¥ Am Soc Nephrol 13: 3083-3092, 2004

Expression and Function of Ets-1 during Experimental Acute

Renal Failure in Rats

HIROYUKI TANAKA,* YOSHIO TERADA,* TAKAHIKO KOBAYASHI,*
TOMOKAZU OKADO,* SEINI INOSHITA,* MICHIO KUWAHARA,* ARUN SETH,'

YASUFUMI SATO,* and SEI SASAKI*

*Homeostasis Medicine and Nephrology, Tokyo Medical and Dental University, Tokyo, Japan; "Department of
Laboratory Medicine and Pathology, MRC Group in Periodontal Physiology, University of Toronto, Toronto,
Ontario, Canada; and *Department of Vascular Biology, Institutes of Development, Aging and Cancer,

Tohoku University, Sendai, Japan

Abstract. The Ets family of transcription factors is defined by
a conserved DNA-binding Ets domain that forms a winged
belix-turn-helix structure motif. The Bts family is involved in
a diverse array of biclogic 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 (ARTF) and plays a key role in the transcriptional regu-
lation of cyclin D1 and the cell cycle progression in renal
tubular cells. For clarifying the significance of Efs-1in ARF, a
rat ARF model in vivo and LLC-PK1 cells as an iz vitro model
were used. After the left rat renal artery was clamped for 1 b,
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 immunohistologic ex-
amination, Ets-1 was expressed in the proximal tubufes 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-lee. 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 snggest that Ets-1 plays
akey role in the cell-cycle progression of renal tnbules in ARF.
The Fts-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 Gl-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 roles in the
G1-S 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 angiogenesis (17-20). During morphogenesis, Ets-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). Ets-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 (23,26). 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 Ets-1, which is expressed during renal
development, may play roles in ischemic renal failure.

QOur 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 DI 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 upregnlated 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
pg/ml streptomyein, and 10% heat-inactivated FCS (Life Technolo-
gies). Cells were cultured at 37°C in 20% O, and 5% CO, (referred
to as the normoxic condition). For the hypoxia experiments, cells were
placed in a hypoxic chamber (Bellow Glass, Vineland, NJ) that
contdined 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 upstregm 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-1e and dominant-
negative (dn) HIF-1a were prepared as described previously (30,31)
using the following primers: -forward §'-GGAAGACAACGCGG-
GCAC-3' and reverse 5-GGAGCTGTGAATGTGCTGTGATCT-
GGC-3' and dnHIF-1a forward 5'-CCGCTCGAGACCATGCGAAG-
CAAAGAGTCTG-3' and reverse 5-GGGGTACCTCACTTATCA-
AAAAGGCAGCT-¥. An open reading frame coding for the
dnHIF-1er is a 1.1-kbp fragment whose product lacks both the DNA
binding and transactivation domain. In both cases, RNA out of a
C'57BL 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-PK1 cells were transfected by the electroporation methed
with plasmid DNA (10 ug). Data are representative of at least four
independent experiments performed in duplicate and arc expresacd a3
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 & B-galactosidase reporter construct, as
described previously (12). Luciferase and S-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 sodivm pentobarbital (30 mg/kg) at surgery. The left
renal artery was occluded with Sugita aneurysm clips (Mizuho Ikake-
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 = 5).

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 immunohistochemical 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). Immunohistochemical staining was per-
formed by a streptavidin and biotin technique using an anti-Ets-1-
specific antibody (Santa Cruz Biochemical; N-276, ¢s-111), anti—
proliferating cell nuclear antigen (PCNA)-specific antibody (Santa
Cruz Biochemical; PC-10, ¢s-56), and anti-aquaporin-1-specific an-
tibody (Santa Cruz Biochemical; B-11, sc-25287) as markers for
proximal tubules, as described previously (35-37). .

Western Blot Analysis

Homogenized total renal tissue or LLC-PK]1 cells were lysed 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 PMSF, and 0.1 mM sodium
orthovanadate) at 4°C (38). Protein was transferred to a nitrocellulose
membrane and probed with the anti-Fts-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
+-2p-end-labeled ets-1 binding site of a cyclin DI promoter-lesion
(5'-CATCTCGAGCAGOAAGQGTTCCOA-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 oligonuclec-
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 analyzed on a 6%
nondenaturing polyacrylamide gel. The gel was dried, and the protein-
DNA complexes were visualized by autoradiography.

Real-Time Quantitative PCR

We performed a reverse transcription-PCR (RT-PCR) reaction for
Ets-1 from RNA extracted from the ischemia-reperfusion lddneys.
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 Bts-1 were 5'-GCCCAGCTTCATCA-
CAGAGT-3' (upper) and S-TGTTGAAAGATGACTGGCTG-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' (lower) (41). The predominant cDNA amplification product
was predicted to be 309 bp in length. 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,
WT) as described previously (40). The plasmids that contained Ets-1
¢DNA and GAPDH cDNA 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 tast 4 b, the
cells were pulsed with 1 pCi [*H]thymidine (Amersham). After the
incubaticn, 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 activites 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 a2 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
(Boehringer 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 mamafacturer’s protocol
(33). Cytosolic proteins wers collected using a cell 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 £ test.
P < 0.05 was considered significant.

Results
Western Blot Analysis of the Protein Expression of Ets-
1 and HIF-1o 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 Efs-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 Ets-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-1o 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-la
protein expression was temporary, with the intensity of the

A B Sham
, (hOUfS) operated
0 6 12 24 48 72 6 12 (hours)

Figure 1. Protein expressions of Ets-1 and hypoxia-inducible fac-
tor-1er (HIF-1¢) 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 scparated 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 during
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,
Bts-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
(Pigure 2E), whereas the expression of aquaporin-1 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 quantitative 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 valve (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 Bts-1 were not significantly changed in the sham-
operated rat kidneys. The GAPDH signal was not significantly
changed by ischemia-reperfusion (Figure S5A).
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Figure 2. Immunchistological examinaticn of Ets-1 in ischemic-
reperfusion kidneys. Immunohistochemical apalyses 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. Immunohistochemical
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-1a in LLC-PK1 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 Ets-1 and the
expression of Ets-1 protein by Western blot analysis. In the
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Figure 3. Immunchistologic examination of Ets-1 in proximal tubules
of ischemic-reperfusion kidneys. Immunohistochemical analyses at a
high-power view (X%400) 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 Ets-1- and aquaporin-1-positive cells. When a
blocking peptide was added to the anti-Ets-1 antibody solution, no
positive signal was observed in ischemia-reperfusion kidney (12 h; C).

promoter assay experiments, the Ets-1 promoter-luciferase
plasmid was transfected in LLC-PK1 cells 48 h 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 alse 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-1«, we examined Ets-1 protein expression and promoter
activity in HIF-1e—transfected LLC-PK1 cells and doHIP-10—
transfected LLC-PK1 cells. The hypoxic inducibility of the
Ets-1 promoter assay in HIF-1a—overexpressing and dnHIF-
la—overexpressing cells was 17.8- and 1.5-fold, respectively,
as compared with 9.1-fold in control LLC-PK1 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-1e.

