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SUMMARY: Members of the epidermal growth factor (EGF) family and their receptors are involved in many cellular processes,
including proliferation, migration, and differentiation. We have previously reported that these growth factors are expressed and
have specific regulatory functions in an organ-like culture model of normal human urothelial cells. Here, we used this model to
investigate the involvement of EGF receptor (EGFR) in human urothelial regeneration. Three 4-mm-diameter damaged areas were
made in confluent normal human urothelial cell cultures with a biopsy punch. Regeneration was measured, on fixed stained
cultures, with an image analyzer, at 4, 24, and 48 hours after injury. Cell proliferation was assessed by 5-bromo-2-deoxyuridine
incorporation. To identify EGF family factors potentially involved in the healing process, we studied the effect of these factors on
damaged confluent cultures and the level of expression of mRNAs extracted from these cultures. EGFR inhibition of the
proliferation and migration of urothelial cells was tested with (1) a specific tyrosine kinase inhibitor (AG1478) and (2) a blocking
anti-EGFR antibody (LA22). Exogenously added amphiregulin, EGF, transforming growth factor-� and heparin-binding EGF
(HB-EGF) stimulated urothelial regeneration. The damaged areas were repaired by regrowth within 48 hours. Both AG1478 and
LA22 inhibited the repair (by 50% and 30%, respectively), as well as proliferation and migration. This regeneration was
accompanied by increased HB-EGF mRNA expression in cultures of cells from four of six subjects, but no corresponding change
in EGFR protein level was observed. These results indicate that the EGFR signaling pathway is involved in urothelial regeneration.
Our data support an autocrine role of HB-EGF in this process and suggest that the EGFR pathway is a potential therapeutic target
for modulating urothelial cell proliferation. (Lab Invest 2003, 83:1333–1341).

T he mammalian urine collection system, compris-
ing the renal pelvis, ureter, bladder, and urethra,

is lined by a multilayered transitional epithelium com-
monly referred to as the urothelium. The bladder and
ureteral urothelium consist of five to six cell layers,
comprising a basal cell layer, three or four intermedi-
ate cell layers, and a superficial cell layer composed of
highly differentiated umbrella cells (Jost et al, 1989).
Urothelial cell turnover is extremely low under normal
conditions (Martin, 1972) but is increased after expo-
sure to cytotoxic agents (Simeonova et al, 2000) and
bacteria (Uchida et al, 1989) and also during tumori-
genesis (Davis et al, 1984) and wound healing (Edlich
and London, 1996). Bladder catheterization, cystos-
copy fulguration, laser traumatisms, and irradiation,
procedures commonly used in the management of
patients with bladder cancer, initiate a complex se-
quence of events that culminates in wound repair
(Cooper and See, 1992). Wound repair requires a
precise coordination of cell proliferation, migration,

and differentiation, as well as extracellular matrix
synthesis and tissue remodeling.
The molecular mechanisms that regulate normal

tissue repair are not fully understood, but growth
factors, acting through autocrine or paracrine path-
ways, play an important role. They can be synthesized
and secreted by a variety of tissues in vivo, including
urothelium (Lau et al, 1988; Messing and Reznikoff,
1987; Noguchi et al, 1990). Enhanced expression of
growth factors, especially those belonging to the
epidermal growth factor (EGF) family and receptors,
has been reported during wound healing, suggesting
their involvement in this process (Abe et al, 1997;
Ashcroft et al, 1997; Baskin et al, 1997; de Boer et al,
1994b, 1996; Konturek et al, 1996; Stoscheck et al,
1992).
The EGF family includes, in addition to EGF, trans-

forming growth factor-� (TGF-�), heparin-binding EGF
(HB-EGF), amphiregulin (AR), betacellulin, heregulin
(HRG), epiregulin, and neuregulin. All these proteins
act on cells via specific tyrosine kinase transmem-
brane receptors (EGFR/c-erbB-1, HER2/neu/c-
erbB-2, HER3/c-erbB-3, and HER4/c-erbB-4). The
growth factors bind to the extracellular domain of the
corresponding receptors, inducing receptor dimeriza-
tion, followed by activation of the intracellular kinase
domain and its autophosphorylation (Schlessinger
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and Ullrich, 1992). This initiates signal transduction
and a biologic response by the target cell.

