilise HIFs, allowing them to translocate to the nucleus and dimerise (figure 1.2).  
 

In a number of renal cell types, the expression of pro-fibrogenic factors is increased in 

response to hypoxia. Endothelial cells have been demonstrated to induce the expression of 

cytokines including interleukin (IL)-1 (Shreeniwas et al., 1992), IL-6 (Yan et al., 1995) and 

IL-8 (Karakurum et al., 1994). Similarly, human proximal tubular cells have been shown to 

up-regulate growth factors such as TGF-β1 (Orphanides et al., 1997), vascular endothelial 

growth factor (VEGF) (Nakamura et al., 2006) and platelet derived growth factor (PDGF) 

(Schweda et al., 2000) in response to hypoxia. Induction of TGFβ1 production has also been 

demonstrated in interstitial fibroblasts (Norman et al., 2000). The stimulation of cytokine and 

growth factors by hypoxia may act in an autocrine or paracrine fashion to promote further 

tubular injury (section 1.5.2.3). In addition, direct or indirect stimulation of epithelial cells 

under hypoxic conditions may promote de-differentiation and transition to mesenchymal 

fibroblasts (Haase, 2006). 
 

Hypoxia is also known to promote a fibrogenic phenotype in renal cells by affecting the 

expression of ECM components. Studies of human proximal tubular epithelial cells and 

interstitial fibroblasts subjected to hypoxic conditions show a marked increase in Collagen I 

mRNA and total collagen production by these cells (Norman et al., 2000; Norman et al., 

1999; Orphanides et al., 1997). In addition, hypoxia alters the expression of regulators of 

ECM turnover, in particular, matrix metalloproteinases (MMPs) and their inhibitors (TIMPs). 

In human proximal tubular cells, hypoxia decreases the expression of MMP-2 and increases 
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TIMP-1 production (Norman et al., 1999; Orphanides et al., 1997). These in vitro effects 

suggest that hypoxia further contributes to progressive tubular damage by promoting ECM 

accumulation.  

 

Figure 1.2 Regulation of Hypoxia Inducible Factor (HIF) Responsive Gene Expression  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 In the presence of oxygen the prolyl residues of HIF-α are hydroxylated by 
prolyl hydroxylase allowing HIF-α to bind to the ubiquitin ligase complex which is 
targeted for degradation through the ubiquitin proteosome pathway. Under hypoxic 
conditions, a lack of hydroxylation allows HIF-α to bind to HIF-β that together bind to 
hypoxia response elements (HREs) within target genes. pVHL= von Hippel Lindau protein 
Adapted from: (Eckardt et al., 2005). 
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1.4.4 Oxidative stress 

  In recent years, increasing emphasis has been placed on the role of oxidative stress in 

the progression and pathogenesis of CKD (Locatelli et al., 2003). Oxidative stress has been 

implicated in diseases such as glomeulonephritis (Shah, 2004), diabetic nephropathy (Ha and 

Lee, 2003) and in the pathogenesis of ischaemia-reperfusion injury (Dobashi et al., 2000).  An 

imbalance between the formation of reactive oxygen species (ROS) and anti-oxidant defence 

mechanisms results in oxidative stress. Generation of ROS including hydrogen peroxide 

(H2O2), superoxide (O2
-) and hydroxyl radicals (OH) is mediated by both the mitochondrial 

respiratory chain and the NADPH oxidase systems. These are counteracted by the action of 
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antioxidant enzyme systems such as superoxide dismutase, catalase and the oxidant scavenger 

glutathione peroxidase (Locatelli et al., 2003).  
 

In renal disease, a variety of contributing factors have been implicated in increased pro-

oxidant activity leading to oxidative stress. Inflammation is considered to be a significant 

contributory factor with infiltrating and activated neutrophils and monocytes producing 

elevated levels of ROS (Yasunari et al., 2006). Generation of ROS such as H2O2 by 

inflammatory cells can perpetuate the inflammation by activating the NF-κB pathway, 

promoting the synthesis of pro-inflammatory cytokines (Haddad, 2002). In mesangial and 

tubular cells, exposure to high glucose promotes the increased generation of ROS (Allen et 

al., 2003; Ha and Lee, 2000; Hsieh et al., 2002). Similarly, exposure of tubular cells or 

embryonic kidney cells to hypoxic conditions increases ROS production (Kim et al., 2002; 

Mansfield et al., 2004). Proteinuria can also promote ROS production as a result of exposure 

to increased albumin and iron/transferrin complexes (Harris et al., 1995). In addition, tubular 

cells exposed to low pH as a result of metabolic acidosis show increases in markers of 

oxidative stress (Rustom et al., 2003).  
 

The mechanisms by which oxidative stress contributes to progressive glomerular and 

tubular injury are varied. ROS are known to cause the lipid peroxidation of proteins which if 

occurring in cell and plasma membranes, results in disruption of structural integrity (Baud and 

Ardaillou, 1993). In the glomerulus, generation of ROS may affect glomerular basement 

membrane barrier function through the modulation of MMPs and their inhibitors (Shah et al., 

1987).  ROS also play an important role in cell signalling and increased generation of ROS is 

known to activate a number of signalling pathways such as extracellular- regulated kinase 

(ERK), phosphatidyl inositol-3-kinase (PI3K) and MAP kinase (Wang et al., 1998). Oxidative 

compounds are also known to cause DNA damage contributing to mutagenesis (Nakabeppu et 

al., 2006).  

 
1.4.5 Hypermetabolism 

A number of studies in the remnant kidney model (Brenner, 1985; Harris et al., 1988; 

Jarusiripipat et al., 1991; Nath et al., 1990) have demonstrated that the progressive loss of 

functioning nephrons is associated with a marked increase in the oxidative metabolism of 

remaining nephrons. This increased oxygen consumption or hypermetabolism has been 

suggested to provide a further pathway leading to tubular damage and additional nephron loss 

(Harris et al., 1988). The consequences of increased oxygen metabolism are thought to be two 

fold. Firstly, tubular cells respond by increasing cellular production of ammonia (Clark et al., 

1991; Rustom et al., 1998). This is thought to activate components of the complement 
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pathway (Clark et al., 1991), in turn promoting inflammation and increased collagen synthesis 

(Torbohm et al., 1990). Secondly, increased oxygen consumption promotes the increased 

generation of ROS (Rovin et al., 1990; Yoshioka et al., 1990) which themselves are mediators 

of progressive renal injury (section 1.4.4).  

 

1.5 Kidney Scarring 

1.5.1 Pathology of kidney scarring 

The pathological end point of progressive renal disease is the excessive accumulation of 

ECM leading to scarring and fibrosis of the glomeruli (glomerulosclerosis), the renal 

interstitium (tubulointerstitial fibrosis) and thickening of the vascular walls (vascular 

sclerosis) (El Nahas et al., 1997). Glomerulosclerosis, tubulointerstitial fibrosis and vascular 

sclerosis are normally all present regardless of whether the initial disease originates in the 

glomeruli, tubules or vessels indicating that their progression and pathogenesis are interrelated 

(El Nahas, 1995).  
 

Glomerulosclerosis is characterised by localised loss of glomeruli, areas of cell 

proliferation in remaining glomeruli, expansion of the masangial matrix, loss of capillaries 

and a thickened irregular glomerular basement membrane (figure 1.3a). Ultimately there is 

collapse of the capillary bed. Scarring of the tubulointerstitial compartment is characterised by 

thickening of the tubular basement membrane, expansion of the interstitial ECM, cellular 

proliferation and tubular atrophy (figure 1.3b) (Klahr et al., 1988). Vascular sclerosis is seen 

as thickening and hyalinosis of the arteriolar walls and is considered to be an integral element 

of the scarring process (Klahr et al., 1988).  
 

The pathophysiological events in the development of glomerulosclerosis and 

tubulointerstitial scarring are considered to be very similar (Harris and Neilson, 2006). 

Glomerular and tubular injury stimulates changes to the endothelium promoting infiltration of 

immune cells and the release of inflammatory cytokines/growth factors, followed by 

proliferation and trans-differentiation of resident cells and excess accumulation of ECM 

proteins (figure 1.4) (Harris and Neilson, 2006). 

 
1.5.2 Pathophysiological events in kidney scarring 

1.5.2.1 The endothelial response 

 Irrespective of the initial mechanism of injury, damage to the endothelium is an early 

event in the initiation of kidney scarring (Lee et al., 1995).  Endothelial cells respond to injury 

by losing their anti-coagulant, anti-inflammatory and anti-proliferative characteristics 

prompted by the increased expression and release of a variety of soluble mediators. 
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Figure 1.3 Pathology of Glomerular and Tubulointerstitial Scarring 
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Figure 1.3 The normal glomerulus (A) comprises the capillary tuft which is situated within a 
clearly visible Bowman’s space (BS) and surrounded by the Bowman’s capsule (BC). The 
endothelium of the capillary tuft is supported by a thin and discrete glomerular basement 
membrane (GBM). Early glomerular scarring (B) is characterised by thickening of the GBM 
and Bowman’s capsule, cell infiltration (I) and mesangial ECM expansion (ME). As scarring 
progresses to end stage kidney disease (ESKD) (C), the excess deposition of matrix (ECM) 
leads to the collapse of the capillary bed. The normal tubulointerstitium (D) comprises tightly 
packed tubules, surrounded by tubular basement membrane (TBM) and has little interstitial 
space (IS). Early scarring (E) is characterised distended tubular lumen (DTL), tubular atrophy 
and expansion of the tubular basement membrane (TBM). As scarring progresses to ESKD (F) 
there is substantial cell infiltration (I), excess deposition of interstitial ECM and the collapse of 
tubular structure.    
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 These include pro-coagulant factors such as platelet activating factor (PAF), pro-

inflammatory/ mitogenic cytokines and growth factors [PDGF, interleukins, tumour necrosis 

factor-alpha (TNF-α)] and chemokines such as monocyte chemoattractant peptide (MCP-1) 

and macrophage inflammatory protein (MIP-2) (El Nahas et al., 1997). The expression of pro-

coagulant factors contributes to the adhesion and aggregation of platelets within glomerular 

capllaries (Savage, 1994). Release of pro-inflammatory cytokines directly promotes the 

recruitment of inflammatory cells such as neutrophils and monocytes. The release of 

chemokines further promotes this by stimulating the expression of cell adhesion molecules 

(CAMs) such as selectins, ICAM-1 and VCAM-1 (Brady, 1994) that are important in the 

adhesion of inflammatory cells to the endothelium.  
 

The development of a pro-inflammatory and pro-coagulative phenotype by glomerular 

endothelial cells may be further promoted by reductions in the level of nitric oxide synthase 

(NOS) which has been demonstrated to play a role in the maintenance of the glomerular 

vasculature, by inhibiting both platelet aggregation and leukocyte adhesion (Cattell, 2002).  
 

1.5.2.2 Glomerular and interstitial inflammation 

A significant feature of virtually all renal diseases is the infiltration of immune cells and 

persistent inflammation (Remuzzi and Bertani, 1998). Recruitment of inflammatory cells is 

promoted by the increased expression of CAMs and chemotactic factors by damaged and 

activated cells. Initially this is mediated by injured endothelial cells but as inflammation 

progresses is contributed to by infiltrating cells as well as injured mesangial and tubular cells 

which sustain the inflammation (Taal et al., 2000). A number of inflammatory cell associated 

integrins have been identified as mediators in the adhesion of infiltrating cells and locally 

produced CAMs. In particular, α4β1 integrin (VLA-4) and CD11a/CD18 (LFA-1) have been 

implicated which interact with VCAM-1 and ICAM-1 on the surface of both endothelial and 

activated tubular cells (Brady, 1994). 
 

The predominant cell types infiltrating the glomerulus in both clinical and experimental 

glomerular injury are monocytes and macrophages (Floege et al., 1992c; Nikolic-Paterson et 

al., 1994). Similarly, in the renal interstitium inflammation is associated with the recruitment 

of monocytes and macrophages but also the appearance of substantial numbers of cytotoxic T 

lymphocytes (Alexopoulos et al., 1989).  
 

Infiltration of inflammatory cells may contribute to the progression of glomerular and 

tubulointerstitial scarring by a number of mechanisms. Activated macrophages produce and 

release a number of pro-inflammatory mediators including IL-1 and TNF-α which perpetuate 
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inflammation through autocrine and paracrine induction of CAMs, chemokines and cytokines 

(Sean Eardley and Cockwell, 2005). In addition, the inflammatory release of such factors in 

association with growth factors such as TGF-β1 and PDGF leads to phenotypic and 

proliferative changes to resident cells such as mesangial cells and fibroblasts inducing 

increased proliferation and ECM synthesis (Nikolic-Paterson et al., 1994).  Cytotoxic T 

lymphocytes also contribute to scarring through cytokine release (Main and Atkins, 1995) but 

in addition can cause direct tubular cell destruction through the release of serine esterase and 

pore-forming proteins which disrupt tubular membrane integrity (Bailey and Kelly, 1997).  
 

1.5.2.3 Release of pro-fibrogenic growth factors 

It is now well established that the synthesis and release of a variety of pro-fibrogenic 

growth factors by both infiltrating immune cells and activated resident cells is a critical event in 

the development of glomerular and tubular scarring.  Of these, TGF-β1 is considered to play a 

central role in the pathogenesis of fibrosis, although many studies have highlighted the 

involvement of factors such as PDGF and connective tissue growth factor (CTGF).  
 

Increases in TGF-β1 have been observed in a variety of disease models including 5/6th 

nephrectomy (Coimbra et al., 1996; Junaid et al., 1997), ureteric obstruction (Ishidoya et al., 

1996; Wright et al., 1996), protein overload nephropathy (Eddy and Giachelli, 1995) and 

diabetic nephropathy (Ishidoya et al., 1996; Yamamoto et al., 1993).  Macrophages, 

myofibroblasts and tubular cells have been identified as the major contributors to increased 

TGF-β1 production however recent studies have also implicated podocytes in the up-regulation 

of TGF-β1 (Abbate et al., 2002). The pro-fibrogenic effects of TGF-β1 are considerably varied 

but are mostly associated with phenotypic and proliferative changes to mesangial and tubular 

cells. In particular, TGF-β1 stimulates the transdifferentiation of mesangial and tubular cells to 

myofibroblasts with the associated expression of alpha smooth muscle actin (α-SMA) (Fan et 

al., 1999; Johnson et al., 1992) (section 1.5.2.4). Such phenotypic changes are known to 

correspond to the abnormal and increased synthesis of ECM components and thereby serve to 

promote scar formation.  
 

In addition to the direct effects of TGF-β1, it has been demonstrated to up-regulate the 

synthesis and release of supplementary growth factors such as CTGF and basic fibroblast 

growth factor (bFGF/FGF-2) (Strutz et al., 2001; Yokoi et al., 2001). TGF-β1 mediated 

stimulation of CTGF by fibroblasts and tubular cells is capable of increasing both collagen I 

and FN synthesis which may contribute further to fibrogenesis (Okada et al., 2005; Qi et al., 

2005).  
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Similarly, bFGF is capable of promoting fibroblast proliferation and ECM synthesis (Strutz et 

al., 2000). 
 

The phenotypic and pro-fibrogenic effects of TGF-β1 are likely to be mediated through the 

activation of a number of signal transduction pathways. These include TGF-β1 mediated 

phosphorylation of intracellular Smad proteins and activation of the Ras/MEK/ERK kinase 

pathway (Massague, 2000). Of the Smad proteins, Smad 6 and 7 are up-regulated in glomerular 

disease where they may participate in the TGF-β1 mediated up-regulation of collagen I 

(Schiffer et al., 2002). Stimulation of the Ras/MEK/ERK pathway by TGF-β1 has been 

implicated in the increased expression of CTGF (Chen et al., 2002).  
 

Of the other pro-fibrogenic growth factors implicated in the pathogenesis of fibrosis the 

role of PDGF has also received significant attention. Increased glomerular and tubular 

expression of PDGF has been observed after 5/6th nephrectomy (Floege et al., 1992c; Kliem et 

al., 1996; Muchaneta-Kubara et al., 1995), in diabetic rats (Fukui et al., 1994) and in human 

renal disease (Langham et al., 2003; Matsuda et al., 1997; Uehara et al., 2004). In vitro studies 

suggest that PDGF is pro-fibrogenic in a similar way to TGF-β1, causing cell proliferation, 

transdifferentiation into myofibroblasts and promoting collagen synthesis through interactions 

with TGF-β1 (Battegay et al., 1990; Haberstroh et al., 1993; Throckmorton et al., 1995).  
 

1.5.2.4 Proliferation and transdifferentiation   

The major response of resident cells to pro-fibrotic growth factor and cytokine signals is 

an increase in their proliferation and the adoption of an activated phenotype that ultimately 

promotes increased and dysregulated ECM synthesis (Zeisberg et al., 2000).  
 

In the glomerulus, mesangial cells respond to mitogens such as PDGF and TGF-β1 by 

trans-differentiating from a pericyte-like phenotype (mesangiocyte) to an embryonic 

myofibroblastic cell (mesangioblast) (El-Nahas, 2003). Transdifferentiation of mesangial cells 

is associated with increased proliferation and is characterised by the expression of cytoskeletal 

proteins including α-SMA (Johnson et al., 1992). The development of a myofibroblastic 

phenotype and expression of α-SMA by mesangial cells is seen in experimental (Kliem et al., 

1996; Zhang et al., 1995a) and human disease (Alpers et al., 1992) and is a predictor of the 

development of glomerulosclerosis (Goumenos et al., 2001). Glomerular epithelial cells are  

also capable of transdifferentiating into myofibroblasts by a process termed epithelial-

mesenchymal transformation (EMT) (Ng et al., 1999). In these cells, the expression of α-

SMA is associated with the loss of epithelial markers such as E-cadherin (Ng et al., 1999).  
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Similarly, large numbers of myofibroblasts are observed in scarred areas of the 

tubulointerstitium in experimental (Kliem et al., 1996; Muchaneta-Kubara and El Nahas, 

1997; Zhang et al., 1995a) and human disease (Essawy et al., 1997; Goumenos et al., 1998; 

Goumenos et al., 2001). These are partly derived from resident interstitial fibroblasts that are 

stimulated to proliferate and become activated by factors such TGF-β1, PDGF and FGF-2 

(Zeisberg et al., 2000). However a significant number of myofibroblasts may also be derived 

by EMT of injured tubular epithelial cells (El-Nahas, 2003; Jinde et al., 2001; Ng et al., 

1998).  This is particularly driven by epithelial release of TGF-β1, a potent promoter of EMT 

(Fan et al., 1999). In addition the composition of the underlying basement membrane and 

ECM are both influential in promoting EMT (Zeisberg et al., 2001a).  
 

1.5.2.5 Extracellular matrix accumulation 

The ultimate pathological consequence of phenotypic changes to resident cells is a dys-

regulation of their ECM metabolism promoting the accumulation of ECM and the 

development of glomerular and tubulointerstitial scarring.  
 

In the kidney, as in other tissues, continual turnover of the ECM is important for tissue 

homeostasis and is maintained by a balance between the synthesis and degradation of ECM 

components.  The increased synthesis and decreased breakdown of renal ECM by activated 

cells has been implicated in scar formation (Eddy, 1996). Quantitative and qualitative changes 

in ECM synthesis are observed. Activated fibroblasts increase their production of fibronectin 

and interstitial collagens (Zeisberg et al., 2000) whilst mesangial cells synthesise abnormal 

glomerular collagens I and III (Floege et al., 1992a; Minto et al., 1993). Changes in the renal 

expression of ECM degrading enzymes such as MMPs and plasmin and their biological 

inhibitors favour a reduction in ECM turnover and increased ECM deposition (Jones, 1996). 

This may be further contributed to by the action of ECM processing enzymes such as lysyl 

oxidase that serve to stabilise the expanding ECM (section 1.7.3).  
 

The detailed mechanisms by which ECM synthesis, degradation and stabilisation may 

contribute to the composition and accumulation of the ECM are considered in section 1.7.  
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 Figure 1.4 Proposed Patho-physiological Events in Kidney Scarring 
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Figure 1.4 The progression of renal disease and the development of kidney scarring proceeds 
via a common pathway of events driven by glomerular and tubular injury, that stimulates 
changes to the endothelium promoting infiltration of immune cells and the release of 
inflammatory cytokines/growth factors, followed by proliferation and transdifferentiation of 
resident cells and excess accumulation of ECM proteins.  
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1.6 The Renal ECM 

As in most tissues, the renal ECM is composed of an intricate network of 

macromolecules that together form a complex and dynamic supramolecular scaffold. Secreted 

locally and then assembled into an organised meshwork, the renal ECM serves to stabilise the 

structure of the kidney and support normal tissue function. Variation in ECM composition and 

architecture is critical in determining the kidney’s physical properties. However, in addition to 

providing a structural framework, it has become increasingly clear that the ECM has an active 

role in regulating cell behaviour and is therefore involved in many cellular processes such as 

development, attachment and migration, differentiation and proliferation (Lukashev and 

Werb, 1998). By interacting directly with transmembrane integrin receptors to initiate signal 

transduction (Boudreau and Jones, 1999) or by immobilising growth factors and their binding 

proteins (Taipale and Keski-Oja, 1997), the ECM has been shown to act in a dynamic fashion 

to influence tissue physiology.  
 

1.6.1 Distribution and function of the renal ECM  

The renal ECM forms the structural basis for both the renal interstitium and the 

glomerular mesangium and comprises the specialised matrices of the tubular and glomerular 

basement membranes where it has distinct structural and functional roles.  
 

1.6.1.1 Renal intersitium 

The renal intersitium is composed of predominantly type I and type III collagens that 

form a fibrillar matrix hydrated by proteoglycans and fibronectin (Lemley and Kriz, 1991). 

However, it also contains a number of other collagens such types V, VI, VII and XV (Eddy, 

2000a). A tubular basement membrane surrounding the outer surface of each nephron 

separates the tubular epithelium from the renal interstitium. This is composed of mainly type 

IV collagen as well as laminin, entactin/nidogen and sulphated proteoglycans (Miner, 1999).  
 

The renal intersitium functions to provide structural support to the tubules and vessels, 

mediated by basement membrane attachment to cell and matrix by glycoproteins such as 

fibronectin (Leblond and Inoue, 1989) and heparin sulphate proteoglycans (Heremans et al., 

1989). It also plays a functional role in regulating differentiation and in the production of 

hormones such as erythropoietin (Koury and Koury, 1993). The tubular basement membrane, 

in addition to providing structural support, serves to mediate interaction between the tubules 

and the interstitium and plays a significant role in regulating epithelial adhesion, migration 

and differentiation. The composition of the basement membrane is also important for the 

maintenance of epithelial phenotype and changes in basement membrane architecture are 

 18



thought to contribute to the EMT observed in renal disease (Zeisberg et al., 2001b).  In 

addition, the heterogeneic nature of the tubular basement membrane is thought to contribute 

to the specificity of function in different regions of the nephron (Miner, 1999).  
 

1.6.1.2 Glomerular mesangium 
 

The mesangium is a specialised compartment of the glomerulus containing mesangial 

cells embedded in mesangial ECM. The most abundant component of the mesangial matrix is 

fibronectin. It also contains significant amounts of type IV collagen, laminin and entactin 

(Bender et al., 1981). However, in contrast to the intersitium it lacks both collagen I and III 

(D'Ardenne et al., 1983). The function of the mesangial matrix is primarily to provide 

structural support to the glomerular tuft and to maintain the structural integrity of the 

glomerular capillary network (Kriz et al., 1990) but it is also important in modification of 

glomerular filtration by influencing mesangial cell contraction.  It achieves both by the 

formation of an interwoven three-dimensional network of fibronectin-coated microfibrils that 

provide connections between mesangial cells and the glomerular basement membrane 

(Schwartz et al., 1985).   
 

1.6.1.3 Glomerular basement membrane (GBM) 

The GBM is located between the endothelial cells of the glomerular capillaries and the 

visceral epithelial cells of the urinary space, forming the backbone of the glomerular tuft. Like 

the tubular basement membrane, the GBM is composed of mainly type IV collagen, laminin 

and entactin/nidogen (Miner, 1999) but also has a number of heparin sulphate proteoglycans 

such as agrin and perlecan (Groffen et al., 1998; Groffen et al., 1999). Type IV collagen 

forms the basis of a three-dimensional lattice-like network that gives the GBM tensile strength 

and a high degree of elasticity (Timpl and Brown, 1996). The presence of heparin sulphate 

proteoglycans is important in maintaining the electronegative charge of the GBM, providing a 

barrier to the loss of protein in the urine (Kanwar et al 1981). In addition, agrin and perlecan 

have both been demonstrated to mediate cell matrix adhesion in the GBM through their 

interaction with α-dystroglycan and integrin receptors (Groffen et al., 1999). 

 
1.6.2 Major components of the renal ECM 

1.6.2.1 Collagens 

1.6.2.1.1 The collagen family 
 

The collagens are a large superfamily of proteins consisting at present of at least 27 

identified collagen types with 42 distinct polypeptide chains (Myllyharju and Kivirikko, 

2004). Of the major components of the ECM, they are considered to be the most abundant 
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proteins. All collagens consist of three hydrogen bonded polypeptide α chains wound around 

one another to form a right handed super helix. In addition they all contain non-collagenous 

sequences at their termini. Each of the constituent polypeptide chains contain at least one 

domain composed of repeating Gly-X-Y sequences where X and Y are often proline and 4-

hydroxyproline respectively. The presence of numerous glycine and proline residues in each 

polypeptide chain is important for the formation and stabilisation of the triple helix (Prockop 

and Kivirikko, 1995). 
 

Depending on the collagen type, the three polypeptide chains can either be identical or 

the collagen molecule can contain two or three different α chains. For example, collagen I is a 

heterotrimer of two identical α1 (I) chains and one α2 (I) chain i.e. [α1(I)]2[α2(I)] whereas 

collagen III is a homotrimer of three α1 chains. In addition, collagen fibrils may also consist 

of more than one collagen type. For example, collagen I fibrils often contain small amounts of 

collagen III, V and XII. Some collagens can also form hybrid molecules for example collagen 

V and XII as they both contain the same α chains.  
 

The superfamily of collagens can be further divided into a number of subfamilies on the 

basis of the structures they form or other related features (summarised in figure 1.5). The 

major classes are the fibrillar collagens (types I, II, III, V and XI), the collagens that form 

network-like structures (types IV, VIII and X) and the fibril-associated collagens with 

interrupted triple helices (FACITs including types IX, XII, XIV, XVI and XIX) (Myllyharju 

and Kivirikko, 2004).  
 

The major collagen types present in the normal renal ECM (section 1.6.1) are collagen I 

and III that are found predominantly in the renal interstitium and collagen IV which is a major 

constituent of both glomerular and tubular basement membranes and is also present in the 

mesangial matrix. Interstitial fibroblasts, tubular epithelial and mesangial cells are all key cell 

types involved in the synthesis of renal collagens.  
 

1.6.2.1.2 Biosynthesis of collagens 

The biosynthesis of collagen is a multistep process characterised by a large number of co- 

and post-translational modifications many of which are unique to collagens and collagen-like 

proteins [reviewed in (Myllyharju and Kivirikko, 2004; Prockop and Kivirikko, 1995)].  
 

 The α chains of fibrillar collagens are synthesised on the ribosomes of the rough 

endoplasmic reticulum (ER) as large precursor molecules known as pro-collagens that have N 

and C terminal pro-peptide extensions. These are translocated across the ER membrane into 

the lumen where they are subject to a number of intracellular modifications that result in the 
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Figure 1.5 Subclasses of Collagen Types in the Collagen Superfamily 
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Figure 1.5 Collagen types are divided into 9 subfamilies based on the structures they form 
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formation of the triple helical pro-collagen molecule. Intracellular modifications in the 

assembly of pro-collagen include the hydroxylation of proline and lysine residues to 4-

hydroxyproline, 3-hydroxyproline and hydroxylysine, glycosylation of some of the 

hydroxylysine residues to galactosyl-hydroxylysine and glucosylgalactosyl-hydroxylysine, 

glycosylation of certain asparagine residues, the association of polypeptide chains and folding 

of the triple helix. Once formed, the soluble pro-collagen is secreted from the cell where it 

undergoes further enzymatic processing to form insoluble collagen fibrils (summarised in 

figure 1.6). The precise mechanism of pro-collagen secretion is still poorly understood 

however, it is known to occur through the Golgi via the classical extracellular protein 

secretion pathway. Studies using fluorescent tagging of pro-collagen suggest that trafficking 

of pro-collagen through the Golgi occurs via tubular-saccular vesicles and requires the action 

of protein complexes COPI and COPII (Stephens and Pepperkok, 2002). Once through the 

Golgi, bundles of pro-collagen are thought to be released to form secretory vacuoles that 

migrate to the plasma membrane where they are secreted through narrow cellular recesses in 

the plasma membrane (Birk and Trelstad, 1984; Birk and Trelstad, 1986; Ploetz et al., 1991). 

Extracellular processing of pro-collagen involves cleavage of the N and C terminal pro-

peptide extensions, the self assembly of fibrils by nucleation and propagation and the 

formation of covalent crosslinks (Prockop and Kivirikko, 1995).  
 

A number of highly specific enzymes have been implicated in the post-translational 

modification of collagen. Intracellular modifications are mediated by five enzymes: prolyl 4-

hydroxylase, prolyl 3-hydroxylase, lysyl hydroxylase, hydroxylysyl galactosyltransferase and 

galactosyl-hydroxylysyl glucosyltransferase (Myllyharju, 2003; Myllyharju and Kivirikko, 

2004). In the extracellular environment, cleavage of the N-terminal and C-terminal pro-

peptides is mediated by pro-collagen N proteinase and pro-collagen C proteinase (Prockop et 

al., 1998) with lysyl oxidase being responsible for the formation of covalent crosslinks 

(Kagan and Li, 2003).  
 
Additional important enzymes are peptidyl proline cis-trans isomerases and protein 

disulphide isomerase (Bassuk and Berg, 1989). Collagen synthesis also requires the presence 

of a specific molecular chaperone Hsp47 which is thought to facilitate the intracellular 

processing of pro-collagen by the ER (Nakai et al., 1992).  
 
The processing and assembly of non-fibrillar collagens is essentially the same as for 

fibrillar collagens but with some important exceptions.  For example the N and/or C-terminal 

pro-peptides of many collagens are not cleaved; some collagens undergo N-glycosylation or  
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Figure 1.6 Biosynthesis of Fibrillar Collagen 
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Figure 1.6 Pro-collagen polypeptide chains are synthesised on ribosomes of the rough ER and 
secreted into the lumen where chains undergo hydroxylation of prolyl and lysyl residues and 
glycosylation [1] before chain association [2] and triple helix formation [3]. The pro-collagen 
molecules are secreted into the extracellular space where the N and C pro-peptides are cleaved 
[4], collagen molecules are assembled into fibrils [5] and stabilised by crosslinking [6]. 
Adapted from: (Myllyharju and Kivirikko, 2001).  
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have additional processing steps such as the addition of glycosaminoglycan side chains 

(Myllyharju and Kivirikko, 2004; Prockop and Kivirikko, 1995). 
 

1.6.2.1.3 Regulation of collagen synthesis 

Much of the information regarding the regulation of collagen synthesis has been obtained 

from the study of pro-collagen I [reviewed by (Ghosh, 2002; Ramirez et al., 2006; Rossert et 

al., 2000)]. This has demonstrated that control occurs primarily at the transcriptional level. 

Extensive studies of the pro-collagen I gene have identified a number of regulatory regions 

within the proximal promoters of the COL1A1 and COL1A2 genes that control basal (Ihn et 

al., 1996), tissue specific (Goldberg et al., 1992; Simkevich et al., 1992) and cytokine 

mediated gene expression (Rossert et al., 2000).  Basal collagen I transcription from the 

proximal promoter is under the control of a number of cis acting elements that bind positively 

or negatively acting transcription factors (Ghosh, 2002). These cis elements include a CCAAT 

box motif recognised by the heterotrimeric CCAAT binding factor (CBF) (Hu and Maity, 

2000; Maity et al., 1988; Saitta et al., 2000), GC rich consensus regions that bind Sp-1 and 

Sp-3 (Chen et al., 1998; Tamaki et al., 1995) and a number of distinct DNA sequences that 

are bound by CCAAT enhancer binding protein (C/EBP), Ets and AP-1 (Ghosh, 2002). In 

addition, transcription can be modulated by the methylation of responsive CpG sites within 

the promoter that result in downregulation of collagen I (Thompson et al., 1991).  
 

The cis-acting elements are also involved in mediating the transcriptional response to 

cytokines such as TGF-β and TNF-α which are implicated in tissue remodeling and scarring 

(Verrecchia and Mauviel, 2004). Activated TGF-β1 has been shown to regulate COL1A1 

expression via the TGF-β activator signalling pathway and binding to the TGF-β cis element 

within the distal promoter region (Jimenez et al., 1994). Modulation of COL1A2 by TGF-β1 

occurs through the activation of transmembrane serine/threonine signalling and the Smad 

pathway (Chen et al., 1999). Ligand-induced phosphorylation of Smad2 and Smad3 promotes 

formation of complexes with Smad4, which translocate to the nucleus and activate gene 

transcription by binding the CAGAC consensus sequence, and by interacting with promoter-

specific transcription factors and co-activators (Zhang et al., 2000). TNF-α is in general a 

negative regulator of collagen I gene expression. TNF-α signals through the TNFR1 and 

TNFR2 receptors to activate the transcription factors AP-1 and NF-κB and subsequently 

inhibit collagen I expression (Kouba et al., 2001; Riches et al., 1996).  
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1.6.2.2 Non-collagenous glycoproteins 

1.6.2.2.1 Fibronectin 

Fibronectin (FN) is a high molecular mass glycoprotein that is an abundant component of 

the renal ECM where it is found in polymerised form as a network of multimeric fibrils. It is 

secreted as a disulphide bonded dimer composed of two similar 200-250 kDa subunits. Each 

subunit consists of type I, type II and type III repeating modules (figure 1.7a) that themselves 

form large functional domains capable of interacting with cells as well as with other matrix 

components such as collagen, heparin and FN itself (Pankov and Yamada, 2002). Interaction 

of FN with cells occurs via binding of the Arg-Gly-Asp (RGD) domain to α5β1 integrin 

receptors on the cell surface (Ruoslahti, 1996). Such binding is known to play a role in 

regulating cell adhesion and adhesion-mediated signalling in turn modulating processes such 

as cell growth and migration. In addition, interaction between α5β1 integrin receptor and FN 

is crucial in initiating the assembly of FN dimers into fibrils (Sechler et al., 1998), a multistep 

process which is cell mediated and occurs at the cell surface (section 1.6.2.2.2).  
 

As well as insoluble ECM FN, several other isoforms exist such as plasma FN, that result 

from alternative splicing of the EIIIA, EIIIB and V regions of the FN gene and vary in their 

biological properties (Kornblihtt et al., 1996). Isoforms containing the EIIIA and EIIIB splice 

variants have been implicated in the regulation of cell proliferation and migration whereas 

isoforms containing the full-length V region are ligands for the VLA-4 integrin (Alonso et al., 

1999). Changes in the splicing patterns of FN in renal disease (section 1.7.1) may play a role 

in altering cell behaviour and the physiological properties of the ECM to promote fibrosis.  
 

1.6.2.2.2 Assembly of FN 

The assembly of FN into fibrillar matrix is tightly regulated in vivo and involves 

initiation, elongation and stabilisation steps (figure 1.7b) (Schwarzbauer and Sechler, 1999). 

Initiation of FN assembly is dependent on the activation of soluble FN dimers. This is induced 

by the interaction between FN and so-called “matrix assembly sites” on the cell surface [step 

1] that possess the α5β1 integrin receptor (Sechler et al., 1998). In endothelial cells and 

fibroblasts, these matrix assembly sites are localised to focal adhesions and cell matrix 

contacts (Christopher et al., 1997). Binding of FN to α5β1 receptor is known to be critical for 

fibril assembly and antibodies against α5β1 strongly inhibit fibril formation (Fogerty et al., 

1990). In addition, a number of other integrins are able to initiate FN assembly including 

αvβ3, αIIbβ3 and α4β1 (Sechler et al., 2000; Wennerberg et al., 1996; Wu et al., 1996; Yang 

and Hynes, 1996). Interestingly, the presence of tissue transglutaminase at matrix assembly 

sites has been implicated in FN fibrillogenesis (section 1.8.2.5.4). The enzyme has been 
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shown to act as an integrin co-receptor for FN (Akimov et al., 2000) and its presence at the 

cell surface enhances FN matrix formation mediated by the α5β1 integrin (Akimov and 

Belkin, 2001a).  
 

Binding of soluble FN to α5β1 via the RGD sequence in the type III9 module results in a 

conformational change that activates FN and promotes fibril assembly [Step 2]. This involves 

the expansion and unfolding of the N-terminal assembly region exposing FN-binding domains 

that are hidden in the compact form allowing them to participate in FN-FN interactions 

(Schwarzbauer and Sechler, 1999; Sechler et al., 1996; Wierzbicka-Patynowski and 

Schwarzbauer, 2003). A number of other domains contained within this region may also 

participate in FN interactions including the repeat III1 domain (Hocking et al., 1999) and the 

heparin-binding domain (Bultmann et al., 1998).  
 

The interaction of FN dimers with more than one integrin receptor and with other FN 

dimers leads to integrin receptor clustering [Step 3] and promotes further self association to 

form FN multimers (Schwarzbauer and Sechler, 1999). Integrin clustering also recruits 

intracellular signalling and cytokeletal proteins that themselves serve to regulate the FN 

matrix assembly process. In particular, the recruitment of Src and PI3 kinase is implicated in 

initiating and maintaining the propagation of FN fibrils (Wierzbicka-Patynowski and 

Schwarzbauer, 2002). In addition, activation of the Ras pathway may suppress the ability of 

α5β1 integrin to mediate FN assembly (Hughes et al., 1997).  
 

Continued self-association of FN dimers gradually leads to the formation of mature FN 

fibrils [Step 4] that accumulate into a dense detergent-insoluble matrix (Chen and Mosher, 

1996; McKeown-Longo and Mosher, 1983). This property of mature FN matrix is thought to 

result in part from disulphide bond formation by disulphide isomerase that serves to stabilise 

the matrix (Langenbach and Sottile, 1999) but also from stable protein-protein interactions 

(Chen and Mosher, 1996).  
 

1.6.2.2.3 Laminin 
 

Laminin is a major component of both the glomerular and tubular basement membrane 

and is a multidomain heterotrimer composed of three polypeptide chains termed α, β and γ. 

At present there are 15 reported heterotrimers in the laminin family assembled from five α, 

four β and three γ chains (Hallmann et al., 2005). All laminin chains share common structural 

features including a small globular domain involved in chain polymerisation and a series of 

epidermal growth factor (EGF)-like repeats that host a nidogen binding site (Beck et al., 

1990). 

 26



Figure 1.7 Domain Structure and Assembly of FN 
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Figure 1.7 (a) Each FN monomer is composed of a domain structure consisting of type I (grey 
rectangle), type II (red oval) and type III (green oval) repeating modules. Dimers are formed 
through disulphide bonds at the C-terminus. Repeating modules form a series of domains 
capable of interaction with cells, ECM components and FN. (b) Assembly of FN fibrils occurs 
in a stepwise manner at matrix assembly sites on the cell surface that possess specific integrin 
receptors and involves initiation, elongation and stabilisation stages. Adapted from: 
(Schwarzbauer and Sechler, 1999).  
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Interaction of nidogen with this site via its C-terminal globular domain and with the 

collagenous domain of collagen IV allows linkage between these network-forming proteins. 

Other structural features are more chain-specific such as the large C terminal domain of the α 

chain that contains a number of integrin binding sites.  
 

Laminins have the ability to self assemble into polymers to form a polygonal network. 

The co-ordinated assembly of laminin is considered to follow a mechanism analogous to that 

of FN assembly (Cheng et al., 1997; Colognato et al., 1999; Yurchenco and Cheng, 1993). 

Laminin secreted at the cell surface is prompted to self-interact by receptor binding to cell 

surface integrins and dystroglycans (Colognato et al., 1999; Henry and Campbell, 1998; 

Henry et al., 2001). Interaction between laminins is thought to occur through the N-terminal 

laminin domains of the short arm (Schittny and Yurchenco, 1990; Yurchenco and Cheng, 

1993). Binding of laminin to receptors causes receptor clustering, the organisation of the actin 

cytoskeleton and subsequent assembly of the laminin network (Colognato et al., 1999). This 

forms a scaffold for the recruitment of other basement membrane components such as 

collagen IV and proteoglycans (Timpl and Brown, 1996).  
 

Most laminin chains have been localised to the kidney by immunohistochemical analysis 

and co-localisation studies allowing the prediction of predominant trimers. Of these, laminin-

1, -10 and –11 are the predominant types in the mature kidney ECM and are synthesised 

mainly by epithelial and endothelial cells (Miner, 1999). Laminin-1 is found in proximal 

tubular basement membrane and Loop of Henle basement membrane (Klein et al., 1988; 

Sorokin et al., 1992). Laminin-10, which is the most abundant trimer in the kidney, is found 

throughout the length of the tubular and collecting duct basement membranes (Miner et al., 

1997; Sorokin et al., 1992). Laminin-11 has a highly restricted distribution and is only found 

in the GBM and arteriolar basement membranes (Miner et al., 1997).  
 

The role of laminins in the basement membrane is thought to be dynamic and they serve 

to provide interaction between cells and the ECM thereby influencing cell function by 

affecting cell adhesion, cell migration and differentiation. They exert these effects through 

integrins, many of which recognise the integrin binding domain of the α chain. Of relevance 

to the kidney, laminin-1 has been shown to induce the differentiation of epithelial cells whilst 

laminin-11 is critical for renal function and if mutated results in the development of 

proteinuria (Noakes et al., 1995).  
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1.6.2.2.4 Tenascin  

Tenascin (TN) is part of a larger group of secreted “matricellular” glycoproteins that 

participate in cell matrix interactions. The TN family consists of five large oligomeric 

glycoproteins: TN-C, TN-R, TN-W, TN-X and TN-Y that share a common domain structure 

comprising an N-terminal TN assembly (TA) domain, a series of EGF like repeats, FN-III 

binding domains, an integrin-specific cell binding sequence and calcium binding domains 

(Sage and Bornstein, 1991). TNs are mainly expressed in embryonic tissues where they 

participate in tissue remodelling and morphogenesis. In adult tissues they are not abundant but 

are up-regulated in response to wound healing and tissue injury. In the kidney, TNs are 

strongly expressed during embryogenesis where they are detected in the interstitium but are 

absent from immature glomeruli (Okada et al., 1996; Truong et al., 1996). In adult tissue, TN 

expression is localised to the mesangial matrix (Truong et al., 1994b) where it is synthesised 

by mesangial cells (Truong et al., 1994a) and is also found in the medullary interstitium 

(Truong et al., 1996). Increased TN expression during renal disease has been shown to be 

associated with mesangial expansion and is found in areas of tubulointerstitial damage 

regardless of the disease pathology (Truong et al., 1996). 
 

The role of TNs within the ECM, as with other ECM glycoproteins, is a dynamic one and 

they act as adhesive proteins capable of interacting with both cells and the ECM thereby 

influencing cell behaviour. A number of cell surface receptors exist for TNs including 

integrins and immunoglobulin-like cell adhesion molecules and they are able to interact with 

other ECM proteins such as FN and chondroitin sulphate proteoglycans through ECM binding 

domains. Such a role in cell-matrix interaction is important in the developing kidney in 

promoting epithelial differentiation and nephrogenesis whilst in the adult kidney it contributes 

to processes that are important for tissue homeostasis such as growth and cell migration. 
 

1.6.2.2.5 SPARC (Secreted Protein Acidic and Rich in Cysteine) 

SPARC formally known as osteonectin, is an acidic cysteine-rich matricellular protein 

consisting of three modular domains that act independently to bind to cells and the ECM. It is 

highly expressed in embryonic tissues where it appears to be restricted to areas where there is 

a high rate of cellular proliferation and remodelling such as limb buds and invasive embryonic 

cells (Holland et al., 1987; Sage et al., 1989a). In adult tissues it is much less abundant and 

like TN is up-regulated in response to wound healing and tissue injury. In the normal kidney, 

SPARC has been found in many species and has been localised to the distal cortical tubule 

and the medullary tubules of murine kidney (Kopp et al., 1992). In vivo, SPARC is 

constitutively expressed by glomerular epithelial cells (podocytes) (Floege et al., 1992b) and 
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in vitro is also expressed by a number of proximal tubular cell lines including LLC-PK1 and 

OK cells (Kopp et al., 1992). In the diseased kidney, SPARC protein and mRNA are up-

regulated at sites of glomerular and tubulointerstitial fibrosis and contribute to matrix 

expansion (section 1.7.1). 
 

A variety of functions for SPARC have been demonstrated within the ECM that are likely 

to contribute to its role within the renal matrix. SPARC has been shown to directly influence 

cell shape by interfering with cell-matrix interactions (Sage et al., 1989a; Sage et al., 1989b). 

In the glomerulus this may play a role in controlling glomerular permeability. In addition, 

SPARC regulates the activity of a number of growth factors including VEGF (Kupprion et al., 

1998), FGF (Hasselaar and Sage, 1992), PDGF (Gohring et al., 1998; Raines et al., 1992) and 

TGF-β1 (Francki et al., 2004) which has important implications for the control of cell 

proliferation and matrix synthesis. SPARC also interacts with a number of ECM proteins 

including collagens (Sage et al., 1989b) and influences the secretion of matrix-degrading 

enzymes including MMPs (Shankavaram et al., 1997) thereby playing an important role in 

ECM homeostasis.  
 

1.6.2.2.6 Thrombospondin  

The thrombospondins are calcium binding multi-domain glycoproteins that are divided 

into two subfamilies A and B according to their molecular organisation. The subgroup A 

proteins are thrombospondins 1 and 2 (TSP-1 and -2) which are found as trimers (Lawler and 

Hynes, 1986) with each subunit comprising a number of key domains. These include a pro-

collagen homology domain, a type 1 repeat domain that binds a number of ECM proteins and 

TGF-β and a type 3 domain that binds calcium ions and a number of integrins (Adams, 2001). 

The subgroup B thrombospondins [TSP-3, -4 and 5/Cartilage Oligomeric Matrix Protein 

(COMP)] exist as homopentamers, have distinct N-terminal regions and lack the pro-collagen 

homology domain and the type 1 repeats (Adams, 2001).  
 

Each of the thrombospondins has a distinct pattern of tissue distribution. Little is known 

about the normal distribution of TSP-1 and TSP-2 in adult kidney however, TSP-2 and TSP-3 

are present in the embryonic kidney and TSP-3 has been found in adult kidney (Adolph, 

1999). Human mesangial cells in culture produce thrombospondin and it is likely that 

thrombospondin is a component of the normal mesangial matrix (Raugi and Lovett, 1987). 

Increased expression of thrombospondin, in particular TSP-1 has been associated with the 

development of glomerular and tubulointersitial fibrosis (Hugo et al., 2002) and is 

demonstrated to increase in human glomerular disease (McGregor et al., 1994). TSP-1 may 

have a number of roles in renal disease although these have yet to be fully defined. TSP-1 has 
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been shown to induce adhesion and migration of mesangial cells (Taraboletti et al., 1992) and 

to stimulate proliferation and ECM production (Tada et al., 1995). In addition TSP-1 has been 

shown to be an important regulator of TGF-β1 by binding to and activating the latent TGF-β1 

complex (Sasaki et al., 2001; Schultz-Cherry et al., 1994). 

 

1.6.2.3 Proteoglycans 

Proteoglycans are a heterogeneous group of complex macromolecules, consisting of 

sulphated polysaccharide side chains (glycosaminoglycans) covalently linked to a backbone 

core protein. The different glycosaminoglycans can been distinguished by their sugar residues 

and the number and location of sulphate groups. These include (1) hyaluronan (hyaluronic 

acid), (2) chondroitin sulphate and dermatan sulphate, (3) heparin sulphate and heparin and 

(4) keratin sulphate. Several families of proteoglycans have emerged based on their structural 

properties and are summarised in table 1.2. Of these, a number have been identified in the 

kidney as components of the normal renal ECM. These include the heparin sulphate 

proteoglycans agrin and perlecan, the chondroitin/dermatan sulphate proteoglycans decorin, 

biglycin and bamacan (Miner, 1999) and the keratin sulphate proteoglycans fibromodulin and 

lumican (Schaefer et al., 2000).  
 

Many of these proteoglycans are found as constituents of the tubular and glomerular 

basement membranes. The glycosaminoglycan side chains are highly negatively charged and 

this contributes to the overall negative charge of the membranes. In the GBM this is essential 

for maintenance of the charge barrier and the ultrafiltration properties of the membrane 

(Miner, 1999).  
 

As well as their important function in basement membranes, a number of other roles have 

been identified for proteoglycans. Decorin, fibromodulin and lumican all appear to be 

important for normal collagen fibril formation (Ezura et al., 2000; Neame et al., 2000). 

Targeted disruption of the genes for these proteoglycans leads to abnormal collagen fibril 

morphology (Danielson et al., 1997; Chakravarti et al., 1998; Svensson et al., 1999). A 

number of studies have also identified a role for proteoglycans in modulation of cytokine 

activity. Decorin, biglycan and fibromodulin have been shown to form complexes with TGF-

β1 (Hildebrand et al., 1994). Heparin sulphate proteoglycans have been shown to be 

important in the response of cells to FGF-2. The expression of cell-surface heparin sulphate 

proteoglycans appears to be essential for the proliferation of renal fibroblasts in response to 

FGF-2 (Clayton et al., 2001). Therefore these molecules have an important role in regulating 

both cell function and in modulating the cell response to cytokines.  
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Table 1.2 Proteoglycan Families and their Renal Distribution  
 

Proteoglycan Family Major Family Members Renal Distribution 

Heparin Sulphate PGs 

-Matrix Associated 

                                              

- Membrane Associated 

 

Perlecan                   

Agrin                        

Syndecans 

Glypicans 

   

 MM, GBM,TBM a,b,c 

GBM, TBM d,e 

Glomeruli, EK f,g 

Glomeruli, EK f,g,h

Lecticans Aggrecan 

Versican 

Neurocan 

Brevican 

Unknown 

EK g 

Not present 

Not present 

Small leucine rich PGs 

(SLRP’s)  

Decorin 

Biglycan 

Fibromodulin 

Lumican  

 

IM, MM, GBM i

Cell Associated PGs Serglycin 

Betaglycan 

CD44 family 

Thrombomodulin 

 

Unknown 

Mesangial cells and PTEC j,k

PTECl,m 

Glomerular endothelial and 

mesangial cells n,o

 
Table 1.2 Proteoglycans (PGs) can be divided into a number of families according to their 
structural features and other properties (Bosman and Stamenkovic, 2003). A number have 
been localised to the renal ECM where they participate in a variety of functions including 
maintenance of ultrafiltration, collagen fibril formation and modulation of the cell response to 
cytokine signalling. EK=embryonic kidney, MM = mesangial matrix, IM = interstitial matrix, 
GBM = glomerular basement membrane, TBM = tubular basement membrane and PTEC = 
proximal tubular epithelial cell. References: a Groffen et al., 1997. b(Groffen et al., 1999) c 

(Murdoch et al., 1994) d (Groffen et al., 1998) e (Raats et al., 1998) f(Pyke et al., 1997) g (Steer 
et al., 2004) h(Hartwig et al., 2005) i(Schaefer et al., 2000) j (Riser et al., 1999) k (Eickelberg 
et al., 2002) l(Selbi et al., 2004) m(Selbi et al., 2006) n(Mizutani et al., 1993) o (Pruna et al., 
1997).  

 

1.6.3 Renal ECM-degrading enzymes 

1.6.3.1 Matrix metalloproteinases (MMPs)   

The MMPs are a large superfamily of zinc dependent enzymes that together are capable 

of processing and degrading most ECM proteins. Members of the MMP family include the 

“classical” MMPs, the membrane-bound MMPs (MT-MMPs), the ADAMS (a disintegrin and 
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metalloproteinase; adamlysins) and the ADAMTS (a disintegrin and metalloproteinase with 

thrombospondin motif). There are now at least 20 members of the MMP and ADAMT family 

that are further subdivided according to their substrate specificity into collagenases, 

gelatinases, stromelysins, elastases and aggrecanases (Malemud, 2006).  
 

The MMPs consist of a single polypeptide comprising several domain motifs, many of 

which are common to all members. Most MMPs possess a regulatory pro-peptide domain 

with a conserved PRCGxPD motif that contains a critical Cys responsible for maintaining 

latency in MMPs (Becker et al., 1995; Van Wart and Birkedal-Hansen, 1990). The catalytic 

domain contains a zinc-binding motif HEXGHXXXXXHS and a conserved methionine that 

form a “Met-turn” structure (Bode et al., 1993). At the C-terminal a haemopexin-like domain 

is present that has an ellipsoidal disk shape with four antiparallel β-sheets and an α helix 

(Gomis-Ruth et al., 1996). The haemopexin domain is known to be required for the cleavage 

of triple helical collagen (Clark and Cawston, 1989; Knauper et al., 1996; Knauper et al., 

1993; Ohuchi et al., 1997; Patterson et al., 2001).  
 

1.6.3.1.1 Transcriptional regulation of MMPs  

MMP expression is tightly regulated at the transcriptional, translational and post- 

translational level. At the transcriptional level, MMP gene expression can be induced by 

variety of stimuli including growth factors and cytokines such as PDGF, TNF-α and IL-1, 

chemical agents such as phorbol esters, physical stress and oncogenic transformation (Nagase 

and Woessner, 1999). Expression can also be down-regulated by suppressive factors such 

retinoic acid and glucocorticoids (Nagase and Woessner, 1999). Some factors both stimulate 

and down-regulate MMP expression depending on the cell type, for example, TGF-β1 

(Edwards et al., 1996; Edwards et al., 1987; Hui et al., 2001; Kim et al., 2004; Lechuga et al., 

2004; Martin et al., 1998; Overall et al., 1991; White et al., 2000). In addition, MMP 

expression can be regulated by the composition of the ECM via the interaction of ECM 

proteins with cell membrane-associated receptors (Langholz et al., 1995; Norman and Lewis, 

1996; Takahra et al., 2004; Wang et al., 2004).  In particular, interaction of the ECM with 

integrins has an important role in MMP induction. For example, signaling via the α2β1 

integrin has been shown to induce MMP-1 expression in several studies (Dumin et al., 2001; 

Langholz et al., 1995; Riikonen et al., 1995). MMP-9 expression can also be modulated by 

α2β1 integrin as well as by α5β1 and α5β6 signalling (Agrez et al., 1999; Vo et al., 1998; 

Xie et al., 1998).  
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 The transcriptional regulation of MMPs requires the activation of a number of 

intracellular signalling pathways. Most inducible MMPs share common features in their 

regulatory regions including a TATA box and a number of AP-1 regulatory elements 

(Matrisian, 1994). Many extracellular stimulators of MMP expression activate the Fos and Jun 

family of AP-1 transcription factors that bind to the AP-1 cis element and activate 

transcription [reviewed in (Chakraborti et al., 2003)]. However, the inflammatory cytokines 

TNF-α and IL-1 also activate the ceramide signalling pathways that are mediated by the MAP 

kinases ERK1/2, JNK and p38 (Reunanen et al., 1998; Westermarck et al., 1998).  
 

Post transcriptional mechanisms also play a role in regulating MMP expression. The 

stability of MMP-1 and MMP-13 mRNA transcripts can be regulated by a variety of growth 

factors and cytokines (Delany et al., 1995; Vincenti et al., 1996) whilst TGF-β1 has been 

implicated in the stabilisation of MMP-2 and -9 mRNA (Van den Steen et al., 2002).  
 

1.6.3.1.2 Activation of MMPs 

As well as being subject to transcriptional regulation, MMPs also require activation for 

their function. Most MMPs are secreted as pro-enzymes that contain an N-terminal pro-

domain. Latency of the pro-MMPs is maintained by the interaction between Cys73 contained 

within the pro-domain and a Zn2+ atom within the catalytic domain that serves to block the 

active site (Springman et al., 1990; Van Wart and Birkedal-Hansen, 1990). Proteolytic 

cleavage of the pro-domain is a critical step in the activation of MMPs and leads to the 

dissociation of Cys73 from the Zn2+ atom allowing the binding of a water molecule and 

exposure of the active site (fig 1.8a). This has been termed the “cysteine-switch” mechanism 

of activation (Springman et al., 1990; Van Wart and Birkedal-Hansen, 1990). Cleavage of the 

pro-domain occurs in a stepwise manner with proteases attacking a susceptible “bait” region 

within the pro-domain. A conformational change in the pro-domain is induced which renders 

the pro-domain susceptible to further proteolysis. The complete cleavage of the pro-domain is 

thought to require the additional action of MMP intermediates or active MMPs (Nagase, 

1997).  
 

Some of the MMPs have subtle differences in their conformation that have important 

implications for substrate binding. In pro-MMP-1 for example, the pro-domain interacts with 

the haemopexin domain which results in a “closed” conformation. Cleavage of the pro-

domain releases the haemopexin domain allowing an open conformation and exposure of the 

active site (Jozic et al., 2005).   
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In vivo, physiological activators of pro-MMPs are tissue and plasma proteinases and 

bacterial proteinases. The most significant of these is thought to be proteinases of the 

urokinase plasminogen activator (uPA)/ plasmin system although trypsin, stromelysin, 

cathepsins B and L and polymorphonuclear (PMN) elastins have all been implicated in MMP 

activation (Chakraborti et al., 2003). In vitro, pro-MMPs can also be activated by non-

proteolytic agents such as SH-reactive agents, mercurial compounds, reactive oxygen and 

denaturants (Nagase and Woessner, 1999). In most cases, activation is thought to result from 

pertubation of the pro-MMP structure inducing a conformational change that leads to 

autoprocessing of the pro-peptide and dissociation of Cys73 (Stack et al., 1996). However, 

ROS are thought to activate pro-MMPs by directly interacting with Cys73 (Gu et al., 2002; 

Peppin and Weiss, 1986). 
 