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. Immunchistochemical analyses at 2 low-power
view (X100) of the renal cortex were performed with antibodies
against Ets-1 (A) and PCNA (B) at 24 h after ischemic injury.
Histologic examinations A and B are continnous sections, [mroumo-
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. Immunohistochemical anal-
yses at a low-power view (X100) of the renal cortex were performed
with antibodies against Ets-1 (E) and PCNA (F) of control kidney.
Histologic examinations E and F are continuous sections. When a
blocking peptide was added to the anti-PCNA antibody solution, no
positive signal was observed in ischemia-reperfusion kidney (12 h; G).

band in control rat renal cortex (Figure 7, Iane 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 Ets-1 expression in ischemic-
reperfusion kidneys using real-time PCR. The left renal arteries were
clamped for 60 min, and Kdneys were excised 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 control rats.

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

Cell Proliferation and Cyclin D1 Expression by the
Overexpression of Ets-1 in LLC-PKI Cells
We first examined the effects of the overexpression of Ets-1,

using an adenovirus, on the cell proliferation of LLC-PK1 cells '

by Hjthymidine 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 Admull (control adenovirus) did not significantly
change the [*H]thymidine uptake in LLC-PK1 cells. We next
examined the role of Ets-1 in the regulation of cyclin D1
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 Ets-1 was overex-
pressed, cyclin D1 promoter activity increased significantly, by
3.6-fold, in LLC-PK1 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 D protein
expression could be detected when compared with Adnull

(Figure 8B).

Apoptotic Changes by the Overexpression of Ets-1 in
LLC-PK1 Cells '

In vascular endothelial cells, overexpression of Ets-1 causes
apoptotic changes (30). Thus, we examined the effects of the
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Figure 6. Hypoxia stimulateg Ets-1 expression and promoter activity
vie HIF-1& in LLC-PK1 cells. To examine whether hypoxia/reoxy-
genation stimulates Bts-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 & h < reoxy-
genation 6 h and examined the promoter activity of Ets-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-1«, we examined Ets-1 protein expression and promoter activity
in HIP-lo-transfected LLC-PE1 cells and dnHIF-1a-transfected
LLC-PK1 cells; # = 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 AJAKtDN as a positive control,
Overexpression of AJAKtDN caused apoptotic changes in re-
nal tubular cells (33). Figure 9 shows the effects of Adets-1,
AdAKtDN, and Adnull on caspase 3 activity and the cell death
ELISA. Overexpression of AJAKtDN 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-PKI1 cells.
These data demonstrated that Ets-1 does not cause apoptotic
changes in LLC-PK1 cells.

Discussion
In the present study, we demonstrated that Ets-1 is upregu-
lated in proximal tubules in the recovery phase of ARF, that
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Figure 7. Electrophoretic mobility shift assay detected 2 protein
binding to the promoter sequence of cyclin D1 in the nuclear extract

of an ischemia-reperfusion rat kidney. A nuclear extract from renal-

cortex was prepared form the cortex of an ischemia-reperfusicn rat
kidney ard a control rat kidney. The nuclear extract (10 pg) under-
went a reaction in a premixed incubation buffer (gel shift assay kit)
with & y->2P-end-labeled Ets-1 binding site of the cyclin D1 promoter
lesion (5-GATCTCGAGCAGGAAGTTCGA-3") for 30 min at 25°C.
To establish the specificity of the reaction, we performed competition
assays with 100-fold excess of unlabeled ets-1 biding oligonucleotides
(heterologous competitor DNA). To perform supershift agsay, we

added 5 pg of anti-Ets-1 -antibody (N-276, cs-111) to the nuclear’

extracts, incubated the extracts for 1 h at 4°C, and performed gel shift
assay. Negative control without nuclear extract (lane I), nuclear
extract of ischemia-reperfusion kidney (lane 2), nuclear extract of
control kidney (lane 3), and nuclear extract of ischemia-reperfusion
kidney with 100-fold excess of unlabeled oligonucleotide (heterclo-
gous competitor DNA; lane 4) are shown. Nuclear extract of isch-
emia-reperfusion kidney incubated without anti-Ets-1 antibody (lane
5) and nuclear extract of ischemia-reperfusion kidney incubated with
anti-Ets-1 (lane 6, supershift) are shown.

hypoxia causes the transcriptional stimulation of Ets-1 in LLC-
PK1 celis via HIF-1¢, and that the overexpression of Ets-1
stimulates [*H]thymidine uptake and cyclin D1 transcription in
renal tubular cells.

Recovery from ARF requires the replacement of damaged
cells with new cells that restore tubule epithelial integrity.
Regeneration processes are characterized by the proliferation
of dedifferentiated cells and subsequent redifferentiation of the
daughter cells into the required cell phenotype. A similar
phenomenon ¢an also be cobserved during embryogenesis.
Therefore, it was postulated that regeneration processes may
repeat parts of the genetic program that serve during organo-
genesis to reestablish proper tissue function after damage
(5.45). Recently, we reported that the developmental gene
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Figure 8. Cell proliferation and cyclin D1 expression by the overex-
pression of Ets-1 in LLC-PX1 cells. (A) We examined the effects of
the overexpression of Ets-1 using an adenovirus on the cell prolifer-
ation of LLC-PK1 cells by [*H]thymidine uptake, A shows the effects
of Ets-1 on [H]thymidine uptake. (B) We next examined the role of
Ets-1 in the regulation of cyclin D1 promoter activity and protein
expression. We performed a transient transfection with the cyclin
Di-luciferase reporter gene and the B-galactosidase expression vector
and then infected it with either Adets-1 or Adnull (10° pfu/m!). When
Ets-1 was overexpressed, cyclin D1 promoter activity increased sig-
nificantly, by 3.6-fold, in LLC-PK1 cells; n = 5, mean &= SEM; *P <
0.05 versus control.

Wnt-4 is expressed in ischemic acute renal injuries and that
Wnt-4 expression promotes the proliferation of renal tubular
cells (26). This article suggested that some developmental
genes are re-expressed during recovery of ARF. To confirm
this hypothesis, we examined the expression patterns and func-
tion of Ets-1 in an ischemic acute renal model and in renal
tubular cells. )

In this study, we first demonstrated that Ets-1 expression is
upregulated in the early phase of ischemic ARF, The FEts-1
expression was localized exclusively in the proximal tubule at
the site of tbule regeneration where PCNA is expressed.
These results suggest that Ets-1 protein may induce the trans-
formation of regenerative renal tubular cells. During develop-
ment, Ets-1 expression occurs in vascular structures and
branching tissues, including the kidneys (18). In the adult
kidney, the levels of Ets-1 expression are much lower than in
the embryonic kidrey (18,22). Thus, our data suggest that the
cells that express Ets-1 after ischemic injury have characteris-
tics of embryonic renal cells, such as in the mesenchymal-to-
epithelial progression and proliferation.

