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However, since high extracellular glucose stimulates the synthesis
of angiotensinogen in a concentration-dependent manner in rat
proximal tubular cells (20}, the present study cannor exclude the
possibility that angiotensinogen synthesis regionally increases in
the proximal tubule (13, 21) or even in the glomerulus. Previous
studies showed that kidney renin mRNA levels increased at the
early onset of diabetes in spontanecusly or streptozotocin-induced
diabericrars (13, 17, 19, 21) and decreased markedly thereafter (17).
The present study demonstrated that both the total kidney renin
(proteolytically activated and prorenin) content and kidney renin
mRNA level were lower in the DM rats than in the Crats ar 12 and
20 weeks of age (8 and 16 weeks of diabetes) when the nephropathy
develops, and they were similar at 28 weeks of age (24 weeks of
diabetes) when the nephropathy progresses. HRP administration
did not alter total kidney renin content or kidney renin mRNA
levels in either conrrol or diaberic rats at any age or length of dia-
betes (Figure 6C and 7A). Thus, the total amount of intrarenal
renin and prorenin generared in the kidneys may be decreased
during the development of diabetic nephropathy. The total activ-
ity of renin and prorenin did increase in the kidneys of diabetic
rats, however, because the result of the present study showed the
increased staining of the exposed active center of renin/prorenin
in the kidneys of diaberic rats and its inhibirion by HRP. Previous
studies also demonstrated increased ability of the kidney to gen-
erate Ang I in diaberic rars, which was called “renal renin concen-
tration” {21). Taken together, during the development of diabetic
nephropathy, the kidneys of diabetic rats increased levels of AngI
and II without any changes in renin, ACE, or angiotensinogen
synthesis, and continuous infusion of HRP completely inhibired
the increased kidney levels of Ang I'and IT without affecting the
kidney levels of renin, ACE, or angiotensinogen mRNA. These
resules suggest thar intrarenal renin acriviry increases during che
development of diabetic nephropathy and that nonproteclytic
acrivation of prorenin significantly contribures to the increased
intrarenal renin activity.
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Figure 8

Kidney levels of total prorenin and activated prorenin
in C rats (n =86), C+ HRP rats {n =6), DM rats (n =8),
and DM + HRP rats (n = 6) at 28 weeks of age. (A)
Immunohistochemistry of prorenin and active cen-
ter of renin that indicates total prorenin and acti-
vated prorenin, respectively. The photomicrographs
show increases in both total prorenin and activated
prorenin at the juxtaglomerular area of diabetic rat
kidneys. HRP treatment did not alter the increased
staining of total prorenin but inhibited the enhanced
staining of activated prorenin. Scale bars: 25 pm. (B)
Quantitative analysis of prorenin-positive cellsin a
juxtaglomerular area. The graph shows an increase
in prorenin-positive cells in DM and DM + HRP rats.
(C) Quantitative analysis of activated prorenin in a
juxtaglomerular area. The graph shows an increase
in activated prorenin in DM and its inhibition by HRP
treatment. *P < 0.05 versus C rats.
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The reason why the nonproteolytic activation of prorenin
occurs in diabetic organ remains unclear. We believe, how-
ever, that the present studies provide a credible explanation.
Consistent with previous in vitro and in vivo studies (22, 23),
the kidney cathepsin B mRNA levels significantly decreased
during the development of diabetic nephropachy (Figure 7D).
This result suggests that the decreased prorenin processing can
increase the ratio of prorenin to renin in diabetic rat kidneys.
In fact, the immunochistochemical staining of prorenin signifi-
cantly increased in diabetic rac kidneys compared with control
rat kidneys (Figure 8, A and B), although rotal renin content of
diaberic rat kidneys was similar to or lower than that of con-
trol rar kidneys (Figure 6C). Since both renin and prorenin
compertitively bind to a renin/prorenin receptor (9), the relative
increase in prorenin versus renin could cause more binding of
prorenin to its recepror, leading ro the nonproteolytic activation
of prorenin. This idea was supported by the result of the pres-
ent study showing that the inhibition of nonproteolytic activa-
tion of prorenin by HRP significantly suppresses the incteased
immunohistochemical staining of exposed active center of
renin/prorenin in the kidneys of diabetic rars (Figure 8, A and
C). Alternatively, nonproteolytic prorenin-activators, such as a
renin/prorenin receptor (9), or their affinity to prorenin might
be increased in diabetic organ. Further studies will be needed
to derermine che reason why the nonproteolytic activation of
prorenin occurs in the diabetic organ.

In conclusion, even though diabetic animals have high plasma
prorenin levels and low plasma renin levels, suggesting a sup-
pressed circulating RAS (1), Ang IT type 1 receptor blockers havea
beneficial effect in preventing the development and progression
of diabetic organ damage (24, 25). This study clearly demonstrat-
ed thar the development of diabetic nephropathy is associated
with the activated kidney RAS and suggested that nonproteolytic
activation of prorenin significantly contribures to the activation
of the kidney RAS and the development of diabetic nephropathy.
Number 8
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Therefore, we propose that substances that inhibit nonproteolytic
activation of prorenin, such as HRP, is useful in drug therapy
strategies to prevent diabetic organ damage.

Methods
Preparation of rat provenin handle peptide and its Ab. Figure 1 shows che proseg-
ment of rat prorenin. To cover the handle region {position 11-15) (5), we
designed a decapeptide, NH;-RILLKKMPSV-COQH, as an HRP of rat
prorenin and purified it by HPLC on a C-18 reverse-phase column. The
putity and retention time of HPLC were 97.6% and 26.2 minutes, respec-
tively. The mass of the product was 1,185.7, similar to the theoretical mass
value (1,186.0). Anti-rat HRP Ab was raised against a peptide, RILLKK-
MPSVC, conjugated with keyhole limpet hemocyanin in rabbits. HRP was
used for determining the titer of the antiserum using a Vectastatin ABC-AP
rabbit IgG kit (Vector Laboratories) and as the ligand of an affinity column
for purification of the Ab. High-titer antisera were obrained 6 weeks after
the first immunization. The affinity gel was prepared by conjugation of
Biogel 102 (amine-coupled gel; Bio-Rad Labotatories) through a eysteine
residue of antigen peptide as a ligand. The Ab was purified with the affinity
column, and the concentration of the purified Ab (3.90 mg/ml) was calcu-
lated using an extinction coefficient of 1.35 at 1 mg/m! IgG and 280 nm.
Immunoblot analysis. The recombinant rat prorenin and renin was subject-
ed 1o 12% SDS-PAGE and electrophotetically transferred to the polyvinyli-
dene difluoride membzane, Renin was prepared by the trypsin treatment of
prorenin; that is, prorenin was incubated wich 200 ug/ml of trypsin for 20
minutes at pH 7.4 and 25°C, and then the trypsin action was arrested with
1 mM PMSF. The membrane was incubated separately with rabbit anti-tat
renin antiserum (1:1,000) (26) and 3 nM purified rabbit anti-handle region
peptide Ab for 1 hour at room remperature in the absence ot presence of 10,
100, and 1,000 nM regional peptides of prorenin prosegment. After being
washed, the immunocomplex on these sheets was visualized using horseradish
peroxidase-conjugated secondary anti-rabbit IgG and diaminobenzidine.
Animals. We maintained male Sprague-Dawley rars (Charles River Labo-
ratories Inc.) in a temperacure-controlled room that was maintained at
23°C and a 12-hour light/12-hour dark cycle, with free access to water
and a normal-sale dier rat chow (0.4% NaCl) (CE-2; Nihon Clea). The Keio
University Animal Care and Use Committee approved all experimental
protocols. At 3 weeks of age, under sodium pentobarbical {30 mg/kgi.p.)
anesthesia, we removed the left kidney of 100- to 150-g rarts and divided
the heminephrecromized rats into four groups: the €, C + HRP, DM, and
DM + HRP groups. Diaberic rars received i.p. 10 mM citrate buffer with 65
mg/kg of streptozotocin {Wako Pure Chemical), and nondiaberic control
rats received 10 mM cicrate buffer alone, at 4 weeks of age. Every 28 days we
changed the subcutaneously implanted osmotic minipump (model 2004,
for 28-day use; Alzer Osmotic Pumps) containing saline or a HRP (0.1 mg/f
kg), and we decapitated six rats at 12, 20, and 28 weeks of age to obrain the
blood and right kidney of each animal, In our preliminary study, an osmot-
ic minipump with a NH;-SFGR-COOH (0.1 mg/kg, = 3) or NH;-MTRI-
SAE-COOH (0.1 mg/kg, n = 3) was also implanred in diabetic rats. These
peptides, however, did not inhibit the development of glomerulosclerosis
or increase in the levels of Ang T and IT in the kidneys of diabetic rats.
Experiments. We measured the sysrolic arterial BP of che rats at 4, 8, 12,
16,20, 24, and 28 weeks of age by tail-cuff plethysmography. The 24-hour
urine was collected in a merabolic cage, and urinary protein excretion and
creatinine were determined wich a Micro TP test kit (Wako Pure Chemi-
cal) and a creatinine HA test kit {Wako Pure Chemical), respecrively.
Blood was obrained from the tail vein, and glucose was analyzed with a
glucose C test kit (Wako Pure Chemical).
Morphological and immunohistochemical evaluation. A part of the kidney
removed from each animal was fixed in 10% forrnalin in phosphate buffer
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(pH 7.4). Paraffin-embedded sections were stained by the PAS method, We
quantitatively determined the toral area of sclerosis within the glomerular
ruit, adopring the semiquantitative scoring system proposed by El-Nahas, et
al. {27). A glomerulosclerosis index was derived for each animal by examin-
ing 100 glomeruli at x400 magnification, The severity of glomerulosclerosis
was expressed on an arbitrary scale from 0 to 4: grade 0, normal glomeru-
li; grade 1, presence of mesangial expansion/thickening of the basement
membrane; grade 2, mild to moderate segmental hyalinosis/sclerosis
involving less than 50% of the glomerular tuft; grade 3, diffuse glomerular
hyalinosis/sclerosis involving more than 50% of the tuft; grade 4, diffse
glomerulosclerosis with toral tuft obliteration and collapse. The resulting
index in each animal was expressed as a mean of all scores obrained,

