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The AP-1 transcription factor, composed of Jun and Fos proteins, plays a crucial role in the fine tuning
of cell proliferation. We showed previously that AP-1 complexes are activated during the proliferative
response that parallels the development of renal lesions after nephron reduction, but little is known
about the specific role of individual Jun/Fos components in the deterioration process. Here we used
JunD knockout (JunD~7~) mice and an experimental model of chronic renal injury (75% nephron reduc-
tion) to explore the role of JunD. Nephron reduction resulted in an initial compensatory growth phase
that did not require JunD. JunD, however, was essential to inhibit a second wave of cell proliferation
and to halt the development of severe glomerular sclerosis, tubular dilation, and interstitial fibrosis.
We show that the effects of junD inactivation are not cell autonomous and involve upregulation of the
paracrine mitogen, TGF-o.. Expression of a transgene (REM) encoding a dominant negative isoform of
the EGFR, the receptor for TGF-a, prevented the second wave of cell proliferation and the development
of renal lesions in bitransgenic JunD~-/REM mice. We propose that JunD is part of a regulatory network
that controls proliferation to prevent pathological progression in chronic renal diseases.

J. Clin. Invest. 112:843-852 (2003). d0i:10.1172/JC1200317647.

Introduction

Reduction of renal mass triggers molecular and cellu-
lar events promoting compensatory growth of
remaining nephrons. In some cases, this compensa-
tory process becomes pathological with the develop-
ment of renal lesions and end-stage renal failure (1).
Although the pathophysiology of compensation and
progression is complex, deregulated proliferation of
glomerular, tubular, and interstitial cells may pro-
mote the development of progressive glomerular scle-
rosis, tubular cysts, and interstitial fibrosis (2-3).
Indeed, the reduction of renal cell proliferation, using
pharmacological growth factor inhibitors (6), neu-
tralizing Ab’s (7), antisense oligonucleotides (8), or
transgenic strategies (9), halts the progression of renal
lesions in some experimental models of renal injury.
The molecular mechanisms and the mediators under-
lying renal hyperplasia after nephron reduction
remain largely unexplained.
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A complex balance of positive and negative secreted
factors and cell-cell and cell-matrix interactions mod-
ulates the proliferation of renal cells under physiolog-
ical and pathological conditions. These factors stimu-
late signaling pathways that converge to activate
transcription factors and induce cell-cycle control
genes. The AP-1 transcription factor acts downstream
of mitogen-activated pathways and is often associated
with cell proliferation (10). AP-1 is composed of Jun
proteins (JunB, cJun, and JunD) that can form homod-
imers or heterodimers with Fos/ATF partners (10).
Studies of AP-1 function in vitro have demonstrated
distinct roles for each Jun protein and suggested that
different dimer combinations determine the nature of
AP-1-mediated cellular responses. JunD is broadly
expressed, and its regulation differs markedly from
c-jun and junB, both of which behave as immediate early
genes upon mitogenic stimulation (11, 12). Overex-
pression of JunD suppresses fibroblast proliferation
and antagonizes Ras-induced transformation, suggest-
ing that JunD is a negative regulator of cell growth (13).
In contrast, c-jun induces cell proliferation and trans-
formation (13). Hence, differential regulation of the
Jun proteins may coordinate distinct responses to
extracellular mitogenic stimuli.

The role of AP-1 in the evolution of renal lesions after
injury is complex. In acute ischemic or toxic tubular
injury, overexpression of c-Fos protein may contribute to
the regeneration of damaged tubules by favoring cell pro-
liferation (14). In contrast, in chronic renal disease acti-
vation of AP-1 has been associated with the deterioration
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process. AP-1 DNA-binding activity is increased during
the development of glomerular and/or tubulo-interstitial
lesions in several chronic pathological conditions, such
as diabetes, hypertension, polycystic kidney disease, and
glomerulonephrites (15-18). Subtotal nephrectomy
induces the expression of ¢-fos and cjun genes, cell prolif-
eration, and renal lesions (3). Interfering with the devel-
opment of renal lesions (either by dietary or by pharma-
cological modulations) decreases both AP-1 activity and
cell proliferation in several experimental models of chron-
ic renal injury (5, 18-20). Taken together, these results
suggest that AP-1 could be a major determinant in the
development of renal lesions.

Genetically modified mice provide powerful tools to
explore the functions of specific AP-1 complexes in vivo
(21). The use of these models in physiopathological
studies is restricted, however. Indeed, disruption of c-jun
or junB genes resulted in embryonic lethality, and fos
knockout mice presented distinct phenotypes, that is,
defects in bone development, growth, spermatogenesis,
and animal behavior (21). In contrast, mice lacking junD
are viable and display a mild phenotype with spermato-
genesis defects (22). Analysis of JunD~~ fibroblasts con-
firmed that JunD acts as a negative regulator of Ras sig-
naling and cell proliferation and showed that the
absence of JunD renders cells and mice susceptible to
stress-induced apoptosis (23). The role of JunD in regu-
lating cell proliferation in vivo is poorly defined.

