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ABSTRACT

In 2010, 307 Swedish patients received a new kidney through transplantation, and
the first of April 2011, 603 patients were on the kidney transplant waiting list. In
Sweden over 8000 patients are presently in active uremic care with about half in
dialysis and the other half with a functional kidney graft. The numbers of patients
in need of active uremic care are escalating and so are the costs for renal health
care, in Sweden as in most of the western world. For patients with end stage renal
disease active uremic care is the last option for survival since there is no cure or
specific treatment for most renal diseases. The lack of treatment options often
leaves steroids and chemotherapy as the only available choices. In order to find
more specific treatment and to cure or delay the progress of renal disease we need
to learn more about the molecular background of these diseases.

To increase our understanding of the molecular mechanisms behind renal disease
we have studied the gene expression in both an animal model of the nephrotic
syndrome in rat as well as in human material in form of renal biopsies and cell
cultures. The most common renal diseases all start in the glomerulus, the capillary
tuft in the nephron where the ultrafiltration of blood takes place, and therefore we
have focused on gene expression in the glomerulus.

When investigating the gene expression in glomeruli from healthy kidney donors
and from mice we found a core cluster of conserved, highly glomerulus-specific
genes. Normal function of some of these genes in the glomerulus is already known
to be of importance to the filtration barrier and mutations in certain of them are
tightly connected to proteinuria. The discovered core cluster also contained genes
that so far has not been coupled to renal function and disease, and can therefore be
used as a new source of kidney glomerular-specific genes and biomarkers.

By studying gene expression in rats with nephrotic syndrome and in patients with
renal disease we found that expression of a special family of extracellular matrix
proteins, called proteoglycans, was changed in renal disease compared to healthy
controls. Proteoglycans are multifunctional proteins with functions ranging from
holding and releasing signal molecules to making up part of the extracellular matrix
structure. In patients with IgA nephropathy we found that the proteoglycan
petlecan had an increased gene expression compared to control, and that the gene
expression correlated to the excretion of protein in the urine and even to the
progress rate of the disease. This suggests that petrlecan could likely be used as a
molecular marker for IgA nephropathy and as such help us to further understand
the progression of the disease. In addition we have developed a unique method of
culturing cells from patients with renal disease and we believe that this will give us
new information about the molecular mechanism of this disorder and help us
develop more specific and individualized treatment for patients with kidney failure.
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INTRODUCTION

INTRODUCTION

RENAL DISEASE

In December of 2009, 8205 patients in Sweden were under active uremic care. Of
these, 4606 had functional transplants while the rest were in dialysis and the
numbers are growing'. Patients entering active uremic care have only 5-10% of
their renal function left and would die without treatment with dialysis or
transplantation. Dialysis is a life-saving but time-consuming and life-long treatment.
Still, a normal dialysis regime only corresponds to 5-15% of the normal renal
function’. Renal transplantation, on the other hand, can significantly restore the
majority of the many functions performed by the kidneys. When looking at five-
year survival, comparing chronic dialysis and transplantation with living or deceased
donor, the superior treatment is living-donor transplantation’. Renal transplantation
is also better than dialysis from an economical viewpoint; the cost of a renal
transplantation and short-term follow up is comparable to the cost of six months
of dialysis’. Although transplantation is an excellent way of regaining renal
function, it should be remembered that not all patients in end stage renal failure are
eligible for a renal transplant and the waiting lists are long due to shortage of
available kidneys. The 1st of April 2011 there were 603 patients on the waiting list
for a new kidney while only 370 patients received a new kidney (168 from living
donors) in Sweden’ during 2010.

There are few treatment options for renal disease and this often leaves
corticosteroid treatment or chemotherapy as the only available choices. Sometimes
the disease goes into remission, but it may also continue to progress into end stage
renal disease. At that point dialysis or transplantation are the only alternatives for
survival. With more people entering uremic care and the costs escalating it is of
great importance to find an eatly treatment and/or cure of renal disease before
patients require active uremic care.

There are many factors that can trigger loss of renal function, including diabetes,
chronic heart disease, poisoning, inflammation, infections or drug-induced
nephritis. The main cause of uremic care in Sweden is glomerulonephritis, but for
new patients entering uremic care today the most common diagnosis is diabetic
nephropathy'. Although glomerular disease is the leading cause of end stage renal
disease, the molecular mechanisms behind most of these diseases are unknown.

The glomerulus is the structure in the kidney where the ultrafiltration of the blood
takes place, and damage to any of the glomerular structures often lead to
proteinuria. To ensure that patients get a correct diagnosis of their glomerular
disease a renal biopsy is required. By investigating morphological changes and
staining for disease-specific antibodies most glomerular diseases can be diagnosed
but this gives no information about the progression of the disease. To increase the
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INTRODUCTION

understanding of the underlying mechanisms and progression of glomerular disease
more research on the molecular level is necessary. Hopefully in the near future
molecular diagnostics can help us to individualize treatment and reduce the number
of patients in need for active uremic care.

THE KIDNEY

The kidneys are highly specialized organs that regulate the volume and composition
of the body fluids. Every day 150-180 L of fluids are filtered through the kidneys.
There are about one million nephrons in each kidney and the filtration of the blood
takes place in the glomerulus, a capillary network enclosed by the Bowmans capsule
in the most proximal part of the tubular system. The primary urine formed in the
glomerulus is then extensively modified on its way through the tubular system,
leaving 1-1.5 LL of final urine for excretion.

The Glomerulus

The glomerulus contains three different cell types, fenestrated endothelial cells,
specialized epithelial cells named podocytes, and mesangial cells (see figure 1). The
filtration barrier is composed of different layers with the fenestrated endothelial
cells and their cell surface layer closest to the blood stream. The basement
membrane separates the endothelial cells from the podocytes. The podocytes are
found on the outside of the glomerular capillaries and make up a zipper-like
structure with their foot processes wrapped around the capillaries. Between
adjacent foot processes there is a slit diaphragm making up the final part of the
batrier to the primary urine’. The undamaged barrier filters the contents of the
blood based on size, shape and charge, allowing water and small molecules to pass
over the barrier but albumin and other large molecules are almost completely
retained in the capillary lumen. Regardless which one of the layers that are damaged
in renal disease the outcome is proteinuria’. The mesangial cells are not a part of
the filtration barrier but have structural properties in the glomeruli, as they are
situated between the glomerular capillaries. All the cell types in the glomeruli
interact with each other and alterations in one cell type can lead to changes in the
others. For example, vascular endothelial growth factor is produced by the
podocytes and of vital importance for endothelial cell morphology and function®,
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Fig 1. The cells and structure of the glomerulus. Closest to the blood is the endothelial cell

surface layer (ESL) and the glycocalyx covering the fenestrated endothelial cells. The podocytes
are covering the outside of the glomerular capillaries with their foot processes attached to the
basement membrane. The mesangial cells are found in-between the capillaries, surrounded by

mesangial matrix.

Endothelial cells

The endothelial cells in the glomeruli are heavily fenestrated and covered with a
thick negatively charged cell surface layer. This layer can be divided into the
glycocalyx and endothelial cell coat with the latter more loosely attached to the
luminal surface of the glycocalyx’. This cell coat is suggested to consist of
proteoglycans (PGs) and glycoproteins. It covers the surface of most cells,
including the fenestrations of the endothelial cells in the glomeruli’. Disruption of
the components of the endothelial cell surface layer leads to proteinuria'’,
Experiments on cultivated primary glomerular endothelial cells have shown that
they produce a diversity of proteoglycans. Also, treatment of the cells with
puromycin aminonucleoside (used for induction of nephrotic syndrome and
ensuing proteinuria) decreases the overall negative charge from PGs, indicating that
they are important for the function of the filtration barrier''. Studies in mice with
adriamycin-induced nephropathy showed a decreased thickness of the endothelial
cell surface layer in nephrotic mice compared to control'’. Several diseases cause
direct or indirect injury to the endothelial cells, for example diabetic nephropathy,
obesity and preeclampsia/eclampsia’.
11
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Basement membrane

Compared to other basement membranes in the body the glomerular basement
membrane is unusually thick, probably due to the fusion of basement membranes
from the endothelial cells and the podocytes during the development of the
nephron'!. The basement membrane is composed mainly of collagen IV, laminin,
nidogen, enactin and proteoglycans' and mutations in genes encoding four known
proteins in the basement membrane (LAMB2, COL4A3, COL4A4 and COL4A5)
cause glomerular disease'®. The basement membrane molecules form a fibrous
network with collagen IV as the backbone, and mutations in the collagen chains
give rise to pathological conditions such as Alport’s syndrome'”"”. This is a renal
disease characterized by an altered thickness of the basement membrane and with
time this leads to chronic kidney disease. Mutations of the LAMB2 gene, coding for
the laminin B2 chain, causes the Pierson syndrome in humans®, and experiments
show that mutant mice lacking LAMB2 develop nephrotic syndrome*. The
basement membrane is rich in anionic charge, mainly from the large PGs agrin®
and perlecan® and has been thought to be of importance for the charge-selective
properties of the barrier. This has lately been under debate, since it has been
demonstrated that genetically modified mice lacking the perlecan heparan sulfate
side chains and podocyte-specific agrin do not develop proteinuria™.