Forimmunchistochemical staining, deparaffinized sections were pretreat-
ed with proteinase K, the sections were then boiled in citrace buffer with
microwaves to unmask antigenic sites, and endogenous biotin was blocked
with a biotin-blocking system (X0590; DAKO Corp.). Next, the secrions were
immersed in 3% H20; in methanol to inhibit endogenous peroxidase and
then precoated with 1% nonfar milk in PBS to block nonspecific binding, For
immunohistechemical staining of type IV collagen and prorenin, a cockeail
of rabbir polyclonal Abs to the anti~a2{IV},-a4(IV}, and -a5(IV) chains of type
1V collagen {1:400; a generous gift of R. Kalluri, Center for Matrix Biology,
Beth Israel Deaconess Medical Center) (28) and the rabbir anti-rat HRP Ab
were applied, respectively, to the sections as the prirary Ab. The sections
were incubated with a biotin-conjugated anti-rabbit IgG as che secondary
Ab. Forimmunohistochemical staining of the exposed active center of renin,
a goar polyclonal Ab to rat renin that crossreacts with nonproteolytically
activated prorenin but not with natural prorenin (1:1,000) (26, 29, 30) was
applied to the sections as the primary Ab, The sections wete incubated with
a biotin-conjugated anti-goar IgG as the secondary Ab. The Ab reacrions
were visualized by using a VectaStain ABC Standard Kit (Vector Laborato-
ties} and an AEC standard kit (DAKC Corp.) accotding to the manufactur-
ers’ instructions, We quantitatively determined the immunoteactive type IV
collagen-positive area in each glomerulus at x200 magnification with a Mac
SCOPE (version 2.5; Mitani Corp.) and expressed it as a percentage of the
whole ctoss-sectonal area of the glomerulus. The levels of prorenin and the
exposed active center of renin were evaluated by counting the number of
juxtaglomerular cells where the signal intensity of the reaction products was
above the visible level. The final overall score was caleulated as the means of
the values for 100 glomeruli per group of rars,

Measurements of rentn and Ang peptides, Immediately afrer decapitarion, a
3-ml blood specimen was collecced into a tube containing 30 pl of EDTA
(500 mM), 15 pl of enalaprilat {1 mM), and 30 pl of o-phenanthroline (24.8
mg/ml) and pepstain (0.2 mM), and plasma samples were obtained by cen-
rrifugarion. Plasma renin activity was determined with a RIA coated bead
kit (Dinabott Radioisotope Instirurte). Plasma prorenin level was calcu-
lated by subtracting plasma renin activity from plasma total (inactive plus
active) renin activity, as described previously (31). For the measurement
of kidney total renin content, a part of the removed kidney was weighed,
placed in 5 ml of buffer concaining 2.6 mM EDTA, 1.6 mM dimercaprol,
3.4 mM 8-hydroxyquinoline sulfate, 0.2 mM PMSF, and 5 mM ammonium
acerate, homogenized with a chilled glass homogenizer, and then cenrri-
fuged. The renin activity of the supernatant was determined as described
previously (32). For the determination of kidney Ang I and Il concent, half
of the removed kidney was weighed, placed in ice-cold merhanol (10% wr/
vol), homogenized with a chilled glass homogenizer, and then centrifuged.
The supernarant was then dried and reconstirured in 4 ml of $0 mM sodi-
um phosphate buffer conraining 1% albumin. Plasma and reconstituted
samples from the kidneys were extracted with a Bond-Elut column (Analyr-
ichem Co.), and the eluents were evaporated to dryness and reconstitured
in Ang peptide assay diluent. The Ang T and II content was quanticarively
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determined by RIA using rabbit anti-Ang I antisenim and rabbit anti-Ang
T andiserum (Arnel Inc.) as previously reported (33).

Realtime quantitative RT-PCR analysis. We extracted total RNA from part of
the kidney removed from each animal by using an RNeasy Mini Kic (QIAGEN
KK) and performed a real-time quantirative RT-PCR by using the TaqMan
One-Step RT-PCR Master Mix Reagents Kit with an ABI Prism 7700 HT
Detection System (Applied Biosystems Inc) and probes and primers for the
rar genes encoding the following: renin (forward, 5-GCTACATGGAGAAT-
GGGACTGAA-3'; reverse, 5-ACCACATCTTGGCTGAGGAAAC-3; probe,
5"-FAM-CCATCCACTATGGATCAGGGAAGGTCAA-TAMRA-3"); ACE (for-
ward, 5'-CTGCCTCCCAACGAGTTAGAA-3"; reverse, 5-CGGGACGTGGC-
CATTATATT-3; probe, §-FAM-AAATGGCACTTGTCTGTCACTGGAGCC-
TAMRA-3"); angiotensinogen (forward, §'-AGCACGGACAGCACCCTATT-35
reverse, S-AGAACTCATGGAGCCCAGTCA-3'; probe, 5'-FAM-TCAA-
CACCTACGTTCACTTCCAAGGGAAGA-TAMRA-3"; cathepsin B {forward,
5'-AAATCAGGCGTATACAAGCATGA-3'; reverse, 5-GCCCAGAATGCG-
GATGG-3"; probe, §-FAM-CCGGTGATGTGATGGGAGGCCA TAMRA-37;
and GAPDH (forward, 5" TGACAACTCCCTCAAGATTGTCA-3'; reverse, 5=
GGCATGGACTGTGGTCATGA-3'; probe, §’-FAM-TGCATCCTGCACCAC-
CAACTGCTTAG-TAMRA-3Y; as described previously (34, 35).

Staristical analyses. Within-group statistical comparisons were made by
one-way ANOVA for repeated measures followed by the Newman-Keuls
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post hoc test. Differences becween two groups were evaluated by two-way
ANOVA for repeared measures combined with the Newman-Keuls post-
hoc test. A P value of less than 0.05 was considered significant. Data are
reported as means £ SEM,
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Abstract

SALL1, a causative gene for Townes-Brocks syndrome, encedes a zinc finger protein, and its mouse homolog (Salll) is essential for
metanephros development, as noted during gene targeting. In the embryonic kidney, Sallf is expressed abundantly in mesenchyme-derived
structures from condensed mesenchyme, S-, comma-shaped bodies, to renal mbules and podocytes. We generated mice in which a green
fluorescent protein (GFP) gene was inserted into the Salll locus and we isolated the GFP-positive population from embryonic kidneys of
these mice by flucrescein-activated cell sorting. The GFP-positive population indeed expressed mesenchymal genes, while the negative
population expressed genes in the ureteric bud. To systematically search for genes expressed in the mesenchyme-derived cells, we compared
gene expression profiles in the GFP-positive and -negative populations using microarray analysis, followed by in situ hybridization. We
detected many genes known to be important for metanephros development including Salll, GDNF, Raldh2, Pax8 and FoxDI, and genes
expressed abundartly in the metanephric mesenchyme such as Unc4.], Six2, Osr-2 and PDGFe. We also found groups of genes including
SSB-4, Smarcd3, u-Crystallin, TRB-2, which are not known to be expressed in the metanephric mesenchyme. Therefore a combination of
microarray technology and Salll-GFP mice is useful for systematic identification of genes expressed in the developing kidney.
© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Kidney development; Microarray, Saill; Knockin; Fluorescein-activated cell sorting; Metanephric mesenchyme

1, Introduction mice, the metanephric mesenchyme induces the ureteric
bud to invade the metanephric mesenchyme and branch,
In the mammalian kidney there are stromal cells, Upon reciprocal induction by the ureteric bud, the
glomeruli, proximal and distal tubules, loops of Henle mesenchymal cells aggregate and form blastema around
and collecting ducts, but all these components originate the uvreteric bud. The blastema develops m.to epithelial
from only two types of tissues, epithelium of the ureteric cells that form the nephron. The region of the
bud and the metanephric mesenchyme. Around Ell in metanephric mesenchyme diminishes gradually until 7
days after birth, and kidney development is complete
* Supplementary data associated with this article can be found, in the when. the metanephric mes_enchyrf.\e qisappears. Meta-
enline version, at doi = 10.1016/j.mod,2004.04.007. nephric mesenchymal cells differentiate into at least three
* Comesponding author. Address: Division of Integrative Cell Biology, distinct cell types; glomerular, proximal and distal tubule
Insutute?fMolecularEmbryology and Genetics, Kumamoto University, 2- epithelia as noted in retroviral mediated lac-Z gene
2-1 Honjo, Kumamcto 860-0811, Japan. Tel. +81-96-373-6615; fax: . .
+81.96-373.6618 transfer assay (Herzlinger et al, 1992), demonstrating
E-mail address: rywichi @kaiju.medic kumamote-u.ac.jp that the metanephric mesenchyme represents multipotent
{R. Nishinakamura). progenitor cells of the nephron.

0925-4773/$ - see front matter © 2004 Elsevier Ireland Ltd. All rights reserved.
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Molecular mechanisms of kidney development have
been determined mostly by gene targeting, and many
mesenchymal genes including WT1, Eyal, GDNF and Six!
are known to have important roles in kidney development.
The transcription factor WTI is first expressed in the
metanephric mesenchyme before induction, and in W7/
null mutant mice the ureter never reaches the mesenchyme
and consequently the mesenchyme undergoes apoptosis
(Kreidberg et al, 1993). The transcriptional coactivator
Eyal is only expressed in the metanephric mesenchyme and
Eyal — /- mice show renal agenesis and their posterior
intermediate mesoderm fails to produce the glial-derived
neurotrophic factor (GDNF) (Xu et al., 1999; Buller et al,,
2001). GDNF has been identified as 2 mesenchyme-derived
signal that acts on the receptor tyrosine kinase (Rer) and
Gfral coreceptor which are distributed in the ureteric
epithelium and induces it to produce a ureteric bud which
invades the metanephric mesenchyme (Sainio et al., 1997).
Indeed, the null mutants of GDNF, Ret and Gfral show a
similar perturbation of ureteric bud outgrowth (Schuchardt
etal,, 1994; Moore et al., 1996; Pichel et al., 1996; Sanchez
et al, 1996; Cacalano et al, 1998). The homeodomain
transcriptional factor Six] is expressed in the metanephric
mesenchyme before and after induction, and SixZ-knockout
mice lack kidneys because of a failure of metanephric
induction (Xu et al., 2003).