A number of the MMPs, in particular, membrane-associated MMPs are thought to be 

activated intracellularly and secreted or bound at the cell surface as active enzymes. These 

share a furin-like pro-peptide recognition sequence RX[KR/R] at the end of the pro-peptide 

that appears to target intracellular activation (Remacle et al., 2006).  
 

1.6.3.1.3 Inhibition of MMPs 

Once in the active form, MMPs are subject to further physiological regulation by 

endogenous inhibitors such as α2 macroglobulin and TIMPs. α2 macroglobulin is the major 

plasma inhibitor of MMPs and acts by interacting with the cleavable “bait” region of the pro-

peptide causing a conformational change that entraps the MMP allowing it to be covalently 

anchored to α2 macroglobulin. Such α2 macroglobulin/MMP complexes are then cleared by 

scavenger receptor-mediated endocytosis (Hahn-Dantona et al., 2001).  
 

TIMPs are the specific tissue regulators of MMP activity and currently four TIMPs 

(TIMPs -1 to -4) have been identified (Gomez et al., 1997). TIMPs are 20-30 kDa proteins 

with a variably glycosylated two-domain structure. TIMP-1, -2 and -4 are secreted in soluble 

form whilst TIMP-3 is sequestered to the ECM (Gomez et al., 1997). The mechanism of 

TIMP inhibition involves non-covalent interaction between critical residues located around 

the disulphide bond between Cys1 and Cys70 located in the N-terminal region of TIMP and the 

active site of the MMP (fig 1.8b). Cys1 bidentally coordinates the Zn2+ through its α-amino 

and carbonyl groups while the side chain of residue 2 (Thr or Ser) inserts into the mouth of 

the enzyme (Gomis-Ruth et al., 1997). Blocking of the N-terminal amino group by 

carbomylation (Higashi and Miyazaki, 1999), acetylation (Troeberg et al., 2002) or the 

addition of extra residues (Troeberg et al., 2002; Wingfield et al., 1999) blocks the inhibitory 

action of TIMPs.  
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In addition to physiological inhibitors of MMPs, a number of synthetic inhibitors have 

been generated some of which have been used in a clinical setting. These comprise the 

peptidyl hydroxamate inhibitors, Batimastat, Marimastat (Coussens et al., 2002), Galardin 

(Ilomastat) (Grobelny et al., 1992), 1,10 phenanthroline (Benyon and Bond, 1994) and non-

peptidyl inhibitors such as tetracycline (Hidalgo and Eckhardt, 2001). The peptidyl 

hydroxamate compounds are broad spectrum reversible MMP inhibitors that block MMP 

action by chelating the active site Zn2+ ion. The hydroxamate acts as a bidentate ligand with 

each oxygen at an optimum distance from the Zn2+ ion (Grams et al., 1995). Tetracycline can 

inhibit MMP action by a number of mechanisms including: chelation of active site cations, 

interference with pro-enzyme processing and increasing MMP susceptibility to degradation 

(Rifkin et al., 1993; Smith et al., 1999; Sorsa et al., 1994).  
 

1.6.3.1.4 MMP cleavage of the ECM 

The primary physiological role of MMPs is in the degradation of the ECM that is an 

important process in tissue remodelling and repair, morphogenesis and embryonic 

development. In particular, many MMPs participate in the breakdown of interstitial collagens 

(I, II and III) and denatured collagen (gelatin) degradation. These include the collagenases 

(MMP-1, -8, -13 and 18), MMP-2 (gelatinase A) and membrane type MMP-1 (Chakraborti et 

al., 2003). The mechanisms by which MMPs, in particular MMP-1, degrade collagen matrix 

have been the subject of intense study in recent years and details of this process are beginning 

to emerge. 
 

The triple helical structures of the interstitial collagens are arranged into tightly packed 

fibrils (section 1.6.2.1) that are highly resistant to proteolytic degradation. Initiation of 

collagen cleavage is thought to require MMP binding to the fibrils and destabilisation of the 

fibrillar structure revealing the individual triple helices. The MMP C-terminal domain appears 

to be important for this process (Lauer-Fields et al., 2000). Studies of MMP-1 suggests that 

MMP interaction occurs at the outer edges of the fibrils and that once associated, MMP-1 may 

move along by a process of biased diffusion until it encounters specific cleavage recognition 

sites (Saffarian et al., 2004). In order for collagen to be cleaved it is thought that the triple 

helix must be unwound prior to hydrolysis since triple helical collagen is too large to be 

accommodated in the substrate binding site (Lauer-Fields et al., 2000). In the case of MMP-1, 

unwinding of the helix has been demonstrated to occur locally at specific cleavage sites and 

requires the helical peptidase action of the catalytic domain (Chung et al., 2004). The ability 

of this domain to unwind the triple helix is thought to be separate from its collagen cleavage 

activity (Lauer-Fields et al., 2002). Once unwinding of the helix has occurred the MMP is 
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Figure 1.8 Mechanisms of MMP Activation and Inhibition 
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Figure 1.8 (a) Activation of pro-MMPs is by a cysteine switch mechanism. The latency of 
MMPs is maintained by contact between the cysteine of the pro-domain and the catalytic zinc. 
Chemical agents and proteolytic enzymes cause disruption of the Cys-Zn interaction leading 
to the formation of active intermediates. These are then autocatalytically cleaved, removing 
the pro-peptide and generating fully active enzyme. Adapted from: (Chakraborti et al., 2003). 
(b) Inhibition of MMP by TIMP-1 involves the binding of Cys1 and Ser68-Val69 to either side 
of the catalytic zinc (blue dotted lines) and the displacement of the zinc bound water 
molecule. The α-amino and carbonyl groups of Cys1 bidentately co-ordinate the catalytic zinc 
(Gomis-Ruth et al., 1997).   
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able to cleave the individual α chains by peptide bond hydrolysis.  
 

Studies of collagen I cleavage by MMP-1 suggest that cleavage requires both the 

catalytic and haemopexin domains and that they bind cooperatively in succession (Chung et 

al., 2004). Similarly, the haemopexin domain has also been shown to be important for 

collagen cleavage by MMP-2, -8 and -13 (Knauper et al., 1997; Knauper et al., 1993; 

Patterson et al., 2001). In all cases, cleavage of collagens I, II and III occurs after Glycine at 

residues 772-773 located three quarters away from the N-terminus of the collagen and results 

in the generation of ¾ and ¼ fragments (Aimes and Quigley, 1995; Fields, 1991; Miller et al., 

1976). These thermally-unstable fragments then unfold and are subject to further degradation 

by gelatinases and other non specific tissue proteinases.  
 

1.6.3.1.5 Effects of MMP action on cell function 

It has become increasingly clear that the proteolytic action of MMPs on the ECM not 

only results in clearance of ECM components but can also alter their biological function such 

that MMPs play a role in regulating cell behaviour. A number of non-matrix substrates for 

MMPs have also been identified that have the potential to influence cell function. 
 

The cleavage of ECM substrates by MMPs can reveal cryptic sites within the ECM 

protein or yield bioactive fragments that have physiological effects not associated with the 

parent protein. For example, cleavage of fibrillar collagen by MMPs exposes cryptic RGD 

sites that can then interact with α5β3 integrin and this interaction promotes the survival and 

growth of melanoma cells (Petitclerc et al., 1999). Similarly, cleavage of basement membrane 

Collagen IV by MMP-2 and MMP-9 exposes a cryptic epitope that promotes angiogenesis 

(Hangai et al., 2002; Xu et al., 2001). Studies of laminin 5 cleavage by MMP-2 show that this 

releases a γ2 chain fragment exposing an otherwise inaccessible site that induces epithelial 

cell migration (Giannelli et al., 1997). Proteolytic cleavage of FN can also release bioactive 

fragments that influence cell proliferation, differentiation and migration (Schor et al., 2003). 
 

MMPs also influence cell behaviour by releasing ECM-associated growth factors such as 

VEGF and TGF-β1 thereby increasing their bioavailability. VEGF is found tightly bound to 

heparin sulphate proteoglycans within the ECM (Park et al., 1993). MMP-9 has been 

implicated in the release of ECM-bound VEGF in a number of tumour models which 

promotes angiogenesis and tumour progression (Bergers et al., 2000). In renal cell carcinoma, 

increased expression of MMP-2 and MMP-9 occurs in areas of elevated VEGF suggesting 

that they may affect its bioavailability (Zhang et al., 2002).  
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MMPs can also cause the release and activation of TGF-β1 which is normally 

sequestered within the ECM as part of the TGF-β1 complex comprising TGFβ1, LAP 

(latency- associated peptide) and LTBP (latent TGF-β1 binding protein). MMPs -2, -9, -13 

and -14 have been shown to activate TGF-β1 via the cleavage of LAP (Yu et al., 2000; 

Dangelo et al., 2001; Mu et al., 2002). MMP-2, -3 and -9 have been implicated in the 

cleavage of LTBP (Yu et al., 2000; Dallas et al., 2002; Maeda et al., 2002) however, MMP-2 

is the only MMP to cleave ECM-bound LTBP (Dallas et al., 2002). TGF-β1 can also be found 

bound in its active form to the proteoglycan decorin and this may form an additional reservoir 

of TGF-β1 within the ECM. MMP-2, -3 and -7 have been shown to cleave decorin thereby 

releasing TGF-β1 from the complex (Imai et al., 1997). 
 

The affect of MMPs on cell behaviour can also be mediated through the proteolysis of 

cell surface proteins that are involved in cell adhesion and transmembrane signal transduction. 

MMP cleavage of β-dystroglycan, a transmembrane component that interacts with the 

cytoskeleton results in the disruption of cell-ECM contact (Yamada et al., 2001). Similarly, 

MMP-dependent cleavage of syndecans results in a loss of cell-ECM interaction that is likely 

to affect cell shape and motility (Fitzgerald et al., 2000, Endo et al., 2003). The cleavage of E-

cadherin by MMP-3 and -7 results in the release of a soluble extracellular fragment that 

disrupts cell aggregation and promotes tumour invasion (Lochter et al., 1997; Noe et al., 

2001).  
 

MMPs also release a number of additional cell surface proteins. These include the MMP-

3 release of leukocyte L-selectin and heparin binding EGF-like growth factor and the MMP-7 

release of active soluble Fas ligand resulting in receptor mediated apoptosis (Powell et al., 

1999).  
 

1.6.3.1.6 Renal expression of MMPs and TIMPs 

The renal expression of a number of MMPs has been extensively studied and MMP-1, -2, 

-3, -8, -9 and -13 are all found within the kidney (Lenz et al., 2000). Low levels of MMPs are 

expressed within adult kidney tissue but expression is substantially altered during renal 

development and in renal disease (section 1.7.2).  
 

In embryogenesis, the expression of MMP-2, MMP-9 and MT1-MMP is predominant 

along with their corresponding inhibitors TIMP-1, TIMP-2 and TIMP-3 (Barasch et al., 1999; 

Lelongt et al., 1997; Ota et al., 1998; Reponen et al., 1995; Tanney et al., 1998). MMP-2 and 

MMP-9 are localised to the mesenchyme and MMP-2 is weakly expressed in the ureteric bud 

(Lelongt et al., 1997; Ota et al., 1998). Both are thought to act sequentially on branching 
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morphogenesis of the ureteric bud with MMP-9 being expressed early in embryogenesis and 

MMP-2 playing a role from day 13 onwards (Lelongt et al., 2001). MT1-MMP is found 

predominantly in the ureteric bud early in embryogenesis and later appears in the 

mesenchyme where it is also thought to contribute to ureteric bud branching (Lelongt et al., 

2001). 
 

In the adult kidney, there is significant expression of MMP-1, -2, -3, -8, -9  and -13 (Lenz 

et al., 2000) as well as TIMP-1, -2 and -3 (Engelmyer et al., 1995; Johnson et al., 2002).  

Expression of MMP-2, -3 and -9 and TIMP has been demonstrated in the collecting duct 

epithelia (Norman et al., 1995; Piedagnel et al., 1999). Similarly, MMP-2 as well as TIMP-1 

and -2 have been detected in glomerulus (Carome et al., 1993; Jalalah et al., 2000; Nakamura 

et al., 1994) and MMP-2 and -9 in the proximal and distal tubule although their expression in 

the tubule remains controversial (Lelongt et al., 2001).  
 

Characterisation of the cellular expression of MMPs has shown that they are produced by 

a variety of renal cell types including tubular cells, fibroblasts, glomerular epithelial and 

mesangial cells (Knowlden et al., 1995; Martin et al., 1994; Norman et al., 1995). Tubular 

cells mainly produce gelatinases (MMP-2 and -9) and also some interstitial collagenases 

(MMP-1, -8 and -13). Fibroblasts mainly produce MMP-2 and some MMP-1, -8 and -13 

(Norman et al., 1995). Glomerular epithelial cells and mesangial cells have both been shown 

to produce MMP-2 and MMP-9 along with TIMP-1 and TIMP-2 (Knowlden et al., 1995; 

Martin et al., 1994).  
 

1.6.3.2 Plasminogen/ plasmin system  

The second major enzyme system involved in the degradation of the ECM is the 

plasminogen/plasmin system. This comprises two serine proteases: tissue-type plasminogen 

activator (t-PA) and urokinase-type plasminogen activator (u-PA) that both catalyse the 

activation of plasminogen to plasmin (Vassalli et al., 1991). These activators are localised at 

the cell surface by interaction with membrane-bound receptors that also act as co-receptors for 

plasminogen and facilitate its cell surface activation to plasmin. uPA is bound by uPAR 

(urokinase-type plasminogen activator receptor) (Blasi and Carmeliet, 2002) whilst Annexin 

II has been shown to be a plasminogen/tPA co-receptor at least in endothelial cells (Hajjar and 

Acharya, 2000). Once plasminogen is converted to plasmin it is capable of degrading a variety 

of ECM substrates including collagens III, IV, V, laminin, FN and proteoglycans (Werb, 

1997). Components of the plasminogen/plasmin cascade may also activate MMPs providing 

interaction between the two enzyme pathways (Baricos et al., 1995; Cai et al., 2005; Hu et al., 

2006; Kazes et al., 1998).  
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Like MMPs, the plasminogen activators are also subject to physiological regulation at a 

number of levels. The synthesis of plasminogen activators is subject to transcriptional control 

and can be modulated by growth factors and cytokines such as IL-1, TNF-α, PDGF and TGF-

β1 as well as glucocorticoids and other steroid hormones (Nagamine et al., 2005). At the post- 

transcriptional level, cytokines can also modulate the stability of u-PA and t-PA mRNA 

leading to a prolonged half life (Nagamine et al., 2005). Once secreted, cleavage of the pro-

peptide is required for conversion to the active plasminogen activator in a similar manner to 

that of pro-MMPs (Ichinose et al., 1986; Ichinose et al., 1984). Finally, plasminogen 

activators are regulated by endogenous inhibitors with both u-PA and t-PA being inhibited by 

plasminogen activator inhibitors (PAI)-1 and -2 (Kawano et al., 1970; Loskutoff and 

Edgington, 1977).  
 

Characterisation of the distribution of plasminogen activators in renal cells has 

demonstrated that t-PA is present in endothelial cells and epithelial cells of the collecting duct 

(Rerolle et al., 2000; Sappino et al., 1991) while u-PA has been localised to proximal and 

distal tubular epithelial cells (Kristensen et al., 1991; Larsson et al., 1984; Sappino et al., 

1991; Wagner et al., 1996). In addition, both u-PA and t-PA have been detected in the 

glomeruli (Angles-Cano et al., 1985; Bergstein et al., 1988) where they are thought to be 

derived from both glomerular epithelial (Brown et al., 1994; Iwamoto et al., 1990; Kanalas, 

1995) and mesangial cells (Baricos et al., 1995; Glass et al., 1993; Wilson et al., 1996; 

Wilson et al., 1993). Plasminogen activator inhibitor -1 (PAI-1) is largely absent the normal 

kidney (Xu et al 1996) however, it is synthesised by endothelial, tubular and mesangial cells 

in culture and shown to be up-regulated in a number of renal diseases (Rerolle et al., 2000) 

(section 1.7.2).   
 

1.6.3.3 Cathepsins 

Cathepsins are cysteine proteases that comprise cathepsin B, L, N and S and are found 

intracellularly as lysosomal enzymes. Whilst they are not present in the ECM, these enzymes 

play a general role in the degradation of protein and have been shown to degrade ECM 

substrates. In particular, cathepsins B and L have been shown in vitro to degrade collagen I, 

laminin and proteoglycans at acid pH (Davies et al., 1980). It is likely that cathepsins play an 

intracellular role in the degradation of matrix components. Some cathepsins such as cathepsin 

B are also able to activate collagenases and may play an indirect role in ECM metabolism 

(Davies et al., 1992).  
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1.7 Changes in the ECM in Renal Disease 

1.7.1 Increased synthesis of ECM components  

The development of a pro-fibrogenic phenotype by renal cells during the course of renal 

disease is characterised by their increased synthesis of ECM components. In the interstitium, 

activated fibroblasts are the key players in increased matrix synthesis although in situ 

hybridisation shows that tubular cells and other interstitial cells also contribute to matrix 

production (Zeisberg et al., 2000). In the glomerulus, mesangial cells have been identified as 

the major ECM synthesising cell type (Haralson et al., 1987).  
 
There is significant up-regulation of a number of normal ECM components, in particular, 

interstitial collagens I and III as well as collagen IV, FN and laminin.  Increased synthesis of 

interstitial collagens has been observed in both disease models (Floege et al., 1992a; Floege et 

al., 1991; Floege et al., 1992d; Johnson et al., 2002; Jones et al., 1991; Minto et al., 1993; 

Yamamoto et al., 1994) and human disease (Razzaque et al., 1995; Stokes et al., 2000; Stokes 

et al., 2001). Similarly, an increase in collagen IV is seen in various disease models including 

experimental glomerulonephritis (Floege et al., 1992a) and subtotal nephrectomy (Johnson et 

al., 2002; Kliem et al., 1996). FN mRNA expression is increased in experimental 

glomerulonephtitis (Sady et al., 1995; Yamamoto et al., 1994) and its protein is increased in 

the remnant kidney model (Floege et al., 1992a). Interestingly, the increased synthesis of FN 

is considered to be an early event in matrix accumulation and is thought to form a scaffold for 

the deposition of other ECM proteins (Eddy, 2000).  
 

This increase in normal matrix synthesis is coupled with qualitative changes to the ECM 

that favour the abnormal deposition of matrix proteins. In particular, increases in collagen I 

and III levels are significantly contributed to by glomerular synthesis of collagen I and III 

mRNA and protein that is not observed in the normal kidney (Floege et al., 1992a; Minto et 

al., 1993). Alterations in the splicing pattern of FN also give rise to novel forms of the protein 

which are observed in both experimental and human renal disease (Alonso et al., 1999; Van 

Vliet et al., 2001). Similarly, novel isotypes of laminin normally found in the developing 

kidney but absent from the mature kidney have been shown to be re-expressed during renal 

disease (Fischer et al., 2000; Kootstra et al., 1995).  
 

In addition to the major ECM proteins, a number of less abundant ECM proteins are up-

regulated including proteoglycans and glycoproteins such as SPARC. The proteoglycans 

decorin and biglycan have both been shown to accumulate during renal disease (Diamond et 

al., 1997; Kuroda et al., 2004; Schaefer et al., 2001; Stokes et al., 2000). Similarly, increases 

in SPARC protein and mRNA are observed at sites of matrix expansion and fibrosis in a 
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number of disease models including the remnant kidney model, Heyman nephritis and chronic 

cyclosprorin nephropathy (Pichler et al., 1996a; Pichler et al., 1996b). The role of these 

accumulating proteins in renal disease is uncertain however SPARC can participate in the 

modulation of cytokine activity such as TGF-β1 and has been shown to stimulate collagen I 

and FN synthesis (Bassuk et al., 2000; Francki et al., 1999; Kamihagi et al., 1994).   
 

1.7.2 Impairment of ECM degradation 

The net accumulation of ECM that is characteristic of renal disease is further contributed 

to by alterations in the abundance of proteolytic ECM degrading enzymes such as MMPs and 

plasmin and their corresponding physiological inhibitors. The consequence of this is the 

impairment of ECM degradation favouring increased deposition of matrix proteins. 
 

Many studies have focused on changes in the expression and activity of MMPs and 

TIMPs in renal disease. Several in vivo studies have shown decreases in the levels of MMPs 

that are consistent with the fibrogenic phenotype. For example in a model of unilateral 

ureteral obstruction, a decrease in the activity of MMP-1 and MMP-9 is observed (Gonzalez-

Avila 1998). Similarly, in streptozotocin-induced diabetic nephropathy, there is an overall 

down-regulation of MMP activity coupled with an up-regulation of TIMP-1 (Nakamura et al., 

1994; Reckelhoff et al., 1993; Reckelhoff et al., 1994). A number of in vitro studies also 

suggest a down-regulation of MMPs in response to pro-fibrogenic stimuli such as TGF-β1 or 

elevated glucose. For example, human mesangial cells subjected to TGF-β1 show a reduction 

in MMP-2 activity (Baricos et al., 1999). Similarly, a decrease in the activity of MMP-2 and -

9 is observed in mesangial cells exposed to elevated glucose (Caenazzo et al., 1997; Leehey et 

al., 1995; McLennan et al., 2000; Singh et al., 2001a). However, not all the experimental data 

supports a decrease in MMPs with some studies reporting no change or even an increase. For 

example, in a model of unilateral nephectomy, the expression of MMP-1 and -3 immediately 

increases but later returns to control levels, whilst the expression of MMP-2 and -9 remain 

unchanged (Koide et al., 1997). Similarly, in the subtotal nephrectomy model an increase in 

MMP-1 and MMP-2 mRNA and active enzyme is reported whilst MMP-3 and MMP-9 

remained unchanged (Johnson et al., 2002). Interestingly, studies of Alport syndrome, a 

chronic nephropathy characterised by tubulointerstitial scarring, suggest that up- and down-

regulation of MMP activity may accompany different stages of renal disease thereby fulfilling 

different functions (Zeisberg et al., 2006), which may, in part, explain the apparent 

differences observed in MMP expression.  
 

The conflicting data regarding changes in MMPs has shifted the focus onto the role of 

TIMPs in the impairment of matrix degradation and in particular, TIMP-1. A wide variety of 
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experimental disease models show an increase in TIMP-1 levels including unilateral 

nephrectomy (Koide et al., 1997), protein overload model (Eddy and Giachelli, 1995), 

diabetic nephropathy (Schaefer et al., 1997; Wu et al., 1997) and subtotal nephrectomy 

(Johnson et al., 2002). TIMP-1 inhibits all of the latent pro-MMPs and increases in TIMP-1 

may be important in contributing to an overall decrease in matrix turnover. However, studies 

of obstructive nephropathy (Kim et al., 2001) and protein overload (Eddy et al., 2000b) in 

TIMP-1 deficient mice, indicate that interstitial fibrosis is unaffected by TIMP-1 levels 

suggesting that TIMP-1 may have an MMP independent role.  
 

Changes in the expression and activity of components of the plasminogen/plasmin system 

are also likely to play a role in modulating ECM turnover in disease. Increases in u-PA and its 

receptor (u-PAR) have been demonstrated in a number of renal diseases including diabetic 

nephropathy (Kenichi et al., 2004) and in human crescentic glomerulonephritis (Lee et al., 

2001). Changes in t-PA in renal disease appear less well documented although levels of t-PA 

correlate with the degree of fibrosis in ureteral obstructive nephropathy (Yang et al., 2002). 

However, it is the expression of plasminogen activator inhibitor-1 in renal disease that has 

received the most attention (Rerolle et al., 2000). The increased expression and deposition of 

PAI-1 has been demonstrated in a number of experimental and human nephropathies 

including crescentic glomerulonephritis (Feng et al., 1993; Malliaros et al., 1993; Rondeau et 

al., 1990), diabetic nephropathy (Yamamoto et al., 1993) and focal segmental 

glomerulosclerosis (Hamano et al., 2002). The importance of PAI-1 in promoting fibrosis is 

supported by studies in PAI-1 deficient mice in which the fibrogenic response is attenuated 

(Oda et al., 2005). However, interestingly a number of studies also report that a deficiency in 

PAI-1 is a determinant of early glomerular injury (Hertig et al., 2003; Kitching et al., 2003) 

suggesting a multifunctional role for PAI-1.  
 

1.7.3 Stabilisation of the ECM      

The formation of covalent crosslinks both within and between adjacent ECM proteins by 

processing enzymes is an important step in the generation of mature matrix. In particular, the 

enzymes lysyl oxidase and tissue transglutaminase (TG2) are known to be involved in the 

crosslinking of ECM proteins. Lysyl oxidase catalyses the formation of pyridinoline 

crosslinks that stabilise the collagen fibril during the synthesis of mature collagen (Kagan and 

Li, 2003). TG2 is involved in the formation of ε(γ-glutamyl) lysine crosslinks between 

glutamine and lysine residues on a variety of ECM substrates (Griffin et al., 2002) (section 

1.8.2).  
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The up-regulation of ECM crosslinking enzymes and an increase in ECM crosslinking 

has been suggested to further contribute to ECM accumulation by increasing its resistance to 

degradation (Johnson et al., 1999; Kleman et al., 1995). Such resistance has been put forward 

as a contributing factor in the accumulation of ECM associated with lung and liver fibrosis as 

well as atherosclerosis (Bowness and Tarr, 1990; Bowness et al., 1989a; Bowness et al., 

1994; Griffin et al., 1979; Mirza et al., 1997). In the kidney, TG2 and its crosslinked product 

are increased in areas of matrix expansion in subtotal nephrectomy, streptozotocin-induced 

diabetic nephropathy and in human renal disease (Johnson et al., 2003; Johnson et al., 1997; 

Johnson et al., 1999; Skill et al., 2001) suggesting a role in the accumulation of renal matrix.  
 

The potential role of TG2 in ECM stabilisation and fibrosis will be discussed further in 

sections 1.8.2.5.5 and 1.8.2.6.1 respectively.  

 
1.8 Transglutaminase 

Transglutaminases are a family of calcium-dependent enzymes that catalyse the post-

translational modification of proteins by the formation of iso-peptide bonds. They mediate the 

acyl transfer between the γ carboxamide group of a peptide bound glutaminyl residue and the 

ε-amino group of peptide bound lysine forming a covalent ε-(γ-glutamyl) lysine bond (Lorand 

and Conrad, 1984). They are also responsible for the incorporation of primary amines at 

selected peptide-bound glutamine residues (figure 1.9). The resultant iso-peptide bonds are 

extremely stable and resistant to proteolytic cleavage as well as chemical and mechanical 

disruption (Parameswaran et al., 1997).  
 

1.8.1 Transglutaminase (TG) gene family 

In mammals, the TG gene family consists of nine members, eight of which encode active 

enzymes. Of these, six have been isolated and characterised at the protein level (Lorand and 

Graham, 2003). The members of the TG family are summarised in table 1.3. The TG enzymes 

show a high degree of structural homology and are members of the papain-like superfamily of 

cysteine proteases which share a catalytic triad of Cys-His-Asp or Cys-His-Asn residues at 

their active site (Pedersen et al., 1994). However, each TG is the product of a distinct gene 

and has distinct physiological functions. 
 

  Particularly well characterised members of the TG family include; Factor XIIIa which is 

responsible for crosslinking fibrin during wound healing and keratinocyte TG (TG1) involved 

in the formation of the cornified envelope during terminal differentiation.  
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Figure 1.9 Principle Reactions Catalysed by the Transglutaminase Enzyme Family 

 
 

a) ε(γ-glutamyl) lysine di-peptide bond  
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b) N’ (γ-glutamyl) amine bond 

 

  Protein-CH2-CH2-C-NH       +     H2N-R 

O
 = 

 
Ca2+

 

  Protein-CH2-CH2-C-NH2-R     +  NH3 

O
 = 

 

 

c) N’N’-bis(γ-glutamyl) polyamine linkage 
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       d) Deamidation of glutamine 

  R-(CH2)2CONH2 + H20                   R-(CH2)2COOH + NH3 

 

 
 
Figure 1.9 Acyl transfer reactions catalysed by transglutaminases, involving peptidyl 
glutamine residues and a variety of primary amines, lead to the post-translational 
modification of proteins. 
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However, the most widespread member of the TG family is tissue transglutaminase (TG2), a 

ubiquitously expressed enzyme that has multifunctional properties and has been implicated in 

a variety of physiological processes (Griffin et al., 2002).   

 
Table 1.3 Members of the Transglutaminase (TG) Gene Family 

 

Enzyme 

Name 

Synonyms  kDa Gene Prevalent Function 

Factor 
XIIIA 

Plasma TG  83 F13A1 Blood clotting and wound 
healing 
 

 TG1 Keratinocyte TG 90 TGM1 Cell envelope formation in 
the differentiation of 
keratinocytes 

 TG2 Tissue TG 80 TGM2 Cell death, differentiation, 
matrix stabilisation, adhesion 
protein 

 TG3 Epidermal  TG 77 TGM3 Cell envelope formation in 
the differentiation of 
keratinocytes 

 TG4 Prostate  TG 77 TGM4 Semen coagulation 
 

 TG5 TGX 81 TGM5 Epidermal differentiation 
 TG6 TGY unknown TGM6 Not characterised 
 TG7 TGZ 80 TGM7 Not characterised 

Band 4.2 Erythrocyte 
protein band 4.2 

77  Maintenance of erythrocyte 
membrane integrity 

  
Adapted from: (Griffin et al., 2002). 

 

1.8.2 Tissue transglutaminase (TG2) 

1.8.2.1 Three dimensional structure of TG2  

High resolution X-ray crystallography of the A subunit of Factor XIIIa (Fox et al., 1999; 

Yee et al., 1996; Yee et al., 1994) and the latent guanosine diphosphate (GDP) form of TG2 

(Liu et al., 2002) has provided extensive information regarding the structural features of the 

TG enzymes. Both the Factor XIIIa subunit and TG2 share a four-sequential domain structure 

comprising an N-terminal β sandwich, a core domain containing both the catalytic and 

regulatory sites and two C-terminal β barrel domains (figure 1.10). This four domain structure 

is thought to be highly conserved among the TG isoforms.   
 
The active site of the enzyme, containing the Cys-His-Asp catalytic triad required for 

transamidation (crosslinking) is buried within the catalytic core domain (Cys277, His335 and 

Asp358). The core domain also contains a conserved tryptophan which is essential for catalytic 
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Figure 1.10 Three Dimensional Structure of TG2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.10 The structure of TG2 is closely related to that of Factor XIIIa and consists of four 
sequential domains. Domain 1 comprises the N terminal β sandwich and contains binding 
sites for FN and integrins. Domain 2 is the core domain which contains the catalytic active 
site including Cys277 which is critical for transamidation. Domains 3 and 4 are composed of a 
β barrel structure and contain important regulatory and GTP binding sites. Reproduced with 
kind permission from Professor Martin Griffin.  
 

 
N Terminal 

C Terminal 

Domain 1 

Domain 2 

Domain 4 

Domain 3 

Active site 

Cys277

 

activity (Murthy et al., 2002). The N-terminal β sandwich contains both FN and integrin 

binding sites (Akimov et al., 2000; Gaudry et al., 1999a), whilst the second C-terminal 

domain is able to bind phospholipase C (Hwang et al., 1995).  
 

Catalytic activity of TG2 is positively regulated by calcium binding and negatively 

regulated by guanosine triphosphate (GTP) (section 1.2.2.2.2). Multiple Ca2+ binding sites are 
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thought to exist on TG2 although the critical Ca2+ binding site is Cys277 located within the 

catalytic triad of the core domain (Liu et al., 2002). TG2 is unique among the TGs in its 

ability to bind GTP. Regulation of TG2 by GTP is thought to occur through GTP binding to a 

site localised to a hydrophobic pocket between the catalytic core and first β barrel (Liu et al., 

2002). 
 

1.8.2.2 Regulation of TG2 

1.8.2.2.1 Transcriptional regulation of TG2 

The cellular levels of TG2 are tightly regulated at the level of gene expression. In many 

cell types such as endothelial cells, vascular smooth muscle cells and lens epithelial cells TG2 

is expressed constitutively and there are high levels of active enzyme (Greenberg et al., 1991). 

In cells such as monocytes and tissue macrophages the enzyme is inducible and the basal 

expression of TG2 is very low (Chiocca et al., 1988; Murtaugh et al., 1984). Studies of the 

TG2 gene promoter have given important insights into the pathways regulating TG2 gene 

expression. The human TG2 promoter has been demonstrated to contain a number of 

regulatory sequences within the 1.7 kilobase flanking region (figure 1.11) including a TATA 

box element (TATAA), a CAAT box element (GGACAAT), a series of potential transcription 

factor binding sites (AP-1, Sp-1 and IL-6 response element) and a glucocorticoid response 

element (Lu et al., 1995). Transfection studies show this promoter to be functional and to 

account for constitutive expression in a number of transfected cell lines. However, cell type- 

specific expression is not accounted for by this region suggesting that distal regions of the 

promoter are required (Lu et al., 1995). The flanking region of the human TG2 promoter 

shares a high degree of homology with both mouse and guinea pig TG2 promoters (Ikura et 

al., 1988a; Nanda et al., 1999). However, there is little homology between the TG2 promoter 

and those of other members of the transglutaminase family, reflecting their diversity.  
 

A number of previous studies have identified regulators of TG2 expression including 

growth factors, glucocorticoids (Johnson et al., 1998) and retinoids (Chiocca et al., 1988). 

Growth factors known to affect TG2 expression include TGF-β1 (George et al., 1990), IL-6 

(Ikura et al., 1994; Suto et al., 1993), TNF-α (Kuncio et al., 1998) and EGF (Katoh et al., 

1996). Studies of the mouse TG2 gene promoter localise a TGF-β1 response element to a 

position 868 nucleotides upstream of the transcriptional start site (Ritter and Davies, 1998). In 

the human TG2 promoter, a potential IL-6 site is localised to nucleotide 1196 of the flanking 

region (Lu et al., 1995) whilst TNF-α is known to regulate TG2 expression via an NF-κB site 

located 1338 nucleotides upstream of the transcription initiation site (Kuncio et al., 1998).  
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Figure 1.11 Schematic Representation of the TG2 Gene Promoter 
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Figure 1.11 The proximal promoter of the TG2 gene comprises a number of regulatory sequences including a TATA box element 
and a number of upstream Sp1 binding sites that drive constitutive expression. In addition, differential expression is regulated by a 
variety of response elements including those for TGFβ1/TGF-β2, TNF-α, IL-6 and retinoids. Adapted from: (Aeschlimann and 
Thomazy 2000).   
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 In many cell types including peritoneal macrophages (Chiocca et al., 1988), myeloid 

cells (Davies et al., 1988), endothelial cells (Fesus et al., 1991) and hepatocytes (Piacentini et 

al., 1992) retinoic acid is considered to be an important regulator of TG2. Studies of the 

mouse TG2 promoter show the presence of a retinoid response element contained within 4 

kilobases of the 5'-end of the gene (Nagy et al., 1996). Co-transfection studies with retinoid 

receptor expression vectors in CV-1 (kidney fibroblast) cells demonstrate that the mouse TG2 

promoter is activated by ligand activation of either retinoic acid receptor-retinoid X receptor 

(RAR.RXR) heterodimers or RXR homodimers that bind to a core receptor binding motif 

(Nagy et al., 1996).  
 

Methylation of the TG2 promoter is considered to be a further level of gene regulation 

and may account for tissue-specific gene expression (Lu and Davies, 1997). Studies of the 

TG2 promoter demonstrate that hypo-methylation  and de-methylation increase TG2 activity 

whilst hyper-methylation suppresses TG2 (Lu and Davies, 1997). 
 

1.8.2.2.2 Regulation of transglutaminase activity 

In addition to transcriptional regulation of the TG2 gene, the TG2 protein is subject to 

tight post-translational regulation of its enzyme activity. 
 

A critical activator of TG2 catalytic activity is the binding of calcium to Cys277 contained 

within the core domain. A number of techniques including crystallography (Liu et al., 2002), 

small angle scattering (Mariani et al., 2000) and site-directed mutagenesis (Murthy et al., 

2002) have provided structural information regarding the activation of TG2 by calcium. They 

suggest that the transamidating activity of TG2 involves a shift in protein domains that 

changes the reactivity of the active site and its accessibility to substrates. In its inactive state, 

the active site of TG2 is buried within domain 2 where domains 3 and 4 shield it from 

interacting with potential substrates. Binding of calcium to Cys277 in domain 2 is thought to 

initiate the breakdown of interactions between the core domain and the C-terminal barrels 1 

and 2 allowing the opening of the active site for substrate binding. This permits the formation 

of a thioester bond between Cys277 of the active site and a glutamyl residue of the substrate 

(Folk, 1983; Lorand and Conrad, 1984), a reaction which is essential for crosslinking to occur. 
  

The activation of TG2 by Ca2+ binding can be inhibited by GTP binding which under 

physiological conditions is thought to maintain TG2 as a latent enzyme. Recent studies have 

identified a critical Arginine residue (Arg579) located close to the catalytic site which is 

important in the GTP regulation of TG2 activity (Begg et al., 2006b). Binding of GTP to TG2 

is thought to mask this residue preventing the destabilisation of the enzyme and the 
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conformational switch to calcium-dependent crosslinking activity. In addition, binding of 

GTP has been shown to stabilise a bond between Cys277 and Tyr516 that further promotes an 

inactive conformation (Begg et al., 2006a). As well as stabilising interactions that prevent 

conformational change, binding of GTP is also thought to spatially interfere with Cys277 

reactivity which itself prevents calcium binding. GTP has also been suggested to reduce TG2 

activation by modulating the affinity of additional calcium binding sites as well as interfering 

with conformational changes induced by calcium (Bergamini, 1988; Iismaa et al., 2000a).  
 

A number of studies have also demonstrated that TG2 activity can be regulated by other 

factors such interaction with phospholipids (Fesus et al., 1983) or nitric oxide (Bernassola et 

al., 1999; Lai et al., 2001). Interaction of TG2 with the membrane phospholipid 

lysophosphophatidylcholine has been demonstrated to increase the sensitivity of TG2 to 

calcium enabling it to become active at physiological levels of calcium. Release of nitric 

oxide from NO donors is able to inhibit the activity of TG2 by nitrosylating cysteine residues 

including the critical active site Cys277 (Lai et al., 2001). 
 

1.8.2.3 Expression and localisation of TG2 

TG2 is a ubiquitously expressed enzyme with varying levels of expression depending on 

the tissue type. During development and differentiation, induction of TG2 is widespread and 

contributes to such processes as embryo implantation (Piacentini and Autuori, 1994) and 

organogenesis (Iwai et al., 1995; Schittny et al., 1997; Thomazy and Davies, 1999). In mature 

organs, TG2 is also widely distributed due to constitutive expression in endothelium, smooth 

muscle cells and fibroblasts [reviewed in (Iismaa, 2002)]. In addition, a number of organ- 

specific cell types express TG2 constitutively, for example, stromal cells of the endometrium 

and thymic subcapsular epithelial cells [reviewed in (Iismaa, 2002)]. 
 

At the cellular level, TG2 is predominantly a soluble cytoplasmic enzyme although 

fractionation studies show that TG2 is also associated with both plasma (Slife et al., 1985; 

Tyrrell et al., 1986) and nuclear membranes (Singh et al., 1995). A number of studies have 

also demonstrated an association with cytoskeletal proteins such as actin (Eligula et al., 1998; 

Nemes et al., 1997), desmin, tropomyosin (Derrick and Laki, 1966; Gard and Lazarides, 

1979) and tubulin (Cohen and Anderson, 1987) and shown that they are substrates for TG2 

(table 1.4). Interestingly, renal cells in culture that have been stained for TG2 show 

preferential staining around the nuclear membrane extending outwards to and apparently 

associated with the cytoskeleton (figure 1.12, M Fisher unpublished observation).  
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Figure 1.12 Intracellular Localisation of TG2 in Proximal Tubular Epithelial Cells 

 

 

 

 

 

 

 

 

 
 
Figure 1.12 Opossum (OK) proximal tubular cells stained for TG2 with 1:750 dilution of 
TG100 mouse monoclonal anti-TG2 antibody and detected with AEC reagent. Cells shown 
at 400x magnification (A) and 1000x magnification (B). Staining is localised around the 
nuclear membrane and associated with the cytoskeleton.  

  

 In addition to its intracellular localisation, TG2 is also unique among the TG enzymes in 

its ability to be secreted and deposited into the surrounding ECM. An increasing number of 

studies show TG2 to be present on the cell surface and in the surrounding pericellular matrix 

(Aeschlimann et al., 1995; Gaudry et al., 1999b; Verderio et al., 1998). At the cell surface 

TG2 is localised to distinct domains where it has been demonstrated to associate with FN and 

integrins (Akimov and Belkin, 2001a; Akimov et al., 2000; Gaudry et al., 1999a). The precise 

mechanism by which TG2 is externalised remains to be determined since it lacks the classical 

signal peptide required for secretion and is therefore not secreted by the ER/Golgi-dependent 

pathway. Secretion of TG2 does however require the enzyme to be in its active state and 

appears to be dependent on the presence of an intact N-terminal FN binding site since removal 

of this domain prevents secretion (Gaudry et al., 1999a). 

A B

 

1.8.2.4 Substrate specificity and requirements of TG2 

The identification of protein substrates for TG2 has proved to be a complex process 

given that most protein products accumulate in vivo as part of large insoluble polymers, 

making the identification of individual proteins difficult. However, a variety of biochemical 

and functional proteomic studies have been successful in identifying potential in vitro and in 

vivo substrates for TG2 (summarised in table 1.4). Both intracellular and extracellular proteins 

are post-translationally modified by TG2. Examples of intracellular TG2 protein substrates 

include; cytoskeletal proteins such as actin (Eligula et al., 1998; Nemes et al., 1997) and 

myosin (Eligula et al 1998), histone and heat shock proteins (Ballestar and Franco, 1997; 

Boros et al., 2006; Boros et al., 2004; Cooper et al., 2000) and cytosolic enzymes such as
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phosphorylase kinase (Nadeau et al., 1998). In the extracellular environment, TG2 interacts 

with many ECM proteins including FN (Mosher, 1984), a major TG2 substrate, collagens 

(Kleman et al., 1995), vitronectin (Sane et al., 1988) and laminin (Aeschlimann and Paulsson, 

1991). 

 
Table 1.4 Major Protein Substrates of TG2 

 

Protein Classification Substrates  Reference  

Cytoplasmic proteins Aldolase A  
Phosphorylase kinase 
Crystallins 
Glutathione S-transferase
Tau 
Rho A 

(Lee et al., 1992) 
(Nadeau et al., 1998) 
(Groenen et al., 1992; Lorand et al., 1991) 
(Ikura et al., 1998) 
(Murthy et al., 1998; Tucholski et al., 1999) 
(Singh et al., 2001b) 

Cytoskeletal proteins Actin 
Myosin 
Troponin 
β-tubulin 
Desmin  
Vimentin 

(Eligula et al., 1998; Nemes et al., 1997) 
(Eligula et al., 1998) 
(Bergamini et al., 1995) 
(Cohen and Anderson, 1987) 
(Gard and Lazarides, 1979) 
(Clement et al., 1998) 

ECM- Associated  
Proteins 

Collagen 
FN 
Vitronectin 
Osteopontin 
Nidogen 
Laminin 
LTBP-1 
Osteonectin 
Osteocalcin 

(Kleman et al., 1995) 
(Jones et al., 1997a; Mosher, 1984) 
(Sane et al., 1988) 
(Kaartinen et al., 1997) 
(Aeschlimann and Thomazy, 2000) 
(Aeschlimann and Thomazy, 2000) 
(Verderio et al., 1999) 
(Aeschlimann et al., 1995) 
(Kaartinen et al., 1997) 

Miscellaneous  
proteins  

Heat Shock proteins  
Histone proteins  
Cytochromes 
Phospholipase A2

(Boros et al., 2006; Boros et al., 2004)  
(Ballestar and Franco, 1997; Cooper et al., 2000)
(Butler and Landon, 1981) 
(Cordella-Miele et al., 1990) 

 
Table 1.4 Protein substrates of TG2 have been identified by both structural and functional 
proteomics. Many more proteins have been identified but only the major substrates are listed 
here. LTBP-1 = Latent TGF-β1 binding protein -1. Table adapted from: (Griffin et al., 2002) 
and (Esposito and Caputo, 2005).  
 

A number of in vitro studies have suggested that recognition of target amino acids within 

protein substrates by TG enzymes is dependent on the sequence of adjacent residues. In 

particular, the presence of positively-charged residues either two or four residues from an 

available glutamine appear to promote recognition whereas flanking of glutamine by 

positively-charged residues discourages binding (Aeschlimann et al., 1992; Coussons et al., 

1992). Similarly, the nature of amino acids directly preceding lysine residues may influence 

TG reactivity (Grootjans et al., 1995).  
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The presence of uncharged, basic polar and small aliphatic residues promotes TG 

reactivity whereas aspartic acid, glycine, proline and histidine residues reduce reactivity 

(Groenen et al., 1994). 
 

The accessibility of target residues is also an important determinant for TG reactivity. For 

example, exposure of glutamine residues at the surface of the protein in its folded 

conformation is important for interaction with TG enzymes (Coussons et al., 1992).  
 

1.8.2.5 Multifunctional roles of TG2 
 

The multifunctional properties of TG2 including its protein crosslinking, GTP binding and 

adhesion activities have implicated this enzyme in a diverse range of physiological events. 

Extensive studies have indicated that TG2 may play a significant role in processes such as 

proliferation (Birckbichler et al., 1981), cell death (Akimov and Belkin, 2001a; Gaudry et al., 

1999a; Ikura et al., 1988b) transmembrane signalling (Iismaa et al., 2000b), cell-matrix 

interactions (Gentile et al., 1991; Jones et al., 1997b) and stabilisation of extracellular matrix   

(Greenberg et al., 1991). It is therefore not surprising that de-regulated expression and activity 

of TG2 is considered to be an important contributory factor in the changes in cellular 

homeostasis associated with a number of human diseases including neurodegenerative 

diseases (Lesort et al., 2000), autoimmune disorders (Dieterich et al., 1997), neoplasia 

(Barnes et al., 1985; Birckbichler et al., 1977) and tissue fibrosis (Griffin et al., 1979; 

Malyankar et al., 1997; Mirza et al., 1997).   
 
1.8.2.5.1 Cell growth and proliferation 

A number of studies have demonstrated a correlation between TG2 activity and 

proliferation. Cells treated with cystamine to inhibit their TG activity have been demonstrated 

to increase proliferation in response to decreased TG2 (Birckbichler et al., 1981). This is 

consistent with previous studies in which cells expressing low levels of TG2 showed an 

undifferentiated phenotype and increased proliferation compared to cells with high TG2 

(Birckbichler and Patterson, 1978). TG2 may also be involved in regulation of the cell cycle. 

Transfection studies using hamster fibrosarcoma Met B cells transfected with full length or 

truncated TG2 cDNA demonstrate that inactivating TG2 crosslinking activity delays 

progression into the G2/M phase of the cell cycle (Mian et al., 1995). 
 

1.8.2.5.2 Cell death  

The involvement of TG2 in the mechanisms of cell death or apoptosis is now widely 

accepted and it is thought to play both pro- and anti-apoptotic roles depending on a variety of 

physiological factors.   
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A number of in vitro and in vivo studies have reported an association between TG2 and 

the apoptotic pathway. For example, in neuroblastoma cells induced to over-express TG2 by 

transfection, an increase in cell death is observed with cells showing the cytoplasmic and 

nuclear characteristics of apoptosis (Melino et al., 1994). Similarly, in hepatocyte hyperplasia 

induced by lead nitrite, an increase in TG activity and expression correlates with apoptosis of 

hepatocytes (Fesus et al., 1987). Increased induction of TG also correlates with apoptosis in 

tracheobronchial epithelial (Zhang et al., 1995b) and myeloid leukaemia cells (Nagy et al., 

1995). Conversely, a reduction in TG2 expression in monocytic U937 cells transfected with 

anti-sense TG2 cDNA prevents retinoic acid-induced apoptosis (Oliverio et al., 1999). 

Interestingly, however, not all studies support such an association.  For example, the stable 

transfection of Swiss 3T3 fibroblasts (Verderio et al., 1998) with TG2 leading to increased 

expression does not increase the rate of apoptosis in these cells although activation with 

ionomycin results in a novel form of cell death. Similarly, studies of renal scarring in vivo also 

suggest that TG2 may participate in a novel form of cell death in which epithelial cells die 

through extensive crosslinking of their intracellular proteins as a result of accumulating levels 

of TG2 (Johnson et al., 1997). In keeping with 3T3 fibroblasts, such cell death occurs in the 

absence of features consistent with either apoptosis or necrosis. 
 

The pro-apoptotic role of TG2 is thought to be mediated through both upstream and 

downstream events in the apoptotic pathway. The induction of TG2 is regulated by a number 

of factors such as retinoic acid and TGF-β1 that are also able to regulate apoptosis suggesting 

that TG2 is able to act as an early effector “death” protein (Melino and Piacentini, 1998). 

Similarly, the GTP binding ability of TG2 may also contribute to the regulation of apoptosis 

(Melino and Piacentini, 1998) since GTP availability affects second messengers that are 

known to inhibit apoptosis such 1,2 diacylglycerol (DAG) (Leszczynski et al., 1994; Nakaoka 

et al., 1994). TG2 may also promote apoptosis by direct interaction with proteins of the 

apoptotic pathway such as Bax. Recently it has been demonstrated that interaction of Bax 

with the BH3 domain of TG2 can cause conformational changes in Bax leading to 

translocation of Bax to the mitochondria, the release of cytochrome c and cell death (Rodolfo 

et al., 2004).  
 

In the downstream stages of apoptosis, the activation of TG2 leads to extensive 

crosslinking of intracellular proteins and the formation of detergent-insoluble protein 

polymers. These may serve to stabilise apoptotic cells and prevent leakage of intracellular 

components prior to clearance by phagocytes, thereby reducing inflammation (Fesus, 1998; 

Fesus et al., 1987). TG2 may also protect cells from apoptosis via non-classical adhesion- 
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dependent mechanisms. Studies on osteoblasts and dermal fibroblasts demonstrate that TG2 is 

able to form complexes with FN and heparin sulphate leading to the activation of RhoA and 

stimulation of the cell survival focal adhesion kinase (FAK) (Verderio et al., 2003).  
 

1.8.2.5.3 Transmembrane signalling 

The ability of TG2 to bind and hydrolyse GTP classifies it as part of the heterotrimeric G 

protein family that are broadly involved in hormone receptor signalling. Its function as a 

GTPase and role in receptor signalling are distinctly separate from its transamidating function 

(Chen and Mehta, 1999). The heterotrimeric G proteins consist of a GTP-binding α subunit 

(Gα) and regulatory β and γ subunits. However, the TG2 α subunit Gαh does not possess 

common heterotrimeric GTP binding motifs suggesting that Gαh is a new class of GTP- 

binding protein (Nakaoka et al., 1994). Despite this, the GTPase cycle of Gαh is similar to that 

for other heterotrimeric G proteins. TG2 facilitates the signalling response to α1 adrenergic 

receptor stimulation resulting from the binding of ligands such as catecholamines, 

norepinephrine and epinephrine (Im et al., 1997). The association of TG2/Gαh with the 

plasma membrane appears to be mediated by the presence of a fatty acid anchor on TG2 

(Harsfalvi et al., 1987). 
 

 In common with all G proteins the TG2/Gαh subunit is in its inactive form when bound 

to GDP. Interaction between the receptor and Gαh results in the activation and release of GDP 

allowing GTP to bind. This facilitates a conformational change in Gαh and the dissociation of 

the α and β subunits. Once in the GTP-bound state, TG2 effects the transmembrane signal by 

interacting with phospholipase Cδ, via its binding site located on the C terminal domain, in 

turn influencing phosphatidyl inositol metabolism (Chen et al., 1996; Hwang et al., 1995). 
  

The identity of the Gβ subunit has until recently been unclear. However, studies suggest 

that it corresponds to the 50kDa Ca2+ binding protein calreticulin (Feng et al., 1999). 

Calreticulin negatively regulates the GTP binding and transglutaminase activity of TG2 by 

interacting with the GDP bound form of the enzyme.  
 

1.8.2.5.4 Cell matrix interactions 

Perhaps the most extensively studied functions of TG2 relate to its involvement in the 

assembly of the ECM and its role in cell-matrix interactions. Both roles are dependent on the 

cell surface expression of TG2 and have a profound effect on cell proliferation, adhesion, 

migration and cell survival.     
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The matrix assembly role of TG2 mostly relates to its association with FN and its 

involvement in FN polymerisation (Gaudry et al., 1999a). The enzyme has a high affinity 

binding site for FN, localised to the first 7 N-terminal amino acids (Jeong et al., 1995). This 

appears to interact with the 42kDa gelatin binding region of FN (Akimov and Belkin, 2001a; 

Radek et al., 1993; Turner and Lorand, 1989). In endothelial cells and fibroblasts, TG2 has 

been demonstrated to crosslink FN polymers at the cell surface (Jones et al., 1997b; Martinez 

et al., 1994; Verderio et al., 1998). Reduced expression of TG2 in endothelial cells leads to an 

inhibition of the crosslinking of FN (Jones et al., 1997b). Conversely, an up-regulation of 

TG2 in Swiss 3T3 fibroblasts increases the amount of crosslinked FN (Verderio et al., 1998).  
 

The precise mechanism by which TG2 promotes FN assembly remains unclear. However, 

the enzyme is known to act as an integrin co-receptor for FN (Akimov et al., 2000) and to 

associate with several β1 and β3 integrins whilst simultaneously binding to FN. The presence 

of cell surface TG2 enhances FN matrix formation mediated by the α5β1 integrin (Akimov 

and Belkin, 2001a). Therefore, the role of TG2 in promoting FN assembly appears to be in 

facilitating the association of FN with β1 integrins.  
 

The expression of TG2 at the cell surface and association with integrins and FN also has 

important implications for cell adhesion and migration. A number of studies have suggested a 

role for cell surface TG2 in both of these processes. For example, over-expression of TG2 in 

fibroblast cell lines by transfection with either active or inactive TG2 constructs increases cell 

attachment and decreases migration on FN (Balklava et al., 2002; Verderio et al., 1998). 

Reduced expression of TG2 by anti-sense silencing in a human endothelial cell line reduces 

adhesion and spreading (Jones et al., 1997a). Similarly, blocking of cell surface TG2 with 

anti-TG2 antibodies in Swiss 3T3 fibroblasts leads to a loss of cell adhesion (Verderio et al., 

1998). In a monocytic cell line, TG2 has been shown to be expressed at the cell surface and to 

be involved in the adhesion and migration of monocytes on FN which particularly requires the 

gelatine-binding fragment of FN (Akimov and Belkin, 2001b). The adhesive function of TG2 

is independent of its crosslinking activity but requires the formation of ternary complexes 

with FN and β1 and β3 integrins (Akimov et al., 2000). The formation of such complexes 

may influence adhesion by causing the enlargement of focal adhesions and amplifying the 

integrin mediated activation of  FAK (Akimov et al., 2000).  
 

The association of TG2 with matrix associated FN appears to promote cell adhesion by 

RGD-independent mechanisms (Verderio et al., 2003). RGD-mediated cell adhesion plays an 

important role in cell survival and RGD-containing peptides can induce apoptosis in a number 

of cell types. However, adhesion via TG2-FN has been suggested to promote cell survival in 
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the presence of RGD peptides and probably plays such a role in the response to cell stress 

(Verderio et al., 2003).  
 

1.8.2.5.5 Stabilisation of ECM  

The ability of TG2 to form highly stable and proteolytically resistant ε(γ-glutamyl) lysine 

crosslinks between extracellular proteins including those of the ECM, has implicated the 

enzyme in tissue maintenance and matrix stabilisation. TG2 has been shown to crosslink and 

stabilise the fibrin clot both during wound healing and in human umbilical vein endothelial 

cells in which TG2 is up-regulated by thrombin (Auld et al., 2001; Haroon et al., 1999). In 

human dermal fibroblasts exposed to UVA radiation, increased TG2 activity in the 

extracellular environment leads to increased polymerisation of FN and stabilisation of the 

ECM (Gross et al., 2003; Nicholas et al., 2003). Similarly, a number of other studies show 

that TG2-mediated formation of FN multimers leads to its stabilisation (Gross et al., 2003; 

Jones et al., 1997a; Martinez et al., 1994; Verderio et al., 1998).  Studies also show that TG2 

is able to stabilise collagen-rich matrix. In rhabdosarcoma cells expressing TG2, crosslinking 

of collagen fibrils occurs in the absence of the collagen crosslinking enzyme lysyl oxidase 

(Kleman et al., 1995).This results in the formation of a highly insoluble collagen matrix that 

is resistant to the action of MMPs. Inhibition of the TG2 activity in these cells by putrescine 

drastically increases the solubility of this matrix (Kleman et al., 1995). Similarly, in opossum 

proximal tubular cells stimulated to over-express TG2 by elevated glucose an accumulation in 

collagen and FN matrix is observed that is suggested to be due to increased ECM crosslinking 

(Skill et al., 2004).  
 
The potential role of TG2 in the stabilisation of the ECM is likely to be important in 

maintaining tissue integrity by influencing the balance between matrix deposition and 

breakdown. For that reason, TG2 has attracted significant interest in its potential role in 

diseases for which altered tissue homeostasis is a characteristic feature, in particular wound 

healing and fibrosis.  
 