Our data also indicate for the first time that Ets-1 signaling
contributes to the activation of cyclin D1 promoter and protein
expression. Sequences that resemble the core motif (GGA)
required for Ets protein binding are located within the proximal
cyclin D1 promoter (16). Overexpression of Ets-2 activates the
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Figure 9. Apoptotic changes were not observed by the overexpression
of Ets-1 in LLC-PK1 cells. We examined the effects of the overex-
pression of Ets-1 using an adenovirus on apoptotic changes of LLC-
PK1 cells by caspase 3 activity and a cell death ELISA kit. AdAktDN
was used as a positive control. Overexpression of AJAKtDN stimu-
lated caspase 3 activity (A) and the value of cell death ELISA (B).
Overexpression of Adets-1 did not significantly change stimulated
caspase 3 activity (A) or the value of cell death ELISA (B) in
LELC-PK1 cells; n = 5, mean £ SEM; *P < (0.001 versus control.
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cyclin D1 promoter through the proximal 22 bp (46). The Ets-1
pathway plays a key role in normal embryonic development
and in malignant vascular formation (17-20). However, the
functional role of the Ets-1 signaling pathway in renal tubular
cells is not well known. Our data demonstrate that overexpres-
sion of Ets-1 increases cyclin D1 promoter activity, protein
expression, and cell-cycle progression in renal epithelial cells.
If this is the case, then the expression of Ets-1 in the recovery
phase of ARF could be expected to promote cell-cycle pro-
gression after tubular injury, Qur data also demonstrated that
the Ets-1 binding site of the cyclin D1 promoter binds to the
nuclear extract of ischemic renal tissue. Qur ischemia-reperfu-
sion model also demonstrated that Ets-1 was co-localized with
PCNA, suggesting that Ets-f might be a proliferative signal in
regenerating renal tubules. ‘

In vascular endothelial cells, overexpression of Ets-1 caused
apoptotic changes (32). Apoptosis of renal tubular cells is
observed during ARF (47,48). Thus, we hypothesized that
upregulated Ets-1 may cause apoptotic changes in renal twbular
cells, To demonstrate this, we examined the effects of the
overexpression of Ets-1 on apoptotic changes in LLC-PK1
cells. AJAKDN was used as a positive control, and overex-
pression of AJAktDN caused apoptotic changes in LLC-PK1
cells as shown in Figure 6. However, in our experimental
conditions, the overexpression of Adets-1 did not significantly
change caspase 3 activity or the value of cell death ELISA in
LLC-PK1 cells. This result suggests that the apoptotic phe-
nomenon caused by Ets-1 may be dependent on cell types or

J Am Soc Nephrol 15: 3083-3092, 2004

tissues. In the case of tenal tubular cells, Ets-1 does not seem
to play a role in apoptosis in ARF,

We have yet to see which kinds of mechanisms induce the
transient upregulation of Ets-1 after ischemia-reperfusion acute
renal injury. A recent paper by Oikawa et al. (27) reported that
hypoxiz induced Ets-1 via the activity of HIF-1c. In their
study, the Ets-1 promoter contained a hypoxia-responsive ele-
ment-like sequence, and HIF-1a bound to it under the hypoxic
condition. The expression of HIF-1a was dramatically in-
creased as early as 6 h after ischernia-reperfusion (Figure 1C).
The upregulation of HIF-1a protein expression was temporary;
the intensity of the Ets-1 band decreased at 48 and 72 h after
ischemia-reperfusion. The time course of HIF-1e exceeded the
time course of Ets-1. The hypoxic inducibility of the Ets-1
promoter assay is inhibited by the overexpression of dnHIF-1a
in LLC-PK1 cells. The Western blot analysis also demon-
strated that transfection of dnHIF-1e reduced the increase of
Ets-1 protein by hypoxia (Figure 6C). These results indicated
that the upregulation of EFts-1 by hypoxia is dependent on
HIF-1er. This evidence led to the hypothesis that ischemia
causes hypoxia in the renal tubule, and the hypoxic condition
induces HIF-1e, then HIF-1a activates Ets-1 transcription in
renal tubular cells. It will be of interest to examine which kinds
of signal cascades exist between ischemiz and Ets-1 induction.
Farther studies will be necessary to gain a more precise un-
derstanding of the molecular mechanisms of renal recovery
after ischemia-reperfusion injury.
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Abstract

Background. The clinical utility of cyclosporin A
(CsA) has been limited by its nephrotoxicity, which is
characterized by tubular atrophy, interstitial fibrosis
and progressive renal impairment. Hepatocyte growth
factor (HGF), which plays diverse roles in the
regeneration of the kidney following acute renal
failure, has been reported to protect against and
salvage renal injury by acting as a renotropic and
anti-fibrotic factor. Here, we investigated protective
effects of HGF gene therapy on CsA-induced nephro-
toxicity by using an electroporation-mediated gene
transfer method.

Methods. CsA was orally administered as a daily dose
of 30 mg/kg in male Sprague—Dawley rats receiving a
low sodium diet (0.03% sodium). Plasmid vector
encoding HGF (200pg) was transferred into the
kidney by electroporation.

Results. HGF gene transfer resulted in significant
increases in plasma HGF levels. Morphological
assessment revealed that HGF gene transfer reduced
CsA-induced initial tubular injury and inhibited
interstitial infiltration of ED-1-positive macrophages.
In addition, northern blot analysis demonstrated that
cortical mRNA levels of TGF-B and type I collagen
were suppressed in the HGF group. Finally, HGF gene
transfer significantly reduced striped interstitial phe-
notypic alterations and fibrosis in CsA-treated rats, as
assessed by w«-smooth muscle actin expression and
Masson’s trichrome staining.

Conclusions, These results suggest that HGF may
prevent CsA-induced tubulointerstitial fibrosis, indi-
cating that HGF gene transfer may provide a potential
strategy for preventing renal fibrosis.
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Introduction

The introduction of cyclosporin A (CsA) into clinical
practice has resulted in marked improvement in the
short-term outcome of organ transplantation, includ-
ing significant extension in the 1 year survival of renal
allografts [I]. However, CsA-induced nephrotoxicity
results in long-term graft loss, which limits the clinical
utility of this drug. Nephrotoxicity caused by CsA is
characterized by tubular atrophy, interstitial fibrosis,
hyalinosis of the afferent arteriole and progressive renal
impairment [2,3]. Recent studies have shown that
CsA-induced nephrotoxicity is associated with an
up-regulation of transforming growth factor-pBl
(TGF-Bl) in type I collagen, and that TGF-pl is
important for the progression of the nephrotoxicity.

