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Abstract Transitional epithelium of the urinary bladder
can be damaged during, for example, catheterization,
overstretching due to obstructed voiding, or partial re-
section. The subsequent repair process can be stimulated
by specific proteins such as epidermal growth factor
(EGF) and transforming growth factor-a (TGFa).
However, little is known about the role of EGF-like
growth factors and their respective receptors in human
urothelial repair. In this study, we examined the effects
of EGF, TGFa, amphiregulin and heregulin-a (HRGa)
on proliferation, wound closure, and the expression of
their receptors c-erbB1–c-erbB4 in primary cultures of
human urothelial cells in vitro. Under conditions rep-
resenting intact urothelium, all EGF-like growth factors
except HRGa induced proliferation. TGFa induced
proliferation up to four times. Amphiregulin increased
expression of c-erbB1. Treatment with either TGFa or
amphiregulin resulted in higher c-erbB1 activation and
c-erbB3 levels. None of the growth factors affected the
constitutive expression of c-erbB2 and c-erbB4. In
the repair model, both EGF and TGFa stimulated the
wound closure most strongly. This was mainly achieved
by increased cellular migration. Receptor expression was
not affected by the addition of exogenous growth factor.
The role of c-erbB2 in wound healing was further
investigated with the use of antisense DNA. Wound

closure could be delayed up to 50% by antisense c-erbB2
but not by mismatched or sense oligonucleotides. Ex-
cessive production (e.g. in bladder tumors) or applica-
tion of EGF, TGFa or amphiregulin, but not HRGa
may lead to either hyperplasia or a faster repair of
damaged urothelium in vivo. These effects seem to be
mediated not only via c-erbB1 but also via c-erbB2. Our
results suggest that modified members of the EGF-
EGFR family are potential targets for future therapies
for bladder wound healing and malignancy.
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Introduction

Normally, the cell turnover of bladder epithelium is very
slow [24], but urothelial damage, e.g. by catheterization,
outlet obstruction, deposition of urinary crystals or
partial resection, results in a very rapid regeneration
[14]. Urothelial regeneration is a tightly regulated pro-
cess involving proliferation, migration, differentiation
and extracellular matrix production. Peptide growth
factors are involved in all of these steps of wound
healing. Several studies have demonstrated that mem-
bers of the epidermal growth factor (EGF)-family are
important mediators of wound healing. The EGF-family
consists of a number of related proteins, such as trans-
forming growth factor-a (TGFa), EGF, amphiregulin,
epiregulin, heparin-binding EGF-like growth factor and
heregulins [2]. Exogenous application of EGF, TGFa or
heregulin stimulates epidermal wound healing in vivo [7,
12, 32]. In addition, EGF and TGFa promote the re-
epithelialization of the injured gastrointestinal tract [29].

The EGF-like growth factors bind to the erythro-
blastosis virus gene (erbB)-family of tyrosine kinase re-
ceptors. The erbB-family is composed of four receptors:
erbB-1, also called epidermal growth factor receptor
(EGFR) or human EGF receptor 1 (HER1); erbB-2,
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also called HER2 or Neu; erbB3 (or HER3) and erbB4
(or HER4). ErbB1 is the primary receptor for EGF,
TGFa and amphiregulin, whereas erbB3 and erbB4 are
the actual specific receptors for heregulins [8]. Although
a specific ligand for erbB2 is still unknown, c-erbB2
plays a major coordinatory role in the erbB-family be-
cause it has the ability to form heterodimers with every
other erbB-receptor. In addition, the other members of
the erbB-family can form homodimers or heterodimers
with each other [2]. Dimerized erbB-receptors concom-
itantly autophosphorylate and thereby become docking
sites for proteins bearing SH2 domains, which in turn
couple to downstream signaling pathways [22].

The epidermal growth factor-family probably plays
an important role in the normal or abnormal growth of
bladder epithelium [26]. Expression of EGF, TGFa and
amphiregulin was found in normal human urothelium
[9, 25] and EGF or TGFa was detected in the urine of
healthy individuals [26] or bladder cancer patients [25],
respectively. In normal human urothelium, EGF-recep-
tor expression is confined to the basal cell layer, but in
bladder carcinomas the expression is seen in all cell
layers [26]. In addition, the expression of other members
of the EGFR-family is increased in carcinoma of the
bladder [23, 30]. Functional studies showed that EGF,
TGFa and amphiregulin could stimulate the prolifera-
tion and/or migration of normal urothelial cells or
bladder carcinoma cells [16, 17, 31]. Although these
studies emphasize the importance of the EGF-family in
the normal or abnormal growth of the bladder, little is
known about the function of EGF-family members and
their erbB-receptors in wound healing of the bladder.

