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Abstract

The kidney glomerulus plays a crucial role in ultrafiltration of the blood through the glomerular
capillary wall. Glomerulus injury may occur in many systemic and primary kidney diseases or as
secondary effects to drugs and infections. It has been shown that many known glomerular spe-
cific/enriched genes play crucial roles in the maintenance of glomerular filtration function and in
the pathogenesis of the known glomerular diseases of known etiology. With functional genomics
and bioinformatics approaches, the identification of additional glomerular specific/enriched gene
transcripts will provide a better understanding of the glomerular physiology and function, as
well as the mechanisms of glomerular diseases where causes and pathogenic processes are still
poorly understood.

To achieve the goal of identifying glomerular genes, we, firstly, performed comparative analysis
of mouse glomerular EST libraries and whole kidney EST libraries. In this study, we found
497 glomerular enriched genes. These glomerular enriched genes were validated by different ap-
proaches. In situ hybridization confirmed the cellular location of six new glomerular markers.
Apart from the mouse kidney EST library comparisons, we integrated the results of glomerular
enriched genes from four additional expression-profiling platforms, and made a comprehensive
catalogue of glomerular genes. Based on this, a protein-protein interaction network in glomeru-
lus (GlomNet) was constructed. To further understanding the gene expression profile of human
glomerulus, we performed transcriptional profiling of human kidney glomeruli which were ob-
tained from renal needle biopsies taken from live renal transplant donors. By comparison with
our mouse transcriptional profiling data, we observed a surprisingly large difference between
the most glomerulus-specfic genes in humans and mice, respectively. Furthermore, the common
glomerular enriched genes between human and mouse were classified into six different clusters
according to their expression specificity in human and mouse glomeruli.

To gain insight into glomerular transcriptional changes that accompany pathological processes
leading to proteinuria, we analyzed gene expression profiles following glomerular injury in the
mouse lipopolysaccharide (LPS)-induced proteinuria model. LPS triggered the specific gene
expression pattern changes in the glomerulus and regulated several different pathways. We ob-
served that podocyte number decreased significantly in the model. Moreover, the genes encoded
collagen α1, α2 and laminin β2 chains which are expressed in the embryonic kidney glomerulus
increased their expression in LPS-treated mice, suggesting remodeling of the glomerular base-
ment membrane, caused by activation or dedifferentiation of glomerular cells.

In summary, the new glomerular gene transcripts identified in this thesis provide the foun-
dation for targeted analysis of individual genes and pathways, and the GlomNet provides a
preliminary systematic view of the relationships and interactions between different compo-
nents in the glomerulus. The methodology of human glomerular transcription profiling can
be applied for the identification of diagnostic and prognostic markers for renal diseases. The
transcriptional profile changes accompanying LPS-induced proteinuria may provide clues about
mechanisms involved in proteinuria. The information from this study contributes new insights
for the glomerular function, physiology and the disease mechanisms.
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Chapter 1

Introduction

1.1 Kidney glomerulus

The main function of the kidney is to remove various metabolic waste products by blood
filtration. The kidney also plays an important role in maintenance of body homeostasis,
including regulation of electrolytes, acid-base balance, and blood pressure [1]. The
nephron, the functional unit of kidney, comprises the glomerulus, Bowman’s capsule
and renal tubules. Each human kidney contains around one million nephrons. The
glomerulus, the most proximal component of the nephron, is composed of endothelial
cells, mesangial cells and glomerular epithelial cells (podocytes), and it carries out
ultrafiltration of the blood through the glomerular filtration barrier that resides in the
capillary wall. In the healthy kidney, water, various solutes, and small proteins pass
through the glomerular filtration barrier, whereas macromolecules, e.g. proteins larger
than 60 kDa in size remain in the plasma. The glomerular filtration barrier is disrupted
in many acquired and inherited nephropathies, which result in macromolecules, such as
albumin, passing into the primary urine. In contrast to electrolytes and small proteins,
the macromolcules do not get reabsorbed efficiently by the tubular system and therefore
remain in the concentrated urine (proteinuria). Moreover, the macromolecular leakage
into the primary urine causes secondary damage to the tubular cells of the nephron,
further impairing the function of the nephron.

1.2 Glomerular filtration barrier

The glomerular capillary wall consists of three interactive lays: glomerular fenestrated
endothelium, the glomerular basement membrane (GBM) and the specialized visceral
epithelium-podocyte (Figure 1.1). Over decades, data generated suggested that all
these three layers contribute to ultrafiltration [2-4] and they are usually considered
together as the glomerular filtration barrier.

1.2.1 Glomerular endothelium

The endothelium of the glomerular capillary contains a large fenestrated area constitut-
ing 20-50% of the entire capillary surface [5]. The fenestrations contribute to efficient
passage of large volumes of water and small solutes through the endothelial wall. This
is important since the blood volume is filtered several times per hour [6]. Glomerular
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Introduction

Figure 1.1: Schematic drawing of the kidney glomerulus in cross-section and EM picture of
glomerular capillary wall

fenestrations, which in contrast to fenestrations in other vascular beds lack diaphragms,
are too large to effectively exclude macromolecules, but the endothelial cells are cov-
ered with negatively charged surface layer-glycocalyx [7]. Jeansson et al. showed that
intravenous injections of glycocalyx-degrading enzymes resulted in increased urinary al-
bumin excretion, providing evidence that the glycocalyx is a very important component
of the glomerular barrier, which could be central for charge selectivity [3, 6-8].

1.2.2 Glomerular basement membrane (GBM)

The GBM is a meshwork of type IV collagen, nidogen/entactin, heparan sulfate proteo-
glycans, laminin and fibronectin [1]. The GBM plays an important role to maintain the
structural integrity of the filtration barrier. Since GBM is enriched in anionic charged
heparan sulfate proteoglycans such as agrin [9], it has been hypothesized that GBM
repels negative charged molecules such as plasma proteins and prevents them from
crossing the filtration barrier [1, 10-13]. This hypothesis, referred to as the charge-
selective barrier theory, has been challenged by recently published studies performed
with genetically modified mice. For example, transgenic mice that lack agrin, the major
GBM heparin sulfate-proteoglycan, do not develop proteinuria [14-16].

GBM Collagen IV and Laminin

Type IV collagen, the most abundant component of all basement membranes [17], is
a triple-helical molecule composed of three α chains [18]. The collagen α1α2α1 (IV)
is found in the early developmental stages of glomerulogenesis (the ”comma shaped”,
”S-shaped” and early ”capillary loop” stages). Collagen α3 − 5 chains (IV) begin to
accumulate at the capillary loop stage and replace α1 and α2 chain (IV) in GBM in the
mature glomerulus [17, 19, 20]. The possible mechanism for the collagen IV isoform
substitution that occurs in the developing GBM is that embryonic α1α2α1 (IV) network
is more susceptible to endoproteolysis than the more heavily cross-linked α3α4α5 (IV)
chains [21, 22]. Endothelial cells, mesangial cells, and podocytes of immature glomeruli
synthesize collagen α1 and α2, but collagen α3−5 originates solely from podocytes [23].

