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Abstract

Background—Passive Heymann Nephritis (PHN), the best characterized animal model of
experimental membranous nephropathy, is characterized by subepithelial immune deposits,
podocyte foot processes effacement and massive proteinuria beginning 4 days following disease
induction. Although single genes involved in PHN have been studied, no whole genome wide
expression analysis of kidney tissue has been performed.

Methods—Miicroarray analysis was performed to identify gene expression changes in PHN rat
kidneys during the onset of proteinuria.

Results—Our results showed that 234 transcripts were differentially expressed in diseased
animals compared to controls. Genes exclusively upregulated in diseased animals, were mainly
required for cell structure and motility, immunity and defence, cell cycle, and developmental
processes. The single most increased gene was transgelin (Tagln) showing a 70-fold upregulation
in animals with PHN. Protein-protein interaction analysis revealed the following four processes of
major relevance in disease manifestation: (i) DNA damage and repair; (ii) changes in the extra
cellular matrix; (iii) deregulation of cytokines and growth factors, as well as (iv) rearrangements
of the cytoskeleton.

Conclusion—We show for the first time the complex interplay between multiple different genes
in experimental membranous nephropathy, supporting a role for genomic approaches to better
understanding and defining specific disease processes.
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Introduction

Methods

Membranous nephropathy, an antibody mediated and complement-dependent disease, is one
of the most common forms of nephrotic syndromes in adults. Half of these patients develop
progressive glomerulosclerosis, with declining renal function [1]. Although the histological
hallmark is thickening of the glomerular basement membrane (from which the disease
derives its name), membranous nephropathy is primarily a disease of podocytes. Podocytes
are terminally differentiated epithelial cells, and injury to this cell is characterized by
proteinuria. However, the precise mechanisms leading to proteinuria and the development of
glomerulosclerosis in membranous nephropathy are not fully understood.

The best characterized animal model of experimental membranous nephropathy is the
passive Heymann nephritis model. Disease is induced in rats by the injection of the anti-
Fx1A antibody, which binds to the megalin complex of podocytes. Within 24 hours after
injection the Fx1A sheep IgG binds in the subepithelial space of podocytes in a granular
pattern [2]. Proteinuria is marked by day four of disease. Renal function is normal during the
early stages, but deteriorates progressively over the ensuing months. Early complement
activation and the resulting sublytic injury to podocytes is followed by the generation of
reactive oxygen species, activation of proteases and lipid peroxidation, and increase in
specific cytokines and growth factors, which all likely contribute to further tissue damage
[3]. Several attempts have been made to defined potential roles for individual genes. For
example protein tyrosine phosphatase receptor type O (PTPRO), Wilms’ tumor gene (WT1),
megalin, vascular endothelial growth factor (VEGF) have been studied following disease
induction and the onset of proteinuria [4]; transcription factors and changes in matrix
expression have been the focus of other studies [5-8].

While microarray studies are often dismissed as hypothesis generating, they are a very
efficient technique to analyze numerous genes simultaneously and to define the complex
molecular biology of pathological processes. In the field of experimental nephrology,
microarray analysis has been applied to investigate several human diseases and pathological
events, such as kidney tumors [9, 10], reperfusion injury [11], diabetes [12, 13] or kidney
transplantation [14]. Several animal models have also been studied. Sadlier and colleagues
used microarray analysis to identify changes in the transcriptome in the Thyl model of
mesangial proliferative glomerulonephritis [15]. However, a whole-genome gene expression
analysis study of membranous nephropathy has not been reported.

Accordingly, to fully delineate changes in gene expression in early membranous
nephropathy, we analyzed changes in the transcriptome in glomeruli by microarrays in the
passive Heymann Nephritis model of membranous nephropathy prior to, and immediately
following the onset of proteinuria.

Passive Heymann Nephritis (PHN) Model of Membranous Nephropathy

To induce PHN, twenty male Sprague-Dawley rats (Simson, Gilroy, CA, USA), with a
bodyweight ranging from 180-200g, received a single intraperitoneal injection of sheep anti
FX1A antibody (5mL/kg bodyweight) as previously described [16]. Normal sheep serum
(5ml/kg) was administered to control animals. Experimental and control animals (n=5/
group/time point) were sacrificed at three and six days after injections.

