Targeted expression of a dominant-negative EGF-R in the
kidney reduces tubulo-interstitial lesions after renal injury
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The role of EGF in the evolution of renal lesions after injury is still controversial. To determine whether
the EGF expression is beneficial or detrimental, we generated transgenic mice expressing a COOH-ter-
minal-truncated EGF-R under the control of the kidney-specific type 1 y-glutamyl transpeptidase pro-
moter. As expected, the transgene was expressed exclusively at the basolateral membrane of proximal
tubular cells. Under basal conditions, transgenic mice showed normal renal morphology and func-
tion. Infusion of EGF to transgenic animals revealed that the mutant receptor behaved in a dominant-
negative manner and prevented EGF-signaled EGF-R autophosphorylation. We next evaluated the
impact of transgene expression on the development of renal lesions in two models of renal injury. After
75% reduction of renal mass, tubular dilations were less severe in transgenic mice than in wild-type
animals. After prolonged renal ischemia, tubular atrophy and interstitial fibrosis were reduced in
transgenic mice as compared with wild-type mice. The beneficial effect of the transgene included a
reduction of tubular cell proliferation, interstitial collagen accumulation, and mononuclear cell infil-
tration. In conclusion, functional inactivation of the EGF-R in renal proximal tubular cells reduced
tubulo-interstitial lesions after renal injury. These data suggest that blocking the EGF pathway may

be a therapeutic strategy to reduce the progression of chronic renal failure.

J. Clin. Invest. 106:225-234 (2000).

Introduction

EGF-R and its ligands are believed to play a pivotal role
in renal development and pathology (1, 2). EGF-R binds
and is activated by a family of growth factors, comprised
of EGF itself, TGF-q, heparin-binding EGF-like growth
factor (HB-EGF), amphiregulin, epiregulin, and beta-
cellulin (3). Some of these factors are secreted by renal
tubular cells (4), and EGF-R is abundantly expressed
along the nephron (5), suggesting that EGF pathway
acts as an autocrine/paracrine system in the kidney.

In vitro, addition of EGF-R ligands to renal cells pro-
motes several responses, including cell proliferation (6,
7), cell migration (8, 9), collagen production (10,) and
tubulogenesis (11). In vivo, there is increasing evidence
for the role of EGF-R pathway in several renal patholog-
ical conditions characterized by intense cell prolifera-
tion, such as acute tubular necrosis, nephron reduction,
polycystic kidney disease, or adenocarcinoma (1, 2).
Indeed, it has been shown that: (a) in the regenerating
phase after ischemic or toxic renal injury, infusion of
EGF enhanced recovery from acute tubular necrosis (12,
13); (b) immunostainable EGF increased in kidney from
day 7 to several months after nephron reduction (14-18);
(c) large amounts of EGF, associated with increased
activity and apical mislocalization of EGF-R, were detect-

ed in cystic-lining epithelial cells in human patients and
in several mouse models of autosomal recessive polycys-
tic kidney disease (19, 20); (d) both the ligands (EGF,
TGF-0) and the EGF-R itself were overexpressed in
human renal cell carcinoma, and their levels correlated
with the rapidity of cancer evolution (21). Furthermore,
in three different models of transgenic mice expressing,
respectively, genes encoding for TGF-a (22), for c-erb-B2
(23), an integral membrane protein similar to EGF-R, or
for T24-ras (24), a protein involved in the transduction
of EGF-R, activation of EGF-R pathway resulted in tubu-
lar hyperplasia and development of renal cysts.

On the other hand, experimental approaches aiming
to block EGF-R signaling seems to ameliorate the evo-
lution of renal diseases. Richard et al. (25) used a genet-
ic approach (by breeding mice that bear the orpk cystic
mutation and the waved-2 EGF-R mutation, respec-
tively) to demonstrate that decreasing activation of the
EGF-R diminished collecting tubular cyst formation in
mice. In our laboratory, we showed that a moderate
restriction of dietary sodium content, which reduced
the progression of tubulo-interstitial lesions after
nephron reduction, blunted the upregulation of EGF-
AP1 cascade and the tubular hyperplasia in remnant
kidney in subtotally nephrectomized rats (18). Finally,
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injection of a mouse-human chimeric anti-EGF-R anti-
body inhibited the growth of human renal-cell carci-
noma xenografts in nude mice (26). Together these
results strongly suggest that EGF-R is a major deter-
minant in the development of renal lesions, possibly
through an increase of tubular cell proliferation.

Genetic approaches aiming to bring direct evidence
for a role of EGF-R activation in renal physiopatholo-
gy face two major difficulties: EGF-R-null mice are not
viable postnatally (27-29), and inactivation of one of
the numerous EGF-R’s ligands could not be informa-
tive because of a considerable redundancy in the lig-
ands, as suggested by TGF-0—nactivation studies (30).
For these reasons, we developed an EGF-R dominant-
negative strategy, based on targeted expression of a
COOH-terminal-truncated receptor (HERCD-533) in
the kidney by using the 5’ regulatory region of y-glu-
tamyl transpeptidase type 1 (YGT-I) gene. We chose this
promoter in order to target proximal tubular cells,
which are the major site of EGF binding in the kidney
(5) and to avoid renal developmental malformations
(VGT-1 gene is mainly expressed from 3 weeks after
birth; ref. 31). We next investigated the impact of trans-
gene expression on the development of renal lesions in
two different models of renal injury: subtotal nephrec-
tomy and prolonged renal ischemia.