Previously, we have shown that EGF can stimulate
reepithelialization in an organotypic culture of mouse
urothelium [15, 31]. In this study, an analogous in vitro
model of human urothelium, which closely mimics the
differentiation and multilayering of normal urothelium
[16], was used to investigate the role of members of the
EGF-family in normal and regenerating urothelium.
Results of our study will be beneficial to the field of
bladder reconstruction and replacement surgery. Fur-
thermore, knowledge of the function of the EGF/EGFR
family in the maintenance and repair of normal uro-
thelium will also be relevant for urothelial tumorigene-
sis, because growth factors and their receptors can serve
as modulators of tumor cell biology, thereby influencing
tumor growth rate, local invasion and metastasis.

Materials and methods

Chemicals

Biochemicals were obtained as follows: tissue culture additives and
EGF (Sigma, St. Louis, USA); human collagen type IV (Fluka,
Buchs, Switzerland); amphiregulin and heregulin-a (HRGa, R and
D Systems, Minneapolis, USA) and TGFa (Boehringer Mannheim,
Mannheim, Germany). Effective concentrations of these ligands
were previously determined by the construction of dose-response
curves [17]. Antibodies were purchased as follows: anti c-erbB1

(Oncogene Research, Uniondale, USA); anti phosphorylated c-
erbB1 (Transduction Laboratories, Lexington, USA); anti c-erbB2
and secondary antibodies (DAKO, Glostrup, Denmark); and anti
c-erbB3 and anti c-erbB4 (Santa Cruz Biotechnology, Santa Cruz,
USA). The anti-BrdU antibody was kindly donated by Dr. B.
Schutte (University of Maastricht, Maastricht, The Netherlands).

Cell culture

Primary human explant cultures were established as described
previously [16]. Briefly, fresh and macroscopically normal appear-
ing ureter specimens were obtained from resection material from
patients treated for non-malignant renal diseases. For processing,
the urothelium was stripped from the submucosa and processed
onto cyclopore membranes (Falcon culture inserts, Becton
Dickinson) coated with collagen type IV (25 lg/ml). Primary
explant cultures were obtained using DMEM/Ham’s F12 medium
supplied with 5 lg/ml insulin, 5 lg/ml transferrin, 5 ng/ml selenite,
5 nM hydrocortisone, 10 mM HEPES, 2 mM glutamine, 100 IU
penicillin, 100 lg/ml streptomycin, and 10% heat-inactivated FCS.
This medium is referred to as routine medium. Cultures were in-
cubated at 37�C in a humidified atmosphere of 5% CO2 until
2 weeks post-confluency. At 24 h before the start of an experiment,
the remaining explant was removed and culture medium was re-
placed with routine medium devoid of insulin and FCS, but sup-
plemented with 0.1% bovine serum albumin, 4 lM spermine and
spermidine, and 1 lM ethanolamine (referred to as serum-free
medium: SF). Experiments were performed in SF.

Confluent culture model mimicking intact urothelium

After reaching confluency, cultures were maintained in routine
medium for an additional 2 weeks to ensure proper differentiation
of the whole culture. Before treatment with growth factors, cultures
were rinsed twice with SF followed by incubation in SF for 24 h.
Subsequently, medium was replaced with SF with or without
growth factor for another 96 h. Medium was replaced daily during
the course of the experiments.

Culture model mimicking reepithelializing urothelium

Injuries were made directly after the 24-h incubation with SF. Four
circular imprints were made with a biopsy punch (Stiefel, Offen-
bach am Main, Germany; internal diameter 4 mm) [6]. The uro-
thelium within the injured areas was scraped away microscopically.
After injury, the cultures were washed twice with SF followed by
incubation of the cultures with SF with or without the addition of
growth factors. At different time-points during cultivation, the
wound edge was monitored through a light microscope. From the
acquired image, the uncovered area was measured and expressed as
a percentage of the initial wound area.