Salll is also expressed in the metanephric mesenchyme
prior to bud invasion and continues in the induced
condensing mesenchyme arcund ureteric bud tips and
cells of mesenchymal origin. Salll is the mouse homologue
of Drosophila sal that is the region-specific homeotic gene
characterized by unique multiple double zinc finger motifs
(Kuhnlein et al., 1994). Humans and mice have at least four
sal-related genes, respectively (SALL1, -2, -3 and -4 for
humans and Salll, -2, -3 and -4 for mice) (Kohlhase et al.,
1996, 1999, 2000, 2002). SALLI is located on chromosome
16q12.1, and heterozygous mutations of SALLI lead to
Townes-Brocks syndrome, an autosomal-dominant disease
with features of dysplastic ears, preaxial polydactyly,
imperforate anus and, less commonly, kidney and heart
anomalies (Kohlhase et al., 1998). Mice deficient in Sallf
die in the perinatal period, and kidney agenesis or severe
dysgenesis are present (Nishinakamura et al, 2001).
Homozygous deletion of Salll results in an incomplete
ureteric bud outgrowth and failure of tubule formation in the
mesenchyme. Therefore, Salll is essential for ureteric bud
invasion, the initial key step in metanephros development.

At present only about 20 genes are known to have
important roles for kidney development and the genetic
cascade of kidney development is still largely unknown.
Therefore there may exist unknown mesenchymal genes
that are essential for kidney development and an efficient
screening assay such as microarray analysis is needed to
identify these genes. We did a microarray analysis with
mesenchymal cells of Salll-GFP knockin mice isolated by
fluorescein-activated cell sorting (FACS). In this report we

show that the combination of microarray analysis and
Salll-GFP knockin mice, is useful for identifying many
mesenchymal genes.

2. Results
2.1, Generation of Salll-GFP knockin mice

To label Salll-expressing cells, green fluorescence
protein {GFP) was knocked in the Salll locus by
homologous recombination. GFP was inserted into the
EcoRI site of exon 2 so that N-terminal 52 amino acids of
Salll were fused in frame to GFP (Fig. 1A). Mice were
genotyped using Southern blots {data not shown). This
strategy is essentially the same as those used for Salll-del
and Salll-LacZ mice that we reported, and all homozygous
mice showed kidney agenesis or severe dysgenesis {data not
shown). In contrast, heterozygous mice were phenotypically
normal and were used for this study.

2.2. Expression pattern of GFP fluorescence in Salll-GFP
knockin kidneys

Prominent fluorescence of GFP was visible through the
surface of brains, kidneys and limb buds of embryonic
Salll-GFP heterozygous mice. Microscopic analysis of the
frozen section confirmed specific expression of GFP in cells
of mesenchymal origin. Green flucrescence was observed
throughout the metanephric mesenchyme, ranging from
condensed mesenchyme, S-shaped bodies, to renal tubules
(Fig. 1B). This expression pattern is consistent with LacZ
expression of Salll-LacZ knockin mice generated earlier
(Fig. 1C) (Nishinakamurs et al., 2001). Salll expression was
also observed in glomeruli in Salll-LacZ mice, but not in
Salll-GFP mice perhaps due to the low sensitivity of GFP.
Examination of both strains revealed Salll expression in
stromal cells, the outer most layer of the kidney, that was not
noted in our earlier study.

2.3. Isolation of GFP-expressing kidney mesenchymal cells
by FACS

To isolate GFP-positive cells from embryonic kidneys of
these Salll-GFP heterozygous mice, FACS analysis was
used. Embryonic kidneys (17.5 dpc) were digested with
collagenase, dissociated into single cells by pipetting and
sorted. GFP-positive cells (12% of total kidney cells) and
GFP-negative cells (20%) were isclated (Fig. 2A), and their
purity was determined by reanalysis (94% of isolated GFP-
positive cells and 99% of isolated GFP-negative cells were
redetected in each gate).

Gene expression of each population was examined using
RT-PCR (Fig. 2B). Indeed the positive population prefer-
entially expressed Salll, GDNF and WT-1, marker genes
of mesenchymal cells, while the negative population
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preferentially expressed Ret, a marker gene of the ureteric
bud. A weak Salll signal in the GFP-negative cells indicated
that cells weakly expressing Salll were included in the
GFP-negative gate we defined in FACS analysis.

2.4. Demonstration of differential gene expression

To identify genes that are differentially expressed
between GFP-positive and -negative populations, micro-
array analysis with Affymetrix GeneChip probe array was
done. One microgram total RNA of each population isolated
from the FACS analysis were individuvally amplified to
50 pg of cRNA by T7-mediated in vitro transcription, and
each cRNA product was used to interrogate Mu74
GeneChips containing probe sets representing over 36,000
mouse genes and EST clusters. We identified 392 mRNAs
expressed threefold greater in the GFP-positive population
and sorted the list by the sort score determined using
GeneChip software. The sort score is a ranking on the fold
change and the absolute expression intensity. The higher the
fold change and the absolute expression intensity become,
the higher was the sort score. For example a gene whose
absolute expression intensity changes from 100 in GFP-
negative cells to 1000 in GFP-positive cells has a higher
sort score than a gene whose absolute expression intensity
changes from 1 to 10. Thus we obtained a statistical
evaluation of differences in expression level of a gene based
on the fold change and the absolute expression intensity.

Fig. 1. Generation of SallI-GFP knockin mice. (A) Targeting strategy of SallI-GFP mice. GFP was knocked in the Sallf locus so that N-teminal 52 amino
acids of Salll was fused in frame to GFP. (B) GFP expression in embryonic kidney of heterozygous Salll-GFP knockin mice. (C) X-gal staining of embryonic
kidney in heterozygous Salll-LacZ knockin mice. Arrowhead, stroma; m, candensed mesenchyme; ¢, comma-shaped bodies; t, tubles; g, glomerulus.

We identified a large number of genes reported to be
abundantly expressed in the metanephric mesenchyme,
including Salll (14-fold), Glial cell line-derived newrotrophic
Jactor (GDNF) (39-fold), Reelin (14-fold), Six-2 (9-fold),
Pax-8 (31-fold), LRP-2 (7-fold), PDGFc (11-fold), HeyL (8-
fold), Cited-1 (8-fold), Syndecan-4 (17-fold), BMPR-IA
(8-fold) WT-1 (7-fold), FGF-10 (3-fold) and BMP-7
(3-fold). We also detected stromal genes such as Raldh-2
(23-fold) and Fox DI {6-fold), which is consistent with Salll
expression in this cell population. See supplementary
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Fig. 2. FACS analysis of Salll-GFP knockin embryonic kidney. (A) The
distribution graph of dissociated kidney cells. We sorted GFP-positive
(right square) and -negative population (left square). (B) RT-PCR analysis
between GFP-positive (+) and -negative (=} populaton.
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Table 1

Top 50 cDNAs detected abundantly in mesenchymal cells by microarray analysis

GenBank Description Mean (Salll =)} Mean (Salll+) Foldchange Sortscore Test Method
AA386439  Satll 105.3 1531 142 14.68 + Reported
D49921 GDNF 10.1 4714 386 1268 + Reported
AJO01116 Unc4.1 homeobox 9.1 3717 379 1185 + Reported
AWO060720  Hormonally upregulated Neu-associated kinase 22.8 518 228 11.5 + Reported
X99273 Raldh2 —~13.7 226.1 425 10.16 + Reported
AlB44853 Gent2 -99 2643 394 9.5 - In situ
U24703 Reelin 423 577.1 14 9.12 + Reported
AV302770  ESTs 58.1 540.3 11.8 8.69 + In sit
AW213683 RIKEN cDNA 5730456K23 gene 10.7 4459 18 8.06 + In siw
D13903 Protein tyrosine phosphatase, receptor type, D -09 1723 32 7.86 + Reported
X80338 Six2 98 830.2 9 7.79 + Reported
AT15274] Qdd-skipped related 2 —110.8 400.3 19.3 1.75 + Reported
X57487 Pairaed box gene 8 0.7 161.1 311 7.66 + Reported
AF030433 Dickkopf homolog 1 0 1379 26.1 642 + Reported
AT042846 LRP2 143.8 1015.3 6.9 6.38 + Reported
AT842820 RIKEN cDNA 5730456K23 gene 49.1 485 9.9 6.29 +  Insiw
M32352 Renin 2 623.6 27034 46 6.15 + Reported
MB839835 Snap9} 54 164.5 244 6.06 - In situ
AWO045500 ESTs 6.7 2525 10.2 5.82 + In situ
AA920443  Amnionless -35.1 2233 13.7 5.67 - In situ
AIB51805 PDGFc 333 3633 10.5 5.64 + Reported
AV319451  Renin | structural 21.7 266.4 12.3 5.55 + Reported
AT790931 Fopl 50.2 467 8.9 5.46 + In situ
Us2842 Slc22a6 —-4.1 1145 222 54 + In situ
X17320 Purkinje cell protein 4 1.2 1115 22 5.36 + Reported
Al854068 RIKEN cDNA 1110018M03 gene 81.8 567 74 533 - In situ
Al462128 ESTs (A4300910) 90.5 6493 7.2 5.33 + In situ
AW20B410  ESTs 36.9 377.1 9.4 5.28 - In situ
AT314694 Nx17-pending - 160.4 9827 6 524 + In situ
AlB91653 ESTs 517 4184 9.3 517 - In situ
Al428510 RIKEN cDNA 2810004A10 gene 827 536 7.1 5 + In situ
AI316329 Claudin 6 —219.9 94.7 17.8 4.75 + In situ
AlIR54431 RIKEN ¢DNA 1110031N17 gene 1354 793.3 5.9 4.66 - In situ
Al604913 HeyL 4.3 365.3 83 461 + Reported
L09192 Pyruvate decarboxylase 588 873 59 4.58 + Reported
Al430929 Wnkd 2623 1267.2 48 4.56 + In situ
Al480529 RIKEN ¢DNA 6720429C22 gene 2616 1257.4 43 4.51 + In situ
X15789 Crabpl 0.4 95.6 18 432 + Reported
JO5663 Aldo-keto reductase family 1, member B7 64.4 321.2 77 4.2 + Reported
U65091 Citedl 486 415.5 15 42 + Reponted
AJB54068 RIKEN ¢DNA 1110018M03 gene 128 192.2 10.6 42 - In situ
AAT38774  Expressed sequence R75022 04.8 435.6 6.8 4.11 + In situ
Al427519 Claudin 12 ' 328.2 1417.6 43 4.09 - In situ
Al326813 ESTs —2.5 172.2 10.3 392 - In situ
AF039391 p-crystallin 2.8 1244 12.7 3.87 + In situ
AIB37101 Calsyntenin 1 72.8 278.2 18 382 - In situ
M21828 Gas2 378 287.8 16 3 + In situ
D89571 Syndecan 4 —-242 67.1 17.3 3.76 + Reported
AAT90312  ALCAM 399.9 1571.8 39 37 + In situ
X63190 Etv4 1.8 813 15.2 3.56 + In situ

