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Abstract

Background/Aims: Tenc1 (also known as tensin2) is an inte-
grin-associated focal adhesion molecule that is broadly ex-
pressed in mouse tissues including the liver, muscle, heart
and kidney. A mouse strain carrying mutated Tenct, the ICR-
derived glomerulonephritis (ICGN) strain, develops severe
nephrotic syndrome. Methods: To elucidate the function of
Tenc1 in the kidney, Tenc1'“ was introduced into 2 genetic
backgrounds, i.e. DBA/2J (D2) and C57BL/6J (B6), strains that
are respectively susceptible and resistant to chronic kidney
disease. Results: Biochemical and histological analysis re-
vealed that homozygous Tenc?'“SN mice develop nephrotic
syndrome on the D2 background (D2GN) but not on the B6
background (B6GN). Initially, abnormal assembly and matu-
ration of glomerular basement membrane (GBM) were ob-
served, and subsequently effacement of podocyte foot pro-
cesses was noted in the kidneys of D2GN but not BGGN mice.
These defects are likely to be involved in the integrin signal-

ing pathway. Conclusion: This study suggests that Tenc1
contributes to the maintenance of GBM structures and that
the genetic background influences the severity of nephrotic
syndrome. © 2013 . Karger AG, Basel

Introduction

Congenital nephrotic syndrome is characterized by
massive proteinuria, hypoalbuminemia, edema and hy-
perlipidemia [1]. The cardinal feature of nephrotic syn-
drome is severe proteinuria resulting from an increased
flux of albumin and other plasma proteins across the glo-
merular filtration barrier, which is composed of 3 layers,
namely the fenestrated endothelium, glomerular base-
ment membrane (GBM) and podocyte layer with foot
processes and slit diaphragms [2-4]. It is known that pro-
teinuria can be caused by a primary defect in the GBM
and/or podocytes [3]. The GBM is a network formed by
laminin, collagen IV, nidogen and negatively charged
proteoglycans [4], and among the components, substitu-
tions of laminin and collagen IV occur during glomerular
maturation [5-7]. During the early stage of glomerular
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development, laminin-1 (al1plyl) is synthesized but is
finally removed and replaced by laminin-11 (a5p2yl),
which is the only laminin present in the mature GBM [5,
6]. A similar shift occurs in collagen IV; that is, the early
GBM contains al and a2 chains (COL4A1 and COL4A2),
but the mature GBM contains a3, a4 and a5 chains
(COL4A3, COL4A4 and COL4A5) [5, 6]. The defective
expression of mature GBM isoforms causes abnorma-
lities in the glomerular structure and function, namely
Pierson’s syndrome due to mutation of laminin B2 [7,
8] and Alport syndrome due to mutation of COL4A3-
COL4A5 [9). Besides GBM disorganization, proteinuria
is attributed to effacement of podocyte foot processes [2].
Nephrin and podocin are the major structural elements
of the slit diaphragms connecting adjacent foot processes,
and mutations of these genes are responsible for congen-
ital nephrotic syndrome [10, 11]. Furthermore, altera-
tions in a3f1 integrin, which anchors podocyte foot pro-
cesses to the GBM, also give rise to GBM abnormalities
and effacement of foot processes [12]. Integrin-linking
kinase (ILK) and focal adhesion kinase {FAK), which are
downstream regulators of integrin p1, are also related to
the onset of glomerular diseases [13-16]. Key structural
proteins in the glomerular filtration barrier have been
identified, but the disease mechanisms of nephrotic syn-
drome remain unresolved.

The ICR-derived glomerulonephritis (ICGN) mouse is
considered to be a good model of congenital nephrotic
syndrome [17, 18]. The ICGN mouse possesses a mutated
Tencl (also known as tensin2), comprising an 8-bp dele-
tion (nucleotides 1477-1484) in exon 18, and this muta-
tion causes a frameshift, leading to a terminal codon at
nucleotide 1538 [18]. Tencl is expressed in podocytes and
tubules in normal mouse kidneys but not in ICGN mice
[18]. Tencl, a member of the tensin family, is an integrin-
mediated focal adhesion molecule that regulates cell mi-
gration [19, 20]. Tencl possesses a protein kinase C
(PKC)- and actin-binding domain at the N terminus, src
homology 2 (SH2), and phosphotyrosine-binding (PTB)
domains at the C terminus, and is widely distributed in
mouse tissues including the heart, liver, kidney and skel-
etal muscle [19-22]. The function of Tencl in the kidney
and its involvement in the development of nephrotic syn-
drome remain poorly understood [23, 24]. In the present
study, to reveal the function of Tencl in the kidney,
Tencl'®N was introduced into 2 genetic backgrounds,
namely DBA/2] (D2) and C57BL/6] (B6), strains that are
respectively susceptible and resistant to chronic kidney dis-
ease. We investigated the phenotype of Tenc1'®®N mice on
the D2 background (D2GN) and B6 background (B6GN).

Glomerular Defects in Tencl Mutant
Mice

Materials and Methods

Animals

Male ICGN mice maintained at the National Institute of Bio-
medical Innovation and D2 and B6 mice purchased from Clea
Japan (Tokyo, Japan) were used in this study. All animals were
housed in autoclaved cages in an air-conditioned room (23 £ 1°C)
under controlled lighting conditions (12 h light/12 h dark) and
were given a standard diet (CMF, Oriental Yeast, Tokyo, Japan)
and tap water ad libitum. All animal experiments were performed
in accordance with protocols approved by the Institutional Animal
Care and Use Committee of the National Institute of Biomedical
Innovation. The Tencl mutation of the ICGN strain was intro-
duced into 2 genetic backgrounds, D2 and B6. Two congenic
strains, D2GN and B6GN, were made by generating an F1 hybrid
between ICGN and D2 or B6 followed by 12 generations of mark-
er-assisted backcrossing to D2 or B6. The marker-assisted speed
congenic method resulted in a >99% replacement of the D2 or B6
background genome by the N6 generation. N12 mice were then
intercrossed to generate Tencl'°“N homozygous mice.

Genotyping

Genomic DNA was isolated from a short piece of tail. Genotyp-
ing was determined by PCR with Tenct gene-specific primers. The
following primers were used: sense, 5'-CCCGATGCTCTCTGT-
CAGCA-3',and antisense, 5'-CGATCCAGCTCCTGTCTTTC-3'.
The 5 end of the sense primer was labeled with Beckman Dye4
(Sigma, St. Louis, Mo., USA). PCR was performed using a Go Taq
Green Master Mix (Promega, Madison, Wisc., USA) for 35 cycles
of 94°C for 30 s, 60°C for 30 s and 72°C for 30 s, followed by a fi-
nal extension at 72°C for 7 min. After amplification, samples were
electrophoresed and analyzed by CEQ8860 (Beckman Coulter,
Brea, Calif., USA).

Measurements in Serum and Urine

Mice were anesthetized with somnopentyl (Kyoritsu Seiyaku,
Tokyo, Japan), and blood was collected by cardiac puncture. Se-
rum albumin, creatinine, blood urea nitrogen and total choles-
terol levels were measured on an automatic analyzer (Fuji Dri-
Chem FDC7000, Fujifilm, Tokyo, Japan). Urine was collected
from 2-, 4-, 10-, 20- and 40-week-old mice, and urine albumin
levels were analyzed by SDS-PAGE, followed by Coomassie Bril-
liant Blue staining.