In the experiments, when the de novo c-erbB2-protein pro-
duction was blocked using an antisense oligonucleotide strategy,
24 h before damage, culture medium was replaced with SF con-
taining 5 nmol/ml oligonucleotides. After 24 h, damage was made
as described. During the next 48 h, medium with or without oli-
gonucleotides was replaced twice. Phosphorothioated oligonucle-
otides were obtained in collaboration with Dr. M. Lemâitre
(Eurogentec, Liège, Belgium) based on experiments described by
Vaughn et al. [35]. Sequences of the respective c-erbB2 oligonu-
cleotides are: antisense oligonucleotide (AS): 5¢-GAGGTACCAC
GAGTG-3¢; mutated variant of the antisense oligonucleotide
MUT): 5¢-GAGTGACCACAGGTG-3¢; sense oligonucleotide (S):
5¢-CTCCATGGTGCTCAC-3¢.

Proliferation assay

At 2 h before termination, cultures were incubated with 40 lg/ml
bromodeoxyuridine (BrdU). Subsequently, cultures were rinsed
with PBS, pH 7.2, and fixed with 70% ethanol followed by
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immunohistochemistry. Eight prefixed areas of 0.15 mm2 per cul-
ture were counted. Four areas just outside each wound and another
four areas within the wound that were covered by regenerative
urothelium were counted. The BrdU-incorporation was expressed
as the labeling index: the relative number of BrdU-positive nuclei in
four prefixed areas of 0.15 mm2 per culture.

Immunohistochemistry

The immunostaining of the cultures was performed as described
[16]. The expression was visualized using appropriate dilutions of
the primary antibodies in a conjugated immunoenzyme assay.
Secondary antibodies were either peroxidase or alkaline phospha-
tase conjugated. As substrates, we used 3,3¢-diaminobenzidine
tetrahydrochloride or naphtol AS-MX phosphate. The level of
c-erbB-receptor expression was determined semi-quantitatively,
with 0=no expression; 1=low expression; 2=moderate expres-
sion; 3=high expression; 4=very high expression [14].

Statistics

Experiments were performed at least in triplicate. A Student’s t-test
was used to determine the statistical significance of the data, which
showed a Gaussian distribution. At P<0.05, data were accepted as
statistically significant. Data are represented as mean±SEM.

Results

Confluent cultures representing intact urothelium

As shown in Fig. 1A, treatment with amphiregulin and
TGFa, significantly enhanced the proliferation of the
urothelial cultures three to four times as visualized by
the labeling index (P<0.003). In contrast, treatment
with HRGa or EGF did not stimulate urothelial pro-
liferation. The cellularity of the cultures was increased
upon treatment with amphiregulin, TGFa or EGF
(Fig. 1B). The fact that EGF induced an enhanced
cellularity of the cultures must imply that EGF had
transiently stimulated proliferation before the addition
of BrdU or that EGF could inhibit apoptosis in these
urothelial cultures, as has previously been described for
other cell cultures [11, 21, 34].

The amphiregulin and TGFa mediated induction of
proliferation was associated with an enhanced expres-
sion of c-erbB3. The constitutive expression of c-erbB2
and c-erbB4 was not changed upon growth factor
treatment. The constitutive expression of c-erbB1 was
only induced by amphiregulin, whereas the expression of
phosphorylated c-erbB1 was slightly enhanced by both
amphiregulin and TGFa (Fig. 1C).

Given the upregulation of both phosphorylated
c-erbB1 as well as c-erbB3 by amphiregulin and TGFa,
it is tempting to hypothesize that amphiregulin, EGF,
and/or TGFa also mediate their effects via c-erbB3.
Furthermore, the expression of c-erbB4 in the intact
cultures was constitutively high irrespective of the
growth factor treatment, and it is known that c-erbB3
has a high affinity for c-erbB4 to form a heterodimer [8].
However, HRGa, which primarily signals through the
c-erbB3/c-erbB4 heterodimer, had no proliferative effect
on human urothelial cells (Fig. 1A).

