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Abstract

Despite a better understanding of the pathogenesis and progression of chronic
kidney disease (CKD), the functional decline of kidney function in patients with any form
of nephropathy remains the greatest challenge to clinicians. Renal fibrosis is considered the
‘point of no return” for any form of chronic kidney disease, including diabetic nephropathy,
and renal dysfunction induced by inflammation, hypoxia, reactive oxygen species, and
lipotoxicity. However, there are limited therapeutic options to mitigate against kidney
fibrosis, and therefore novel agents are required to add to the armamentarium of therapies

for slowing the progression of CKD.

In this thesis HK-2 cells were used as an in vitro model to study the cellular
response to known mediators of renal injury. HK-2 cells are derived from proximal tubular
cells (PTCs) from normal adult human renal cortex. They retain phenotypic and functional
characteristics indicative of well-differentiated PTCs. These cells were cultured in

conditions inherent in diabetes mellitus (DM) mimicking the microenvironment of CKD.

The functional relationship between transforming growth factor-B1 (TGF-B1), bone
morphogenetic protein-7 (BMP-7) and Kriippel-like factor-6 (KLF-6) in epithelial
mesenchymal transition (EMT) was studied using recombinant human TGF-B1 and BMP-
7. The BMP receptors and markers of EMT were assessed in HK-2 cells after exposure to
0.5 ng/ml of TGF-BI1 for 48 hours. Overexpression of BMP-7 was induced and BMP
receptor expression was assessed in KLF-6 overexpressing and silenced cells. TGF-f1
significantly down-regulated bone morphogenetic protein receptor-IA (BMPR-IA)

expression. Cells overexpressing KLF-6 showed decreased expression of BMPR-IA and
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other type I BMP receptors, and silencing of KLF-6 increased BMPR-IA expression. Cells
overexpressing BMP-7 had significantly higher E-cadherin and phosphorylated Smad1/5/8,
which was not observed with concurrent TGF-B1 exposure. In vivo studies confirmed a
reduction in BMP-7 and BMPR-IA but an increase in KLF-6 expression in established
diabetic nephropathy. TGF-B1 and KLF-6 synergistically induced suppression of BMPR-
IA and downstream reduction of BMP-7 signalling. These findings suggest that the
presence of TGF-B1 in multiple forms of nephropathy mitigates against the use of rhBMP-

7 as an antifibrotic therapeutic agent.

Hyperglycemia and hypoxia have independent and convergent roles in the
development and progression of renal disease. TGF-B1 is a key cytokine promoting the
production of extracellular matrix proteins. The cationic-independent mannose 6-phosphate
receptor (CI-M6PR) is a cell membrane protein that binds M6P containing proteins. A key
role is to activate latent TGF-f1. PXS-25, a novel CI-MPR inhibitor, has been shown to
have antifibrotic properties in skin fibroblasts. In the experiments described in this chapter,
HK-2 cells were exposed to high glucose (30mM) = 100uM PXS-25 in both normoxic
(20% 02) and hypoxic (1% O2) conditions for 72 hours. Cellular fibronectin, collagen 1V
and matrix metalloproteinase-2 (MMP-2) and MMP-9 were assessed. Total and active
TGF-B1 proteins were measured by ELISA. High glucose and hypoxia independently
induced active and total TGF-B1 production. Active TGF-B1, but not total TGF-1 was
reduced with concurrent PXS-25 in the presence of high glucose, but not when
hyperglycemia and hypoxia were both present. Hyperglycemia induced fibronectin (p
<0.01) and collagen IV (p<0.05) production, as did hypoxia, but only hyperglycemia

induced increases in matrix proteins were suppressed by concurrent PXS-25exposure. This
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was not evident when hypoxia and hyperglycemia coexist. High glucose induced MMP-2
and -9 in normoxic and hypoxic conditions, which was not modified in the presence of
PXS-25. This chapter demonstrates that high glucose and hypoxia can independently
induce endogenously active TGF-Bl production in human PTCs. PXS-25 inhibits
conversion of high glucose induced latent to active TGF-B1, which translates to a reduction

of extracellular matrix proteins only in the absence of hypoxia.

Farnesoid X receptor (FXR) plays a key role in regulating lipid and carbohydrate
metabolism, fibrosis and inflammation in in vive and in vitro models of diabetes mellitus.
The mechanisms underpinning this regulation, and the relationship with the broader
nuclear hormone receptor superfamily, particularly PPARYy, remain unclear. In this chapter,
we aimed to study these questions. HK-2 cells were exposed to 10uM of pioglitazone or
rosiglitazone, 1uM of GW4064 (FXR agonist) in SmM or 30mM D-glucose. RNA was
obtained at 24 hours for real-time PCR of FXR target genes, sterol regulatory element
binding protein-1 (SREBP-1), short heterodimer protein (SHP) and TGF-B1. Fibronectin,
collagen IV and monocyte chemoattractant protein-1 (MCP-1) protein were measured at 48
hours. FXR siRNA was used to silence FXR prior to study in the above experimental
conditions. We showed that high glucose suppressed FXR mRNA and protein expression,
suppressed SHP and induced SREBP-1 mRNA. High glucose-induced fibronectin
accumulation were suppressed equally by FXR and PPARy agonists (p<0.01). FXR, but
not PPARy agonists, suppressed collagen IV (p<0.01). Both suppressed high glucose
induced TGF-B1 mRNA. However, only PPARYy agonists reduced MCP-1 production. FXR
silenced cells had increased SREBP-1 expression parallel to increased ECM production,

which was further increased by high glucose.
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Diabetes mellitus (DM) is an independent risk factor for CKD. At present,
proteinuria and eGFR are the best known predictors for the future functional decline of the
kidneys in patients with diabetic nephropathy. However, the presence of macroalbuminuria
and impaired renal function usually reflects irreversible advanced nephropathy. Therefore,
there is a need for biomarkers that can predict poor renal outcome in the early stage of
renal dysfunction so as to better deploy community and hospital resources. The Action in
Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled
Evaluation (ADVANCE) Collaborative Group study is a factorial randomised, double
blinded controlled trial involving 11,140 patients with type 2 diabetes. Baseline serum
from 64 patients who developed renal end points (defined as doubling of serum creatinine
to at least 200umol/l, need for renal replacement therapy, or death due to renal disease),
were used in this study. To obtain the matched controls, propensity scores methods are
used. The characteristics matched for include age, sex, race, baseline estimated glomerular
filtration rate (eGFR) (<60 vs. >60), urinary albumin: creatinine ratio (UACR), baseline
blood pressure, baseline HbA I¢, known macrovascular disease, history of retinopathy and
treatment allocation (BP lowering intensive glucose lowering, both or neither). Enzyme
linked immunosorbent assays were used to analyse total and active circulating TGF-B1 and
BMP-7. In this study, we showed that those who developed renal endpoints have higher
baseline total circulating TGF-B1 (p=0.0003), and lower BMP-7 (p<0.0001) as compared
to controls, even after adjusting for various variables. We also demonstrated that
circulating BMP-7 is strong and independent predictor of poor renal outcomes in
individuals with type 2 DM, which may have prognostic potential in predicting poor renal

outcomes.
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CHAPTER 1: Literature review

1.1 Chronic kidney failure
1.1.1 Chronic kidney disease and diabetic nephropathy

Chronic kidney disease (CKD) is a condition in which renal excretory function
progressively and irreversibly decreases as a consequence of renal injury and nephron loss.
Decreased excretory function leads to an accumulation of metabolic and waste products in
the blood and organs, which causes azotemia and multiorgan damage. Eventually patients
may die either due to renal failure or associated co-morbidity, the most important being
cardiovascular disease, or needing renal replacement therapy in the form of transplantation
or dialysis'. It is estimated that 10-20% of the adult population have some degree of CKD,
and that dialysis consumes about at least 2% of total health expenditure in many developed
conuntries”. Because of its high incidence and prevalence, and the disproportionate cost of
dialysis, CKD represents a heavy human, clinical and socioeconomic burden. CKD is a
growing epidemic worldwide, driven largely by the rise in obesity, hypertension and

diabetes mellitus in the Western world.

Diabetic nephropathy is the leading cause of end stage kidney disease (ESKD). The
worldwide prevalence of diabetes mellitus has been predicted to reach 366 million by
2030, up from 171 million in 2000°. The growing number of patients with diabetes mellitus
in developed countries is partly due to the ageing population, increased urbanization, and

increased prevalence of obesity. Almost one million Australians aged 25 years and over
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have overt diabetes mellitus, though the Australian Diabetes, Obesity and Lifestyle Study
(AusDiab) would suggest many more remain undiagnosed’. In the non-indigenous
population the prevalence is approximately 7% rising to 30 % in some Aboriginal and
Torres Strait islander communities®. The 2005 AusDiab study estimated the incidence of
diabetes mellitus for Australian adults at approximately 275 cases every day (almost 90%
of whom have type 2 diabetes)*. More than one third of these will go on to develop diabetic
nephropathy characterised by albuminuria, declining glomerular filtration rate (GFR),

arterial hypertension and increased cardiovascular risk®.

While diabetic nephropathy continues to be the leading cause of ESKD in Australia
(34% of all new ESRD patients)’, CKD is 30-60 times more prevalent than ESKD among
patients with diabetes mellitus, and its incidence is increasing exponentially. CKD is one of
the most potent known risk factors for cardiovascular disease (CVD) such that individuals
with CKD have a 10-20 fold greater risk of cardiac death than age and sex matched
controls without CKD*’. Moreover, patients with CKD are at least 20 times more likel y to
die from a CVD than survive to reach dialysis'’. There is an independent relationship
between reduced eGFR (particularly in individual with eGFR <45ml/min/1.75m?), and
microalbuminuria, with CVD risk in many cross sectional analysis'"*'>. It has been shown
these patients have higher prevalence of surrogate markers of CVD such as left ventricular
hypertrophy, carotid arterial intimal thickening, and brain white matter hyperintensity
volume. Microalbuminuria is also an independent marker associated with poor
cardiovascular outcome and all-cause mortality in those with'? and without diabetes'*.
Intervention with ACE inhibitor in patients with microalbuminuria has been proven to

reduce CVD outcome and delay renal progression''. It is believed that microalbuminuria
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represents more than just kidney disease itself but may be a manifestation of systemic

endothelial dysfunction.

In addition to the traditional risk factors for CVD, CKD patients have other risk
factors such as anaemia, chronic volume overload, electrolyte imbalance, uremic toxin, and
other neurohormonal factors'®. The latter includes the activation of sympathetic nervous
system and renin-angiotensin-aldosterone system, endothelins, vasopressin, prostaglandins,

adenosine, oxidative stress, and systemic inflammation.

1.1.2 CKD and metabolic syndrome

Metabolic syndrome also called syndrome X or insulin-resistance syndrome, was
first described by Reaven in 1988 as a set of metabolic and cardiovascular risk factors that
occur together more often than would be expected by change alone'® 7. Although there are
serial definitions of metabolic syndrome, the unifying definition includes insulin resistance,
impaired glucose tolerance or type 2 diabetes, hypertension, atherogenic dyslipidemia (low
level of high-density lipoprotein or high levels of triglycerides), central obesity,
hyperuricemia, microalbuminuria, and hypercoagulability'®. Metabolic syndrome is
associated with a two fold increase in the risk of atherosclerotic cardiovascular disease and
a fivefold increase in the risk of type 2 diabetes mellitus'®. The concept of the metabolic
syndrome was originally devised to identify cohort of patients at high risk of CVD and
diabetes, but not CKD. However, prospective data are emerging to indicate that the
metabolic syndrome is associated with a modest but independent and additive risk of new-

onset CKD*"?'_ even after adjusting for newly diagnosed diabetes and hypertension®*. The
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association between the metabolic syndrome and CKD was noted by Chen e/ al. in a cross-
sectional analysis of the NHANES III cohort (n=6,217), that demonstrated the significant
association between the metabolic syndrome and presence of CKD (estimated glomerular
filtration rate (eGFR) <60ml/min/1.73m2; odd ratio (OR=2.60) and microalbuminuria
(OR=1.89), after adjusting for age, gender and lifestyle factors. These results persisted
even after excluding patients with diabetes™. These findings are not surprising as patients
with chronic renal insufficiency frequently exhibit many of the major components of the

metabolic syndrome and are at high risk for cardiovascular mortality.

The exact pathophysiology and cellular mechanism caused by the metabolic
syndrome is still not fully understood. However, insulin resistance is considered the
hallmark of the metabolic syndrome and is believed to be the underlying reason for the
associated systemic metabolic derangements of hypertension, dyslipidemia and
hyperglycemia®®. Insulin resistance causes compensatory hyperinsulinemia and
hyperglycaemia, which are considered the fundamental pathogenetic factors for cardiac and
cerebrovascular disease. The other potential mechanisms underpinning renal damage in the
metabolic syndrome are thought to be a combination of renal lipotoxic effects of VLDL

® and leptin®’, local

and triglycerides™, dysfunctional secretion of adiponectin2
inflammatory cell recruitment leading to inflammatory cytokine production, (such as
interleukin 6 and tumour necrosis factor); activation of the renin-angiotensin-aldosterone
system, endothelial dysfunction, oxidative stress, mesangial cell proliferation and

. es 28,29
extracellular matrix deposition”

. The glomeruli and tubules are exposed to numerous
injurious  factors in the metabolic syndrome including systemic hypertension,

hyperinsulinemia, hyperglycemia, hyperlipidemia and systemic inflammation, all of which
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results in direct or hyperfiltration-induced renal injury’. In addition, glomerulopathy,

proteinuria and focal segmental glomerulosclerosis are all associated with obesity’'.

CKD may not be just a consequence of metabolic syndrome, it may be actively
involved in the development and progression of metabolic syndrome, since the kidney is an
important organ in glucose and lipid homeostasis. However, few studies have examined
whether interventions targeting the metabolic syndrome can improve renal outcomes,
mainly due to poorly designed studies and renal parameters are generally assessed as
secondary outcomes. Recently, the so called “adopted nuclear receptors™ which have been
found to have regulatory roles in the disposal of physiologically dietary lipid and
metabolites such as bile salts, fatty acids and eicosanoids. The most well known
subfamilies of these nuclear receptors are peroxisome proliferator-activated receptors
(PPARs) and the farnesoid X receptors (FXR), both of which have a regulatory role in the
renal response to factors inherent in the metabolic syndrome and diabetes mellitus®> **.
Nuclear hormones receptors are well established targets for small molecule modulators.
Therefore both biomedical and pharmaceutical researchers have strived to develop
synthetic ligands that selectively modify nuclear hormone receptor function. This approach

is currently under investigation as a strategy for the treatment of endocrine and metabolic

disease including diabetic nephropathy™*.

1.1.3 Therapies for CKD

As cardiovascular disease is the principal cause of morbidity and mortality in the

CKD population, the primary aims of treatment in patients with CKD are both to slow or
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prevent the progression of CKD and to prevent cardiovascular disease. Although regression
of CKD is described frequently in laboratory animals, regression is rare in humans and
difficult to quantify. In fact, all therapies currently available for human CKD are only
partially effective against the accepted renal end points of ESKD or decline in glomerular
filtration rate (GFR). Most studies have demonstrated a reduction in risk of renal end
points of only 15-30% and delay to ESKD of only a few months. For examples, in the
Reduction of Endpoints in Non-insulin dependent diabetes mellitus with the Angiotensin 11
receptor Antagonist Losartan (RENAAL) study, losartan reduced the level of proteinuria
by only 35%, the incidence of doubling of serum creatinine level by 25% and the incidence
of ESKD by 28%, after a mean follow up of 3.4 years™. Hence significant treatment gap

exists.

Even though conventional non-pharmacological therapies such as weight reduction,
dietary and lifestyle changes have been shown to be effective, they are unlikely to
adequately reduce the risk of CKD. The best evidence based pharmacological therapy
currently available for CKD focuses primarily on blood pressure control and maximizing
renin-angiotensin aldosterone blockade. Several large, randomised controlled trials have
shown the effectiveness of angiotensin receptor blockers (ARBs) and angiotensin-

3637 alone or (less convincingly) in combination®®.

converting enzyme (ACE) inhibitors
Although some studies have shown dual blockade to be most beneficial, this enthusiasm
was recently dampened by the results of the ONTARGET trial in 2008, which showed that
the secondary outcome of renal end points (a composite of dialysis, doubling of serum

creatinine and death), occurred more frequently in patients assigned to combination therapy

than in patients assigned to either monotherapy. So, although combination therapy is more
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effective at limiting the progression of proteinuria, a surrogate marker of renal disease, it
did not reduce progression of CKD. Thus, the most effective therapies currently available

for slowing progression of CKD are only partially effective and newer agents are needed.

To date, several emerging therapies aimed at slowing the progression of renal
disease have shown great promise in animal studies. but they have been less effective in
humans. This could either due to species difference, differences in side effect tolerance, or
the agents being too narrowly targeted against a single pathophysiology event when human
CKD is likely to be due to a myriad of factors and multiple therapies are likely to be
required. These agents include Tranilast’™™ *’, Sulodexide®'"" 2, target against advanced

glycation end-products (AGEs)", protein kinase C inhibitors*, pentoxifylline*, endothelin

46, 47 48. 49 2,

antagonists’® ', statins*®*’, erythropoiesis-stimulating agents™>', Vitamin D analogues’

** and many more. However, many of these agents have lacked proven efficacy in slowing
56, 57

the progression of CKD* **, caused significant unwanted side effects , have not

58-60

reported long term outcomes or renal outcomes were adjudicated as secondary

5
outcomesm‘ 62

. and hence lacked sufficient power to draw valid conclusions. Therefore
more novel agents are required to add to the armamentarium of therapies for slowing the

progression of CKD in humans.

For emerging therapeutic strategies to find clinical application they need to be more
effective than, treatment targeting the inhibition of the renin-angiotensin-aldosterone
system. In addition, successful drugs will need to demonstrably impact on the hard end
points such as decline in GFR, need for dialysis and mortality, and not just show beneficial

effects on surrogate markers of disease progression such as proteinuria. It also raises the
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question as to whether alternative biomarkers may better predicting the likelihood of

progression of CKD.

1.2 Pathophysiology of renal fibrosis
1.2.1 Renal tubulointerstitium and tubulointerstitial fibrosis

The tubulointerstitium encompasses the tubular epithelium, vascular structures, and
interstitium together accounting for more than 90% of the kidney volume®. The renal
interstitium acts as a tissue skeleton giving structural support to the kidney, modulating the
exchange among tubular and vascular elements of the renal parenchyma, regulating
glomerular filtration through its effect on tubuloglomerular feedback, and involvement in
the synthesis of systemic hormones such as erythropoietin and vitamin D. It is divided into
the cortical and medullary tubulointerstitial space. The interstitial space is composed of
resident fibroblasts, immune regulatory cells, peritubular vasculature and its perivascular

cells, and extracellular components.

Renal fibrosis is regarded as a central event in the progression of CKD regardless of
the aetiology. The kidney’s response to injury resembles the generalized wound healing
response that occurs elsewhere. Renal fibrosis is probably initiated as a beneficial response
to injury, which if uncontrolled leads to a self perpetuated pathological process.
Histologically ESKD manifests itself as glomerulosclerosis, vascular sclerosis, and
tubulointerstitial fibrosis, with tubulointerstitial fibrosis consistently shown to be the best

histological predictor of progression of CKD. Indeed. even in glomerulopathies,
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tubulointerstitial fibrosis correlates better than glomerular injury with evolution and

- 64,6
prognosis®* .

1.2.2 Interstitial fibroblast and myofibroblasts

The normal adult renal interstitium contains fibroblasts and dendritic cells®.
Fibroblasts are stellate shaped cells with a stellate nucleus and abundant rough
endoplasmic reticulum, collagen secreting granules, actin filaments under the plasma
membrane and multiple cell processes, which connect them to tubular and capillary
basement membranes. Mechanical stress, cytokines and various other factors induce
fibroblasts to acquire a myofibroblast phenotype®’. Myofibroblasts differ from fibroblasts
in that they contain stress fibres, sparse myofilaments, fibronexin (transmembrane
connections between extracellular fibronectin and actin microfilaments), more frequent
attachments to basement membranes and a rather rounded nucleus®®. A key feature of
myofibroblasts is their contractile function. a-smooth muscle actin (¢(SMA) and fibroblast
S100A4 (FSP-1) are the most well known myofibroblast markers. Other markers include
vimentin and the fibronectin splice variant, ectodomain A. However, none of these
markers, including a-SMA, are unique to the myofibroblasts. Moreover, myofibroblasts are

often stated to represent activated or differentiated fibroblasts.

The origin of the myofibroblast is rather controversial but it is thought to be derived
from a number of sources. These include a) proliferation of resident mesenchymal cells
(including fibroblasts”’, pericytes and perivascular cells”, b) tubular epithelial cells or

endothelial cells through a process called epithelial mesenchymal transition (EMT)’' or
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endothelial mesenchymal transition (EndoMT)”?, and c¢) recruitment of blood-borne
precursors’>. Myofibroblasts are thought to be the major source of extracellular matrix
(ECM) production followed by tubular epithelial cells, macrophages and fibrocytes’.
Myofibroblast differentiation, proliferation and collagen synthesis are stimulated by a
variety of paracrine and circulating factors derived from tubular cells, leukocytes/
macrophages and fibroblasts themselves. A hierarchy exists among the profibrotic growth
factors, with compelling evidence for the importance of transforming growth factor-p1
(TGF-B1), angiotensin II and platelet derived growth factor’. It is also recognised that
fibroblasts are stimulated by disease-specific factors such the high glucose concentrations

in diabetes, mechanical strain and the by factors inherent in the surrounding ECM”®.

1.2.3 Extracellular matrix (ECM)

Tubulointerstitial fibrosis occurs due to a net deposition of ECM (mainly collagen),
resulting from a disproportionate increase in production, and an altered degradation of
ECM components. It is well known that the normal ECM provides survival signalling to
adjoining cells. In addition, when epithelial cells are in contact with an abnormal ECM,
they undergo a specific form of cell death called anoikis’’. It is also known that the ECM is
a reservoir of a variety of growth factors including TGF-B’®. Thus, alterations in the
composition or structure of the ECM must influence tissue trophic status and homeostasis.
Although matrix synthesis is part of the normal repair process, excessive synthesis of ECM
is in itself deleterious, further exacerbating injury in a vicious cycle’’. The dysregulation of

the normal turnover of the ECM for basement membrane and tissue repair into a

39



pathological process is thought to be the consequence of a) persistent stimulation by the
injurious agent, and b) imbalance of other homeostatic signalling factors such as other anti-
fibrotic cytokines, for examples bone morphogenetic protein-7 (BMP-7)* and hepatocyte
growth factor (HGF)*' that counteract the profibrotic cytokines, in particular TGF-B1

(Figure 1.2.3.1).

The increase in ECM production is also accompanied by a loss of renal parenchyma
as a result of the fibrocontractive nature of fibrotic scarring. This is reflected in end-stage
kidneys being smaller than their normal counterparts’’; and the indirect observation that a
decrease in renal size parallels loss of renal function®. Fibrosis also leads to progressive
renal tissue destruction through the disruption of the peritubular capillary network and the
consequent reduction of renal blood flow and local tissue hypoxia® ®*. This, in turn,
induces the expression of hypoxia-inducible factors which also promotes fibrosis in

. - 5.
chronic disease® .
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Tubular Injury

Fibrosis Repair response

Anti-fibrotic agents e.g.

, BMP7, HGF
Profibrotic agents

e.g. TGFpB

Figure 1.2.3.1 Balance between tubular injury, repair and fibrosis.

Initially common mechanisms are activated in response to the stimulus of tubular injury. At
some point, the imbalance between the opposing effects of pro-fibrotic cytokines e.g. TGF-
Pl and the counterregulators, such as hepatocyte growth factor (HGF) and bone
morphogenetic protein-7 (BMP-7), impedes critical components of tissue repair, disrupts

tissue homeostasis, and leads to the process of self perpetuated, progressive fibrosis.

1.2.4 Extracellular matrix protease system

Normal matrix turnover is maintained through a combination of synthesis and
degradation, due to the usually coordinated actions of two protease systems: The matrix
metalloproteinases (MMP)/ tissue inhibitors of matrix metalloproteinases (TIMP) system,
and the plasminogen activator (PA)/ plasmin/ plasminogen activator inhibitor (PAI)
system. Most collagen degradation in the kidney is under the regulation of matrix

metalloproteinases (MMPs), a family of zinc-dependent endopeptidases, subdivided into
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four groups, namely collagenases, gelatinases, stromelysins and elastases, which are
typically secreted as latent zymogens. Four members of the collagenase group, MMP-1,
MMP-2, MMP-8 and MMP-13, have the ability to degrade fibrillar collagens. The two
gelatinases, MMP-2 and MMP-9 both degrade basement membrane collagen and gelatin.
MMP-2 is substrate specific to fibronectin and laminin, whereas MMP-9 is more specific

to type IV and V collagen®’. Collectively, they are capable of degrading all ECM proteins.

Four major tissue inhibitors of MMPs have been identified: TIMP-1-2.-3 and -4 but
only TIMP-1 and TIMP-2 have been implicated in renal disease®™. These inhibitors are
capable of inhibiting activation of latent prometalloproteinases and found to be

significantly induced in progressive renal disease®” .

In addition to the MMP family, the second proteolytic cascade to play a role in
renal interstitial fibrosis is the plasmin-dependent pathway’'. Plasmin not only activates
latent procollagenases but also may directly degrade other matrix proteins such as
fibronectin and laminin. Latent plasminogen is activated by proteolytic cleavage by tissue
plasminogen activator (tPA) and urokinase plasminogen activator (uPA), which is
produced in significant quantities by proximal and distal tubular cells, as well as by
macrophages and myofibroblasts’>. As with the MMPs, these enzymes are regulated by
parallel inhibitory systems, in this case plasminogen activator inhibitor (PAI). TGF-BI is
known to be a potent inducer of PAI-1 expression, as are high glucose and endothelin-1

(ET-1), which collectively act to inhibits matrix degradation®.

If the ability to remodel collagen is an important counterbalance to upregulated

ECM synthesis, theoretically renal fibrosis could be explained by a reduction in protease



system activity. However, almost all MMP knock-out mice do not have a fibrotic
phenotype™, and overexpression of MMP-2 induces fibrosis™, suggesting that such an
assumption is an oversimplification of the remodelling process. It is increasingly
recognized that MMPs have both antifibrotic and profibrotic roles. Studies of MMP
expression and activity in vivo remain controversial. Sustained MMP expression has
consistently been seen in experimental models”® and in human renal disease”’. However, it
is unclear if this reflects compensatory mechanisms trying to limit matrix accumulation or

a reflection of profibrotic activity.

1.2.5 Epithelial mesenchymal transition (EMT)

Strutz et al. first described tubular epithelial cells as being capable of transitioning
to a fibroblastic phenotype via a process known as epithelial mesenchymal transition
(EMT)*®. EMT is a process in which differentiated epithelial cells undergo a phenotypic
conversion that gives rise to the matrix-producing fibroblasts and myofibroblasts, which is

accompanied by the sequential loss of epithelial markers and de novo acquisition of

9

mesenchymal markers”. EMT and its reverse process, mesenchymal-to-epithelial

transition, are well recognized in normal ontogenesis. Multiple comprehensive reviews

9
T‘)_IOO

have been written about EM and it is believed EMT is an integral part of tissue

fibrogenesis after injury which plays an important role in the progression of renal

101-104

fibrosis . EMT is thought be an adaptive response of epithelial cells to a hostile or

changing microenvironment.
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A large number of in vivo and in vitro studies have demonstrated that renal tubular
cells undergone EMT in response to leukocyte infiltration, stress signals and various

mediators, in particular TGF-p1'%

. However, EMT is not an easy process to study,
especially in vivo. EMT is generally assessed in vivo by the appearance of fibroblastoid
markers such as aSMA, FSP-1 or vimentin in tubule cells co-expressing general or specific
epithelial markers, in association with actin re-organization and basement membrane
disruption'”. Even though Iwano ez al'”’. have provided convincing evidence that EMT
contributes to interstitial fibroblasts using genetically tagged PTCs. Although they
concluded that EMT accounts for up to 36% of all FSP-1 positive interstitial fibroblasts,
the actual frequency of documented EMT in fibrotic kidneys is low in most studies’'.

Despite this, evidence for EMT and its role in renal fibrosis in vivo is emerging in both

animal models of CKD and human renal disease including obstructive nephropathy'®®, 5/6

109, 110 112

remnant kidney nephropathy . lupus nephritis''', IgA nephropathy''>,  diabetic

113,114 115-117

nephropathy . and chronic allograft nephropathy

Depending on the specific pathophysiologic circumstances, EMT can be induced by
a wide variety of stimuli (Table 1.2.5.1). Of which, TGF-B1 is possibly the most potent
inducer and will be the focus of this thesis. TGF-BI initiates and completes the EMT
process in vitro and in vivo ''®. This is consistent with the observation that TGF-p1
expression is universally upregulated in experimental models of CKD and in clinical

diseases'"”.

In rodents, TGF-Bl-mediated EMT is inhibited by endogenous modulators such as
BMP-7%, HGF'® and cell-to-cell contact'*'. In vivo, tubular EMT only occurs after a

sustained injury. Similarly, TGF-B1 cannot induce EMT in an intact confluent cell
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monolayer. This suggests that EMT can only be induced by TGF-BI in the presence of

epithelial injury, which is inherent in the repair process and distorted within the

pathological scenario. In this setting, EMT would result in damage, rather than in repair,

which in turn would further stimulate a vicious cycle of exacerbated damage. Hence,

pathological EMT observed in CKD can be viewed as a consequence of skewed repair

processes. Therefore, inhibition of TGF-B1 action would potentially result in a beneficial

effect in the setting of renal injury. The role of BMP-7 and HGF in modulating renal

fibrosis in patients with CKD needs to be further explored.

Table 1.2.5.1

Inducers and suppressors of EMT in the interstitial space

Factors that promote or induce EMT

Factors that suppress or inhibit EMT

a) Growth factors
TGF-BI 101. 118
FGF-2'#

Connective tissue growth factor (CTGF)

b) Cytokines

]L"'I 125

Oncostatin-M'* '/

¢) Renin angiotensin system
Angiotensin 11'*

d) Proteases
MMP-2'%*
tPA'®
Plasmin'**

¢) Environmental stresses
hypoxia/ reactive oxygen species
advanced glycation end products

135, 136
123, 137

123

a) Growth factor
BMP-7%
HGFI)U

b) Nuclear receptor activator
Vitamin D'**

¢) Renin-angiotensin system inhibitors
Angiotensin converting enzymes (ACE) inhibitor
& Angiotensin I receptor blockers'”*

d) Others
Statins'*’

= 131,13
Rapamycin d
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1.2.6 Endothelial-to-mesenchymal transition (EndoMT)

Endothelial cells, like tubular cells, have been proposed as a source of renal
fibroblasts via a process known as endothelial-to mesenchymal transition (EndoMT).
Zeisberg et al. have recently used lineage tracing techniques to demonstrate EndoMT in a
variety of murine models of renal disease. They demonstrated that 30-50% of
myofibroblasts co-expressed myofibroblast markers and the endothelial antigen CD3I1,
after sustained renal injury’’. Using a similar approach in a diabetic mice model, up to
23% of interstitial myofibroblasts were shown to be of endothelial origin'**. Conversely,

74139 Since endothelial

there are studies which have found no evidence that EndoMT exists
cells are a specialized type of epithelial cells, EndoMT may represent another form of EMT
that occurs in the injured kidney. Although the role of EndoMT in fibrosis is unresolved,
these studies all indicate that the vasculature may be an important contributor to renal

fibrosis. It also illustrates that the origin of interstitial fibroblast in the diseased kidney is

much more complex than had been previously thought.

1.2.7 Role of inflammation in renal tubulointerstitial fibrosis

EMT is often preceded by and closely associated with chronic interstitial
inflammation. Only in the embryo can loss or damage of tissue be repaired without an
inflammatory response'*’. After birth, injury and repair are always associated with an
inflammatory process, irrespective of the eventual outcome. Local injury to the renal cells
triggers the release of soluble factors, an increase in local vascular permeability, activation

of endothelial cells and the emigration of leukocytes'*'. Such soluble factors include
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chemokines, cytokines, growth factors (e.g. TGFB, BMP7, platelet derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), insulin like growth factor) and lipid
mediators (e.g. leukotrienes, lipoxins etc). Stimuli for the generation of mediators by
tubular cells include proteinuria, high glucose, altered lipid, hypoxia, infectious agents, uric

acid, paraproteins and many others'*'.

The fibrotic process involves a similar set of players including leucocytes, cytokine
and chemokines release. In fibrosis, macrophages and lymphocytes play major roles via the
production of proinflammatory and profibrotic cytokines which activate fibroblasts and
tubular cells in the tubulointerstitial compartment'*?. As capillary blood supply is lost
because of tissue injury, the chronically hypoxic state that exists in local tissues renders it
susceptible to progressive inflammation unless adequate neo-vascularisation occurs. More
recently, Toll like receptors (TLRs), which are expressed by cells of the immune system,
have been found to be expressed in non-immune cells in the kidney such as renal tubular
epithelial cells, podocytes, mesangial cells and endothelial cells. Even though their

functions are not clear they are believed to play a role in fibrosis'** ',

Both tubular cells and interstitial fibroblasts produce chemokines when exposed to
hypoxia and hyperglycemia'*> "¢ following stimulation with proinflammatory cytokines

47 Furthermore, activated renal fibroblasts secrete chemokines

and after TLR activation
such as macrophage chemotactic protein-1 (MCP-1), which in turn potentiates macrophage
accumulation. Renal fibroblasts produce interstitial matrix components including collagen
upon stimulation by activated macrophages, indicating that chemokines, acting either

directly or indirectly through macrophage recruitment, contribute to interstitial collagen

deposition and fibrosis. Chemokines may also contribute to the recruitment of bone
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marrow-derived cells to the renal interstitium in progressive renal disease'*®. The
functional role of chemokines in interstitial disease has been confirmed by several animal
studies using chemokine antagonists or chemokine-deficient mice. The models used have
studies the interstitial involvement of immune complex mediated glomerulonephritis,
Alport’s  disease, nephrotic syndrome, diabetic nephropathy, and obstructive

"7 At present, there are insufficient data to assign a specific chemokine and

nephropathy
receptor ligand to tubulointerstitial injury. However, it highlights the role for chemokines

and their receptors in leukocyte mediated progressive tubulointerstitial damage and

fibrosis'*’.

1.2.8 The role of hypoxia in tubulointerstitial fibrosis

The oxygen tension within the kidney is disproportionately low due to the
anatomical arrangement of the renal arterioles and veins, allowing shunt diffusion of
descending and ascending vasa recta. The medullary interstitial renal oxygen tension is 5-
I5 mmHg as compared to 95 mmHg in the renal artery. As a consequence, the S3 segment
of the proximal tubule is particularly vulnerable to ischemic injury. The importance of
chronic hypoxia in the pathogenesis of tubulointerstitial injury in the pathogenesis of CKD
is increasingly recognized™ '*'. This has been validated in a variety of human and
experimental kidney diseases, including diabetic nephropathy'**'*®. Wong er al. reported
that hypoxia may be a more potent inducer for tubulointerstitial injury than proteinuria in

immune mediated glomerulonephritis™.
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Chronic hypoxia in CKD occurs as result of a reduced number and density of
peritubular capillaries. Glomerular and vascular damage to the efferent arterioles causes
reduction in oxygen diffusion to tubulointerstitial cells, eventually leading to tubular
dysfunction and fibrosis'>. Vasoactive substances such as angiotensin Il and nitric oxide
(NO) further decrease postglomerular peritubular blood flow. NO, which is an endogenous
regulator of renal hemodynamics, regulates oxygen availability with its levels being
reduced in individuals with diabetes and other form of CKD. Furthermore, metabolic
demands are increased in the outer medulla tubules as remaining nephrons compensate for
tubular nephron loss by an increase in single nephron tubular transport, resulting in more
energy consumption. The anaemia associated with CKD additionally hinders oxygen
supply to the tissues'**. Hypoxia per se then has an impact on various biological reactions
such as oxidative stress, mitochondrial dysfunction, endoplasmic reticulum stress, and

particularly in diabetic nephropathy. advanced glycation and carbonyl stress'>".

Hypoxia inducible factors (HIF) are central to the adaptive response occurring in
hypoxic conditions. HIF-a is constitutively transcribed and translated, and its levels are
regulated by its rate of degradation. Oxygen affects the stability of HIF-o through
enzymatic hydroxylation involving the von Hippel Lindau protein'>. Defence against
hypoxia hinges upon HIF activation, which induces the expression of a broad range of
genes that participate in erythrocytosis, angiogenesis, glucose metabolism and more
recently recognised in EMT®*®_ Genes that have been implicated in EMT and upregulated
by HIF include NotchIC, Snail, Lysyl oxidase-like 2 (LoxI2), and Hairy and Enhancer
Split-1 (Hes1)*. Various potential therapeutic strategies have been explored targeting the

abnormal oxygen metabolism associated with CKD. As yet. none have proved successful.
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1.3 Transforming growth factor-g (TGF-p)

TGF-B is the archetypal member of the TGF-B superfamily that encompasses a
large group of soluble extracellular peptides including TGF-p, activins, BMPs, inhibins and
growth and differentiation factors (GDF). This family is recognised as playing big roles in
mammalian development, homeostasis, differentiation, apoptosis, immune response, and
extracellular matrix remodelling, depending on the physiological context. There are three
isoforms of TGF-B found in mammals that are designated as TGF-B1, TGF-B2 and TGF-
B3'*.  The TGF-B isoforms are located on chromosomes 19913, 1941 and 14q24
respectively, with their receptors, are ubiquitously expressed in normal tissues and most

cell line'’.

1.3.1 The role of TGF-B1 in tubulointerstitial fibrosis

In the context of renal fibrosis, TGF-p is described as a central mediator of
fibrosis, this occurs due to its role in inducing ECM production and proliferation of the
myofibroblast, and also through its immune-regulatory function. It is recognised as the
prototypical fibrogenic and hypertrophic cytokine and was first described as an inducer of
EMT in normal mammary epithelial cells by signalling through receptor serine/ threonine
kinase complexes'*®. It has been shown to stimulate ECM synthesis, decrease matrix
degradation by inhibiting protease systems and promote cell-matrix interaction by
upregulating integrins, all of which have been identified as crucial intermediary steps in the

development of tubulointerstitial fibrosis in CKD. In diabetic mellitus, the chronic
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hyperglycaemia leads to an alteration in vasoactive hormones production (primarily
angiotensin Il but also endothelin-1), formation of advanced glycation end-products
(AGE), hemodynamic changes, and activation of various secondary metabolic pathways
leading to oxidative stress, protein kinase C activation and increased polyol production'®”.
All of which are ultimately associated with increased local TGF-B production and activity.
Conversely, neutralizing anti-TGF-B antibodies ameliorate renal hypertrophy and the
overexpression of matrix protein mRNA in diabetic animal models'®’. Antagonism of
TGF-B using monoclonal antibodies virtually abolishes high glucose induced matrix

production in vitro'®'.

1.3.2 Latent and active TGF-§

All three isoforms of TGF-p are synthesized as large precursor proteins that are
390-412 amino acids in size that are modified intracellularly prior to secretion. The
proteolysis yields two products that assemble into dimmers. The N-terminal pro-regions
form a 65-74 kDa dimer, referred to as the latency-associated peptide (LAP), which
contains a mannose 6-phosphate moiety, while the 25 kDa dimer from the C-terminal
region is called the mature TGF-B or active TGF-B ’®. There are 3 cysteine groups in each
TGF-BI-LAP in positions 33, 223 and 225, which are linked by disulfide bonds. When the
cysteine groups in position 223 and 225 are replaced by a serine groups, active TGF-BI is
released. When TGF-B1-LAP is associated with another protein called the latency binding
protein (LTBP), it is referred to as large L-TGF-B1. When unassociated with LTBP, it is

known as small L-TGF-B1 Both large and small L-TGF-BI cannot interact with their
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receptors and therefore have no biological effects. Large L-TGF-Bl1 facilitates its

. g . 162
sequestration within the extracellular matrix "~

The regulation of TGF-B1 activity may occur at level of transcription and
translation of TGF-B1. However, the most important regulator of TGF-B activity is
determined by factors that convert latent to biologically active protein. Since TGF-B1 has
been reported to have numerous biological effects, the regulation of TGF-BI action is
critical to both the maintenance of normal physiological function and the pathogenesis of
numerous diseases. We have learned from animal studies that complete blocking of TGF-
B1, by either a pan-neutralizing TGF-B1 antibody or a TGF-B receptor ablation antibody,
results in severe cytotoxicity and unacceptable side effects, which are probably due to the

163,164 n addition to

role of TGF-BI in maintaining cell survival and limiting inflammation
that, recent reports using transgenic mice overexpressing latent TGF-B1, were found to
have substantially reduced fibrosis in both unilateral ureteric obstruction (UUO) and anti-
GBM nephritis models of fibrosis'®™ '®. This highlights the complex activation of latent
TGF-B1, which if dysregulated may play a more significant role in its pro-fibrogenic

actions. Hence targeting the activation of latent to biologically active TGF-BI may have

therapeutic potential.

1.3.3 Activation of latent TGF-1

The secretion and storage of TGF-B1 is a complex and restricted biological process.
As already stated, one of the most important means of controlling the biological effects of

TGF-B1 is the regulation of the conversion of LTGF-B1 to active TGF-B1 '*”. The release
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of TGF-B1 from the latent complex permits TGF-B1 to be bound by its ubiquitously
expressed cell surface tyrosine kinase type I and type II receptors that initiate its signalling
cascade. /n vitro activation of TGF-B1 can be achieved by extreme pH (such as 2 or 8),
heat (100°C), chaotropic agents such as SDS and urea. Other known physiological
activators include serine protease, plasmin, endoglycosidase F, sialidase, neuraminidase,
cathepsins B and D, caplain, and thrombospondin-1'*'". The isoform most often
described to be susceptible to the aforementioned in vitro activation, is TGF-BI. It is

unclear which of the above agents can activate other isoforms of TGF-.