Glomerular Isolation

Glomerular isolation was performed according to the methods
described by Takemoto et al. [25]. Briefly, male 8-, 10- and
20-week-old D2 mice and D2GN mice were anesthetized by intra-
peritoneal injection of somnopentyl and perfused with 8 x 107
M-450 dynabeads (Invitrogen, Carlsbad, Calif., USA) diluted in
40 ml of Hanks’ balanced salt solution through their heart. After
perfusion, the kidneys were removed, cut into small pieces
(1 mm?) and digested in collagenase A (1 mg/ml) and DNase I
(160 TU/ml) at 37°C for 30 min with gentle shaking. After diges-
tion, the tissues were gently pressed through a 100-um cell strain-
er. Glomeruli that contained Dynabeads were then gathered using
a magnetic particle concentrator. Isolated glomeruli were washed
3 times with cold Hanks’ balanced salt solution and used for sub-
sequent studies.
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Histology

Formalin-fixed kidney samples were dehydrated through a
graded ethanol series and embedded in Histosec (Merck, Darm-
stadt, Germany). Three-micrometer-thick sections were deparaf-
finized with xylene and rehydrated through a graded ethanol se-
ries. For conventional histopathological evaluation, kidney sec-
tions were stained with periodic acid Schiff.

Electron Microscopy

Blocks of renal cortex (1-mm cubes) were fixed in 2.5% (v/v)
phosphate-buffered glutaraldehyde for 2 h, washed with phosphate
buffer and postfixed in 1% (w/v) phosphate-buffered osmium te-
troxide for 1 h at 4°C. After dehydration through ascending grades
of ethanol, they were embedded in Epon resin (TAAB, UK). Then,
60-nm-thick ultrathin sections were cut using a diamond knife (Di-
atome, Bienne, Switzerland) on an EM UC6 ultramicrotome (Leica,
Vienna, Austria), mounted on copper grids and stained with 4%
(w/v) uranyl acetate and 0.3% (w/v) lead citrate solutions. They
were observed with a Hitachi H-7650 electron microscope (Hita-
chi, Tokyo, Japan) operating at an accelerating voltage of 80 kV.

Determination of Podocyte Number

Three-micrometer-thick paraffin sections were immuno-
stained for WT-1. Briefly, the sections were treated by autoclaving
in 0.01 M citric acid buffer at 121°C for 5 min and then incubated
with anti-WT-1 rabbit polyclonal antibody (Santa Cruz Biotech-
nology, Santa Cruz, Calif., USA) for 2 h at room temperature (22—
25°C). After this incubation, the sections were incubated with
horseradish peroxidase-labeled Envision for rabbits (Dako, Glos-
trup, Denmark) at room temperature for 30 min. The sections
were treated with 3,3’-diaminobenzidine tetrahydrochloride
(Dako). After washing with water, the sections were counter-
stained with hematoxylin and mounted with Entellan (Merck).
Podocytes from 20 glomeruli were counted from 5 individual
mice. Data are presented as a percentage of wild-type values.

Immunofluorescence

The kidneys were rapidly frozen in dry ice-cooled isopentane.
Five-micrometer-thick fresh-frozen sections were immunostained.
The primary antibodies used were as follows: anti-Tencl rabbit
polyclonal antibody (GeneTex, Irvine, Calif., USA), anti-COL4A2
and anti-COL4A5 rat monoclonal antibodies (Chondrex, Red-
mond, Wash,, USA), anti-laminin a5 and anti-laminin p2 rabbit
polyclonal antibodies (Sigma), anti-laminin al and anti-laminin y1
rat monoclonal antibodies, anti-integrin a3 and anti-phosphory-
lated ILK (phospho-ILK) rabbit polyclonal antibodies (Millipore,
Billerica, Mass., USA), anti-laminin $1 rat monoclonal antibody
(Thermo Fisher Scientific, Waltham, Mass., USA), anti-nephrin
rabbit polyclonal antibody (IBL, Fujioka, Japan), anti-a-actinin-4
rabbit polyclonal antibody (ImmunoGlobe, Himmelstadt, Germa-
ny), anti-CD2AP rabbit polyclonal antibodies, anti-integrin f1
hamster monoclonal antibody and anti-synaptopodin goat poly-
clonal antibody (Santa Cruz), and anti-ILK, anti-FAK and anti-
phosphorylated FAK (phospho-FAK) rabbit polyclonal antibodies
(Abcam, Cambridge, UK). Sections were fixed with cold acetone
(-80°C), and after washing with PBS (pH 7.4), they were incubated
with each specific antibody. They were then washed with PBS and
incubated with secondary antibodies conjugated with Alexa Fluor®
488 or 594 (Invitrogen). Sections were examined with a microscope

_(Axioplan2, Carl Zeiss Vision, Munich, Germany).
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Immunoprecipitation

After preclearing with normal IgG, glomerular lysates were in-
cubated at 4°C with anti-Tencl (Sigma), anti-integrin p1 (Santa
Cruz), anti-ILK (Abcam) or anti-FAK (Abcam) antibodies, fol-
lowed by precipitation with 30 pl of Protein A/G Plus-Agarose
(Santa Cruz) at 4°C.

Western Blotting

The immunoprecipitated samples and the glomerular samples
isolated from D2 and D2GN mice were electrophoresed on SDS-
polyacrylamide gels, and separated proteins were transferred to
Immobilon-P membranes (Millipore). The membranes were incu-
bated with anti-Tencl (Sigma), anti-nephrin (IBL), anti-CD2AP,
anti-synaptopodin (Santa Cruz), anti-a-actinin-4 (Immuno-
Globe) and anti-glyceraldehyde-3-phosphate dehydrogenase
mouse monoclonal (Millipore) antibodies. Then, the membranes
were washed and incubated with horseradish peroxidase-conju-
gated goat anti-rabbit IgG, anti-mouse IgG or rabbit anti-goat IgG
antibodies (Dako) diluted at 1:2,000 at room temperature. After a
wash, chemiluminescence was visualized using an electrochemilu-
minescence system (GE Healthcare, UK) according to the manu-
facturer’s protocol. Similar experiments were performed at least 3
times. Chemiluminescence was recorded with a digital recorder
(LAS-3000, Fujifilm), and then protein expression levels were
quantified using ImageGauge (Fujifilm).

Statistical Analysis

Distributed data were expressed as mean values + SD (n =6 in
each group) and assessed for significance by Student’s t test using
Microsoft Excel on a Macintosh computer. Differences at a prob-
ability of p < 0.05 were considered significant.

Results

Clinical Features

We produced congenic strains by introducing the
Tencl mutation of the ICGN strain into 2 genetic back-
grounds, B6 and D2, by 12 generations of backcrossing.
N12 mice were then intercrossed to generate Tencl'CN
homozygous mice, and the phenotype of both congenic
strains, B6GN and D2GN, was analyzed. Firstly, we kept
mice up to 20 weeks of age, and the clinical parameters of
the sera were analyzed. As shown in tables 1 and 2, renal
hypertrophy, hypoalbuminemia, elevated creatinine lev-
els and hypercholesterolemia were noted in D2GN mice
but not in B6GN mice. Next, urine from both strains at
different ages was analyzed by SDS-PAGE. Proteinuria
was observed by 14 days of age in D2GN mice and in-
creased progressively with age; however, B6GN mice
were analyzed up to 40 weeks of age and did not exhibit
any signs of proteinuria (fig. 1).
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Fig. 1. Severe proteinuria in D2GN but not
B6GN miice. Urine from both congenicand
normal conirol strains at different time
points was analyzed by SDS-PAGE. One
microliter of urine from each mouse was
loaded ontoa 10% polyacrylamide gel. Pro-
teinuria was observed at 14 days of age in
D2GN mice and increased substantially
with age. B6GN mice were analyzed up to
12 months of age and did not exhibit pro-
teinuria. The arrows indicate the albumin
bands.