Regenerating urothelial cultures

Under serum-free conditions, approximately 84% of the
wound area was covered with new urothelium within
48 h. The reepithelialized area was markedly enlarged
upon treatment with TGFa or EGF, and to a lesser
extent, by amphiregulin (Fig. 2). In fact, when treated
with EGF or TGFa, wounds completely closed within
48 h. Treatment with HRGa had no effect on urothelial
regeneration as compared to non-treated cultures.

In general, growth factor treatment had no stimu-
lating effect on urothelial proliferation during the first

Fig. 1. Effect of EGF-like growth factors on: A the labeling index,
B the number of nuclei and C the expression of erbB-family
members in confluent primary urothelial cultures. An asterisk
indicates a significant difference (P<0.05) as compared to SF.
C-erbB1-P=antibody against phosphorylated c-erbB1
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24 h of wound healing (Fig. 3A, B). During the next
24 h, a gradual increase in proliferation was noted.
Nevertheless, labeling indices remained relatively low.
Therefore, the observed stimulation of reepithelializa-
tion after EGF, TGFa or amphiregulin treatment could
not be explained by a significant induction of prolifer-
ation. This suggests that the induced reepithelialization
could only be explained by an enhanced migration of
cells into the denuded area.

The stimulated wound closure may be accompanied
by an enhanced expression of specific growth factor re-
ceptors. According to other functional studies, EGF-like
factors mediate their effects mainly via c-erbB1, c-erbB2,
and c-erbB4. Therefore, we quantitated the immuno-
histochemical expression of c-erbB1, c-erbB2 and
c-erbB4. The c-erbB1 expression was low and was not
significantly affected by any of the investigated growth
factors at any point during the repair-process (data not
shown). The c-erbB2 expression tended to be higher only
in cells near the edge of the damaged area upon treat-
ment with amphiregulin, TGFa or EGF (Fig. 4A, B).
The c-erbB4 expression showed no significant differences
during wound healing (data not shown).

Our data point to a function not only of c-erbB1, but
also of c-erbB2 in epithelial regeneration. To investigate
whether c-erbB2 is necessary for the reepithelialization,
we treated cultures with antisense oligonucleotides for
c-erbB2 and examined the regeneration during this
treatment.

Treatment of injured cultures with c-erbB2
antisense DNA

Treatment of damaged cultures with c-erbB2 AS sig-
nificantly inhibited reepithelialization by up to 50%
(Figs. 5, 6A). The S and the MUT variants of the AS did

not affect regeneration (Figs. 5, 6B, C). This indicates
that the wound healing was specifically perturbed by the
c-erbB2 antisense only. The proliferation was similar in
all damaged cultures (Fig. 7A, B) suggesting that this
delay in reepithelialization could not be explained by a
diminished proliferative capacity of the antisense treated
cultures. Also, none of the control oligonucleotides had
a significant effect on proliferation after 24 or 48 h of
treatment.

Discussion

Earlier studies on the functional effects of EGF-like
growth factors on urothelium are conflicting. We have
previously shown that the growth and regeneration of

Fig. 2. Influence of EGF-like growth factors on reepithelialization
of injured urothelial cultures. An asterisk indicates a significant
difference (P<0.05) as compared to SF

Fig. 3A, B. Effect of EGF-like growth factors on the proliferation
of injured urothelial cultures. BrdU incorporation was determined
in prefixed regions A just outside the injury and B within the
reepithelialized wound-area. No significant differences were seen as
compared to the comparable SF cultures
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murine urothelium in vitro was stimulated by TGFa or
EGF [6, 15, 31]. Furthermore, in vivo studies indicated
that EGF induced urothelial proliferation and hyper-
plasia in rats and pigs [26, 37]. However, others have
claimed that despite the presence of EGF-receptors on
human urothelium [16, 27], EGF was not essential for
the growth of normal human urothelial cells in vitro [9,
20, 27, 33].

In this study, using a previously described in vitro
organotypic model for human urothelium, amphiregu-
lin, TGFa and EGF stimulated the proliferation of
intact human urothelium. No functional effects of
amphiregulin on the growth of human urothelium have

been reported previously. But Cilento et al. showed that
human urothelial cells in culture can produce high levels
of amphiregulin mRNA, suggesting that amphiregulin is
involved in the autocrine growth regulation of urothe-
lium [9].

