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The study on podocyte injury and
altered expression of podocyte-associated molecules

in canine glomerular diseases
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General Introduction

Glomerular diseases are thought to be the common cause of chronic renal failure in
dogs (Macdougall et al., 1986). Non-selective proteinuria, which is major clinical
manifestation in glomerular disease induce tubulointerstitial injury, and raise loss of
functional nephron (Nangaku, 2004). Thus, early detection and treatment of podocyte
and glomerular injury is meaningful for preventing progressive renal disorder in dogs.

Podocyte is the specially-differentiated epithelial cells covers with glomerular
basement membrane. The cells have ultrastructure called foot process (FP) and slit
diaphragm (SD) in the peripheral. In humans and experimental models, it has been
known that podocyte injury profoundly associated with protein leakage from glomerular
capillary walls (Pavenstadt et al., 2003). Moreover, molecules express on FPs and SDs
called podocyte-associated molecules were mutated or decreased expression in
podocyte and glomerular injury (Huh ez al., 2002; Kestila ef al., 1998). These molecules
such as nephrin, podocin and a-actinin-4 have important role to maintain structure and
function in podocyte with molecular interaction, and its aberrant involved in podocyte
pathogenesis (Boute er al., 2000; Cybulsky ef al, 2009). Firstly, Kestila et al
positionally cloned nephrin as responsible gene in human congenital nephrotic
syndrome in 1998. Afterward, knowledge of podocyte and its specific molecules have
been rapidly brought out in the last decade. These molecules are now used as functional
markers, and alteration of molecules have also been revealed in acquired glomerular
diseases such as minimal change disease, focal segmental glomerulosclerosis,
membranous glomerulopathy (Schmid et al., 2003), IgA nephropathy (Mao ef al., 2006)
and diabetic nephropathy (Langham ef al., 2002).

In canine glomerular diseases, the podocyte pathogenesis remains unclear and the
expression and change of the molecules have not been elucidated. We thought the
analyses of the molecular expression are essential for functional evaluation in podocyte,
as well as morphological study by electron microscopy. The aim of the study is to reveal
podocyte injury and altered expression and localization of podocyte-associated
molecules in spontaneous glomerular diseases in dogs.

In chapter 1, we define protein expression and localization, and mRNA expression of
nephrin, podocin, o-actinin-4 and o3-integrin, which have critical role for normal
structure and function of SD and FP. We also show length of SD in normal canine
glomeruli that have never been examined. In this chapter, we develop the polyclonal
canine nephrin antibody, primers of four molecules and glomerular isolation methods in

dogs. On the basis of the results in the chapter 1, we analyze the altered expression of



the four molecules with ultrastructural changes in diseased podocyte using canine renal
biopsies in chapter 2. In the chapter, we reveal podocyte injury accompanied by
ultrastructural changes, altered localization and expression of nephrin, podocin,
o-actinin-4, a3-integrin and WT1, reduction of the cell number and increased nephrin
mRNA expression. We also show the correlation between urinary/protein ratio and

molecular expression score, and WT1 index and molecular expression score.



Chapter 1

Expression of nephrin, podocin, a-actinin-4 and a3-integrin

in normal canine glomeruli



Abstract

The biologic features of podocytes that contribute to the pathogenesis of proteinuria
have not been investigated in dogs. The aim of this chapter was to investigate the
expression and localization of nephrin, podocin, a-actinin-4 and a3-integrin in canine
renal glomeruli. Renal cortical tissue was collected from the kidneys of five normal
adult beagles. Western blotting and immunofluorescence microscopy revealed specific
expression and localization of the four proteins in canine glomeruli. On
immunofluorescence, the staining of the molecules was linear pattern, and nephrin and
podocin was limited to the glomeruli, while a-actinin-4 was positive in the mesangial
area and wall of arterioles, and o3-integrin in the mesangial area and a few tubules.
Western blot analysis showed bands of 180 kD (nephrin), 42 kD (podocin), 105 kD
(c-actinin-4) and 130 kD (a3-integrin). Expression of genes encoding the four
molecules in isolated glomeruli was detected by reverse transcriptase polymerase chain
reaction. The results of the chapter will permit future exploration of podocyte injury and

its involvement in protein leakage from the capillary wall in canine glomerular diseases.



Introduction

The podocyte is a terminally-differentiated cell that gives rise to cell processes and
foot processes (FPs), which cover the outer surface of the glomerular basement
membrane (GBM). FP interdigitate with those of adjacent podocytes, and
30-40-nm-wide slits between FPs are bridged by specific intercellular junctions called
slit diaphragm (SD). Podocyte-associated molecules are expressed in the FPs and SDs,
and play a crucial role in the structure and function of the podocyte.

In human and experimental animal models, it has been revealed that podocyte injury
causes development of proteinuria and glomerulosclerosis (Pavenstadt er al., 2003).
Podocyte injury is often accompanied by FPs and SDs effacement. In association with
these morphological features, a number of molecules including SD components,
cytoskeleton-associated proteins or adhesion molecules, are decreased in podocytes. For
instance, nephrin, which is a major component of the SD, was identified as a mutated
glomerular protein in human congenital nephrotic syndrome (Kestila ef al., 1998), and
reduced nephrin expression has been related directly to proteinuria in acquired nephrotic
glomerular diseases (Furness ef al., 1999; Huh et al., 2002). The NPHS2 gene, which
encodes podocin, was identified as the gene responsible for autosomal recessive
steroid-resistant nephrotic syndrome (Boute ef al., 2000). In the proteinuric state,
down-regulation and shift localization of podocin has been observed (Nakatsue et al.,
2005). Altered expression of o-actinin-4, which is an actin cross-linking protein
expressed in FPs, has been observed in injured podocytes (Cybulsky et al, 2009;
Wagrowska-Danilewicz et al., 2006). Decrease in expression of o-actinin-4 is thought
to occur with actin aggregation in FPs. o3f1-integrin heterodimers contribute to
podocyte-GBM adhesion, and it has been shown that a3-integrin has an essential role in
the formation of podocyte FPs in mutant mice (Kreidberg ef al., 1996).

Morphological abnormality of podocytes has been observed in domestic animals with
proteinuria; however, the association between podocyte-associated molecules and
functional or morphological abnormality of podocytes has not been demonstrated. In
dogs, glomerular diseases are thought to be the most common cause of chronic renal
failure (Macdougall et al., 1986). Glomerular and podocyte damage cause proteinuria
and result in tubular and interstitial injury. Therefore, it is important to detect podocyte
injury and treat glomerular diseases at an early stage, in order to prevent progressive
loss of renal function in dogs. However, the expression or dynamics of
podocyte-associated molecules in the canine renal glomeruli have not yet been

investigated.

The aim of this chapter was to define the expression and localization of nephrin,



podocin, a-actinin-4 and o3-integrin in the canine renal glomeruli.

Materials and Methods
Animals

Kidney tissue was obtained from four male and one female adult beagle dogs
(numbered 1-5), aged between 1 and 5 years. All dogs were confirmed to be healthy by
physical examination and no renal dysfunction was revealed by serum biochemistry and
urinalysis. These dogs were humanely destroyed in accordance with the guidelines

approved by the Animal Research Committee of Azabu University.

Light Microscopy

A portion of the kidney tissue from the five beagles was fixed in 10% neutral buffered
formalin, processed routinely and embedded in paraffin wax. Sections (3 pm) were
stained with haematoxylin and eosin (HE) and periodic acid-Schiff (PAS). The presence
of glomerular or tubulointerstitial lesions was examined by light microscopy.

Transmission Electron Microscopy

To observe podocyte FPs and SDs, renal cortex from three dogs (numbers 1-3) was
cut into 1-mm?® cubes, fixed in 2.5% glutaraldehyde and post-fixed in 1% OsQ, for 2 h.
The fixed specimens were then dehydrated through ascending grades of alcohol and
embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and-lead
citrate and a JEOL 1210 transmission electron microscope (JOEL, Tokyo, Japan) at §0
kV was used for examination. In each sample, ten examples of SDs in transverse section
were examined in order to calculate the length of the SDs.

Antibodies

The polyclonal antibody specific for canine nephrin was prepared by immunizing
rabbits with a synthetic peptide. A peptide located in the extracellular region of the
deduced amino acid sequence (NCBI database, accession number: XP_541685) was
chosen as the immunogen. The sequence of the peptide is RIPRFPRYRLEGDPSRG.
Two rabbits were immunized with the peptide conjugated to the carrier protein keyhole
limpet haemocyanin (KLH), and the rabbits were boosted four times with antigen. Two
weeks after the final immunization the rabbits were anaesthetized and blood was taken
by cardiac puncture before the animals were humanely destroyed. For antibody
purification, free peptide antigen was coupled to a HiTrap NHS-activated HP column
(GE Healthcare, Buckinghamshire, UK) according to the manufacturer’s instructions.