1.8.2.6 TG2 and disease 

1.8.2.6.1 TG2 in scarring and fibrosis 

TG2 has been implicated in a number of diseases in which inflammation and the 

accumulation of ECM are prevalent features. In the lung, up-regulation of TG2 was first 

shown to be associated with progressive scarring in an experimental model of pulmonary 

fibrosis induced by the herbicide paraquat (Griffin et al., 1979). Several studies of liver 

fibrosis have also suggested the involvement of TG2.  In rats treated with carbon tetrachloride 
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(CCL4) to induce hepatic injury, increased expression of TG2 is observed early after injury 

and correlates with the development of fibrosis (Mirza et al., 1997). Increases in TG2 

expression in this model appear to be mediated by NF-κB. In another study, TG2-mediated 

crosslinking is associated with the early inflammatory stage of liver fibrosis (Grenard et al., 

2001). TG2 has also been implicated in cardiovascular disease. An increase in TG2 is reported 

to be found in atherosclerotic plaques where increased crosslinking is associated with 

stabilisation of the collagen III-lipoprotein interface surrounding the plaque (Bowness et al., 

1987; Bowness and Tarr, 1990; Bowness et al., 1989b; Bowness et al., 1994). Studies using 

transgenic mice with increased cardiac TG2 expression also show that TG2 is associated with 

the development of cardiomyopathy (Small et al., 1999). 
 

Perhaps the most extensive evidence for a role of TG2 in progressive scarring has come 

from studies of experimental and human kidney disease. An elevation in TG2 activity, 

coupled with increased ε(γ-glutamyl) crosslinking has been demonstrated in the subtotal 

nephrectomy model of renal scarring (Johnson et al., 1997; Johnson et al., 1999). Both 

increases were found predominantly in the tubulointerstitium and correlated with the 

development of scarring. Similarly, in the streptozotocin model of early diabetic nephropathy 

increased levels of ε(γ-glutamyl) crosslink were found in the interstitium and in the expanding 

mesangial matrix (Skill et al., 2001).  
  

Increases in TG2 and ε(γ-glutamyl) crosslink have also been implicated in human renal 

disease. In human diabetic nephropathy, elevated TG2 and its crosslinked product are found 

to be associated with progressive expansion of the tubulointerstitial and glomerular 

compartments (El Nahas et al., 2004). Analysis of renal biopsies from diabetic patients with 

type 2 diabetes show a correlation between the level of scarring and increases in the peri-

tubular and peri-glomerular distribution of TG2 and ε(γ-glutamyl) crosslink.  This study has 

been taken further with the analysis of scarring in human renal biopsies from 136 patients 

with a range of chronic kidney diseases (Johnson et al., 2003). In this study, changes in TG2 

and ε(γ-glutamyl) crosslink also correlated well with the degree of scarring and were 

independent of the original disease. Finally, TG2 has been demonstrated to be associated with 

scarring resulting from chronic allograft nephropathy (Johnson et al., 2004).  

 

1.9 Thesis Rationale and Hypothesis 
The study of both experimental and human renal disease has clearly established the 

involvement of the protein crosslinking enzyme TG2 in the development of scarring. The up-

regulation and release of TG2 occurs predominantly from injured tubular cells and results in 
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the increased presence of crosslinking in the extracellular environment (Johnson et al., 1997; 

Johnson et al., 1999; Skill et al., 2001). However, to date, the precise pathological role of 

TG2 crosslinking in kidney scarring and fibrosis has yet to be determined. It is likely that TG2 

has the potential to act via a number of mechanisms that contribute to and perpetuate renal 

disease. These may include an indirect role in the activation of latent TGF-β1 (Nunes et al., 

1997). However, recent evidence suggests that the most significant influence of TG2 on the 

scarring process is likely to be its potential effect on ECM homeostasis. Previous studies have 

demonstrated the ability of TG2 to stabilise both collagen and FN fibrils suggesting that TG2 

may influence the rate of ECM deposition  (Gross et al., 2003; Jones et al., 1997a; Kleman et 

al., 1995; Martinez et al., 1994; Verderio et al., 1998). Similarly, TG2 mediated crosslinking 

of isolated collagen fibrils has been shown to increase their resistance to MMP-1 degradation 

(Johnson et al., 1999). Thus TG2 has the potential contribute to ECM expansion and scarring 

through a direct effect on the rate of ECM deposition and breakdown.  
 

Whilst these studies have suggested a causative role for TG2 in the accumulation of 

ECM, much of the previous in vitro work in the kidney has been performed on isolated 

collagen or investigated the effects of exogenous TG2 on the ECM. It therefore remains to be 

determined whether TG2 at physiological levels, produced by and exported from tubular cells 

exerts similar effects on the ECM. The in vitro studies performed in this thesis therefore aim 

to test the hypothesis that TG2 up-regulated by and released from tubular cells contributes to 

the scarring process by directly affecting the rate of ECM deposition and breakdown and thus 

facilitating the accumulation of matrix. 
 

Previous in vivo studies, whilst demonstrating a link between TG2 and the development 

of scarring have yet to establish whether elevated TG2 and ε(γ-glutamyl) lysine are crucial in 

driving the scarring process or whether they are accompanying factors. The ultimate objective 

of this thesis is therefore to investigate whether in vivo inhibition of TG2 can directly prevent 

the development of scarring and halt the progression of renal disease. It is hoped that the 

findings of these studies will provide definitive evidence to support the pathological role of 

TG2 in driving the accumulation of ECM as well as to establish whether TG2 inhibition has 

the potential as a therapeutic intervention to prevent progressive renal disease. 
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Chapter 2 
 

Aims 
 



It is hypothesised that TG2 up-regulated and released by tubular cells drives the development 

of kidney scarring by directly affecting the rate of ECM deposition and breakdown and thus 

facilitating the accumulation of matrix. 

 

The principle aims of these studies are to determine: 

1) What fibrogenic factors associated with renal disease cause TG2 to be up-regulated 

and released from tubular epithelial cells.  Proximal tubular epithelial cells will be 

treated with growth factors and cytokines in vitro to study their effects on TG2 

expression and activity. Cell culture models of hypoxia and acidosis will be used to 

assess the effect of cell stress on TG2 expression. 

 

2) Whether TG2 can be modulated in tubular and mesangial cells. Opossum (OK) 

proximal tubular cells and 1097 mesangial cells will be stably transfected with 

expression vectors containing the 3.3 kb human TG2 gene, the resultant cell clones 

selected and characterised. TG2 null tubular and mesangial cells will be isolated and 

characterised from the TG2 knockout mouse. 

 

3) If modulation of TG2 affects ECM accumulation in vitro. The ECM from TG2 over-

expressing tubular and mesangial cells and TG2 null cells will be radiolabelled and the 

levels of ECM determined along with the rates of deposition and breakdown by MMPs.  

 

4) If TG2 inhibition in vivo can prevent the accumulation of ECM thus halting the 

progression of renal disease and maintaining kidney function. Non-competitive 

irreversible inhibitors of TG2 will be administered via osmotic mini-pump for up to 84 

days to the kidneys of rats subjected to 5/6th subtotal nephrectomy.  Markers of kidney 

function and scarring will be used to assess the progression of renal disease. Changes to 

the ECM will be analysed by immunohistochemistry and Northern blotting.  
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Chapter 3 
 

Materials and Methods 
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3.1 Cell Culture 

3.1.1 Cell lines 

Opossum proximal tubular epithelial cells (OK cells), rat proximal tubular epithelial cells 

(RPT) and NRK-52E tubular epithelial cells were obtained from the European Collection of 

Cell Cultures (ECACC). 1097 rat mesangial cells were a gift from Dr. Robert Atkins 

(Department of Nephrology, Monash Medical Centre, Victoria, Australia). LLC-PK1 pig 

proximal tubular cells were cultured by Dr. Rana Rustom (Medical School, Liverpool 

University, UK).  
 

3.1.2 Cell culture media for cell lines 

OK cells were cultured in Dulbecco's Modified Eagles Medium (DMEM, Cambrex 

Bioscience, Wokingham, UK) containing 2mM L-glutamine, 5% (v/v) heat-inactivated foetal 

calf serum, 100 IU/ml penicillin and 100 µg/ml streptomycin (Sigma, Poole, UK).  
 

RPT cells were cultured in DMEM/ Ham’s F12 (Cambrex Bioscience) containing 2mM 

L-glutamine, 10% heat-inactivated foetal calf serum, 100 IU/ml penicillin, 100µg/ml 

streptomycin supplemented with 5μg/ml insulin, 5μg/ml transferrin and 10ng/ml EGF 

(Sigma).  
 

NRK-52E and 1097 cells were cultured in DMEM (Cambrex Bioscience) containing 

2mM L-glutamine, 10% heat-inactivated foetal calf serum, 100 IU/ml penicillin and 100 μg/ 

ml streptomycin.  
 

LLC-PK1 cells were cultured in Medium 199 (Sigma) containing 10% heat-inactivated 

foetal calf serum, 15mM HEPES, 100 IU/ml penicillin, 100 µg/ml streptomycin, 2mM L-

glutamine, 4μg/ml hydrocortisone, 10μg/ml insulin, 5.5μg/ml and 5ng/ml sodium selenite 

(ITS media supplement, Sigma).  
 

All cultures were maintained at 37°C and in a humidified atmosphere of 5% CO2 in air 

(Ig500 incubator, Jouan, Saint-Herblain, France).  
 

3.1.3 Primary cell culture media 

Primary tubular epithelial cells were cultured in DMEM/F12 (Cambrex Bioscience) 

containing 0.5-5% (v/v) foetal calf serum, 100 IU/ml penicillin, 100μg/ml streptomycin, 2mM 

L-glutamine and supplemented with 10μg/ml insulin, 5.5μg/ml transferrin, 5ng/ml sodium 

selenite (ITS supplement, Sigma), 10ng/ml epidermal growth factor, 5pg/ml tri-

iodothyramine, 5μg/ml dexamethasone, 12.5μg/ml each of adenosine, cytosine, guanosine, 

uridine and 0.25μg/ml amphotericin B (Fungizone™, Life Technologies, Paisley, UK).  
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Primary mesangial cells were cultured in RPMI 1640 medium (Cambrex Bioscience) 

containing 20% foetal calf serum, 2mM L-glutamine, 100 IU/ml penicillin, 100 μg/ml 

streptomycin, 1mM sodium pyruvate (Sigma), 15mM HEPES, sodium bicarbonate and 

0.25μg/ml amphotericin-B (Fungizone™, Life Technologies).  In addition media was 

supplemented with 50-100μg/ml of dithiothreitol (DTT) activated guinea pig liver 

transglutaminase (Sigma) at the time of initial plating to facilitate attachment of mesangial 

cells.  
 

3.1.4 Treatment with fibrogenic growth factors/cytokines  

OK cells were seeded in complete growth medium (section 3.1.2) supplemented with 10-

100ng/ml of TGF-β1 (Life Technologies), IGF-1 (Kabi, Uppsala, Sweden), PDGF, Il-1β or 

TNF-α (Sigma) and cultured for up to 48 hours. Cells were trypsinised with 0.25% (v/v) 

trypsin/1mM EDTA (Life Technologies), centrifuged at 13,000rpm for 2 mins (Jouan A14 

centrifuge, 5.5cm rotor) and the subsequent cell pellet snap frozen in liquid nitrogen. Cell 

lysates were prepared as described in section 3.3.2 and transglutaminase (TG) activity 

determined using the putrescine incorporation assay (section 3.3.7.1).  
 

3.1.5 Treatment with known transglutaminase stimulators 

OK cells were seeded in complete growth medium supplemented with 10-100μg of; all 

trans retinoic acid, sodium butyrate or dexamethasone (Sigma) and cultured for a total of 48 

hours. Cells were harvested as described in section 3.1.4 and cell lysates prepared as 

described in section 3.3.2. Intracellular TG activity was determined by the putrescine 

incorporation assay. 
 

3.1.6 Hypoxic treatment of NRK-52E tubular cells 

NRK-52E cells were plated in 100mm2 petri dishes (Iwaki, Japan) and allowed to attach 

overnight at 37oC. After this time period cells had reached approximately 50% confluency. 

Cells were cultured for a further 6, 12, 24 or 48 hours under either normoxic conditions of 

21% oxygen or hypoxic conditions of 1% oxygen, in a multigas incubator (Ig750, Jouan). 

Oxygen levels were constantly monitored using an oxygen probe (Oxycheck 2, David Bishop 

Instruments, Leamington Spa, UK). Cells were harvested as described in section 3.1.4 and 

intracellular TG activity measured by the putrescine incorporation assay or TG2 antigen 

measured by Western blotting (sections 3.3.6 and 3.3.7.3). In addition, extracellular TG 

activity was determined after exposure to hypoxia by plating cells into 96 well plates and 

measuring biotin cadaverine incorporation as described in section 3.3.7.5  
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3.1.7 Acidic treatment of LLC-PK1 tubular cells 

The acidic treatment of LLC-PK1 tubular cells was performed by Dr. Rana Rustom at 

Liverpool University, UK. Porcine LLC-PK1 cells were seeded at a density of 2x104-2x105 in 

T25 flasks and cultured under standard conditions for 72 hours until 30% confluent. At this 

stage, the medium was modified by substituting HEPES with BIS-TRIS buffer (final 

concentration 12.5mM). Three different buffer concentrates were prepared such that the ratio 

of acid and base components differed giving final extracellular pHs of 7.4 (control), 7.0 and 

6.7. Media pH levels were monitored throughout the experimental period using a standard pH 

electrode. After 48 hours growth in BIS-TRIS buffered serum containing medium, the 

medium was changed to serum free, again with BIS-TRIS buffer. After 24 hours in serum free 

conditions cells grown in pH 7.4 and pH 7.0 were confluent and those grown in pH 6.7 were 

95% confluent. At this stage cells were harvested for analysis by putrescine incorporation 

assay, biotin cadaverine ELISA, Western and Northern blotting (section 3.4.8). Cell culture 

media was removed and analysed for TG2 protein following acetone precipitation (section 

3.3.3) 
 

3.1.8 Immunofluorescence for tubular cell markers 

Tubular epithelial cells were plated onto 22mm2 glass coverslips at a density of 1x106 

and cultured for 48 hours.  Cells were washed in phosphate buffered saline (PBS) and fixed in 

methanol for 10 mins at room temperature. Cells were blocked for 30 mins with 5% 

BSA/0.1% TBS-tween 20 and immunoprobed for either β-catenin (1:250 dilution, Abcam, 

Cambridge, UK) or α-smooth muscle actin (1:100 dilution, Dako, High Wycombe, UK). 

Antibody binding was revealed by incubation with FITC conjugated anti-mouse IgG (Dako). 

Cells were washed and mounted with Vectashield fluorescent mount (Vector Labs, 

Peterborough, UK). Fluorescence was visualised using an Olympus BX61 microscope at 

494nm with excitation at 518nm. 
 

3.1.9 Immunofluorescence for mesangial cell markers 

Immunofluorescence for mesangial cell markers was performed by Dr. Richard Jones at 

Nottingham Trent University, Nottingham, UK. Cells were plated onto 8 well chamber slides 

(Nunc, Naperville, IL, USA) and cultured for 72 hours.  Cells were washed in PBS and fixed 

in methanol for 10 mins.  Cells were immunoprobed for fibroblast cell surface antigen 

(monoclonal clone 1B10, Sigma), CD31 endothelial cell marker (rat monoclonal, Abcam, 

UK), vimentin (mouse monoclonal, Abcam) and cytokeratin (monoclonal anti-pan cytokeratin 

mixture, Sigma). Antibody binding was revealed by incubation with FITC conjugated anti-

mouse IgG (fibroblast antigen, vimentin, cytokeratin) or TRITC conjugated anti-rat IgG 



(CD31). Cells were washed and mounted with Vectashield mounting medium containing 

propridium iodide (Vector Labs). Fluorescence was visualised using a Leica TS NT confocal 

microscope (Leica, Wetzlar, Germany) with FITC excitation at 494nm and TRITC excitation 

at 560nm.  
 

3.2 Transfection of Renal Cell Lines 

3.2.1 Dose response to geneticin (G418 sulphate) 

Cells were seeded in duplicate into T25 flasks such that they reached 30% confluency 

after 24 hours at 37oC. A 10mg/ml stock of Geneticin (G418, Life Technologies) was 

prepared in sterile distilled water. Using this stock solution, concentrations of 0, 50, 100, 200, 

400, 600, 800 and 1000μg/ml were prepared in 2.5mls of media and added to duplicate flasks. 
 

Media was changed every 2 days and fresh Geneticin added. Cells were cultured for a 

maximum of 7 days. Following 7 days in culture, cells were trypsinised using 0.25% (v/v) 

trypsin/1mM EDTA (Invitrogen, UK) and counted on a haemocytometer (Weber Scientific, 

Hamilton, NJ, USA). The mean cell number for each flask was calculated and plotted against 

the concentration of geneticin as shown in figure 3.1. A concentration of 800μg/ml (OK) and 

1000μg/ml (1097) was chosen to select for stably transfected cells, since this killed 100% of 

untransfected cells within 7 days.   

 

  Figure 3.1 Geneticin Dose Response Curves for OK and 1097 Cell Lines 
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Figure 3.1 OK and 1097 cells were cultured in media containing 0, 50, 100, 200, 400, 
600, 800 or 1000μg/ml of Geneticin (G418 sulphate) for 7 days. Cells were then 
trypsinised, counted on a haemocytometer and mean cell number plotted against 
concentration of G418.  



 69

3.2.2 Transfection of OK proximal tubular cells with pCIneo-htg  

Cells were seeded into a 100mm2 petri dish (Iwaki) and allowed to attach overnight at 

37oC after which they had reached 50% confluency. Transfection was performed using 63μl 

of lipofectin® reagent (Life Technologies) and 15μg of either pCIneo or pCIneo-htg vector 

(section 3.4.1). Tubes were prepared, containing 750μl of Optimem low serum medium (Life 

Technologies) and either 63μl of lipofectin® or 15μg of either pCIneo or pCIneo-htg. All 

tubes were allowed to stand at room temperature for 45 mins. The lipofectin and DNA 

solutions were combined, the resultant lipofectin®/DNA mixtures vortexed and incubated at 

room temperature for 15 mins. Meanwhile, cells to be transfected were washed for 2x 5 mins 

with 10mls per dish of Optimem medium. The lipofectin®/DNA mixtures were made up to 

7.5mls with Optimem medium and added to the cells. Cells were incubated for 7 hours at 

37oC. Following transfection, the lipofectin®/DNA mixture was removed and replaced with 

10mls of complete media. Cells were incubated for 36 hours prior to the selection of stable 

clones (section 3.2.4).  
 

3.2.3 Transfection of 1097 mesangial cells  

All transfections were performed using the Nucleofector™ system (Amaxa Biosystems, 

Cologne, Germany). This is a highly efficient electroporation technique that uses a 

combination of optimised electrical parameters and specific Nucleofector™ solutions to allow 

the direct delivery of DNA into the nucleus. Transfection using the Nucleofector system™ 

was chosen in preference to cationic lipid transfection in order to overcome the problem of 

low transfection efficiency observed in 1097 cells. 
 

3.2.3.1 Preparation of cell suspensions 

6 well plates were prepared containing 1ml/well of pre-warmed RPMI 1640 medium 

(Cambrex Bioscience) supplemented with 10% foetal calf serum, 100 IU/ml penicillin and 

100 µg/ml streptomycin (Sigma). These were pre-incubated at 37oC/5% CO2 prior to 

transfection. Cells were harvested using trypsin-EDTA and counted on a haemocytometer. 

The cell pellet was re-suspended in the appropriate Nucleofector solution to a final 

concentration of 1.5x106 cells/100μl.  

 
3.2.3.2 Transfection procedure  

A cell suspension of 1097 cells was prepared as described in section 3.2.3.1. Plasmid 

DNA was added to a 100μl aliquot of cell suspension, transferred to an Amaxa cuvette and 

the cuvette capped. The cuvette was inserted into the cuvette holder and the turning wheel 

rotated clockwise to the final position. Transfection was performed by selecting the program 
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on the Nucleofector device and pressing the “X” key to start the program. On completion of 

the program, 500μl of pre-warmed culture medium was added to the cuvette and the cells 

transferred to the prepared 6 well plate. 
 

3.2.3.3 Optimisation of the nucleofection protocol  

6 well plates and cell pellets were prepared as described in section 3.2.3.1. Cell pellets 

were re-suspended in either Nucleofector solution T, solution R or solution V to a final 

concentration of 1.5x 106 cells/100μl. Each 100μl of cells were transfected with 5μg of 

pSVgal control plasmid (Promega, Southampton, UK) using a range of Nucleofector 

programs (table 3.1). Following transfection, cells were made up to 500μl with pre-warmed 

complete RPMI 1640 medium, plated and allowed to grow for 24 hours. Efficiency of the 

transfection was determined by the β-galactosidase assay as described in section 3.2.3.5 and 

expressed as a percentage compared to un-transfected cells. Visual inspection of the cells was 

used to determine the % viability of cells post transfection. The results of the optimisation are 

shown in table 3.2. Program T27 and Nucleofector solution V were chosen for subsequent 

transfections. 
 

3.2.3.4 Co-transfection of 1097 mesangial cells with pSVneo and pSG5-htg vectors 
  

1097 cells at a final concentration of 1.5 x 106 /100μl were co- transfected with either 

2μg pSV2neo/4μg pSG5-htg or 2μg pSV2neo/8μg pSG5-htg using program T27. On 

completion of the program, 500μl of pre-warmed culture medium was added to the cuvette 

and the cells transferred to the prepared 6 well plate. Cells were allowed to grow for 48 hours, 

after which time media was replaced with DMEM containing 10% foetal calf serum, 

100IU/ml penicillin, 100 µg/ml streptomycin (Sigma) and 1mg/ml of Geneticin (Life 

Technologies). Resistant colonies were picked and transferred to 96 well plates as described 

in section 3.2.4 
 

3.2.3.5 β-Galactosidase assay 

The efficiency of 1097 cell transfection with pSVgal vector was determined using the 

Promega β-Galactosidase enzyme assay system. Cells transfected in 6 well plates were 

washed once with 1x PBS followed by lysis of the cells with 150μl/well of 1x reporter lysis 

buffer for 15 mins at room temperature with gentle rocking. The lysates were removed and 

vortexed for 15 secs, followed by centrifugation at 13,000 rpm for 2 mins (Jouan A14 

centrifuge, 5.5cm rotor). The supernatant was removed and transferred to a fresh tube. 120 μl 

of 2x assay buffer was added and sample left overnight (16 hours) at 37oC for colour to  
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Table 3.1 Nucleofector Optimisation Programs  
 

Program Solution R Solution T Solution V 

w/o nucleofection + + + 

T-16 no plasmid - - - 

A23 + + + 

A27 + + + 

G16 + + + 

O17 + + + 

T01 + + + 

T16 + + + 

T20 + + + 

T24 + + + 

T27 + + + 

 
 
Table 3.2 Results of Nucleofector Optimisation  
 

 Solution R Solution T Solution V 

Program Efficiency % Viable Efficiency %Viable Efficiency % Viable 

w/o 0 98 0 98 0 98 

no plasmid 0 70 0 60 0 95 

A23 1.2 85 13.5 90 8.7 90 

A27 4.8 85 8.1 90 4.9 95 

G16 14.6 80 2.3 80 0 80 

O17 40.2 70 3.2 85 25.4 85 

T01 8.5 85 27.3 90 7.0 95 

T16 39 60 8.3 80 24.2 85 

T20 120.7 50 0 50 35.8 85 

T24 20 60 0 60 98 60 

T27 39 50 0 95 49.5 50 

 
 
Table 3.1 and 3.2 1097 cells were re-suspended in either Nucleofector solution T, solution R 
or solution V to a final concentration of 1.5x 106cells/100μl. Each 100μl of cells were 
transfected with 5μg of pSVgal control plasmid using a range of pre-set Nucleofector 
programs. The efficiency of 1097 transfection with each program was determined by the β-
galactosidase assay (section 3.2.3.5) and expressed as a percentage increase in OD compared to 
un-transfected 1097 cells. Visual inspection of the cells post transfection was used to determine 
the percentage viability. 
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develop. Samples were transferred to a 96 well plate and the optical density read at 405nm 

(Multiskan Ascent plate reader, Thermo Labsystems, Helsinki, Finland). 
 
3.2.4 Selection of stable clones from transfected cells   

36 hours post transfection, media was replaced with fresh complete medium containing 

800μg/ml of geneticin. Cells were cultured for 4 days after which time 100% of control cells 

were killed. The media was replaced and the geneticin concentration dropped to 400μg/ml. 

Colonies of cells were selected and picked from the petri dishes using a 200μl pipette and 

transferred into a 96 well plate. The pipette tip was placed next to the colony and dragged 

across it at the same time sucking cells up with the pipette. A colony plus 200μl of media was 

deposited in each well.  
 

Upon reaching confluency in 96 well plates, cell clones were amplified by culture in 6 

well plates, followed by transfer to T25 flasks. The transglutaminase activity of each cell 

clone was determined in three consecutive T25 flasks by the putrescine incorporation assay 

(section 3.3.7.1). 
 

3.2.5 Growth curves  

OK and 1097 cell clones were seeded at 1 x 106 in T25 flasks. Attached cells were 

harvested at 24, 48, 72 and 96 hours post plating using trypsin-EDTA and re-suspended in 

1ml of complete medium prior to counting on a haemocytometer. Duplicate counts were taken 

from each flask and the growth curves were repeated 3 times. Since growth was found to be 

exponential, the log of cell number was used to obtain linear plots from which the gradient 

was calculated and used to determine growth rates and doubling times of individual clones.  
 

3.3 General and Biochemical Techniques 

3.3.1 Preparation of tissue homogenates 

100-200mg of snap frozen rat kidney tissue was weighed and transferred to a small tube. 

To this was added 9 times the volume of STE buffer (0.32M sucrose, 5mM Tris, 2mM 

EDTA) containing protease inhibitors [1mM leupeptin, 5mM benzamidine and 1mM 

phenylmethylsulphonylfluoride (Sigma)] and the tissue homogenised using an Ultra Turrax 

T25 homogeniser (Merck, Darmstadt, Germany). This produced a 10% (w/v) tissue 

homogenate. The homogenate was aliquoted and either used directly in the pustrescine 

incorporation assay (section 3.3.7.1) or stored at -80oC for Western blot analysis (section 

3.3.6.1).  
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3.3.2 Preparation of cell lysates 

Cells were trypsinised using 0.25% (v/v) trypsin/1mM EDTA for 5mins at 37oC. These 

were re-suspended in 10mls of complete media and centrifuged at 800rpm (Jouan A14 

centrifuge, 5.5cm rotor) for 5 mins at room temperature. The media was removed and cells 

centrifuged at 13,000 rpm for 2 mins (Jouan A14 centrifuge, 5.5cm rotor) to produce a cell 

pellet. Any excess media was removed and the cell pellet snap frozen in liquid nitrogen for 

analysis. On thawing, cells were re-suspended in 100μl of STE buffer containing protease 

inhibitors (section 3.3.1). A cell lysate was produced by sonicating the cells for 3x 5 secs on 

ice.  
 

3.3.3 Acetone precipitation of cell culture media 

The media was collected and any residual cells removed by centrifugation at 800rpm 

(Jouan A14 centrifuge, 5.5cm rotor) for 2 mins. Proteins in the remaining media were 

precipitated by the addition of an equal volume of acetone and incubation on ice. The protein 

pellet was air dried and re-suspended in 1/10 volume of STE buffer containing protease 

inhibitors prior to Western blot analysis.  
 

3.3.4 Processing and fixation of tissues 

Kidneys were halved, fixed overnight in 10% formalin and rinsed in PBS before being 

embedded in paraffin. Sections 4μm thick were cut from the paraffin blocks using a rotatory 

microtome by the Histopathology Department, Northern General Hospital, Sheffield, UK and 

mounted onto poly L-lysine coated microscope slides (VWR, Poole, UK). These were stored 

at room temperature prior to performing immunohistochemistry.  
 

3.3.5 Preparation of cryostat sections 

Kidney tissue was snap frozen in liquid nitrogen and then mounted in OCT mounting 

media (Raymond Lamb, Eastbourne, UK). Cryostat sections, 10μm thick, were cut at –12oC, 

mounted onto poly L-lysine coated microscope slides (VWR) and stored at –20oC prior to use.   
 

3.3.6 Western blotting 

3.3.6.1 Polyacrylamide gel electrophoresis (SDS-PAGE) 

Polyacrylamide gel electrophoresis was performed using either the mini-protean 2 

electrophoresis system (Sample size 1-10) (Biorad, Hemel Hemstead, UK) or the Geneflow 

OmniPAGE system (sample size 10-24) (Geneflow, Fradley, UK). The electrophoresis 

method is a modification of that described by Laemmli (Laemmli, 1970).  
 

A 10% resolving gel was prepared by the addition of 7.5ml resolving buffer (1.5M Tris  
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pH8.8), 5ml of acrylamide:bis acrylamide stock (37.5:1, Biorad), 0.5ml of 1% ammonium 

persulphate, 150μl of 10% SDS (sodium dodecyl sulphate) and 2.2ml distilled water to a 

Buchner flask. The resolving gel was degassed by attaching the flask to a vacuum line for 10 

mins, prior to the addition of 20μl of TEMED (N,N,N′,N′-tetramethylethylenediamine, 

Sigma). The resolving gel was then pipetted carefully into the space between the glass plates 

of the electrophoresis apparatus, overlaid with a small volume of butanol and allowed to set 

for 30 mins at 37oC.  Once the resolving gel had set, a 5% stacking gel was prepared 

containing 5ml 0.75M Tris pH6.8, 1.5ml of acrylamide stock, 0.25ml 2% ammonium 

persulphate, 100μl 10% SDS, 3.5ml distilled water and 35μl of TEMED. The butanol was 

carefully rinsed off the resolving gel with distilled water and residual water removed with 

tissue paper. The stacking gel was pipetted onto the resolving gel and a plastic comb inserted 

in the space between the two plates. The stacking gel was allowed to set at 37oC for 30 mins.  
 

Protein samples were prepared by transferring 20μg of protein as determined by the 

Lowry assay (section 3.3.9.2) to a microfuge tube and adding an equal volume of sample 

buffer [10mM Tris pH 6.8, 2.5% (w/v) SDS, 10% (w/v) glycerol, 0.02% (w/v) bromophenol 

blue and 5% (v/v) 2-mercaptoethanol]. Samples were then heated to 95oC for 5 mins, cooled 

to room temperature and briefly centrifuged to bring to the bottom of the tube. The comb was 

removed from the stacking gel and the resultant wells filled with 1 x Tris-glycine SDS PAGE 

buffer (Geneflow). Samples were loaded, gels transferred to the gel tank and Tris-glycine 

buffer poured between and around the gels. Gels were run at 100V for 1.5 to 2 hours.  
 

3.3.6.2 Electro-blotting  

Proteins previously separated by SDS PAGE (section 3.3.6.1) were electroblotted onto 

Hybond C membrane (Amersham Biosciences, Buckingham, UK) using the Trans-Blot® SD 

semi-dry electrophoretic transfer cell (Biorad). Eight pieces of filter paper slightly larger than 

the resolving gel and the Hybond C membrane were soaked for at least 30 mins in a small 

volume of transfer buffer [25mM (w/v) Tris, 150mM (w/v) glycine, 20% (v/v) methanol]. 

After electrophoresis was complete, the glass plates containing the gel were removed from the 

apparatus, separated and the stacking gel removed with a scalpel blade. The gel was 

transferred to a small volume of transfer buffer to equilibrate the gel. The Trans blot anode 

was wetted with a small volume of distilled water and 4 pieces of filter paper placed onto the 

anode. A glass pipette was rolled over the filter paper to remove any air bubbles and the pre-

wetted membrane placed on top. After removing the air bubbles, the gel was placed on top of 

the membrane followed by the remaining filter paper to form a sandwich. The cathode was 

carefully placed onto the stack and the blot run at 15V for 30 mins.  
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Following electroblotting, the top filter paper was carefully removed and the position of 

the markers impressed onto the membrane using a sharp needle. The membrane was then 

immersed briefly in Ponceau Red Solution (Sigma) to stain protein bands and confirm 

successful transfer. Ponceau Red was removed by rinsing the membrane in distilled water 

followed by incubation for 15 mins in 1 x Tris Buffered Saline/ 0.1% Tween 20 (TBST) at 

room temperature. 
 

3.3.6.3 Probing of membranes 

Following incubation with TBST membranes were blocked overnight with 5% (w/v) non 

fat dried milk (Marvel) diluted in 1 x TBST at 4oC. After overnight incubation, membranes 

were washed with 1 x TBST for 3 x 5 min washes. Membranes were then probed with 

primary antibody in TBST for 2 hours at room temperature followed by 3 x 5 min washes in 1 

x TBST. Primary antibody binding was revealed by probing with secondary antibody diluted 

in 1 x TBST for 1 hour at room temperature. Membranes were again washed 3 x 5 mins with 

1x TBST and protein bands detected by chemiluminescence using ECL reagent (Amersham 

Biosciences). ECL reagents 1 and 2 were mixed in equal volumes and applied to the 

membrane for 1 min, the reagent tipped off the blots and wrapped in cling film to form an 

envelope. Blots were then placed protein side up in a Biomax® film cassette (Perkin Elmer 

Life Sciences, Waltham, MA,USA).  
 

In a dark room, a sheet of autoradiographic film (Kodak Biomax light, Sigma) was 

placed over the top of the membrane and the cassette closed. After the appropriate exposure 

time, the film was removed and developed using Kodak GBX developer (Sigma) for 2 mins, 

followed by fixing for 2 mins with Kodak GBX fixer (Sigma) and rinsing for 30 secs with 

water. Bands were quantified by volume densitometry using a Biorad GS-690 imaging 

densitometer and Multi-Analyst version 3.2 software (Biorad). Determination of band size 

was by reference to Kaleidoscope protein markers (Control 85303, Biorad). Sizes of protein 

markers are shown in table 3.3 
 

Table 3.3 Kaleidoscope Pre-stained Protein Markers 
Protein Colour MW kDa 

Myosin Blue 217 

β-galactosidase Magenta 126 

Bovine serum albumin Green 73 

Carbonic anhydrase Violet 43.5 

Soybean trypsin inhibitor Orange 31.6 

Lysozyme Red 18 

Aprotinin Blue 7.5 
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3.3.7 Detection of tissue transglutaminase 

3.3.7.1 Transglutaminase activity by 14C putrescine incorporation assay 

Transglutaminase enzyme activity levels were measured as described previously by 

Lorand (Lorand et al., 1972). In this assay, active transglutaminase in the presence of calcium 

incorporates [1,4-14C]-putrescine into N’N-dimethylcasein forming a radioactive TCA-

insoluble material capable of being detected by scintillation counting (figure 3.2).  
 

Samples were set up containing 50μl of cell lysate, tissue homogenate or re-suspended 

freeze dried media, and 50μl of TG activity reaction mix (table 3.4). A control in which 

calcium was replaced with EDTA was used to determine non-enzymatic incorporation. 

Samples and control were incubated at 37oC for 60 mins. At set time points after initiation of 

the reaction, 10 µl aliquots, in duplicate, were removed from the reaction tubes and spotted on 

to 1 cm2 Whatman 3MM filter papers. These were immediately dropped into a beaker 

containing 10% (w/v) trichloroacetic acid (TCA) to stop the reaction and to precipitate 14C 

labelled N, N’-dimethylcasein. Filters were further washed with 10 % (w/v) ice cold TCA for 

10 mins, 5 % (w/v) ice cold TCA for 3 x 5 mins, 1:1 acetone:ethanol for 5 mins and 100% 

acetone for 5 mins. To determine efficiency of counting 10µl of the sample/reaction mixture 

was spotted on to a filter paper square and not washed. These filter papers represent the total 

counts in the reaction mixture. Filter papers were allowed to air dry before being placed in 

4ml of Ultima Gold XR liquid scintillation fluid (Perkin Elmer, Beaconsfield, UK) and 

radioactive incorporation measured by scintillation counting on a Rack-beta liquid 

scintillation counter (Packard Instrument Co, Downers Grove, IL, USA).  Using only the 

linear part of the graph, the gradient (change in CPM per minute) was calculated which was 

subsequently used to calculate transglutaminase activity. Values were corrected for protein 

and expressed as nmol of putrescine incorporated per hour [Unit of activity per mg of protein 

(U/mg protein)].  

 

Table 3.4 Constituents of Reaction Mix for Putrescine Incorporation Assay 
 

Sample Background Control 

Reagent Vol (μl) Reagent Vol (μl) 

2.5mM CaCl2 10 EDTA 10 

3.8mM dithiothreitol 10 3.8mM dithiothreitol 10 

[1,4, 14C] putrescine 10 [1,4, 14C] putrescine 10 

N,N’ Dimethylcasein 20 N,N’ Dimethylcasein 20 



Figure 3.2 Schematic Diagram of the Transglutaminase Activity Assay 
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Figure 3.2 [Step1] 50μl of cell lysate, tissue homogenate or media is added to reaction mix containing 14C-putrescine and the TG substrate N’N 
dimethyl casein. [Step2] 10μl of reaction mix is dotted onto 1cm2 filter paper squares. [Step3-5] Filter papers are washed sequentially with 5% TCA, 
1:1 acetone: ethanol and acetone to remove non-incorporated label and air dried. [Step 6] Incorporation of 14C-putrescine into N’N dimethylcasein 
(TG activity) is measured by scintillation counting.  
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3.3.7.2 Detection of in situ transglutaminase activity 

Determination of in situ TG activity was performed on cryostat sections (section 3.3.5) 

by Dr Richard Jones at Nottingham Trent University. Unfixed sections were incubated with 

fluorescein (FITC) cadaverine (Molecular Probes, Eugene, OR, USA) in 50mM Tris-HCl 

pH7.4 containing either 10mM CaCl2 or 10mM EDTA (negative control) for 1 hour at 37oC. 

Sections were washed, fixed in 100% methanol for 10 mins and blocked for 1 hour at room 

temperature with 3% (w/v) bovine serum albumin, 0.01% (v/v) triton X-100 in PBS, pH 7.4 

containing 5% (v/v) goat serum. After washing, sections were incubated with mouse anti-

FITC antibody (Sigma) overnight at 4oC and probed with goat anti-mouse Cy5-conjugated 

antibody (Stratech Scientific, Luton, UK) for 1 hour at room temperature. Sections were 

visualised using confocal microscopy (Leica CLSM confocal laser microscope) using an 

argon/krypton laser adjusted to 647nm and 488nm for both Cy5 and FITC emissions. Semi-

quantitation of activity was obtained using the mean Cy5 emissions per field (mV/μm2) from 

at least ten 200x magnification fields.  
 

3.3.7.3 Detection of transglutaminase by western blot 

Transglutaminase antigen levels were measured by immuno-probing of Western blots. 

Cell lysates were separated on a 10 % (w/v) polyacrylamide denaturing gel by SDS-PAGE 

and proteins electroblotted for 30 mins at 15V onto Hybond C membrane as described in 

sections 3.3.6.1 and 3.3.6.2.  Membranes were blocked overnight at 4oC with 5% (w/v) non- 

fat milk protein (Marvel) in 1 x TBST followed by probing with monoclonal mouse anti-

transglutaminase antibody (TG100, Neomarkers, Freemont, CA, USA) in TBST at 1:750 

dilution. Following 3 washes with TBST, primary antibody was revealed with goat anti-

mouse HRP (Dako) in TBST at 1:1000 dilution. Transglutaminase bands were visualised 

using ECL chemiluminescence and quantified by volume densitometry as described in section 

3.3.6.3. Typical exposure times for the visualisation of TG2 bands were 10-20 seconds.  
 

3.3.7.4 TG2 immunocytochemistry 

Cells were plated at 0.5 x 106 on 22mm2 coverslips and allowed to attach overnight at 

37oC prior to staining. The media was removed and cells washed twice gently with 1 x PBS. 

Cells were fixed in 100% methanol for 20 mins at room temperature. After fixing, cells were 

washed 3 x 5 mins with 1xPBS/1% (v/v) tween 20 (PBST) and the cells permeabilised with 

0.1% triton in PBS for 5 mins at room temperature. Following 3 x 5 min washes with PBST, 

endogenous peroxidase was quenched with 3% H2O2 in PBS for 5 mins at room temperature. 

Cells were washed a further 3 x 5 mins with PBST and blocked with 150μl of horse serum 

(ABC Vectastain Kit, Vector Labs) in 10mls of 0.1% BSA/PBS for 30 mins at room 
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temperature. The block was rinsed off in PBST and incubated for 1 hour at room temperature 

with mouse monoclonal TG2 antibody (TG100, Neomarkers) at 1:200 dilution in blocking 

solution. Cells were then washed 3 x 5 mins with PBST and incubated with 50μl biotinylated 

anti-mouse IgG (ABC Vectastain kit) in 10mls of 0.1% BSA/PBS for 30 mins at room 

temperature. Following secondary antibody probing, cells were washed for 3 x 5 mins with 

PBST and incubated for 30 mins with ABC reagent at room temperature. Cells were washed 

for 3 x 5 mins and incubated with AEC substrate (Vector Labs) for 10 mins at room 

temperature followed by 2 washes with distilled water and counterstaining with haematoxylin 

solution (Gill’s no 2, Fisher Scientific, Loughborough, UK) for 2 mins. Coverslips were 

mounted using glycergel (Dako) and staining visualised on an Olympus BH-2 microscope.   
 

3.3.7.5 Extracellular TG activity of cultured cells 

Extracellular TG activity was determined by modified cell ELISA as described 

previously by Verderio et al., 1998. Cells were plated at a density of 8x104 cells/well in serum 

free medium onto a 96 well plate that had been coated overnight with 100μl/well of 5μg/ml 

fibronectin (Sigma) in 50mM Tris-HCl pH 7.4. Cells were allowed to attach for 2.5 hours at 

37oC in the presence of 0.1mM biotin cadaverine [N-(5 amino pentyl biotinamide) 

trifluoroacetic acid] (Molecular Probes, Eugene, OR, USA). Plates were washed twice with 

3mM EDTA/PBS and cells removed by incubating for 20 mins at 37oC with 0.1% (w/v) 

sodium deoxycholate in 5mM EDTA/PBS. The supernatant was collected and used for protein 

determination. The remaining deoxycholate insoluble material was washed 3 times with 

50mM Tris-HCl. Incorporated biotin cadaverine was revealed with 1:5000 dilution of 

extravidin HRP conjugate (Sigma) for 1 hour at room temperature followed by 30 mins with 

TMB (3,3’,5,5’-tetramethylbenzidine) substrate (Sigma). The reaction was stopped with 50μl 

2.5M H2SO4 and the absorbance read at 450nm (Multiskan Ascent, Thermo Labsystems). The 

principle stages of the assay are represented in figure 3.3a 
 

3.3.7.6 Extracellular TG2 antigen expression by cultured cells 

Extracellular TG2 antigen was determined using a modified cell ELISA as described 

previously (Verderio et al., 1998, Skill et al., 2004). Cells were seeded at a density of 8 x 

104/well of a 96 well plate in serum free medium and allowed to attach for 3 hours. After 3 

hours, the media was changed to complete media and extracellular TG2 detected by 

incubating cells with 100μl of 1:1000 dilution of anti-TG2 monoclonal antibody Cub 7402 

(Stratech Scientific) overnight at 37oC. A parallel plate was used to correct for protein by the 

Lowry assay (section 3.3.9.2). Media was removed, cells washed gently once with PBS pH 

7.4 and the PBS discarded. Cells were fixed with 4% (w/v) paraformaldehyde (Sigma) in PBS  



Figure 3.3 Principle Steps of the Extracellular TG Activity and Extracellular TG2 Antigen Assays  
 
a) Extracellular TG activity  
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Figure 3.3 a) Extracellular TG activity was determined in cultured cells by the TG mediated incorporation of biotin cadaverine into fibronectin. 
b) Extracellular TG2 antigen levels were determined in cultured cells by incubation with the anti-TG2 antibody CUB7402 and antibody binding 
revealed with anti-mouse HRP. DC= sodium deoxycholate, Ro= room temperature, 1o = primary antibody, 2o= secondary antibody.  
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for 15 mins at room temperature and washed 3 times with PBS prior to blocking with 5% non-

fat dried milk in PBS for 30 mins at room temperature. Primary antibody binding was 

revealed with 100μl/well of 1:1000 dilution of goat anti-mouse HRP (Dako) in blocking 

solution for 2 hours at room temperature using a TMB substrate. The reaction was stopped 

with 50μl 2.5M H2SO4 and the absorbance read at 450nm. The principle stages of the assay 

are represented in figure 3.3b.   
 

3.3.8 Detection of ε(γ-glutamyl) lysine crosslink 

3.3.8.1 Immunofluorescence 

Cells were plated at a density of 1x 106 cells on 22mm2 glass coverslips and cultured for 

48 hours prior to staining for ε(γ-glutamyl) lysine crosslink. After 48 hours, the media was 

removed and cells gently washed with PBS for 5 mins. Cells were fixed in ice-cold methanol 

for 10 mins at room temperature. Coverslips were air dried for 10 mins at room temperature 

followed by re-hydration for 10 mins with PBS. After a further wash with PBS, coverslips 

were incubated in PBS at 42oC for 10 mins to open up the epitopes.  Blocking was performed 

using 5% (w/v) BSA in PBS for 30 mins at room temperature. ε(γ-glutamyl) lysine was 

detected by incubating overnight with mouse monoclonal anti ε(γ-glutamyl) lysine antibody 

(Clone 153-81D4, Covalab, Lyon, France) at 1:50 dilution in blocking solution. Primary 

antibody binding was revealed by incubation with anti-mouse FITC (Dako) at 1:50 dilution in 

blocking solution for 30 mins at room temperature. Cells were washed and mounted with 

Vectashield fluorescent mount containing DAPI (Vector Labs). Fluorescence was visualised 

using an Olympus BX61 microscope at 494nm with excitation at 518nm.  
 

3.3.8.2 Cation exchange chromatography 

ε(γ-glutamyl) lysine crosslink levels were determined in tissue samples subjected to 

exhaustive proteolysis using a method originally described by Griffin and Wilson (Griffin and 

Wilson, 1984) and was performed by Dr Richard Jones at Nottingham Trent University.  
 

Approximately 10mg of protein was precipitated from a 20% (w/v) tissue homogenate 

(section 3.3.1) by adding TCA to a final concentration of 10% (w/v). After rehydration in 

0.1M ammonium carbonate, extracted proteins were subject to exhaustive proteolytic 

digestion with subtilisin (EC 3.4.21.61, Sigma), pronase (EC 3.4.24.31, Sigma), activated 

leucine amino peptidase (EC 3.4.11.2, Sigma), activated prolidase (EC 3.4.14.9, Sigma) and 

carboxypeptidase Y (EC 3.4.16.1, Sigma). Samples were then freeze dried and resuspended in 

0.1 N HCl and stored at -20oC. The amount of ε(γ-glutamyl) lysine in the tissue digests was 

analysed by cation exchange chromatography using an LKB 4151 amino acid analyser 
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(Pharmacia, Cambridge, UK) by a modification of a lithium citrate buffer method (Griffin and 

Wilson, 1984). Separation of ε(γ-glutamyl) lysine was achieved using Ultrapac 8 cation 

exchange resin (8 ± 0.5μm particle size) at a constant temperature of 25oC and a stepwise 

gradient of increasing molarity and pH of lithium citrate buffers. The detection of amino acids 

and peptides was undertaken by a post column reaction with 600mg/litre o-

phthaldehyde/5ml/litre 2-mercaptoethanol and the fluorescence was observed at 450nm after 

excitation at 360nm using an LS1 detector (Perkin Elmer). Quantitation was achieved by 

computer integration of the chromatograms obtained using a Nelson 9000 A-D integrator and 

software (Nelson Analytical, Cupertino, CA, USA). The amount of ε(γ-glutamyl) lysine in 

each sample was quantified by standard addition of 1 nmol of ε(γ-glutamyl) lysine di-peptide.  

 

3.3.9 Quantitation of protein 

3.3.9.1 Bicinchoninic acid assay 

Total protein was determined in solubilised cells and ECM collected from ECM 

deposition studies using a modification of the bicinchoninic acid assay (Gates, 1991). 
 

 Cells were solubilised for 10 mins with 2 mls of 0.25M (v/v) ammonium hydroxide in 

50mM Tris pH 7.4. This was collected and the protein allowed to precipitate at -20oC. 

Samples were thawed and centrifuged at 10,000 x g (Jouan MR22i, 24 x 1.5ml rotor) for 15 

mins to produce a protein pellet. The supernatant was discarded and the protein pellet 

resuspended in 100 μl per sample of 0.1M NaOH/2% (w/v) SDS. To facilitate solubilisation 

of the protein, samples were boiled for 5 mins and pipetted gently to resuspend. A standard 

curve was prepared of 0, 0.4, 0.8, 1.2, 1.6, 2.0 mg/ml BSA in distilled water. A volume of 1ml 

of BCA working solution [(25 parts solution A (1% bicinchoninic acid, 2% sodium carbonate, 

0.16% sodium tartrate, 0.4% sodium hydroxide, 0.95% sodium hydrogen carbonate): 1 part 

solution B (4% copper sulphate)] was added to samples and standards and all tubes vortexed 

prior to incubation at 37oC for 30 mins. 200μl of standards and samples were pipetted in 

duplicate into a 96 well plate and the optical density read at 600nm (Multiskan Ascent, 

Labsystems). Protein concentrations were calculated using Genesis version 3 software 

(Labsystems).  
 

3.3.9.2 Lowry assay 

Total protein was determined in cell lysates and rat urine using a modification of the 

Lowry method (Lowry et al., 1951).  A standard curve of 0, 0.4, 0.8, 1.2, 1.6 and 2.0mg/ml 

BSA in PBS was used. Samples were diluted 1:10 with PBS. 100μl of 2% (w/v) SDS in 

distilled water was added to samples and standards. Tubes were vortexed prior to the addition 



 83

of 1ml of Folin’s reagent [49 parts solution A (0.4% sodium hydroxide, 2% sodium carbonate, 

0.02% sodium tartrate): 1part solution B (0.5% copper sulphate)]. Tubes were vortexed again 

and incubated at room temperature for 20 mins. 100μl of Folin and Ciocalteu reagent (Sigma) 

that had previously been diluted 1:1 with distilled water was added to each tube. Samples 

were vortexed and incubated at room temperature for 20 mins. 200μl of each sample was 

transferred to a 96 well plate and the optical density read at 750nm (Multiskan Ascent, 

Labsystems). Protein concentrations were calculated using Genesis version 3 software 

(Labsystems).  

 
3.4 Molecular Biology Techniques 

3.4.1 Expression vectors/ TG2 cDNA  

The pCIneo vector (figure 3.4a) was obtained from Promega, UK. The pSG5 expression 

vector (figure 3.4b) and the pSVneo resistance vectors were obtained from Stratagene, La 

Jolla, CA, USA. The 3.3kb TG2 cDNA corresponding to the 2.1kb coding region of human 

TG2 (Gentile et al., 1991) plus 1.2kb of upstream non coding sequence was ligated into these 

vectors to produce the 8.7kb pCIneo-htg and the 7.4kb pSG5-htg expression vectors. TG2 

cDNA and the pSG5-htg expression vector were a kind gift from Dr Peter Davies (University 

of Texas, Houston, TX, USA).  
 

3.4.2 Preparation of expression vector pCIneo-htg 

3.4.2.1 Linearisation of pCIneo plasmid 

A restriction enzyme digest was prepared containing 30μg of pCIneo plasmid, 36U 

EcoRI (12U/μl, Oncor Appligene, Durham, UK), 5μl Buffer III (10x stock, Oncor Appligene) 

and 7μl ultra-pure water. This was incubated at 37oC for 2 hours and the digestion stopped by 

heating for 15 mins at 65oC. Successful digestion was determined by running 1μg of digested 

plasmid on a 1% (w/v) agarose gel as described in section 3.4.7.  
 

3.4.2.2 Ligation of pCIneo and 3.3kb transglutaminase cDNA 

A ligation reaction was set up containing 200ng of pCIneo vector (8μl), 375ng (1μl) of 

the 3.3 kb TG2 cDNA, 2.1 units (0.7μl) of T4 DNA ligase (Promega) and 2μl of 10x ligase 

buffer (Promega) and 1μl of calf intestine alkaline phosphatase (CIAP,  dephosphorylates 5’ 

ends). This was made up to a final volume of 20μl with nuclease-free water and kept at 4oC 

overnight to allow ligation to occur.  
 

3.4.3 Bacterial transformation 

The DH5α Escherichia Coli (E.Coli) bacterial strain was used for transformation and 
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competent bacteria prepared using a procedure based on the Hanrahan method (Hanrahan, 

1983). 
 

15ng (0.5μl) of ligated pCIneo-htg plasmid was added to competent bacteria and placed 

on ice for 30 mins. The bacteria were heat shocked at 42oC for 90 seconds and immediately 

transferred to ice for 2 mins. 800μl of SOC medium (2% (w/v) Peptone 140, 0.5% (w/v) yeast 

extract, 10mM NaCl, 2.5mM KCl, 40mM D-glucose, 20mM Mg2+) was added at room 

temperature and the culture incubated at 37oC for 1 hour with shaking at 200rpm. 1μl, 10μl 

and 100μl aliquots of transformed bacteria were plated onto LB agar containing 50μg/ml of 

ampicillin as a selection agent. Plates were incubated overnight at 37oC to allow the formation 

of discrete colonies. A single colony of transformed bacteria was used to inoculate 5mls of 

LB medium [1% (w/v) Bacto-tryptone, 0.5% (w/v) yeast extract, 1% NaCl, 0.5% (v/v) 

NaOH] containing 50μg/ml of ampicillin. The culture was incubated at 37oC overnight with 

shaking at 250rpm. 850μl of this culture was added to 150μl of sterile glycerol, mixed by 

vortexing and stored at –80oC. The remainder of the culture was used to prepare a small scale 

plasmid preparation to verify successful transformation.  
 

3.4.4 Small scale plasmid preparation 

Small scale plasmid preparation was performed using the Wizard™ Miniprep DNA 

purification system (Promega) as per the manufacturer’s instructions. 
 

3.4.5 Large scale plasmid preparation 

Large scale purification of pCIneo and pCIneo-htg plasmid DNA was performed using 

the Wizard™ Maxiprep DNA Purification System (Promega) as per the manufacturer’s 

instructions.  
 

3.4.6 Ethanol precipitation of the plasmid 

0.1 volumes of 4M sodium acetate was added to the vector along with an equal volume of 

100% ice cold ethanol. This was placed at –20oC overnight then centrifuged at 12,000 x g for 

15 mins (Jouan MR22i, 24 x 1.5ml rotor). The subsequent pellet was re-suspended in 1ml of 

endonuclease free 70% ethanol and vortexed. This was centrifuged at 8,000 x g for 5mins 

(Jouan MR22i). The supernatant was removed and the sample centrifuged again at 8,000 x g 

for 1 min. The remainder of the supernatant was removed and the DNA pellet re-suspended in 

sterile water. The DNA concentration was determined by 260nm/280nm ratio. 

 

 

 



Figure 3.4 Expression Vector Plasmid Maps 

 

a) pCIneo 

 
 

b) pSG5 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 (a) The pCIneo expression vector carries the human cytomegalovirus (hCMV) 
promoter/enhancer to promote constitutive expression of cDNA inserts and the neomycin 
phosphotransferase gene as a selectable marker. (b) The pSG5 expression vector carries the 
T7 bacteriophage promoter which facilitates the in vitro expression of cloned cDNA but lacks 
the neomycin gene and requires transfection with the resistance vector pSVneo for selection. 
pCIneo-htg and pSG5-htg were constructed by inserting the full length human TG2 cDNA 
into the EcoR1 site within the multiple cloning region in a sense orientation.  
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3.4.7 Agarose gel electrophoresis 

All DNA was separated on a 1% (w/v) agarose gel prepared in 1x TAE buffer (diluted 

from a 50x stock containing 2M Tris, 5% (v/v) glacial acetic acid, 0.05M EDTA, pH8.0) 

Ethidium bromide was added to a final concentration of 0.5μg/ml prior to pouring. 1μg of 

DNA was mixed with 6x DNA loading dye [10% (w/v) ficoll 400, 0.25% (w/v) bromophenol 

blue, 0.25% (v/v) xylene cyanol FF, 0.4% orange G, 10mM Tris-HCl pH 7.5 , 50 mM EDTA 

(Promega)] and the mixture loaded onto the gel. 7.5μl of 1kb DNA marker (Promega) was 

loaded and the gel electrophoresed at 100V until the bromphenol blue front had run ¾ of the 

length of the gel. The DNA was visualised on a transilluminator. 
 

3.4.8 Northern blotting 

3.4.8.1 cDNA probes 

The preparation of cDNA probes for use in the Northern blot analysis was performed 

previously as described in (Douthwaite et al., 1999). Specific random primed DNA probes 

were labelled from the following DNA sequences: mouse tissue transglutaminase (Johnson et 

al., 1997), rat collagen (α1) I (Vuorio et al., 1987), rat collagen (α1) III (Virolainen et al., 

1995), human collagen (α1) IV (Kurkinen et al., 1987), rat fibronectin (Schwarzbauer et al., 

1983), rat interstitial collagenase (MMP-1) (Quinn et al., 1990), rat gelatinase A (MMP-2) 

(Marti et al., 1993), rat gelatinase B (MMP-9) (Quinn et al., 1990), rat TIMP-1 (Iredale et al., 

1996), rat TIMP-2 (Cook et al., 1994) and human TIMP-3 (Uria et al., 1994).  
 

3.4.8.2 RNA extraction 

Total RNA was extracted using Trizol™ (Life Technologies). For tissue samples, 100-

200mg of tissue was homogenised on ice in 2ml of Trizol™ reagent until completely 

homogenised. For cell samples, a confluent T75 flask of cells that had previously been 

washed twice with 1 x PBS was immersed in 2 mls of Trizol™ reagent and the cells lysed by 

passing through a small guage needle. Typically, 2 T75 flasks were pooled to gain enough 

RNA for analysis. RNA was phase separated by the addition of 400μl of chloroform 

(200μl/ml of Trizol™), the tubes capped and shaken vigorously by hand for 15 secs. Samples 

were incubated at room temperature for 2-3 mins and centrifuged at 12,000 x g (Jouan 

MR22i, 10 x 10ml rotor) for 15 mins at 4oC. The upper aqueous layer containing RNA was 

removed and transferred to a fresh tube. To this was added 1ml of isopropanol (0.5ml/ml of 

Trizol™) and samples incubated at 4oC for at least 30 mins or stored overnight at –20oC. 