Here, we have used JunD knockout mice to examine
the role of JunD/AP-1 in the development of renal dis-
ease following nephron reduction. We show that the ini-
tial compensatory growth phase did not require JunD.
JunD was essential to inhibit a second wave of cell pro-
liferation, however, and to prevent the development of
renal lesions. Moreover, we demonstrate that the effects
of junD inactivation involve upregulation of the
paracrine mitogen, TGF-o.

Methods

Animals. JunD7~ mice, in which the junD gene was
replaced by a bacterial NLS-f3-gal cassette, and REM mice,
expressing a truncated EGFR under the control of kid-
ney-specific type 1 y-glutamyl transpeptidase promoter,
were previously described (9, 22). Homozygous JunD~/~
mice were bred with homozygous REM mice to obtain
double-homozygous transgenic JunD7-/REM mice.
Mice are from mixed 129SV x C57Bl6 genetic back-
grounds. All the experiments were performed on ani-
mals from the same litters. Animals were fed ad libitum
and housed at constant ambient temperature in a 12-
hour light cycle. Animal procedures were conducted in
accordance with French government policies (Services
Vétérinaires de la Santé et de la Production Animale,
Ministere de PAgriculture).

Experimental protocol. Adult (3-4 months) JunD** and
JunD~~ littermates were subjected to subtotal nephrec-
tomy as described previously (24). Briefly, the right kid-
ney was removed, and the two poles of the left kidney
were excised to reach 75% reduction of total renal mass.

After surgery, mice were fed a defined diet containing
30% casein and 0.5% sodium. Mice were sacrificed at 7,
14, 30, and 60 days after surgery. At each time point,
four to six JunD*/* and JunD~~ mice were studied. In
addition, bitransgenic JunD~-/REM mice of the same
age were subjected to subtotal nephrectomy (n = 10)
and sacrificed 60 days after surgery. Six nonoperated
mice of each group were used as controls.

At day 30, blood pressure was recorded in five awake
mice of each experimental group for 3 consecutive
days before sacrifice, using tail-cuff plethysmography
and PowerLab/4SP software (AD Instruments, Paris,
France). Urine samples were collected from the same
animals using Marty Technologie (Paris, France)
metabolic cages for the 24 hours before sacrifice.

Renal function. Urinary creatinine and protein con-
centrations were measured using an Olympus multi-
parametric autoanalyzer (Instrumentation Labora-
tory, Paris, France).

Renal morphology. Kidneys were fixed in 4% formalde-
hyde, paraffin embedded, and 4-um sections were
stained with periodic acid Schiff (PAS), Masson’s
trichrome, H&E, or picro-sirius red. A pathologist,
blinded to the nature of the group, examined and eval-
uated all the sections.

Glomerular and tubular hypertrophy were measured
on PAS-stained sections, using a Nikon digital camera
Dx/m/1200 and Lucia software (Laboratory Imaging
Ltd., Prague, Czech Republic). Twenty randomly selected
microscopic fields of the cortex were studied (x200). At
least 20 nonsclerotic glomeruli were analyzed for each
animal. Tubular morphometry was performed on proxi-
mal tubules. Cross-sectional profiles were analyzed,
tubules located near the scarred area, and tubules con-
taining casts or showing evident dilation were excluded.
The area of external profile and the area of the lumen
were measured, and epithelial surface was calculated as
the difference between these two areas. At least 35 tubu-
lar cross sections were analyzed for each animal. Tubular
cell hyperplasia was evaluated on the same tubular cross
sections by counting the number of nuclei. Tubular cell
hypertrophy was calculated as the ratio between epithe-
lial surface and the number of nuclei for tubular section.

The degree of renal lesions was quantified using an
established semiquantitative score methodology (25)
with minor modifications. Twenty randomly selected
microscopic fields were scored. Glomerular lesions were
evaluated on PAS-stained sections and graded from 0 to
2+, according to the extent of mesangial cell prolifera-
tion, hyalinosis, and sclerosis. Tubular lesions were eval-
uated on PAS-stained sections and graded from 0 to 3+,
according to the severity of tubular dilations. The degree
of interstitial fibrosis was determined on picro-sirius
red-stained sections, using a 0-2+ injury scale; 0, 1, and
2 correspond to 0%, 1-25%, and 25-50% of the micro-
scopic field. The degree of interstitial mononuclear cell
infiltration was determined on H&E-stained sections,
using a 0-2+ injury scale; 0, 1, and 2 correspond to 0%,
1-10%, and 10-20% of the microscopic field.
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Immunobistochemistry. Proliferating cell nuclear antigen
(PCNA) immunostaining was performed as described
previously (26). For f-gal detection, 4-um sections were
incubated with a mouse anti-f3-gal Ab (Sigma-Aldrich,
St. Quentin-Fallavier, France) diluted 1:100, followed by
abiotinylated sheep Ab (Amersham Pharmacia Biotech,
Les Ulis, France), and 3-3'-diamino-benzidine-tetra-
hydrochloride (DAB). The number of PCNA and -gal-
labeled tubular nuclei were determined in ten randomly
selected fields of the cortex (x200) and corrected for the
number of tubular sections. Colocalization of PCNA-
and f-gal-labeled tubular nuclei was assessed in 20 ran-
domly selected fields of serial sections.