Mean: expression intensity of cDNA. Test: (+) indicates that the cDNA proved to be a mesenchymal gene. (=) indicates that the cDNAs were proven to be
negative. Method: Some cDNA were already noted in mesenchymal genes (Reported), and others were identified by mRNA in site hybridization (in situ).

information for the complete data set (Supplementary
information 1).

We also examined genes expressed more in GFP-
negative cells than in the positive cells. We detected 612
mRNAs expressed threefold weaker in the GFP-positive
cells (data not shown). We detected genes which are known
to specifically expressed ureteric buds, such as Wni-11

(11-fold) and TGFB-1 (18-fold). However, many genes
expressed in blood vessels were detected in these mRNAs
which means that GFP-negative cells include not only
ureteric buds but also cells derived from blood vessels.

To verify the result of microarray analysis, we sub-
sequently did in situ hybridization for the top 50, except
genes the expression patterns of which were previously
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Table 2
Expression patterns of newly identified mesenchymal genes using microarray analysis
GenBank Genes Stromal Condensed §-, C-shaped Distal, proximal Glomeruli Ureter
cells mesenchyme bodies tubules
Al844853 Gent2 - + + - - +
AV302770 ESTs - + + + 2 +
AW213683 3730456K23Rik - + + + - +
MB83985 Snap91 - - * - — -
AW045500 ESTs - + - - - -
AAD929443 Amnionless - - - + - -
Al790931 Fbpl - + + + + -
Us52842 Slc2226 - + + + - +
AIB54068 1110018M03Rik - * - - - -
Al462128 ESTs (A4300910) - - + - - -
AW208410 ESTs - - - - - -
Al314694 Nx17-pending - + + + ? +
Al891653 ESTs - - - - — -
Al428510 2810004A10RIk - + + - - -
Al31632% Claudin 6 - - - - - +
Alg5443]1 111003 IN17Rik - - - - - -
Al430929 Wnk4 - + * - - -
Al480529 6720429C22Rik - + + + - +
AAT38774 R75022 - + + + - -
Al42751% Claudin-12 - - - - - +
Al326813 ESTs - - - - - -
AF039391 p-crystaltin - + - - - -
AlIR37101 Calsyntenin 1 - - — - -
M21828 Gas2 - - + - - +
AAT90312 ALCAM + - - - - —
X63190 Etv4 - + + + - +
AlB3859% JESTs - - - - - -
AIB37711 ESTs(AK049098) + - - - - -
AlB43433 ESTs(AW049604) - - — - - -
Alg51210 ESTs(AKOR1204) - - - - - -
Al315647 Cors26 - - — - - -
AWI120700 ESTs(AW 120700) - + + + + +
AlIBS1500 170001 1H14Rik - - — - - +
Al503543 5584 - * + - - +
Al838112 Smarcd3 - + - - - +
Al152966 FLI22569 - + - - - +
AAT2I914 ESTs(AV158822) - - - - - +
AIB36553 1110038HO03Rik - * + - - -
AV(071536 ESTs - - - - - +
Al463306 AWS555464 - + + - - -
AUQ21802 ESTs - - - - - -
AV336991 ESTs - - - - - -
AW124490 30000021 10Rik - * - - - -
AW050290 2810406K24Rik - + - - - -
AlR42510 TRB-2 - - - - + -

The expression pattern of each cDNAs was classified based on compartments of the kidney, The cDNAs were listed in order of sort score. The expression
levels are represented by: {+) abundantly, (—) not detected, (% )} weakly, (?) unknown.

reported (Table 1). The expression pattems of most of the
genes were in good correlation with the results of our
microarray analysis. 78% of the top 50 was confirmed to be
expressed in the condensed mesenchyme, stromal cells,
metanephric tubles or glomeruli. Out of top 50 mRNAs, 22
were previously reported as mesenchymal genes, 17 are
newly identified ones as mesenchymal genes in the present
work and 11 are not expressed in the mesenchyme. This
indicates that most of the genes detected in the GFP-positive

population using microarray analysis are indeed expressed
abundantly in cells of mesenchymal origin or stromal cells.

2.5. Expression pattern of novel mesenchymal genes
in the developing kidney

To determine which cells of the developing kidney
express mesenchymal genes detected by microarray
analysis, in situ hybridization with selected mRNAs was
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Fig. 3. In situ hybridization of fetal kidney, Upper panels are sections of 14.5 dpc and lower panels are those of 17.5 dpe. (A), (A') ALCAM. (B), (B') Raldh2.

(C), (C') TRB-2. (D). () p-crystallin. (E), (E) Smarcd3. (F), (F) S5B-4.

done (Table 2). We examined the top 50 mRNAs as well as
mRNAs which gave high ‘fold change’ or high ‘absolute
expression intensity’ in GFP-positive cells. We found that
many genes defined as mesenchymal by microarray
analysis were indeed expressed in the metanephric
mesenchyme, including ALCAM, SSB-4, Smarcd3,
p-crystallin, TRB-2. These genes have not been previously
reported as mesenchymal genes. In situ hybridization of
these genes at two stages is shown in Fig. 3 (Supplemen-
tary information 2 for detailed images)., 14.5 dpc is the
stage representing development of the nephron in process,
and 17.5 dpc is the stage at which RNA samples were
collected.

ALCAM was first identified on thymic epithelial cells
(Patel et al, 1995), ALCAM is a member of the Ig
superfamily containing five extracellular Ig domains, and
it activates leukocytes (Bowen et al., 1995). Arai et al.

reperted that ALCAM-positive perichondrial cells can
differentiate into multiple lineages and the addition of
ALCAM-Fc to metatarsal cultures inhibits the invasion of
the blood vessels to a cartilage (Arai et al., 2002). We found
that ALCAM was expressed abundantly in stromal cells,
consisting with Salll expression in the stromal region
(Fig. 3A,A".

The Raldh2 gene codes for a retinaldehyde dehydrogen-
ase that catalyzes the second oxidative step in the
biosynthesis of retinoic acid (RA) from retinol (Zhao et al.,
1996). Raldh2 is responsible for most of the RA-synthesiz-
ing activity during early mouse embryogenesis (7.5-9.5
dpc), as seen from the failure of Raldh2 — /— embryos to
activate RA-responsive transgenes (Niederreither et al.,
1999). These mutant embryos, which die at E9.5-10.5 from
severe cardiac defects, exhibit axial truncation due to
impaired somite growth, as well as hindbrain defects
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Fig. 4. In situ hybridization of ESTs in the fetat kidney. Upper panels are sections of 14.5 dpc and lower panels are those of 17.5 dpc. (A), (A") BC023483.

{B), (B'} 2810004A10Rik. (C), (C') 1110038H03Rik.

(Niederreither et al.,, 1999, 2000, 2001). Cur in situ
hybridization showed Raldh2 to be expressed in the stromal
region (Fig. 3B,B"). Identification of two stroma! genes
(ALCAM and Raldh2) further proves that Salll is also
expressed in the stromal region.

TRB-2 is a mammalian homolog of Drosophila tribbles,
which causes the degradation of String/CDC25 and blocks
mitosis. TRB-2 was specifically expressed in the comma-,
S-shaped bodies and glomeruli (Fig. 3C,C"). TRB-3 was
shown to be involved in insulin signaling (Du et al., 2003),
which was the first demonstration that this family is
important in mammals.

p~crystallin is one of the taxon-specific crystallins and the
predicted amino acid sequence indicates that p-crystallin
might have an enzymatic rather than a structural role in lens
tissue (Kim et al., 1992; Vie et al., 1997). We specifically
detected p-crystallin in the condensed mesenchyme of the
metanephric kidney (Fig. 3D,D").

Smarcd3 is the member of the SWI/SNF family, the
members of which display helicase and ATPase activities
and which are thought to regulate transcription of certain
genes by altering the chromatin structure around those genes
(Ring et al., 1998). The encoded protein is part of the large
ATP-dependent chromatin remodeling complex SNF/SWL
Our in situ hybridization showed Smarcd3 to be abundantly
expressed in the condensed mesenchyme, S-, comma-
shaped bodies and weakly in the ureteric buds and collecting
ducts (Fig. 3E,E").

S5B-4 is a member of family of proteins that contain a
C-terminal SOCS box and a SPRY domain. S§B4 was
expressed abundantly in the condensed mesenchyme,
glomerulus and weakly in ureteric buds and collecting
ducts (Fig. 3F,F).

We also examined expression patterns of some
ESTs (Fig. 4). BC023483 was specifically expressed in

the condensed mesenchyme (Fig. 4A). 2810004A10Rik was
expressed abundantly in the S-, comma-shaped bodies and
weakly in the condensed mesenchyme (Fig. 4B).
1110038H03Rik was expressed abundantly in 8-, comma-
shaped bodies and weakly in the condensed mesenchyme
(Fig. 4C).