Podocytes

Podocytes are highly specialized epithelial cells surrounding the glomerular
capillaries with their foot processes attached to the basement membrane via o3,
integrin®, but PGs has also been proven to be important for podocyte
attachment™. The actin cytoskeleton maintains the structure of the foot processes
and interacts with the slit diaphragm bridging the gap between the foot processes.
The slit diaphragms are extracellular structures that have functional pores for water
and small solutes but are rather impermeable for larger molecules such as plasma
proteins. The importance of the slit diaphragm was originally shown by the
discovery that a mutation in the gene nephrin causes congenital nephrotic
syndrome of the Finnish type®’. Nephrin is specific to the podocyte slit
diaphragm®. Since then other proteins, both intracellular and slit-situated, have
been proven crucially important for the maintenance of the podocyte slit
diaphragm®~'. In glomerular disease there are four major patterns of alterations of
podocyte morphology; foot process effacement, apoptosis, arrested development
and dedifferentiation™. Foot process effacement is found in minimal change
nephrotic syndrome, IgA nephropathy (IgAN) with nephrotic range proteinuria®
and focal segmental glomerulosclerosis™. In IgAN the foot process effacement is
closely related to proteinuria® and podocyte loss can predict the progression of the
proteinuria®. The depletion of podocytes in progressive glomerulosclerosis may be
mediated by transforming growth factor 3 and smad 7, along with other signaling
pathways’’. Damage to the podocytes can also be mediated by cytokines derived
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from mesangial cells exposed to IgA from patients with IgAN38‘43 once again
pointing out the importance of communication between the different cells in the
glomerulus.

Mesangial cells

The mesangial cells provide structural support for the glomerular capillary loops.
They also have contractile properties making it possible for them to fine-tune the
glomerular filtration rate of individual nephrons. Mesangial cells are in direct
contact with the endothelial cells on the capillary lumen side without an intervening
basement membrane, but separated from the podocytes*. The mesangial cells are
embedded in their own mesangial matrix. It is composed of collagen IV, collagen
V, laminin, fibronectin, enactin, nidogen and PGs, ie. it differs from the
composition of the basement membrane™. The matrix can serve as a source and
target for growth factors and can be altered in disease, for example IgAN* and
diabetic nephropathy™. Expansion of the mesangial matrix and proliferation of
mesangial cells, such as that typically seen in IgAN, leads to reduced area available
for filtration by affecting the glomerular capillaries. This leads to
glomerulosclerosis. In IgAN one of the main findings is deposits in the mesangium
of IgA-containing immune complexes. When treating mesangial cells in culture
with IgA derived from patients with IgAN in an attempt to mimic the events in
IgAN, the cells produced factors that affected podocytes as well as the cells in the
tubules™*.

The Tubular System

The tubular system is made up of different segments, named from the Bowman’s
capsule surrounding the glomerulus; the proximal tubule, the loop of Henle, the
distal tubule and the collecting duct. There are several renal diseases that concern
the tubular system, mostly affecting the reabsorption or excretion of molecules, for
example renal tubular acidosis, where the kidney fails to excrete acid into the urine
making the blood acidic*. There is also acute tubular necrosis where the tubular
cells die, either due to exposure to toxins or due to lack of oxygen®. Correlation
between tubulointerstitial damage and renal function was found as early as 1968%.
Tubulointerstitial injury may be caused directly by toxic, obstructive or ischemic
mechanisms or be a consequence of glomerular damage™. In IgAN one often finds
tubulointerstitial damage and it has been proposed that this is due to mediators
released by the mesangial cells’’. In a gene expression study by Reich et al, a gene
set of 231 genes were found to be albumin-regulated in an in vitro model of tubular
epithelial cells. This gene set could then be used to separate patients with IgAN
from controls using the gene expression in the tubulointerstitial part of the renal
biopsy. 11 of the 231 genes in the gene set correlated to the level of proteinuria and
could be used to distinguish all forms of primary glomerulonephritis from
controls™,
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THE EXTRACELLULAR MATRIX

The extracellular matrix (ECM) in the body have many different functions such as;
support and anchoring of the cells, segregating tissues, regulating intracellular
communication and sequestering a wide range of growth factors. The ECM is also
important in growth, wound healing and fibrosis. The matrix is secreted from
cells and contains a mixture of fibrous proteins and glycosaminoglycans (GAGs),
the most abundant protein being collagen. Other proteins often found in ECM
include elastin, fibronectin, laminin and different PGs™. Collagens can form
elongated fibrils and are important for the structure of the matrix, and together
with elastin the collagens provide the body with strength and flexibility to help
tissues withstand stretching. Collagen IV is found in basement membranes and is a
network-forming collagen™. COI4A1 encodes its a-chain, and mutations in
COLA4A1 are known to cause a wide range of abnormalities affecting mainly the
brain and the retinal vasculature, the ocular structures and the glomerulus™.
Laminins are cell adhesion molecules with 18 known isoforms, predominantly
found in basement membranes. They are heterotrimers consisting of one «, one $3
and a y-chain. Laminin binds to several other matrix proteins as dystroglycan and
many members of the PG family (perlecan, syndecans and agrin)®. Several renal
diseases include changes in the ECM in their phenotype, as diabetic nephropathy
and IgAN.

PROTEOGLYCANS

PGs are a family of cell surface proteins that can either be attached to the cell
membrane or be secreted (see figure 2). PGs are constructed of a core protein with
one or more GAG chains attached. The GAGs are negatively charged and there are
five different types of GAG chains, heparan sulfate (HS), dermatan sulfate (DS),
chondroitin sulfate (CS), keratan sulfate (KKS) and hylaronic acid (HA) ™", HA
differs from the other GAGs by lacking attachment to a core protein”. PGs are
complex molecules, and their properties are determined by their core protein as
well as by the GAG chains. Their function ranges from structural roles in the
extracellular matrix to involvement in cell signaling, by acting as binding sites,
controlling growth factor gradients, or as signaling molecules®®!. PGs are found on
all levels of the filtration barrier and in the mesangial matrix. They have been
suggested to be of importance both for the development of the nephrotic
syndrome and normal function of the glomerular filtration barrier'"'>**. Below
follows a further description of the PGs studied in this thesis.
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Figure 2. Proteoglycans are found attached to the cell membrane or secreted in the extracellular
matrix (ECM). Figure modified from Haraldsson et al.’

Cell membrane bound proteoglycans

Syndecans are a family with four members, syndecan -1, -2, -3 and -4 and are type I
transmembrane PGs. Most cells express one or more syndecans which is also true
for the kidney'"**®. The most commonly expressed is syndecan-4, whereas
syndecan-1 primarily is found on epithelial cells, and syndecan-2 on cells of
mesenchymal origin while syndecan-3 is expressed in neural tissue. All syndecans
have HS GAG chains, but some can have additional CS GAGs. Since syndecans
are transmembrane they are able to transduce signals from the extracellular matrix
to the inside of the cell. They can bind a wide variety of ligands and are suggested
to have roles in cell matrix interactions and matrix assembly. All syndecans are also
able to interact with actin-associated proteins®. Syndecan-4 is known to interact
with the cytoskeleton via alpha-actinin®. Syndecan-1 deficiency aggravates anti-
glomerular basement nephritis by shifting the Th1/Th2 balance towards Th2

response®.

Glypicans are a family with six members (glypican-1 to -6). They bind to the plasma
membrane via a glycosyl-phosphatidylinositol anchor and they have three HS GAG
chains. In vivo evidence indicate that the main function of glypicans is to regulate
the signaling of wnts, hedgehogs, fibroblast growth factors and bone
morphogenetic proteins®.
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Secreted proteoglycans

Perlecan is a large PG which is ubiquitously expressed and found in basement
membranes and extracellular matrixes. It can carry four GAG chains, most
commonly HS but can also be substituted with CS. Perlecan mediates cell signaling
events, controlling cell migration, -proliferation and -differentiation. It can bind
growth factors to the HS chains as well as the core protein. The growth factors
binding to perlecan that are most investigated are those from the fibroblast growth
factor (FGF) family. In addition, perlecan binds to various other matrix molecules,
such as laminin-1, nidogen, fibronectin and collagen IV>"". Perlecan has been
suggested to play a role in diabetic nephropathy complications’".