We found that, under control conditions, transgenic
mice had normal renal morphology and renal func-
tion. After renal injury, however, homozygous trans-
genic mice were resistant to the development of renal
lesions. These findings demonstrated the crucial role
of EGF-R signaling in renal deterioration process and
proved the potential for a therapeutic application of
EGF-R mutants in the treatment of progression of
chronic renal failure.

Methods

Plasmid construction and generation of transgenic mice. To
create the YGT-EGF-R-M fusion gene, the YGT pro-
moter was removed from the plasmid pG2.2rasT24
(kindly provided by M.W. Lieberman, Department of
Pathology, Baylor College of Medicine, Houston, Texas,
USA) and cloned into the pBluescript plasmid, gener-
ating the plasmid YGT. The mutant EGF-R (HERCD-
533) was removed from the PrkSHerNA8 plasmid
(kindly provided by A. Ullrich, Department of Molecu-
lar Biology, Max-Planck-Institut fiir Biochemie, Mar-
tinsried, Germany) and ligated into Xbal-digested YGT
plasmid. Finally, a 1.2-kb fragment, containing the
poly(A) sequence for the human globin gene, was iso-
lated and cloned into the YGT-EGF-R-M plasmid. The
transgene was excised from the YGT-EGF-R-M plasmid
with Pvul and Xhol and microinjected into the pronu-
cleus of fertilized one-cell C57BL/6 X DAB2 F; mouse
eggs. Transgenic mice were identified by Southern blot
analysis using a *?P-labeled Xbal/Xhol fragment, corre-
sponding to the poly(A) of human globin gene. Line 8,
20, and 35 were established and maintained by breed-
ing to C57BL/6 x DAB2 F; hybrid animals.

All animal procedures were conducted in accor-
dance with French government policies (Service
Vétérinaire de la Santé et de la Production Animale,
Ministere de ’Agriculture).

Experimental models of renal injury. All the experiments
were performed on adult (2 to 3 months) homozygous
transgenic mice (EGF-R-M) and on age- and sex-
matched wild-type animals. Homozygous transgenic
mice were obtained by homozygous EGF-R-M inter-
crosses, whereas wild-type mice were obtained by breed-
ing C57BL/6 x DAB2 F; hybrid animals. The crosses
were realized in parallel in the same animal facility.

Subtotal nephrectomy. Subtotal nephrectomy (Nx; 75%
excision of total renal mass) was performed as described
previously (32) on 18 transgenic and 18 wild-type mice.
Control mice (n = 9 in each group) were subjected to a
sham operation with decapsulation of both kidneys.

Initially, the study was designed to be completed 2
months after surgery, at a time point when remnant
kidney showed severe renal lesions, at least in rats (33).
Since morphology of remnant kidneys revealed a well-
preserved renal tissue in both wild-type and transgenic
mice at this time (n = 5 for each group), as well as at 6
months (n = 5 for each group), mice (» = 8 for each
group) had to be sacrificed 8 months after surgery.

Prolonged renal ischemia. Prolonged renal ischemia
(PRI 50-minute clamping of left renal vascular pedicle)
was performed as described previously (34). Mice were
sacrificed 2, 4, 7, 14, and 28 days after surgery. At each
time, six transgenic and six wild-type animals were
examined. To determine the rate of cellular prolifera-
tion in the normal kidney, five normal nonoperated
transgenic and wild-type mice were studied.

EGF-R phosphorylation. Adult (2 months) transgenic
and wild-type mice were subjected to intracardiac injec-
tion of EGF (1 Hg/g body weight) in isotonic saline.
After 10 or 20 minutes, mice were sacrificed, and kid-
neys were removed and homogenized in a buffer con-
taining 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 150
mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM sodium
orthovanadate, 10 plg/mL pepstatin A, 10 pg/mL leu-
peptin, 2 Pg/mL aprotinin, and 100 pg/mL PMSF. Kid-
neys from normal noninjected transgenic and wild-
type mice were also prepared to evaluate the basal level
of EGF-R phosphorylation.

Western blot analysis. To analyze the phosphorylation of
EGF-R protein, equivalent amounts of proteins were
immunoprecipitated with a rabbit polyclonal anti-EGF-
R antibody (Ab-22, kindly provided by E. Earp, Lineberg-
er Cancer Center, University of North Carolina, Chapel
Hill, North Carolina, USA), which recognizes murine or
human EGF-R intracellular domain. The immunopre-
cipitates were resolved in 7% SDS-polyacrylamide gels and
transferred to a nitrocellulose membrane (Biorad, Ivry sur
Seine, France). The membrane was incubated with a
recombinant anti-phosphotyrosine antibody linked with
horseradish peroxidase (RC20; Transduction Laborato-
ries, Interchim, Montlucon, France), diluted 1:2,500.
Immunoreactive proteins were detected by enhanced
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chemiluminescence (ECL; Amersham Pharmacia Biotech,
Courtaboeuf, France). The films were scanned using a
Scan-Jet 3¢/ADF (Hewlett Packard, Palo Alto, California,
USA) and the signals were quantified using the NIH
image software (Bethesda, Maryland, USA).