The classical laminin molecule is cross-shaped and contains one α chain, one β chain,
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and one γ chain [24]. During the glomerulogenesis, the γ1 chain is found throughout all
development stages of the GBM [1]. Laminin β1 is enriched in the comma and S-shaped
stage of glomerulogenesis. At the capillary loop stage, the β2 chain begins to accumu-
late in the developing GBM, and gradually replaces the fetal isoform of laminin β1, and
eventually becomes the sole laminin β chain in the full mature GBM [19, 25]. Laminin
α5 begins to accumulate and strongly expressed in the GBM during the capillary loop
stage. Laminin α5 chains replace the α1 chains that are expressed in the early stage
GBM development. Consequently, in the mature glomerulus GBM, the major laminin
is laminin11 (α5β2γ1) [17, 26]

1.2.3 Podocyte and slit diaphragm

The visceral epithelial cells, known as podocytes, are lined outside of the GBM and
wrap around the glomerular capillaries. The cell body of the podocyte extend into
the cell’s major processes, which branch to intermediate processes, and further into
interdigitated foot processes. The foot processes are bridged by slit diaphragms that
are around 30-40 nm wide (Figure 1.1). The podocyte has been intensively studied in
recent years, and the foot process and its slit diaphragm is now believed to play a crucial
role in the physiology of glomerulus filtration [4, 27-30], as well as in the pathology of
renal disease. The foot processes contain an actin-based cytoskeleton that is linked to
the GBM through focal contacts mediated by membrane anchoring proteins, such as the
α3β1-integrin complex [31] . Several different renal disease-causing mutations affecting
podocyte proteins have been identified that lead to rearrangement of the foot process
actin cytoskeleton [32-36]. The slit diaphragm forms a highly specialized continuous
zipper-like structure that bridge the foot processes. The slit diaphragm contains pores
permeable to water and solutes but relatively impermeable to plasma proteins [37,
38]. The slit diaphragm is formed by a complex of the plasma-membrane proteins
nephrin, podocin, NEPH1-3, ZO-1, FAT1, TRPC6, VE-cadherin and P-cadherin [39-
48]. Proteins that reside in slit diaphragm have been shown to be crucial for a functional
slit diaphragm structure and function [37].

1.3 Genes involved in nephrotic syndrome

Nephrotic syndrome (NS) is characterized by proteinuria, hypoalbuminemia and edema.
Recent genetic studies have demonstrated that several gene products of the glomerular
filtration barrier have crucial roles in the function of the glomerular filtration barrier,
and congenital and infantile NS often have a monogenic genetic cause [49, 50]. For ex-
ample, it has been showed that mutations in the genes of NPHS1 and NPHS2 encoding
nephrin and podocin proteins, which are both major component of the slit diaphragm,
cause the the congenital nephrotic syndrome of the Finnish type (CNF) [51], and the
familial form of steroid-resistant nephrotic syndrome [52], respectively. The TRPC6
(transient receptor potential cation channel, subfamily C, member 6) protein, also lo-
cated in the slit diaphragm in close interaction with nephrin and podcin, is mutated
in focal segmental glomerulosclerosis [53]. Mutations in the transcription factor gene
WT1 arrests kidney development, and is associated with diffuse mesangial sclerosis.
Moreover, PLCE1 (phospholipase C-epsilon-1) mutations in human result in nephrotic
syndrome [54, 55]. A point mutation in the ACTN4 gene, which encodes alpha-actinin-4
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protein, causes familial focal segmental glomerulosclerosis [34]. As mentioned, collagen
α3α4α5 (IV) is present in the GBM of mature glomerulus. Mutations of either human
COL4A3, COL4A4 or COL4A5 collagen genes cause Alport syndrome. This disorder
is characterized by hematuria, proteinuria, progressive renal failure and sensorineural
deafness [21, 22]. A interesting consequence of absence of collagen α3α4α5 (IV) in the
GBM is that it leads to persistence of the developmental components collagen α1α2α1
[21, 22]. A mutation of LAMB2 (laminin β1 chain) gene has been linked to Pierson
syndrome, a disease characterized by congenital nephrotic syndrome, renal insufficiency
and ocular abnormalities [56, 57].

1.4 Transcriptional profiling

Global patterns of expressed protein coding genes/transcripts represent one type of
molecular signature of a given tissue or cell type, its composition, state of differen-
tiation and function. These signatures can on the one hand be used as fingerprints
for classification or correlation with e.g. cell type composition, developmental stage,
disease type, stage, prognosis, therapeutic response, etc. This use does not require any
prior knowledge of gene function. On the other hand, a map of the global transcrip-
tome does also provide extensive, albeit yet incomplete, information about molecular
functions in the tissue/cell, which can be used as a foundation for research into cellular
mechanisms of e.g. physiological and medicine. In the current post-genomics era, huge
amounts of information about gene structure, expression and function is rapidly being
collected and published, and it is a challenge to take advantage of this information in
the best way, i.e. for the purpose of specific scientific questions. Systematic collection
and analysis of data for a given process is emerging as one of the most powerful ways of
generating new information about disease processes, and, as a consequence provide new
opportunities for drug target discovery and drug development. Transcriptional profil-
ing is at the heart of these new systems biology/systems medicine approaches, and it
is entering the clinic as a validated approach to disease phenotyping, such as in certain
types of cancer. In this thesis I am exploring the possibility of applying transcriptional
profiling not only to basic discovery of molecular mechanisms involved in the healthy
and diseased kidney glomerulus, but also to develop new approaches to find biomarkers
that may improve diagnosis and prognostication in human renal disease.

Microarray

Microarray technology is based on hybridization properties of nucleic acid and uses
complementary molecules attached to a solid surface, referred to as probes, to measure
the quantity of specific nucleic acid transcripts of interest that are present in a sample,
referred to as the target. According to the different type of manufacture of gene probes
(cDNA or oligonucleotides probes), DNA arrays can be divided into cDNA arrays and
oligonucleotide arrays [58, 59].

cDNA microarray In cDNA microarray platforms, amplified cDNA fragments (500bp
and up) are printed onto a glass slide as spots. Each spot represents one gene. The
test and control RNA samples are labeled with different fluorescent dyes, and usually
two differently labeled samples are mixed and hybridized to one array. With this two-
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color hybridization scheme, the result of a fluorescence ratio from the spot indicates
the relative mRNA abundance between the two samples (e.g. two different tissues, cell
types or diseases states). Compared to oligonucleotide arrays, cross-hybridization is an
especially severe problem for cDNA microarrays due to the length of the probes and
targets and the lack of control for sequence homologies [60].