Taken together, it is evident that a combination of
microarray analysis and Salll-GFP knockin mice is useful
for identification of kidney mesenchymal genes,

2.6. Mesenchymal genes in Salll knockout mice

This analysis also means that detected genes should
colocalize with Salll at various stages of metanephric
development. The genes detected using our microarray
analysis possibly include genes interacting with Salli,
genes downstream or upstream of Salll, and these
candidate genes could be essential for metanephric
development. Colocalization of candidate genes with
Salll allows one to hypothesize that those genes could be
regulated by critical transcription factors for kidney
development, including Salll. To clarify whether detected
genes are downstream targets of Salll, in situ hybridization
in the developing kidney of Salll knockout mice was done
(11.5 dpc). At I1.5 dpe, uninduced condensed mesench-
yme exists in Salll knockout mice, but is reduced in size.
‘We found 10 genes in the top 50 that were expressed in the
condensed mesenchyme at 11.5 dpe. In Salll knockout
mice, expression levels of all the genes were either intact
(Six2, Raldh2, PDGFc, ALCAM, Hunk, Gas2, u-crystallin)
or reduced (Pax8, Unc4.l, GDNF) (Fig. 5 and data not
shown), and no gene was completely absent. Reduction in
expression level of some genes could occur by metanephric
mesenchymal reduction in size in Salll knockout mice
(Nishinakamura et al., 2001). In this case, transcription
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Six2

Pax8

Raldh2

Fig. 5. In situ hybridization of mesenchymal genes in Sall! knockout (A’ B/,C) and wild type mice (A,B,C) at 11.5 dpe. (A), (A") Six2. (B), (B} Pax8. (C), (C)

Raldh2. u, ureteric buds; asterisk ( * ), condensed mesenchyme.

factors other than Salll could regulate the candidate genes,
and utilization of mice lacking other critical transcription
factors would be needed to clarify genetic cascades involved
in candidate genes detected in this ptesent work. Alterna-
tively it could be possible that they are downstream targets of
Salll and loss of Salll is compensated for by other
transcription factors or Sall family genes (Sall2, Sall3 and
Sall4). To demonstrate this possibility, generating mice
lacking both Salll and another transcription factor or mice
lacking all the Sall family genes is awaited.

3. Discussion

In the developing kidney, Salll is expressed in the
stroma region and cells of mesenchymal origin, including

condensed mesenchyme, S-, cornma-shaped bodies, pode-
cytes, Bowman’s capsule and distal, proximal tubles, while
cells not expressing Salll are collecting ducts, ureteric buds,
medullary zone and blood vessels. This means that a
comparison aralysis of gene expression profiles in Salll-
posiive and -negative cells can identify mesenchymal
genes. Indeed we could detect many well-known mesench-
ymal genes using microarray analysis, including GDNF,
Raldh-2, Reelin, Six-2, Pax-8, LRP-2, PDGFc, HeyL, Cited-
1, Syndecan-4, BMFPR-IA, WT-1, FoxDl, FGF-10 and
BMP-7. Our in situ hybridization analysis showed that 78%
of the top 50 mRINAs of the microarray list were specifically
expressed in cells of mesenchymal origin or the stroma.
This supports the notion that many mesenchymal genes are
enriched in Salll-positive cells. Moreover we found
unknown mesenchymal genes and ESTs that are expressed
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in cells of mesenchymal origin, using in situ hybridization,
including u-crystallin, ALCAM, S5B-4, Smarcd3 and
TRB-2. Thus we demonstrate that a combination of
microarray technology and Salll-GFP knockin mice is
useful for efficient identification of mesenchymal genes
expressed in the developing kidney.

Though kidney development is indeed a complicated
system, no more than 20 genes have been identified as being
essential. In this report, we identified a large number of
mesenchymal genes in the developing kidney. To find
essential genes from this large list, efficient and rapid screening
is needed. Recently emerging siRINA technology is one potent
method. Indeed Sakai et al. reported that transfection of SiRNA
into the metanephros followed by organ culture was useful for
demonstrating essential roles of fibronectin in the developing
kidney (Sakai et al., 2003). A similar approach could be used
for our candidate genes. However, interpretation can be risky.
A variety of genes was reported to be essential for kidney
development, using conventional antisense oligo nuclectides
and organ culture technology, but many proved negative when
subjected to gene targeting. Therefore generating knockout
mice of each candidate gene is necessary for proof. Establish-
ment of a kidney-specific knockout system could also be
useful for the purpose.

We showed that Salll, GDNF, and Raldh-2, the genes
essential for metanephric development, rank high in our gene
chip list. GDNF is expressed in the metanephric mesench-
yme before ureteric bud initiation. Null mutation of GDNF
has severe kidney phenotypes, ranging from no uvreteric bud
formation to rudimentary kidney formation, which is very
close to the phenotype of Salll mutant mice. Retinaldehyde
dehydrogenase-2 (Raldh2) is required for most embryonic
RA synthesis (Niederreither et al., 1999) and is expressed in
stromal cells (Fig. 3F,F). Raldh2, RARc and RARB2 are
colocalized in the cortical stroma, and knockout mouse
studies showed that RA is important in the cortical stroma for
generating signals that contro} branching morphogenesis by
regulating Ret expression in the ureteric bud (Batourina et al.,
2001). Salll could be involved in these GDNF-Ret andfor
RA-Ret pathways, though Raldh2 is unlikely to be a
downstream target of Saqlll, as shown by intact Raldh2
expression in Salil knockout mice (Fig. 5C).

In conclusion, we identified many mesenchymal genes,
and demonstrated that using a combination of microarray
technology and Salll-GFP knockin mouse is a pertinent
means of identifying mesenchymal genes systematically. A
similar approach may be applicable to other organs, such
as brains and limb buds where Salll is expressed.

4. Experimental procedures

4.1. Generation of GFP knockin mice

A Sal-Notl GFP fragment (769 bp) from pEGFP-N1
(Clontech) was fused to the Sall-Pac] site of pxCAN-LacZ

(RIKEN), then the 5’ Sta I-Sma 1 5.4 kb fragment was fused
to the BamHI site of this vector in frame. Finally, the
resultant Sall-XhoI 6.7 kb fragment was cloned into the
Xhol site of the vector, that contained the neomycin-
resistant (neo”) gene (pMCl-neo polyA), 3’ HindIl-Clal
2.8 kb fragment and a diphtheria toxin A subunit (pMC1-
DTA) in tandem.

E14.1 embryonic stem cells were plated on mitomycin
C-treated primary embryonic fibroblasts, and clones resist-
ant to G418 (400 pg/ml) were screened using Southern
blots. The genomic DNA from clones was digested with
HindIl], electrophoresed through 0.7% agarose, transferred
to nylon membrane (HybondN + , Amersham-Pharmacia),
and hybridized to a radioactive probe. The probe used to
screen the samples was a Clal-EcoRI 1.2kb fragment
downstream of 3 homology (probe B). The samples were
also digested with Xhol, and hybridized with a 5 probe
{probe A) to confirm the correct homologous recombina-
tion. A probe comresponding to the Neo sequence was also
used to verify that only one copy of the vecter was
integrated into the genome. Of 120 clones, six were
correctly targeted for Salll-GFP.

Recipient blastocysts were from C57BL/6] mice. Chi-
meric animals were bred with C57BL/6J females. Mutant
animals studied were of F, and F5 generations. Mice were
genotyped using Southern blots or genomic PCR. The primer
sequences used for PCR were as follows: AGC-
TAAAGCTGCCAGAGTGC, CAACTTGCGATT GCCAT
AAA, and GCGTTGGCTACCCGTGATAT (288 bp for the
wild-type Salll allele, and 350 bp for the mutated allele).

4.2, Fluorescein-activated cell sorting

Cell suspension was prepared from kidney of SallI-GFFP
knockin mice (17.5 dpc). Kidneys were digested with 0.25%
collagenase type B (Roche Diagnostics) at 37 °C for 1 h,
and cells were dissociated using fine-tipped pipettes. After
the cells had been filtered through a 35 pum nylon mesh, they
were resuspended in PBS containing 0.5% FCS and 1 mM
EDTA at afinal concentration of 2 X 10° cells/ml. Propidium
lodide (Sigma-Aldrich) was added at a final concentration of
50 pg/ml to label the dead cells.

FACS analysis was done with the PACS Vantage
(Becton Dickinson Immunocytometry Systems). Dead
cells were excluded from the plots based on propidium
iodide. The isolated cells were centrifuged at 1000 rpm for
5 min and resuspended in TRIzol Reagent (Invitrogen).

4.3. RNA amplification for array analysis

MessageAmp™ aRNA Kits (Ambion) were used accord-
ing to the manufacturer’s instructions. Briefly, 11 jxlof 1 g
total RNA and 1 pl of T7-Oligo(dT) Primer incubated at
70 °C for 10 min, was followed by incubation at 42 °C for
Smin. Next, 2 ul of 10X First Strand Buffer, 1 ul of
Ribonuclease Inhibitor and 4 pl of ANTP Mix were added,
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and incubation continued at 42 °C for 2 h. Next, 63 pl of
RNase-free H,0, 10 pl of 10 X Second Strand Buffer, 4 il
of dNTP Mix, 2 pl of DNA Polymerase and 1 p] of RNase
H, and the mixture was incubated at 16 °C for 2 h. Next, the
c¢DNA wag purified, and dried down to § pl for in vitro
transcription. For in vitro transcription, 8 pl of the purified
c¢DNA, dried biotin-CTP and -UTP, 2 pl of T7 ATP
Solution (75 mM), 1.5 pl of T7 CTP Solution (75 mM),
2wl of T7 GTP Solution (75mM), 1.5 pl of T7 UTP
Solution (75 mM), 2 pl of Enzyme Mix, and 1 pl of RNase-
free HoO were incubated at 37 °C for 12 h. Then 2 pl of
DNase 1 was added and incubated at 37 °C for 30 min,
followed by antisense RNA purification.

