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Chapter 1. INTRODUCTION

The uragenital tract is one of the major excretory paths for small metabolites and
ions. The excreted liquid, urine, is produced by the kidneys, flows through the ureters
into the urinary bladder and is finally excreted through the urethra. The mammalian
urinary bladder has the important capacity to retain urine for some time. Normally, the
bladder is resistant to toxic effects of products in the urine. But after damage to the
epithelium of the bladder, bladder epithelial cells may become vulnerable to xenotoxic
agents and potential toxic metabolites in the urine. In general, this damage will be
repaired by physiological processes. During neoplasia, e.g. in transitional cell carcinoma,
aberrations in physiologically regulated processes occur. This thesis focuses on protein
factors that may be involved in the physiology of transitionat epithelium of the mouse
bladder, and their specific functions, The following paragraphs highlight subsequently
the structure and function of the bladder {81), the physiology and causes of abnormal
growth of the urothelium {82}, proteins that have been shown to be involved in the
physiology of normal and tumour celis (§3), what is currently known about these
proteins with respect to the bladder (§3.5), and finally the aim of the thesis {§4).

§ 1 Structure and function of the bladder

The urinary bladder is a vesicular organ. Figure 1 depicts the structure of the
bladder. The lumen of the bladder is lined by transitional epithelium (also called
urothelium}. The outer part of the bladder wall is formed by a smooth muscle cell layer
which is usually composed of an inner and an outer longitudinat layer and a circular
middle layer. The submucosa or stromal compartment is located between the epithelium
and the muscle layers. The stromal layer contains e.g. blood vessels, nerves, and cells
of different types like fibrobiasts, macrophages, and lymphocytes.

The urothelium consists of a basal lamina and several layers of epithelial celis.
Murine urothelium has three to four cell layers, while human urothelium consists of up
to 6 cell layers. The small, undifferentiated basal cells are in close contact with the
basal lamina. The large, terminally differentiated umbrella cells are the superficial cells
lining the bladder lumen. The cell layers between the basal and the superficial cell fayer
are called intermediate cell layers. The intermediate cells are larger than basal cells, and
the more superficially positioned, the better differentiated these intermediate cells are.
Table T summarizes some of the characteristics of these urothelial cells.

The main function of the bladder is to serve as a reservoir for urine before
excretion. Upon a nervous stimulus the muscle cells contract the bladder for



Figure 1. Structure of the urogenital tract {A) and the urinary bladder (B) of the mouse. A:
The dissected ventral part of the urogenital tract of a female mouse. Numbers indicate the
kidney (1), the ureter {2}, the bladder {3}, and the urethra {4). Bar = 14 mm. B: A
haematoxylin-stained, paraffin-embedded cross section of a female mouse bladder. The
different cell layers are indicated: P = peritoneum; M = muscle layer; S = submucosa; b,
i = basal or inter-mediate urothelial cells, respectively; U = umbrella cells; L = bladder
lumen. Magnification: 200 X; bar = 50 um.

Table 1. Characteristics of urothelial cells of the respactive celi layers.

cell fayer hasal intermediate superficial

morphology  small, cuboid larger, rectangular very large, flat

ploidy diploid di- ar tetraploid up te more than octaploid

nuclel/celf one one or two several

other features hemi-desmosomes desmasomes desmosomes
many free ribosomes some autophagic many autophagic bodies,
few organelles bodies, Gelgi vacuoles, specialized
alkaline phosphatase vesicles vesicles, tight junctions in

atkaline phosphatase [ateral membrane
R-glucuronidase, acid
phosphatase

Table 1.  Main characteristics of urothelial cells in the respective cell layer of the murine
urothelium.



micturition. The urothelium is a dynamic structure because it should be resistent to
mechanical stress due to the continously repeated process of filling and emptying of
the bladder. Both the junctional complexes (zonulae cccludentes) interconnecting
umbrella cells, and the desmosomes between urothelial cells form the tight cohesion
between urothelial cells, The plasticity of the urothelium is provided by specialized
areas in the luminal membranes of umbrelia cells {101]. In short, umbrella cells have
numerous small vesicles positioned perpendicular to the luminal membrane. Upon filling
of the lumen, these vesicles fuse with the luminal membrane thereby enlarging the
luminal membrane area. Upon micturition, these vesicles are formed again, serving as
a reservoir for enfarging of the luminal membrane. Both micturition and the control over
this mechanism serve several functions: 1) reduction of the risk of ascending bacterial
infections from the urethra by keeping the external body surface clean and dry, 2) the
use of urine in combination with pheromones by some animals e.g. for territoriai
demarcation, 3} to avoid fouling of the nests, holes, houses, etc., 4) to avoid the
attraction of predators via pheromones in the urine.

The urothelium is in direct contact with the urine. The urothelium is a barrier to
the hypertonic urine. The urothelium is impermeable to water and urinary products like
ions, ureum, small proteins, and metabolized and/or detoxified products {1011, In order
to achieve this impermeability, the urothelial cell membrane contains cerebroside [128].
This is a specific feature of urothelial cells since cerebroside has not been found in
membranes of other epithelial cells. Cerebroside is shown to decrease the permeability
of the plasma membrane for water [100], and to increase its electrical resistance [54].
Despite the impermeability, urinary products can be ingested by the urothelial cells via
the formation of intracellular vesicles after micturition, or can be swallowed by

phagocytosis [101].

&8 2 Physiological and pathological processes
§ 2.7 Physiology of the urothelium

Since the main function of the bladder urothelium is to provide an impermeable
barrier to urine, any damage to the urothelium will affect its impermeability. Upan
injury, the urine with a variety of molecules penetrate into the bladder wall. Such a
damage may be caused by catheterization, intravesical operations, or overstretching of
the bladder as a result of bladder outlet obstruction. Loss of urothelium follfowed by a
complete self-renewal also occurs physiolegically in neonate mice [16,76]. Epithefial
wound healing occurs by both celf divisioning and migration of epithelial cells. Cell
division in the murine urothelium cccurs mainly in the basal cell compartment of the
urothelium and, rarely, in the intermediate cell layers. Under normal conditions cell
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divisions are hardly seen and cell cycle times are high, i.e. over 860 hours [123],
resulting in a low turn-over of urothelial cells. it takes more than 200 days for a basal
cell before it is differentiated into an intermediate cell, and finally shedded as umbrella
celt [123]. Though, if damaged urothelium regenerates, many epithelial cells in basal,
intermediate, and even superficial layers start to proliferate and the cell cycle time
decreases to less than 28 hours. Both the enhanced proliferation and the concomiting
migration of urothelial cells result in a rapid re-epithelialization [101]. This points to the
enormous proliferation capacity of the urothelial celis necessary for wound healing and
restoration of funection. In addition, the damaged urothelium can also be re-epithelialized
by transitional epithelial ceils from the ureters and urethra, by proliferation and
migration [101].

& 2.2 Pathology of the urothelium

Damage to the urothelium or aberrant growth of urothelium can be caused by
disease processes in the bladder. Damage to the urothelium may lead to cell death and
subsequent repair, but may ultimately also result in neoplasia. This paragraph describes
four different ways how abnormal urothelial growth or urothelial cell death can be
achieved.
Celi death Bacteria may ascend through the urethra in the reverse direction into the
bladder lumen and cause a bacterial cystitis. Aronson et al [12] showed that
intravesical application of E. coli caused shedding of normal murine urothelium in vivo
one hour after infection. This effect might be explained by a direct cytotoxic action by
bacteria on urothelial cells. In support of this direct cytotoxic action, Lee et al [143]
noted that intravesical E. coli infection led to necrosis of tumour celis in the bladder.

In addition, the anti-tumour activity of bacteria is also used in the treatment of
transitional cell carcinomas (TCC} of the bladder. TCCs are malignant tumours of the
urothelium. in order to reduce the recurrence rate of a TCC, patients may be treated
with Bacille Calmette-Guerin (BCG) after a transurethral resection [120,202]. BCG is
an attenuated strain of the bacteria Mycobacterium bovis and stimulates both the
immune system and the anti-tumour activity [reviewed in 120,203].