Versican is found in the extracellular matrix and belongs to a group of hyaluronan-
bindings PGs. Versican carry only CS chains, and the largest isoform can carry as
many as up to 23 GAGs™. Versican is up-regulated in smooth muscle cells treated
with PDGF or TGF-8”". All cell types in the glomerulus have been shown to

produce versican in vitro'">",

Biglycan, decorin and lumican all belong to the family of small leucine-rich PGs
(SLRPs). Biglycan and decorin are members of class I SLRPs and have either DS or
CS GAGs attached. Lumican with KS chains belong to class 11, All SLRPs are
ECM organizers, interacting with the other molecules in the matrix. Decorin have
antiproliferative effects, first demonstrated by its ability to bind and block
transforming growth factor beta (T'GF-B)™ and is involved in diabetic
nephropathy™"". Biglycan and lumican can also bind TGF-"®” and in addition
biglycan can act as a danger signal by being released from the matrix as a response
to tissue stress or injury’"". Lumican interacts with the collagen fibrils and control
their assembly, but has functions also in cell proliferation, migration and
adhesion®".

NEPHROTIC SYNDROME

Nephrotic syndrome is defined by nephrotic range proteinuria, hypoalbuminemia
(<3.0 g/dL) and peripheral edema. Proteinutia of 3.5 g/24 hours or more is
considered to be in the nephrotic range. Proteinuria can develop regardless which
structure of the barrier is damaged’. Nephrotic syndrome can be caused by primary
renal disease, such as membranous nephropathy and minimal change nephropathy,
or by secondary causes such as diabetes mellitus®. Proteinuria in the nephrotic
range can also occur in other renal diseases, for instance IgAN, but patients with
IgAN might just as well have mild or no proteinuria®. Nephrotic syndrome is
treated by trying to lower the intraglomerular pressure using an angiotensin
converting enzyme inhibitor or angiotensin II receptor blocker, and by reducing
the edema with dietary sodium restrictions and loop diuretics. Corticosteroids are
commonly used to treat some of the diseases causing the nephrotic syndrome, such
as membranous nephropathy and minimal change disease, but this does not always
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lead to any changes in disease state™. Some breakthroughs have been achieved in
this field during the last years, for example in idiopathic membranous nephropathy
where the M-type phospholipase A2 receptor has been found to be a target antigen.
This may solve the question about the initiation of the molecular mechanisms
causing the disease™ and improves the possibility to find a more specific treatment
for the disease.

IGA NEPHROPATHY

IgAN is defined by the deposition of IgA in the mesangium of the glomerulus
leading to matrix expansion and mesangial proliferation, see figure 3. To be able to
make a diagnosis, a pathological examination of a renal biopsy is necessary®. IgA
deposits are found also in  Henoch-Schénlein  purpura, and the
immunofluorescence findings of IgA in biopsies can be indistinguishable between
the two diseases®. The deposited IgA in IgAN is predominantly J-chain containing
polymeric IgAl and accompanied by C3 and immunoglobulin G (IgG). This
particular type of IgAl, aggregated in the glomerulus, has been investigated
thoroughly the last years and has been found to be under-galactosylated with
reduced galactose and/or sialic acid content, leading to increased exposure of the
internal N-acetylgalactosamine®”™. This under-galactosylated IgA1 (ulgA) tends to
self-aggregate and form antigen-antibody complexes with IgG antibodies. IgGs are
directed against N-acetylgalactosamine in the IgAl hinge region and give rise to
macromolecular depositions in the mesangium’"”>. Additional evidence of impaired
clearance of IgA and IgA-complexes in IgAN suggests that the hepatic clearance is
reduced in patients with IgAN®. Interestingly, mesangial deposition of IgA does
not always lead to IgAN; in cases of the familiar form of IgAN there are relatives
with ulgA in the circulation that do not develop the disease’”. The deposition of
IgA seems to be a reversible process. There are cases where the kidney donor has
had subclinical IgAN and when engrafted into a patient with chronic kidney disease
stage V due to a different renal disorder the immune deposits have been cleared
from the allograft within weeks’®. Another important thing to note is that a Finnish
investigation of kidneys from deceased due to suicide or violent death, found IgA
depositions in several asymptomatic cases, and so did a Japanese study of healthy
kidney donors”” This indicates that the deposition of ulgA is complicated and
requires further investigation.

IgAN is considered a mild renal disease, but with time most patients will develop
end stage renal disease. Since the population is getting older worldwide, more
patients are likely to reach end stage renal disease in the future. Treatment of IgAN
is based on the risk for progression and includes blood pressure-controlling drugs
and glucocorticoids with or without other immunosuppressive agents to treat the
underlying inflammatory disease. If patients proceed to end stage renal disease and
receive a transplant there is a risk that the disease develops again in the graft.
Histologic recurrence, with or without evidence of clinical disease, is observed in a
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large portion of cases”'". Unfortunately there are no prospective studies of IgAN
recurrence in the grafts, other than a study of graft loss due to recurrent
glomerulonephritis, which showed a number around 10%"".

’hff\";

Figure 3. Renal biopsy section showing A) normal glomerulus B) glomerulus with mesangial
proliferation C) glomeruli from patient with IgAN stained for IgA deposits (brown).

TRANSCRIPTIONAL PROFILING IN THE KIDNEY

The DNA in the cells is transcribed when needed into a variety of RNA molecules.
The sum of all the RNAs transcripts is called the transcriptome, and in comparison
to the DNA the transcriptome is always changing and varies between cells and
tissues. We believe that investigation of the transcriptome from normal and
diseased kidneys will help decipher molecular mechanisms leading to renal disease,
and to find molecular markers for disease and progression'”®. When investigating
the transcriptome there is concern about significant gene expression alterations
before tissue procurement. To avoid this, standardized protocols have been
established to process renal biopsies'”™'”. Tt can also be necessary to microdissect
the tissue to investigate the true gene expression in different parts of the nephron.
There are a few different approaches such as manual microdissection under a
stereomicroscope or laser-capture microdissection. Manual microdissection has the
advantage of the possibility to obtain whole glomeruli, and when working with a
full renal biopsy 5-20 glomeruli® may be retrieved. Laser capture makes it possible
to use material already processed for routine diagnostic purpose. This method gives
a much smaller RNA yield'” but makes it possible to choose defined pathologic
lesions for expression analysis. To explore the full transcriptome in cells or tissue
the microarray is a useful tool. Microarray technology is based on hybridization
properties of nucleic acid and uses complementary molecules attached to a solid
surface to measure the quantity of specific nucleic acid transcripts of interest that
are present in a sample. There are different arrays available; cDNA microarrays,
oligonucleotide microarrays and SAGE, and the new upcoming method of deep

sequencmgl 04
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AIMS

The general aim of this thesis was to unravel gene expression patterns involved in
kidney function, both in healthy and pathological conditions. We also wanted to
find molecular diagnostic markers for different glomerular diseases to be able to
improve and individualize treatment of the patients.

The specific aims were to:

Define the role of proteoglycans in a model of nephrotic syndrome and in
podocytes.

Expand our knowledge about the role of proteoglycans and proteoglycan-
associated genes in IgA nephropathy and find possible molecular markers for IgA
nephropathy.

Identify kidney glomerulus-enriched genes in healthy kidneys from humans and
mice and compare the two species.

Understand the changes in matrix composition caused by IgA nephropathy.
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METHODOLOGICAL CONSIDERATIONS

Detailed descriptions of materials and methods are given in each paper, and only
those of particular importance for the results are described below.

ETHICS

All experiments performed in this thesis were approved by the ethical board of
west Sweden, except for the mice used in paper III, that were approved by the
ethical board of Stockholm north. The following ethical permits concern the
human samples used in paper II, III and IV; 414-09, 635-05, R110-98, S552-02,
432-09. All participating patients signed a written informed consent. The ethical
permit for the rats treated with puromycin aminonucleoside in paper I is numbered
395-04. The ethical permits concerning the mice used in paper II are numbered
N28-06 and N279-04.

