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Figure 4. Mafb directly regulates Nephrin expression. (A) Analysis of the 5'-flanking
region of Nephrin by the Ensembl Genome Database Web site identified an Mafb
binding site (hal-MARE) that is highly conserved between mouse and human
(Nephrin-MARE). (B) Reporter assay. WT Nephrin-MARE (WT-Luc) and mutated
Nephrin-MARE (Mut-Luc) luciferase reporter constructs are indicated. The 293T cells
were cotransfected with the indicated Nephrin promoter-reporter plasmid constructs
along with the Mafb expression plasmid, and the relative luciferase activity was
measured as described in Concise Methods. The relative luciferase activity of the
reporter plasmids is shown in the lower panel with the activity generated from cells
transfected with the empty reporter vector (0 ng) and the Mafb expression plasmid
defined as 1.0. Each bar represents the mean*SEM. **P<0.05. (C) EMSA using la-
beled consensus MARE (upper panel) and Nephrin-MARE (lower panel). (Lane 1)
Biotin-labeled consensus MARE probe. (Lane 2) Mafb protein and biotin-labeled
consensus MARE probe. (Lane 3) Lane 2+anti-Mafb antibody. (Lane 4) Lane 2+unlabeled
consensus MARE oligonucleotide. (Lane 5) Lane 2+unlabeled Nephrin-MARE oligo-
nucleotide.

reported that MAFB mutations cause MCTO. Patients with
MCTO often progress to end stage kidney disease.!! Because
some of the cases showed FSGS,?7 renal failure might be at-
tributed to podocyte dysfunction caused by MAFB muta-
tions.!! The Mafb gene has been reported to localize to the
vicinity of the albuminuria-susceptible locus in diabetic
mice.!? These facts suggest Mafb might play an important
role in diabetic nephropathy. In this study, we analyzed di-
abetic Mafb TG mice. We found that Mafb overexpression
might ameliorate diabetic nephropathy through Nephrin,
Gpx3, and Notch2 in podocytes.

Nephrin, thekey molecule of the glomerular slit diaphragm,
is expressed on the surface of podocytes and critical in
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preventing proteinuria.! In diabetes, hy-
perglycemia leads to the loss of surface ex-
pression of Nephrin and causes proteinuria
in human diabetic nephropathy and rodent
STZ-induced diabetic model.28:29 Al-
though the mechanism of Nephrin loss
remains unclear, hyperglycemia induces
protein kinase C a-mediated Nephrin
endocytosis.30 In this study, we found
that Mafb overexpression significantly at-
tenuated Nephrin loss in diabetic mice.
Moreover, it was observed that Mafb stim-
ulates Nephrin transcription through an
MARE within the proximal promoter of
the Nephrin gene. Several studies have
shown that Nephrin is regulated at the
transcriptional level.1%16:17 Guo et al,1¢
reported that a 186-bp fragment of the
human Nephrin promoter containing reti-
noid X receptor/retinoic acid receptor and
WT1 response elements is capable of di-
recting podocyte-specific expression. An
MARE is also located within this fragment.
Our data suggest that Mafb signaling is an
important regulator of the Nephrin pro-
moter. However, we could not identify
MAREs within the 5'-flanking regions of
Gpx3 or Notch2. The mechanism by which
Mafb regulates Gpx3 and Notch2 expres-
sions thus remains to be determined. Ad-
ditional studies and other supporting data
are needed to clarify the precise biologic
properties of Mafb.

Gpx, which is an antioxidative stress
enzyme, was elevated in Mafb TG glomer-
uli. It has been suggested that oxidative
stress constitutes a key and common event
in the pathogenesis of diabetic nephropa-
thy.3! Antioxidant administration has been
shown to have potential beneficial effects in
human and experimental diabetic ne-
phropathy.32-35 A recent study suggested

that Gpx3 is produced by podocytes and interacts with podo-
cin.?! The mRNA expression of Gpx3 was significantly reduced
in glomeruli after puromycin aminonucleoside nephropathy in-
duction.?® Our data suggest Mafb overexpression in podocytes
might ameliorate diabetic nephropathy through Gpx3.