Samples were then centrifuged at 12, 000 x g (Jouan MR22i, 10 x 10ml rotor) for 10 mins at 

4oC. The supernatant was discarded and the RNA pellet washed with 2mls of 70% ethanol 

with vortexing to loosen the pellet. Samples were centrifuged at 7,500 x g (Jouan 



 87

MR22i, 10 x 10ml rotor) for 5 mins at 4oC and the wash procedure repeated. The supernatant 

was removed and the pellet air dried. RNA pellets were resuspended in a small volume of 

DEPC (diethylpyrocarbonate)-treated water and incubated for 10 mins at 65oC to ensure that 

the pellet was completely dissolved. Concentration and purity of the RNA was assessed by 

scanning spectrophotometer at 260nm and 280nm. 
 

3.4.8.3 Electrophoresis of RNA/capillary blotting 

Twenty micrograms of total RNA was separated on a 1.2% (w/v) agarose/ 4-

morpholinepropanesulphonic acid (MOPS)/ 2% (v/v) formaldehyde gel. The desired amount 

of RNA was transferred to a fresh tube to which was added an equal volume of sample buffer 

(ethidium bromide, deionised formamide, 10 x MOPS, 37% formaldehyde, DEPC H20, 30% 

Ficoll, 10mM EDTA and 0.05% (w/v) bromophenol blue). Samples were incubated at 65oC 

for 15 mins to abolish secondary structure prior to loading. Gels were electrophoresed at 100V 

until the bromophenol blue dye front had travelled ¾ the length of the gel. The loading and 

integrity of the RNA was verified by viewing the gel under ultraviolet light on a 

transilluminator.  
 

RNA was transferred to Hybond N nylon membrane (Amersham) by capillary blotting 

with 20 x SSC (3.0M NaCl, 0.3M sodium citrate pH 7.0). A wick was prepared using filter 

paper that was soaked in SSC and extended into a tray containing 1 litre of SSC. Onto this 

was placed the inverted gel that had previously been rinsed in 20 x SSC. A pipette was used to 

roll out any air bubbles and a piece of pre-soaked Hybond N placed over the gel. This was 

covered with 2 pieces of pre-soaked Whatmann 3MM filter paper, a 10-15cm stack of 

absorbant paper towels and finally weighted with approximately 1kg. Transfer was allowed to 

occur overnight. After overnight transfer, the blot was dismantled, the nylon membrane dried 

between 3MM filter papers at 80oC for 10 mins and the RNA fixed by UV irradiation 

(70mJ/cm2) using a UV crosslinker (Amersham).  
 

3.4.8.4 Hybridisation of membranes 

Purified cDNA probes (section 3.4.8.1) were random primed with 32P-labelled dCTP 

(3000 Ci/mmole, Amersham) using the Prime-a-Gene system (Promega). A mixture was set 

up containing 12.5ng of cDNA template, 5μl labelling buffer, 1μl each of dATP, dGTP and 

dTTP and the mixture made up to 15μl with DEPC H2O. The mixture was heated at 100oC for 

3 mins and placed on ice to denature the DNA. To this was added 1μl BSA, 1μl Klenow 

fragment and 25μCi [α-32P] dCTP and the reaction allowed to proceed at room temperature 

for 3 hours. Unincorporated nucleotides were removed by passing the probe through a 

Sephadex G50 Nick column™ (Pharmacia, Uppsala, Sweden). 
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Membranes were pre-hybridised by incubating for 5 mins at 68oC with 6 x SSC followed 

by 30 mins at the same temperature with pre-hybridisation buffer (Amersham).  After 30 mins 

the probe was added and hybridisation allowed to proceed for either 1 hour or overnight at 

68oC. Membranes were then washed with 2 x SSPE [3.6M NaCl, 0.2M NaH2PO4, 0.02M 

EDTA, pH7.4 /0.5% SDS] (room temperature, 4 washes) followed by 0.2 x SSPE/0.5% SDS 

(50oC, 2 washes). Membranes were dried between 3MM filter paper and exposed to Kodak 

Biomax MS film for up to 7 days with intensifying screens. Developed films were analysed 

by volume densitometry using the Biorad GS-690 scanning densitometer and Multi-Analyst 

Version 3.2. Loading was corrected by reference to the housekeeping gene cyclophilin.  
 

In the case of re-probing, the membranes were stripped with boiling 0.1% SDS in DEPC 

H20, with shaking until the SDS had cooled, dried and stored between clean 3MM filter 

papers.  

 
3.5 ECM Quantitation 

3.5.1 Quantitation of total ECM protein 

3.5.1.1 3H-Amino acid incorporation 

Cells were seeded in 100mm2 Petri dishes at a density of 3.75x106  per dish  or in 6 well 

plates at a density of 1 x 10 6  per well.  Deposited ECM was labelled by the addition of 20μCi 

of 3H amino acid mixture (Amersham) at the time of plating prior to the recovery and analysis 

of ECM as described in section 3.5.2.1. 
 

3.5.2 Collagen determination  

3.5.2.1 3H-Proline incorporation  

Cells were seeded at a density of 3.75x106/100mm2 petri dish or 1x 106/well of a 6 well 

plate. Deposited collagens were labelled by the addition of 10μCi (6 well plate) or 20μCi 

(10cm2 dish) of 3,4 H proline (1.0mCi /ml, ICN Biomedicals, Morgan Irvine, CA, USA) at the 

time of plating.  After 72 hours the media was removed and cells washed once for 5 mins with 

1x PBS.  Cells were then removed with 0.25M ammonium hydroxide in 50mM Tris pH 7.4 at 

37oC for 10 mins.  The soluble fraction was collected and protein concentration determined 

using the bicinchoninic acid assay as described in section 3.3.9.1. The dishes were washed 

extensively with increasing volumes of PBS before the ECM was solubilised with 2.5% (w/v) 

SDS in 50mM Tris pH6.8 for 1 hour at 37oC.  The dish was scraped to ensure complete 

removal of the ECM and 200μl measured for radioactivity in a Rack-beta liquid scintillation 

counter (Packard Instruments). The principle of this assay is outlined in figure 3.5. 

 



Figure 3.5 Principle of ECM Quantification by 3H labelling 

 

 OK/ 1097 Cell 
[1] Plate Cells (3.75 x106)  

[2]  Label 72 hours with 3H 
proline (collagen) or 3H 
amino acids (total ECM) 

3H Labelled Cells/ECM 

[3]  Wash extensively with PBS 
[4]  Remove cells with 0.25M 

NH4OH 
  

Labelled ECM 
remains on the plate 

[5] Solubilise ECM for 1 hour @ 37oC 
[6] Scrape off ECM 
  

[7] Scintillation count 

Figure 3.5 Total ECM and total collagen levels were determined in cell derived ECM in 
vitro by labelling with 20μCi of 3H-amino acid mixture (total ECM) or 20μCi of 3H- 
proline (total collagen). Cells were solubilised with 0.25M ammonium hydroxide 
(NH4OH) and the remaining ECM recovered. Incorporation of label into the ECM was 
measured by scintillation counting.  
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3.5.2.2 Hydroxyproline analysis by gas liquid chromatography 

3.5.2.2.1 Deoxycholate- insoluble ECM 

 Cells were seeded at 3.75 x 106 in 100mm2 petri dishes for 72 hours prior to the removal 

of cells with 0.1% (w/v) deoxycholate-2mM EDTA for 10 mins at 37oC.  The remaining 

deoxycholate-insoluble ECM proteins were partially digested with 0.2mg/ml trypsin/1mM 

EDTA, scraped off and freeze dried. The deoxycholate-insoluble ECM was acid hydrolysed 

in 6N HCl overnight at 110oC in an oxygen-free environment. After freeze drying and re-

suspending in H2O, the hydrolysates were assayed for hydroxyproline by Gas 

Chromatography using a 9890N Network GC system (Agilent Technologies, Queensferry, 

West Lothian, UK), by Dr Richard Jones at Nottingham Trent University. Hydroxyproline 

content was measured against internal amino acid standards.  
 

3.5.2.2.2 Tissue homogenates 

10% kidney homogenates (section 3.3.1) were hydrolysed overnight in 6M HCl at 110°C 

in an oxygen free environment and amino acids recovered using the EZ:Fast amino acid 

analysis kit (Phenomenex, Torrance, CA, USA) according to the manufacturer’s instructions.  

The amino acid and hydroxyproline content was measured against internal amino acid 

standards by Gas Chromatography using a 9890N Network GC system (Agilent 

Technologies) which was performed by Dr Richard Jones at Nottingham Trent University.   

 

3.5.2.3 Collagen immunofluorescence in vitro 

Cells were plated at a density of 0.5x 106 cells on 22mm2 glass coverslips and cultured 

for 72 hours prior to collagen staining. After 72 hours, the media was removed and cells 

gently washed with PBS for 5 mins. Cells were fixed in methanol for 10 mins at room 

temperature. Coverslips were air dried for 10 mins at room temperature followed by re-

hydration for 10 mins with PBS. Blocking was performed using 5% (w/v) BSA in PBS for 30 

mins at room temperature. Collagens were detected by incubating overnight with either mouse 

monoclonal anti-Collagen I at 1:50 dilution (Abcam, Cambridge, UK), goat anti-collagen III 

polyclonal (Southern Biotech, Birmingham, AL, USA) at 1:10 dilution or rabbit anti-Collagen 

IV polyclonal (ICN, Irvine, CA, USA) at 1:35 dilution in blocking solution (table 3.5). 

Primary antibody binding to tubular collagens was revealed by incubation with FITC 

conjugated anti-mouse IgG (Dako) at 1:50 dilution (Collagen I), FITC conjugated anti-goat 

IgG (Dako) at 1:50 dilution (Collagen III) or TRITC conjugated anti-rabbit IgG (Dako) at 

1:40 dilution (Collagen IV) in blocking solution for 30 mins at room temperature. Primary 

antibody binding to mesangial collagens was revealed by incubation the same secondary 

antibodies except for collagen IV which was detected with Cy5 conjugated anti-rabbit IgG.  
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Cells were washed and mounted with Vectashield fluorescent mount containing DAPI 

(tubular epithelial cells) (Vector Labs) or propridium iodide (mesangial cells). Tubular cell 

fluorescence was visualised using an Olympus BX61 microscope at 527nm with excitation at 

541nm (TRITC) and 494nm with excitation at 518nm (FITC). Mesangial cell fluorescence 

was visualised using confocal microscopy (Leica CLSM confocal laser microscope) using an 

argon/krypton laser adjusted to 647nm and 488nm for both Cy5 and FITC emissions.  

Collagen immunofluorescence was quantified by multiphase image analysis as described in 

detail in section 3.5.2.6 
 

3.5.2.4 Immunohistochemical analysis of ECM in paraffin sections 

Immunohistochemistry for Collagen III, IV and fibronectin was performed on paraffin 

embedded sections prepared by the Histology Department, Northern General Hospital, 

Sheffield, UK.  
 

Paraffin sections were de-waxed by incubating in xylene for 10 mins followed by graded 

alcohols (100% for 5 mins, 90% for 5 mins, 75% for 5 mins and 50% for 5 mins) then washed 

for 5 mins in distilled water. After washing for a further 10 mins with PBS, endogenous 

peroxidase was quenched with 3% H2O2 in methanol for 10 mins. Sections were washed again 

for 10 mins with PBS followed by treatment with basic tissue unmasking fluid (TUF, Zymed 

Labs, San Francisco, CA, USA) at 92oC for 10 mins and were allowed to cool to room 

temperature. Sections were washed with PBS twice for 5 mins and subjected to trypsin digest 

(Zymed “Digest all 2” solution) for 15 mins at 37oC. Sections were washed twice with PBS 

and blocked for 30 mins in blocking solution containing 5% serum in 0.1% BSA/PBS. After 

blocking, sections were incubated with primary antibody overnight at 4oC in 1% BSA/PBS 

according to dilutions set out in table 3.5. Sections were then incubated twice for 5 mins in 

0.1% IGEPAL/PBS followed by 2 x 5 min washes with PBS. Primary antibody binding was 

revealed by incubation with secondary antibody (table 3.5) in 0.1% BSA/PBS for 30 mins at 

37oC. Sections were then washed with 0.1% IGEPAL/PBS twice for 5 mins followed by 2 x 5 

min washes with PBS. Where biotinylated secondary antibody was used, sections were 

incubated with 1:1000 dilution of extravidin-HRP conjugate for 1 hour followed by washing 

in 0.1% IGEPAL/PBS. Secondary antibody binding was revealed by incubation for 10 mins at 

room temparature with AEC substrate (Vector Labs). Sections were then washed twice for 5 

mins with distilled water followed by 2 washes with PBS and counterstaining with 

haematoxylin (Fisher Scientific) for 5 mins. Sections were washed with distilled water and 

mounted using glycergel (Dako). Collagen immunofluorescence was quantified by multiphase 

image analysis as described in detail in section 3.5.2.6 
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3.5.2.5 Immunohistochemical analysis of collagen I on cryostat sections 

Cryostat sections from snap-frozen tissue were prepared as described in section 3.3.5. 

Sections were incubated for 10 mins in blocking buffer of 1 x PBS/0.1% Tween 20 containing 

3% BSA, 5% rabbit serum, 10mM EDTA, 1mM leupeptin, 1mM benzamidine and 1mM 

PMSF. After 10 mins, the blocking solution was replaced and this step repeated twice. The 

sections were then blocked for a further hour at room temperature with fresh blocking 

solution. Collagen I was detected by incubation with 1:50 goat polyclonal Collagen I antibody 

(table 3.5) in blocking solution overnight at 4oC. The sections were then washed gently in 

washing solution [1 x PBS/0.1% Tween 20 containing 3% BSA 10mM EDTA, 1mM 

leupeptin, 1mM benzamidine and 1mM PMSF] for 3 x 5 mins. Primary antibody binding was 

revealed by incubation with 1:100 rabbit anti-goat HRP secondary antibody diluted in 

washing solution for 1 hour at room temperature. Sections were then washed for 3 x 5 mins in 

washing solution prior to incubation with AEC substrate for 15 mins at room temperature. 

Sections were then washed for 3 x 5 mins with 1 x PBS and counterstained with haematoxylin 

for 5 mins. Sections were fixed with 4% paraformaldehyde/PBS for 10 mins, washed once 

with PBS and mounted with glycergel. Collagen immunofluorescence was quantified by 

multiphase image analysis as described in detail in section 3.5.2.6 

 

Table 3.5 Antibodies Used in Immunohistochemical Analysis of ECM 

 
 

Antibody Used Serum in 
blocking 

step 

Primary Antibody Secondary 
Antibody 

Collagen I (Santa 
Cruz SC8784) 

Rabbit 1:50 Col I goat pAb 1:100 rabbit anti- 
goat HRP  

Collagen III 
(Southern Biotech 
1330-01) 

Rabbit 1:10 Coll III goat 
pAb 

1:400 anti-goat 
biotinylated  

Collagen IV (ICN 
10760) 

Goat 1:35 Col IV rabbit 
pAb  

1:500 goat anti-
rabbit 
biotinylated  

Fibronectin 
(Sigma F6140)  

Goat 1:50 fibronectin 
mouse mAb  

1:100 goat anti-
mouse HRP  

  

 
Table 3.5 Collagen I immunohistochemistry was performed on cryostat sections (3.5.2.5). All 
other immunohistochemistry was performed on paraffin sections (3.5.2.4). mAb=monoclonal 
antibody, pAb=polyclonal antibody, HRP=Horse Radish Peroxidase. 
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3.5.2.6 Multi-phase image analysis of ECM 

Multi-phase image analysis utilises a pseudo-colour overlay system in which areas of a 

slide can be differentiated by the assignment of representative colours or phases. The area 

covered by each phase as defined by upper and lower wavelength thresholds and intensity 

settings can then be quantified by image analysis software to give a percentage area value. A 

typical example of phase selection is shown in figure 3.6.  

 
Multi-phase analysis was performed on cells cultured on 22mm2 coverslips and immuno-

probed for ECM collagen (section 3.5.2.3), paraffin sections stained for components of the 

ECM (3.5.2.4) cryostat sections stained for collagen I (3.5.2.5) and for the assessment of renal 

scarring by Masson’s Trichrome staining (section 3.6.7). 
 

3.5.2.6.1 Selection of fields 

To quantify the degree of collagen and ECM staining, ten random non-overlapping fields 

at 400x magnification were acquired from each coverslip or section using a CC-12 digital 

camera controlled by Analysis 3.2TM software (Soft Imaging Systems, Muenster, Germany) 

on an Olympus BX 61 microscope. For determination of tubulointerstitial scarring, ten non-

overlapping cortical fields were acquired at 100x magnification to ensure complete coverage 

of the cortex and 10 glomeruli at 400x magnification.  
 

3.5.2.6.2 Phase selection  

For each field, the degree of positive staining was assessed by carrying out multi-phase 

analysis with 3 phases [phase 1 (positive stain), phase 2 (nuclei and/or cytoplasm) and phase 3 

(no stain) ] using Analysis 3.2 TM software (Soft Imaging Systems) ensuring that total phase 

coverage was in excess of 95% of the slide or section. Overlay colours were chosen for each 

representative phase that were deliberately in contrast to that of the original staining to aid the 

setting of phase thresholds. For in vitro analysis of the ECM, phases were represented by: 

yellow (collagen/ECM), pink (DAPI stained nuclei) and blue (no stain or background). For 

the in vivo analysis of ECM and the assessment of scarring, phases were represented by: green 

(ECM or scar tissue), yellow (cell cytoplasm/nuclei combined) and blue (tubular 

lumen/vacuolation).  
 

3.5.2.6.3 Quantitation of staining 

For the in vitro analysis of the ECM, the degree of positive staining was determined by 

dividing the % area of phase 1 [yellow (collagen/ECM)] by the % area of phase 2 [pink 

(DAPI stained nuclei) to correct for differences in cell number. Similarly, in vivo analysis of 

ECM staining and tubulointerstitial scarring was determined by dividing the areas represented  



Figure 3.6 Phase Selection for Multi-phase Image Analysis 

 (B) Phase 1  (A) No Phase  
 

 

 

 

 

 
 (C) Phase 2   (D) Phase 3  

 

 

 

 

 

 

 (E) All 3 phases  

 

 

 

 

 
 
 
 
 
Figure 3.6 Example of the various phases used in the analysis of Masson’s Trichrome and 
ECM stained paraffin sections.  (A) Normal Masson’s Trichrome stain. (B) Phase 1 (green) 
representing areas of fibrosis. (C) Phase 2 (yellow) representing cell cytoplasm/ nuclei. (D) 
Phase 3 (blue) representing tubular lumen and vacuolation. (E) Combination of all 3 phases 
with total phase coverage in excess of 95% of the section.  
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by green (ECM or scar tissue) by those represented by yellow (cell cytoplasm/nuclei 

combined) to correct for cell number and tubular dilatation. Glomerulosclerosis was 

calculated by dividing the areas represented by green (ECM or scar tissue) by the blue area 

(no stain) to take account of changes in Bowmans space, hypercellularity and inter-capillary 

area. 

3.5.3 Measurement of ECM deposition rate  

3.5.3.1 ECM labelling in the presence of the MMP inhibitor Galardin  

Cells were plated in 6 well plates at a density of 1x 106 cells/well and labelled for 72 

hours by the addition of 10μCi /well of 3,4 H proline (1.0mCi /ml, ICN) to complete media at 

the time of plating. Duplicate wells were incubated with 10μM of the MMP inhibitor Galardin 

[GM6001,Calbiochem, Nottingham, UK (1mg/ml stock diluted in DMSO)].  After 72 hours, 

the label was removed by extensive washing with PBS. Cells were removed with 0.25M 

ammonium hydroxide and the ECM solubilised with 2.5% SDS/ 50mM Tris pH 6.8. 

Incorporation of 3H proline label into the ECM was determined by scintillation counting.  
 

3.5.4 ECM degradation  

3.5.4.1 Activation of matrix metalloproteinase (MMP) enzymes  

Pro-matrix metalloproteinase 1 (human MMP-1, Biogenesis, Poole UK) and pro-matrix 

metalloproteinase 2 (human MMP-2, Biogenesis) were activated in 1x activation buffer 

containing 5mM Tris, 20mM NaCl, 1mM CaCl2, 0.005% Brij, 0.1μM ZnCl2 pH 7.6 with 

2mM amino phenylmercuric acetate (APMA, Sigma) for 2 hours at 37oC prior to use in 

matrix degradation assays (section 3.5.4.2) and gelatin zymography (section 3.5.4.3).  
 

3.5.4.2 ECM degradation assays 

Cells were plated in 6 well plates at a density of 1x 106 cells/well and labelled by the 

addition of 10μCi of 3,4 H-proline (1.0mCi /ml, ICN) to complete media at the time of plating. 

After 72 hours the media was removed and cells washed with PBS.  Cells were then removed 

with 2mls of 0.25M ammonium hydroxide in 50mM Tris pH 7.4 at 37oC for 10 mins. The 

soluble fraction was collected and protein concentration determined using the bicinchoninic 

acid assay (section 3.3.9.1). The dishes were washed extensively with increasing volumes of 

PBS and the remaining ECM degraded by the addition of 1ml/well of; 20μg/ml trypsin (Life 

Technologies) in PBS, 0.01U/ml Collagenase (from Clostridium histolyticum, Sigma) in 

reaction buffer (0.5M Tris-HCl, 1.5M NaCl, 50mM CaCl2 pH 7.6) or 1μg/ml MMP-1+ 

1μg/ml MMP-2 (Biogenesis) in reaction buffer. MMPs were activated as described in section 

3.5.4.1. Fifty microlitre samples of the supernatant were removed at designated time points  



Figure 3.7 Principle of the ECM Degradation Assay 
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Figure 3.7 The degradation rate of cell-derived ECM was determined by labelling for 72 
hours with 10μCi 3H-proline, cells solubilised with 0.25M ammonium hydroxide (NH4OH) 
and the remaining ECM digested with a range of proteolytic enzymes. The degradation of 
matrix was calculated as a % of total labelled ECM.  
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and radioactivity determined by scintillation counting. At the end of the time course the 

remaining deposited ECM was solubilised as described in section 3.5.2.1. Values were 

corrected to express the data as % degradation of the total 3H-proline labelled ECM. The 

principle of the ECM degradation assay is outlined in figure 3.7. 
 

3.5.4.3 Gelatin zymography  

The successful activation of commercially obtained pro-MMP enzymes and measurement 

of OK cell MMP activity was determined by gelatin zymography. Pro-MMP-1 and MMP-2 

enzymes (Biogenesis) were activated with APMA as described in section 3.5.4.1 and 

electrophoresed on a 10% polyacrylamide non-denaturing gel containing 1mg/ml of gelatin. 

After electrophoresis, gels were placed in 1x activation buffer (5mM Tris, 20mM NaCl, 1mM 

CaCl2, 0.005% Brij, 0.1μM ZnCl2 pH 7.6) for 15 mins at 37oC. The activation buffer was 

replaced and the gel activated overnight at 37oC. The gel was then stained for 1 hour at 37oC 

with Coomassie Brilliant Blue dye followed by de-staining in 10% methanol/10% acetic acid 

for 30 mins at 37o C. The presence of white bands was indicative of enzyme activity. Size of 

MMP bands was confirmed by reference to kaleidoscope pre-stained standards (Biorad).  
 

3.5.4.4 Fluorescent gelatinase assay  

Proteolytic enzyme activity in OK cell media was determined using the EnzChek® 

Gelatinase/Collagenase assay kit (Molecular Probes, Leiden, The Netherlands) A 1mg/ml 

solution of fluorescein-labelled DQ gelatin (in distilled water) was diluted 4 fold in 1x 

reaction buffer (0.05M Tris-HCl, 0.15M NaCl, 5mM CaCl2, 0.2mM sodium azide pH 7.6) to 

give a 25μg/ml solution. 20μl of this solution was diluted with 80μl of reaction buffer in a 

well of a 96 well plate. To test the proteolytic activity of OK cell media, 20μl of media was 

made up to 100μl with reaction buffer and added to each well. Samples were incubated at 

25oC, protected from light and the fluorescent intensity measured at 585nm at 1 hour intervals 

on a Fluoroskan II microplate reader (Thermo Labsystems).  

 
3.6 In vivo Experimentation 
 

3.6.1 Transglutaminase inhibitors 

NTU283 (1,dimethyl-2[(oxopropyl)thio]imidazolium) (Syntex, 1990) and NTU281(N-

benzyloxycarbonyl-L-phenylalanyl-6-dimethylsulfonium-5-oxo-L-norleucine) (Griffin M, 

2004) were synthesised according to published methods (Griffin M, 2004) at Nottingham 

Trent University. The chemical structure of the inhibitors is shown in figure 3.8.  

The purity of both compounds was determined by NMR and mass spectrometry 

(Nottingham Trent University).  Efficacy of the inhibitors against renal transglutaminase was 



determined by the application of inhibitors at 100μM to a 20% kidney homogenate and the 

transglutaminase activity measured by the [14C] putrescine incorporation assay (Chapter 9, 

section 9.2.1.1).  
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Figure 3.8 Chemical Structure of Site-Specific Transglutaminase Inhibitors 
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Figure 3.8 NTU281 and NTU283 are structurally distinct transglutaminase inhibitors 
that irreversibly interact with the cysteine residue located within the enzyme active 
site. 

3.6.2 Experimental animals 

3.6.2.1 Transglutaminase knockout mice 

Wild type (WT) C57/b16J strain mice which fully express TG2 and TG2 knockout C57 

mice (TG2-/-) which have deletion of most of exons 5 and 6 of the TG2 gene (containing the 

TG2 active site) were used for the isolation of primary tubular epithelial and mesangial cells. 

TG2-/- mice were originally generated by De Laurenzi and Melino using homologous 

recombination techniques (De Laurenzi and Melino, 2001) and obtained for this study from 

Nottingham Trent University.  
  

3.6.2.2 Wistar rats (subtotal nephrectomy) 

Male Wistar rats (Sheffield University strain) of approximately similar weight (200-

250g) and age (8-10 wk) were used for the subtotal (5/6th) nephrectomy model. Rats were 

allowed free access to standard rat chow (Labsure Ltd, Cambridge, UK) and tap water and 

were housed 2-4 to a cage at 20-22oC and 45% humidity on a 12h light/dark cycle.  



3.6.3 Experimental procedures 

3.6.3.1 Retrograde perfusion of mouse kidneys 

Kidneys from wild type and TG2-/- mice were perfused using a modification of the 

method described by Takemoto et al (Takemoto et al., 2002) for the magnetic separation of 

tubular and glomerular compartments from the mouse kidney. The perfusion procedure was 

performed by Dr John Haylor.  
 

Mice were anaesthetised by an intra-peritoneal injection of 0.1ml/10g body weight of 

25% Hypnorm and 25% Hypnovel [Hypmorm: Fentayl citrate 0.315mg/ml, fluanisone 

10mg/ml (Janssen Pharmaceutica, Beersel, Belgium), Hypnovel: midazolam 5mg/ml (Roche 

Products Ltd, Welwyn Garden City, UK)] and kidneys perfused with 4 x 107 BSA-inactivated 

Dynabeads (M450, Dynal Biotech, Oslo, Norway) at a flow rate of 1ml/min through 

cannulation of the abdominal aorta. This had previously been ligated below the hepatic artery 

and above the iliac artery (hind limb) to ensure that all the beads were directed to the kidneys 

(figure 3.9). 

 
 

 99

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Ureter 

Renal 
vein Renal artery 

Aorta 

Inferior 
vena cava 

Cannula 

BSA inactivated 
Dynabeads Ligatures Iliac artery 

Heart 
Lungs 
Liver 

Figure 3.9 Aortic Perfusion of Mouse Kidneys with BSA Inactivated Dynabeads 

Figure 3.9 Mouse kidneys were perfused with 4 x 107 BSA-inactivated Dynabeads at a 
flow rate of 1ml/min through cannulation of the aorta that had previously been ligated 
below the hepatic artery and above the iliac artery (hind limb) to ensure that all the beads 
were directed to the kidneys. 



3.6.3.2 Isolation of tubular and mesangial cells from wild type and TG2-/- mice  

Following retrograde perfusion of the mouse kidneys (section 3.6.3.1) both kidneys were 

removed, minced into 1mm2 pieces and the tissue passed through a 100μm sieve using a 

flattened pestle. The filtered cells were passed through a second sieve without pressing and 

the sieve washed with 10ml of Hank’s buffered saline solution (HBSS). The cell suspension 

was centrifuged at 200 x g for 5 mins. The supernatant was discarded, the cell pellet 

resuspended in 10mls of HBSS and the glomeruli isolated using a magnet.  

 
Figure 3.10 Isolation of Primary Tubular Epithelial and Mesangial Cells 
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Figure 3.10 Following retrograde perfusion of the mouse kidneys (section 3.6.3.1), tubular 
fragments and glomeruli were isolated by magnetic separation using a modification of the 
method described by (Takemoto et al., 2002). 
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The glomeruli were washed 3 times and the HBSS containing the tubular fragments pooled. 

The tubular fragments were centrifuged and plated in primary tubular media as described in 

section 3.1.3 The HBSS washed glomeruli were plated in primary mesangial cell media as 

described in section 3.1.3. Isolated glomeruli were allowed to attach for at least one week 

prior to the addition of fresh media. The principles of the technique are shown in figure 3.10. 
 

3.6.3.3 Subtotal (5/6th) nephrectomy (SNx) 
 

Subtotal nephrectomy was performed by Dr. John Haylor. Male Wistar rats were 

anaesthetised with halothane (4% halothane, 4L/min O2) via inhalation in a sealed induction 

chamber. Once anaesthetised, rats were transferred to a heated mat to maintain body 

temperature and anaesthesia was maintained via a nose cone (2.5% halothane, 1.5 L/min O2). 

The right kidney was ligated, removed and weighed to give an estimation of initial kidney 

weight. The left kidney was externalised and decapsulated. A ligature was placed around the 

upper and lower poles of the kidney, which were slowly tightened and the poles excised 

leaving one third of the kidney remaining (figure 3.11). The poles were weighed to determine 

the degree of resection. 
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Figure 3.11 Subtotal Nephrectomy and Implantation of Osmotic Mini-pump 

Figure 3.11 Subtotal (5/6th) nephrectomy consisted of a left uni-nephrectomy and 
upper and lower pole ligation followed by resection of the right kidney. A pre-
primed osmotic mini-pump was implanted subcutaneously and connected to the 
kidney by an infusion cannula (sections 3.6.3.5 and 3.6.3.6). 
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3.6.3.4 Renal infusion of transglutaminase inhibitors 

Direct infusion of transglutaminase inhibitor into the kidneys of rats subjected to subtotal 

nephrectomy was achieved using a custom made infusion cannula and 2ml4 Azlet® osmotic 

minipump (Charles River, Maidstone, UK) with a flow rate of 0.5μl/hr for 28 days.  
 

3.6.3.5 Infusion cannula and preparation of mini-osmotic pump 

A 9 cm long, 0.58mm diameter polythene cannula was prepared by heat-sealing one end 

and then fenestrating a 9 mm section inset by 2 mm from the sealed end.  The open end was 

attached to the regulator of the osmotic minipump that had been loaded with either PBS 

pH7.4 or 50mM solutions of TG inhibitor NTU281 or NTU283 in PBS. The flow moderator 

was inserted and the pumps primed overnight in a beaker of 0.9% saline at room temperature 

prior to implantation.   
 

3.6.3.6 Implantation of mini-osmotic pump. 

Implantation of mini-osmotic pumps was performed at the same time as subtotal 

nephrectomy (section 3.6.3.3). An 18 guage guide needle was placed over the end of the 

infusion cannula, inserted into the kidney at the bottom pole and passed up through the 

kidney. The guide needle was passed completely through the kidney, exiting at the top pole 

leaving the cannula in place. The cannula was positioned such that the fenestrated area was 

within the renal parenchyma and secured in place using a combination of tissue glue and silk 

tie at each pole. The osmotic mini pump was then attached to the opposing end of the cannula 

that had been run through the muscle wall to the scruff of the rat, secured subcutaneously and 

the skin wound closed using discontinous silk sutures.  Pumps were replaced after 28 days by 

a small subcutaneous incision under halothane anaesthetic.  
 

3.6.4 Biochemical measurement of renal function  

3.6.4.1 Creatinine 

Urine creatinine measurements were performed on 24 hour urine samples collected from 

rats placed in metabolic cages immediately prior to termination. Serum creatinine 

measurements were performed on blood that had been obtained from the heart at sacrifice. 

This was allowed to stand for 30 mins and centrifuged at 1500 x g (Heraeus 6000, Heraeus, 

Brentwood, UK) prior to the removal of serum. The serum was stored at -20oC. Both serum 

and urine creatinine were analysed by the standard autoanalyser technique (by the Clinical 

Chemistry Department, Northern General Hospital, Sheffield, UK) and expressed as μmol/l. 

Serum and urine creatinine measurements were used to calculate creatinine clearance 

(equation 3.1) which was then used to assess renal function. 

 



Equation 3.1 Calculation of Creatinine Clearance  
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C  = UCr Cr x V  

                                 SCr 

Where:  UCr = Urine creatinine (μmol/l) 

    V= Urine flow (ml/min) 

    SCr= Serum creatinine (μmol/l) 

  

 

3.6.4.2 Proteinuria 

Measurements of proteinuria were obtained from 24 hour urine samples collected and 

measured from rats by placing them in metabolic cages. Protein was determined by the Lowry 

protein assay as described in section 3.3.9.2 and expressed as mg/24hrs. 
 

3.6.4.3 Albuminuria  

Albuminuria was determined in 24 urine samples using the Bethyl Laboratories rat 

albumin ELISA kit (BioGnosis, Hailsham, UK) as per the manufacturer’s instructions.  
 

3.6.5 Biochemical measurement of liver function  

Liver function measurements were performed on serum samples prepared from blood 

obtained at sacrifice as described in section 3.6.4.1. Serum was analysed for alanine 

aminotransferase (ALT), aspartate aminotransferase (AST) and bilirubin by standard 

autoanalyser technique by the Clinical Chemistry Department, Northern General Hospital, 

UK and expressed as units/litre. 
 

3.6.6 Fibrin clot stability  

The assessment of clot stability was performed by the Haematology Department, 

Northern General Hospital, UK, on citrated plasma obtained from blood collected at sacrifice 

using a semi-quantitative method (Jakobsen and Godal, 1974). Plasma was clotted by the 

addition of thrombin and incubation at 37oC for 30 mins. The resultant clot was treated with 

5M urea and left at room temperature for 24 hours after which time the presence of the clot 

was assessed visually.  
 

3.6.7 Assessment of kidney scarring 

Analysis of kidney scarring was determined on 4μm thick formalin-fixed paraffin- 

embedded sections (section 3.3.4) that had been stained with Masson’s Trichrome, a widely 
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 used stain for ECM, by the Histopathology Department, Northern General Hospital. The 

degree of scarring was assessed by carrying out multi-phase image analysis using 3 phases as 

described in section 3.5.2.6. 
 

3.6.8 Immunohistochemical analysis  

3.6.8.1 Changes in the ECM 

Immunohistochemistry for collagens III, IV and fibronectin was performed on paraffin- 

embedded sections as described in section 3.5.2.4. Immunohistochemistry for collagen I was 

performed on cryostat sections as described in section 3.5.2.5. Staining was quantified by 

multi-phase image analysis as described in section 3.5.2.6.  

 
3.6.8.2 Interstitial cell infiltration  

Immunohistochemistry was performed on paraffin-embedded sections as described in 

section 3.5.2.4. Myofibroblasts were detected by immunoprobing with mouse monoclonal anti 

alpha smooth muscle actin (α-SMA) primary antibody (M0851, Dako) at 1:100 dilution 

followed by incubation with goat anti-mouse HRP (Dako). Monocyte infiltration was detected 

by immunoprobing with mouse monoclonal anti-ED1 (CD68+, MCA341R, Serotec, Oxford, 

UK) at 1:100 dilution followed by goat anti-mouse HRP. The level of staining was 

determined by multi-phase analysis as described in section 3.5.2.6. 
 

3.7 Statistical Analyses 

Results are given as mean ± standard error of the mean (mean ± SEM). The significant 

difference in the mean values of more than two groups was determined by one way analysis 

of variance (ANOVA) followed by Bonferroni post hoc analysis to compare individual groups 

with the control if ANOVA showed p<0.05. Comparison of two groups was determined by 

unpaired student t-test and a value of p<0.05 taken as significant. Correlation analysis 

between variables was determined by performing Pearson’s correlation. Statistical analysis 

was performed using Microsoft Excel 2000 and SPSS version 14.0.  
 



 
 
 
 
 
 

 
 
 
 
 
 

Chapter 4 
 

Induction of Tissue Transglutaminase in 
Proximal Tubular Epithelial Cells 
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4.1 Introduction  
Numerous studies have demonstrated a link between the development of chronic renal 

scarring and elevated TG2 expression by tubular epithelial cells (Johnson et al., 1997; 

Johnson et al., 1999; Skill et al., 2001).  To date, the factors that may be responsible for the 

stimulation of TG2 in tubular cells remain largely unknown.  Previous studies have 

investigated the induction of TG2 in OK tubular cells by elevated glucose and demonstrated a 

dose-dependent increase in TG2 activity corresponding to elevated levels of ε(γ-glutamyl) 

lysine crosslink (Skill et al., 2004).  However, the effect of numerous fibrosis promoting 

factors on the regulation of TG2 expression has yet to be investigated.  
 

Studies of TG2 expression in numerous non-renal cell types has demonstrated that TG2 is 

subject to regulation at the transcriptional level by growth factors such as TGF-β1, IL-6 and 

TNF-α (George et al., 1990; Suto et al., 1993; Ikura et al., 1994; Kuncio et al., 1998), 

glucocorticoids (Johnson et al., 1998) and retinoids (Chiocca et al., 1988) and at the post-

translational level by calcium (Casadio et al., 1999) and GTP binding (Liu et al., 2002).  Such 

data suggests that similar factors may be involved in the regulation of TG2 expression by 

tubular cells. 
 

There are many potential candidate factors associated with chronic renal disease that may 

stimulate TG2 expression by tubular cells.  These include fibrosis promoting growth factors 

such as TGF-β1, PDGF and insulin-like growth factor-1 (IGF-1) and pro-fibrogenic cytokines 

such as TNF-α and IL-1β.  In addition, cellular stress imposed by a chronic loss of tissue 

oxygen (hypoxia) or the effects of metabolic acidosis (lowering of blood pH) may also be key 

regulators of TG2 in the diseased kidney.  
 

In this chapter, a preliminary screening of a number of growth factors, cytokines and TG2 

stimulatory compounds will be performed to determine their effect on the induction and 

cellular release of TG by tubular cells.  In addition the effect of exposure to chronic hypoxia 

(1% oxygen) and metabolic acidosis (pH below 7.0) will be investigated to determine if either 

of these stress factors plays a role in the control of TG2 expression. TG expression in 

response to stress factors will be characterised in terms of changes in intracellular and 

extracellular TG activity, TG2 protein and mRNA.  
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4.2 Results  

4.2.1 Stimulation of TG2 with fibrogenic growth factors 
 

In the kidney, a number of growth factors are known to be significant in promoting 

fibrosis including PDGF, IGF-1 and TGF-β1 (Klahr and Morrissey 2000).  To determine if 

these factors are able to act via up-regulation of TG2, opossum proximal tubular cells (OK 

cells) were stimulated for 48 hours with either 10ng/ml or 100ng/ml of PDGF (fig 4.1a), IGF-

1 (fig 4.1b) or TGF-β1 (fig 4.1c).  Their intracellular transglutaminase (TG) activity was 

measured by the putrescine incorporation assay. No significant change in intracellular TG 

activity was observed with any of these factors at the concentrations used.  

 

4.2.2 Stimulation of TG2 with the cytokines TNF-α and IL-1β 

TNF-α and IL-1β have previously been demonstrated to regulate TG2 transcription and 

are also considered to be important pro-inflammatory cytokines.  To determine if they are able 

to regulate TG2 in tubular cells, opossum tubular epithelial cells were treated for 48 hours 

with 10ng/ml or 100ng/ml or either TNF-α (fig 4.2a) of IL-1β (fig 4.2b). 
 

Stimulation with either of these cytokines failed to produce a significant change in 

intracellular TG activity.  

 

4.2.3 Stimulation of TG2 with retinoic acid, sodium butyrate and dexamethasone  
 

To determine if well-recognised stimulators of TG2 are able to induce TG in proximal 

tubular cells, OK cells were treated for 48 hours with 1μM and 100μM  of either all trans-

retinoic acid (fig 4.3a), sodium butyrate (fig 4.3b) or dexamethasone (fig 4.3c). Intracellular 

TG activity was determined by putrescine incorporation assay.  Treatment with either retinoic 

acid, sodium butyrate or dexamathasone was found to have no stimulatory effect on 

intracellular TG activity at these concentrations. 

 

 

 

 



 108

Figure 4.1 Effect of Fibrogenic Growth Factors on Intracellular TG Activity in OK Cells 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.1 Cells were treated for 48 hours with 10ng/ml or 100ng/ml of PDGF (a), IGF-1 (b) 
or TGF-β1 (c). Cells were harvested using 0.25% trypsin, sonicated and TG activity 
determined by the putrescine incorporation assay as described in section 3.3.7.1 Data 
represents mean ± SEM from three separate experiments performed in triplicate. 
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Figure 4.2 Effect of Inflammatory Cytokines on Intracellular TG activity in OK Cells 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 4.2 Cells were treated for 48 hours with 10ng/ml and 100ng/ml of TNF-α (a) or IL-1β 
(b). After treatment, cells were harvested using 0.25% trypsin, sonicated and TG activity 
determined by the putrescine incorporation assay. Data represents mean ± SEM from three 
separate experiments performed in triplicate. 
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Figure 4.3 Effect of TG Stimulators on Intracellular TG Activity in OK Cells 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 Cells were treated for 48 hours with 1μM and 100μM of either all trans retinoic 
acid (a), sodium butyrate (b) or dexamethasone (c). Cells were harvested with 0.25% trypsin, 
sonicated and analysed for TG activity by putrescine incorporation assay. Data represents 
mean ± SEM from three separate experiments performed in triplicate.  
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4.2.4 Effect of renal stress factors 

4.2.4.1 Hypoxia 

4.2.4.1.1 TG activity 

To determine if chronic hypoxia (1% oxygen) is capable of regulating TG2 in tubular 

cells, NRK-52E cells were cultured for 6, 12, 24 and 48 hours under normoxic (21% oxygen) 

or hypoxic (1% oxygen) conditions (fig 4.4a).  Hypoxia produced a biphasic increase in 

intracellular TG activity at 6 hours (p<0.05; one way ANOVA with Bonferroni post hoc test) 

and 24 hours, with no change at 12 and 48 hours. Measurement of extracellular TG activity at 

6 and 24 hours (fig 4.4b) demonstrated a corresponding increase in extracellular TG activity 

(p<0.05 and p<0.001 respectively; students t-test) at these time points.  

 
4.2.4.1.2 TG2 protein 

TG2 protein levels in NRK-52E cells exposed to 1% oxygen were determined after 6, 12, 

24 and 48 hours culture by Western blot analysis (fig 4.5).  Initially blots were probed with 

the mouse monoclonal anti-TG antibody TG100.  However, no bands were observed that 

corresponded to TG2 in any of the lysates analysed despite repeated probing (data not shown). 

Blots were then repeated and probed with polyclonal anti-TG2 antibody (Abcam).  
 

Probing with the polyclonal antibody revealed a band at 85 kDa as indicated by 

comparison to kaleidoscope markers (section 3.3.6.3), that was present in both normoxic and 

hypoxic samples and which would be consistent with full length TG2 (fig 4.5a). However, a 

number of smaller bands were also present in particular, a band at approximately 65 kDa. 

Unfortunately, due to the high background signal it was difficult to obtain reliable volume 

densitometry analysis of the 85 kDa band despite pooling the data from 3 separate blots (fig 

4.5b) and is included for evaluation only.   

 
4.2.4.2 Acidosis 

To determine if acidosis is able to influence TG2 expression and its cellular release, a 

model of chronic acidosis was used in which media pH was modified using Bis-Tris buffer as 

a replacement for bicarbonate buffer.  LLC-PK1 cells were exposed to increasing acidic 

conditions of pH 7 and 6.7 for 72 hours including 24 hours in serum free media, to mimic 

mild and chronic metabolic acidosis, prior to analysis for TG2 expression and activity.  
 

4.2.4.2.1 TG activity 

Intracellular, extracellular (cell surface) and free TG enzyme activities were determined in 

LLC-PK1 cells subjected to normal pH (7.4), pH 7.0 and pH 6.7.  At pH 7.4, intracellular TG 

activity (fig 4.6a) was 0.015 ± 0.004 units/mg protein.  Reducing the pH to 7.0 increased this 
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by 168% and by pH 6.7 intracellular activity had increased 3 fold (p<0.05; Bonferroni post 

hoc test). Increased intracellular TG activity corresponded with increases in both cell surface 

TG (fig 4.6b) and TG released into the cell culture media (fig 4.6c).  However, these increases 

only became significant for media TG at pH 6.7 (p<0.05; Bonferroni post hoc test).  
 

4.2.4.2.2 TG2 protein 

TG2 protein levels in LLC-PK-1 cells and media following culture at pH 7.4, 7.0 and 6.7 

were determined by Western blotting analysis (fig 4.7 and 4.8).  Lowering the pH from 7.4 to 

7.0 and 6.7 resulted in a decrease in cellular TG2 protein expression of 72% and 60% 

respectively (p<0.05; Bonferroni post hoc test) (fig 4.7b).  
 

Analysis of TG2 protein levels in acetone precipitated media from the same cells (fig 

4.8a) revealed the presence of multiple protein bands, including a band at 85kDa that 

appeared to correspond to TG2.  Volume densitometry of this band (fig 4.8b) showed a 

significant increase in this protein in the media at pH 7.0 (p<0.001) and 6.7 (p<0.0001: 

Bonferroni post hoc test).  

 
4.2.4.2.3 TG2 mRNA expression 

TG2 mRNA expression in LLC-PK1 cells following culture at pH 7.4, 7.0 and 6.7 was 

determined by Northern blotting (fig 4.9).  Lowering the pH from 7.4 to pH 7.0 increased 

TG2 mRNA expression although this was not significant.  Reducing the pH further to pH 6.7 

produced a highly significant increase in TG2 expression (p<0.0001; Bonferroni post hoc 

test), elevating TG2 by greater than 5 fold compared to control.  

 
4.2.4.2.4 ε(γ-glutamyl) lysine levels 

Immunoprobing of the ECM from LLC-PK1 cells subjected to low pH with a mouse 

monoclonal ε(γ-glutamyl) lysine antibody followed by multiphase image analysis (fig 4.10) 

was used to assess the levels of extracellular TG2 crosslinking.  Increases in ε(γ-glutamyl) 

lysine crosslink were observed in the ECM of LLC-PK-1 cells cultured at both pH 7.0 

(p<0.01; Bonferroni post hoc test) and pH 6.7.  
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Figure 4.4 Effect of Hypoxia on Transglutaminase Activity in NRK-52E Cells 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 4.4 Intracellular transglutaminase activity (a) was determined using the putrescine 
incorporation assay. Cells were cultured under either normoxic conditions of 21% oxygen 
(grey bars) or 1% oxygen (purple bars) for 6, 12, 24 and 48 hours prior to harvest. Data 
represents mean ± SEM from three separate experiments performed in triplicate ∗ = p<0.05 
compared to control (one way ANOVA with Bonferroni post hoc test). Extracellular TG 
activity was determined using the biotin cadaverine ELISA (b) as described in section 3.3.7.5. 
Cells were cultured for 6 or 24 hours under normoxic or hypoxic conditions prior to assay. 
Data represents mean ± SEM from three separate experiments, n=10 wells per experiment. ∗= 
p<0.05, ∗∗ = p<0.001 compared to control by students t-test.  
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Figure 4.5 Western Blot Analysis of NRK-52E Cells Exposed to Hypoxia 
 

a) TG2 Western Blot 
 

       
 
 
 
 

b) β-Actin  
 
 
 
 
 

       c) Volume densitometry of 85kDa band 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4.5 Cell lysates from NRK-52E cells exposed to 1% oxygen for 6, 12, 24 and 48 hours 
were separated on a 10% polyacrylamide gel and blotted onto PVDF membrane (section 
3.3.6). Western blots were immunoprobed for TG2 using a polyclonal anti-TG2 antibody 
(Abcam) and revealed by chemiluminescence (a) as described in section 3.3.7.3. TG2 protein 
was quantitated by volume densitometry using Multi-Analyst version 3.2 and corrected for 
loading using β-actin (c). Data represents mean ± SEM from 3 separate experiments n=2-3 
samples per experiment.  
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Figure 4.6 Effect of pH on TG Activity in LLC-PK1 Cells    
            
    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6 Cells were cultured under modified acidic pH conditions of pH 7.4, 7.0 and 6.7 for 
a total of 72 hours prior to assay for TG activity. Intracellular and cell media TG activity (a 
and c) were measured by the putrescine incorporation assay. Extracellular TG activity (b) was 
determined using the biotin cadaverine ELISA. Data represents mean ± SEM from 2 separate 
experiments performed in triplicate. ∗=p<0.05 compared to control, by one way ANOVA 
with Bonferroni post hoc test.  
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Figure 4.7 Western Blot Analysis of LLC-PK1 Cells Exposed to low pH 
 
a) TG2 Western Blot 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.7 Cell lysates from LLC-PK1 cells exposed to pH 7.4, 7.0 and 6.7 for 72 hours were 
separated on a 10% polyacrylamide gel and blotted onto PVDF membrane. Western blots 
were immunoprobed for TG2 using a monoclonal anti-TG2 antibody and revealed by 
chemiluminescence (a). TG2 protein was quantified by volume densitometry using Multi- 
Analyst version 3.2 (b). ∗=p<0.05 compared to control (pH 7.4) by one way ANOVA with 
Bonferroni post hoc test.  
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Figure 4.8 Western Blot Analysis of TG2 in LLC-PK1 Cell Media Following     
Exposure to Low pH 

 
  

a) TG2 Western Blot 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4.8 LLC-PK1 cells were cultured for 72 hours at pH 7.4, pH 7.0 and pH 6.7 prior to 
the collection and acetone precipitation of the culture media as described in section 3.3.3. Re-
suspended media was separated on a 10% polyacrylamide gel and blotted onto PVDF 
membrane. Western blots were immunoprobed for TG2 using a monoclonal anti-TG2 
antibody and revealed by chemiluminescence (a). TG2 protein was quantified by volume 
densitometry using Multi-Analyst version 3.2 (b). Data represents mean ± SEM from 2 
separate experiments. ∗∗ = p<0.001, ∗∗∗ = p<0.001 compared to control by one way ANOVA 
with Bonferroni post hoc test. 
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Figure 4.9 TG2 mRNA Expression in LLC-PK1 Cells Exposed to low pH 
 

a) TG2 Northern Blot 

 
 
 

b) Cyclophilin 

 
 

c) Volume Densitometry 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9 Total RNA extracted from LLC-PK1 cells exposed to pH 7.4, 7.0 and 6.7 for 72 
hours was separated on a 1.2% agarose/formaldehyde gel, blotted onto Hybond N membrane 
and probed with a random primed 32P-dCTP labelled TG2 specific cDNA probe (section 
3.4.8). Films were analysed by volume densitometry and transcript size determined by 
comparison to RNA molecular weight markers. Values were corrected for loading by repeat 
probing with the housekeeping gene cyclophilin. Data represents mean ± SEM from 2 
separate experiments, n=6 samples experiment. ∗∗∗ = p<0.001 compared to control by one 
way ANOVA with Bonferroni post hoc test.  
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Figure 4.10 ε(γ-glutamyl) lysine ECM Levels in LLC-PK1 Cells Exposed to Low pH  
 

a) Photomicrographs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.10 The ECM from LLC-PK1 cells cultured at pH 7.4, 7.0 and 6.7 for 72 hours was 
immunoprobed with monoclonal anti ε(γ-glutamyl) lysine antibody and revealed with anti 
mouse FITC (a). Photomicrographs are shown at 200x magnification. 10 random fields were 
analysed by multi-phase image analysis (b) as described in section 3.5.2.6. 
Immunofluorescence was expressed as a ratio of ε(γ-glutamyl lysine (phase1): DAPI staining 
(phase2) to correct for cell number. Data represents mean ± SEM of 10 fields. ∗=p<0.001, 
compared to control by one way ANOVA with Bonferroni post hoc test. 
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4.3 Discussion 
At the present time, the factors associated with chronic renal disease that may stimulate 

the up-regulation and cellular release of TG2 by tubular cells are largely unknown.  Recently, 

elevated glucose has been suggested to be a candidate factor (Skill et al., 2004) however, 

other such stimuli remain to be investigated.  In this chapter, TG2 activity both intracellular 

and extracellular, protein and mRNA expression was determined in tubular epithelial cells 

exposed to growth factors, cytokines, TG stimulators, hypoxia and acidosis.  
 

The effect of pro-fibrogenic growth factor and cytokine stimulation on intracellular TG 

activity was investigated in OK proximal tubular cells which were stimulated for 48 hours 

with 10 or 100ng/ml of TGF-β1, PDGF, IGF-1, TNF-α or IL-1β. The data shows that OK 

tubular cells do not alter their levels of TG activity in response to 48 hour stimulation with 10 

or 100ng/ml of TGF-β1, PDGF, IGF-1, TNF-α or IL-1β.  This is surprising given that a 

number of previous studies have implicated these factors in the up-regulation of TG2.  For 

example, TGF-β1 has been shown to up-regulate TG2 expression and activity in dermal 

fibroblasts and cells of the trabecular network (Welge-Lussen et al., 2000; Quan et al., 2005).  

Similarly, TNF-α stimulation of liver cells results in an increase in TG2 activity (Kuncio et 

al., 1998). In addition TG2 activity in mouse chondrocytes can be induced by Il-1β 

stimulation (Johnson et al., 2003).  
 

The reason for a lack of response in OK cells to growth factor and cytokine stimulation is 

unclear.  It may be an issue of concentration since the observed stimulation of TG2 by TGF-

β1 and TNF-α in other cells occurs at 1ng/ml rather than the 10 and 100ng/ml described here. 

A potential criticism of this investigation may be that the doses used were far in excess of 

those routinely used to study stimulation by these factors. However, the rationale was to 

stimulate with strong doses within the ng range to see if any response was possible and if so, 

to titre out to determine a threshold dose for these factors. Given that no response was 

obtained even at the 10ng dose suggests that stimulation with a lower dose may also have 

been ineffective. A further criticism could be that OK cells need either a shorter or more 

prolonged exposure to these factors than the 48 hours used here and it is acknowledged that 

more than one time-point should have been investigated.  It could also be argued that the lack 

of response is a reflection of performing these experiments in the presence of serum.  

However, it was felt that serum starvation prior to stimulation with pro-fibrogenic factors in 

these experiments was not wholly representative of the in vivo situation in which up–

regulation of TG2 occurs against a background of competing growth factors. 
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Interestingly, an examination of the literature reveals that the OK cell line has not been 

widely used for the study of growth factor stimulation.  The small number of studies that been 

performed have concentrated on the action of EGF (Kribben et al., 1998; Sauvant et al., 2001; 

Sauvant et al., 2002), HGF (Liu et al., 1998) or IGF-1 (Fawcett and Rabkin 1995).  This 

suggests that OK cells might be unresponsive to some of the growth factors examined here.  

However, OK cells do appear to be capable of responding to TGF-β1 as previous work 

indicates that they can modulate collagen and TIMP production in response to TGF-β1 (T.S. 

Johnson, unpublished observations).  TGF-β1 has also been demonstrated to reduce megalin-

cubulin mediated endocytosis of albumin by OK proximal tubular cells (Gekle et al., 2003).   
 

Stimulation of OK cells with either retinoic acid, dexamethasone or sodium butyrate at 

1μM and 100μM for 48 hours similarly failed to effect TG activity.  Again this is contrary to 

previous studies that have shown these factors to be inducers of TG2 in other cell types, 

particularly in response to 48 hour stimulation with 1μM.  For example, retinoic acid has been 

shown to up-regulate TG2 in both murine peritoneal macrophages and promyelocytic 

leukemia cells (Murtaugh et al., 1986; Chiocca et al., 1989).  Dexamethasone can elevate 

TG2 in hamster fibroblast and fibrosarcoma cell lines (Johnson et al., 1998).  Similarly, 

sodium butyrate stimulation of human embryonic lung fibroblasts results in increased TG2 

activity (Birckbichler et al., 1983; Lee et al., 1987). 
 

Retinoic acid and dexamethasone are known to regulate TG2 expression via the binding of 

nuclear receptors to specific response elements located within the TG2 gene promoter 

(Chiocca et al., 1988; Lu et al., 1995).  Previous studies suggest that increased expression of 

retinoid or glucocorticoid receptors is critical for an increase in TG2 gene expression 

(Johnson, Scholfield et al. 1998).  Whilst the lack of response to these factors could simply 

reflect the inappropriate selection of concentration and time-point, it may also imply that they 

lack such receptors or that they are subject to negative regulation.  However, this seems 

unlikely given that OK cells possess the receptors for glucocorticoids as several studies have 

demonstrated modulation of angiotensin and parathyroid hormone (PTH) gene expression in 

OK cells by dexamethasone (Abou-Samra et al., 1994; Ming et al., 1996). 
 