4.4. Microarray analysis

The Affymetrix Murine Genome U74v2 Set was used to
compare gene expression profiles of the GFP-positive and
-negative cells according to manufacturer’s protocols.
Briefly, biotinylated cRNAs were synthesized and hybri-
dized to the GeneChip probe arrays, which were then
washed in washing solution, stained with streptavidin-
phycoerythrin and scanned. Analysis was made using
Affymetrix GeneChip software. Two independent RNA
samples were prepared and similar results were obtained
using Mu74A GeneChip, then one of two samples was used
for Mu74 complete GeneChip (Mu74A, B and C).

4.5, In situ hybridization

In situ hybridization was done using digoxigenin-labeled
antisense riboprobes as described (Nishinakamura et al.,
2001). Fragments were amplified using PCR, subcloned into
pCRII (Invitrogen), and sequenced. None of the sense
probes yielded signals.
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Abstract. The Ets family of transcription factors is defined by
a conserved DNA-binding Ets domain that forms a winged
helix-turn-helix structure motif, The Ets family is involved in
a diverse array of biologic functions, including cellular growth,
migration, and differentiation. The hypothesis in this study was
that Ets-1 is re-expressed during regeneration after acute renal
failure (ARF} and plays a key role in the transcriptional regu-
lation of cyclin DI and the cell cycle progressicn in renal
tubular cells. For clarifying the significance of Ets-1 in ARF, a
rat ARF model in vivo and LLC-PK1 cells as an in vitro model
were used. After the left rat renal artery was clamped for 1 h,
the whole kidney homogenate was examined and total RNA
was extracted at 6, 12, 24, 48, and 72 h after reperfusion by
Western: blot analysis and real-time reverse transcription—-PCR.
Ets-1 mRNA and protein expression were strongly increased at
6 to 24 h after the ischemia, respectively. The expression of
hypoxia-inducible factor-le was increased dramatically as
early as 6 h after ischemia-reperfusion and decreased at 48 and

72 h after ischemia-reperfusion. In the immunchistologic ex-
amination, Ets-1 was expressed in the proximal tubules and
coexpressed with proliferating cell nuclear antigen (PCNA).
Furthermore, overexpression of Ets-1 promoted the cell cycle
and increased the promoter activity and protein expression of
cyclin D1 in LLC-PK1 cells. Ets-1 promoter activity increased
between 3 and 6 h in hypoxia, and hypoxia also induced
changes in the Ets-1 protein level in LLC-PK1 cells. The Ets-1
induction by hypoxia was abolished by the transfection of
dominant-negative hypoxia-inducible factor-la. A gel shift
assay demonstrated that Ets-1 binds to the ets-]1 binding site of
the cyclin D1 promoter in the ischemia-reperfusion condition.
Overexpression of Ets-1 did not significantly change the
caspase 3 activity or the value of cell death ELISA in LLC-
PK1 cells. Taken together, these data suggest that Ets-1 plays
a key role in the cell-cycle progression of renal tubules in ARF,
The Ets-1 pathway may regulate the transcription of cyclin D1
and control the regeneration of renal tubules in ARF,

Ischemic acute renal failure (ARF) is the most common form
of ARF in the adult population. The molecular basis of the
events that lead to tubular regeneration after ARF is not un-
derstood (1-3). An understanding of the mechanisms that lead
to renal cell proliferation and regeneration will be necessary for
the exploration of novel therapeutic strategies for the treatment
of ischemic ARF. It has been suggested that regeneration
processes may recapitulate developmental processes to restore
organ or tissue function (4,5). Adult tubular epithelial cells
have a potent ability to regenerate after cellular damage. After
ischemic renal damage, normally quiescent cells undergo de-
differentiation and acquire the ability to proliferate after their
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DNA synthesis is enhanced (6,7). In ARF, the regulation of
cyclin and the cyclin-dependent kinase (CDK) inhibitor have
been reported (8,9). The restriction point of the G1-to-S phase
is determined by the activities of cyclin D1, cyclin A, cyclin E,
and CDK (10,11). Cyclin D1 and cyclin A play key rolesin the
G1-5 regulation of renal tubular epithelial cells (12).

The Ets family of transcription factors is defined by a
conserved DNA-binding Ets domain that forms a winged helix-
turn-helix structure motif (13,14). This family of transcription
factors is involved in a diverse array of biologic functions,
including cellular growth, migration, and differentiation (14—
16). Ets-1 is the first member discovered in the Ets family of
transcription factors. The expression of Ets-1 has been detected
in various cells, and the roles of the Ets-1 gene expressed in
mesodermal lineage cells, such as fibroblasts and endothelial
cells, has drawn wide attention in the fields of embryogenesis
and anglogenesis (17-20). During morphogenesis, Fts-1 ex-
pression occurs in vascular structures and branching tissues,
including kidneys (18,21,22). In adult tissues, the levels of
Ets-1 expression are much lower than in embryonic tissues,
including the kidneys (18). Bts-1 expression has been reported
in mesangial cells and to increase in the glomeruli and inter-
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stitium in rat crescentic glomerulonephritis (23,24). However,
there have been no reports concerning Ets-1 expression during
ARF, Recently, we and another group reported that the devel-
opmental genes Wnt-4 and Pax2 are expressed during ischemic
acute renal injury and that Wnt-4 expression promotes the
proliferation of renal tubular cells (25,26). These data sug-
gested that some developmental genes are re-expressed during
the recovery phase of ARF. A recent paper demonstrated that
hypoxia induced Ets-1 expression via the activity of hypoxia-
inducible factor-1 (HIF-1) in endothelial cells (27). Thus, there
is a possibility that Bts-1, which is expressed during renal
development, may play roles in ischemic renal failure.

Our hypothesis in this study is that Ets-1 is re-expressed
during regeneration after ARF and plays a key role in the
transcriptional regulation of cyclin D1 and in the cell-cycle
progression in renal tubular cells. To test this hypothesis, we
examined the expression pattern of Ets-1 during the recovery
phase of an ischemia-reperfusion kidney. Our data demonstrate
that Ets-1 is upregulated in the early phase of an ischemia-
reperfusion kidney and that the overexpression of Ets-1, using
an adenovirus, regulates the transcription of cyclin D1 and
cell-cycle progression in renal tubular cells.

Materials and Methods
Cell Culture and Exposure to Hypoxia

LLC-PK1 cells, originally purchased from American Type Culture
Collection (Rockville, MD), were grown in DMEM (Life Technolo-
gies, Gaithersburg, MD) supplemented with 50 IU/ml penicillin, 50
ugiml streptomycin, and 10% heat-inactivated FCS (Life Technolo-
gies). Cells were cultured at 37°C in 20% O, and 5% CO, (veferred
to as the normoxic condition). For the hypoxia experiments, cells were
placed in a hypoxic chamber (Bellow Glass, Vineland, NI} that
contained 0% O, and 5% CO,, which was maintained at 37°C.

Plasmid Constructs

The Ets-1 reporter construct used for the luciferase assays con-
tained a mouse Ets-1 promoter {(—2.1 kbp) cloned upstream of the
luciferase gene (28). The cyclin D1 reporter construct used for the
luciferase assays contained a human cyclin D1 promoter from resi-
dues ~-944 to 139 cloned upstream of the luciferase gene (a gift of Dr.
M. Eilers Zentrum fiir Molekularbiologie Heidelberg, Heidelberg,
Germany) (29). Expression vectors coding for HIF-1a and dominant-
negative (dn) HIF-1« were prepared as described previously (30,31}
using the following primers: forward 5-GGAAGACAACGCGG-
GCAC-3. and reverse 5-GGAGCTGTGAATGTGCTGTGATCT-
GGC-3' and dnHIF-1e forward 5'-CCGCTCGAGACCATGCGAAG-
CAAAGAGTCTG-3' and reverse 5-GGGGTACCTCACTTATCA-
AAAAGGCAGCT-3. An open reading frame coding for the
dnHIF.-1a is a 1.1-kbp fragment whose product lacks both the DNA
binding and transactivation domain. In both cases, RNA out of a
C57BL mouse kidney was used as a template. The PCR fragment
was subcloned into pcDNA3.1 (Invitrogen, San Diego, CA) and was
processed to dideoxy-DNA sequencing.

Transient Transfection and Luciferase Assay

LLC-PK! cells were transfected by the electroporation method
with plasmid DNA (10 pg). Data are representative of at least four
independent experimonts performed in duplicate and are expressed as
an n-fold increase in the luciferase activity calculated relative to the
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indicated level of Ets-1 promoter activity. Normalization was
achieved by co-transfecting a S-galactosidase reporter construct, as
described previously (12). Luciferase and B-galactosidase activities
were measured according to the Promega (Madison, WI) protocol.

Recombinant Adenoviruses

Replication-defective, recombinant adenoviruses encoding human
Ets-1 (Adets-1) and a control adenovirus (Adnull) were prepared as
described previously (32). Replication-defective, recombinant adeno-
viruses encoding the rat dominant-negative Akt (AdAktDN) were also
prepared as described previously (33). In this adenovirus, both Thr308
and Ser473 of the rat Aktl were replaced by alanine (33).

Induction of ARF

Male Sprague-Dawley rats (Saitama Experimental Animal Supply,
Saitama, Japan) that weighed 150 to 200 g were anesthetized intra-
peritoneally with sodiuvm pentobarbital (30 mg/kg) at surgery. The left
renal artery was occleded with Sugita aneurysm clips (Mizuho Tkako-
gyo, Tokyo, Japan) for 60 min. The clamps were removed after 60
min; the incisions were closed; and the rats were killed at 0, 6, 12, 24,
48, and 72 h (n = 5). The left kidney was removed quickly and
processed for histologic evaluation, protein extraction, or RNA ex-
traction. Age- and weight-matched Sprague-Dawley rats also received
sham operations in a similar manner, except for clamping of the renal
arteries at 6, 12, and 24 h (n = 35).

Isolation of Kidney Tissue and Histologic Examination

Rats were anesthetized with pentobarbital at indicated times after
the ischemic event. Their kidneys were perfused with sterile PBS. The
left kidney was excised quickly, frozen in liquid nitrogen, and ho-
mogenized in the SDS sample buffer described later.