We also found that Notch2 expression was increased in
diabetic Mafb TG glomeruli. In contrast, the expression of
Notchl, Notch ligands, and Notch target genes was decreased.
NOTCH?2 has been identified as a primary MAFB target
gene.?* Several recent studies described the expression of
Notch pathway proteins in kidneys of patients with diabetic
nephropathy.?>3% Expression of Notchl in podocytes causes
the development of albuminuria and glomerulosclerosis,
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Figure 5. Oxidative stress was improved through Gpx activity in
diabetic Mafb TG mice. (A) The urinary 8-OHdG level in TG STZ
mice was significantly decreased compared with WT STZ mice. (B)
Gpx expression in diabetic glomeruli by quantitative RT-PCR
analysis. Gpx3 expression was increased in TG CON glomeruli.
The diabetes-induced reduction in Gpx3 expression was miti-
gated in TG STZ glomeruli. (C) Glutathione peroxidase activity in
the glomeruli. The reduction in Gpx activity in WT STZ was
mitigated in TG STZ glomeruli. Values represent the means*SEMs
(n=4 mice per group). *P<0.05; **P<<0.01.
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whereas genetic deletion or pharmacological inhibition ame-
liorates diabetic nephropathy in murine models.?> In vitro and
in vivo studies showed that Notchl induces apoptosis of po-
docytes through the activation of p53.2>37 Meanwhile, Notch2
elevation in podocytes has also been observed in human and
experimental diabetic nephropathy.?>-38 However, the in vivo
role of Notch2 in podocytes is poorly understood. Increased
renal tubulointerstitial Notchl levels are associated with in-
creased fibrosis and decreased renal function, whereas tubu-
lointerstitial expression of Notch2 is associated with samples
with less fibrosis and better renal function in CKD.38 These
results would suggest that, similar to tubulointerstitial fibrosis,
Notchl and Notch2 in podocytes might have different roles in
diabetic nephropathy as well. An opposing role between
Notchl and Notch2 has been observed in other diseases. For
example, in colorectal cancer, high expression of Notchl is
associated with poor overall survival, whereas high expression
of Notch?2 predicts better survival.3® Additional studies are
needed to elucidate the role of Notch2 in podocytes and the
interaction between Notchl and Notch2. A recent study
showed Mafb-green fluorescent protein bacterial artificial
chromosomes in TG mice. The work by Brunskill ef al.40 rep-
resents microarrays of podocytes from embryos at embryonic
day (E) 13.5 and E15.5 as well as adults. The report will be
useful to analyze additional targets for Matb.

Loss of podocytes contributes to the progression of diabetic
nephropathy. Podocyte apoptosis is known
as one cause of podocyte depletion.! We
observed that apoptotic podocytes were

Notch4 decreased in diabetic Mafb TG glomeruli.
— Notch signaling changes and antioxidant
—

protection by Mafb might induce the anti-
apoptotic effects. Mafb expression has been
shown to confer antiapoptotic effects in
myeloma and macrophage cell lines.24:4!
In summary, we showed in the present
study that Mafb might play a protective role
in diabetic nephropathy. This effect is
regulated through slit-diaphragm proteins,
antioxidative enzymes, and Notch path-
ways in podocytes. We, therefore, suggest
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importance for the development of diabetes
nephropathy. Mafb could be a therapeutic
target in diabetic nephropathy.
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CONCISE METHODS

Figure 6. Notch2 expression was increased in diabetic glomeruli, and this effect was
enhanced in diabetic Mafb TG glomeruli. Analysis of Notch signaling expression by
quantitative RT-PCR in diabetic Mafb TG glomeruli. We observed increased expression
of Notch1 and Notch4, Notch ligands (Jag? and DIl1), and Notch target genes (Hes1
and Hey1) in WT STZ glomeruli. The fold induction of these genes was mitigated in TG
STZ glomeruli. Meanwhile, glomerular Notch2 expression was increased in TG CON
mice. Notch2 expression was further potentiated in TG STZ mice. Values represent the
means*SEMs (n=4 mice per group). *P<0.05; **P<0.01.
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Mice