1.3.3.1 Plasminogen/ plasmin proteolytic system

Antonelli-Orlidge er al'”?, and Sato er al.'™ first described this physiological
system of activation of L-TGF-B, Plasmin is a serine protease derived from enzymatic
cleavage of plasminogen by urokinase plasminogen activator (uPA) or tissue-type
plasminogen activator (tPA). Even though plasmin is better known for its role in

76 In fibrosis,

fibrinolysis, it is also known for its role in cell migration and fibrosis
plasmin activates L-TGF-B1 by removing the LAP from the latent complex; and activates
several proMMPs, which can modulate ECM deposition and degradation'”” '7®. tPA-
mediated plasminogen activation is mainly involved in the dissolution of fibrin in the
circulation. uPA activation requires binding to surface receptors known as urokinase
plasminogen activator receptors (uPAR) resulting in enhanced activation of cell-bound

plasminogen. Plasminogen activator-1 inhibitor (PAI-1) is the major inhibitor in this

proteolytic activation system (Figure 1.3.3.1.1).
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When exposed to angiotensin 11, renal mesangial cells'”, proximal tubular cells
(PTCs)'™ and aortic vascular smooth muscle cells'®', have been shown to have increased
activation of L-TGF-B1 as well as increased in total TGF-B1 production. Release of active

TGF-BI by PTCs and mesangial cells occurs in an autocrine manner, leading to cellular

179,

hypertrophy and ECM synthesis'” '™, Furthermore, exposure to high concentrations of

182

glucose'®', thromboxane'®?, and cyclical stretching'®® have a similar induction and

activation of TGF-B1 in renal cells. Studer et al. speculate that the mechanism of activation
of L-TGF-B1 in these cells is through protein kinase C which induces tPA, leading to the

generation of plasmin and subsequent activation of TGF-B1'3*

tPA

aPlasmin

LTGFpI

LTGFpI

~ dIntegrins

Figure 1.3.3.1.1 Mechanisms of activation of L-TGFp1.

Plasminogen/ plasmin proteolytic activation (a). Plasmin is released from plasminogen
(Plg) by the enzymatic action of urokinase plasminogen activator (uPA) or tissue-type
plasminogen activator (tPA). uPA couples with urokinase plasminogen receptor (uPAR)

which is present on the cell surface. L-TGF-f1 can either bind with Cation independent
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mannose-6-phosphate receptor (CI-M6PR) (b) or thrombospondin-1 (TSP-1) (c), which is
associated with the TSP-1 receptor (CD36), to release the active TGF-f1 In addition, the
direct association of L-TGF-B1 with integrins (d) on epithelial cells leads to a structural
conformation of LAP such that TGF-P1 can interact with its adjacent receptors. TGF-BI is
a strong inducer of Plasminogen activator inhibitor (PAI-1) which inhibits uPAR
expression thus preventing the uPA from activating plasminogen to complete a feedback

loop.

1.3.3.2 Cationic mannose-6-phosphate receptors (CI-M6PR)

It is observed that the cell surface localization of L-TGF-BI is important for
activation. This is dependent on the interaction of the mannose-6-phosphtac (M6P)
moieties on the LAP with M6P receptors (M6PRs), which are ubiquitously located on the
cell surface. There are two mannose 6-phosphate (M6P) receptors — the 46kDa cation-
dependent M6PR (CD-M6PR) and the ~300-kDa cation-independent M6PR (CI-M6PR)/
insulin-like growth factor-11 (IGF-II) receptor. The CI-M6PR is a multifunctional receptor

85 One such

that mediates several processes that are essential for normal cellular function
process which is shared with the CD-MPR, is the delivery of newly synthesized acid
hydrolases from the trans-Golgi network to endosomes for their subsequent transfer to
lysosomes. In addition, the CI-MPR has been implicated in several other physiological

processes. Of relevance to the present thesis, it facilitates the activation of the latent

precursor of TGF-BI. This direct interaction of L-TGF-Bl and CI-M6PR at the cell
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membrane is thought to be a natural process of concentrating L-TGF-Bl to a limited

surface area thus allowing a more efficient way of activation'®’.

In addition to direct interaction with the L-TGF-B1, CI-M6PR also plays a role in
another process involved in L-TGF-B1 activation, the plasminogen/ plasmin system and
uPA. Using an elegant in vitro model, Godar ef al. demonstrated that the full length of
uPAR and plasminogen both interact with the N-terminus of repeat 1 of the CI-M6PR,
which is situated on the opposite side of the carbohydrate-binding sites, suggesting a M6P
independent activated process'®. Thus it is possible that the CI-M6PR binds
simultaneously to both uPAR/ plasminogen and a M6P-oligosaccharide'®’. Subsequent
studies have proposed that such binding may modulate TGF-B, activation, cell surface
uPAR expression, and uPAR-mediated functions on cell adhesion, fibrinolysis, migration

and fibrosis '8¢ 188190,
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Extracytoplasmic domain

—

Transmembrane
domain

Fibronectin type-I1
insert

Palmitoylation

Phosphorylation

CIM6PR

Cytoplasmic tail

Modified from Ghosh et al. 2003 Nature review/ Molecular cell biology

Figure 1.3.3.2.1 Structure of cation-independent mannose-6-phosphate receptor.

CI-M6PR exists as dimers on the cells membrane. Receptor dimerization allows for high-
affinity binding of ligands. The extracytoplasmic domain contains two distinct M6P-
binding sites and a single IGF-II-binding site. The cytoplasmic tails contain numerous
sorting signals, which are modified by phosphorylation or palmitoylation'®. Plg:
plasminogen, uPAR: urokinase plasminogen activator receptors, IGF-1I: insulin-like

growth factor.
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1.3.3.2.1 Synthetic CI-M6PR analogues and their therapeutic potential

Over the years, analogues have been synthesized to target the CI-M6PR. Synthetic
analogues must be isometric to M6P and need only to contain one single negative charge to
allow stable and efficient binding, interestingly, the phosphorous atom is not necessary to

ensure recognition'®’

. Roche et al. have shown that association of antifibrotic agents with
human serum albumin, which contain the M6P moiety, allow selective delivery to liver
stellate cells. They showed that with this approach they can efficiently target these cells via
the CI-M6PR and reduce the fibrotic response'”"'*?. Others have shown in animal models

that these analogues can efficiently reduce the size of scars during the wound healing

processes '“and the improve the range of motion after tendon injury'**.

CI-M6PR analogues have been proposed to have therapeutic potential in enzyme
replacement therapy in the treatment of lysosomal diseases by increasing the specificity
and efficiency of enzyme delivery'”> ', In many solid tumours such as breast cancer, CI-
M6PR is over-expressed. Therefore, the delivery of cytotoxic drugs via CI-M6PR is
considered to more specifically target cytotoxic drugs to lysosomes'®” "%, Other
applications of CI-M6PR analogues, such as their role in L-TGF-B; activation, hence
modifying wound healing and fibrotic process require further exploration. This competitive
inhibition could also apply to other pathological processes, which is mediated through CI-
M6PR interactions. Finally, the CI-M6PR analogues may also be used to target drugs or
nano-particles to lysosomes to delivery of photo-sensitive, or pH sensitive drugs for

imaging in cancers that express high levels of CI-M6PR.
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1.3.3.3 Thrombospondin-1 (TSP-1) activation of L-TGF-§,

Thrombospondin is a glycoprotein that exists in five isoforms, of which TSP-1 is
the most extensively studied'”. TSP-1 can be derived from platelets, endothelial cells,
mesangial cells and fibroblasts. Recent studies have highlighted the ability of TSP-1 to
activate L-TGF-B1 in human mesangial and PTCs after exposure to high concentrations of

200-201 "Murphy-Ulrich ef al. has demonstrated that TSP-1 can interact with the L-

glucose
TGF-B1 peptide directly'”". Using a rat alveolar macrophage model, Yehualaeshet ez al.
showed that the TSP-1/L- TGF-B1 complex requires binding to the TSP receptor (CD36)

292 The exact role and

on macrophages before cleavage by the plasmin (Figure 1.3.3.1.1)
mechanism by which TSP-1 activates L-TGF-B1 in other cells, as well as in vivo, remains

controversial.

1.3.3.4 Activation of L-TGF-B1 by reactive oxygen species

lonizing radiation generates a number of ROS and hydroxyl radicals. lonizing
radiation has been shown to activate recombinant human L-TGF-B1 to level comparable to
that achieved by plasmin activation. It is proposed that these ROS affect the cysteine or
methionine residues in the LAP, resulting in altered stability, changes in structural
conformation and exposure of the TGF-BI receptor binding sites®”. Kidney tissues from
rats fed with antioxidant deficient diet showed increased expression of TGF-B1 mRNA and
Collagen I, III and IV, suggesting that ROS may play a role in TGF-B1 regulation and

hence kidney fibrosis .

59



1.3.3.5 Integrin mediated activation of L-TGF-§1

Munger et al. first described the direct binding of L-TGF-B1 with integrins on
epithelial cells. This interaction leads to conformational change in the L-TGF-B1, such that
the mature TGF-B1 binds to the TGF-B1 receptor located in close proximity without
releasing the LAP *”. Hence, unlike other mechanisms of yielding biologically active
TGF-B1, it is a non proteolytic activation mechanism. The integrins that have been reported
to bind with L-TGF-B1 include avp6, avpl.avp8. avp3, and more weakly, avp5°%. Recent
evidence suggests that this binding plays an important role in maintaining polarity of

kidney epithelial cells and the epithelial barrier”"’.

1.3.4 Termination of the activation of TGF-§1

Plasminogen activator-1 inhibitor (PAI-1) is the major inhibitor of the plasminogen/
plasmin proteolytic activation system. PAI-1 achieves this through induction of
internalization of PAI-1/uPAR/uPA complex which results in diminished generation of

%% Interestingly, TGF-Bl is a potent inducer of PAI-1 suggesting that the

plasmin
activation of L-TGF-BI is a self limiting rather than self perpetuating process®”’ (Figure
1.3.3.1.1). PAI-1 expression is also upregulated by inflammatory cytokines (e.g. I1L-6,
TNF), angiotensin II and aldosterone suggestive of a negative feedback regulatory
mechanism. Inactivation of TGF-B1 can also be achieved by removal of the stimuli such as
pH change, restoration of hypoxia etc. It has been shown, active TGF-B1 can bind with

specific proteins such as decorin’'’, betaglycan®!, LAP or a2-macroglobulin®? and

becomes biologically inactive. Down regulation of the TGFp receptors can also lead to

60



down regulation of the TGF-B1 activity which has been explored as a therapeutic potential

, )
in renal fibrosis '"°.

1.3.5 Circulating TGF-B1 and relationship to CKD

Suthantiran and others have shown that African Americans with hypertension and
ESKD have higher circulating levels of TGF-Bl as compared to the Caucasian
population®'*2'>, The proposed explanation, in addition to the conventional genetic and
lifestyle risk factors, includes difference in the bidirectional activities of TGF-B1 and the

-2
A Recently, a

renin angiotensin system (RAS) in the induction of TGF-B1 activation
cross sectional study reported a positive association between the circulating TGF-1 and
a variety of established risk factors for CKD progression. Peripheral blood TGF-BI
protein levels positively correlated with plasma renin activity (PRA), systolic blood
pressure, diastolic blood pressure, body mass index (BMI), and the presence of metabolic

>0 In the same study, these

syndrome in African American but not in whites
investigators reported TGF-B1 protein levels were predictive of microalbuminuria in
African Americans when compared to the Caucasian population. However, importantly,
recent multicenter cohort study demonstrated that most African Americans with CKD
due to hypertension continued to progress despite being treated with RAS inhibitors™'.
Hence, further investigation into whether there is consistent association between
circulating TGF-B1 and the various risk factors for CKD is required. Subsequently, the

potential role of combining anti-TGF-B1 strategies and RAS inhibitors in CKD should

also be explored.
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The EURODIAB follow up study has demonstrated that circulating and urinary
TGF-B1 correlates with proliferative retinopathy and nephropathy in type I DM**. In
type Il diabetes mellitus, circulating total TGF-B1 has been shown to be elevated as
compared to the non-diabetic population®’. Hellmich er al. has documented a higher
level of circulating active TGF-B1 in those diabetic patients with nephropathy compared

2 which correlated with the urinary albumin excretion.

to those without nephropathy
However, the sample size of this study was too small to ascertain whether the circulating

TGF-B1 could be used as a biomarker to predict patients at risk of diabetic nephropathy.

1.3.6 Signaling pathways in kidney fibrosis

In the setting of CKD, it is conceivable that three major TGF-B1 signalling
pathways namely, TGF-B1/ Smad, integrins/ ILK, and Wnt/ B-catenin signalling are
essential for kidney fibrosis. These pathways are intricately connected and integrated at
different levels, and together they control a host of transcriptional regulators and signalling

mediators that are required for renal fibrosis.

1.3.6.1 TGF-B/ Smad signaling

Given the universal upregulation of TGF-B1 expression in the fibrotic kidney, its
signalling pathways are particularly relevant to the pathogenesis of kidney fibrosis. TGF-
Bl membrane receptor complex comprises two families of proteins with serine/ threonine

kinase activity, namely type II (TBRII) and type I (TBRI) receptors. TBRI includes activin
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like kinase (ALK) receptors. Typically, TGF-B, first binds with TBRII, a 73-kDa serine
threonine receptors that is constitutively phosphorylated. TBRII then recruits TBRI to form
a tight complex, leading to phosphorylation and activation of a group of small protein
known as small mothers against decapentaplegic (Smad) proteins. The Smad family
include receptor Smad (R-Smad), common Smads (Co-Smads) and inhibitory Smads (I-
Smads). The TGFB/TBR complex phosphorylates R-Smad 2 and Smad 3. Phosphorylated
Smads then heteroligomerize with the common partner Smad 4 (Co-Smad) and translocate
into the nucleus, where they control the transcription of TGF-B-responsive genes through

225, 226 (Figure

interaction with specific cis-acting elements in the regulatory regions
1.3.6.1.1). Of interest, many of the EMT related genes are the targets of TGF-B/ Smad
signalling such as connective tissue growth factor (CTGF), ILF, PINCH-1, Bl-integrin,

Wnt, Snail, Id1, a-SMA, Collagen IA2 and MMP-22272%,

While the relative functional roles of Smad 2 and Smad 3 remain to be fully
elucidated, recent studies using the unilateral ureteral obstruction (UUO) model in Smad 3
knockout mice, suggests that the majority of TGF-B target genes are controlled through
Smad 3-dependent transcriptional regulation™'. Consistent with this, primary tubular
epithelial cells from Smad 3 null mice are resistant to EMT and kidney fibrosis™'- 2.

)***?** and administration of the endogenous TGF-B inhibitors,

Targeting Smad 7 (I-Smad
HGF and BMP-7, which are considered to by modulate the Smad signalling, have been
mechanistically linked to reduced renal fibrotic lesions®” **°. Several Smad-independent
TGF-B signalling pathways have been implicated in the regulation of kidney fibrosis.

These non-Smad pathways include RhoA™® **| p38 mitogen-activated protein kinase

(MAPK)****? and phosphatidylinositol-3-kinase/Akt**.
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1.3.6.2 Integrin-linked kinases (ILK) signaling

ILK is an intracellular serine/ threonine protein kinase that interacts with the
cytoplasmic domains of the B-integrins and mediates integrin signalling in diverse types of
cells. ILK expression is found to be upregulated in a wide variety of CKD in experimental

1,242

and clinical settings®*" ***>. Furthermore, ILK is identified as a key mediator of podocyte

23 ILK can elicit its

dysfunction and proteinuria in many proteinuric kidney diseases
biological effect by functioning as a scaffolding protein which interacts with integrins and
PINCH. or as a protein kinase which phosphorylates Akt or dephosphorylates GSK-3,

leading to stabilization of p-catenine”**

. This in turn controls the expression of an array of
genes involved in EMT and inhibition of ILK attenuates renal interstitial fibrosis®*. ILK
expression is upregulated in a wide variety of CKDs**!***2, Interestingly, many component

of the ILK signalling such as ILK, PINCH-1 and Bl-integrin are induced simultaneously by

TGF-B1 in a Smad dependent manner (Figure 1.3.6.1.1).

1.3.6.3 Wnt/B-catenin signaling

Wnt proteins belong to a highly conserved family of secreted growth factors that
play an essential role in organogenesis, tissue homeostasis, and tumour formation®*®. Wnt
proteins transmit their signal across the plasma membrane by interacting with the Frizzles
receptor and the co-receptor LDL receptor-related protein-5/6. This induces a series of
downstream signalling events resulting in dephosphorylation and stabilization of B-catenin.
Accumulation of B-catenin in the cytoplasm leads to its nuclear translocation where it binds
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to T-cells factor/lymphoid enhancer-binding factor-1 (LEF1) to stimulate the transcription
of Wnt target genes such as Twist, Jagged1, Snail, LEF-1,c-myc and fibronectin®*’ (Figure
1.3.6.1.1). The role of this pathway is well understood in organ development and tumour
metastasis but is less well established in the setting of CKD***, Nonetheless, Wnt genes are
induced in the fibrotic kidney after obstructive injury**. Consistent with that, inhibition of

Wnt/B-catenin pathway ameliorates renal fibrosis after obstructive injury in vivo™".

L_ToFpsignaing | [ megivuk | [ wntp-catenin |
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Figure 1.3.6.1.1 Simplified schematic shows major intracellular signalling involved in

the regulation of EMT in kidney fibrosis **.

Fzd: Frizzled receptors, LRP5/6: LDL-receptor-related protein 5/6, CK1: casein kinase-1,
APC: adenomatosis polyposis coli, Dvl: Dishevelled, LEF1: lymphoid enhancer-binding

factor-1

1.4 Kriippel-like factor family and Kriippel-like factor-6

Kriippel-like transcription factors (KLFs) are a 17 member family of DNA binding
transcriptional regulators that play diverse roles during differentiation and development-
with each functioning as an activator of transcription, a repressor or both. They form a
subset of the broad class of proteins containing zinc fingers and are so named because of
their homology to the Drosophila melanogaster protein, Kriippel. The zinc finger contains
a single zinc atom, which serves as a critical structure of the finger motif. The KLFs
contain 3 such fingers, located at or close to the C-terminus of the protein. Even though the
KLFs are closely related, they are individually unique outside the zinc fingers, with 3
amino acids at specific locations (position XYZ) which determine target site selection and

binding affinity**’.

Kriippel-like factor-6 (KLF-6) also known as G-box binding factor (GBF), core
promoter element-binding domain (CPBP) or zf9 was first described in 1997°%. It was then
assigned to chromosome 10pl5. It is ubiquitously expressed and its expression can be
induced or suppressed depending on the pathophysiological process™’. Since its discovery,
KLF-6 has been recognized to play a significant role in embryogenesis, carcinogenesis,
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inflammation and fibrosis. Its embryological expression is restricted to the excretory
system such as Wolffian duct and the ureteric bud, and is thought to play a role in

development and differentiation of the collecting duct systems”**

. While most commonly
described in terms of its role as a tumour suppressor gene” >*, KLF-6 has also been
shown to act as an immediate-early gene in vivo models of hepatic fibrosis®’. Of the
growing list of target genes directly or indirectly regulated by KLF-6 include collagen

a1*®, leucotriene C3 synthase®®', uPA’*, TGF-Bl and TPRI and TBRII**® and the E-

cadherin promoter™®’,

1.4.1 KLF-6 and Kidney fibrosis

Even though KLF-6 mRNA is known to be expressed in the embryonic kidney, its
expression in the mature adult kidney is minimal. Recently, KLF-6 has been identified as
one of the genes whose expression is markedly upregulated (>10 fold) within the first few
hours of renal ischemia-reperfusion injury in mice, with the expression of TGF-f1 mRNA
and protein following a pattern similar to that of KLF-6 both in vivo and in vitro®®. Our
laboratory has demonstrated marked induction of renal proximal tubular KLF-6 expression
in STZ-induced diabetic Ren-2 rats as early as 8 weeks. Upregulation of KLF-6 mRNA
was also seen in renal proximal tubular cells (HK-2) exposed to high glucose (30 mM)
condition for 11 days. The induction of KLF-6 mRNA parallels the induction of TGF-B1
mRNA by high glucose. Using silencing techniques, induction of KLF-6 by high glucose is
confirmed to be mediated through TGF-B1. Cells overexpressing KLF-6 have lower E-

cadherin and higher vimentin suggestive of a role in EMT, which is not seen in KLF-6
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- 65
silenced cells®®

. We have recently confirmed that KLF-6 can bind to the promoter regions
of thioredoxin-interacting protein (Txnip), which is a critical regulator of cellular glucose
homeostasis®®. Txnip is markedly induced in mesangial cells and proximal tubular cells
exposed to high glucose, resulting in ECM accumulation. KLF-6 silenced cells attenuated

high glucose induced Txnip. Collectively, these observations suggest that KLF-6 may play

a key role in the development of diabetic nephropathy.

1.5 Bone morphogenetic proteins

Bone morphogenetic proteins (BMPs), also known as osteogenic proteins (OPs),
are secreted signalling molecules that belong to the TGF-B-superfamily of growth factors.
The first BMPs were originally identified by their ability to induce ectopic bone formation
when implanted under the skin of rodents®’. Since then more than 30 BMPs have been
identified. It has become rapidly evident that their pattern of expression, as well as their
physiological functions, are not restricted to skeletal development but include cell
proliferation, cell differentiation apoptosis and organogenesis®™®®. In 2002 the FDA
approved the clinical use of two products containing thBMP-2 and rhBMP-7 in spinal
fusion and in the non-unions of long bones. In a recent review, Reddi proposed the re-
naming of BMPs as ‘body morphogenetic proteins’, due to their extensive role in various

tissues and organs beyond that of bone®®’.

BMPs, as all members of the TGF-B-superfamily, are homo or heterodimer linked

270

by disulphide bridges™™. These large precursor polypeptide chains contain a long

hydrophobic, poorly conserved N-terminal pro-region sequence and a mature domain with
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a highly conserved C-terminal region. The N-terminal not only varies among the different
BMPs it controls the stability of the processed mature protein®”'. Enzymatic proteolytic
cleavage gives rise to form mature proteins. BMPs are biologically active in homodimer
and heterodimer conformation. Crystallographic studies reported that BMP-2.-7°"°.-9 and -

272213 The differences in the

14 have a similar polypeptide core to that of TGF-B
hydrophobic core amongst these BMPs are responsible for the different affinities to the

various receptors and possibly for its different physiological roles®’*.
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1.5.1 BMP members and their function

Table 1.5.1.1 BMP members and their functions

BMP Nomenclature Ch. Location Main physiological functions

Bone morphogenetic proteins
BMP-1 8p21 Not a BMP member but a metalloproteinase

involves in cartilage development™”*
BMP-2 BMP-2a 20p.12 Cartilage, bone and heart morphogenesis®’* "
BMP-3 Osteogenin 4pql4-q21 Lung and kidney development™’*. Negative
regulator for bone morphogenesis®”’
BMP-3b GDF-10 10q11.2 Negative regulator for bone morphogenesis””’
BMP-4 BMP-2b 14q22-q23 Cartilage, bone and kidney morphogenesis™****
BMP-5 - 6ql2.1 Limb development and bone morphogenesis® ***
BMP-6 Vrgl, Dvr6 6p24-p23 Hypertrophy of cartilag;e and oestrogen mediated
bone morphogenesis**> **
BMP-7 OP-1 20q13 Cartilage and bone morphogenesis and kidney
. 287-290
formation™ "™
BMP-8a OP-2 1p34.3 Bone morphogenesis and spermatogenesis
Bone morphogenesis, cholinergic neuron
BMP-9 GDF-2 10q11.22 development and glucose metabolism?’®*”'
Axial skeleton, eyes, kidney and pancreas
BMP-11 GDF-11 12q13.2 development™*="*

Cartilage-derived morphogenetic proteins
Ligament, tendon and sensory neuron

BMP-12  CDMP-3GDF-7 2p24.1 development™* *°

BMP-13  CDMP-2, GDF-6 8q22.1 Cartilage development and hypertrophy™”
BMP-14  CDMP-1, GDF-5 20q11.2 Chondrogenesis and angiogenesis™***
Others

BMP-8b OP-3 1p35-p32 Spermatogenesis™

BMP-10 - 2p13.3 Heart morphogenesis’”

BMP-15 GDF-9b xpll1.2 Ovary physiology™”

BMP-16 Nodal Embryonic development

BMP-17 Lefty Embryonic development

BMP-18 Lefty Embryonic development

Summary of BMP members in humans with their acceptable abbreviation, other
nomenclature, chromosomal location and their main physiological functions. BMPs

currently approved for clinical use are underlined
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1.5.2 Bone morphogenetic protein-7 (BMP-7)

BMP-7, also known as osteogenic protein-1 (OP-1) is one of the many currently
known BMPs. It is of particular interest to the nephrology community not only because of
its role in kidney development, but also due to the recent evidence suggesting that BMP-7
has a critical role in cell growth regulation, cell differentiation, chemotaxis and apoptosis in

392 BMP-7 is highly conserved and

various cell types, especially kidney epithelial cells
shared 98% amino acid homology between human and mice. It is synthesized as a large
precursor and cleaved by proteolytic reaction to release mature biological active BMP-7,
which is a glycosylated disulphide-linked homodimeric protein of 36kDa’”’. BMP-7 is
widely expressed in developing tissues and is important for the normal morphogenesis of
kidney, eye. bone and limbs. In the adult, its expression is limited to kidney, cartilage and
bone. In adult kidney, BMP-7 is expressed in the epithelial cells of distal tubules,
collecting ducts and podocytes®”. Bioavailability studies using radioactive labelled 1125-
BMP-7 shows that exogenous administration of rhBMP-7 has a half life of about 30

minutes, and that radioactive labelled BMP-7 is predominantly found in the kidney cortex

and medulla shortly after intravenous administration®™.

1.5.3 BMP receptors

There are three BMP type I receptors (BMPR-IA/ activin receptor-like kinase-
3(ALK-3), BMPR-IB/ ALK-6 and ALK-2) and three BMP type Il receptors (BMPR-II,
activin type IIA receptor and activin type 1IB receptor)’”. At embryonic day 12.5 to 14.5

of mouse kidney development, BMPR-IA, -IB and BMPRII are expressed in the tips and
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body of the branching ureter and comma shaped body. However. only BMP type |
receptors but not type Il receptors are expressed in the body of ureteric bud until embryonic
day 17.5°®. This observation suggests that BMPs regulate epithelial-mesenchymal
interaction and ureteric branching by differential receptor expression during kidney

morphogenesis.

The distribution of type I receptors within the adult kidney itself varies. High
affinity BMP-7 type I receptors ALK-2 and BMPR-IA but not BMPR-IB are expressed in
human podocytes and mesangial cells. However, all type I receptors are found in kidney
tubules *”7. It is suggested that these cells are capable of responding to BMP-7 in a

; 5 3
paracrine-like manner’”®

. The affinity of BMPs for type Il receptors is much weaker than
for the type I receptors, and the different BMPs bind to these receptors with different
affinities. For example, BMP-4 preferentially binds BMPR-IA and -IB. BMP-7 binds
BMPR-IA with a higher affinity than BMPRI-IB *”. A mutation in the GS domain of the
BMPR-IA/ ALK-3 can lead to constitutive activation of the receptor, and such an activated
receptor mimics the effects of the entire receptor-ligand complex in the absence of BMP-7

and the type II receptor ***'°. These findings suggest the specificity of intracellular signals

is mainly determined by type I BMP receptors’'".

1.5.4 BMP-7 signalling

Receptors are able to bind ligands independently, but the heterodimerisation of the
type I and type Il receptor chains is required for signalling. BMP-7 binds to the low affinity

type Il receptors and the type I receptors are activated by the transphosphorylation of the
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glycine-serine (GS)-rich domain of these receptors, which leads to phosphorylation of
cytosolic Smad proteins’'>. Smad 1, Smad 5 and Smad 8 are the known R-Smad involved
in BMP-7 signalling. Activated R-Smad forms a complex with Smad 4 (Co-Smad), which
is translocated into the nucleus and modulates gene transcription with other transcriptional
factors (Figure 1.5.4.1). BMP-activated Smads bind preferentially to the transcriptional
factors with a GCCGnCGC sequence and only weakly to AGAC or GTCT gene sequences,
which are bound by TGF-B- or activin-activated Smads®'>. Some of these transcriptional
factors are Runx, osteorix, Id proteins, Hoxc-8, MyoD, SIP1 amongst others. Smad 6, the
inhibitory Smad which preferentially inhibits BMP signalling acts by preventing the
activation of type I receptors upon binding to its ligands and also by preventing the
formation of R-Smads with Smad 4°'*3'5. BMP-7 signalling is also modulated by Smad
ubiquitin regulatory factors (Smurfs) which induce the ubiquitination and degradation of
Smads thus controlling the signallings of BMPs’'>. Even though the BMP-7 and TGF-B1
signalling are known to be distinctly unique in their signalling pathways, it is interesting to
note that Smurfs can enhance the responsiveness to Smad 2, which mediates TGF-BI

signalling. Hence Smurfs have an opposite effect to that of the BMPs*'®.

It has been reported that MAPK pathways can modulate BMP/Smad signalling.
Observations in Xenopus show that activation of MAPK pathways promotes the
termination of Smad-mediated BMP signalling’'”. This is achieved by interaction with the
MH1 and MH2 domains in the Smads. The MH1 domain is involved in DNA binding and
the MH2 domain in binding to cytoplasmic retention factors, activated receptors,
nucleoporin and DNA-binding cofactors, coactivators and corepressors in the nucleus.

Recently, Motazed et al. have reported an inverse relationship of BMP-7 concentration
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with p38/MAPK stimulation in human PTCs. The group demonstrated that a low
concentration (7.5 ng/ml) of rhBMP-7 induces p38/MAPK signalling but a high
concentration of rhBMP-7 stimulated Smad 1 dependent signalling in association with
inhibition of p38/MAPK. The net effect of a high concentration of rhBMP-7 accounts for

its antifibrotic properties *'*.

TGFBI
BMPRIA(ALK3) BMP7
BMPRIB (ALK6)
TBRI ALK2 (ActR-1)

BMPRII

Runx, Osterix, Ids,
SIP1

Figure 1.5.4.1 Schematic representation of BMP-7 and TGF-B1 signalling pathways.
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1.5.5 Regulation of BMP-7 in the kidney

The biological activity of BMP-7 appears to be controlled by at least three different
mechanisms namely, A) Local BMP-7 concentration and its receptors, B) Binding of BMP-
7 to extracellular matrix, and C) Agonist and antagonists. Studies which utilized 1'*-
labeled BMP-7 have suggested that the BMPRII is constitutively expressed on PTCs,
whilst expression of the type | BMP receptors may be regulated in disease states®'’.
Zeisberg et al., using models which overexpressed BMPR-IA/ ALK-3 receptors in murine
PTCs. demonstrated a regulatory role of BMP receptors in determining BMP-7 activity™.
BMP-7 is secreted as a complex of homodimer non-covalently bound with a pro-peptide

chain which has high affinity to fibrillin-1 in the kidney’*"

. Vukicevis et al. has previously
shown that BMP-7 binds to type IV collagen®”'. Even though little is known about how
BMP-7 is mobilized from the ECM and how the pro-peptide is cleaved, several
extracellular molecules have been identified acting as agonists or antagonists to BMP-7 in
the kidney’**. BMP antagonists function through direct association with BMPs, thus
prohibiting the BMPs from binding to their cognate receptors. Such extracellular inhibitors
include noggin, Gremlin, vertebrate chordin, CRIMI, DAN/Cerebrus and uterine
sensitization-associated gene-1 (USAG-1) ***. The expression of Gremlin in adult kidney is
almost undetectable in the healthy state, but its expression increases in many CKD models,
including diabetic nephropathy, UUO and cisplatin induced nephropathy. In these models,
BMP-7 expression is markedly suppressed. In contrast, BMP-7 activity is enhanced by

increased binding to the receptor of an extracellular protein, kielin/chordin-like protein

(KCP) *** . Overall, the relevance of an altered presence of BMP receptors, the agonists
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and antagonists which are involved in the regulation of BMP-7 in PTCs is not entirely

clear.

Studies by Lund e al. suggested that decreased BMP-7 levels directly correlate
with a loss of viable renal mass®*>. This implies quantification of circulating BMP-7 and its
protein expression may serve as a biomarker for CKD. However, this may have limited
value due to the complexity of BMP-7 regulation and the lack of a sensitive assay. With
the availability of more reliable assays for BMP-7, the possibility of measuring circulating

BMP-7 as a biomarker for CKD is likely to be further explored.

1.5.6 BMP-7 and kidney development

BMP-7 deficient homozygous mice die soon after birth due to dysplastic kidneys
which appear arrested in development’®. BMP-7 is detected in the ureteric bud as it
emerges from the Wolffian duct at 11 days post-conception (dpc) and its expression is
maintained in this region throughout the development®*’. Its presence is crucial after 14.5
dpc in metanephric mesenchymal condensation, branching and differentiation of the
ureteric epithelial structures. Mutant mice kidneys show massive apoptosis with
undifferentiated mesenchymal cells, suggesting that BMP-7 is important for cell
proliferation, differentiation and survival**®. Furthermore, in concert with fibroblast growth
factor-2 (FGF-2), BMP-7 acts as a survival factor to promote differentiation of the stromal
progenitor cells adjacent metanephric mesenchyme (which will give rise to glomeruli and
most parts of the tubular apparatus), through a process known as mesenchymal-epithelial

transition (MET). It is thought that BMP-7 is expressed by the undifferentiated stromal
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cells and exerts its action in an autocrine manner’>'.

Even though it is challenging to
delineate specific functions of other BMPs which also have a role in kidney development,
namely BMP-2**, BMP-4**" and BMP-5%" various studies have established that BMP-7 is

one of the most important mediator of the morphogenesis of the ureteric buds®**.

1.5.7 BMP-7 and kidney fibrosis

Distal tubular BMP-7 expression decreases in several acute and chronic kidney
disease models and pre-emptive administration of exogenous BMP-7 can ameliorate injury
in models of ischemic nephropathy, UUO, lupus nephritis, nephrotoxic serum nephritis
and diabetic nephropathy ***. Its protective role has also been confirmed in various cell
types including PTCs *°, podocytes ***, mesangial cells **°, fibroblasts ** and endothelial

337

cells ", The proposed protective mechanisms in proximal tubule cells include direct

inhibition of TGF-B1 production, decrease of pro-inflammatory genes and

39 X 4 . X
338.339 A summary of the in vivo and in vitro

chemoattractants, and epigenetic regulation
evidence of the protective value of recombinant human BMP-7 (thBMP-7) in a number of

acute and chronic kidney injury models, are listed in Table 1.5.7.1.
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Table 1.5.7.1 Summary of published therapeutic effects of BMP-7 in renal diseases

Stimulated :

Model/ Cells Human T:lm? Of-BME:T BMB:] Effects of BMP-7
oxdmioR administration  dosage

Ischemic-reperfusion At the time of - .

(rat) ** ATN ccult 250pg/kg  |injury, T regeneration
Unilateral urethral . ; s
obstruction (UUO) Obstructive Pre-procedure 300pg/ke l tubl.llar atrophy & interstitial

(rat)** uropathy fibrosis

Ipr/lpr 341 Lupus Early disease | tubular atrophy & interstitial

MRL NHot] nephritis state 300ug/ks fibrosis
341 Alport’s Early disease | tubular atrophy & interstitial
COLAAT Cmouse) syndrome state 300ug/kg fibrosis
Nephrotoxic nephritis Acute anti- 3 weeks post 300ug/k Regression of tubulointerstitial
(mouse)™® GBM GN induction HEXE  injury
STZ-induced DM Diabetic kel oo o VRS ey peephy,
(rat)**? nephropathy onset of DM He ke ganRo PR BB
STE BT sy 41, (AL g
.. 33 nephropathy kg 75 ’
transgenic mice lalbuminuria
Human Mesangial IgA I hour pre- I|TNFa, IL-6, TGFp1, NF-kB, -
cells’ nephropathy incubation Boogml o i 68 Smad T
Basal & TNF- o Fiotis
Human PTCs™® a stimulated 100 ng/ml | pro-inflammatory cytokines
conditions sreduient
Capeeit Preserves synapotopodin and
Podocytes (mouse)™™*  High glucose  exposure for7 300 ng/ml i Yo, BYREPOOR
diys podocin expression

78



TGF-B1 induces EMT in renal tubular epithelium and disrupts the tubular polarity.
Conversely, BMP-7 has been reported to limit these consequences of TGF-B as
demonstrated by re-induction of E-cadherin, a key epithelial cell adhesion molecule®. It
has been shown in murine mesangial cells that BMP-7 can reduce TGF-B1-induced ECM
production such as type IV collagen, and elaboration of profibrotic cytokines like TSP-1
and connective tissue growth factor (CTGF)***. BMP-7 maintains the level and activity of
MMP-2 and prevents TGF-B1 dependent upregulation of PAI-1. In addition, BMP-7
reduces the nuclear accumulation of Smad 3 and blocks the transcriptional upregulation of
the TGF-B1/ Smad 3 target, CAGA-lux, in mesangial cells. Recent evidence suggests that
BMP-7 induces the inhibitory I-Smads, Smad 6 and Smad 7 in both PTCs and mesangial

»
cellg?¥ 3%

. Smad 7 interferes with the TGF-Blsignalling through inhibition of the
phosphorylation of Smad 2/3 whereas Smad 6 suppresses the transcriptional activity of
glucocorticoid and mineralocorticoid receptors via its C-terminal MH2 domains by
attracting histone deacetylase-3**°. Smad 7 also limits Smad 1/5/8 phosphorylation, hence
completing the negative feedback loop of BMP-7 signalling. Immunohistochemistry has
also suggested upregulation of nuclear Smad 1 in tubular epithelium suggestive that BMP-
7 counteracts TGF-B1 action through direct antagonism involving the Smad pathways®’.
Moreover, BMP-7 represses basal and TNF-a stimulated expression of proinflammatory
cytokines in PTCs, which includes IL-6, IL-1B. 1L-8, MCP-1, and the vasoconstrictor
endothelin-2 (ET-2)**®. In vivo BMP-7 also represses the expression of pro-inflammatory
304

genes and thus reduces the recruitment of macrophages and other inflammatory cells™".

Emerging pre-clinical evidence suggests that exogenous administration of rhBMP-7 can at
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least partially resolve the glomerular and interstitial injury in experimental diabetic

nephropathy****%.

However, the antifibrotic effects of BMP-7 were at best modest in a rat protein-
overloaded model in the absence of significant tubular epithelial cell apoptosis and
EMT*. In most published studies using animal models, exogenous administration of
BMP-7 was given either “pre-insult” or at an early time point in the establishment of
pathology. There is emerging evidence to suggest its ability to reverse TGF-B1 induced
EMT in established human kidney disease is limited. Dudas ef al. have recently shown that
BMP-7 fails to attenuate TGF-B1 induced EMT in two different human proximal tubular
cell lines™*. Therefore the antifibrotic value of BMP-7 in human kidney disease remains

controversial.

1.6 Nuclear hormone receptors

Nuclear hormone receptors are transcription factors comprised of four main
functional domains: the N-terminal transcriptional activation domains, which contain the
activation function (AF1) domains, the action of which is independent of presence of
ligands: the DNA-binding domains which binds the receptor’s target genes; the ligand-
binding domains; and the C-terminal, ligand-dependent activation function (AFs) domains,
which are located in the carboxyl terminus of the ligand binding domains and modulates
receptor activity in response to the interaction with receptor agonist3 *_Some of the nuclear
receptors known to be involved in the pathogenesis of renal disease include vitamin D

receptor (VDR), peroxisome-proliferator associated receptors (PPARs), farnesoid X
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receptor (FXR) and hepatocyte nuclear factor 4o (HNF4a). Nuclear receptors are well
known for their involvement in various metabolic processes such as glucose and lipid
metabolism, inflammation, oxidative stress and fibrosis®’. Nuclear hormone receptors
regulate their physiological effects by controlling the transcription of a myriad of genes
through diverse mechanisms; for examples, nuclear hormone receptors can regulates their
own expression level. The function of nuclear hormone receptors is regulated by ligand
activity and level, by the action of coregulatory proteins, as well as by post-translational

modification™'-*>2,

A total of 48 human and 49 mouse genes that encode nuclear receptors have been

S 353, 354
identified %3

. The first nuclear hormone receptors were discovered in an effort to define
the mechanism of action of vitamin A, vitamin D, thyroid hormone, steroidal
glucocorticoids, mineralocorticoid hormones and sex hormones. Estrogen receptors and
VDRs have promising effects in the context of diabetic nephropathy. A number of ‘orphan
receptors’ were subsequently discovered, which were nuclear hormone receptors for which
physiological function and identity of activating ligands were unknown. Some of these
receptors were found to have physiologic ligands derived from dietary lipid and
metabolites, such as bile salts, fatty acids and eicosanoids. These receptors are now called
‘adopted orphan receptors’, and of these the PPARs and FXR have been shown to have a
major role in the prevention of diabetic nephropathy 32.33 Nuclear hormone receptors are
well established targets for small molecule modulators therefore, both biomedical and

pharmaceutical researchers have strived to develop synthetic ligands that selectively

modify nuclear hormone receptors function. The approach is currently under investigation
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as a strategy for the treatment of endocrine and metabolic disease, such as diabetic

nephropathy 3,

1.6.1 Farnesoid X receptors

FXR which is better known as the bile acid receptor has recently being associated
with metabolic syndrome and kidney fibrosis’>. FXR is also known as NR1H4, is an
adopted orphan nuclear receptor named after farnesol, an intermediate in the mevalonate
biosynthetic pathway which was found to weakly activate FXR at supraphysiological
concentrations *>* **’_ It is located in Chromosome 12923.3. FXR was first discovered to
have a critical role in regulation of bile acid metabolism. Chenodeoxycholic acid (CDCA)
and its conjugated forms, which are hydrophobic, are the most potent endogenous ligands
of FXR, whereas the hydrophilic bile acids ursodeoxycholic acid (UDCA) and muricholic
acid do not activate this receptor’">°’. The main physiological role of FXR is to function
as a bile acid sensor in enterohepatic tissues. FXR activation regulates the expression of
various transport proteins and biosynthetic enzymes crucial to the physiological
maintenance of cholesterol and bile acid homeostasis. In addition, activation of FXR
lowers plasma triglycerides and glucose levels through a mechanism that involves both the
repression of key regulatory genes in the liver and the modulation of insulin sensitivity in
peripheral tissues, including kidneys. With the availability of FXR-deficient mice,
increasing evidence suggests that FXR agonists do not just play an important role in bile
acid, cholesterol, triglycerides and glucose metabolism but have been shown to have a role

362, 363

in liver regeneration’®', tumorigenesis . and to possess antifibrotic and anti-
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inflammatory properties. Because of this, FXR has been described as a multipurpose
nuclear receptor’®, a metabolic regulator and a cell protector’>. Currently potent synthetic
FXR agonists that have been identified include GW4064, 6-ehtylchenodeoxycholic acids

(6-ECDCAs ) and fexaramine.