Hepatocyte growth factor (HGF), a multifunctional
polypeptide originally characterized as a potent mito-
gen for mature hepatocytes, plays an important role in
renal development and in the maintenance of normal
adult kidney structure. HGF functions as a potent
mitogenic, motogenic, morphogenic and anti-apoptotic
factor in renal tubular epithelial cells [4]. Recent studies
have suggested that both endogenous and exogenous
HGEF are protective against the onset and progression
of chronic renal diseases in a variety of animal models.
Treatment with exogenous HGF protein effectively
suppressed phenotypic changes into myofibroblasts,
and thus attenuated ECM deposition and interstitial
fibrosis by inhibiting TGF-f1 and its receptor
expression in vivo [5]. These findings suggest HGF
may be a candidate for prevention of CsA-induced
nephrotoxicity.

Because HGF is rapidly cleared by the liver causing a
reduction in its activity [6], intravenous injections exert

Nephrol Dial Transplant Vol. 19 No. 4 © ERA-EDTA 2004; 2l rights reserved
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only short-term actions on target organs and do not
produce continuous effects. Recently, we developed a
new gene transfer system for electroporation in vive.
We infused DNA solutions via renal artery followed
by electric pulses using a tweezers type of electrode
to introduce genes into mesangial cells in nearly all of
the glomeruli [7]. The electroporation process is free
from oncogenicity, immunogenicity and cytotoxicity
from viral vectors. We have shown that this electro-
poration-mediated gene transfer technique produced
significantly higher transfection efficiency than the HVI
liposome method [7]. In addition, kidney-targeted gene
transfer methods may concentrate actions on the
kidney without causing systemic effect. In the present
study, we investigated the effects of HGF gene transfer
on CsA-induced nephrotoxicity in rat.

Materials and methods

Experimental design

Six-week-old male Sprague-Dawley rats (SLC Japan,
Hamamatsu, Japan), weighing 180-190g on a low-salt diet
(0.03% sodium; Test Diet, Richmond, IN, USA) received
daily oral doses of CsA at 30mg/kg (Neoral, Novartis,
Japan}. In all the following procedures, rats were anaesthe-
tized with pentobarbital. On day 0, the left kidney and renal
artery were surgically exposed by a mid-line incision, and a
24-gauge catheter (Terumo, Tokyo, Japan) was inserted into
the left renal artery. After clamping the proximal site of the
abdominal aorta, the kidney was perfused with PBS via the
renal artery, and HGF plasmid DNA (200 pg in 1 ml of PBS)
was then injected into the left kidney using a single shot while
clamping the renal vein. The kidney was sandwiched with a
tweezers-type oval-shaped stainless electrode, and electric
pulses were delivered using an electric pulse generator (CUY-
21; NEPA GENE, Chiba, Japan). The pulses were square
waves and the voltage (75V) was held constant during the
pulse duration. Three pulses of the indicated voltage followed
by three additional pulses of the opposite polarity were
administrated to the kidney. Intra-pulse delay was 1 s and the
duration of the pulse was fixed at 100 ms. In separate groups
of rats (n=6 per group) on days 7, 14 and 21, plasma
samples were collected and kidneys were removed following
perfusion with 20 m! of cold PBS from the acrta. CsA-treated
rats with sham operations were also used as untreated disease
controls (six animals in each group). In all animals, the
cortex was carefully dissected from the medulla and was then
processed for evaluation by light microscopy, RNA analysis
and immunchistochemistry,

Analysis of plasma samples

Blood samples were collected from the aorta into plastic
syringes, transferred to metal-free tubes containing
potassium-ethylenediaminetetraacetic acid (EDTA), and
then chilled on ice. The samples were immediately centri-
fuged at 4¢ and plasma was stored at —80°C until further
determination. Plasma HGF concentration was measured by
the enzyme immunogen assay method (Institute of
Immunoclogy, Japan).

813
Morphology

Tissue samples were fixed in 4% buffered paraformalde-
hyde for 12h and embedded in paraffin. Samples were cut
at 2-4 um thickness and stained with periodic acid-Schiff
(PAS) and Masson's trichrome. Interstitial fibrosis was
stained blue with Masson’s trichrome and the sections were
quantified by a colour image analyser. We selected at
random 10 non-overlapping fields from the cortical region
for analysis. The fibrotic area relative to the total area of
the field was calculated as a percentage by a computer-
aided manipulator. Glomeruli and large vessels were not
included in the microscopic fields for image analysis.
Scores from 10 fields per kidney were averaged, and
mean scores from six separate animals per group were then
averaged.

Immunohistochemical stainings

Renal tissues were fixed in cold methyl Carnoy’s solution
for 6h, placed in 70% ethanol, and then embedded in
paraffin. Tissue sections were cut at 4pm thickness and
were dewaxed and stained with anti-rat ED-1 antibody to
identify macrophage infiltraton, followed by a second
reaction with biotin-labelled anti-rat IgG goat IgG
(Vector, Builingame, CA, USA). Finally, an avidin-biotin
coupling reaction was performed on the sections
(Vectastain Elite; Vector). To identify myofibroblasts, we
used monoclonal IgG against human o-smooth muscle
actin (SMaA) (EPOS System; Dako). The SMuA-positive
area relative to the total area of the field was calculated as
a percentage by a computer-aided manipulator. Glomeruli
and large vessels were not included in the microscopic
fields for image analysis. The scores of 10 fields per kidney
were averaged, and mean scores from six separate animals
per group were then averaged.

Northern blot analysis

Renal tissue was finely minced with an autoclaved cutter,
was immediately immersed in liquid nitrogen, and then
homogenized in TRIzol reagent (Gibco BRL, Grand Island,
NY, USA). RNA extraction was performed according to
manufacturer instructions. After resuspension in Tris—
EDTA buffer, 15pg of RNA were electrophoresed in each
lane in 1% agarose gels containing 2.2M formaldehyde
and 0.2M MOPS (pH 7.0), and transferred to a nylon
membrane (Hybond N). The membranes were prehybri-
dized for 1h at 42°C with 50% formamide, 10%
Denhardt’s solution, 0.1% sodium phosphate, 5x standard
saline citrate (SSC) and 180mg/m]l denatured salmon
spern DNA. They were hybridized overnight at 42°C
with ¢cDNA probes labelled with [F?PJACTP by random
oligonucleotide priming (RediPrime). The blots were
washed twice in 2x SSC, 0.1% SDS at room temperature
for 15min each, and twice in 0.2x SSC, 0.1% SDS at 60°C
for 10min each. Films were exposed at —80°C for ~24h.
Autoradiographs were scanned on an imaging densitometer.
The density of bands for glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) mRNA was used to control for
differences in the total amount of RNA loaded onto each
gel line.
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Statistical analysis

All values are expressed as means & SD. Statistical signifi-
cance, defined as P<0.01, was evaluated using one-way
analysis of variance.