Rabbit anti-canine nephrin peptide immunoglobulins were eluted using 100 mM
glycine-HCL (pH 3.0). The antibody was used for immunofluorescence microscopy (IF;
at a dilution of 1 in 50) and western blotting (1in 500 dilution).

For detection of the other three podocyte-associated molecules the following reagents
were used: rabbit anti-human podocin (Sigma, St Louis, Missouri; 1 in 200 dilution for
IF), mouse anti-a-actinin-4 (clone 4D10, Abnova, Taipei, Taiwan; 1 in 100 dilution for
IF), rabbit anti-human o3-integrin (Chemicon, Temecula, California; 1 in 500 dilution
for IF) and mouse anti-vimentin (clone V9, Dako, Glostrup, Denmark; 1 in 50 dilution
for IF).

Immunofluorescence Microscopy

Cryostat sections (3 pm) of fresh dog kidney were fixed in acetone for 1 min at -20 °C
and washed with cold phosphate buffered saline (PBS, pH 7.2, 0.01M). For nephrin and
a-actinin-4 were pretreated by incubation in citrate buffer (pH 6.0) in a microwave for
10 min at 90 °C. After incubation with 4% BlockAce™ (Yukijirushi, Sapporo, Japan)
for 10 min at room temperature, sections were incubated with the primary antibodies at
4 °C overnight. Following washing with cold PBS, the secondary antibodies were
applied and incubated for 20 min at room temperature, and then washed off with cold
PBS. The secondary antibodies were: anti-rabbit immunoglobulin (Ig) G conjugated to
fluorescein isothiocyanate (FITC; Cappel, Aurora, Ohio; 1 in 500 dilution),
FITC-conjugated anti-mouse IgG (EY laboratories Inc., San Mateo, California; 1 in 100
dilution) or rhodamine-conjugated anti-mouse IgG (Chemicon; 1 in 400 dilution). To
characterize the localization of canine nephrin, double immunofluorescence with
antibodies specific for nephrin and vimentin was carried out. For examination, a
FSX100 fluorescence microscope (OLYMPUS, Tokyo, Japan) with BP filters
(BP460-495 for FITC, BP530-550 for rhodamine, OLYMPUS) was used.

Isolation of the Glomeruli

For western blotting and reverse transcriptase polymerase chain reaction (RT-PCR),
the glomeruli were isolated by the sieving method as reported (Sugimoto et al., 1994).
Briefly, renal cortical tissues was minced in cold PBS and then sieved through 600, 250
and 125 pm pore-size stainless-steel meshes with cold PBS. The material retained on

the 125-pm pore-size mesh was of high glomerular purity (Fig. 1) and was collected
into cold PBS.

Western Blotting



The renal cortex and isolated glomeruli were homogenized in a Dounce homogenizer
in RIPA buffer (consisting of 0.1% sodium dodecyl sulphate [SDS], 1% TritonX-100,
150 mM NaCl, 1% sodium deoxycholate and 10 mM ethylenediaminetetraacetic acid
[EDTA] in 25 mM Tris-HCI, pH 7.2) and the protein concentrations of these samples
was assayed by the Lowry method (DC Protein Assay, Biorad, Hercules, California).
For SDS-polyacrylamide gel electrophoresis (SDS-PAGE), samples were mixed with an
equal volume of sample buffer and boiled for 5 min. Proteins (10 pg/lane) were run on
10% polyacrylamide slab gels and transferred to polyvinylidene fluoride membranes.
The membranes were blocked with 5% skimmed milk in PBS with 0.1% Tween 20 for 1
h at room temperature and incubated overnight with the primary antibodies (antibody
concentrations were one-tenth of those used for [FM) at 4 °C. After washing with 5%
skimmed milk in PBS with 0.1% Tween 20, the membranes were incubated with a
horseradish  peroxidase = (HRP)-conjugated goat anti-rabbit IgG antibody
(DakoCytomation, Glostrup, Denmark; 1 in 1000 dilution) or HRP-conjugated rabbit
anti-mouse IgG antibody (DakoCytomation; 1 in 1000 dilution). Immunoreactivity was

visualized using an enhanced chemiluminescence system (GE Healthcare).

Reverse Transcriptase Polymerase Chain Reaction

Total RNA was extracted from the renal cortex and isolated glomeruli using TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, California). Extracted total RNA was
treated with RNase-free DNase (Promega, Madison, Wisconsin) and used in a reverse
transcription reaction employing the Superscript III first-strand synthesis system for
RT-PCR (Invitrogen Life Technologies). Primer sequences were derived by determining
the predicted mRNA sequences of Canis familiaris nephrin precursor (NCBI database,
accession number: XM 541685), podocin (XM _547443.2) and ACTN4 (encoding
o-actinin-4) transcript variant 1 (XM_541640.2). The mRNA sequence of human
a3-integrin transcript variant a (NM_002204.2) was accessed as the predicted sequence
for the canine molecule was not available on the database.

The primer sequences were as follows: canine nephrin forward,
TGGTCCGACTTGTTGTCAGATT; reverse, ACAGTGGAGAGTGGCAGAACTTG;
canine podocin forward, GGAGAGAACAGAAATTAAGGATGTAAGG; reverse,

TGCGCTTCGGCTTCCA; canine ACTN4 forward,
GGACATTCCCAAGATGTTGGAT; reverse, GGTAGAAGCTGGACACATAGGTCAT.
a3-integrin forward, TGGTGGGCAAGTGCTACGT; reverse,

TGCACATCTCGTTGTGGTAGGT. Amplification of canine glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a housekeeper and the primers for this reaction
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were: forward, GGCACAGTCAAGGCTGAGAAC; and reverse,
CCAGCATCACCCCATTTGAT. The PCR reaction with Takara Ex Taq (Takara Shuzo,
Ohtsu, Japan) was performed as follows: denaturation at 94 °C for 5 min, 40 cycles of
denaturation at 94 °C for 30 sec, annealing at 52 °C (nephrin and ACTN4), 54 °C
(podocin), 55 °C (a3-integrin) and 56 °C (gapdh) for 30 sec, extension at 72 °C for 1
min and final extension at 72 °C for 5 min. The amplification products were separated
on 2% agarose gels and stained with ethidium bromide. Sequencing analysis was

performed on the amplification product of each molecule.

Results
Light Microscopy

Light microscopy revealed that significant renal lesions were not observed in all dogs
(Fig. 2).

Ultrastructure

Transmission electron microscopy revealed that FPs were arranged perpendicular to
the GBM, and SD connected adjacent FPs in transverse section (Fig. 3). The length of
the SD was 379 + 24.4 A (mean + SD). The results evidenced that podocyte had normal
FPs and SDs in glomeruli of the dogs.

Localization and Expression of Nephrin, Podocin, a-actinin-4 and o3-integrin

Immunofluorescence microscopy revealed that the immunoreactivity of canine nephrin,
podocin, a-actinin-4, a3-integrin in the glomeruli showed a diffuse pattern along the
glomerular capillary wall (Fig. 4). The staining of nephrin was linear and didn’t merge
with that of vimentin, which is considered to be localized in the podocyte cell body and
cell processes (Fig. 4a-c). The staining patterns of podocin, o-actinin-4 and o3-integrin
were also linear (Fig. 4d-f). The immunoreactivity of nephrin and podocin was limited
to the glomeruli, while a-actinin-4 was positive in the mesangial area and wall of
arterioles, and o3-integrin in the mesangial area and a few tubules.

Western blot analysis showed bands of the expected size for each molecule in the
isolated glomeruli (Fig. 5), and the molecular weights were: 180 kD (nephrin), 42 kD
(podocin), 105 kD (a-actinin-4) and 130 kD (a.3-integrin). Preimmune rabbit serum for
canine nephrin did not generate a band.

Nephrin, Podocin, ACTN4 and a3-integrin Gene Expression
In the renal cortex and isolated glomeruli, mRNA of neprhin (104 bp), podocin (75 bp),

11



ACTN4 (92 bp) and a3-integrin (84 bp) were revealed by RT-PCR (Fig. 6). Sequencing
analysis of the amplification product showed identification to partial sequences of

predicted canine nephrin, podocin and ACTN4 (100%), as well as human a3-integrin
(96.4%).