For Tamm-Horsfall colocalization experiments, 4-um
sections were incubated with a sheep anti-human
Tamm-Horsfall glycoprotein Ab (Valbiotech, Paris,
France) diluted 1:50 and with either a mouse anti-
PCNA Ab diluted 1:50 or a mouse anti-f-gal Ab dilut-
ed 1:50. PCNA and (3-gal was then detected as described
above. Tamm-Horsfall protein was detected using a
rabbit anti-goat Ab (AbCys Biology, Paris, France) con-
jugated with alkaline phosphatase diluted 1:150, fol-
lowed by Vector blue alkaline phosphatase substrate
(AbCys Biology). For lotus tetragonolobus lectin (LTL)
colocalization experiments, 4-um sections were incu-
bated with biotinylated LTL (AbCys Biology) diluted
1:50 and either with a mouse anti-PCNA Ab diluted
1:50 or a mouse anti-f-gal Ab diluted 1:50. PCNA and
B-gal was then detected as described above. LTL was
detected with a StreptABComplex/AP (DAKO,
Trappes, France) followed by Vector blue alkaline phos-
phatase substrate. All sections were then counter-
stained by Vector methyl green (AbCys Biology).

For TGF-a and EGF detection, sections were incubat-
ed with goat anti-TGF-o Ab (Santa Cruz Biotechnolo-
gy Inc., Santa Cruz, California, USA) diluted 1:200 or
rabbit anti-EGF (Sigma-Aldrich) diluted 1:500, followed

by biotinylated donkey secondary Ab’s (Santa Cruz
Biotechnology Inc.), the avidin/biotin/peroxidase sys-
tem (LSAB2 kit; DAKO), and DAB. The specificity of
TGF-a staining was confirmed using a fivefold excess of
blocking peptide that eliminated all staining. The mean
density of EGF and TGF-a staining was quantified with
a Nikon digital camera Dx/m/1200 and Lucia software
in ten selected microscopic fields of the cortex (x200).

Western blot analysis. Immunoblotting was per-
formed as described previously (26) using a rabbit
polyclonal anti-JunD Ab (13) diluted 1:1,000 or a
goat polyclonal anti-TGF-a Ab (Santa Cruz Biotech-
nology Inc.) diluted 1:100. We used donkey horse-
radish peroxidase-linked secondary Ab’s and
enhanced chemiluminescence (Amersham Pharmacia
Biotech). A mouse monoclonal anti-a-tubulin Ab
(Sigma-Aldrich) was used as a control. Protein
extracts from kidneys of JunD~/~ and TGF-a~~ mice
(kindly provided by D.C. Lee, University of North
Carolina, Chapel Hill, North Carolina, USA) were
used to confirm Ab specificity.

Ribonuclease protection assay. The mRNA levels were
quantified with a RNAse protection assay as described
previously (27). EGF and TGF-o probes were generated
by reverse transcriptase and PCR using these oligonu-
cleotides: EGF primer, 5'-GACACATGCATTTTGATG and
5'-TCCAGTAGATTCTCCG; TGF-a primers, 5'-GCCCA-
GATTCCCACACTCAG and 5'-CACGGCACCACTCACAGTG.
Cyclin D1, cyclin D2, cyclin D3, and control GAPDH
cRNA probes were kindly provided by B. Lardeux (Insti-
tut National de la Santé et de la Recherche Médicale
U327, Paris, France).

Data analysis and statistics. Data are expressed as means
plus or minus SEM. Differences between the experi-
mental groups were evaluated using ANOVA, followed,
when significant, by the Tukey-Kramer test or the Mann-
Whitney test when only two groups were compared.

Table 1

Renal morphometry at sacrifice

Time after surgery KW/BW Glomerular surface
(%) (um?)