Several studies point to the involvement of EGF-like
growth factors and EGFR in epithelial repair. In vivo
studies have shown overexpression of EGFR and
TGF-� mRNA during rat bladder wound repair (Baskin
et al, 1997). Likewise, a high concentration of TGF-�
protein was detected in urine rat bladder after urothe-
lial trauma (Cooper and See, 1992). Colocalization of
proliferating cell nuclear antigen and EGFR was ob-
served in the margins of human gastric ulcers, sug-
gesting the involvement of EGFR in cell proliferation
during wound healing (Abe et al, 1997).

Functional studies show that exogenous EGF en-
hances in vivo wound healing in damaged guinea pig
airways (Kim et al, 1998), rabbit cornea (Nishida et al,
1990), and epidermis of pigs (Breuing et al, 1997;
Brown et al, 1989; Schultz et al, 1991) and humans
(Brown et al, 1989). Evidence of the direct involvement
of TGF-� in epithelial repair was reported by Koba-
yashi et al (1996), who found that TGF-� accelerated
wound repair in a rabbit gastric cell culture.

Messing et al (1987) demonstrated the EGFR path-
way signaling in normal and malignant urothelium.
Other authors have confirmed the existence of this
autocrine EGFR loop during repair of cutaneous (Bar-
nard et al, 1994; Stoll et al, 1997; Stoscheck et al,
1992), bronchial (Davies et al, 1999; Puddicombe et al,
2000), and corneal epithelium (Beuerman and Thomp-
son, 1992; Zieske et al, 2000). Moreover, HB-EGF is
reported to play an important role in autocrine growth
of gastric epithelial cells (Miyazaki et al, 1996), urothe-
lial cells (Freeman et al, 1997), and keratinocytes
(Hashimoto et al, 1994). Together with AR, HB-EGF
enhanced skin culture repair (Stoll et al, 1997). This
autocrine loop was also activated by TGF-� and AR
when normal human bronchial epithelial cells were
seeded in vitro (Tsao et al, 1996). The role of EGF
family members in human urothelial wound healing
has not been thoroughly explored.

We have previously reported that EGF and EGFR
are expressed in an organ-like culture model of normal
human urothelial cells (de Boer et al, 1996). Here, we
used this model to investigate the involvement of
EGF-like growth factors and the EGFR autocrine loop
in human urothelial wound healing after acute injury.

Results

Bladder outgrowth covered the membrane after 20
days. It reached confluence after 25 days, and no
significant difference were found between biopsy
specimens, of different embryologic origin, derived
from the trigone or the dome. However, biopsy spec-
imens from the ureter reached confluence on the
porous membrane by 21 days. We therefore per-
formed our studies on material derived from ureter
biopsy specimens.

Photomicrographs of cultures stained by immuno-
cytochemistry showed gradual closure of the punch
areas after 4 hours (Fig. 1A), 24 hours (Fig. 1B), and 48
hours (Fig. 1C). Re-epithelialization of these holes was

complete after 48 hours in serum-free medium, as
shown by measuring the regenerated surface areas
(Fig. 1C).

Because EGF-like growth factors are thought to be
expressed in epithelial regeneration, expression of
mRNA of the EGF family members and their receptors
was semiquantified by RT-PCR between 4 and 24
hours after injury. The confluent urothelia used in
these experiments were damaged with cross-parallel
wounds in an attempt to maximize the number of cells
entering “regeneration mode.” Figure 2 shows the
kinetics of HB-EGF (A), AR (B), and TGF-� (C) mRNA
expression in cultures from one patient at 4, 8, 12, and
24 hours before and after injury. In comparison to
undamaged urothelial cultures, only HB-EGF mRNA
expression was enhanced in cultures prepared from
four of six patients at 4, 8, 12, and 24 hours after injury
(Fig. 2A).

We also investigated the effect of AR, EGF, TGF-�,
and HB-EGF on urothelial regeneration. In comparison
with serum-free medium, the EGF family members,
EGF (20 ng/ml), TGF-� (20 ng/ml), AR (100 ng/ml), and
HB-EGF (20 ng/ml), significantly stimulated urothelial
regeneration at 3, 20, 27, 43, and 47 hours after injury.
HRG-� (150 ng/ml) had no effect on this cell mecha-
nism (Fig. 3).