ANIMAL STUDIES

It is difficult to study the changes in gene and protein expression in humans when
it comes to glomerular disease, especially over time. However, many different
rodent models for glomerular disease are available. For example; passive Heymann
nefritis, a model for membranous nephropathy, adriamycin nephrosis and
puromycin aminonucleoside (PAN) nephrosis (high dose), both models for focal
segmental glomerulosclerosis, and PAN nephrosis (low dose) a model for minimal
change nephropathy'”. Focusing on the podocytes, we chose the PAN nephrosis
model in the rat to study the changes in the filtration barrier when the kidneys start
to leak proteins. This rat model is well-used for studies involving damage to the
filtration barrier, with podocyte flattening, and leakage of proteins into the urine. In
the study in paper I, the rats were allowed to acclimatize for at least one week
before the experiments started. The animals had free access to food and water.
PAN was administered in a single dose of 150 mg/kg by intraperitoneal injection.
The experiment was performed as a time-point study for 7 days, starting on day
one after PAN injection. In paper III we compared the gene expression in mice

and humans; data from the mice was reported eatlier in a separate study'”.

HUMAN SAMPLES

As valuable as animal studies may be, it is still of importance to study the molecular
mechanisms behind glomerular disease in human samples. Patients with glomerular
disease are often diagnosed by renal biopsies, and all the material obtained is usually
used for diagnostic purposes by the pathologist, thus not leaving any material for
molecular analysis. In 2004, we initiated a renal biopsy project at Sahlgrenska
university hospital to enable molecular investigations of the biopsies. The project
aimed to find molecular markers for different renal diseases and increase the
understanding of the molecular mechanisms behind renal disease. The patients that
were included in this project were undergoing renal biopsy in order to establish or
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confirm the diagnosis of their renal disease. Prior to the biopsy, all patients had
received oral information, and those wishing to participate in the study had signed a
written consent form to be included. The biopsies were then diagnosed by a
pathologist, and patients with IgAN were singled out and used in paper II and IV.
The biopsies were put in RNAlater, an RNA-preserving liquid, at bedside and then
refrigerated for 24 hours before freezer storage. Biopsies were collected from
healthy kidney donors and from the healthy parts of kidneys that had been
removed due to tumors. These biopsies were used as control samples and were
treated according to the same protocol as the patient’s samples. Clinical data from
the time of the biopsy were collected and the patients were followed for up to 7
years, but no extra clinical tests were made on the behalf of the study.
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Figure 4. Flowchart of the different steps involved when working with the renal biopsies.
Biopsies are taken from the kidney cortex and dipped in saline solution for extraction of loosely
attached glomeruli, one biopsy is then transferred to RNAlater and frozen before microdissection
and gene expression analysis. The glomeruli in saline solution are used to culture mesangial cells
for in vitro studies. The other biopsy is used for microscopy and immuno-staining for diagnostic
purposes. Blood and urine samples are taken from the patient for routine tests and other clinical
data is recorded as well. All information is then put together to learn more about the molecular

mechanisms of the disease.
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CELL CULTURE

The glomerulus contains three different cell types; endothelial cells, podocytes and
mesangial cells. These cells can all be cultured, but podocytes are difficult to get to
differentiate in vitro. The endothelial cells and the podocytes are both a part of the
filtration barrier. The mesangial cells are found in-between the capillaries in the
glomeruli where they have structural functions. Cell culture is a usable tool that
enables studies of the individual cell types and their reaction to different treatments
and environmental changes. The primary disadvantage with cell culture is that the
cells are removed from their natural surroundings, and it is impossible to co-culture
the glomerular cells in an attempt to mimic the filtration barrier and the
surrounding cells.

Podocyte culture

To enable culture of human podocytes we used a podocyte cell line (paper I) that
was conditionally transformed using a temperature-sensitive mutant of SV-40 T
antigen in collaboration with Saleem et al. These cells proliferate at 33°C and at
37°C the SV-40 T antigen is inactivated and the cells differentiate and start to
express the same markers as podocytes express in vivo. Podocytes were used for
experiments using PAN. PAN is a substance that is well-known for inducing
nephrotic syndrome in the rat. In our study, cells were stimulated for 48 hours
using 1 uM of PAN administered in the medium.

Figure 5. Mesangial cells cultured from a glomerulus. A) Mesangial cells start to spread out from
the glomerulus after 15-20 days. B) After a few more days there is a rapid growth of mesangial
cells round the glomerulus.
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Culture of Healthy and Diseased Mesangial Cells

Culturing glomerular cells from human renal biopsies is a unique and new method
for obtaining mesangial cells that makes it possible to culture renal cells from
patients with different glomerular diseases. By dipping the renal biopsies in saline
solution at bedside before putting them in fix or RNAlater we could collect loosely
attached glomeruli that otherwise would have been lost in the fixative solution. The
glomeruli that fall off in the saline solution are then moved to cell culture plates
coated with attachment factor and with medium substituted with human serum and
antibiotics. It takes 15-20 days before mesangial cells start to emerge from the
glomeruli (see figure 5). By sub-cloning the cells that emerge we obtained pure
cultures of mesangial cells that were characterized by morphology and protein
expression of smooth muscle actin. In the experiments performed in paper IV we
used mesangial cells cultured from a biopsy from a patient with IgAN and as
normal cells primary mesangial cells from Lonza (LLonza, Basel, Switzerland).

GENE EXPRESSION ANALYSIS

One way to look at the molecular mechanisms that take place in the different
tissues and cells is to study the gene expression. This gives insight into which genes
are switched on in the tissue and gives a lead to which biological functions and
processes are turned on. The gene expression can be studied in different ways; one
can either choose to look at a few genes using Q-PCR or to do a transcriptional
profiling of the whole genome in a tissue or cells. Irrespective of which method
one chooses it is of great importance to use RNA of excellent quality. RNA is very
easily destroyed by RNases, enzymes that under normal conditions is used to
degrade RNA in the cells. It is therefore necessary to work under RNase-free
conditions to avoid degradation of the RNA in your samples. To ensure that all our
RNA was of excellent quality and not degraded after isolation all samples were run
on an Agilent 2100 Bioanalyzer (Agilent Technologies) before any further analysis
to verity the quality.

Quantitative Polymerase Chain Reaction

Q-PCR is used to simultaneously amplify and quantify the target gene expression.
This method is considered to give a more exact and correct measure of gene
expression than transcriptional profiling. To be able to study as many genes as
possible using Q-PCR we used Low Density Arrays (LDA) from Applied
Biosystems. This method allows quantification even of the tiny amount of RNA
obtained from micro-dissected glomeruli from biopsies. We used this method to
study the gene expression in rats treated with PAN as well as biopsies from patients
with IgAN and healthy controls. Different setups of custom-made cards were used
in different studies. Even though Q-PCR is thought to give a good picture of the
gene expression and can be used to understand the molecular mechanisms in the
cell it is still necessary to confirm the results with protein expression analysis.
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Transcriptional Profiling

Transcriptional profiling gives a molecular signature of the given tissue or cell type
being studied and generates large amounts of data. This can be useful as a
tingerprint of the cell type or tissue and can be used for classification or correlation
of samples. The profile can be beneficial for a more accurate disease staging or
individualized treatment. Furthermore, this type of analysis generates a map of the
global transcriptome that can be used to increase the understanding of the
molecular functions in the tissue or cells.

Using oligonucleotide microarrays we studied the gene expression both in
glomeruli and in the tubulointerstitium from humans and mice. This was done in
order to find similarities and differences between the species as well as to find
glomerulus-enriched genes. The gene chip used for the human studies was the
GeneChip® Human Genome U122 Plus 2.0 array, and for mice the Affymetrix
Mouse Genome 430 2.0 array. First we compared the gene expression in
microdissected biopsies from healthy kidney donors (n=15) and glomeruli from
mice (n=4), paper III. There were 14 717 genes that were present on both the
human and mouse arrays and these genes were used for further analyzed. To study
the glomerular gene expression in patients with IgAN, we used microdissected
glomeruli from patients with IgAN (n=13) and compared these to glomeruli from
healthy controls (n=23, including the 15 controls used in paper III) using the
human gene chip. We then investigated the differences in gene expression between
the two groups, focusing on matrix-associated genes.

PROTEIN ANALYSIS

There are many different ways to study protein expression, from
immunohistochemistry to mass spectometry. The most common techniques all
include the use of anti-bodies.

Immunohistochemistry

Immunohistochemistry is an excellent method used for identifying the expression
of a protein on tissue sections or cells using anti-bodies against that specific protein
in a visual manner. Immunohistochemistry was performed to characterize the
primary mesangial cells cultured from renal biopsies and to study the expression of
different proteins in the glomeruli. Both paraffin-embedded and frozen tissue
sections were used. To measure up- or down-regulation of the proteins investigated
we used two different methods to measure the intensity in the pictures taken of
glomeruli in the sections, for TGF- we used a classification scale from 1-10 in a
blinded fashion and for perlecan, the Biopix software (Biopix AB).