Oligonucleotide microarray- Affymetrix, GeneChip R© Oligonucleotide arrays
are produced by in situ synthesis of oligonucleotides on a solid surface using pho-
tolithographic technology [61]. In the Affymetrix 3’ expression array design, each gene
is represented by 11-20 pairs of 25-mer oligonucleotide probes. Each pair of probes is
composed of one perfect match (PM) probe, which is designed to hybridize only with
transcripts from the intended gene (specific hybridization) and one mismatch (MM)
probe, which is used to measure the level of non-specific hybridization by altering the
middle (13th) nucleotide of the PM probe [62]. High-density oligonecleotide arrays
provide direct information about the expression levels in mRNA, because these arrays
generally use a one-color biotin-labeling protocol [63] which employs one sample to be
hybridized per array. The different abundance of a specific transcript between two
samples (test and control) can be obtained by comparing the fluorescent signal from
one sample with another sample. High-density oligonucleotide array can contain much
more features than spotted cDNA arrays, for example, GeneChip R© Human Genome
U122 Plus 2.0 Array (Affymetrix) used in paper III comprises of more than 1,300,000
distinct oligonucleotide features which corresponding to more than 47,000 transcripts.

SAGE

SAGE is a sequence-based high-throughput method which measures the level of gene
expression based on the frequency of occurrence of the tags. It is based on two prin-
ciples. First, a short nucleotide sequence tag (13 or 14bp, including 4bp anchoring
enzyme restriction site), is chosen that is sufficiently unique to identify a specific tran-
script. Second, concatamerization of SAGE tags and their subcloning into vectors allow
the efficient analysis of transcripts in a serial manner by sequencing [64]. The ”long
SAGE” approach, further improve the specificity of tag-to-gene mapping in compari-
son to the original SAGE method by sequencing 21bp tags (including 4bp anchoring
enzyme restriction site) [65], which allows a high percentage of long SAGE tags to be
mapped directly to genomic sequence data, allowing the identification of novel genes
and transcripts. However, from a economical point of view, the extra nucleotides se-
quenced in long SAGE can significantly increase the cost for large-scale gene expression
projects. This is a balance; for the same costs, the original short SAGE yields a much
greater depth of sequencing.
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Chapter 2

Aims

To identify kidney glomerulus enriched/specific genes in mouse and human during nor-
mal healthy conditions and to identify causal mechanisms and putative biomarkers for
the pathogenesis of proteinuria development during glomerular injury.
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Chapter 3

Methods

3.1 Microarray analysis method

Figure 3.1 shows the scheme of the microarray data analysis.

Figure 3.1: A schematic plot for general microarray data analysis workflow

3.1.1 Quality Control (QC)

QC assessment is a crucial first step in successful microarray data analysis. It is done
in order to make sure that there are no problems with sample processing and that the
arrays and the hybridization results are of sufficient quality to be included in the study.
Affymetrix has developed several spike-in controls in order to help researchers monitor
assay data quality. For examples, GAPDH and β-actin are used to assess RNA sample
and assay quality; hybridization spike-in controls BioB, BioC, BioD and CreX aim to
verify the efficiency of hybridization step [66].
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3.1.2 Raw data preprocessing

The procedure extending from acquirement of signal intensities from the chip image to
acquisition of genomic-level measurement data is commonly referred to as preprocess-
ing. Preprocessing the high-density oligonucleotide array (Affymetrix GeneChip R©, this
array platform was used in paper II, III, IV) expression data usually includes back-
ground adjustment, normalization and summarization. Background adjustment is the
essential step for preprocessing array data, which accounts for the background noise and
non-specific binding. Normalization is the attempt to compensate for systematic tech-
nical differences and variation between chips. A series of multiple probes, eventually,
need to be summarized in one quantity to represent the intensity from one transcript.

Affymetrix default algorithm MAS 5.0 for background noise adjustment is based on
the difference PM-MM. However, MMs have been observed to detect some specific
signal, so PM-MM transformation is likely to over-adjust [67, 68]. To overcome this
drawback, RMA was developed with a background adjustment step that ignores the
MM probes intensities [68]. This approach sacrifice accuracy for large gains in pre-
cision, but non-specific binding is often underestimated in this method. So, in order
to balance between accuracy and precision, GCRMA algorithm was proposed, which
adjusts the background based on probe sequence information combined with quantile
normalization and a linear additive model for probe set expression measure. It has been
shown that GCRMA outperforms other methods [69-71], and consequently we chose
the GCRMA method for our analyses in papers II, III, IV.

3.1.3 Statistical analysis to identify differentially expressed genes

The typical question asked by the biologists from the transcriptional profiling exper-
iment is which genes show differential expression with statistical significance between
samples under the different conditions. Based on the assumption that microarray data
is normally distributed, parametric approaches like the t-test is commonly used for
comparing two groups. Another widely used statistical test, Significance Analysis of
Microarray (SAM), is a t-test modified by adding a small positive constant s0 to the
denominator [72].

d(i) =
xI(i) − xu(i)

s(i) + s0

where d(i) represents relative difference of gene(i) in expression level, x I (i) and xU (i)
are defined as average levels of expression of gene (i) in states I and U , respectively.
The s(i) is the standard deviation of repeated expression measurements. The s0 is a
small positive constant number.

At low expression levels, the variance of d(i) can be high because of small values
of s(i) leading to potential false postives. Therefore, to ensure that the variance of d(i)
is independent of the level of gene expression, SAM algorithm adds a correction factor
s0 to the denominator. The SAM statistical test was used in paper III and IV.

When the experimental design has multiple factors, ANOVA F statistical analysis can
be employed [73]. If the microarray data is not assumed to have normal distribution,
non-parametric rank-based statistic approaches can be used, such as Wilcoxon rank
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sum test.