Fig. 2. Kidneys from both D2GN and
B6GN strains were analyzed by periodic
acid Schiff staining. a-¢ Compared with
the kidney from a D2 mouse (a), the GBM
ofa D2GN mouse at 4 weeks (b) was slight-
ly thickened. ¢ At 14 weeks of age, glomer-
ulosclerosis, tubular dilations and protein
casts were observed in the D2GN Kkidney.
d-f Some glomeruli at 20 and 40 weeks of
age in B6GN miice showed mild mesangial
expansion (e, f, respectively) compared
with B6 mice {d). Scale bars = 50 pm.

Table 1. Body weight and relative kidney
weight in the mice used

Table 2. Serum biochemical features in
D2GN and B6GN mice

Glomerular Defects in Tencl Mutant
Mice

2weeks Adweeks 10weeks 20weeks 20 weeks 40 weeks

B6 B6GN B6 B6GN

D2 D2GN D2 D2GN D2 D2GN D2 D2GN

Body weight, g 26.03%1.67

2644£3.91 2857x1.76  27.58%1.30

Kidney weight/

body weight, % 1.81+0.,09 2.14+0.07* 1.20£0.09 1.22+0,08

* p < 0.05 compared to D2,
Parameter D2 e
Albumin, g/dl 2,18+0.15 1.91£0.16% 2.33£0.16 2.26+0.15
Creatinine, mg/dl 0.10£0.04 0.28+0.10* 0.16£0.07 0.13+0.04
BUN, mg/d! 23.24+2.47 31431944 27.19£1.58 26.74+12.64
Total cholesterol, mg/dl  90.83+19.00 191.33£65.02* 83.71£7.12 85.86+11.06

* p < 0.05 compared to D2, BUN = Blood urea nitrogen.
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Fig. 3. TEM analysis of D2GN and B6GN strains. a D2 at 14 days.
b DIGN at 14 days. € D2 at 4 weeks, d D2GN at 4 weeks. e D2GN
at 10 weeks. f D2GN at 20 weeks. g B6 at 40 weeks. h B6GN at 40
weeks, TEM analysis showed that nodular thickening in the GBM of
D2GN mice was apparent at 14 days (b}, and GBM disorganization
became more important at 4 weeks (d). The GBM was homoge-
neously thickened, and foot processes were partially effaced (d, e).
f The thickened GBM and flattened foot processes were still seen at
20 weeks. h The GBM was slightly thickened in some glomeruli in
B6GN mice at 40 weeks, but a normal structure of the glomerular
filtration barrier was seent in most of the glomeruli. Scale bars = 1 pum.

26 Nephron Exp Nephrol 2013;123:22-33
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Renal Histopathology

We performed periodic acid Schiff staining of both
strains at different ages to assess the histopathological
changes in GBM glomeruli. In some glomeruli of D2GN
mice, slight thickening of the GBM was observed at 4
weeks of age (fig. 2a, b). The GBM thickening of D2GN
mice became more severe with age, and enlargement of
the mesangial region was observed by 8 weeks of age. In
addition to glomerular defects, tubular injury occurs at
around 14 weeks of age in the kidneys of D2GN mice
(fig. 2c). The kidneys of B6GN mice up to 40 weeks of age
(fig. 2d-f) and some glomeruli of 40-week-old B6GN
mice showed mild mesangial expansion due to aging
(fig. 2f). No remarkable injury was detected in the kidneys
of B6GN mice.

Ultrastructural Analysis

To further elucidate morphological changes in the kid-
neys of D2GN mice, we performed ultrastructural anal-
ysis of glomeruli by transmission electron microscopy
(TEM). GBM thickening was observed at 14 days of age
in D2GN mice (fig. 3a, b), and then effacement of foot
processes was partially observed at 4 weeks of age (fig. 3¢,
d). The degree of morphological changes in the GBM and
podocytes progressively increased with age (fig. 3e, f),
whereas podocyte detachment was not observed. In con-
trast, we also investigated the kidneys of B6GN mice up
to 40 weeks of age, and slight GBM thickening was de-
tected in a few glomeruli (fig. 3g, h).

Defect in GBM Maturation

GBM maturation normally occurs within the first 2
weeks after birth and involves a switch in the laminin and
collagen IV networks. During initial GBM assembly, lam-
inin-1 is expressed in the vascular clefts of early nephric
figures but is eventually removed and replaced by lam-
inin-11, which apparently is the only laminin present in
the fully mature GBM [5]. Similarly, early GBMs contain
COL4A1 and 4A2, but GBMs of fully mature glomeruli
contain chiefly COL4A3-4A5 [5]. Thus, mature GBM is
composed of COL4A3-4A5 and laminin-11. Since the
TEM study showed thickening and splitting of the GBM
in D2GN mice, we further investigated this GBM defect
and whether it could reflect alterations in GBM assembly
and maturation. Immunofluorescence analysis reveals
that COL4A5 and laminin-11, which are components of
the mature glomeruli, have a normal pattern of expres-
sion in the GBM of D2 and D2GN mice (fig. 4). COL4A2,
the GBM component in immature glomeruli, is similarly
expressed in the mesangium of D2 and D2GN mice,
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Fig. 4. Immunoflucrescence study for collagen IV and laminin chains in different strains of mice at 3 weeks of
age. The expression of COL4A2 and COL4A5 in D2GN mice was the same as in D2 mice. Laminin-11 (a5p2y1)
expression with a normal pattern was shown in the GBM of all groups. Laminin-1 (¢1B1y1), which is normally
expressed in the mesangium of normal matare glomeruli but is absent in the GBM, was expressed in the GBM

of D2GN mice. Scale bars = 50 pm.

whereas laminins al and B1, which are normally ex-
pressed in the mesangium of normal mature glomeruli
but are absent in the GBM, were expressed in the GBM of
3-week-old D2GN mice (fig. 4). These results suggest that
GBM components in immature glomeruli continue to be
expressed in the GBM of mature glomeruli in D2GN
mice.