Western blot

This is one of the most powerful techniques for investigating the expression of a
specific protein in tissue lysates and it gives the size and relative amount of the
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protein. Western blot was used to compare the protein expression in different
treatment groups in the PAN-treated rats and podocyte studies. To ensure that

equal amounts of proteins are loaded on the gels the amount of B-actin was
measured on each gel as an internal control.

25



RESULTS AND DISCUSSION

RESULTS AND DISCUSSION

This thesis is based on four papers that examine the gene expression in the kidney.
One paper is focused on gene expression in the healthy kidney of mouse and man.
The other three are focused on the expression of extracellular matrix components
in glomerular disease.

Study I firstly describes changes in the production of proteoglycans in rats treated
with PAN, a model of nephrotic syndrome, and secondly the in vitro production
of PGs of podocytes treated with PAN. In the second study we investigated the
expression of PGs in microdissected biopsies, separating glomeruli from the
tubulointerstitium, from patients with IgAN compared to healthy control subjects.
In paper III we compared the glomerular and tubulointerstitial global gene
expression in mice and humans in order to identify glomerular-enriched genes and,
in addition, to find similarities and differences between mice and humans. This can
help us find genes of interest for glomerular function in health and disease. In
paper IV we compared the gene expression in glomeruli and tubulointerstitium in
renal biopsies, both from healthy controls and patients with IgAN, with focus on
molecular changes in the ECM in IgAN. In addition, a novel method to culture
mesangial cells from patient biopsies is described. Gene expression data from these
experiments are reported in paper I'V.

Working with gene expression in the kidney is a challenge since the kidneys are
composed of many different structures with different tasks and therefore
expressing different sets of genes and proteins. Glomeruli are known to make up
about 5% of a human renal biopsy while the rest is made up of tubular structures
and blood vessels (in this discussion called the tubulointerstitial compartment).
Having these numbers in mind it is of great importance to investigate the gene
expression in the glomeruli separately from the expression in the tubulointerstitial
compartment in order to explore the specific gene expression of the glomeruli. In
the first paper rat glomeruli was extracted from the kidney by a method of gradual
sieving. In paper I, III and 1V, dealing with human renal biopsies, the glomeruli
were microdissected by hand from the tubulointerstitial compartment using a
stereomicroscope and tweezers. Each biopsy contained 5-20 glomeruli, giving only
a small amount of material to work with. In paper III glomeruli from mice were
obtained using an extraction technique with magnetic Dynabeads'”. All these
methods allow near-quantitative isolation of the glomeruli present in the tissue with
minimal contamination of non-glomerular cells. Results from paper 11 highlight the
importance of tissue separation since the gene expression of perlecan was up-
regulated in the glomeruli, and down-regulated in the tubulointerstitial
compartment. The glomerular effect would have been completely masked by the
opposite change in the much larger tubulointerstitial compartment without
microdissection.
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THE HEALTHY KIDNEY

To understand the molecular mechanisms operating in the diseased kidney it is
important to investigate the transcriptome of the healthy kidney. Even if our
understanding of the structure and mechanisms involved in ultrafiltration and
reabsorption in healthy kidneys has increased dramatically there are still many
question-marks left. There have been previous reports on mouse and human
glomerular transcriptomes'” """ but none of these have compared human and
mouse glomerular expression. This comparison is of vital importance since many
mouse models are used to investigate glomerular disease and conclusions are being
drawn from these studies and extrapolated to the human situation. By
microdissecting or using other methods to separate the glomerular structures from
the tubulointerstitial compartment we could investigate the glomerular
transcriptome separately from the tubulointerstitial one in mice and humans and
then compare expression between the two species.

The transcriptome data from mouse was obtained in a previous study'” and has
been used here for comparison with the human expression. To investigate the
transcriptome of humans we microdissected renal biopsies from healthy living
donors into glomerular (n=15) and tubulointerstitial compartments (n=6). Gene
expression profiles in the respective compartment were then obtained using
Affymetrix Human Genome U133 plus 2.0 array. The raw data was first
normalized and the expression signals for each probe set and RNA sample was
obtained. Clustering of results by hierarchical clustering methods showed that
glomerular and tubulointerstitial samples clustered into two separated groups. This
demonstrates that the microdissection of the tissues is valid and that the small
amount of sample used (5-20 glomeruli) is sufficient. Furthermore, the glomerular
and tubulointerstitial compartments display significantly different gene expression
patterns, and the data obtained from different human subjects have good
concordance. It is known that small parts of tubular segments may accompany the
glomerulus (where the efferent and afferent arteriole attaches to the glomerulus and
the distal tubule connects in the Macula densa region). However, our data show
that known tubular genes are expressed at a minimum in our glomerular
preparations.

The obtained gene expression profiles from human glomerular and
tubulointerstitial compartments were compared to the previously obtained data
from mice. The probe set presented on the Affymetrix Mouse Genome 430 2.0
array were mapped to 21239 Entrez mouse genes using the NCBI HomoloGene
database. These genes were further mapped to 15218 human orthologs. The probe
set from the human array was mapped to 20231 Entrez genes and 14717 of these
ovetlapped with the human orthologs from the mouse arrays. This gene set of
commonly expressed genes was then used for further analysis.
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By setting all possible combinations of fold-changes (for humans 2°-2, for mice 2'-
2% of the gene expression between glomeruli and the tubulointerstitial
compartment we could find glomerular overexpressed genes. This gave us two top
lists of highly expressed genes in glomeruli from both human and mouse. Five of
the top 10 glomerulus overexpressed genes in mouse were found among the 1017
human glomeruli overexpressed genes found within the 2° fold cut-off for the
human experiments. Eight of the top 21 genes in humans appeared in the top 1489
mouse glomeruli overexpressed genes found within the 2* fold cutoff. The
differences in glomerular overexpressed genes in the two species indicate
surprisingly large differences between the most glomerular-specific genes in human
and mouse. This could be partly explained by the fact that the genetic variation is
larger within the human samples than the inbred mice. The genes that were
strongly and significantly glomerulus-enriched in just one of the species need
further investigation in order to understand the underlying causes for these
differences. One example is CLIC3 (chloride intracellular channel 3) that was
glomerulus-enriched in the mouse transcriptome but not in the human counterpart.
In mouse CLIC3 has been shown to be highly expressed in the podocytes'®, but in
human kidney only in lower levels, as shown by northern blot''’. We as well as
others studying the human renal transcriptome'”"'*""? have failed to show CLIC3
human glomerular overexpression. This demonstrates that there are true
differences between the species, something that one has to have in mind when
performing animal studies of human diseases.

Clustering is one of the most useful ways of discovering groups and identifying
interesting patterns for microarray data based on similarities or differences. So to
tind out more about the glomerulus-enriched genes the fold change cut-off was set
to 2 for both the human and mouse data. This generated a list of 3119 genes that
ovetlapped between the species and represents approximately 60% of the genes
that were more than one-fold up-regulated in either human or mouse. In this list
we found 58 known glomerular genes expressed in either of the glomerular cell
types' """, These known glomerular genes were then divided into six clusters
using the unsupervised PAM clustering method. Using these 58 genes as a training
set, the rest of the genes from the 3119 gene list were classified into the different
clusters, using the supervised SVM algorithm.

Table 1. Number of genes assigned to each cluster.

Cluster NO. 1 2 3 4 5 6
number of genes in cluster 425 251 1936 265 160 24

Cluster NO.6 contains the most highly glomerular overexpressed genes, and in this
cluster well-known podocyte-specific genes are found, which are associated to or
can cause renal disease in humans. Examples are NPHS1 (nephrin) a gene mutated
in the congenital nephrotic syndrome of the Finnish type®’ and PLEC1 (also
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known as NPHS3) that has been reported to be associated to early onset nephrotic
syndrome''®'"”, Genes that have not previously been associated with glomerular
function were also found in cluster NO.6, for example HECW2, MRGPRF and
ARHGAP28. We need to investigate these genes further to understand their role in
the glomerulus. For example HECW?2 plays an important role in ubiquitination and
is involved in male infertility'*’. By applying gene ontology (GO) classification into
different biological groups to the clusters we obtained further information on the
functional properties of the genes in the clusters. Cluster NO. 6 gathered the
highest proportion of glomerulus-specific genes and in line with that the GO
biological process categoties kzdney development and  glomerulus development were
overrepresented in this cluster.