Measuring renal function

In order to assess proteinuria and renal function, urine was collected by placing the animals
in metabolic cages for 12 hours at baseline and prior to sacrifice, during which time water
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was supplied without restriction [16]. Total protein excretion was determined by the
sulfosalicylic acid turbidity method [17]. Creatinine excretion was measured using a
colorimetric microplate assay based on the Jaffe reaction [18] (Oxford Biomedical Research,
MI, USA). Animals from the experimental group were excluded if they did not develop
proteinuria.

Glomerular Isolation

In order to extract RNA for the microarray analysis, glomeruli were isolated by differential
sieving as previously reported [19]. Briefly, kidney cortices were removed, minced, and
pressed through a series of sieves with 180pum, 106pm, and 75pum-sized mesh. Glomeruli
were collected on the 75pum-sized mesh, removed from the sieve and pelleted in chilled
phosphate buffered saline by centrifugation. The glomerular pellet was assessed for purity
by counting the number of glomeruli and tubular fragments by microscopy. Tubular
contamination was typically less then 4%.

RNA extraction, Microarray, Hybridization and Scanning

Extraction of total RNA was performed on isolated glomeruli from individual diseased and
control animals by the TRIZOL® method (Invitrogene Corp, Carlsbad, CA, USA) as we
have previously reported [20]. To remove potential traces of Trizol reagent, a second RNA
cleanup step using Qiagen RNeasy was performed (Qiagen, Hildesheim, Germany). Quality
of the isolated total RNA was checked by gel electrophoresis and with Agilent Bioanalyzer
using a RNA6000 LabChip® kit (Agilent, Palo Alto, CA, USA). Quantity and OD 260/280
of total RNA and cRNA was assessed by UV spectrophotometer. cRNA was labelled with
Biotin according to the Affymetrix eukaryotic target labelling protocol.

As described above, RNA was isolated from individual control and experimental animals.
The RNA of two animals was pooled and hybridized on one microarray, resulting in five
biological replicates at each time point (days 3 and 6) in diseased and control animals.
Samples were hybridized to Affymetrix R230A GeneChip (Affymetrix, Santa Clara, CA,
USA) arrays according to standard Affymetrix protocols. Quality of hybridizations and
overall chip performance was determined by visual inspection of the raw scanned data. Raw
data files, probe set information and files containing absolute analysis are available on:
http://www.meduniwien.ac.at/nephrogene/data/index.html

Microarray analysis

Pre-processing of microarray raw data including probe-specific background correction,
summarization of probe set values, and normalization was carried out with the CARMAweb
(comprehensive R- and bioconductor-based web service for microarray data analysis) tool,
using the robust multi-chip analysis (RMA) approach [21, 22].

The significance analysis of microarrays (SAM) method was used to identify differentially
expressed genes (DEGS) between immunized rats and controls. The method calculates a set
of gene-specific t tests followed by an estimation of the false discovery rate [23]. In our case
the false discovery rate was set to < 5%. DEGs showing a fold change >1.5 were further
analyzed with regard to their molecular functions, biological processes, and biological
pathways using information provided by the gene ontology consortium [24], the Kyoto
Encyclopaedia of Genes and Genomes (KEGG) [25], and the PANTHER (Protein ANalysis
THrough Evolutionary Relationships) classification system [16]. Enriched and depleted
functional categories were identified using the PANTHER data set covering the whole rat
genome as reference dataset. The ratio of expected to the observed frequencies of genes
assigned to certain ontology categories were compared using the 2 test to derive
significance of differences.
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Protein-protein interaction network analysis

Results

Beginning with the set of DEGs, we generated a protein-protein interaction network
following the nearest neighbour expansion method using data from the Online Predicted
Human Interaction Database (OPHID) on interactions of rat proteins [26, 27]. The MCODE
(Molecular Complex Detection) algorithm was used to identify highly connected
subnetworks in the complete generated network [28]. The MCODE parameters Node Score
Cutoff, k-Core, and maximal depth were set to 0.2, 2, and 100 respectively. Final identified
network modules were visualized in the software environment Cytoscape [29].

Proteinuria increases in PHN rats

Proteinuria measurements in PHN rats at days 3 and 6, and normal rats are shown in figure
1. As expected, proteinuria was not increased at day 3, but did increase statistically at day 6.

Patterns of Gene Expression before and after the onset of Proteinuria

Significantly differentially expressed genes (DEGs) were identified between diseased rats
and control rats before (day 3) and after (day 6) the onset of proteinuria. The onset of
proteinuria was detected as described earlier [16]. 55 DEGs and 225 DEGs showing fold-
change values > 1.5 were detected on day three and six respectively using the SAM analysis
(table 1). All DEGs showed an increase in disease compared to controls. Of the 54 DEGs
detected on day three, 45 were also differentially expressed at day six.