Previous studies have implicated hypoxia or the loss of tissue oxygen resulting from 

injury and obliteration of the microvasculature as a pro-fibrogenic stimulus in renal cells 

(Norman et al., 1999; Norman et al., 2000).  Hypoxia is capable of increasing the expression 

of a wide variety of genes including growth factors (Shweiki et al., 1992; Gleadle et al., 

1995), cytokines (Shreeniwas et al., 1992; Yan et al., 1995), cell adhesion molecules (Combe 

et al., 1997) and ECM proteins (Falanga et al., 1993; Norman et al., 1999).  It would therefore 
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be a strong candidate for the induction of TG2 in tubular cells.  To examine this, the NRK-

52E cell line was used in preference to OK cells since it has previously been used in the study 

of hypoxia/re-oxygenation injury and is capable of responding to hypoxic conditions (Sakai et 

al., 2001; Basnakian et al., 2002).  Cells were exposed to 1% O2 for up to 96 hours with the 

degree and duration of hypoxia being selected on the basis of previous work on hypoxia 

induced collagen synthesis by human proximal tubular cells (Norman et al., 1999). 
 

Exposure of NRK-52E cells to hypoxia produced a biphasic increase in intracellular TG2 

activity at 6 and 24 hrs that was paralleled by an increase in extracellular TG2.  This differs 

from our previous observations in NRK-49F fibroblasts exposed to low O2 which show a 

reduction in TG2 activity at these time points (M Fisher, unpublished observations). It was 

difficult to establish however, whether the changes in TG2 activity were as a direct 

consequence of increased TG2 protein expression given the high background of Western blots 

and the apparent detection of multiple smaller bands. This is likely to reflect a specificity 

problem with the polyclonal TG2 antibody given that the monoclonal TG2 antibodies TG100 

and CUB7402 are highly specific for the TG2 isoform (M Griffin, personal communication) 

and give a single band at 85 kDa. However, it was not possible to detect any bands with either 

of these two antibodies. Interestingly, it has previously been noted from Western blot analysis 

of TG2 expression in NRK-52E cells following glucose stimulation (Huang 2006) that a 

number of discrete bands are detectable with this antibody, in the absence of high 

background, whose sizes correspond to other TG isoforms. If this is the case, then the 65 kDa 

band detected here may indicate the presence of an additional isoform such as TG3 

(epidermal TG) suggesting that the increased TG activity in response to hypoxia may be 

contributed to by different isoforms of TG.   
 
 The early effect of hypoxia on TG2 may be mediated by induction of the hypoxia-

inducible transcription factor HIF-1α.  Increased expression and binding of HIF-1α to the 

hypoxia response element (HRE) is an important mechanism of hypoxia-regulated gene 

expression (Semenza 1999). In support of this, a previous study of gene expression in human 

proximal tubular cells (HK-2) exposed to hypoxia demonstrates the early up-regulation of 48 

genes in response to hypoxia, the majority of which are HIF-1α responsive (Leonard et al., 

2003). Early peaks in HIF-1 mRNA (2 hours post hypoxia) are also demonstrated to occur in  

renal fibroblasts and have been shown to precede the hypoxia induced increase in TIMP-1 and 

collagen I expression (Norman et al., 1999). Whilst the HIF-1 responsiveness of TG2 has yet 

to be established, the wider induction of HIF-1 responsive genes in tubular epithelial cells and 

fibroblasts by hypoxia suggests that a rapid induction of HIF-1 in NRK-52E cells may 
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account for the early changes in TG2 expression observed here.  Clearly, analysis of HIF-1 

mRNA expression in this study would have helped to determine its role in early TG2 

induction in these cells.  
 

The later induction of TG2 at 24 hours may indicate activation of alternate pathways 

independent of HIF-1α.  Hypoxia is known to activate a variety of signal transduction 

pathways including protein kinase C-, protein kinase A- and tyrosine kinase-mediated 

pathways (Sahai et al., 1997a; Sahai et al., 1997b; Norman et al., 1999; Norman et al., 2000; 

Sodhi et al., 2000). Interestingly, studies of VEGF expression by NRK-52E tubular cells in 

response to hypoxia demonstrate that induction of VEGF can be blocked by protein kinase C 

inhibitors, indicating that this pathway is active in these cells at least for VEGF regulation 

(Nakagawa et al., 2004). Similarly in renal fibroblasts, protein kinase C inhibitors were seen 

to block hypoxia induced increases in TIMP-1 mRNA expression (Norman et al., 1999; 

Norman et al., 2000).  Since protein kinase C activation is also capable of increasing TG2 

expression in other cells types (Ishii and Ui 1994), this may represent a potential mechanism 

of hypoxic TG2 regulation in tubular cells.  
 

The parallel increases in extracellular TG2 are likely to represent an increase in export 

since a link has been demonstrated between increased intracellular expression and 

externalisation of TG2 in a number of previous studies (Gaudry et al., 1999; Verderio et al., 

1999; Skill et al., 2004).  However, it cannot be ruled out that the cellular stress imposed on 

the tubular cells by the hypoxic environment is responsible for its release.  Studies of HK-2 

cells cultured under hypoxic conditions demonstrate an increase in cell permeability in 

response to hypoxia (Leonard et al., 2003).  It has been suggested that re-distribution of 

phospholipids within the plasma membrane may underlie such changes (Zager et al., 1999).  

In this study, extracellular TG2 was only measured at 6 and 24 hours since these were the 

time-points at which intracellular activity was increased however, if examination of the other 

time points had been performed it may have revealed a consistent release of the enzyme.  

Measurement of lactate dehydrogenase (LDH) release into the media is clearly required to 

confirm whether cell integrity is compromised by culture under hypoxic conditions.   
 

Chronic metabolic acidosis is a common feature of chronic renal failure (Kraut and Kurtz 

2005) and refers to a significant lowering of normal blood pH from pH 7.4 to below pH 7.  

Such changes in pH have previously been demonstrated to have downstream pathogenic 

effects on proximal tubular cells by increasing oxidative stress via the increased generation of 

ROS (Rustom et al., 2003). The effect of lowering pH on the expression of TG2 was 

examined in a well established model of metabolic acidosis (Rustom et al., 2003) that utilises 
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the LLC-PK1 cell line.  Reducing the media pH to below pH 7 significantly increased levels 

of intracellular TG activity although these changes did not appear to be associated with an 

increase in intracellular protein as indicated by a reduction in the 85 kDa band. This was 

surprising given that increases were observed in the mRNA expression of TG2 suggesting that 

an increase in protein might also have been expected. However, given that an appropriate 

loading control was not used, it is difficult to be certain of the validity of this finding and the 

Western blot should be repeated with correction to β-actin.   
 
A reduction in media pH was also associated with increases in extracellular (cell surface) 

TG activity as well as the TG activity in the media of LLC-PK1 tubular cells. This 

corresponded to apparent increases in the presence of TG2 protein in the media as indicated 

by increases in the expression of the 85 kDa band, suggesting the increased externalisation of 

TG2, although again correction for loading was not performed. Interestingly, the increased 

detection of a number of other bands was also observed in response to low pH. Whilst, the 

appearance of multiple bands may indicate non-specific binding, the high specificity of the 

TG100 antibody for TG2 suggests that this is unlikely. Additional bands larger than TG2 may 

indicate the presence of post-translationally modified forms of TG2 although previous work 

on the externalisation of TG2 from 3T3 fibroblasts (Balklava et al., 2002) demonstrates that 

the molecular weight of externalised TG2 is unaltered. Alternatively, they may simply 

represent the interaction of TG2 with serum proteins present in the media. The presence of 

numerous smaller bands is likely to reflect proteolytic breakdown of TG2 either by factors 

present in the media or by intrinsic endopeptidase activity. Interestingly, previous studies of 

glucose stimulated OK cells show that increases in extracellular TG2 activity and protein are 

also associated with elevated endopeptidase activity leading to the detection of numerous 

antigenic fragments by Western blot (Skill 2001). For this reason, it may have been better to 

analyse changes in TG2 media protein levels by an alternative method such as fibronectin 

binding TG2 ELISA (Skill et al., 2004) to eliminate some of this interference.      
 
The data presented on LLC-PK1 cells clearly indicates that metabolic acidosis is a 

stimulator of TG2 and this may act by a variety of mechanisms. For example, pH-dependent 

changes in a number of transcription factors that have the potential to control TG2 expression 

have been demonstrated.  In particular, low pH is able to stimulate the transcription and 

increase the DNA binding activity of Sp-1 (Torigoe et al., 2003).  A number of Sp-1 binding 

sites have been located within the TG2 gene promoter (Lu et al., 1995) that have been linked 

to the gene response to retinoic acid (Shimada et al., 2001).  Increasing evidence suggests that 

acidosis may also elicit its effect on gene expression by modulating components of the 
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hypoxia response pathway, thus increasing HIF-1α (Mekhail et al., 2004).  Low pH has been 

demonstrated to neutralise the function of Von Hippel Lindau tumour suppressor protein, 

which is the recognition component of an E3 ubiquitin protein ligase that targets HIF-1α for 

proteasomal degradation (Mekhail et al., 2004). Clearly this would lead to an accumulation of 

HIF-1 and activation of hypoxia-responsive genes. Since data presented in this chapter 

suggests that tubular TG2 is also capable of being modulated by hypoxia, acidosis has the 

potential to act via this pathway.  
 

Recent studies by other groups of metabolic acidosis in LLC-PK1 cells have highlighted 

the role of oxidative stress in the response to low pH. A reduction in cellular glutathione and 

the generation of ROS have been implicated in the downstream pathogenic effects on tubular 

cells (Rustom et al., 2003).  Interestingly, increased ROS generation and subsequent alteration 

in cell redox state in primary astrocytes exposed to glutamine is known to stimulate TG2 

expression (Campisi et al., 2004) suggesting that induction of TG2 may be part of a broader 

biochemical response to oxidative stress.  
 

The data presented in this chapter has suggested that common pro-fibrogenic stimuli such 

as growth factors and cytokines may not be effective at stimulating the tubular expression and 

activity of TG2 although further clarification is clearly required. However, cellular stress 

factors such as chronic hypoxia and acidosis have the potential to contribute to the increased 

TG2 expression observed in chronic renal disease.  Such data may be important in developing 

strategies aimed at controlling the elevated expression of TG2 in CKD. 



 
 
 
 
 
 
 
 
 
 

 
 
 

Chapter 5 
 

Generation and Characterisation of TG2 
Over-expressing Tubular Epithelial and 

Mesangial Cells  



5.1 Introduction  
The increased expression and cellular release of TG2 by tubular epithelial and mesangial 

cells is a consistent feature of both experimental and human renal disease ( Johnson et al., 

1997; Johnson et al., 1999; Johnson et al., 2003b; Skill et al., 2001).  In tubular epithelial 

cells, elevated intracellular TG2 levels are associated with cytoplasmic increases in the ε(γ-

glutamyl) lysine product of the enzyme and increased levels of TG2 and crosslink in the 

peritubular space (Johnson et al., 1997; Johnson et al., 1999).  In the glomerulus, increases in 

TG2 expression and its ε(γ-glutamyl) lysine product are predominantly extracellular and are 

directly related to increased TG2 production (Skill et al., 2001).  In both compartments, 

elevated TG2 expression is paralleled by the development of scarring.  This has led to the 

hypothesis that over-expression and cellular release of TG2 by tubular and mesangial cells is 

the driving force for the development of fibrosis.  Once in the extracellular environment TG2 

may play a direct role in influencing ECM accumulation. 
 

In order to investigate this hypothesis and examine the role of TG2 in matrix changes 

associated with fibrosis, a suitable cell culture model is required which allows the modulation 

of TG2 expression.  As chapter 4 demonstrates, TG2 can be stimulated in tubular cells by 

both hypoxia and acidosis suggesting that these could be used to modulate TG2.  However, 

these stimuli are known to affect a number of ECM regulating systems including growth 

factors, MMPs and TIMPs making the interpretation of TG2-specific ECM changes difficult. 
 

To address this, over-expression of TG2 in tubular epithelial cells (OK cell line) and 

mesangial cells (1097 cell line) by stable transfection will be utilised.  Cells will be 

transfected with the commercially-available constitutive expression vectors pCIneo (OK) and 

pSG5 (1097) into which have been inserted the 3.3kb human TG2 gene.  Such an approach 

has been used successfully in the study of the role of TG2 in a number of other processes 

including cell-matrix interactions (Gentile et al., 1992; Jones et al., 1997) and apoptosis 

(Melino et al., 1994).  
 

Once generated, stable OK and 1097 cell clones showing increased TG2 activity will be 

selected for further study.  These selected clones will be characterised in terms of their TG2 

protein and mRNA expression.  To ensure that over-expression of TG2 does not alter other 

cellular characteristics, changes in cell morphology and growth rates will be investigated.  
 

An important consideration in this part of the study is whether TG2 over-expression in 

these two cell lines is able to influence the cell surface expression of TG2.  A number of 

studies have shown that increasing the intracellular expression of TG2 by transfection is 
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associated with elevated levels of TG2 at the cell surface (Gaudry et al., 1999a; Gaudry et al., 

1999b; Verderio et al., 1998).  This is important since TG2 appears to have a predominantly 

extracellular role in the scarring process.  Therefore the extracellular TG2 expression and 

enzyme activity will be determined in selected clones using specific cell culture-based ELISA 

assays.   
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5.2 Results  

5.2.1 Intracellular TG activity  

Transfection of OK cells with the expression vector pCIneo-htg yielded 50 stable clones, 

43 of which showed increased TG activity compared to wild type cells.  Increases ranged 

from double to 15 times basal TG activity (fig 5.1a).  Of these, three clones were chosen to 

use in subsequent experiments tTg 18, tTg21 and tTg7 that had TG activities of double, 5.5 

and 7 times that of control cells respectively (fig 5.1b). 
 

Twenty eight stable clones were generated as the result of transfecting 1097 cells with the 

pSG5-htg expression vector.  Of these, 15 showed elevated TG activity compared to wild 

type cells (fig 5.2a). Three clones were chosen from the 15 for use in subsequent 

experiments: tTg 34, tTg 36 and tTg 37 that had TG activities of 1.3, 5 and 14 times that of  

untransfected 1097 cells (fig 5.2b).  

 

5.2.2 TG2 protein 

Western blot analysis of cell homogenates from the selected OK and 1097 clones was 

used to determine whether increased intracellular TG activity was associated with elevated 

levels of TG2 protein.  Blots were immunoprobed using a highly specific mouse monoclonal 

anti-TG2 antibody (TG100).  In OK proximal tubular cell clones, increased TG2 protein 

expression (fig 5.3a) was indicated by an increase in a single band of around 85 kDa.  All 

three clones showed increased expression compared to wild type (Con) and transfection 

control (TF Con) cells.  Densitometry of Western blots (in parentheses) indicated that in all 

three clones the increase in TG2 antigen was greater than that observed for TG activity.  

Transglutaminase protein expression was increased 5 fold for tTg 18, 25 fold for tTg 21 and 

27 fold for tTg 7 compared to expression in the transfection control.  
 

In 1097 mesangial cells, endogenous TG2 expression was indicated by a single band at 

85kDa in controls, tTg34 and tTg36 cells (fig 5.3b). In tTg 37 cells, this appeared to become 

a doublet of 77-85 kDa.  An additional band at 90 kDa was present in all three selected clones 

and was weakly detected in control cells and the pSVneo transfection control.  The intensity 

of this band was found to correspond to increased intracellular TG activity.  Densitometry 

analysis of this 90kDa band indicated a 10 fold increase in protein expression in tTg 34, 9 

fold in tTg 36 and 40 fold in tTg 37 compared to the pSVneo transfection control.  
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Figure 5.1 TG Activity of TG2 Over-expressing OK Tubular Cell Clones  
 

  a) Screening of Isolated Clones 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

C
on T
F 6 5 1 13 11 42 19 17 22 43 8 37 41 2 24 26 29 40 23 30 35 9 45 46 31 39 14 28 36 44 27 10 25 34 33 20 12 38 32 16 18 7 21

Clone Number

T
g 

U
ni

ts
 (n

m
ol

s/
hr

/m
g 

pr
ot

ei
n)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) TG activity of Selected Over-expressing Clones 
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Figure 5.1 OK cells were transfected with pCIneo-htg using Lipofectin® reagent as described 
in section 3.2.2. 50 stable clones were generated and screened for intracellular TG activity by 
the putrescine incorporation assay (a). Of the 50 clones, 43 showed increased TG activity 
(purple) compared to wild type cells (yellow) and cells transfected with pCIneo empty vector 
(green). From the 43 clones, 3 were chosen for further characterisation (b), tTg 18, tTg 21 and 
tTg 7 that had 2, 5.5 and 7 times basal TG activity respectively. TG activity is expressed as 
nmols/hour/mg protein and represents mean ± SEM from three separate experiments 
performed in triplicate.  
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Figure 5.2 TG Activity of TG2 Over-expressing 1097 Mesangial Cell Clones 
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b) TG Activity of Selected Over-expressing Clones 
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Figure 5.2 1097 cells were transfected with the pSG5-htg expression vector and the 
Nucleofection system as described in section 3.2.3. 28 clones were generated and screened 
for intracellular TG activity by the putrescine incorporation assay (a). Of the 28 clones, 15 
showed increased TG activity (purple) compared to wild type (yellow) and transfection 
control cells (green). From these 15, 3 clones were selected (b) tTg 34, tTg 36 and tTg 37 that 
had 1.3, 5 and 14 times basal TG activity respectively. TG activity is expressed as 
nmols/hour/mg protein and represents mean ± SEM from three separate experiments 
performed in triplicate.  



Figure 5.3 Western Blot Analysis of Selected Over-expressing Clones 

a) OK Cell Clones  
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Figure 5.3 A volume equivalent to 20μg of protein from each cell homogenate was separated 
on a 10% (w/v) polyacrylamide gel, electrophoresed and blotted onto hybond C membrane as 
described in section 3.3.6. Western blots were immunoprobed for TG2 with 1:750 dilution of 
mouse monoclonal anti-TG2 antibody (TG100) and revealed by chemiluminescence as 
described in section 3.3.6.2. Values in parentheses indicate volume density measurements 
corrected for loading using β-actin.  
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5.2.3 TG2 mRNA expression  
To determine whether increases in tissue transglutaminase expression were mRNA 

dependent, TG2 mRNA levels in transfected clones were examined by Northern blot analysis 

(figure 5.4).  In both OK cell clones (figure 5.4a) and 1097 mesangial clones (figure 5.4b) 

there was an mRNA dependent increase in TG2 expression as indicated by increases in the 

3.5 kb TG2 transcript. In the OK clones, densitometry analysis demonstrated a 1.5 fold, 3 fold 

and 4 fold increase in TG2 mRNA in clones tTg18, tTg21 and tTg7 respectively compared to 

RNA isolated from cells transfected with pCIneo alone.  In 1097 cells, clones tTg34, tTg36 

and tTg37 showed increases in TG2 mRNA of 4, 10 and 17 fold respectively compared to the 

transfection control.  
 

5.2.4 Effect of TG2 expression on cell morphology  

In order to determine if transfection of either OK cells or 1097 cells with the human TG2 

gene had any effects on cell morphology, transfected cells were probed for TG2 by 

immunocytochemistry and their morphology studied using light microscopy.  Figures 5.5 and 

5.6 show representative micrographs (200 x magnification) of transfected OK and 1097 cell 

clones compared to wild type and transfection control cells.  Interestingly, at low cell density, 

OK and clone tTg 21 cells showed a more spindle-like appearance however, as cells became 

more confluent no apparent difference in cell morphology was observed between wild type 

(fig 5.5A) and transfected OK cells (fig 5.5 B, C, D and E).  Both maintained a typical 

cobblestone epithelial cell morphology and there did not appear to be an increase in cells 

showing morphological signs of apoptosis.  Similarly, transfected 1097 cells (fig 5.6 B, C, D 

and E) showed no observable differences in cell morphology compared to wild type cells (fig 

5.6 A).  
 

5.2.5 Growth characteristics of selected clones  

The growth characteristics of both OK and 1097 transfected clones were determined by 

seeding a known cell number and counting attached cells at 24 hour intervals post seeding, 

using a haemocytometer.  The log of the cell number was used to generate linear plots from 

which growth rates and cell doubling times were calculated (fig 5.7).  No significant 

difference in growth rate was observed between OK clones tTg18, tTg21, tTg7 or pCIneo 

transfected cells compared to wild type OK cells (fig 5.7a).  Doubling time for all cell clones 

was between 16-18 hours.  Similarly, no significant difference in growth rate was observed 

between 1097 TG2 over-expressing clones compared to wild type cells (fig 5.7b).  
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Figure 5.4 Northern Blot Analysis of Selected Over-expressing Clones 

a) OK Cell Clones 
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Figure 5.4 Total RNA extracted from OK (a) and 1097 cell clones (b) was separated on a 
1.2% agarose/formaldehyde gel, blotted onto Hybond N membrane and probed with a random 
primed 32P-dCTP labelled TG2-specific cDNA probe. Films were analysed by volume 
densitometry and transcript size determined by comparison to RNA molecular weight 
markers. Values in parentheses indicate volume densitometry measurements corrected for 
loading using the housekeeping gene cyclophilin.  
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Figure 5.5 Morphology of TG2 Over-expressing OK Tubular Cells 
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Figure 5.5 The morphology of TG2 over-expressing OK cell clones was analysed following 
immunocytochemical staining for TG2.  Cells grown on coverslips were fixed in methanol, 
permeabilised and immunostained for TG2 with anti-TG2 monoclonal antibody (TG100) as 
described in section 3.3.7.4. Cells were visualised by light microscopy at 200 x magnification 
on an Olympus BH-2 microscope.   
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Figure 5.6 Morphology of TG2 Over-expressing 1097 Mesangial Cells 
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Figure 5.6 The morphology of TG2 over-expressing 1097 cell clones was analysed following 
immunocytochemical staining for TG2. Cells grown on coverslips were fixed in methanol, 
permeabilised and immunostained for TG2 with anti-TG2 monoclonal antibody (TG100) as 
described in section 3.3.7.4. Cells were visualised by light microscopy at 200 x magnification 
on an Olympus BH-2 microscope.   
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Figure 5.7 Growth Curves of Selected Over-expressing Cell Clones 

a) OK Cell Clones 
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Figure 5.7 Cells were seeded at a density of 1x106 cells per flask. At 24, 48, 72 and 96 hours 
post seeding, cells were trypsinised and counted on a haemocytometer as described in section 
3.2.5. Data represents the mean cell number of duplicate flasks ± SEM  
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5.2.6 Extracellular TG2 expression  

5.2.6.1 Extracellular TG activity  

A cell ELISA which utilises the ability of active TG2 to incorporate the TG2 substrate 

biotin cadaverine into fibronectin was used to determine if increased TG2 expression resulted 

in changes in extracellular TG activity (fig 5.8).  In all three TG2 over-expressing OK clones 

(fig 5.8a) an increase in TG2 expression produced a corresponding increase in extracellular 

TG activity (tTg21 p<0.01 and tTg7, p<0.0001; one way ANOVA with Bonferroni post hoc 

test).  However, the magnitude of these increases was not as great as for intracellular activity 

being only 1.5 fold (tTg18), 2 fold (tTg21) and 4 fold (tTg7) that of the transfection control.  

In comparison, no significant changes in extracellular TG2 activity were observed in 1097 

TG2 over-expressing clones (fig 5.8b).  

 

5.2.6.2 Extracellular TG2 antigen 

To establish whether increased intracellular expression of TG2 influenced the 

extracellular expression of TG2, a modified cell ELISA was used in which live cells were 

incubated with anti-TG2 antibody (CUB7402) and antigen-antibody binding revealed with 

HRP-conjugated anti-mouse IgG secondary antibody (fig 5.9).  Again, in OK cells (fig 5.9a) 

increased intracellular TG2 expression resulted in a corresponding increase in extracellular 

antigen expression (tTg 18, p<0.05; tTg 21 and tTg 7, p<0.01; one way ANOVA with 

Bonferroni post hoc test).  The magnitude of these changes also did not exactly match that of 

intracellular activity being increased by 3.8 fold (tTg18), 6.7 fold (tTg21) and 8.6 fold (tTg7) 

compared to the TF control. More significantly, increases in extracellular TG2 antigen were 

also much greater than that observed for extracellular activity.  In 1097 cells, small increases 

in the extracellular expression of TG2 were observed in all three clones although this was not 

significant.  
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Figure 5.8 Extracellular TG Activity of Selected Over-expressing Clones 
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b) 1097 Cell Clones  
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Figure 5.8 TG2 over-expressing clones from OK cells (a) and 1097 cells (b) were plated in 
96 well plates coated with fibronectin, allowed to attach for 3 hours and analysed for 
extracellular TG activity using a cell ELISA which utilises the ability of active TG to 
incorporate biotin cadaverine into fibronectin (section 3.3.7.5). Values were corrected for 
deoxycholate solubilised cell protein. Data represents mean absorbance at 450nm/mg cell 
protein ± SEM from three separate experiments, n=10 per experiment. ∗=p<0.01, ∗∗= 
p<0.0001 compared to the TF control by one way ANOVA with Bonferroni post hoc test. 
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Figure 5.9 Extracellular TG2 Antigen Levels of Selected Over-expressing Clones 
 
 a) OK Cell Clones 
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b) 1097 Cell Clones  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.9 Extracellular TG2 antigen was determined by cell ELISA in which OK cell clones 
(a) or 1097 cell clones (b) were incubated overnight with anti-TG2 antibody (CUB7402) and 
revealed with 1:1000 anti-mouse HRP (section 3.3.7.6). Parallel plates were used for protein 
correction. All data represents mean absorbance at 450nm/mg cell protein ± SEM from three 
separate experiments, n=10 per experiment. ∗= p<0.05, ∗∗=p<0.01 compared to the TF 
control by one way ANOVA with Bonferroni post hoc test. 
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5.3 Discussion 

The increased expression of TG2 and its ε(γ-glutamyl) lysine product by tubular and 

mesangial cells is an established event in the development of fibrosis (Johnson et al., 1997; 

Johnson et al., 1999; Johnson et al., 2003b; Skill et al., 2001).  In order to investigate the role 

of elevated TG2 in the ECM changes associated with scarring, OK proximal tubular cells and 

1097 mesangial cells were transfected with constitutive expression vectors containing the 3.3 

kb human TG2 gene.  A number of other groups have successfully used constitutive TG2 

expression systems to study of the role of TG2 in cell-matrix interactions (Gentile et al., 

1992; Jones et al., 1997).  However, this is the first time that TG2 expression in renal cells 

has been modulated in this way. 
 

Stable transfection of tubular and mesangial cell lines with TG2 resulted in the successful 

generation of 43 OK cell clones and 15 1097 mesangial cell clones possessing increased 

intracellular TG2 activity with respect to control cells.  From these, three clones were selected 

from each cell line that had differing levels of expression.  Interestingly, a difference in the 

intracellular TG activity of selected clones was observed at the initial screening and after the 

first few passages however, beyond this clones showed stable and elevated expression of TG2 

for up to 15 passages post transfection. This initial drop in TG activity could be explained by 

previous studies that have demonstrated an increased susceptibility of cells expressing high 

levels of transglutaminase to undergo apoptosis (Verderio et al., 1998). Thus cells expressing 

TG2 above a certain threshold may rapidly be deleted. 
 
Given the stable expression of TG2 by transfected cells, a surprising finding was the 

apparent variation in immunocytochemical staining for TG2 within cells derived from the 

same clone, a finding which was evident in both tubular and mesangial cells. Whilst care was 

taken after transfection to select and pick colonies of cells that appeared to originate from a 

single cell, it cannot be ruled out that the selected clones are a heterogeneous population. 

However, studies of 3T3 fibroblasts stably transfected with constitutive expression vectors 

containing TG2 also show varying degrees of immunocytochemical staining for the enzyme 

despite being derived from individual colonies (Gentile et al., 1992), suggesting that 

differences are not due to genetic heterogeneity.  The variability in TG2 staining in 3T3 

fibroblasts has been proposed to reflect differences in the degree to which the TG construct is 

expressed in individual cells (Gentile et al., 1992) which may also be the case in stably 

transfected tubular and mesangial cells. Such heterogeneity may contribute to the viability of 

stable cell lines by preventing TG2 expression from reaching that which may promote cell 
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death. Given the apparent difference in expression by individual cells, establishing the purity 

of selected clones may therefore prove to be difficult.  
 

A potential limitation of using stable TG2 over-expressing clones is that clones may be 

selected that are able to tolerate elevated TG2 by modifying associated pathways.  A number 

of other studies have overcome this problem by using an inducible TG2 expression system in 

which TG2 is modulated by the presence or absence of tetracycline (tet on/off ) (Balklava et 

al., 2002; Piacentini et al., 2002; Verderio et al., 1999; Verderio et al., 1998).  This approach 

was initially attempted with both OK and 1097 cell lines but was abandoned due to problems 

with successfully transfecting these cells with the multiple vectors required for operation of 

the Tet system (data not shown) and because adequate control of TG2 expression by 

tetracycline was not achievable.   
 

The selection of three clones from each cell line that had varying TG2 activity and 

correlating changes with matrix-associated ε(γ-glutamyl lysine) crosslink was designed to 

minimise the problems associated with clonal variation. In addition, clones were characterised 

in terms of their growth rate and morphology to establish whether they showed cellular 

changes in response to TG2 modulation.  The measurement of cell growth indicated no 

significant difference in growth rate between transfected and wild type cells. Similarly, a 

comparison of cell morphology between OK or 1097 cell clones and their respective control 

cells did not show any appreciable difference that might be attributable to increased TG2. 

This finding is contrary to previous studies of 3T3 fibroblasts and hamster fibrosarcoma cells 

in which cells show a more flattened and extended morphology in response to constitutive 

over-expression of TG2 (Gentile et al., 1992; Johnson et al., 1994). However, it is in keeping 

with studies utilising inducible expression of TG2 (Verderio et al., 1998), in which cell 

morphology is unaltered in response to increased enzyme. A number of studies have 

demonstrated that changes in cell morphology in response to TG2 are associated with changes 

in adhesion to the substratum and the resistance to trypsinisation (Gentile et al., 1992; 

Balklava et al., 2002; Gaudry et al., 1999a; Johnson et al., 1994; Jones et al., 1997). 

Surprisingly, visual inspection of the highest expressing clones from each cell line (M Fisher, 

personal observation) seemed to indicate increased resistance to trypsinisation suggesting that 

some change in morphology may have been expected.  
 
Over-expression of TG2 also did not appear to increase the number of cells showing 

morphological signs of apoptosis. As suggested earlier, this may be because many of the cells 

susceptible to apoptosis as a result of extremely high levels of TG2 expression have already 

been deleted at early passage, leaving cells capable of sustaining the levels of TG2 reported 
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here. The ability of these remaining cells to tolerate high TG2 expression is likely to be due to 

the relative inactivity of the intracellular enzyme in intact cells under normal conditions of 

basal calcium (Verderio et al., 1998).            
 
Western and Northern blot analysis of selected clones demonstrated that elevated 

intracellular TG activity corresponded to increases in TG2 mRNA and was associated with 

increased TG2 protein expression. Interestingly, particularly in OK cells, the fold changes in 

mRNA were much lower than for TG2 protein expression. The discrepancy between the level 

of mRNA and protein expression in these cells suggests that TG2 may be subject to some form 

of post-transcriptional regulation that may affect its rate of translation or mRNA stability 

although little evidence for this is presented in the literature.  In OK cells, increased TG2 

protein expression was demonstrated by a rise in the presence of a single band at 85 kDa that 

represented full length TG2. In the 1097 cell line, both control and selected TG2 clones 

exhibited a band at 85kDa however, the highest expressing clone tTg 37 appeared to have a 

doublet band. An additional band was also observed at 90 kDa that was weakly detected in 

normal and transfection control cells and which increased in intensity in cells transfected with 

pSV2neo + pSG5-htg, corresponding to increased TG activity.  
 

The appearance of a smaller band in clone tTg37 cells may indicate the expression of a 

shorter isoform of TG2 as the result of alternative splicing. The presence of a slightly 

truncated isoform of TG2 has recently been described which would be consistent with this 

observation (Antonyak et al., 2006) and interestingly, the Northern blot of clone tTg37 

appears to show a slightly smaller band which would fit with the presence of an alternative 

transcript. The smaller band could also represent a proteolysed form of TG2 in this clone since 

the appearance of proteolytically cleaved TG2 is a common occurrence in the analysis of cell 

extracts (Griffin et al., 2002).  The identity of the additional 90 kDa band is uncertain given 

that the 85kDa band is consistent with the specificity of the monoclonal TG100 antibody for 

TG2. It may indicate the presence of a post-translationally modified form of TG2 that is 

increased in response to transfection. Interestingly, fatty acid acetylation of an intracellular 

pool of TG2 is thought to commonly occur which may dictate its association with the plasma 

membrane (Harsvalvi et al., 1987). Modification of TG2 in mesangial cells following 

transfection could be significant in determining its localisation and may underlie the 

differences observed between tubular and mesangial cells in their processing of TG2.   
 

Such differences were highlighted by the measurement of changes in the extracellular 

expression and activity of the enzyme. Tubular cell clones exhibited a corresponding 

significant increase in extracellular activity and expression in response to increasing 
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intracellular activity.  An increase in extracellular TG2 is consistent with in vivo models of 

renal scarring in which an up-regulation of TG2 by tubular cells is associated with elevated 

levels of TG2 and crosslink in the peritubular space (Johnson et al., 1999; Skill et al., 2001).  

Numerous in vitro studies have also demonstrated a link between expression of TG2 and 

extracellular levels of the enzyme.  For example, increased intracellular expression of TG2 in 

umbilical vein cells following transfection led to increased externalisation of TG2 (Gaudry et 

al., 1999b).  Similarly, induction of TG2 in 3T3 fibroblasts by stable transfection resulted in 

the appearance of an extracellular pool of the enzyme that localised to fibronectin (Verderio et 

al., 1998).  In OK tubular cells, glucose stimulated increases in TG2 expression and activity 

have been demonstrated to be associated with increased extracellular TG2 in the ECM and in 

culture media (Skill et al., 2004).  Finally, studies in human umbilical vein cells demonstrated 

that conversely, reduced TG2 was accompanied by a reduction in the amount of externalised 

TG2 enzyme (Jones et al., 1997).  
 

The presence of active extracellular TG2 in tubular cells clearly has important 

implications for its effects on the ECM.  Significantly, previous studies have demonstrated 

that whilst both active and inactive forms of the enzyme are capable of being expressed at the 

cell surface, only active cell surface enzyme is deposited into the ECM (Balklava et al., 

2002).  
 
In comparison to tubular cells, increased intracellular TG2 activity in mesangial cells did 

not result in an increase in either extracellular activity or expression of TG2.  This is perhaps 

surprising given that high levels of extracellular TG2 and ε(γ-glutamyl) lysine crosslink are 

found in the mesangium in diabetic nephropathy (Skill et al., 2001).  The reason for this 

differential cell surface expression of TG2 cannot be answered from the data generated here 

but suggests that tubular and mesangial cells have differently regulated export pathways that 

may underlie their differing functions.  Such regulation may be closely related to ECM 

production since numerous studies have suggested a link between externalisation of TG2 and 

fibronectin (Akimov et al., 2000; Gaudry et al., 1999a; Verderio et al., 1998).  
 

The data presented in this chapter demonstrates for the first time the successful 

generation of stable TG2 over-expressing tubular and mesangial cell clones.  These have been 

shown to be phenotypically normal but to differ in their extracellular expression and activity 

of TG2.  In subsequent chapters, TG2 over-expressing tubular and mesangial cells will be 

utilised to investigate the effect of elevated levels of TG2 on the accumulation of ECM and 

further to determine whether this is associated with direct effects on the deposition and 

breakdown of mature ECM.  
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6.1 Introduction  
 

Chapter 5 described the generation and characterisation of stable OK and mesangial cell 

clones that show constitutive over-expression of TG2.  Whilst providing a useful system in 

which to study the function of TG2 within the ECM, constitutive over-expression of TG2 may 

itself lead to phenotypic adaptations or clonal effects (Gentile et al., 1992).  A complementary 

in vitro approach would therefore be advantageous in providing confirmatory evidence for the 

role of TG2 in ECM accumulation.  
 

To address this, tubular and mesangial cells have been isolated from the TG2 knockout 

(KO) mouse (De Laurenzi and Melino, 2001).  In these animals, the targeted deletion of 1.2 

kb of the TG2 gene from exon 5 to intron 6 by homologous recombination results in the 

abolition of the active site and the associated protein crosslinking activity (De Laurenzi and 

Melino, 2001).  In spite of this, TG2-/- mice show no phenotypic abnormality, develop 

normally and histological examination of their major organs appears normal.  Study of these 

TG2-null cells will complement the over-expression studies by allowing the effect of a 

reduction in functional TG2 enzyme on the accumulation of ECM to be determined.   
 

The TG2 knockout mouse model has previously been used to study the role of TG2 in the 

progression of renal scarring in the unilateral ureteral obstruction model (UUO) (Mohammed 

et al., 2006).  In this study, decreased TG2 activity was associated with a slowing down in the 

progression of tubulointerstitial scarring and glomerulosclerosis.  Potentially the isolation and 

characterisation of TG2-null tubular and mesangial cells will shed light on the reason for this 

reduction in kidney scarring.  This is a significant step since it will be the first time that 

isolated kidney cells from the TG2 KO mouse have been used in the study of TG2 action in 

vitro.  
 

To isolate tubular and mesangial cells from TG2 knockout mice a modification of a 

technique described by (Takemoto et al., 2002) will be utilised.  Using this method retrograde 

perfusion of the mouse kidney with BSA-inactivated magnetic Dynabeads is performed, via 

cannulation of the abdominal aorta, allowing the separation of tubular and glomerular 

fractions.  This technique relies on the physical size of the beads lodging in the glomerular 

tuft such that the glomeruli can be separated out magnetically and results in relatively pure 

cultures of tubular and mesangial cells. 
 

In the present chapter, isolated TG2-/- tubular and mesangial cells will be characterised in 

terms of their morphology and expression of epithelial and mesangial cell markers.  The TG2 

expression and activity will be determined by TG activity assay, Northern and Western 
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blotting. Immunofluorescence will be used to determine the level of ε(γ-glutamyl) lysine 

crosslink within the ECM.  

 
6.2 Results  

 

6.2.1 Morphology of primary tubular and mesangial cells 

Morphological analysis of tubular cells isolated from wild type (WT) and TG2-/- mice (fig 

6.1a and 6.1b) indicated that in general there was no difference in morphology between the 

two cell strains.  Tubular cells were generally observed to have a rounded and flattened 

appearance that is typical of primary epithelial cells.  However, wild type cells also had some 

areas in which the cells were more spindle-like in appearance which was not generally 

observed in TG2-/- cells.  
 

Mesangial cells isolated from WT and TG2-/- mice (fig 6.1c and 6.1d) did not show any 

observable difference in their morphology.  Both exhibited a typical spindle-shaped or stellate 

morphology similar to that of vascular smooth muscle cells.  

 

6.2.2 Cell markers  

Immunofluorescent staining of tubular cells from WT and TG2-/- mice for β-catenin and 

alpha smooth muscle actin (α-SMA) was used to establish the purity of tubular cell cultures 

(fig 6.2).  β-catenin is a peripheral cytosolic protein involved in cell-cell interactions and 

expressed by tubular epithelial cells.  α-SMA is a marker of myofibroblasts.  At passage 1, 

over 98% of both WT and TG2-/- were β-catenin positive and less than 1% were α-SMA 

positive indicating a mainly tubular epithelial culture.  This decreased rapidly with passage 

and passage 1 cells were subsequently used experimentally. 
 

To confirm the identity of WT and TG2-/- mesangial cells, immunofluorescent staining 

was performed for fibroblast cell surface antigen, CD31 (endothelial adhesion molecule), 

vimentin (mesenchymal marker) and cytokeratin (epithelial marker).  Both WT and TG2-/- 

mesangial cells were negative for fibroblast antigen, CD31 and vimentin (fig 6.3a).  When 

stained for cytokeratin, 3% of WT cells and 1% of TG2-/- were found to be positive (figure 

6.3b).  This indicated a mainly mesangial culture with the presence of a small number of cells 

that could be either glomerular epithelial or glomerular endothelial cells. 
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Figure 6.1 Morphology of Wild-Type and TG2-/- Tubular Epithelial and Mesangial Cells  
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Figure 6.1 Representative micrographs of wild-type (WT) and TG2-/- tubular epithelial cells (A 
and B) and wild-type and TG2-/- mesangial cells (C and D) cultured following retrograde 
perfusion of kidneys with Dynabeads® and magnetic separation as described in sections 3.6.3.1 
and 3.6.3.2. Cells were visualised on an Olympus BH-2 microscope and captured using a CC-
12 digital camera at 400x magnification.   
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Figure 6.2 Immunofluorescent Characterisation of Primary Tubular Epithelial Cells  
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Figure 6.2 Representative photomicrographs of immunofluorescent staining for the tubular 
cell marker β-catenin (left) and the myofibroblast marker α-smooth muscle actin (α-SMA) 
(right) in primary tubular epithelial cells. Cells grown on coverslips were fixed in methanol, 
immunostained with mouse monoclonal anti-β-catenin and α-SMA and antibody binding 
revealed with anti-mouse FITC as described in section 3.1.8. Fluorescence was visualised 
using an Olympus BX61 microscope at 494nm with excitation at 518nm and cells captured 
using a CC-12 digital camera at 400x magnification (β catenin) and 200x magnification (α-
SMA).   
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Figure 6.3 Immunofluorescent Characterisation of Primary Mesangial Cells 
 

a) Cell Markers for Analysis of Mesangial Cells 
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Figure 6.3 (a) Mesangial cells were identified by immunofluorescent staining for fibroblast, 
endothelial, mesenchymal and epithelial cell markers. Appropriate immortalised cell lines 
were used as a positive control. Neg = no staining, + = weakly positive, ++ = strongly 
positive. (b) The percentage of cytokeratin positive cells in the mesangial cell population. (c) 
and (d) photomicrographs of cytokeratin positive WT and TG2-/- cells at 1000x magnification.  
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6.2.3 Transglutaminase activity  
 

Measurement of TG activity in WT and TG2-/- tubular cells (fig 6.4a) showed that TG2- 

null cells had a 99% reduction in TG activity compared to WT cells (0.9±0.43 nmols/hr vs 

71.8±5.62 nmols/hr).  However, TG2-/- mesangial cells (fig 6.4b) only had a 50% reduction in 

TG activity compared to WT cells (15.5±0.9 nmols/hr vs 32.9±0.33 nmols/hr).  

 

6.2.4 TG2 antigen  

Immunoprobing of Western blots of tubular cell lysates with the monoclonal anti-TG2 

antibody CUB7402 revealed the presence of an immunoreactive band at 85 kDa that was 

present in both WT and TG2-/- cells (fig 6.5).  Volume densitometry analysis showed that in 

TG2-/- tubular cells there was a reduction in TG2 protein although this did not quite reach 

significance (p=0.06).  Unfortunately, it was not possible to determine TG2 antigen levels in 

null mesangial cells due to problems with obtaining sufficient cells for analysis.   

 

6.2.5 TG2 mRNA expression  

TG2 mRNA expression was determined in homogenates from whole WT and TG2-/- 

kidneys (fig 6.6).  A 3.5 kb band corresponding to TG2 mRNA was detected in both WT and 

TG2 null kidneys.  However, mRNA expression was reduced by 81% in TG2-/- kidneys 

compared to WT (p<0.0001).  
 

6.2.6 ε(γ-glutamyl) lysine crosslink levels  
 

Immunofluorescence and multi-phase image analysis was used to assess the level of ε(γ-

glutamyl) lysine crosslink in the ECM of WT and TG2-/- tubular and mesangial cells (fig 6.7 

and 6.8).  
 

Analysis of TG2-/- tubular ECM (fig 6.7) demonstrated a 6 fold reduction in crosslink 

levels compared to wild type ECM (p=0.05).  In mesangial cells (fig 6.8), the level of 

crosslink was reduced by almost 3 fold in TG2-/- ECM (p<0.05) compared to WT.  
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Figure 6.4 Transglutaminase Activity in WT and TG2-/- Cells  
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Figure 6.4 TG activity was determined in cell lysates from WT and TG2-/- tubular epithelial 
(a) and mesangial cells (b) by the putrescine incorporation assay (section 3.3.7.1). TG activity 
is expressed as nmols/hour/mg protein and represents mean ± SEM from 3 separate 
experiments performed in triplicate. ∗∗∗= p<0.0001 compared to wild type cells (students t 
test). 
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Figure 6.5 Western Blot for Tissue Transglutaminase in TG2-/- Tubular Cells  
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Figure 6.5 Cell lysates from WT and TG2-/- tubular epithelial cells were separated on a 10% 
polyacrylamide gel and blotted onto a PVDF membrane (section 3.3.6). Western blots were 
immunoprobed for TG2 using monoclonal anti-TG2 antibody CUB7402 (a) and revealed by 
chemiluminescence (section 3.3.7.3). Repeat probing for β-actin was used as a loading control 
(b). Volume densitometry measurements were determined using Multi-Analyst version 3.2 
and corrected for loading using β-actin (c). Data represents mean ± SEM from 2 separate 
blots, n=4 samples per blot.  
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 Figure 6.6 mRNA Expression (whole kidney) 
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Figure 6.6 Kidneys from wild type and TG2-/- mice were harvested, homogenised and the 
total RNA extracted using TRIzol™. RNA was subjected to Northern Blot analysis using a 
specific [32P]-dCTP random primed cDNA probe for TG2 (a). Repeat probing with 
cyclophilin was used as a loading control (b). Volume densitometry analysis was performed 
using Multi-Analyst version 3.2TM (c). Data represents mean ± SEM from 2 separate blots, 
n=3-4 samples per blot. ∗∗∗ =p<0.0001 compared to wild type (students t test).  
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Figure 6.7 ε(γ-glutamyl) lysine Crosslink Levels in TG2-/- Tubular ECM 
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Figure 6.7 (a) Representative photomicrographs of WT (left) and TG2-/- tubular cells (right) 
immunostained with monoclonal anti ε(γ-glutamyl) lysine antibody (200 x magnification). 
Quantification of staining was performed at 494nm (excitation at 518nm) using multi-phase 
image analysis (b) as described in section 3.5.2.6. Immunofluorescence was expressed as a 
ratio of crosslink (phase1): DAPI staining (phase2) to correct for cell number. Data represents 
mean ± SEM of 10 random fields.  
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Figure 6.8 ε(γ-glutamyl) lysine Crosslink Levels in TG2-/- Mesangial ECM 
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Figure 6.8 (a) Representative photomicrographs of WT (left) and TG2-/- tubular cells (right) 
immunostained with monoclonal anti ε(γ-glutamyl) lysine antibody (400 x magnification). (b) 
Semi quantitation of staining was performed using confocal microscopy with excitation at 
488nm. Data is expressed as the mean intensity of fluorescence per cell ± SEM from at least 6 
random fields. ∗= p<0.05 compared to wild type cells (students t test). 
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6.3 Discussion 
 

Tubular and mesangial cells from WT and TG2-/- mice were successfully isolated by 

retrograde perfusion of the kidney with BSA-inactivated Dynabeads® and separated into 

relatively pure cell preparations by magnetic separation.  Traditional methods of separating 

tubular and mesangial cells by the sieving of kidney tissue are problematic in the mouse due 

to the similar size of glomerular and tubular fragments and result in the low purity of 

mesangial cultures.  Magnetic separation was successful in virtually eliminating the problems 

of tubular contamination to give mesangial cultures of comparative purity to those obtained 

by the originators of this technique (Takemoto et al., 2002).  
 

A significant problem that was encountered in performing the perfusion through the heart 

as originally described by Takemoto et al., was the non-specific perfusion of other organs 

such as the liver which in turn resulted in relatively poor perfusion of the kidney.  Despite 

increasing the concentration of beads in the perfusate several fold, it proved difficult by the 

original method to target sufficient quantities of beads to the kidney.  The technique was 

improved significantly by performing the perfusion through the abdominal aorta which was 

tied above and below the renal artery such that the majority of the beads became lodged in the 

kidney.   
 

Immunofluorescent staining revealed that primary mesangial cells were negative for  

fibroblast cell surface antigen and the endothelial marker CD31, indicating a relatively pure 

mesangial cell population. However, mesangial cells were also negative for the mesenchymal 

marker vimentin which was surprising given that these cells are smooth muscle-like cells of 

mesenchymal origin. The reason for the lack of vimentin staining is unclear and is 

unfortunately impossible to verify as the original staining data performed at Nottingham Trent 

University is unavailable. The lack of an appropriate control for vimentin, however, would 

suggest a problem with the vimentin antibody and may indicate that the staining did not work.  

A small number of cells were found to be cytokeratin positive which is likely to indicate the 

presence of contamination from glomerular epithelial cells as cytokeratin is known to be an 

epithelial cell marker.  However, it is known that some mesangial cells in culture can also 

stain positive for cytokeratin making them difficult to distinguish (Mene, 2001).  
 

WT and TG2-/- tubular cells were 98% β-catenin positive and α-SMA negative at first 

passage indicating a mainly tubular culture.  However, it was noted that the tubular cells 

rapidly lost the expression of epithelial cell markers with repeated passage such that by 

passage 3 they were predominantly β-catenin (and E-cadherin) negative.  It is possible that the 
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trans-differentiation of epithelial cells to myofibroblasts is accountable for this loss of tubular 

phenotype however, in vitro, trans-differentiation of tubular cells normally results from 

exposure to high levels of TGF-β1 (Fan et al., 1999).  It is more likely that culture of primary 

cells in the absence of collagen substratum underlies the change in cell phenotype although 

the loss of epithelial markers may also result from the inability of our primary epithelial cells 

to survive trypsinisation, allowing other cell types such as fibroblasts to flourish.  
 
Morphological analysis of TG2-/- cells showed no difference in cell morphology 

compared to WT cells.  This is consistent with the original findings of De Laurenzi and 

Melino in vivo following disruption of TG2 (De Laurenzi and Melino, 2001) in which the 

major organs appeared normal and also with recent observations of the kidneys of TG2 null 

mice in the UUO model (Mohammed et al., 2006).  
 

A surprising finding was that whilst WT tubular and mesangial cells and indeed TG2-/- 

tubular cells were able to attach in the absence of TG2, TG2-/- mesangial cells required the 

addition of 50-100μg/ml of DTT-activated exogenous TG2 to successfully attach and grow. 

Since the expression of active TG2 at the cell surface appears to be important for attachment 

(Gentile et al., 1992; Jones et al., 1997) this suggests that the residual TG2 activity of TG2-/- 

mesangial cells is not translocated to the cell surface.  This would support the findings in TG2 

over-expressing mesangial cells (Chapter 5) that show no increase in the cell surface 

trafficking of TG2 despite large increases in intracellular levels.  
 

In comparison, TG2-/- tubular cells may express an inactive extracellular TG2 that is in 

some way sufficient to facilitate attachment.  Unfortunately, it was not possible to establish 

this by measuring the extracellular levels of TG2 in primary cells due to problems with 

establishing cultures in the 96 well plate format required for the assays.  Alternatively, 

attachment of tubular cells may be TG2-independent and rely on the expression of other cell 

attachment factors such as integrins or cell adhesion molecules. 
 

Western blot analysis of cell lysates from wild type and TG2-/- tubular cells demonstrated 

the presence of an immunoreactive band at 85 kDa corresponding to TG2 that was present in 

both WT and TG2-/- cells.  This is consistent with recent Western blot analysis of kidney 

tissue from TG2-/- mice in the study of the UUO model (Mohammed et al., 2006) but a 

contradiction to the original findings of (De Laurenzi and Melino, 2001). The reason for this 

apparent discrepancy is unclear however, the presence of a band at 85 kDa in the TG2 

knockout cells would appear to be consistent with a heterozygous genotype, suggesting that 

the animals are not pure knockouts. Whilst it is not entirely possible to rule out that these 
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animals are heterozygous for TG2 given that genotyping was not performed locally, it appears 

to be unlikely since the animals were genotyped by our close collaborators at Nottingham 

Trent University (E Verderio, personal communication), from whom we obtained the mice 

and demonstrated to be homozygous TG2-/-. Genotyping of these mice was performed by PCR 

using one sense primer and two anti-sense primers: one directed to a sequence within the WT 

gene and one to the neomycin sequence of the targeting vector (see appendix). Homozygous 

knockout animals were distinguished by a single 372 bp band whilst heterozygous animals 

showed a band at 372 bp and a WT band at 252 bp. Interestingly, Western blot analysis by 

colleagues at Nottingham Trent University on tissue from these homozygous TG2-/- mice also 

revealed the presence of an 85 kDa TG2 band (E Verderio personal communication, data not 

shown).  
 
The improbability that these mice are heterozygous for TG2 suggests that an alternative 

explanation is required for the presence of immunoreactive TG2.  Examination of the 

construct used to disrupt the TG2 gene may offer a clue to the existence of this band. 

Generation of the original TG2 knockouts by De Laurenzi and Melino resulted from the 

replacement of exons 5 and 6 with a targeting vector containing the neomycin resistance gene 

(fig 6.9). It is unclear from the original recombination whether the targeting vector also 

contained a stop codon in close proximity to the neomycin gene however, if this was the case, 

transcription would result in the expression of a slightly truncated protein lacking catalytic 

activity.  Given that the binding site of the TG2 antibody (CUB7402) occurs in the proposed 

truncated region, then probing would fail to detect a TG2 band in these animals as 

demonstrated by De Laurenzi and Melino.  It could be speculated that what is observed in the 

animals used in this study is the loss of such a stop codon through repeated breeding of the 

TG2 knockouts leading to read through and the generation of full length TG2 protein 

detectable by CUB7402.  
 
The presence of a TG2 positive band in the TG2-/- kidney lysates is almost certainly 

likely to represent the inactive form of the enzyme since generation of the knockout results 

from disruption of the active site of TG2 rather than deletion of the gene.  This is supported 

by the measurement of TG activity in the TG2-/- tubular cells which shows an almost total lack 

of TG activity.  However TG2-/- mesangial cells still retained half the TG activity of wild type 

cells.  Little is known about the expression of other transglutaminase enzymes in mesangial 

cells apart from TG2 that may account for this TG activity.  However a likely candidate is 

TG1 (keratinocyte TG) since this is expressed in the major organs of the TG2-/- mouse in the 

absence of TG2 activity (De Laurenzi and Melino, 2001).  
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Figure 6.9 Proposed Gene Disruption of TG2 Used in the Generation of the TG2 Knockout 
Mouse 

 
 

 
Figure 6.9 (a) Wild type TG2 gene from exon 4 to exon 10 showing the position of Eco-RV 
and BamHI sites and the binding sites of the Bam 400 cDNA probe (1240-1625 bp) and 
CUB7402 antibody (aa 447-478). (b) To perform targeted disruption of the TG2 gene a 
vector was generated by cloning an Eco/RV/BamHI genomic fragment containing intron 6 
to exon 9 into the pPNT vector at the 5’ end of the neomycin resistance gene followed by 
cloning of a PCR fragment from exon 4 to exon 5 into this vector. (c) Incorporation of this 
construct resulted in a recombinant TG2 gene in which 1.2kb comprising part of exon 5, 
exon 6 and intron 5 were deleted. It is speculated that the presence of a stop codon close to 
the neomycin gene would result in the transcription of an inactive and slightly truncated 
protein undetectable by CUB7402. It is further proposed that a subsequent loss of the stop 
codon through repeated breeding could result in transcription of full length TG2 protein to 
which CUB7402 would bind (d). Adapted from (De Laurenzi and Melino, 2001). 
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Given the presence of TG2 protein, perhaps a surprising finding is the almost total lack of 

TG2 mRNA expression in the TG2-/- kidneys when analysed by Northern blotting.  This may 

well be attributable to poor binding of the TG2 probe which targets the 385bp BamHI 

fragment of TG2 and may be affected by recombination with the targeting vector.  
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This chapter has demonstrated the successful isolation of relatively pure preparations of 

TG2-/- tubular and mesangial cells that possess significantly reduced TG activity and ε(γ-

glutamyl) lysine crosslink compared to wild type cells.  These will be utilised in subsequent 

chapters to determine the effect of a loss of TG2 on the deposition and degradation pathways 

that contribute to the accumulation of matrix in vitro.  
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Chapter 7 
 

 

Effect of Tissue Transglutaminase 
Modulation on Tubular Cell ECM  
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7.1 Introduction 
Data presented in Chapter 5 demonstrated that tubular epithelial cells induced to over-

express TG2 by stable transfection show elevated extracellular levels of the enzyme.  

Previous in vivo studies of renal disease have demonstrated that elevated levels of 

extracellular TG2, resulting from tubular cells, are associated with a parallel increase in ε(γ-

glutamyl) lysine crosslinking within the ECM that correlates with the development of scarring 

(Johnson et al., 1997; Johnson et al., 1999).  Such data suggests a link between increased TG2 

expression and the accumulation of scar tissue.  
 
The physiological role of TG2 crosslinking in the accumulation of excess ECM has yet to 

be fully established.  Data so far suggests that TG2 may influence the ECM indirectly via the 

matrix storage and activation of the fibrogenic cytokine TGF-β1 (Nunes et al., 1997) or 

directly via effects on the deposition and breakdown of ECM proteins (Johnson et al., 1997; 

Johnson et al., 1999; Skill et al., 2004).  However, no conclusive evidence for either 

mechanism in the kidney has so far been presented.  
 
Much of the evidence for a direct role of TG2 in matrix accumulation has come from the 

study of other cell systems in which TG2 has been modulated.  For example, studies of Swiss 

3T3 fibroblasts induced to over-express TG2 by transfection (Verderio et al., 1998) have 

demonstrated that elevated TG2 and extracellular crosslinking contributes to the assembly and 

stabilisation of fibronectin fibrils.  In human dermal fibroblasts cultured with exogenous TG2 

(Gross et al., 2003), an increase in TG2-mediated crosslinking promotes the increased 

deposition of ECM.  In the kidney, the in vitro study of elevated glucose on TG2-induced 

ECM accumulation by proximal tubular cells (Skill et al., 2004) has been investigated.  This 

reveals a glucose-mediated increase in ECM associated TG2 activity and crosslinking that is 

paralleled by increased deposition of ECM and collagen.  
 