As outlined below, cytotoxic agents may also cause erosion of the urothelium
without concomitant neoplasia.
Hyperplasia Studies with murine urothelial cells showed that intravesical instillation of
Escherichia coli bacteria or E. coli-derived lipopolysaccharides in vivo can induce
hyperplasia of the urothelium within one week [60,234]. Since both bacteria and LPS
stimulate immunological defense mechanisms [120,202], it has been suggested that
the urothelial hyperplasia is induced by lymphocyte- and/or macrophage-derived
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cytokines [234].

Metaplasia Urothelial aberrations with loss of function can be caused by small crystals
and calculi in the urine [57]. Continous exposition to these crystals or calculi causes
squamous metaplasia: the fransitional epithelium is replaced by a squamous cell
epithelium. This results in a loss of the barrier function. Metaplasia with loss of
urothelial function also occurs after infection with a worm, Schistosoma haematobium.
Schistosomiasis of the bladder has also been shown to he strongly associated with the
occurrence of TCC [84,119].

Neoplasia Neoplasia of the urothelium can be caused by compounds of e.g. food,
drugs, or tobacco smoke. Previous studies indicated that the chemotherapeutical drugs
cyclophosphamide and adriamycin are cytotoxic to murine urothelium [57,145}. Other
agents are thought to be associated with TCC, like abuse of the analgetic drug
phenacetin [161], or aromatic amines fike 4-aminobiphenyl, 2-naphtylamine, and
benzidine which are present e.g. in tobacco smoke or in the occupational environment
[119,163]. In general, such agents are metabolized in the liver and conjugated by
glucuronidation, sulation, or acetylation. Once these metabolites or non-metabolized
compounds have been excreted in the urine, they can be internalized by urothelial cells.
It is suggested that some of these metabolites enter the superficial urothelial cells by
being endocytosed in membrane vesicles after micturition [101]. These vesicles may
fuse with lysosomes, which contain B-glucuronidases that uncouple the glucuronic acid
group. Parallel to this proposed mechanism, metabolization may also oceur by urinary
bacteria. In addition to glucuronidases, urothelial cells also contain other metabolizing
enzymes like cytochrome P450 iscenzymes [199,239], prostaglandin H synthase
[reviewed in 122}, sulfatases [36], and deacetylases [172], each of which may
potentially activate the toxic urinary compounds. The activated metabolites may either
be genotoxic {e.g. 4-aminobiphenyl [199], benzidine [122,163], phenacetin [161]) or
cytotoxic resulting in urothelial erosion and/or neoplasia {e.g. cyclophosphamide and
its metabolites acrolein and phosphoramide mustard [57,112,145]).

8§83 Growth factors
§ 3.7 Growth factors:  Introduction

During the past two decades many studies have been performed investigating
the molecular basis of wound healing, tumour growth, and embryogenesis. in some of
these studies polypeptide growth factors were involved. Growth factors are highly
conserved between species. For example, the amino acid sequence of insulin-like
growth factor | was conserved for 77% for species ranging from salmon to human
[210], suggesting their important function.
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Figure 2. Mechanisms of growth factor action on cells. Secreted or membrane-bound

growth factors are represented by free and fixed triangles, respectively. The growth factors
bind to cellular receptors (represented by Y-shaped symbeols). V = blood vessel

Growth factors exert their effects on cells through specific, cell membrane bound
receptors which transduce their intracellular signals via second messengers. While the
classical hormones have distant, systemic effects, growth factors can act locally at or
near the site of secretion. The following mechanisms for growth factor actions on cells
can be distinguished: 1) autocrine including intracrine, 2) paracrine, 3} juxtacrine, and
4} endocrine (see Figure 2}.

As shown in Table 2, a number of families of growth factors has been identified.
Within each family the members share similar features like homology in cysteine
sequence and their tertiary structure, binding to heparin (heparin-binding growth factors
or fibrablast growth factors (FGF}), chemico-physical similarity, and functional effects.
Although much attention has been paid to e.g. skin, trachea, and intestinal epithelial
celfs, little is known about the function of growth factors in urothelium. However,
several findings strongly suggest a specific role for growth factors in the maintenance
and repair of normal urothelium, and neoplastic urothelial disease: normal urine contains
epidermal growth factor (EGF) and transforming growth factor R (TGF@3}); urine of
patients with TCC contains TGFa and FGF-like molecules; FGF-1 is present in TCCs but
not in normal urothelium; and the expression of EGF receptors seems to correlate with
an increasing aggressiveness of TCC. This chapter addresses possible functions of
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growth factors and their receptors in {epithelial} cells in vitro and in vivo.

§ 3.2 Growth factors:  Structure and function

Table 2 lists most growth factor families that have been shown to be important
for epithelial cells. The cellular and tissue specific localization and some of the
functional aspects of the individual members are also given.

EGF The epidermal growth factor family inciudes EGF, TGFa, heparin binding EGF
{HB-EGF}, and amphiregulin. These proteins are structurally homologous in having 6
cystein residues at similar positions with disulphide bonds. The overall amino acid
homology between EGF and TGFa is approximately 42% [63]. EGF-like proteins are
heat and acid resistant, but can be inactivated by agents that reduce the disulphide
bonds. Less is known about the 22 kD heparin binding EGF and the 9.8 kD
amphiregulin. Heparin binding EGF and amphiregulin are unigue in this family for their
ability to bind to heparin [26,102,201], in contrast to EGF and TGFe. Since EGF and
TGFa have been studied most, this thesis will focus on EGF and TGFa. The 6 kD EGF
protein is most abundant in the mouse maxillary and submandibulary glands, and in
human and murine urine and milk [42,104]. TGFe is present in other tissues than EGF,
except for epidermis (see Table 2). The functions of EGF and TGFa are qguite similar,
as shown for the eye-tid reflex [64] and several cellular responses in vitro (see Table
2). However, in general, TGFa is @ more potent growth factor than EGF as has been
demonstrated for e.g. proliferation and migration of keratinocytes [18]. Many studies
on EGF/TGFa function have been performed in skin wound healing experiments in vitro
and in vivo. Both EGF and TGFa can accelerate the wound healing of skin wounds by
topical application or via systemic delivery through an intraperitoneal minipump
[38,184,216,217]. According to results from in vitro experiments with skin explants
and isolated keratinocytes, EGF/TGFa are thought to accelerate the migration of
keratinocytes at the wound edge down the edge of the fibrin clot resulting in the
closure of the wound [26,155]. In addition, the muitiple cell layering of the epidermis
is probably a result of an EGF-mediated multiplication of the keratinocytes since in vitro
studies indicated that EGF/TGFa stimulates the proliferation of keratinocytes
{18,93,249]. In support of the proliferation-inducing capacity of EGF, Messing et al
(165} showed that intravesically instillated EGF in the lumen of rat bladders increased
the [*H]-thymidine uptake in urothelial cells. Another study, using transgenic mice
overexpressing TGFa, suggested that TGFeg is capable of inducing proliferation of
mammary epithelial cells [117]. The latter study also showed that TGFa is a protein
with transforming capacity, inducing hepatocarcinomas. Several studies indeed
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Table 2. Growth factors, localization, and function.