Discussion

To confirm the morphological integrity of SD, we observed the ultrastructure of SD in
dog. Although detailed characterization of SD in dog has not been reported,
observations of its length and structure in this study showed it to be very similar to SD
in other mammals (Ichimura et al, 2007, Rodewald and Karnovsky, 1974).
Immunofluorescence microscopy revealed distinct expression of nephrin, podocin,
o-actinin-4 and o3-integrin in canine glomeruli. The staining pattern of these proteins
was diffuse, covering the surface of GBM, and might correspond to the localization of
podocytes. There were small differences in the staining patterns of the molecules. We
think this may arise from differences in molecule localization in the podocyte.
Localization of nephrin, podocin, a-actinin-4 and a3-integrin in rodent and human
podocytes has been reported in SD (Holzman et al, 1999), the cytoplasmic face
adjacent to the SD (Roselli et al., 2002), FPs (Ichimura ef al., 2007) and the plasma
membrane attached to GBM as well as the mesangial area (Bains et al, 1997),
respectively. Our IF results revealed that the staining pattern and localization of these
proteins in canine podocytes were similar to that reported in humans (Kaplan er al.,
2000; Koop et al., 2003), rats and mice (Dai et al, 2006; Kanasaki ef al., 2008;
Nakatsue et al., 2005).

The results of Western blot analysis using isolated glomeruli reflected the distinct
localization of each molecule in the glomeruli. We developed an antibody against
nephrin that specifically recognized canine nephrin. Using RT-PCR, we also determined
the gene expression of each molecule in canine glomeruli.

Several proteins in podocytes have been reported to be closely associated with
maintenance of podocyte and SD in humans, rats and mice (Kawachi et al., 2006). The
four proteins we investigated in the chapter are regarded as key molecules in
development of proteinuria. In fact, nephrin is a signaling receptor molecule, and its
C-terminal cytoplasmic domain functionally interacts with other molecules, such as
podocin, CD2AP and actin cytoskeleton (Saleem ef al., 2002). Podocin is a hairpin-like
stomatin family protein and a raft-associated component of the SD. It is thought that
nephrin and podocin have crucial roles in the function of SD, through interaction with

other signaling molecules in lipid raft-based signaling platforms (Huber ez al., 2001;
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Schwarz et al., 2001). Moreover, gene mutation of ACTN4 causes autosomal-dominant
focal segmental glomerulosclerosis in patients (Kaplan et al., 2000). o-Actinin-4
interacts with the cytoplasmic domain of B1-integrin via integrin-linked kinase (ILK). It
has been revealed that a-actinin-4 and a.3B1-integrin are implicated in the regulation of
podocyte adhesion and survival, mediated by integrin signaling (Dai et al., 2006).
Therefore, expression analysis of these molecules in the podocyte might be necessary in
the pathologic study of canine glomerulonephropathy.

Our results would be invaluable for further analysis of podocyte injury and its

involvement in protein leakage from the capillary wall in canine glomerular diseases.
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Figures

Figure. 1. Isolated glomeruli from a dog. Contamination of

tubules and blood vessels are not observed.

P et

Figure. 2. Kidney from dog No. 2. there are no significant
renal lesions. PAS. Bar, 250 um (inset 50 pm) .
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Figure. 3. Transmission electron microscopy of the canine glomerulus. A transverse
section of the FPs is shown. FPs are arranged perpendicularly to the GBM and SDs
connect adjacent FPs (arrows). The mean length of the SD was 379 + 24.4 A. SS,
subpodocyte space; CL, capillary lumen. Bar, 200nm.

Figure. 4. Localization of the podocyte-associated proteins in the canine glomerulus.
(a) neprhin. (b) vimentin. (¢) Double labelling for nephrin and vimentin. Localization
of nephrin (green) is distinct from that of vimentin (red), which is associated with the
podocyte cell body and cell processes. (d) podocin. (¢) a-actinin-4. (f) a3-integrin. In
(e) and (f), the mesangium of the glomerulus is also labelled. IF. Bar, 50 pm.
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Figure. 5. Podocyte-associated protein expression in canine glomeruli. G, isolated
glomeruli; C, cortex. Bands equating to nephrin (180 kD), podocin (42 kD) and

o3-integrin (130 kD) are only detected in the isolated glomeruli. A band equating to

a-actinin-4 (105 kD) was noted in both the isolated glomeruli and cortical extract.

G C
nephrin
(104 bp)
podocin
(75 bp)
ACTN4
(92 bp)

— a4-integrin
(84 bp)
GAPDH
(101 bp)

Figure. 6. Expression of mRNA encoding nephrin, podocin, ACTN4 and

o3-integrin in extracts of canine glomeruli. G, isolated glomeruli; C, cortex.
The contents of Chapter 1 have been published as Expression of nephrin, podocin,
a-actinin-4 and a3-integrin in canine renal glomeruli. J Comp Pathol. 145(2-3):220-225.

2011.
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Chapter 2

Podocyte injury and altered expression and localization of

podocyte-associated molecules in canine glomerular diseases
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Abstract

Glomerular disease is the common renal disease in dogs and the disease may progress
to chronic renal failure. Podocyte injury and altered expression of podocyte-associated
molecules closely related to protein leakage from capillary walls in humans, mice and
rats. However, the pathogenesis of podocyte has not been elucidated in canine
glomerular diseases. In this chapter, we reveal altered expression and localization of
nephrin, podocin, o-actinin-4, o3-integrin and WT1 with podocyte injury in diseased
glomeruli of dogs. Twenty-one canine renal biopsies and renal tissue of 5 adult beagles
for comparison were used. The 21 cases were divided into three groups as
immune-mediated glomerular disease (IMGD), non-immune mediated glomerular
disease (NIMGD) and non-glomerular disease (non-GD). In IMGD and NIMGD,
various degree of podocyte injury was confirmed on electron microscopy. Decreasing
expression of molecules, especially nephrin, was revealed in all glomerular disease. The
localization of nephrin and o-actinin-4 were changed. In correlation tests, the
expression score of nephrin and podocin negatively-correlated with urinary
protein/creatinine ratio. In membranous nephropathy, molecular depression reflected
morphological severity in glomeruli. WT1 positive podocyte/glomerular area was
significantly decreased in IMGD and NIMGD and WT1 expression was reduced in
injured podocyte. Nephrin mRNA in diseased glomeruli was demonstrated a 26.2-fold
higher as compared to normal glomeruli. These results lead us to conclude that podocyte
injury with altered expression and localization of podocyte-associated molecules closely

involves the pathogenesis in canine glomerular diseases.
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Introduction

Glomerular disease is the common renal disease in dogs, which progressively lead to
chronic renal failure and end-stage renal disease.(Macdougall et al, 1986;
Muller-Peddinghaus and Trautwein, 1977) Regardless of causes and pathogenesis, the
glomerular injury induces protein leaking to urine, and persistent non-selective
proteinuria commonly raises tubulointerstitial damage through direct or indirect
effects.(Nangaku, 2004) Thus, early detection and treatment of glomerular disease is
necessary for preventive of loss of renal function in canine renal disease.

In glomerular disease, podocyte injury is profoundly associated with protein leakage
from capillary walls. Morphological changes of podocyte such as effacement of slit
diaphragms (SDs) and foot processes (FPs) are revealed by electron microscopy in
proteinuric state.(Scaglione et al., 2008) In humans, mice and rats, ultrastructural
podocyte changes are accompanied by altered expression of podocyte-associated
molecules that express in SDs and FPs. These molecules maintain podocyte function
and its specific structure with each molecular interaction.(Dai et al., 2006; Otaki ef al.,
2008) Podocyte injury is raised in various glomerular diseases, and primary or
secondary damage are involved in podocyte pathogenesis. For instance, NPHSI
(nephrin gene) and NPHS2 (podocin gene) mutations cause congenital nephrotic
syndrome of the Finnish type and autosomal-recessive steroid-resistant nephrotic
syndrome in children, respectively.(Boute et al., 2000; Kestila et al., 1998) In acquired
human glomerular disease, it has been suggested that decreased expression of
podocyte-associated molecules such as nephrin, podocin, a-actinin-4 and podocalyxin
involved in development of proteinuria.(Guan et al., 2003; Koop et al, 2003)
Furthermore, it has been reported that the molecules were decreased and changed the
localization in nephrotic experimental models.(Guan et al., 2004; Nakhoul et al., 2005)
On "the other hands, podocyte injury also adversely affect on other
podocytes,(Matsusaka ef al., 2011) endothelial cells,(Hauser et al., 2009) or mesangial
cells in glomeruli.(Morioka ef al, 2001) Therefore, podocyte injury and altered
expression of the molecules closely interact with glomerular injury. In addition, the
podocyte is noted as therapeutic target for progressive glomerular disease because
podocyte have poor regenerative abilities.

In canine glomerular diseases, podocyte injury and dynamics of podocyte-associated
molecules have not been revealed. Recently, ichii et al. reported that expression of
nephrin and o-actinin-4 were decreased in chronic kidney diseases in dogs.(Ichii ef al.,
2011) However, it has not been unclosed that alteration of podocyte-associated

molecules in early and primary injury of podocyte and glomeruli in dogs. We previously

19



defined protein and mRNA expression of nephrin, podocin, a-actinin-4 and o3-integrin
in normal canine glomeruli.(Kobayashi et al., 2011)
The aim of the study is to reveal alterations of nephrin, podocin, o-actinin-4,

a3-integrin and WT1 with podocyte injury in canine glomerular diseases.