It has also been suggested that TG2-mediated crosslinking of the ECM may influence the 

accumulation of matrix by increasing its resistance to the action of MMPs.  So far, much of 

the data supporting this has come from the in vitro study of isolated collagen fibrils.  For 

example, it has been demonstrated that the in vitro degradation of isolated collagen fibrils by 

MMP-1 is impeded in the presence of TG2 (Johnson et al., 1999).  Similarly, the in vitro 

study of dermal fibroblasts cultured with exogenous TG2, shows that increased TG2-mediated 

crosslinking of the ECM results in a decreased rate of matrix turnover, suggesting an effect on 

ECM breakdown (Gross et al., 2003).  
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The data generated so far has led to the hypothesis that TG2 produced and exported by 

tubular cells, contributes to scarring directly by influencing both the deposition and 

degradation of ECM proteins, thus facilitating the accumulation of matrix.  However, a major 

limitation of some of these studies is that they are not physiologically representative nor do 

they reflect the action of cell-synthesised TG2 on cell-generated matrix.  
 
To address this, the effect of changes in cellular TG2 on the properties of mature ECM 

generated by both OK tubular cells induced to over-express TG2 by transfection (Chapter 5) 

and TG2-null tubular cells (Chapter 6) will be investigated.  
 

The effect of modulating TG2 on the accumulation of matrix will be determined using 

the radio-labelling of deposited ECM with 3H-amino acids (total ECM) or 3H-proline (total 

collagen) and by hydroxyproline analysis (total collagen).  Immunofluorescence will be used 

to characterise the composition of deposited ECM.  Since a change in the rate of matrix 

deposition is the key contributor to the overall accumulation of matrix, this will be 

investigated by 3H-proline incorporation into deposited ECM in the presence of the MMP 

inhibitor Galardin.  The role of TG2 in the resistance of the ECM to proteolytic degradation, 

so far only studied in isolated systems, will be determined by subjecting the ECM generated 

and deposited by tubular cells to degradation by a range of proteolytic enzymes including 

MMPs -1 and –2.   
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7.2 Results  

7.2.1 Preliminary studies 
 

The investigation into the effect of TG2 modulation on the properties of tubular cell- 

generated ECM required the design of a suitable in vitro model in which cell generated ECM 

could be radio-labelled, the cells removed effectively and the remaining labelled ECM 

recovered for analysis.  For this, a number of preliminary experiments were performed to 

establish a suitable concentration of label, the washing regime required to minimise non-

specific radioactivity and the most effective methods for cell removal and ECM recovery.   

 
7.2.1.1 Optimum concentration of radiolabel 

  
To determine the degree of ECM labelling with varying concentrations of proline label, 

OK cells were incubated for 72 hours with either 10, 100 or 300μCi of 3,4H-proline or 50μCi 

of 2,3,4,5H-proline and the ECM label determined by scintillation counting (fig 7.1a).  

Labelling the ECM with 10μCi of 3,4H proline gave a level of incorporation of around 

2000dpm (disintegrations per minute)/well.  Increasing the concentration of 3,4H-proline label 

from 10μCi to 100μCi and 300μCi increased the level of ECM labelling by 4 and 7.5 fold 

respectively.  Labelling of the ECM with 50μCi of 2,3,4,5H-proline was more efficient than 

labelling with 100μCi of  3,4H proline.  Since sufficient labelling was achieved with 10μCi of  

3,4 H-proline, this was chosen for use in the radio labelling studies.  

 
7.2.1.2 Removal of non-specific radioactivity 

 
To minimise non-specific radioactivity resulting from radiolabel binding to the tissue 

culture plastic, a washing regime was required that would minimise this without removing the 

remaining ECM.  To determine the number of washes required after the removal of cells, 

plates were washed with increasing volumes of PBS (10, 15, 20, 25 and 30ml) and a sample 

removed from each wash to determine the total dpm by scintillation counting (figure 7.1b).  

Wash 1 had a total dpm of around 3250 dpm that was reduced to around 600 dpm by wash 5.  

In comparison, the dpm of the remaining ECM was around 2000dpm/well.  Since there was 

little difference in the dpm removed between wash 3 and 5, a washing regime of 3 washes 

with increasing volumes of PBS was used in the experimental model.  

 
7.2.1.3 Cell removal 

 
OK cells were labelled for 72 hours with 10μCi of 3H-proline and the cells removed with; 

0.1% deoxycholate/PBS, 0.25% deoxycholate/PBS, 0.1% deoxycholate/Triton X-100 or 

0.25M ammonium hydroxide for 10 mins at 37oC.  The ease of cell removal with each agent 
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was determined visually and the dpm remaining in the ECM (after scraping) determined by 

scintillation counting (fig 7.2a).  Ammonium hydroxide was the most effective cell removal 

agent and left the greatest amount of ECM behind (9690 dpm/10cm2 plate).  Both 

concentrations of deoxycholate showed similar effectiveness at removing the cells however, 

more ECM remained after treatment with 0.1% deoxycholate (8522 vs 8105 dpm).  Removal 

of cells with 0.1% deoxycholate/Triton X-100 was equally as effective as the other agents but 

also removed more of the remaining ECM.  The agent chosen for the experimental model was 

ammonium hydroxide. 

 
7.2.1.4 ECM recovery 

 
OK cells were cultured for 72 hours until confluent, the cells removed with 0.25M 

ammonium hydroxide, the ECM washed 5 times with increasing volumes of PBS and 

solubilised/precipitated for 1 hour at 37oC with either 2.5% SDS, 0.1M NaOH or 10% TCA 

(fig 7.2b).  The solubilised/precipitated ECM was scraped and the protein concentration 

determined by the bicinchoninic acid assay as described in section 3.3.9.1. 
 

The greatest ECM recovery was achieved with 2.5% SDS which yielded 0.18mg/ml of 

ECM protein/10cm2 plate.  Recovery of ECM with 0.1M NaOH was poor, only yielding 

0.02mg/ml of ECM protein.  Treatment with 10% TCA failed to precipitate the ECM and 

recovery was negligible.  The agent used in the recovery of ECM in the experimental model 

was 2.5% SDS. 
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Figure 7.1 Determination of Labelling Protocol and Washing Regime for the ECM 

Labelling Studies 

a) Proline Labelling of ECM 

 

 

 

 

 

 

 

 

 

 

 

 

b) Washing Regime  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 (a) OK cells were labelled for 72 hours with 10μCi, 100μCi or 300μCi of 3,4H- 
proline or 50μCi of 2,3,4,5H-proline, cells removed with 0.25M ammonium hydroxide, the 
ECM recovered by scraping and incorporated label measured by scintillation counting. (b) 
Following cell removal, plates were washed 5 times with increasing volumes of PBS (10, 15, 
20, 25 and 30ml), a sample removed from each wash and the dpm determined by scintillation 
counting. Data is from a single experiment.  
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Figure 7.2 Evaluation of Cell Removal and ECM Recovery Agents for Use in the ECM 

Labelling Studies. 

a) Cell Removal 

 

 

 

 

 

 

 

 

 

 

 

 

b) ECM Recovery 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 (a) OK Cells were cultured in the presence of 10μCi of 3H-proline for 72 hours. 
The ECM remaining after the removal of cells with 0.1% deoxycholate/PBS (0.1% DC), 
0.25% deoxycholate/PBS, 0.1% deoxycholate/Triton X100 or 0.25M ammonium hydroxide 
(AH) was determined by scintillation counting.  (b) The recovery of ECM by 2.5% SDS, 
0.1M NaOH or 10% TCA was determined by the bicinchoninic acid assay as described in 
section 3.3.9.1. Data is from a single experiment. 
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7.2.2 Experimental data 

7.2.2.1 Measurement of total deposited ECM  
 

The non-specific incorporation of 3H-labelled amino acids into deposited ECM was used 

as a measure of any change in total ECM level in response to TG2 modulation.  In TG2 over-

expressing OK cells (fig 7.3a), no significant change in total deposited ECM was observed. 

To confirm these findings, deposited ECM was also quantified by the bicinchoninic acid 

assay (fig 7.3b).  Again, despite a small increase in clone tTg21 ECM levels, overall there was 

no significant increase in total ECM.  
 

In contrast, 3H-amino acid labelling of TG2-/- ECM (fig 7.4) revealed a 17% reduction in 

total ECM (2.65± 1.82 dpm/mg protein) compared to wild type cells (3.18 ± 1.86 dpm/mg 

protein) although this did not achieve significance (p=0.4).   

 
7.2.2.2 Measurement of total ECM collagen 

 
The incorporation of 3H-proline into deposited ECM was used as a measure of the total 

collagen content of the ECM.  In TG2 over-expressing OK cells (fig 7.5a), increasing the 

intracellular TG activity to 5 fold that of the transfection control (clone tTg 21) increased 3H-

proline incorporation by 37% (1673.944 ± 264.21 vs. 1240.754 ± 65.371 dpm/mg protein, 

p<0.05), while a 7 fold increase in TG activity (clone tTg7) caused an 186% increase in 3H-

proline incorporation (2272.841 ± 405.85 vs. 1240.754 ± 65.371 dpm/mg protein, p<0.05).  
 

Since 3H-proline may incorporate into non-collagenous proteins, ECM from over-

expressing clone tTg7 was also subjected to hydroxyproline analysis by gas chromatography 

(fig 7.5b).  Hydroxyproline content of tTg7 ECM was found to increase by 278% (p<0.001) 

compared to control.  
 

In contrast, the collagen content of TG2-/- tubular ECM as measured by 3H-proline 

labelling (fig 7.6a), was reduced by 26% compared to wild type ECM (p<0.01).  This 

reduction in ECM collagen was confirmed by hydroxyproline analysis which demonstrated a 

73% reduction (p<0.001) in hydroxproline content (fig 7.6b). 
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Figure 7.3 Total ECM Levels in TG2 Over-expressing OK Cell Clone ECM  
 
a) 3H Amino Acid Label 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
b) ECM protein by the Bicinchoninic Acid Assay 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.3 (a) Total ECM deposition in TG2 over-expressing OK cell clone ECM was 
determined by culture of clones for 72 hours in the presence of 20μCi of 3H-amino acid 
mixture followed by recovery of the ECM as described in section 3.5.2.1. (b) Separate plates 
were analysed for total ECM protein by the bicinchoninic acid assay (section 3.3.9.1). Data 
represents mean values ± SEM from 3 separate experiments performed in triplicate, corrected 
per mg of ammonium hydroxide-soluble cell protein and expressed as percentage of the 
control.  
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Figure 7.4 Total ECM Levels in WT and TG2-/- Tubular ECM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.4 Total ECM deposition was determined in WT and TG2-/- ECM by culture of 
primary cells for 72 hours in the presence of 20μCi of 3H-amino acid mixture prior to 
recovery of the ECM and measurement of incorporated label by scintillation counting. Data 
represents mean ECM label ± SEM from 3 separate experiments performed in duplicate, 
corrected per mg of ammonium hydroxide-soluble cell protein and expressed as percentage of 
the control.  
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Figure 7.5 Total ECM Collagen in TG2 Over-expressing OK Cell Clone ECM 
 

a) 3H-Proline Incorporation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) Hydroxyproline Analysis  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.5 (a) Total ECM collagen was determined in TG2 over-expressing OK cell clone 
ECM by culture in the presence of 10μCi 3H-proline for 72 hours prior to recovery of the 
ECM and measurement of 3H-proline labelling by scintillation counting (section 3.5.2.1). 
Data represents mean value ± SEM from 3 separate experiments performed in triplicate, 
corrected per mg of cell protein and expressed as percentage of the control ∗∗=p<0.01 
compared to transfection control by one way ANOVA with Bonferroni post hoc test (b) 
Levels of ECM collagen in clone tTg7 were confirmed by gas chromatography for 
hydroxyproline. Data represents mean ± SEM from 3 separate plates and is expressed as 
percentage of amino acids. ∗∗∗=p<0.001 compared to transfection control (students t test).  
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Figure 7.6 Total ECM Collagen in WT and TG2-/- Tubular ECM 
 
a) 3H-Proline Incorporation 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Hydroxyproline Analysis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.6 (a) Total ECM collagen was determined in WT and TG2-/- ECM by culture in the 
presence of 10μCi 3H-proline for 72 hours prior to recovery of the ECM as described 
previously. Data represents mean value ± SEM from 3 separate experiments performed in 
duplicate, corrected per mg of cell protein and expressed as percentage of the control. (b) 
Levels of ECM collagen were confirmed by hydroxyproline analysis. Data represents mean ± 
SEM from 3 separate plates and is expressed as percentage of amino acids. ∗=p<0.01, 
∗∗=p<0.001 compared to wild type (students t test).   
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7.2.2.3 Analysis of collagen composition by immunofluorescence 
 
Immunofluorescence was used to characterise which collagen types may contribute to the 

collagen composition of the ECM in response to TG2 modulation.  Representative 

photomicrographs of the resultant staining are shown in fig 7.7. 
 

In OK cells, changes in deposited collagens were characterised in the highest expressing 

clone tTg7.  Collagens III and IV were just detectable in the ECM of normal OK cells (fig 7.7 

panels A and B), but markedly elevated in clone tTg7 (fig 7.7 panels E and F).  Multiphase 

image analysis (fig 7.8a) revealed a 96% increase in Collagen III (p<0.01) and a 78% increase 

in Collagen IV (p<0.05) in clone tTg7 ECM.  Collagen I was barely detectable in either 

control or tTg7 (data not shown).   
 

A comparison of WT (fig 7.7 panels I and J) and TG2-/- ECM (fig 7.7 panels M and N) 

demonstrated strong reductions in both Collagen III and IV staining but not Collagen I (data 

not shown).  Multiphase analysis of TG2-/- ECM (fig 7.8b) demonstrated a 67% reduction in 

Collagen III and an 81% reduction in Collagen IV compared to WT ECM.  

 
7.2.2.4 ε(γ-glutamyl) lysine levels in the ECM 

Immunofluorescent staining of the ECM for ε(γ-glutamyl) lysine crosslink (fig 7.7 panels 

C, D, G, H, K, L, O and P) demonstrated a significant increase in the level of ECM associated 

crosslink in OK clone tTg7 ECM (+46%, p<0.01) compared to control ECM (fig 7.7 panels C 

and G and fig 7.9a).  The staining was observed to form a mesh like network of fibres that 

extended over the cell surface and into the ECM (fig 7.7 panels G and H).  
 

TG2-/- cells showed barely detectable levels of ε(γ-glutamyl) lysine crosslink (fig 7.7 

panels O and P and fig 7.9b) and the staining was mostly intracellular.  In contrast, WT cells 

(panels K and L) showed a much greater degree of ε(γ-glutamyl) lysine crosslink staining 

(+82%, p=0.05) which extended beyond the cells and into the ECM.    
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Figure 7.7 Representative photomicrographs of ECM from normal OK cells (panels A to D), 
over-expressing clone tTg7 (panels E to H), primary WT tubular cells (panels I to L) and TG2-/-

cells (panels M to P). ECM was probed with goat anti-collagen III polyclonal antibody and 
detected with anti-goat FITC (panels A, E, I and M) or rabbit anti-Collagen IV polyclonal and 
detected with anti-rabbit TRITC (panels B,F, J and N). Magnifications are shown in parentheses.
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Figure 7.8 Multi-phase Image Analysis of Collagen Immunofluorescence  
 

a) OK Over-expressing Clone tTg7 ECM  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) TG2-/- Tubular ECM 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.8 Collagen staining was determined in TG2 over-expressing OK clone tTg7 (a) and 
TG2-/- (b) ECM by immunofluorescence and 10 random fields analysed by multiphase image 
analysis. Collagen immunofluorescence was expressed as a ratio of collagen (phase 1): DAPI 
staining (phase 2) to correct for cell number. Data represents mean ± SEM of 10 fields. 
∗=p<0.05, ∗∗=p<0.001, ∗∗∗=p<0.0001 compared to control (students t test).  
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Figure 7.9 Multi-phase Image Analysis of ε(γ-glutamyl) lysine Crosslink  
 

a)  OK Over-expressing Clone tTg7 ECM  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
b)  TG2-/- Tubular ECM  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.9 ε(γ-glutamyl) lysine crosslink staining was determined in TG2 over-expressing 
OK clone tTg7 (a) and TG2-/- (b) ECM by immunofluorescence and 10 random fields 
analysed by multi-phase image analysis. Immunofluorescence was expressed as a ratio of ε(γ-
glutamyl) lysine (phase 1): DAPI staining (phase 2) to correct for cell number. Data 
represents mean ± SEM of 10 fields. ∗=p<0.01 compared to control (students t test).  
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7.2.2.5 Collagen mRNA expression 

To ascertain whether changes in the collagen composition of the ECM in response to TG2 

modulation could be attributable to increased collagen expression, Northern blot analysis was 

used to determine the collagen mRNA expression profile of TG2 over-expressing OK cells 

and primary WT and TG2-/- tubular cells (figs 7.10 to 7.13).  
 

Interestingly, densitometric analysis of transfected OK cells indicated changes in collagen 

mRNA expression relative to un-transfected cells in response to transfection with the pCIneo 

vector alone.  Decreases of 29.5% and 23.5% were observed in collagen I and IV mRNA 

expression (figs 7.10 and 7.12) in cells transfected with pCIneo compared to un-transfected 

cells. Conversely, collagen III mRNA expression as indicated by the presence of a 5.4 kb 

band, was increased by 82% (p<0.0001; one way ANOVA with Bonferroni post hoc test) in 

pCIneo transfected cells. This was coupled with the appearance of a smaller unidentified band 

not present in either un-transfected or TG2 transfected cells.       

 

In TG2 over-expressing OK cells, reductions were observed in the mRNA expression of 

collagens I, III and IV (fig 7.10, 7.11 and 7.12) compared to normal and transfection control 

OK cells.  In the highest expressing clone tTg7, levels of collagen I and III mRNA were 

significantly reduced by 61.8% (p<0.05; Bonferroni post hoc test) and 51.9% (p<0.0001; 

Bonferroni post hoc test) respectively compared to the transfection control whilst a significant 

decrease in collagen IV expression of 43.5% (p<0.05; Bonferroni post hoc test) was observed.  
 

The changes in collagen mRNA expression were difficult to confirm in TG2 null tubular 

cells due to the small number of samples and variability in loading which influenced volume 

densitometry analysis. However, there appeared to be little overall change in collagen I and 

III mRNA expression in TG2-/- cells (fig 7.13a and c) compared to WT although a small 

increase in collagen IV mRNA expression was indicated (fig 7.13b).   

 
7.2.2.6 Collagen deposition rate  

 
To determine whether TG2 modulation influenced the rate of collagen deposition, the 

ECM from TG2 over-expressing OK clone tTg7 (TG2+) and TG2 null tubular cells was 

labelled with 3H-proline in the presence of the MMP inhibitor Galardin (fig 7.14).  Galardin is 

a recently developed broad spectrum peptidyl hydroxamate inhibitor that inhibits MMPs -1,-2, 

-3 and -9 (Grobelny et al., 1992).  In these cells, Galardin blocks over 95% of breakdown 

(unpublished observation) and was preferential to 1, 10 phenanthroline due to its lack of toxic 

effects on OK cells.  
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In OK cells, treatment with 10μM Galardin increased collagen deposition in both control 

and TG2+ ECM over 72 hours (fig 7.14a).  However, the proportional increase in deposition 

of TG2+ ECM was double that of control ECM indicating that elevated TG2 influenced 

deposition rate.   
 

Application of Galardin to primary tubular cells (fig 7.14b) resulted in an increase in 3H- 

proline incorporation into WT ECM of 15 dpm/mg protein compared to a 5 dpm increase in 

TG2-/- generated ECM.  This represented a 3 fold reduction in collagen deposition rate in the 

absence of TG2.  
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Figure 7.10 Collagen I mRNA Expression in TG2 Over-expressing OK Cells 
 
       a) Northern blots 
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b) Volume Densitometry 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.10 (a) TG2 over-expressing OK cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using a specific [32P]-dCTP random primed cDNA probe 
for Collagen I (section 3.4.8). Repeat probing with cyclophilin was used as a loading control. 
(b) Volume densitometry analysis was performed using Multi-Analyst version 3.2TM. Data 
represents mean volume density ± SEM from 2 separate blots, n=2 samples per blot, corrected 
for loading using cyclophilin. ∗=p<0.05 compared to transfection control cells (one way 
ANOVA with Bonferroni post hoc test).  
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Figure 7.11 Collagen III mRNA Expression in TG2 Over-expressing OK Cells 
 

       a) Northern blots 
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b) Volume densitometry 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.11 (a) TG2 over-expressing OK cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using a specific [32P]-dCTP random primed cDNA probe 
for Collagen III. Repeat probing with cyclophilin was used as a loading control. (b) Volume 
densitometry analysis was performed using Multi-Analyst version 3.2TM. Data represents 
mean volume density ± SEM from 2 separate blots, n=2 samples per blot, corrected for 
loading using cyclophilin. ∗∗=p<0.0001 compared to transfection control cells, † = p<0.0001 
compared to un-transfected OK cells (one way ANOVA with Bonferroni post hoc test). 
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Figure 7.12 Collagen IV mRNA Expression in TG2 Over-expressing OK Cells 
 

a) Northern blots 
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b) Volume densitometry 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.12 (a) TG2 over-expressing OK cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using a specific [32P]-dCTP random primed cDNA probe 
for Collagen IV. Repeat probing with cyclophilin was used as a loading control. (b) Volume 
densitometry analysis was performed using Multi-Analyst version 3.2TM. Data represents 
mean volume density ± SEM from 2 separate blots, n=2 samples per blot corrected for 
loading using cyclophilin. ∗=p<0.05 compared to transfection control cells (one way ANOVA 
with Bonferroni post hoc test).  
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Figure 7.13 Collagen mRNA Expression in WT and TG2-/- Tubular Cells 
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Figure 7.13 (a) WT and TG2-/- primary tubular cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using specific [32P]-dCTP random primed cDNA probes 
for collagen, I, III and IV. Repeat probing with cyclophilin was used as a loading control. 
Data in parentheses shows the mean volume densitometry value for each group.  
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Figure 7.14 ECM Deposition in the Presence of the MMP Inhibitor Galardin 
  
 a) OK Clone tTg7 ECM  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
b) TG2-/- Tubular ECM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 7.14 TG2 over-expressing OK cells (TG2+) and TG2-/- tubular cells were labelled for 
72 hours with 10μCi of 3H-proline in the presence or absence of 10μM Galardin. ECM was 
recovered and label measured by scintillation counting. Data represents mean dpm/mg 
cellular protein ± SEM from 3 separate experiments performed in duplicate. 
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7.2.2.7 mRNA expression of MMPs and TIMPs  
 

Northern blotting was used to determine whether changes in TG2 expression had any 

feedback on the mRNA expression of matrix-degrading enzymes MMPs and their inhibitors 

TIMPs that in turn could affect the rate of ECM breakdown (figs 7.15 to 7.20). Quantitative 

analysis of MMP and TIMP mRNA expression was determined by volume densitometry with 

the exception of MMP-1 and TIMP-1 which were analysed by spot densitometry due to the 

poor quality of the blots and interference by high background signal. 
 

Densitometry analysis of transfected OK cells revealed that in a similar manner to 

collagen expression (section 7.2.2.5), transfection with the pCIneo vector alone also 

influenced the expression of MMPs and TIMPs relative to un-transfected OK cells. The 

mRNA expression of MMP-1, TIMP-1 and TIMP-3 (figs 7.15, 7.17 and 7.18) was reduced by 

25% 12% and 54% respectively compared to un-transfected cells. In contrast, MMP-9 

expression (fig 7.16) was increased by 39% (p<0.05) in transfection control cells compared to 

normal. In TG2 over-expressing OK cells, spot densitometry indicated an increase in the 

mRNA expression of MMP-1 (fig 7.15) compared to the transfection control although this 

was not significant. Levels of TIMP-1 mRNA expression (fig 7.17) appeared relatively 

unchanged. TIMP-3 mRNA expression (fig 7.18) was shown to be increased as indicated by 

volume densitometry, with a 4.5 fold increase in clone tTg7 expression (p<0.01) compared to 

the transfection control. MMP-9 mRNA expression (fig 7.16) was variable depending on the 

clone but was reduced by 25% in clone tTg7 (p<0.05) compared to pCIneo. TIMP-2 was 

below the limit of detection and data is not shown.  
 

The changes in MMP and TIMP mRNA expression in TG2 null tubular cells (figs 7.19 

and 7.20) were difficult to interpret due to the poor quality of some blots and the considerable 

variability in loading both within and between groups. Examination of raw densitometric 

values indicated that mRNA expression of MMP-9, TIMP-1 and TIMP-2 was similar in WT 

and TG2-/- cells. However, correction for loading using cyclophilin (data not shown) 

influenced these values such that MMP-9 appeared increased whilst TIMP-1 and TIMP-2 

appeared decreased in TG2-/- compared to WT. In comparison, TIMP-3 densitometric values 

were slightly higher in TG2-/- cells although when corrected for loading, no change in TIMP-3 

expression was observed. Volume density values of MMP-1 mRNA were unreliable due to 

the poor quality of the blot.  
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Figure 7.15 MMP-1 mRNA Expression in TG2 Over-expressing OK cells 
 

a) Northern blots 
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b) Spot densitometry 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.15 TG2 over-expressing OK tubular cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using a specific [32P]-dCTP random primed cDNA probe 
for MMP-1. Repeat probing with cyclophilin was used as a loading control (a). Spot 
densitometry analysis was performed using Molecular Analyst version 4 software (b). Data 
represents mean optical density (OD) ± SEM from 2 separate blots, n=2 samples per blot 
corrected for loading using cyclophilin.  
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Figure 7.16 MMP-9 mRNA Expression in TG2 Over-expressing OK cells 
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b) Volume densitometry 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.16 TG2 over-expressing OK tubular cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using a specific [32P] dCTP random primed cDNA probe 
for MMP-9. Repeat probing with cyclophilin was used as a loading control (a). Volume 
densitometry analysis was performed using Multi-Analyst version 3.2TM (b). Data represents 
mean volume density ± SEM from 2 separate blots, n=2 samples per blot, corrected for 
loading using cyclophilin mRNA density. ∗=p<0.05 compared to transfection control cells, † 
= p<0.05 compared to un-transfected OK cells (one way ANOVA with Bonferroni post hoc 
test). 

-2.3 kb 

-1.9 kb 

TF Con  tTg18 tTg21 tTg7 OK 

TF Con  tTg18 tTg21 tTg7 OK 

∗ 

† 



 188

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

OK pCIneo tTg18 tTg21 tTg7

M
ea

n 
ba

nd
 in

te
ns

ity
 (O

D
 u

ni
ts

)

Figure 7.17 TIMP-1 mRNA Expression in TG2 Over-expressing OK cells 
 

a) Northern blots 
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b) Spot densitometry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.17 TG2 over-expressing OK tubular cells were harvested, total RNA extracted and 
subjected to Northern blot analysis using a specific [32P] dCTP random primed cDNA probe 
for TIMP-1. Repeat probing with cyclophilin was used as a loading control (a). Spot 
densitometry analysis was performed using Molecular Analyst version 4 software (b). Data 
represents mean optical density (OD) ± SEM, from 2 separate blots, n=2 samples per blot, 
corrected for loading using cyclophilin mRNA density.  
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Figure 7.18 TIMP-3 mRNA Expression in TG2 Over-expressing OK cells 
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Figure 7.18 TG2 over-expressing OK tubular cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using a specific [32P] dCTP random primed cDNA probe 
for TIMP-3. Repeat probing with cyclophilin was used as a loading control (a). Volume 
densitometry analysis was performed using Multi-Analyst version 3.2TM (b). Data represents 
mean volume density ± SEM, from 2 separate blots, n=2 samples per blot, corrected for 
loading using cyclophilin mRNA density.∗∗=p<0.01 compared to transfection control cells, † 
= p<0.05 compared to un-transfected cells (one way ANOVA with Bonferroni post hoc test).  
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Figure 7.19 MMP-1 and MMP-9 mRNA Expression in WT and TG2-/- Tubular Cells  
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Figure 7.19 WT and TG2-/- primary tubular cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using specific [32P] dCTP random primed cDNA probes 
for MMP-1 and MMP-9. Repeat probing with cyclophilin was used as a loading control. 
Volume densitometry analysis was performed using Multi-Analyst version 3.2TM. Data in 
parentheses shows mean volume densitometry values ± SEM for each group.  
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 Figure 7.20 TIMP-1, TIMP-2 and TIMP-3 mRNA Expression in WT and TG2-/- 
Tubular Cells 
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Figure 7.20 WT and TG2-/- primary tubular cells were harvested, total RNA extracted and 
subjected to Northern Blot analysis using specific [32P] dCTP random primed cDNA probes 
for TIMP-1, TIMP-2 and TIMP-3. Repeat probing with cyclophilin was used as a loading 
control. Volume densitometry analysis was performed using Multi-Analyst version 3.2TM. 
Data in parentheses shows mean volume densitometry values ± SEM per group.  
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7.2.2.8 MMP activity of OK cells 
 

7.2.2.8.1 Gelatin zymography of OK cell medium  
 

To determine the MMP-1 and MMP-2 activity of normal OK cells, medium was isolated 

and subjected to gelatin zymography (fig 7.21a) and compared to controls of APMA activated 

human pro-MMP-1 and pro-MMP-2.  OK cells appeared to show the presence of active 

MMP-2 as indicated by a band corresponding to 62kDa.  Similarly, the presence of pro-

MMP-1 and active MMP-1 was indicated by the presence of a doublet band at 52kDa and a 

single band at 42 kDa.   
 

7.2.2.8.2 MMP activity of TG2 over-expressing OK cell medium 

To determine if alterations in MMP and TIMP mRNA levels influenced overall MMP 

activity in TG2 over-expressing clones, conditioned medium from normal OK cells and clone 

tTg7 was tested against gelatin substrate using the EnzCheck assay system (fig 7.21b).  A 

53% reduction in MMP activity against gelatin was observed in tTg7 cells compared to wild 

type OK cells (0.023 vs 0.043 δFl units/hr).  

 

7.2.2.9 Enzymatic degradation of tubular ECM  

To establish whether mature ECM deposited by tubular cells could be successfully 

degraded, ECM from normal OK and clone tTg7 cells was subjected to treatment with a 

number of proteolytic enzymes.  
 

For non-specific digestion of matrix proteins, the ECM was subjected to treatment with 

the proteolytic enzyme trypsin.  The ECM was labelled for 72 hours with 3H-proline followed 

by degradation of the ECM over a 20 minute time period with 5μg/ml trypsin (fig 7.22a). 

Both OK cell and clone tTg7 ECM was capable of being degraded by trypsin however, the 

ECM from clone tTg7 cells was found to be significantly more resistant to degradation by 

trypsin than control ECM (p<0.01, students t test).  
 

To develop a more physiologically relevant degradation assay, the ECM was degraded 

with bacterial collagenase from Clostridium hystolyticum (fig 7.22b).  This enzyme has 

previously been used in the study of collagen deposition (Eickelberg et al., 1999; Nugent and 

Newman, 1989) and has the advantage of being collagen specific.  Both control and tTg7 

ECM was susceptible to degradation by this enzyme, however, degradation of tTg7 ECM with 

0.01U/ml collagenase failed to show a significant difference in the rate of ECM breakdown 

compared to control ECM. 

 
 



 193

46

48

50

52

54

56

58

60

62

0 1 3 5 7 9 11 13 15 17 19 21 23
Time (hours)

R
FU

 5
85

nm

OK 
tTg7 

Figure 7.21 MMP Activity of OK Tubular Cells  
 

a) Gelatin Zymograph of OK Cell Medium and Activated MMPs 
 
 
 
 
      
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) Enzchek Assay  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.21 (a) 20μl of media isolated from normal OK cells was separated on a 10% 
polyacrylamide gel containing 1mg/ml of gelatin and analysed for MMP activity by gelatin 
zymography as described in section 3.5.4.3. Identification of bands was by reference to 
purified APMA-activated human pro-MMP1 and purified APMA-activated human pro- 
MMP-2 (Biogenesis, Poole, UK). Marker = Biorad kaleidoscope pre-stained standards. (b) 
Proteolytic activity was determined in 20μl of OK cell and clone tTg7 media against a DQ 
gelatin substrate using the Enzchek assay system as described in section 3.5.4.4. Data is 
expressed as relative fluorescent units at 585nm from a single experiment.  
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7.2.2.10 Degradation of tubular ECM with MMP-1 and MMP-2  
 

To determine the ability of MMP-1 and MMP-2 to degrade cell synthesised and 

deposited tubular ECM, normal OK cell ECM was subjected to degradation by either 1μg/ml 

of APMA-activated pro-MMP-1, 1μg/ml of APMA-activated pro-MMP-2 or a combination of 

1μg/ml MMP-1/MMP-2 (fig 7.23a).  Control wells were incubated with MMP reaction buffer.  

Aliquots of the supernatant were scintillation counted and released radioactivity expressed as 

a percentage of the total ECM label.  
 

Treatment of the ECM with either MMP-1 or MMP-2 alone was ineffective at degrading 

the matrix giving only 0.3% and 0.6% greater breakdown than the reaction buffer over the 24 

hour time period.  However, a combination of MMP-1 and MMP-2 was effective at degrading 

the ECM and gave double the breakdown achieved with either enzyme.       

 
7.2.2.11 MMP-1/MMP-2 degradation of TG2 over-expressing and TG2 null tubular 

cell ECM 
 

The degradation of tubular ECM by a combination of MMP-1 and MMP-2 was used to 

assess whether modulation of TG2 is able to influence the resistance of the ECM to MMP 

breakdown.  Deposited tubular ECM previously labelled for 72 hours with 3H proline was 

degraded over 6 hours with a mixture of 1μg/ml MMP-1 and 1μg/ml MMP-2 (fig 7.23b).  
 

Treatment of OK tTg7 clone ECM with MMP-1 and -2 (fig 7.23bi) reduced the 

percentage degradation of the ECM per hour from 2.3% as seen in OK cells to 1.1% 

indicating that tTg7 ECM was less susceptible to proteolytic decay than control cell ECM.  
 

In contrast, the susceptibility of TG2-/- ECM to MMP-1 and MMP-2 degradation was 

unchanged over the 6 hour time period (fig 7.23bii).  However, TG2-/- ECM was more readily 

degraded (2.86 v 3.61% per hour) for the first 30 mins after application of MMP-1 and 2.  
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Figure 7.22 Enzymatic Degradation of OK Clone tTg7 ECM 
 
a) Degradation with 5μg/ml trypsin  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) Degradation with 0.01U/ml of collagenase from Clostridium hystolyticum 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 7.22 Cells were incubated with 10μCi of 3H-proline for 72 hours prior to degrading 
the ECM with 1ml of 0.01x trypsin-EDTA in PBS for up to 20 mins (a) or 0.01U/ml of 
collagenase from Clostridium hystolyticum in PBS for up to 120 mins (b). 100μl samples 
were removed at 5 min (a) or 10 min intervals (b) and the amount of released label determined 
by scintillation counting (section 3.5.4.2). Data is expressed as the % degradation of total 
ECM label ± SEM from 3 separate experiments performed in duplicate. All values were 
corrected for background degradation by PBS alone. 
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 Figure 7.23 MMP Degradation of OK Cell Tubular ECM  
 

a) Susceptibility of normal ECM to MMP breakdown 

 

 

 

 

 

 

 

 

 

 

 

 

b) Combined MMP-1 and MMP-2 Degradation of Tubular Cell ECM 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.23 (a) OK cells were cultured for 72 hours with 3H-proline, the cells removed and 
the ECM degraded for 24 hours with either reaction buffer (RB), 1μg/ml APMA-activated 
MMP-1 alone, 1μg/ml MMP-2 alone or a combination of 1μg/ml MMP-1 and MMP-2 
(section 3.5.4.2). (b) OK clone tTg7 ECM (i) and TG2-/- tubular cell ECM (ii) was digested as 
previously with a combination of 1μg/ml of MMP-1 and 1μg/ml of MMP-2 for up to 24 
hours. 50μl of supernatant was removed at 0, 30 and 60 and 120 mins and every 2 hours after 
that up to 24 hours. The percentage of total ECM degraded was determined by scintillation 
counting. Data represents mean ± SEM from 3 separate experiments performed in duplicate. 
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7.3 Discussion 
Numerous studies have established that the accumulation of scar tissue in CKD is 

associated with the elevated expression of TG2 by tubular cells (Johnson et al., 1997; Johnson 

et al., 1999; Skill et al., 2001).  Previous data suggests that TG2 may play a direct role in the 

excess accumulation of ECM by influencing the deposition of available matrix proteins and 

their susceptibility to proteolytic breakdown (Johnson et al., 1999).  To investigate this, the 

properties of ECM generated and laid down by OK over-expressing tubular cells and primary 

tubular cells from the TG2 knockout mouse were examined.  
 

Analysis of ECM levels demonstrated that elevating TG2 expression increased the level 

of ECM collagen but surprisingly did not affect the overall level of ECM, whilst a lack of 

TG2 reduced both total ECM and collagen levels.  The changes in collagen are in support of 

previous data in glucose stimulated OK cells in which increased TG2 activity and ε(γ-

glutamyl) lysine were associated with increased collagen that could be reduced by TG2 

inhibition (Skill et al., 2004).  However, these changes were also associated with altered 

levels of total ECM attributable to increases in both fibronectin and collagen. Although an 

effect on the deposition of other ECM proteins such as fibronectin has not been investigated, 

it is likely that a compensatory reduction in non-collagenous components of the ECM 

contributes to the stable ECM levels observed here. Of relevance, it is compositional changes 

to the ECM that are often the first sign of early kidney disease with basement membranes 

having a higher interstitial collagen content. The qualitative change to the ECM in response to 

increased expression of TG2 demonstrated in this study, which favours the accumulation of 

collagen rich matrix would certainly support this.   
 

Changes in ECM collagen were as a direct result of alterations in the levels of collagen 

III and IV in the ECM.  Interestingly, neither OK tubular ECM nor that of primary tubular 

cells had significant levels of collagen I even when TG2 was elevated.  This is in contrast to 

the in vivo situation where collagen I is increased markedly in disease (Floege et al., 1992a; 

Johnson et al., 2002; Mozes et al., 1999; Uchio et al., 1999).  However, both OK cells and 

primary cells have detectable levels of collagen I mRNA. Given the suitability of collagen I as 

a TG2 substrate in other studies (Chau et al., 2005), it seems reasonable to assume that if 

present in suitable quantities it would also be a good substrate for TG2.  In vivo, the renal 

fibroblasts that surround tubular cells during the development of CKD generate significant 

amounts of collagen I that could easily become a substrate for tubular cell-derived TG2 

(Müller and Rodemann, 1991; Rodemann and Müller, 1991).  
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Potentially increases in ECM collagen in response to TG2 modulation may reflect 

changes in mRNA-dependent collagen synthesis or the mRNA expression of MMPs and 

TIMPs and this was investigated by Northern blot analysis. An interesting observation was 

the apparent response of OK cells to transfection with the empty pCIneo vector which showed 

alterations in the mRNA expression of collagens and some MMPs and TIMPs compared to 

un-transfected cells. Given the random nature of vector integration into the genome at 

different chromosomal locations, it is likely that the observed mRNA changes in this clone 

reflect integration of pCIneo into regions that affect expression of these genes. In particular, 

the presence of the strong cytomegalovirus promoter in pCIneo may exert trans effects on 

endogenous promoters especially if integration of the vector occurs in close proximity 

(Hampf and Grossen 2007). Alternatively, the differential effects of pCIneo on collagen, 

MMP and TIMP expression relative to control cells may indicate that integration into 

endogenous DNA occurred within the regulatory region of a gene capable of influencing the 

expression of both collagen and matrix degrading enzymes such as Ets-1 (Trojanowski 2000).  
 
 Despite apparent changes in collagen mRNA expression in the transfection control 

which could have influenced the interpretation of data, TG2 over-expressing OK cells showed 

a consistent reduction in collagen I, III and IV mRNA expression compared to both pCIneo 

transfected and un-transfected OK cells, indicating that increased TG2 expression was 

associated with an overall reduction in collagen synthesis. Unfortunately, it was not possible 

to fully confirm whether opposing changes in collagen mRNA expression occurred in TG2 

null cells given the variability in loading, which would have helped to reinforce this data and 

therefore further analysis is required.   However, given that increases in the collagen content 

of the ECM were observed despite reductions in collagen synthesis suggests the potential 

importance of TG2 mediated post-translational crosslinking of available collagen to its 

accumulation.  
    
The observed changes in the collagen content of the ECM in response to TG2 modulation 

may, of course, also be contributed to by alterations in the level of MMPs and TIMPs, which 

could affect the potential of the ECM to be degraded. Northern blot analysis was able to 

detect mRNA for MMP-1, MMP-9, TIMP-1 and TIMP-3 in TG2 modulated OK cells and 

also TIMP-2 in primary tubular cells however, the interpretation of this data was hindered by 

a high background signal especially for MMP-1 and TIMP-1 and the variation in loading in 

TG2 null cells. Elevated TG2 expression did appear to be associated with a small increase in 

MMP-1 and a much larger increase in TIMP-3 although not TIMP-1 and MMP-9 expression 

was variable, although reduced in clone tTg7. Opposing changes were suggested for some 
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MMPs and TIMPs in TG2 null cells if corrected for loading, with MMP-9 appearing to be 

increased and TIMP-1 and TIMP-3 decreased compared to WT cells. At best, this data 

suggests that some effect on MMP and TIMP expression may occur in response to TG2 

modulation but the problems with the quantitation make it difficult to draw a definite 

conclusion as to the impact on the overall level of matrix degrading enzymes. Certainly, the 

measurement of MMP activity using fluorescein labelled gelatin suggests a reduction in MMP 

activity in tTg7 cells although the question still remains as to whether the collagen 

accumulation observed here is influenced in part by specific changes in MMP and TIMP 

expression which will probably require further clarification.  
 

A feedback mechanism may exist that moderates the synthesis of collagens and possibly 

also ECM processing enzymes in the face of altered TG2 levels.  Such feedback may not be a 

response to TG2 levels per se but may reflect the adaptation of tubular cells to the qualitative 

changes occurring in the ECM as a result of altered TG2 expression.  Since integrins play a 

pivotal role in cell-ECM signalling, any adaptive change is likely to involve integrin binding 

which in turn may modulate ECM expression. It could be speculated that increased expression 

of integrins such as α1β1 by tubular cells in response to the elevated collagen IV composition 

of the ECM could affect collagen synthesis given that it has been shown to negatively regulate 

collagen I expression at least (Heino 2000). However, any integrin-mediated effect on 

collagen synthesis in response to an altered collagen composition is also likely to involve 

changes in the expression of α2β1, as this is known to be the major collagen receptor on 

epithelial cells (Heino 2000).  
 
Alternatively, intracellular feedback on collagen synthesis may occur as a direct 

consequence of increased intracellular TG2 levels. It could be that elevated intracellular TG2 

itself interacts with signalling pathways that are involved in the regulation of collagen 

synthesis. In support of this, TG2 has recently been identified as having intrinsic serine 

threonine kinase activity (Mishra et al., 2007) and interestingly, studies on neuronal cells 

(Singh et al., 2003) demonstrate that TG2 can activate a number of signalling pathways 

including ERK 1/2 and p38 MAP kinase that are also known to regulate collagen I expression 

(Ghosh 2002).  
 

Since TG2 has been suggested to play a role in both ECM deposition and its 

susceptibility to MMP breakdown, a key part of this study was to investigate the effects of 

TG2 on these separate pathways. For these studies, a comparison was made between control 

OK cells and only the highest expressing OK cell clone tTg7.  Whilst it would have been 

preferential to perform such experiments on all three over-expressing clones, this compromise 
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was required due to limitations of experimental cost and because the 7 fold increase in TG 

activity expressed by this clone is comparable to that observed per cell in CKD. 
 

To determine whether TG2 was affecting collagen levels by influencing the rate of 

collagen deposition, labelling of the ECM with 3H-proline was performed in the presence of 

the MMP inhibitor Galardin.  While tubular cells are known to produce other ECM proteases 

(Wagner et al., 1996) blockage of MMP action in OK cell homogenates using the broad 

spectrum MMP inhibitor 1,10 phenanthroline, showed that more than 90% of all proteolytic 

action against various collagens could be blocked (data not shown).  This indicates that most 

of the ECM clearance in this cell line is mediated by MMPs which gelatin zymography shows 

is predominantly due to MMPs -1 and -2.  However, the toxic effects of 1,10 phenanthroline 

when used in cell cultures at the doses required meant that MMP inhibition by Galardin was 

more appropriate.  Galardin is a specific, low toxicity MMP inhibitor that was originally 

developed as an inhibitor of human skin collagenase (Grobelny et al., 1992) and blocks the 

action of MMP-1, -2, -3 and -9 (Grobelny et al., 1992; Hao et al., 1999).  It was therefore 

ideally suited for use in these cell culture-based studies.   
 

Using TG2 over expressing clone tTg7, a doubling of the rate of collagen deposition was 

seen over that in OK tubular cells, which was complemented by a 3 fold reduction in the 

deposition rate in TG2-/- cells.  Taken together, this data clearly shows that TG2 has a major 

influence on the deposition of available, soluble collagen molecules, and is in line with 

previous studies in human dermal fibroblasts cultured in the presence of exogenous TG2 

(Gross et al., 2003).  
 

The mechanism of TG2 action on collagen deposition cannot be determined from the 

experiments performed here, although 2 areas are likely candidates.  It is probable that TG2 is 

important in the stabilisation of newly synthesised and assembled collagen fibrils in the same 

manner as lysyl oxidase.  Kleman and colleagues have previous described a TG2-mediated 

stabilisation process in a rhabdosarcoma cell line with collagens V and XI (Kleman et al., 

1995).  Alternatively, TG2 may participate in the crosslinking of pre-assembled but immature 

collagen molecules into the matrix, a process that may lead to disorganised collagen fibril 

formation that is a characteristic feature of scar tissue.  
 

In addition to an effect of TG2 on the rate of collagen deposition, TG2 was demonstrated 

to alter the susceptibility of the ECM to degradation.  Firstly, the ability of the broad 

specificity serine protease trypsin and collagen-specific bacterial collagenase to effectively 

degrade WT OK cell ECM was demonstrated.  In the case of trypsin this was perhaps 

surprising given that it is known to be ineffective at degrading mature fibrillar collagen 
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(Birkedal-Hansen et al., 1985) which is the major ECM component in this matrix.  The 

removal of cells with ammonium hydroxide may in some way alter the collagen structure in 

part enabling trypsin to effectively degrade it.  A number of studies have certainly 

demonstrated that the chemical modification of collagen side chains has a significant impact 

on their ability to be proteolytically degraded by enzymes such as trypsin (Gratzer et al., 

2006).  In particular, the modification of lysine and arginine residues is able to affect the 

amount and sites of trypsin cleavage (Gratzer et al., 2004).  Interestingly, degradation with 

trypsin revealed that clone tTg7 ECM was significantly more resistant to digestion than 

control ECM which would fit with these findings given that TG2 crosslinking occurs at lysine 

residues.  Surprisingly, degradation of clone tTg7 ECM with collagenase was not significantly 

different to that of control ECM.  This probably reflects the mechanism of bacterial 

collagenase action in which cleavage occurs at many sites along the collagen fibril rather than 

at specific target linkages that may be affected by TG2 crosslinking.  
 

Degradation of the ECM with MMPs -1 and -2 demonstrated that tTg7 ECM also had an 

increased resistance to MMP breakdown.  This is consistent with previous studies of the 

susceptibility of ECM to degradation using an in vitro degradation assay of isolated collagen 

fibrils which suggested that TG2 crosslinking caused resistance to degradation by MMP-1 

(Johnson et al., 1999).  The data here clearly demonstrates that this is not an artefact of TG2 

action on isolated collagen as matrix deposited by over expressing clone tTg7 showed about a 

50% reduction in breakdown rate.  However, there was surprisingly no difference in ECM 

breakdown rates between WT and TG2-/- primary tubular ECM over a prolonged period, with 

an increase in breakdown in TG2-/- ECM limited to the first 30 minutes after MMPs were 

applied.  Although perhaps contradictory, it may simply indicate that TG2 crosslinking has to 

reach a threshold before it can influence proteolytic decay.  If this threshold is not reached 

then removing more TG2 would theoretically have little or no effect as occurs after the first 

30 minutes in these experiments.  Understanding how TG2 action may influence the 

resistance to MMP breakdown is again beyond the scope of these experiments although it 

seems logical to assume that it must rely on changes in the level of crosslinking in the regions 

where MMPs act.  
 

Previous work has suggested that much of the TG2 action in the extracellular 

environment could be through the activation of the large latent TGF-β1 complex (Nunes et 

al., 1997).  A TG2-mediated increase in active TGF-β1 could itself promote a pro-fibrotic 

condition by influencing the synthesis of numerous ECM proteins and TIMPs and causing a 

shut-down in TGF-β1-responsive MMPs.  Whilst there were certainly changes in collagen and 
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possibly MMP and TIMP expression, these were not the result of increased TGF-β activation 

in these cells as indicated by a lack of change in active TGF-β levels in response to TG2 

modulation (Huang, 2006).  This is in keeping with our previous studies in OK cells which 

show that glucose-stimulated ECM accumulation is TGF-β1 independent (Skill et al., 2004).  

The effects of TG2 on the deposition and breakdown properties of the ECM presented here 

must therefore result from a direct action of TG2 crosslinking and not via TGF-β-dependent 

mechanisms.  Interestingly, it has been shown that tubular cells are unable to produce the 

large latent TGFβ1 complex (Ando et al., 1995) with only the small latent complex being 

found; which TG2 will not affect.  In this study, this has allowed the investigation of the 

direct action of TG2 without any potentially confounding effects of changes in TGF-β1 

activation.  
 

The data presented in this chapter demonstrates for the first time that changes in tubular 

levels of TG2 directly affect the accumulation of ECM collagen by predominantly altering the 

rate of deposition but also by increasing the resistance of collagen to degradation by MMPs.  

This clearly identifies a critical role for TG2 in the regulation of the ECM and suggests a 

potentially pathological action when TG2 is raised in disease.  
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8.1 Introduction 
In Chapter 7, it was demonstrated that TG2 modulation in tubular cells, which are the 

predominant cells to express TG2 in the scarred kidney, results in alterations in ECM 

homeostasis favouring the accumulation of tubular ECM. 
 

However, in CKD progressive expansion of the tubulo-interstitial matrix is often 

paralleled by the expansion of the glomerular mesangium leading to glomerulosclerosis 

(Rosenblum, 1994).  Studies on the streptozotocin model of diabetic nephropathy in which 

glomerulosclerosis is a significant feature, demonstrate that TG2 and it’s ε(γ-glutamyl) lysine 

product were increased in the glomerular compartment and that both were found to be 

localised to the glomerular basement membrane and the mesangial matrix (Skill et al., 2001). 

These increases were associated with a higher level of collagen crosslinking (Skill et al., 

2001).  Such data suggests that TG2 may also play a role in influencing the ECM changes 

associated with glomerulosclerosis.  
 

The precise cellular source of TG2 within the glomerulus has yet to be fully established 

although in situ hybridisation demonstrates that mesangial cells are capable of contributing to 

elevated glomerular levels of TG2 during glomerulosclerosis (Johnson et al., 2003b).  These 

perivascular pericyte-like cells are found in close association with the glomerular basement 

membrane and are important contributors to the synthesis and assembly of the mesangial 

matrix (Mene et al., 1989).  Similarly, cultured normal 1097 rat mesangial cells have been 

shown to express TG2 and there is some evidence to suggest that expression may be 

stimulated by cellular stress factors such as hypoxia (M Fisher, personal observation).  
 

As the data presented in previous chapters demonstrates, it has been possible to over-

express TG2 in mesangial cells by stable transfection.  However, increasing the intracellular 

levels of TG2 does not correspond to an increase in the extracellular activity of the enzyme. 

This indicates that mesangial cells and tubular cells appear to behave differently in their 

handling of TG2, offering the opportunity to provide comparative data. 
 

In the light of these findings, the aim of this chapter is to provide confirmatory evidence 

of the importance of extracellular localised TG2 in the modification of the ECM by using the 

same experimental techniques to investigate the accumulation of ECM in TG2 over-

expressing mesangial cells and mesangial cells from the TG2 knockout mouse.  Since there is 

a lack of extracellular TG2 in transfected mesangial cells, this will allow the determination of 

whether intra or extracellular TG2 is important in ECM accumulation.  The use of TG2 

knockout cells is even more crucial here given that removal of TG2 may be the only way to 
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influence extracellular TG2 levels in these cells. 
 

 8.2 Results 

8.2.1 Measurement of total deposited ECM 
 

Total deposited ECM levels were determined by measuring the incorporation of 3H- 

amino acids into the ECM (fig 8.1).  In TG2 over-expressing 1097 mesangial cells (fig 8.1a), 

no significant change in total ECM levels was observed in response to an increase in TG2 

expression.  In contrast labelling of the ECM from TG2-/- primary mesangial cells (fig 8.1b) 

demonstrated a 47% reduction in total ECM levels (p<0.05; students t test) compared to wild-

type ECM.  
 

8.2.2 Measurement of total ECM collagen 
 

Changes in the total collagen content of mesangial ECM in response to TG2 modulation 

was measured by the incorporation of 3H-proline into deposited ECM (fig 8.2).  
 

Increasing the TG2 expression in 1097 mesangial cells (fig 8.2a) resulted in a decrease in 
3H-proline incorporation into the ECM of clone tTg34 and an increase in clone tTg36 

(p=0.07) but no effect in clone tTg37. Taken together, this represented no overall change in 

the collagen content of the ECM. Unfortunately it was not possible to confirm this data by 

hydroxyproline analysis.  
 

In TG2-/- ECM (fig 8.2b), collagen levels were reduced by 55% (p<0.01; students t test) 

compared to wild-type ECM as measured by 3H-proline incorporation.  This reduction was 

paralleled by 65.6% reduction in the hydroxyproline content of the ECM (p<0.01; students t 

test).  
 

8.2.3 Total ECM collagen following electroporation 

To determine whether a lack of increase in total collagen in the mesangial ECM in 

response to TG2 modulation reflected the absence of changes in extracellular TG activity, 

TG2 was released from 1097 clone tTg37 cells (as this was the highest TG2 expressing clone)  

by electroporation and levels of deposited collagen measured after 24 hours by 3H-proline 

incorporation (fig 8.3).  Electroporation of clone tTg37 cells doubled the level of ECM 

collagen compared to non-electroporated tTg37 cells.  This corresponded to an almost 2 fold 

increase in the level of extracellular TG2 as measured by biotin cadaverine incorporation (fig 

8.4).  
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Figure 8.1 Total Mesangial Cell ECM Levels 
 

a)  1097 TG2+ Mesangial Cell Clone ECM 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) TG2-/- Mesangial ECM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.1 Total ECM deposition was determined by culturing 1097 TG2+ cell clones (a) and 
TG2-/- mesangial cells (b) in the presence of 20μCi of 3H-amino acid mixture for 72 hours 
prior to the recovery of the ECM (section 3.5.2.1). Data represents mean ECM label ± SEM 
from 3 separate experiments performed in triplicate, corrected per μg of ammonium 
hydroxide soluble cell protein. ∗=p<0.05 compared to wild-type (students t test).  
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Figure 8.2 Total Collagen in Mesangial Cell ECM  
 

a) 1097 TG2+  Mesangial Cell Clone ECM  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) TG2-/- mesangial ECM 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.2 Collagen deposition into the ECM was determined by culturing 1097 TG2+ cell 
clones (a) and TG2-/- mesangial cells (b) in the presence of 20μCi of 3H-proline for 72 hours 
prior to the recovery of the ECM (section 3.5.2.1). Data represents mean ECM label ± SEM 
from 2 separate experiments performed in triplicate, corrected per mg of ammonium 
hydroxide soluble cell protein. Collagen content of TG2-/- ECM was confirmed by 
hydroxyproline analysis (bii) and expressed as a percentage of amino acids. n=3 samples per 
group. ∗∗=p<0.01 compared to wild-type (students t test). 
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Figure 8.3 Total Mesangial ECM Collagen Following Electroporation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.3 Un-transfected 1097 and clone tTg37 mesangial cells at a density of 2x106 were 
electroporated (E) using the Amaxa Nucleofector system (program T27) and solution V. Cells 
were plated and labelled for 24 hours with 3H-proline prior to the recovery of the ECM. No 
error bars are shown due to experiment only being performed once.  

 
 

Figure 8.4 Extracellular TG Levels in Electroporated Mesangial Cells 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.4 Un-transfected 1097 and clone tTg37 mesangial cells that had been electroporated 
(E) using the Amaxa Nucleofector system (program T27) and solution V were analysed for 
extracellular TG activity using the biotin cadaverine ELISA. Data represents mean ± SEM, 
n=10 wells. ∗∗∗=p<0.0001 compared to non-electroporated (N) tTg37 cells (students t test).  
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8.2.4 Collagen mRNA expression 
 

Northern blot analysis was used to determine whether TG2 modulation had any effect on 

the mRNA expression of collagen (figs 8.5 to 8.8).  TG2 over-expressing mesangial cells 

showed a reduction in collagen I (fig 8.5), III (fig 8.6) and IV expression (fig 8.7) compared 

to un-transfected 1097 cells and the pSVneo transfection control.  In the case of collagen I and 

III, the reduction in mRNA expression became greater with increasing expression of TG2 

such that clone tTg37 cells showed a 81% reduction in collagen I (p<0.01; one way ANOVA 

with Bonferroni post hoc test) and a 94% reduction in collagen III (p<0.05; Bonferroni post 

hoc test) compared to the pSVneo transfection control. In comparison, collagen IV mRNA 

expression remained fairly constant in all three clones demonstrating reductions of 61% 

(tTg34), 56% (tTg36) and 65% (tTg37) compared to pSVneo transfected cells (p<0.01; 

Bonferroni post hoc test).  
 