TYPES LOCALIZATION FUNCTION REFERENCES
Prolif Differ  Migr Metah  RNA,protein

EGF kidney,salfivary glards,epidermis, ep,fb,en,hep, ep ep,fb  ep,hep ep.hep,fb,en, 18,28,42,45,61,73,
renal + bladder carcinoma cho,smu fb os,cho 90,142,185,223

TGFe epidermis,brain‘,activated macroph.,placenta, ep,fb,en,smu ap ep 18,42,65,64,248
avary,embryo,carcinomas

HB-EGF activated macroph.,lung‘,brain',heart*, muscle  ep.fb,smuly smu 102,240

amphiregufin epidermis‘,ovary‘,calan‘,kidney“,carcinomas ep ep 193,195

TGFR,, TGFR,, TGFR, platelets,activated macroph., lymphocyt,epidermis, ep,fb.en,ly, eply, epfb, epen epfhenmu.cho 21,23,29,31,61,109,
cartillage, kidney,placenta,colon,embryo,carcingma  os,cho,smu mu mon 138,140,158,208

MIF male foetal testes 44

activing, inhibing gonads 131

FGF-1 (aFGF) brain,retina,macroph., bone, kidney, uterus, ep,fb.en,smu, enfb, epen ep,en,cho,mu 28,31,132,204
smooth muscle cells,carcinoma os,cho,hep,neu  new,cho

FGF-2 (bFGF) ubiguitous,embryc,carcinomas mel; see aFGF see aFGF enfb  ep.fb,en,cho,mu 2??&,1588:;'6122?2,(1)?3,132,

FGF-3 (INT-2} embryo,carcinomas ep,fb 66,114,176,192

FGF-4 (K-fgf/HST-1} colon mucosa,embryo,Kaposi sarcoma,carcinomas ep,fb,en,mel neu 52,66,80,192,252

FGF-5 neuronal tissue,embryo,tumours ep,fo.en 22,66,92,24,2b4

FGF-6 (HST-2) skeletal muscle ,embryo tumours 88,154

FGF-7 (KGF) fibroblasts,kidney,celon,ileurn,dermis ep 75,212

FGF-8 mammary carcinoma cell fine SC-3 SC-3 227

FGF-9 glioma cell ling,brain  kidney ib,gl 157




Table 2. continued

TYPES LOCALIZATION FUNCTION REFERENCES
Profif Differ  Migr Metab RNA, protein
PDGF-AA smoath muscle cells,osteosarcomas, melanoma ep,fo,smu,neu, SKLE  ma,fb, enfb fb 8,23,28,29,37,
PDGF-BB platetetS} %%gg{ﬁeﬁ[r}rﬁ Igaerg:gg;qgsé';;ggﬁ" en smu 52,72,77,85,
PDGF-AB platelets a : 4 97,155,208,209
IGF- liver, fibroblasts,cartillage, granulosa cells, ep,fb,cho,neu  ep,cs, ep fb.en,ad, fb.cho,neu,0s, 7,28,52,61,78,
brain explants,embryo,tumours mu mu,neu hep 79,103,126
IGF-I muscle,brain,liver,nerves,skin,adrenal gland, T.-l, ep.fb,cho,ngu mu,0v, mu mu,hep neu,cs 28,61,78,
cells, kidney,cerebrospinal fluid,embryc,tumocurs os ngu 79,186
relaxin corpus futeum 39
insulin pancreas,serum ep,hep,fb ep,mu hep,Th, hep,fb,mu 28,45,47,79,111,
ad,mu 126,168,186
HGF platelets,liver,lung,kidney,brain,exccring pancreas, ep.hep ep ep,hep 13,88,170,2258

thyroid,salivary glands,Brunner’s glands

Table 2.  Partial outline of the growth factor families and their respective members, the in vive or in vitro localization, and their ability to modulate the
cellular profiferation (Prolif), differentiation or maturation {Differ), migration (Migr}, metabolism (Metab), and synthesis of macromolecules like RNA or
proteins. The functions of the subtypes of TGFR and PDGF, respectively, as well as the localization of TGFR} subtypes, are taken together. Legend: ad =
adipocyte, cho = chondrocyte, en = endothelial cell, ep = epithelial cell, fb = fibroblast, gl = glia cell, hep = hepatocyte, ly = lymphocyte, ma and
macroph. = macrophage, mel = melanocyte, mon = monocyte, mu = muscle cell, neu = neurectodermal cell, os = osteoblast, ov = ovarian granulosa
and thecal interstitial cell, smu = smooth muscle cell; LE = lens epithelium, SK = skin, T.-l. = thecal-interstitial;, = RNA.



demonstrated the transforming capacity of TGFa: Ju et al [125] and Di Marco et al
[153] showed that 3T3 fibroblasts expressing EGF receptors acquired a transformed
malignant phenotype upon transfection with TGFa cDNA, while treatment of normal rat
bladder expfants and rat urothelial cell lines with EGF/TGFe in vitro alse induced
morphological characteristics of neoplastic cells [134,254].

A biological difference between expression of EGF and TGFa can be noted in
embryos. While EGF is present in neonate and adult tissues, it has not been detected
in foetal tissues [198], in contrast to TGFa 1248]. This suggests a role for TGFa but not
for EGF in embryonal development.

TGFR The transforming growth factor (3 superfamily has many members {reviewed in
131,158}, including the TGF& subfamily, the inhibin/activin subfamily, and the bone
morphogenetic proteins (BMPs) {Tabie 2). Since TGFRs are known to be generally
expressed in epithelial cells, we will focus here on the TGFR subfamily. Five members
of the TGFR subfamily have been identified of which TGFR,, TGFR,, and TGFR, have
been feund in mammalian species. Both TGFR, and TGFR&, have been found in Xenopus
taevis [207], but a mammalian homologue of TGFR; has not been found yet. TGFR, was
originally isolated from chicken [115]. TGFRs are synthesized and secreted as inactive
precursor molecules, which are cleaved to render mature carboxy-terminal molecules
of 110-140 amino acids [89,131,228]. The N-terminal pro-domain of TGFR can also
remain associated with the carboxy-terminal molecule resulting in a latent TGFR-
complex. This complex is activated enzymatically, or by heat or acid treatment, which
dissociates the mature TGFR from the pro-domain. Treatment with reducing agents
inactivates TGF& [89,131]. The activated TGFR is a homodimeric protein of 25 kD.
TGFRs are known for their ability to inhibit the EGF-induced proliferation of
epithelial cells in vitro. In contrast, TGFB acts as a bimodal regulator of the proliferation
of smooth muscle cells, fibroblasts, and chondrocytes in vitro: low concentrations of
TGFR induce the proliferation, while higher concentrations inhibit the proliferation [23].
The mechanism for this birmodal regulation of proliferation in connective tissue cells has
been assigned to its interaction with a PDGF autocrine loop. Battegay et al [23]
demonstrated that fibroblasts secreted PDGF-AA and expressed the PDGF type a
receptor in vitro. At lower concentrations TGFR induces secretion of PDGF-AA which
is mitogenic for connective tissue cells. At higher concentrations TGFR down regulates
the PDGF type a receptor expression resulting in a decrease of the response to PDGF-
AA [23]. Studies on the TGFR#-inhibitory mechanism in epithelial cells are now in
progress, Both the transcription factor c-mvye, which is involved in proliferation, and the
proliferation suppressing retinoblastoma gene product, pRB, may be involved [175].
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Recent studies demonstrated that TGFR inhibits both the expression of the transcription
factor c-myc and the proliferation of keratinocytes equally well as antisense c-myc
oligonucleotides {194]. From other studies it is now proposed that TGF® inhibits the
activation of pRB and the transcription of ¢-myc, either directly or via a cascade of
other proteins [175,194].

Besides proliferation modulation, TGFR has also been shown to be involved in
cartilage formation by inducing differentiation of chondrocytes and secretion of
extracelular matrix proteins [31,89]. Studies with epithelial cells demonstrated that
TGFB can aiso induce terminal differentiation of rat tracheal cells and murine and
human keratinocytes in vitro [86,213,229,249].

Other members of the TGFR superfamily are 1} the TGFR-related MuHerian
Inhibiting Factor which is expressed in foetal male testes and induces regression of the
Mdllerian duct [44]; 2} inhibins and activins; 3) the decapentaplegic protein DPP-C in
Drosophila; and 4) the Vg-1 protein in Xenopus laevis embryos. The activin subfamily
consists of homo- or heterodimers of the A {or inhibin 8 A) and the B (or inhibin & B}
subunit {131,159]. Activins and inhibins are synthesized in the gonads. They are
implicated in the stimulation or inhibition, respectively, of the pituitary Follicle
Stimulating Hormone {FSH} secretion, and the induction of mesodermal development.