Materials and Methods
Renal Biopsies and Controls

The clinical data and pathologic diagnosis of 21 dogs employed in the present study is
shown in Table 1. Clinically, the 16 dogs with glomerular disease prominently showed
moderate to high degrees of proteinuria in urinalysis, which ranged from 1.4 to 9.8 as
urinary protein/creatinine ratio (UPC), or 2+ or 3+ examined by reagent strip. Dogs
were of various breeds, aged from 10 months to 12 years, nine males and nine females.
These biopsies were surgically carried out by opening the abdominal cavity of the dogs
using 16 or 18-gauge Tru-cut-type needles. One third of biopsy tissue was fixed in 10%
neutral-buffered formalin for histological examination, another one third was fixed in
2.5% glutaraldehyde for transmission electron microscopy (TEM) and last one third was
embedded in optimal cutting temperature (OCT) compound (Sakura Finetek, Tokyo,
Japan) for IF, and block embedded in OCT compound was snap-frozen and kept at
-80 °C.

The glomerular diseases using in the study including membranoproliferative
glomerulonephritis (MPGN, n=2), mesangial proliferative glomerulonephritis (MePGN,

=2), membranous nephropathy (MN, n=7) which were graded stage I to III, glomerular
amyloidosis (GA, n=1), minor glomerular abnormality (MGA, n=1), focal segmental
glomerulosclerosis (FSGS, n=3). The pathological diagnosis was made based on the
light and electron microscopic changes and immune deposition pattern. In all biopsy,
Over 10 glomeruli were observed for histological diagnosis on light microscopy. The
World Health Organization’s classifications of human glomerular diseases were
consulted.(Churg et al., 1995) The 21 cases were divided into three groups as immune
mediated glomerular disease (IMGD), non-immune mediated glomerular disease
(NIMGD) and non-glomerular diseases (non-GD) for comparison. Immune deposition
in glomeruli were evidenced by direct immunofluorescence (IF) using antibodies of
anti-dog IgG (y) (Kirkegaard and Perry Laboratories, Gaithersburg, MD, 1:500 dilution),
dog C3 antibody FITC conjugated (Bethyl, 1:500 dilution), dog IgA antibody FITC
conjugated (Bethyl, Montgomery, TX, 1:200 dilution) and dog IgM antibody FITC
conjugated  (Bethyl, 1:1000 dilution) for frozen sections. For TEM,
glutraraldehyde-fixed tissues were post-fixed in 1% osmium tetraoxide, and embedded
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in epoxy resin. Ultrathin sections were double-stained with uranyl acetate and lead
citrate, and examined using a JOEL 1210 transmission electron microscope (JOEL,
Tokyo, Japan) at 80 kV. Ultrastructural changes were investigated in 19 cases except for
No. 9 and 16 in which glomeruli were existed in specimens. Podocyte injury of variable
degree such as effacement of FPs and SDs, aggregated actin-cytoskeleton, increased
microvilli on cell surface, vacuoles in cytoplasm and hypertrophy of cell body were
noted in all 14 cases with glomerular disease. Normal podocyte structures were
confirmed in S cases of non-GD group.

As controls, the renal cortex tissues of 5 adult beagles (two male and three female,
aged 1 to 7 years) were collected. The dogs were confirmed to be healthy by physical
examination and no renal dysfunction was revealed by serum biochemistry and
urinalysis, and humanely destroyed in accordance with the guidelines approved by the
Animal Research Committee of Azabu University. The renal tissues were immediately
collected, which were fixed in 10% neutral-buffered formalin or 2.5% glutaraldehyde,

or embedded in OCT compound for frozen sections.

Semi-quantitative Analyses of Protein Expression of Nephrin, Podocin, a-actinin-4 and
a3-integrin

The protein expression and localization of nephrin, podocin, o-actinin-4 and
a3-integrin were examined by IF. The protocol was following: the frozen sections cut at
3 to 4 um were fixed with acetone at -20°C for 5 min, and washing with cold PBS. For
nephrin and o-actinin-4, sections were pretreated by incubation in citrate buffer (pH
6.0) in a 400 W microwave at 90°C for 10 min. After incubation with 4% BlockAce™
(Yukijirushi) for 10 min at room temperature, the primary antibodies were applied and
reaction was forwarded at 4°C overnight. The primary antibodies were anti
canine-nephrin (we prepared the antibody in previous report(Kobayashi et al., 2011)),
anti-human podocin (Sigma, St Louis, Missouri; 1:200 dilution), mouse
anti-a-actinin-4 (clone 4D10, Abnova, Taipei, Taiwan; 1:100 dilution), rabbit
anti-human o3-integrin (Chemicon, Temecula, California; 1:500 dilution). Following
washing with cold PBS, the secondary antibodies were applied and incubated for 30
min at room temperature, and then washed off with cold PBS. The secondary antibodies
were anti-rabbit IgG conjugated to fluorescein isothiocyanate (FITC; Cappel, Aurora,
Ohio; 1:100 dilution) or FITC-conjugated anti-mouse IgG (EY laboratories Inc., San
Mateo, California; 1:100 dilution). For examination, a FSX100 fluorescence microscope
(OLYMPUS, Tokyo, Japan) with BP filters (BP460-495 for FITC, BP530-550 for
rhodamine, OLYMPUS) was used.
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Expression of nephrin, podocin, o-actinin-4 and o3-integrin was evaluated
semi-quantitatively using the formula described by Macconi et al.(Macconi et al., 2000)
In particular, expression score of individual glomerulus was determined as follows: 0,
globally and severe decreased expression; 1, globally and moderate or segmentally (25
to 75%) decreased expression; 2, globally and mild or segmentally (fewer than 25%)
decreased expression; 3, normal expression. The number of glomeruli using the
evaluation in the dogs was 4 to 50. The conclusive score in each molecule was
calculated as the mean S = [(0 x Np) + (1 x N|) + (2 x Np) + (3 x N3)] / (Ng+ Ny + Ny +

N3) that N (i = 0 to 3) is the number of glomeruli in each sections.

Counting Analysis of WT'1 Positive Podocyte Numbers

WTI1 protein is specifically express on the nucleus of podocytes in mature renal
tissue.(Mundlos et al., 1993) To investigate the number of WT1 positive podocyte,
immunohistochemistry (IHC) were done as follows: the paraffin embedded sections cut
at 3 to 4 um were deparaffinized and pretreated with pepsin solution (Nichirei, Tokyo,
Japan) at 37 °C for 20 min. After washing with PBS, endogeneous peroxidases were
blocked with 0.3% hydrogen peroxide in methanol for 20 min. Blocking was conducted
with 4% BlockAce™ (Yukijirushi) for 10 min at room temperature, and anti-WT1
antibody (clone 6F-H2, Dako; 1:100 dilution) were applied and incubated at 4°C over
night. Following washing with PBS, peroxidase-conjugated anti-mouse IgG (Nichirei,
Tokyo, Japan) was applied. The sections were developed with diaminobenzidine (DAB)
and counterstained with methyl green. The number of WT1 positive podocytes was
counted and glomerular area was calculated for each glomerulus in 21 renal biopsies (all
glomeruli in each specimen) and normal 4 beagles (each 50 glomeruli). Each index was
represented by the number of WT1 positive podocytes per glomerular area. WT1 index
were compared among IMGD, NIMGD, non-GD and normal dogs, and correlation
between WT1 index and molecular expression score were analyzed by Spearman’s

correlation tests.

Correlation Test between UPC and molecular score

To investigate a role for selective filtration of podocyte specific molecules in glomeruli,
we compared expression scores of nephrin, podocin, a-actinin-4 and o3-integrin with
UPC in 18 cases of renal biopsies excepted for 3 cases (No, 5, 12, 14) which were not

measured UPC. Spearman’s correlation tests were used to assess.
Quantitative Analysis of Nephrin mRNA (NPHS1) Expression
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To compare gene expression of nephrin in glomeruli between cases with
glomerulonephropathy and normal dogs, the laser microdissection (LMD) and the 7500
Real-time PCR system (Applied Biosystems, Foster City, CA) were used. We extracted
100 glomeruli from each biopsy specimen for applicable determination on real-time
PCR in 16 cases of glomerulonephropathy, however, adequate number of glomeruli
could not collected in 9 cases (Nos. 2, 3, 7-9, 11, 12, 14 and 16). In particular, acquired
numbers of frozen section (8 um) were mounted on glass slides covered with PEN foil
(2.5 um thick; Leica Microsystems, Wetzlar, Germany) and fixed with 95% ethanol for
30 sec at room temperature, and hydrated using graded alcohol. The sections were
stained with 0.05% toluidine blue/diethylpyrocarbonate (DEPC)-treated water for 30
sec, and dehydrated using graded ethanol and xylene. In the LMD system, the glomeruli
were manually dissected from the sections. RNA extraction using the RNeasy Plus
Micro Kit (Qiagen, Hilden, Germany) was done and total RNA were dissolved in 14 pl
RNase-free water. The first-strand complementary DNA (¢cDNA) for quantitative PCR
were synthesized form 12 pl of the total RNA solution using a Sensiscript RT kit
(Qiagen), 1 pM random primer (Invitrogen), and 10 U of RNasin ribonulease inhibitor
(Promega) in a 20 pl final volume.