Podocyte Injury

As described above, the TEM study indicated efface-
ment of podocyte foot processes in the kidneys of D2GN
mice after GBM abnormalities occurred. To estimate the
podocyte number per glomerulus, we counted the num-
ber of immunohistochemically WT-1-positive cells in

Glomerular Defects in Tencl Mutant
Mice

the glomeruli of 10- and 20-week-old mice. The numbers
of WT-1-positive cells were markedly lower in D2GN
mice than in D2 mice, but podocyte loss was not seen in
B6GN mice (fig. 5a). To clarify that the deficiency of
Tencl influences the slit diaphragm complexes and focal
adhesion complexes between foot processes and the
GBM, we further examined the distribution and abun-
dance of podocyte-specific proteins in the kidneys of 10-
and 20-week-old D2GN mice by immunofluorescence
and Western blot (fig. 5b—d). Firstly, we observed that
the expression of nephrin, a major component of slit di-
aphragm complexes, was lower in 10-week-old D2GN
mice than in D2 mice. CD2AP is an actin-associated pro-
tein that interacts with nephrin and facilitates the selec-

Nephron Exp Nephrol 2013;123:22-33
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Fig. 5. Podocyte injury. a Podocyte number per glomerulus was
estimated by counting nuclei positive for WT-1 staining. Results
were normalized to the average podocyte number in the normal
control. The numbers of WT-1-positive cells in DZGN mice were
markedly lower than in D2 mice, but podocyte loss was not seen
in B6GN mice. b Immunofluorescence staining for podocyte-
specific proteins. The expression and localization of pedocyte-

tive recruitment of signaling molecules. The expression
of CD2AP also decreased in D2GN mice with age. We
observed that the expression of a-actinin-4, an actin-as-
sociated protein that links the slit diaphragm to the actin
cytoskeleton, was not different between D2GN and D2
mice. Synaptopodin, a proline-rich actin-associated pro-
tein highly expressed in foot processes, was strongly ex-
pressed in podocytes of D2 mice, whereas the expression
of synaptopodin was decreased in 10-week-old D2GN
mice. ~
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specific proteins (nephrin, CD2AP, a-actinin-4 and synaptopo-
din) in the kidneys of D2 and D2GN mice are demonstrated.
Scale bar = 50 um. € Western blot analysis for podocyte-specific
proteins (n = 4). GAPDH = Glyceraldehyde-3-phosphate dehy-
drogenase. d Mean densitometric analysis. The expression of
nephrin and synaptopodin steadily decreased with age in glo-
meruli of D2GN mice.

Podocyte-GBM Interaction

Podocytes adhere to the GBM principally via integrin
a3Bl, which acts as a receptor for laminin-10 and/or
laminin-11. Alterations in integrin a3f1, which anchors
podocyte foot processes to the GBM, also cause both
GBM abnormalities and effacement of foot processes.
Tencl is known to participate in integrin signaling by in-
teracting with the cytoplasmic tail of integrin 1. We ex-
amined the expression of Tencl and integrin «3p1 by im-
munofluorescence staining. As previously reported {18],
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Fig. 6. Immunofluorescence study for Tencl and integrin a3l in the kidneys of D2GN and B6GN mice. Tencl
is not expressed in the kidneys of Tencl mutant mice. Integrin 81 is expressed in the same pattern in all strains.
Integrin a3 was normally expressed in the kidneys of D2GN mice at 3 weeks of age but linearly expressed in the
outermost podocyte layer of the capillary tuft in D2GN mice at 10 weeks of age. Scale bar = 50 um.
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Fig. 7. Expression of the integrin signaling molecules ILK and FAK in D2 and D2GN mice. a Expression of ILK
and FAK in the kidneys of D2 and D2GN mice at 3 wecks of age. There were no differences in the expression of
ILK and FAK between D2 and D2GN mice, but phospho-ILK and phospho-FAK were noted in only D2GN mice.
Scale bar = 50 pm. b Glomerular lysates were immunoprecipitated with anti-Tencl, anti-integrin f1, anti-ILK
and anti-FAK antibodies, followed by immunoblotting with an anti-Tenci antibody. IP-= Immunoprecipitation;

WB = Western blot.

Tencl is expressed in the podocytes of normal kidney but
not in the kidneys of Tencl mutant mice (fig. 6). An im-
munofluorescence study revealed that there was no dif-
ference in the expression of integrin B1 between normal
and Tencl mutant mice (fig. 6). By contrast, integrin a3
was normally expressed in 3-week-old D2GN mice but
linearly expressed in the outermost podocyte layer of the
capillary tuft in 10-week-old D2GN mice (fig. 6). This ab-
normal expression of integrin a3 may be caused by mes-
angial expansion. The normal pattern of integrin a3 ex-
pression was observed in B6 and B6GN glomeruli (fig. 6).

Integrin Signaling

Integrins possess no enzymatic or actin-binding activ-
ity of their own and thus act as adaptor molecules like
Tencl. Through interaction with signal molecules, in-

30 Nephron Exp Nephrol 2013;123:22--33
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tegrin transduces signals and regulates biological func-
tions. ILK and FAK are important signaling interme-
diates of integrin B1, and these proteins have different
downstream effector molecules. ILK, a serine/threonine
protein kinase, interacts with the cytoplasmic domains of
B integrins and regulates integrin functions [13]. FAK, a
nonreceptor tyrosine kinase, requires integrin-induced
autophosphorylation at tyrosine 397, resulting in activa-
tion of critical signaling pathways for focal adhesion turn-
over [14]. FAK controls actin reorganization and cell-cell
or cell-matrix adhesion downstream of integrin Bl. We
examined whether 2 proximal integrin B1 signaling inter-
mediates, ILK and FAK, contribute to glomerular defects
by the loss of Tencl, an integrin signaling molecule. Im-
munofluorescence staining demonstrated that there was
no difference noted in the expression of ILK and FAK
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between 3-week-old D2GN and D2 mice, but phospho-
ILK and phospho-FAK were seen in the glomeruli of
D2GN mice only (fig. 7a). We then examined the poten-
tial interaction between ILK, FAK and Tencl in glomer-
uli by immunoprecipitation analysis. As shown in figure
7b, Tencl was detected in the complex that was precipi-
tated by the anti-ILK antibody, not anti-FAK, suggesting
that Tencl activates ILK directly and FAK indirectly and
influences integrin signaling.

Discussion

Tencl, an integrin-mediated focal adhesion molecule,
is widely expressed in mouse tissues [19]. Recently, it was
demonstrated that the ICGN mouse, a nephrotic syn-
drome model, has mutated Tencl [18]. Tencl is mainly
expressed in the podocytes in normal mouse kidneys but
not in ICGN kidneys [18]. To understand the mechanisms
underlying the development of kidney diseases and the
roles of Tencl in kidney disease, a Tenc1'®®™ mutation
was introduced into 2 genetic backgrounds, B6 and D2.
The phenotypic analyses of Tencl™CN mice revealed that
D2GN mice developed nephronc syndrome, whereas
B6GN mice did not. The present findings imply that the
development of nephrotic syndrome due to the Tencl mu-
tation is dependent on the genetic background. The B6
strain is known to be relatively resistant to kidney diseases,
in comparison to other strains [26-29]. For example,
COL4A3 knockout mice, a model of Alport syndrome,
exhibited more severe GBM damage on a 129/Sv back-
ground than on a B6 background [28, 29]. Further, mice
deficient for CD151, associated with integrin a3p1, dis-
played a GBM abnormality on an FVB background but
were healthy on a B6 background [27]. In contrast, mice
deficient for podocin, the slit diaphragm-associated pro-
tein, developed more severe glomerular disease on a B6
background than on a 129/Svbackground [30]. These find-
ings mean that the modifier genes associated with defects
of the slit diaphragm protein are distinct from those related
to defects of GBM components and GBM-podocyte inter-
action [27]. In the present study, mice deficient for Tencl
displayed thickening of the GBM shortly after birth on a
D2 background, whereas such abnormality was not ob-
served on a B6 background, and the deficit in the GBM on
a D2 background probably leads to podocyte dysfunction.
These mouse strains allow us to identify the modifier genes
influencing the onset of glomerular disease. Hence, we
generated an F2 hybrid, i.e. F1 (B6GN x D2GN) x D2GN,
and started a quantitative trait locus analysis.