To decide the statistical significance, we usually use a p-value. The p-value is the
probability that the observed result are by chance alone, when that null hypothesis is
true. Using a p-value≤0.05 for for significance is standard and generally acceptable
when small numbers of tests are performed. However, when thousands of tests are run
simultaneously (such as in microarray experiments), problems arise. If we have 10,000
genes and set threshold of the p-vaue=0.05, on average 500 (10,000 × 0.05=500) genes
will have ”significantly different expression levels” by chance. So, if from such an ex-
periment we have 500 genes selected using the threshold p-value=0.05, we are unable to
tell whether we have any true positives among them. Therefore, the p-values need to be
adjusted according to how many tests are run together. This procedure is called mul-
tiple tests correction. Multiple tests correction is crucial step in the statistical analysis
of microarray data. False Discovery Rate (FDR) method, a multiple tests correction
approach that estimates the expected proportion of false positives among all rejected
null hypotheses [74] is commonly used nowadays. If FDR=0.05 is used as the threshold
and 500 genes are selected, we expect 500×0.05=25 genes among the 500 genes are
false positives. In SAM analysis, FDR is estimated by permutation test. Permutation
test is based on repeatedly re-sampling in a way that scrambles the assignment of ob-
servations’ class labels and computing the test statistics (i.e. t statistic) for all genes
under rearrangement of the labels [75].

3.1.4 Cluster and classification analysis

Clustering is one of the most useful tasks for discovering groups and identifying interest-
ing patterns for multivariate microarray data based on the similarity or dissimilarity.
The goal of clustering is to group together objects (i.e. genes or experiments) with
similar patterns of expression [76], which facilitates the identification of co-regulation.
In a complex tissue, such co-regulation may represent e.g. the composition of different
cell types. For example the invasion of inflammatory cells may be seen as a cluster
of markers for that cell type. In a permutated cell type (e.g. stimulated by a growth
factor), a cluster may represent e.g. a set of genes co-regulated by a common signaling
pathway or transcriptional machinery.

Unsupervised clustering

Unsupervised clustering, a method that has no a priori knowledge about the data, plays
an important role for the identification of new patterns in microarray data. The hierar-
chical clustering algorithm is the traditional and the most commonly used unsupervised
clustering method, which proceeds iteratively by either merging smaller clusters into
larger ones or by splitting larger clusters, yielding a dendrogram that assembles all ele-
ments into a single tree. The algorithm can be implemented to either clustering genes
or to cluster experiment samples.

Another unsupervised clustering method is the partitional clustering algorithm. In
this method, we usually need specify the number, k, of clusters and designate the k
data points which are chosen either randomly or deliberately as ’centroids’ - center
points of clusters - of an initial set of clusters. The algorithm then partitions the
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samples into the k clusters, optimizing some objective function (such as within-cluster
similarity) by iteratively assigning objects to the nearest centroid’s cluster and adjust-
ing the centroids to represent the new clusters’ center points [76]. The k-means is a
well-known partitional clustering method. But the drawback of k-means clustering is
that it is very sensitive to outliers. Partitioning Around Medoids (PAM) is a more
robust version of the k-means clustering method [77], which partitions the data points
to k clusters around k representatives, so called medoids, which minimize the sum of
the dissimilarities of the observations within the cluster. Medoids are robust represen-
tations of the cluster centers that are less sensitive to outliers than centroids (because
the medoid is an actual data point whereas the centroid in k-means clustering is the
mean of a group of data points). The PAM clustering algorithm was used in the paper
III.

Supervised classification

In contrast to unsupervised clustering methods, supervised classification usually assigns
the unknown labels to the specific cluster using training samples from which a partic-
ular classification is already observed and recorded. Support Vector Machine (SVM)
is becoming a very popular such technique for classification [78-80]. SVM classifies
the genes by mapping the gene vectors into a high dimensional feature space, in which
distance is measured using a mathematical function known as a kernel function, sep-
arating data by an optimal hyperplane [81]. SVM classification method was used in
paper III.

3.1.5 Biological interpretation for transcriptional data

Functional annotation resource

In most cases microarray experiments generate lists of differentially expressed genes.
The methods mentioned above using either unsupervised or supervised cluster methods
are useful for describing changes in gene expression, but they are of limited use to
describe cellular responses in the context of available knowledge. Therefore, such lists
of differentially regulated genes usually need to be mapped to functional annotation
resources. There are some knowledge databases of biological pathway and process
available for such analysis, including Gene Ontology (GO), KEGG, Reactome and
WikiPathways [82-84].

GO The goal of the GO Consortium is to produce a structured, precisely defined,
common and controlled vocabulary for describing the roles of genes and gene prod-
ucts in any organism [85]. GO (http://www.geneontology.org/) organizes genes
into hierarchical categories based on biological process, molecular function and cellular
component. As of this date (March 3, 2010), there are 18581 terms related to the
biological process, 2689 terms related to the cellular component and 8688 terms related
to the molecular function categories.

KEGG Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.
jp/kegg/) provides a data resource that is primarily concentrated on pathways. The
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pathways that represent the knowledge on the molecular interaction and reaction net-
works are: metabolism, genetic information processing, environmental information pro-
cessing, cellular processes, organismal systems,human diseases and drug development.

Enrichment Analysis in high-throughput genomics experiments

Enrichment analysis seeks to infer if any categories or pathways are ’enriched’ by sta-
tistical methods. In paper III and IV, hypergeometric test was performed for the
enrichment analysis on GO classes and KEGG pathways.

One useful computational method, called Gene Set Enrichment Analysis (GSEA, http:
//www.broadinstitute.org/gsea/), integrates a number of gene sets based on prior
biological knowledge of published biochemical pathways, physical position of genes on
chromosome and coexpression in previous experiments, and tests which gene sets show
significant enrichment in the gene list [86].

Integration transcriptional data with biological networks

By combining expression profiles with ”interactome networks information”, including
protein-protein interactions (PPI) and protein-DNA interactions, we may decipher the
regulatory mechanisms underlying the observed changes in an activity of a biological
process from the systematic level. For this type of analysis, there are a number of
public repositories available, such as HPRD, MINT, IntAct [87-90]. With respect to
human protein-protein interaction data, HPRD seems to be the most comprehensive
[91]. In paper II, protein-protein interaction network was constructed based on HPRD
annotation.

3.2 Collection of biological samples

3.2.1 Lipopolysaccharide (LPS)-induced proteinuria mouse model

LPS is a component of the cell wall of the Gram-negative bacteria. LPS activates toll-
like receptor 4 (TLR4) in mammals. TLR4 is expressed on many cell types, including
normal glomerular podocytes in the mouse [92]. More recently it was demonstrated that
activation of podocyte TLR4 results in strong production and release of chemokines,
which may promote the local recruitment of leukocytes. It has previously been sug-
gested that LPS-induced activation of TLR4 in the glomerulus triggers podocyte foot
process effacement and proteinuria through upregulated expression of the B7-1 protein
and urokinase receptor uPAR [93, 94]. Moreover, LPS has been used in different studies.
Haas et al. employed the LPS treatment to mouse to mimic systemic lupus glomeru-
lonephritis [95]. They showed increase in ICAM-1 expression, increase in mesangial
matrix, deposition of immune complexes and of complement. However, proteinuria was
not observed, which indicated that LPS-induced glomerulonephritis mimics only some
aspects of systemic lupus nephritis. Fu et al. reported the transcriptional reprogram-
ming in LPS-treated mesangial cell lines in a time-course study [96].