Analysis of WT and TG2-/- mesangial cell collagen mRNA expression (fig 8.8) proved 

difficult due to problems with obtaining sufficient concentrations of primary cell RNA and  

only one sample from each group was analysed. Quantitation of mRNA expression by volume 

densitometry was therefore not possible due to the small sample size and the lack of 

discernible bands, in particular, for collagen I and III. However, collagen IV mRNA 

expression was distinguishable by the presence of a 5.6 kb band although this appeared 

relatively unchanged in TG2-/- cells compared to WT.  
 

Despite changes in collagen mRNA expression in TG2 over-expressing mesangial cells, 

little change in total ECM or total collagen deposition had been observed.  As a result, it was 

felt that performing further analysis on the ECM of 1097 cells would not yield additional 

information.  Therefore, the remainder of this chapter will focus on changes in the ECM of 

WT and TG2-/- mesangial cells.  
  

8.2.5 Collagen immunofluorescence of WT and TG2-/- ECM 
 
The collagen I, III and IV composition of WT and TG2-/- ECM was analysed by 

immunofluorescence and confocal microscopy to determine if it was altered in response to a 

reduction in TG2 (fig 8.9 panels A to F and fig 8.10).  Primary mesangial cells were found to 

be positive for collagen I, III and IV and interestingly much of the staining was intracellular 

(fig 8.9).  Collagen I immunofluorescence was diffuse and found throughout WT and TG2-/- 

cells with very little extracellular staining.  Collagen I levels were increased in TG2-/- 

mesangial cells compared to WT but this was not significant (p=0.19).  
 
Collagen III and IV staining was similar in intensity to that of collagen I in WT cells 
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however, was much more intense than collagen I in TG2-/- cells, in particular, collagen III 

which was indicated by strong immunofluorescence within the cell and as dense fibres 

between and beneath cells.  Collagen IV had a similar distribution although staining was more 

diffuse than Collagen III.  Again, collagen III and IV levels were significantly greater in TG2-

/- cells and ECM compared to wild type (p<0.001 and p<0.05 respectively) although much of 

these increases were due to changes in intracellular levels.  
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Figure 8.5 Collagen I mRNA Expression in TG2 Over-expressing Mesangial Cells 
 

a) Northern blots 
    Collagen I  
 
 

 
 
 
 
 
      

      
 
 
    Cyclophilin 
 
 
 
 
 
 
 
 
b) Volume densitometry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.5 (a) TG2 over-expressing mesangial cells were harvested, total RNA extracted and 
subjected to Northern blot analysis using a specific [32P]-dCTP random primed cDNA probe 
for Collagen I (section 3.4.8). Repeat probing with cyclophilin was used as a loading control. 
(b) Volume densitometry analysis was performed using Multi-Analyst version 3.2TM. Data 
represents mean volume density ± SEM from 2 separate blots, n=2 samples per blot, corrected 
for loading using cyclophilin. ∗=p<0.05, ∗∗=p<0.01 compared to pSVneo (transfection 
control) cells (one way ANOVA with Bonferroni post hoc test).  

1097 pSVneo tTg34 tTg36 tTg37 

1097 pSVneo tTg34 tTg36 tTg37 

-5.8 kb 
-4.8 kb

-1.9 kb 

∗∗ 

∗ 



 212

0

2

4

6

8

10

12

14

16

1097 pSVneo tTg34 tTg36 tTg37

C
or

re
ct

ed
 v

ol
um

e 
de

ns
ity

Figure 8.6 Collagen III mRNA Expression in TG2 Over-expressing Mesangial Cells 
 

a) Northern blots 
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b) Volume densitometry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6 (a) TG2 over-expressing mesangial cells were harvested, total RNA extracted 
and subjected to Northern blot analysis using a specific [32P]-dCTP random primed cDNA 
probe for Collagen III. Repeat probing with cyclophilin was used as a loading control. (b) 
Volume densitometry analysis was performed using Multi-Analyst version 3.2TM. Data 
represents mean volume density ± SEM, from 2 separate blots, n=2 samples per blot, 
corrected for loading using cyclophilin. ∗=p<0.05 compared to pSVneo transfection control 
(one way ANOVA with Bonferroni post hoc test). 
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Figure 8.7 Collagen IV mRNA Expression in TG2 Over-expressing Mesangial Cells 
 

a) Northern blots 
       Collagen IV  
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b) Volume densitometry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.7 (a) TG2 over-expressing mesangial cells were harvested, total RNA extracted and 
subjected to Northern blot analysis using a specific [32P]-dCTP random primed cDNA probe 
for Collagen IV. Repeat probing with cyclophilin was used as a loading control. (b) Volume 
densitometry analysis was performed using Multi-Analyst version 3.2TM. Data represents 
mean volume density ± SEM from 2 separate blots, n=2 samples per blot, corrected for 
loading using cyclophilin. ∗=p<0.01 compared to pSVneo (one way ANOVA with Bonferroni 
post hoc test). 
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Figure 8.8 Collagen mRNA Expression in WT and TG2-/- Mesangial Cells 
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Figure 8.8 WT and TG2-/- primary mesangial cells were harvested, total RNA extracted and 
subjected to Northern blot analysis using a specific [32P] dCTP random primed cDNA probes 
for Collagen I, III and IV. Repeat probing with cyclophilin was used as a loading control. 
Data in parentheses shows uncorrected densitometric values for each band.   
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 8.2.6 ε(γ-glutamyl) lysine crosslink levels in WT and TG2-/- ECM 
 

ε(γ-glutamyl) lysine crosslink levels were determined in WT and TG2-/- mesangial cells 

by immunofluorescence and analysed by confocal microscopy (fig 8.9 panels G and H and fig 

8.11).  
 

WT cells showed a diffuse, punctuate intracellular pattern of crosslink staining that was 

brighter in rounded and spreading cells and in cellular projections.  Staining was lower in 

TG2-/- cells (-58%, p<0.05) but prominent at the edge of cell islands.  
 

8.2.7 Collagen deposition rate of WT and TG2-/- ECM  
 
Changes in deposition rate in response to a reduction in TG2 were determined by 3H 

proline incorporation in the presence of 10μM Galardin (fig 8.12).  As expected, collagen 

deposition was significantly lower in TG2-/- ECM compared to wild type ECM (p<0.01). 

Application of Galardin resulted in an increase in collagen deposition of 6.5 dpm/μg cellular 

protein in wild type ECM (p<0.05) compared to 3.7 dpm/μg protein in TG2-/- ECM (p<0.01) 

representing a 2 fold decline in collagen deposition. 
 

8.2.7 ECM degradation rate  

The degradation of wild type and TG2-/- ECM with 1μg/ml of MMP-1 and 1μg/ml MMP-

2 for 6 hours was used to assess the difference in ECM degradation rate (fig 8.13).  WT and 

TG2-/- ECM showed a linear degradation of the ECM over the 6 hour time period and 

surprisingly, no significant difference in ECM degradation rates was observed.  



Collagen I

Collagen III

Collagen IV

ε(γ-glutamyl) 
lysine 

WT TG2-/-

Figure 8.9 Collagen and ε(γ-glutamyl) lysine Immunofluorescence

Figure 8.9 Representative photomicrographs of WT (Panels A, C, E and G) and TG2-/-

mesangial cells (panels B, D, F and H) immunoprobed for collagen and ε(γ-glutamyl) lysine 
crosslink. Cells were fixed and immunoprobed with mouse monoclonal collagen I (A, B), 
goat polyclonal collagen III (C,D), goat polyclonal collagen IV (E,F) and mouse monoclonal 
ε(γ-glutamyl) lysine antibody (G,H) and revealed with FITC secondary. Cells were mounted 
in medium containing propridium iodide and are shown at 400 x magnification. 
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Figure 8.10 Semi-quantitative Analysis of Collagen Immunofluorescence 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.10 Collagen staining was determined in WT and TG2-/- mesangial ECM by 
immunofluorescence. Semi-quantitation of staining was performed using confocal microscopy 
with excitation at 488nm. Data is expressed as the mean intensity of fluorescence per cell ± 
SEM from at least 6 random fields.. ∗=p<0.05, ∗∗=p<0.001 compared to WT (students t test).  

 
Figure 8.11 ε(γ-glutamyl) lysine Crosslink Levels  

  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.11 ε(γ-glutamyl) lysine crosslink staining was determined in WT and TG2-/- 

mesangial cells by immunofluorescence and at least 6 random fields analysed by confocal 
microscopy (section 3.3.8.1). Fluorescence was semi-quantitated and expressed as mean 
intensity per cell ± SEM. ∗=p<0.05 compared to WT (students t test).  
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Figure 8.12 ECM Deposition in the presence of the MMP Inhibitor Galardin 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.12 WT and TG2-/- mesangial cells were labelled for 72 hours with 10μCi of 3H- 
proline in the presence or absence of 10μM Galardin (section 3.5.3.1). The ECM was 
recovered and label measured by scintillation counting. Data represents mean dpm/μg cellular 
protein ± SEM from 3 separate experiments performed in duplicate.   

 
Figure 8.13 Combined MMP-1 and MMP-2 Degradation of WT and TG2-/- Mesangial 

ECM  
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8.13 WT and TG2-/- mesangial ECM was labelled with 10μCi of 3H-proline for 72 
hours prior to digestion with a combination of 1μg/ml of MMP-1 and 1μg/ml of MMP-2 for 
up to 24 hours (section 3.5.4.2). 50μl of supernatant was removed at 0, 30 and 60 minutes and 
then 2 hourly intervals up to 6 hours. Released label was measured by scintillation counting. 
Data represents mean percentage of total ECM degraded ± SEM from 2 separate experiments 
performed in duplicate.  
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8.3 Discussion 
 

Numerous studies have suggested a role for TG2-mediated crosslinking in the expansion 

of the mesangial matrix that is associated with the development of glomerulosclerosis (El 

Nahas et al., 2004; Johnson et al., 2004; Johnson et al., 2003b; Skill et al., 2001).  Evidence 

presented in Chapter 7 indicates that in tubular cells, TG2 has a direct effect on the 

accumulation of ECM by facilitating the increased deposition of collagen coupled with an 

increased resistance of the ECM to MMP breakdown.  Such effects appear to be attributable 

to increased extracellular levels of TG2.  In order to corroborate the importance of 

extracellular TG2 in the accumulation of mesangial matrix, this chapter investigated changes 

in ECM metabolism in TG2 over-expressing mesangial cells that do not export TG2 and 

complemented this with the study of TG2 null-mesangial cell ECM.  
 

As anticipated, total ECM level and ECM collagen content was unaltered in TG2 over-

expressing mesangial cells despite large increases in intracellular TG2 levels.  The known 

retention of TG2 by these cells coupled with this lack of ECM change suggests a direct link 

between TG2 export and the ECM and indicates that TG2 must be outside the cell in order to 

affect the ECM.  This was further investigated by electroporating clone tTg37 mesangial cells 

and comparing the level of ECM collagen to that of non-electroporated cells.  While this was 

clearly an artificial method of releasing the enzyme and not representative of controlled 

export, it successfully demonstrated a link between extracellular levels of TG2 and collagen 

accumulation in these cells.  Such data implies that if these cells could be induced to traffic 

TG2 to the extracellular environment, this would indeed cause changes in ECM levels as seen 

in tubular cells.  Unfortunately, it was not possible to take these investigations further due to 

the extensive degree of cell death after prolonged culture once electroporated. Alternative 

methods of releasing TG2 from mesangial cells that do not affect cell viability, coupled with 

more extensive analysis of changes in ECM levels in response to TG2 release are required to 

fully establish the potential of TG2 to affect mesangial matrix accumulation. 
 

In an attempt to provide some confirmatory evidence of the importance of extracellular 

TG2 in the modification of mesangial ECM and given the tight control of TG2 export by 

transfected mesangial cells, further investigation into the effect of TG2 on ECM metabolism 

was performed on mesangial cells isolated from the TG2 knockout mouse.  TG2-null 

mesangial cells were found to have lower ECM levels and to deposit less ECM collagen than 

wild type cells.  This reduction in total ECM and collagen is consistent with the observations 

in TG2 null tubular cells.  In contrast to TG2 transfected mesangial cells however, changes in 

ECM levels were associated with lower levels of both extracellular TG2 and ε(γ-glutamyl) 
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lysine crosslink in the ECM.  Reductions in extracellular TG2 in null mesangial cells may 

reflect their inability to produce the active enzyme.  The generation of the TG2 knockout by 

the targeted deletion of exons 5 and 6 results in the loss of the active site (De Laurenzi and 

Melino, 2001).  Previous studies have shown that the presence of the intact active site Cys277 

is important for secretion and deposition of the enzyme into the matrix (Balklava et al., 2002).  

Clearly, disruption of this site may have crucial consequences for its export.  In the case of 

TG2 over-expressing mesangial cells however, it is likely that export is subject to additional 

regulation given that they produce large amounts of the active enzyme intracellularly.  
 

The reduction in total ECM and collagen demonstrated in TG2-/- mesangial cells may 

have been an indirect consequence of alterations in the TGF-β1 pathway however, the 

percentage of active TGF-β1 in TG2-/- mesangial cells has been shown to be unchanged as is 

the case in TG2-/- tubular cells (Huang, 2006).  This further strengthens the hypothesis that 

TG2-mediated changes in the ECM represent direct effects on ECM metabolism rather than 

via the up-regulation of TFG-β1.  
 

In tubular cells, changes in ECM collagen were as a direct result of alterations in the 

levels of collagen III and IV in the ECM (Chapter 7, section 7.2.2.3); therefore changes in the 

same collagen types were investigated in primary mesangial cells.  Immunofluorescence for 

collagen I was also included since mesangial cells in culture are also known to make this 

collagen type.  Primary mesangial cells were positive for collagen I, III and IV, which is 

consistent with the observations of other groups that have studied collagen production by 

cultured mesangial cells (Ishimura et al., 1989).  In keeping with these previous studies, semi-

quantitative analysis of immunofluorescence indicated that collagen I was the predominant 

collagen type although this was perhaps surprising given the intensity of collagen III and IV 

staining in some sections. This apparent discrepancy may reflect inconsistencies in the 

number of cells analysed per field such that greater numbers of cells in collagen III and IV 

stained sections lowered the mean intensity of staining per cell.   
 
The production of interstitial collagens I and III by mesangial cells in vivo represents an 

activated phenotype that is associated with the expression of α-SMA (Couser and Johnson, 

1994).  Primary mesangial cells cultured on plastic have been demonstrated to undergo some 

degree of de-differentiation and phenotypic transformation such that they show 

myofibroblastic characteristics (Mene, 2001) and this may well be the case here. 
 

Interestingly, the localisation of all three collagens was found to be mainly intracellular.  

This is in keeping with observations in cultured rat mesangial cells that show an intracellular 
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localisation of collagen until they reach confluency at which time extracellular deposition of 

collagen occurs at cell-to-cell contact (Ishimura et al., 1989).  The data provided by the 

immunofluorescence therefore represents changes in intracellular collagen and does not 

provide information about the composition of deposited ECM which is where we believe TG2 

exerts its influence. It does however show increases in collagen I, III and IV 

immunofluorescence in TG2-/- mesangial cells compared to wild type cells although it was not 

possible to determine whether these changes are mRNA dependent.  This data may suggest a 

mechanism to explain the reduction in total collagen observed in these cells whereby more 

collagen is retained by TG2-/- cells rather than being deposited into the ECM.  TG2-/- 

mesangial cells certainly deposit less collagen and at a slower rate than wild type cells as 

indicated by labelling of the ECM in the presence of Galardin.   
 
Despite the influence of TG2 on the susceptibility of tubular ECM to degradation, TG2-

null tubular cells did not show any difference in their ECM degradation rates (Chapter 7, 

section 7.2.2.11).  Likewise, there was no significant difference in degradation rates between 

wild-type and TG2-/- mesangial ECM.  As in TG2-null tubular ECM, this data suggests that a 

minimum level of TG2 crosslinking is required within the ECM above which degradation 

could be altered.  Thus an increase in TG2 as seen in over-expressing cells would equate with 

an increase in crosslink above the minimum requirement, subsequently increasing the 

resistance to breakdown.  Conversely, a reduction in TG2 from basal levels as seen in TG2 

null cells, where a minimum level of crosslink is maintained, would have little effect on 

degradation.  
 

The data presented in this chapter suggests that there are tightly controlled mechanisms 

governing TG2 export in mesangial cells.  However, when released, mesangial derived TG2 is 

capable of influencing the deposition of collagen and therefore the accumulation of ECM. 

This data serves to support the hypothesis that TG2 plays a direct role in the accumulation of 

ECM via its effects on ECM metabolism. 

 
 



 
 
 
 
 
 
 

 
 
 
 

Chapter 9 
 

Effect of Transglutaminase Inhibition on 
Disease Progression in the Subtotal 
Nephrectomy (SNx) Model of Renal 

Scarring  
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9.1 Introduction 
Evidence presented in the preceding chapters has highlighted the contribution of TG2- 

mediated crosslinking within the ECM to the accumulation of matrix via its direct action on 

the deposition of collagen and the resistance of the ECM to the action of MMPs. A strategy 

that inhibits the crosslinking activity of TG2 may therefore be effective in preventing the 

accumulation of ECM that is associated with progressive kidney disease and represent a 

potential therapeutic avenue.  
 

To investigate this, two site-specific inhibitors of TG have been developed: NTU283 (1, 

dimethyl-2[oxopropyl) thio] imidazolium) a compound previously synthesised as a Factor 

XIIIa inhibitor (Syntex, 1990) and NTU281 a synthetic CBZ-glutaminyl glycine analogue (N-

benzyloxycarbonyl-L-phenylalanyl-6-dimethylsulphonium-5-oxo-Lnorleucine) (Griffin M, 

2004) that are both non-competitive irreversible inhibitors of TG activity.  
 

The specific properties and action of these inhibitors for in vivo application and 

specifically on renal TG activity has yet to be established. To address this, firstly, in vitro 

characterisation of the inhibitors will be performed to test their stability and their ability to 

inhibit renal TG activity. The potential of the inhibitors to cross the cell membrane (cell 

solubility) will be tested on tubular epithelial cells in culture. Dose response studies will then 

be performed in rats subjected to 5/6th nephrectomy to establish a suitable in vivo dose to 

inhibit increased renal TG activity resulting from disease.    
 

Subsequently, the intra-renal delivery of these inhibitors to rats subjected to SNx from 

the onset of renal injury will be used to establish whether TG inhibition can prevent 

progressive experimental scarring and thus preserve kidney function. Levels of TG activity 

will be correlated with the degree of kidney scarring and function at 1 week, 1 month and 3 

months post nephrectomy. Changes in the level of ECM proteins will be determined by 

immunohistochemistry, coupled with multiphase image analysis and changes in the mRNA 

expression of ECM proteins determined by Northern blot analysis.  
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9.2 Results  
9.2.1 Pilot data  
9.2.1.1 Effectiveness of TG inhibitors 

 

Pre-incubation of tissue homogenates from SNx animals with 100μM of inhibitors 

NTU283 and NTU281 was used to determine inhibition of renal TG activity (fig 9.1). The 

100μM concentration was based on dose-response experiments performed on cell sonicates at 

Nottingham Trent University (R. Jones, personal communication). Pre-incubation with either 

inhibitor was highly effective at reducing TG activity levels. NTU283 reduced TG activity by 

80% (p<0.05) and NTU281 by 40%.  
 

9.2.1.2 Cellular uptake of TG inhibitors in vitro 
 

The influence of TG2 inhibitors on intracellular TG activity was used to assess their 

cellular uptake. Rat tubular epithelial cells were incubated with 100μM of NTU283 or 

NTU281 for 24 hours prior to assay for TG activity (fig 9.2). Treatment with NTU283 

reduced intracellular TG activity by more than 50% (p<0.05) however, treatment with 

NTU281 had no effect on intracellular levels.  This demonstrates the ability of NTU283 but 

not NTU281 to transverse the cell membrane.  
 

9.2.1.3 Inhibitor stability study 
 

The intra-renal delivery of inhibitors by osmotic mini-pump requires inhibitors to be 

stable at 37oC for at least one month. The temperature stability of NTU283 and NTU281 was 

therefore assessed by pre-incubation of inhibitors that had been stored at –80oC or 37oC for 7, 

14, 21 or 28 days, with tissue homogenates from SNx animals. Pre-incubation with NTU283 

stored at –80oC (fig 9.3a) reduced TG activity by 80% at day 7 (p<0.01) and maintained a 

similar level of inhibition at later time points of between 65-70% (p<0.01). Treatment with 

inhibitor stored at 37oC (fig 9.3a) gave 80% inhibition of TG activity at day 7 (p<0.01) with 

some loss of inhibition at later time points although inhibition remained stable at 45% 

(p<0.01). Pre-incubation with NTU281 stored at –80oC (fig 9.3b) gave a 60% reduction in TG 

activity at day 7 (p<0.05) that lessened to 20% at day 14 and 40% at 21-28 days (p<0.05). 

Storage at 37oC had no effect on the level of inhibition at day 7 (60%) compared to -80oC 

storage and inhibition also remained similar to that of the –80oC stored enzyme at later time 

points (30-40%).  
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9.2.1.4 Inhibitor dose response curve in vivo 
 

An inhibitor dose response curve was constructed by measuring the inhibition of TG 

activity in the kidney once homogenised using the 14C-putrescine incorporation assay.  This 

was carried out on kidneys recovered from SNx animals treated for 7 days with 1mM, 10mM 

or 50mM of NTU283 or NTU281 (3 animals per group) and a suitable Ki50 determined for the 

continuous one month infusion of inhibitor (fig 9.4). Treatment with inhibitor NTU283 

produced a progressive inhibition of TG activity with increasing dose that was greater than 

50% at 50mM (purple line). Treatment with NTU281 failed to produce a significant reduction 

in TG activity with only 20% inhibition at 50mM dose.  
 

9.2.1.5 One month inhibitor pilot study-50mM dose  
 

A pilot study was performed in which inhibition of TG activity was determined in 

animals treated with a continuous infusion of 50mM of NTU283 or NTU281 for one month. 

Treatment for one month with inhibitor NTU283 produced a greater than 50% inhibition of 

TG activity (p<0.01) as measured by putrescine incorporation (fig 9.5a).  
 
Inhibition of TG activity by NTU281 was measured by in situ activity assay due to its 

low cell permeability and thus its inability to deactivate intracellular TG (fig 9.5b). The in situ 

TG activity assay more accurately measures extracellular TG activity. Using this, a significant 

reduction in in situ TG activity following treatment with NTU281 (p<0.01) of over 75% was 

demonstrated. In comparison, only 30% inhibition of in situ activity was observed with 

NTU283.  
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Figure 9.1 Effectiveness of TG Inhibitors  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.1 Tissue homogenates from animals subjected to SNx were pre-incubated with 
100μM of inhibitor NTU283 or NTU281. TG activity was measured by the putrescine 
incorporation assay as described in section 3.3.7.1. Data represents mean ± SEM from 3 
separate experiments performed in triplicate and is expressed as percentage of untreated SNx. 
∗=p<0.05 compared to untreated SNx.  

 
Figure 9.2 Cellular Uptake of TG Inhibitors in vitro 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9.2 Rat proximal tubular epithelial cells (RPT) were treated for 24 hours with 100μM 
final concentration of inhibitor NTU283 or NTU281. Cells were sonicated and intracellular 
TG activity determined by the putrescine incorporation assay. TG activity is expressed as 
nmols/hour/mg protein and represents mean± SEM from 3 separate experiments performed in 
triplicate. ∗=p<0.01 compared to control (students t test). 
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Figure 9.3 One Month Inhibitor Stability Study 
 

a) Inhibitor NTU283 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

b) Inhibitor NTU281 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 9.3 Inhibitors NTU283 (a) and NTU281 (b) were stored at either –80oC or 37oC for 7, 
14, 21 and 28 days. At each time point, inhibitors were tested for TG inhibition by incubation 
of 100μM of inhibitor with tissue homogenate for 5 mins at 37oC prior to analysis of TG 
activity by the putrescine incorporation assay.  Data represents mean TG units (nmols/hr/mg 
protein) ± SEM from 3 separate experiments performed in triplicate and is expressed as 
percentage of untreated control. Statistical difference determined by one way ANOVA with 
Bonferroni post hoc test. a=p<0.01 compared to untreated control; b=p<0.01 compared to 
inhibitor stored at -80oC; c=p<0.05 compared to untreated control.  
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Figure 9.4 One Week Inhibitor Dose Response Curve 
       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.4 Subtotal nephrectomised rats were treated for 7 days with a continuous infusion of 
inhibitor NTU283 or NTU281 at 1mM, 10mM or 50mM concentration. Kidney tissue was 
harvested and TG activity determined by putrescine incorporation assay. Data represents 
mean TG units (nmols/hr/mg protein) ± SEM from 3 separate experiments, n=4 samples per 
experimental group and is expressed as percentage of untreated control. 

 
Figure 9.5 Transglutaminase Activity One Month Study at 50mM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.5 Rats subjected to SNx were treated with a continuous infusion of NTU283 and 
NTU281 at 50mM dose. (a) TG activity was determined in tissue homogenates by the 
putrescine incorporation assay. (b) In situ TG activity was determined on cryostat sections 
incubated with fluorescin (FITC) cadaverine, incorporation revealed with anti-FITC 
monoclonal and visualised with goat anti-mouse Cy5-conjugated antibody (section 3.3.7.2). 
Sections were visualised by confocal microscopy. Semi-quantitation of activity was obtained 
using the mean Cy5 emissions per field (mV/cm2) from at least ten 200x magnification fields. 
a= p<0.01 compared to sham-operated control, b=p<0.01 compared to SNx (one way 
ANOVA with Bonferroni post hoc test).  
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9.2.2 Three month TG inhibitor SNx study  
 

9.2.2.1 General observations  
 

Animals treated with inhibitors NTU281 or NTU283 showed no obvious phenotypic 

changes compared to control animals.  SNx animals treated with TG inhibitors gained body 

weight at a slightly greater rate than untreated animals, but this only achieved significance for 

NTU281 at day 84 (p<0.05 compared to SNx) and was less than sham-operated controls 

(table 9.1).  Measurement of heart (creatine kinase, CK) and liver enzymes (alanine 

aminotransferase ALT, aspartate aminotransferase, AST) demonstrated significant decreases 

in CK and ALT with inhibitor treatment at day 7 (p<0.05 compared to sham and SNx 

respectively) and increases in AST and CK with NTU283 at day 28 although these did not 

reach significance. By 84 days post-SNx no adverse effects of TG inhibition on heart or liver 

function was observed (table 9.2). Analysis of blood clot strength as measured by solubility in 

5M urea indicated that fibrin crosslinking by Factor XIIIA was not affected.   
 
 

9.2.2.2 Assessment of renal function 
 

Kidney function was assessed by creatinine clearance (table 9.1 and fig 9.6a) which is a 

measure of glomerular filtration rate (GFR). At 7 days post-SNx, creatinine clearance was 

reduced by 50% in SNx-treated animals compared to sham.  The creatinine clearance 

increased slightly in this group over the next month in response to compensatory renal 

growth, but fell sharply between 28 and 84 days as the remnant kidney progressively scarred. 

Comparable reductions in creatinine clearance were observed in NTU283 and NTU281 

treated animals up to 28 days post-SNx due to a reduction in renal mass. After this point, 

inhibitor-treated animals maintained their renal function at just over 50% of control in 

comparison to the untreated animals where renal function fell below 20% of control levels.   
 

Proteinuria (table 9.1 and fig 9.6b) and albuminuria (table 9.1 and fig 9.6c) were used as 

a measure of glomerular leakage and damage. Surprisingly, maintenance of renal function 

was independent of an improvement in proteinuria with NTU283 although NTU281 caused a 

slight reduction in proteinuria by 84 days post-SNx. Albuminuria was reasonably consistent 

between untreated SNx and inhibitor-treated groups over the first month but significantly 

reduced by NTU283 and NTU281 treatment at 84 days post-SNx (p<0.01 and p<0.05 

respectively).   
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Table 9.1 Three Month TG2 Inhibitor SNx Study Renal Function Data 
 

Days Post  
SNx 

Body Wt 
(g) 

Kidney Wt 
(g) 

 CrCl 
(ml/min) 

Proteinuria 
(mg/24 hr) 

Albuminuria 
(mg/24hr) 

7 Sham 320±14.1 1.07±0.07  1.16±0.67 68.3±9.5 2.88±0.54 
7 SNx 313±11.5 1.51±0.12 a 0.61±.35 a 128.3±0.5 b 27.85±9.01 a 

7 SNx + 283 287.6±17.7 1.47±0.09 a 0.54±0.31a 109.5±17.5 b 29.29±6.00 a 
7 SNx + 281 290.6±20.6 1.54±0.03 a 0.63±0.36a 136.8.5±8.1 b 20.52±3.26 a 
      

28 Sham 349.0±17.0 1.08±0.01 1.32±0.29 118.7±27.1 8.42±1.75 
28 SNx 354.3±18.2 1.61±0.09 a 0.91±0.12 299.9±77.9 b 47.20±19.62 

28 SNx + 283 320.3±24.8 1.79±0.07 a 0.76±0.06 448.5±50.8 bc 21.07±11.34 
28 SNx + 281 332.0±3.2 1.91±0.28 a 0.86±0.13 240.6±42.9 41.55±10.54 
      

84 Sham 513.2±6.7 1.37±0.03 1.72±0.18 129.6±14.6 3.48±0.91 
84 SNx 433.2±28 a 3.22±0.25 a 0.37±0.18b 672±121.7 b 294±83.22 b 

84 SNx + 283 449±20.0 a 3.07±0.29 a 0.86±0.05 c 835.7±83.4 b 112.58±37.26 ad 
84 SNx + 281 408±9.4 c 2.94±0.13 a 0.93±0.10 c 503.4±57 b 87.34±31.51 ac 

 
 

Table 9.2 Three Month TG2 Inhibitor SNx Study Toxicity Data  
 

Days Post 
SNx 

AST 
(Units/l) 

ALT 
(Units/l) 

CK 
(Units/l) 

24h clot stability

7 Sham 88±2.64 69.7±3.33 277.33±22.19 N/a 
7 SNx 89.6±2.03 71±6.08 242.66±31.5 N/a 

7 SNx + 283 78.3±7.31 49.6±2.84 ac 157±34.38 a  N/a 
7 SNx + 281 88±1.0 51±1.0 ac 192.66±18.21 a N/a 
     

28 Sham 70.33±8.09 71.66±7.22 154±24.26 N/a 
28 SNx 71.33±5.36 66.66±4.70 152±17.57 N/a 

28 SNx + 283 90.66±1.20  61.66±8.09 220.66±18.85  N/a 
28 SNx + 281 82±4.73 63.33±0.88 306±82.02 N/a 
     

84 Sham 88±15.26 81.8±10.6 225±38.9 stable 
84 SNx 74.6±19.0 58.6±12.8 161.6±56.1 stable 

84 SNx + 283 73.8±9.4 56±9.1 171.4±67.6 stable 
84 SNx + 281 88±7.8 55±5.7  95.4±11.3  stable 

 
Tables 9.1 and 9.2 Body weights, kidney weights, parameters of renal function and toxicity 
measurements were performed on samples collected immediately prior to termination at 7, 28 
and 84 days post-SNx. Creatinine clearance (CrCl), aspartate aminotransferase (AST), alanine 
aminotransferase (ALT) and creatine kinase (CK) were measured in serum obtained from the 
heart. Proteinuria was measured in 24 hour urine samples. Clot stability was determined in 
blood samples treated with 5M urea. With the exception of clot stability all data represents 
mean ± SEM, n=5-6 animals for each experimental group per time point. Statistical difference 
determined by one way ANOVA with Bonferroni post hoc test. a=p<0.05, b=p<0.01 
compared to sham, c=p<0.05, d=p<0.01 compared to untreated SNx.  
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Figure 9.6 Changes in Renal Function Markers 
 

a) Creatinine Clearance  
 
 
 
 
 
 
 
 
 
 
 

 
 
b) Proteinuria  

 
 
 
 
 
 
 
 
 
 
 
 
 

c) Albuminuria 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9.6 Kidney function was assessed by measuring creatinine clearance (a). Proteinuria 
(b) and albuminuria (c) were used as a determinant of glomerular leakage. All tests were 
performed on serum or urine obtained at 24, 48 and 84 days post-SNx. Data represents mean 
values ± SEM, n=5-6 animals for each experimental group per time point. Statistical 
difference determined by one way ANOVA with Bonferroni post hoc test. ∗=p<0.05, 
∗∗=p<0.01 compared to untreated SNx at 84 days.  
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 9.2.2.3 Quantification of renal scarring 
 

Analysis of renal scarring was performed on Masson’s Trichrome-stained paraffin- 

embedded sections using multiphase image analysis (section 3.5.2.6).  
 

All animals subjected to SNx developed progressive scarring leading to significant 

glomerulosclerosis and advanced tubulointerstitial fibrosis by 84 days post-nephrectomy 

(figure 9.7 and 9.8).  Scarring was associated with extensive flattening of the tubular 

epithelium resulting in significant tubular atrophy. Animals treated with NTU283 and 

NTU281 showed less advanced disease throughout the remnant kidney with the exception of 

rat 11 that had areas of heavily scarred tissue.  
 

Analysis of the renal histology of inhibitor-treated animals revealed some degree of 

abnormality compared to normal animals. Most had areas of slightly thickened tubular 

basement membrane and some had an enlarged tubular lumen, although minimal tubular 

atrophy was seen.  A visible reduction in the number of interstitial cells (both inflammatory 

and non-inflammatory) was noted in both treated groups.  
 

Assessment of changes in renal scarring by multiphase analysis (fig 9.9) indicated that at 

7 days post-SNx, animals treated with NTU283 showed slightly elevated levels of glomerular 

and tubulointerstitial scarring compared to untreated SNx animals (p<0.01). Likewise, 

tubulointerstitial scarring was also slightly elevated in the NTU281 treated group (p<0.05). At 

day 28, comparable levels of scarring were demonstrated in all groups with the exception of 

NTU283 which showed a slight but significant increase in glomerulosclerosis (p<0.01). By 84 

days post-SNx, untreated animals showed 4 fold increases in glomerulosclerosis and 

tubulointerstitial scarring (p<0.001 compared to sham). Treatment with both inhibitors 

significantly reduced this level of scarring. Glomerulosclerosis was reduced by 48% (p<0.01) 

in NTU283 treated animals and by 60% (p<0.05) in the NTU281 treated group whilst 

tubulointerstitial scarring was reduced by 60% (p<0.01) and 74% (p<0.01) respectively.     
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Figure 9.7 Representative Photomicrographs of Masson’s Trichrome Staining
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Figure 9.7 Representative Masson’s Trichrome-stained sections from sham-operated 
(A, E, I), SNx (B,F,J), NTU283 treated (C,G,K) and NTU281 treated animals (D,H,L). 
Assessment of scarring was made at 7 days (A to D), 28 days, (E to H) and 84 days post-
SNx (I to L). Photomicrographs are at 100x magnification. 
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Figure 9.8 Glomerulosclerosis and Tubulointerstitial Fibrosis at 84 Days Post-SNx

Sham SNx

SNx + NTU283 SNx + NTU281

Figure 9.8 Representative Masson’s Trichrome staining of glomeruli (top panel) and 
tubulointerstitium (bottom panel) from control (sham), SNx, NTU283 and NTU281 treated 
animals at day 84 post-SNx. Glomeruli are at 400 x magnification, tubulointerstitium is at 200 x 
magnification. 
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Figure 9.9 Assessment of Renal Scarring by Multi-phase Image Analysis 
  

a) Glomerulosclerosis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b)   Tubulointerstitial scarring 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.9 The level of glomerulosclerosis (a) and tubulointerstitial scarring (b) was assessed 
by multi-phase image analysis of Masson’s Trichrome-stained sections using 3 phases as 
described in section 3.5.2.6.  10 glomeruli (400x magnification) or 10 cortical fields (100x 
magnification) were analysed for each animal on at least 3 sections. Statistical difference 
determined by one way ANOVA with Bonferroni post hoc test. a=p<0.05, b=p<0.001 
compared to sham; c=p<0.05, d=p<0.01 compared to untreated SNx.  
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9.2.2.4 Inhibition of TG activity 
 

Changes in overall renal TG activity were measured in remnant kidney homogenates at 

day 7, 28 and 84 post-SNx by the putrescine incorporation assay (fig 9.10). 
 

TG activity was elevated in the SNx group at day 7, day 28 and day 84 compared to 

sham-operated animals and increased by 100% over the 84 day period. Treatment with 

inhibitor NTU283 reduced TG activity by 40% to below that of sham-operated animals at day 

7 (p<0.01 compared to SNx) and to control levels by day 28. At 84 days, activity in NTU283 

treated animals rose to just over half that of untreated SNx animals (p<0.05). NTU281 was 

ineffective at inhibiting overall TG activity at day 7 but gave similar levels of TG inhibition to 

that of NTU283 at both day 28 and day 84 (p<0.05).  
 

NTU281 has a low potential to cross the cell membrane and therefore its inhibitory 

activity is more accurately measured using a TG in situ activity assay optimised for measuring 

extracellular TG activity.  Using this assay, extracellular TG activity was more than 4 fold 

greater in remnant kidneys of SNx animals when compared to controls (fig 9.11).  Inhibitor 

NTU281 prevented any increase in extracellular TG activity up to 28 days (fig 9.11b) and 

reduced the elevated level in SNx animals at 84 days by more than 60%. 

 

9.2.2.5 Inhibition of ε(γ-glutamyl) lysine crosslink 

 To determine how effective TG inhibition was over a prolonged treatment period, 

measurement of its end product, ε(γ-glutamyl) lysine was performed.  Levels of ε(γ-glutamyl) 

lysine crosslink were quantified at 84 days post-SNx by cation exchange chromatography 

following exhaustive proteolytic digestion (fig 9.12). SNx animals had a 7 fold increase in 

crosslink compared to sham animals (p<0.01). Treatment with either NTU283 or NTU281 

was effective at inhibiting this increase and at day 84 ε(γ-glutamyl) lysine crosslink levels 

were not significantly higher than control animals with either inhibitor. 
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Figure 9.10 Changes in Transglutaminase Activity 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9.10 Transglutaminase activity was determined in remnant kidney homogenates at day 
7, day 28 and day 84 post SNx by the putrescine incorporation assay. TG activity is expressed 
as mean nmols/hr/mg protein ± SEM from 3 separate assays, n=5-6 per experimental group 
per time point. ∗=p<0.05, ∗∗=p<0.01 compared to untreated SNx by one way ANOVA with 
Bonferroni post hoc test.  
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Figure 9.11 TG in situ Activity  
 

a) Photomicrographs 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Semi-quantitation of fluorescence 

 
 Day 28      Day 84 

 
 

     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.11 TG in situ activity was determined by fluorescein cadaverine incorporation and 
visualised by confocal microscopy as described in section 3.3.7.2. Representative sections are 
shown at 84 days post-SNx (200 x magnification) with red emissions indicating TG activity 
(top).  Semi-quantitation of activity at 28 and 84 days post-SNx was obtained using the mean 
Cy5 emissions per field (mV/cm2) from n=10 fields. ∗=p<0.05, ∗∗=p<0.01 compared to 
untreated SNx by one way ANOVA with Bonferroni post hoc test. 
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Figure 9.12 ε(γ-glutamyl) Lysine Crosslink at 84 Days Post-SNx 
 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.12 ε(γ-glutamyl) lysine crosslink was measured following exhaustive proteolytic 
digestion by cation exchange chromatography on an amino acid analyser as described in section 
3.3.8.2. Data represents mean ± SEM from 3 separate experiments performed in duplicate, n=5-6 
per experimental group. a=p<0.01 compared to sham, b=p<0.05, c=p<0.01 compared to untreated 
SNx (one way ANOVA with Bonferroni post hoc test).  

 
Figure 9.13 Total Collagen Levels at Day 84 by Hydroxyproline Analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.13 Total collagen levels were determined by measurement of hydroxyproline in kidney 
tissue at 84 days post-SNx by derivatisation with 7-chloro-4-nitrobenz-2-oxa-1,3-diazole and 
separation by gas liquid chromatography (section 3.5.2.2). Data is expressed as a percentage of 
total amino acids and represents mean values ± SEM, n=5-6 per experimental group. a=p<0.001 
compared to sham. b=p<0.05, c=p<0.01 compared to untreated SNx (one way ANOVA with 
Bonferroni post hoc test). 
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 9.2.2.6 Total collagen levels  
Measurement of hydroxyproline content as determined by gas liquid chromatography 

(GLC) was used as a measure of whole kidney collagen. At 84 days post-SNx (fig 9.13) levels 

of hydroxyproline were increased by 275% in untreated SNx kidneys compared to control 

(p<0.001). In comparison, the hydroxyproline levels in remnant kidneys treated with TG 

inhibitors increased by only 33% with NTU281 (not significantly different from sham- 

operated controls), and by 78% with NTU283.  

 

9.2.2.7 Immunohistochemical analysis of ECM 

To gain a more specific insight into which particular ECM components were altered 

during the progressive scarring of remnant kidneys and whether they were affected by TG 

inhibition, immunohistochemistry was performed on cryostat (collagen I) and paraffin- 

embedded sections (collagen III, IV and fibronectin). Staining was quantified by multiphase 

analysis as described in section 3.5.2.6.   

 
9.2.2.7.1 Collagen I  

In sham-operated animals, some light staining for collagen I was localised to the tubulo-

interstitium with very little glomerular staining and remained constant over the 84 days (fig 

9.14).  SNx animals showed a small increase in interstitial collagen I at day 7 that became 

more widespread at day 28 and day 84. This was accompanied at the latter time point by 

extensive collagen I staining in the mesangial matrix of sclerotic glomeruli.  Multi-phase 

image analysis (fig 9.15) revealed that by day 84, collagen I was significantly increased in this 

group compared to sham (p<0.05). Both NTU283 and NTU281-treated groups showed a 

similar distribution of collagen I staining to that of SNx at 7 and 28 days but by day 84 the 

increase in collagen I had been significantly reduced to less than a fifth that of SNx animals 

(p<0.05 and p=0.05 respectively).  

 

9.2.2.7.2 Collagen III 

Sham-operated animals showed a peri-tubular distribution of collagen III that did not 

significantly increase over the 84 day time course (figure 9.16). In SNx animals, this 

distribution was elevated slightly at day 7 compared to sham and significantly so at day 84 

(p<0.05) with extensive interstitial collagen accumulation. In contrast to collagen I however, 

there was little glomerular collagen III staining. Treatment with both inhibitors increased 

collagen III at day 7 (NTU281 treated, p<0.05) compared to SNx but had little effect at day 

28 (figure 9.17). However, by day 84, collagen III levels had been reduced in the NTU283 

treated group by 50% compared to SNx (p<0.05) although the decrease with NTU281 
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treatment did not reach significance. 

 
9.2.2.7.3 Collagen IV 

Sham-operated animals showed a linear distribution of collagen IV staining along the 

tubular and glomerular basement membranes, the pattern of which remained relatively 

constant throughout the time course. Only at 84 days did SNx-treated animals demonstrate 

elevated collagen IV levels compared to sham-operated animals (figure 9.18).  This was 

characterised by increased collagen IV immunostain in the interstitium and peri-glomerular 

area which was extensive by day 84. Treatment with inhibitor NTU283 failed to reduce this 

elevated collagen IV (figure 9.19) however, treatment with NTU281 was able to lower 

collagen IV relative to SNx at 84 days although it did not reach significance. 

 

9.2.2.7.4 Fibronectin 

Sham operated animals showed fibronectin immunoreactivity in the cytoplasm of both 

distal and proximal tubular cells that appeared to localise to the luminal surface (figure 9.20) 

However, in contrast to previous studies in SNx rats (Floege et al., 1992a; Okuda et al., 1992) 

there was little or no fibronectin staining in glomeruli. The cytoplasmic fibronectin staining 

was elevated in SNx animals at day 7 and significantly so at day 84 (p<0.05) compared to 

sham (figure 9.21). Treatment with inhibitor NTU283 had little effect on this at the early time 

points but by day 84 had reduced staining by 45% compared to untreated SNx animals 

(p<0.05). Treatment with NTU281 surprisingly increased fibronectin staining at day 7 

(p<0.05) and day 28 (p<0.05) compared to both sham and SNx but was almost as effective at 

reducing fibronectin at day 84 as inhibitor NTU283.  
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Figure 9.14 Representative Photomicrographs of Collagen I Immunohistochemistry
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Figure 9.14 Representative Collagen I stained cryostat sections (left) from sham-operated (A, E, I), 
SNx (B,F,J), NTU283 treated (C,G,K) and NTU281 treated animals (D,H,L). The degree of staining 
was analysed at 7 days (A to D), 28 days, (E to H) and 84 days post-SNx (I to L). Photomicrographs 
of glomerular staining are shown (right) at day 84. Tubulointerstitial sections are at 100x 
magnification, glomeruli are at 400 x magnification.
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Figure 9.15 Multi-phase Image Analysis of Collagen I Immunohistochemistry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.15 Cryostat sections from kidneys harvested at 7, 28 and 84 days post-SNx were 
immunoprobed with 1:50 goat anti-collagen I antibody as described in section 3.5.2.5. 
Staining was quantified by multi-phase image analysis (section 3.5.2.6). Data represents mean 
percentage area (stain:nuclei) ± SEM from 10 sections analysed per animal, n=5-6 animals 
per group. a=p<0.05 compared to sham, b=p<0.05 compared to SNx (one way ANOVA with 
Bonferroni post hoc test).  
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Figure 9.16 Representative Photomicrographs of Collagen III Immunohistochemistry
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Figure 9.16 Representative Collagen III stained paraffin sections from sham-operated (A, E, I), 
SNx (B,F,J), NTU283 treated (C,G,K) and NTU281 treated animals (D,H,L). The degree of 
staining was analysed at 7 days (A to D), 28 days, (E to H) and 84 days post-SNx (I to L). 
Photomicrographs are at 100x magnification. 
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Figure 9.17 Multi-phase Analysis of Collagen III Immunohistochemistry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.17 Paraffin-embedded sections from kidneys harvested at 7, 28 and 84 days post-
SNx were immunoprobed with 1:10 rabbit anti-collagen III antibody as described in section 
3.5.2.4 Staining was quantified by multi-phase image analysis. Data represents mean ± SEM 
from 10 sections analysed per animal, n=5-6 animals per group. a=p<0.05 compared to sham, 
b=p<0.05 compared to untreated SNx (one way ANOVA with Bonferroni post hoc test).  
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Figure 9.18 Representative Photomicrographs of Collagen IV Immunohistochemistry

Figure 9.18 Representative Collagen IV stained paraffin sections from sham-operated (A, E, I), 
SNx (B,F,J), NTU283 treated (C,G,K) and NTU281 treated animals (D,H,L). The degree of 
staining was analysed at 7 days (A to D), 28 days, (E to H) and 84 days post-SNx (I to L). 
Photomicrographs are at 100x magnification. 
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Figure 9.19 Multi-phase Analysis of Collagen IV Immunohistochemistry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.19 Paraffin-embedded sections from kidneys harvested at 7, 28 and 84 days post-
SNx were immunoprobed with 1:35 rabbit anti-collagen IV antibody as described in section 
3.5.2.4 and staining quantified by multi-phase image analysis. Data represents mean ± SEM 
from 10 sections analysed per animal, n=5-6 animals per group.  
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Figure 9.20 Representative Photomicrographs of Fibronectin Immunohistochemistry
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Figure 9.20 Representative fibronectin stained paraffin sections from sham-operated (A, E, I), 
SNx (B,F,J), NTU283 treated (C,G,K) and NTU281 treated animals (D,H,L). The degree of 
staining was analysed at 7 days (A to D), 28 days, (E to H) and 84 days post-SNx (I to L). Main 
panels (left) are at 200x magnification. Right panels show representative staining at 400x 
magnification. 
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Figure 9.21 Multi-phase Analysis of Fibronectin Immunohistochemistry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.21 Paraffin-embedded sections from kidneys harvested at 7, 28 and 84 days post- 
SNx were immunoprobed with 1:50 mouse monoclonal anti-fibronectin antibody as described 
in section 3.5.2.4. Staining was quantified by multi-phase image analysis. Data represents 
mean ± SEM from 10 sections analysed per animal, n=5-6 animals per group. a=p<0.05, 
b<0.01 compared to sham, c=p<0.05 compared to SNx (one way ANOVA with Bonferroni 
post hoc test).  
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9.2.2.8 mRNA expression of ECM components 

To ascertain whether TG inhibitors were affecting the post-translational processing of 

ECM components alone rather than acting via non-specific effects on their expression or by 

negative feedback, mRNA levels of major ECM components and processing enzymes were 

measured at 84 days post-SNx by Northern blot analysis (fig 9.22).  

Unfortunately, visual inspection of the blots revealed a high degree of RNA degradation 

with considerable variability in signal between experimental groups and samples within the 

same group. As a consequence, quantitation of Northern blots by densitometric analysis was 

not possible and blots were interpreted visually. Gross increases in the mRNA expression of 

collagen I and III (fig 9.22a and b) were apparent in 2 of the 4 SNx samples compared to 

sham. Treatment with NTU283 appeared to further increase collagen I and III mRNA 

expression in 2 samples although expression was not detectable in the other 2 samples nor in 

the NTU281 treated group. Changes in fibronectin and MMP-1 mRNA expression (fig 9.22 c 

and d) were impossible to interpret as discrete bands were not distinguishable. TIMP-1 

mRNA expression appeared increased in 3 out of 4 SNx samples compared to sham (fig 9.22 

e). Treatment with NTU283 appeared to have little effect on TIMP-1 mRNA expression 

however, TIMP-1 appeared to be decreased in response to NTU281 treatment especially when 

cyclophilin loading was compared.  

 

9.2.2.9 Interstitial cells 
9.2.2.9.1 Myofibroblasts 

Immunohistochemistry for α-SMA was used as a marker for myofibroblasts (figures 9.23 

and 9.24).  
 

At day 7, the distribution of α-SMA staining in all groups was mainly confined to the 

vascular walls of the renal arteries and arterioles and to isolated cells within the interstitium.  

Staining was increased slightly in SNx and more so in inhibitor NTU283 treated animals. 

NTU281 treatment significantly increased α-SMA staining (p<0.05) compared to that of sham 

operated and SNx animals.  
 

At day 28, α-SMA staining appeared in the peri-glomerular region of SNx and inhibitor 

treated kidneys whilst the distribution in sham-operated kidneys remained predominantly 

interstitial. Treatment with either inhibitor NTU283 or NTU281 reduced α-SMA compared to 

sham and SNx although these changes were not significant.  
 

By day 84, some glomerular staining was observed in sham-operated animals. This was 
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significantly increased in SNx animals (p<0.01) with extensive peri-glomerular staining and 

in some cases accumulation of α-SMA positive cells within the mesangium. Treatment with 

either inhibitor failed to significantly reduce this accumulation.  

 

9.2.2.9.2 Monocyte/macrophages 

The degree of monocyte/macrophage infiltration was assessed by immunohistochemistry 

for the monocyte marker ED1 (CD68 in humans) (figures 9.25 and 9.26). 
 

ED1 staining of sham-operated kidneys highlighted the occasional positive cell in both 

the tubulointerstitium and glomerulus (fig 9.25). In advanced disease, the staining in these 

areas was far more intense indicating the presence of far more cells of monocytic origin. 

Multi-phase image analysis (fig 9.26) showed that at day 7, ED1-positive staining was 

increased in untreated SNx animals compared to sham-operated animals. Similar elevated 

levels of ED1 were observed in inhibitor-treated groups.  
 

At day 28, both inhibitors elevated ED1-positive staining to levels much greater than 

SNx alone. A 5 fold increase in ED1 staining due to SNx was increased to 21 and 13 fold 

control levels when treated with NTU283 (p<0.05) and NTU281 respectively. 
 

By day 84, levels of ED1 staining were comparable in untreated SNx and NTU283 

treated animals however, staining was reduced with NTU281 treatment (not significant).  

 
9.2.2.10 Correlation analysis 

 
Across all time points the level of tubulointerstitial scarring (Masson’s Trichrome 

staining) correlated well with ε(γ-glutamyl) lysine crosslink levels (r = 0.72, p<0.001).  

However, while TG in situ activity correlated well with both tubulointerstitial scarring and 

crosslink up to 28 days (r = 0.75, p<0.01), the reduction in the level of inhibition seen by 84 

days resulted in a poor association at this later time point (r=0.22, not significant).  Crosslink 

levels also correlated (p<0.05) with collagen I (r = 0.53), collagen IV (r = 0.51) and collagen 

III (r = 0.34) when measured individually. Measurements of collagen by hydroxyproline 

revealed a better association with immunoreactive collagen I (r = 0.49, p<0.01), than either 

collagen III (r = 0.34, p<0.05) or IV (r = 0.33, p<0.05).  Creatinine clearance correlated 

inversely with scarring (r = -0.6, p<0.01) and particularly collagen III (r =-0.73, p<0.001), 

with a weaker link to crosslink (r = -0.35, p<0.05).  ED1 staining showed no correlation to 

crosslink levels even when NTU283 data was excluded (r = 1.1, NS), although there was good 

association with scarring (r = 0.62, p<0.01) 
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Figure 9.22 mRNA Expression of Collagens, Fibronectin, MMP-1 and TIMP-1 
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Figure 9.22 Representative Northern blots probed using specific [32P] dCTP random 
primed cDNA probes for collagen I (a) collagen III (b), fibronectin (c), MMP-1 (d) and 
TIMP-1 (e) at 84 days post-SNx. Repeat probing for cyclophilin (cyc) was used as a 
loading control. n=4-5 animals per experimental group.  
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Figure 9.23 Representative Photomicrographs of α-SMA Immunohistochemistry
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Figure 9.23 Representative α-SMA stained paraffin sections from sham-operated (A, E, I), SNx
(B,F,J), NTU283 treated (C,G,K) and NTU281 treated animals (D,H,L). The degree of staining 
was analysed at 7 days (A to D), 28 days, (E to H) and 84 days post-SNx (I to L). Main 
photomicrographs are at 100x magnification, glomeruli are at 400x magnification.
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Figure 9.24 Multi-phase Analysis of α-SMA Immunohistochemistry 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9.24 Paraffin-embedded sections from kidneys harvested at 7, 28 and 84 days post-
SNx were immunoprobed with 1:100 mouse anti α−SMA antibody as described in section 
3.5.2.4.  Staining was quantified by multi-phase image analysis. Data represents mean ± SEM 
from 10 sections analysed per animal, n=5-6 animals per group. a=p<0.05 compared to 
untreated SNx., b=p<0.01 compared to sham (one way ANOVA with Bonferroni post hoc 
test).  
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Figure 9.25 Representative Photomicrographs of ED1 Immunohistochemistry

Figure 9.25 Representative ED1 (CD68) stained paraffin sections from sham-operated (A, E, I), 
SNx (B,F,J), NTU283 treated (C,G,K) and NTU281 treated animals (D,H,L). The degree of 
staining was analysed at 7 days (A to D), 28 days, (E to H) and 84 days post-SNx (I to L). Main 
panels (left) are at 200x magnification. Right panels show representative staining at 400x 
magnification
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Figure 9.26 Multi-phase Analysis of ED1 (CD68) Immunohistochemistry  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 9.26  ED1 (CD68) stained paraffin-embedded sections from kidneys harvested at 7, 28 
and 84 days post-SNx were immunoprobed with 1:50 mouse monoclonal anti-ED1 antibody 
as described in section 3.5.2.4. Staining was quantified by multi-phase image analysis. Data 
represents mean ± SEM from 10 sections analysed per animal, n=5-6 animals per group. 
a=p<0.05 compared to sham, b=p<0.05 compared to untreated SNx (one way ANOVA with 
Bonferroni post hoc test).  
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9.3 Discussion 
 

Despite many advances in our understanding of the factors that contribute to the 

development of kidney scarring there remains no effective therapeutic strategy to prevent its 

progression. Previous studies using the 5/6th nephrectomy model of experimental kidney 

scarring coupled with the mechanistic data presented in the preceding chapters has 

highlighted the contribution of TG2-mediated crosslinking within the ECM to the 

accumulation of matrix. Such data suggests that the targeted inhibition of TG2 enzyme 

activity may be effective in preventing the accumulation of ECM that is associated with 

progressive kidney disease.  
 

In this chapter, the specific properties of two inhibitors of TG activity NTU283 (1, 

dimethyl-2[oxopropyl) thio] imidazolium) and NTU281 (N-benzyloxycarbonyl-L-

phenylalanyl-6-dimethylsulphonium-5-oxo-Lnorleucine) have been characterised in terms of 

their action against renal TG. Both inhibitors contain a dimethylsulfonium group that has 

previously been shown to interact with cysteine residues including Cys 277 within the active 

site via an acetonylation reaction (figure 9.27) leading to non-competitive and irreversible 

inhibition of the enzyme (Fround, 1994).  
 

Data obtained from the pilot studies demonstrated that both inhibitors were highly 

effective at inhibiting renal TG activity when applied to a kidney homogenate and that this 

inhibition remained effective after storage at either –80oC or 37oC. Interestingly, there were 

notable differences in the cellular uptake of the two inhibitors when administered to rat 

tubular epithelial cells in culture. NTU283 was highly cell soluble and readily entered the 

intracellular compartment.  In contrast, NTU281 was much less able to transfer across the cell 

membrane and its action was therefore limited to the extracellular compartment. Such a 

difference is significant in determining whether total (intracellular and extracellular) 

inhibition or extracellular TG inhibition alone is sufficient to impede the action of TG2.  
 

The dose response data over a 7 day period indicated that NTU283 inhibited TG activity 

in a dose-dependent manner with a Ki50 of 25mM. Similar results were obtained when the in 

situ TG activity (a measure of extracellular activity) was determined in response to NTU281. 