To inhibit the growth factor pathway thought to be
essential for bladder wound healing, AG1478, a spe-
cific EGFR inhibitor, was added to cultures in serum-
free medium immediately after punches were made
and images were recorded after 4 hours (Fig. 1D), 24
hours (Fig. 1E), and 48 hours (Fig. 1F). Inhibition of
re-epithelialization by AG1478 was observed at 24
hours (Fig. 1E) and 48 hours (Fig. 1F) after injury, as
compared with identical control cultures without
AG1478 (Fig. 1, B and C).

Urothelial regeneration was significantly inhibited by
AG1478 (approximately 50%) at 24 hours and 48
hours after injury but not at 4 hours (Fig. 4). This
regeneration was less inhibited (25%) in the presence
of additional fibroblast growth factor-1 (FGF-1; 20

Figure 1.
Microphotographs of urothelial regeneration on fixed-stained membranes
(labeled cells are marked by anti-Ck18 antibody), at regular time intervals.
Serum-free medium alone (A: 4 hours; B: 24 hours; and C: 48 hours) or with
the AG1478 inhibitor (D: 4 hours; E: 24 hours; and F: 48 hours) (bar � 1 mm).
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ng/ml). AG63, an irrelevant structural analog of
AG1478, had no effect on the repair process (Fig. 4).
Re-epithelialization was also significantly inhibited by
the neutralizing anti-EGFR antibody (by approximately
30%) in serum-free medium at 24 and 48 hours after
injury. An irrelevant control antibody had no effect on
the repair process (Fig. 5).

Cell proliferation was also studied in terms of
5-bromo-2-deoxyuridine (BrdU) incorporation. Cell
proliferation was first detected at 4 hours after injury.
At 24 hours the number of proliferating cells increased
markedly near the regeneration zone. To investigate
the location of proliferating cells, we examined the
damaged zone (DZ; the inside of the punch hole); the
peri-damaged zone (PDZ; at the edges of the holes),
and the peripheral zone (PZ; a zone distant from the
holes) (Fig. 6A). Marked cell labeling was stronger in
the PDZ than in the DZ at all time points (Fig. 6B).

The percentage of labeled cells in the PZ remained
stable during re-epithelialization (Fig. 7, A to C). Cell

proliferation was significantly enhanced in both the
PDZ and DZ, relative to the PZ, at 4, 24, and 48 hours
after injury (Fig. 7A). This increase was abolished by
AG1478, with the percentage of labeled cells returning
to baseline values in the different zones (Fig. 7B).
AG63, the inactive structural analog of AG1478, did

Figure 2.
Expression of heparin-binding EGF (HB-EGF) (A), amphiregulin (AR) (B), and
transforming growth factor-� (TGF-�) (C) mRNA measured by semiquantita-
tive RT-PCR in intact (white bar) and regenerating urothelium (gray bar) in
culture. The expression is given as the ratio of the level of mRNA over that of
TBP mRNA (**p � 0.0001).

Figure 3.
Percentage of urothelial regeneration in the presence of the EGF family
members: TGF-� (20 ng/ml), EGF (20 ng/ml), AR (100 ng/ml), HB-EGF (20
ng/ml), and heregulin-� (HRG-�) (150 ng/ml) at 0, 3, 20, 27, 43, and 47 hours
after injury.

Figure 4.
Percentage of urothelial regeneration in serum-free medium (□), with AG63
(�), AG1478 (F), or AG1478 with fibroblast growth factor-1 (FGF-1) (F) (**p
� 0.0001) at different time intervals.

Figure 5.
Percentage of urothelial regeneration in serum-free medium (□), with control
antibody (�) or anti-EGFR antibody (F) (**p � 0.0001).
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not affect the percentage of labeled cells (Fig. 7C).
Proliferation was stronger in the PDZ than in the DZ at
all time points in the absence of AG1478 but not in its
presence (Fig. 7, A to C).