FXR is highly expressed in the liver, intestine, adrenal gland and kidney, but with
lower expression in fat and heart **>. There are two FXR genes, FXRa (NR1H4) and FXRp
(NRTHS) in mammals. FXRp is a lanosterol sensor that encodes a functional protein in
rodents, rabbits, and dogs but is a pseudogene in human®®. A single FXRa gene encodes
four isoforms which are expressed in a tissue-dependent manner **’. FXRal and o2 are
predominantly found in ileum and adrenal gland. whereas a3 and are abundantly expressed
in ileum and kidney but also found at low levels in stomach duodenum and jejunum (Table

1.6.1.1)

FXR shares the common modular structure of all members of the metabolic-nuclear
receptor superfamily, which includes a highly DNA-binding domain in the N-terminal
region and a moderately conserved ligand binding domain in the C-terminal region. The
ligand-independent activation function-1 (AF-1) and ligand dependent activation function-
2 (AF-2) are located in N-terminal and C-terminal regions, respectively. Activation of FXR
has an important role in maintaining glucose, lipid, and bile acid homeostasis in the
enterohepatic system *°* **°. The diseases have been linked with FXR are cholestasis,
diabetes mellitus, atherosclerosis, cholesterol gall stone disease, liver regeneration and

inflammation, and liver, breast and colonic cancer>>".

83



Table 1.6.1.1 Summary of FXR related information

Gene NR1H4 (FXR)
Expression Liver
Small intestine
Kidney
Adrenals

Vascular smooth muscle
Adipose tissue
Breast cancer

Natural Primary bile acid: CA, CDCA
agonists Secondary bile acid: LCA, DCA
Polyunsaturated fatty acids: arachidonic acid; docosahexaenoic acid,
and linolenic acid
Bile acid metabolites: 26- or 25-hydroxylated bile alcohols
Oxysterols: oxysterol 22(R)-hydroxysholesterol
Androsterone (very weak activity)
The order of potency of these ligands: 26- or 25-hydroxylated bile
alcohols=CDCA>LCA=DCA>CA
Synthetic GW4064 (high-affinity agonist), 6ECDCA (semisynthetic bile acid).
agonists AGN29, AGN31
The potency of these ligands:
GW4064 and 6ECDCA are more potent than the bile acids
AGN29 and AGN31 are FXR-selective ligands and 25-fold more potent
than naturally occurring ligands

Antagonists Guggulsterone. lithocholate, AGN34

Response IR-1: GAGTTAaTGACCT

elements GGGTGAaTAACCT
GGGACAtTGATCCT
AGGTCAaGTGCCT
GGGTCAgTGACCC

DR-1: AGAGCAnAGGGGA
ER-8: TGAACTcttaaccaAGTTCA
Monomer binding site: GATCCTTGAACTCT TGAACT

CDCA: chenodeoxycholic acid, DCA: Deoxycholic acid, LCA: Lithocholic acid, CA:
Cholic acid
Wang et al. 2008 Cell Research®’
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1.6.2 FXR and its target genes

FXR regulates the expression of a wide variety of target genes by binding either as
a monomer or as heterodimer with its obligate partner, 9-cis-retinoic acid receptor (RXR),
to the FXR response elements (FXREs). Typical FXREs consist of an inverted repeat of
AGGTCA®. FXR regulates human intestinal bile acid binding protein (IBABP), small
heterodimer partner (S HP_)m, bile salt export pump (BSEP), Bile acid-CoA: amino acid N-
acetyltransferase (BAT) and phospholipid transfer protein (PLTP), with varied affinities’’>.
By binding to the FXREs, FXR alters the expression of groups of genes involved in bile
acid homeostasis. FXR activates SHP, which in turn inhibits cholesterol 7a-hydroxylase
(CYP7A1) expression, hence repress bile acid synthesis’’>. However, the significance of

this process in organs other than liver and intestines remains unclear.

Studies of FXR knock-out animals have shown that FXR regulates genes that
participate in lipoprotein and triglyceride metabolism. These include genes for
phospholipid transfer proteins (PLTP), the very low density lipoprotein receptor (VLDL-R)

74, 375
5343?

and apolipoprotein C-II and apolipoprotein . In addition, activation of FXR leads to

repression of the sterol regulatory element-binding protein-1c (SREBP-1c), a transcription

37 The close

factor which plays a crucial role in fatty acid and triglyceride synthesis
intrinsic interaction between lipid and glucose metabolism is through FXR regulation on
phosphoenolpyruvate carboxykinase (PEPCK), which is key enzymes in the catalytic

pathway of hepatic gluconeogenesis®’’.

Upon ligand binding, FXR undergoes conformational changes to release

corepressors such as nuclear corepressors and recruit coactivators such as steroid receptors
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coactivator-1 (SRC-1), protein arginine (R) methyl transferase-1 (PRMT-1), coactivator-
associated arginine(R) methyltrasnferase-1 (CARM-1), peroxisome-proliferator-receptors
(PPAR)-y coactivator-1a (PGC-1a) and vitamin-D-receptor-interacting protein-205 (DRIP-
205)*>. The mechanism and relevance of regulation by these coactivators by FXR ligands

is still unknown.

Bile acid metabolism: Lipoprotein metabolism:

Induced: Induced:

BACS Apolipoprotein C-Il

BAT Apolipoprotein E

BSEP Human complement C3

Hepalic insig-2 MDR3

IBABP PLTP

MRP2 SDC1

OATPS VLDLR

hOSTu/hOSTH Suppressed:

SHP ApoA-1

sTD Hepatic kpase

Suppressed: Apo CHl

ASBT

CYPTA1 %

CYP881 glEu;cor metabolism:
EBP-1

- GéPase

Figure 1.6.2.1 Ligand binding of FXR and targets genes regulated by FXR.

FXR regulates a large number of target genes involved in bile acid, lipoprotein and

glucose metabolisms. FXR binds to DNA either as a heterodimer with RXR or as a

monomer to regulate the expression of various genes>>>
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1.6.3 Role of FXR in kidney fibrosis

The antifibrotic role of FXR agonist was first demonstrated in a model of hepatic
fibrosis. Fiorucci ef al. has demonstrated that FXR activation prevents rat liver fibrosis
induced with porcine serum or bile duct ligation *’* and atherosclerosis in Ldlr-knockout
mice and ApoE-knockout mice *"***°. In mouse kidney, FXR expressed in both isolated
glomeruli and proximal tubules. The expression levels of FXR in the proximal tubule cells
are approximately 5 times more than that of the glomeruli*’. FXR was also found to be
expressed in both cultured mouse mesangial cells and podocytes **. Levi’s group have also
demonstrated a protective role of FXR activation in the kidney of db/db mice with type 2
diabetes and in DBA/2J mice fed with a ‘western diet’ as a model of diet-induced obesity
and insulin resistance®'. These experimental models of disease showed improvements in
proteinuria, glomerulosclerosis, tubulointerstitial fibrosis and macrophages infiltration with
FXR activation. It is postulated that the renoprotective effects are mediated by effects on
lipid metabolism, oxidative stress, and on the production of proinflammatory cytokines and
profibrotic cytokines. In addition, deletion of the gene that encodes FXR in mice with STZ-
induced type I diabetes which leads to increased renal injury compared with wild-type
mCS57BL/6 mice with STZ-induced type I diabetes. The evidence suggests that modulation

of FXR could be a promising therapeutic avenue for treatment of diabetic nephropathy.

The first synthetic FXR agonist is GW4064, which is a high affinity non-steroidal

. 369
368,363 However, the

agent that has been tested in rodent studies and in vitro cell cultures
poor bioavailability of GW4064 has limited its clinical development. The high affinity,
semi synthetic, bile acid derived FXR agonist, INT 747 (6a-ethyl-chenodeoxycholic acid)

was subsequently developed and has exhibited anticholestatic and antifibrotic properties in
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rodent model of liver disease. A clinical trial is in progress to examine the physiological

effect of FXR activation by INT 747 in humans with non-alcoholic fatty liver disease.

1.6.4 Sterol regulatory element-binding proteins (SREBPs)

Sterol regulatory element-binding proteins (SREBPs) are members of the basic
helix-loop-helix leucine zipper family of transcription factors. SREBPs are synthesized as
2,150-amino acid precursor proteins that remain bound to the endoplasmic reticulum. Upon
sterol deprivation, the precursor protein undergoes a sequential two-step cleavage process
to release the NH2-terminal portion. This NH2-terminal, mature segment then enters the
nucleus and activates the transcription of genes involved in cholesterol and fatty acid
synthesis by binding to sterol regulatory elements or to the E-boxes within their promoter
region’*”. Currently, there are three isoforms of SREBPs namely SREBP-1a, SREBP-1¢
and SREBP-2. SREBP-1a and SREBP-Ic are derived from a single gene. SREBP-1a is the
more common isoforms found in cultured cells and is a stronger activator of transcription
than SREBP-lc. SREBP-2, which derived from a different gene and is known to be
involved in the transcription of cholesterogenic enzymes. All cultured cells exclusively
express SREBP-2 and the -1a isoforms, whereas most organs including the liver, express

predominantly SREBP-2 and -1¢ isoforms of SREBP-1°%,

SREBP-1 is involved in transcriptional regulation of lipid and cholesterol synthesis.
Genes regulated by SREBPs include the low density lipoprotein receptors, 3-hydroxy-3-
methylglutaryl-CoA synthase, acetyl-CoA carboxylase, fatty acid synthase (FAS), stearoyl-

CoA desaturase-1 and -2 (SCD), ATP citrate lyase (ACL), S14, and glycerol-3-phosphate
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acyltransferase. Activation of FXR suppresses SREBP-1 expression through an indirect
mechanism. The potential involvement of SREBP-1 in kidney disease has been described
in transgenic mice overexpressing SREBP-la, and in diet-induced or obesity-related

. y . 384,
diabetic mice®®* 3%

. Overexpression of renal SREBP-la resulted in triglycerides
accumulation associated with increased expression of profibrotic factors (TGF-1, PAI-1,
vascular endothelial growth factor (VEGF)), enhanced mesangial expansion, increased
ECM accumulation and proteinuria®*®. In contrast, SREBP-1¢ knock-out prevented high fat
diet induced lipid-induced nephropathy®®’. Recently, PEPCK-promoter transgenic mice
which overexpressed nuclear SREBP-Ic, exhibited characteristic histological findings that
mimic diabetic nephropathy, despite the absence of hyperglycemia or hyperlipidemia,
suggesting that SREBP-1¢ activation in the kidney could contribute to the emergence or

388

progression of diabetic nephropathy However, the exact role of SREBP-1 in renal

fibrosis remains unclear.

1.6.5 Interaction of FXR and PPARY nuclear receptors

Other nuclear receptors known to be involved in the pathogenesis of CKD.
particularly diabetic nephropathy, are VDR, PPARa, PPARYy, PPARS, Liver X receptors

350

(LXR) and estrogen-related receptors (ERR)™". Of these, PPARs have been most widely

reported to have a complex interaction with FXR in fibrosis.

FXR ligands used in a hepatic fibrosis model can induce PPARy in
transdifferentiated hepatic stellate cells and effectively inhibit aSMA and collagen lo

synthesis, and TGF-Bl. The antifibrotic effect is potentiated by the addition of
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rosiglitazone, a potent PPARY agonist, suggesting a synergistic effect of these two nuclear
receptors’" . Mencarelli ef al. using ApoE™ mice fed with high fat diets discovered that a
synthetic FXR agonist reduced the extent of atherosclerotic plaque in a dose-dependent
manner. This protective effect was comparable to that exerted by rosiglitazone. The
expression of FXR and SHP in the aorta of ApoE”" mice is endogenously upregulated. On
the contrary, PPARy expression is markedly suppressed in this animal model. The
pathogenic relevance in this model is unclear, but the group has shown that FXR ablation
in this model increases the tendency towards development of severe atherosclerotic
disease®™. This evidence suggests that FXR and PPARy both have an independent yet
interdependent relationship, in protection against atherosclerotic plaque formation. In
another study, peroxisome proliferator-activated receptor-y coactivator la (PGC-la) was
found to regulate triglyceride metabolism through a FXR-dependent pathway by increasing
FXR mRNA and its target genes, via coactivation of PPARy and HNF4a’"'. More recently,
diverse PPARY agonists have been shown to have a differential modulatory effect on FXR.
Troglitazone, but not rosiglitazone or pioglitazone can potently antagonize bile acid-

2 This suggests that

mediated activation of FXR and affect its downstream target genes
the relationship of FXR and PPAR family is much more complex and may involve both
conventional and unconventional signalling pathways. The mechanistic interaction of
these nuclear receptors in the pathogenesis of human kidney disease remains largely

unclear. Therefore, the synergistic effects of FXR and PPARy ligands on CKD remain an

important area of investigation.
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1.7 The aims of this thesis

Despite of all the beneficial interventions implemented in patients with CKD, such
as blood pressure control, blockade of the renin-angiotensin-aldosterone system and tight
glycaemic control in the case of patients with diabetes mellitus, functional decline occurs
in most patients with CKD. Additional treatment modalities that target novel pathogenetic

pathways involved in CKD are urgently needed to slow its progression.

The central aim of this thesis is to dissect the mechanisms involved in CKD and to
explore the therapeutic potential of available agents in models mimicking CKD and/or
diabetic nephropathy. The therapeutic agents studied in this thesis include rhBMP-7, PXS-

25, a CI-M6PR inhibitor and GW4064, a selective FXR agonist.

By using HK-2 cells, the antifibrotic properties of BMP-7 is first confirmed either
by using exogenous administration of rhBMP-7 or overexpression studies. The specificity
of intracellular signalling of BMP-7 is mainly determined via type 1 BMP receptor
signalling. Our group has previously demonstrated a parallel transcriptional induction of
KLF-6 in PTCs exposed to TGF-B1. Hence the interaction between TGF-B1, KLF-6, BMP-
7 and its receptors, and their roles and interrelationships in the development of EMT is

studied.

One of the most important means of controlling the biological effects of TGF-B1 is
the regulation of its activation. Hyperglycaemic and/or hypoxic conditions are the dual
environments of the diabetic milieu, which are known to induce tubulointerstitial fibrosis.
By using a selective CI-M6PR inhibitor, PXS25, we aimed to address the therapeutic

potential of this agent by using an in vitro model of proximal tubular cell line cultured in

91



either or both of these conditions. Unlike TGF-BI neutralizing antibodies and other non-
selective inhibitors of TGF-B1, PXS25 is a selective CI-M6PR inhibitor which prevents the
CI-M6PR-mediated TGFp; activation but still allows active TGFp, formation via CI-M6PR

independent pathways.

Studies in humans with type I and type Il diabetes mellitus and in diabetic animal
models have reported an accumulation of lipids in the kidney, even in the absence of
abnormalities in serum lipid levels, which is correlated with the development of
tubulointerstitial fibrosis. Nuclear receptors are known to regulate lipid and glucose
metabolism in kidney cells. Using GW4064 and PPARy agonists, we aim to study the
effect of high glucose on FXR expression, FXR regulation of ECM accumulation and
inflammation, and to compare the effects of PPARy and FXR agonists in human tubular

cells.

Finally, we explore the potential of circulating TGF-B1 and BMP-7 as biomarkers
for progression of diabetic nephropathy. The Action in Diabetes and Vascular Disease:
Preterax and Diamicron Modified Release Controlled Evaluation (ADVANCE)
Collaborative Group study, is a factorial randomised, double blinded controlled trial
conducted at 215 collaborating centres in 20 countries from Asia, Australasian, Europe,
and North America, involving 11,140 patients with type 2 diabetes, assigned to either
standard glucose control or intensive controlled arms (HbA1C <6.5%). Primary end points
were composites of major macrovascular events (death from cardiovascular causes,
nonfatal myocardial infarction, or nonfatal stroke) and major microvascular events (new or
worsening nephropathy or retinopathy), with a median follow up period of 5 years. The

study was reported in 2008, and concluded that intensive glucose control, yielded a 10%
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relative reduction in the combined outcome of major macrovascular and microvascular

events, primarily as a consequence of a 21% relative reduction in nephropathy.

With appropriate ethics approval, we were provided with the opportunity to utilize
the serum samples collected at the study entry point from ADVANCE study, who develop
a renal endpoint (defined as doubling of serum creatinine to at least 200umol/l, need for
renal replacement therapy, or death due to renal disease). We studied the circulating
profibrotic and anti-fibrotic cytokines of 64 patients who have a major renal outcome,
using an appropriate number of patients who did not develope adverse outcome as the
control. Firstly, we aim to assess the baseline circulating value of TGFB-1 and BMP-7 in
people with Type II diabetes mellitus. Secondly, to assess whether baseline circulating
levels of TGF-BI, BMP-7 and their ratio are related to the risk of progressive diabetic
nephropathy and whether any relationships identified are independent of other baseline

clinical parameters.
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CHAPTER 2: Materials and methods

2.1 In vitro Model
2.1.1 Human kidney-2 (HK-2) cells

Human kidney-2 cells (HK-2) cells from American Type Cell Collection (ATCC,
USA) were used as the primary model for studies undertaken in this thesis. First described
in 1994, they are derived from a primary proximal tubules cell (PTC) culture from normal
adult human renal cortex exposed to a recombinant retrovirus containing the human
papillomavirus (HPV16). E6/E7 genes resulted in a cell line which has grown continuously
in serum free media for more than a year. The E6/E7 genes of HPV are able to immortalise
different types of epithelial cells without significantly altering the functional characteristics

of the cells 3*3%

. HK-2 cell growth is epidermal growth factor (EGF) dependent and the
cells retain a phenotype indicative of well-differentiated PTCs (positive for alkaline
phosphatase, gamma glutamyl transpeptidase, leucine aminopeptidase, acid phosphatase,
cytokeratin, a3B1 integrin, and fibronectin; negative for factor VIll-related antigen, 6.19

3% Furthermore, HK-2 cells retain functional

antigen and CALLA endopeptidase)
characteristics of proximal tubular epithelium (Na" dependent/ phlorizin sensitive sugar
transport:; adenylate cyclase responsiveness to parathyroid, but not to antidiuretic hormone).
The cell line is well-differentiated on the basis of its histochemical, immune cytochemical
and functional characteristics, and it can reproduce experimental results obtained from

freshly isolated PTCs. It has been used extensively in in vitro experimentation 2% **%3%7,

2.1.2 Cell culture conditions
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HK-2 cells were grown in keratinocyte-serum free medium (KSFM) (Invitrogen,
USA) supplemented with 5ng/ml recombinant epidermal growth factor (EGF) (Gibco, NY,
USA) and 0.05ng/ml bovine pituitary extract on 10cm petri dishes (BS Biosciences, USA).
Cells were incubated at 37°C, in a humidified 5% CO» and 95% air. Medium was refreshed
every 48-72 hours until confluent. Trypsin-EDTA solution containing 0.25% (w/v) trypsin
(Invitrogen, USA) was used to mobilise cells from their petri dishes. Cells were then
centrifuged at 2000 rpm and subsequently washed three times in KSFM to remove trypsin-
EDTA. Cells were either resuspended in KSFM for immediate experimental use or frozen

and stored in liquid nitrogen.

2.1.3 Hypoxic cell culture conditions

Cells were grown in 6 well dishes (Sarstedt, Germany) at 37°C, 5% CO, and 95%
air until they reached ~70-80% confluence. Once the cells were ready, they were
transferred to the hypoxic chamber (Coy Laboratory Inc, USA) with conditions set at 37 °C.
5% CO; and 1% O,, and incubated overnight 24 hours prior to the treatment while the
medium was equilibrated to hypoxia (1% O,). Concurrently with the hypoxic condition
experiment, similar passage cells cultured in normal oxygen concentration (normoxic) as
previously described were used as a control. Cells were collected in the same manner for

both hypoxic and normoxic treated conditions.
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2.1.4 Primary culture of human proximal tubular cells (PTCs)

Using previously well described methods, segments of macroscopically and
histologically normal renal cortex were obtained under aseptic conditions from patients
undergoing nephrectomy for small (<6cm) tumours *** 3% Patients with known renal
disease or systemic disease affecting tubulointerstitial pathology were excluded from the
study. Written informed consent was obtained from each patient prior to surgery, and
ethics approval for the study was obtained from the Royal North Shore Hospital (RNSH)

Research Ethics Committee.

The kidney cortex was dissected from the medulla. Part of the cortex was kept for
immunohistochemistry, and the remaining cortex was finely minced using a razor blade on
ice. The minced tissue was washed twice in PBS and then digested by 1mg/ml collagenase
(383 IU/mg from Worthington, USA) for 15 min at 37°C. The digested mixture was then
passed through a pm mesh. Collagenase was removed by washing the filtrate three times in
PBS. The filtrate was resuspended in 50ml of 45% Percoll (Pharmacia, Uppsala, Sweden)
and centrifuged at 20,000 rpm at 4°C for 30min. The lowermost tissue band containing
highly purified PTCs was carefully removed and washed. The PTCs were washed
separately three times in phosphate buffered saline (PBS). The fragments of PTC pellets
were resuspended in serum-free hormonally defined media consisting of 1:1 (vol/vol)
Dulbecco’s modified Eagle’s media (Trace, Australia) supplemented with 10ng/ml
(1.64nM) epidermal growth factor, Smg/ml human transferrin, Smg/ml (0.87mM) bovine
insulin, 0.05mM hydrocortisone, S0mM prostaglandin E1, 50nM selenium and 5pM tri-
iodothyronine (all from Sigma Aldrich, USA). Medium was changed every three days until

the cells became confluent. Passage 2 cells were used for all experiments. The
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ultrastructure, growth and immunohistochemistry of PTCs have been well characterized in
the laboratory and shown to reproducibly reflect the biology and physiology of their in

. 400,
vivo counterparts “* 40!,

2.2 In vivo model
2.2.1 Diabetic transgenic (mRen-2)27 rat

(mRen-2)27 diabetic rat is a well established model of diabetic nephropathy. These
rats developed severe renal impairment and histologic injury, resembling human diabetic
nephropathy. In the transgenic (mRen-2)27 rat, the mouse Ren-2 gene is inserted into the
genome of a Sprangue-Dawley rat such that over-expression of renin occurs at sites of
normal physiological expression. This model displays hypertension and develops
progressive nephropathy with the induction of STZ diabetes, displaying an amplified tissue
renin angiotensin system (RAS) which is likely responsible for the classic glomerular and
tubulointerstitial changes **. This progressive renal disease is partially prevented by ACE
inhibitor treatment ** . These diabetic animals have elevated tissue TGF-B1, rendering
them an appropriate model for our study ***. Female rats were chosen because of their
reduced likelihood of developing malignant hypertension, which can also cause

pathological changes in the kidney.

Eight-week-old female, homozygous (mRen-2)27 rats (St. Vincent’s hospital
Animal House, Melbourne, VIC, Australia)weighing 170 + 20gm were randomised to
receive either 55mg/kg of streptozotocin (STZ) (Sigma, St Louis, MO, USA) diluted in
0.1M citrate buffer pH 4.5 or citrate buffer only (control non-diabetic animals) by tail vein
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injection following using an AMES glucometer (Bayer Diagnostics, Melbourne, VIC,
Australia) and only the STZ-treated animals with blood glucose >20mmol/L were
considered diabetic. Every 4 weeks, systolic blood pressure was determined in pre-heated
conscious rats via tail-cuff plethysmography using a non-invasive blood pressure controller
and Powerlab (AD instrument, NSW, Australia). All animals were housed in a stable
environment maintained at 22 + 1°C with a 12 hours light and dark cycle commencing at 6
am, and allowed free access to tap water and standard rat chow containing 0.25% Na' and
0.76K" (GR2; Clark-King & Co., Gladesville, NSW, Australia). Diabetic rats received
twice weekly injections of insulin (2 to 4units intraperitoneally; Humulin NPH, Eli Lilly
and Co., Indianapolis, USA) to reduce mortality and to promote weight gain. Experimental
procedures adhered to the guidelines of the National Health and Medical Research Council
of Australia’s Code for the Care and Use of Animals for Scientific Purposes, and were

approved by the Bioethics Committee of the University of Melbourne.

Rats were anaesthetised (Nembutal 60mg/kg body weight i.p. Boehringer-
Ingelheim, Australia) at week 16, and the abdominal aorta cannulated with an 18G needle.
Perfusion-exsanguination commenced at systolic blood pressure 180-220 mmHg via the
abdominal aorta with 0.1M PBS, pH 7.4 (20-50mls) to renal circulating blood, and the
inferior vena cava adjacent to the renal vein was simultaneously severed, allowing free flow
of the perfusate. After clearance of circulating blood, 4% paraformaldehyde in 0.1<
phosphate buffer, pH 7.4 was perfused for a further 5 min (100-200mls of fixative).
Kidneys were then excised, decapsulated, sliced transversely, immersed in 4%
paraformaldehyde in 0.IM phosphate buffer for overnight fixation and then paraffin-

embedded for subsequent light microscopic evaluation.
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2.2.2 Human Kidney biopsy specimens

Paraffin-embedded tissue blocks from biopsies of renal biopsy specimens with
diabetic glomerulosclerosis were randomly retrieved from the files of the Department of
Pathology, RNSH between Jan 2007 to December 2009. Each patient was contacted and
verbal informed consent was obtained. Diabetic changes were confirmed by light
microscopy on examination by a RNSH pathologist, and only established diabetic
nephropathy specimens were selected for our study. Patients’ characteristics and
biochemistry were retrospectively traced from the laboratory computer systems or medical
records. Controls consisted of histologically normal kidneys obtained with informed
consent from patients undergoing nephrectomy for small (<6 cm) kidney tumours. Ethics
approval for the study was obtained from the RNSH Human Research Ethics Committee.
The kidney cortex (with the tumour removed) was fixed overnight in 10% neutral buffered
formalin (Fronine, Taren Point, NSW, Australia) at 4°C followed by embedding in paraffin

for subsequent light microscopic evaluation.

2.3 Immunohistochemistry

2.3.1 Tissue preparation and immunohistochemical staining

For immunohistochemistry staining, four micron sections paraffin section were
placed into xylene to remove the paraffin wax, and rehydrated in graded ethanol. Antigen

retrieval was performed by incubation in a citrate buffer bath, pH 6, for 20mins at boiling
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temperature. Slides were then left to cool at room temperature before being washed with
excessive running distilled water, marked and then washed once with 0.01% tween in
0.Imol/L PBS, pH 7.4. Endogenous peroxidase was removed by incubation with 3%
hydrogen peroxide for 5 minutes. After one wash with wash buffer, slides were blocked
with serum free blocking solution (Dako cytochemistry, USA). Sections were then
incubated in primary antibody with PBS/ antibody diluents (Dako Cytochemistry, USA)
either overnight at 4°C, or for 1 hour at room temperature. Sections were thoroughly
washed with wash buffer (2x 5 minute) before incubation with equal volume of Envision
dual linked system (EDL) (Dako Cytochemistry, USA) for 30 minutes. Following rinsing
with PBS (2x5 minute), localisation of the peroxidase conjugates was achieved by using
diaminobenzidine tetrahydrocholoride (DAB) as a chromogen for 10 minutes. Sections
were rinsed in tap water for 5 minutes to stop the reaction and then counterstained in
Mayer’s haematoxylin followed by washing with tap water, then dehydrated with grade
ethanol, cleared and mounted in Dako glycerol mounting medium (Dako, USA). Slides
were blinded, and analysed using the Olympus digital microscope (Olympus, Tokyo,

Japan).

To confirm the specificity of the antibody stained, Genecard system was first used
to check the tissue or organ in which the protein of interest is most abundantly expressed.
Initial screening of proteins of interest was performed using normal atlas biopsy core
specimens generously provided by Ms Sanaz Maleki and Dr. Kerrie McDonald from the
Cancer Genetics Group of the Kolling Institute of Medical Research. These biopsy
specimens included normal tissue from Kidney, liver, brain, breast, ovary, uterus, placental,

prostate, tonsil, colon, parotid gland, testis, muscle and pancreas. Screening was initially
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performed using various dilutions of primary antibody. Sections were also incubated with
comparable dilution of non-specific 1gG or with the primary antibody omitted to serve as

positive and negative controls.
2.3.2 Semiquantitative morphometry analysis

Two methodologies were used to semiquantify histological changes. The first
method involves categorising histological changes from 0 to 3. By visually examining
several non-overlapping areas at 200x magnificent with special stains (periodic acid-Schiff
(PAS) or Masson’s trichrome stains), each area was graded as follows: 0 = normal; 1= 1 to
25% pathological lesion; 2= 26 to 50% pathological lesion and 3 > 50% pathological
lesions. The sum of the total score divided by the number of non-overlapping field studied
was used as the final score. This method was used for glomerulosclerosis and
tubulointerstitial scores. The second methodology involved the use of the automated
cellular imaging system (ACIS III) (Dako, USA). Slides were loaded into a microscope
scanner connected to the ACIS Il computer, which captured and saved a high resolution
composite image of each section in its entirety. Each glomerulus was marked carefully
using a hands-free mode, and the volume of each glomerulus was calculated and expressed
as um’ (Figure 2.3.2.1). Thresholds for brown (e.g. pink color in PAS staining, Figure
2.3.2.2a) or blue (nuclear staining, Figure 2.3.2.2b) were predetermined, and these colour
threshold settings was applied to all images to ensure consistency. The software can isolate
the predetermined colour threshold and express this area in pum®. Using a simple
calculation, the percentage of the area of predetermined colour over the volume of
glomeruli can be easily determined. This method was used to determine glomerular volume

(GV), mesangial sclerosis per glomerular volume (Mes/G) and the volume of mesangial
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cells per glomerular volume (MC/G). All the analysis was scored by at least two blinded

aSSEeSssors.

Figure 2.3.2.1 Semiquantitation of glomerular volume.

Using freehand mode, the outline of a glomerulus is traced and using the software ACIS 111

version 3.2.2, the area of each glomerulus can be calculated and expressed in um".
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Figure 2.3.2.2 Determination of colour threshold for mesangial sclerosis and nuclei.

ACIS HI allows predetermination of the colour threshold on scanned high resolution
composite image of each section. A threshold for brown (i.e. pink colour in PAS staining)
representing the mesangial sclerosis area or blue (representing the cells nuclei) were
predetermined and these colour threshold settings. This is an operator-dependent area;
however, the predetermined setting is applied to all images to ensure consistency. Since all
special staining was performed in the same batch and with the same setting, variability is
expected to be minimal. By using a simple calculation, mesangial sclerosis/ glomerular

area (Mes/Glom) and Mesangial cells/ glomerular area (MC/Glom) can be estimated.
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2.4 Immunofluorescence (IF)

Immunofluorescence was performed in paraffin embedded kidney sections and

cultured cells.

2.4.1 Paraffin embedded tissue sections

Four micron paraffin kidney sections using similar antigen retrieval techniques
described as above (2.3.1). Specific primary antibody in appropriate dilution was incubated
overnight at 4°C followed by the secondary anti-rabbit Alexa Fluor® 488 antibody in its
appropriate dilution three washes. Slides were then counterstained with 4',6-diamidino-2-
phenylindole (DAPI) (Invitrogen, CA, USA) and were visualised using the Olympus
immunofluorescence microscope (Olympus, Tokyo, Japan) or a Confocal microscope

(Leica Microsystem, CA, USA).

2.4.2 Cells

HK-2 cells were cultured on glass coverslips to 70-80% confluence and
experimental conditions were applied accordingly. Conditioned medium was discarded and
cells fixed with 4% paraformaldehyde after three washes with ice-cold PBS. The cell
membranes were permeabilised with ice-cold methanol for 10 minutes, followed by
incubation with the primary antibody for one hour. Secondary anti-rabbit Alexa Fluor® 488
antibody in its appropriate dilution (Invitrogen, USA) was applied after three washes,

counterstained with DAPI, mounted on glass slides and visualised using Olympus
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immunofluorescence microscope (Olympus, Japan) or Confocal microscope (Leica

Microsystem, CA, USA).

2.5 Western blotting

2.5.1 Cell lysates preparation

Standard Western immunoblotting was performed to detect the presence and
change in levels of expression of specific proteins. Cells were collected and the cell pellet
resuspended in cell lysis buffer containing 50mM Tris-HCI, 150mM NaCl, SmM EDTA
(pH 7.4), 1% Triton-X100 and protease inhibitor (Roche Diagnostic, Mannheim,
Germany). Just before use, ImM Dithiothreitol (DTT), ImM sodium orthovanadate,
10pg/ml Leupeptin, 10pug/ml Aprotinin and ImM Phenylmethylsulphonyl Fluoride
(PMSF) was added fresh. Cells were lysed in ice cold cell lysis buffer for 45 minutes. If the
nuclear fraction was required, samples were sonicated (Sonics Vibracell, CT, USA) on ice
for 5 minutes (2.5s alternating with 1.5s break) to release the nuclear proteins. The lysate
was again centrifuged at 12,000 rpm, 4°C for 10min. The pellet was discarded and the
supernatant collected was used for protein analysis. The extracted protein was stored at -

80°C for future use.

2.5.2 Protein assay and SDS-PAGE

Total protein concentrations were determined using the Bio-Rad SmartSpec "™

3000 (Bio-Rad, CA, USA). Depending on the protein molecular weight, 7.5% or 10% Tris
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glycine sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE) gels were used (H-O,
30% acrylamide, 1.5M Tris pH 8.8, 10% SDS, 10% ammonium persulfate (APS) and
tetramethylethylenediamine (TEMED)) for protein electrophoresis. As polymerisation
occurred almost instantly, these chemicals were added at the terminal phases of
experimentation. The resolving solution was poured into an assembled Bio-Rad gel
apparatus and a layer of isopropanol was poured on top to prevent oxygen from entering
the setting gel, which inhibits polymerisation. Once the gel set, the isopropanol was
removed and a stacking gel, (30% acrylamide, 1.0M Tris pH 6.8, 10% APS and TEMED)

was poured onto the top of the set resolving gel, with a gel comb inserted.

For reducing conditions, 50-70ug of total cell protein was mixed with 6x
denaturing buffer containing 0.35M Tris pH 6.8, 10% SDS, 30% glycerol, 0.175mM
Bromophenol Blue and 6% (v/v) B-mercaptoethanol, and was then heated at 95°C for 10
minutes before electrophoresis. This linearised the proteins and exposed the site for
primary antibody binding. The protein samples were then loaded onto the gel and
electrophoresis was conducted at 120V for approximately 1.5 to 2 hours in Tris gylcine
buffer (144g/L Glycine, 29g/L. Tris base, 10g/LL SDS). Prestained molecular markers
(FERMENTAS page ruler, Quantum Scientific, QLD, Australia) were added to give an
estimate of protein size. Proteins were then transferred onto a Hybond ECL nitrocellulose
membrane (Amersham Pharmacia Biotech, Buck, UK) in the transfer buffer (25mM Tris
base, 192mM Glycine, 20% methanol) by electroblotting at 100V for 120minutes. For
phosphorylated protein, 0.1mM of sodium orthovanadate was added in the transfer buffer
to preserve the phosphorylation of proteins of interest by inhibiting endogenous

phosphatases present in the cell lysate mixture. Non specific binding sites were blocked for
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I hour (0.2% Tween-20 in Tris-buffered saline (TTBS) in 5% skim milk, pH 7.4) after
which the membrane was exposed to the respective primary antibodies overnight at 4°C.
Following 3x washing with 0.2% TTBS (2.42g/L. Tris base, 29.2g/L. 0.2M NaCl, pH7.4),
the membrane was incubated with the respective peroxidase labelled secondary antibody
(Anti-mouse or Anti-rabbit, Amersham Pharmacia Biotech, Buck, UK) for 1 hour at room
temperature, and again washed 3 times. Protein was visualised with enhanced
chemiluminescence (ECL) detection system (Amerhsam Pharmacia Biotech, Buck, UK).
Chemiluminescence images were captured by LAS 4000 (Fujifilm, NJ, USA).
Alternatively, X-Ray film (GE, Amersham Pharmacia Biotech, Bucks, UK) was used. The
resultant X-rays were scanned and the relative band intensities were measured using Image
J software or Multigauge software version 3.0 (Fujifilm, NJ, USA). Probed membranes
normally had the antibodies stripped and re-probed for B-actin or tubulin to confirm equal
loading of proteins. The moist nitrocellulose membranes were submerged in stripping
buffer (62.5mM Tris-HCl (pH6.7), 2% sodium disulphide, H20 and 100m j-
mercaptoethanol) and incubated at 50°C for 30 minutes with gentle agitation. Membranes
were then rinsed with water and washed twice for 10 minutes in 50ml 0.2%TTBS.

Membranes were then ready for re-probe with primary antibody.
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Table 2.5.2.1 Antibodies used for western blotting

Antibody Company Dilution Band (kDa)
BD Transduction Laboratories' ",

Anti-E-cadherin CA, USA 1:1000 120
Anti-phospho

Smad 2 Cell signalling, MA, USA 1:1000 58
Anti-phospho

Smad 1/5/8 Cell signalling, MA, USA 1:1000 56
Anti-fibronectin NeoMarkers, CA USA 1:100 220
Anti-collagen IV Abcam Ltd, Cambridge, MA, USA 1:5000 250
Anti-o tubulin Sigma, MO, USA 1:5000 50
Anti- KLF6 Santa Cruz Biotechology. CA, USA 1:250 43
Anti- PPARy Santa Cruz Biotechology. CA, USA 1:100 50
Anti-B-Actin Santa Cruz Biotechology, CA, USA 1:300 42
Anti-NR1H4

(FXR) Abcam Ltd, Cambridge, MA, USA 1: 2000 54
Anti-SREBP-1 Milipore, MA, USA 1:1000 126
Anti-BMPR-1A Abcam Ltd, Cambridge, MA, USA 1: 1000 60
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2.6 Gelatin zymography

After an appropriate length of treatment, the culture supernatants were collected at
times specified by the experimental protocol and centrifuged at 1,000 rpm for 5 minutes at
4°C to remove cellular debris. Equal volumes of samples were mixed with sample buffer
and loaded onto a 10% non-reducing SDS-PAGE containing 1mg per ml of gelatin (Sigma,
MO, USA), and subjected to electrophoresis for up to 2 hours at 4°C. After electrophoresis
the gels were washed in re-naturing buffer (50mM Tris, 2.5% TritonX-100). The gels were
incubated for a further 24 hours in developing buffer (50mmol/L Tris-HCI, 100mmol/L
NaCl, 10mmol/L CaCl,. 0.02% NaNj3, pH 7.5) at 37°C with gentle agitation. Next, the gels
were stained for 15 minutes with Coomassie Blue 250 (Bio-Rad, CA, USA) dissolved in
50% ethanol and 10% acetic acid and de-stained in 30% ethanol and 10% acetic acid. The
identity of each band was confirmed based on the molecular weight determined by
prestained molecular markers. The lytic bands representing matrix metalloproteinases-2,
MMP-2 (72 kDa) and MMP-9 (92kDa) activity were quantified using Multigauge software
V3.0 (Fujifilm, NJ, USA). At the same time, equal volumes of all samples of interest were
loaded onto another 10% non-reducing SDS-PAGE without gelatin, and subjected
electrophoresis in similar conditions. After electrophoresis, gels were immediately stained
with Coomassie blue and de-stained as described. The relative band intensities of the total
protein were measured using Multigauge software V3.0 (Fujifilm, NJ, USA). The results of

MMP-2 and MMP-9 were normalized to the results of total protein bands studied.
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2.7 Cell viability studies

Cell proliferation or cytotoxicity was measured by an assay based on the reduction
of yellow tetrazolium compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxy-
methoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, known as MTS. The MTS tetrazolium
compound is bio-reduced by metabolically active cells, presumably by NADPH by into a
coloured formazan product that is soluble in tissue culture medium. CellTiter 96" AQueous
One Solution Cell proliferation Assay (Promega, Madison, WI, USA) was used in our
studies. HK-2 cells were seeded at 1x104 cells/well in a 96-well plate. At 50% confluence
the cells were treated for 48- 72 hours in quadruplicate, as per experimental protocol. 20ul
of CellTiter ‘i’lﬁg‘)AQmus One solution Reagent were added into each well containing 100l
of culture medium. The cells were then incubated for 1-4 hours at 37°C in a tissue culture
incubator as per manufacturer’s instruction. To measure the soluble formazan produced by
cellular reduction of the MTS, the absorbance at 490nm was read using a 96-well

microplate reader.

2.8 Flow cytometric analysis

Cells harvested by trypsinisation at the end of the 24 hour period after transfection
were spun to obtain a cell pellet. The cell pellet was washed in ice-cold phosphate buffered
saline (PBS), then fixed in 70% ice-cold ethanol in drops before stored at -20°C until for
future use. To study plasmid transfection efficiency, GFP-labelled plasmid was used, so no
further staining was needed. For cell cycle analysis, cells were washed again in cold PBS,

then resuspended in BPS containing 0.1% Triton-x100 and kept on ice for 30 minutes. The
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cell pellet was then resuspended in 1 ml of fluorochrome solution comainiﬁg propidium
iodide (PI) 50ug.ml (Sigma, MO, USA), RNAse A 50pg/ml (Sigma, MO, USA), 0.25uM
EDTA and 0.001% Triton X-100 and left for at least 1 hour in the dark. This suspension
was filtered using a 50-micron mesh prior to scanning. Flow cytometry was performed
using a FACScan flow cytometer (Becton Dickinson, CA, USA). The PI fluorescence of
individual nuclei and the forward and side scatter were all measured using identical
instrument settings with a minimum of 20,000 events. DNA contents in apoptosis and each

phase of cell cycle were measured.

2.9 Enzyme linked immunosorbent assay (ELISA)
2.9.1 Transforming growth factor-p1 (TGF-B1) ELISA

Supernatant collected at the time of cell harvesting as per experimental protocol
which was centrifuged and stored at -80°C for future used was first thawed on ice. TGF-BI
levels were determined with an immunoassay system (Promega, WI, USA) as per
manufacturer’s instructions. Briefly, flat-bottom 96-well plates (Nunc™, Roskilde,
Denmark) were coated with TGF-B1monoclonal antibody overnight at 4°C, which binds
with soluble TGF-BI. After blocking with TGF-B1 block for 35 minutes at room
temperature, 200pl supernatant samples were applied in triplicate. A standard curve was
prepared using the TGF-Blstandard provided by the manufacturer in 1: 2 serial dilutions.
Samples were incubated for 1.5 hours with shaking at (500 + 100 rpm), and washed 5 times
with TBST. 100ul of Anti-TGF-B1 pAb was added in each well and the samples were

incubated for 90 minutes with shaking. This was followed by 5 more washes and then the
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addition of TGF-BIHRP conjugate, 100ul per well, for another 2 hours at room
temperature with shaking. Colour development was achieved after five washes with TMB
One solution for 15 minutes. The absorbance readings at 450nm were read using a 96-well
microplate reader. This system is linear between 15.6 -1000pg/ml. Samples were acid
treated, then neutralized to convert the latent form to the bioactive form of TGF-B1 in order
to measure total TGF-B1. Cell lysate protein concentration was determined using Bio-Rad

Protein assay and TGF-B1levels were corrected for protein content per well.