Day 0 0.46 + 0.02 2,065 + 84

Day 7

JunD*/* 0.55+0.06 2,424 25

JunD~/~ 0.52+0.05 2,490 £ 95

Day 14

JunD*/* 0.52+0.10 2,661 + 398

JunD~/~ 0.55+0.04 2,728 £ 558

Day 30

JunD*/* 0.56 +0.08 2,930 + 319¢

JunD~/~ 0.59 £0.09 2,809 + 88¢

Day 60

JunD*/* 0.59+0.17 2,684 + 1558

JunD~~ 0.79+0.11 3,458 £ 59¢P

Tubular surface No. nuclei/tubular Cell size
(um?) section (wm?)
616 + 28 3.7+0.1 165+9
1,390 + 58¢ 4.9 +0.3¢ 288 +22¢€
1,154 + 17¢ 4.7 +0.3A 245 + 15€¢
1,150 + 77¢ 4.9+0.18 237 +158
1,113 + 43¢ 5.1+0.1¢ 220 + 8¢
1,363 + 76€ 5.2+0.2¢ 264 + 18€
1,342 + 51¢ 4.8+0.28 279 £ 13¢
1,741 + 46€ 4.7 +0.17 373 +15¢
2,577 + 576D 9.2 +0.65P 284 + 15¢P

Glomerular and tubular surfaces were measured in 20 randomly selected microscopic fields of the cortex in control kidneys (Day 0) and in JunD*/* and JunD~~
remnant kidneys 7, 14, 30, and 60 days after nephron reduction. The number of tubular nuclei was counted on the same tubular sections. Data are mean *
SEM; n = 4-6 for each time point. AP < 0.05, 8P < 0.01, °P < 0.001, remnant versus control kidneys; °P < 0.001, JunD~~ versus JunD*/* by ANOVA, followed by
Tukey-Kramer test. KW, kidney weight; BW, body weight.
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Figure 1

Accelerated renal lesion development in the absence of JunD. Morphology and lesion scores of remnant kidneys from JunD** (white bars) and
JunD~~ (black bars) mice 60 days after nephron reduction (Nx). Renal lesions were graded according to established methodology in randomly
selected microscopic fields of the cortex. (a) Glomerular lesions, x400. (b) Tubular lesions, x200. (c) Interstitial fibrosis, x200. (d) Interstitial
mononuclear cell infiltration, x200. Results represent mean + SEM; n = 6. *P < 0.05, #P < 0.01, JunD~~ versus JunD** by Mann-Whitney test.
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Results

Accelerated renal lesion development in the absence of JunD.
We performed 75% reduction of renal mass in JunD"/*
and JunD~~ mice and studied remnant kidneys at 7, 14,
30, and 60 days after surgery. In the remnant kidneys
of both wild-type and JunD~~ animals we observed an
early compensatory growth phase that continued up to
30 days after surgery and lead to a marked and pro-
gressive increase in remnant wet kidney weight. Com-
pensatory growth resulted from both glomerular and
tubular hypertrophy in JunD** and JunD~~ mice (Table
1). Hypertrophy was greater in tubules than in
glomeruli, irrespective of the time point or the geno-
type. To perform a detailed evaluation of tubular
hypertrophy, we counted the number of nuclei and cal-
culated for each tubular section the cell number and
the cell size. As shown in Table 1, tubular hypertrophy
resulted from both cellular hypertrophy (increase in
cell size) and cellular hyperplasia (increase in cell num-
ber) in both JunD** and JunD~~ mice. No differences
were observed in remnant nephron hypertrophy
between JunD*”* and JunD~~ mice during the first
month. In wild-type animals, the compensatory growth

was almost completed by day 30. In contrast, both
glomerular and tubular surfaces continued to rise dra-
matically at day 60 in JunD~~ animals. In JunD~~ mice
only, the compensatory growth phase was followed by
the appearance of severe lesions at 60 days. Lesions
were mainly comprised of glomerular sclerosis and/or
hyalinosis and severe tubular dilation with microcyst
formation. We also observed sparse areas of interstitial
fibrosis and mononuclear cell infiltration (Figure 1).
Quantification of the lesions showed that JunD~~ mice
had significantly higher scores of tubular, glomerular,
and interstitial damage compared with wild-type mice
(Figure 1). Taken together, these results suggest that a
late phase of renal growth could favor the development
of renal lesions in mutant mice.

Hypertension and proteinuria are early events after
nephron reduction that precede the development of
renal lesions. To evaluate whether the absence of JunD
affected these parameters, we measured urinary protein
excretion and blood pressure in controls and nephrec-
tomized JunD"* and JunD-/- mice 30 days after surgery.
As expected, the mean arterial blood pressure, which was
recorded in conscious animals by the tail-cuff method,
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Figure 2

JunD expression increases after nephron reduction. (a) Immunoblot
analysis of JunD expression in control nonoperated (designated 0)
and remnant kidneys of JunD** mice. Protein expression was analyzed
before surgery (day 0) and 7, 14, 30, and 60 days after nephron
reduction. Extracts of JunD~/~ kidneys served as negative controls (C-).
(b) Immunohistochemical analysis of JunD—f-gal reporter gene expres-
sion in control nonoperated (designated 0) and remnant kidneys of
JunD~~ mice. B-gal staining was performed before surgery (day 0) and
7,14, 30, and 60 days after nephron reduction. The top panels show
staining in control and remnant kidneys at day 60 (x 200). The bot-
tom panel shows the number of -gal-positive cells per tubular sec-
tion at each experimental time point. Data are mean + SEM; n=4-6
for each point. ANOVA, followed by Tukey-Kramer test: **P < 0.005,
**%*P <0.001, remnant versus control kidneys.