FGF The fibroblast growth factor family is expanding: during the [ast five years
several new members have been found. Five FGF proteins were shown to bind to
heparin or heparan sulphate chains: FGF-1, FGF-2, FGF-4, FGF-5, and FGF-7
[192,212,2565], while FGF-3 does not bind to heparin [192]. In contrast to FGF-1, FGF-
2 does not require exogenous heparin for its proliferative action on cells in vitro,
although Yayon et al [252] showed that heparin or heparan sulphate chains enhance
the interaction of FGF-2 and its receptor. The overall homology of FGF proteins
compared with FGF-2, exciuding the N- and C-terminal parts, ranges from 39% (FGF-7)
to 55% (FGF-1) [reviewed in 25]. Structural differences have also been noted: in
contrast to other FGFs, both FGF-1 and FGF-2 lack a signal sequence for secretion
[2,25, 226,132], impticating a predominantly intracelular function for FGF-1 and FGF-
2. However, FGF-1 and FGF-2 have also been detected in the extraceliular matrix.
Several mechanisms have been put forward to explain their extracellular localization:
1) disruption of cells [162], 2} co-transport with heparin sulphate chains [132], 3)
exocytosis or evagination of specialized cellular compartments, or 4) active transport
across the plasma membrane [127}].

As listed in Table 2, FGFs regulate a variety of processes in epithelial cells.
Several FGFs, like FGF-1 and FGF-2, localize in both embryonal and adult tissue [130,
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Table 21. In contrast, FGF-3 RNA is expressed only in embryonal tissues suggesting a
specific role for FGF-3 in embryogenesis [250). FGF-3 to -5 were originally detected in
tumours, using a fibroblast transformation assay. FGF-3, FGF-4, FGF-5, and FGF-6 are
capable of transforming 3T3 cells morphologically in vitro [22,62,66,154]. FGF-3 to -5
were able to induce the proliferation of epithelial cells in vitro [66]. Moreover,
transgenic mice expressing FGF-3 showed hyperplasia of prostate {male mice) or
mammary gland {female mice} epithelium [176]. These data support a potential role for
FGF-3 in epithelial proliferation and aberrations in epithelial growth. Some studies
indicated tissue specificity in expression patterns of FGFs. While FGF-1 and FGF-2 are
synthesized by bath epithelial and non-epithelial cells, Werner et al [247] demonstrated
that FGF-7 is only expressed by non-epithelial cells. The FGF-7 receptor was present
only an epithelial cells suggesting a paracrine action of FGF-7 on epithelial cells. Studies
of Finch et al [75] and Rubin et al [212] showed that FGF-7 indeed acts through
paracrine mechanisms on epithelial cells.

FGFs are also considered as angiogenic factors inducing an'giogenesis and
neovascularization in vivo freviewed in 132,201]. Several in vivo experiments indicated
that FGF-1 and FGF-2 induce the formation of capillaries in wounds and tumours. Hori
et al [106] showed that neovascularization of tumours in vivo could be inhibited by a
neutralizing antibody against FGF-2. Moreover, this inhibition resulted in suppression
of tumour growth [108]. Other studies provided indirect evidence that FGFs are
angiogenic proteins. In vivo studies pointed out that de novo vascularization was
stimulated by exogenous addition of FGF-1 ar FGF-2, or by endogenous overexpression
of FGF-1 in endothelial cells transformed with the FGF-1 gene [127,133,178}. A role
of FGF in the induction of angiogenesis by direct action on endothelial cells is further
substantiated by in vitro studies showing that FGF-1 and FGF-2 can stimulate
endothelial cells to proliferate and to migrate [25,29,132,201]. However, FGFs are not
unique in being angiogenic since other growth factors, including TGFR, also have
angiogenic properties [133,1561,205].

Recently, new members of the FGF family have been identified like Xenopus
embryonic FGF, XeFGF, which has been found during embryonic development of
Xenopus laevis. XeFGF has hemology to FGF-4 and FGF-6 and exerts a mesoderm-
inducing activity [110]. Other members are androgen-induced FGF-8 and glia-activating
FGF-9 with 30-40 % homology to other FGFs [167,2271. The biological functions of
these new members of the FGF-family are not yet fully elucidated.

PDGF Platelet-derived growth factor was initially purified from porcine and human blood
platelets. The growth factor is a homo- or heterodimer of PDGF-A or PDGF-B chains
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linked by disulphide bridges [202]. The PDGFs are known for their mitogenic action on
fibroblasts and glial cells [52,96,209], while they are chemotactic for fibroblasts,
smooth muscle cells, monocytes, and neutrophils [87,218]. The molecular weight
varies from 24 kD {cell-associated form of PDGF-BB) to 30 kD (PDGF-AA, PDGF-AB,
and the secreted form of PDGF-BB)} [191]. With respect to epithelial tissues, little is
known about the function of PDGF.

Recent studies gave evidence that only under certain conditions PDGFs are
expressed in epithelial cells: e.g. in epidermal cells after skin injury [8,10], in renal
visceral epithelial cells during renal glomerular nephritis [77], in lung and gastric
carcinomas [9,27,51,215], and in prostate, breast, gastric, colon, and thyroid
carcinoma cell lines [11,97,215,220}. In addition, PDGF B-chain which is encoded by
c-sis [121}, is functionally identical to the transforming protein of the Simian sarcoma
virus p28 [246]. These studies suggested a role for PDGF in tumorigenesis.

Paracrine mechanisms of PDGF have been suggested by e.g. Barreca et al [19]:
epithelium-derived PDGF may act on surrounding mesenchymal cells which express
PDGF receptors. Upon PDGF-stimulation, these mesenchymal cells may synthesize and
secrete IGFs which in turn act on epithelial cells. Other studies suggest that PDGFs act
also in an autocrine way on regenerating keratinocytes in vivo [8] or on carcinoma cells
[9,51,97]. A number of studies point to a function for PDGF in epithelium: PDGF was
reported to stimulate the maturation of tens epithelium in vitro [37], and to enhance the
migration of human retinal pigment epithelial cells in vitro [41] and of keratinocytes in
vitro [71}. PDGF-BB also stimulates the proliferation of normal mammary cells and
mammary carcinoma cells in vitro [70,228]. In vivo studies on skin wound healing
showed that exogenous PDGF increased the re-epithelialization, suggesting that PDGF
acts on migration and/or proliferation of keratinocytes [151,177]. PDGF can induce the
synthesis and secretion of IGF-I in fibroblasts in vitro [52], which is mitogenic for
keratinocytes in vitro (see IGF section}. Hence, it cannot be excluded that the enhanced
re-epithelialization by exogenous PDGF during wound healing in vivo was caused by an
enhanced production of stromal-derived growth factors, like IGF-I, which act via
paracrine action on keratinocytes.

IGF Insulin-like growth factors | and Il show structural homology to insulin, The
amino acid sequences are about 50% homologous with proinsulin [82,187,210]. In
general, both proteins have similar insulin-like activities in cells {see Table 2}, though
IGF-1 is more potent than IGF-Il in vitro [187]. Furthermore, the expression patterns
differ, especially in rat foetal tissues where IGF-Il is expressed more abundantly than
{GF-1 [82]. Similarly, in the adult rat oval IGF-I mRNA is only found in granulosa cells
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and IGF-Il mRBNA only in thecal-interstitial cells [105,210]. In contrast to IGF-li,
expression of IGF-Il in vivo is regulated by growth hormone [reviewed in 79,105b].

In vitro studies showed that some cells need a competence factor like EGF, FGF,
or PDGF for transition from GO to G1 phase of the cell cycie, and for progressiocn
through the G1 phase [1,46]. in addition, for further progression through the late G1
phase, cells only require IGF or insulin in vitro [46,150]. Supporting in vivo evidence
for these in vitro experiments was given by Lynch et al [151] who demonstrated that
only the combination of PDGF-BB and 1GF-I, but not the single factors, led to a higher '
regeneration rate of skin wounds in vivo. This might have been due to a direct effect
of the exogenous tGF on keratinocytes [151]. Circumstantial evidence resulted from in
vitro experiments, showing that both types of iGF stimulated the proliferation and
migration of human keratinocytes [7,19,61,135], and that IGF-{ was also able to induce
differentiation of transformed human keratinocytes [126].