Quantification of NPHS1 and 18S rRNA mRNA expression was done using TagMan
Universal PCR Master Mix (Applied Biosystems), with sample cDNA in a final volume
of 25 pl per reaction. Sequence of primers and probe was follows: canine NPHSI
forward, GCTGGTGTGTTTGGCCATT; reverse, CGGCCGCGGTTCAGT; probe
TCAAGGACTCCCGGACG. The probe was designed at exon-exon junction for
preventing amplification of DNA contamination. Human 18S rRNA primers and probe
were designed by Applied Biosystems and supplied as Tagman Gene Expression Assays
Mix containing a 20x mix of unlabeled PCR forward and reverse primers, as well as
Tagman MGB probe (Assay ID: Hs99999901_s1). The PCR reaction of nephrin was
carried out in duplicate of for each sample and mean values of the gene expression were
calculated as the ration to those of 18S rRNA.

Statistical Analyses

Results were expressed as the mean + SD. In semi-quantitative analysis and counting
analysis of WT1 positive podocyte, differences among groups were identified using
one-way ANOVA test. Comparisons between glomerular disease and controls in
analysis of nephrin mRNA expression were performed by the Mann-Whitney’s U-test. A
P-value of < 0.05 was considered to be statistically significant difference.
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Results
Expression and Localization of Nephrin, Podocin, a-actinin-4 and o3-integrin in
Diseased Glomeruli

The expression and localization of nephrin, podocin, a-actinin-4 and o3-integrin were
changed in 16 cases with glomerular disease. In comparison to normal dogs, the each
expression was decreased to various degrees in both IMGD and NIMGD with podocyte
injury while there are no differences in non-GD (Fig. 1-8). Semi-quantitative analyses
showed alteration of the four molecules in each group (Fig. 9). Generally, nephrin
expression was most reduced, and the decreased expression of each molecule was more
severe in NIMGD than in IMGD. Nephrin, podocin and a-actinin-4 expression were
significantly decreased in NIMGD compared to normal dogs whereas decreased
expression of nephrin and podocin were significant in IMGD. Additionally, staining
pattern of nephrin and o-actinin-4 were characteristically changed in IMGD and
NIMGD. Nephrin pattern were changed to discontinuous granular pattern from normal
linear pattern in Nos. 1, 2, 5, 9-11 and 14-16 (Fig. 1, 5). On the other hand, in Nos. 1, 5,
6, 9, 11, 14 and 15, aggregated pattern of a-actinin-4 was observed on a portion of

glomerular tufts, although expression of a-actinin-4 was diffusely decreased in a typical
(Fig. 3, 7).

Characterization of molecular changes in specific glomerular disease

The molecular alteration in some glomerular disease reflected the severity or features
of the disease. In 7 cases of MN, degree of molecular depression had relation to severity
of morphological changes in glomeruli. For instance, nephrin expression of No. 7 in
which light and electron microscopic changes were sparse (stage I) had only mild
decreased expression of nephrin (Fig. 10-12). On the other hand, it was observed that
nephrin expression was completely depressed in glomeruli of No.11 that diagnosed MN
stage III-IV (Fig. 13-15). The nephrin expression in No. 13 (MGA) was globally
decreased and shifted to pseudolinear or finely granular pattern (Fig. 16-18). In FSGS,
molecular expression was disappearance in sclerotic area (Fig. 19, 20), and also, that

was decreased and changed localization in non-sclerotic glomeruli (Fig. 21, 22).

WTI Positive Podocyte numbers and reduction of WT1 expression in injured podocyte
WT1 positive podocyte/glomerular area was calculated in 21 cases of renal biopsies
and normal dogs (Fig. 23). The index was significantly decreased in IMGD and
NIMGD relative to normal dogs and that of NIMGD was most severely degraded. The
difference between non-GD and normal dogs was not statistically significant. WT1
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index were significantly correlated with molecular expression score (Table. 2., nephrin
and podocin; P = <0.0001, a-actinin-4; P = <0.003, a3-integrin; P = 0.013). Moreover,
reduction of WT1 signals in some podocytes was also observed, which was to be high

frequency in injured glomeruli (Fig. 24, 25).

Correlation between UPC and scores of nephrin and podocin

In correlation tests, scores of molecules tends to negatively-correlated with UPC, and
it was particular significant in nephrin (P = 0.003) and podocin (P = 0.001) (Fig. 26,
Table. 3).

Expression of Nephrin Gene (NPHSI) in Diseased Glomeruli and normal Dogs

As described above, nephrin expression was most decreased in the molecules we
examined and nephrin score was negatively-correlate with UPC. These results lead us to
investigate mRNA expression of nephrin in diseased glomeruli. We quantitatively
compared nephrin expression in 100 glomeruli between 7 cases with glomerular disease
and normal dogs (Fig. 27). As the results, nephrin expression demonstrated a 26.2-fold

higher in diseased glomeruli as compared to normal glomeruli.

Discussion

We revealed altered expression and localization of nephrin, podocin, o-actinin-4,
a3-integrin and WT1 in various canine glomerular diseases in this chapter. In the dogs,
the decreased expression of nephrin and podocin were notable in both IMGD and
NIMGD. In human acquired glomerular diseases, a number of podocyte-associated
molecule showed decreasing of various degree depend on the glomerular
diseases.(Goode et al., 2004; Koop et al., 2003; Schmid et al., 2003) Nephrin and
podocin are recognized the molecule constructing the SDs and it has been revealed that
dysfunction of the SDs accompanied by decreasing of the molecules cause protein
leakage from capillary walls in humans and experimental models.(Boute et al., 2000,
Kawachi et al., 2000) In the chapter, decreasing expression of nephrin and podocin are
accompanied by the loss of SDs observed in TEM, and the changes occurred from early
stage of the glomerular disease as well as humans. Nephrin might especially be the
pivotal role for pathogenesis of both IMGD and NIMGD in dogs, and it could be
sensitive marker for podocyte injury.

The staining pattern of nephrin and o-actinin-4 were characteristically altered in some
cases. It has been reported that linear pattern of nephrin was shifted to granular pattern,

which accompanied by effacement of FPs and SDs, and immunoelectron microscopic
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study revealed redistribution of nephrin into the cytoplasm.(Wernerson ef al., 2003) In
addition, dephosphorylated nephrin lost interaction with podocin and endocytosed into
cytoplasm in proteinuric state.(Quack ef al., 2006) In the study, granular pattern of
nephrin was observed with effacement of slit diaphragm on TEM in several canine
glomerular diseases. We thought alteration of nephrin pattern in canine diseased
glomeruli involved in dysfunction of SDs. Meanwhile, c-actinin-4, which is an actin
cytoskeleton linking protein, maintains podocytes adhesion to glomerular basement
membrane with integrins.(Dandapani et al., 2007) Interaction between o-actinin-4 and
F-actin regulate cytoskeletal dynamics and specific structures of podocyte.(Michaud et
al., 2006; Weins et al., 2007) The aggregated patterns on the partial glomerular tuft in
our cases were accompanied by fusion of foot processes and actin aggregation. Thus,
we thought the changes of o-actinin-4 are associated with reconstructing
actin-cytoskeleton and foot processes in injured podocytes.

The molecular expression in several glomerular diseases was characteristically
changed. The severity of morphological changes had mutual relation to molecular
expression in MN. It has been reported that the decreased expression of nephrin and
podocin  correlated with the histological ~severity in human glomerular
disease.(Perysinaki ef al., 2011) Our data suggested that the progression of canine MN
were accompanied by podocyte injury and its molecular depression, which might be
involved in protein leakage from capillary walls. In a case of MGA, nephrin pattern
were changed to pseudolinear or a finely granular pattern as well as human MGA. In
human, MGA corresponding to histology of minimal change disease (MCD), and it has
been thought that the nephrin pattern we observed might be attributed to global
decreasing the number of SDs in glomeruli of MCD.(Kim er dl, 2002) Altered
expression of nephrin not only sclerotic area but non-sclerotic glomeruli in FSGS
evidenced that podocyte was severely and diffusely injured in the canine glomerular
disease.