To evaluate the expression of endogenous and of
mutated EGF-R, proteins were extracted from cul-
tured proximal tubular cells (35), resolved in 7% SDS-
polyacrylamide gels, and transferred to a nitrocellu-
lose membrane. The membrane was incubated, first,
with the mAb 108 antibody (kindly provided by A.
Ullrich), which specifically recognizes the extracellu-
lar domain of the human EGF-R, diluted 1:2,000,
then with the polyclonal Ab-22 (see above), diluted
1:2,000. Immunoreactive proteins were detected by an
anti-mouse antibody and by an anti-rabbit antibody
diluted 1:4,000, followed by ECL.

Northern blot analysis. Total RNA was extracted from
kidneys using the RNAzol kit (Bioprobe, Montreuil-
sous-Bois, France). RNA was fractionated on a 1%
agarose-formaldehyde gel and transferred onto nylon
membrane (Zetabind; CUNO Inc., Meridien, Connecti-
cut, USA). Prehybridization, hybridization, and washing
were carried out according to the manufacturer’s rec-
ommendations. RNA was quantified by Packard Instant
Imager. The cDNA probes were labeled by random prim-
ing method (Amersham Pharmacia Biotech) using alpha
32p-dCTP. The EGF-R-M mRNA was detected with the
entire 1.2-kb poly(A) of human globin ¢cDNA, as
described in Southern blot. The 18S and 28S ethidium
bromide staining were used in order to quantify the
RNA loading on the gel and to compare the intensity of
hybridization obtained in the different lanes.

1255- EGF-binding experiments. Proximal tubules were
isolated from kidneys of transgenic and wild-type
mice. Briefly, kidneys were removed, decapsulated, and
dilacerated at 4°C by pressure (homogenizer Dounce
no. 7; Poly Labs, Strasbourg, France) in HBSS. Proxi-
mal tubules were separated by filtering on a nylon
mesh (106 pm) and resuspended in PBS containing
0.1% BSA (PBS/BSA). Preliminary experiments were
performed to determine the optimal binding condi-
tions in terms of protein concentration and incuba-
tion time. Equivalent amounts of tubules (correspon-
ding to 300 Hg of proteins) were incubated for 4 hours
at 4°C with increasing concentrations (from 0.01 to 10
nM) of 2’I-EGF (Amersham Pharmacia Biotech) with
and without 1,000-fold excess of unlabeled EGF. After
incubation, tubules were centrifuged, washed with
PBS/BSA, and the radioactivity was measured in a
gamma counter. The nonspecific binding was sub-
tracted from the total counts at each concentration
point to yield specific binding.

Renal morphology. Nonoperated kidneys from trans-
genic and sex- and age-matched wild-type mice, removed
at different times after birth (1-18 months), as well as
kidneys from mice that underwent different models of
renal injury (see above), were fixed in 4% formalin
overnight, ethanol dehydrated, and paraffin embedded.

Four-micrometer-thick sections were stained with peri-
odic acid Schiff (PAS), with Masson’s trichrome, and
with Sirius red.

All sections were evaluated by a pathologist who was
unaware of the group examined. A semiquantitative score
was developed to evaluate the degree of damage after
renal injury, according to established methodology (36).

After subtotal nephrectomy, the degree of damaged
tubules was determined on PAS-stained sections by scor-
ing 100 proximal tubules per kidney in randomly selected
microscopic fields (x400). Tubular lesions were graded
from 0 to 3+, according to the severity of tubular dilations.

After prolonged renal ischemia, the degree of tubulo-
interstitial injury (consisting of at least one of the fol-
lowing: tubular atrophy, interstitial fibrosis, interstitial
cell infiltration) was determined on Masson’s
trichrome-stained sections, by scoring 20 randomly
selected microscopic fields per kidney (x400), using a
0-4+ injury scale. Injury scale 0 means no tubulo-inter-
stitial lesions, whereas 1,2, 3, and 4 correspond to 1-10,
11-25,26-50, and 51-100% of involvement of micro-
scopic field, respectively. The degree of collagen accu-
mulation was determined using the same scale on Sir-
ius red-stained sections, by scoring 20 randomly
selected microscopic fields per kidney (x400).

The number of nuclei per tubular section was count-
ed on PAS-stained sections. One-hundred proximal
tubules per kidney were analyzed in randomly selected
microscopic field (%400).

Immunobistochemistry. Human EGF-R immunostain-
ing was performed on frozen tissue sections. Five-
micrometer-thick sections were incubated for 1 hour at
4°C with a mouse monoclonal anti-human EGF-R
antibody (GRO1; Calbiochem, Cambridge, United
Kingdom), that specifically recognizes EGF-R extracel-
lular domain, diluted 1:10, and then fixed in 4% ice-
cold formalin at 4°C for 5 minutes. Bound primary
antibody was detected with biotinylated goat anti-
mouse IgG (DAKO, Trappes, France), followed by
avidin/biotin/peroxidase system (kit LSAB; DAKO).
Then, 3-amino-9-ethylcarbazole (AEC; DAKO) was
used as chromogen, and sections were counterstained
with Meyer’s hemalum and mounted in glycerol gela-
tin (Merck, Nogent-sur-Marne, France).