Other in vitro studies demonstrated that growing cultures of fibroblasts from
normal tissue produced IGF-1[19,59] and fibroblasts from breast tumours produced IGF-
Il [59]. The latter authors suggested a growth promoting role for IGFs on breast
epithelial cells, and especially a role for IGF-ll in malighant lesions. Barecca et al [19]
presented data indicating that the fibroblast-derived IGF could induce the proliferation
of human keratinocytes in a paracrine way. In addition to the ability of IGF to induce
differentiation in vitro, Matejka and Jennische [1601 showed that after hypoxia IGF-|
mRNA and protein were detectable in regenerating rat kidney tubular cells in vivo,
concomittant with cell differentiation rather than profiferation. Other studies pointed out
that IGF mRNA expression is not changed during wound healing [3,101.

IGF effects on celis not only depend on the presence of specific receptors on the
cell membrane, but are also regulated by small binding proteins called insulin-like
growth factor binding proteins {IGFBP}. At the moment, 6 different IGFBPs have been
found [reviewed in 53,67]. One of the functional aspects of some IGFBPs is to inhibit
the binding of IGF-1 to its receptor by binding the IGF-i. Albiston et al [3] showed that
after injury of the rat ileum in vivo, the IGF-I and the type | IGF receptor expression did
not change but IGFBP-3 mRNA levels decreased. This suggested that IGF might
stimulate wound healing not by increasing IGF expression but as the consequence of
a decrease in IGFBP and therefore an increased availability for binding to its receptor.

HGF Hepatocyte growth factor, or scatter factor, has been found during the
regeneration of liver after partiai hepatectomy [179] or liver injury {13]. It is an 85 kD
heterodimer protein consisting of a smaller 34 kD and a larger 69 kD subunit which are
linked by disulphide bridges. The protein binds to heparin [13], but shows no homology
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with any FGF [180]. Previous studies showed that HGF is a motility and proliferation
factor for epithelial cells {226]. Recent studies indicated that HGF is a paracrine acting
factor produced by mesodermal cells in a variety of organs or tissues and acting on
epithelial cells {see Table 2}.

In conclusion, several growth factors show overlapping activities in modulating
epithelial proliferation, differentiation, and migration. TGFR is different from EGF-like,
FGF-like, PDGF-like, or IGF-like proteins in that TGFRs inhibit the proliferation of most
examined epithelial cells.

in general, TGFa may be important for embryonal development and growth of
carcinomas since TGFa is predominantly expressed in embryos and carcinomas, while
EGF has a physiological function in necnates and adults {Table 2). In adult epidermis,
both EGF and TGFa are expressed. Probably, EGF and TGFa stimulate epidermal wound
healing by enhancing epithelial profiferation and migration {[38], Table 2}. In vivo
studies on RNA and protein expression, as well as functional studies based on
exogenous application of growth factors in vivo suggested that TGFRs and FGFs are
implicated in several physiological processess e.g. in embryogenesis, and in epithelial
wound healing [10,130,151,177,247]. Data from in vitro studies suggest that 1)
epithelial proliferation is induced by FGFs and EGFs, 2} epithelial differentiation and
extraceltular matrix formation can be induced by TGFRs, 3) migration is stimulated by
EGFs, FGFs, and TGFf3s, and 4} angiogenesis is induced by FGFs. Sinte the expression
of FGFs is enhanced in several carcinomas, including human TCCs [50], FGFs may also
have a function in the growth of carcinomas by an auto- or paracrine stimulation of the
proliferation of tumour cells, and induction of tumour vascularization. IGFs are
important as cell cycle progression factors and function therefore both in physiological
and in tumour growth, IGFBPs can regulate the effects of |GFs by binding of IGFs
preventing thereby the interaction of IGFs with IGF receptors. Finally, PDGF receptors
have been found to be expressed in some epithelial cell types under certain conditions
tike wound healing or in carcinomas. Only a few in vitro studies demonstrated that
PDGFs may stimulate proliferation, migration, or differentiation of some epithelial cell
types in vitro. Therefore, little is known about general functions of PDGFs in epithelial
cells.

§ 3.3 Growth factors:  Growth factor receptors
Growth factors exert their effects on cells via specific transmembrane
receptors. The structure of some growth factor recepiors is depicted in Figure 3.
Most receptors have an extracellular binding domain for their ligand, a
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transmembrane domain, and an intracelfular protein kinase domain. Of these
receptors, only the TGFR receptors do not have a tyrosine kinase but a
serine/threonine kinase domain. Upon binding of the ligand, the receptors for EGF,
FGF. and PDGF di- or oligomerize and are internalized [235]. Table 3 summarizes
some of the characteristics of these receptors.

Figure 3. Structure of different families of transmembrane growth factor receptors.
Numbers refer to the EGF receptors (1), FGF receptors (2}, type I} IGF receptor (3}, the insulin
and type | IGF receptors (4}, PDGF receptors (5}, and the TGFR type | (6), type Il {7}, and
type I {8) receptor. Intracellular domains are represented by cross-hatched (tyrosine kinase
domains} or black boxes (serine/threonine kinase domains}. Extracellular domains are
represented by open boxes [cysteine-rich domains), hatched circles (immunoglobulin-like
domains), small stippled circles {cysteine-rich repeat sequences), or an open circie
{glycosaminoglycan chains).

The EGF receptor family consists of ¢c-erbB-1 to c-erbB-4 proteins. The c-erbB-1
proteins are the classical EGF receptors binding both EGF and TGFa equally well,
Several studies indicated that two affinity classes of EGF receptors exist: receptors
with a high or a fow affinity for EGF/TGFa of which high affinity class receptors are
thought to be necessary for signal transduction [24]. The expression of EGF receptors
can be regulated by factors like EGF/TGFa, bFGF, or TGFR (14, 136,152,157

The c-erbB-2 protein, also called neu of HER-2, is a protein with proto-oncogenic
properties. Amplification or point mutation of the c-erbB-2 gene has been found in a
variety of tumours, including bladder carcinomas. Both the overexpression of ¢c-erbB-2
and the amplification or mutation of the c-erbB-2 gene correlated with a less favourable
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Table 3. Characteristics of growth factor receptors.

RECEPTOR LOCALIZATION SPECIFICITY REMARK REFERENCES

EGF-R

c-erbB-1 ubiquitous EGF,TGFa AR HB-EGF TM 10,42,165,

c-erbB-2 carcinoma,embryo ? ™ 43,173

c-erbB-3 GIT,UT,skin,lung,carcinoma, ™ 43,197,200,
embryo heregulins 214

c-erbB-4 heart ®,muscle * brain * kidney ¥, ™ 43,196
fung * ,carcinoma *

TGFR-R

type i ™ 26,68,201

type I ubiquitous,carcinoma,embryo  TGFRs ™ 26,68,201

type I NKD 26,201

FGF-R

FGFR1 brain, heart, muscle,kidney, ™ 107,118,247
lung,carcinoma, embryo
mesenchyme

FGFR2 brain, skin, kidney,lung, ™ 118,247
carcinoma,embryo epithelium see fext

FGFR3 brain, skin, kidney,lung,embryo ™ 118
endoderm

FGFR4 liver,adrenals, kidney,lung ™ 118,224

PDGF-R

type ao mesenchymal cells,olfactory PDGF-AA, PBGF-AB TM 91,144,242

type aR epithelium * PDGF-AA, PDGF-AB ™ a1

type BR epidermis * ,tumours PDGF-BB ™ 8,9,91,242

IGF-R

type | |GF-LIGF-IL {insulin) ™ 82,187,213

type I ubiguitous, tumours,embryo  IGF-|,IGF-If NKD 82,187,219

insulin IGF-1,IGF-ll,insulin T 82,219

Table 3. Characteristics of some of the growth factor receptors. GIT = gastro-intestinal tract; UT =
urogenital tract; TM = transmembrane protein; NKD = no kinase domain present; * — ANA.

prognosis of the patients [174,222]. In normal tissues, c-erbB-2 was found in foetal
epithelia of e.g. the human urogenital tract, but in adults its expression was only poor
or absent [173].