2.9.2 Human BMP-7 ELISA

Conditioned media of HK-2 cells over-expressing BMP-7 were collected at the end
of 72 hours, centrifuged and stored at -80°C for future analysis. BMP-7 levels were
determined with an immunoassay kit assay (R & D, MN, USA) as per manufacturer’s
instruction, and read using a microplate reader at 450nm. Cell lysate protein concentration
was determined using Bio-Rad Protein assay, and BMP-7 levels were corrected for protein
content per well. For human circulating BMP-7, blood was collected, after informed
consent had been obtained, from healthy volunteers or ESKD patients on hemodialysis, and
immediately spun to separate the cellular component and serum. Serum was collected and
stored at -80°C for future use. A serial 1: 2 dilution of serum samples was first performed
to determine the dilution need for human circulating BMP-7 study. As per manufacturer’s
instruction, circulating BMP-7 was measured as described above and the absorbance at
450nm was recorded and plotted against the standard to determine the circulating level of

BMP-7.

112



2.9.3 MCP-1 ELISA

HK-2 cells were seeded to 50% confluence in 10cm petri dishes. After 48 hours of
treatment as per experiment protocol, supernatants were collected, spun and stored at -80°C
until MCP-1 levels were determined with an immunoassay kit assay (Biosource
International, CA, USA) as per manufacturer’s instruction, and read using a microplate
reader at 450nm. Cell lysate protein concentration was determined using Bio-Rad Protein

assay and MCP-1 levels were corrected for protein content per well.

2.10 Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was extracted using RNAeasy Mini kit (Qiagen, USA) according to
manufacturer’s instructions. RNA quality assessment consisted of electrophoresis through
an agarose gel to detect distinct ribosomal bands, and measurement of 260/280 absorbance
using Nanodrop 1000 Version 3.7.1 (Thermo Scientific, DE, USA). Acceptable A 140180

ratios fell in the range of 1.6 to 1.9 in H,0.

2.10.1 DNasing RNA

For each RNA sample. 1 to 2 ug RNA, 2 ul 10x DNase I buffer (Invitrogen, USA).
2 ul DNase I (Invitrogen, USA) were added into a RNase-free Eppendorf tube. RNase-free
water was then added to make the reaction volume up to 20 pl, followed by incubation at
37°C for 15 min in a heating block (Thermoline, Australia) and subsequently by the

addition of 2 pl of 25 mM EDTA and incubation at 65°C for 5 min to inactivate the DNase
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I. DNased RNA was then placed on ice for at least | min and stored at -80°C for RT-PCT

use.

2.10.2 Semiquantitative polymerase chain reaction (PCR)
2.10.2.1 One step reverse transcription (RT) and PCR

Synthesis of ¢cDNA and PCR were accomplished using a single step technique
using the SuperScript™ 111 One-Step RT-PCT System with Platinum® Tag High Fidelity
(All component from Invitrogen, USA unless otherwise specified). The system consists of
two major components: SuperScript'™ Il RT/ Platinum® 7Tag High Fidelity enzyme mix
and 2X reaction mixture. Because SuperScript'™ III RT is not significantly inhibited by
ribosomal and transfer RNA, it can be used to synthesize cDNA from total RNA, at a
temperature range of 45-60°C. The 2X reaction Mix consists of a proprietary buffer system
optimized for reverse transcription and PCR, and includes Mg®’, deoxyribonucleotide

triphosphates (ANTPs), and stabilizers.

The following components were added to 2 pl of DNased RNA at a concentration

of Sng/ ul in a 0.2ml, nuclease-free, thin-walled PCR tube on ice:

Component Volume
2X Reaction Mix 25 pl

Sense primer (10 uM) lul

Anti-sense primer (10 pM) lul

Superscript' ™ III RT/ Platinum® Taq enzyme mix  2pl
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RNase free water 19ul
The samples were mixed and ¢cDNA synthesis/ RT-PCR performed on a MJ

Thermal-Cycler PTC-200 (Bio-Rad, Hercules, CA, USA). The program was set as follow:

A: cDNA synthesis ad pre-denaturation

I cycle of 50C for 30min, followed by 94°C for 2 min
B: PCR amplification (cycling for 26-34 cycles)

Denaturation: 94°C for 30sec

Annealing: x °C for 45 sec

(Annealing temperature adapted for specific primer set used)

Extension: 72°C for 1 min
C: Final extension: 72°C for 10 min

Twenty pl of amplification product was mixed with 1 pl Bluejuice DNA sample
loading buffer (Invitrogen, USA), loaded onto a 1.5% agarose gel and run concurrently
with a DNA ladder at 80 mA for 1 hour. The amplification product was visualized by
ethidium bromide or GelGreen™ Nucleic Acid Stain (Biotium Ltd, CA, USA). Bands were
imaged using the GelDoc XR system (Bio-Rad, Hercules, CA, USA) and quantitated by
densitometry using Quantity One software (Bio-Rad, Hercules, CA, USA). B-Actin was
used as an internal control for normalization of samples. The primer sequences, annealing
temperature and cycles numbers used for the specific genes of interest are included in the

relevant chapters.
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2.10.2.2 Two step PCR

Two step PCR was also used in some experiments, particularly for genes with low
mRNA expression. It consists of breaking down into two components namely Reverse

transcription (RT) and PCR.

A) ¢DNA synthesis by reverse transcription (RT)

Synthesis of cDNA was achieved by two methodologies, using either Superscript
™11 or SuperScript ® VILO ¢cDNA synthesis Kits(All components from Invitrogen, CA,

USA).

For the former, 9 ul of RNase free water, | pl of Random primer, 1 ul of dNTP and
1-5 ul of DNase RNA was prepared for each sample. The above components were added
together and heated to 65° for 5 minutes then placed on ice. The following components
were then added: 4 pl of 5x Strand Buffer, 2 pul of 0.IM DTT and | pl of RNase Out.
These were mixed gently and incubated at 42°C for 2 minutes. One pl reverse transcriptase
Superscript '™ I1I was added to the samples, and an equal amount of water was added to
the negative controls. The samples were then incubated at 25°C for 10 minutes, 42°C for
50 minutes, 70°C for 15 minutes, and cooled rapidly to 4°C. One ul RNAse H was then
added to remove RNA templates, and the sample was incubated at 37°C for 20 minutes and

subsequently stored at -20°C until next use.

In some of the experiments, especially for real time PCR, cDNA was synthesized

using SuperScript ® VILO™ ¢DNA synthesis kit. One micrograms of DNased RNA were
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used This formulation provides enhanced cDNA synthesis efficiency, and can be used with
very low and very high amounts of input RNA (up to 2.5 pg total RNA) in a 20 pl reaction.
For a single reaction, 4 ul of 5X VILO™ Reaction Mix, 2 ul of 10X SuperScript® Enzyme
Mix is made up with DEPC-treated water to 20 pl. The mixture is gently mixed and
incubated at 25°C for 10 minutes, then at 42°C for 60 minutes. The reaction was

terminated at 85°C at 5 minutes. The synthesized cDNA was stored at -20°C until use.

B) PCR

The following components were added to 2 pl of RT product in a nuclease-free,

thin-walled PCR tube on ice:

Component Volume

10X PCR Buffer 5 ul

10 mM dNTP 1 ul

50 mM MgCl, 1.5 ul

Sense primer (10 uM) 0.5 pl

Anti-sense primer (10 uM) 0.5 pl

Platinum Taq DNA enzyme 0.2ul

RNase free water (to make up to 48 pl in total)

The samples were mixed and spun before subjecting to PCR on a MJ Thermal-

Cycler PTC-200 (Bio-Rad, Hercules, CA, USA). The program was set as follows:

PCR amplification (cycling for 26-34 cycles)
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Denaturation: 94°C for 30sec
Annealing: x °C for 45 sec
(Annealing temperature adapted for specific primer set used)
Extension: 72°C for 1 min
C: Final extension: 72°C for 10 min
D: 4°C before storage at -20°C

Subsequent steps are similar to that of one step PCR.

2.11 Real time PCR

Real time PCR was performed using either Brilliant® SYBR® Green Single-Step
qRT-PCR Master Mix (Stratagene, La Jolla, CA, USA) or TagMan® probe-based gene
expression Assay with TagMan® Gene Expression Master Mix (Applied Biosystems Inc.

Foster City, CA, USA).

2.11.1 Brilliant® SYBR® green single-Step qRT-PCR

The following components were added to 1 pl of DNased RNA at a concentration

0f 90.91ng/ml in a 0.2ml, nuclease free, 96 well PCR plate (Bio-Rad. Hercules, CA, USA)

on ice:
Component Volume
2X Master Mix 11 pl
Sense primer (1 pM) 2.2 ul
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Anti-sense primer (1 pM) 2.2 ul

RT/ RNase Block Enzyme Mixture 0.00625 ul
Fluorescein (1 uM) 0.26 pl
RNase free water 4.278 pl

The samples were mixed gently and real time PCR performed on a Bio-Rad iCycler

iQ system (Bio-Rad, Hercules, CA, USA). The program was set as follows:

A: cDNA synthesis and pre-denaturation
1 cycle of 50°C for 30 min, followed by 95°C for 10 min
B: PCR amplification (cycling for 40 cycles)
Denaturation: 95°C for 30 sec
Annealing: x °C for I min
(Annealing temperature adapted for specific primer set used)
Extension: 72°C for 39 sec

C: Final extension: 72°C for 2 min

The fluorescence threshold value was calculated using the iCycler iQ system
software. When the reaction product amplification exceeded the threshold value, the
corresponding cycle number was termed Cy. The calculation of relative change in mRNA
was performed using the delta-delta method **°. B-actin or TATA binding protein (TBP)
were used as an internal control for sample normalization. The primer sequences, annealing
temperature and cycle numbers used for the specific genes of interest are included in the

relevant chapters.
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2.11.2 TagMan® probe-based gene expression Assay

Two microlitres (50ng) of cDNA were used as templates in a 20 pl PCR reaction.
The mixture contained 10 pl of 2X TagMan® Gene Expression Master Mix (Applied
Biosystem, CA, USA), | pl of TagMan® gene expression assay probe (Applied Biosystem,
CA, USA) and DEPC treated water. TagMan® Gene Expression Assay probe is a gene-
specific expression assays containing two unlabelled PCR primers and one FAM dye-
labeled Tagman® MGB prove (Applied Biosystem, CA, USA). Robotic arm epMotion
5070 (Eppendorf, Hamburg, Germany) was used for transferring, mixing and pipetting
using maximum retrieval epT.I.P.S Motion 1 tips (Eppendorf, Hamburg, Germany) into
either 96-well or 384-well MicroAmp® Fast optical plates with barcode (Applied
Biosystem, CA, USA) to minimize mechanical pipetting error. Quantitative real-time PCR
was performed using an ABI Prism 7900 HT Sequence Detection System (Applied
Biosystem, CA, USA) for 95°C for 10 minutes followed by 40 cycles repeat of 95°C for 15
seconds and 60°C for 1 minute. One of the advantages of using Probe-label gene
expression assay is that the annealing temperature is fixed for all genes of interest at 60°C.
The reaction was performed at least in triplicate, and analyzed via relative quantitation with
data presented as average fold change using delta delta method, as compared to control
after normalization with either B-actin or TATA Binding Protein (TBP). Analysis of data
was performed using RQ Manager Version 1.2 (Applied Biosystem, CA, USA). TagMan®

gene expression Assay probes used in this PhD thesis are as Table 2.10.2.1
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Table 2.11.2.1 Tagman® gene expression assay probe

Amplicon
Gene Name Assay ID length
Fibronectin 1 Hs01549976 ml 81
E-cadherin Hs01013953 ml 65
Vimentin Hs00958116 _ml 70
FXR (NR1H4) Hs00231968 ml 85
SHP1 (NROB2) Hs00222677 ml 87
SREBPIc¢ Hs01088691 ml 90
MCP-1 (CCL-2) Hs00234140 ml 101
TGF-B1 Hs00998133 ml 57
Endogenous control Part ID
Human B-Actin 4333762F
Human TATA
Binding protein (TBP) 4333762F
FXR:Farsenoid X receptor, NR1H4 (Nuclear Receptor Subfamily 1, group H,
member 4,
SHP: Short heterodimer protein, NROB2: Nuclear Receptor Subgroup 0, group B,
member 2

SREBPIc: Sterol Regulatory Element Binding Transcription Factor 1, Isoform c.

2.12 Plasmid construction
2.12.1 Construction of plasmid

Full length cDNA of human BMP-7 was isolated from HK-2 cells using Genomic
cDNA extraction kit (Invitrogen CA, USA). Full length BMP-7 was synthesized by semi-
quantitative RT-PCR using SuperScript 11l (Invitrogen CA, USA) and PfuUltra™ High-
Fidelity DNA Polymerase (Stratagene, USA) using BMP-7 cloning primers for
pcDNA3.1/Hygro  (Invitrogen, CA, USA) as follows: Forward primer

ATGCTAGCATGCACGTGCGCTCACTG and reverse primer,
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GCGGATCCTACTAGTGGCAGCCACAGGC. After purification using PCR purification
kits (Qiagen, CA, USA), restriction enzyme digestion was performed to assure the identity
of the genomic DNA. One third of the total purified PCR product was cut using restriction
enzymes BstX I, Bgl I and EcoR I (New England Biolabs, MA, USA) buffered in water
containing at least 1% of bovine serum albumin (BSA) in a 100 ul reaction. The mixture
was incubated at 37°C overnight (or the appropriate temperature for the specific enzymes).
Blueluice (Invitrogen, CA, USA) was added to the samples, which were then run on a
1.5% agarose gel (Bio-Rad, CA, USA) in Ix TAB buffer (4.84 h Tris Base, 1.14ml glacial
acetic acid, 2 ml 0.5M EDTA pH 8) containing GelGreen™ Nucleic Acid Stain (Biotium
Ltd. CA. USA) for approximately 30 minutes at 90 volts. Number of fragments and their
base pair can be estimated depending on the sites of enzymatic digestion. A DNA ladder
(Roche Applied Science, Indianapolis, USA) and uncut control were run in separate lanes
to confirm the size of the insert (Figure 2.11.1.1). Another two third of the purified PCR
product was subjected to restriction enzymes cutting at Nhe I and BamH I (New England
Biolabs, MA, USA) to obtain a linear BMP-7 ¢cDNA. A linear BMP-7 ¢cDNA should
correspond to its expected base pair (~1.3kb). The product was purified and measured

using NanoDrop 1000 Version 3.7.1 (Thermo Scientific, DE, USA).

The mammalian expression vector pcDNA3.1/Hygro (5.6kb) (Invitrogen, CA,
USA) was linearised by incubating with Nhe I and BamH I, then extracted on a 1.5%
agarose gel and purified using a gel extraction Kit. The full length cDNA of BMP-7 was
then dephosphorylated by shrimp alkaline phosphatase, 1U/ ul (Roche, USA) and then
ligated with linearised pCDNA3.1/Hygro in a mixture of DEPC water, 5x ligase buffer, T4

ligase (Invitrogen, USA), BMP-7 ¢cDNA and pcDNA3.1/Hygro vector in a ratio of 1:3.
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Another set of vectors without ¢cDNA insertion was used as control. To determine the
optimal condition of vector cDNA ligation, one set of the mixture was kept at room

temperature and another set was incubated at 4°C overnight.

983b

952b

UncutBMP-7  BstX1 Bgll EcoRI
genomic cDNA
Figure 2.12.1.1 linear BMP-7 ¢DNA and fragments with restriction enzymatic

digestion.

Genomic ¢cDNA of human BMP-7 extracted from HK-2 cells has a molecular weight of
1.3kb. Restriction enzyme digestion by BstX I and Bgl produced two fragments whereas
EcoR I produced three fragments. This suggested that the linear ¢DNA obtained

corresponds to the human BMP-7 ¢DNA.
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Library Efficiency DH5a Competent Cells (Invitrogen, CA, USA) were thawed on
ice and 100 pl was transferred to a microtube. One to two microlitres of ligated product
was added, and the mixture was incubated on ice for 30 minutes. The competent cells were
then heat-shocked for 45 seconds at 42°C and placed back on ice for 2 minutes. 0.9 ml of
room temperature Super Optimal Catabolite repression (S.0.C) broth (0.5% Yeast extract.
2% tryptone, 10mM NaCl, 2.5mM KCI, 10mM MgCl,, 20mM Mg SOy, 20 mM glucose)
was added to the tube, which was incubated on a shaker at 225 rpm for 1 hour at 37°C. The
transformed cells were then spread on Luria-Bertani agar plates containing 100 ug per ml
ampicillin. The plate was incubated overnight at 37°C. Each plate was marked carefully as
control vector (C) at either room temperature or 4°C and insert vector (I) at room
temperature or 4°C (Figure 2.12.1.2). Single colonies were picked the next day, and put
into 100ml of Lysogeny broth (LB) media (10gm per L tryptone, 5 gm per L yeast extract,
10 g per L NaCl) with 100 pg of ampicillin, and shaken at 225 rpm 14-16 hours at 37°C.
The plasmid vector was then extracted using PureYield™ Plasmid Midiprep System

(Promega, USA), and the concentration of each sample was measured.
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Figure 2.12.1.2 Colonies of pcDNA3.1/Hygro.BMP-7 ligated product.

Ligation of BMP-7 and vector was performed at room temperature (RT) or 4°C to obtain
the optimal condition. At the same time, ligation without BMP-7 insert (I) was performed
in the same experimental condition to serve as a control. The ligated products were then
grown in SOC media, spread onto LB Agar plate and incubated overnight at 37°C. Figure
2.11.1.3 first row, showed minimum number of colonies in both room temperature and 4°C
(Control). Many colonies were seen in the insert group especially those in which the
ligation occurred at RT. A ratio of 10:1 colonies in the insert vector vs. control usually

indicates a successful ligation process.
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2.12.2 DNA quantification and verification

DNA was quantified using NanoDrop 1000 Version 3.7.1 (Thermo Scientific, DE,
USA). Part of the purified product was subjected to restriction enzyme digestion to assure
the identity of the plasmid. Plasmid inserts were cut using BamH I and Nhe I. The mixture
was incubated at 37°C overnight then run on an agarose gels containing GelGreen'
Nucleic Acid Stain. A DNA ladder and supercoiled uncut plasmid were run at the same
time. Successful insertion and ligation of BMP-7 sequence was based on the ability of
these restriction enzymes to cut circular DNA into linear DNA at points of insertion.
Linear DNA runs slower than circular DNA on the gel (Figure 2.12.2.1A). One ul of 10
uM sequencing primer for pcDNA3.1/ Hygro 5’AAGCAGAGCTCTCTGGCTAACT
(Sigma Aldrich, MO, USA) was added into 15 pl of plasmids in 10mM TrisHCI (pH 8.3).
The sequences and orientation of the constructed human BMP-7 in pcDNA3.1/Hygro
plasmid were then confirmed by sequencing in the DNA Core Facility, SUPAMAC

(University of Sydney, Australia).
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Circular DNA .Sp:m.lzmr:mls
linearised DNA

8kb—>
6kb—>
BamH I cutted
linear DNA
ikb—>
Supercoiled
DNA <— linear DNA
Uncut BamH I RE BamH I and Nhe |
cut RE cut

Figure 2.12.2.1 Restriction enzyme digestion by BamH I and Nhe I.

This is used to ensure identity of the plasmid. Uncut DNA plasmids have multiple bands.
Supercoiled DNA plasmid runs faster than spontaneous linearised DNA. The most
prominent band represents the circular DNA which migrate the slowest (A). BamH |
restriction enzyme linearised DNA into one single band (4). Nhe 1 RE further cut the
linearised DNA into two bands i.e. vector band and the inserted BMP-7 ¢DNA band (B).
The base pair did not equate to the initial molecular weight of pcDNA3.1/ Hygro or BMP-7
¢DNA because during previous RE digestion, part of the base pairs have been removed

therefore the molecular weight is usually less than the initial molecular weight.



2.12.3 Plasmid extraction and purification

Once clones were confirmed by sequencing, Library Efficiency DH5a Competent
Cells (Invitrogen, CA, USA) were used for transformation to increase plasmid yield.
Experimental DNA that was free of phenol, ethanol, protein and detergents was used for
maximum transformation efficiency. One pl plasmid was incubated with ice thawed
competent cells for 30 min, then heat shocked for 45 sec at 42°C. Cells were placed in
S.0.C media (Invitrogen, CA, USA) at 37°C on a shaker at 225 rpm for | hour. After
overnight incubation in LB media (QBiogene, USA) containing 100 pg/ml ampicillin
(Sigma, USA) at 37°C at 225 rpm, cells were spin down at 10,000 g for 10 min. The
wizard plus midi-prep DNA purification system (Promega, WI, USA) was used for plasmid
preparations according to the manufacturer’s instructions. The 100 ml of culture was
centrifuged at 10,000 x g for 10 minutes at 4°C. The pellet was then resuspended in Cell
Resuspension Solution. Three ml of cell lysis solution was added and the solution was
mixed by inverting gently and incubated at room temperature for 3 minutes before addition
of 5 ml of neutralization solution. The above homogenate was poured into the clearing
column (placed above the binding column) and a vacuum was applied for filtration. Once
the solution passed through the column, 5 ml of endotoxin removal wash was passed
through the column. The vacuum was continued for 20 seconds after the liquid had passed
through the column. To elute DNA from the membrane, 600 pl nuclease free water was
placed in the column and centrifuged at 1500 g for 5 minutes at room temperature. The
collected filtrate was quantified using a nanodrop 1000 Version 3.7.1 (Thermo Scientific,

DE, USA).
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2.12.4 Plasmid transfection

To enforce BMP-7 expression in HK-2 cells, cells were seeded into a 6-well plate
(Sarstedt, Germany) at 80-90% confluence for plasmid transfection. For each transfection
sample 250 pl Opti-MEN (Invitrogen, CA, USA) and 6 to 8 pl of lipofectamine 2000
(Invitrogen, CA, USA) was mixed and incubated at room temperature for 5 min.
Concurrently, 250 ul of Opti-MEM was added to 4 to 6 pg of KLF6 or BMP-7 plasmids
and were mixed and incubated at room temperature for 30 minutes. Each well was first
washed with Opti-MEN and 300 pl were added to each well to avoid drying of the cells.
This is followed by 500 pul of lipofectamine-plasmid complex in each well. In parallel, cells
were transfected with specific empty vector plasmid to serve as a negative control, or by
lipofectamine reagent alone to serve as “mock transfection”. Transfection medium was
removed after 6 hours of incubation at 37°C, 5% CO, and 95% air, and replaced with 2 ml
complete keratinocyte growth medium overnight. The following day the cells were
exposed to appropriate treatment conditions. Both mRNA and protein were used to verify

the transfected gene expression levels.

2.13 RNA interference

RNA interference (RNAi) technology was used to determine the differential role of
KLF-6 in mediating the expression of TGF-B1 induced EMT and BMP receptors. Short
interfering RNAs (SiRNA) are an intermediate component in the RNA interference

pathway, the process by which double-stranded RNA silences homologous genes.
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There are currently five methods for generation of siRNA: chemical synthesis, in
vitro transcription, digestion of long dsRNA by an RNase Il family enzyme (eg. Dicer,
RNase III), expression in cells from a siRNA expression plasmid or viral vector, and
expression in cells from PCR-derived siRNA expression cassette. The first three methods
involve in vitro preparation of siRNA that is then introduced directly into mammalian cells
by transfection, electroporation or other means. The last two methods rely on the
transfection of DNA-based vectors and cassettes that express siRNA within the cells. The
KLF-6 silencing model undertaken as part of the work in this thesis was chemically
synthesized. The general principle of RNA interference used in this project is summarized

as below:

27-mer double —stranded RNA molecules were chemically synthesized
(Ambion, USA). The complementary oligonucleotides were 2’-deprotected, annealed, and
purified by the manufacturer. The sequence specifically targeting human KLF-6 (accession
no NM _001008490) was 5° AAGCCAGGTGACAAGGGAAATGGCGAT-3’. Non-

specific siRNA was used as control.

2.13.1 siRNA transfection

HK-2 cells were plated in 6-well tissue culture plates and grown to 60-70%
confluence. The next day, they were transfected with KLF-6 siRNA using Lipofectamine
2000 (Invitrogen, CA, USA). Briefly, for each transfection samples 250 pl Opti-MEN
(Invitrogen, CA, USA) and 6 pl of lipofectamine 2000 (Invitrogen, CA, USA) were mixed

and incubated at room temperature for 5 min. Concurrently, 250 ul of Opti-MEM were
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added to 80 nM/L of KLF6 siRNA and was mixed and incubated at room temperature for
30 minutes. Each well was first washed with Opti-MEN and 300 pul were added to each
well to avoid drying of the cells. This was followed by 500 ul of lipofectamine-plasmid
complex in each well. In parallel cells were transfected with No-specific siRNA to serve as
a negative control. This was followed by 6 hours of incubation at 37°C, 5% CO, and 95%
air. Unlike plasmid transfection, the medium was not removed after 6 hours. Instead, 2 ml
of fresh keratinocyte growth medium were added and kept overnight. The following day
the medium was removed and the cells were exposed to appropriate treatment conditions.
RNA and cell lysates were prepared for western blotting and RT-PCR to evaluate KLF-6

expression at a protein and RNA level.

2.14 Statistic analysis

Each experiment was performed independently a minimum of five times. Results
for normally distributed data were expressed as mean + S.D. For non-parametric data, they
were expressed as median, (interquartile range, IQR). Statistical comparisons between two
groups were made by r-test and by analysis of variance (ANOVA) for multiple group
comparisons. The Wilcoxon test was used for non-normally distributed data and the Chi-
square test used for categorical data. All Analyses except chapter 6, were performed using
the software package Statview, version 4.5 (Anacus Concepts Inc, Berkeley CA, USA).
Other statistical analyses were described separately in individual chapters. P values <0.05

were considered significant.
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CHAPTER 3: Transforming growth factor-g1 (TGF-B1) and Kriippel-
like factor-6 (KLF-6) impede bone morphogenetic protein-7 (BMP-7)
renoprotection, via downregulation of bone morphogenetic protein

receptor-IA (BMPR-IA) in renal proximal tubule cells.

3.1 Specific background and review

Most chronic nephropathies share pathogenic mechanisms that contribute to disease
progression, independent of the original cause or disease. As discussed in Chapter 1, renal
fibrosis represents a failed wound-healing process of renal tissue, typically characterised by
consistent histopathological features of glomerulosclerosis and interstitial fibrosis, which
implies a ‘final common pathway’ of injury. This process is typically progressive and
irreversible, and the most important predictor of the rate of progression of chronic kidney

. 4
disease .

Convincing evidence now exists to suggest the proximal tubular epithelial cell
(PTC) also plays an important role in the deposition of extracellular matrix (ECM) in the
kidney. PTCs which are mesenchymal in origin, appear capable of reverting to a
mesenchymal phenotype via a process known as epithelial-mesenchymal transition (EMT)
in response to certain physiological stresses. EMT is characterized by a highly regulated
process driven predominantly by the pleiotropic cytokine transforming growth factor-p1

(TGF-B1) "".



The transcription factor KLF-6 as previously defined in chapter 1.4.1 plays a
diverse role during differentiation and development, capable of functioning as activators of
transcription, repressors, or both. The list of cellular ‘target’ genes of KLF-6 includes

260
1

collagen a . urokinase plasminogen activator (uPA) **>, TGF-B1 and types I and Il

* It also directly regulates the E-cadherin promoter ***, Our group has

TGF-B1 receptors
previously demonstrated that exposure of proximal tubule cells to TGF-B1 induces EMT,
with parallel transcriptional induction of KLF-6. KLF-6 over-expression significantly
promotes a phenotype transformation consistent with EMT. In addition to that, animal
models of diabetic nephropathy showed increased proximal tubular KLF6 expression in
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parallel with features of EMT “°. These findings collectively suggest that KLF6 plays a

role in mediating TGFB1-induced EMT in proximal tubule cells.

Bone morphogenetic protein-7 (BMP-7) is one of the members of the BMP/TGF-pB-
superfamily. which is best known for its role during embryonic development, but is also
known to regulate growth, differentiation, chemotaxis and apoptosis in various adult cell
types. BMP-7 is most abundantly present in adult kidney, bone and cartilage. In the adult
kidney, BMP-7 is endogenously expressed in the epithelial cells of distal tubules,
collecting ducts and podocytes **>. Tubular BMP-7 expression decreases in several acute
and chronic kidney disease models and pre-emptive administration of exogenous BMP-7
can ameliorate injury in models of ischemic nephropathy, unilateral ureteral obstructive
nephropathy, lupus nephritis, nephrotoxic serum nephritis and diabetic nephropathy **. Its
protective role has also been confirmed in various cell types including proximal tubular
cells *, podocytes ***, mesangial cells *’, fibroblasts *** and endothelial cells **’. The

proposed protective mechanisms in proximal tubule cells include direct inhibition of TGF-
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B1 production, decrease in pro-inflammatory genes and chemoattractants, and epigenetic

regulation 133,339

. However, the evidence suggesting it can reverse TGF-B1-induced EMT
in established human kidney disease is limited. In most published studies using animal
models, exogenous administration of BMP-7 was given either “pre-insult” or at an early
time point in the establishment of pathology. Dudas er al *** have recently shown that

BMP-7 fails to attenuate TGF-BI induced EMT in two different human proximal tubular

cell lines. Therefore the antifibrotic value of BMP-7 remains controversial.

The biological activity of BMP-7 in the kidney is controlled at various levels. At
the site of the target cells, signal transduction in the BMP-7 in general is initiated by ligand
binding to its receptor complex. There are three BMP type I receptors (BMPR-IA/ activin
receptor-like kinase-3 (ALK-3), BMPR-IB/ ALK-6 and ALK-2) and three BMP type II
receptors (BMPR-II, activin type IIA receptor and activin type IIB receptor). In contrast to
the expression of BMP-7, BMP receptor expression is reported in both proximal and distal
tubular cells. This suggests that these cells are capable of responding to BMP-7 in a

%8 Receptors are able to bind ligands independently, but the

paracrine-like manner
heterodimerisation of the type I and type Il receptor chains is required for signalling.
Cytosolic signalling starts generally when the constitutively active type II receptor kinase
transphosphorylates the type | receptor at a regulatory element, the GS domain. The latent
type | kinase is thereby activated, with downstream phosphorylation of Smad proteins
which, after migration into the nucleus, function in concert with other proteins as
transcription factors for the regulation of responsive genes °'>. A mutation in the GS

domain of the type I receptor can lead to constitutive activation of the receptor, and such an

activated receptor mimics the effects of the entire receptor-ligand complex in the absence

134



of BMP-7 and the type II receptor *'°. This evidence suggests that the type I receptor is the
primary transducer of this pathway, establishing an important regulatory step for BMP-7
signalling. Therefore, BMP-7 activity in healthy and diseased states is likely to be

regulated by the availability of its type I receptors.

The distribution of type I receptors within the kidney itself varies. High affinity
BMP-7 type I receptors ALK-2 and BMPR-IA but not BMPR-IB are expressed in human
podocytes and mesangial cells. However, all type | receptors are found in kidney tubules
37 The affinity of BMPs for type Il receptors is much weaker than for the type I receptors,
and the different BMPs bind to these receptors with different affinities. For example, BMP-
4 preferentially binds BMPR-IA and -IB. BMP-7 binds ALK2 and BMPR-IA with a higher

affinity than BMPRI-IB *.

Several extracellular molecules have been identified that bind to BMP-7, acting as
agonists or antagonists in the kidney. BMP antagonists function through direct association
with BMPs, thus limiting the BMPs from binding to their cognate receptors. Such
extracellular inhibitors include noggin, gremlin, vertebrate chordin and uterine
sensitization-associated gene-1 (USAG-1) **. In contrast, BMP-7 activity is enhanced by
increased binding to the receptor of an extracellular protein, kielin/chordin-like protein
(KCP) *** . Overall, the relevance of altered presence of BMP receptors, its agonists and
antagonists or BMP-7 itself on CKD progression has not been definitely established. The
aim of the present study was to determine the interaction of TGF-B, KLF-6, BMP-7 and its

receptors, and their roles and interrelationships in the development of EMT,
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3.2 Material and methods
3.2.1 Cell culture

HK-2 cells, a human proximal tubular cell line from American Type Cell
Collection (ATCC, USA), were used in this study as outlined in Chapter 2 and previously
described **°. HK-2 cells were 70% confluent when seeded onto a six-well plate, and cells
were maintained in keratinocyte serum-free medium (Invitrogen, Carlsbad CA,USA)
supplemented with bovine pituitary extract 20-30 pg/ml and epidermal growth factor 0.1-
0.2 ng/ml (Gibco, Grand Island, NY, USA), containing 5 mmol/L or 30 mmol/L D-
glucose, for a total of 48 or 72 hours. Cells were also grown in 5 mmol/L D-glucose
medium containing TGF-B1 (Sigma-Aldrich, St Louis, MI, USA) at 0.5 ng/ml, which is the
determined optimal dose for EMT induction in HK-2 cells. 5SmM D-glucose and 25
mmol/L L-glucose was used as the osmotic control. These cells were grown at 37°C in a
humidified 5% CO- incubator. Recombinant BMP-7 (BioVision, Mountain View CA.
USA) was used at a concentration of 1 ug/ml in an attempt to reverse EMT after 24 hours
exposure to TGF-B1. Cell culture media were changed every 48 hours and studies were
undertaken up to 72 hours after exposure to the experimental conditions. Primary cultures
of proximal tubular cells, obtained from nephrectomised kidneys using previously well

described methods, were used to confirm human BMP-7 and BMP receptor expression >*".

3.2.2 KLF-6 and BMP-7 plasmid construction and transfection

Fragments of human KLF-6 (NM_001300) and BMP-7 ¢cDNA (NM 001719) were

cloned into pCMV6-XL5 (Origene, Rockville MD, USA) and pcDNA.hygro3.1
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(Invitrogen, Carlsbad CA, USA) vectors respectively. DNA sequencing confirmed the
¢DNA had been cloned into the vector. Each of these plasmids was purified using a
PureYield Plasmid Midiprep system (Promega, Madison WI, USA). HK-2 cells at 70%
confluence when seeded onto a six-well plate were used for plasmid transfection. Six
micrograms of either KLF-6 or BMP-7 plasmid were introduced into HK-2 cells using
Lipofectamine 2000 according to manufacturer’s instructions. In parallel, cells were
transfected with an empty pCMV6-XL5 or pcDNA.hygro3.1 vector containing non-
targeting sequence and transfection reagent only which both served as controls. Both

mRNA and protein were used to verify the transfected gene expression levels.

3.2.3 Flow cytometric analysis

To study plasmid transfection efficiency and to determine the optimal amount of
lipofectamine to be used, GFP-labelled plasmid transfected HK-2 cells were harvested by
trypsinisation at the end of the 24 hour period after transfection, and spun to obtain a cell
pellet. The cell pellet was washed in ice-cold phosphate buffered saline (PBS). then fixed
in 70% ice-cold ethanol in drops before stored at -20°C for future use. Flow cytometry was
performed using a FACScan flow cytometer (Becton Dickinson, CA, USA). The PI
fluorescence of individual nuclei and the forward and side scatter were all measured using

identical instrument settings with a minimum of 20,000 events.
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3.2.4 Gene Silencing by Small Interfering RNA (siRNA)

27-mer double-stranded RNA molecules were chemically synthesized (Ambion,
Austin TX, USA). The complementary oligonucleotides were 2'-deprotected, annealed. and
purified by the manufacturer. The sequence specifically targeting human KLF-6 (accession
no. NM_001008490) was 5'-AAGCCAGGTGACAAGGGAAATGGCGAT-3". HK-2 cells
grown at 50-60% confluence plated in a six-well plate were used in this experiment. Eighty
nmol/L of KLF-6 siRNA was introduced into HK-2 cells using Lipofectamine 2000
according to manufacturer’s instructions. In parallel, cells were transfected with a non-
specific sSiRNA which served as control. Silencing was confirmed by knock-down of
mRNA and protein expression. A knock down of 60 to 80% was achieved in all
experiments. BMP receptor mRNA and protein expression were measured using real time

PCR and western blot analysis respectively.

3.2.5 Real-time reverse transcription polymerase chain reaction (real time RT-PCR)

RNA was extracted using RNAeasy mini kit (Qiagen, Valencia, CA, USA)
according to manufacturer’s instructions. Both water blank and non-reverse transcribed
RNA samples were used as negative controls. Briefly, total RNA (1 pg) was treated with
DNase I (Invitrogen, Carlsbad CA, USA), and then cDNA was synthesized using reverse
transcriptase Superscript 11 RT (Invitrogen, Carlsbad CA, USA). Real-time PCR was
performed using Brilliant® SYBR® Green Single-Step QRT-PCR Master Mix (Stratagene,
La Jolla, CA, USA) to assess transcript levels of BMPR-IA, BMPR-IB, ALK-2, BMPR-II,

KLF-6, 1d-2, BMP-2, BMP-4 and BMP-7. Primer specificity in real time was first
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confirmed using RT-PCR. Primer sequences are shown in Table 3.2.1.Real-time
quantitation was performed on the Bio-Rad iCycler iQ system (Hercules CA, USA). The
fluorescence threshold value was calculated using the iCycler iQ system software. The
calculation of relative change in mRNA was performed using the delta-delta method **,
with normalization for the housekeeping gene B-actin or 18s. Primers for E-cadherin and

vimentin were validated for RT-PCR and calculated as a percentage of the change after

normalization for B-actin gene expression.

Table 3.2.5.1 RT-PCR Primers

Gene Name Accession No. Sense Antisense (Sl:;";

BMPR-1A/

ALK-3 NM_004329 5 TCAGACTCCGACCAGAAAAAGT 5S'TGGCAAAGCAATGTCCATTAGTT 151
BMPR-IB/

ALK-6 NM_001203 5' GAAGGCTCAGATTTTCAGTG 5' GGACCAAGAGCAAACTACAG 199
ALK-2 NM_001105 5' AAAGGCTGCTTCCAGGTTTATG 5'CCGTGATGTTCCTCTTACACC 113
BMPR-II NM_001204 5' GCAGAGGCTCGGCTTACT 5'GTTTCAGGGCTGGGGATT 348
BMP-7 NM_001719 5'GCTACGCCGCCTACTACT 5' GACGGAGATGGCATTGAG 161
KLF-6 NM_001008490 5'TCCACGCCTCCATCTTCT 5'CATCGCATTTCCCTTGT 136
E-cadherin NM_004360 5'TCTTCAATCCCACCACG 5' TCTCCAAATCCGATATGTTA 461
Vimentin NM_003380 5'GGACTCGGTGGACTTCTC 5' CGCATCTCCTCCTCGTAG 221
Id-2 NM_002166 5' GACCCGATGAGCCTGCTATAC 5' AATAGTGGGATGCGAGTCCAG 167
BMP-2 NM_001200 5' ACTACCAGAAACGAGTGGGAA 5 ATCTGTTCTCGGAAAACCTGAAG 111
BMP-4 NM_130851.2 5'TGGTCTTGAGTATCCTGAGCG 5 GCTGAGGTTAAAGAGGAAACGA 130
p-Actin AY582799 5" ATCGTGCGTGACATTAAG 5' ATTGCCAATGGTGATGAC 135
18s NR 003286.1 5' TCGAGGCCCTGTAATTGGAAA 5'CCCTCCAATGGATCCTCGTT 61

3.2.6 Western blot analysis

Supernatant was collected and centrifuged at 3000 rpm, 4°C for 5 mins to remove
cell debris. Protein lysates were extracted as previously described 2% T brief, cells were
lysed in ice cold cell lysis buffer (50 pM Tris-HCI, 150 mM NaCl, 5 mM EDTA, 50 pul
Triton-X 100 per 10 ml and Proteinase Inhibitor Cocktail (Roche Diagnostics, Mannheim,

Germany) one tablet per 10 ml, pH 7.4). The lysate was centrifuged at 12,000 rpm, 4°C for
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10 mins. The pellet and the supernatant were discarded, and the cell lysate was collected
and stored at -80°C. Protein assays (Bio-Rad, CA, USA) were done to determine the
protein concentration of the cell lysates. Thirty micrograms of total cell protein was mixed
with 6x Laemmli sample buffer containing mercaptoethanol, and heated to 95°C for 10
min. Samples were then analysed by SDS-PAGE in 7.5% or 10% gel and electroblotted to
Hybond nitrocellulose membranes (Amersham Pharmacia Biotech, Bucks, UK).
Membranes were blocked in Tris-buffered saline containing 0.2% Tween 20 (TTBWS) in
5% skim milk for 2 hours, incubated overnight at 4°C with BMPR-IA 1:1000 (Abcam Ltd,
Cambridge. UK), KLF-6 1:500 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), E-
cadherin 1:1000 (BD Transduction Laboratories'™, CA, USA), fibronectin 1:100
(NeoMarkers, CA USA), collagen IV 1:5000 (Abcam Ltd, Cambridge, UK) in TTBS (Tris
buffered saline with 0.2% Tween) containing 5% skim milk. Membranes were washed with
TTBS and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody.
Proteins were visualized using the enzymatic chemiluminescence (ECL) detection system
(Amersham Pharmacia Biotech, Bucks, UK). The bands corresponding to BMPR-IA (60
kDa), KLF-6 (43 kDa), E-cadherin (120 kDa), fibronectin (220kDa). collagen IV (250kDa)
and phosphorylated Smad 1/5/8 (pSmad1/5/8 (56kDa) were captured using LAS 4000
(Fujifilm, Tokyo, Japan). All membranes were reprobed with B-actin 1:1000 (Santa Cruz
Biotechnology, Santa Cruz CA, USA) and results were corrected for B-actin as a loading
control and analysed using Multigauge system (Fujifilm, Tokyo, Japan). Equal volumes of
supernatant media (30pl) run in SDS-PAGE gel and counterstained with Coomassie blue
were used to quantify total supernatant protein. Secreted fibronectin and collagen IV were

normalised to the total protein measured by Coomassie blue.
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3.2.7 Gelatin zymography

The conditioned media collected at the end of 72 hours were centrifuged at
1,000RPM for 10 minutes at 4°C to remove cellular debris. Equal volumes of samples were
mixed with sample buffer and loaded onto a 10% non-reducing sodium disulphide-
polyacrylamide gel containing 1mg per ml of gelatin, and subjected to electrophoresis for
up to 2 hours at 4°C. After electrophoresis the gels were washed in re-naturing buffer
(50mM Tris, 2.5% Triton X-100). The gels were then incubated at 37°C overnight in
developing buffer (SO0mmol/L Tris-HCl, 100mmol/L. NaCl, 10mmol/L CaCl2, 0.02%
NaN3, pH 7.5). The gels were then stained for 15 minutes with Coomassie Blue R-250
(Bio-Rad. CA, USA) dissolved in 50% ethanol and 10% acetic acid and de-stained in 30%
ethanol and 10% acetic acid. MMP-9 and MMP-2 were confirmed by their molecular
weight. The lytic bands representing matrix metalloproteinases-2 (MMP-2, 72kDa) and -9
(MMP-9, 92kDa) protein levels were quantified using Multigauge software V3.0 (Fujifilm,

NJ, USA).