Negative controls were obtained by replacing specif-
ic antisera with nonimmune sera and by staining renal
sections from wild-type mice with specific antisera.

Proliferating cell nuclear antigen (PCNA) immunos-
taining was performed on paraffin-embedded tissue
sections, as described previously (34). The number of
PCNA-labeled nuclei was determined in 20 randomly
selected microscopic fields moving from the outer to
the deep cortex (%200).

Renal function. Renal function was evaluated in
transgenic and wild-type mice at different times after
birth, from 1 to 18 months. Urine samples were col-
lected using Tecniplast metabolic cages over 24 hours
and blood samples were obtained by cava puncture
after urine collection.
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Figure 1

Transgene expression and function in transgenic mice. (a) Northern blot analysis. The transgene was detected exclusively in the kidney using
the human [-globin poly(A) probe. (b) Immunohistochemical analysis with a specific anti-human EGF-R antibody. The transgene was local-
ized in basolateral membranes of proximal transgenic tubules (EGF-R-M, middle panel), but not in those of wild-type membranes (WT, left
panel). Specific staining was detected in the cortex (C) but not in the medulla (M) of transgenic mice (right panel). (c) Western blot analy-
sis of mouse (m-EGF-R) and human (h-EGF-R) EGF receptors in proximal tubular cells from WT and EGF-R-M mice. Similar amounts of
endogenous EGF-R were detected by a specific anti-EGF-R intracellular domain antibody in EGF-R-M and WT mice (m-EGF-R), whereas a
110-kDa protein, corresponding to the truncated receptor, was evidenced in transgenic but not in wild-type mice, by a specific anti-human
EGF-R antibody (h-EGF-R). A431 cells overexpressing the human endogenous EGF-R (h-EGF-R, 170 kDa) was used as positive control.
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Plasma creatinine, urea, and electrolyte concentrations
were determined with a Monarch multiparametric auto-
analyzer (Instrumentation Laboratory, Paris, France).

Tubular activities. The 5'-nucleotidase (5'-Nuc), y-glu-
tamyl transpeptidase (y-GT) and Na-K-ATPase activi-
ties were determined as described previously (37).

Expression of data and statistical analysis. Data are
expressed as means plus or minus SEM. Differences
between the experimental groups were evaluated using
one-way ANOVA, which was followed, when signifi-
cant, by a Bonferroni test.

Results
Generation of YGT-EGF-R-M transgenic mice. Transgenic
mice expressing EGF-R-M under the control of type-1
YGT promoter were generated by microinjecting one-
cell C57BL/6 x DAB2 mouse zygotes with the trans-
gene construct. Three founders (Fo-8, Fo-20, and Fo-
35) were identified by Southern blot analysis of tail
DNA. BamH1 digestion of genomic DNA from trans-
genic mice released the predicted 5.0-kb transgene,
which was integrated in multiple copies in a head-to-
tail array, as detected by hybridization with the trans-
gene-specific human B-globin poly(A) probe. Line 20,
expressing the highest level of the transgene, was select-
ed for further analysis.

Tissue-specific expression of YGT-EGF-R-M transgene.
Expression of the transgene was investigated by North-
ern blot analysis of RNA from transgenic mouse tissues

using the transgene-specific human B-globin poly(A)
probe. The 3.0-kb transcript was of the predicted size
for the transgene and was detected in kidney, but not
in liver, spleen, heart, testis, brain, and gut (Figure 1a).
The distribution of EGF-R-M protein was evaluated
in kidneys from transgenic and wild-type animals by
immunohistochemistry using a monoclonal anti-
human EGF-R antibody, which is specific for the
human receptor and does not cross-react with that of
the mouse. As expected, EGF-R-M immunoreactivity
could not be revealed in any structure of kidneys from
wild-type animals (Figure 1b, left panel). In contrast,
EGF-R-M protein was detected in proximal tubules of
transgenic mice (Figure 1b, middle panel). The staining
was restricted to basolateral cellular membranes and
was more intense in the tubules localized into the deep
cortex (Figure 1b, right panel). No specific staining was
observed in glomeruli, vessels, and distal tubules. In
proximal tubular cells from transgenic, but not from
wild-type mice, a 110-kDa protein was detected by West-
ern blot with a specific anti-human EGF-R antibody
corresponding to the transgene (Figure 1c, lower panel).
Using a specific anti-EGF-R intracellular domain anti-
body, Western blot analysis showed that the amount of
endogenous EGF-R was similar in cells from transgenic
and wild-type animals (Figure 1c, upper panel).
Inhibition of EGF-R function. We next analyzed EGF-R
autophosphorylation in kidneys from wild-type and
transgenic mice, 10 and 20 minutes after intracardiac
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Table 1
Tubular function in wild-type and transgenic mice