To validate the glomerulus-enriched genes we used the human protein atlas data
base (HPA) and we mapped the 3119 overlapping genes of human and mouse
glomerulus-enriched genes and found that 1410 gene products were represented
(not all proteins are at this time point represented in the HPA) and of these 149
(approx. 10%) showed a stronger protein staining in the glomerulus than in the
tubulointerstitial compartment.

One of the requirements for investigating the glomerular expression in diseased
kidneys is that we are familiar with the normal transcriptome in the healthy kidney.
We have revealed that there are similarities as well as large differences in the
transcriptome between the glomerular samples from healthy individuals from both
human and mouse. The glomerular and tubulointerstitial parts of the biopsies from
humans clustered separately and proved to us that the microdissection of the
tissues is valid and that this material can be used as healthy controls in other
studies.

THE DISEASED KIDNEY

PGs are secreted or cell membrane-bound molecules found at all levels of the
glomerular barrier and also in the mesangial matrix. PGs have been shown to be
involved in glomerular disease and to be important for the charge selectivity and
morphology of the glomerular barrier'"'>***, We wanted to further investigate the
role of proteoglycans in the diseased kidney glomeruli. We therefore treated rats
with puromycin aminonucleoside (PAN). The rats then developed a nephrotic
syndrome that resembles minimal change and focal segmental glomerulosclerosis in
humans, and we studied the changes in gene expression compared to healthy
controls (paper I). In addition we investigated the effects of PAN on podocytes in
vitro. In paper II and IV, we worked with human material in form of renal biopsies
from patients with IgAN. This gave us the opportunity to investigate glomerular
gene expression of PGs and other ECM molecules in patients and compare it to
that in healthy controls.
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Nephrotic syndrome

Nephrotic syndrome is characterized by proteinuria and can develop regardless of
which part of the glomerular filtration bartier is damaged®. In the PAN-induced
model of nephrotic syndrome in rats one of the hallmarks of the disease is
podocyte flattening and marked proteinuria, with onset 4-6 days after PAN
administration'”. In concordance with this, our rats showed an increased fractional
albumin clearance at day five while glomerular filtration rate started to decrease
already at day four. In the control rats fractional clearance and GFR were
unaffected.

We could see an altered mRINA expression in the glomeruli over time for several of
the PGs analyzed and one of the PG-associated enzymes, NDST1, compared to
healthy controls. The enzyme NDST1 had an unchanged gene expression for the
first 3 days and then, at the same time as we could see changes in the GFR and
fractional clearance of albumin, the gene expression of NDST1 decreased. NDST1
is an enzyme important for adding sulphate (and thereby negative charge) to the
HS GAG chains'?'. There is a previous report of down-regulation of NDST1 in rat
tissue and rat podocytes after PAN treatment'®. In addition it is interesting to note
that Syndecan-1 was the only PG to be increased by PAN treatment and this
increase was seen day 5-7, the same time as the decrease in GFR and increase in
fractional clearance. The other syndecan studied, syndecan-4, as well as the large
PG versican, were down-regulated all seven days. Studying the protein expression
of syndecan-1 and -4 confirmed the down-regulation of syndecan-4 (day 4-7), and
an increase over time (day 5-7) for syndecan-1. Syndecan-4 is known to have direct

effects on cell attachment, spreading and cytoskeletal organization'*>'**,

It is interesting to note that some of the alterations seen in the glomerular gene
expression in the PAN-treated rat, such as the down-regulation of petlecan and
versican, occur before any physiological changes are detected. Since PGs are
important for cell signaling, function and morphology these early changes in PG
gene expression can be the initiating step for further changes in the extracellular
matrix. Patients with nephrotic syndrome are usually treated with steroids, and we
therefore treated one group of rats with both PAN and the steroid solumidrol. The
physiological parameters, GFR and proteinuria, were not affected by the steroid
treatment. On the gene expression level, treatment with solumidrol increased the
effects of PAN rather than giving any beneficial effects. Only two PGs and one
enzyme had a reversed effect on the gene expression back to normal state with the
steroid treatment.

The in vitro study of the podocytes showed that the proteoglycans expressed
include syndecan-1 and -4, versican, glypican, petlecan, decorin and biglycan.
Treatment with PAN significantly decreased the expression of versican and
petlecan as well as several of the enzymes involved in GAG biosynthesis, EXT1,
HS3ST1 and CHA4ST, compared to control. Down-regulation of petlecan and
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versican was confirmed on the protein level using western blot and was in
concordance with the results seen in the rats. Treatment with PAN and
dexamethasone further decreased the expression of petrlecan and two of the
enzymes and in addition down-regulated the gene expression of syndecan-1.
Protein analysis with western blot of the decorin expression in podocytes treated
with both PAN and dexamethasone showed an increase in expression.

In addition we used metabolic co-labeling with [D-6-"H]-glucose amine and sulfate-
35 to measure the length and sulfate content of the GAG chains. The experiments
showed that GAG chains of large molecules (>73 A, ~50%), were shortened in
comparison to control, implicating the large PGs perlecan or versican or both. For
molecules size 55-73 A there were a ~10 % decrease in radioactivity, for the smaller
molecules increased amounts of radioactivity were incorporated and treatment with
dexamethasone increased the inclusion of isotopes even further, implicating the
small PG decorin, as seen on western blot. Our results confirm and extend
previous data demonstrating a reduction of sulfate incorporation in cell cultures of
podocytes treated with PAN''*, A reduced concentration of anionic sites has
been reported both in experimental”” and human glomerular disease'**"".

The changes in gene and protein expression of PGs and enzymes involved in the
biosynthesis of GAGs in the glomeruli from PAN-treated rats and podocytes have
both similarities and differences. The down-regulation of versican and the enzymes
NDST1 and HS3ST are seen in both models. In contrast the gene expression of
syndecan-1 is up-regulated in PAN-treated rats but down-regulated in PAN-treated
podocytes. One must note, however, that the increase in syndecan-1 in the PAN-
treated rats was seen first at day five while the podocytes were treated only for 48
hours. After stimulation with PAN for 2 days we could see a down-regulation of
versican and perlecan both in rat glomeruli and podocytes. Both perlecan and
versican are large PGs found in the extracellular matrix. It has earlier been shown
that versican is expressed by glomerular endothelial cells and that its synthesis is
sensitive to PAN treatment''. Perlecan binds cytokines as well as growth factors,
both to its HS chains and core protein®’. It has recently been shown that podocytes
use HS chains to attach and migrate and that podocytes lacking HS chains (by
knocking out EXT1) have diminished adhesion efficiency”. Perlecan is also known
to mediate cell attachment for podocytes to the glomerular basement membrane via

a;B,-integrin and dystroglycan'.

We have established that the PG and GAG enzyme synthesis is sensitive to PAN
treatment, resulting in a decreased amount of PGs and negative charge. The
similarities in the gene expression in the PAN-treated rats and podocytes suggest
that some of the changes in gene expression of PGs and associated enzymes can be
due to changes in podocyte morphology and function.

31



RESULTS AND DISCUSSION

IgA nephropathy

Mesangial matrix expansion is a prominent feature of IgAN, and deposition of
IgA-immune complexes in the mesangium is believed to be the onset of the disease
in the kidney. The mesangial matrix contains various matrix molecules including
PGs but it is not known how the glomerular expression of PGs is affected in IgAN
and what impact this has on the development and progress of the disease.

To investigate the role of glomerular PGs in IgAN we collected renal biopsies from
patients with IgAN and from healthy controls. The renal biopsies were
microdissected in order to investigate the glomerular and tubulointerstitial gene
expression separately. Additionally, we continuously collected clinical data starting
at the time of the biopsy and following the patients for up till 7 years after the
biopsy (range 1.9-7.1 years). This made it possible to calculate the progress of the
disease over time. All patients had a well maintained blood pressure during the
follow-up period and there was no correlation between the progress of the disease
and the mean arterial pressure, indicating that the changes seen in gene expression
are not due to blood pressure.