Glomerular Defects in Tencl Mutant
Mice

TEM observation revealed that the initial manifesta-
tion of Tencl mutant mice was an abnormality of the
GBM, and the effacement of podocyte foot processes was
observed following GBM defects. During the early stage
of glomerular development, laminin-1 is synthesized but
is finally removed and replaced by laminin-11, which is
the only laminin present in the mature GBM [5]. Similar
shifts occur in collagen IV [5]. In this study, we showed
that the mature GBM in Tencl mutant mice contained
both laminin a1 and B1 chains, which are immature GBM
components. Coexpression of mature and immature
components in the GBM suggests a defect in GBM assem-
bly and maturation. Several studies have demonstrated
that integrin Bl is required for the proper assembly of
basement membranes [16]. In addition, the persistence of
Jaminin 1 in the GBM of mature glomeruli of podocyte-
specific ILK-deficient mice [15, 16] and CD151-deficient
mice [27] has been reported, as observed in Tencl mutant
mice. These findings indicate that integrin downstream
pathways also regulate GBM assembly. Our present study
suggests that Tencl likely participates in GBM assembly
through the integrin pathway. Further studies are needed
to understand how Tencl regulates the change in expres-
sion of integrin B1 downstream molecules.

We observed podocyte architecture in Tencl mutant
mice by TEM and immunohistochemical staining. Ef-
facement of podocyte foot processes occurs following
GBM disorganization, and the expression of podocyte-
specific proteins decreased with age in Tencl mutarit
mice. It is known that the abnormal organization of the
GBM may lead to increased permeability and exposure of
podocytes to atypical hemodynamic forces [31], so that
the hemodynamic pressure soon after birth in an abnor-
mal GBM structure probably leads to podocyte injury in
Tencl mutant mice. In addition, integrin signaling influ-
ences not only GBM assembly but also podocyte architec-
ture [13, 14]. The major integrin downstream molecules,
ILK and FAK, are known to regulate podocyte structure
[13-16]. ILK interacts with the cytoplasmic domains of
integrin § and with nephrin in the podocyte, and the in-
tegrin signals in the podocyte are intrinsically coupled
through an ILK-dependent mechanism [15]. In contrast,
phosphorylation of FAK at tyrosine 397 following inte-
grin engagement results in activation of signaling path-
ways related to focal adhesion turnover, and FAK activa-
tion regulates foot process effacement in the podocyte
[15, 16]. Further, it has been demonstrated that phospho-
FAK is induced in podocyte-specific ILK-deficient mice
but not in podocyte-specific integrin p1-deficient mice
[15, 16]. In this study, a normal expression pattern of in-
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tegrin B1 was observed in Tencl mutant mice, whereas
the expression levels of phospho-ILK and phospho-FAK
were markedly increased. Additionally, immunoprecipi-
tation analysis revealed that Tencl might interact with
ILK and integrin f1 in glomeruli, but not with FAK. Col-
lectively, Tencl may act downstream of integrin 1
through ILK signaling to regulate GBM assembly and for-
mation of podocyte foot processes. ILK regulates slit dia-
phragm signals, but it remains unclear whether Tenc1 re-
lates to these signals. Further studies are needed to inves-
tigate integrin-ILK-Tencl signals. Tencl is a cytoplasmic
phosphoprotein that is localized to integrin-mediated fo-
cal adhesions [19, 20]. Tenc1 contains PTB and SH2 do-
mains at the C terminus that interact with tyrosine-phos-
phorylated proteins, PKC and actin-binding domains at
the N terminus, but the center region of Tencl does not
contain the actin-capping domain present in tensinl,
suggesting that it is not able to regulate actin polymeriza-
tion [19-22]. In addition, Tencl has a phosphatase and a
C2 domain pairing, which is homologous to phosphatase
and the tensin homolog [19-22]. The tensin family, which
is known to be a metastasis suppressor, can inhibit cell
proliferation and migration, and its expression is strong-
ly downregulated in human cancers [32]. In particular, it
is known that Tencl influences the phosphoinositide
3-kinase (PI3K)/Akt signaling pathway and enhances
apoptosis in addition to inhibiting cell migration in can-
cers [21]. In podocytes, it is known that activation of the
PI3K/Akt pathway by nephrin or CD2AP protects against
apoptosis and is involved in actin reorganization [33, 34].
Further study is required to determine whether Tencl
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Abstract

Background: ICR-derived glomerulonephritis (ICGN) strain is
anovel inbred strain of mice with a hereditary nephrotic syn-
drome. Deletion mutation of tensin 2 (Tns2), a focal adhesion
molecule, has been suggested to be responsible for nephrot-
ic syndrome in ICGN mice; however, the existence of other
associative factors has been suggested. Methods and Re-
sults: To identify additional associative factors and to better
understand the onset mechanism of nephrotic syndrome in
ICGN mice, we conducted a comprehensive gene expression
analysis using DNA microarray. Immune-related pathways
were markedly altered in ICGN mice kidney as compared with
ICR mice, Furthermore, the gene expression level of comple-
ment component 1, s subcomponent (C1s), whose human
homologue has been reported to associate with lupus ne-
phritis, was markedly low in ICGN mouse kidney. Real-time
quantitative reverse transcription-polymerase chain reaction
confirmed a low expression level of CTs in ICGN mouse liver
where the C1s protein is mainly synthesized. A high serum

level of anti-dsDNA antibody and deposits of immune com-
plexes were also detected in ICGN mice by enzyme-linked
immunosorbent assay and immunohistochemical analyses,
respectively. Conclusion: Our results suggest that the im-
mune system, especially the complement system, is associ-
ated with nephrotic syndrome in ICGN mice. We identified a
low expression level of C1s gene as an additional associative
factor for nephrotic syndrome in ICGN mice. Further studies
are needed to elucidate the role of the complement system
in the onset of nephrotic syndrome in ICGN mice.

© 2013 S. Karger AG, Basel

introduction

Hereditary spontaneous nephrotic mice (ICGN mice),
a novel mutant mouse strain derived from the ICR strain,
were established in the National Institute of Infectious
Diseases [1, 2]. ICGN mice show proteinuria at a young
age and develop severe hypoproteinemia and hyperlipid-
emia, while some of the mice also develop systemic edema
[3]. Histopathological analyses of ICGN mice kidney
showed glomerular lesions consisting of thickened glo-
merular basement membrane (GBM) with irregular
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spike-like protrusions and enlargement of the mesangial
area without cellular proliferation [2]. Ultrastructurally,
multilaminar splitting of the lamina densa of the thick-
ened GBM and fusion of the epithelial foot processes were
noted [4-6]. Such ultrastructural glomerular alterations
were already observed in the kidneys of neonatal ICGN
mice (4-6 days after birth) [6].