For immunchistochemical studies, renal tissues were fixed in for-
malin overnight and then dehydrated and embedded in paraffin. Thin
sections were examined with periodic acid-Schiff staining as de-
scribed previously (34). Immunchistochemical staining was per-
formed by a streptavidin and biotin technique using an anti-Bts-1—
specific antibody (Santa Cruz Biochemical; N-276, cs-111), anti—
proliferating cell nuclear antigen (PCNA)-specific antibody (Santa
Cruz Biochemical; PC-10, cs-56}, and anti~aquaporin-1-specific an-
tibody (Santa Cruz Biochemical; B-11, sc-25287) as markers for
proximal tubules, as described previousty (35-37).

Western Blot Analysis

Homogenized total renal tissue or LLC-PK1 cells were Iysed in an
SDS sample buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1.5 mM
MgCl,, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, 1 mM PMSE, and 0.1 mM sodium
orthovanadate) at 4°C (38). Protein was transferred to a nitrocellulose
membrane and probed with the anti-Ets-1-specific antibody. The
primary antibodies were detected using horseradish peroxidase—con-
jugated rabbit anti-mouse IgG and visualized by the Amersham ECL
system (Amersham, Arlington Heights, IL}).

Electrophoretic Mobility Shift Assay

Nuclear extracts from the renal cortex were prepared as described
previously (39). The extracts (10 pg) underwent a reaction in a
premixed incubation buffer (Gel Shift Assay Kit; Promega) with the
+-32P-end-labeled ets-1 binding site of a cyclin DI promoter-lesion
(5'-GATCTCGAGCAGGAAGTTCGA-3") for 30 min at 25°C. To
establish the specificity of the reaction, we performed competition
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assays with 100-fold excess of unlabeled ets-1 binding oligonucleo-
tides (heterologous competitor DNA). To perform supershift assay,
we added 5 pg of anti-Ets-1 antibody (Santa Cruz; N-276, cs-111) to

the nuclear extracts, incubated extracts for 1 h at 4°C, and performed

gel shift assay. After the reaction, the samples were aralyzed on a 6%
nondenaturing polyacrylamide gel. The gel was dried, and the protein-
DNA complexes were visnalized by autoradicgraphy.

Real-Time Quantitative PCR

We performed a reverse transcription—PCR (RT-PCR) reaction for
Ets-} from RNA extracted from the ischemia-reperfusion kidneys.
Total RNA was harvested from renal tissue using TRI-REAGENT
(Life Technologies) (40). One microgram of total RNA samples was
used for the RT-PCR as follows. The real-time quantitative PCR
method was used to detect accurately the changes in Ets-1 gene
copies. Total RNA was harvested from renal tissue. Rat Ets-1 and
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) mRNA were
amplified. The primers for rat Ets-1 were 5-GCCCAGCTTCATCA-
CAGAGT-3' (upper) and 5-TGTTGAAAGATGACTGGCIG-3'
(lower) (23). The predominant cDNA amplification product was pre-
dicted to be 296 bp in length. The RT-PCR of GAPDH served as
- positive controls, The primers for rat GAPDH were 5-TCCCTCAA-
GATTGTCAGCAA-3' (upper) and 5-AGATCCACAACGGATA-
CATT-3' (Tower) (41). The predominant cDNA amplification product
was predicted to be 309 bp in Iength. PCR products were detected and
quantified in real time using the LightCycler Real-Time PCR (Roche
Molecular Biochemicals, Tokyo, Japan) as described previously
(42,43). A three-step PCR was performed for 35 cycles. Denaturation
was performed at 94°C for 20 s, annealing at 55°C for 20 s, and
extension at 72°C for 30 s. The PCR products of Ets-1 and GAPDH
were subcloned to the TA cloning vector (Promega, Biotec, Madison,
WI) as described previcusly (40). The plasmids that contained Ets-1
¢DNA and GAPDH c¢DNA were used to make standard curves of
quantitative PCR.

Cell Proliferation Analysis by [PH]Thymidine
Incorporation

After transfection, the LLC-PK1 cells were plated in 24-well plates
and incubated in a medium without FCS for 20 h. For the last 4 h, the
cells were pulsed with 1 pCi [*H]thymidine (Amersham). After the
incubation, the cells were redissolved in 0.5 M NaOH and counted in
an Aquasol-2 scintillation cocktail (NEN Research Products, Boston,
MA) (44).

Caspase 3 Assays

A Caspase 3 Fluorometric Protease Assay Kit (MBL, Tokyo,
Japan) was used for the measurement of caspase 3 activities as
described previously (33). In brief, the cells were plated in six-well
dishes and infected with adenoviruses. The cell lysates then were
incubated with the same amounts of reaction buffer and a 50-mM
DEVD-AFC substrate for 2 h at 37°C. Fluorescence was monitored
with an excitation wavelength of 400 nm and an emission wavelength
of 505 nm.

Cell Death ELISA

Histone-associated DNA fragments were quantified by ELISA
(Bochringer Mannheim). All cells from each well were collected by
trypsinization and pipetting, then pelleted (800 rpm, 5 min), lysed, and
subjected to ELISA capture according to the manufacturer’s protocol
(33). Cytosolic proteins wers collected using a call lysis buffer and
centrifuged according to the manufacturer’s protocol. The nucleus
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formed into a pellet, and the cytoplasmic fraction became the super-
natant. These supernatants were collected for the ELISA assay. Each
experiment was carried out in triplicate and repeated in at least five
independent experiments.

Statistical Analyses

The results are given as means + SEM. The differences were tested
using a two-way ANOVA followed by the Scheffe test for multiple
comparisons. Two groups were compared by the unpaired 7 test.
P < 0.05 was considered significant.

Results
Western Blot Analysis of the Protein Expression of Ets-
1 and HIF-1a after Ischemic Renal Failure

The left renal artery was clamped for 60 min and the left
kidney was excised at 0, 6, 12, 24, 48, and 72 h after reperfu-
sion. Western blot analysis was used to detect the protein levels
of Ets-1 and actin. The expression of Ets-1 was weak in the
control kidney (0 h) and sham-operated kidneys (6 and 12 h;
Figure 1). The expression of Ets-1 was dramatically increased
at 6 to 24 h after ischemia-reperfusion (Figure 1A). The up-
regulation of Ets-1 protein expression was temporary, with the
intensity of the Ets-1 band decreasing at 48 and 72 h after
ischemia-reperfusion. The protein levels of Eis-1 exhibited no
changes after 6 to 12 h in the sham-operated rats (the data of
24 h are not shown). Western blot analysis was used to detect
the protein levels of HIF-la and actin. The expression of
HIF-1a was weak in the control kidney (0 h) and sham-
operated kidneys (6 and 12 h; Figure 1). The expression of
HIF-1a was dramatically increased as early as 6 h after isch-
emia-reperfusion (Figure 1A). The upregulation of HIF-1a
protein expression was temporary, with the intensity of the

B Sham
(hours) opetated
0 6 12 24 48 72 6 12 (hours)

Figure 1. Protein expressions of Ets-1 and hypoxia-inducible fac-
tor-1ce (HIF-1a) in the kidneys of rats that were subjected to 60 min
of renal ischemia. The left renal artery was clamped for 60 min, and
the left kidney was excised at 0, 6, 12, 24, 48, and 72 h after
reperfusion (A). A sham operation was performed, and the left kidney
was excised at 6 and 12 h (B). Extracted protein (20 pg) from renal
tissue was separated by SDS-PAGE gels. Ets-1, HIF-1a, and actin
protein levels were detected by Western blot analysis.
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Ets-1 band decreasing at 48 and 72 h after ischemia-reperfu-
sion. We performed an immunoblot for actin as a loading
marker, and there were no significant changes in actin doring
ischemia-reperfusion. The protein levels of HIF-1a exhibited
no changes after 6 to 12 h in the sham-operated rats (the data
of 24 h are not shown).

Immunohistochemical Examination of Ets-1 in ARF

Next, we performed immunohistologic studies on Ets-1 in
ARF (Figures 2 and 3). In a low-power view examination,
Ets-1 expression was observed in cortical renal tubules at 12 h
after ischemia-reperfusion (Figure 2A). We used the anti—
aquaporin-1 antibody as a marker of proximal tubules (35-37).
As shown in Figure 2, A and B, the expression of Ets-1 is
co-localized with aquaporin-1 in the low-power view exami-
nation in continuous sections. Conversely, only a slight Ets-1
expression is observed in the renal cortex form control rats
(Figure 2E), whereas the expression of aquaporin-! is clearly
_observed in the renal cortex form control rats (Figure 2F).
From these results, Ets-1 was expressed mainly in the proximal
tubules of the renal cortex 12 h after ischemia-reperfusion
(Figure 2). In the renal medulla, Ets-1 could not be detected in
either the ischemia-reperfusion kidney (Figure 2C) or the con-
trol kidney (data not shown). In a higher-power view, Ets-1
staining was observed in the nucleus of proximal tubular cells
(Figure 3A). As shown in Figure 3B, the expression of Ets-1 is
co-localized with aquaporin-1 in continuous sections. To ex-
amine the specificity of the antibody, we used a blocking
peptide (sc-111p; Santa Cruz Biotechnology). The nuclear
signal diminished in the presence of the blocking peptide in the
cortex of ischemia-reperfusion kidney (Figures 2G and 3C).

To co-localize Ets-1 with dividing cells, we examined Ets-1
staining at 24 h after ischemia-reperfusion (Figure 4). Ets-1
expression was observed at the proximal tubules of the cortex
(Figure 4, A and C). PCNA staining was also observed at the
proximal tubules of the cortex (Figure 4, B and D). The higher
power view of Ets-1 staining also revealed co-localization of
Ets-1 and PCNA in the same tubules at 24 h after ischemia-
reperfusion in continuous sections (Figure 4, C and D). Con-
versely, only a slight Ets-1 expression is observed in the renal
cortex from control rats (Figure 4E). No PCNA-positive tu-
bules were observed from control rats (Figure 4F). To examine
the specificity of the antibody, we used a blocking peptide
(sc-9857p; Santa Cruz Biotechnology). The nuclear signal di-
minished in the presence of the blocking peptide in the cortex
of ischemia-reperfusion kidney (Figure 4G).