To analyze the number of podocyte, counting analysis of WT1 positive cells have
generally been used in humans and experimental models.(Dai et al., 2010) We measured
WT1 positive podocyte number per glomerular area in the dogs and the results
suggested that podocyte number was reduced in IMGD and NIMGD. The reduction of
podocytes, a cells with limited potential for proliferation, is attributed to apoptosis or
detachment from capillary wall in glomerular diseases.(Mundel and Shankland, 2002)
The loss of podocyte leads to irreversible damage and sclerosis in glomeruli. Our data
indicated that podocyte loss was deeply associated with molecular depression and

progression of glomerular injury in canine glomerular diseases. On the other hand, WT1
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expression was prominently decreased in some podocyte. WT1 gene/protein has
important roles in renal development and function of matured podocyte as transcription
factor, and mutations of WTI1 gene induce several nephrotic diseases in
humans.(Morrison et al., 2008) In human cultured podocyte and transgenic mice,
TGF-B1 that was increased expression in various glomerular disease reduce WTI
expression.(Sakairi et al, 2011) Our results suggested that injured podocyte was
reduced WT1 expression in dogs as well as humans. In canine glomerular diseases,
WT1 expression and function in matured podocyte have not been investigated in details.
We speculated that WT1 have a key role not only development of kidney but
maintenance of matured podocyte in dogs.

In the correlation tests, nephrin and podocin score was significantly
negatively-correlated with UPC. In humans, urinary podocyte(Hara ef al., 1998) and
excreted podocyte-associated molecules such as nephrin, podocin and
podocalyxin(Kanno et al., 2003; Sato et al., 2009) have been thought to be useful
biomarker of glomerular injury in urine. In addition, podocyturia might be more
sensitive to assess glomerular damage than proteinuria.(Yu et al., 2005) Our statistical
results suggested that podocyte-associated molecules, especially nephrin and podocin
might reflect glomerular damage in canine glomerular disease. In the previous report,
we revealed that nephrin and podocin expression was limited to glomeruli in the kidney
of dogs.(Kobayashi et al., 2011) In addition, it has been revealed that nephrin mRNA
was detectable in urine of dogs.(Ichii ef al, 2011) For these reasons, nephrin and
podocin in urine could be functional and specific markers of glomerular injury in dogs.

The nephrin gene expression was increased in glomerular disease of our cases
compared with normal controls, although protein expression was decreased. It has been
reported that gene expression of nephrin was either increased(Koop et al., 2003; Schmid
et al., 2003) or decreased(Furness ef al., 1999) in human acquired glomerular disease.
We thought that the inconsistency was attributed to compensatory reaction to the
damage on the podocyte, and analysis of protein expression might be adapted as the
functional evaluation in canine glomerular disease.

In our results, podocyte injury was more severe in NIMGD than IMGD. In IMGD,
podocyte injury presumably induced by glomerular damage which was related to other
causes such as immune deposition to the glomerular tuft and proliferation of the cells in
glomeruli. By contrast, NIMGD group included a case with MGA and 3 cases with
FSGS. In humans, MCD and FSGS are common cause of nephrotic syndrome, in which
morphological changes were mainly observed in podocyte and extensive effacement of
FPs and SDs are noted. Although the pathogenesis of MCD and FSGS has been remains
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unclear, the many studies provide evidence that primary podocyte injury intimately
involves in the diseases.(Mathieson, 2007) For instance, mutations of
podocyte-associated gene such as o-actinin-4 and CD2-associated protein are lead to
FSGS.(Gigante et al., 2009; Kaplan ef al., 2000) Polymorphisms and mutations of the
genes, such as podocin(Franceschini et al., 2006) and WT1,(Orloff et al., 2005) might
be predisposing factors of FSGS in human. In addition, puromycin aminonucleoside
injection which injures podocyte into the rat induced histology resemble to MCD or
FSGS.(Caulfield ef al., 1976; Diamond and Karnovsky, 1986) It has been evidenced that
podocyte and its specific molecules play critical role in MCD and FSGS. In dogs, 2 case
of MCD,(Sum et al., 2010; Vilafranca ef al., 1993) and one case of FSGS(Aresu ef al.,
2010) have only been reported but molecular analyses were not done in the studies. Our
results accentuate significance of assessing podocyte-associated molecules for diagnosis
and analysis of MCD and FSGS in dogs. We thought that analyses of MCD and FSGS
in dogs might contribute to disclosing pathogenesis of podocyte injury.

The results in the present study suggested that podocyte injury more or less contribute
to various canine glomerular diseases. In the view point, podocyte would be promising
therapeutic target for the glomerular diseases in dogs. In humans and experimental
models, the direct benefits for podocyte of various drugs have been evidenced,
including renin inhibitor,(Sakoda et al., 2010) angiotensin-converting enzyme
inhibitors,(Macconi et al., 2009) angiotensin receptor blocker,(Matsusaka ef al., 2010)
statin,(Shibata et al., 2006) rituximab(Fornoni et al., 2011) and immunosuppressive
agents such as cyclosporine A.(Faul et al., 2008) These pharmacological agents are
expected to protect podocyte and prevent loss of renal function in dogs.

In conclusion, we revealed that podocyte injury and altered expression and localization
of nephrin, podocin, ai-actinin-4, o3-integrin and WT1 were induced in various canine
glomerular diseases. All glomerular diseased in the study showed morphological and
molecular changes in podocyte with glomerular injury, although the further
investigation would be needed to reveal whether podocyte is injured in other types of

glomerular diseases in dogs.
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Figures and Tables

Table 1. The clinical data and pathologic diagnosis ofthe 21 dogs

Y e L Y e
1 Jack Russell terrier Cas/6 9.8 114.4 2.8 2 MPGN
2 Jack Russell terrier Sp/6 3.5 21.8 1 1.8 MPGN
3 Labrador retriever Sp/6 5.1 9 0.7 2.1 MePGN
4 Yorkshire terrier Cas/10 1.9 NT NT NT MePGN
Immune 5 Lhasa Apso Sp/12 3+ 11 0.9 3.8 MN stage |
;;eniﬁ:r 6 Miniature Dachshund F/10 2.8 8 NT 2 MN stage |
disease 7 Yorkshire terrier F/6 2.3 233 0.7 4.4 MN stage [
3 Yorkshire terrier E/8 1.4 22.5 0.5 43 MN stage II
9 Papillon Cas/7 6.5 35 1.8 1.4 MN stage I1-111
10 Papillon Cas/12 2.2 46.2 1.1 3 MN stage II-111
11 Boston terrier Sp/10 4.6 28.5 0.6 2 MN stage [1I-1V
12 Beagle Fiunkown  NT NT NT NT GA
Non-Immune 13 Miniature Dachshund Cas/o 9.3 16.4 0.3 23 MGA
;::;a,izgr 14 Welsh Corgi M/12 2+ 58 2.9 1.9 FSGS
disease 15 Welsh Corgi M/ 5 9.4 0.5 2.9 FSGS
16 Miniature Schnauzer M/8 9.3 379 1.9 29 FSGS
17 Welsh Corgi Fl6 0.1 6 12 2.6 tubular degeneration
Non- 18 Australian Labradoodle Cas/2 0.1 30.9 1.4 3.7 renal congenital anomaly
glomerular 19 Chihuahua F/0.8 0.1 37.6 0.7 3.5 renal congenttal anomaly
discascs 20 Bemese Mountain dog M/1 0.3 25 14 3.7 no significant changes
21 Chihuahua Sp/2 3.2 4.5 0.2 2.5 1o significant changes

M: Male, F: Female, Cas: Castrated, Sp: Spayed, Urinary Protein: Urinary protein/creatinin ration or reagent strip, BUN: Blood urea
nitrogen (mg/di), S-Cre: Serum creatinin (mg/dl), Alb: Serum albumin (g/dl), NT: not tested, MPGN: membranoproliferative
glomerulonehritis, MePGN: mesangial proliferative glomerulonephritis, MN: membranous nephropathy, GA: glomerular amyloidosis,
MGA: minor glomerular abnormality, FSGS: focal segmental glomerulosclerosis

Table 2. Correlations between WT1 index and molecular expression score

nephrin*** podocin***  o-actinin-4**  a3-integrin®
P value <0.0001 <0.0001 0.003 0.013
r 0.728 0.761 0.565 0.492

*

o "*Statistically significant in Spearman's correlation test (* P <0.05, **P <0.01,**¥*P<0.001 ).