Functional annotation of DEGs

234 genes were classified into functional groups such as cell adhesion, cell cycle, immunity
and defense, transport, protein folding, developmental processes and others.

A multitude of genes were identified that encode structural proteins of the cytoskeleton or
proteins required for cell adhesion such as integrin beta 1 (Itgh1), secreted phosphoprotein 1
(SPP1), laminin A (Lmna), desmin (Des), nestin (Nes), or tubulin beta 2 (Tubb2). Another
functional category that was found highly enriched in increased expressed DEGs was related
to cell cycle and cell proliferation. Prominent proteins such as the transforming growth
factors beta 2 and 3 (TGFB2, TGFp3), cyclins B1 and B2 (Ccnbl, Ccnb2), or the
proliferating cell nuclear antigen (PCNA) were detected in this category.

Figure 2 shows the numbers of genes that are significantly enriched in the transcriptome of
PHN rats. Categories shown are significantly over-represented (p<0.005), the numbers
within the brackets reflect the number of genes expected to be differentially regulated in the
dataset. The relative numbers of genes in a certain functional group of the abundant GO
terms represent the cellular processes prior to (day 3) and following the onset of proteinuria
(day 6). While genes associated with cell cycle are enriched at both time points, the relative
amount of cell cycle associated genes is 26.7% (or 60 genes) of all the enriched genes after
the onset of proteinuria, compared to 5% beforehand. An even greater change was evident
for genes with functions related to cellular immunity and defense. However, these genes are
not enriched (1%) at the early time point (day 3), but at day 6 they comprise 15 % of all
abundant genes (34 genes compared to 12.07 expected genes).

On day 6 the relative amount of DEGs related to cell structure and motility more increased
more than two-fold from 15 genes earlier (1.82 expected genes) to 35 genes (7.6 expected)
later. Changes in the relative quantity of the abundant genes between day three and day six
were also detected for genes involved in developmental processes. They showed an increase
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from 15 (4.16 expected) to 48 (or 17.36 expected). Table 2 gives a detailed list of the DEGs
belonging to the overrepresented GO term.

Interaction modules

Four highly connected sub-networks could be identified using the MCODE algorithm
integrated in the Cytoscape development environment (Figure 2). Clusters were ranked
according the density of the cluster and number of nodes. Cluster 1 containing five nodes,
namely Pcna, Ccnbl, Cdc2a, Gadd45a, and Gadd45g, connected through 9 interactions had
the highest score based on the density and number of nodes. The proteins Itghl, Spp1,
Lgalsl, and Fnl formed the second ranked cluster (Cluster 2) as depicted in figure 3. Cluster
3 contained exclusively members of the transforming growth factor protein family, namely
TGF-B2, and TGF-3 as well as TGF-f receptors 1, 2 and 3. Cluster 4 genes were
predominantly involved in cell structure and motility such as Vim, Myh9, or Myh10.

Immunostaining for Transgelin (sm22) is increased in PHN

In order to validate the microarray analysis, immunostaining was performed for the
transgelin (gene with the highest MRNA increase). Figure 4 shows that transgelin staining
was not detected in normal glomeruli. This was not a false negative, because transgelin
staining was present in normal blood vessels, used as a positive internal control. In contrast,
there was a marked increase in transgelin staining in podocytes in PHN rats. Taken together,
these results validate that the protein levels were also increased, thus validating the
microarray results.

Discussion

Passive Heymann Nephritis (PHN) rat model of human membranous nephropathy is
characterized by proteinuria developing within 5 days after the onset of disease [5, 30-32].
To date, only inhibitors of the renin-angiotensin aldosterone system have been effective
clinically at reducing proteinuria. Thus, identifying novel targets for potential therapy is
needed. In this manuscript we show increases in several genes during the onset of
proteinuria that may offer therapeutic targets in the future.

Changes of Gene Expression

The onset of proteinuria is marked on the transcriptome with a change in gene expression.
Our results shows that prior to the onset of proteinuria (day 3 of disease), there were 54
differentially expressed genes (DEGS) in rats with membranous nephropathy compared to
controls. This number increased to 225 DEGs following the onset of proteinuria (day 6 of
disease). Interestingly, 44 of these DEGs were increased at both time points. Of note,
transgelin (Tagln) was the single most upregulated gene showing fold-change values greater
than 30. Other genes differentially regulated in our model and previously studied include
Collal (Collagen type 1 alpha 1) [33], Ccnb2 (cyclin B2) [31], and Actn 4 (actinin alpha 4)

[4].