Results

Physiological studies

Plasma concentrations of HGF were measured by
the ELIZA method. In normal control rats, plasma
HGF was undetectable (<0.5ng/ml). CsA treatment
increased plasma HGF levels to 48.7+18.8 ng/ml on
day 7, which may reflect up-regulation of endogenous
HGF following renal injury. Increased plasma HGF
levels persisted throughout the experiment (61.1£11.7
and 56.4£24.6ng/ml at 2 and 3 weeks, respectively).
The HGF gene transfer method caused a further
increase in plasma HGF levels on day 7 (106.5%
50.5ng/ml: P<0.05 vs CsA group). Thereafter,
plasma HGF levels declined in HGF-treated rats
(67.9+48.5 and 71.3+£25.6ng/ml at 2 and 3 weeks,
respectively), but remained higher than in untreated
rats.

Light microscopy

PAS staining revealed that CsA treatment induced
characteristic histological changes, including tubular
atrophy, early striped fibrosis and inflammatory cell
infiltration. Importantly, gene transfer of HGF sup-
pressed these tubulointerstitial injuries.

We used Masson’s trichrome to cause blue staining
of interstitial fibrosis (Figure 1), and used a colour
image analyser to semi-quantitatively estimate fibrosis
area. The percentage of injured areas per field of cortex
was counted at a x400 magnification in a minimum of
10 fields. In parallel with the tubulointerstitial injury
findings, CsA treatment induced progressive fibrosis
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(5.3+12 and 7.2£1.5% at 2 and 3 weeks, respec-
tively), and HGF gene transfer significantly suppressed
the development of interstitial fibrosis (3.4+1.2 and
5.2+14% at 2 and 3 weeks, respectively; P<0.01 vs
CsA group).

Immunohistochemical staining

The phenotypic transformation into myofibroblasts,
estimated by immunohistochemical staining of SMuaA,
leads to extracellular matrix (ECM) accumulation.
There was strong SMaA expression in CsA-treated
kidneys (5.5+£1.7 % at 3 weeks) with the most
pronounced increases around the thickened basement
membrane of the Bowman’s capsule and degenerated
tubules. This strong SMaA expression was inhibited
by treatment with the HGF gene transfer method
(3.9+1.6%; P <0.01 vs CsA group) (Figure 2).

In normal control rats, the number of ED-1-positive
macrophages was 4.2+1.2 cells per high power field.
CsA administration induced marked and continuous
infiltration of ED-1-positive macrophages around the
damaged tubules and within the interstitium
(52.9+17.3 cells per high power field at 3 weeks). The
HGF gene transfer procedure decreased this macro-
phage accumulation (39.2+13.2 cells; P<0.01 vs CsA

group) (Figure 3).

Northern blot

Northern blot analysis was performed on renal cortexes
from the three groups. CsA treatment caused an
up-regulation of cortical mRNA expression of TGF-
and type I collagen at 3 weeks compared with the
normal control group, and HGF treatment reduced the
expression of both TGF-B and type I collagen mRNA
expression (Figure 4). HGF treatment significantly
reduced TGF-p mRINA expression (ratios of TGF-B
signal to GAPDH signal: 1.68+0.27 in untreated vs
0.81+0.22 in HGF group, £ <0.01). In parallel with
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Fig. 1. Representative photomicrographs showing renal morphological changes using Masson’s trichrome staining in the CsA (A) and

HGF groups (B) at day 21.
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Fig. 2, Representative photomicropraphs shewing phenotypic changes of interstitium assessed by immunohistochemical staining of SMaA
in the CsA (A) and HGF groups (B) at day 21.

Fig. 3. Representative photomicrographs showing macrophage infiltration into interstitium assessed by immunohistochemical staining of

ED-1 in the CsA (A) and HGF groups (B) at day 21.
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Fig. 4. Northern analysis showing representative cortical mRNA
levels of TGF-p (top lane), type I collagen (middle lane) and
GAPDH (lower lane) in normal control kidney and in CsA-treated
and HGF gene-transfetred rats at day 21.

this, type I collagen mRNA was also decreased in
HGF-treated kidneys (ratios of type I collagen signal to
GAPDH signal: 2.47+0.47 in untreated vs 0.69+£0.34
in HGF group, P <0.001).

Discussion

In the present study, we found that HGF gene transfer
into kidneys using electroporation had a protective
effect on chronic CsA-induced nephrotoxicity.
Specifically, we demonstrated that HGF gene transfer
reduced CsA-induced tubulointerstitial injury, and this
included reduced macrophage infiltration, lowered
phenotypic alterations of interstitial myofibroblasts
and restricted interstitial fibrosis.

Several reports have indicated that HGF is involved
in renal regeneration [4]. For example, rapid increases
in HGF mRNA and/or protein levels in kidneys and
plasma were observed in various types of renal injury
induced by nephrotoxins, renal ischaemia and ureteral
obstruction [4]. Recently, it was reported that endo-
genous as well as exogenous HGF prevents renal
fibrosis in a mouse model of nephritic syndrome [8].
The present study demonstrated that HGF gene
transfection suppressed the expression of TGF-pB and
reduced interstitial fibrosis.

TGF-B is a fibrotic cytokine and plays an important
role in CsA-induced accumulation of ECM protein.
The role of TGF-B in mediating CsA nephrotoxicity
has been evaluated in several studies. CsA has been
shown to up-regulate TGF-B expression in murine
tubular cells and tubulointerstitial fibroblasts [9]. In
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addition, there is increased TGF-B production in
patients with chronic allograft nephropathy and CsA
nephrotoxicity {10]. Furthermore, TGF-f antibodies
prevent matrix synthesis and attenvate renal injury and
renal function in CsA nephrotoxicity [11]. Reciprocal
changes in the expressions of TGF-B and HGF were
noted during the onset of tubulointerstitial fibrosis
caused by unilateral ureter-ligated obstruction in mice
[5]. We observed an increase in plasma HGF following
CsA treatment (48.7+18.8ng/m] at day 7), however,
continuous renal tissue injury and persistent expression
of TGF-B may lead to decreases in endogenous HGF
and result in irreversible repal insufficiency. We also
found that HGF gene transfer caused further elevations
in plasma HGF levels (106.5% 50.5ng/ml), indicating
that it may be protective against renal damage at
several levels beyond the physiological level. Because
HGF is rapidly cleared by the liver which reduces its
activity (6], intravenous injections of HGF cause only
short-term effects on target organs and do not exert
continuous effects. HGF that is expressed in mesangial
cells can affect renal cells in a paracrine fashion,
especially in tubular cells and in intersitial cells. In
addition, HGF gene transfer decreased TGF-p mRNA
levels in CsA-treated kidneys. HGF prevents epithelial
cell death and the remodelling of renal tissue that
occurs with injury or fibrosis, an effect which is
opposite to the role of TGF-p. Therefore, exogenous
HGF supplementation may prove to be a therapeutic
strategy against renal injury. In fact, several studies
have demonstrated that HGF has preventive and
therapeutic effects in acute and chronic renal failure/
renal fibrosis models in laboratory animals. Although
it is not known whether HGF causes a direct or indirect
suppression of TGF-P expression, this treatment clearly
suppresses TGF-B expression and enhances remodel-
ling of renal tissues. These results support the hypoth-
esis that a counterbalance between TGF-B and HGF
plays a determinant role in the pathogenesis and
therapeutics of fibrosis-related diseases.