We generated TG mice that overexpress Mafb in
podocytes using the human Nephrin promoter/
enhancer.'® Eight-week-old WT and Mafb TG
mice were treated with either STZ or saline so-
lution. After 12 weeks of treatment, diabetic
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Transgene copy number was determined from the
blot with Image] (National Institutes of Health,
Bethesda, MD).

Western Blot Analysis of Kidneys
Nuclear extracts were prepared from the kidneys

of 10-week-old WT or TG mice. The extracts
were fractionated by size on a 10% SDS-poly-
acrylamide gel, transferred to a polyvinylidene
difluoride membrane (EMD Millipore Corpo-
ration, Billerica, MA), and incubated with pri-
mary and secondary antibodies. To detect the
Mafb protein, a rabbit antibody against mouse
Mafb (BL658; Bethyl, Montgomery, TX) was
used as the primary antibody, and peroxidase-
conjugated goat anti-rabbit IgG (Invitrogen,
Carlsbad, CA) was used as the secondary anti-
body. To normalize the results with respect to

Notch2

the amount of protein in each sample, a goat

Mafb
transfection O )

Figure 7. Mafb upregulates Gpx3 and Notch2 expression in cultured podocytes. (A)
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antibody against mouse Lamin B (C-20; Santa
Cruz Biotechnology, Dallas, TX) was used.
Amount of proteins was determined from the
blot with Image].
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Quantitative RT-PCR analysis. Gpx3 and Notch2 elevation was observed in Mafb-

transfected podocytes. (B) Representative Western blotting of Mafb, Gpx3, and
Notch2. (C) Graph depicting quantitative analysis by Western blot. Gpx3 and Notch2
elevation was found in Mafb-transfected podocytes. Values represent the means=SEMs
(n=3 per group in independent experiments). *P<0.05; **P<0.01.

nephropathy was assessed by biochemical analyses of urine, serum,
and histologic analyses of the kidneys. Diabetes was induced by a
single intraperitoneal injection of STZ (150 mg/kg body wt; Sigma-
Aldrich, St. Louis, MO) that had been diluted in citrate buffer (pH 4.5).
Control mice were injected with an equal volume of citrate buffer
alone. After 7 days, the induction of diabetes was confirmed by the
measurement of blood glucose concentrations. Fed animals with
blood glucose levels that were greater than 300 mg/dl were considered
to be diabetic. Mice were maintained in the Laboratory Animal Re-
source Center. All experiments were performed according to the Guide
for the Care and Use of Laboratory Animals of the University of
Tsukuba.

Southern Hybridization Analysis of Genomic DNA
High-molecular weight DNA was prepared from the tail of each

mouse, and 25 ug DNA was digested with EcoRI and then electro-
phoresed through 1.0% agarose gels. After electrophoresis, the DNA
was transferred to a nylon membrane (Hybond-N*; GE Healthcare
Life Sciences, Little Chalfont, UK). Southern hybridization was per-
formed using digoxigenin-labeled DNA probes that were amplified
using forward (5'-TGAGCATGGGGCAAGAGCTG-3") and reverse
(5’-CCATCCAGTACAGGTCCTCG-3) oligonucleotide primers in
hybridization buffer at 42°C overnight. After hybridization, probes
were detected using alkaline phosphatase-conjugated antidigoxigenin
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Measurements of Serum Glucose and

Insulin
The serum concentration of glucose was mea-

sured using a Dry-Chem 3500 automated ana-

lyzer for routine laboratory tests (FujiFilm Inc.,

Tokyo, Japan). The serum insulin levels in fed
animals were measured with a rat insulin ELISA kit (Morinaga
Institute of Biologic Science, Yokohama, Japan).