We demonstrated that urothelial reepithelialization is
enhanced by the EGF-like factors TGFa, EGF and
amphiregulin but not by HRGa. The mode of action of
TGFa/EGF/amphiregulin may be mainly through
interaction with EGFR which either transduces the
signal by homodimerization or by heterodimerization
with c-erbB2. Treatment of the regenerating urothelial
cultures with c-erbB2 antisense DNA confirmed that
c-erbB2 is involved in urothelial regeneration. The role
of c-erbB3 during the EGF/TGFa/amphiregulin stimu-
lated reepithelialization is not yet clear as these factors
do not bind to c-erbB3, although heterodimerization of
c-erbB1 or c-erbB2 with c-erbB3 may contribute to the
observed effect [1, 28]. An alternative role for c-erbB3 is
that endogenously expressed HRGa may stimulate the
proliferation in a c-erbB3-dependent way. Furthermore,
the constitutive, high expression of c-erbB4 during
urothelial reepithelialization is suggestive for a role of
c-erbB4 in urothelial maintenance and/or regeneration.
Future functional in vitro studies may clarify possible
functions of these respective EGFR family members in
urothelial regeneration.

In the same model of urothelial regeneration, Daher
et al. recently showed that reepithelialization could also
be inhibited by a functional blocking EGFR antibody or
by the EGFR-tyrosine kinase inhibitor tyrphostin
AG1478 [10]. In their study, these EGFR inhibitors af-
fected both proliferation and migration in urothelial
wound repair. Our combined data indicate that in

Fig. 4A, B. Expression of c-erbB2 in EGF-like growth factor
treated injured urothelial cultures. C-erB2-expression was deter-
mined at various time-points in regions A just outside the injury
and B within the reepithelialized wound area

Fig. 5. Influence of c-erbB2 oligonucleotides on the reepithelial-
ization of injured urothelial cultures. An asterisk indicates a
significant difference (P<0.05) as compared to SF. S=sense
oligonucleotide c-erbB2, AS=antisense oligonucleotide c-erbB2,
SF=serum free medium, MUT=mutant oligonucleotide c-erbB2
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damaged urothelium both EGFR and c-erbB2 are in-
volved in the process of reepithelialization.

Our experiments with the antisense c-erbB2 oligonu-
cleotides suggest that c-erbB2 is an important mediator
of migration during wound healing. Few studies have
reported on the role of the c-erbB2 protein in cell mi-
gration. Overexpression of c-erbB2 in breast or ovarian
carcinoma cells or fibroblasts resulted in an increased
cell migration [18, 36] or invasion [13]. Furthermore,

cytoplasmic expression of p185-neu in human astrocy-
toma cells is associated with a high degree of migratory
activity [5]. The exact mechanisms of c-erbB2-enhanced
migration are only poorly understood. A direct mecha-
nism could be via signaling through the Ras-MAP kin-
ase pathway [3], ultimately leading to the transcription
of genes involved in cell migration. Indirectly, it may be
caused by the downregulation of E-cadherin or a2-in-
tegrin [19] or by activation of the PEA3 transcription
factor that in turn activates genes which encode enzymes
required for cell migration [4].

In conclusion, the EGF-EGFR pathway is involved
in the normal growth and regeneration of human uro-
thelium. Amphiregulin, EGF and TGFa might be in-
volved in the (autocrine) growth regulation of
urothelium. Enhanced expression of some of these
growth factors and their receptors could contribute to
the deregulated growth of bladder tumors, making them
suitable as targets for future developments in cancer

Fig. 7A, B. Effects of c-erbB2 oligonucleotides on the BrdU
incorporation, determined A within the reepithelialized area, and
B just outside the damaged areas. An asterisk indicates a significant
difference (P<0.05) as compared to SF. S=sense oligonucleotide
c-erbB2, AS=antisense oligonucleotide c-erbB2, SF=serum free
medium, MUT=mutant oligonucleotide c-erbB2

Fig. 6A–C. Topview of standardized injuries made in primary
cultures of human urothelium. Effect on reepithelialization after
treatment for 24 h with c-erbB2 oligonucleotides: A antisense
DNA, B sense DNA and C mutated variant of antisense DNA
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therapy. On the other hand, EGF and TGFa are im-
portant mediators of reepithelialization, suggesting that
concise use of EGF-family members could aid in the
regeneration of damaged urothelium, and improve
bladder reconstruction and replacement surgery.
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