The c-erbB-3 protein is, like the c-erbB-2 protein, also expressed in tumours, fike
stomach-, breast-, and colon carcinomas [197,214]. The c-erbB-3 protein is also
expressed in hyperplastic mucosa adjacent to gastric carcinomas [214], and in normal
adult tissues including the urogenital tract, but is not detectable in haematopoietic
tissues [200].

Recently, Plowman et al [196] isolated the cDNA encoding the c-erbB-4 protein,
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The tissue distribution of c-erbB-4 is different from that of c-erbB-3 {Table 3)
suggesting tissue-specific functions for their ligands, heregulins [43,1961.

Activation of the c-erbB-1 to c-erbB-4 receptors results from ligand binding or
from heterodimerization of the receptors [43]. These data suggest that all four types
of c-erbB proteins have physiological importance. In addition, aberrant expression of c-
erbB-1 to c-erbB-3 receptors in tumours is often associated with an increased
aggressiveness of the tumour, including TCC.

Three types of high affinity TGFR receptors have been described: type |, type ll,
and type Ill. The type | and type |l receptors have a cytoplasmic serine/threonine kinase
domain [20,68,1471. In contrast, the type il receptor is a proteoglycan, betaglycan,
which lacks a signal transduction demain {148, 244]. Several studies demonstrated that
the absence of the type lll receptor did not resuit in loss of TGFR response, whereas
absence of type | receptor did. Hence, it has been suggested that type | and type li
receptors require a mutual interaction for mediating the TGFR effects, possibly by
dimerization [20,68,139,147]. The type {ll receptor increases the affinity of the other
TGFR receptors for TGFR [149,244). Recent evidence for functional differences
between the type | and type Il receptor was given by Wrana et al [251]. The type |l
receptor, a constitutively active kinase, binds TGF&#. The type | receptor in turn binds
to the bound TGFR. Upon phosphorylation by the type Il receptor, the type | receptor
mediates then the signal transduction.

The expression of TGFR receptors is ubiquitous on both normal and neoplastic
cells [26,68]. A general correlation between the expression fevels of TGFR receptors
and the aggressiveness of tumours has not been found.

Four different genes encoding FGF receptors have been identified, and two of
these genes generate multiple transcripts by alternative splicing [reviewed in 118). The
binding affinity of the FGFRs differ: both FGFR 1 and FGFR 2 bind FGF-1 and FGF-2 but
with different affinities, and FGFR-4 binds FGF-1 better than FGF-2, FGF-4, or FGF-6
[65,182,236,247]. FGF-7 was shown to bind only one splice variant of FGFR 2 [33].

Immunocytochemical analysis by Hughes and Hall [107] showed that in normal
adult human tissue FGFR 1 is confined to the microvasculature of many tissues, cardic
myocytes, and to the epithelium of lung, cervix, tonsil, and thymus, but not in the
urothetium and, in contrast to RNA expression studies, not in kidney.

Lowv affinity FGF receptors include the transmembrane protecglycan syndecan,
which contains heparan sulphate chains. Syndecan may have a function in embryonal
tissue organization [225]. Since the presence of heparin/heparan sulphate chains

22



enhances the interaction of FGF-2 with the high affinity FGFR {252], syndecan may
also serve this function. its mode of intracellular action is not clear yet since syndecan
lacks an intracellular domain for signal transduction.

For PDGF two different receptors have been found: a type o receptor, and a type
3 receptor. These receptors dimerize to render homo- or heterodimers, each with
specific binding affinity for PDGF (Table 3). Epithelial expression of PDGF type B
receptors has been detected in skin epithelium in vivo only during wound healing
[8,101, and in lung, thyroid, gastric, and ovarian carcinomas [9,51,97,98].

A switch in the expression of PDGF type o receptor on normal cultured
mesothelial cells to PDGF type B receptors by malignant mesothelioma cell lines has
been observed by Versnel et al [242]. Concomitant with this switch in receptor
expression, Gerwin et al [85] and Versnel et al [241] showed that mesothelioma cells
expressed strongly the PDGF-B chain mRNA, while normal mesothelial cells expressed
predominantly the PDGF-A chain mRNA in vitro. The functional consequences of such
a switch in receptor and ligand expression are not clear yet.

The insulin and the type l insulin-like growth factor receptors are structurally and
functionally homotogous. They consist of 4 subunits, two @ and two R subunits which
are linked by disulphide bridges; the greatest amino acid homology resides in the B
chain {approximately 84%]). instead, the type Il IGF receptor is a single glycosylated
chain without kinase activity and is homologous with the cation-independent mannose-
6-phosphate receptor [reviewed in 82,219]. The effects of IGF-] and IGF-Il are mostly
exerted through the type | IGF receptor. The type ll IGF receptor/mannose-6-phosphate
receptor regulates the transport of lysosomal enzymes, and regulates a rapid
internalization and degradation of IGF-ll [reviewed in 82,186,187]. The latter function
may serve as a means of IGF-II depletion from the circulation before IGF-Il can bind to
the type | IGF receptor [189].

in conclusion, the growth factor receptors show a tissue or even cell type
specific distribution. However, epithelial cells generally express {one of the) EGF, FGF
type 1 or 2, TGFR type |, TGFR type U, and TGFR type Hi, and type | IGF receptors.
PDGF receptors and type Il IGF receptors are expressed less frequently on epithelial
celis.,

Recent studies were performed with transgenic mice in order to define the
function of growth factors (or their receptors) in normal tissue and in tumour growth.
Transgenic mice that overexpressed TGFa in many tissues, including liver, pancreas,
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and mammary glands, frequently showed neoplasia of the liver and the pancreas
[reviewed in 568]. The mammary glands showed a high proliferative activity and a very
dense netwaork of milic ducts. Muller et al [176] generated FGF-3 transgenic mice. A
frequent hyperplasia was found in the prostate and the mammary glands. These and
other studies pointed out that an abnormal expression of growth factors, like TGFe and
FGF-3, or their receptors may result in abnormal tissue growth, or in tumour growth
and invasiveness [reviewed in 1,201]. However, overexpression of growth factor or its
receptor alone is not sufficient to cause transformation [56,153].

8 3.4 Growth factors:  Signal transduction pathway

As pointed out in the previous paragraphs, several growth factars including EGF,
PDGF, and insulin/IGFs, exert similar mitogenic effects on different types of cells. This
mitogenic effect might be achieved through a similar signal transduction pathway
activated by these growth factors, Upon Hgand binding, the tyrosine kinase domain of
the receptor is activated. Subsequently, many tyrosine-containing proteins that are
involved in different signal transduction pathways, are activated by this kinase. Among
these are Pi{3) kinase, JAK kinases, PLCy, and Ras proteins [74,108]. Only the role of
Ras in the regulation of mitogenesis has recently been elucidated.

Ras p21 is a proto-oncogenic, membrane bound protein. Specific mutations have
been found in the encoding ras gene in several carcinomas, including approximately
10% of the human TCCs, leading to activation of Ras p21 [32]. Overexpression of
{mutated} Ras proteins in TCC cells was shown to enhance invasion of these cells in
murine bladder [231]. Other studies showed that also the cytosolic Raf p68-74 protein
is involved in mitogen-induced signal transduction [164]. Binding of EGF, PDGF, and
insulin to their respective receptors (EGF-R, PDGF-R, and insulin-R} stimulates
phosphorylation of tyrosine residues on the receptors, leading to the activation of Ras
and Raf, and finally to e.g. activation of transcription factors like myc, jun and fos
{reviewed in 15,156]. Ras is a GTP-binding protein and is active only in the GTP-bound
conformation. The exchange of GDP for GTP is balanced by GTP-hydrolyzing enzymes
(GAP} and guanine nucleotide releasing factors {GRF) or guanine nucleotide dissociation
inhibitors {GD}) [reviewed in 30Q]. Raf is a serine/threonine kinase protein acting
downstream fram Ras in signal transduction [reviewed in 95].