Low density arrays gave us the opportunity to explore the gene expression of
several genes within one Q-PCR experiment. This was a necessity because of the
limited amount of RNA obtained from glomeruli. The expression levels of PGs
and PG-associated genes were affected to a higher degree in the glomerular than in
the tubulointerstitial compartment. The glomerular portion displayed an increased
gene expression of the SLRPs biglycan, decorin and the SLRP-associated
transforming growth factor beta (TGF-B). The up-regulation of TGF-3 was
confirmed on the protein level using paraffin-embedded kidney sections and
comparing the protein staining of TGF-B in glomeruli from patients with IgAN
and controls. Further we investigated the protein expression of decorin and found
that there was almost no staining for decorin in the non-sclerotic glomeruli, but
when the glomerulus or parts of the glomerulus were sclerotic there was an
abundant expression of decorin in the sclerotized part. TGF-8 is known to
increase the synthesis of small extracellular CS/DS PGs'”, and both decorin and
biglycan can bind TGF-8" and decorin acts as a natural inhibitor of TGF-3"*.
TGF-B is involved in tissue remodeling after injury and is found in three isoforms,
and in humans the most common isoform is TGF-B1. TGF-f is secreted from the
cells in a large latent complex and stored in the ECM. Cleavage of this larger
precursor molecule is needed for activation. Excessive or prolonged production of
TGF-B is the key mediator to fibrosis'”. The increase in decorin production in the
glomerulus seen in the sclerotized parts may be an attempt of the glomerulus to
stop the fibrotic process. In a model of anti-Thy-1-initiated glomerulonephritis,
injections with decorin suppressed the TGF-B activity'*’. Decorin is also thought to
protect against progression of diabetic kidney disease’.
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In the glomeruli from patients with IgAN there was also an up-regulation of the
basement membrane PG perlecan and the enzyme NDST1. The increase in
petlecan gene expression was confirmed on the protein level as well. Perlecan is
produced by all cell types in the glomerulus'>”". In IgAN it has been shown that
there is an increased expression of perlecan in the mesangial area but not in the
basement membrane'”®. NDST1 is, as mentioned before, essential for adding
sulphate and thereby negative charge to the GAG chains'*'. One PG was down-
regulated, syndecan-1. In anti-glomerular basement nephritis deficiency of
syndecan-1 aggravates the disease®.

In the tubulointerstitial part there was an unchanged gene expression of all
investigated genes except petlecan and vascular endothelial growth factor (VEGF).
In comparison to the increased gene expression of perlecan in glomeruli, the
expression in the tubulointerstitial compartment was down-regulated. To further
confirm that the gene expression in the glomeruli and the tubulointerstitial
compartment are independent of each other we plotted the glomerular and the
tubular gene expression against each other and found, as expected, no correlation.

To increase the understanding of the molecular impact of the PGs on clinical
manifestations of the disease, the albumin excretion in urine and the calculated
progress of the disease was correlated to the gene expression in the
tubulointerstitial compartment and the glomeruli. This analysis revealed that the
glomerular perlecan expression correlated to both the albumin excretion in urine
and progress of the disease (increased expression of perlecan gave a lower excretion
and slower progress of the disease). These findings suggest that perlecan may have

what is required for a molecular marker of IgAN, even if further investigations may
be needed.

Another protein that correlates with the disease progression was nephrin. Nephrin
is mutated in the congenital nephrotic syndrome of the Finnish type and is of key
importance to the integrity of the slit diaphragm between the podocyte foot
processes”’. The fact that glomerular gene expression of nephrin is not significantly
changed proves that even small changes in nephrin expression may be important
for disease progression of IgAN. The nephrin effect might be due to podocyte loss
or flattening that is sometimes seen in [gAN>>,

The patients with IgAN were further classified using the Oxford classification
system"”'*, This system was developed as a classification system to reliably predict
the risk of disease progression. The classification divides the patients based on
mesangial hypercellularity, endocapillary hypercellularity, segmental
glomerulosclerosis and tubular atrophy/interstitial fibrosis (TA/IF). We correlated
our clinical data and gene expression data from the glomerular and tubulointerstitial
compartment to the results from the Oxford classification. In our patient group the
TA/IF stood out as the most powerful parameter with tubular gene expression for
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biglycan, decorin, perlecan, glypican-1, NDST1 and TGF-§ all correlating to the
TA/IF. When looking at the clinical data, GFR and albumin excretion in utine, but
not the progression of the disease, cortrelated to the TA/IF scotes. Patients with a
higher TA/IF had reduced GFR and excreted more albumin into the urine.
Correlations between tubulointerstitial damage and renal function were found as
carly as 1968%, showing that not only changes seen in the glomeruli but also
alterations in the tubular parts of the nephron are important for development of
proteinuria. IgAN is a disease that starts in the glomeruli but with matrix expansion
and sclerosis ultimately leads to tubular damage.

To expand and increase our understanding of the changes seen in the expression of
glomerular PGs in IgAN we performed a global gene expression analysis,
comparing glomerular gene expression of patients with IgAN (n=13) to healthy
controls (n=23).

The analysis was made at two different time points, generating two sets, with the
first analysis run with five samples from patients with IgAN and 20 controls, and
the second analysis included eight IgAN samples and three controls. Raw data was
converted to expression data using the GCRMA algorithm. Differently expressed
genes were identified using significance analysis of microarray (SAM) and nearest
shrunken centroid algorithm. Analyzing the first set generated a list of 102 unique
genes that could be used to separate the IgAN samples from the controls. To see if
the 102 unique genes could be used as biomarkers for classification of an unknown
sample of IgAN or control we then applied the principle component analysis
(PCA) to classify the two sets together. A correct classification was obtained for all
IgAN and controls, indicating that these biomarkers can indeed be used to separate
IgAN from controls. Whether this probe set can be used to separate IgAN from
other diseases requires further investigation, but would be of great interest as it
then could be used as a tool for giving patients a correct diagnosis without the need
for pathological assessment.

We then analyzed the whole material of samples from 13 patients with IgAN and
23 controls. Genes that were differently expressed between the groups were filtered
for low variation across all the samples, thus reducing the list. We searched in the
gene list for genes associated with perlecan and other matrix molecules since we
found in paper II that perlecan gene expression correlated with progression and
proteinuria. Genes with a fold-change above 1 or under -1 with a false discovery
rate (FDR) < 0.05 were considered interesting. The generated gene list was further
subjected to pathway analysis using the Kyoto Encyclopedia of Genes and
Genomes (KEGG). Two lists were generated, one with significantly up-regulated
pathways and one with significantly down-regulated pathways. The top two up-
regulated pathways for IgAN were ECM-receptor interacting pathway and focal
adhesion. The top down-regulated pathways are all involved in the metabolism, the
top two being; metabolic pathways and glycine, serine and threonine metabolism.
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Perlecan gene expression was increased in this study as well as in study II, and the
fact that this protein plays an important role in the ECM-receptor interaction
KEGG pathway, further strengthens the prospect of perlecan to be of importance
in IgAN. Perlecan can bind and interact with many other ECM proteins, both with
its core protein and its HS chains, for example; laminin-1, collagen type IV,
tibronectin, platelet derived growth factor (PDGF), heparanase, bone
morphogenetic protein (BMP) 2, nidogen, 1 integrin, a-dystroglycan and many
others™. Other PGs were found in the generated gene list as lumican and syndecan-
1. Lumican belongs to the family of SLRPs and had an increased expression
compared to control samples. Lumican is important for collagen fibril synthesis
and the increase in lumican expression could be coupled to the increased gene
expression of collagens®. Syndecan-1 was down-regulated, giving the same result
as in paper I

To our surprise we could not detect an up-regulation above the cut of level of a
fold change of 1 of TGF-§3, a growth factor, which was shown in Paper II and by
others'*! to be increased in IgAN (on both gene and protein expression level). One
reason for not seeing the expected up-regulation of TGF-B in the global gene
expression can be poor binding of the RNA for TGF-8 to the TGF-{ probe on the
Affymetrix gene chip. Q-PCR as performed in paper II is a more robust way of
investigating gene expression and often used to confirm global gene expression
results.

Other ECM proteins with a changed gene expression in IgAN samples and of
interest due to association with perlecan were; BMP 2, fibronectin, fibrillin 1,
collagen I and collagen IV. We investigated the expression of BMPs in the
generated gene list and found that BMP 2 and BMP 4 were up-regulated in
glomeruli from IgAN patients. BMP 2 have been shown to play a protective role
against cellular fibrosis by affecting the TGF-B receptor 1 in rat fibroblasts'*.
Furthermore, in lung fibroblasts BMP 4 reduced TGF-B-induced extracellular
matrix protein production'?. BMPs are part of the TGF-f superfamily and known
to be important in the developing kidney with BMP 7 as the BMP of main
importance'*. In our study, we could establish a down-regulation of BMP-7 just
above the cut of level of a fold change of -1. Fibronectin, as well as many of the
collagens (I, III, IV, V, VI, XII, XIII, XV and XXI), was highly up-regulated in
IgAN and TGF-B is known to stimulate the expression and incorporation into the

ECM of both fibronectin and collagens in various cell types'®.