increased after nephron reduction. The increase was of
the same magnitude in JunD** (147 + 5 mm Hg) and
JunD7~ (145 + 6 mm Hg) mice as compared with control
nonoperated animals (121 + 2 mm Hg; P < 0.05). In con-
trast, urinary protein excretion did not change signifi-
cantly at day 30 after nephron reduction, regardless of
the genotype (3.50 £0.6,6.47 £0.9,and 5.51 + 1.0 mg per
24 hours in controls, nephrectomized JunD**, and
nephrectomized JunD~~ mice, respectively).

We next analyzed JunD expression levels following
nephron reduction. Western blot analysis showed that
JunD levels increased significantly in remnant JunD"*
kidneys compared with nonoperated controls (Figure
2). The increase was detected from day 7 after surgery
and was maintained throughout the course of the
experiment. In the mutant animals the junD locus has
been replaced with a f-gal-LacZ cassette (22), allowing

us to monitor JunD gene activation in remnant kidneys.
The number of B-gal-positive nuclei increased marked-
ly (threefold) in JunD~~ kidneys compared with non-
operated mice from day 7 after nephron reduction (Fig-
ure 2). The staining was maintained for the first month
after surgery and increased dramatically by day 60.

Increased tubular cell proliferation in the absence of JunD.
We analyzed cell proliferation throughout the experi-
mental time course using PCNA immunostaining as a
marker of cell-cycle progression (Figure 3). In control
nonoperated kidneys, we recorded a low level of tubu-
lar cell proliferation (Figure 3a). The number of PCNA-
positive tubular cells increased dramatically at day 7
and day 14 in remnant kidneys of both JunD"* and
JunD~~ mice. By day 30, the levels had dropped back to
baseline in both groups. The pattern of cell prolifera-
tion was indistinguishable in JunD** and JunD~~ mice
during the first month after nephrectomy. By day 60,
however, there was a startling increase in cell prolifera-
tion in JunD7~ animals only. The number of PCNA-
positive cells rose dramatically (over threefold), while
the levels in wild-type littermates remained unchanged.
As shown in Table 1, cell proliferation resulted in
increased cell number per tubular cross section in both
JunD** and JunD~/~ remnant kidneys from day 7 after
surgery. The number of tubular nuclei did not change
from day 7 to day 30 after nephrectomy. It significant-
ly increased at 60 days, however, but exclusively in
JunD~~ mice, confirming the second wave of cell pro-
liferation in mutant animals. A positive correlation was
found between tubular cell proliferation and the
glomerular lesion, tubular lesion, interstitial fibrosis,
and mononuclear cell infiltration scores in nephrec-
tomized animals at day 60 (linear regression: r? = 0.453,
0.546, 0.603, 0.720; P = 0.016, 0.006, 0.003, 0.0005 for
glomerular or tubular lesions, interstitial fibrosis, and
mononuclear cell infiltration, respectively). In contrast
to the marked increase in tubular cell proliferation,
very few PCNA-positive cells were detected in glomeruli
regardless of the genotype.

We next investigated the mechanism by which JunD
regulates cell proliferation following nephron reduc-
tion. AP-1 is known to regulate cell cycle progression
via regulatory proteins such as cyclin D1 (28). A
radionuclease protection assay (RPA) failed to detect
any changes in cyclin D1, D2, and D3 mRNAs levels,
irrespective of the time point or the genotype (not
shown). We then analyzed the relationship between
proliferation and junD expression at the cellular level
by monitoring the coexpression of PCNA and p-gal
proteins in serial sections. The number of cells express-
ing both PCNA and p-gal was very low in remnant kid-
neys of JunD7~ mice, regardless of the experimental
time point (Figure 3b); the two proteins were either
expressed by different cells of the same tubular section
or in distinct tubular segments. PCNA staining was
predominantly in proximal tubular cells, whereas -gal
was specifically expressed in the distal tubules. To pro-
vide additional information in favor of such localiza-
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tion, we performed colocalization experiments using
appropriate markers for each tubular segment. As
shown in Figure 3¢, we observed that PCNA-positive
nuclei were mainly located in tubules expressing the
LTL, a lectin that specifically binds to proximal tubu-
lar brush border carbohydrates (29). Conversely, 3-gal-
positive staining colocalized with Tamm-Horsfall, a
well-known glycoprotein expressed in the ascending
limb of Henle’s loops and distal tubules (30). Thus,
proliferating cells are distinct from those expressing
the JunD-[3-gal reporter gene, suggesting that the effect
of junD gene inactivation is not cell autonomous.