The anti-EGFR antibody reduced the percentage of
proliferating cells in the PDZ at all times after injury
(Fig. 8, A and B). Cell proliferation was less markedly
reduced by this antibody in the DZ than in the PDZ

(Fig. 8, A to C). The control antibody did not affect the
percentage of proliferating cells (Fig. 8, A and C).

Finally, Western blot analysis showed no change in
EGFR protein expression in normal or damaged cul-
tures, regardless of treatment with AG1478 (Fig. 9).
The representative photograph of one patient shows
the 170-kDa EGFR protein in comparison to the A431

Figure 6.
Microphotograph of different proliferation zones observed at 48 hours after injury (DZ � damaged zone; PDZ � peri-damaged zone; and PZ � peripheral zone) (bar
� 1 mm) (A). Magnification focused on the cell proliferation in PDZ and DZ [labeled nucleus is marked by anti-5-bromo-2-deoxyuridine (anti-BrdU) antibody] (B).

Figure 7.
Percentage of BrdU incorporation in serum-free medium (A), with AG1478 (B)
or with AG63 �(C) at 0, 4, 24, and 48 hours after injury, in three different
zones: PZ, PDZ, and DZ (*p � 0.001; **p � 0.0001).

Figure 8.
Percentage of BrdU incorporation in serum-free medium (A), with anti-EGFR
antibody (B) or with control antibody (C) at 0, 4, 24, and 48 hours after injury,
in three different zones: PZ, PDZ, and DZ (*p � 0.001; **p � 0.0001).
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cell extract (a squamous human carcinoma cell line
overexpressing EGFR).

Discussion

During wound repair, EGF family members and their
receptor EGFR are strongly expressed in several epi-
thelia, including that of skin (Ashcroft et al, 1997;
Higashiyama et al, 1992), cornea (Beuerman and
Thompson, 1992), bronchus (Davies et al, 1999), and
stomach (Abe et al, 1997; Konturek et al, 1996; Liu et
al, 1998). The involvement of an EGFR autocrine loop
in epithelial wound repair has been demonstrated in
skin (Stoll et al, 1997), bronchus (Puddicombe et al,
2000), and cornea (Zieske et al, 2000).

Baskin et al (1997) detected stronger expression of
TGF-� and EGFR mRNA in wounded than in intact
urothelium. Cooper and See (1992) noted high urinary
concentrations of TGF-� after different types of blad-
der insult. No direct correlation was found between
the expression of these proteins and wound healing in
these latter two studies. Freeman et al (1997) demon-
strated that HB-EGF stimulated the growth of human
urothelial cells in vitro.

To better understand the role of this family in
urothelial regeneration, we investigated the mRNA
expression of EGF family growth factor members and
receptors by using a semiquantitative RT-PCR tech-
nique. The confluent urothelia used in these experi-
ments were damaged with cross-parallel wounds in an
attempt to maximize the number of cells entering
regeneration mode. HB-EGF mRNA was increased in
cultures of cells from four of the six patients tested. No
significant changes in transcript levels of the other
EGF family members or EGFR were noticed. This
supports the involvement of HB-EGF in urothelial cell
growth (Freeman et al, 1997).

To further explore the role of the EGF family mem-
bers, we tested the exogenous effect of TGF-�, EGF,

AR, and HB-EGF on urothelial regeneration. These
growth factors stimulate urothelial regeneration, and it
seems that they play a role. However, HRG-�, which is
not a ligand of EGFR, had no effect in this cell
mechanism. These factors were added to the serum-
free medium once daily. The concentrations were
previously found to be optimal for stimulation of pro-
liferation of urothelial cells (de Boer et al, 1997).
HB-EGF has been implicated in the growth of an
intestinal epithelial cell line (Barnard et al, 1994), in
human keratinocytes (Hashimoto et al, 1994; Stoll et
al, 1997), and in epithelial rat cornea repair (Zieske et
al, 2000). In accordance, our data on HB-EGF showing
a stimulated regeneration supported the idea on the
role of HB-EGF.