Alterations in the phenotype and behaviour of renal
fibroblasts may be one of the most important events
during the development of interstitial fibrosis. The
enhanced expression of SMaA provides a marker of
interstitial phenotypic changes, and increased numbers
of activated fibroblasts, which are called myofibroblasts
and have features of both fibroblasts and smooth
muscle cells, accompanies interstitial matrix accumula-
tion. We assessed SMaA expression by immunohiste-
chemistry. Immunostaining of SMu«A was strong in the
interstitial areas of CsA-treated kidneys, however,
immunostaining was weak in the HGF gene-transferred
kidneys. Although the precise mechanism of how HGF
reduced interstitial SMaA expression is unclear, HGF
transfection reduced tubular atrophy induced by CsA
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treatment. Therefore, HGF appears to suppress the
epithelial-mesenchymal transition process.

We used the gene transfer approach instead of
recombinant proteins for several reasons. First, since
the half life of HGF is quite short, recombinant
HGF treatment requires very large doses and frequent
injections of recombinant protein. In addition, admin-
istrations of high-dose HGF protein may cause adverse
effects, and finally, recombinant protein is costly. In
contrast, gene transfer is simple, safe, cheap and
requires less frequent injections. In the present study,
we adopted electroporation-mediated gene transfer
into glomeruli.

In summary, we demonstrated that HGF gene
transfer reduced CsA-induced interstitial fibrosis by
inhibiting TGF-p expression. We speculate that
electroporation-mediated HGF gene transfer may
be of value in treating chronic CsA-induced
nephrotoxicity.

Conflict of interest statement. None declared.
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Abstract

Background: CD44 is a transmembrane glycoprotein

comprising an extracellular domain, a transmembrane

domain, and a cytoplasmic tail. Previous studies demon-

strated that CD44 was generally restricted to lateral-basal

plasma membrane (PM) of epithelial cells, whether it

localized on apical PM in vivo has not been clarified.

Methods: In this study, we used a gentamicin-induced

acute tubular necrosis {ATN) and spontaneous recovery’
mode! in rats and two distinct antibodies, an anti-rat dis-
tal extracellutar domain {0X49) of standard CD44 (CD44-

0X49) and an anti-rat CD44 cytoplasmic tail (CD44CPT),

to survey the localization of CD44-0X49 and CD44CPT on

the PM in renal tubular epithelial cells in different recov-

ery stages after ATN with immunohistochemistry and

immunoelectron-microscopic examinations. Resufts:
CD44-0X49 was localized not only on the lateral-basal

PM in tubular epithelial cells, but also on the apical sur-
face membrane in PCNA-positive newly regenerative
tubular epithelial cells in early recovery stages after ATN.
However, CD44CPT was only localized on the lateral-bas-
al PM. The immunoelectron-microscopic results showed
that CD44-0X49 localization was changed from the api-
cal to lateral to basal surface membrane in renal tubular
epithelial cells during the recovery process after ATN,
finally disappearing from basal PM when normal polar-
ized epithelial cells formed, Conclusions: These results
suggest that there were two types of CD44 including
CD44 without a cytoplasmic tail localizing on the apical
surface membrane related to newly regenerative epithe-
lial cells, and CD44 with a cytoplasmic tail localizing on
the lateral-basal PM related to establishment of tubular

epithelial cell polarity after ATN in vivo.
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Introduction

The surface of polarized epithelial cells such as renal
tubular epithelial cells is typically divided into two func-
tionally and biochemically distinct, but physically contin-
uous, domains separated by junctional complexes, termed
apical and lateral-basal (also known as basolateral) plas-
ma membrane (PM) domains [1]. The apical PM, facing
the organ lumen, has a protective role by acting as a bar-
rier between the external and internal environments and
contains the necessary transporters for the uptake of small
molecules. The lateral-basal PM is involved in cell-cell
and cell-matrix adhesion, and also contains biological
molecules involved in signal transduction and nutrient
uptake [2].

CDA44 is a broadly distributed multistructural and mul-
tifunctional transmembrane glycoprotein. It has at least
20 multiple isoforms of different molecular sizes (85~
230 kD), such as standard CD44 or hemotopietic CD44,
variant CD44 and epithelial CD44. The major physiologi-
¢al role of CD44 is to maintain organ and tissue structure
via cell-cell and cell-matrix adhesion, while it is also
involved in cell motility and migration, differentiation,
cell signaling and gene transcription [3]. The CD44 pro-
tein is a single chain molecule comprising an N-terminal
extracellular domain, a transmembrane domain, and a
cytoplasmic tail [4]. The cytoplasmic tail of CD44 con-
tributes to ligand and cytoskeletal associated protein
binding, and determines membrane localization in polar-
ized epithelial cells [5, 6]. In vitro studies have demon-
strated that in polarized Madin-Darby canine kidney
(MDCK) epithelial cell cultures, a tailless CD44 molecule
is localized on the apical PM, whereas wild-type CD44 is
restricted to the lateral-basal PM of epithelial cells, sug-
gesting that the localization of CD44 may be regulated [7].
However, in vivo studies demonstrated that CDD44 is gen-
erally localized on the lateral-basal PM of renal tubular
polarized epithelial cells {8], and it remains unclear
whether CD44 is also localized on the apical PM of tubu-
lar epithelial cells in any pathophysiological condition
and the structure of CD44 located on distinct surface
membrane of tubular epithelial cells in vivo.

Our previous study showed the up-regulated expres-
sion of CD44 in renal tubules during the recovery process
after acute tubular necrosis (ATN) [9], but the exact local-

ization and distribution of CD44 during the process of -

injury and repair of the kidneys remains poorly under-
stood. In this study, we used a gentamicin-induced ATN
and spontaneous recovery model in rats and two distinet
antibodies, an anti-rat distal extracellular domain (0X49)
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of standard CD44 (CD44-0X49) and an anti-rat CD44
cytoplasmic tail (CD44CPT), surveyed the different local-
ization of CD44-0X49 and CD44CPT in the surface
membranes of renal tubular epithelial cells in different
recovery stages after ATN and discussed the potential
roles of CD44 localized on different surface membrane,

Methods

Animal Examination

Experiments were performed on 32 male Wistar rats (Charles
River Japan, Yokohama, Japan) weighing between 220 and 250 g
that were divided into two groups: 2 gentamicin group including 20
rats and a control group including 12 rats. The rats in the gentamicin
group were given 150 mg/kg/day of gentamicin sulphate solution
(Sigma-Aldrich Co. St. Louis, Mo., USA) by subcutaneous injection
in the neck for 5 days, and the rats in the control group were given an
equal volume of normat saline instead. All animals were fed a diet of
standard Iaboratory chow and allowed free access to water, but were
deprived of water for 24 hours before the first gentamicin adminis-
tration, and for 12 hours a day during gentamicin administration.
Five rats in the gentamicin group and 3 rats in the control group were
sacrificed under ether anesthesia on days 6, 10, 15, and 30 after the
first gentamicin injection, respectively. The left kidney of each rat
was removed and bisected for routine histological examination by
general light microscopy and general electron microscopy. Then,
each rat was infused with 4% paraformaldehyde from the abdominal
aorta and the right kidney was removed and bisected for immunohis-
tochemical and immunociectron-microscopic examination.