Urinary solute excretions

Enzymatic activities

Na/Cr K/Cr Cl/Cr Ca/Cr P/Cr G/Cr y-GT 5'-Nuc  Na-K-ATPase
WT 93+16 49+5 90+12 0.45%0.03 23+4 0.36%0.11 0.55+0.02 7.5%0.8 31+1
EGF-R-M 102+12 52+2 94+10 0.44%0.07 27+5 0.37%+0.19 0.58+0.05 8.1+0.3 312

Data are means + SEM. No significant difference appeared, for any parameters between transgenic and wild-type mice. WT, wild-type mice; EGF-R-M, transgenic mice;
Cr, creatinine; G, glucose; y-GT, y-glutamyl transpeptidase (U/mg protein); 5'-Nuc, 5'-nucleotidase (nmol/min/mg protein); Na-K-ATPase (nmol/min/mg protein).

injection of EGF. In wild-type mice, EGF injection result-
ed in phosphorylation of renal EGF-R, corresponding to
the 170-kDa band (Figure 2a). The effect was more
intense at 10 minutes than at 20 minutes. In transgenic
mice, EGF-induced phosphorylation of endogenous
EGF-R was strongly reduced compared with wild-type
animals at any time point (Figure 2, a and b).

Since a previous work (38) reported that transfection
of the EGF-R-M in Chinese hamster ovary (CHO) cells
abolished the high-affinity state of the wild-type recep-
tor, we analyzed the binding of !*[-EGF in proximal
tubules isolated from wild-type and transgenic animals.
Scatchard analysis of the binding data (Figure 2c¢) indi-
cated that in wild-type tubules EGF-R exhibited two
classes of binding sites: approximately 10% of the sites
(8.5 £ 0.2 fmol/mg protein) exhibited a high affinity for
the ligand with a Kyvalue of 0.4 x 10°M, the remaining
binding sites (83 + 2.3 fmol/mg protein) exhibited a low
affinity with a Kyvalue of 3.1 x 10 M. In proximal
tubules from transgenic mice, the proportion of high-
affinity binding sites was reduced, whereas the number
of low-affinity binding sites (K;value of 3 X 10-°M) was
markedly increased (267 + 4.4, P < 0.001).

Consequences of YGT-EGF-R-M transgene expression on
renal morphology and function. In transgenic mice, renal
glomerular and tubular morphology was normal (Fig-
ure 3b), comparable under basal conditions to that of
wild-type animals (Figure 3a). Plasma creatinine, urea,
sodium, potassium, chloride, calcium, and phosphorus
concentrations, evaluated between 1 and 18 months
after birth, were comparable in transgenic and wild-type
animals at any time point (data not shown). Creatinine
clearance was similar in the two experimental groups
and was around 0.12 mL/min at 12 months after birth.

Since it has been reported that EGF can modulate
tubular function (39), we next investigated the impact
of transgene expression on transport, enzymatic, and
pump tubular functions. Expression of EGF-R-M did
not affect the ability of proximal tubules to reabsorb
solutes (Table 1). Similarly, the activities of 5'-nucleoti-
dase and of y-GT, two enzymes of proximal tubular
brush-border membranes, as well as that of Na-K-
ATPase, a pump of basolateral membranes, were com-
parable in transgenic and wild-type mice (Table 1).

Progression of renal lesions was reduced in EGF-R-M trans-
genic mice. The next step was to evaluate the conse-
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Figure 2

Transgene function. (a and b) Western blot analysis of EGF-R autophosphorylation in transgenic (EGF-R-M) and wild-type (WT) mice. (a)
Transgene expression reduced the phosphorylation of EGF-R in transgenic mice after EGF injection. Proteins were extracted from whole kid-
ney and immunoprecipitated with an anti-EGF-R antibody. The immunoprecipitate was probed with the RC-20 anti-phosphotyrosine anti-
body. (b) Increasing amounts (50, 100, 200, and 300 pg) of proteins were immunoprecipitated to validate the method used to quantify
EGF-R phosphorylation (linear regression: r2 = 1.00 and 0.985 for wild-type and transgenic mice, respectively). (c) Binding curves and
Scatchard plots (inset) of '25I-EGF binding. Transgene expression abolished the high-affinity state of the endogenous receptor in isolated
proximal tubules. Note that different scales were used in the two insets.
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Figure 3

Morphology of sham-operated (a and b) and
remnant kidneys (c and d) from wild-type (a and
c) and transgenic (b and d) mice, 8 months
after surgery. Nephron reduction induced sever-
al morphological changes of proximal tubules
(compare c with a and b), which were prevent-
ed by transgene expression (compare d with c).

PAS staining, x200.

Figure 4

Morphology of control (a and b) and postischemic kid-
neys (c and d) from wild-type (a and c) and transgenic
(band d) mice, 28 days after ischemia. Prolonged renal
ischemia induced tubular atrophy, interstitial fibrosis,
and mononuclear cell infiltrates (compare ¢ to a and
b), which were reduced by transgene expression (com-
pare d to c). Masson’s trichrome staining, x200.
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quences of inhibition of EGF
pathway in the development of
renal lesions in two models of
renal injury: subtotal nephrecto-
my and prolonged renal ischemia.