Elevated expression of TGF-o. in the absence of JunD.
Paracrine mechanisms might account for the reactiva-
tion of cell proliferation 60 days after nephron reduction
in JunD~7~ mice. The EGF pathway acts as an autocrine/
paracrine system in the kidney; distal tubular cells
secrete the ligands (predominantly EGF and TGF-av),
whereas the receptor (EGFR) is abundantly expressed in
proximal tubules (31, 32). We showed previously the cen-
tral role of this pathway in renal deterioration (35, 9).
Hence, we monitored the expression of EGF and TGF-a
60 days after nephron reduction in JunD~~ mice and
wild-type littermates using RPA. The expression levels
were comparable in nonoperated kidneys of JunD**and
JunD~~ mice, but changed after nephron reduction (Fig-
ure 4a). EGF mRNA levels decreased in the remnant kid-
neys of nephrectomized mice regardless of the genotype.
In contrast, TGF-o. mRNA increased significantly in the
remnant kidneys of JunD7~ mice, while the levels
decreased in wild-type mice.

We next performed immunohistochemistry analy-
sis and showed cytoplasmic EGF and TGF-a staining
in cortical distal tubules of control nonoperated
JunD"* and JunD~~ mice (Figure 4b). The EGF stain-
ing was unaffected by nephron reduction or JunD
inactivation. Sixty days after nephron reduction,
TGF-a levels increased markedly in JunD~~ kidneys,
both in terms of the extent and the intensity of the
staining. In contrast, the pattern of TGF-a staining
did not change after nephron reduction in JunD"*
mice. The mean staining density per tubular section
was higher in JunD~~ kidneys (0.532 + 0.008) than in
nonoperated (0.437 + 0.025) or wild-type remnant
(0.427 + 0.038) kidneys (P = 0.02). Western blot analy-
sis detected a specific immunoreactive 37-kDa band
(absent in TGF-a/~ mice) at 60 days after nephron
reduction in remnant kidneys from junD~~ mice,
exclusively (Figure 4c). Immunohistochemistry and
Western blot analysis throughout the experimental
time course showed no changes in TGF-a staining
during the first month following nephron reduction,
regardless of the genotype (not shown).

Inhibition of EGFR signaling prevents lesion development
and cell proliferation in JunD~~ mice. To confirm the role of
TGF-a in the development of renal lesions in JunD~~
mice, we bred these mice with transgenic mice (REM) (9)
overexpressing a dominant negative mutant isoform of
EGEFR selectively in renal proximal tubular cells. The

inhibition of EGFR signaling dramatically reduced the
development of lesions in bitransgenic JunD~-/REM
mice. Two months after nephron reduction, the major-
ity of the glomeruli and tubules were normal, and very
few areas of interstitial fibrosis and mononuclear cell
infiltrates were observed in JunD~-/REM remnant kid-
neys. The score of both glomerular and tubular lesions
were markedly reduced in bitransgenic mice compared
with JunD~~ mice (0.431 + 0.052 versus 0.685 + 0.115,
P<0.02,and 0.155 +0.030 versus 1.516 £+ 0.213, P < 0.001,
for glomeruli and tubules, respectively).
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Figure 3

Increased tubular cell proliferation in the absence of JunD. (a) The
number of PCNA-positive cells per tubular section was measured
in control kidneys (gray bar) and in_JunD** (white bars) and JunD~/~
(black bars) remnant kidneys 7, 14, 30, and 60 days after nephron
reduction. Data are mean * SEM; n = 4-6 for each time point.
***P<0.001, remnant versus control kidneys; ##P < 0.001, JunD~/~
versus JunD*/* by ANOVA, followed by Tukey-Kramer test. (b) PCNA
and B-gal immunostaining in serial 4-um sections of JunD~~ rem-
nant kidneys at day 60 (x200). (c) Colocalization experiments in
serial sections of JunD~~ remnant kidneys at day 60. Upper panels:
overlay of -gal staining and LTL staining (left) or Tamm-Horsfall
staining (right). Lower panels: overlay of PCNA staining and LTL
staining (left) or Tamm-Horsfall staining (right). (x200).
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Figure 4

Elevated TGF-a. expression in the absence of JunD.
(a) EGF and TGF-o. mRNA expression in control
nonoperated (C) and remnant (Nx) kidneys of
JunD*/* (white bars) and JunD~~ (black bars) mice
at day 60. Data are mean + SEM; n = 6 for each
point. *P<0.05, **P < 0.01, remnant versus con-
trol kidneys; ##P < 0.001, JunD~/~ versus JunD*/*
kidneys by ANOVA, followed by Tukey-Kramer
test. (b) Immunohistochemistry of EGF (upper)
and TGF-a (lower) expression in control nonop-
erated and remnant (Nx) kidneys of JunD*/* and
JunD~~ mice at day 60 (x200). (c) Immunoblot
analysis of TGF-a. expression in control nonoper-
ated (C) and remnant (Nx) kidneys of JunD*/* and
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Immunostaining (Figure 5b) showed that the num-
ber of tubular PCNA-positive cells was significantly
lower in bitransgenic JunD~~/REM mice than in junD~~
mice (0.126 + 0.009 versus 0.806 + 0.090, P < 0.001)
at 60 days and did not differ significantly from non-
operated controls.