3.2.8 Cell proliferation and cytotoxicity study

Cytotoxic and proliferative effects of thBMP-7 on HK-2 cells were assessed using
CellTiter 96" AQueous One Solution Cell proliferation Assay (Promega, Madison., WI,
USA). Subconfluent HK-2 cells were passaged onto 96 well plates. Cells were incubated
with rhBMP-7 at concentrations of 150 ng/ml, 250 ng/ml, 500 ng/ml 1000 ng/ml and 2000

ng/ml for 72 hours. The absorbance of the formazan released in each samples was recorded
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at 490nm using a 96 well plate reader. The results were standardised to the untreated
control group. The levels of formazan in the culture supernatant reflect mitochondrial
activity, and thus a reduction in formazan levels released by confluent cells represents a

. 409
cytotoxic effect ™.

3.2.9 In vivo studies in diabetic transgenic (mRen-2)27 rats

mRen-2 diabetic rats were used as a well established model of diabetic nephropathy,
displaying an amplified tissue renin angiotensin system (RAS) and exhibiting classical
glomerular and tubulointerstitial changes *. These diabetic animals have elevated tissue

¥ Kidney tissues

TGF-BI1, rendering them an appropriate model for the present study
(n=5) were obtained from 16 weeks post streptozotocin (STZ)-treated homozygous (mRen-
2)27 rats (St. Vincent’s Hospital Animal House, Melbourne, Australia) with established

diabetes at the time of sacrifice as previously described ***

. Using the perfusion-
exsanguination method, ice-cold saline was used to perfuse kidneys via abdominal aortic
cannulation. Kidneys were excised, decapsulated, sliced transversely and snap-frozen in
liquid nitrogen. RNA was extracted from homogenised kidney tissue according to
manufacturer’s instructions (Qiagen, Valencia, CA, USA). mRNA expression of BMPR-

IA, ALK2 and BMP-7 were studied in these animal with appropriate control animals (n=5),

using real time PCR.
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3.2.10 Human kidney tissue preparation and immunohistochemistry (IHC)

Paraffin-embedded tissue blocks from biopsies of five renal biopsies (n=5) with
diabetic glomerulosclerosis were randomly retrieved from the files of the Department of
Pathology, Royal North Shore Hospital (RNSH). Each patient was contacted and informed
consent was obtained. Controls consisted of histologically normal kidneys obtained, with
informed consent, from patients undergoing nephrectomy for small (<6 cm) kidney tumours
(n=5). Ethical approval for the study was obtained from the Royal North Shore Hospital
Human Research Ethics Committee. The kidney cortex (removed from the tumour) was
fixed overnight in 10% neutral buffered formalin (Fronine, Taren Point, NSW, Australia) at
4°C followed by embedding in paraffin for subsequent light microscopic evaluation. Four-
micrometer-thick paraffin sections were stained with periodic acid-Schiff and Masson

trichrome reagent.

For BMP-7 and KLF-6 immunohistochemistry (IHC) similar staining protocols
were used. Initial screening of BMP-7 was performed using normal atlas biopsy core blocks
provided by Ms Sanaz Maleki from the Cancer Genetics group of the Kolling Institute of
Medical Research. The normal body atlas contained core biopsy specimens from normal
tissue of kidney, liver, brain, breast, ovaries, uterus, placental, prostate, tonsil, colon,
parotid gland, testis, muscle and pancreas. Briefly, after heat treatment for antigen retrieval,
endogenous peroxidase was quenched with 3% hydrogen peroxide for 5 mins (Dako
Cytochemistry, Tokyo, Japan). Tissues were incubated with the primary polyclonal anti-
BMP-7 (1:250 dilutions, Abcam Ltd, Cambridge, UK) and KLF-6 (1:100 dilution, Santa
Cruz, CA) at 4°C overnight. This was followed by exposure to equal volumes of Envision

dual linked system (Dako Cytochemistry, Tokyo, Japan) for 30 minutes. A fter two 5 minute
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washes, staining was developed with 3.3 diaminobenzidine tetrahydrochloride (Dako
Cytochemistry, Tokyo, Japan) for 10 minutes before counterstaining with Mayer’s
haemotoxylin stains. Sections incubated with anti-rabbit 1gG instead of the primary
antiserum served as the negative controls. All staining was performed in a same batch on

the same day by the same individual.

3.2.11 Immunofluorescence (IF)

IF was performed in paraffinized kidney sections and in cells grown on glass
coverslips and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS). For
kidneys sections, deparaffinization, rehydration, antigen retrieval and blocking were
performed as detailed above. BMPRIA antibody (1:25 dilation, Abcam Ltd, Cambridge,
UK) was then incubated with either kidney sections or cells at 4°C overnight, secondary
anti-rabbit Alex Fluor® 488 (1:300 dilution, Invitrogen, Australia) was applied after three
washes. Slides were then counterstained with DAPI (Invitrogen, CA, USA), mouthed in IF
mouthing solution (DAKO, USA) followed by visualization using an Olympus

immunofluorescence microscope (Olympus, Japan).

HK2 cells were cultured on glass coverslips to 70-80% confluent and were treated
according to experimental protocols. Conditioned media was discarded and cells were fixed
with 4% paraformaldehyde after three washes with ice-cold PBS. The cell membranes were
permeabilised with ice-cold methanol for 10 minutes and were incubated with the primary
anti-BMPIRA (1:25 dilution, Abcam Ltd, Cambridge) for one hour after 30 minutes

blocking. Secondary anti-rabbit Alexa Flour® 488 (1:300 dilution, Invitrogen, Australia)
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was applied after three washes, counterstained with DAPI, mounted on glass slides and

visualised using Olympus immunofluorescence microscope (Olympus, Japan).

3.2.11 Quantitation of immunohistochemistry

The first 10 non-overlapping glomeruli from each sample stained with PAS were
selected for analysis. Glomerulosclerosis was scored from 0 to 3; 0 = normal; 1 = 1 to 25%
sclerosis; 2 = 26% to 50% sclerosis and 3 = >50% sclerosis. The Automated Cellular
Imaging System (ACIS III) (Dako, USA) was used to quantitatively evaluate the
glomerular volume (GV), mesangial sclerosis per glomerular volume (Mes/G) and
mesangial cell volume per glomerular volume (MC/G) as described in details in Chapter 2.
Using Masson’s trichrome staining, ten non-overlapping cortical areas at 200x
magnification was assessed for tubulointerstitial fibrosis (IF) score; 0 = Normal; 1 = | to
25% IF: 2 = 26% to 50% IF and 3 >50% IF. The average of 10 non-overlapping cortical IF
scores was used for analysis. Tubular BMP-7 expression was scored by calculating the
number of positive-staining tubules in the cortex examined under 200x magnification

HFPs. All the analyses were scored by at least two blinded assessors.

3.2.12 BMP-7 ELISA assay

Blood specimens from healthy volunteers and patients with diabetic end stage renal
patients on dialysis were collected with consent and immediately spun at 1500rpm for 15

min at 4°C. Serum was collected and stored at -80°C. Similarly, conditioned media from
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HK-2 cells transfected with BMP-7 plasmid was collected at the end of 72 hours and
centrifuged at 3000 rpm for 10 minutes to remove cell debris and then stored at -80°C.
Both human sera and cell supernatant were used for measurement of BMP-7 protein using
enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN, USA) as per
manufacturer’s instructions. This assay recognizes recombinant and natural human BMP-7,
with no significant cross-reactivity with other BMPs. The recommended minimal

detectable concentration (MDD) of BMP-7 was 0.79 pg/ml.

3.2.13 Statistical analysis

Each experiment was performed independently a minimum of five times. Real-time
PCR results are expressed as fold change compared with the control value. RT-PCR data
are expressed as percentage of control value. Results are expressed as mean + SEM.
Statistical comparisons between groups were made by analysis of variance (ANOVA), with
pairwise multiple comparison by Fisher’s protected least-significant difference test.
Analyses were performed using the software package Statview, version 4.5 (Anacus

Concepts Inc, Berkeley CA, USA). P values <0.05 were considered significant.
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3.3 Results

3.3.1 BMP-7 and BMP receptor expression in HK-2

RT-PCR confirmed the presence of all BMP receptors’ mRNA, namely BMPR-IA,
BMPR-IB, ALK-2 and BMPR-II receptors in both HK-2 and primary culture of human
PTC (Figure 3.3.1.1A & B). Each of the primers was amplified at 30 cycles. BMP-7
mRNA was easily detected in human kidney cortex. However, no basal BMP-7 mRNA or
protein was detected in either HK-2 cells or PTC (Figure 3.3.1.1C). IHC confirmed
membrane and cytoplasmic staining for BMP-7 in distal tubules and/or collecting duct

epithelial cells. No staining was observed in proximal tubules or glomeruli (Figure

3.3.1.1D)

HK2 cells B. Primary PTC
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300bp 250bp
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C. BMP7 B-Actin D.
161bp 135bp
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cortex cortex
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Figure 3.3.1.1 Type I and type II BMP receptors expression in human proximal

tubular cells.

The human proximal tubular cell line (HK-2) possesses both type I and type Il BMP
receptors namely, BMPR-IA, also known as activin receptor-like kinase-3 (ALK-3)
(151bp), BMPR-IB/ ALK-6 (199bp), ALK-2(113bp) and BMPR-II (348bp). BMPR-II is
ubiquitously expressed (A). mRNA of all these receptors is similarly detected in primary
proximal tubular epithelial cells (PTC). However, BMPR-IB mRNA is minimally expressed
in PTC as compared to HK-2 cells (B). p-Actin was used as the endogenous internal
control gene. BMP-7 mRNA (161bp) is abundantly expressed in the kidney cortex.
However, BMP-7 mRNA could not be detected in HK-2 cells or in proximal tubular cells in
primary culture (C). Immunohistochemistry of normal adult human kidney cortex
confirmed that BMP-7 is expressed only in the distal tubules or collecting duct, but is not

found in the proximal tubules or glomeruli (D).

3.3.2 BMP receptor expression inTGF-B1 treated HK-2 cells

Exposure of HK-2 cells to 0.5 ng/ml TGF-B1 significantly suppressed BMPR-IA
mRNA expression at 48 hours to 0.5 + 0.1-fold (p < 0.01) and at 72 hours to 0.8 + 0.0-fold
(p<0.01) as compared to control (Figure 3.3.2.1A). BMPR-IA protein expression was also
significantly suppressed after exposure to TGF-B1 for 72 hours to 37.9 + 7.8% of control
(p<0.05) (Figure 3.3.2.2A). The suppressive effect of TGF-$1 on BMPR-IA protein
expression was dose dependent. Twenty-four hours exposure to 0.2ng/ml, 0.5 ng/ml, 1
ng/ml or 2 ng/ml TGF-B1 significantly reduced BMPR-IA protein expression to 71.2 +

12.5% (p<0.05), 38.8 = 3.3% (p<0.01), 28.6 = 3.9% (p<0.01) and 19.65 + 6.0% (p<0.01) of
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the control value respectively (Figure 3.3.2.2B). Subsequently, 0.5 ng/ml TGF-B1 was

chosen for experimental studies, due its suppressive effect on BMPR-IA and its ability to

induce EMT.
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Figure 3.3.2.1 Effect of TGF-1 on BMPR-IA mRNA and protein expression.

Exposure of HK2 cells to 0.5ng/ml of recombinant human TGF-S1 (rhTGF-f1) suppresses
BMPR-1A mRNA expression at both 48 and 72 hours (A & B). All cells were cultured in
SmM D-Glucose unless otherwise specified. All data were expressed in mean + SEM

(**n<0.01 vs. Control, n=3).
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Figure 3.3.2.2 Effects of TGF-B1 exposure on BMPR-IA protein expression.

Down-regulation of BMPR-IA protein expression is TGF-B1 dose dependent, and is also
significantly suppressed by at 72 hours (A). The suppressive effect of BMPR-IA protein
expression is TGF-B1 dose dependent and reaches statistical significance with 0.2ng/ml of
rhTGF-B1 (B). Results are expressed as mean + SEM, *p<0.05, ** p<0.01 vs. Control,

n=3)

150



0.5ng/ml TGF-B1 is sufficient to induce EMT in HK-2 cells as shown in Figure
3.3.2.3. Cells exposed to TGF-B1 also showed lower expression of BMPR-IA expression as

compared to the controls.

Control

TGF-BI

Figure 3.3.2.3 EMT and BMPR-IA expression in HK-2 cells.

Twenty four hours exposure of 0.5 mg/ml of rhTGF-f1 changed the normal appearance of
cobble stone-like HK-2 cells (Left upper panel) to elongated, spindle shape-like
myofibroblastic cells, suggestive of EMT (Left lower panel). When these cells were stained
using Immunofluorescence techniques for BMPR-IA, control HK-2 cells exhibit higher
amount of membrane BMPR-IA staining (Green, Right upper panel) as compared to the
HK-2 cells exposed to TGF-B1 (Right lower panel). DAPI was used to stained nuclei

(Blue).
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Conversely, TGF-B1 paradoxically increased ALK-2 and BMPR-IB mRNA
expression. BMPR-IB mRNA expression was increased to 1.5 + 0.1-fold at 48 hours
(p<0.05) and to 2.0 + 0.3-fold at 72 hours (p<0.05) when compared to the control (Figure
3.3.2.4A). Similarly, ALK-2 mRNA expression increased upon exposure to TGF-BI to 2.0
+ 0.2-fold at 48 hours (p<0.05) and to 2.2 + 0.3-fold at 72 hours (p<0.05) when compared
to the control (Figure 3.3.2.4B). TGF-B1 also induced BMPR-II mRNA expression to 1.6

+.0.1-fold (p<0.05), but not at the 72 hour time point (Data not shown).
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Figure 3.3.2.4 Effect of TGF-B1 on BMPR-IB and ALK-2 mRNA expression.

Unlike its effect on BMPR-IA expression, TGF-fi1 up-regulates BMPR-IB and ALK-2
mRNA expression at both time points (A & B). Results are expressed as mean + SEM,

*»<0.05 vs. Control, n=3).
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3.3.3 TGF-B1 suppression of BMPR-IA in HK-2 cells is reversible

To assess if the suppressive effect of TGF-B1 on BMPR-IA expression is
reversible, HK-2 cells were exposed to 0.5ng/ml of TGF-B1 for 24 hours following which
TGF-B1 was removed and replaced with normal conditioned media, labelled as without
(W/O) TGF-BI. Concurrently, another group of HK-2 cells were continuously exposed to
0.5ng/ml of TGF-B1, labelled as with TGF-B1 (Figure 3.3.3.1). Cell lysates were collected
at various time points indicated. HK-2 cells not exposed to TGF-B1 at 96 hours were used
as the positive control. Both groups showed comparable reduction in BMPR-IA protein
expression 24 hours post initial exposure to TGF-B1. The W/O TGF-Bl groups
demonstrated recovery of the BMPRIA which reached statistical significance at 72 hours
(p<0.01) and 96 hours (p< 0.001). However, the recovery of BMPR-IA was not observed
in the ongoing presence of a low concentration of TGF-$1. No BMP-7 mRNA expression

could be detected in the control and TGF-B1 treated groups (data not shown).
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Figure 3.3.3.1The suppressive effect of TGFB-1 on BMPR-IA protein expression was

reversible.

HK-2 cells were exposed to 0.5ng/ml of TGF-f1 for 24 hours following which TGF-flwas
removed and replaced with normal conditioned media (W/O TGF-B1). Concurrently,
another group of HK-2 cells were continuously exposed to 0.5ng/ml of TGF-B1 (With TGF-
p1). Cell lysates were collected at various time points indicated; the control being HK-2
cells in the absence of TGF-f1 at 96 hours. Both groups exhibited similar amount of
BMPR-IA protein expression at 24 hours post exposure to TGF-B1 (27.8 + 4.7% (W/O
TGF-p1) vs. 30.2 = 3.1% (With TGF-p1). The W/O TGF-B1 groups demonstrated recovery
of the BMPR-IA which reached statistical significance at 72 hours (64.4 + 10.3% (W/O
TGF-p1) vs. 27.5 + 6.8% (With TGF-B1), ** p<0.01) and 96 hours (77.1 + 13% (W/O
TGF-BI) vs.20.4 = 3.6% (With TGF-B1), *** p< 0.001). However, the recovery of BMPR-
IA was not observed in the ongoing presence of a low concentration TGF-B1. All
experiments were done in at least triplicate at all time points.
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3.3.4 BMP receptors expression on exposure to 25mM D-Glucose

Thirty mM of D-glucose (high glucose) had no effect on the mRNA expression of

any BMP receptor subtype: namely BMPR-IA, 1.02 + 0.0-fold; BMPR-IB, 1.1 + 0.2-fold

and ALK-2, 0.9 + 0.4-fold at 72 hours when compared to 5 mM glucose (Figure 3.3.4.1A,

B & C). Data as shown is for the 72 hours time point. Similar results were seen at all time

points namely 24, 48 and 72 hours by RT-PCR (data not shown). Exposure to independent

osmotic stress similarly did not affect the expression level of these receptors. No BMP-7

mRNA expression could be detected in HK-2 cells exposed to TGF-B1 or high glucose

exposed HK-2 cells.
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Figure 3.3.4.1 Effect of 30 mM D-Glucose on BMP receptor expression.

When HK-2 cells were cultured in 30 mM D-Glucose (high glucose) for 24, 48 and 72
hours, BMP receptors’ mRNA expression was not changed in the presence of high glucose.
72 hours’ real time PCR data are shown (4, B & C). Five mM D-Glucose and twenty-five
mM L-Glucose were used as an osmotic control. Similarly no regulation of BMP receptor

mRNA expression was observed. Results are expressed as mean + SEM, (n=35).
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3.3.5 BMP receptor expression in KLF-6 over-expressing HK-2 cells

The optimal concentration of 8l per well of cells of Lipofectamine 2000 was

determined using flow cytometric analysis, to achieve > 90% of transfection efficiency as

shown in Figure 3.3.5.1.

100

—— Control

—— 4 pl Lipofectamine®2000
—— 8 ul Lipofectamine®2000
—— 12 pl Lipofectamine®2000

FL1-Height

Figure 3.3.5.1 Determination of optimal concentration of transfection reagent using a

GFP labelled plasmid.

The background fluorosence was first analysed using no GFP-labelled plasmid as a
baseline. Almost 70% of the HK-2 cells were GFP positive when 4 ul of
Lipofectamine®2000 was used as the transfection agent (—). When 8 ul (— ) of
transfecting agent was used, 97% of the cells were labelled and 93% when 12 d (— ) of

lipofecatimine®2000 was used. Hence, 8 ul of transfecting agent was subsequently used

Jor all over-expression experiments.
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KLF-6 plasmid transfection increased KLF-6 mRNA expression by 9 fold (p<0.01)
(Figure 3.3.5.2A). This was reflected in a 239.4 + 29.7% (p<0.01) greater amount of KLF6
protein expression when compared to the empty vector (EV) control cells (Figure
3.3.5.2B). Mock transfection (transfection agent alone) did not increase KLF-6 protein

level (data not shown).
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Figure 3.3.5.2 KLF-6 plasmid transfection.

KLF-6 plasmid transfection was confirmed by markedly increased KLF-6 mRNA and
protein analysis as compared to empty vector (EV) transfection (A & B)( **p<0.01 vs.

Control, n=3).
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In addition to the western blot studies, the efficiency of KLF-6 transfection was
assessed by immunofluorescence techniques using polyclonal anti-KLF-6 antibody. More
than 60% HK-2 cells were stained positively for KLF-6 (Figure 3.3.5.3B) in their nuclei

when compared to cells transfected with empty vector (EV) as shown in Figure 3.3.5.3A.

A Empty vector plasmid

KLF6 plasmid

Figure 3.3.5.3 Confirmation of HK-2 cells over-expressing KLF-6 by

immunofluorescence.

Using Immunofluorescence technique, KLF-6 was detected in the nuclei of HK-2
transfected with KLF-6 plasmid (Green, Alexa Fluor 488) (B) when compared with HK-2

cells transfected empty vector (EV) (4) which showed negligible KLF-6 nuclear staining.
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When BMP receptors were examined in these KLF-6 over-expressing cells, BMPR-
IA, BMPR-IB and ALK-2 receptors were found to be significantly suppressed as compared
to the control, 0.7 + 0.1 (p<0.01), 0.4 + 0.1 (p<0.05) and 0.7 = 0.1 (p<0.01) (Figure
3.3.54A, C & D). BMPR-IA protein expression was also significantly suppressed to 56.8 +
7.5% as compared to the control cells (p<0.01) (Figure 3.3.5.4B). The suppressive effect of
KLF-6 on BMPR-IA expression is further confirmed by BMPR-IA IF staining (Figure

3.35.5).
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Figure 3.3.5.4 KLF-6 over-expression suppresses the expression of all type I BMP

receptor subtypes.

Cells over-expressing KLF-6 exhibit significantly lower mRNA expression of all type 1
BMP receptors subtypes. KLF-6 plasmid transfection most significantly suppressed BMPR-
IA and ALK-2 (A & D). BMPR-IA protein expression is significantly suppressed at 72
hours in HK-2 cells over-expressing KLF-6 (B). Results are expressed as mean + SEM **

p<0.01,* p<0.05 vs. Control (n=3).
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Figure 3.3.5.5 Immunofluorescence staining of BMPR-IA in KLF-6 over-expressing

HK-2 cells.

HK-2 cells cultured on glass cover slips to achieve 70-80% confluence, and were followed,
by KLF-6 plasmid transfection. Twenty four hours later, these cells were fixed, blocked and
stained with BMPR-IA (1:25 dilution). Nuclei of these cells were counter stained with
DAPI (Blue). Upper panel shows HK-2 cells transfected with an empty vector (EV) plasmid
have high basal expression of BMPR-IA (green). The BMPR-IA expression was markedly

down regulated in KLF6 over-expressing cells (lower right panel).
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3.3.6 BMP receptor expression in KLF6 siRNA treated cells

KLF-6 mRNA expression was silenced using siRNA specifically targeting KLF-6
(Figure 3.3.6.1A, p<0.0001), which translated to a reduced protein expression of 12.9 +
1.5% of control (p<0.0001) (Figure 3.3.6.1B). KLF-6 silenced HK-2 cells exhibited
significantly greater BMPR-IA mRNA expression, 2.1 + 0.2-fold (p<0.01) as compared to
non specific (NS) siRNA treated cells (Figure 3.3.6.2A). BMPR-IB receptor mRNA was
also increased 1.9 + 0.2-fold (p <0.05) and ALK-2 receptors mRNA increased 1.8 + 0.1-
fold (p<0.05) as compared to cells transfected with a non-specific siRNA (Figure 3.3.5.2B
& C). These data confirm that KLF-6 plays a regulatory role in BMP receptor mRNA and
protein expression.
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Figure 3.3.6.1 KLF-6 Silenced HK-2 cells.

Silencing of KLF-6 using siRNA techniques. KLF-6 knock-down is achieved by transfecting
HK-2 cells with siRNA specific for KLF-6. Knock-down of KLF-6 is confirmed by mRNA
and protein analysis compared to results in transfected cells with non specific (NS) siRNA

(A & B). Results are expressed as mean = SEM, ***p <0.0001 vs. Control, (n=3).
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Figure 3.3.6.2 Effects of KLF-6 silencing on BMP receptors mRNA expression.

BMPR-IA mRNA expression is significantly increased in KLF-6 knock-down cells (A).
KLF-6 knock-down also increased BMPR-IB and ALK-2 mRNA expression (C & D). These
results confirm that KLF-6 has a regulatory role on type I BMP receptor expression.

Results are expressed as mean + SEM ** p<(.01, *p<0.05 vs. control, (n=3).
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3.3.7 KLF-6 silencing rescued TGF-$1 induced BMPR-IA suppression

We have shown HK-2 cells exposed to 0.5 ng/ml of TGF-B1 suppressed BMPR-IA
mRNA and protein expression (section 3.3.2). We have also demonstrated that KLF-6
silenced HK-2 cells exhibited significantly greater BMPR-IA mRNA (Figure 3.3.6.2A).
Figure 3.3.7.1 shows that KLF-6 silenced HK-2 cells have greater BMPR-IA protein
expression, 149.8 + 10% as compared to the control. When HK-2 treated with NS siRNA
were exposed to 0.5ng/ml of TGF-B1 for 24 hours, BMPR-IA is significantly suppressed to
65 + 3.2% as compared to the control groups (p<0.01). However, when KLF-6 silenced
cells were exposed to 0.5ng/ml of TGF-B1 for similar duration, BMPR-IA expression is
110.1 £ 6.4% vs. control. These data confirm that silencing of KLF-6 in HK-2 cells is able
to rescue TGF-B1 suppression on BMPR-IA expression and strongly suggests that KLF-6

has a regulatory role in BMPR-IA expression.
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Figure 3.3.7.1 KLF-6 knock-down rescues TGF-B1-induced suppression on BMPR-IA

in HK-2 cells.

KLF-6 knock-down HK-2 exhibits greater BMPR-IA protein expression as compared to the
control. When HK-2 cells treated with NS siRNA were exposed to 0.5 ng/ml of TGFpBI for
24 hours, BMPRIA expression was markedly down regulated. However the suppressive
effect of TGFB1 on BMPRIA expression was not seen in KLF6 silenced cells (***p<

0.0001, **p<0.01, n=4).



3.3.8 BMPR-IA, ALK2 and BMP-7 mRNA expression in diabetic Ren-2 rat kidney

Diabetic animals (n=5) exhibited an elevated blood sugar and HbAlc, 32.8 +
0.19mmol/L (p<0.0001) and 11.4 £ 0.38% (p<0.0001) as compared to their non-diabetic
counterparts, 5.8 £ 0.29mmol/L and 3.8 £ 0.05% respectively. These animals have
increased urinary albumin excretion, 81 £ 1.3 vs. 14 + 1.2mg/day (p<0.05) (Table 3.3.8.1).
We have previously demonstrated that KLF-6 is up-regulated in the kidneys of diabetic

Ren-2 rats at 16 weeks.

Table 3.3.8.1. Animal characteristics

Body Blood HbAlc
Group n weight glucose (%) AER SBP
(gm) (mmol/L) (mg/24hours) (mmHg)
Control (Ren- 294 + 58+
2) 5 11.5 0.29 3.8+ 0.05 14+1.2 155+ 1
Diabetic (Ren- 272+ 328+ 114 %
2) 5 11.9 0. 18%** (.38*** 81+ 1.3* 188 + 7

Values are expressed as means £ SEM
*p<0.05 versus Ren-2
control

##%p<0.0001 versus Ren-2 control

BMPR-IA mRNA was significantly reduced in the kidney cortex of the STZ-
induced diabetic rats, 0.7 £ 0.1-folds (p< 0.05) as compared to the non-diabetic rats (Figure
3.3.8.1A). ALK-2 mRNA expression was more markedly attenuated to 0.5 + 0.1-fold
(p<0.01) (Figure 3.3.8.1B). Anti-BMPR-IA antibody used in western blotting was not
suitable for immunohistochemistry in rat kidneys. Kidney cortex BMP-7 mRNA was
significantly reduced in these diabetic rats, 0.9 + 0.0-fold (p<0.05) (Figure 3.3.8.1C). Even
though the in vitro data suggests that TGF-B1 has differential stimulatory and inhibitory
role on BMP receptors expression in human proximal tubule cells, the in vivo data suggests

a longer term net suppressive effect of TGF-B1 on BMP-7 and all of its receptors in an
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endogenously TGF-B1-rich animal model. Together with our previous published data, we

conclude that both KLF-6 and TGF-B1 have a regulatory role on BMP receptors.
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Figure 3.3.8.1 BMP-7 and BMP receptors mRNA expression in the Ren-2 diabetic rat.

Ren-2 diabetic rats sacrificed at 16 weeks post streptozotocin-induced diabetes exhibit
significantly lower expression of BMPR-IA and ALK-2 mRNA as compared to the control
animals (n=35, A & B). These animals also exhibit significantly lower BMP-7 mRNA as
compared to their non-diabetic counterpart (C). Results are expressed as mean + SEM, **

p<0.01, *p<0.05 vs. Control, n=3 each groups.
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3.3.9 Effect of rhBMP-7 on EMT

To ascertain the effect of BMP-7 on EMT and fibrosis, we initially used
recombinant human BMP-7. Cell proliferation studies using various concentrations of
rhBMP-7 demonstrated no proliferative or cytotoxic effect on HK-2 cells, even at
supraphysiological concentrations of 2000 ng/ml (Figure 3.3.9.1) at 72 hours. 1000ng/ml

of rhBMP-7 was used for subsequent experiments to reverse TGF-B1 induced EMT.
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Figure 3.3.9.1 Effect of recombinant human BMP-7 on HK-2 cell proliferation and

cytotoxicity.

Subconfluent HK2 cells grown in 96-well plates were incubated with various
concentrations of rhBMP7 for 72 hours. Media were changed at 48 hours. rhBMP7
exerted no cytotoxic or proliferative effects on HK-2 cells, even at the high concentration

of 2000ng/ml.
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E-cadherin is a Ca**-dependent cell adhesion molecule that plays an important role
in the development and maintenance of renal epithelial polarity. Loss of E-cadherin
expression is considered to be one of the earliest changes in EMT. We have established the
minimum required dose of 0.5ng/ml of thTGFB1 to induced EMT in HK2 (Figure 3.3.9.2).
We have demonstrated that exposure to 0.5 ng/ml of TGF-B1 for 72 hours significantly
suppressed E-cadherin mRNA expression to 32 + 2.4% as compared to cells not exposed to
TGF-B1 (Figure 3.3.9.3A, lane 2, p<0.0001), and this was associated with increases in the
mesenchymal marker vimentin mRNA, to 128 + 5.5% of the control (Figure 3.3.9.3B, lane
2, p<0.05). The suppressive effect on E-cadherin mRNA expression by TGF-B1 was seen
despite removal of TGF-BI from the media after 24 hours of exposure, 40 + 5.5% (Figure
3.39.2A, lane 4, p<0.0001). Co-incubation of TGF-Bl and BMP-7, even at the
supraphysiological dose of 1000 ng/ml, failed to restore TGF-B1-induced E-cadherin loss
(44 + 5.9%, Figure 3.3.9.2A, lane 3, p<0.0001). However, if TGF-1 was removed after 24
hours and the cells were subsequently exposed to 1000 ng/ml of BMP-7, E-cadherin
mRNA expression was significantly restored to 70 + 7.9% (Figure 3.3.9.2A, lane 5,
p<0.01). In parallel, the increased vimentin mRNA expression was reversed towards
baseline; 104 + 10.1% (Figure 3.3.9.2B, lane 5, p<0.05). These data suggest any

therapeutic effect of BMP-7 is limited in the presence of TGF-B1.
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Control HK-2 cells 0.5 ng/ml TGF-1

Figure 3.3.9.2 TGF-B1 induces EMT in HK-2 cells.

HK-2 cells are monolayer, cuboidal epithelial cells (Left). Afier 24 hours exposure to 05
ng/ml of TGF-p1, these cells acquired a phenotype of elongated, spindle shape, occasional

clumped, myofibroblastic-looking cell indicated EMT (Right).
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Figure 3.3.9.3 BMP-7 was able to reverse EMT only in the absence of TGF-p1.
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Lane 1= Normal standard medium; Lane 2 = TGF-B1 (0.5ng/ml) only for 72 hours; Lane
3 = TGF-B1(0.5ng/ml) and BMP-7(1000ng/ml) for 72 hours; Lane 4 = TGF-B1(0.5ng/ml)
Jor first 24 hours followed by standard medium for another 48 hours; Lane 5 = TGF-
B1(0.5ng/ml) for first 24 hours followed by BMP-7(1000ng/ml) for next 48 hours ; Lane 6

= BMP-7 (1000ng/ml) only.

T'wenty-four hours’ exposure to 0.5 ng/ml of TGF-f1 is sufficient to induce EMT in HK-2
cells, as indicated by loss of E-cadherin and induction of vimentin (Figure 3.3.9.14 & B,
Lane 2). HK-2 cells exposed to TGF-$1 alone, TGF-B1 for the first 24 hours or both TGF-
p1 and BMP-7 (lane 2, 3 & 4), all exhibit lower E-cadherin expression as compared to
control (***p<0.0001) and significantly increased vimentin mRNA expression (*p<0.05).
Removal of TGF-f1 from the media alone did not restore markers of EMT to normal.
However, removal of TGF-f1 from the media followed by exposure to high dose BMP-7

(1000 ng/ml) significantly restored the TGF-f1 induced loss of E-cadherin (**p<0.01) and
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gain of vimentin (*p<0.05) (Figure 3.3.9.1.A & B, Lane 5). Results are expressed as mean

£ SEM, ***p<0.0001, ** p<0.01, *p<0.05 vs. Control, n=4.

3.3.10 rhBMP-7 and phosphorylated Smad1/5/8

Smad proteins are essential components of TGF/ BMP signalling that link ligand/
receptor signals to transcriptional control. All members possess two highly conserved
MAD homology domains in the amino (MHI) and carboxyl (MH2) terminus that are
connected by a proline-rich non-conserved region. Stimulation of cells with BMP-7 leads
to phosphorylation of endogenous Smad1/5/8 which associates with co-factor Smad4
before translocating into the nucleus to induce the promoter of the target gene. On the other
hand, Smad 2/3 are the downstream signalling pathway for TGF-B1. There is no cross-
reactivity between TGF-f1 and BMP-7 other than their common involvement with Smad 4,
which both these cytokines require for nuclear translocation. We first demonstrated that
phosphorylation of Smad1/5/8 occurred as early as 15 minutes after exposure to rhBMP?7,
and peaked at 2 hours post exposure. A significant elevation was only observed up to 2
hours post exposure to thBMP-7. Subsequently, pSmad 1/5/8 levels remained between
peak and control values for up to 24 hours then declined to baseline by 48 hours (Figure
3.3.10.1). Phosphorylation of Smad1/5/8 is dependent on the concentration of rhBMP-7 to
which the HK-2 cells were exposed. The higher the concentration of rhBMP-7, the more
pSmad1/5/8 was recruited (Figure 3.3.10.2). When cells were exposed to 500 ng/ml and
1000ng/ml of BMP-7 for 2 hours, pSmad1/5/8 was significantly increased to 243.4 +

55.3% (p<0.05) and 368 + 33.3% (p<0.01) compared to baseline values.
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Figure 3.3.10.1 Phosphorylation of Smad1/5/8 after exposure to rhBMP7.

HK-2 cells were exposed 1000ng/ml of rhBMP-7, and cell lysates were collected at fixed
time points for western blot analysis of pSmadl/5/8. Recruitment of pSmadl/5/8 occurred
early at 15 minutes and peaked at 2 hours. Subsequently, pSmad 1/5/8 levels remained
between peak and control values for up to 24 hours then declined to baseline by 48 hours.

Results are expressed as mean += SEM, *p<0.05 vs. Control, n=3. hr = hour, min= minute.
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Figure 3.3.10.2 Recruitment of pSmad1/5/8 is dependent on the concentration of

rhBMP-7.

HK-2 cells were exposed to incremental concentration of rhBMP-7 and all sample cell
lysates were collected 2 hours after exposure to rhBMP-7. Higher the concentration of
rhBMP-7, the more pSmad1/5/8 was recruited. Significant increased in pSmadl/5/8 were
seen with 500 and 1000ng/ml of rhBMP-7. Results are expressed as mean + SEM, **

<0.01, *p<0.05 vs. Control, n=3.
4

3.3.11 Effect of KLF-6 on BMP-7 and TGF-B1 downstream signalling

We have now shown that KLF-6 has a regulatory effect on BMPR-IA mRNA and

protein expression. To assess the relationship of KLF-6 with TGF-B1 and BMP-7 and their
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respectively downstream signalling, pSmad 1/5/8 and pSmad2 were studied in KLF-6 over-
expressing and silenced HK-2 cells. KLF-6 over-expressing HK-2 cells have a basal level
of pSmad 1/5/8 expression similar to that of the empty vector (EV) plasmid transfected
cells. However, when these cells were exposed to 1000ng/ml of BMP-7, pSmad 1/5/8 was
markedly increased in the EV to 155.9 + 15.4%, p<0.05. However, this increase in pSmad
1/5/8 was not seen in the KLF-6 over-expressing cells, 108.9 + 14.6, p<0.05 (Figure
3.3.11.1).

pSmad 153 [ ¢
KLF6 S S & s 43kD

B-Actin 42kD
200 - * %

E
< 150
=2
NG
2 5100 4
- &
9
=
Z 50 A

|

L
EV KL6 EV KLF6

plasmid  plasmid plasmid plasmid

BMP7(1000ng/ml)

Figure 3.3.11.1 Phosphorylated Smad 1/5/8 in KLF-6 over-expressing HK-2 cells.

Cells exposed to BMP-7 had an increase in pSmad 1/5/8 as compared to control (bar 3,
*p<0.05). KLF-6 overexpressing cells had a significantly reduced pSmad 1/5/8 expression
compared to cells transfected with a non specific plasmid vector. Results are expressed as

mean + SEM, *p<0.05 vs. Control, n=3.
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In KLF-6 silenced cells, basal pSmad 1/5/8 expression was similar in the cells
treated with non specific siRNA (NS). When control cells were exposed to 1000 ng/ml of
rhBMP7, pSmad 1/5/8 signalling increased to 168.9 + 4.8%, p<0.01. A further increase in

pSmad 1/5/8 was seen in the KLF-6 silenced cells to 214.3 + 12.3%, p<0.01 (Figure

3:5:11.2):
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Figure 3.3.11.2 Phosphorylated Smad 1/5/8 expression KLF-6 silenced cells.

Successful KLF-6 silencing was confirmed by western blot analysis. There was no
difference in the basal level of pSmad 1/5/8 between the KLF-6 silenced cells vs. the
control. When HK-2 cells transfected with these transfected cells were exposed to 1000

ng/ml of rhBMP7, pSmad 1/5/8 signalling was higher in the KLF6 silenced cells
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To assess whether the synergistic effects of TGF-B1 and KLF-6 were mediated
through pSmad 2. KLF-6 over-expressing cells were exposed to 0.5ng/ml of TGF-I.
Basal pSmad 2 was similar in the EV and KLF-6 plasmid transfected groups (Figure
3.3.11.3) suggesting that TGF-B1 and pSmad 2 are upstream of KLF-6. Following 24 hours
of exposure to 0.5ng/ml of thTGF-B1, pSmad 2 signalling significantly increased to 392.4
£+ 24.9% (p<0.0001) in the EV plasmid transfected cells, and further increased in cells
over-expressing KLF-6. The potentiating effects of KLF-6 on TGF-Bl was clearly
demonstrated by a further increment of pSmad 2 to 628.8 + 66.6%, p<0.0001 (Figure
3.3.11.3). This strongly suggests KLF-6 potentiates TGF-B1 via a Smad 2 dependent

pathway and also confirms that KLF-6 is downstream of TGF-B1/ Smad 2.
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Figure 3.3.11.3 Phosphorylated Smad 2 in KLF-6 over-expressing cells exposed to

TGF-p1.

Basal pSmad 2 was not affected by KLF-6 overexpression. Twenty four hours exposure to
TGF-p1 significantly increased pSmad 2 expression in EV plasmid transfected cells, with a
Surther increment in pSmad 2 expression in KLF-6 overexpressing cells. All experiments
were done in triplicate at each time points and all data were expressed in mean + SEM,

**¥p<0.0001, n=3.

3.3.12 BMP-7 plasmid transfection

Transfection with the BMP-7 plasmid resulted in significant BMP-7 mRNA
expression (Figure 3.3.12.1A). The supernatant of these cells contained 408.7+ 32.7 ng/ml
of BMP-7 (Figure 3.3.12.1B) as compared to cells transfected with an empty vector (EV)

plasmid in which BMP-7 expression was not detected.
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Figure 3.3.12.1 BMP-7 over-expression in HK-2 cells.

Transfection of the BMP-7 plasmid resulted in significant expression of BMP-7 mRNA (A).
BMP-7 protein overexpression was confirmed by ELISA (B). Downstream signalling was
confirmed by increased pSmadl/5/8 (C, **p<0.01 vs. control). All experiments were done
in triplicate at each time points and all data were expressed in mean + SEM, ***p<(.0001,

n=3.
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The BMP-7 over-expressing cells also significantly expressed pSmad1/5/8, 522+
54.9%, (p<0.01) as compared to empty vector plasmid control at 72 hours post transfection
(Figure 3.3.12.2). There appears to be basal pSmad 1/5/8 expression in the EV transfected
cells which is probably due to the cross reactivity of the antibody used with Smad 1/5/8.
However, the phosphorylation of Smad 1/5/8 is almost 5-folds more in the BMP-7 over-

expressing cells compared to the EV transfected HK-2 cells.
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Figure 3.3.12.2 Phosphorylated Smad 1/5/8 expression in BMP-7 over-expressing

cells.

Overexpression of BMP-7 increased BMP-7 protein expression and downstream signalling
activity, confirmed by increased pSmad 1/5/8. All experiments were done in triplicate at

each time points and all data were expressed in mean + SEM, **p<0.01, n=3.
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It has been recently shown that expression of inhibitors of DNA binding/
differentiation 2 (Id2), which antagonizes basic helix-loop-helix transcription factors, is
increased by BMP-7, and ectopic expression of Id2 and 1d3 renders epithelial cells
refractory to TGF-B1 induced EMT “'**'' [d2 mRNA was up-regulated by 2.2 fold in
BMP-7 over-expressing cells (p <0.01) (Figure 3.3.12.3A). Since BMP-2 and BMP-4 share
the same pSmad1/5/8 downstream signalling as BMP-7, their mRNA was examined to
ensure specificity of the transfection for BMP-7.ross-reactivity. Figure 3.3.12.3B and
3.3.12.3C confirm that BMP-7 transfected cells showed no increase in BMP-2 and BMP-4

mRNA compared to baseline control values.
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Figure 3.3.12.3 Increased in Id-2 mRNA expression in BMP-7 over-expressing cells.