Subtotal nephrectomy (Nx). In wild-
type animals, Nx resulted in
marked tubular alterations, which
were apparent 8 months after sur-
gery (Figure 3c). At that time, tubules showed protein
reabsorption droplets, proteinaceous casts, and focal
dilations. Proximal tubular epithelial cells appeared
hypertrophied with a reduced nuclear/cytoplasmic ratio
and a loss of microvilli. Glomeruli were hypertrophied
and showed an increased amount of PAS-positive mate-
rial. These changes were blunted in transgenic mice:
despite nephron reduction, the size of tubular cells
appeared normal, their microvilli were preserved, and no
tubular dilations were observed (Figure 3d). To quantify
the differences between the two groups of mice, we
scored the damaged tubules: EGF-R-M expression sig-
nificantly reduced the score of tubular dilation (0.56 +
0.16vs. 1.15+0.15, P < 0.05).

Since EGF is a potent mitogen for renal tubular cells
(6,7) and a relationship between cell proliferation and
tubular lesions has been suggested after nephron
reduction (40), PCNA immunostaining was performed
on kidney sections from transgenic and wild-type ani-
mals. In wild-type mice, the number of
tubular PCNA-positive cells was slightly
higher in remnant kidneys of nephrec-
tomized mice, as compared with sham-
operated animals, 8 months after surgery
(Table 2). The number of proliferating
cells was fewer, but not statistically dif-
ferent, in remnant kidneys of transgenic
mice than in those of wild-type mice.
Since these results contrasted with the
morphological aspect of tubules and the

apparent hypercellularity of tubular sections, we next
evaluated the number of nuclei per tubular section, a
reported index of hyperplasia (41). As shown in Table
2, 8 months after nephron reduction the number of
nuclei per proximal tubular section in wild-type
nephrectomized animals was threefold that of age-
matched sham-operated animals. This increment was
significantly of lesser magnitude in transgenic nephrec-
tomized mice, as compared with wild-type ones.
Prolonged renal ischemia. In wild type animals, pro-
longed renal ischemia (PRI) resulted in severe necrosis
of tubules located in the cortico-medullary junction and
in the deep cortex, which was followed by intense tubu-
lar cell proliferation. Twenty-eight days after ischemia,
the postischemic kidneys showed numerous areas of
atrophic tubules, marked interstitial fibrosis, and mild
multifocal mononuclear cell infiltrates near areas of rel-
atively normal-appearing tubules (Figure 4c¢). In trans-
genic mice, expression of EGF-R-M did not blunt the
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Figure 5

Cell proliferation and collagen accumulation in control (a and d) and postischemic kidneys (b, c, e, f) from wild-type (a, b, d, ) and transgenic (c
and f) mice. (a-c) PCNA immunostaining, 2 days after PRI. PRI induced proliferation of tubular cells (compare b with a), which was markedly
reduced by transgene expression (compare ¢ with b). (d-f) Sirius red staining, 28 days after ischemia. PRI induced interstitial collagen accumula-
tion (compare e with d), which was markedly reduced by transgene expression (compare f with e). X200.

necrosis of tubular cells after S0 minutes of ischemia,
but reduced dramatically the development of renal
lesions thereafter. Indeed, 28 days after surgery, in trans-
genic postischemic kidneys, the majority of tubules
were normal, whereas only few areas of interstitial fibro-
sis and mononuclear cell infiltrates appeared (Figure
4d). To quantify the beneficial effect of transgene
expression, we scored the areas with tubulo-interstitial
lesions: the score of damaged areas was reduced in
transgenic postischemic kidneys, as compared with
wild-type kidneys (1.63 + 0.37 vs. 2.77 + 0.15, P < 0.05).

To gain further insights into the mechanisms by which
a dominant-negative mutant of EGF-R protects from
the development of renal lesions after PRI, we evaluated
the impact of transgene expression on cellular prolifera-
tion rate and on collagen deposition. In wild-type ani-
mals, the number of PCNA-labeled cells increased sig-
nificantly after ischemia (Figure Sb). Proliferative activity
concerned mainly proximal tubules. As shown in Figure
6, the increment was maximal at day 2 and remained
higher than in wild-type nonoperated kidney at day 28
after surgery. In transgenic mice, the number of tubular
PCNA-labeled cells was significantly reduced 2 and 4
days after surgery (Figure Sc and Figure 6).

Collagen deposition was evaluated on postischemic
kidneys using Sirius red staining, a histological method
currently used to detect this protein. In wild-type ani-
mals, 28 days after ischemia marked collagen deposi-
tion was detected in interstitium surrounding the prox-
imal tubules and, to a lesser extent, within glomeruli
(Figure Se). This phenomenon was reduced by trans-
gene expression (Figure 5f). Quantification of collagen
deposition, performed as described in Methods,
showed that 28 days after ischemia, the score of red-
stained areas was 1.93 plus or minus 0.1 in wild-type
animals, whereas it reached only 0.99 plus or minus 0.1
in transgenic mice (P < 0.005).