The proteinuria seen in ICGN mice was reported to
be controlled by at least one autosomal recessive gene
(nep), which was mapped on the distal part of chromo-
some 15 by linkage analysis [7]. In addition, quantitative
trait locus analysis and DNA sequencing raised the pos-
sibility that a deletion mutation of tensin 2 (Tns2), also
located on chromosome 15, was responsible for ne-
phrotic syndrome in ICGN mice [8]. Tensin is a focal
adhesion molecule that binds to actin filaments and par-
ticipates in signaling pathway through integrin [9]. The
Tns2 gene was reported as Tencl, tensin-like C1 domain
containing phosphatase, in Mouse Genome Informatics
(http://www.informatics.jax.org/). While Tns2 is ex-
pressed in podocytes and tubular epithelial cells in nor-
mal mice, the deletion mutation in Tns2 creates a pre-
mature terminal codon in ICGN mice [8]. Although the
deletion mutation of Trns2 was suggested to be respon-
sible for nephrotic syndrome in ICGN mice, some re-
ports have suggested existence of other causative factors.
Backcross progenies of (ICGN x MSM)F, x ICGN
showed various degrees of proteinuria but did not seg-
regate into the ICGN and MSM types [8]. This result
indicates that proteinuria is controlled by multiple ge-
netic loci. Congenic strains carrying the mutation of
Tns2 on the C57BL/6] genetic background showed mild-
er phenotypes than ICGN mice [10]. Additionally, con-
genic strains carrying the mutation of Tns2 on the 129/
SV genetic background did not show proteinuria, ane-
mia, increase in blood urea nitrogen (BUN) or any se-
vere histological changes until at least 16 weeks of age
[11]. These results suggest the absence of nephrotic syn-
drome in congenic strains carrying the mutation of Tns2
on the C57BL/6] and the 129/SV genetic background
was because they retained wild-type expression for the
multiple associative factors involved in the nephrotic
syndrome seen in ICGN mice.

To identify additional associative factors for nephrotic
syndrome in ICGN mice and to better understand the
onset mechanism of nephrotic syndrome in ICGN mice,
microarray analysis was conducted on renal cortex from
4- and 8-week-old ICGN mice and the results were com-
pared to those obtained from renal cortex harvested from
ICR mice. ‘

Gene Expression Analysis in ICGN Mice

Methods

Animals and Tissue Preparation

All animal experiments were performed in accordance with
protocols approved by the Institutional Animal Care and Use
Committees of National Institute of Biomedical Innovation
(NIBIO, Osaka, Japan). Homozygous male ICGN mice (4 and 8
weeks old) from a specific pathogen-free colony at NIBIO and
age-matched ICR mice (Clea Japan, Osaka, Japan) were used in
this study. All animals were housed under environmentally con-
trolled conditions (room temperature: 23 + 1°C; light-dark con-
ditions: 14 h light/10 h dark) in autoclaved cages and given a
standard diet (CMF, Oriental Yeast Co., Tokyo, Japan) and tap
water ad libitum. At 4 or 8 weeks of age, the animals were anes-
thetized, urine samples obtained from the bladder, blood samples
from the cervical vein, and the kidneys and liver were rapidly re-
moved. One kidney was immediately fixed in 10% (v/v) neutral-
buffered formalin (pH 7.4) for conventional histopathological
evaluation and immunohistochemical study while the other kid-
ney was sectioned horizontally at its middle portion into approx-
imately a 1-mm thick slice. The slices were fixed in RNAlater®
(Invitrogen, Carlsbad, Calif., USA) for microarray analysis. The
median hepatic lobe was sectioned into approximately a 5-mm
thick slice and then fixed in RNAlater® for real-time quantitative
reverse transcription-polymerase chain reaction (quantitative
PCR).

Clinical Biochemistry and Urinalysis

Clinical biochemical parameters associated with renal injury
including serum total protein, serum creatinine, and BUN were
assessed (7170 automated analyzer; Hitachi, Tokyo, Japan). Uri-
nalysis parameters measured included urinary total protein and
urinary creatinine levels (Fuji Dri-Chem FDC7000; Fuji Film, To-
kyo, Japan). All procedures were performed according to the man-
ufacturers’ protocols.

Renal Histopathology and Immunohistochemistry

The fixed kidneys were dehydrated, embedded in paraffin, cut
into approximately 3-um thick sections. To evaluate glomerular
region, sections were stained with hematoxylin and eosin (HE) and
periodic acid-Schiff (PAS). The degree of histopathological change
was determined and scored on a scale of 0-4 as follows: 0 = no find-
ings, 1 = slight changes, 2 = mild changes, 3 = moderate changes,
and 4 = severe changes. To analyze deposition of antibodies, im-
munohistochemical staining for immunoglobulin (Ig) A, IgG and
IgM were also conducted. Sections were treated with protease K
{Dako, Glostrup, Denmark) for 10 min for antigen retrieval, and
then incubated with primary antibody for 1 h at room tempera-
ture. After washing with Tris-buffered saline with Tween-20 (pH
7.6), the sections were incubated with secondary antibody for 1 h
at room temperature. The primary antibodies were polyclonal goat
anti-mouse IgA (code No. A90-103P; Bethyl Laboratories, Mont-
gomery, Tex., USA), goat anti-mouse IgG (code No. 710-1332;
Rockland Immunochemicals, Gilbertsville, Pa., USA) and goat an-
ti-mouse IgM (code No. A90-101P; Bethyl Laboratories) and used
at dilution of 1:100. The second antibody was Alexa Fluor 488-la-
beled chicken anti-goat IgG antibody (code No. A-21467; Molecu-
lar Probes, Eugene, Oreg., USA) and used at dilution of 1:200. The
sections were visualized with fluorescence microscopy (DMRBE;
Leica Microsystems, GmbH, Wetzlar, Germany). Images were ex-
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Table 1. Blood chemistry and urinalysis

4 weeks 8 weeks

ICR (4) ICGN (8) ICR (4) ICGN (10)
BUN, mg/dl 19.5£1.9 34.0+6.7** 24.5+3.1 31.9+£10.6
Serum creatinine, mg/dl 0.10+0.00 0.10+0.00 0.05+0.06 0.16x0.16
Serum total protein, g/dl 4.05%0.19 3.90+0.30 4.95:+0.31 2.89+0.49**
Urinary total protein, g/dl 0.25+0.10 0.41+0.32 1.50x0.36 3.05+0.98*
Urinary creatinine, mg/dl 152.5+17.1 65.6+17.3** 312.5+110.9 48.6+20.4**

Data represent mean + SD. * p < 0.05 and ** p < 0.01 compared with age-matched ICR mice. The number of

mice examined is shown in parentheses.

ported from the Pixcera digital camera system (Penguin 600CL/In
Studio v.1.0; Pixcera Corp., Los Gatos, Calif., USA).