In paper IV, we devised a protocol in which mice displayed a consistent proteinuric
response to LPS stimulation. Nine-week-old female C57BL/6 mice were randomly
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allocated to the LPS treatment group (n=6) or the PBS control group (n=4), and sub-
sequently treated either by a single intraperitoneal injection of 13µg/g body weight of
LPS or 500µl PBS control buffer. LPS-treated mice displayed consistent transient albu-
minuria, which peaked between 12 and 30 hour after LPS administration and returned
to baseline levels after 72 hours.

3.2.2 Renal needle biopsies from pre-transplant kidneys

Healthy living-donor kidneys were selected in order to obtain an even distribution
between male (M, n=8) and female sex (F, n=7) with a mean age of 50.1 ± 11.3. The
biopsy specimens from fifteen kidneys were taken before transplantation and placed
in RNAlater R© (Qiagen, Roche) at the bedside. The biopsies were refrigerated for 24
hours and subsequently stored at -20◦ until preparation. Microdissection of biopsies in
RNAlater R© was performed manually under a stereomicroscope to separate glomeruli
from the tubulointerstitial component of the biopsy. The glomeruli were washed in two
steps to reduce contamination of tubular cells and placed in RLT buffer (RNeasy kits,
Qiagen, Hilden, Germany). RNA was extracted from glomeruli with RNeasy Micro kit
and from the tubulointerstitial component part with the RNeasy Mini kit.
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Chapter 4

Results and discussion

4.1 Identification of mouse glomerular enriched genes by
EST library comparison (Paper I)

The expression of eight known glomerular markers (Nphs2, Cdkn1c (P57), Nphs2,
Tcf21, Podxl, Foxc2, Synpo and Ptpro) was analyzed using public oligonucleotide ar-
ray data (GNF SymAtlas, Novartis) and public whole kidney EST libraries (UniGene,
NCBI), but, both approaches failed to reveal higher expression of these markers in
kidney as compared to other reference organs, except for Nphs2. However, we found
that the above mentioned eight glomerular markers displayed high enrichment in the
glomerular EST libraries [97] as compared with the whole kidney EST libraries. This
encouraged us to use EST mining of glomerular librarie as an approach to identify new
glomerular markers.

Our own newborn mouse glomerulus standard EST library was compared with a pool
of five public newborn kidney EST libraries. From this comparison, we categorized
329 UniGene clusters (transcripts from a single gene) as glomerulus enriched by their
significantly increased relative abundance in the glomerulus library. Likewise, the adult
mouse glomerulus standard EST library was compared with the pool of two public adult
kidneys leading to the identification of 217 UniGene clusters as glomerulus enriched at
the adult stage. Comparison of the two sets of UniGene clusters revealed a total of
497 glomerulus enriched gene transcripts, 280 of which were found only at the newborn
stage, 168 only at the adult stage, and 49 at both stages.

Validation by literatation mining We compared the 49 glomerular enriched tran-
scripts present in both newborn and adult stages with published data of glomerular
gene and protein expression. Fifteen (31%) had previously been demonstrated to
be expressed in the kidney glomerulus by ISH, IHC, or reverse transcription-PCR.
Among the transcripts enriched either in the adult or in the newborn glomerulus, 17%
(28/168) and 7% (20/280), respectively, were previously demonstrated to be expressed
by glomerular cells.

Validation by HPA database The glomerulus-enriched genes were examined for
their corresponding protein expression pattern in the Human Protein Atlas database
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(http://www.proteinatlas.org/index.php), which revealed nine examples of higher
expression in glomerulus than in the kidney tubulus. These included CD34 (Hematopoi-
etic progenitor cell antigen CD34), VIM (vimentin), COL4A1 (collagen alpha 1(IV)),
ITGB1 (integrin beta-1), ENG (endoglin), CLDN5 (claudin-5), ACTB (actin, beta),
MCAM (melanoma adhesion molecule) and MCL1 (induced myeloid leukemia cell dif-
ferentiation protein Mcl1). For all of these, the glomerular expression of the human
proteins was higher than in the tubular tissue.

Validation by ISH A selection of candidate glomerulus-enriched transcripts was
also validated by ISH experiment. These were Clic5 (chloride intracellular channel
5), Dlk1 (delta-like 1 homologue), Gpr116 (G protein-coupled receptor 116), Plat/tPA
(plasminogen activator, tissue), Tm4sf1 (transmembrane 4 superfamily member 1),
and Igfbp7 (insulin-like growth factor binding protein 7). Clic5, Gpr116, Plat and
Tm4sf1 showed restricted staining in kidney glomerulus across the different glomerular
development stages observed in the new born kidney. Apart from showing expression
in glomerulus, Dlk1 and Igfbp7 also showed expression in the kidney capsule and in
certain tubular compartments, respectively.

Validation by Q-PCR We also employed the quantitative-real time PCR (Q-PCR)
to quantify the transcript expression level for six new glomerular markers validated by
ISH and two glomerular markers (MCAM and MCL1) validated by HPA. Using this
method, they were all demonstrated to be significantly higher in their transcript abun-
dance in the glomerulus than in whole kidney.

The most important advantage of quantitative EST profiling over hybridization-based
transcription profiling methods is that it measures the abundance of EST sequence di-
rectly. The limitation of the method is the number of EST clones available for analysis.
Thus, with the methodology employed for Paper I, reliable expression information is
obtained only for a proportion of the genome, likely representing the most abundantly
expressed genes in the glomerulus. Since our publication of Paper I the methodology
of EST library synthesis and deep sequencing has developed rapidly and is likely to
replace hybridization based methods in the coming years.

4.2 Integration of glomerulus-enriched transcripts and their
protein-protein interaction network (paper II)

We summarized and combined the results from five different expression-profiling plat-
forms. These data sets include a mouse kidney EST library comparison, a mouse
cDNA microarray profiling (GlomChip), mouse Affymetrix Genome 430 2.0 Array pro-
filing, a human SAGE profiling, a human Stanford cDNA microarray profiling [97-100].
In total, 1407 genes were identified as glomerulus-enriched in comparison with other
parts of the kidney by at least one approach, but only seven genes (CDKN1C, ENG,
EMCN, PTPRO, PLAT, IGFBP5 and PPAP2B) were identified in all studies. The
five different approaches to identify glomerulus-enriched genes thus showed surpris-
ingly limited overlap (figure 4.1). The possible reasons of limited overlapped genes are,
firstly, that experiment samples were from different species (mouse and human) and
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developmental stages (adult and newborn); secondly, the kidney glomerulus is likely
also a target of immune-, stress-, and other environment-induced responses that may
have varied between the studies; thirdly, most of the transcriptional differences reflect
the usage of different technical platforms and protocols; moreover, raw data were also
processed using different methods, and different criteria were used to categorize genes
as glomerulus-enriched. The platform difference is probably a major reason limiting
the gene expression overlap. However, paper III also identifies a surprisingly large
discrepancy between human and mouse glomerular enriched transcripts (see below).