Real-time relative quantitation of Id-2 mRNA, a downstream target gene of BMP-7which is
known to be induced by BMP-7, was found to be significantly elevated in BMP-7
transfected cells (A). To ensure that there was no non-specific transfection of other BMP
isoforms, namely BMP-2 and BMP-4 were examined. BMP-2 and BMP-4 mRNA were not
Jound to be elevated, indicating the specificity of transfection for BMP-7 (B & C). Results
are expressed as mean of fold change + SEM. All experiments were done in at least three

replicates, *p<(0.05 vs. control, n=3.
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3.3.13 BMP-7 plasmid transfection and EMT markers

Cells over-expressing BMP-7 demonstrated significantly increased E-cadherin, to
121+ 4.1% (p<0.01) and significantly reduced vimentin, to 85.1£1.7% (p<0.01) as
compared to control (Figure 3.3.13.1A and B). This further supports the fact that BMP-7

plays a protective role in the prevention of EMT.
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Figure 3.3.13.1 Over-expression of BMP-7 on EMT markers.

BMP-7 transfected cells exhibited significantly higher E-cadherin mRNA (A) and lower
vimentin mRNA (B) suggestive of a protective role of BMP-7 in the development of EMT.
All experiments were performed in at least 4 different sets (n=4). Results are expressed as

mean + SEM, * p<(0.05 vs. control.
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We repeated the previous experiments by exposing these BMP-7 over-expressing
cells to the lowest concentration of TGF-B1 that was demonstrated to induce EMT in HK-2
cells. i.e. 0.5ng/ml. Western blotting confirmed that BMP-7 over-expressing cells had
significant up-regulation in E-cadherin protein expression, 122.9 + 5.6% (p<0.05) as
compared to the control (Figure 3.3.13.2A). TGF-BI1 significantly down-regulated E-
cadherin protein expression in both empty vector plasmid transfected cells, 61.4 + 2.6%,
p<0.05 as well as in BMP-7 plasmid transfected cells, 60.9 + 14.1%, (p<0.05). The
preservation of E-cadherin by cells over-expressing BMP-7 was not observed in the
presence of TGF-BI. Phosphorylated Smad1/5/8 was markedly increased in cell over-
expressing BMP-7, 175 £ 19.2%, p<0.01, which was down-regulated to 86.5 + 8.1%,
p<0.01 when exposed to TGF-B1 (Figure 3.3.13.2B). The fact that pSmad1/5/8 suppression
by TGF-B1 was not different between the empty vector plasmid control and BMP-7 over-
expressing cells suggested that TGF-BI itself does not interfere with pSmad1/5/8
signalling, but its suppressive effects are likely mediated through its suppression of BMP
receptors, ultimately mitigating against the protective effects of BMP-7. This observation
further confirms that TGF-B1 and its associated up-regulation of KLF-6 suppresses BMP
receptor expression which is essential for BMP-7 downstream signalling, and its protective

effect in limiting EMT.
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Figure 3.3.13.2 Cells over-expressing BMP-7 failed to up-regulate E-cadherin

protein expression in the presence of TGF-f1.

Western blotting confirmed that up-regulation of E-cadherin mRNA is associated with
increased E-cadherin protein expression in cells that over-express BMP-7 (A4). However,
in the presence of low dose TGF-p1 (0.5 ng/ml), the lowest concentration of TGF-f1 that
was pre-determined to induce EMT in HK-2 cells, E-cadherin was equally suppressed in
the empty vector and in BMP-7 overexpressing cells (A). Phosphorylated Smadl/5/8,
which was markedly elevated in cells in which BMP-7 was over-expressed, was
significantly suppressed by exposure to TGF-B1 for 72 hours (B). All cells were harvested
Jor analysis 72 hours post transfection. Results are expressed as mean + SEM, **p<0.01, *

p<0.05 vs. control, n=3.
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3.3.14 BMP-7 plasmid transfection on extracellular matrix (ECM) markers

The protein expression of two extracellular matrix proteins accumulated in renal
fibrosis, namely fibronectin and collagen IV was determined in HK-2 cells transfected with
empty vector and BMP-7 plasmids. Since these proteins are involved in the formation of
extracellular matrix, the secreted form in the conditioned medium was measured. The
secreted protein was normalised with total protein measured by Coomassie blue. BMP-7
transfected cells had a slight increase in secreted fibronectin, 119 £+ 17.7%., which failed to
reach statistical significance (Figure 3.3.14.1A). Exposure to low dose TGF-BI
significantly increased fibronectin secretion to 145 + 11.9%, p< 0.01 as compared to the
control, after normalizing to the total protein content in the supernatant measured by
Coomassie blue (Figure 3.3.14.1A). However, BMP-7 over-expressing cells did not reverse
TGF-B1 induced fibronectin secretion, 138 + 23.8%. Collagen IV was similarly up-
regulated by exposure to TGF-B1 in cells transfected with both the empty vector and the
BMP-7 plasmid, 173 + 30.2% and 184 + 35.9 respectively (Figure 3.3.14.2B). Hence
BMP-7 appears to have no inhibitory effect on TGF-B1 induced extracellular matrix

production.
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Figure 3.3.14.1 BMP-7 over-expression and its effects on fibronectin or collagen 1V

production in HK-2 cells.

Thirty microlitres of conditioned medium with 6x samples of non-reducing sample buffer
were analysed using two separate 7.5% SDS-PAGE gels. These gels were analysed using
the same settings and identical conditions. One of the gels was then transferred to a
western blot membrane for fibronectin or collagen IV analysis. The remaining gel was
stained with Coomassie blue. BMP-7 over-expression has no effect on fibronectin (4) and
collagen IV (B) production. TGF-f1 induced secretion of both fibronectin and collagen IV
in HK-2 cells, and this was not modified by over-expression of BMP-7, either in the basal
state or with concurrent exposure to TGF-f1. All experiments were done in triplicate at
each time points and all data were expressed in mean + SEM, **p<0.01, * p<0.05 vs.

control n=3.
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3.3.15 BMP-7 over-expression on matrix metalloproteinase-9 and -2 (MMP-9 and

MMP-2)

MMPs are a large family of zinc-dependent matrix-degrading enzymes, which
include the interstitial collagenases, stromelysins, gelatinases and elastases which are
secreted, as well as being membrane-bound. MMPs share several structural and functional
properties and synergistically degrade a broad range of extracellular matrix (ECM)
compounds. There are two gelatinases, MMP-2 and MMP-9. They differ by their
molecular mass: 72-kD gelatinise (MMP-2) and 92kD gelatinase (MMP-9). TGF-B1 has
been shown to play a pivotal role in regulating ECM production in models of
tubulointerstitial injury via its effects on matrix regulatory enzymes *'>. BMP-7 over-
expressing cells did not affect basal MMP-2 or MMP-9 production (Figure 3.3.15.1A &
B). Seventy-two hours’ exposure to TGF-B1 significantly increased both MMPs. BMP-7

did not affect production of these MMPs in either basal or TGF-B1 stimulated conditions.

187



MMP-2
MMP-9

92kD

200 ]
200 -
100 - L
MR

EV BMP7 EV BMP7 EV BMP7 EV BMP7
plasmid plasmid plasmid plasmid plasmid plasmid plasmid plasmid

TGF-$1(0.5 ng/ml) TGF-B1(0.5 ng/ml)

100 J

MMP-9/ Coomassie
(% control)

(% control)

MMP-2 / Coomassie

n +

Figure 3.3.15.1 BMP-7 over-expression and its effects on MMP-2 and MMP-9

expression in HK-2 cells.

Basal expression of MMP-2(A) and MMP-9(B) in the supernatant is comparable between
the HK-2 cells transfected with EV and BMP-7 over-expressing cells. TGF-B1 significantly
increased both MMP-2 and MMP-9 expression. BMP-7 did not affect the production of
these MMPs in TGF-f1 stimulated condition. All experiments were done in at least

triplicate at each time points and all data were expressed in mean + SEM, * p<0.05 vs.

control n=4.
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3.3.16 Glomerulosclerosis and tubulointerstitial fibrosis in human Kkidney biopsy

specimens

Renal biopsies from five diabetic patients were evaluated. The patients’ ages
ranged from 40 to 66 years: three were women and two were men. All patients had long
standing type 2 diabetes of at least 10 years’ duration. All biopsies were reviewed by two
pathologists. On light microscopy all showed advanced glomerular lesions, with
characteristic Kimmelsteil-Wilson nodules with diffuse or nodular thickening of the
glomerular basement membrane (Figure 3.3.16.1) and marked interstitial fibrosis (Figure

3.3.16.2). Demographic data are shown in Table 3.3.16.1

Normal control Diabetic kidney

Figure 3.3.16.1 Typical diabetic nephropathy changes demonstrated by periodic acid-

schiff (PAS) staining.

Glomeruli show a diffuse increase in mesangial matrix and nodular sclerosis. These
nodules have the classical appearance of Kimmelstiel-Wilson nodules (Diabetic kidney).

The mesangial matrix shows positive staining with a PAS stain which is negative for Congo
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red. The mesangial sclerosis per glomerular area is significantly higher in diabetic

individuals as compared to normal controls.

Normal control Diabetic kidney

Figure 3.3.16.2 Masson trichrome staining of diabetic kidney tissues.

A marked increase in interstitial fibrosis and tubular atrophy is seen in diabetic (B) but not
in normal kidney (4). Many atrophic tubules have thickened basement membranes.
Tubular epithelial cells show vacuolation in keeping with proteinuria. The tubular lumens
have numerous hyaline and granular casts. There is also patchy interstitial inflammation.
The infiltrate consists mostly of lymphocytes. The interstitial fibrosis score is significantly

higher in diabetic individuals as compared to tissue from normal kidney.
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Table 3.3.16.1 Baseline characteristics

sex/ Sr eGFR U. prot/ Co:
Age creat  (mlUmin/ creat H::::)Ic morbc;dity Light microscopy
() (pmol/L)  1.73m%) (mg/mmol)

Nodular sclerosis. Kimemenstiel-wilson

I 117 27 300 9.2 DM_HPT nodules, thickened basement membrane,

el
66

advanced diabetic nephropathy.

2.9/ 504 10 250 71 DM HPT, di_ffuse and nodular lesion, Kimmenstiel-

53 IHD wilson nodules,

3.3/ 4/10 glomeruli sclerosed, increased

44 260 23 41 6.1 DM mesangial matrix consistent with diabetic
changes

4.2 R Incre&?se mesangial matrix w_fith nlodular

40 365 17 119 5.8 mp  and diffuse changes, early diabetic
nephropathy

552’ 274 22 450 84  DMTIA  Advance diabetic nephropathy

¢, Female: , Male; HPT, Hypertension; DM, diabetes mellitus; IHD, ischemic heart disease: TIA, Transient
ischemic attack

eGFR, estimated glomerular filtration rate (MDRD calculation); sr.creat, serum creatinine; u.Prot/creat, urinary
protein creatinine ratio.

Five normal specimens of kidney tissue from patients who had undergone
nephrectomy for tumour, were used as the control for morphometric semiquantitative
analysis as summarised in 7able 3.3.16.2 As expected, the diabetic individuals had
significantly increased glomerular volume 22487.2 + 1815.0 pm? vs. 4381.5 + 1959.5um?,
p<0.05 compared with non diabetic individuals. They also had increased
glomerulosclerosis, as indicated by higher glomerulosclerosis scores, 2+ 0.3 vs. 0.6+ 0.2,
p<0.05 and a higher percentage of mesangial sclerosis volume over glomerular volume,
43.0 £ 5.5% vs. 29.0 + 2.9%, p<0.05. However, the mesangial cellularity was not different

between the two groups, probably due to advance glomerulosclerosis in the diabetic group.
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Table 3.3.16.2. Semiquantative morphometry analysis

BMP?7 positive

2 o
n GS GV(um®) Mes/G(%) MC/G(%) TI tiibales
Control 5 06+0.2 22487.2+1815 29.0+£2.9 4.0+0.3 04+0.2 5.2+0.86
2.0+ 20+
Diabetic 5 0.3* 4381.5+1959.5%  43.0+5.5* 3.0£0.6 0.2* 1.0+0.32*

* p<0.05 versus normal nephrectomised kidney

Values are expressed as means = SEM

GS., glomerulosclerosis score; GV, glomerular volume; Mes/G, mesangial sclerosis/glomerular volume
MC/G, Mesangial cell/glomerular volume; TI, tubulointerstitial fibrosis score

3.3.17 BMP-7, KLF-6 and BMPR-IA in human kidney

The cortical tubular BMP-7 expression in the kidney specimens from patients with

type 2 diabetes was significantly reduced, 1 + 0.32, as compared to the normal kidney, 5.2

+ (.86 tubules per high power field (p<0.05, Table 3.3.16.2). Figure 3.3.17.1 demonstrates

that in BMP-7 positive tubules are found in abundance in normal kidney specimens (A) but

are significantly down regulated in kidney biopsy specimens from patients with diabetic

nephropathy (B). Interestingly, reduced BMP-7 staining was seen not only in areas with

significant tubular damage or atrophy, but also in areas with well preserved glomeruli,

tubular structures and minimal fibrosis. This observation suggests that in patients with

diabetic nephropathy tubular BMP-7 is down-regulated before established fibrosis and

significant loss of kidney mass are seen.
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Normal control

Figure 3.3.17.1 Immunohistochemistry of BMP-7 in human kidneys with diabetic

nephropathy.

BMP-7 was positively stained in distal tubules and collecting duct, but not in proximal
tubules and glomeruli (4) of control kidney specimens from patients who underwent
nephrectomy for tumour, and compared with kidney biopsy specimens from patients with

long standing diabetic nephropathy (B).

KLF-6 was seen in nuclei of proximal tubules, occasionally seen distal tubules and
collecting ducts. Glomerular mesangial cells were occasional positive for KLF-6 however:;
no podocytes stained positively for KLF6. In normal kidney tissues, (Figures 3.3.17.2A)
KLF-6 positively stained nuclei were less in number and intensity when compared with

diabetic biopsy specimens (Figure 3.3.17.2B).
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A Normal control B Diabetic kidney

Figure 3.3.17.2 KLF-6 expression in human kidneys.

KLF-6 positive nuclei were seen in tubules, glomeruli and mesangium normal kidney
specimens (A). In kidney biopsy specimens with established diabetic nephropathy, the
number and intensity of KLF-6 positive nuclei markedly increased. This increase was most

prominently seen in proximal tubules (B).
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Immunofluorescence techniques were used to stain BMPR-IA. BMPR-IA was
detected in membrane and cytoplasm of epithelial cells of proximal and distal tubules. No
glomerular or mesangial BMPR-IA was detected. BMPRIA was abundantly expressed in
healthy kidney specimens (Figure 3.3.17.3A) which was markedly suppressed in biopsy

specimens of individual with diabetic nephropathy (Figure 3.3.17.3B).

A Normal control B Diabetic kidney

Figure 3.3.17.3 Immunofluorescence staining of BMPR-IA.

Paraffin embedded 3um sections were used. BMPR-IA staining was seen in proximal and
distal tubules in kidney tissues of normal subjects (4). However, glomerular and mesangial
BMPR-IA could not be detected. BMPR-IA staining was markedly reduced in kidney biopsy
specimens with established diabetic nephropathy (B). Since paraffin embedded sections

were used, localization of the stained tubules was possible.
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3.3.18 Circulating BMP-7 is markedly reduced in patients on hemodialysis

Using a sensitive sandwiched ELISA technique, circulating BMP-7 from serum
obtained from five healthy volunteers was found to be in the range 138.27 to 380.85ng/ml
(mean value of 207.2 + 45pg/ml) as compared to patients with end stage renal disease
(ESRD) having 11.85 to 41.84 ng/ml (mean value of 35.2 + 5.1pg/ml, p<0.01). Of the 5

ESRD patients on hemodialysis, 3 had long standing type Il diabetes.
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Figure 3.3.18.1 Circulating BMP-7 in ESRD patients on haemodialysis.

Normal healthy volunteers have a significantly higher level of circulating BMP-7 in

comparison. n=5, Results are expressed as mean += SEM, **p<(0.01 vs. control.
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3.4 Discussion

Bone morphogenetic protein-7 is widely expressed throughout embryonic
development. Its critical importance in nephrogenesis has been clearly demonstrated in the
inductive interaction between ureteric bud and metanephric mesenchyme resulting in
mesenchymal-to-epithelial transformation (MET) *"*. In the adult, the kidney is the main
site of BMP-7 synthesis in the thick ascending limb of the loop of Henle, distal convoluted
tubules, medullary collecting duct, podocytes, urothelium, ureter and adventitia of renal
arteries. Although BMP-7 is found in abundance in the distal tubules, our observations in
both HK-2 cells and PTC cell cultures have confirmed other reports that BMP-7 is not
expressed in the human proximal tubule ***.  The three main BMP type I receptors for
BMP-7 ALK-2, BMPR-IA and BMPR-IB, are detected in proximal tubular cells. Hence, its
action in segments where it is not expressed suggests that BMP-7 acts via a paracrine
manner or through systemic delivery. Its likely function is to maintain tubular epithelial
differentiation and prevent apoptosis. The importance of BMP receptors in the developing
kidney is highlighted by reports demonstrating that deficiency of BMPR-IA in the ureteric
bud results in renal malformation, associated with a decreased number of collecting ducts

and their progenitor branches *'*.

TGF-B1 has long been recognized as a pivotal driver of EMT both in in vivo and in
vitro studies *'°. Because of the role of BMP-7 in driving MET, it has been considered that
BMP-7 may be a ‘natural’ antagonist to TGF-B1 induced EMT, which has been confirmed
by several in vivo and in vitro studies *'®*'". However, administration of thBMP-7 in these
models was usually performed before the establishment of significant renal disease. In

most studies rhBMP-7 was administered immediately before 30 or at the point of insult 304,
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341, 408

early in the disease . or using a transfection methodology or transgenic animal to

, 34 ! 5 .
80y . More recent in vitro evidence

over-express BMP-7 at an early stage of the disease
suggests that BMP-7 does not attenuate TGF-BI induced EMT *** *'®_ The question is
therefore raised as to the effectiveness of BMP-7 as an antifibrotic agent in established
renal disease. The present study demonstrates mechanistically the reasons underpinning the
failure of BMP-7 to impact on TGF-B1 induced EMT; namely, that TGF-BI
transcriptionally regulates BMPR-IA, the major BMP receptor interacting with BMP-7 in a
dose dependent manner *, resulting in receptor down-regulation and a reduction in BMP
receptor/ ligand interactions. Our results suggest that BMP-7 is unlikely to be of
therapeutic efficacy as its inherent actions mitigating against EMT are only effective if
TGF-B1 is removed, which is unlikely to be the case in established renal disease. This

observation is further supported by the failure of cells over-expressing BMP-7 to up-

regulate E-cadherin in the presence of TGF-f1.

The present study further demonstrates that KLF-6 over-expression in the proximal
tubule further suppresses expression of all type | BMPR-IA, lowers E-cadherin expression
and increases vimentin expression. Conversely, BMPR-IA expression was increased and E-
cadherin was increased in HK-2 cells in which KLF-6 was silenced. We have previously
shown in in vitro studies that exposure to high glucose for 11 days leads to an increase in
KLF6 expression in HK-2 cells, and that this increase is mediated by TGF-B1 *®.
Furthermore, in animal models of diabetic nephropathy proximal tubular KLF expression is
increased in parallel with features of EMT. In the present studies we found a significant

reduction of BMPR-IA and ALK-2 receptor mRNA expression in cortical tissues of the

diabetic Ren-2 rat at 16 weeks. This was further supported by the evidence of reduction of
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BMPR-IA staining in kidney biopsy specimens of diabetic nephropathy individuals.
Although long-term exposure to high glucose is known to up-regulate KLF-6, this study
failed to demonstrate any suppressive effect of short term exposure to high glucose on type
I BMP receptor expression. As TGF-B1 was demonstrated to have stimulatory effects on
BMPR-IB and ALK-2 at 48 and 72 hours, we consider that TGF-B1 is likely to directly
inhibit BMPR-IA expression, and in the longer term, induction of KLF6 by TGF-B1 further

reduces all type | BMP receptors as observed in in vivo studies.

The local concentration of BMP-7 is controlled not only by the precise regulation
of its receptors expression, but also by BMP antagonists. BMP antagonists function
through direct binding to BMP-7 thus limiting BMPs from binding their cognate receptors
322 Chordin is not detectable in the kidney, and follistatin mRNA has been found not to be
different in control and disease groups *'°. Conversely. gremlin has been shown to be
markedly up-regulated by TGF-B1 or exposure to high glucose in HK-2 cells **°. USAG-1,
which is thought to be the antagonist most abundantly found in the kidney, is primarily
located in the distal tubules and not found in proximal tubules **2. Although the role of
BMP-7 antagonists was not specifically studied, we used supraphysiological concentrations
of BMP-7 and over-expression strategies to limit the effect of regulatory antagonists that
may have confounded our observations. Despite high local concentrations of BMP-7,

EMT was not reversed, suggesting that local regulation of antagonists is not responsible for

the lack of a renoprotective effect of BMP-7 in the presence of TGF-B1.

Our human studies further suggest a reduction in distal tubular expression of BMP-
7 in the kidneys of humans with established diabetic nephropathy, indicating a reduction in

both ligand and receptor expression in vivo. The reduction of BMP-7 is seen not only in
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areas of interstitial fibrosis, but also in healthy tubules with no significant
glomerulosclerosis or tubulointerstitial fibrosis. Although, BMP-7 is known to induce
BMPR-IA mRNA expression ***, the above studies where BMP-7 was used in
supraphysiological doses and over-expressed with no significant mitigating effect on
markers of EMT suggest that reduced BMP-7 expression is not primarily responsible for its

lack of effect in the presence of TGF-B1.

Even though much of the role of BMP-7 during development is understood, its
exact function and its high concentration in the adult kidney remain unclear. Since BMP
receptors to which BMP-7 binds are expressed in areas that do not produce BMP-7, such as
the proximal tubular cells and other organs, this suggests the intriguing scenario that BMP-
7, which is produced abundantly in the kidney, is constantly released into the circulation,
functioning at distant sites in a hormone-like manner. Lund et al suggested that decreased
BMP-7 levels directly correlate with a loss of viable renal mass, and BMP-7 expression is
decreased in renal injury ***. We confirmed that circulating BMP-7 level is significantly
reduced in end stage renal patients on haemodialysis. This raises the possibility of

measuring circulating BMP-7 as a marker for chronic renal fibrosis.

In summary, the present study has demonstrated that the expression of proximal
tubular BMPR-IA is limited in diabetic nephropathy due to increased expression of TGF-
B1 and KLF-6. This is likely to limit any therapeutic potential of BMP-7 in mitigating

against EMT in chronic nephropathies.
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CHAPTER 4: Cationic Independent Mannose 6- Phosphate Receptor
Inhibitor (PXS-25) Inhibits Fibrosis in Human Proximal Tubular (HK-2)
Cells by Inhibiting Conversion of Latent to Active Transforming Growth

Factor-p1

4.1 Specific background and review

Tissue fibrosis is a maladaptive accumulation of ECM and a common endpoint in
organs that sustain chronic injury. It is the result of a multifaceted, multilayered cellular
response ultimately leading to the destruction of tissues and irreversible loss of normal
tissue function. In nephropathy complicating both Type 1 and Type 2 DM, chronic
hyperglycemia is the primary cause of the injury **', although it is recognized that multiple
injurious mediators, including advanced glycated end products and generation of reactive
oxygen species arise as a consequence of hyperglycaemia. Despite glomerular lesions
being characteristic of diabetic nephropathy, it is now recognized that pathology within the
tubulointerstitium is ultimately more predictive of the renal outcome **2. Renal epithelial
cells contribute significantly to the development of renal fibrosis, as they increase and
remodel ECM when stimulated either by cytokines or their microenvironment, or when
they transition into myofibroblasts as a result of a process known as EMT. As discussed in
prior chapters, the most prominent cytokine in the development of diabetic nephropathy is
the profibrotic cytokines TGF-B1. Accumulated evidence establishes a crucial role for

TGF-B1 in mediating fibrosis. Given the universal upregulation of its expression in the

fibrotic kidney, TGF-B1 and its role in the pathogenesis of renal fibrosis is unarguable.
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More recently, peritubular capillary loss and reduced blood flow limiting oxygen
supply to the renal interstitium leading to chronic interstitial and tubular cell hypoxia, is
recognized to play an active role in the progression of chronic renal disease, including

diabetic nephropathy ** **

. This is evident in renal biopsy samples from patients with
CKD, which typically display loss of peritubular capillaries in areas of tubulointerstitial
fibrosis ***. Key mediators of global cellular adaptation to hypoxia are Hypoxia-Inducible
Factors, HIF-1 and HIF-2 being the most extensively studied. The role of HIF in renal
fibrosis is complicated and may involve a functional interaction with HIF-dependent and

425-426 or the Notch pathway *.

HIF-independent signalling pathways such as the TGF-$
Hypoxia can drive fibrogenesis through a direct transcriptional increase in collagen genes
or gene products that are directly involved in the regulation of ECM turnover. Hypoxia is
known to induce collagen I, tissue-inhibitor of metalloproteinases-1 (TIMP-1) and

connective tissue growth factor (CTGF) o

. whilst decreasing matrix metallopeptidase-2
(MMP-2) *** in renal epithelial cells. Hypoxia is also known to induce plasminogen
activator inhibitor-1 (PAI-1) which is an important regulator of the activation of latent

TGF-p1 *¥,

The TGF-B families are synthesized as precursor proteins that are modified
intracellularly prior to secretion. One of the most relevant intracellular modifications is the
cleavage of the N-terminal pro-region from the C-terminal portion of the protein. The N-
terminal pro-region is referred to as the latency-associated peptide (LAP) which contains
the mannose 6-phosphate moiety, while the C-terminal region is called the mature TGF-B1
or active TGF-B1 "*. When the mature TGF-B1 is associated with the LAP it is called L-

TGF-B1 and cannot interact with its receptor and has no biological effect. In addition, L-
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TGF-B1 frequently is covalently bound to latent TGF-B-binding protein (LTBP), which

facilitates its sequestration within the extracellular matrix '

. The secretion and storage of
TGF-B1 is a complex and restricted biological process. However, one of the most
important means of controlling the biological effects of TGF-B1 is the regulation of the
conversion of LTGF-B1 to active TGF-Bl '*’. The release of TGF-Bl1 from the latent
complex, which is referred to as activation, permits TGF-B1 to be bound by its ubiquitously
expressed cell surface tyrosine kinase type I and type II receptors that initiate its signalling
cascade. Since TGF-B1 has been reported to have numerous biological effects, the
regulation of TGF-BI action is critical to both the maintenance of normal physiological
functions and the pathogenesis of numerous diseases. We have also recognised that
blocking TGF-B1, by either a pan-neutralizing TGF-B1 antibody or TGF-B receptor

ablation antibody, results in severe cytotoxicity and unacceptable side effects, which is

probably due to the role of TGF-B1 in maintaining cell survival and limiting inflammation

431,432

Activation of TGF-B1 is known to occur via the Cationic Independent Mannose 6-
phosphate receptor pathway. There are two mannose 6-phosphate (M6P) receptors — the 46
kDa cation-dependent M6PR (CD-M6PR) and the ~300-kDa cation-independent M6PR
(CI-M6PR)/ insulin-like growth factor-Il (IGF-II) receptor. The CI-M6PR is a
multifunctional receptor that carries out several tasks that are essential for normal cellular
function. One such task, which is shared with the CD-MPR, is the delivery of newly
synthesized acid hydrolases from the trans-Golgi network to endosomes for their
subsequent transfer to lysosomes. In addition, the CI-MPR has been implicated in several

other physiological processes. Of relevance to the present study, it facilitates the activation
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of the latent precursor of TGF-Bl. Using an elegant in vitro model, Godar et al.
demonstrated that the CI-M6PR forms a complex with the urokinase (plasminogen
activator receptor (uPAR) through a binding site on the extracellular domain 1 of the CI-
M6PR. Urokinase bound to uPAR then converts plasminogen to plasmin, which mediates
the release of active TGF-B1 Subsequently, several groups have reported similar
mechanisms that involve binding of the TGF-B; precursor to the cell-surface CI-M6PR '**
'8 Another major mechanism of TGF-B1 activation is through the matrix glycoprotein
thrombosphondin-1**. However, the contribution of the CI-M6PR pathway in the
activation of latent TGF-B1 relative to the other known mechanisms of activation is unclear
"> In the present study, by using a selective CI-M6PR inhibitor, PXS-25, we aimed to
address this by using an in vitro model of proximal tubular cells cultured in either a high
glucose or the combination of hypoxia and high glucose conditions, mimicking the early
and later stages of the diabetic milieu. Being a selective CI-M6PR inhibitor, PXS-25
prevents the CI-M6PR-mediated TGF-B1 release but still allows active TGF-B1 formation
via CI-M6PR independent pathways. Therefore we hypothesized that PSX-25 could
potentially prevent or ameliorate tissue fibrosis without compromising the physiologic

effects of TGF-B1.

4.2 Materials and methods
4.2.1 Cell culture

HK-2 cells, a human proximal cell line from American Type Cell Collection

(ATCC, USA), were used in this study as outlined in Chapter 2 and previously described
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3%, HK-2 cells were 70-80% confluent when seeded onto a six-well plate, and cells were
maintained in Keratinocyte serum-free medium (Invitrogen, Carlsbad CA, USA)
containing 5 mM or 30 mM D-glucose (25 mM plus 5 mM in media), for a total of 72
hours. These cells were grown at 37°C in a humidified 5% CO, incubator. Cationic-
independent Mannose 6-phosphate Inhibitor (PXS-25), courtesy of Pharmaxis Ltd, was
used at a concentration of 100 ng/ml in all experimental conditions. Cell culture media was
changed every 48 hours and studied after 72 hours exposure to the experimental conditions.
At the same time cells from the same passage were grown in another 6 well dishes
(Sarstedt, Germany) initially at 37°C, 5% CO, and 95% air until they reached 70-80%
confluence. Once the cells were ready for experimentation, they were transferred to the
hypoxic chamber (Coy Laboratory Inc, USA) with a set condition 37°C, 5% CO5and 1%
0O,. Media containing 5 mM and 30 mM D-Glucose with or without PXS-25 was
equilibrated to hypoxia (1% O,) by incubation overnight in the hypoxic chamber 24 hours
prior to experimentation. 25mM L-glucose plus 5 mM D-glucose was used as the osmotic

control.

4.2.2 Cell proliferation and cytotoxicity studies

Cytotoxic and proliferative effects of PXS-25 on HK-2 cells at concentrations of 1
uM, 10 uM, 100 pM, 200 uM, 500 uM and 1000 uM for 48 and 72 hours were assessed
using CellTiter 96" AQueous One Solution Cell proliferation Assay (Promega, Madison. WI)

. . 409
as previously described .
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4.2.3 Transforming growth factor-p1 (TGF-$1) ELISA

Supernatant collected at the time of medium change at 48 hours and at the time of
cell harvesting at 72 hours was merged as per the experimental protocol. Minimal medium
was used to avoid dilution of produced TGF-B1 and at the same time to ensure cell
viability. The supernatant was centrifuged and stored at -80°C. Active TGF-B1 levels were
determined with an immunoassay system (Promega, WI, USA) as per the manufacturer’s
instructions. Total TGF-Bl were obtained by IN hydrochloric acid treatment for 15
minutes, and then neutralized with IN sodium hydroxide. The absorbance readings at
450nm were read using a 96-well microplate reader. This system is linear between 15.6 -
1000pg/ml. It has a less than 3% cross reactivity with TGF-B2 and TGF-B3. Total cell
lysate protein content was determined using the Bio-Rad Protein assay. TGF-B1 levels were
corrected for total cellular protein content (pg TGF-B1/ug protein) and were expressed as a

percentage of control value.

4.2.4 Relative quantitative real-time reverse transcription polymerase chain reaction

RNA was extracted using the RNAeasy mini kit (Qiagen, Valencia, CA, USA)
according to manufacturer’s instructions as described in Chapter 2. cDNA was generated
by reverse transcribing 1 pg of total RNA in a reaction volume of 20ul using VILO ¢cDNA
synthesis kits (Invitrogen Carlsbad, CA, USA). One microlitres (50ng) of cDNA was used
as the template in 20pul PCR reactions. Quantitative real-time PCR was performed using an

ABI Prism 7900 HT Sequence Detection System (Applied Biosystems, Foster City, CA,
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USA) with Tagman Gene Expression Master Mix (Applied Biosystems) and gene-specific
expression assays containing two unlabelled PCR primers and fibronectin
(Hs01549976_m1) FAM dye-labeled Tagman MGB probe (Applied Biosystems).
Reactions were performed in at least triplicate and analyzed by relative quantitation using
RQ Manager software, Version 1.2 (Applied Biosystems). All data is presented as the fold
change compared to control after normalization to TATA Binding Protein (TBP) for
hypoxic conditions or B-Actin for normoxic conditions. Water blank was used as the

negative template control.

4.2.5 Western blot analysis

Supernatant was collected and centrifuged at 3000 rpm, 4°C for 5 mins to remove

d *”7. In brief, cells were

cell debris. Protein lysates were extracted as previously describe
first lysed in ice cold cell lysis buffer and then centrifuged at 12,000 rpm, 4°C for 10 mins.
The cell lysate supernatant was collected and stored at -80°C. Thirty micrograms of total
cell protein with 6x Laemmli sample buffer were analysed by SDS-PAGE in 7.5% or 10%
gel and electroblotted to Hybond nitrocellulose membranes (Amersham Pharmacia
Biotech, Bucks). After one hour blocking with 5% skim milk, membranes were incubated
overnight at 4°C with fibronectin 1:100 (NeoMarkers, CA, USA), collagen IV 1:5000
(Abcam Ltd, Cambridge, USA) and pSmad 2 1:1000 (Cell Signalling, CA, USA).
Membranes were then incubated with the appropriate washed horseradish peroxidase

(HRP)-conjugated secondary antibody. Proteins were visualized using the enzymatic

chemiluminescence (ECL) detection system (Amersham Pharmacia Biotech, Bucks). The
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bands corresponding to fibronectin (220kDa), collagen IV (250kDa) and pSmad 2 (56kDa)
were captured using LAS 4000 (Fujifilm, Tokyo, Japan). All membranes were reprobed
with a-tubulin 1:10,000 (Sigma Aldrich, CA, USA) and results were corrected for a-
tubulin as a loading control and analysed using Multigauge system (Fujifilm, Tokyo,
Japan). Equal volumes of supernatant media (30pul) run in SDS-PAGE gel and
counterstained with Coomassie blue were used to quantify total supernatant protein.
Secreted fibronectin and collagen IV were normalised to the total protein measured by

Coomassie blue.

4.2.6 Gelatin zymography

The culture supernatants were collected at 72 hours and centrifuged at 1,000 rpm
for 5 minutes at 4°C to remove cellular debris. Equal volume of samples was mixed with
sample buffer and loaded onto a 10% non-reducing sodium disulphide polyacrilamide gel
(SDS-PAGE) containing 1mg per ml of gelatin (Sigma, MO, USA) and subjected to
electrophoresis. The electrophorised gels were washed in re-naturing buffer (50mM Tris,
2.5% TritonX-100) then incubated for a further 24 hours in developing buffer (50mmol/L
Tris-HCI, 100mmol/L NaCl, 10mmol/L CaCl,, 0.02% NaN;, pH 7.5) at 37°C. The gels
were stained for 15 minutes with Coomassie Blue 250 (Bio-Rad, CA, USA) followed by
de-staining. The lytic bands representing matrix metalloproteinases-2, MMP-2 (72 kDa)
and MMP-9 (92kDa) activity were quantified using Multigauge software V3.0 (Fujifilm,
NJ, USA). At the same time, equal volume of all samples of interest were loaded onto

another 10% non-reducing SDS-PAGE without gelatin and subjected to similar conditions
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of electrophoresis. The relative band intensities of the total protein were measured using
Multigauge software V3.0 (Fujifilm, NJ, USA). The results of MMP-2 and MMP-9 were

normalized to the results of total protein bands studied.

4.2.7 Statistical analysis

Each experiment was performed independently three to five times. Real-time PCR
results are expressed as fold change compared with the control value. RT-PCR data are
expressed as a percentage of control values. Results are expressed as mean + SEM.
Statistical comparisons between groups were made by analysis of variance (ANOVA), with
pairwise multiple comparison made by Fisher’s protected least-significant difference test.
Analyses were performed using the software package Statview, version 4.5 (Abacus

Concepts Inc, Berkeley CA). p values <0.05 were considered significant.

4.3 Results

4.3.1 High glucose and hypoxia induce total and active TGF-B1 production

When HK-2 cells were grown in 30 mM D-glucose for 72 hours, total TGF-BI
production increased to 133.1 + 4.1% (p < 0.05), compared to cells cultured in 5 mM D-
glucose (Figure 4.3.1.1). Similarly, cells exposed to hypoxic conditions (represented by
white bars) had a higher amount of total TGF-B1 at 128.6 + 6.8%, p < 0.05 as compared to
cells cultured in 20% oxygen (represented by solid black bars). In both cases the

incremental increase in total TGF-B1 was associated with a specific increase in its active
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form. Both high glucose and hypoxia independently induced active TGF-B1 release to
138.3 + 13.7%, (p < 0.01) and 154.8 £ 10.9% (p<0.01) of control values respectively.
When HK-2 cells were cultured in both hypoxic and high glucose conditions, the total and
active TGF-B1 was increased to 124.6 + 6.8% and 149.3 + 16.9%, respectively, which was
no different to the TGF-B1 production seen in cells cultured in either high glucose or

hypoxic conditions alone.

When PXS-25 (100uM) was added to the medium, active TGF-B1 production
induced by high glucose was significantly reduced to 102.4 + 14.2% of control values
(p<0.01: Figure 4.3.1.2). PXS-25 did not modify hypoxia induced increases in active TGF-
B1 production. In combined hypoxic and high glucose conditions, TGF-B1 production was
not modified by the concurrent presence of PXS-25. These observations suggest that both
high glucose and hypoxic conditions independently increase total and active TGF-BI
production in human proximal tubular HK-2 cells with differential regulation by PXS-25.
The combined presence of high glucose and hypoxia did not induce additive effects,
suggesting that both individual insults may be sufficient to maximally stimulate cellular
production of total and active TGF-B1 albeit through different mechanisms. The results
suggest that high glucose induces active TGF-B1 release through a CI-M6PR dependent
pathway, whereas hypoxia induces active TGF-BI through CI-M6PR independent

pathways which dominate in the combined presence of hypoxia and hyperglycemia.
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Figure 4.3.1.1 Total TGF-p1 in HK-2 cells in conditioned media.

(Normoxic conditions were represented by black bars and hypoxic with white bars). The
baseline value of total TGF-p1 under normal glucose normoxic conditions was 65.1 + 8.8
pg/ug and active TGF-flis 6.3 + 1.1 pg/ug of protein lysates. The active TGF-S1
constituted slightly less than 10% of the total TGF-S1. These bar charts were expressed as
a percentage of the baseline readings. Exposure to 30 mM of D-glucose (high glucose) for
72 hours increased total TGF-f1 production, as did exposure to hypoxia (*p<0.05). Total
TGF-p1 was measured after acid hydrolysis to release all latent TGF-B1. Results are

expressed as mean + SEM (n=3).
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Figure 4.3.1.2 Active TGF-p1 in HK-2 cells in conditioned media.

(Normoxic conditions are represented by the black bars and hypoxia by the open bars):
Active TGF-p1, which reflects the bioactivity of TGF-p1, is induced by high glucose, and
this induction is suppressed by treatment with the CI-M6PR inhibitor, PXS25 (** p<0.01).
Hypoxia also increased active TGF-B1 formation, but high glucose did not have an
additive effect on the activation of latent TGF-f1. Treatment with PXS-25 in hypoxic
conditions alone did not modify the activation of TGF-B1. This is similarly seen in
combined hypoxic and high glucose conditions. PXS-25 had only a modest effect on the
activation of latent TGF-f1 which did not reach statistical significance. Results are

expressed as means + SEM (n=3).
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Figure 4.3.1.3 Active TGF-B1 and total TGF-B1 ratio.

The ratio of active total TGF-f1 corrected to the total protein content of each well showed
similar trends of results which were comparable to that of the active TGF-B1 however none
of the groups achieved statistical significance probably because very low level of active
TGF-B1 is required to exert any physiological effects. Furthermore the proportion of the
active TGF-B1 was very small as compared to the total TGF-B1. In many instances the

active TGF-B1 was lower than 10%. Results are expressed as means + SEM (n=35).
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4.3.2 PXS-25 does not have cytotoxic effects on HK-2 cells

To ensure the suppression of TGF-B1 by PXS-25 is not due to a cytotoxic effect,
CellTiter 96" AQueous One Solution Cell proliferation Assay (Promega, Madison, WI) was
used to assess cell toxicity as described in Chapter 2. The results were standardized to the
untreated control group and expressed as percentage of control. In normoxic conditions,
PXS-25 did not have any cytotoxic effect on HK-2 cells at both 48 and 72 hours time
points (Figure 4.3.2.1A & B). PXS-25 is clearly a stable and non toxic product as even at
very high concentrations of PXS-25 (1000uM) there was no cytotoxic effects on HK-2
cells. This observation is similarly seen when the HK-2 cells were cultured in hypoxic
conditions with increasing concentration of PXS-25 at both time points. (Figure 4.3.2.2 A
& B). Subsequently, all experiments were designed for 72 hours exposure to 100uM of

PXS-25.
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Figure 4.3.2.1 Effect of PXS-25 and cell toxicity in normoxic condition.

Exposure to various concentrations of PXS-25 did not affect cell proliferation or cell

toxicity at 48 hours (A) or at 72 hours (B). Results are expressed as means +~ SEM (n=3).
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Figure 4.3.2.2 Effect of PXS-25 on cell proliferation in hypoxic conditions.

Similarly PXS-25 has no cytotoxic effects on HK-2 cells at 48 (4) and 72 hours (B) at
various concentrations under hypoxic conditions. Results are expressed as means + SEM

(n=3).