Primary Antibodies

The following primary antibodies were used in this study: a puri-
fied mouse anti-rat CD44H (also known as CD44s; clone: OX-49, a
distal extracellular domain of standard CD44, named as CD44-
0OX 49 by the author) monoclonal antibody (PharMingen, San Diego,
Calif., USA), a purified rabbit anti-rat CD44 ¢ytoplasmic tail
(CD44CPT) antibody (see below) and a mouse anti-proliferating cell
nuclear antigen (PCNA) monoclonal antibody (Dako, Glostrup,
Denmark).

According to a previous report, residues 423-503 of rat CD44
were located in the cytoplasmic region [10]. An antibody against rat
CD44CPT was constructed using the following procedure. A cys-
teincconjugated peptide comesponding to residues 483-503
(DQFMTADETRNLQSVDMKIGY) of rat CD44 was synthesized
and coupled via a terminal cysteine residue to keyhole limpet hemo-
cyanin. This antigen was subcutaneously injected into rabbits and
antisera were collected. A specific antibody to CD44CPT was puri-
fied with Affi-Gel 10 (Bic-Rad, Hercules, Calif,, USA) coupled with
the peptide. The antibody test for CD44CPT showed that the anti-
body prepared against CD44CPT was stable and special in its activi-
ty to CD44CPT.

The antibodies against rat CD44-0X49 and CD44CPT needed
not any special antigen retrieval techniques in their use,

Immunohistochemistry
Immunohistochemical staining was carried out ¢n 3-pm wax sec-
tions. The sections were first dewaxed and dehydrated. Then, they
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were incubated with 0.6% HO» in methanol for 30 min to eliminate
endogenous peroxidase activity and incubated with normal goat
serum (Chemicon, Temecula, Calif,, USA) at room temperature for
30 min to block non-special reaction. Subsequently, they were incu-
bated at 4°C for 24 h with primary antibodies, mouse anti-rat CD44-
0X49 (2.5 pg/ml} or rabbit anti-CD44CPT (1.5 pg/ml) or mouse
anti-PCNA (1:20). After washing in PBS for 3 X 5 min, the sections
were incubated with a secondary antibody (Dako, EnVision+™, Car-
pinteria, Calif., USA}, goat anti-mouse [gG (for CD44-0X49) or goat
anti-rabbit IgG (for CD44CPT) conjugated with peroxidase, or goat
anti-mouse IgG conjugated with alkaline phosphatase (for PCNA), at
room temperature for 30 min. After washing with PBS, the sections
were incubated with a DAB peroxidase substrate solution (Nichirei,
Tokyo, Japan) or a Fuchsin alkaline phosphatase substrate sclution
(Dako, Carpinteria, Calif., USA) with an endogenous atkaline phos-
phatase inhibitor (Dako). The cellular nuclei of the sections were
counterstained with hematoxylin. Normal mouse IgG and normal
rabbit IgG were used as negative controls, respectively (Santa Cruz
Biotechnology, Calif., USA).

Double Staining

Double staining was performed on the same tissue section, which
included a combination of CD44-0X49 immunohistochemistry and
PCNA immunohistochemistry (see above) as a marker of cell prolif-
eration or regeneration. The first immunostaining for CD44-0X49
was performed with a DAB peroxidase substrate solution, which
caused a brown color reaction, followed by washing in PBS for 3 x
5 min and treatment for 10 min in a microwave oven in a 0.01 M
citrate buffer (pH 6.0). Then, the second immunostaining for PCNA
was performed with a Fuchsin alkaline phosphatase substrate solu-
tion, which caused a red color reaction.

Immunoelectron-Microscopic Examination

After perfusion fixation with 4% paraformaldehyde, each rat kid-
ney was removed, cut into some small blocks (2 x 2 x 2 mm) and
taken into fusion fixated with 4% phosphate buffered paraformalde-
hyde and 0.01% glutaraldehyde for 2-4 hat 4°C, The tissue was then
washed overnight in a 0.1 M phosphate buffer (PB), and washed fur-
ther in graded 10, 15 and 20% sucrose PBS series for 24 h at 4°C,
respectively. After rinsing in a mixed solution of 20% sucrose and 8%
glycerin PBS for 2 h at 4°C, the tissue was embedded with optimal
cutting temperature ({OCT) compound in acetone and dry ice etha-
nol. Approximately 10-20 pum frozen sections were obtained with a
frozen microslicer, Then, according to the above immunohistochem-
ical staining procedure, the sections were preincubated with 0.6%
H>0; in methanol and normal goat serum for 30 min at room tem-
perature, respectively, and incubated with a purified mouse anti-rat
CD44-0X49 monoclonal antibody (2.5 pg/ml) for 24 h at 4°C, fol-
lowed by a goat anti-mouse second antibody conjugated with peroxi-
dase for 30 min. After washing with PBS, the sections were incubated
with a DAB peroxidase substrate solution. After postfixation with
2% osmium tetroxide (OsO4) in 0.1 M PB for 2 h, the specimens were
dehydrated in a graded 50, 60, 70, 80, 90 and 100% (three times)
ethanol series for 10 min, respectively, embedded in epoxy resin
(Epok 812; Oken, Tokyo, Japan) and polymerized at 60° C for 5 days.
Ultrathin sections with 90-100 nm were obtained and half of the
sections were stained with Iead citrate for 3 min and observed under
a H-7100 transmission electron microscope (Hitachi, Tokyo, Japan)
at an accelerating voltage of 75 kV.
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Quantitative Analysis

Quantitative analysis was performed to investigate the distribu-
tion of CD44 on epithelial cell PM in distinct stages in gentamicin-
induced ATN and its recovery process. Observations were performed
on 100 non-overlapping random tubules 20 per rat kidney section
from 5 rats at days 6, 10, 15 and 30 after the first gentamicin admin-
istration. Day 6, 100 totally necrotic tubules stained with CD44-
0X49; day 10, 100 tubules with PCNA positive staining — these
tubules were stained using the double staining technique PCNA and
CD44-0X49; day 15 and day 30, 100 tubules with CD44-0X 49 posi-
tive staining. The number of CD44-0X49-positive stained tubules
with stained cells greater than 50% of PM was recorded. If both the
basolateral PM and the apical PM were stained in greater than 50%
cells these were recorded separately as basolateral PM positive and
apical PM positive, If the tubules were not fully necrotic in tubules on
day 6, tubules which were PCNA-negative on day 10 or tubules with
less than 50% cells stained for CD44-0X49 were not recorded as
positive tubules,