The EGF family members activate the intracellular
kinase domain of their receptor and its autophosphor-
ylation, initiating a signal transduction into the cell and
a biologic response by the cell. Recently, various
inhibitors targeting these factors or receptors have
become available. In this study, we used AG1478 (an
EGFR tyrosine kinase inhibitor) and LA22 (a blocking
anti-EGFR mAb) to inhibit this growth factor pathway
thought to be essential for bladder wound healing.
Tyrphostin AG1478 blocks activation of the receptor
kinase domain by competition with ATP and markedly
inhibits EGFR transmembrane signaling. In our study,
AG1478 inhibited urothelial regeneration and abol-
ished cell proliferation in both the damaged area and
the surrounding area, suggesting that the EGFR path-
way is involved in urothelial wound repair. AG63, an
irrelevant structural analog of AG1478, had no effect.
However, AG1478 did not fully inhibit urothelial regen-
eration, suggesting that other growth factors and
receptors also play a role. Our study supports this
hypothesis by demonstrating that urothelial regenera-
tion was less inhibited in the presence of the exoge-
nous FGF-1 growth factor. FGF-1 was chosen as a
model ligand for another non–EGFR-related class of
tyrosine kinase growth factor receptors.

Zieske et al (2000) reported that AG1478 concen-
trations between 10 and 30 �M inhibited corneal
epithelial cell migration, whereas Puddicombe et al
(2000) reported that 1 �M AG1478 was already suffi-
cient to inhibit repair in lung epithelial cultures. We
also used this latter concentration, to avoid cell toxic-
ity, and obtained the same degree of growth inhibition
(50%) as that reported by Puddicombe et al (2000).
These inhibitors were added to the serum-free me-
dium after injuries were made and once per day.

Use of a blocking anti-EGFR antibody confirmed the
involvement of the EGFR pathway in urothelial regen-
eration. This antibody (LA22) blocks growth factor
binding to the receptor, thereby inhibiting receptor
activation and signal transduction. In our model, we
found a significant inhibition of regeneration and cell
proliferation, in both the punch hole and the neighbor-
ing area, at 4, 24, and 48 hours after injury (approxi-
mately 30% inhibition). A control antibody had no
effect on either parameter. This is in agreement with
results obtained by Stoll et al (1997) on growth factor
inhibition in skin organ culture by an anti-EGFR anti-

Figure 9.
EGFR protein detection in Western blot for one patient in normal intact (N) and
wounded urothelium without (W) or with AG1478 (W�AG1478). A431 cells
served as a positive control for EGFR expression.
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body (mAb 225) (approximately 50% inhibition) and by
Tsao et al (1996) on human bronchial epithelial cell
growth inhibition by EGFR-neutralizing mAbs (LA1 and
528) (approximately 40% inhibition).

The highest percentage of proliferating cells was
found around the punch hole, as early as 4 hours after
injury. This may be explained by the presence of
mitogenic factors that were rapidly secreted and syn-
thesized after injury and supports our hypothesis on
the role of the EGF family members. Zones distant
from the site of injury showed no increase in cell
proliferation. Proliferation remained low in the punch
damaged area during re-epithelialization. Thus, wound
closure may have been more a result of cell migration
than of cell proliferation in the DZ.

Western blot analysis showed no change in EGFR
protein expression in normal or injured cultured
urothelium, with or without tyrosine kinase inhibition.
This is in keeping with data from Stoll et al (1997) and
Wilson et al (1999), who respectively reported no
change in EGFR expression in damaged human skin
or mouse corneal epithelium. In contrast, an increase
in EGFR protein expression has been reported after
corneal epithelial wounding (Beuerman and Thomp-
son 1992), in ulcerated gastric mucosa (Abe et al,
1997; Konturek et al, 1996), and during in vitro repair
of bronchial epithelium (Puddicombe et al, 2000). Our
results suggest that wound repair mechanisms act via
growth factor ligand expression and through EGFR
signal transduction but not via increased EGFR pro-
tein expression.

Conclusion

Our data demonstrate that EGFR plays a key role in
transmembrane signal transduction during urothelium
regeneration and that this effect is mediated by an
autocrine loop that may involve HB-EGF. These ex-
periments contribute to our understanding of the bio-
logic functions of EGF family growth factors in wound
healing. They also point to novel therapeutic strategies
for enhancing, via the EGFR pathway, the healing of
burns, other trauma, diabetic ulcers, and tissue graft
donor sites. The same strategies might also be used in
bladder reconstruction and replacement surgery. Fi-
nally, these data may have implications for pharma-
cologic control of tumor growth.