Analysis of Urinary Albumin Excretion and Renal

Serological Assays
The urine of each mouse was collected in an individual metabolic cage

over a 24-hour period. Urinary albumin was measured using the
Albuwell M ELISA quantitation kit according to the protocols by the
manufacturer (Exocell, Philadelphia, PA). The serum concentration
of BUN and creatinine were measured using a Dry-Chem 3500
automated analyzer.

Histopathological Analysis of Renal Tissues
Each mouse was bled while under ether anesthesia. At autopsy,

organs were fixed with 10% formalin in 0.01 mol/L phosphate
buffer (pH 7.2) and embedded in paraffin. Sections were stained
with Periodic acid—Schiff stain and Masson’s trichrome staining for
histopathological examination under light microscopy. For immu-
nofluorescence analysis, frozen sections were stained with anti-
Nephrin, anti-Podocin and anti-Mafb as previously described.1®
Quantitative estimation of immunofluorescence was performed
using Image]. Relative fluorescence intensity was calculated using
the mean fluorescence intensity of nondiabetic WT mice defined
as 1.0.
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Quantitative RT-PCR
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Glomerular Surface Area Determination
The glomerular surface area of 20 glomeruliin each kidney section was

measured using a BIOREVO BZ-9000 microscope (Keyence, Osaka,
Japan), and the mean glomerular surface area was calculated.

Tubulointerstitial Morphology
The index of renal tubulointerstitial damage was graded with the

experimental protocol using a light microscope on a scale of grades
0—4 (grade 0, normal; grade 1, affected area<<10%j; grade 2, affected
area=10%-25%; grade 3, affected area=25%-75%; grade 4, affected
area>75%) as previously described.*?

Glomerular Isolation
Mice were anesthetized and perfused through the heart with magnetic

4.5-pm-diameter Dynabeads (Invitrogen). Kidneys were minced into
small pieces, digested by collagenase A (Roche), filtered, and collected
using a magnet.*3
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Figure 8. Overexpression of Mafb partially restores podocyte number. (A) Typical
images of WT1-stained glomeruli from WT CON, TG CON, WT STZ, and TG STZ mice.
(B) Average number of WT1-stained nuclei calculated per glomerular sections. The
number of WT1-stained nuclei was obtained from 10 glomerular sections per kidney
sample. Values represent the means+SEMs (n=4 mice per group). *P<0.05. (C) Di-
abetes-induced glomerular cell death is reduced by Mafb overexpression. TUNEL
staining in WT CON, TG CON, WT STZ, and TG STZ glomeruli. Quantification of
TUNEL staining in all glomerular sections per kidney sample. Values represent the
means*=SEMs (n=4 mice per group). *P<0.05; **P<0.01. (D) Apoptotic glomerular
cells were podocytes in diabetic glomeruli. TUNEL-positive apoptotic podocyte in the
glomeruli of WT STZ mice was WT1-positive (arrows). Blue, 4’,6-diamidino-2-phenyl-