Microarray Analysis

Microarray analysis was conducted with RNA harvested from
the renal cortex of 4- and 8-week-old ICGN and ICR mice. The
samples of renal cortex were separated from the slices fixed in
RNAlater® as previously reported [12] and homogenized using the
Mill Mixer (Qiagen, Hilden, Germany) with zirconium beads. To-
tal RNA was isolated from the kidney homogenate using the
RNeasy kit (Qiagen). Microarray analysis was conducted by using
the GeneChip® Mouse Genome 430 2.0 Array (Affymetrix, Santa
Clara, Calif., USA). The procedure was conducted according to the
manufacturer’s instructions. cDNA synthesis and purification
were performed with the Superscript Choice System (Invitrogen),
the T7-(dT)24-oligonucleotide primer (Affymetrix), and the
cDNA Cleanup Module (Affymetrix). The biotinylated cRNA syn-
thesis and purification were performed using the GeneChip Ex-
pression 3-Amplification Reagents for IVT Labeling (Affymetrix)
and the cRNA Cleanup Module (Affymetrix). Fragmented cRNA
(20 pg) was hybridized to a Mouse Genome 430 2.0 Array for 18 h
at 45°C at 60 rpm, after which the array was washed and stained
by streptavidin-phycoerythrin (Fluidics Station 400; Affymetrix)
then scanned by the Gene Array Scanner (Affymetrix). Non-nor-
malized MAS5 signals were imported into the Microsoft Office
Excel 2007 (Microsoft Corp., Redmond, Wash., USA) and normal-
ized for each microarray by setting the mean signal intensity to be
equal across microarrays. The normalized ICGN values were com-
pared to age-matched ICR values and expressed as fold change
(ICGN/ICR). The Student’s t test p values were calculated using the
Microsoft Office Excel 2007. The data discussed in this publication
have been deposited in NCBI's Gene Expression Omnibus and are
accessible through GEO Series accession No. GSE 45005 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE45005).

Pathway Analysis

Genes for the canonical pathway analysis were selected using the
fold change cutoff of >2 or <-2 and the p value cutoff of <0.01. Path-
way analysis was conducted using the Ingenuity Pathway Analysis
software (IPA; Ingenuity Systems, Redwood City, Calif., USA; www.
ingenuity.com). This software identified the canonical pathways
from the IPA library of canonical pathways that were most signifi-
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cant to the selected genes. Fisher’s exact test was used to calculate a
p value determining the probability that the association between the
genes in the dataset and the canonical pathway was due to chance.

Quantitative PCR

Single-stranded cDNA was synthesized from 1 pg of total liver
RNA using the High Capacity RNA-to-cDNA Master Mix (Ap-
plied Biosystems, Foster City, Calif., USA). Quantitative PCR was
performed on the ABI Prism 7900 (Applied Biosystems), using the
TaqMan Universal Master Mix II (Applied Biosystems) with sets
of primers and Universal ProbeLibrary probes (Roche, Basel, Swit-
zerland) designed online with the ProbeFinder version 2.45 for
mouse (Roche). Probes specific for mouse Cls (forward primer:
5'-TGGATACTTCTGCTCCTGTCC, reverse primer: 5'-CAGG-
GCAGTGAACACATCTC, and Universal ProbeLibrary probe
#69, which gives a 94-nt amplicon); and B-actin (Actb) (forward
primer: 5-CTAAGGCCAACCGTGAAAAG, reverse primer:
5'-ACCAGAGGCATACAGGGACA, and Universal ProbeLi-
brary probe #64, which gives a 104-nt amplicon) were used. Each
sample was amplified with 1 cycle at 95°C for 10 min (to activate
the polymerase) and followed by 40 cycles at (95°C for 15 s and
60°C for 1 min).

ELISA of Anti-Double-Stranded DNA Antibody

Serum anti-double-stranded (ds)DNA antibody was measured
using a mouse anti-dsDNA ELISA Kit (Shibayagi, Gunma, Japan)
according to the manufacturer’s instructions.

Statistical Analysis

Aspin-Welch'’s t test was performed for ELISA of anti-dsDNA
antibody. Student’s t test was performed for all other measured
values. For the microarray data, p values <0.01 were considered
significant while for all other data, p values <0.05 were considered
significant.

Results

Clinical Biochemistry and Urinalysis
Blood and urinary biochemical parameters are sum-
marized in table 1. At 4 weeks of age, ICGN mice showed
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cld ICGN mice (¢), not only lesions found in 4-weék-old ICGN
mice had progressed but inflammatory cell infiltration (arrows)
f ; and basophilic tubules (arrowheads) had become marked. Glom-
8~week~old ICGN (rxght} fmice are shown {d). Glomeruli withex-  eruliin sweek-old ICGN mice showed prominent mesangml area
panded mesangial area/thickening of the GBM and protein cast  expansion (asterisk} and thickening of the GBM (arrowheads) (d).
(asterisk) were observed in 4-week-old ICGN mice (b). In 8-week-  Bars: a-¢ 50 pm; d 25 pm.

Table 2. Histopathological examination of
ICR and ICGN mouse kidney
Expansion of 0 4 0 4 0
mesangial areas/ 1 0 7 0 0
thickening of 2 0 1 0 4
the GBM 3 0 0 0 6
4 G 0 0 0
Tubulointerstitial ] 4 4 4 0
injury 1 0 4 0 1
2 0 Q 0 4
3 0 0 0 3
4 0 0 0 2
The number of mice examined is shown in parentheses.
* Grade of change: 0= negative, I = slight, 2 = mild, 3 = moderate, 4 = severe.
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Fig. 2. Representative photographs of IgA,
1gG and IgM immunostaining. Kidney sec-
tions of §-week-old ICR (&, ¢, ey and ICGN
(b, d, f) mice were stained with antibodies
to IgA {a, b), 1gG (¢, d) and IgM (e, f). Pos-
itive reactions were observed in GBM of
ICGN mice (b, d, f).

significant increase in BUN (1.74-fold higher than the
ICR control values) and significant decrease in urinary
creatinine levels (43% of the ICR control values), At 8
weeks of age, ICGN mice showed markedly lower urinary
creatinine levels (15.6% of ICR control levels), hypopro-
teinemia (58.4% of the ICR control values) and protein-
uria (2.03-fold higher than the ICR control values).

Renal Histopathology and Immunohistochemistry

Histopathological examination is summarized in ta-
ble 2. All 4-week-old ICGN mice exhibited slight to mild
mesangial expansion and thickening of the GBM and by
8 weeks of age, all the mice showed mild to moderate
GBM findings (table 2; fig. 1d). In addition, 4 of 8 ICGN
mice examined at 4 weeks of age showed slight tubuloin-
terstitial injury consisting of inflammatory cell infiltra-
tion, basophilic tubules and protein cast (table 2; fig. 1b).
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By 8 weeks of age, all of the ICGN mice showed slight to
severe tubulointerstitial findings (table 2; fig. 1c). Immu-
nohistochemical analysis revealed depositions of IgA,
IgG and IgM on the thickened GBM of 4- and 8-week-old
ICGN mice (fig. 2).

Microarray Analysis

A total of 252 and 807 transcripts met the filtering cri-
teria (fold change value of >2 or <-2 and p value of <0.01)
in the renal cortical tissue of 4- and 8-week-old ICGN
mice, respectively. Of these, a total of 37 transcripts over-
lapped at the 4- and 8-week time period. A list of the 37
overlapping transcripts are presented in table 3 and are
arranged in order of absolute value of fold change at 4
weeks of age (early stage of nephrotic syndrome). Of these
37 genes, Cls gene showed the largest change (2.2% of
ICR control levels at 4 weeks of age).
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Table 3. List of differentially regulated genes in ICGN mouse kidney at both of 4 and 8 weeks of age

Probe set ID Gene symbol Entrez gene name Fold change
4 weeks 8 weeks
1424041_s_at Cls Complement component 1, s subcomponent -45.1 -26.8
1423487 _at Cript Cysteine-rich PDZ-binding protein -160 -54
1418837_at Qprt Quinolinate phosphoribosyltransferase 6.1 6.1
1438858_x_at  H2-Aa Histocompatibility 2, class II antigen A, a 5.1 5.5
1449526_a_at Gdpd3 Glycerophosphodiester phosphodiesterase domain containing 3 48 317
1422141 s at  Csprs Component of Sp100-rs 4.7 7.2
1460416_s_at  Csprs /// Gm7592 /// Component of Sp100-rs /// predicted gene 7592 /// predicted 4.2 44
Gm7609 /// LOC100503923  pseudogene 7609 /// hypothetical protein LOC100503923