Materials and Methods

Chemicals

Culture reagents and plastic materials were pur-
chased from the following sources: a mixture of
DMEM and Ham’s F12 (Gibco Life Technologies BRL,
Eragny, France); EGF family growth factors and FGF-1
(R&D Systems Europe, Lille, France); Multiwell cell
culture insert plates and Cyclopore 0.45-�m polyeth-
ylene terephthalate membrane inserts (Falcon, Becton
Dickinson, Le Pont de Claix, France); human collagen
IV (Fluka, Buchs, Switzerland); and AG1478 and AG63
(Calbiochem; San Diego, California). Immunohisto-
chemical reagents were obtained as follows: RGE53

and RCK108 antibodies raised against cytokeratins 18
and 19, respectively, and anti-BrdU antibody were
kindly provided by Professor F. C. S. Ramaekers
(Department of Molecular Cell Biology and Genetics,
University of Maastricht, The Netherlands); secondary
antibodies (alkaline phosphatase-conjugated swine
anti-rabbit antibody and peroxidase-conjugated rabbit
anti-mouse antibody) were from Dako (Glostrup, Den-
mark); polyclonal anti-EGFR antibody was from Santa
Cruz Biotechnology (TEBU, Le Peray en Yvelines,
France); neutralizing anti-EGFR antibody was from
Upstate Biotechnology (Euromedex, Souffelweyer-
sheim, France); and Immumount was from Shandon
(Pittsburgh, Pennsylvania).

Culture Substrate

Type IV collagen was dissociated in acetic acid and
diluted in HBSS (Gibco Life Technologies BRL). Cy-
clopore membranes (25 mm, pore diameter 0.45 �m)
were covered with 2.5 �g/cm2 type IV collagen and
incubated for at least 1 hour in a humidified atmo-
sphere at 37° C. The membranes were then post-
coated with 0.01% BSA, washed with water, and dried
before bladder explant deposition.

Ureter and Bladder Explant Culture

Fresh normal urothelium was obtained from nephro-
ureterectomy samples in our Urology Department
(Henri Mondor Hospital, Créteil, France). The mucosal
cell layer was stripped from the muscle layer and
submucosa under an operating microscope (OPMI-6;
Statis Standard f � 125, ZEISS, Germany) and then
spread on a coated Cyclopore membrane with the
basement membrane facing the support. The mem-
branes were placed in 6-well tissue culture plates, and
the compartments were filled with standard culture
medium (refreshed every second day). The standard
medium consisted of a 1:1 mixture of DMEM and
Ham’s F-12 medium, supplemented with 10% heat-
inactivated FCS, 5 �g/ml insulin and 5 �g/ml trans-
ferrin, 50 nM hydrocortisone, 5 ng/ml sodium selenite,
10 �M HEPES, and 100 U/ml penicillin/streptomycin.
Cultures were incubated at 37° C in humidified air
containing 5% CO2.

Culture Medium Additives

Growth factors were added to the serum-free culture
medium at final concentrations of 20 ng/ml (FGF-1,
HB-EGF, EGF, TGF-�), 100 ng/ml (AR), or 150 ng/ml
(HRG-�) once daily. The anti-EGFR antibody (LA22)
and tyrosine kinase inhibitor (AG1478) were added to
the serum-free culture medium, after injuries were
made and once daily, at final concentrations of 2
�g/ml and 1 �M, respectively. AG1478 and AG63, both
soluble in dimethyl sulfoxide, were diluted in serum-
free medium standard medium supplemented with 4
�M spermine, 4 �M spermidine, and 10 �M putrescine.
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BrdU Incorporation

At various times after injury, cultures were incubated
with 40 �g/ml BrdU in serum-free medium for 2 hours
and then rinsed with PBS pH 7.2 and fixed with 70%
ethanol for at least 1 hour. BrdU incorporation was
revealed by immunocytochemistry using an anti-BrdU
mAb, and the percentage of BrdU-positive nuclei was
counted in 10 random areas of 1 mm2 each. The areas
were selected from the DZ, the PDZ, and the PZ (Fig.
4).