5'-GGGCATCAAAGTGGAGAGAACTG-3’
and 5 -TGGACAGCGACTGAAGAGTGTG-3';
Podxl, 5'-GAGCACAGCGAGCCATCC-3' and
5'-GTGGAGACGGGCAATGTAG-3'; GpxlI,
5'-GGTTCGAGCCCAATTTTACA-3" and 5'-
CCCACCAGGAACTTCTCAAA-3"; Gpx3, 5'-
GATGTGAACGGGGAGAAAGA-3" and
5'-CCCACCAGGAACTTCTCAAA-3"; Gpx4,
5'-CTCCATGCACGAATTCTCAG-3" and 5'-
ACGTCAGTTTTGCCTCATTG-3'; Notchl, 5'-
ATGGCATCGCGGGCTTCACTT-3" and
5'-TCCTTGCATACCCCGCTGTTTTTG-3';
Notch2, 5'-CATTGACGAGTGCACTGA-3" and
5'-GAGTGCTGGCACAAGTGT-3'; Notch3,
5'-GTGGATGTCAACGTCCGA-3" and 5'-
TGCCAGGATCAGTGCAGT-3'; Notch4, 5'-
CAGAACGTGGATCCCCTCAAGTTGC-3" and
5'-AGGCAGAGAGAGGGCAAGGACTCAT-3';
Jagl, 5'-CGGTGGCTGGGAAGGAA-3" and
5'-CTCGGGCCACACCAGAC-3'; DIl1, 5'-
GGCTCTTCCCCTTGTTCTAAC-3" and 5'-
CTTCAGCCGGACGCAGACC-3'; Hesl,
5'-AAAGACGGCCTCTGAGCACA-3" and 5'-
TCATGGCGTTGATCTGGGTCA-3'; Heyl,
5'-GGGAGGGTCAGCAAAGCA-3" and 5'-GCTGCGCATCT-
GATTTGTCA-3'; Hprt, 5'-TTGTTGTTGGATATGCCCTTGACTA-
3" and 5'-AGGCAGATGGCCACAGGACTA -3’ 4446

Luciferase Assay
To construct reporter plasmids, DNA fragments corresponding

to positions —427 to +173 in the WT and mutant murine Nephrin
gene promoter!'® were PCR-amplified and subcloned into
the pGL3-Luc vector (Promega, Madison, WI). To express Mafb,
we used a previously described expression plasmid (pEFX3-FLAG-
Mafb).4” Reporter and effecter plasmids were transfected into
293T cells by lipofection using FuGENE6 transfection regent
(Roche) and then harvested 24 hours post-transfection. Luciferase
assays were performed according to the manufacturer’s pro-
tocol using the Dual-Luciferase Reporter Assay System
(Promega). Transfection efficiency was routinely monitored and
normalized using the coexpressed Renilla reniformis luciferase
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activity, which was expressed from the pRL-TK (Promega) expres-
sion plasmid.

EMSA
Biotin labeling of oligonucleotide probes and protein—-DNA binding

reactions were performed using the LightShift chemiluminescent
EMSA kit (Thermo Fisher Scientific, Rockford, IL) according to the
manufacturer’s directions. Mafb and mock-control proteins were
prepared from 2937 cells transiently transfected with expression vec-
tors, pEFX3-FLAG-Mafb or pEFX3-FLAG mock, as previously de-
scribed.*® Nuclear extracts were incubated with the biotin-labeled
probe and a reaction mixture containing 10 mM Tris, 50 mM KCI,
1 mM dithiothreitol, 5 mM MgCl,, 50 ng/L poly (dI-dC), 0.05% NP-40,
and 2.5% glycerol for 20 minutes at room temperature. The oligonucle-
otide probes containing the MARE sequences are as follows: consensus
MARE sequence: 5'-AGCTCGGAATTGCTGACTCATCATTACTC-3’
and 3'-TCGAGCCTTAACGACTGAGTAGTAATGAG-5'; Nephrin-
MARE: 5'-GTTCCTGGCATGTGCTGACAGGGGATTTC-3" and 3'-
CAAGGACCGTACACGACTGTCCCCTAAAG-5'. A 200-fold excess
of unlabeled oligonucleotide was added to the reaction mixture for com-~
petition studies. Anti- Mafb antibody (BL658; Bethyl) was preincubated
with the extract protein for 10 minutes before incubation of the biotin-
labeled probe to detect each protein.

Measurement of Urinary Levels of 8-OHdG
Theurinaryexcretion of 8-OHAG was measured by competitive ELISA

using a commercially available kit: New 8-OHdG Check (Japan
Institute for the Control of Aging, Shizuoka, Japan).

Measurement of Glutathione Peroxidase Activity
Collected glomeruli were subjected to glutathione peroxidase assays

according to the manufacturer’s instructions. Glutathione peroxidase
assays kits and reagents were all purchased from Cayman Chemical
Company (Ann Arbor, MI).