Discussion

Genetically modified mice offer a powerful approach
to define specific roles for individual factors in the
complex pathogenesis of renal deterioration. We com-
bined a genetic approach (JunD~~ mice) and an experi-
mental model of renal injury (75% reduction of total
renal mass) to reveal a key role for JunD/AP-1 in regu-
lating the development of renal lesions. JunD is

Figure 5
Overexpression of a dominant negative EGFR prevents
lesion development and cell proliferation in junD~/~ b

mice. (a) Morphology of control and of remnant (Nx)
kidneys from JunD~~ and JunD~~/REM mice at day 60.
PAS staining, x200. (b) Immunohistochemical analy-
sis of PCNA in control and in remnant (Nx) kidneys
from JunD~~ and JunD~~/REM mice at day 60 (x200).

neys served as negative controls.

induced by nephron reduction and is linked to inhibi-
tion of a second wave of cell proliferation at the
moment of parenchyma deterioration. At this stage,
JunD prevents the overexpression of TGF-a,, a potent
mitogen of renal cells. Expression of a dominant nega-
tive EGFR isoform prevented the hyperproliferation
and lesion development in JunD~~ mice. Thus, JunD
acts as an essential switch to turn off cell proliferation
after nephron reduction once compensatory growth is
achieved, possibly through the inhibition of paracrine
factors involved in the cross-talk between renal cells.

The marked increase in cell proliferation 2 months after
nephron reduction may account for the development of
lesions in JunD~7~ mutant mice. This is supported by the
finding that selective inhibition of proliferation in prox-

Control

Nx JunD~-
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imal tubules prevents the development of renal lesions in
bitransgenic JunD~-/REM mice. Moreover, several exper-
imental and clinical observations suggest that cell prolif-
eration plays a key role in the destruction of kidneys dut-
ing chronic disease. First, proliferation of mesangial,
tubular, and interstitial cells increases in many renal dis-
eases and correlates with the severity of renal lesions
(2-5). Secondly, we have shown that the development of
renal lesions parallels the extent of cell proliferation in
two mouse strains (FVB/N and C57Bl6 x DBA2/F1) and
in two experimental models (unilateral and subtotal
nephrectomy) that respond differently to nephron loss
(3,26). Thirdly, treatments that delay the progression of
renal lesions (such as pharmacological inhibitors or diet)
reduce the rate of cell proliferation in injured kidneys (5,
7,24). It is noteworthy that the absence of JunD affects
neither the development of hypertension nor the appear-
ance of proteinuria, two factors that have been proposed
to account for the development of renal lesions after
nephron reduction.

Studies of fibroblasts in culture have indicated that
JunD can act as a negative regulator of cell proliferation
(13,23). Here we provide the first evidence for a similar
role in vivo and demonstrate that JunD prevents renal cell
proliferation indirectly by inhibiting the expression of
paracrine factors. Indeed, we show that cells expressing
the JunD-f3-gal reporter gene are distinct from those
expressing PCNA. PCNA-positive cells were predomi-
nantly in proximal tubules, the nephron segment that
undergoes dilation during the deterioration process,
whereas [3-gal staining was detected in distal tubules, the
site of growth factor production. This supports earlier
reports that distal tubular cells overexpressing Jun/Fos
proteins are distinct from proximal tubular cells under-
going DNA synthesis in the postischemic kidney (33).
Moreover, we show that the expression of cyclin D1
mRNA encoding a key regulator of the G1/S transition
was not affected in JunD~~ kidneys. It is possible that
other cell cycle regulators are involved in the kidney pro-
liferation under pathological conditions (34). Finally, we
observed that (i) TGF-a expression increased in distal
tubules after nephron reduction in JunD7~mice and that
(ii) functional inactivation of the TGF-a receptor in prox-
imal tubules, by a dominant negative transgenic strategy,
prevents the increase in cell proliferation in bitransgenic
JunD~-/REM mice. The increase in TGF-at is specific since
the expression of EGF, another distal tubule mitogen
that binds the same receptor, is not affected by JunD inac-
tivation. Interestingly, the increase in TGF-o protein lev-
els is higher than that of the transcript, suggesting that,
in our experimental conditions, TGF-o expression may
be regulated by both translation and transcriptional con-
trol. Previous in vitro studies showed that regulation of
TGF-a expression is a complex phenomenon that
involves several steps, including the control of mRNA
transcription, mRNA stability, protein translation, and
pro-TGF-a processing (35). Each of these events may
become the predominant checkpoint, according to the
type of cell and/or to the pathological condition. The

mechanism by which JunD regulates TGF-a. expression
is unclear and merits further investigation.