Recent studies indeed pointed out that EGF, PDGF, and insulin can mediate their
effects through a similar signal transduction pathway. These studies also addressed
which proteins are involved in the coupling between the receptors, Ras, and Raf. One
of the examined GRF's is Sos (Son of Sevenless), a protein homologous to the yeast
GRF CDC-25, and associated with the activated Drosophila Sevenless tyrosine kinase
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receptor {a photoreceptor} [35]. Another protein involved in the signal pathway is the
membrane associated adaptor protein Grb2, 2 homologue of the yeast Semb protein
and the Drosophila Drk [190]. Grb2 contains one SH2 (Src homology 2} domain and
two SH3 domains. The SH2 domains of different proteins (Sre, PLCy} were found to
bind to phosphorytated tyrosine residues in proteins [6]. The SH3 domains bind to
proline-rich stretches, also present in Sos. Since activated tyrosine kinase receptors
contain phosphorylated tyrosine residues, this suggested an association between
receptor, Grb2, Sos, and Ras. The binding of the mammalian homologues of Sos, Grb2,
Ras, EGF-R, PDGF-R, and insulin-R have been studied by 1) immunoprecipitations of
Sos, Grb2, or EGF-R followed by immunoblotting with anti Grb2 or anti growth factor-R
antibodies [17,40,211], 2} binding of Sos and growth factor-R to Grb2-fusionproteins
and Grb2-mutant fusionproteins [69], and 3} GTP and GDP exchange kinetics upon
overexpression of Sos or Grb2 [81]. In the presence of a mitogen a complex was
formed between mitogen-activated GF-R, Grb2, Sos, and Ras [40,211]. For the

EGF racaptor / /

TRANSCRIPTION
FAGTOR

ENZYMES:
phospoilipass A
{JUN; FOS; MYC)

Figure 4. Schematic diagram of interaction between the intracelfular tyrosine-
phosphorylated residues of growth factor receptors and Ras proteins. The respective proteins
in this pathway are described in the text. Some of the final target proteins of the Ras-action
are also indicated. Tyrosine-phosphoerylated residues of proteins are denoted by an encircled
P; She and Src do not act in all receptor-Ras activated pathways and are therefore dotted.
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activated insulin-R and v-Src, an extra adaptor protein (Shc) was found to be involved
in front of Grb2 [69,221],

Other studies revealed a complexing between activated Ras (Ras-GTP)and Raf,
but not between inactive Ras and Raf [171,243,245,256]. Associated kinase activity
on downstream acting Mitogen Activated Protein Kinase {(MAPK) was also detected,
suggesting involvement of MAPK kinase in the complex of Ras-Raf [171,232]. Figure
4 depicts schematically the proposed transduction pathway via Ras/Raf and the
recently identified proteins involved in the pathway.

The above mentioned mechanism for signal transduction can explain overlapping
activities of growth factors. However, different growth factors can also exert each
another effect on the same cells {see Table 2 and £3.2). It is known that other
transduction pathways exist, already diverging at the cytoplasmatic receptor kinase
sites. The specific cellular function of a growth factor is probably determined by those
alternative signalling pathways, like activation of phospho-
lipases or PI{3} kinase and subsequent modulations in second messenger signals
[141,237]. The specificity of a growth factor is determined by its concentration, the
number of receptors per cell, and the activation of which substrates. Ahernatively, if
a signal transduction pathway is deregulated, e.g. by mutation of a gene encoding a
protein that is involved in that pathway, then this cell may not respond to the growth
factor that acts through this pathway.

§ 3.5 Growth factors:  Current knowledge of growth factors in urothelium
a) Growth factors in normal and neoplastic urothelium.

In urine of normal individuals, human or murine, high levels of up to 20 ng/mi
EGF have been measured [42,104). In contrast to normal individuals, TGFa is present
in the urine of patients with bladder carcinoma [1292]. EGF was found in superficial
urothelial cells of normal individuals, and in human TCC in ail cells {142} The
immunohistochemical localization of EGF was similar to that of the EGF receptors on
human urothelial cells: EGF receptor proteins are expressed only in normal basal
urothelial cells, but in TCC most urothelial cells express EGF receptors. The level of EGF
receptor expression in TCC increases generally with higher grades of malignancy
[165,181]. These data suggest that both TGFa and EGF are involved in TCC growth,
while EGF rather than TGFe is impaortant for the urothelial physiology.

Differences in expression patterns of FGFs have afso been found between normal
individuals and patients with TCC. Chodak et al [48,49] found in urine from patients
with bladder cancer and in their TCC cells an FGF-2 like activity, but not in normal urine
or in urpthelium, Allen and Maher [4] recently demonstrated FGF-2 and FGF-2 receptor
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expression in the human T24 TCC cell line. Ravery et al [204] and Chopin et al [50]
demonstrated immunohistochemically FGF-1 expression in human TCC and urine from
patients with TCC, but neither FGF-1 expression in normal human urothelium nor FGF-2
expression in normal urothelium or TCC. Other studies showed that the FGF-3 and FGF-
4 genes are co-amplified in some bladder carcinomas [230] and the FGF-5 oncogene
was first identified in a bladder carcinoma [255]. However, nothing is known about the
presence of FGF-3, FGF-4, and FGF-b proteins in bladder carcinomas. Taken together,
these data suggest the involvement of one or more FGFs in TCC growth.

TGFR-like activity has been found in the human urine, regardless of the presence
of TCC [128]. In addition, some human TCCs showed a TGF® RNA expression different
from normal human urothelium, but no ciear correlation could be made between the
grade or stage of the TCCs and the TGFR RNA expression. The presence of TGFRs in
normat urothelium and urine suggests that TGFR3 is important for the maintenance and
repair of normal urothelium.

A ligand binding study of lwamura et al [113] suggested the expression of type
l IGF receptors on TCC cell lines. Currently, no data are available about IGF actions on
urothelial cells.

b} Functional effects of growth factors on urothelial celfs.

Several functional studies with human and murine urothelial cells showed that
EGF/TGFa and some FGFs modulate the proliferation, or marphology, or migration of
these cells in vitro. Messing et al {165] showed that intravesically injected EGF in rat
bladder in vivo enhance the [*H]-thymidine uptake in the basal urothelial cells. In vitro
studies showed that EGF stimulate the proliferation of human TCC cell lines and murine
normal and neoplastic urothelial cell lines [137, 166,169,254]. Both EGF and TGFa
induce some morphological characteristics of neoplasia in primary bladder explant
cultures, like elongation of cells, blebbing, and loss of polarity (134].

FGF-1 and FGF-2 induce the proliferation of NBT-lI, a rat bladder carcinoma cell
line [238]. Furthermaore, both FGF-1 and TGFa, but not FGF-2, induce the migration of
the NBT-II cells in vitro [83,124], and FGF-1, FGF-4, and TGFa induce NBT-U cells to
invade into primary rat bladder explants in vitro {233]. However, virtually nothing is
known about functional effects of FGFs on normal urothelium, neither in vitro nor in
vivo. Also, the functional role of TGFR on urothetial cells has not been elucidated. In
analogy to the observed effects of TGFRs on other epithelia (see above), TGFR might
also be capable of modulating proliferation and differentiation of urothelial cells.