Figure 4.1: Venn diagrams showing the overlap among the five glomerulus-enriched gene lists
identified by five different methods

Comparison and Evaluation of Different Approaches For assessment of the
efficiency of each method in identifying glomerulus-enriched genes, the data were com-
pared with published data on gene or protein expression in glomeruli by ISH or by IHC
using literature mining and HPA database. The Affymetrix analysis, which assesses
the expression of almost all genes, identified the largest number of glomerulus-enriched
genes and also more literature- and HPA-confirmed genes than any of the other meth-
ods; however, the proportion of the Affymetrix glomerulus-enriched genes that were
confirmed by literature or HPA was lower than for the other methods. A compari-
son between the results from the two cDNA microarray approaches, GlomChip and
Stanford, showed that GlomChip identified more glomerulus-enriched genes and both
a higher number and proportion of genes confirmed by literature and HPA than the
Stanford array. This suggests that for the application to a specific tissue, a corre-
sponding tissue-specific cDNA microarray might be preferable to a nonspecific cDNA
microarray. Sequencing based EST sequencing and SAGE methods directly acquire the
abundance of transcripts. As such, high abundance transcripts would also be predicted
to be relatively easier to detect by other experiments methods, such as ISH or IHC.
This prediction partially agreed with the result from the literature and HPA, in which
a higher proportion of SAGE and EST results were confirmed as compared to other
methods. But one source of false negatives from SAGE is that it will miss all those
transcripts that do not have any anchoring enzyme site, which is one of the possible
reasons why this method identifies relatively less glomerular-enriched genes than the
other methods (except the Stanford cDNA array).
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Construction of GlomNet By using the protein-protein interaction data from Hu-
man Protein Reference Database (HPRD), we predicted 772 direct interactions between
543 of the 1407 glomerulus-enriched gene products. On the basis of them an integrated
glomerular protein-protein interaction network, GlomNet, was constructed (figure 4.2),
Thus, GlomNet illustrates the protein interaction networks and, to some extent, signal
transduction pathways in the glomerulus. By mapping the known genes whose muta-
tion causes glomerular abnormality in humans or mice into GlomNet (highlighted by
blue color in figure), we predict that known glomerular disease proteins are located
mainly in the extracellular, plasma membrane, and nuclear compartments, indicating
that a majority of the glomerular disease proteins involved into the cell-cell communi-
cation and signaling transduction pathway.

Figure 4.2: Protein-protein interaction network for glomerulus-enriched genes
Proteins are represented with blue nodes, and interactions are represented with edges. The
known glomerulus disease genes are highlighted with deep blue color.

We also used the glomerulus-enriched gene catalogue and GlomNet to explore a pub-
lished gene expression profiling data from patients with diabetic nephropathy (DN)
in comparing with normal control subjects [101]. We found that a high proportion
of the DN-regulated genes were represented in the glomerular-enriched catalogue and
GlomNet. It is interesting to note that many of upregulated genes in DN are expressed
in endothelial cells (NOTCH4, TIE1, TEK[TIE2], ENG, PTPRB, ICAM2, and oth-
ers), whereas many of the downregulated genes are expressed specifically in podocytes
(NPHS1, PTPRO, PODXL, CDKN1C, TCF21, WT1, VEGFA, COL4A3, COL4A4,
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and others). Moreover, several of the DN-affected genes link directly to each other
in GlomNet, suggesting specific pathways that may be targeted by or are part of the
pathogenic disease process.

4.3 Comparison of human and mouse glomerular tran-
scription profiling data (paper III)

In this study, we did transcriptional profiling for human kidney glomeruli and tubu-
lointerstitial samples from renal needle biopsies, and compared their gene expression
profiles with mouse glomerular and tubulointerstitial gene expression profiles obtained
in a previous study. By analyzing overlapping genes by setting all possible combina-
tions of fold changes for glomerulus overexpressed genes between human and mouse, it
showed that surprisingly large differences exist between the most glomerulus-enriched
genes in humans and mice, respectively. Nevertheless, if one-fold change was used as
cut-off for both the human and mouse data, 3,119 genes were overlapping, which repre-
sented approximately 60% of the genes more than one fold upregulated in either human
or mouse. The remaining 40% were selectively enriched in glomeruli in human or mouse
only. The observed differences in gene expression pattern between human and mouse
might be caused by true species-specific differences in gene expression, or by technical
factors, such as probe design and hybridization affinity, isolation methods for glomeruli
(microdissection procedure applied to the human samples may produce a more variable
degree of contamination than the Dynabead perfusion [102] method used to isolate the
mouse glomeruli).

Further, from 3119 overlapping glomerular genes upregulated more than one-fold in
human and mouse, we firstly selected 58 known glomerular genes and grouped them
into six clusters using the PAM clustering method according to their specificity in hu-
man and mouse glomerular samples. Then, by using these 58 known glomerular genes
as a training data set, the remaining 3061 (3119-58) glomerulus enriched genes were
classified into these six clusters using the SVM algorithm. Cluster NO.6 (Table 4.1)
represented the core cluster consisting of the most glomerular specific genes compared
with the other five clusters. The genes in cluster NO.5 and cluster NO.2 showed lower
fold changes of enrichment compared with cluster NO.6. Moreover, cluster NO.1 and
cluster NO.4 were characterized by a relative higher gene expression preference in hu-
man and mouse glomeruli, respectively. All other genes were gathered into cluster NO.
3 and most of genes in this cluster showed less than 22 fold enrichment both in human
and mouse.