Mesangial cells are known to be the starting point for IgAN with the deposition of
ulgA-immune complexes. We have developed a novel method for culturing
primary mesangial cells from renal biopsies by dipping the biopsy in a saline
solution at the time of the biopsy being taken. Loosely attached glomeruli that
otherwise would be lost detach and are used for culturing of mesangial cells from
patients. We isolated mesangial cells from glomeruli from a patient with IgAN and
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compared the gene expression of these diseased mesangial cells to that in healthy
mesangial cells. Interestingly, we found that the mesangial cells from a patient with
IgAN had a different gene expression when it comes to ECM proteins, with an
increased gene expression of collagen I (COL1A1), decorin and a decreased gene
expression of syndecan-1 compared to mesangial cells from healthy tissue.
Treatment of the mesangial cells with purified IgA from patients with IgAN and
healthy controls seems to give a stronger response in the mesangial cells cultured
from a patient with IgAN than the control cells, but these results are very
preliminary and the study is ongoing.

We have established that glomeruli from patients with IgAN have a changed gene
expression of PGs as well as several other ECM molecules compared to healthy
controls. One PG showed to be of special interest, perlecan, with its gene
expression correlating to disease progression and albumin excretion in urine, and
could possibly be used as a molecular marker of IgAN. We also found a gene set of
102 unique genes that can be used to separate glomeruli from patients with IgAN
from controls. In addition we have established a method to culture mesangial cells
from patients with IgAN, giving us a new tool to study the onset of IgAN.
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We found that healthy kidneys from humans and mice have important similarities,
but also significant differences, in their glomerular transcriptomes. We classified
common glomerular overexpressed genes into six clusters according to their
relative level of overexpression compared to the tubulointerstitial compartment and
to biological properties. The identification of novel, conserved genes that are highly
overexpressed in glomerular tissue can help us pinpoint genes and proteins relevant
for normal glomerular function, as well increase our understanding of glomerular
disease.

Studying the diseased kidney we found that there are changes in the expression of
glomerular PGs in the PAN nephrosis model in rats and podocytes, as well as in
patients with IgAN compared to healthy controls.

We show that the glomerular expression of PGs and the biosynthesis of their GAG
chains are sensitive to PAN treatment, leading to a decrease in glomerular negative
charge, and destabilizing structures in the glomerular filtration barrier. In biopsies
from patients with IgAN we found a markedly changed gene expression of PGs in
patients with IgAN compared to healthy controls. In the glomerular portion of the
biopsies there was an increased expression of several of the PGs investigated,
compared to the tubulointerstitial compartment where the only PG affected was
petlecan which was down-regulated in contrast to the increase seen in the
glomeruli. These changes in perlecan gene expression correlated to proteinuria and
progress of the disease suggesting that perlecan can be used as a molecular marker
for IgAN. However, further studies are required to shed full light on the role of
petlecan in IgAN.

Investigation of the glomerular transcriptome from patients with IgAN gave us a
probe core set of 102 unique genes that could be used to separate IgAN from
healthy controls. We found that the ECM production is drastically up-regulated in
IgAN, probably due to mesangial matrix expansion. In addition, KEGG pathway
analysis demonstrated that the ECM-receptor pathway was the strongest up-
regulated pathway. This pathway includes perlecan.

It is interesting to note that perlecan was down-regulated in the disease model of
nephrotic syndrome, both in the PAN-treated rat and the PAN-treated podocytes,
but up-regulated in IgAN. Syndecan-1, another PG, was the only PG to exhibit
increased gene expression in the PAN nephrosis model, and was the only of the
investigated PGs to have a down-regulated expression in IgAN. The PAN
nephrosis model is a non-inflammatory disease model with major proteinuria and
IgAN is an inflammatory disease with major proteinuria in only a few cases,
suggesting that PGs have different roles in inflaimmatory and non-inflaimmatory
renal disease.
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FUTURE PERSPECTIVES

The prospect that gene expression in mesangial cells from patients with IgAN
differs from that in mesangial cells from controls fits well with the dual hit
hypothesis of IgAN. The dual hit hypothesis is based on the thought that the
mesangial cells in the kidney need to be sensitive to the glomerular deposition of
ulgA-containing immune-complexes for the disease to develop. Since IgAN
sometimes, but not always, reoccurs in the engrafted kidneys, we hypothesize that
that part of the population in the western world has kidneys with mesangial cells
sensitive to ulgA. By increasing the understanding of the underlying mechanisms
we hope that in the future there will be a way to test donor kidneys prior to
transplantation to see if the kidney is ulgA-sensitive or not.

We have developed a unique system for culturing mesangial cells from renal
biopsies. By culturing cells from biopsies from patients with IgAN and biopsies
from renal living donor transplants and treating the cells with IgA purified from
either patients with IgAN or healthy controls we hope to shed more light on the
sensitivity of mesangial cells to ulgA. This system will also allow us to investigate
the initial changes in the gene and protein expression that occur in the mesangial
cells and lead to the morphological changes seen in IgAN, increasing our
knowledge of the molecular mechanisms behind IgAN.

We are continuously collecting renal biopsies as part of the biopsy project at
Sahlgrenska University hospital. In collaboration with Christer Betsholtz and Karl
Tryggvasons groups at the Karolinska institute we are already investigating the
transcriptome of glomeruli and the tubulointerstitial compartment from
microdissected biopsies from patients with membranous nephropathy. We are also
beginning to collect renal biopsies from patients with diabetes. By investigating the
transcriptome in various renal diseases we will increase our knowledge of the
changes in the transcriptome and molecular mechanisms that lie behind these
diseases. In addition, by searching for gene sets that can be used to separate the
different diseases from each other, we hope to enable methods for molecular
diagnostics of renal biopsies.
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Forra aret genomgick 307 patienter njurtransplantation i vart land och 1 ar, den 1
april 2011 stod 603 patienter pa vantelistan for en ny njure. I Sverige finns det idag
6ver 8000 patienter i aktiv njursjukvird, ungefir halften i dialys och hilften
transplanterade. Antalet 6kar hela tiden, liksom kostnaderna for njursjukvarden i
Sverige.

Ett stort problem dr att man idag saknar specifik behandling fér de flesta
njursjukdomar och dirmed sillan botar utan i bista fall bara foérdréjer
sjukdomsforloppet. Nir njurfunktionen val sjunker under 5-10% ar aktiv
njursjukvard 1 form av dialys eller transplantation den enda utviagen. Avsaknaden av
specifik behandling beror till stor del pa att vi idag inte har den kunskap vi behover
om de mekanismer pa molekylar niva som leder till njursjukdom, en kunskap som
ar viktig for att fa fram specifika likemedel. Vi saknar dessutom diagnostiska
verktyg for att forutse hur sjukdomen kommer utvecklas och diarmed identifiera de
patienter som skulle ha nytta av medicinering. Det skulle darfér vara till stor hjilp
om man kunde stilla en detaljerad diagnos och ge prognos redan tidigt i
sjukdomsforloppet.

Genom att studera och jamféra genuttrycket i glomeruli fran friska njurdonatorer
och moss fick vi fram ett antal gener som ar hoguttryckta 1 glomeruli och mycket
vil bevarade oavsett art. Vissa av dessa gener ar redan kinda for att vara av stor
vikt i njuren och felaktigheter i dem leder till njursjukdom. Men vi fann ockséa gener
som tidigare inte har varit kinda i njursammanhang och som kan fungera som ny
kalla for biomarkorer vid specifika njursjukdomar. Vi har ocksa utvecklat en unik
metod for att kunna odla celler fran njursjuka patienters glomerulinystan. Genom
att studera dessa sjuka celler hoppas vi kunna fa ytterligare information kring de
forindringar som sker pa molekylir niva vid sjukdomar i njuren. Detta kan 1 sin tur
underlitta framtagandet av mer specifik behandling av patienter med njursjukdom.

Vidare har vi genom att studera genuttrycket vid njursjukdom sett att en speciell
sorts proteiner, proteoglykaner, som finns pa och utanfor cellerna har fatt férandrat
genuttryck jamfort med friska kontroller. De har flera olika uppgifter som att
fungera som signalmolekyler, binda till sig tillvaxtfaktorer och bidra till ett
skyddande ytskikt pa celler. Hos patienter med IgA nefrit fann vi att en speciell
sorts proteoglykan, kallad perlecan, hade ett férindrat genuttryck som ocksi
korrelerade med patienternas lickage av protein i urinen och progress av
sjukdomen. Detta fynd gor att vi tror att perlecan skulle kunna anvindas som en
diagnostisk markér vid IgA nefrit och hjilpa oss att forsta hur patientens sjukdom
kommer att utvecklas.
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