Table 3. Correlations between UPC and molecular expression score or index

nephrin** podocin** o-actinin-4 o.3-integrin®
P value 0.003 0.001 0.05 0.02
r -0.655 -0.702 -0.468 -0.544

A **Statistically significant in Spearman's correlation test (*P <0.05, **P <0.01).
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Figure 1. Glomerulus; normal dog. The linear pattern of nephrin covered with
glomerular tufts. IF. Figure 2. Glomerulus; normal dog. The sharp and linear staining
pattern of podocin. IF. Figure 3. Glomerulus; normal dog. a-actinin-4 localized in
the glomerular tufts and the mesangium area. IF. Figure 4. Glomerulus; normal dog.
The expression of a3-integrin in the glomerular tufts and mesangium areas. IF.
Figure 5. Glomerulus; dog, case No. 7. The expression of nephrin is severely
depressed and the staining pattern is shifted to coarse granular pattern. IF. Figure 6.
Glomerulus; dog, case No. 9. Although the staining pattern of podocin is not
changed, expression is decreased. IF. Figure 7. Glomerulus; dog, case No. 1.
a-actinin-4 are depressed and aggregated in a portion of the tufts (arrow heads). IF.
Figure 8. Glomerulus; dog, case No.l. The expression of a3-integrin in glomerular

tufts and mesangium are globally decreased. IF.
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Figure 9. Expression score of nephrin, podocin, a-actinin-4 and a3-integrin in IMGD,
NIMGD, non-GD and normal dogs (Normal). In IMGD and NIMGD, nephrin score is
most reduced. Degrees of decreasing expression are more severe in NIMGD than in

IMGD as a whole. ~ P < 0.01 verses normal dogs, ""P <0.001 verses normal dogs.
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Figure 10. Glomerulus; dog, case No. 7. The change of glomerular basement
membranes is scant in the glomerulus (arrow head). PAS. Figure 11. case No. 7.
Nephrin expression is scarcely changed and keep linear pattern. IF. Figure 12. case No.
7. There is irregular thickening of glomerular basement membrane but the structures of
FPs are maintained. CL, capillary rumen. TEM. Figure 13. case No. 11. Global and
severe thickening of the glomerular basement membranes show bubble-like appearance.
PAM. Figure 14. case No. 11. Nephrin expression is almost entirely depressed. IF.

Figure 15. case No. 11. FPs are fused with advanced glomerular basement membranes
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thickening. CL, capillary rumen. TEM. Figure 16. case No. 13. On light microscopy,
the morphological changes are minimal. The hyaline droplets are observed in a
podocyte (arrow head). PAS. Figure. 17. case No. 13. The expression of nephrin is
globally decreased and the staining pattern shift to pseudolinear or finely granular. IF.
Figure. 18. case No. 14. On Electron microscopy, FPs are globally flattened but other
lesion is not observed. TEM. Figure. 19. case No. 16. Segmental sclerosis (arrows) and
adhesion between glomerular tuft and Bowman’s capsule. Hyaline droplet degeneration
are remarkable in podocytes. PAS. Figure 20. case No. 16. Nephrin expression is
disappeared in a sclerotic portion (arrows). Figure 21. case No. 16. Non-sclerotic
glomerulus in FSGS. Figure 22. case No. 16. In non-sclerotic glomerulus, expression of

nephrin is decreased and show finely granular pattern (arrow heads).
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Figure 23. WT1 positive podocyte/glomerular area in IMGD, NIMGD, non-GD and

normal dogs (Normal). "P <0.01 verses normal dogs.
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Figure 24. Glomerulus; normal dog. The nuclei of podocytes were specifically and
intensely labeled by WT1. IHC. Figure 25. case No. 14. WT1 expression was decreased
in some podocytes (arrow heads). IHC.
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Figure 26. Correlation plots. The value of UPC is negatively-correlated with nephrin
score (a) and podocin score (b) (P = 0.003 and 0.001, » = —0.655 and —0.702,
respectively).
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Figure 27. The results of real-time PCR using microdissected glomeruli. In glomerular
disease (GD), elevation of nephrin gene expression is a 26.2-fold higher as compared to

normal glomeruli. P < 0.01 verses normal dogs.
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Supplementary Data

Table 3. Detail data of molecular expression score, localization changes, WT1 index and relative nephrin mRNA in 21 dogs

Expression score Localization change
nii;ee r Pzglz(l;iic gr?tiz neprhin  podocin  a-actinin-4  &3-integrin nephrin  a-actinin-4 ::;zi nep;z:?:;NA

1 MPGN 9.8 I 1.85 1.37 1.27 O O 2.532 14.41
2 MPGN 35 0.58 1.54 2 2.67 O — 0.246 NT
3 MePGN 5.1 2.83 233 2.8 2.17 - - 1.414 NT
4 MePGN 1.9 1.83 1.83 2.62 2.91 - - 0.702 35.47
5 MN stage 1 3+ 1.43 2.5 2.25 2.54 @] O 0.794 12.65
6 MN stage | 2.8 1.91 2.22 2.32 2.06 — O 0.782 64.93
7 MN stage I 23 2.69 2.95 2.74 3 — - 0.828 NT
8 MN stage II 1.4 2.35 2.76 2.68 2.89 - - 1.158 NT
9 MN stage II-111 6.5 L.71 1.89 1.71 2.5 O O 1.541 NT
10 MN stage II-11I 22 1.4 1.64 1.68 1.26 @) - 0.717 4.12
11 MN stage I1I-1V 4.6 1 1.4 0.8 0.67 O @] 0.362 NT
12 GA NT 0.1 0.15 0.7 0.25 - 0.195 NT
13 MGA 9.3 1.48 1.62 2.07 2 - - 1.744 62.34
14 FSGS 2+ 0.37 0.73 0.6 1.5 O @] 0.515 NT
15 FSGS 5 0.91 1.37 1.1 2.12 @] @] 0.33 15.65
16 FSGS 9.3 i 1.5 3 3 O - 0.334 NT
17 tubular degeneration 0.1 3 3 3 3 - - 1.518 NT
18 renal congenital anomaly 0.1 2,67 3 2.67 3 - - 1.948 NT
19 renal congenital anomaly 0.1 3 3 3 3 - - 1.874 NT
20 no significant changes 0.3 3 3 3 3 - - 1.14 NT
21 no significant changes 3.2 2.94 2.94 2.9 3 - - 2.084 NT

Urinary Protein: Urinary protein/creatinin ration or reagent strip, NT: not tested, MPGN: membranoproliferative glomerulonehritis, MePGN: mesangial
proliferative glomerulonephritis, MN: membranous nephropathy, GA: glomerular amyloidosis, MGA: minor glomerular abnormality, FSGS: focal segmental

glomerulosclerosis
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Conclusion

The study revealed that the altered expression and localization of nephrin, podocin,
o-actinin-4, a3-integrin and WT1 with podocyte injury in canine glomerular diseases.

Our conclusion is summarized as follows.

1. Nephrin, podocin, a-actinin-4 and a3-integrin express in normal canine glomeruli.
The normal staining patterns of these molecules are linear covered with glomerular
capillary walls, and expression of nephrin and podocin are limited to glomeruli in the
kidney.

2. In various canine glomerular diseases, podocyte injury accompanied by decreased
expression of nephrin, podocin, a-actinin-4 and o3-integrin is induced. Especially
nephrin might be useful marker to evaluate podocyte and glomerular injury in
specimens.

3. Localization of nephrin and a-actinin-4 are characteristically shifted to granular and
aggregated pattern, respectively. The alteration may reflect on the pathogenesis of
podocyte.

4. Molecular changes reflect to disease severity or features in MN, MGA, FSGS of the
dogs.

5. WT1 positive podocyte is reduced in diseased glomeruli and WT1 index significantly
correlated with molecular expression scores. Thus, podocyte loss might deeply associate
with progre;ssion of glomerular injury in dogs. Also, expression of WT1 is reduced in
injured podocyte.

6. Expression score of nephrin and podocin significantly negatively-correlated with
UPC. The molecules might be urinary marker for glomerular injury.