Discussion

Previous works suggested that activation of EGF-R
could play a major role in the evolution of renal injury
(1,2). In the present study, we established a line of trans-
genic mice that selectively expressed in the kidney a
dominant-negative mutant of EGF-R under the control
of the YGT-1 promoter. We demonstrated that trans-
genic mice, which had normal renal morphology and
renal function under basal conditions, became resistant
to the development of renal lesions after renal injury.
This effect was associated with a reduction of tubular
cellular proliferation, interstitial deposition of extracel-
lular matrix, and mononuclear cell infiltration. Since in

1507

1204

90 1

60 1

301

PCNA-stained cells/microscopic field

0 le———

C Dz

D4 D7 D14 D28

Figure 6

Tubular cell proliferation in control (C) and postischemic kidneys
from wild-type (open bars) and transgenic (gray bars) mice, 2, 4,
7, 14, and 28 days after ischemia. The number of PCNA-labeled
cells, which markedly increased after ischemia, was reduced by
transgene expression. Data are means + SEM. AANOVA, transgenic

versus wild-type mice; P < 0.05.
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Table 2
Cell proliferation in kidneys from wild-type and transgenic mice 8
months after surgery

PCNA-stained nuclei/ Hematoxylin-stained
microscopic field nuclei/tubular section

WT
Sham-operated 1.98+0.23 6.25+0.38
Nephrectomized 5.47+£2.98 19.60 +£2.154
EGF-R-M
Sham-operated 3.20+0.29 5.88+0.23
Nephrectomized 3.02+0.52 12.94 +1.5008

Data are means = SEM. ANephrectomized vs. sham-operated mice, P < 0.005
using ANOVA. BTransgenic vs. wild-type mice, P < 0.05 using ANOVA.

our model the truncated EGF-R is expressed exclusive-
ly in proximal tubular cells, these results provide evi-
dence for a cross-talk between tubular and interstitial
cells in injured kidneys and demonstrate that tubular
EGF-R activation is a pivotal factor in this interaction.

HERCD-533, the truncated EGF-R used as a domi-
nant-negative mutant in the present study, lacks most
of cytoplasmic domain, including the tyrosine kinase
domain (38). Previous studies (38, 42, 43) have shown
that transfection of this mutant in various cell types
inhibits receptor autophosphorylation, reduces the
receptor endocytosis and degradation, and diminishes
its mitogenic and oncogenic signals. This mutant was
also reported to be successfully expressed in vivo in the
skin, under the control of keratin promoter, and to
behave as an efficient dominant-negative mutant (44).
As expected, in the present study targeted renal expres-
sion of the HERCD-533 mutant reduced the phospho-
rylation of the endogenous EGF-R in the kidney upon
infusion of EGF. In our study, that expression of the
transgene in proximal tubules reduced the percentage
of high-affinity binding sites and increased dramati-
cally the density of low-affinity receptors was account-
ed for by the fact that the transgene was overexpressed
versus the wild-type endogenous receptor (Figure 1 and
2) and behaved as a dominant-negative mutant. Our
data are in agreement with previous in vitro studies (38,
43) that reported a similar effect when cells lacking
endogenous EGF-R were cotransfected with both wild-
type and mutant receptors. Our work evidenced that
this phenomenon occurs in vivo and may therefore be
instrumental in modulation of EGF pathway.

The observation that phosphorylation of endoge-
nous receptor was undetectable in both wild-type and
transgenic mice under basal conditions could explain
the normal renal phenotype, in terms of morphology
and function, in nonoperated transgenic mice. Never-
theless, these results argue against the idea that EGF-R
signaling plays a major role in modulation of tubular
solute transport under physiological conditions (45).

In our study, the selective expression of the transgene
in renal proximal tubules did not affect the develop-

ment of the kidney. These findings apparently contrast
with the observation that EGF-R inactivation by
homologous recombination resulted in three different
phenotypes, ranging from peri-implantation lethality
to postnatal lethality, or in defects of all organs under-
going branching morphogenesis, including kidney
(27-29). However, it should be noted that: (a) the pro-
moter used in the current study is weakly expressed
during the development (31) and (b) the phosphoryla-
tion of endogenous receptor was not totally prevented
in a dominant-negative strategy, as shown by Figures 2,
aand b, and by previous works (38, 42-44) using the
same strategy. It is noteworthy that also in waved-2
mutant mice, in which the EGF-R kinase activity is only
partially impaired, kidneys developed normally (30).

Because EGF was suspected to play a role in several
renal diseases (1, 2), we investigated in the present study
whether functional EGF-R inactivation in proximal
tubular cells could protect from the progression of renal
lesions after an initial injury. Since high expression lev-
els of the transgene are required to reveal the dominant-
negative effect of the mutated EGF-R, renal injury exper-
iments were performed only on mice of line 20, which
expressed the highest levels of the transgene. Indeed,
homozygous mice of lines 8 and 35 expressed the trans-
gene at a lower level than heterozygous mice of line 20,
which were only partially protected against renal alter-
ations after renal injury (data not shown). That renal
morphology and function was normal under basal con-
ditions in all three lines of transgenic mice argues against
an ectopic effect of the transgene in line 20. Further-
more, it must be pointed out that all the data obtained
in this line favor a specific effect of the transgene.