However, a pilot study for one month at 25mM dose of NTU281 failed to produce inhibition 

of TG activity in vivo (data not shown). It is likely that this lack of inhibition was attributable 

to an increase in renal mass in response to ablation that diluted the effects of the inhibitor at 

this dose. Compensatory renal growth is known to be an early event following 5/6th 

nephrectomy and this was evident in the kidneys removed at termination in this study.  
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Figure 9.27 Mechanism of Inhibition by Site-Specific Thioimidazole Inhibitors 

 

 
 

 

 

 

Figure 9.27 The mechanism of inactivation by thioimidazole compounds has been 
determined from the study of Factor XIIIA inhibition (Fround, 1994). Kinetic analysis 
demonstrates that the enzyme initially forms a reversible complex with inhibitor prior to 
irreversible modification of the enzyme. Inhibition involves the irreversible acetonylation of 
the thiol group (b) contained within the active site cysteine which renders the thiol group 
unreactive towards its glutamyl and amine substrates (c).  
 
 

+ 

e.g. NTU283 

a 

b 

+

Cys277

Transglutaminase

+ 

N

N

O
S NH3

NH3

NH3

S
S 

S-

NH3 

c 

+

S-H

N

N

O
S NH3

NH3

NH3

=ο
 



 259

As a consequence it was necessary to repeat the pilot dosing studies at a 50mM dose over 

28 days so that the level of inhibition could be checked once the bulk of the compensatory 

growth had occurred.  Application of NTU283 and NTU281 at 50mM for 1 month to SNx 

animals demonstrated that at this dose both inhibitors were effective at inhibiting TG activity 

in a disease model over a 28 day experimental period. Whilst it would have been preferential 

to increase the dose for the second and third pump replacements to compensate for the slight 

loss in TG inhibition at 84 days, the crosslink analysis showed an almost complete prevention 

in the build up of ε(γ-glutamyl) lysine indicating that the level of inhibition was sufficient 

over the 3 month SNx study.  
 

The level of TG inhibition achieved by NTU281 and NTU283, in rats subjected to 5/6th  

nephrectomy (SNx), over the 3 months from the onset of renal injury, resulted in reduced 

levels of glomerular and interstitial scarring and fibrosis indicating that TG2 inhibition was 

effective in preventing progressive scarring. It is not clear why at 7 days post-SNx levels of 

scarring, in particular in the interstitium, were elevated in inhibitor treated animals compared 

to SNx and sham. This continued to be the case in the glomeruli of NTU283-treated animals 

at day 28. It may be explained by localised scarring in response to insertion of the cannula 

that by day 84 had become resolved. There is some evidence from previous pilot studies using 

mini-pumps primed with PBS that cannulation itself can cause small areas of scarring. An 

alternative explanation may be that the elevated staining is a result of limitations in the 

Masson’s Trichrome staining technique which has previously been demonstrated to give false 

positive staining under certain conditions such as oedema or excess lipids (Abo-Zenah et al., 

2002), however, a similar change was seen in Collagen III immunohistochemistry suggesting 

that Collagen III changes may be the cause of increased Masson’s Trichrome staining. This 

early increase in collagens in response to TG inhibition is consistent with the changes 

observed in other animal models (Huang, 2006) and would fit with the in vitro observations 

described in previous chapters indicating some feedback between TG and collagen levels. 

Thus the early changes may reflect transient changes in immature collagens in response to TG 

inhibition that are lost as scarring begins to develop.  
 

Assessment of renal function as measured by creatinine clearance showed that renal 

function was maintained in response to inhibitor treatment and did not progressively decline 

over the 84 days. Surprisingly, the reduction in scarring was not matched with a 

corresponding reduction in proteinuria with only NTU281 moderating proteinuria slightly (-

30%). This is confusing given that both inhibitors were seen to improve glomerulosclerosis in 

this model and that similar application of NTU281 to rats with streptozotocin-induced 
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diabetic nephropathy resulted in a greater than 50% reduction in proteinuria (Huang, 2006), 

both suggesting that a more significant effect on proteinuria might have been expected. It has 

been proposed however, that albuminuria is a more accurate indicator of renal disease and 

specifically of glomerulosclerosis than measurement of total urinary protein (Shihabi et al., 

1991). This may be partly due to its increased specificity and the exclusion of proteins or 

contaminants that may adversely influence proteinuric data. When albuminuria was 

determined in urines from the 3 month SNx study, interestingly, a significant reduction in 

albumin was demonstrated by 84 days in both NTU283 and NTU281 treated groups which 

would be consistent with an improvement in scarring. Such a finding makes the lack of 

reduction in proteinuria in response to inhibitor treatment difficult to reconcile. It could be 

speculated that the selective effect of inhibitor treatment on albuminuria reflects a protective 

influence on the charge selectivity of the glomerular capillary wall, an important restrictive 

force in the passage of albumin through the glomerular membrane (D’Amico and Bazzi 

2003). The continued presence of proteinuria suggests that a similar effect is not extended to 

the maintenance of size selectivity. The loss of this would allow continual, elevated leakage 

of larger molecular weight proteins into the urine which could contribute to proteinuria.  It 

cannot be ruled out however, that this improvement in albuminuria is as a result of a reduction 

in blood pressure in response to TG inhibition, in what is a hypertensive model of chronic 

kidney disease. Several studies have demonstrated that the control of hypertension is 

important in the reduction of albuminuria and therefore in slowing the progression of CKD 

(Cantarovich and Rangoonwala, 2003; Pavan et al., 2003; Rossing et al., 1994; Viberti and 

Chaturvedi, 1997). A potential criticism of this investigation is that blood pressure monitoring 

was not performed and this would have provided useful information as to any potential effects 

of TG inhibition on hypertension.   
 

As indicated by the Masson’s Trichrome data, inhibition of TG2 was associated with an 

overall reduction in total collagen by day 84 as determined by gas liquid chromatography for 

hydroxyproline. This was attributable to a reduction in the accumulation of interstitial 

collagens I and III in response to both inhibitors but only NTU281 had an effect on Collagen 

IV levels. The discrepancy between the action of the inhibitors on collagen IV may reflect 

differences in their intra-renal concentration and distribution, thus determining any effect on 

the tubular basement membrane. The extracellular levels of NTU281 are likely to be higher 

than NTU283, due to its poor transfer across the cell membrane which limits its action to the 

extracellular compartment.  
 

TG inhibition was also associated with a reduction in fibronectin accumulation by 84 
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days, which is perhaps not surprising given the importance of fibronectin as a TG substrate as 

well as its involvement as a major component of the kidney scar (Eddy 2000a). However, this 

was in spite of apparent increases in fibronectin in the inhibitor-treated groups at the early 

time points. Deposition of fibronectin is known to be an early event in scar tissue formation 

(Eddy 2000a) and it is likely that increased fibronectin levels are a reflection of the kidney 

response to SNx which may have been further elevated in inhibitor-treated animals in 

response to cannulation.   
 

Analysis of the mRNA expression of major ECM proteins involved in the scarring 

process as well as MMP-1 and TIMP-1, proved difficult due to the poor quality of the RNA 

and subsequent variability of the Northern blots. Collagen I and III mRNA expression 

appeared to be increased in some SNx samples whilst others remained comparable to 

untreated levels. A similar discrepancy in collagen expression was observed in NTU283 

treated animals whilst a lack of discrete bands made changes in fibronectin and MMP-1 

expression impossible to distinguish. A definite conclusion as to the effect of TG inhibition on 

ECM protein mRNA levels was therefore not able to be drawn from the data presented here.    

However, data presented in previous chapters indicates that the actions of TG2 on the 

accumulation of matrix are via the post-translational modification of ECM components rather 

than through effects on ECM synthesis perhaps suggesting that TG inhibition should have had 

little effect on ECM mRNA levels. Previous cell culture studies utilising NTU283 in an in 

vitro model of hyperglycaemia certainly support this, given that glucose induced ECM 

accumulation was significantly reduced in the absence of changes in ECM protein mRNA 

levels (Skill et al., 2004).  
 

A very interesting observation was an obvious reduction in interstitial cell number in 

inhibitor treated groups by the end of the time-course. However, immunohistochemistry for 

α-SMA (a myofibroblast marker) indicated a similar level of staining in the treated and un-

treated groups. Likewise, ED1 staining for monocytic cells also remained high when treated 

with NTU283 although treatment with NTU281 reduced the number of ED1-positive cells by 

84 days. Such data suggests that the reduction in interstitial cell number seen in advanced 

disease is mainly attributable to interstitial cell types not identified by either α-SMA or ED1 

staining. Clearly, fibroblasts are a likely candidate since they are the pivotal interstitial cell 

type involved in renal scarring and are not for the most part α-SMA positive (Zeisberg et al., 

2000). Staining for fibroblast specific markers such as FSP-1 (Strutz et al., 1995) would have 

been useful in elucidating their role in this study. Similarly, infiltrating lymphocytes may also 

be responsible for changes in interstitial cell numbers.  B and T lymphocytes are known to be 
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important contributors to the inflammatory response in renal scarring (Zheng et al., 2005). 

The reduction in ED1-positive cells at the later time point by NTU281 may be due to an 

inhibitory effect on a number of inflammatory events that TG2 has been shown to participate 

in including the migration of monocytes (Akimov and Belkin, 2001b) or through inhibition of 

TG2-mediated changes in phospholipase A2 activity (Cordella-Miele et al., 1990).    
      
Surprisingly, the strong reduction in monocytic cells observed at day 84 post-SNx, was in 

sharp contrast to the significant increase in ED1-positive staining observed with both 

inhibitors at day 28.  The contribution of TG2 inhibitors to promoting an inflammatory 

response is unclear. However, studies using TG2 knockout mice suggest that inflammatory 

infiltration is associated with a reduced rate of clearance of apoptotic macrophages (Szondy et 

al., 2003). It is also feasible that at earlier time points, infiltrating cells are more readily able 

to access and migrate through the tissue, a process that may be compromised in advanced 

disease due to increased TG2 crosslinking and scarring of the ECM.  
 

An important question to be addressed in this study is the specificity of the two inhibitors 

when administered in vivo given the similar structures of the eight TG enzymes so far 

characterised (Lorand and Graham, 2003). It is likely that both NTU281 and 283 are capable 

of inhibiting all TGs although probably with varying potencies. In the extracellular 

compartment of the kidney, only Factor XIIIA and TG2 are known to be present and would 

therefore be the principle targets, especially for NTU281 given that it is retained in the 

extracellular environment. Whilst the main target of inhibition in this study appears to be 

TG2, any effects on Factor XIIIa cannot be ruled out especially in the initial stages of wound 

repair although the enzyme is less likely to be important in the later stages of ECM deposition 

(Verderio et al., 2005). Clearly, an assessment of changes in Factor XIIIa in renal scarring 

would be beneficial in determining such effects.  
 

The equal effectiveness of NTU281 and NTU283 indicates that their principle inhibitory 

actions are extracellular. The poor cell solubility of NTU281 would certainly limit any 

potential non specific effects on other intracellular TG or thiol-containing enzymes, however, 

the potential of NTU283 to affect intracellular targets apart from TG2 cannot be dismissed 

given its known ability to inhibit other TG isotypes. Clearly, any potential inhibitory action of 

these thioimidazole compounds on other enzyme systems and their side-effects require further 

investigation in the development of an anti-TG therapy.   
 

The data presented in this chapter demonstrates that the treatment of remnant kidneys 

with non competitive inhibitors of TG activity is able to prevent progressive kidney 
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remodelling and scarring whilst maintaining kidney function. Such data confirms the 

importance of TG2 in disease progression and strongly supports the further development of 

anti-TG therapies based on the more effective inhibitor NTU281 with improved TG isoform 

specificity.  
 

 



 

 

 

 

 

 

 

 

 

 

Chapter 10 
 

General Discussion 



Extensive studies have established a clear link between TG2 mediated protein 

crosslinking via the ε(γ-glutamyl) lysine iso-dipeptide and the progression of kidney disease 

and renal insufficiency in experimental models and in human disease (El Nahas et al., 2004; 

Johnson et al., 2004; Johnson et al., 2003b; Johnson et al., 1997; Johnson et al., 1999; Skill et 

al., 2001; Skill et al., 2004).  The up-regulation and release of TG2 into the extracellular 

compartment is considered to be an important event in the advancement of the disease.  

However, previous studies have yet to establish whether elevated TG2 and ε(γ-glutamyl) 

lysine crosslinking are crucial in driving renal disease or whether they are merely 

accompanying factors.  In addition, the initiating stimuli for TG2 and the subsequent 

contribution of TG2 to the pathological changes associated with disease progression remains 

largely speculative. 
 

The principle aims of this thesis were to investigate the possible pathways by which TG2 

is up-regulated in tubular epithelial cells and to identify the mechanisms by which it may 

contribute to the accumulation of ECM during kidney scarring.  The ultimate aim was to 

ascertain whether the targeted inhibition of TG2 was effective at preventing ECM 

accumulation, not only to determine whether TG2 has a driving role in disease development 

but also to potentially offer a target for therapeutic intervention.  
 

In order to determine potential regulators of TG2 in tubular epithelial cells, Chapter 4 

explored the effect of a range of pro-fibrogenic stimuli on TG2 expression.  This data 

revealed that whilst growth factors and cytokines appeared to have little effect on TG2 

expression, tubular cells were seen to up-regulate TG2 in response to both hypoxia and 

acidosis, two factors associated with causing tubular stress and injury.  Interestingly, previous 

studies of TG2 expression in OK tubular cells have demonstrated an up-regulation of TG2 in 

response to elevated glucose (Skill et al., 2004), which is also a potent stimulus for tubular 

damage.  Evidence appears to be emerging therefore that the tubular expression of TG2 may 

primarily be controlled by mechanisms that are responsive to metabolic stress.  
 

Whilst these factors have the potential to induce TG2 by independent mechanisms it is 

tempting to speculate that their influence on TG2 expression may result from the activation of 

common pathways (illustrated in figure 10.1).  Hypoxia and elevated glucose are both known 

stimulators of the protein kinase C pathway (Bunn and Poyton, 1996; Ha and Kim, 1999; 

Koya and King, 1998) which has been implicated in the induction of TG2 in other cell types 

such as peritoneal macrophages (Ishii and Ui, 1994).  Protein kinase C activation may 

therefore be one mechanism regulating TG2 expression in tubular cells in response to these 
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factors.  In addition, hypoxia and elevated glucose have been shown to be capable of 

activating the stress responsive transcription factor NF-κB (Evans et al., 2002; Koong et al., 

1994; Michiels et al., 2002).  For example, in human proximal tubular cells, hypoxia induced 

activation of NF-κB is partially responsible for induction of PAI-1 expression (Li et al., 

2005).  Elevated glucose has been shown to increase NF-κB activity in a whole host of cell 

types including vascular smooth muscle cells (Golovchenko et al., 2000; Ramana et al., 

2004), endothelial cells (Chen et al., 2003) and lens epithelial cells (Ramana et al., 2003).  In 

tubular cells, elevated glucose and the associated production of advanced glycation end 

products have been demonstrated to induce IL-6 secretion via the activation of NF-κB 

(Morcos et al., 2002).  Similarly, acidosis may indirectly activate NF-κB through the 

generation of ROS (Rustom et al., 2003). Significantly, the TG2 promoter is known to 

possess a binding site for NF-κB (Kuncio et al., 1998) and interestingly, up-regulation of TG2 

mediated by activation of the NF-κB pathway has been implicated in liver disease (Kuncio et 

al., 1998; Mirza et al., 1997).  Such data suggests that activation of the NF-κB pathway may 

have the potential to play a role in the induction of TG2 in tubular cells in response to stress 

factors.  Clearly, further work utilising inhibitors of either protein kinase C such as 

Calphostin-C or inhibitors of NF-κB such as pyrrolidine-dithiocarbamate would be beneficial 

in deciphering the potential role of these pathways in stress mediated TG2 expression.    
 

In addition to the possible activation of protein kinase C and NF-κB mediated pathways, 

it is likely that a critical player in any crosstalk between the responses to stress factors is HIF-

1α.  In tubular cells, hypoxia regulates a number of pro-fibrogenic genes such as collagen I, 

MMP-2 and TIMP-1 some of which are direct targets for HIF-1α (Norman et al., 1999).  

Elevated glucose is also capable of influencing gene expression via the HIF-HRE pathway.  

For example, in cultured proximal tubular cells, elevated glucose is able to reduce hypoxia- 

induced VEGF expression via changes in HIF-HRE activation (Katavetin et al., 2006).  In 

addition, acidosis has the potential to modulate HIF-1 via its neutralising effects on the 

function of Von Hippel Lindau tumour suppressor protein and the degradation of HIF-1 

(Mekhail et al., 2004).  
 
Analysis of the nucleotide sequence of the human TG2 gene promoter (M Fisher, 

personal observation) reveals the presence of three sites containing the 5’CGTG 3’ HIF-1 

binding core sequence suggesting the potential of TG2 as a HIF-1 target gene, at least in 

humans.  The recent identification of TG2 as a von Hippel-Lindau repressible gene and its 

 266



ability to be regulated by oxygen in renal carcinoma cells (Wykoff et al., 2000) may further 

suggest the involvement of HIF-1 dependent pathways in TG2 induction.  

  

Figure 10.1 Possible Mechanisms of TG2 Induction in Tubular Epithelial Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10.1 Up-regulation of TG2 occurs in response to hypoxia, acidosis and elevated 
glucose all of which are cellular stress factors that contribute to tubular injury. The response 
of tubular cells to stress may be mediated by activation of a number of signalling pathways, 
some of which are common to more than one stress factor. Hypoxia and elevated glucose can 
both stimulate the activation of protein kinase C (PKC), and the transcription factor NF-κB 
whilst hypoxia, glucose and acidosis all increase the generation of ROS that may be upstream 
regulators of HIF-1α as well as further stimulators of NF-κB. Protein kinase C also transmits 
signals through HIF-1. An NF-κB binding site and putative hypoxia response elements 
(HREs) are present on the TG2 promoter.  
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The mechanisms by which stress factors modulate gene expression via HIF-1 remain 

largely speculative.  However, recent studies suggest that oxidative stress may be a key 

upstream event in the modulation of HIF-1.  In proximal tubular cells, the effects of elevated 

glucose on the HIF-HRE pathway appear to be mediated by oxidative stress as indicated by an 

amelioration of these effects by antioxidants (Katavetin et al., 2006).  Hypoxia has been 

proposed to contribute to oxidative stress through inhibition of mitochondrial electron 

transport leading to changes in redox status and the increased generation of ROS (Agani et al., 

2000; Chandel et al., 2000).  These are thought to act as second messengers that contribute to 

the stabilisation of HIF-1α and subsequently influence gene transcription (Chandel et al., 

2000).  In support of this, exposure of HEK293 kidney cells to hypoxia results in increased 

mitochondrial ROS production (Mansfield et al., 2004) although an effect on HIF-1 is not 

demonstrated.  Acidosis has also been demonstrated to contribute to oxidative stress through 

the generation of ROS.  For example in LLC-PK1 tubular cells, acidosis increases generation 

of ROS reportedly leading to tubular injury (Rustom et al., 2003).  The ability of cellular 

stress factors to influence ROS production suggests the stimulation of common oxidative 

pathways of which one significant downstream event may be the induction of TG2.  Given the 

reported involvement of ROS in progressive scarring (Ha and Lee, 2003), the induction of 

such an enzyme with the potential to influence matrix remodelling may provide a significant 

link between these events.  Clearly, the increased expression of TG2 in an environment of 

tubular stress resulting from low oxygen, elevated glucose or metabolic acidosis could 

represent an important additional pro-fibrogenic pathway.  
 

It is possible that other cellular stress factors associated with tubular injury and 

fibrogenesis, may elicit some of their pro-fibrogenic effects through the increased expression 

of TG2.  Of particular interest is proteinuria that leads to abnormal protein reabsorption by 

tubular cells and subsequent tubular damage (Zoja et al., 2004).  A key component of 

proteinuric urine is albumin and this has been demonstrated in a number of studies to stimulate 

the accumulation of ECM proteins by proximal tubular cells (Stephan et al., 2004; Wohlfarth 

et al., 2003).  It is possible that the effects of albumin on ECM accumulation may partly be 

elicited through the induction and release of TG2.  The effect of albumin on TG2 activity has 

recently been investigated by co-workers using an in vitro model of protein overload in NRK-

52E proximal tubular cells (Huang, 2006).  However, interestingly, whilst concentrations of 

albumin of 1mg/ml produced small increases in TG2 activity, higher concentrations of 

albumin of up to 30mg/ml had no effect or even reduced TG2 over a 96 hour time period.  The 

reason for this lack of induction is unclear and is perhaps surprising 
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given that these studies were performed using whole bovine serum albumin containing fatty 

acids which have been reported to be responsible for much of the injurious effects of albumin 

on tubular cells (Arici et al., 2002; Ishola et al., 2006; Kamijo et al., 2002; Thomas and 

Schreiner, 1993).  
 

Whatever the mechanism of stress factor-induced TG2 expression it appears unlikely that 

it is mediated through growth factor stimulation.  A number of previous studies have 

demonstrated the induction of growth factors and cytokines by stress factors such as hypoxia 

and glucose that would have the potential to modulate TG2 expression in tubular cells.  Most 

importantly, these include TGF-β1 (Fraser et al., 2003; Orphanides et al., 1997; Rocco et al., 

1992).  However, in OK cells there appears to be little change in TG2 expression in response 

to TGF-β1 stimulation. Similarly, NRK-52E cells show only small increases in TG2 

expression and activity following TGF-β1 treatment (E. Parker, personal communication). 

Certainly, OK cells possess the ability to respond to TGF-β1 as indicated by regulation of 

collagen and TIMP-1 expression (TS Johnson, personal communication).  However, previous 

studies of glucose-stimulated TG2 expression and activity in OK cells (Skill et al., 2004) 

demonstrate that increases in TG2 are TGF-β1-independent.  

 
Previous studies have highlighted the importance of TG2 translocation from the 

intracellular to extracellular environment in the progression of fibrosis (Johnson et al., 1999; 

Skill et al., 2001).  Chapter 5 presented the characterisation of tubular and mesangial cells 

stably transfected to constitutively over-express TG2, part of which involved the 

measurement of extracellular TG2 levels.  A surprising finding was the clear difference 

between the tubular and mesangial cell handling of increased intracellular TG2 levels and the 

subsequent effect on TG2 export.  Tubular cells showed corresponding increases in both 

extracellular TG enzyme activity and cell surface TG2 protein expression in response to 

elevated intracellular enzyme levels. In contrast, mesangial cells failed to demonstrate 

changes in their extracellular TG levels despite comparable increases in intracellular TG2 

expression.  It is likely that the release of TG2 by mesangial cells is subject to additional 

regulation by factors that operate independently of intracellular TG2 levels.  
 

The export of TG2 by mesangial cells may only occur under conditions of cell stress or 

damage akin to those observed during the course of renal disease and not represented in these 

studies.  Elevated levels of TG2 expression and externalisation of TG2 into the glomerular 

compartment are certainly a feature of early experimental diabetic nephropathy (Skill et al., 

2001) suggesting that mesangial cells have the potential to release TG2 during the course of 
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this disease.  However, mesangial cells in vivo would have been exposed to a range of stimuli 

associated with diabetic nephropathy that could have activated the export of TG2 and which 

are not present in vitro.  It appears unlikely that export is regulated by hyperglycaemia itself 

however, as exposure of 1097 mesangial cells to elevated glucose fails to affect extracellular 

TG2 levels despite an increase in TG2 expression (M Fisher, data not shown).  It is possible 

that physical pressures placed on mesangial cells as a consequence of haemodynamic changes 

in vivo such as mechanical stretch and shear stress may result in TG2 release. Mesangial cells 

subjected to mechanical stress are known to increase the secretion of a number of ECM 

proteins including collagen, FN and laminin (Yasuda et al., 1996) as well as growth factors 

such as VEGF and TGF-β1 (Gruden et al., 1997; Riser et al., 1996) and may well secrete 

TG2.  Mechanical forces are thought to influence protein secretion mainly via the increased 

stimulation of exocytotic pathways (Apodaca, 2002).  For example, mechanical stress can 

stimulate cytoskeletal re-organisation which in turn may affect membrane tension and alter 

membrane traffic (Apodaca, 2002).  In addition, cells may respond to mechanical stress by 

altering integrin expression in turn stimulating focal adhesion kinase (FAK).  The interaction 

of FAK with a number of other cytoplasmic proteins can modulate signalling pathways such 

as Rho that again regulate the cytoskeleton and may affect protein trafficking (Katsumi et al., 

2004).  Mechanical stress may also lead to the release of proteins via temporary disruptions to 

the plasma membrane (Janmey and Weitz, 2004).  Whether mechanical stress is involved in 

the release of TG2 remains to be determined although preliminary studies on the effect of 

mechanical stretch on 1097 cells suggests that TG2 activity at least is unaffected (Huang, 

2006).  
 

Whatever the factors are that initiate the release of TG2 from mesangial cells, it is 

evident from previous studies that extracellular levels of TG2 are a consequence of controlled 

and regulated export (Gaudry et al., 1999a; Verderio et al., 1998).  The mechanisms by which 

this may occur are the subject of much speculation given that TG2 has features of a 

cytoplasmic protein such as N-acetylation and a lack of glycosylation and significantly, lacks 

an N-terminal leader sequence required for secretion via the conventional ER/Golgi route 

(Ikura et al., 1988; Ikura et al., 1989).  Interestingly, studies of other proteins lacking an N-

terminal signal peptide such as lectin suggest that the differentiation status of the cell may be 

an important factor for export (Cooper and Barondes, 1990).  Thus, a change in the 

physiological status of mesangial cells in vivo to a myofibroblastic phenotype coupled with an 

increased expression of TG2 may favour its export.  Studies on the export of TG2 however, 

suggest that externalisation of this enzyme may be reliant on its association with FN and/or 
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integrins.  It is well established that TG2 is a FN-binding protein and that TG2 is found tightly 

associated with FN at the cell surface (Akimov and Belkin, 2001a; Akimov et al., 2000; 

Gaudry et al., 1999a; Upchurch et al., 1987; Verderio et al., 1998).  Interestingly, truncation 

of TG2 such that the N-terminal FN-binding domain is absent prevents its cell surface 

localisation suggesting the importance of the TG2-FN association in TG2 export (Gaudry et 

al., 1999a).  In parallel studies, TG2 has been demonstrated to co-localise with several β1 and 

β3 integrins at the cell surface and to act as an integrin-associated co-receptor for FN 

(Akimov et al., 2000). Interestingly, in these studies, integrin-TG2 complexes appear to be 

formed inside the cell and accumulate on the cell surface.  Truncation of the integrin binding 

domain of TG2 prevents such integrin-TG2 interaction and subsequently TG2 is not 

externalised (Akimov et al., 2000).  Both studies raise the possibility that translocation of 

TG2 is determined by intracellular interactions with FN and/or integrins that may act as 

carriers of TG2 to the cell surface.  Thus, in mesangial cells, export of TG2 may be closely 

linked to changes in FN deposition into the ECM or alterations in the expression of integrins.  

An increase in FN deposition is a key feature of the glomerulosclerosis that accompanies the 

development of renal disease (Floege et al., 1992a; Funabiki et al., 1990; Okuda et al., 1992). 

Similarly, an increase in the expression of β1 integrins by activated mesangial cells is 

observed (Kuhara et al., 1997), in particular α1β1 and α5β1, both of which are able to 

associate with TG2 (Akimov et al., 2000).  Clearly further work is required to dissect the 

mechanisms that control the export of TG2 by mesangial cells.  Current technology that 

allows the fluorescent tagging of proteins could be useful in tracking the movement of TG2 

protein.  In addition, mutation of the TG2 protein could provide useful information regarding 

which critical sites within TG2 are required for export. 
 

In contrast to mesangial cells, tubular externalisation of TG2 appears to be closely related 

to synthesis and in vitro is not dependent on the presence of factors that cause tubular damage. 

The release of TG2 may constitute an important cell survival response in the face of 

increasing enzyme levels. It is known that excessive accumulation of TG2 within tubular cells 

in experimental renal disease can lead to their death through extensive intracellular 

crosslinking in the absence of apoptosis (Johnson et al., 1997).  In vivo such an event is likely 

to be dependent upon the influx of calcium into the cell as a result of tubular damage possibly 

resulting from ischaemic injury and oxidative stress (Chi et al., 1995; Parkinson et al., 1996; 

Swann et al., 1991; Ueda and Shah, 1992).  The continual release of TG2 may be an attempt 

by tubular cells to keep intracellular levels below that which would be potentially detrimental 

to them.  On the other hand, increased externalisation of TG2 in response to elevated 
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intracellular levels may be involved in stabilising the ECM by affecting deposition and 

breakdown which in vivo would initially help to maintain tissue integrity but later contribute 

to fibrosis.   
 

To determine if this was the case, Chapter 7 investigated whether over-expression of TG2 

in tubular cells could influence the accumulation of ECM through effects on deposition and 

breakdown.  The data presented clearly demonstrates that increased intracellular and 

extracellular levels of TG2 resulting from over-expression of the enzyme are associated with 

elevated levels of collagen within the ECM.  Interestingly, this occurs despite apparent 

reductions in collagen synthesis and probably MMP activity which would presumably result 

in a balanced ECM clearance.  The increases in ECM collagen in response to TG2 are likely, 

therefore, to result from direct effects on the stabilisation of collagen matrix.  Previous studies 

have demonstrated that TG2-mediated stabilisation of the matrix can cause a pathological 

increase in collagen deposition (Gross et al., 2003; Skill et al., 2004).  Consistent with this, 

studies performed here with the MMP inhibitor Galardin show that TG2 modulation in tubular 

cells alters the rate of collagen deposition.  A major influence of the TG2 released by tubular 

cells during progressive disease on the accumulation of ECM therefore appears to be in 

promoting collagen deposition.  
 

 A study of the crosslinking action of TG2 on collagen V and XI in rhabdosarcoma cells 

suggests that TG2 participates in the stabilisation of newly synthesised and assembled 

collagen fibrils (figure 10.2) in a similar manner to lysyl oxidase-catalysed pyridinoline 

crosslinking (Kleman et al., 1995).  In these collagens, TG crosslinking sites are thought to be 

contained within the highly homologous N-telopeptide and pro-peptide domains with 

crosslinking occurring as part of the maturation of collagen fibrils.  Similar sites have been 

identified in the N-pro-peptide regions of collagen III (Bowness et al., 1987).  Previous in 

vitro studies demonstrate that crosslinking of isolated collagen III by TG2 increases both the 

rate and amount of collagen III fibril formation presumably by acting on these regions (Skill 

et al., 2004).  A similar mechanism is probably important in modifying the rate at which 

collagen is deposited by tubular cells.  The coupling of TG2 to FN at the cell surface would 

help to facilitate this role by localising the enzyme to areas where fibril formation may occur.  

It cannot be excluded however, that TG2 may be able to crosslink soluble, free pre-assembled 

collagen molecules in either an immature or mature form into the matrix. 
 
Such an action would probably contribute to haphazard orientation and organisation of 

collagen fibrils within the expanding matrix.  Similarly, TG2 may crosslink more mature and 
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Figure 10.2 Proposed Effects of TG2 on Collagen Accumulation in the Tubular ECM 
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Figure 10.2 TG2 up-regulated and externalised by tubular epithelial cells could promote 
collagen accumulation by a number of mechanisms. [1] TG2 could crosslink newly 
synthesised collagen as part of fibril formation leading to increased deposition into the matrix 
and a reduced susceptibility to proteolytic degradation. [2] TG2 could also crosslink free and 
as yet unassembled collagen molecules leading to disorganised collagen accumulation. [3] 
TG2 may also further reduce breakdown of collagen by recruiting PAI-2 to the matrix, 
preventing plasminogen activation as well as to bind to the activation intermediate of MMP-2  
[4] potentially reducing its activation.  
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 established matrix thus promoting its continued deposition.  However, it appears unlikely that 

the latter is a mechanism favoured by tubular cells given that TG in situ activity studies on 

cryostat tissue from scarred kidneys show that increased extracellular TG2 activity is 

exclusively observed in the peri-tubular region and not widely distributed across the 

tubulointerstitium (Johnson et al., 1999).  This indicates that established, mature ECM is a 

less favourable substrate and suggests that the predominant stabilising role of TG2 is in the 

deposition of newly synthesised matrix.  
 

The ability of TG2 to influence the deposition of collagen into tubular ECM was 

paralleled by its effect on the susceptibility of the tubular matrix to degradation by MMPs.  

Degradation studies performed using MMP-1 and -2 demonstrate that matrix laid down by 

over-expressing clone tTg7 is in fact 50% more resistant to MMP breakdown than that 

deposited by non-transfected OK cells.  This is an important observation since TG2 has only 

previously been demonstrated to affect the resistance of isolated ECM substrates in vitro 

(Johnson et al., 1999) and not complex ECM generated and deposited by tubular cells.  Given 

that the MMPs are major regulators of ECM degradation both in the glomerulus and the 

tubulointerstitium (Lenz et al., 2000) any qualitative change to the ECM as a result of TG2 

crosslinking, rendering it more resistant to MMP action is likely to have a significant effect on 

the accumulation of matrix.  This is in addition to an already pro-fibrogenic environment in 

which reductions in MMP activity are likely to contribute to scarring (Catania et al., 2007).  

Previous studies demonstrate that whilst MMP-1 and MMP-2 mRNA and active enzyme are 

elevated in renal disease (Johnson et al., 2002), this is counteracted by increases in TIMP-1 

and TIMP-2 expression and subsequently MMP activity is reduced.  Similarly in this study 

(Chapter 7), any elevations in MMP-1 mRNA may be negated by corresponding increases in 

TIMP-1 although this was not fully established.  Thus, any reduced breakdown of the ECM 

during renal disease is likely to be the culmination of altered MMP activity coupled with 

qualitative changes in the ECM mediated by TG2 crosslinking.  
 

Any direct influence of TG2 on the resistance of the ECM to MMP breakdown must rely 

on changes in the level of crosslinking in the regions where MMPs act.  MMP cleavage of 

triple helical collagen I, II and III, is known to occur after Gly-Ile or Gly-Leu bonds at 

residues 772-773 located three quarters away from the N-terminus in the helical region 

(Aimes and Quigley, 1995; Fields, 1991; Miller et al., 1976).  Studies of collagen I 

crosslinking by TG2 in vitro, show that the ratio of ε(γ glutamyl) lysine crosslink to collagen 

monomer is high (Collighan et al., 2004).  It is likely that high levels of crosslink both within 

and between fibrils in the helical region would affect the ability of MMPs to cleave.  
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Similarly, enhanced fibril stabilisation by TG2 crosslinking in the N- and C-terminal regions 

of collagen could also affect their solubilisation by MMPs given that initial MMP binding is 

thought to occur in these regions (Welgus et al., 1981).  TG2 crosslinking may also interfere 

with MMP binding by preventing unwinding and destabilisation of the fibrillar structure.  

Evidence suggests that localised unravelling of the helical structure at MMP cleavage sites is 

a prerequisite for MMP binding and proteolysis (Tam et al., 2004).  
 
As well as direct effects on MMP binding and cleavage, it may be speculated that the 

interaction of TG2 with the MMPs themselves could contribute to a reduced rate of 

breakdown.  Interestingly TG2 has been shown to preferentially associate with the activation 

intermediate of MMP-2 decreasing the rate of its maturation (Belkin et al., 2004).  Whilst this 

is thought to protect TG2 against proteolysis by MMP-2, it may also impact on the levels of 

active MMP-2 available for matrix degradation.    
 

The stabilising influence of TG2 on the ECM is likely to extend to a reduced 

susceptibility to breakdown by other remodelling enzymes such as those of the plasminogen 

activator system.  In addition to MMPs, a significant proportion of matrix turnover in the 

kidney is attributable to enzymes of the plasminogen system (Eddy, 1996).  TG2 has the 

potential to influence breakdown by these enzymes not only by the direct crosslinking of 

ECM substrates but also indirectly by crosslinking regulatory proteins.  For example, TG2 is 

known to participate in the crosslinking of PAI-2 to fibrinogen contributing to stabilisation of 

the fibrin clot (Ritchie et al., 2000).  In this case, crosslinking of PAI-2 allows the molecule to 

be directed to the fibrin strands where PAI-2 can function as an inhibitor of fibrinolysis.  It 

could be speculated that TG2-mediated crosslinking of PAI-2 into the ECM would have a 

similar effect in inhibiting plasminogen-mediated proteolysis.  Clearly, in the in vivo situation 

the influence of TG2 on ECM degradation is reliant on a reduced susceptibility to all ECM 

degrading enzymes, not just those of the MMP system.  Further work is required to identify 

the role of TG2-mediated crosslinking in the resistance of tubular ECM to breakdown by 

enzymes other than MMPs.   
 
The ability of TG2 to stabilise the ECM and thus influence its deposition and 

breakdown may also have the potential to contribute to a reduced remodelling of mesangial 

matrix as indicated by data presented in Chapter 8.  This data demonstrates that whilst there is 

a tight regulation of mesangial cell TG2 export, once the enzyme is released by mesangial 

cells following electroporation, it is able to act by similar mechanisms to influence the 

deposition of mesangial matrix.  The collagen deposited by mesangial cells subjected to 
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electroporation is seemingly affected by TG2-mediated crosslinking in a similar way to that 

deposited by tubular cells, as indicated by increased collagen levels.  Clearly, as previously 

discussed, the role of mesangial cell-derived TG2 in modulating the glomerular matrix in 

disease is dependent on the mechanisms required to promote TG2 release by mesangial cells.   
 

The known role of TG2 in the activation of TGF-β1, through recruitment and 

crosslinking of the large latent TGF-β1 binding protein (LTBP-1) to the ECM (Nunes et al., 

1997; Verderio et al., 1999) suggests that TG2 may additionally influence the ECM via 

indirect effects on TGF-β1.  However, it appears increasingly unlikely that changes in TGF-

β1 activation are a mechanism for TG2 action on the tubular ECM given the data presented in 

other studies (Huang, 2006; Skill et al., 2004).  TG2 may still be important for recruitment of 

LTBP-1, since the addition of exogenous LTBP-1 to OK tubular cells that lack LTBP-1 

results in increased latent TGF-β1 incorporation into the ECM (Huang, 2006).  However, 

once recruited, the activation and subsequent matrix stimulating effect of TGF-β1 is likely to 

be dependent on other activating factors such as thrombospondin-1.  
 

Taken together, the in vitro data presented here provides strong evidence to support a 

direct role for TG2-mediated crosslinking in the accumulation of ECM collagen via its effects 

on the deposition of collagen molecules as well as the rate at which they are degraded.  This 

physiological function of TG2 in disease progression would represent a significant 

contributory pathway in an already pro-fibrotic environment of increased matrix synthesis and 

reduced proteolytic activity.  The increased stabilisation of tubular matrix by TG2-mediated 

crosslinking not only has direct implications for the scarring process but may also influence 

the behaviour of tubular cells through qualitative changes to the ECM.   These findings are 

important not only in providing greater understanding of the role of TG2 in the ECM changes 

associated with renal scarring but also its potential role in other scarring diseases in which 

TG2 levels are elevated such as liver fibrosis and atherosclerosis (Mirza et al., 1997; Bowness 

et al., 1989; Bowness et al., 1990; Bowness et al., 1994).  Clearly, an understanding of the 

mechanisms by which TG2 affects the accumulation of matrix is important in opening up new 

therapeutic avenues for the prevention of progressive scarring.  
 

The potential of TG2 as a target for therapeutic intervention in kidney scarring was 

investigated in Chapter 9 by the application of two site-specific TG inhibitors to rats subjected 

to 5/6th subtotal nephrectomy.  The key question to be addressed by this study was whether 

the inhibition of TG2 could reduce or prevent the development of kidney scarring and thus 

maintain tissue architecture and function by interfering with TG2-mediated matrix 

 276



accumulation.  The data clearly demonstrates that inhibiting the crosslinking action of TG2 

from the onset of disease is effective at reducing both tubulointerstitial and glomerular 

scarring whilst preserving kidney function as indicated by creatinine clearance.  Further, the 

prevention of progressive scarring is as a direct result of inhibiting the TG2-mediated 

accumulation of interstitial collagens which is strongly supportive of a direct role for TG2 in 

the scarring process.  In keeping with the findings here, inhibition of TG2 has also recently 

been demonstrated to attenuate the progressive scarring associated with streptozotocin- 

induced diabetic nephropathy in rats, by similar mechanisms (Huang, 2006).    
 

The direct effect of TG2 inhibition on the accumulation of ECM and thus the progression 

of scarring was paralleled by a number of unexpected findings most notably a significant 

reduction in inflammation in advanced disease.  This suggests that the true potential of TG2 

inhibition in the prevention of scarring may not purely rely on its ability to prevent excessive 

stabilisation of the ECM.  Certainly, the multi-functional nature of TG2 implicates it in a 

number of other processes that may be relevant to scarring. In the case of reduced 

inflammation the apparent effects of NTU283 are probably directed at interstitial cell types 

other than myofibroblasts and monocytes such as lymphocytes whereas NTU281 appears to 

specifically affect cells of monocytic origin.  It is unclear how TG2 inhibition may produce 

such anti-inflammatory effects although a possible explanation may be that it is able to hinder 

the extravasation and migration of inflammatory cells. Studies performed on T cells for 

example, suggest that TG2 is required for the trans-endothelial migration of lymphocytes 

(Mohan et al., 2003). Similarly, significant work by Belkin’s group demonstrates the 

importance of integrin-associated cell surface TG2 in monocyte migration (Akimov and 

Belkin, 2001b).  However, this is attributable to interactions between TG2 and the gelatin- 

binding domain of FN and does not involve the transamidating function of TG2 making it 

unlikely to be directly affected by TG2 inhibition.  It is possible that the interaction of TG2 

inhibitors with the enzyme could physically hinder its association with FN and/or integrins 

which would probably have an impact on migration.  Presumably, this would have to occur at 

the cell surface, given the poor cell solubility of NTU281.  
 

An alternative explanation for this reduced inflammation is that TG2 inhibition is having 

a significant effect on the inflammatory response through an influence on phospholipase A2 

activation.  It has been reported that TG2 enhances the activation of phospholipase A2 via the 

formation of intra-molecular iso-peptide bonds or polyamination (Cordella-Miele et al., 

1990). Since the phospholipase A2 catalyzed release of arachidonic acid from the cell 

membrane is an important step in the synthesis of inflammatory eicosanoids, TG2 inhibition 
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may reduce inflammation by interfering with this pathway.  Interestingly, inhibition of TG2 

by recombinant peptides in a guinea pig model of allergic conjunctivitis has been 

demonstrated to reduce inflammation via inhibition of phospholipase A2 activity (Sohn et al., 

2003).  
 

The influence of TG2 inhibition on the progression of renal disease may extend to a 

number of additional pro-fibrogenic events that are beyond the scope of this thesis (figure 

10.3).  For example, a recent in vitro study suggests a link between elevated levels of TG2 

and tubular cells undergoing EMT (Parker et al., 2006).  In that study, NRK-52E cells with 

high levels of TG2 demonstrated a loss of epithelial cell markers but the acquisition of 

fibroblast characteristics.  Whilst a causal role for TG2 in EMT has yet to be established such 

data raises the possibility that in addition to direct effects on the ECM, TG2 may participate in 

the generation of a pro-fibrogenic phenotype. In particular, an increase in TG2-mediated 

crosslinking of collagen I leading to its increased deposition could be a trigger for EMT in 

vivo given that collagen I promotes tubular cell trans-differentiation (Zeisberg et al., 2001).  

Increased TGF-β1 activation may also contribute to EMT although this is an unlikely 

mechanism of any TG2 action on EMT in this model given that levels of TGF-β are 

unaffected.  If TG2 does participate in EMT, its inhibition and thus the maintenance of a 

tubular phenotype could clearly have profound implications for the prevention of scar 

formation. 
   

A potentially pro-fibrogenic effect of TG2 in renal disease and one that has not been 

investigated in this study is a reduction in tubular cell survival.  Previous studies in the 

subtotal nephrectomy model indicate that TG2 may contribute to tubular atrophy through a 

novel form of cell death (Johnson et al., 1997). Tubular cells expressing high levels of 

intracellular TG2 are lost through extensive crosslinking of their intracellular proteins in a 

process that appears to be independent of apoptosis.  Whilst the principle inhibitory effects of 

both NTU283 and NTU281 on TG2-mediated crosslinking appear to be extracellular, the 

ability of NTU283 to cross the cell membrane suggests that it could have a supplementary 

action against intracellular TG2.  As such, the prevention of scarring by NTU283 could result 

from a dual protective effect against ECM accumulation and the death of tubular cells by 

TG2- dependent mechanisms.  
 
In contrast, other studies have demonstrated that TG2 may protect cells from undergoing 

apoptosis under conditions of cell stress via the interaction of cell surface TG2 with FN and 

RGD-independent cell adhesion (Verderio et al., 2003). Whether such mechanisms operate 
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Figure 10.3 Proposed Mechanisms of Tubular Cell TG2 Action in Kidney Scarring 
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Figure 10.3 TG2 is up-regulated by tubular epithelial cells in response to cellular stress 
resulting in externalisation of the enzyme into the matrix. Further injury to tubular cells causes 
them to die due to extensive crosslinking of their intracellular proteins which contributes to 
tubular atrophy. Once TG2 is increased in the matrix, it can crosslink newly synthesised 
collagen, leading to its increased deposition and reduced susceptibility to proteolytic 
degradation, thereby promoting its accumulation.  Extracellular TG2 can also recruit TGF-β1 
by crosslinking the large latent TGF-β1 complex (LLC) to the matrix, making it available for 
activation by thrombospondin-1 (TSP-1) and plasmin. TGF-β1 can further contribute to 
collagen accumulation by promoting increased synthesis and by modulating the expression of 
MMPs and TIMPs as well as stimulating EMT into myofibroblasts. Myofibroblasts themselves 
contribute to matrix synthesis which further promotes collagen accumulation and EMT.  TG2 
can also influence inflammation through activation of phospholipase A2 (PLA2)  
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during renal disease has not been investigated, however, it is unlikely that TG2 inhibition 

would influence this process given that TG2-FN interaction occurs independently of the 

transamidating activity of the enzyme which these inhibitors are designed to block. 
 

Whilst the principle target of TG2 inhibition is the direct prevention of collagen 

accumulation, by interfering with ECM deposition and expansion in the diseased kidney, it is 

clear that any potential additional effects of treatment with TG2 inhibitors on inflammation, 

EMT or cell death in vivo could broaden their beneficial protective role in preventing 

progressive scarring.  
 

The development of TG2 inhibition as an effective clinical therapy for progressive 

kidney scarring will be dependent on the resolution of a number of critical issues. In 

particular, the effectiveness of TG2 inhibition at reversing the progression of established 

kidney disease must be considered since this is more relevant to the clinical situation in which 

many patients present with advanced disease.  Further studies whereby TG2 inhibitors are 

administered to animals showing mild, moderate or severe scarring will be required to resolve 

this question.  
 

An additional important consideration to be addressed must be the most effective mode 

of inhibitor delivery for use in the clinical setting.  In the present in vivo rat study, application 

of inhibitors was achieved using implantable pumps. Whilst these offer the advantage of 

direct delivery into the kidney, ensuring effective and consistent inhibition, their distinct 

disadvantage is that they require replacement.  Not only would this be inconvenient for the 

patient but in the rat study, repeated placement of pumps in the same area resulted in 

inadequate would healing and infection.  Intravenous, subcutaneous or oral administration of 

inhibitors all represent feasible options for delivery.  One option currently being considered is 

the incorporation of the TG2 inhibitors into a slow release resin for subcutaneous implantation 

in a similar manner to that of insulin implants.  
 

The long-term systemic administration of TG2 inhibitors in itself raises issues of 

potential side effects of which the current data is limited.  The broad inhibitory capabilities of 

both inhibitors against TGs other than TG2 may produce as yet unpredicted systemic effects 

on additional TG mediated pathways.  Inhibition of important TG subtypes such as Factor 

XIIIA, TG1 (keratinocyte TG) or TG3 (epidermal TG) could potentially have implications for 

blood clotting and maintenance of normal epidermal barrier function.  Indeed, recent data 

obtained from the study of an in vitro tissue engineered model of human skin suggest that 

sufficient doses of NTU283 are able to promote keratinocyte hyperproliferation and 
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parakeratosis (Harrison et al., 2007).  The limited data presented in this study indicates that 

localised delivery of NTU283 does not have an effect on systemic Factor XIIIA as indicated 

by normal levels of fibrin crosslinking although this is certainly due to a minimal circulating 

concentration of the inhibitor. Given that NTU283 was originally developed as an anti-

thrombotic agent against Factor XIIIA, it remains to be determined whether any effects are 

observed when this inhibitor is administered via systemic routes. Clearly, more extensive data 

is required to establish the deleterious effects of long-term systemic application of these 

compounds which will be critical in determining their suitability for clinical use.    
 

The success of TG2 inhibition as an effective clinical therapy will almost certainly be 

dependent on its comparison to existing regimes aimed at slowing the progression of chronic 

kidney disease.  Of these, ACE (angiotensin converting enzyme) inhibition and angiotensin 

receptor blockade are widely reported to be advantageous in slowing the progression of CKD 

due to dual effects on hypertension and proteinuria (Cantarovich and Rangoonwala, 2003; 

Wolf and Ritz, 2005).  Whether TG2 inhibition can offer an effective alternative to these 

therapies or whether a multi-targeted approach is required to successfully impede the 

progression of scarring remains to be determined.  
 

Whilst there are a several important issues that still need to be addressed, the data 

presented in Chapter 9 provides compelling evidence for the potential of TG2 inhibition as an 

effective anti-scarring therapy with wider application for the treatment of a number of fibrotic 

conditions in which TG2 has been implicated (Griffin et al., 1979; Mirza et al., 1997, 

Bowness et al., 1989; Bowness et al., 1990; Bowness et al., 1994).  

 

In conclusion, the data presented in this thesis has given a significant insight into the 

regulation of TG2 expression and export and the role of TG2 in the extracellular matrix 

changes associated with kidney scarring. The in vitro investigations have highlighted the 

possible mechanisms by which TG2 may contribute to the expansion of the ECM.  Finally, 

and perhaps most importantly, the application of TG inhibitors in vivo has demonstrated that 

TG2 may represent a potential therapeutic target for the treatment of kidney scarring and 

disease.  
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Genotyping of TG2 Knockout mice 
 
(a) PCR primers and their position 
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S1 N1  
 
 A1 = 5’ TCCTGACCTGAGTCCTCGTC 3’ 

N1= 5’ ACGAGACTAGTGAGACGTGC 3’ 
S1 = 5’ TACTCCAGCTTCCTGTTCTG 3’ 

 
 
 
b) PCR screening of mouse genotype  

 
-/--/- +/-+/- +/- +/- -/- +/- M 

 
 
 
 
 
 
 
 
 

500 bp 

250 bp 

 
 
 
 
 
 
 
 
 
(a) Genotyping of TG2 knockout mice was performed at Nottingham Trent University using 
three primers as described in (De Laurenzi and Melino 2001). Two antisense primers were 
used: one directed to a sequence within intron 5 (A1) of the TG2 gene which is deleted in 
knockout alleles and the second targeted to the neomycin resistance gene (N1). The sense 
primer (S1) was directed to a sequence in intron 4 present in both wild-type and knockout 
alleles. (b) Representative agarose gel obtained from the PCR screening of mouse genotype. 
Wild type (+/+) animals were distinguished by the presence of a single band at 252bp (non 
shown). Homozygous TG2 knockouts (-/-) were distinguished by the presence of a single band 
at 372bp (lanes 1, 5 and 7). Heterozygous (+/-) animals showed the presence of both bands 
(lanes 2, 3, 4, 6 and 8). Homozygous animals were subsequently supplied to Sheffield 
University for the isolation of primary tubular and mesangial cells (section 3.6.3.2 and Chapter 
6). 
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	The biosynthesis of collagen is a multistep process characterised by a large number of co- and post-translational modifications many of which are unique to collagens and collagen-like proteins [reviewed in (Myllyharju and Kivirikko, 2004; Prockop and Kivirikko, 1995)].  
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	Fibronectin (FN) is a high molecular mass glycoprotein that is an abundant component of the renal ECM where it is found in polymerised form as a network of multimeric fibrils. It is secreted as a disulphide bonded dimer composed of two similar 200-250 kDa subunits. Each subunit consists of type I, type II and type III repeating modules (figure 1.7a) that themselves form large functional domains capable of interacting with cells as well as with other matrix components such as collagen, heparin and FN itself (Pankov and Yamada, 2002). Interaction of FN with cells occurs via binding of the Arg-Gly-Asp (RGD) domain to (5(1 integrin receptors on the cell surface (Ruoslahti, 1996). Such binding is known to play a role in regulating cell adhesion and adhesion-mediated signalling in turn modulating processes such as cell growth and migration. In addition, interaction between (5(1 integrin receptor and FN is crucial in initiating the assembly of FN dimers into fibrils (Sechler et al., 1998), a multistep process which is cell mediated and occurs at the cell surface (section 1.6.2.2.2).  
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	Figure 3.10 Isolation of Primary Tubular Epithelial and Mesangial Cells 
	 The glomeruli were washed 3 times and the HBSS containing the tubular fragments pooled. The tubular fragments were centrifuged and plated in primary tubular media as described in section 3.1.3 The HBSS washed glomeruli were plated in primary mesangial cell media as described in section 3.1.3. Isolated glomeruli were allowed to attach for at least one week prior to the addition of fresh media. The principles of the technique are shown in figure 3.10. 
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	Chapter 7 
	 Figure 7.9 Multi-phase Image Analysis of (((-glutamyl) lysine Crosslink  
	 
	a)  OK Over-expressing Clone tTg7 ECM  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	b)  TG2-/- Tubular ECM  
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 7.9 (((-glutamyl) lysine crosslink staining was determined in TG2 over-expressing OK clone tTg7 (a) and TG2-/- (b) ECM by immunofluorescence and 10 random fields analysed by multi-phase image analysis. Immunofluorescence was expressed as a ratio of (((-glutamyl) lysine (phase 1): DAPI staining (phase 2) to correct for cell number. Data represents mean ( SEM of 10 fields. (=p<0.01 compared to control (students t test).  
	Interestingly, densitometric analysis of transfected OK cells indicated changes in collagen mRNA expression relative to un-transfected cells in response to transfection with the pCIneo vector alone.  Decreases of 29.5% and 23.5% were observed in collagen I and IV mRNA expression (figs 7.10 and 7.12) in cells transfected with pCIneo compared to un-transfected cells. Conversely, collagen III mRNA expression as indicated by the presence of a 5.4 kb band, was increased by 82% (p<0.0001; one way ANOVA with Bonferroni post hoc test) in pCIneo transfected cells. This was coupled with the appearance of a smaller unidentified band not present in either un-transfected or TG2 transfected cells.       
	 
	In TG2 over-expressing OK cells, reductions were observed in the mRNA expression of collagens I, III and IV (fig 7.10, 7.11 and 7.12) compared to normal and transfection control OK cells.  In the highest expressing clone tTg7, levels of collagen I and III mRNA were significantly reduced by 61.8% (p<0.05; Bonferroni post hoc test) and 51.9% (p<0.0001; Bonferroni post hoc test) respectively compared to the transfection control whilst a significant decrease in collagen IV expression of 43.5% (p<0.05; Bonferroni post hoc test) was observed.  
	The changes in collagen mRNA expression were difficult to confirm in TG2 null tubular cells due to the small number of samples and variability in loading which influenced volume densitometry analysis. However, there appeared to be little overall change in collagen I and III mRNA expression in TG2-/- cells (fig 7.13a and c) compared to WT although a small increase in collagen IV mRNA expression was indicated (fig 7.13b).   
	 
	 Figure 7.10 Collagen I mRNA Expression in TG2 Over-expressing OK Cells 
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	b) Volume densitometry 
	Figure 7.19 MMP-1 and MMP-9 mRNA Expression in WT and TG2-/- Tubular Cells  
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	Figure 8.4 Extracellular TG Levels in Electroporated Mesangial Cells 
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	Chapter 9 
	Pre-incubation of tissue homogenates from SNx animals with 100(M of inhibitors NTU283 and NTU281 was used to determine inhibition of renal TG activity (fig 9.1). The 100(M concentration was based on dose-response experiments performed on cell sonicates at Nottingham Trent University (R. Jones, personal communication). Pre-incubation with either inhibitor was highly effective at reducing TG activity levels. NTU283 reduced TG activity by 80% (p<0.05) and NTU281 by 40%.  
	 Figure 9.1 Effectiveness of TG Inhibitors  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 9.2 Cellular Uptake of TG Inhibitors in vitro 
	Figure 9.3 One Month Inhibitor Stability Study 
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	Chapter 10 
	General Discussion 
	 Extensive studies have established a clear link between TG2 mediated protein crosslinking via the (((-glutamyl) lysine iso-dipeptide and the progression of kidney disease and renal insufficiency in experimental models and in human disease (El Nahas et al., 2004; Johnson et al., 2004; Johnson et al., 2003b; Johnson et al., 1997; Johnson et al., 1999; Skill et al., 2001; Skill et al., 2004).  The up-regulation and release of TG2 into the extracellular compartment is considered to be an important event in the advancement of the disease.  However, previous studies have yet to establish whether elevated TG2 and (((-glutamyl) lysine crosslinking are crucial in driving renal disease or whether they are merely accompanying factors.  In addition, the initiating stimuli for TG2 and the subsequent contribution of TG2 to the pathological changes associated with disease progression remains largely speculative. 
	The principle aims of this thesis were to investigate the possible pathways by which TG2 is up-regulated in tubular epithelial cells and to identify the mechanisms by which it may contribute to the accumulation of ECM during kidney scarring.  The ultimate aim was to ascertain whether the targeted inhibition of TG2 was effective at preventing ECM accumulation, not only to determine whether TG2 has a driving role in disease development but also to potentially offer a target for therapeutic intervention.  
	In conclusion, the data presented in this thesis has given a significant insight into the regulation of TG2 expression and export and the role of TG2 in the extracellular matrix changes associated with kidney scarring. The in vitro investigations have highlighted the possible mechanisms by which TG2 may contribute to the expansion of the ECM.  Finally, and perhaps most importantly, the application of TG inhibitors in vivo has demonstrated that TG2 may represent a potential therapeutic target for the treatment of kidney scarring and disease.  
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