Real-Time PCR

Quantification of the Ets-1 mRNA transcript using the real-
time guantitative PCR method revealed 8.0-fold (6 h), 3.8-fold
(12 h), and 2.2-fold (24 h) increases in Ets-1 mRNA levels
compared with the 0-h value (Figure 5). The linear curve
between the cDNA amount and PCR product was observed in
the same range utilized by using the Ets-1 cDNA plasmid. The
signals of Ets-1 were not significantly changed in the sham-
operated rat kidneys. The GAPDH signal was not significantly
changed by ischemia-reperfusion (Figure 5A).
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Figure 2. Immunohistological examination of Ets-1 in ischemic-
reperfusion kidneys. Immunohistochemical analyses at a low-power
view (X100} of the renal cortex were performed with antibodies
against Ets-1 (A) and aquaporin-1 (B) at 12 h after ischemic injury.
Immunohistochemical analyses at a low-power view (X100) of the
renal medulla were performed with antibodies against Ets-1 (C) and
aquaporin-1 (D) at 12 h after ischemic injury. Immunchistochemical
analyses at a low-power view {X100) of the renal cortex of control
kidneys were performed with antibodies against Ets-1 (E) and aqua-
porin-1 (F). Immunohistochemical analyses at a low-power view
(%100} of the renal cortex of ischemic kidneys were performed with
antibodies against Ets-1 in the presence of a blocking peptide (G).
Histologic examinations A and B, C and D, and E and F are contin-
uous sections, respectively.

Hypoxia Stimulates Ets-1 Expression and Promoter
Activity via HIF-1w in LLC-PK] Cells

To examine whether hypoxia-reperfusion stimulates Ets-1
expression and promoter activity in renal tubular cells, we used
a hypoxic culture system with LLC-PK1 cells. We exposed
LLC-PK1 cells to hypoxia for 3, 6, and 6 h + reoxygenation
6 h and examined the promoter activity of Fts-1 and the
expression of Ets-1 protein by Western blot analysis. In the
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Figure 3. Immunohistologic examination of Ets-1 in proximal tubules
of ischemic-reperfusion kidneys, Iinmunohistochemical analyses at a
high-power view (X400) of the renal cortex were performed with
antibodies against Ets-1 {A) and aquaporin-1 (B) at 12 h after isch-
emic injury. Histologic examinations A and B are continuous sections.
The arrows indicate Eis-1- and aquaporin-1-positive cells. When a
blocking peptide was added to the anti-Ets-1 antibedy solution, no
positive signal was observed in ischemia-reperfusion kidney (12 b; C).

promoter assay experiments, the Ets-1 promoter-luciferase
plasmid was transfected in LLC-PK1 cells 48 k before hyp-
oxia. As shown in Figure 6B, Ets-1 promoter activity was
increased 7.1-fold at 3 h, 9.1-fold at 6 h, and 12.1-fold at 6 h
+ reoxygenation 6 h. Hypoxia also induced changes in the
Ets-1 protein level in LLC-PK1 cells (Figure 6A). There were
no significant changes in actin during hypoxia/reoxygenation.
To test whether the upregulation of Ets-1 is dependent of
HIF-1o, we examined Ets-1 protein expression and promoter
activity in HIF-1o~transfected LLC-PK1 cells and dnHIF-1a—
transfected LLC-PK1 cells. The hypoxic inducibility of the
Ets-1 promoter assay in HIF-l1o—overexpressing and dnHIF-
lo—overexpressing cells was 17.8- and 1.5-fold, respectively,
as compared with 9.1-fold in control LLC-PKI cells at 6 h
(Figure 6D). The Western blot analysis demonstrated that
transfection of dnHIF-1a reduced the increment of Ets-1 pro-
tein by hypoxia (Figure 6C). These results indicated that the
upregulation of Ets-1 by hypoxia is dependent on HIF-1a.

Electrophoretic Mobility Shift Assay

To examine the induction of cyclin D1 expression via the
ets-1 binding site, we performed an electrophoretic mobility
shift assay using nuclear extracts from a rat renal cortex. Figure
7 shows that the nuclear extract from the ischemia-reperfusion
rat renal cortex gave rise to a protein-DNA complex (Figure 7,
lane 2). However, we did not detect protein-DNA complex
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Figure 4. Immunohistologic co-localization of Ets-1 and proliferating
cell nuclear antigen (PCNA) in the proximal tubules of ischemic-
reperfusion kidneys. Immunohistochemical analyses at a low-power
view {X100) of the renal cortex were performed with antibodies
against Ets-1 (A) and PCNA (8) at 24 h after ischemic injury.
Histologic examinations A and B are continuous sections. Immuno-
histochemical analyses at a high-power view (X400) of the renal
cortex of ischemic kidneys were performed with antibodies against
Ets-1 (C) and PCNA (D) at 24 h after ischemic injury. The arrows
indicate Ets-1- and PCNA-positive cells, Immunchistochemical anal-
yses at a low-power view (X100) of the renal cortex were performed
with antibodies against Ets-1 (B) and PCNA (F) of control kidney.
Histelogic examinations E and F are continuous sections. When a
blocking peptide was added to the anti-PCNA antibody sclution, no

positive signal was observed in ischemia-reperfusion kidney (12 b; G).

band in control rat renal cortex (Figure 7, lane 3). The band
was completed using 100-fold excess of the unlabeled oligo-
nucleotides (heterologous competitor DNA; Figure 7, lane 4).
‘When nuclear extracts from the ischemia-reperfusion rat renal
cortex were preincubated with anti-Ets-1 antibody, the super-
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Figure 5. Quantitative analysis of Eis-1 expression in ischemic-
reperfusion kidneys using real-time PCR. The left renal arteries were
clamped for 60 min, and kidneys were ¢xcised at 0, 6, 12, 24, 48, and
72 h after reperfusion. Sham-operated rats at 6 h were also examined.
Extracted total RNA were subjected to quantitative PCR using the
LightCycler Real-Time PCR for the estimation of relative Ets-1
mRNA levels and the Ets-1 to glyceraldehyde-3-phosphate-dehydro-
genase (GAPDH) mRNA ratio, as described in the Materials and
Methods section. (A) The representative agarose gels for Ets-1 and
GAPDH are shown. (B) Each column with a bar shows the mean +
SEM (n = 5). *P < 0.05 versus contro] rats.

shift of the band was observed (Figure 7, lane 6). These results
confirm that Eis-1 binds to the ets-1 binding site of the cyclin
D1 promoter in the ischemia-reperfusion condition.

Cell Proliferation and Cyclin DI Expression by the
Overexpression of Ets-1 in LLC-PK1 Cells

We first examined the effects of the overexpression of Ets-1,
using an adenovirus, on the cell proliferation of LLC-PK1 cells
by [*H]thymidine uptake. Figure 8A shows the effects of Ets-1
on [*H]thymidine uptake. Overexpression of Ets-1 stimulated
the [*H]thymidine uptake to 225% dose-dependently. Overex-
pression of Adnull (control adenovirus) did not significantly
change the [*H]thymidine uptake in LLC-PK]1 cells. We next
examined the role of Ets-1 in the regulation of cyclin DI
promoter activity and protein expression. We performed a
transient transfection with the cyclin D1-luciferase reporter
gene and the B-galactosidase expression vector and then in-
fected it with Adets-1 or Adnull. When Bts-]1 was overex-
pressed, cyclin D1 promoter activity increased significantly, by
3.6-fold, in LLC-PKI cells. In the case of transfection of
Adnull, there were no significant changes in cyclin D1 pro-
moter activity or protein expression (Figure 8B). When Ad-
ets-1 was transfected, a higher level of cyclin D1 protein
expression could be detected when compared with Adnull

(Figure 8B).

Apoptotic Changes by the Overexpression of Ets-1 in
LLC-PX] Cells

In vascular endothelizl cells, overexpression of Ets-1 causes
apoptotic changes (30). Thus, we examined the effects of the
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Figure 6. Hypoxia stimulates Ets-1 expression and promaoter activity
vig HIF-1a in LLC-PK1 cells. To examine whether hypoxia/reoxy-
genation stimulates Ets-1 expression and promoter activity in renal
tubular cells, we used a hypoxic culture system with LLC-PK1 cells.
We exposed LLC-PK1 cells to hypoxia for 3, 6, and 6 h + reoxy-
genation 6 h and examined the promoter activity of Eis-1 and the
expression of Ets-1 protein by Western blot ‘analysis. (A) Hypoxia
induced changes in the Ets-1 protein level in LLC-PK1 cells by
Western blot analysis. (B} Ets-1 promoter activity was increased
7.1-fold at 3 h, 9.1-fold at 6 b, and 12.2-fold at 6 h + reoxygenation.
{(C and D} To test whether the upregulation of Ets-1 is dependent on
HIF-1e, we examined Ets-1 protein expression and promoter activity
in HIF-lo—transfected LLC-PK1 cells and dnHIF-1c—transfected
LLC-PKI cells; n = 5, mean * SEM; *P < 0.05 versus control.

overexpression of Ets-1 using an adenovirus on apoptotic
changes of LLC-PK1 cells by caspase 3 activity and a cell
death ELISA kit. We used AdAKtDN as a positive control.
Overexpression of AJAKDN caused apoptotic changes in re-
nal tubular cells (33). Figure 9 shows the effects of Adets-1,
AdAKtDN, and Admull on caspase 3 activity and the cell death
ELISA. Overexpression of AJAKIDN stimulated caspase 3
activity and the value of cell death ELISA. Overexpression of
Adets-1 did not significantly change stimulated caspase 3
activity or the value of cell death ELISA in LLC-PK1 cells,
These data demonstrated that Ets-1 does not cause apoptotic
changes in LLC-PKI cells.

Discussion
In the present study, we demonstrated that Ets-1 is upregu-
lated in proximal tubules in the recovery phase of ARF, that