Results

Histopathological Findings

As described previously [9], renal proximal tubular
necrosis appearad to develop on day 6 (day 1-5 adminis-
tration of gentamicin} in the gentamicin group. On day
10, there was a lot of desquamated epithelial cell debrisin
the dilated tubular lumens. Mononuclear cells infiltrated
interstitial regions and tubular lumens from the superfi-
cial cortex to the corticomedullary zone. Newly regenera-
tive tubular epithelial cell lines appeared along the tubular

Fig. 1. Localization of distal extracellular domain (OX49) of stan-
dard CD44 (CD44-0X49) and CD44 cytoplasmic tail (CD44CPT).
Sections labelled a, ¢, 8, and g show immunohistochemical staining
of CD44-0X49 (brown) and cellular nuclear staining at days 6, 10,
15, and 30 after the first gentamicin administration (150 mg/kg/day
X 5), respectively, Serial sections b, d, f, and h show immunochisto-
chemical staining of CD44CPT (brown) and cellular nuclear staining
at days 6, 10, 15 and 30 after the first gentamicin administration,
respectively. On day 6, CD44-0X49 (arrow, a) and CD44CPT (ar-
row, b) are negative in the desquamated epithelia, denuded tubular
basement membranes. C44-0X49 and CD44CPT are positive in
only non-necrotic tubules. On day 10, CD44-0X49 is markedly posi-
tive on the apical plasma membrane (PM) in newly regenerative epi-
thelial cells (arrow, ¢), whereas CD44CPT is negative on the same
apical PM (arrow, d). On day 15, CD44-0X49 (arrow, e) and
CD44CPT (arrow, ) are almost identically located on the lateral PM.
On day 30, CD44-0X49 (arrow, g) and CD44CPT (arrow, h) are
almost identically expressed on the basal PM in non-full recovery
tubular epithelial cells, but are nepative in normal or full recovery
tubular epithelial cells (triangle, g and h, respectively). Original mag-
nification x 100.

Xiectal.
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basement membranes. On day 15, the regenerative tubu-
lar epithelial cells became larger and the renal tubular epi-
thelium became thicker. On day 30, most of the cortical
tubular structures recovered close to the normal architec-
ture, but spotty infiltration of mononuclear cells, atrophy
of renal tubules and fibrosis of the interstitium remained,
The control group showed no significant histological
changes throughout the experimental period (data not
shown).

Apical and Lateral-Basal Localization of CD44-0X49

To determine the localization of CD44-0X49 in rat
kidneys after ATN, we performed immunohistochemistry
using a purified mouse anti-rat CD44-0X49 monoclonal
antibody and counterstaining for cellular nuclei with he-
matoxylin. In the control group, no expression of CD44-
0X49 in the cortical tubular epithelial cells was found
throughout the experimental period, except for a few
monocytes and Bowman’s capsule {data not shown).
CD44-0X49 staining was markedly increased in the cor-
tical tubular epithelial cells and infiltrating cells in the
cortical interstitium and tubular lumens from the early
tubular necrotic period to the later recovery period in the
gentamicin group. CD44-0X49 staining was markedly
increased at the lateral-basal PM in non-necrotic tubular
epithelial cells, whereas it was not found on the denuded
basement membrane of full necrotic tubules on day 6 after
the first gentamicin administration. CD44-0OX49 staining
was markedly increased on the apical PM in the regenera-
tive tubular cells on day 10, the lateral PM on day 15 and
the basal PM on day 30 in the gentamicin group (fig. 13, ¢,
e, g). There were no positive findings in negative control
samples using normal mouse IgG (data not shown).

Lateral-Basal Localization of the CD44 Cytoplasmic

Tail

In order to prove whether CD44 lacalized on the apical
PM was atailless CD44 or not, we performed immunchis-
tochemical staining using a purified rabbit anti-rat
CD44CPT antibody and counterstaining for cellular nu-
clei with hematoxylin on serial sections. As with CD44-
0X49, no expression of CD44CPT in the cortical tubular
epithelial cells was found throughout the experimental
period in the control group (data not shown). The
CD44CPT staining was markedly increased at the lateral-
basal PM in the non-necrotic tubular epithelial cells and
was not localized on the denuded basement membrane of
necrotic tubules on day 6 after the first gentamicin admin-
istration. The CD44CPT staining was markedly increased
at lateral orlateral-basal PM on days 10 and 15 and on the
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basal or lateral-basal PM on day 30 in regenerative tubu-
lar epithelial cells in the gentamicin group. However,
CD44CPT was not found on the apical PM in tubular epi-
thelial cells (fig. 1b, d, £, h). There were no positive find-
ings in negative control samples vsing normal rabbit IeG
(data not shown).

Change of CD44-OX49 Localization on Surface

Membrane

In order to clarify the changing process of CD44-0X49
localization from the apical to lateral-basal surface mem-
brane in regenerative tubular epithelial cells after ATN in
the gentamicin group, we performed immuno-electron
microscopic examination with CD44-0X49. As 2 result,
on day 10 after the first gentamicin administration,
CP44-0X49 was mainly expressed on apical surface of
the tubular basement membrane or at the newly regenera-
tive complanate epithelial cell apex. In some tubular epi-
thelia, CD44-0X49 was also expressed on the apical and
lateral PM. On day 15, CD44-0X49 was mainly localized
on the lateral PM and gradually excluded from the apical
surface. Tight contact (cell-cell adhesion) between CD44-
OX49-positive lateral PM of cells was generally found at
that time. On day 30, CD44-0X49 was mainly localized
on the basal PM and gradually excluded from the lateral
surface. Finally, CD44 disappeared from basal PM when
normal polarized epithelial cells formed (fig. 2).

Fig. 2. Change of CD44-0X 49 localization from the apical to lateral-
basal surface membrane in the recovery process after acute tubular
necrosis, Immuno-clectron microscopic examination with CD44-
0X49 (a~f) shows that in the early recovery stage after gentamicin-
induced acute tubular necrosis, CD44-0X49 is expressed on the api-
cal surface of the tubular basement membrane (a) or at newly regen-
erative complanate epithelial cell apex {(b). In some tubular epithelia,
CD44-0X49 is expressed on the apical and lateral PM (¢). In the
middle recovery stage, CD44-0X49 is localized on the lateral PM
and excluded from the apical surface (d). In some tubular epithelia,
CD44-0X49 is expressed on the lateral and basal PM (e). Note the
close contact (cell-cell adhesion) between the CD44-0X49-positive
lateral PM of cells (e, d, o, arrow). In the later recovery stage, CD44-
OX49 is localized on the basal PM (f, arrow). By that time, partial
microvilli of epithelial cells have been formed (f, triangle). Finally,
immunoelectron-microscopic examination with CD44-0X49 and
lead citrate for 3 min shows that staining for CD44-0X 49 disappears
in the lateral and basal PM (g, arrow) when microvilli of normal
polarized epithelial cells have been formed (g, triangle).
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