We did GO analysis for cluster NO.1 NO.2, NO.4, NO.5 and NO.6. Compared to the
other clusters, cluster NO. 6 gathered the most glomerular specific genes, exemplified
by NPHS1, PLCE1, TCF21 and ITGA8. Therefore, in the biological process cate-
gory, kidney development and glomerulus development categories were overrepresented
in cluster NO.6. Interestingly, we found that cluster NO. 5, NO.2 and NO.4 were
enriched for the GO categories angiogenesis, blood vessel morphogenesis, blood vessel
development and vasculature development categories. In cluster NO.1, the categories
immune system process, antigen processing and presentation of endogenous antigen,and
negative regulation of cellular metabolic process were significantly enriched.
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Table 4.1: genes in Cluster No. 6
GeneSymbol GeneName Hs.fold(log2) Mm.fold(log2)
PDPN podoplanin 6,97 4,07
FZD2 frizzled homolog 2 (Drosophila) 6,35 5,83
SOST sclerosteosis 6,28 4,08
HECW2 HECT, C2 and WW domain containing E3

ubiquitin protein ligase 2
6,09 6,87

NPHS1 nephrosis 1, congenital, Finnish type (nephrin) 6,09 7,50
GJA5 gap junction protein, alpha 5, 40kDa 6,08 5,85
MRGPRF MAS-related GPR, member F 5,96 5,80
TBXA2R thromboxane A2 receptor 5,95 5,14
TCF21 transcription factor 21 5,84 7,95
CORO2B coronin, actin binding protein, 2B 5,83 6,22
GJA3 gap junction protein, alpha 3, 46kDa 5,74 4,87
HS3ST3A1 heparan sulfate (glucosamine) 3-O-

sulfotransferase 3A1
5,65 5,88

SGEF Src homology 3 domain-containing guanine
nucleotide exchange factor

5,50 6,43

PLCE1 phospholipase C, epsilon 1 5,48 6,66
EHD3 EH-domain containing 3 5,44 7,04
TYRO3 TYRO3 protein tyrosine kinase 5,38 5,12
C1orf21 chromosome 1 open reading frame 21 5,17 5,52
TBX3 T-box 3 5,07 7,77
CDKN1C cyclin-dependent kinase inhibitor 1C (p57,

Kip2)
5,05 7,95

PTPRO protein tyrosine phosphatase, receptor type, O 4,98 6,94
TSPAN2 tetraspanin 2 4,97 7,53
KCND3 potassium voltage-gated channel, Shal-related

subfamily, member 3
4,96 6,06

MSRB3 methionine sulfoxide reductase B3 4,86 5,89
SULF1 sulfatase 1 4,68 6,60
ARHGAP28 Rho GTPase activating protein 28 4,59 8,12
WT1 Wilms tumor 1 4,45 8,32
DAAM2 dishevelled associated activator of morphogen-

esis 2
4,41 6,43

DDN dendrin 4,33 8,14
ITGA8 integrin, alpha 8 4,33 7,86
PARD3B par-3 partitioning defective 3 homolog B (C.

elegans)
4,28 6,43

NES nestin 4,21 8,63
SYNPO synaptopodin 4,04 7,48
CYP26B1 cytochrome P450, family 26, subfamily B,

polypeptide 1
3,46 7,39

We also mapped the above mentioned 3119 genes to the HPA database and found
an overlap of 1410 gene products represented by specific antibodies and IHC experi-
ments in the HPA database. We found that 149 out of the 1410 (approx.10%) gene
products showed stronger expression in glomeruli in comparison with renal tubules in
the HPA database. Figure 4.3 shows three examples: MAP6 (microtubule-associated
protein 6), NPNT (nephronectin) and TOM1L2 (target of myb1-like 2).

The human kidney glomeruli used for transcription profiling in this study were ob-
tained from renal needle biopsies taken from live renal transplant donors as part of the
transplantation routine. Thus, by focusing on biopsies from extensively screened (with
regard to possible kidney problems) and confirmed healthy individuals, our method dif-
fers from previous published studies on the normal human glomerular transcriptome,
which used archival material or kidney samples obtained from the uninvolved part of
nephrectomy specimens from patients with renal neoplasia [98, 100, 103, 104]. The
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Figure 4.3: IHC shows three glomerular protein expression
IHC images were obtained from www.proteinatlas.org

methodology for human glomerular transcription profiling reported in this paper could
be applied to the identification of new diagnostic and prognostic markers for renal
diseases.

4.4 Study of glomerular transcriptome changes on LPS-
induced proteinuria murine model (paper IV)

We devised a protocol in which mice displayed consistent and transient albuminuria
response to LPS stimulation, which peaked between 12 and 30h after injection and
returned to baseline levels after 72h. No gross morphological alterations were revealed
by hematoxylin-eosin staining. However, by transmission electron microscopy (TEM)
podocyte foot process effacement was observed in LPS-treated animals, which indicates
that the expected rearrangement of the foot process actin cytoskeleton had taken place.
Comparison of glomerular gene expression between PBS control and LPS-treated ani-
mal revealed that 4,147 different genes were differentially expressed, which corresponds
to about 20% of the total number of known genes on the array (Figure 4.4 shows top
90 up- and downregulated genes in glomerulus under the LPS treatment). Moreover,
in order to identify which of the LPS-induced changes that affect transcripts that are
normally restricted to or enriched in the glomerulus, we compared the 4,147 genes men-
tioned above with 3,614 genes that were selected as more than two-fold upregulated
in normal mouse glomerulus as compared to normal tubulointerstitium. We found an
overlap of 1,624 genes, suggesting that roughly 45% of the glomerulus enriched gene
transcripts were significantly affected in their abundance by LPS treatment. This in-
dicated that dramatic transcriptional reprogramming of glomerular cells takes place in
response to LPS.

GO and KEGG pathway analysis for the 1,624 dysregualted genes revealed that
’adherens junction’ was one of the GO terms associated with significantly downregu-
lated genes, which included α-actinin-4, catenin, vinculin and Fyn. ’focal adhesion’ and
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Figure 4.4: PCA plot for top 90 up- and downregulated genes following LPS treatment.
Upregulated genes and downregulated genes are represented by red and blue color, respectively.
X ,Y ,Z axis are first three principle components.

’regulation of actin cytoskeleton’ were overrepresented pathways associated with both
up- and downregulated genes, indicating that genes involved in these two processes are
dysregulated in different ways in response to LPS. The figure 4.5 shows the ’regulation
of actin cytoskeleton’ pathway from the KEGG database and the plot is drawn by
GenMapp tool (version 2.1) [105]. GO and KEGG analysis were in agreement with our
ultrastructural analysis by TEM, which showed segmental podocyte foot process efface-
ment. The data suggested that podocyte actin cytoskeleton undergoes reorganization
in response to LPS. Furthermore, among the most strongly upregulated genes, we found
numerous examples of genes/proteins implicated in Toll-like receptor signaling, immune
and defense responses, apoptosis, cytokine production and inflammation. It has been
reported that consecutive LPS administration to mice causes lupus-like nephritis and
induced expression of Icam1 (intercellular adhesion molecule-1) and Vcam1 (vascular
cell adhesion molecule) in the glomerulus [95, 106]. From our transcriptional profiling
data, we observed that mRNA levels were upregulated twenty-four and five fold for
Icam1 and Vcam1, respectively, after 24h by LPS administration, which might reflect
the early stage of inflammatory processes leading to glomerulonephritis.