That, after nephron reduction, tubular dilations and
proximal cell proliferation were significantly reduced in
transgenic mice demonstrated that activation of EGF-R
pathway is at least one of the first events triggering cell
proliferation after nephron reduction. These results are
consistent with the observation that the decrease of
EGF-R phosphorylation in mice carrying both the orpk
cystic mutation (in which a point mutation induces
renal cysts, tubular hyperplasia, and increased EGF-R
activity) (46) and the waved-2 mutation (in which a point
mutation decreases EGF-R tyrosine kinase activity) (30)
diminished cell proliferation and collecting tubular cyst
formation in double-mutant mice (25).

Regarding the natural history of renal mass reduc-
tion in mice, it should be noted that, at variance with
rats (47, 48), wild-type mice developed only moderate
tubular lesions after reduction of 75% of total renal
mass, and this occurred exclusively from 8 months
after surgery. This discrepancy may be accounted for by
the genetic background of the mice used. Indeed,
recent works suggested that genetic factors influence
the response to nephron reduction. Esposito et al. (49)
have shown recently that unilateral nephrectomy
induced glomerulosclerosis in ROP, but not in
C57BL/6 mice, whereas Kren and Hostetter (50) have
reported that C57BL/6 mice were resistant to the devel-

232 The Journal of Clinical Investigation |

July2000 | Volume106 | Number2



opment of renal lesions after subtotal nephrectomy, at
least until 44 weeks after nephron reduction. The mice
used in the present work are generated by intercrossing
C57BL/6 x DAB2 mice, which confirms the low sus-
ceptibility to renal deterioration of C57BL/6 back-
ground and shows that this phenotype is maintained
in a outbred strain.

PRI, another model of renal injury, mimics the evo-
lution and characteristics of renal lesions observed in
human renal diseases, such as renal venous thrombo-
sis, hemolytic uremic syndrome, or kidney transplants
complicated by renal arterial stenosis. That EGF-R-M
transgenic mice were also protected against this injury
stresses the major involvement of EGF in renal pathol-
ogy. These results apparently contrast with the benefi-
cial effect of EGF infusion reported after short-term
renal ischemic injury by Humes et al. (12). It should be
stressed, however, that our model differs from short-
term renal ischemia model, since, in the latter, the kid-
ney structure is restored ad integrum and EGF affects
primarily the rate of recovery, a phenomenon that was
not investigated in the present study.

It is noteworthy that the beneficial effect of the trans-
gene concerns not only a decrement of tubular cell pro-
liferation, but also a reduction of interstitial fibrosis and
mononuclear cell infiltration. Involvement of EGF path-
way in fibrogenetic processes has been reported previ-
ously in the lung. Indeed, using a transgenic approach,
Korfhogen et al. (51) showed that mice that overex-
pressed TGF-0 under the control of surfactant protein
C (SP-C) promoter developed fibrotic lesions in several
pulmonary regions surrounding the epithelial cells that
expressed the transgene. These lesions were reversed in
double-transgenic mice in which the EGF signaling was
blocked by breeding the SP-C-TGF-0 mice with either
the SP-C-EGF-R-M mice (a line of mice which selective-
ly expressed in lung the same EGF-R mutant used in the
present work) or the waved-2 mice (52).

The molecular and cellular mechanisms by which
inhibition of EGF pathway in proximal tubules prevent-
ed interstitial fibrosis remain to be elucidated. A recent
work (53) suggests that, under pathological conditions,
conversion from proximal tubular cells to fibroblasts
occurs. Fsp-1 (fibroblast-specific protein 1), a gene encod-
ing a fibroblast-specific protein, would be the conversion
driver. In a mouse model of anti-basement membrane
disease, tubular epithelial cells have been reported to
express FSP-1 and to be converted into a fibroblast phe-
notype in the areas of fibrogenesis (53). Since addition
of EGF to proximal tubular cells, in vitro, strongly
induced FSP-1 expression and mesenchymal cell trans-
formation and synergized with TGF-f3 to increase extra-
cellular matrix production (54), we speculate that acti-
vation of EGF pathway in proximal tubules after renal
injury could be the first event that triggers the epithelial-
fibroblast conversion and, ultimately, renal fibrosis.
Alternatively, it is conceivable that EGF affects directly
the capacity of tubular cells to synthesize matrix colla-
gens under pathological conditions (55) inasmuch as we

observed a reduction of collagen accumulation in the
injured kidneys of EGF-R-M transgenic mice. Finally,
since EGF could modulate the production of tubular
cytokines (56, 57), these mediators might participate in
the cross-talk between tubular and interstitial cells.

In conclusion, using a dominant-negative trans-
genic approach, we showed that targeted inhibition of
EGF signaling in the kidney successfully prevents the
development of renal lesions after renal injury. Previ-
ous transgenic models have evidenced that overex-
pression of growth factors in the kidney induced the
destruction of both glomerular and tubular struc-
tures (18), arguing in favor of a key involvement of
these paracrine/autocrine molecules in renal deterio-
ration process. The present findings provide the first
evidence, to our knowledge, that strategies aiming to
block growth-factor pathways could be useful in
delaying the progression of chronic renal failure and
the occurrence of end-stage renal failure in humans.
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