Immunocytochemistry

Cultures were immunostained as described elsewhere
(de Boer et al, 1994a). Briefly, cultures were first fixed
with 70% ethanol, before incubation with the primary
anti-BrdU antibody, and then treated with 2 N hydro-
chloric acid and borax buffer (pH 8.5). Chain-specific
cytokeratins and BrdU labeling was detected with
appropriate dilutions of the respective primary mouse
mAb in a conjugated immuno-enzymatic assay. The
chromogens were 3,3'-diaminobenzidine and the dia-
zonium salt Fast Red Violet LB, with naphthol AS-MX
phosphate as coupling agent (Sigma). Finally, the
membranes were counterstained with Mayer’s blue
hemalum and mounted in Immumount under
coverslips.

Morphometry

Using a biopsy punch, three demarcated, damaged
areas (4-mm diameter) were made in confluent urothe-
lial cell cultures. The surface area of regeneration was
calculated in square millimeters and expressed as a
percentage of the maximal area of outgrowth (mea-
sured at 48 hours). The regenerated surface area
(mm2) was measured after 4, 24, and 48 hours on
ethanol-fixed immunocytochemistry-stained mem-
branes with an Olympus microscope at low magnifi-
cation coupled to a computer-assisted image analysis
system (Measure, ClaraVision, France).

RNA Analysis

After making a series of cross-parallel wounds on the
confluent urothelial culture, total RNA was extracted
with Trizol (Gibco Life Technologies BRL) at approxi-
mately 12 hours (before wound closure) and used as
the template for first-strand cDNA synthesis by ran-
dom priming with reverse transcriptase. mRNA ex-
tracted from urothelium scraped from normal ureters
was used as a Day 0 control. Semiquantitative PCR
was performed with 1 �g of cDNA as described
elsewhere (Diez de Medina et al, 1997; Radvanyi et al,
1993). The PCR-amplified products were subjected to
electrophoresis in 8% polyacrylamide gels. Signals
were quantified with a Molecular Dynamics 300 Phos-
phoImager (Sunnyvale, California). The 5'-to-3' sense
(S) and antisense (AS) primer pair sequences were as
follows: EGFR:

CTTGAAGGCTGTCCAACGAAT (S), GTGCGCTTC-
CGAACGATGT (AS); TGF-�: CCAGATTCCCACACT-

CAGTT (S), TCACAGCGTGCACCAACGTA (AS); AR:
CTGTGAGTGAAATGCCTTCTAG (S), GGGGCTTAAC-
TACCTGTTCA (AS); HB-EGF: ACAAGGACTTCTG-
CATCCAT (S), GACACCTCTCTCCATGGTAAC (AS);
and TBP: AGTGAAGAACAGTCCAGACTG (S), CCAG-
GAAATAACTCTGGCTCAT (AS). Experimental optimal
density values were compared with those of the
ubiquitous transcription factor TATA binding protein
(TBP) (Peterson et al, 1990), used as an internal
control.

Western Blotting

At 12 hours after injury, cell lysates were prepared by
adding 250 �l of lysis buffer (0.599 g/L, 0.1 M EDTA,
1% Nonidet P-40, 50 mM p-nitrophenyl
p-guanidinobenzoate, 25 �M orthovanadate, and 50
mM sodium fluoride) and incubated for 10 minutes on
ice. The lysate was clarified by centrifugation at
10,000 �g for 10 minutes. The protein concentration
was determined by the Bradford assay, and the su-
pernatant was mixed with 2� Laemmli sample buffer.
Total protein (50 �g) was submitted to 7.5% SDS-
PAGE as described by Laemmli et al (1970). Proteins
were transferred electrophoretically to Immobilon P
membranes. The membranes were saturated with 3%
gelatin, PBS-0.2% Tween 20, and incubated with
polyclonal anti-EGFR antibody; EGFR was visualized
by enhanced chemiluminescence. The A431 cell line
was used as control for EGFR content.

Statistical Analysis

All experiments were performed at least three times in
duplicate. All data are given as the means of all
experiments � SD. The significance of differences
was determined using Student’s t test. Differences
were regarded to be significant at p � 0.05.
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