Nuclei counts of Wt-1, which is a nuclear protein specific for glomerular podocyte
cells suggested a small (approx. 15%) but significant podocyte cell loss in LPS-treated
mice. From our array data, we noticed that LPS dramatically changed podocyte
gene expression. Thirty-four known podocyte-specific or podocyte-enriched transcripts
present on the chip were 20-90% downregulated [97, 99, 107]. Therefore, the ob-
served podocyte loss (approx. 15%) could not fully explain the decreased glomerular
podocyte transcript levels (20-90%). Rather, we would propose that a combination of
cell death and dedifferentiation explains the reduced relative levels of podocyte-specific
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Figure 4.5: Dysregulated genes under LPS treatment in ”regulation of actin cytoskeleton”
pathway
The up- and downregulated genes are highlight by red and lightblue color, respectively.
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transcripts. Nevertheless, part of the podocyte-specific transcriptional response ob-
served may be involved in causing podocyte apoptosis since several genes involved in
survival mechanisms were downregulated. These include Ccni (Cyclin I), Cd2ap and
Nphs1. Cyclin I prevents apoptosis in postmitotic podocytes in vitro and in vivo [108].
Nphs1 and Cd2ap participate in PI13K/AKT signaling, which has been proposed to
promote podocyte survival [109]. Nphs1 is phosphorylated on tyrosine residues by the
Src family kinase Fyn [110, 111]. Fyn was also downregulated by LPS, possibly indi-
cating reduced phosphorylation of nephrin, and, consequently, defects in foot process
formation/maintenance.

Moreover, upregulated expression of collagen α1, α2 (IV) and laminin10 (laminin
α5β1β1) suggested a glomerular (and podocyte) remodeling response to LPS. We con-
firmed the microarray data on collagen α1, α2 (IV) expression at the protein level by
immunofluorescence staining, which showed increased staining intensity in the mesan-
gial matrix and the GBM following LPS-treatment. It is known that Collagen α1, α2
(IV) and laminin β1 are present in the GBM of early developmental stage glomeruli.
At the capillary loop stage, collagen α1, α2 (IV) are replaced by collagen α3 α4 α5(IV)
and laminin β1 is replaced by laminin β2 [19, 20, 22, 25]. These observations might
indicate that LPS induces dedifferentiation of podocytes, leading to the expression of
components of the embryonic kidney GBM. Also, increased expression of collagen α1,
α2 (IV) in mesangial matrix in LPS-treated mice indicates the activation of mesangial
cells.

LPS triggers dramatic transcriptional changes in glomeruli, affecting almost half of the
genes that are normally expressed in a restricted or enriched fashion in the glomerulus,
and also leading to the expression of a large number of immune, inflammation and stress
response genes. This makes it difficult to single out specific critical signaling events.
The significant downregulation of podocyte specific genes suggests that podocytes and
the podocyte actin cytoskeleton are culprits in the proteinuric response to LPS. More-
over, the transcriptional changes also include re-expression of embryonic glomerular
transcripts collagen α1, α2 (IV) and laminin β2, suggesting remodeling of podocytes
and GBM as part of the glomerular response to LPS.
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Chapter 5

Conclutions and Future
perspectives

Genetic studies have revealed that mutation of several glomerular specific or enriched
genes such as NPHS1, NPHS2, PLCE1 and TRPC6 caused glomerular disease [51-53,
55]. Hence, from a reverse genetic point of view, it is reasonable to assume that the
identification of additional glomerular specific or enriched genes will provide a better
understanding of the glomerular physiology and functions, as well as of mechanism of
the pathogenesis of unknown glomerular disease.

We performed comparative analysis of mouse glomerular EST library with whole kidney
EST libraries in paper I; we integrated the different platforms of glomerular transcrip-
tome data and put them into system biology context in paper II; and we did comparison
analysis of human and mouse glomerular transcriptome profiling data in paper III. By
these studies, we provide a useful source of glomerular specific/enriched genes and
pinpoint a number of potential differences in the glomerular gene expression patterns
between human and mouse species. GlomNet pictures the interactions network of the
glomerular enriched gene products, which improve our systemic understanding of the
glomerulus. In addition to exploring normal glomerular transciptome, we also move
on to analyze a pathogenic condition of the glomerulus in paper IV. In this paper,
the detected glomerular gene expression changes by LPS stimulation provide putative
markers for early and transient glomerular injury and proteinuria.

The ultimate goals of the research that has lead to this thesis are to decipher the molec-
ular mechanism underlying human glomerular disease, such as membranous nephropa-
thy, IgA nephropathy and diabetic kidney disease, and try to identify molecular tar-
gets for novel therapeutic intervention strategies. The discovery of the glomerular
enriched/specific genes by profiling the glomerulus in normal condition (paper I, II and
III) has provided a valuable reference for this work. The next step is to gain insight to
the glomerular transcriptome in pathogenic conditions in animal models and in humans.
For example, using the micro-dissection method described in paper III, the possibil-
ity arises to map human glomerular transcriptome changes that accompany specific
glomerular diseases, disease stages, response to therapy etc. We realize that high-
throughput technologies develop rapidly, from microarray to today’s deep sequencing
of transcriptome technique-’RNA-Seq’ [112-115] and ’next-next’ generation sequencing
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using single molecules [116-118], which provide us with more and more accurate high-
throughput biologic data and pave the path for clinical diagnostics. From paper II, we
learned that the sequencing-based method, SAGE, was more accurate than the spotted
cDNA array method. Surely, new high-throughput sequencing techniques will replace
microarray analysis in the long run [119]. Compared to array-based transcriptome pro-
filing, RNA-Seq allows characterization of transcriptomes without prior knowledge of
the genomic sequences; it is capable of single-base resolution, distinguishes different
RNA isoforms and reveals sequence variants. Also the dynamic range of RNA-Seq for
determining expression levels is greater than microarray and it performs well regarding
quantitative detection; the background level is much lower and it is much more sensi-
tive and capable to detect the most rarely expressed genes and differentially expressed
genes [120].

Many of the glomerular diseases are not monogenetic. In fact, the most important re-
nal diseases and causes of end-stage renal disease are all polygenic and likely influences
also by environmental and hormonal factors. Therefore, we not only need to identify or
learn about the functions of single genes or protein, we also need to discover pathologic
signaling pathways and aberrant protein-protein interactions (interactome) that occur
during disease states. With high-throughput functional genomics techniques, we need
to integrate mass dispersed biological information and data into numerous systemic net-
works (regulation network, protein-protein interaction network and others) and infer
the biological pathway or pathway organization underlying the pathology conditions.
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