4.3.3 High glucose induced phosphorylated Smad 2 which is suppressed by CI-M6PR
inhibitor

Smad proteins are the key mediators of TGF-B1 signalling. Upon stimulation by
TGF-B1, the transmembrane type Il TGF-f receptor forms tight complexes with the type I
receptor, leading to phosphorylation and activation of Smad 2 and Smad 3 “*,
Phosphorylated Smads then hetero-oligomerize with the common partner Smad4 and
translocate into the nucleus, where they control the transcription of TGFB-responsive genes
through interaction with specific cis-acting element in the regulatory regions. Figure

4.3.3.1 shows that phosphorylated Smad 2 is significantly induced in HK-2 cells when
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exposed to hyperglycemia for 72 hours to 125.8 + 5.4%, p < 0.01, as compared to the
control cells cultured in media containing 5 mM D-glucose. This effect is not seen in cells
exposed to L-glucose which was used as an osmotic control (data not shown). Concurrent
exposure to PXS-25 significantly reduced the pSmad 2 to 107.4 + 2.6%, p<0.01, of the
control value. These results confirm that hyperglycemia induces active TGF-B1 release via
a CI-M6PR dependent-pathway, PXS-25 prevents the conversion of latent to active TGF-

B1 and thus causes a reduction in pSmad 2 levels.
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Figure 4.3.3.1 Phosphorylated Smad 2 expression in high glucose with or without

PXS-25.

Exposure to high glucose for 72 hours induced pSmad 2 activation (** p<0.01). PXS-25 is
able to suppress pSmad 2 activation by preventing activation of latent TGF-B1. Results are

expressed as means + SEM (n=4).



Hypoxia in cells cultured in 5§ M D-glucose also effectively induced pSmad 2 to
175.9 + 7.8% of control values (p<0.01, Figure 4.3.3.2). Indicating that hypoxia alone can

too effectively induce activation of latent TGF-B1
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Figure 4.3.3.2 Phosphorylated Smad 2 in normoxic vs. hypoxic conditions.

pSmad 2 was significantly increased in cell cultured under hypoxic vs. normoxic conditions

(**p<0.01). Results are expressed as means + SEM (n=4).

Conversely, the combination of high glucose and hypoxia did not induce pSmad 2
to a greater extent than was observed in cells exposed to hypoxia alone (Figure 4.3.3.3).
However, no significant reduction in pSmad 2 was observed when cells exposed to high
glucose and hypoxia were simultaneously exposed to PXS-25. This evidence supports the

above data suggesting that TGF-B1 activation by high glucose is dependent on CI-M6PR,
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whereas in hypoxia it is predominantly via a CI-M6PR independent pathway. The addition
of high glucose to hypoxic conditions did not further increase the active TGF-BI
production and its downstream Smad signalling. The concurrent presence of PXS-25 only

marginally suppressed pSmad 2.
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Figure 4.3.3.3 Phosphorylated Smad 2 in hypoxic and / or high glucose conditions.

In combined hypoxia and high glucose no increase in pSmad 2 was evident. Addition of
PXS-25 has no effect on TGF-$1 downstream pSmad 2 signalling. Results are expressed as

means = SEM (n=4).
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4.3.4 Suppression of fibronectin mRNA by PXS-25 is dose dependent

Fibronectin is one of the target genes regulated by TGF-B1 in renal proximal

tubular cells 3%’

. We therefore looked into the suppressive effect of PXS-25 in fibronectin
production at the transcriptional level. Results depicted in Figure 4.3.4.1 clearly show that
high glucose induced fibronectin mRNA to 1.18 + 0.04 fold of control values, p<0.05.
Increasing concentrations of PXS-25 suppressed fibronectin mRNA in a dose dependent
manner, ranging from 0.1 uM, 1 pM, 10 pM and 100 pM, to 0.93 + 0.08 fold-change,
p<0.05: 0.87 + 0.06 fold-change, p<0.05; 0.76 + 0.08 fold-change, p<0.01: and 0.61 + 0.08

fold change. p<0.0001. Because of this, the concentration of 100 uM was determined to be

the concentration to be used in all experiments.
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Figure 4.3.4.1. Effect of PXS-25 on fibronectin mRNA expression.

High glucose induced fibronectin mRNA expression, which was suppressed by PXS-25
most effectively at 100 uM concentration (5 mM vs. 30 mM D-glucose; *p<0.05, 30 mM

D-glucose vs. 30 mM D-glucose + PXS-25, #p<0.05, ##p<0.01 and ###p<0.0001, (n=4).

Cells exposed to hypoxic conditions alone had increased fibronectin mRNA
expression, 1.23 + 0.1 fold-change compared to control, p<0.01 (Figure 4.3.4.2) and when
combined with high glucose, there was a further increase in fibronectin mRNA expression
to 1.6 + 0.2 fold-change, p<0.05 vs. hypoxia alone. However, exposure to PXS-25 had

little effect on fibronectin expression in combined hypoxic and high glucose conditions.
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Figure 4.3.4.2. Fibronectin mRNA expression in hypoxic high glucose conditions.

Fibronectin mRNA was induced by hypoxia, and its expression was further induced by high
glucose, but this was not suppressed by PXS-25 (** p<0.01* p<0.05, n=4). Real-time
PCR results were normalized to the housekeeping gene o-tubulin and shown as fold change

compared to control.
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4.3.5 PXS-25 suppresses fibronectin and collagen IV production in HK-2 cells

TGF-BI1 is well known to induce fibronectin and collagen IV production in renal
proximal tubular cells. Figure 4.3.5.1A confirms that exposure to 30 mM D-glucose in
normoxic conditions for 72 hours induced cellular fibronectin production to 157 + 10% of
control values (p<0.01). PXS-25 suppressed high glucose-induced fibronectin production
to 127 + 12% of control values (p<0.05 vs. high glucose). Similarly, cellular collagen IV
production in HK-2 cells was increased by exposure to 30 mM D-glucose for 72 hours to
134.2 + 10% of control values (p<0.01), and was decreased by PXS-25 to 111.2 + 4%
(p<0.05 vs. high glucose; Figure 4.3.5.2A). Since both of these ECM proteins are secreted
proteins, the secreted form was also measured in the medium supernatant corrected to the
total protein content measured by Coomassie staining. Figure 4.3.5.1B and 4.3.5.2B
showed similar findings in the secreted forms of fibronectin and collagen IV in that the
supernatant content increased to 134.8 + 11% and 116.1 = 3.2% of control values (both
p<0.05). when exposed to 30 mM D-glucose for 72 hours. PXS-25 treatment reduced the
secreted form of fibronectin to 99.1 + 6% and of collagen IV to 103.2 + 4% of control
values (both p<0.05 when compared to high glucose). This result suggested that induction
of fibronectin and collagen IV by high glucose is secondary to activation of latent of TGF-
B1, which is dependent on CI-M6PR. This effect of hyperglycemia is independent of the
osmotic effect of 30 mM D-glucose, and this was confirmed by exposing the HK-2 cells to

the osmotic control in the same experimental settings (data not shown).
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Figure 4.3.5.1. Fibronectin protein expression in HK-2 cells in normoxic high glucose

conditions.

(Black bars indicate normoxic condition). High glucose induced both cellular (A) and
secreted (B) fibronectin production in HK-2 cells. This effect was significantly suppressed

by PXS-25 at 72 hours (* p<0.05, ** p<0.01, n=4).
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Figure 4.3.5.2. Type IV collagen expression in HK-2 cells in normoxic high glucose

conditions.

(Black bars indicate normoxic condition). High glucose induced both cellular (4) and
secreted (B) Type IV collagen production in HK-2 cells. This effect was significantly

suppressed by PXS-25 at 72 hours (* p<0.05, ** p<0.01, n=4).

4.3.6 Fibronectin and collagen IV production in combined hypoxic high glucose

conditions

Although we were not able to demonstrate an additive effect of combined high
glucose and hypoxia in activating latent TGF-B1, high glucose further stimulated
fibronectin and collagen I'V production, beyond that observed when cells were exposed to
hypoxia in 5 mM glucose. Cellular fibronectin increased to 123.9 + 6% (p < 0.01; Figure
4.3.6.1A), and cellular collagen IV to 128 + 12.1%, (p < 0.05; Figure 4.3.7.1C) of that

observed in hypoxic conditions alone. Concurrent exposure to PXS-25 did not reduce these
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two ECM proteins in the combined setting of high glucose and hypoxia. This pattern of
results were similarly seen when the secreted forms of fibronectin and collagen 1V were
measured, as shown in Figures 4.3.6.1B and 4.3.6.1D. Again this data are again consistent
with the previous data suggesting that in contrast to that observed in high glucose
conditions, the activation of TGF-B1 in hypoxia, independent of the concurrent presence of

high glucose is predominantly via a CI-M6PR independent pathway.
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Figure 4.3.6.1. Fibronectin and collagen IV expression in HK-2 cells in hypoxic and

high glucose conditions

(All experiments in this figure were carried out under hypoxic conditions). In hypoxic
conditions, high glucose was able to induce cellular and secreted forms of both fibronectin
(A & B, *p<0.01) and collagen IV (C & D, *p<0.05, **p<0.01). However, concurrent
exposure to PXS-25 failed to suppress the increase in these ECM proteins, suggesting that
both hypoxia and high glucose can induce fibronectin or collagen 1V through a TGF-pI

independent pathway. Resulls are expressed as means + SEM (n=4).

227



4.3.7 PSX-25 does not affect matrix metalloproteinases production

High glucose induced MMP-9 expression to 117.8 + 3.2% of control under
normoxic conditions (p < 0.05; Figure 4.3.7.1), whereas hypoxia had no influence (92.5 +
3% of control; p=NS). Exposure to high glucose in the presence of hypoxia enhanced
MMP production compared to that observed following exposure to hypoxia alone (p<0.05).
However, this was no different to expression under control conditions. Exposure to PXS-25
in either high glucose or hypoxic conditions did not modify MMP-9 production. This
implies that high glucose induces MMP-9 production independent of CI-M6PR activation
of TGF-B1. Hence, the reduction of ECM proteins in PTC exposed to PXS-25 is unlikely
to be due to secondary induction of gelatinases MMP-9. MMP-2 production is induced by
high glucose to 106.6 + 2% of control values (p < 0.05; Figure 4.3.7.2). Hypoxia alone or
in combination with high glucose did not influence MMP-2 expression and PXS-25 did not

modify MMP-2 expression under any experimental conditions.
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Figure 4.3.7.1. Effects of PXS-25 on MMP-9 production.

MMP-9 activity as measured by gelatin zymography was induced by 48 hours exposure to
high glucose in both normoxia (Black solid bars) and hypoxia (white bars), but was not

affected by PXS-25. Results are expressed as means + SEM (n=4), *p<0.05.



MMP-2

Coomassie
150
1 *
100 - _I_
50 -
0 t T T - T 1
SmMD- 30mM  30mM S5mMD- 30mM 30mM
glu D-glu D-glu+  glu D-glu  D-glu +
PXS25 PXS25
(100uM) (100uM)
Hypoxia

Figure 4.3.7.2. Effects of PXS-25 on MMP-2 production.

Forty eight hours exposure to high glucose induced MMP-2 activity in normoxic but not
hypoxic conditions (*p<0.03). Generally, MMP-2 activity is reduced in hypoxia, but this

did not reach statistical significance. Results are expressed as means + SEM (n=4).

4.4 Discussion

These studies confirm the independent influences of high glucose and hypoxia on
the generation of the fibrogenic cytokine TGF-B1, and the differing mechanisms that
regulate the activation of TGF-B1 in the microenvironment that characterizes diabetic
nephropathy. We have shown in the present study that activation of TGF-B1 by high

glucose is CI-M6PR dependent, as the selective CI-M6PR inhibitor, PXS-25 blocks the
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activation process and reduces downstream phosphorylated Smad 2 and downstream
fibronectin and collagen IV production. It has also demonstrated that high glucose not only
induces the activation of TGF-BI, it also induces the production of total TGF-BI,
suggestive of an autocrine regulatory system. This is consistent with studies suggesting that
TGFB1 has been shown to amplify TGF-B1 production in a positive-feedback loop "' *%.
Conversely, although hypoxia clearly induces activation of TGF-B1 and downstream
induction of signalling and matrix proteins, it is through mechanisms independent of
activation of the CI-M6PR. Our results clearly demonstrate that targeting treatment to limit
high glucose induced cellular abnormalities is likely to be insufficient to yield significant

benefits in limiting the progression of diabetic nephropathy.

It is increasingly recognized that hyperglycemia and hypoxia co-exist in the kidney
in diabetic nephropathy. Brownlee er al. have suggested that intracellular hyperglycemia
influences blood flow. microvascular cell loss leading to progressive capillary occlusion,
and increased vascular permeability which with time, leads to progressive ischemia **.
Hypoxia resulting from capillary loss and decreased blood flow has long been thought to
play an active role in the progression of CKD and more recently, diabetic nephropathy has
been considered as a disorder of oxygen metabolism '**. Our results clearly demonstrate
the importance of therapeutic targets that independently modify the deleterious effects of
hyperglycemia and hypoxia. Alternatively, as tissue hypoxia is likely to be a consequence
of long term tissue exposure to high glucose, blocking the cellular consequences of
exposure to high glucose levels is likely to be of maximal benefit early in the course of

diabetes prior to established pathology leading to tissue hypoxia.
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The role of TGF-B1 in the pathogenesis of diabetic nephropathy is undisputed.

Various groups have shown in different renal cells that exposure to high glucose '*',

2 . . .
"2 or cyclical stretch ' results in increased

angiotensin 11 ' " thromboxane
transcription and activation of TGF-B1. Our laboratory has also shown that, in human

tubular cells, high glucose increases activator protein (AP-1) binding, its downstream

cytokine TGF-B1 and the downstream extracellular matrix protein fibronectin **’.

However, the post-transcriptional mechanisms that regulate TGF-B1 protein
activation are less well characterized. Perhaps the most studied and well understood in
vitro TGF-B1 activation system is the plasminogen/ plasmin proteolytic system. It is
speculated that high glucose induces protein kinase C, leading to generation of plasmin,
which releases mature TGF-B1 from L-TGF-Bl localized at the cell surface by the
interaction of LAP with CI-M6P receptor. Our results support this view as blockade of the

CI-M6P receptor with PXS-25 abolished activation of TGF-B1 in high glucose conditions

Activation of TGF-B1 in hypoxia is less clear. Higgins et al. have recently proposed
that hypoxia promotes fibrogenesis in renal epithelial cells via mechanisms that are both
dependent and independent of TGF-B1 and the hypoxia inducible proteins ®. The
likelihood that hypoxia and TGF-B1 act independently has been previously demonstrated in
cultured fibroblasts **’. Our data suggesting amplification of fibronectin production with
hypoxia and high glucose support this hypothesis. More recently, hypoxia has been shown
to be able to induce CTGF expression independent of high glucose by direct interaction of

HIF-1 transcription factors with the CTGF promoter in PTCs ***. Therefore, it is possible
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that both hyperglycemia and hypoxia may independently induce profibrogenic properties

through TGF-B1 dependent and independent pathways.

Tubulointerstitial fibrosis is caused not only by an increase in the rate of matrix
synthesis, but also by the impaired degradation of matrix proteins. MMP-2 and MMP-9
whilst sharing the ability to degrade basement membrane collagens and gelatins their
substrate specificity is not identical. MMP-2 degrades fibronectin and laminin, and has
significantly less activity against type IV and V collagen than MMP-9 ¥ *% TGF-B1 not
only increases ECM synthesis, it is also able to interfere with proteolytic degradation of
ECM proteins **°. Orphanides er al. have also shown that human PTCs subjected to oxygen

deprivation exhibited reduced MMP-2 activity and increased in TIMP-1 **

. In our study,
hyperglycemia induced production of both MMPs in normoxic conditions. However, under
hypoxic conditions, high glucose induced only production of MMP-9, not of MMP-2.
PXS-25 did not affect the level of MMPs produced in PTCs, suggesting that high glucose

induction of MMPs is through a CI-M6PR independent pathway.

In conclusion, our study has clearly demonstrated the role of PXS-25 in the
prevention of the early fibrotic response of PTCs to hyperglycemia. It has highlighted the
potential for a CI-M6PR inhibitor to dampen ECM production in response to
hyperglycemia. However, it has also highlighted that under the current experimental
conditions mimicking the late stage of diabetic nephropathy, where hypoxia is present,
activation of latent to active TGF-f, is less dependent on CI-M6PR, suggesting

combination therapies may be required.
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CHAPTER 5: Activation of Farnesoid X receptors inhibits extracellular

matrix deposition in human kidney proximal tubular epithelial cells

5.1 Introduction

The initial chapters of this thesis have discussed several factors responsible for the
development of nephropathy in DM and potential strategies to limit the development of
diabetic nephropathy are needed. Studies in humans with type 1 and type 2 DM, and in
animal models of this disease have reported an accumulation of lipids in the kidney. even
in the absence of abnormalities in serum lipid levels — which is associated with the
development of glomerulosclerosis, tubulointerstitial fibrosis, and the progression of
diabetic renal disease *°. Virchow first suggested the association between lipids and renal
disease in 1858 ***. There is now growing evidence that abnormal lipid metabolism is

central to the development of renal disease.

More recently, the recognition of the metabolic syndrome further strengthens the
link between glucose, lipids and renal disease. Although the exact mechanism is still
poorly understood, several hormonal and metabolic factors have been shown to contribute
to the pathogenesis of obesity-related renal disease. Peroxisome proliferator activated
receptors (PPARs), a subfamily of the nuclear receptors have been recognized as key
players in the pathogenesis of metabolic syndrome and its renal complications**'. In recent
years, much attention has been paid to PPARs and their synthetics agonists, particularly
PPARYy agonists, as therapeutic targets in the treatment of diabetes mellitus and its renal

complications.
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Other nuclear receptors, better known as bile acid receptors or farnesoid X
receptors (FXR or NR1H4), are also increasingly recognised as playing a role in metabolic
disease and nephropathy. They are named after farnesol, an intermediate in the mevalonate
biosynthetic pathway which has been found to weakly activate FXR at supraphysiological
concentrations >****7, FXR is highly expressed in the liver, intestine, adrenal gland and
kidney, but with lower expression in fat and heart **°. FXR alters the expression of groups
of genes involved in bile acid homeostasis. One of the better known target genes is short
heterodimer partner (SHP), which in turn inhibits cholesterol 7a-hydroxylase (CYP7A1)
expression, hence represses bile acid synthesis in the liver’. Activation of FXR has an

368, 369
. However,

important role in maintaining glucose, cholesterol and lipid metabolism
the significance of this process in organs other than liver and intestine remains unclear. The
diseases that have been linked to abnormal expression or regulation of FXR include
cholestasis, DM, atherosclerosis, cholesterol gall stone disease, liver regeneration and
inflammation, breast and colonic cancer®>’. Importantly, FXR agonists have been recently
shown to limit renal fibrosis by modulating genes involved in lipid metabolism and ECM

production in mouse mesangial cells and in vivo in an animal models of type I diabetic

nephropathy **.

FXR is also known for its role in the regulation of fatty acid metabolism by
inhibiting sterol regulatory binding protein-1 (SREBP-1)*"® **' It has been shown in
kidney mesangial cells that hyperglycemia induces mesangial NADPH oxidase (Nox)
cytosolic protein p47phox, mediated by SREBP-1, which leads to a NADPH-mediated
endogenous production of reactive oxygen species (ROS) *** Sun er al. has shown using

SREBP-1a transgenic mice, that its overexpression in the kidney causes lipid accumulation
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and increased expression of profibrotic cytokines, ECM accumulation, mesangial
expansion, glomerulosclerosis and proteinuria®®. Conversely, in SREBP-lc knockout
mice, a high saturated fatty acid diet failed to induce profibrotic responses with a lower
expression of profibrotic cytokines and ECM accumlation®®’. These studies and many
others suggest that alterations in renal lipid metabolism, mediated by SREBP-1, plays an
important role in the pathogenesis and progression of renal disease in a variety of renal

diseases, including nephropathy occurring in type 1 and type 2 diabetes®> **°-387- 442,

As discussed in prior chapters, although glomerular lesions are characteristic of
diabetic nephropathy, pathology within the tubulointerstitium is ultimately more predictive
of the renal outcome **. Renal epithelial cells contribute largely to the development of
renal fibrosis, as they increase and remodel ECM when stimulated either by cytokines or
by their microenvironment. Although historically considered as a largely ‘non-
inflammatory” disease process, it has been recently demonstrated that inflammation plays a
significant role in the development and progression of diabetic nephropathy *******. Studies
in our lab have shown that TGF-B1 increases proinflammatory cytokines including MCP-1,

macrophage inhibitory factor (MIF) and IL-8 production in human PTC **.

FXR has been reported to interact with peroxisome proliferator-activated receptor y
(PPARY) and Retinoid X receptor (RXR) in the liver. Mencarelli ef al. using ApoE”™ mice
fed with high fat diets, discovered that the expression of FXR and SHP in the aorta of
ApoE™ mice is endogenously upregulated. On the contrary, PPARy expression is markedly
suppressed in this animal model. Even though the pathogenic relevance of this is unclear,
FXR ablation in this model accelerates the development of severe atherosclerotic

390

disease” . In another study, peroxisome proliferator-activated receptor-y coactivator la
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(PGC-la) was found to regulate triglyceride metabolism through a FXR-dependent
pathway by increased FXR mRNA and its target genes, via coactivation of PPARy and

¥, More recently, different PPARy agonists have

hepatocyte nuclear factor 4a (HNF4a)
been shown to have differential modulatory effects on FXR. Troglitazone, but not
rosiglitazone or pioglitazone can potently antagonize bile acid-mediated activation of FXR
and affect its downstream target genes’”". However, the mechanistic interaction of these
nuclear receptors in the pathogenesis of human kidney diseases remains largely unknown.
Our laboratory has previously shown that HK-2 cells exposed to short term elevations in
glucose increased PPARy expression with a parallel reduction in secreted MCP-1 *. We
also showed that further upregulation of PPARy with the use of an agonist further reduced
MCP-1 expression. Hence in this study. we aimed to study the effect of high glucose on

FXR expression, FXR regulation of ECM accumulation and inflammation, and to compare

the effects of PPARy and FXR agonists in human PTC.

5.2 Materials and methods
5.2.1 Cell culture

HK-2 cells, a human proximal cell line from American Type Cell Collection
(ATCC, USA), were used in this study as previously described **°. Cells were grown in 10
cm tissue culture dishes (Becton, Dickinson, NJ, USA), in Keratinocyte Serum-free Media
(KSFM) supplemented with bovine pituitary extract and epidermal growth factor
(GIBCO). These cells were grown at 37°C in a humidified 5% CO, incubator. The

clinically available thiazolidinediones, pioglitazone (Cayman Chemical, MI, USA) and
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rosiglitazone (Cayman Chemical, MI, USA) were used as PPARy agonists. The FXR
agonist used was GW 4064 (Sigma Aldrich, USA). Pioglitazone and rosiglitazone have a
binding activity (ICsp) to the recombinant human PPARy isoform of 3000nM. Our
laboratory has previously undertaken the dose response experiments and the optimum
concentration to induce PPARy in PTCs for both pioglitazone and rosiglitazone is 10 pM.
Initial ‘dose response’ experiments for GW4064 were undertaken to determine the
concentration at which GW 4064 maximally stimulated FXR protein expression but were
minimally cytotoxic. Exposure to 1 uM of GW 4064 showed no cell toxicity. When 60-
70% confluent, cells were exposed to the following experimental conditions for 24 hours
for determination of mRNA expression or 48 hours for protein expression unless otherwise

stated:

1) 5 mM D-glucose +0.13% DMSO (vehicle control);

2) 30 mM D-glucose (ICN Biomedicals, Ohio, USA);

3) 10 uM pioglitazone;

4) 10 uM rosiglitazone;

5) 1 uM GW 4064

6) 10 uM pioglitazone plus 30 mM D-glucose;

7) 10 uM rosiglitazone plus 30 mM D-glucose;

8) 1 uM GW 4064 plus 30 mM D-glucose and
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9) 5 mM D-glucose + 25mM L-glucose as osmotic control (ICN Biomedicals, Ohio, USA).

0.13% DMSO was added as per the vehicle control.

5.2.2 Cell proliferation and cytotoxicity studies of GW 4064

1.3x10* cells were seeded in each of the 96-well plate. After 24 hours, they were
then exposed to 5 mM D-glucose as the control, and 5 mM D-glucose plus 0.05 uM, 0.1
pM, 0.5 uM, 1 pM and 2 pM of GW 4064. Cells were then grown in standard culture
conditions for a further 48 hours. The cytotoxic and proliferative effects of GW 4064 on
HK2 cells were assessed using CellTiter 96" AQyeous One Solution Cell proliferation Assay

(Promega, Madison, WI) as previously described ***.

5.2.3 Flow cytometric analysis for cell cycle

Cell cycle analysis was performed as per the methods detailed in Chapter 2. Briefly,
cells were harvested by trypsinisation after 24 hours in the defined experimental
conditions, spun, washed. then fixed in 70% ice-cold ethanol. The cell pellet was then
resuspended in | ml of fluorochrome solution containing propidium iodide (PI) 50 pg/ml
(Sigma, MO, USA), RNase A 50ug/ml (Sigma, MO, USA), 0.25uM EDTA and 0.001%
Triton X-100 and left for at least 1 hour in the dark. Flow cytometry was performed using a

FACScan flow cytometer (Becton Dickinson, CA, USA).
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5.2.4 Relative quantitative real-time reverse transcription polymerase chain reaction

RNA was extracted using the RNAeasy mini kit (Qiagen, Valencia, CA, USA)
according to manufacturer’s instructions. cDNA was generated by reverse transcribing |
ug of total RNA in a reaction volume of 20ul using VILO ¢cDNA synthesis kits (Invitrogen,
Carlsbad, CA, USA). One microlitre (50 ng) of cDNA was used as template in a 20ul PCR
reaction. Quantitative real-time PCR was performed using an ABI Prism 7900 HT
Sequence Detection System (Applied Biosystems, Foster City, CA, USA) with Tagman
Gene Expression Master Mix (Applied Biosystems) and gene-specific expression assays
containing two unlabelled PCR primers and FAM dye-labeled Tagman MGB probe
(Applied Biosystems). Tagman probes used are listed in Table 5.2.4.1. Reactions were
performed in at least triplicate and analyzed by relative quantitation using RQ Manager
software, Version 1.2 (Applied Biosystems). All data are presented as fold change
compared to control after normalization to B-Actin. A water blank was used as the negative

template control.
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Table 5.2.4.1. RT-PCR Primers

Gene Name Assay ID Amplicon
length

FXR (NR1H4) Hs00231968 m1 85
SHP(NROB2) Hs00222677 _ml 87
SREBP-1¢ Hs01088691 ml 90
Fibronectin Hs01549976 m1 81
TGF-pI1 Hs00998133 ml 57

MCP-1 Hs00234140 ml 101
Human p-Actin 4333762F 171

NRI1H4, nuclear receptor,
subfamily Im  group H,
member 4

NROB2, nuclear receptor, subfamily 0, group B, member 2

5.2.5 Western blot analysis

Cells were collected and the cell pellet was resuspended in cell lysis buffer as
previously described in Chapter 2. The cell lysate was then sonicated to release nuclear
proteins, spun at 12,000 rpm at 4°C and stored at -80°C. Protein lysate extraction and
western blot was performed as previously described *°’. Briefly, thirty micrograms or
seventy five micrograms (nuclear protein study) of total cell protein were mixed with 6X
Laemmli sample buffer containing mercapto-ethanol and heated at 95°C for 10 min.
Samples were then analyzed by SDS-PAGE in 7.5 to 10% gels and electroblotted to
Hybond Nitrocellulose membranes (Amersham Pharmacia Biotech, Bucks, UK).

Membranes were blocked in Tris-buffered saline containing 0.2% Tween 20 (TTBS) in 5
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% skim milk for 2 hours and then incubated overnight at 4 °C with antibodies to PPARy
1:300 (Santa Cruz, Biotechnology); FXR 1:1000 (Abcam. Ltd, Cambridge, USA):
fibronectin 1:100 (NeoMarkers, CA); collagen IV 1:5000 (Abcam Ltd, Cambridge), and -
actin 1:300 (Santa Cruz, CA). Membranes were washed three times with TTBS and
incubated with horseradish peroxidase-conjugated secondary antibody for 2 hours at room
temperature and then washed three times with TTBS. The membranes were reprobed with
B-Actin. Protein bands were visualized using the ECL detection system (Amersham
Pharmacia Biotech). The bands corresponding to fibronectin (220kDa). collagen 1V
(250kDa), PPARy (60kDa), FXR (54kDa) and B-Actin (42kDa) were captured using LAS
4000 (Fujifilm, Tokyo, Japan), corrected for B-actin as a loading control and analysed

using the Multigauge system (Fujifilm, Tokyo).

5.2.6 Human Kidney tissue preparation and immunohistochemistry (IHC)

Paraffin-embedded tissue blocks from renal biopsies from patients with diabetic
nephropathy (n=3) were studied. Controls consisted of histologically normal kidneys
obtained from patients undergoing nephrectomy for small kidney tumours (n=5). Ethics
approval for the study was obtained from the Royal North Shore Hospital Human Research
Ethics Committee. Four-micrometer-thick paraffin sections from the kidney cortex were
used for immunohistochemistry for FXR. Tissue was incubated overnight at 4 °C with the
polyclonal primary antibody anti-FXR (1:50 dilution, Abcam Ltd, Cambridge) followed by
equal volume of Envision dual linked system (Dako Cytochemistry, Tokyo, Japan) for 30
minutes after two 5 minutes washes. Staining was developed with 3.3 diaminobenzidine
tetrahydrochloride (Dako Cytochemistry, Tokyo, Japan) for 10 minutes before
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counterstaining with Mayer’s haemotoxylin stains. Images were visualised using an
Olympus microscope (Olympus, Japan). Sections incubated with anti-rabbit IgG served as

the negative controls.

5.2.7 Gene silencing by small interfering RNA (siRNA)

27-mer double-stranded RNA molecules were chemically synthesized (Shanghai
GenePharma Co, Ltd. Shanghai, China). The complementary oligonucleotides were 2°-
deprotected, annealed, and purified by the manufacturer. The sequence specifically
targeting human FXR (NRIH4) (accession no. NM 005123) was 5'-
GAUUGUUACUUCAACUCUATT-3', 5> UAGAAUUGAAGUAACAAUCTT 3°. HK-2
cells were grown in a 6-well plate. Eighty nmol/L of FXR siRNA was introduced into HK-
2 cells using Lipofectamine 2000. In parallel, cells were transfected with a non-specific
siRNA which served as a control. Twenty four hours after transfection, both the control
and FXR silenced cells were exposed to 5 mM D-glucose or 30 mM D-glucose for 48

hours. Silencing was confirmed by knock-down of FXR mRNA and protein expression.

5.2.8 MCP-1 ELISA

Conditioned media were spun and stored at -80 °C until MCP-1 levels were
determined by commercially available ELISA kits (Biosource International, CA, USA) as
per manufacturer’s instructions and read using a microplate reader at 450 nm. Cell lysate
protein concentration was determined using the Bio-Rad protein assay, and MCP-1 levels

were corrected for protein content per well.
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5.3 Statistical analysis

Each experiment was performed independently a minimum of three times. Real-
time PCR results are expressed as fold change compared with the control value. RT-PCR
data are expressed as percentage of the control value. Results are expressed as mean =+
SEM. Statistical comparisons between groups were made by analysis of variance
(ANOVA), with pairwise multiple comparison made by Fisher’s protected least-significant
difference test. Analyses were performed using the software package Statview, version 4.5

(Anacus Concepts Inc, Berkeley CA). P values <0.05 were considered significant.

5.4 Results

5.4.1 High glucose down regulates FXR expression and regulates its target genes

Initial experiments were conducted to assess the effect of high glucose exposure on
FXR expression and its downstream target genes. HK-2 cells were cultured in 5 mM D-
glucose and 30 mM D-glucose at 24 and 72 hours to assess its early and later effects.
Exposure to high glucose (30 mM D-glucose) significantly suppressed FXR mRNA
expression to 0.5 + 0.03-fold and 0.3 = 0.1 fold-change at 24 and 72 hours respectively
(Figure 5.4.1.1). This effect was not seen in cells cultured in 25 mM L-glucose +5 mM D-

glucose which served as an osmotic control (data not shown).
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Figure 5.4.1.1 FXR mRNA and high glucose.

High glucose down regulates FXR mRNA expression at 24 hours and further suppressed
FXR mRNA at the 72 hour time point (*p < 0.05, **p < 0.01). All experiments were
performed in at least triplicate for each time point and data are expressed as mean + SEM

(n=3).

At 72 hours, exposure to high glucose was associated with down-regulation of SHP
to 0.33 + 0.2 fold-change, p <0.01 when compared the cells exposed to 5 mM D-glucose
(Figure 5.4.1.2). At 24 hours, there was no difference in SHP mRNA expression, (1 vs. 1.1
+ 0.03 fold-change). This is in consistent with down regulation of the FXR gene expression
observed after exposure to high glucose but the regulatory effects on downstream SHP

expression was only observed at a later time point, in this case at 72 hours.
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Figure 5.4.1.2 High glucose on short heterodimer protein (SHP).

Even though SHP, the target gene directly regulated by FXR showed no difference in its
mRNA expression at 24 hour post exposure to high glucose, its mRNA was suppressed after
72 hours exposure to high glucose (**p < 0.01). All experiments were performed in at least

triplicate for each time point and data are expressed as mean + SEM (n=3).

Down regulation of FXR is associated with up-regulation of SREBP-1¢ mRNA, a
target gene indirectly suppressed by FXR (Figure 5.4.1.3). At 72 hours, SREBP-1¢ mRNA
was markedly up-regulated in the HK-2 cells exposed to high glucose, 2.4 + 0.24 fold-
change when compared to the cells exposed to 5 mM D-glucose, 1.15 + 0.08 fold-change, p

<0.001.
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Figure 5.4.1.3 Sterol regulatory element-binding protein 1c mRNA expression on

exposure to high glucose.

SREBP-Ilc, a gene normally indirectly suppressed by FXR through fatty acid synthase
inhibition, was up regulated at 72 hours post exposure to high glucose consistent with the
observation of suppression of FXR in high glucose conditions. All experiments were
performed in at least triplicate for each time point and data are expressed as mean + SEM,

**p <001, n=3.

Immunohistochemistry confirmed nuclear staining of FXR in predominantly
proximal and distal tubules of control nephrectomised kidney specimens. Mesangial cells
occasionally stained positively for FXR. Reduction of nuclear FXR expression was seen in

kidney biopsy specimen of individuals with diabetic nephropathy (Figure 5.4.1.4).
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Figure 5.4.1.4 FXR expression in kidney biopsy specimens.

Kidney biopsy specimens from individuals with diabetic nephropathy showed a significant
reduction in FXR nuclear staining (Right) compared to normal kidney tissue (Left).
Predominant nuclear staining of FXR was detected in proximal, distal and collecting duct
epithelial cells in normal kidney tissue. Podocytes and mesangial cells were occasionally

positive for FXR staining.

5.4.2 Cell viability in the presence of GW 4064

Exposing HK-2 cells to GW 4064 had no effect on cell proliferation or cytotoxicity
in the following concentration 0.05 puM, 0.1 puM, 0.5 pM and 1 uM. However, these cells
demonstrated significant toxicity with 2 uM of GW 4064, 81.9 + 1.8 % at 48 hours,
compared to the control (Figure 5.4.2.1). Our laboratory has previously demonstrated

exposure of high glucose does not affect HK-2 cell viability or proliferation **.

248



E
= 100 * %k
o
s
-
3
vy
= 50 -
=
0 T T T T L |

Control 0.05uM 0.1 uM  0.5uM uM 2uM

Concentration

Figure 5.4.2.1 Effect of GW4064 on cell proliferation.

HK-2 cells were incubated for 48 h with control media and media containing 0.05 uM, 0.1
M, 0.5 uM, 1 uM and 2 uM of GW 4064. Cell proliferation and viability was assessed by
CellTiter 96" AQueous One Solution Cell proliferation Assay. Results were normalized to
total protein content of each well and the normalized results are expressed as means +

SEM, n=3 (** p < 0.01 vs. Control).

5.4.3 FXR agonists on cell cycle assessed by flow cytometry

These experiments were undertaken since our laboratory has previously
demonstrated that the PPARy agonist, L-805645 and pioglitazone both induce G1 phase
arrest through a p21-mediated mechanism. One micromolar of GW 4064 had no effect on

progression through the cell cycle. Cells exposed to 1 uM of GW 4064 showed a similar
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percentage of cells in the GI phase, 57.7+2.5% as compared to the control groups,
60.1£5.6% at 24 hours; 84.6+3.8% vs. 83.8+6.9% at 48 hours; and 90.9 +10.1% vs. 92.4
£9.4% at 72 hours. Together with the previous data, the concentration of GW 4064 used

has minimal effect on viability or progression through the cell cycle *’.

GW 4064 (1 uM)

Control

24 hr

48 hr 5

72 hr

Figure 5.4.3.1 Effects of GW4064 on cell cycle progression.

One micro molar of GW4064 does not affect HK-2 cell cycle progression. All experiments

were performed in at least triplicate for each time point and data are expressed as mean +

SEM, n=3.
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5.4.4 PPARy agonists and FXR agonists inhibit high glucose induced fibronectin

expression

The protein expression of two extracellular matrix proteins accumulated in diabetic
nephropathy, namely fibronectin and collagen 1V was determined in the HK-2 cells.
Fibronectin mRNA was found to be induced by 24 hours exposure to high glucose to 1.25
+ 0.05 fold-change, p < 0.05 as compared to the vehicle control (Figure 5.4.4.1). Both
PPARY agonists, pioglitazone and rosiglitazone were able to suppress high glucose induced
fibronectin mRNA to 0.94 + 0.04 fold-change, p<0.01. and 0.910 + 0.06 fold-change,
p<0.01 as compared to the high glucose exposed groups. GW 4064 was more effective in
suppressing fibronectin mRNA to 0.63 + 0.16 fold-change, p < 0.001. Fibronectin protein
expression was induced to 177.1 + 18% in cells exposed to high glucose for 48 hrs as
compared to control (p < 0.01, Figure 5.4.4.2). Exposure to pioglitazone, rosiglitazone and
GW 4064 alone did not alter fibronectin protein expression, being 115 + 29%, 116 + 27%
and 140 + 21%, respectively. However, all three agents suppressed high glucose-induced
fibronectin production at 48 hrs to 102.4 + 18%, 104% + 17 and 83.4 + 17% respectively
when compared to control. Exposure to the osmotic control had no effect on fibronectin

expression.
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Figure 5.4.4.1 Effect of PPARy and FXR agonists on fibronectin mRNA expression in

high glucose conditions.

HK-2 cells were incubated with the vehicle control media containing 5 mM D-glucose
(solid black bars), 30 mM D-glucose (white bars), pioglitazone (10 uM), rosiglitazone (10
HM), GW 4064 (1 uM), pioglitazone (10 uM) + 30 mM D-glucose, rosiglitazone (10 uM)
+ 30 mM D-glucose, GW 4064 (1 uM) + 30 mM D-glucose, and 25 mM L-glucose + 5 mM
D glucose in control media. RNA was collected at 24 hours and cell lysate was harvested
at 48 hours. High glucose induced fibronectin mRNA expression which is not seen in the
osmotic control (SmM D-glucose + 25 mM L-glucose). Both PPARy agonists and FXR
agonist are equally potent in preventing high glucose-induced fibronectin mRNA induction.
All experiments were performed in at least triplicate for each time point and data are
expressed as mean + SEM, * p<0.05 vs. Control; ** p < 0.01 vs. Control; ***p < 0.000]

vs. Control, n=3.

252



Fibronectin ISSFITIIN S SN S S s 250D
B-ACHn s S A 12kD
* %
% % * ¥k
200 - .
g T
< =150 A
= 8
==
= QO
2 2100 1 *} {’
s
=
= 50 4
U = T T T T T T
¥ & & 3 F & &
Q’é?" Q,%b fgbo"\ @,‘9 q\@ éﬁg xq-c .Q\&I} &6“
FSHFFTFT TFFTFE T
“ r\-,Q Q@ Q_G% Ny ,,)Q é"
5

Figure 5.4.4.2 Effect of PPARy and FXR agonists on fibronectin protein expression in

high glucose conditions.

High glucose induced fibronectin production in HK-2 cells. Both PPARy and FXR agonists
were able to suppress high glucose-induced fibronectin protein expression. Results are

expressed as means = SEM, * p<0.05 vs. Control; ** p < 0.01 vs. Control, n=4.

5.4.5 FXR agonists but not PPARy agonists suppressed high glucose induced type IV

collagen expression

At 48 hours, exposure to high glucose induces another ECM protein, type IV
collagen production in HK-2 cells, to 131.3 £ 7.7 %, p < 0.05, when compared to control.
Both PPARy agonists failed to significantly suppress high glucose-induced type 1V
collagen production. Only the FXR agonists suppressed its expression to 63.3 + 7.9%, p <
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0.01 (Figure 5.4.5.1). L-glucose did not alter type IV collagen expression in similar

experimental conditions.

5.4.6 High glucose induced TGF-B1 mRNA expression was suppressed by both

PPARy and FXR agonists

24 hrs exposure to high glucose induced TGF-B1 mRNA expression to 1.46 + 0.26
fold-change, p<0.05 when compared to control (Figure 5.4.6.1). Both pioglitazone and
rosiglitazone, and GW 4064 inhibited high glucose-induced TGF-B1 mRNA expression to
0.87 + 0.07 fold-change. 0.84 + 0.1 fold-change and 0.82 + 0.12 fold-change, p<0.01,

respectively.
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Figure 5.4.5.1 Effect of PPARy and FXR agonists on type IV collagen protein

expression in high glucose conditions

Iype 1V collagen, which is the most abundant collagen expressed in the kidney, was
induced by high glucose exposure for 48 hours. Only the FXR agonist significantly
suppressed high glucose induced type IV collagen production in these cells. Results are

expressed as means = SEM, * p<(0.05 vs. Control; ** p < (.01 vs. Control (n=4).
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Figure 5.4.6.1 Effect of PPARy and FXR agonists on high glucose-induced TGF-1

mRNA.

High glucose induced TGF-1 mRNA expression in HK-2 cells. Both PPARy and FXR
agonists can inhibit high glucose-induced TGF-f1 mRNA. Results are expressed as means

+ SEM, * p<0.05 vs. Control; ** p < 0.01 vs. Control (n=4).

5.4.7 PPARYy agonist but not FXR agonists suppresses high glucose-induced MCP-1

production

An increase in MCP-1 production in the supernatant of cells exposed to high
glucose for 48 hours was observed compared with cells exposed to control conditions.
(119.3 = 4.1% control, p<0.05, Figure 5.4.7.1). Both pioglitazone and rosiglitazone

suppressed high glucose-induced MCP-1 production to 78.6 + 4.4% and 80.7 + 8.1%,
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p<0.05, compared with cells exposed to high glucose. Even though GW 4064 suppressed

MCP-1 production in high glucose conditions, it failed to reach statistical significance.
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Figure 5.4.7.1 PPARy agonists inhibit high glucose-induced MCP-1 production in
HK-2 cells.