The relative enrichment of genes from specific functional groups, changes from day 3 to day
6. Genes involved in cell structure and motility were highly upregulated at day three (figure
2). Among the 15 genes belonging to this group were for example vimentin (Vim) or myosin
heavy polypeptide 9 (Myh9).

At day six, cell cycle associated genes comprise 26.7% of all enriched genes after the onset
of proteinuria (figure 2). Cell cycle proteins are induced by reactive oxygen species that

contribute largely to renal injury; ROS induce DNA repair and synthesis. In PHN at day six,
cellular efforts in DNA repair and synthesis are down regulated by ribonucleotide reductase
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M2 (Rrm2). Rrm2 a rate limiting enzyme of DNA repair and synthesis, with a role in cell
proliferation, tumorigenesis and drug resistance, is found 6.8 fold up regulated at day 6 [34].
Most of the up regulated genes are cell cycle inhibitors and cyclins that block proliferation.
Cyclin kinase inhibitors were previously reported to be upregulated in experimental
nephropathy [16], suggesting that podocytes are not prone to proliferate even after
pronounced injury. Podocyte proliferation, like in crescentic glomerulonephritis or HIV
associated nephropathy, is usually associated with rapid decline of renal function [35].

A functional group strongly overrepresented at both time points are genes involved in
developmental processes (figure 2). Developmental genes represent 27.2% of all DEG at
day three and 20.4% at day six. The strongest differentially regulated gene in the dataset,
transgelin, is also called smooth muscle protein 22 alpha (SM22 alpha), it is a 22—-25kDa
actin binding protein usually associated with differentiation into smooth muscle like cell
type. The mRNA coding for SM22 protein was found 70-fold upregulated at day three and
38-fold upregulated on day six (table 1). Our results also showed that the protein levels for
SM22 were increased in PHN, as detected by immunostaining (figure 4). SM22 is a
repressor of matrix metalloproteinase 9 (Mmp9), that functions as a type IV collagenase
[36]. Mmp9 is involved in blood vessel remodelling and is involved in the proteolysis of
collagen I and in the modification of platelet-derived growth factor (PDGF) [37], but more
interestingly, VEGF is substrate of Mmp9. Other notable genes differentially regulated in
our model that have been previously studied include Collal (Collagen type 1 alpha 1) [33],
Ccnb2 (cyclin B2) [31], and Actn4 (actinin alpha 4) [4].

Protein-Protein Interaction

DEGs were also screened for potential protein-protein interaction networks. 4 subnetworks
could be identified (figure 3). As expected, certain of these proteins have already been
studied as single proteins in glomerular injury [4, 31, 33, 38]. However, interconnections
with other proteins have not been delineated and is therefore of major interest as it relates to
the events in a systemic approach. The four clusters found describe the main processes in the
glomerulus during the early phase of PHN coinciding and perhaps underlying the onset of
proteinuria. These included: (i) DNA damage and repair genes (cluster 1); (ii) extra cellular
matrix genes (cluster 2); (iii) deregulation of cytokines and growth factor genes (cluster 3);
(iv) rearrangement of the cytoskeleton (cluster 4).

Cluster 1 represents the network with the highest density and the most interactions within
the identified proteins (Figure 3.A). Proteins in this cluster are mainly involved in cell cycle.
The five interacting proteins are Cdc2A, Ccnbl, Pcna, Gadd45a and Gadd45g. The Ccnbl
gene encodes Cyclin B1 protein. Together with Cdc2A (cell division cycle 2 protein), they
form a serine/threonine kinase holoenzyme that is also known as maturation promoting
factor (MPF). MPF induces the cell to undergo mitosis by phosphorylating cyclins and other
cell division proteins.

The proliferation promoting action of Cdc2A and Ccnbl as MPF is inhibited by Gadd45
(growth-arrest DNA damage-45). Gadd45 is a protein associated with DNA damage and is
up-regulated in sublytic injury activated by C5b-9 [38].