7. In canine glomerular diseases, nephrin mRNA expression is increased.
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Japanese Abstract

EARRIBRERIAORE A58 5 LRI T, BER, PEGHAR & IR BRI & (R
IR D BIRAIE BRI BEE R RE 2 R LTV, BICEs FEAEICT 53
TELTHEEL TRV RERISEBROBRME TH S ¥ 7 ROFBRICITEMIaEE
PEBCBE LT 5, B, b MTIRERER 7 o —EEFERORES ¥ & LTRE
EN7c nephrin ZiZ U & L, BMIICRAT 28k~ s T (BRMaEESF) 1€
DOHREZR D ONT RS, R Y v MEZR E OB EHER L TV D Z ERH LR
S TC& T, T7bb, EEREMBOMEE S HEEIIA Y v MNEEZ L E LT B RESE
SFOMEEAICL VMR ENTVWD Z LT 2N (TS NOERIC LY o FRENE
L35 L REENREEROT 7 F U HEEOWERIREEERE & OEEROK
FTREWORMY EANKHT D, ZOOREEFEN TR, Bz iEN s L
R, RFICHE S e BRI Z REREEE~— I — & LTHW D 72D O HiED
b T3,

ERE I T, & V7 RICHER W EMREE P EENICBIE SN D Z L idbho
TV, DF OOV TIIEE A EFFRIN TV, A XOBEHEE TIIRERE
BENLL, b b ERBICRAIRE L OSREREEE O BHIZE, IBRPERIICEET
hHLEZBND, £, b FOREEERE L A XOZIUTTELRR L | BES
B BLBRTE S, RIFZE0D B B4 X OARERERRBICBW T EMROESE & £ OBEESF
DRBECEMET L, B OEELZBHOLNCTLHZETHD,
w2 EREA XCREREICRBIT 5 B MEEES T OREL L JRTE

ek, A4 XTI B BMIAEE ORI M EFNBENTh TE 2, e
HIEERIC I B ARIABE S FORBMITNEE CTH H, KAETITTOERLE LT, ThE
T LN TN IZEF A XREREICB T 5 RMREES FORR & BEL T
o [MHEEHIE] ERRE— VR 5 EHH GEM LB REMR L B LY v
— U AT L B U BEEERERE R VW, v A Z T ey hME (WB) LHEt
FikE (F) 0 Cx v 8L BEL, RTPCR ICTHEEFRERELZHREK L, TEAE
FCRAAOHEEDEEL 2 v MEODRE SOFMER o lz, RE LI TFIEAY
v MBI 5 nephrin, AV v MEELAIANICHIET 5 podocin, BIZEDT 7
F MR I BE T B acactinin-4, BZERR ERIEREEEBR L OBFCHEETD
a3-integrin Tdh 5, FURITIER L7=HiA X nephrin R U 7 o —J/VHE K OHHRGUA
BEV, T4 =30 FOFRESI LV L, [BRLBE] IF 28T
nephrin & podocin IFREREERT & E O CE@HEHRRORMIM N Z — &R L,
o-actinin-4 & Dla3-integrin I B MM Z A 52 F 7 AR BRI L TV, £z,
WB, RT-PCR 12L& 0. FRISHEZHFEOAY FRELNE, ZTRODRERID A X
BT A FORBLEBENRE b, Ty b, v UVALERTHD Z LALLM
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o Fio, BEBEICLVAXORY v NEOE 3379 £ 244 AT, v U2 LIE
ER%E CTdho7-, (Kobayashi, R., et al J Comp. Pathol 145:220-225. 2011.)
B A XOREKREREBICRT D RMEEE S ORI L OURTEEL
B—EIZBWTHLNC LIZIEEE A XBARKREIZK T 5 2MEEE S FORB L/
R, A XORREEBRICKIT 2 2MIEE L BES FORRLE(LEHLNIIL,
R R, RERBEE L OBEAB SN T A0, BAERERZ AWz 2
Mote, [MEHE FIE] By v R0 [RE D RERIBERE (16 ) 3 L OFERERIER
B (G H), 321610 Trucut AR LN 4BEOER £ — 7V REMEZ MBS L
THAW:, REREE BTN REREE X (MPGN) . A Y& 0 AEREMRERE
% (MePGN), FEMEE (MN), RERET IoA R— R (GA), MUNRERIEHRZE
(MGA) . BIROEMEREREE(LE (FSGS) &4, IN L% I LIZHENTEMREK
A7 E (IMGD, n=11). FEHRENTEMREKEREE (NIMGD, n=5) (Z/0F, FEREKE
B (non-GD, n=5) & EFHE—7 /LK (Normal, n=4) ZxXREEE L THEIT2B 22
o7z, FIBERIEHE A OVEMBOBE* B 22 >7, IF TiX nephrin, podocin,
a-actinin-4, a3-integrin ®FEH - BELLEZBE L, FEEMIZRAaT{kL, 71—
I Cor#k & # 237 R (Urinary protein/creatinine ratio) & O#AHEIEE R & fZMT L7z,
F7o, RMMOBICERMICEET S WTL ORERAIZ LD | REF ORREIZBIT
% WT1 Bt R iiint st Lz, S5l BHLV SV CRBHEBEETOE Lo
nephrin MEEFHIH % EEIIAENT T 572, laser microdissection (LMD) {&IZT
FEAED R X 0 RERIR 2 ARER] 100 B8] 0 3% | real-time RT-PCR (2 &V f##T L7z, [
B] EEBE T, RELIAKEREBREFIZE O TR REBREDZRMIRESE (iaE
DEXR, BELEORFL., AUy MEDOHZK, MEREMEEOEM) SRR I,
—7%. IREREERTIIRMAILTIZTERE Thotz, IF IZRWTIE, BHMlaEEICH
9 nephrin OEEELR(L, aractinin-4 ORENY — L OEERH LN, Fiz, AaT
U 2 7N & B TR ERIBRE B O WV T nephrin 25 b mEICHEH MK
T LTV e, NIMGD TR IMGD & M L 45 F & bIcBBE FABE CTh ) .NIMGD
& IMGD (28 5 nephrin, podocin ®FEELX non-GD, Normal & bt LERICIET
LW o, & v %7 R ERB A 27 OFEEENT T3, #IZ nephrin, podocin TV VA
OMEER LI, £/, BBZLOEERRTHADL L, HHEFADEZ N MN OB T
IERENELCOEE R b DIZESFORBUETIIE L <, MGA & FSGS TiETh <
NORFREE B L BENELETR LTz, WT1 Bt MiRE: NIMGD Tk b &
B L, IMGD & 3512 Normal I[ZHE L THBEICEA LT e, $£iz, —HD%
HRIEEBE TIHEEZERMRIZB T WTL BHROE TR A b7, nephrin mRNA OE &
FOFENT Tt REBCRERIE TIXIERRERKEDOR 26.2 FORB LFHF LA LN, [BE] K
BEOWFEIZL YD, A4 XORKRERE CIIHEEOICEMIES I 603 C, R ZM
FRBES FORBRET., SHEEOBOBERI 2 Z EBHLNITR T, B M ERE
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28V T nephrin (& podocin & 3LIC AU v MEOHREIZEREIZEDLY . BHRIETIZ
LOFREN»SOEAQRENFERIND Z EMEREIN TN D, KFFFEIZBWT, Ha
A XDOEARHMERERERBIZBWTA Y v MNEDIEL L FIFREIZ nephrin DEEE 2%
BUIRTABEINZZ &5, nephrin 234 X OREKEEBOIREBIESBEET A &,
RS EDEZEDE N~ — T —I2R2 5 2 LRI E =, WT1 Bt RiREo st
BITHE, SREREEBICBWTREMBEOBD A LN o7z, 51 WT1 index
FEDTORBEA 2T LEOEBEEZ R L, BMITIEHEREICZ L <, BOBAIERTT
W R RERIBFE(LICE A EEARBERTHH 2 0D, A XUTBW T HRERERBOEST
IR ORYE - BEAEE L TWAZ R ENT, £, BFE T v e EOERE)
Y CEERMIBICBITS WL ORBETAREIRTRBY, WT1 IZBRAEHZT T
RLEBERERTF L LTEFREMROBEOMFICHLEEZE--TWEEEZ LN
TWb, A4 XORMIICET S WT1 OFENIRATH 523, EFRERIE CrIm e
FRIZIRB L TR L TN D WTL 2, EFICLVET I e\ nRol, ¥
VR R E BT OFEBLA 2 7 OFRBRENT OFE RS 51X, nephrin & podocin AMRER
HHOEARBICEE2BHE 2RI L SOIRFORYZ~— I —¢& LTHEH
THHAREMNTRIE ENT-, BERKEIZEKIT S nephrin EETHIFITEEIZ LA L
TWiz, & b OERFRREE FWZiFE T, REREEEFICH S nephrin mRNA R E
H. BTWThoRELH IR, AHRICBITIEBRLFOREZIIRH TH 7,
NIMGD (281} 5 2HEEEZEIL,. WTHOTIZBW TS IMGD LY EETH-T,
NIMGD iZ& £55 MCD B LU FSGS 1%, b MIBW T —key /e 2 MMiaEE»EiE
IR DD L ENBEETH D, A XITRBITH MCD, FSGS O#ETIEF 2D <
JRREZR EOREMIIIRIEARHATH 203, FFRIZEB VTR b & FRRICE E R 2R E
RENT,

Uk, A X0 RANEEES FIZB$ A EBOBIE L | RICERMEE BV iZEBRER G0
FIZEI &0 | A X ORBRERBIZIUNTE OIRFLIBIEE R &~ OHETILLE I I3 R M
FERE UEBIENAEETH Y | BHREORES T OMIT IS AR T 2 FRiEHE
BICERTHDZ ENTRENT,
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