1434833_at Mapék2 Mitogen-activated protein kinase kinase kinase kinase 2 -40 -3.38
1452264 _at Tencl, Tns2 Tensin-like C1 domain-containing phosphatase (tensin 2) -4.0 -34
1424727 _at Cers Chemokine (C-C motif) receptor 5 3.9 34
1445293 _at - - -34 43
1426324 _at H2-DI Histocompatibility 2, D region locus 1 3.2 3.2
1421211 _a_at  Ciita Class II transactivator 3.1 8.1
1425951_a_at  Clecdn C-type lectin domain family 4, member n 3.1 3.7
1448734 _at Cp Ceruloplasmin 2.9 15.3
1417495_x_at Cp Ceruloplasmin 2.9 144
1452661 _at Tfrc Transferrin receptor -2.8 =25
1436905_x_at  Laptm5 Lysosomal-associated protein transmembrane 5 2.7 4.6
1441975_at Acpp Acid phosphatase, prostate 2.6 2.9
1437217 _at Ankrdé Ankyrin repeat domain 6 2.6 3.9
1442436_at Fn3k Fructosamine 3 kinase -2.6 -2.1
1457753 _at Tirl3 Toll-like receptor 13 2.5 2.9
1448591 _at Ctss Cathepsin § 2.5 5.7
1416318_at Serpinbla Serine (or cysteine) peptidase inhibitor, clade B, member 1a 2.4 2.6
1426601 _at Slc37al Solute carrier family 37 (glycerol-3-phosphate transporter), 24 38

member 1
1436778 _at Cybb Cytochrome b-245, B polypeptide 2.3 3.6
1435906_x_at  Gbp2 Guanylate binding protein 2 2.3 3.5
1424942 _a_at Myc Myelocytomatosis oncogene 2.3 3.2
1418674 _at Osmr Oncostatin M receptor 2.2 2.9
1455700_at Mterfd3 MTERF domain containing 3 2.2 2.2
1433699 _at Tnfaip3 Tumor necrosis factor-a-induced protein 3 2.1 4.4
1448748 _at Plek Pleckstrin 2.1 3.2
1415698_at Golm1 Golgi membrane protein 1 2.1 3.6
1419004 _s_at Bel2ala ///Bcl2alb /// B cell leukemia/lymphoma 2-related protein Ala /// B cell 2.1 4.5

Bcl2ald leukemia/lymphoma 2-related protein A1b /// B cell leukemia/

lymphoma 2-related protein Ald
1460259_s_at Clcal /// Clca2 Chloride channel calcium activated 1 /// chloride channel 2.1 34

calcium activated 2
1417852_x_at Cleal Chloride channel calcium activated 1 2.0 2.7
1450869 _at Fgfl Fibroblast growth factor 1 20 -24

Data represent fold change value (ICGN/ICR, n = 3).

Gene Expression Analysis in ICGN Mice
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Table 4. Canonical pathways affected significantly in ICGN mouse kidney as compared with ICR mice kidney

Canonical pathway Signaling pathway categories ~log (p value)
4 weeks 8 weeks
Type 1 diabetes mellitus signaling Apoptosis; disease-specific pathways 5.26
Role of NFAT in regulation of the immune Cellular immune response; humoral immune response; intracellular and second  4.33
response messenger signaling
Acute phase response signaling Cytokine signaling; ingenuity toxicity list pathways 4.2
NEF-xB activation by viruses Cellular immune response; pathogen-influenced signaling 3.79
PKCH signaling in T lymphocytes Cellular immune response 349
Virus entry via endocytic pathways Pathogen-influenced signaling 3.34
Nur?7 signaling in T lymphocytes Apoptosis; cellular immune response; nuclear receptor signaling 3.07
Systemic lupus erythematosus signaling Disease-specific pathways 3.02
Calcium-induced T-lymphocyte apoptosis Apoptosis; cellular immune response 2.75
CD28 signaling in T-helper cells Cellular immune response 2.75
CTLA4 signaling in cytotoxic T lymphocytes Cellular immune response 2.64
IL-6 signaling Cellular immune response; cytokine signaling 2.61
Docosahexaenoic acid (DHA) signaling Intracellular and second messenger signaling; neurotransmitters and other 2553
nervous system signaling
IL-4 signaling Cellular immune response; cytokine signaling; humeral immune response 245
iCOS-iCOSL signaling in T-helper cells Cellular immune response 2.3
Rac signaling Intracellular and second messenger signaling 2.26
TNERI signaling Apoptosis; cytokine signaling 2.22
fMLP signaling in neutrophils Cellular immune response; cytokine signaling 2.22
Graft-versus-host disease signaling Cellular immune response; disease-specific pathways 5.74 5.38
Antigen presentation pathway Cellular immune response; humoral immune response 5.42 4.95
Autoimmune thyroid disease signaling Cellular immune response; disease-specific pathways; humoral immune 4.8 4.06
response
Complement system Humoral immune response 4.36 343
Allograft rejection signaling Cellular immune response; disease-specific pathways 4.32 3.39
Dendritic cell maturation Cellular immune response; cytokine signaling; pathogen-influenced signaling 427 5.92
IL-10 signaling Cellular immune response; cytokine signaling 4.03 2.94
Role of pattern recognition receptors in Cellular immune response; pathogen-influenced signaling 398 3.27
recognition of bacteria and viruses
0X40 signaling pathway Cellular immune response 3.82 2.73
Altered T cell and B cell signaling in rheumatoid  Cellular immune response; disease-specific pathways 3.64 7.49
arthritis
B cell development Cellular growth, proliferation and development; humoral immune response 3.25 5.44
Communication between innate and adaptive Cellular immune response 3.16 7.77
immune cells
Cytotoxic T-lymphocyte-mediated apoptosis Apoptosis; cellular immune response 3.15 3.15
of target cells
Crosstalk between dendritic cells and natural Cellular immune response 3.02 222
killer cells
Hepatic fibrosis/hepatic stellate cell activation Disease-specific pathways; ingenuity toxicity list pathways 2.83 6.97
Pathogenesis of multiple sclerosis Disease-specific pathways 2.16 4.54
TREM]1 signaling Cellular immune response; cytokine signaling 2.12 227
Role of hypercytokinemia/hyperchemokinemia Cellular immune response; cytokine signaling 2.03 4.04
in the pathogenesis of influenza
LXR/RXR activation Ingenuity toxicity list pathways; nuclear receptor signaling 2.02 3.27
Atherosclerosis signaling Cardiovascular signaling; disease-specific pathways 439
Intrinsic prothrombin activation pathway Cardiovascular signaling; cellular stress and injury 3.32
T-helper cell differentiation Cellular immune response; cytokine signaling 2.66
Primary immunodeficiency signaling Cellular immune response; disease-specific pathways; humoral immune 229

response

Bold font: significantly affected pathways which were categorized into ‘Humoral immune response’, ‘Cellular immune response’ and/or ‘Cytokine sig-
naling’.
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