When bases in the DNA are modified by reactive oxygen species (ROS), Gadd45 detects the
modified sites by binding, thereby tagging them for repair. In the identified network Gadd45
interacts with Pcna (proliferating cell nuclear antigen) (Figure 3.A). Pcna has a role in DNA
damage repair, as we have previously reported in this model [39]. In the current dataset Pcna
was increased in PHN at day six as has been previously reported, suggesting activation of
repair processes in the injured tissue [40]. Taken together, the protein-protein interactions
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support the hypothesis of ROS induced damage and repair. Also represented in this cluster,
cell cycle inhibitory proteins are induced to prevent the cell from undergoing proliferation.

Proteins in cluster 2 (Figure 3.B) relate to extra cellular matrix proteins. One such protein is
Fibronectin 1 (Fn1), is involved in many cellular processes and mechanisms like adhesion,
fibrosis, cellular stress. Fnl is increased by Tgf-B1 dependent and independent mechanism
[41]. Fnl and Tgf-B1 increase SPARC an extra cellular matrix protein, which is strongly
correlated with podocyte loss due to mechanical strain [42]. Osteopontin, or Sppl (secreted
phosphoprotein 1) also present in cluster 2, is expressed in the distal tubular cells [43, 44].
Osteopontin, a protein ligand for CD44, which functions as lymphatic receptor for
hyaluronic matrix proteins. Up-regulation of osteopontin in the kidney thereby influences
monocyte migration into renal compartments and aggravates the immune response after the
initial injury [45].

Cluster 3 demonstrates an interaction network of Tgf-f (transforming growth factor )
isoforms (Figure 3.C). Cytokines from the Tgf-B superfamily have a role in many cellular
functions. Isoforms of Tgf- are a major cause of renal fibrosis [46, 47]. We have previously
reported on the differential expression of TGF-f3 isoforms in PHN [48]. Tgf-p has recently
been shown to also induce podocyte apoptosis and reduce proliferation by limiting cell cycle
progression [49]. In this model isoforms of Tgf-p were found stronger expressed after the
onset of proteinuria, reflecting changes of the extra cellular matrix and complement injury.

DEGs in cluster 4 (Figure 3.D) are proteins with a structural function, some of which have a
role in the cytoskeleton. For example, the extra cellular protein vimentin (Vim) was
markedly increased after the onset of proteinuria. Vimentin is usually expressed in the
mesenchymal tissues and upregulation suggests the early onset of mesenchymal transition of
parts the glomerulus tissue. VVimentin expression is also associated in wound healing and is
correlated with expression of smooth muscle proteins [50].

Myosin heavy polypeptide 9 (Myh9) is another structural protein with functions in
cytoskeleton. Myh 9 encodes for myosin-11A, a non-muscle myosin heavy chain protein.
Myosin-11A is part of the actinomyosin complex, it mediates cortical contraction in cell
motility and is involved in changes of cell morphology in many cell types [51] and co-
localizes with actin stress fibers [52].

The microarray data reported in this manuscript represent the serial changes in glomerular
gene expression in early experimental membranous nephropathy prior to and following the
onset of proteinuria. While many proteins and genes have been studied individually using
other methods, profiling the full transcriptome broadens our understanding of the possible
mechanisms underlying the onset and progression of PHN. Although merely descriptive in
nature, microarray technology provides further insight into disease manifestation and
progression, reveals novel protein interactions which serve to generate new hypotheses for
further functional experiments and gives clues to potential novel therapeutic targets to
modify disease.
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Figurel. Proteinuria
Graph in figure 1 is showing total protein excretion of rats at the baseline (day 0) and after

induction of disease (day 3 and day 6).
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Figure 2. Enriched biological processes

Page 12

Enriched biological processes and number of differentially expressed genes are given in
figure 2. Numbers in brackets depict expected gene numbers according to the background

distribution of all human genes.
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Figure 3. Protein interaction modules

Graphical visualization of the top four network modules. Node fill colour indicates the
measured fold-change, where green represents down regulated genes (light green < -1.5,
dark green < —2) and red represents upregulated genes (orange <1.5, red >1.5, dark red >2).
The node’s border colour indicates the subcellular localization of the protein (yellow for
membrane and blue for extra cellular). Hexagon shape of the node represents DEGs and
circular shape represents direct interacting proteins.
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Figure4. SM22 levelsin PHN

(A) Staining for SM22 is absent in control glomeruli, but is detected in the blood vessels.
(B) SM22 staining is detected in the glomerulus at day 3 of PHN, in a podocyte distribution.
(C) SM22 staining is markedly increased at day 6 of PHN in podocytes. Staining was absent
when the primary antibody was omitted (not shown).
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