Activation of the EGFR pathway has been implicated
in the evolution of renal disease. Overexpression of an
active EGFR form, the c-erb-B2 receptor, induces tubu-
lar hyperplasia and the development of renal cysts in
transgenic mice (36). Conversely, expression of the
dominant negative EGFR isoform in proximal tubules
inhibits tubular cell proliferation and interstitial colla-
gen accumulation leading to reduced glomerular and
tubulo-interstitial lesions after nephron reduction (9).
Other genetic approaches (crossing mouse strains with
orpk cystic and waved-2 EGFR mutations) have con-
firmed the role of EGFR in tubular cyst formation and
cell proliferation (37). Furthermore, both EGF and
TGF-0, the two principal EGFR ligands in the kidney,
increase in several renal diseases, but the contribution
of each factor has not been investigated (38). Our
results suggest that TGF-a, rather than EGF, is in-
volved in destruction of the renal parenchyma. This is
supported by transgenic mice studies in which overex-
pression of TGF-a induced severe renal lesions (39),
whereas transgenic mice broadly overexpressing EGF
do not develop a renal phenotype (40).

During the first month following nephrectomy, the
initial compensatory renal growth, as judged by kid-
ney weight, glomerular and tubular hypertrophy,
PCNA staining, and nuclei counting, was not affect-
ed by the absence of JunD. It should be pointed out
that the early compensatory response phase was sim-
ilar in terms of intensity, nature (increase in cell size
and number), and compartments (glomerular and
tubular overgrowth) in JunD"* and JunD~~ remnant
kidneys. The observation that, in contrast to the early
phase, only the number of cells per tubule increased
at day 60 in mutant mice, whereas the cell size did not
change, suggests a predominant role of tubular
hyperplasia rather than hypertrophy in lesion devel-
opment. It also appears that distinct molecular events
might regulate the initial compensatory growth phase
and the late proliferation associated with the devel-
opment of renal lesions. It is noteworthy that, in sev-
eral lesion-resistant mouse strains, including those
used in the present study, neither increased cell pro-
liferation nor lesion development could be detected
until at least 6 months after nephron reduction
(unpublished data). The present study provides the
first evidence of a second wave of cell proliferation in
the absence of JunD. We propose that the inhibition
of cell proliferation following the compensatory
phase is critical to prevent pathological lesions. JunD
represents the first example of a gene functioning at
this critical turning point. The factor(s) that could be
involved directly or indirectly in the delayed effect of
JunD gene inactivation remain(s) to be elucidated.

Studies in different mouse strains have highlighted
a genetic component to the development of renal
lesions. Previous data showed that nephron reduction
induces pathological lesions in FVB/N or ragged
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oligosyndactyly pintail (ROP) mice, whereas other
strains (e.g., C57Bl6 and C57Bl6 x DBA2/F1) are
resistant to early renal deterioration (26, 41, 42). Mild
lesions were apparent, however, in some resistant
strains 8 months after nephron reduction (9). Genetic
background affects the severity of renal phenotypes in
other experimental models of renal diseases, such as
polycystic kidney disease or Alport nephropathy (43,
44). The mice used in our study have a mixed 129/Sv x
C57Bl6 background from two strains that are resist-
ant to early renal deterioration. Megyesi et al. report-
ed that 129/Sv mice develop renal lesions after
nephron reduction, but tubulo-interstitial lesions were
mild and only apparent 14-16 weeks after surgery,
much later than the present protocol (45). It is possi-
ble that AP-1 components are involved, directly or
indirectly, in susceptibility to renal disease; that is,
JunD loss can transform resistant mice into lesion-
prone animals. Although we are aware that the mixed
genetic background of the mice might affect the devel-
opment of renal lesions, the consistent use of matched
littermates and the complete rescue by EGFR trans-
genic mice suggest that genetic background does not
account for the dramatic phenotype. It is noteworthy
that the evolution of renal disease varies widely in
patients, from very slow to fast progressors (46), but
the genetic factors remain unknown.

In conclusion, previous in vitro studies support a
role for JunD as a negative regulator of proliferation
and cell cycle progression. Here, we provide what we
believe to be the first evidence for a similar role in vivo
and demonstrate that JunD-mediated inhibition of
proliferation may prevent hyperplasia associated with
pathological conditions. Furthermore, our study has
highlighted a novel paracrine mechanism for AP-1
regulation of cell proliferation, expanding the complex
network of AP-1 cellular control. Finally, we have iden-
tified an experimental model that may help us (i) to
identify signaling components linked to susceptibili-
ty to renal disease with a different clinical time course
in human patients and (ii) to design therapeutic strate-
gies to treat the growing number of patients with
chronic renal failure.
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