Cell Culture
Mouse podocytes (SVI) from a conditionally immortalized cell line

were obtained from CLS.*° Cells were grown in RPMI 1640 medium
(Gibco, Grand Island, NY) supplemented with 10% FBS, penicillin
(100 units/L), and streptomycin (100 mg/L) in a controlled humid-
ified atmosphere. To propagate podocytes, the culture medium was
supplemented with 10 units/ml mouse recombinant IFN-v, and the
cells were cultivated at 33°C to enhance the expression of the
temperature-sensitive large T antigen (permissive conditions). To in-
duce differentiation, podocytes were maintained at 37°C without
IFN-vy (nonpermissive conditions) for 7 days.>°

Cell Transfection
One day before transfection, the culture medium was removed, and

cells were cultivated in antibiotic-free RPMI 1640 (Gibco) supple-
mented with 10% FBS. The cells were transfected with expression vec-
tors, pEFX3-FLAG-Mafb or pEFX3-FLAG mock, using Lipofectamine
LTX (Life Technologies, Carlsbad, CA) according to the manufacturer’s
instructions. The cells were incubated an additional 24 hours. Trans-
fected cells were cultured in normal (5.5 mM) and high (30 mM)

10 Journal of the American Society of Nephrology

glucose concentration for 72 hours. Subsequently, Western blot anal-
ysis and quantitative RT-PCR were performed.

Western Blot Analysis of Podocytes
Podocytes were treated with lysis buffer (20 mM Tris, 140 mM NaCl,

2mM EDTA, 10% glycerol, and 1% Nonidet P-40) in the presence ofa
protease inhibitor cocktail (Sigma-Aldrich) and then homogenized at
4°C by scraping. The homogenates were centrifuged at 9500Xg for
20 minutes at 4°C, and supernatants were used as sample proteins. Equal
amounts of protein, containing 20 ug, were separated on a SDS—
polyacrylamide gel (10%) and transferred to Immobilon-P PVDF
Membrane (EMD Millipore). The following antibodies were used
for Western blotting: anti-Mafb (Bethyl), anti-Gpx3 (H-10; Santa
Cruz Biotechnology), anti-Notch2 (D76A6, Cell Signal Technology,
Danvers, MA), and anti-$-actin (horseradish peroxidase—conjugate;
13ES5; Cell Signaling Technology). Blots were developed by using the
Pierce Fast Western Blot Kit, and the signals were captured on an
image reader (Las-3000; FujiFilm, Tokyo, Japan). Amount of proteins
was determined from the blot with Image].

Podocyte Number Counting
Kidney sections (4 um) were immunostained with a polyclonal an-

tibody against WT1 (C-19; Santa Cruz Biotechnology) as the primary
antibody and detected by the avidin-biotin-peroxidase complex
staining technique using a Histofine Kit (Nichirei, Tokyo, Japan).
Podocyte density was determined from a count of the number of
WT1-positive nuclei per glomerular section.

TUNEL Assay
Apoptotic cells were estimated by the TUNEL assay, which relies on

incorporation of labeled 2'-deoxyuridine, 5'-triphosphate at sites of
DNA breaks. For the TUNEL procedure, all reagents, including
buffer, were part of a kit (In Situ TAKARA Apoptosis Kit; TAKARA
Bio) applied to frozen kidney sections. Procedures were carried out
according to the manufacturer’s instructions. For identification of
apoptotic podocytes, the kidney sections were costained with WT1
antibody (C-19; Santa Cruz Biotechnology) and 4',6-diamidino-2-
phenylindole. Apoptosis was examined in 4-um-thick sections of the
kidneys. For quantitative histologic analysis, the degree of apoptosis
was estimated using a scale based on the mean number of TUNEL-
positive cells per 100 glomerular sections.

Statistical Analyses
All results were expressed as means®SEMs. Multiple data compari-

sons were conducted using the one-way ANOVA with the Bonferroni
correction. Significant differences between the two groups of mice
were analyzed using the unpaired ¢ test. Differences were considered
statistically significant at P values <0.05.
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