Forty eight hours exposure high glucose induced MCP-1 production measured in the
conditioned media. Both rosiglitazone and pioglitazone suppress high glucose-induced
MCP-1 production. However, GW4064 failed to inhibit MCP-1 production in HK-2 cells.

Results are expressed as means + SEM, * p<(0.05 vs. Control (n=4).
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5.4.8 FXR silenced cells have increased fibronectin and type IV collagen expression

FXR silencing was confirmed by both mRNA and protein expression of FXR by
RT-PCR and western blotting. A near 40% reduction of FXR protein expression was

achieved in all experiments as compared to the control (Figure 5.4.8.1).
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Figure 5.4.8.1 FXR silencing in HK-2 cells.

Subconfluent HK-2 cells were transfected with commercially purchased siRNA specific for
FXR. Forty eight hours later, cells were harvested and protein lysates were used for
western blotting. Near forty percent reduction of endogenous FXR was observed in cells
transfected with FXR siRNA, 42.8+15.9% as compared to cells transfected with a non

specific siRNA. Results are expressed as means + SEM, **p<0.01 vs. control (n=4).

FXR silenced HK-2 cells exhibit increased ECM production compared to cells

transfected with random non-specific siRNA. Both fibronectin and type IV collagen
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expression were increased in FXR silenced cells to 111.6+1.9%, p<0.01 and 140.5+20.6%,
p<0.05, when compared to the control (Figure 5.4.8.2a & b). Exposure to 30 mM D-
glucose for 72 hours increased fibronectin expression in the HK-2 cells transfected with
non specific siRNA to 110+2.5%, p<0.05, which is further increased to 116.2+1.7 in the
presence of FXR siRNA (Figure 5.4.8.2a). Similarly, type 1V collagen expression was
increased, upon exposure to high glucose in HK-2 cells transfected with non specific
SIRNA to 130.8+19.9% which is comparable to type IV collagen expression in FXR
silenced cells grown in medium containing 5 mM D-glucose. Type IV collagen is further
increased to 226.4+34.7%, p<0.05, in FXR silenced cells when exposed to high glucose for

72 hours (Figure 5.4.8.2b).
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Figure 5.4.8.2 ECM expression in FXR silenced HK-2 cells.

FXR knock down HK-2 cells were then exposed to 5 mM D-glucose (black solid bars) and
30 mM D-glucose (white empty bars) for 72 hours. FXR silenced HK-2 cells exhibit

increased fibronectin (a) and type IV collagen (b) expression. On exposure to high glucose,
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these ECM proteins are further up-regulated. Results are expressed as means +

SEM, *p<0.05 vs. control, **p<0.01 vs. control, (n=4).

5.4.9 FXR silenced cells have increased SREBP-1 expression which is further up-

regulated on exposure to high glucose

Increased SREBP-1 expression was found in FXR silenced cells, 132.4+6.1%,
p<0.05, when compared to cells treated with NS siRNA. Exposure to 30 mM D-glucose
further increased SREBP-1 expression to 175.2+16.3% confirming that FXR has an

inhibitory regulatory role on SREBP-1 expression (Figure 5.4.9.1).
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Figure 5.4.9.1 Effect of FXR silencing on SREBP-1 expression.

SREBP-1 is increased in FXR silenced cells under basal conditions which is further up-
regulated in high glucose condition (c). Results are expressed as means + SEM ,*p<(0.05

vs. control, (n=4).

5.5 Discussion

Although patients with diabetic nephropathy typically have concomitant
hyperglycemia and dyslipidemia, the contribution of lipid-induced renal injury to diabetic
nephropathy is not well characterized. Recently, there is growing evidence to suggest that
dysregulated lipid metabolism may play a role in the pathogenesis of diabetic
nephropathy*’. Hyperglycemia induces circulating or locally produced inflammatory and
profibrotic factors, such as MCP-1, TGF-BI, endothelin 1 and angiotensin Il in the
kidney'*”. Insulin resistance alters adipocyte metabolism, which leads to the release of free
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fatty acids in plasma. It is believed hyperglycemia and free fatty acid induces kidney
mesangial cell production of reactive oxygen species (ROS) through a SREBP-1 dependent
pathway'®. Nephrectomy in rats resulted in the accumulation of lipids in the remnant
kidney which was considered to be due to the effect of increased tubular reabsorption of
filtered protein-bound lipids, the influx of oxidized lipoproteins. the synthesis of fatty
acids, and the inhibition of pathways involved in fatty-acid catabolism. In response to
hyperglycemia, albuminuria and lipid byproducts, PTCs increase synthesis of pro-fibrotic

and pro-inflammatory cytokines'*'.

FXR is a potential pharmacological target for the treatment of obesity and the
metabolic syndrome®®' because of its modulatory effects on bile acid, lipids and glucose
metabolism. Several studies have shown that FXR activation can ameliorate diabetic
nephropathy by modulating lipid metabolism, fibrosis, inflammation, and oxidative stress’™
3. 4% The molecular mechanism of lipid-lowering effects of FXR agonist in kidney
disease has remained elusive. It has been shown that this is mediated predominantly by
altering the kidney SREBP-1 activity and its lipogenic target genes®’®. Despite the mRNA
expression of FRX in mice PTCs being five times more than that of the glomeruli, there is
lack of direct evidence linking FXR with SREBP-I¢ in kidney PTCs®. Jun er al. have
demonstrated that in vitro exposure to high glucose can induce fatty acid accumulation and
a fibrotic response in HKC cells (human proximal tubular cell line), which is inhibited by
silencing SREBP-1*"", However. the authors did not study its association with FXR in

PTCs.

In this study. we have demonstrated that FXR is expressed in the nuclei of normal

adult kidney tubules and this is markedly down regulated in individuals with diabetes
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mellitus. This reduction is observed in structurally well preserved tubules with no
significant tubulointerstitial damage, suggesting it is an early tubular response to
hyperglycemia. This is further confirmed by in vitro studies using HK-2 cells, where 24
hours exposure to high glucose is sufficient to down regulate FXR mRNA expression,
which is further down regulated at 72 hours. This confirms that exposure to high glucose
can directly suppress FXR mRNA expression in PTCs. This observation is of interest
because loss of FXR is known to disrupt normal glucose homeostasis and leads to the
development of insulin resistance which is associated with elevated serum triglycerides and
lipid accumulation*’., We have shown that, SHP mRNA, a target gene of FXR was
significantly down regulated at 72 hours, and consistent with that, SREBP-1c mRNA
expression was up-regulated. We have shown here in kidney PTCs, reduction of FXR in
high glucose leads to a reduction in SHP, which in turn leads to increased SREBP-1¢
expression. This is analogous to the proposed mechanism of FXR regulation in the liver by

bile acids, which has invoked SHP as a mediator® .

The presence of lipids deposits in the kidney of diabetic patients and in
experimental models of DM has been well described. Seventy two hours of exposure to
high glucose can stimulate triglyceride rich lipid droplets accumulation and up-regulation
of SREBP-1 in human PTCs. Using FXR-/- and SHP-/- animal models, it has been shown
that FXR mediates its effect on SREBP-1c expression through SHP-dependent and SHP-
independent pathways*'. Additionally, FXR can impact on triglyceride metabolism by
modulating kidney PPARa, PPARy and PGC-la expression. The reciprocal effects of
SREBP-1¢ and SHP at 72 hours of high glucose exposure, is potentially a consequence of

lipid accumulation rather than high glucose itself.
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Consistent with the previous observation, exposure to high glucose induced ECM
production. The FXR agonist, GW4064 suppressed high glucose-induced fibronectin and
collagen IV production. Conversely, FXR silenced cells exhibit increased basal ECM
production which is further up-regulated when PTCs were exposed to high glucose
conditions for 72 hours, suggesting a potentiating effect of high glucose and FXR
suppression on ECM production. At the same time point, SREBP-1 protein expression in
FXR silenced cells is increased which is further up-regulated after exposure to high
glucose. Collectively, these results suggest that high glucose suppresses FXR expression,
but conversely, a basal level of FXR expression is important to maintain ECM
homeostasis. In addition, SREBP-1c¢ and hyperglycemia act synergistically to induce ECM

and an FXR agonist can abrogate high glucose induced ECM production.

Our laboratory has previously reported that exposure of HK-2 to high glucose and
PPARY agonists induce PPARY expression at 48 hours®”’. In this study, we confirmed this
observation. In addition we also confirmed that neither PPARy nor FXR agonists affect
FXR expression (data not shown). Both PPARy and FXR agonists are equally potent in
suppressing high glucose-induced fibronectin mRNA and protein expression. However,
only FXR agonist is effective in suppressing collagen IV expression in HK-2 cells. This is
consistent with previous observations that PPARy agonists are less effective in suppressing
collagen 1V production. FXR agonists are equally effective in suppressing high glucose-
induced TGF-B1 mRNA upregulation. However, only PPARy agonists but not FXR
agonists, are able to suppress high glucose-induced MCP-1 production. These data suggest
that PPARYy agonists are more likely to have anti-inflammatory effects compared to a FXR

agonist, which is more potent in modulating ECM production in human proximal tubular
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cells. GW4064 has confirmed efficacy at 48 hours, as demonstrated by its antifibrotic
effects in the absence of cytotoxicity and cell cycle arrest across the range of doses used in
the experiments presented in this thesis. Even though the mechanistic interaction of these
nuclear receptors is not addressed in this study, the results proposed the potential
mechanisms in these different contexts of the metabolic syndrome-induced nephropathy
include the effects of profibrotic and proinflammatory cytokines such as TGF-Bl and

MCP-1, oxidative stress and microenvironment homeostasis.
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CHAPTER 6: Circulating bone morphogenetic protein-7 and
transforming growth factor-Bl1 as predictive biomarkers for renal

outcome in patients with type 2 diabetes mellitus

6.1 Specific background and review

As will be clear from the information presented in the prior chapters of this
thesis, an increase in renal parenchymal ECM accumulation has been shown to be the
end result of a complex interplay of factors inherent in DM, and also to play a role in the

452

development of diabetic nephropathy Clinical and experimental studies have

demonstrated that tubulointerstitial fibrosis correlates more closely with progressive

5 4
63. 453454 " Currently an

deterioration of renal function than does glomerular damage
objective scoring system for measuring interstitial fibrosis on renal biopsy specimens is

the gold standard for assessing tubulointerstitial injury. Hence there is a strong need for

less invasive biomarkers to predict those at risk of progressive diabetic nephropathy.

TGF-BI and BMP-7 are secretory cytokines belonging to the transforming
growth factor superfamily. TGF-B1 is well recognized for its pro-fibrotic role and is
known to increase in diabetes as a consequence of hyperglycemia, advanced glycation
end product accumulation and intrarenal accumulation of angiotensin II. As discussed in
Chapters 1 and 4, TGF-B1 is secreted in a latent biologically inactive form which is
activated by proteloytic cleavage by serine proteinases in vivo'®’. Among its many
actions, activated TGF-B1 influences cell growth and matrix production and promotes

extracellular matrix accumulation by both glomerular and tubular epithelial cells.
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Increased expression of TGF-B1 has been demonstrated in renal biopsies from patients
with established diabetic nephropathy. The EURODIAB follow up study has
demonstrated that circulating and urinary TGF-B1 correlates with proliferative
retinopathy and nephropathy in patients with type 1 DM**. In patients with type 2 DM,
circulating total TGF-B1 has been shown to be elevated when compared to the non
diabetic population®?. In a small cohort of patients with type 2 diabetes, Hellmich er a/
** have shown a higher level of circulating active TGF-B1 in those with nephropathy
compared to those without nephropathy. However, the sample size of this study was too
small to ascertain whether circulating TGF-B1 could be used as a biomarker to predict

patients at risk for developing diabetic nephropathy.

African Americans with hypertension and ESKD exhibit higher circulating levels
of TGF-B1 as compared to the Caucasian population®'**'°. The proposed explanation, in
addition to the conventional genetic and lifestyle risk factors, includes differences in the
bidirectional activities of TGF-B1 and the renin angiotensin aldosterone system (RAAS)

in the induction of TGF-B1 activation®'**"”

. Recently, a cross sectional study reported a
positive association between the circulating TGF-B1 and a variety of established risk
factors for CKD progression”””. In the same study, these investigators reported that TGF-
Bl protein levels were predictive of microalbuminuria in African Americans when
compared to the Caucasian population. However, a recent multicenter cohort study
demonstrated that most African Americans with CKD due to hypertension continue to
progress despite being treated with RAAS inhibitors™'. Hence, further investigation into

whether there is consistent association between circulating TGF-f1 and progression of

CKD is required.
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BMP-7, also known as osteogenic protein-1 (OP-1) is one of the many currently
known bone morphogenetic proteins. As detailed in Chapter 3, it is of particular interest to
the nephrology community not only because of its role in kidney development, but also
because BMP-7 is highly expressed in adult kidney, and is recognized as a natural
antagonist to the pro-fibrotic actions of TGF-B1 ****"433 [ ocal BMP-7 concentration and
its receptors play a major regulatory role in BMP-7 biological activity. The data presented
in Chapter 3 of this thesis demonstrates that BMP-7 is not useful as a treatment for chronic
kidney disease when TGFp-1 levels are elevated, but whether a reduction in BMP-7 may
predispose to progressive nephropathy is not clear.

As described in Chapter 3, distal tubules are the main site of BMP-7 production.
However. proximal tubules, glomeruli and other renal epithelial cells all have BMP
receptors which are required for BMP-7 binding, suggestive that BMP-7 is secreted into
the blood stream and then acts at different sites **. Loss of tubular BMP-7 is seen in
progressive diabetic nephropathy *** and exogenous administration of recombinant human
BMP-7 in diabetic animals has been shown to retard the progression of renal disease *** 3%,
It has also been shown in animal models that circulating BMP-7 correlates with the
functional renal mass and has therefore been proposed as a biomarker to monitor the
progression of chronic renal disease ***. This implies quantification of circulating BMP-7
and its protein expression may serve as a biomarker for progression of CKD.

The Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified
Release Controlled Evaluation (ADVANCE) Collaborative Group study, is a factorial
randomised. double blinded controlled trial conducted at 215 collaborating centres in 20

countries from Asia, Australasian, Europe, and North America, involving 11,140 patients
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with type 2 DM. Participants were separately randomised to (i) perindopril and indapamide
or matching placebo, as well as (ii) standard HbAlc <7.0) or intensive glucose control
(HbA 1¢<6.5%). Primary end points were composites of major macrovascular events (death
from cardiovascular causes, nonfatal myocardial infarction, or nonfatal stroke) and major
microvascular events (new or worsening nephropathy or retinopathy), with a median
follow up period of 5 years. The glycaemic arm of the study was reported in 2008, and
concluded that intensive glucose control, yielded a 10% relative reduction in the combined
outcome of major macrovascular and microvascular events, primarily as a consequence of
a 21% relative reduction in nephropathy.

We utilised serum samples collected at the study entry point to assess firstly, the
baseline circulating levels of TGFB-1 and BMP-7 in people with type 2 DM; secondly,
whether baseline circulating levels of TGF-1, BMP-7 and their ratio are related to the risk
of progression of diabetic nephropathy; thirdly, whether any relationships identified are
independent of other baseline clinical parameters, and finally the impact of these

parameters on clinical risk prediction models.

6.2 Materials and methods

6.2.1 Study participants and selection

Baseline serum samples collected from a subset of participants in the ADVANCE
study were used in this study. At enrolment, participants provided informed consent for the
future use of their serum samples for analyses relevant to the primary and secondary

outcomes of the study. Ethical approval detailing the specific analyses of the serum
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specimens for the purpose of this study was obtained from the research office of the Royal
North Shore Hospital. Eligibility criteria in the ADVANCE Study were a diagnosis of type
2 DM at 30 years of age or older, an age of at least 55 years at the time of study entry, and
a history of major macrovascular or microvascular disease or at least one other risk factor
for vascular disease. For the purpose of this study ‘cases’ were individuals who developed
a renal endpoint during the 5 year follow up period, defined as doubling of serum
creatinine to at least 200umol/l, need for renal replacement therapy, or death due to renal
disease. Of the 120 participants in ADVANCE who reached the renal endpoints, serum
from 64 patients was assayed for total and active TGF-f1 and circulating BMP-7. For each
of these cases, two controls matched for a range of parameters which include age, sex, race,
baseline eGFR (<60 vs. >60), albuminuria status (no albuminuria., microalbuminuria or
macroalbuminuria). baseline blood pressure, baseline HbAlc, known macrovascular
disease (cerebrovascular accident, myocardial infarct, peripheral vascular disease), history
of retinopathy and treatment allocation (blood pressure lowering intensive glucose
lowering, both or neither). A propensity score matching method®” was used to select a
total of 128 controls, and serum was available for analysis from 72 of these. Serum was not
available for the controls matched to 12 cases, so these cases were excluded from the
primary analysis. For the remaining 52 cases, 32 had one matching control and 20 had two
matching controls. The final data set for the primary analysis therefore consisted of 52

cases and 72 controls.

270



6.2.2 Laboratory measurements

All measurements were performed in local laboratories. Blood glucose and urinary
albumin measurements were performed on samples collected at study using local
laboratories at each site. Each glycated haemoglobin measurement was standardized. The
modification of diet in renal disease (MDRD) study formula was used to calculate the

estimated glomerular filtration rate (eGFR).

6.2.3 Circulating transforming growth factor-p1 (TGF-p1) measurement

Peripheral venous blood was obtained from the study participants at study entry
in heparin coated tubes and stored at -80°C until assayed for TGF-BI protein. Serum
TGF-BI protein concentration was measured using an isoform-specific TGF-B1 ELISA
according to the manufacturer’s protocol (TGFpI Emax@' ImmunoAssay System,
Madison, WI, USA) Both active and total (latent+active) TGFB1 were measured. Total
TGF-B1 was obtained by acidification with IN HCI for 15 minutes at room temperature
followed by neutralization with IN NaOH. A TGF-B1 standard curve was constructed by
using 1000, 500, 250, 125, 62.5, and 31.25 pg/ml recombinant TGF-B1 protein, and used
to quantify TGF-BI protein concentration. The minimum detectable level was 32 pg/ml
and the intra-assay and inter-assay median coefficients of variation are 3.1% and 12.7%.
respectively. This assay typically has less than 3% cross-reactivity with TGF-B2 and

TGF-B3 at10 ng/ml.
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6.2.4 Human BMP-7 ELISA measurement

Circulating BMP-7 levels were determined using an immunoassay kit assay (R &
D, MN, USA) with slight modification as follows. 150 pL of heparinised serum without
assay diluent was used. The absorbance at 450nm, corrected by readings at 540 nm were
obtained, and plotted against the standard to determine the circulating level of BMP-7. The
minimum detectable level is 0.79 pg/ml, and the intra-assay and inter-assay median

coefficients of variation are reported to be 4.6% and 7.8%, respectively.

6.2.5 Statistical analysis

Descriptive results for the subjects’ baseline characteristics and biomarkers are
expressed as either mean + S.D or median, (interquartile range, IQR), or n (%). Statistical
comparisons between groups were made by t-test for normally distributed data. The
Wilcoxon test was used for non-normally distributed data and the Chi-square test used for
categorical data. Spearman correlation tests were performed to investigate the relationship
between the biomarkers. Conditional logistic regression models were conducted to identify
the predictive risk for the biomarkers using unadjusted and adjusted models. Sensitivity
analyses were performed by using all available cases and controls and by using 1 vs. 1
matched case-control data. Receiver operating characteristic (ROC) curves were produced
to assess the discriminatory ability for the development of renal failure for each biomarker,
all biomarkers combined, with or without other covariates. ROC curve is a graphical of
sensitivity, or true positive rate. Analyses were performed using the software package SAS

9.2. P values <0.05 were considered significant.

272



6.3 Results

6.3.1 Baseline characteristics of cases and controls

Serum from a total of 124 participants are analysed (52 cases and 72 controls). The
demographic and clinical baseline characteristics of study participants are shown in Table
6.3.1.1. The mean (SD) age of the cases and controls was 69.58+6.68 and 69.92+7.4,
respectively. The two groups had similar other baseline characteristics except the HbA Ic,
serum creatinine, urinary albumin: creatinine ratio (ACR) and history of microvascular
disease. The baseline serum creatinine of the cases was 133.8+102.8 umol/L and that of the
control was 92.3+20.6 umol/L, p<0.0001. However, the eGFR difference between groups
was not statistically significant. The cases also have a higher number of participants with
history of microvascular disease, 16+30% (p<0.05) and a higher HbAlc 7.46+1.14%

(p=0.0001), when compared to the control groups, 11+15.3% and 7.7 +1.93%.

6.3.2 Individuals who developed renal endpoints have higher baseline total circulating

TGF-B1, lower circulating BMP-7 and a lower BMP-7/ total TGF-B1 ratio

Individuals who developed renal endpoints had a significantly higher circulating
total TGF-B1, 12684.7 pg/ml, (IQR 7610.4 pg/ml, 17383.3 pg/ml), when compared to those
who did not reach the defined renal endpoints, 7501.6 pg/ml (IQR 5323.0 pg/ml, 11485.0
pg/ml), p<0.01. Conversely, circulating BMP-7 levels were significantly lower in those
who reached renal endpoints at 6.89 pg/ml (IQR 0.29 pg/ml, 9.75 pg/ml) vs. 19.33 pg/ml

(IQR 10.02 pg/ml, 84.26 pg/ml), p<0.0001. Hence the ratio of BMP-7/ total TGF-B1 was
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lower in individuals with type 2 diabetes mellitus who progress to a renal endpoint, 0.0005

(IQR 0.00, 0.001) vs. 0.0027 (IQR 0.0014, 0.0103), p<0.0001. (Table 6.3.1.1)

Table 6.3.1.1 Characteristics of cases and controls at baseline

Variable Cases (n=52) Controls (n=72) p-value*
Mean (SD)
Age (years) 69.58 6.68 69.92 7.40 0.4479
Diabetes duration 10.71 7.19 7.53 6.00 0.1595
(years)
Systolic blood pressure | 157.9 22.34 157.1 24.09 0.5730
(mmHg)
Haemoglobin Alc (%) 7.46 1.14 7.70 1.93 0.0001
creatinine clearance 54.34 21.46 69.43 16.89 0.0633
(MDRD)
(ml/min/1.72m?)
Body Mass Index 30.15 5.53 30.44 4.64 0.1680
Creatinine (pumol/L) 133.8 102.8 92.33 20.66 <0.0001
n (%)
SEX (female) 16 30.8 17 23.6 0.3735
History of 22 42.3 23 31.9 0.2363
macrovascular disease
(yes)
History of 16 30.8 11 15.3 0.0392
microvascular disease
(yes)
Median (IQR, 25" and 75" percentile)
UAC ratio (pg/mg) 44.29 14.14, 378.35 12.33 5.30, 34.39 <0.0001
total TGF-B1 (pg/ml) | 12684.7 | 7610.4, 17383.3 | 7501.6 | 5323.0, 11485.0 0.0029
BMP-7 (pg/ml) 6.89 0.29,9.75 19.33 10.02, 84.26 <0.0001
Ratio BMP-7/TGF-f1 0.0005 | 0.0000,0.0010 | 0.0027 | 0.0014,0.0103 <0.0001

*p-values are tested by Chi-square test, t-test and Wilcoxon test.

6.3.3 Absence of correlation between baseline circulating total TGF-B1 and BMP-7

Figure 6.3.3.1 is the scatter plot matrix representing the levels of these biomarkers
in both cases and controls. Using Spearman correlation tests, there is no correlation
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between baseline circulating total TGF-Bl and BMP-7, with or without

baseline eGFR and urinary ACR (Tablet 6.3.3.1).
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Figure 6.3.3.1 Scatter plot matrix of circulating total TGF-B1, BMP-7 and BMP-7:

total TGF-B1 ratio.
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Table 6.3.3.1 Correlation study of BMP-7 and total TGF-B1 adjusted for eGFR and
UACR

Spearman Partial Correlation Coefficients, N = 114

Prob > |r| under HO: Partial Rho=0
Total TGF BMP7

Total TGF-1 1 -0.00672
0.944
BMP-7 -0.00672 I
0.944

6.3.4 High total TGF-p1 and low BMP-7 are sensitive predictors of poor renal

outcomes

Using the 52 cases and 72 controls, elevated circulating total TGF-B1 is a sensitive
predictor of poor renal outcomes in individual with type 2 DM, with an odds ratio (OR) of
1.90 for each 6000 pg/ml higher TGF- B1 level at baseline (95% confidence limits 1.24-
2.90, p=0.003). Similarly, high circulating BMP-7 levels predict a lower risk of renal
endpoints (OR=0.39 per 10 pg/ml higher baseline level, 95% confidence limits 0.21-0.74,
p=0.004) and for BMP-7: total TGF-B1 ratio, OR=0.46 per 0.001 higher level (95% CI
0.22-0.74, p= 0.004). Adjustment for sex, eGFR, HbAlc, urinary ACR, BMI, diabetes
duration, history of macrovascular and microvascular disease did not materially change the
results with ORs of 1.92 for total TGF-B1 (95% CI 1.08-3.39, p= 0.025) and 0.21 for BMP-

7 (95% C1 0.05 - 0.84, p=0.028).

Further sensitivity analyses also revealed similar results; including all available
cases (64) and controls (128) yielded similar results for TGF-B1 (OR=1.73, 95% CI 1.30-
2.30, p= 0.0002) and for BMP-7 (OR=0.4, 95% CI 0.25-0.62 p<0.0001). Restricting the

analyses to 52 cases and | control for each case (n= 104 in total) also found similar results:
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TGF-B1 (OR=2, 95% CI 1.22-3.28, p= 0.006) and for BMP-7 (OR=0.43, 95% CI 0.28-

0.81, p=0.009).

Table 6.3.4.1 Odds ratio of each biomarker

Odds Ratio Estimates from unadjusted model Odds Ratio Estimates from adjusted model*
Effect Point 95% Wald p- Point 95% Wald p-value
Estimate | Confidence value Estimate Confidence
Limits Limits
Total TGF-B1 1.733 | 1.303 | 2.303 | 0.0002 1.877 1.331 2.648 0.0003
(per 6000
|_pg/ml increase)
BMP-7 0.395 | 0.249 | 0.624 | <.0001 0.328 0.179 0.603 0.0003
(per 10 pg/ml
crease)
Ratio BMP- 0.440 | 0.303 | 0.639 | <.0001 0.289 0.162 0.517 <.0001
7ITGF-BI
(per 0.001 units
increase)

*adjusted sex. creatinine clearance, HbAlc, albumin/ creatinine ratio (UACR), BMI, diabetes
duration, history of macrovascular disease and history of microvascular disease, n=192.

6.3.5 Circulating BMP-7 is a better predictor of poor renal outcome

ROC curves were plotted for each of these biomarkers in an unadjusted or adjusted
model (adjusted by UACR and eGFR). The area under the curve for total TGF-B1 and
BMP-7 was 0.66 and 0.82, respectively (Figure 6.3.5.1A & B). When these ROC curves
for each biomarker were compared, BMP-7 is significantly better than total TGF-BI
(p=0.001), but similar to the BMP-7: total TGF-B1 ratio (p=NS), in predicting poor renal
outcomes in individuals with type 2 diabetes mellitus. To ascertain whether the relationship
between TGF-B1 and BMP-7 are independent of kidney function and albuminuria, the
ROC curves were each adjusted for eGFR and UACR. The areas under a curve (AUC)

were similar or better after adjustment, TGF-B1 is 0.77 and BMP-7 is 0.83. Circulating
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BMP-7 levels are found to be a good predictor for renal endpoints in individuals with type

2 diabetes independent of the baseline eGFR and UACR.
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Figure 6.3.5.1 Comparison of ROC curves for individual biomarker raw values, and

in models adjusted for eGFR and UACR.

ROC curves for total TGF-B1 raw values (4) and for BMP-7 raw values (B). Comparison

of area under the curve for total TGF-$1 alone vs. adjusted for eGFR and UACR, p=0.033,



(C). AUC of the unadjusted and adjusted ROC curves for BMP-7 (0.83 vs. 0.86, p= NS)

were similar (D). NS=statistical not significant.

6.3.6 Circulating total TGF-B1 adds little predictive value for poor renal outcomes.

The AUC of the ROC curves for BMP-7 improves significantly from 0.83 to 0.90,
p=0.02, when adjusted for all other variables (Figure 6.3.6.1A). This suggests that
circulating BMP-7 level provides addition predictive value on top of the conventional risk
factors for renal progression such as sex, eGFR, HbAlc, UACR, BMI, duration of
diabetes, history of macro- and microvascular disease. The AUC of the fully adjusted ROC
including both BMP-7 and TGF-B1 is 0.93, is not different to that of the fully adjusted
ROC for BMP-7 alone (Figure 6.3.6.1B). This suggests that total circulating TGF-B1 adds
little value in predicting renal endpoints as compared to BMP-7, when all other known risk

factors for diabetic kidney disease are taken into consideration.
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Figure 6.3.6.1 Comparison of ROC curves of individual biomarkers adjusted for all
studied risk factors

Comparison of ROC curves for circulating BMP-7 of unadjusted and adjusted for all
studied variables. These variables sex, eGFR, HbAlc, UACR, BMI, diabetes duration,
history of macro- and microvascular disease, which all are known risk factors for renal
progression (4). ROC curves of individual biomarkers, both BMP-7 and TGF-B1 combined

with other risk factors or other risk factors alone (B).

6.4 Discussion

At present, proteinuria and eGFR are the best known predictors for the future
functional decline of renal function in patients with diabetic nephropathy. However recent
reports have described a number of people with diabetes who progress to Stage 5 CKD

with normal or low levels of proteinuria. Furthermore, the presence of macroalbuminuria
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and impaired renal function usually reflects irreversible advanced nephropathy. Therefore,
there is a need for biomarkers that can predict poor renal outcome in the early stages of
diabetes mellitus so as to better deploy community and hospital based preventative

resources.

In this study we found that elevated circulating total TGF-B1, reduced BMP-7 and
low BMP-7: TGF-BI ratio, are associated with increased risk of progressive renal failure
resulting in defined renal endpoints in a high risk cohort with type 2 DM. This association
remained stable in multivariate analyses taking into account sex, eGFR, HbAlc, UACR,
BMI, duration of diabetes mellitus, history of macrovascular and microvascular disease,
and appears to be independent of these known risk factors for diabetic kidney disease. The
results were also similar in sensitivity analyses using more and less restricted numbers of

cases and controls which further supports the robustness of the findings.

The adjusted OR estimates for circulating BMP-7 was 0.39, suggesting that
individuals with type 2 DM have a 61% lower risk of developing renal endpoints if BMP-7
level is 10 pg/ml higher at baseline. Conversely, the adjusted OR estimates for total TGF-f
is 1.89, suggesting that the risk of developing renal endpoints is 89% higher if the

circulating total TGF-B1 is 6000 pg/ml higher in individuals with type 2 DM.

Interaction and correlation studies confirmed that both circulating BMP-7 and TGF-
Bl are independent of baseline eGFR and/or UACR, suggesting that these biomarkers are
independent predictors irrespective of the baseline renal function and albuminuria status.
This is of importance because some biomarkers may increase because of decreased

excretion secondary to reduced eGFR. Similarly, some biomarkers may be influenced by

281



low albumin due to urinary albumin loss. These results suggest that levels of these
biomarkers should provide additional prognostic information to that obtained using kidney

function and albuminuria

We have demonstrated in Chapter 3, loss of tubular BMP-7 occurs early in kidney
biopsy specimens of individuals with diabetic nephropathy, well before established fibrotic
histological changes. We have also shown significantly lower circulating BMP-7 levels in
patients with ESKD secondary to diabetic nephropathy receiving hemodialysis, when
compared to healthy controls. This could either be due to circulating BMP-7 correlating
with viable renal mass as previously reported **°, or diabetes mellitus per se suppressing
BMP-7 production. The circulating BMP-7 level in normal healthy subjects is reported to
be 207.2+45pg/ml (Chapter 3). The level observed in our studies is hence low in “control”
individuals with type 2 DM and is even lower in those who progressed to a renal endpoint.
This is consistent with observations in animal models of diabetic nephropathy*'* ***. We
have demonstrated in this study, circulating BMP-7 is a sensitive biomarker in predicting
renal endpoints in individuals with type 2 DM (AUC=0.83), which remains strong after
adjusting for UACR and eGFR (AUC=0.86). Even though the HbAlc at baseline is
different between the cases and controls, the adjusted multivariate analysis did not affect
the predictive value of BMP-7. Circulating BMP-7 appears to be a better predictor than
circulating total TGF-B1 of progressive renal disease, and improves the predictive value of
renal endpoints significantly, when other conventional risk factors for renal progression in

type 2 DM are considered.

Conversely, although circulating total TGF-B1 is a strong predictor for renal

progression, it is correlates with UACR and eGFR, and unlike BMP-7, it added little
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advantage in predicting renal endpoints when these predictors of risk were taken into
account. We measured both total (latent+ active) and active form of TGF-B1 in this study.
However, almost 60% of the clinical specimens have no measurable levels of active TGF-
B1. Although it is well documented that kidney biopsy specimens of individuals with
diabetic nephropathy exhibit increased TGF-B1 expression®, and therapeutic benefits of
RAAS blockade in preventing diabetic nephropathy progression is mechanistically linked
to lowering of TGF-B1 in addition to reduction proteinuria®’, the significance of elevated
circulating total TGF-B1 in individuals with worsened renal outcome remains unclear.
Huang er al. have reported renal protection by latent TGF-p in experimental mouse models
of ureteral obstruction'® and crescentic glomerulonephritis'®, which raised an intriguing
hypothesis that the active TGF-B1 is pathogenic whereas an excess of the latent form could
be protective. This remains difficult to study in the human scenario given the complex

mechanisms for activation of TGF-f1.

The major limitation of this study is the relatively small samples size, although the
strong and highly statistical significant results support the robustness of the findings.
Confirmation of these findings, ideally by testing the derived model in a prospective cohort
study. is warranted based on the results and offers the potential to substantially improve
our ability to predict the risk of clinically important renal events in the large population at
high risk due to the presence of diabetes. This will allow better targeting and evaluation of

strategies that could prevent progressive renal disease.

In summary, circulating BMP-7 level is an independent predictor of future renal
endpoints in individuals with type 2 diabetes mellitus. It adds predictive value to the

currently used models to predict poor renal prognosis, namely a reduction in renal function
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at diagnosis and an increase in urinary albumin excretion. These findings will enable
nephrologists to risk stratify individuals with type 2 DM who may progress to ESKD in
order to institute appropriate early risk factor modification strategies and therapeutic

interventions.
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CHAPTER 7: Conclusion and future direction

Chronic kidney disease (CKD) remains a growing epidemic worldwide, driven
largely by the rise in obesity, hypertension and diabetes mellitus in the Western world. End
stage kidney disease represents a small proportion of patients with CKD but is associated
with devastating social and financial consequences to both the individual and the
community. The Australian Diabetes, Obesity and Lifestyle (AusDiab) study is the largest
Australian longitudinal population-based study examining the natural history of diabetes,
pre-diabetes, heart disease and kidney disease; reported in 2005, 1 in 7 Australians over
age 25 years have at least one clinical sign of CKD, such as reduced estimated glomerular
filtration rate, or the presence of proteinuria or haematuria. This represents 1.7 million
people in the Australian population. Importantly, more than 4.5 million Australia people
have one or more risk factors for CKD, namely obesity. hypertension and diabetes mellitus
as stated above. The renoprotective effects of glycaemic and blood pressure control, and
specific interruption of the renin-angiotensin-aldosterone system are modest at best. There
is increasing evidence that dyslipidemia induces or accelerates renal cell dysfunction, and
reduction of serum lipids confers a renoprotective effect in animal models. However, a
significant treatment gap exists. Hence alternative novel therapies to reduce the
development and progression of CKD are required. This thesis focuses on three different
novel agents, namely bone morphogenetic protein-7 (BMP-7), the cation independent
mannose 6-phosphate receptor (CI-M6PR) inhibitor (PXS-25), and a farnesoid X receptor

(FXR) agonist, GW4064, and to assess their role in prevention of CKD.
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The HK-2 cells were used as the primary model for studies undertaken in this thesis
and the animal model of streptozotocin (STZ)-induced diabetes was used where
appropriate. HK-2 cells were exposed to media containing high glucose and/or
transforming growth factor-B1 (TGF-B1), or were subjected to a hypoxic environment to

mimic the microenvironment of CKD.

Using recombinant human BMP-7 and BMP-7 overexpression studies, I have
demonstrated that BMP-7 can prevent TGF-B1 induced EMT only if TGF-B1 is removed as
a trigger which is unlikely in the clinical course of treatment intervention in CKD. This
thesis has demonstrated that TGF-B1 suppresses tubular cell BMPR-IA expression, which
is the crucial type I BMP receptor for BMP-7 ligand receptor binding and its downstream
signalling. The suppressive effect on BMPR-IA is also observed in KLF-6 overexpressing
cells, supporting the observation reported previously by our laboratory that there is an
interdependent relationship of KLF-6 and TGF-B1 in EMT. In vivo studies confirmed a
reduction in BMP-7 and BMPR-IA but an increase in KLF-6 expression in established
diabetic nephropathy. Hence, TGF-B1 and KLF-6 synergistically induce suppression of
BMPR-IA and downstream reduction of BMP-7 signalling. These findings suggest that the
presence of TGF-B1 in multiple forms of nephropathy mitigate against the use of
recombinant human BMP7 as an antifibrotic therapeutic agent. These findings are contrary
to other reports in murine models of CKD, in which administration of rhBMP-7 is able to
reverse interstitial fibrosis and prevent the decline of renal function. However, BMP-7
administration in most, if not all of these models are delivered prior to the insult that
induces CKD. This suggests that in established renal disease, where the local

microenvironment of TGF-B1 is high, systemic administration of BMP-7 is unlikely to be
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useful. This again highlights the complexity of interaction between a pro-fibrotic and

antifibrotic agent in the setting of EMT.

Despite BMP-7 having been used in clinical trials to treat long bone fractures with
malunion, convincing evidence of BMP-7 in delaying progression of kidney disease in

humans is not supported, at least at the cellular level based on my experiments.

I also confirmed that PXS-25, a CI-M6PR inhibitor which selectively inhibits CI-
MG6PR dependent activation of latent to active TGF-B1, may have a role in preventing high
glucose induced ECM accumulation in HK-2 cells. As a consequence of this study, I
conclude that both hyperglycemia and hypoxia can independently induce endogenous
active TGF-B1 production in human proximal tubular cells. However; there is no additive
effect in both high glucose and hypoxic conditions. High glucose induces ECM
accumulation namely, fibronectin and collagen 1V, as does hypoxia, but only
hyperglycemia induces increased matrix proteins that were suppressed by concurrent PXS-
25 exposure. There is lack of in vivo data in these study, which is a project planned to be
undertaken in the future. The major limitation of an animal study is selection of appropriate
animal model that can dissect the contributory role of hyperglycemia and hypoxia in an in
vivo setting. It is also of interest to compare the differential contribution of other pathways
that are involved in TGF-B1 activation in high glucose condition e.g. thrombospondin-1

(TSP-1).

FXRs are well known for their role in bile acid, lipid and carbohydrate metabolism.
Their role in fibrosis and inflammation in an in vitro model is studied in this thesis using

GW4064, a FXR agonist. High glucose suppressed FXR mRNA and protein expression,
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suppressed short heterodimer partner (SHP) and induced sterol regulatory element-binding
protein-1 (SREBP-1) mRNA. FXR silenced cells have increased fibronectin, collagen 1V
and SREBP-1 expression, which is further increased on exposure to high glucose,
suggesting a potentiating role of SREBP-1 and high glucose conditions. Despite similar
suppression of high glucose-induced TGF-BI mRNA, FXR agonists more effectively
suppress ECM production compared to peroxisome proliferator activated receptors gamma
(PPARY) agonists. Conversely, PPARy agonists have a greater anti-inflammatory effect.
These results further support the synergistic effect of glucose and lipid in the contribution
of renal interstitial fibrosis seen in metabolic syndrome. Although cytotoxicity of GW4064
was not observed using the concentration in this study, increasing reports suggest
unwanted side effects in animal models. Hence, more physiological agonists such as 6-
ethylchenodeoxycholic acids (6-ECDCAs) should be considered as future therapies to limit
CKD initiation and progression. Future experiments should be designed to dissect the
pathways whereby FXR regulates ECM deposition, taking note that complete blockade of
such a multifunctional nuclear receptor is more likely to be accompanied by unwanted side
effects. Pharmacological therapies specifically targeting FXR-mediated antifibrotic

signalling pathways are likely to be of more value.

Although I have shown that BMP-7 may not be a suitable antifibrotic therapeutic
option, myself and colleagues have shown that circulating BMP-7 may be a useful
biomarker in predicting poor renal outcome in individuals with type 2 DM. Using baseline
serum samples of 64 participants who developed primary renal endpoints, from the
ADVANCE collaborative trial (majority participants are individuals with type 2 DM with

significant micro- and macrovascular risk factors), we discovered high total circulating
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TGF-B1, low circulating BMP-7 and low BMP-7: total TGF-BI ratio are independent risk
factors for poor renal outcome in individuals with type 2 DM. In addition, circulating
BMP-7 is a more sensitive biomarker to discriminate poor renal outcomes in individuals
with type 2 diabetes mellitus than total circulating TGF-B1 We aim to increase the number
of cases and controls to increase statistical power, then undertaking subgroup analysis of
these biomarkers in participants who received intensive or standard glycaemic control, and
with or without ACE inhibitor/ diuretics therapy. These interesting data will require
validation with an increased number of participants in a prospective trial, which should
include other forms of progressive kidney disease. A cost-effective analysis would be
useful to compare the predictive value of these biomarkers with that of conventional

markers such as ACR and eGFR.

In summary, this thesis highlights the complexity of the mechanisms contributing to
renal fibrosis and EMT, and hence the challenges needed for effective novel therapeutic
agents. We have demonstrated the mechanistic interaction of BMP-7, a natural antagonist
of TGF-B1 through a receptor-ligand and intracellular signalling pathway; inhibition of
conversion of latent to active TGF-B1 using a CI-M6PR inhibitor, PXS-25; and FXR
agonist, and a nuclear receptor agonist through its interaction with its target genes, in
contributing to renal fibrosis. All are involved in the progression of renal disease and the

challenge remains as to where therapies are best targeted to achieve improved outcomes.
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