Increasing evidence is now emerging on expression of PDGF and its receptors in
epithelial ceils under certain conditions, i.e. wound healing, cystitis, or in carcinomas
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{see §3). Both renal glomeruiar and tubular epithelial cells as well as the T24 TCC cells
can express PDGF-B mRBRNA [5,34,77]. In addition, PDGF-B protein levels are higher in
urine of patients with bladder cancer [188]. However, data about the direct actions of
PDGFs on any epithelial cell are sparse (see §3), and nothing is known yet about the
expression of PDGFs or their receptors in normal urothelial celis.
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§ 4 Aim of the thesis

Many studies predominantly on skin epithelial cells indicated that EGF, TGFa,
FGF-1, FGF-2, TGFR, PDGF-AA, and PDGF-BB have specific functions e.g. during
epidermal wound healing or in tumour growth. Studies on the expression of growth
factors and their receptors in normal urothelium or in TCC suggested that growth
factors are also implicated in the maintenance of the urothelium and in the growth of
TCC. However, the specific function of growth factors in the maintenance and repair
of normal urothelium, or the abnormal growth of urothelial cells in neoplasia has not yet
been elucidated. The studies reported in this thesis focus on the effects of growth
factors on normal, regenerating, and neoplastic mouse urothelium,

Several specific questions were addressed:

1} which growth factors modulate the proliferation, differentiation, migration, and
apoptosis, in normal urothefial celis?

2} do cultures of normal urothetial cells that reflect intact urothelium, respond
differently to growth factors as compared with cultures that reflect regenerating
urothelium?

3) do the in vitro observed effects of growth factors with in vivo expression of these
growth factors and their receptors during wound healing?.

4} do normal and neoplastic urothefial cells in vitro differ in their response to growth
factors?

5) can TCC cells in vivo affect the growth of surrounding urothelium by paracrine action
of TCC-derived growth factors?

Studies on these functions may provide a basis for therapeutic experiments in
which injured bladder epithelium can be treated with specific growth factors. These
studies may also provide a basis for explaining differences in the behaviour of TCC
compared with normal urothelium.
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The use of poreus membranes as cuiture support for epithe-
liat cells has previously been shown to cause functional dif-
ferentiation of these cells mimicking an in vivo condition,
in contrast to culture on plastic. The different materials of
which the membranes are made also have diffezent proper-
ties, such as transparency, rigidity, and retention of mole-
cutes, Cyclopore membranes (polyethytene terephtatate) are
permeable, transpatent, rigid, and have low protein reren-
tion. In this study we examined the applicability of assessing
multiple parameters on a single culture of primary epithe-
Lial cells on a Cyclopore membrane. Cultures of transitional
epithelial cells on these membranes differentiate into an
organoid-like epithelivm. We wete able to perform morpho-
metric analysis during and after cell culiure and to quanti-
tate proliferation and differentiation by double immuno-

Introduction

Several kinds of culture supports are available for in vitro study
of proliferacion and differentiarion of epithelial and mesenchymal
cells. To mimic in vivo conditions as closely as possible, culture sub-
strates have been developed that are permeable o medium com-
ponents. In coatrast to cell culwires on conventional aon-porous
plastic, polarization and muldilayering of cells grown on {extracel-
lular matrix-coated} permeable membranes are observed, as these
membranes ailow diffusion of nutrients to boch the basolateral and
the apical side of the ceils.

Coliagen gels have often been used to improve in vitro culture
conditiens (13). Disadvantages of the use of collagen gels as per-
meabie culture substrares are their more complicared handling and
their variation in molecular composition or structuze, In addition
to collagen gels, porous membranes made from 2 variety of materials
have become increasingly available as culture supports to study mor-
phology (4,9), rransport of {pharmzeological) agencs across cell layers
(7.11), co-cuitivation of different cell types (14,16), and cell inva-
siveness (12).

¥ Supported by a grant from the Dutch Cancer Society (MR CDEMT).
? Cerrespondence to: Dr. W. L. de Boer, Dept. of Pathology, Erasmus
University POB 1738, 3000 DR Rotterdam, The Netherdands.
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enzymatic staining. On these cultures, quantitative radio-
chemical analysis could alse be achieved, retaining the mor-
phology and the immunohistochemical staining. Cross-sec-
tions of paraffin-embedded and plastic-embedded cultures
were analyzed qualitatively by light and transemission efec-
tron microscopy, respectively, Finally, cytokeratins in chese
cultures could alse be visualized by immunefluerescence anal-
ysis. This suitability for simultaneous assessment of both
qualitative and guantitative parameters on a single cell cul-
ture grown on a Cyclopore membrane reduces the need of
biological materials and may lead to better insight into phys-
iological processes. (J Histochem Cytochem 42:277-282,
1994)

KEY WORDS: Immunchistochemistry; Morphology; Morphomerry;
Mouse; Primary culture; Epithelium; Porous membrane.

Porous membranes are composed of different materials such as
cellulose ester, nylon, polycarbonate, and polyethylene tercphra-
late. The composition of these membranes, the pore densicy, and
the pore size influence their properties with respect to ransparency,
rigidity, and retention of proteins, Their suitability for light and
electron microscopy and for immunohistochemistry may vary ac-
cordingly. Porous polyethylene terephtalate membranes are trans-
patent, permeable, and rigid. These membranes have been sue-
cessful in supporeing the functional differentiation of CaCo2 colon
carcinoma cells (5).

This study was designed to evaluate whether muitiple quan-
titative and qualirative (morphological) parameters can be assessed
simultancously on organotypic culures grown on polyethylene
terephtalate (Cyclopore) membranes. The tested parameters include
light (LM) and transmission electron microscopy (TEM) on cross-
sections, immunofluorescence, double-staining immunechistochem-
istey for proliferation and differentiation, morphometry, and lig-
uid scintiliation counting of incorporated tritated chymidine.

Materials and Methods

Chemicals. Cuirure media and supplements were purchased from Flow
Laborartories (Zwanenburg, Nethertands) and Sigma (St Louis, MO), respec-
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tively, Trtiaced thymidine was purchased from Amersham {*sHerogenbosch,
Netherlands}. Scintillation toluene, PicoFluor, and Uliima Gold were ob-
tained from Packard (Groningen, Netheriands). Chain-specific antibody
against cyrokeratin 18 (RGE 53) was purchased from Otganon Technica (Oss,
Netherdands). Chain-specific antibedy against cytokerarin 19 {LP2K) and
anti-BrdlJ antibody were kindly donated by Prof. Dr. F C. 8. Ramaekers
{University of Maastricht, Maastrichr, Netherlands).

Cells and Culsure. Urinary bladders were dissected from 6-8-week-old
female C3H/Law mice and cut inco halves, After washing the explants and
wiping off excessive medium, the mucosal cell layer was seripped from che
muscle tayer and submucosa. The mucesal layer was spread on 2 Cyclopore
membrane culture support {Facon; Becton Dickinson, Mountain View, CA)
with the basement membrane lacing the suppors. Cubure medium was
added and refreshed on alternare days. The primary urochelial celf culrure
resulted from the cells spreading out of the mucosa. Standard medivm con-
sisted of a 1:l mixtuge of Dulbecco’s modified Eagle’s medium and Ham's
10, supplemented with 10% heat-inactivared fetal calf serum (FCS), 5 pg/m!
insulin and cransferein, 50 oM hydrocortisone, 5 agtmi selenite, 10 pM
HEPES, 160 1U/m! penicillin, and 100 pg/m! streptomyein. Cultares were
incubated ar 37°C in a humidified acmosphere of 5% CO;. Since the pore
size and densiry may affect the cell number (5), we rested the growth of
primary epithelial cultures on three different ypes of 2.5-cm-diamerer Cy-
clopore membranes: mernbranes with pore size of 0.45 um and pore den-
sity of 1.6 x 10° poresiem? oz 1.0 x 10 pores/ern®, and membranes with
pore sizc of 1 pm and 1.6 x 10° poresicm?. Of these, the high pore-density
menmbranes were the lease transparent. Optimal adhesion and subsequent
outgtowth of epithelial cells were abserved only for the membranes wich
pore size of 0.4 um and 1.6 x 10° poresiem?. Urothelial explants fre-
quently detached from the other types of Cyelopore membranes. There-
fore, we used the latter type of membsane for this study.

{*H|-Thymidine znd BrdU Incorperation. On termination of the cul-
ture, cells were first incubated with 40 pg/ml 5-hromo-2'-deoxyuridine
{BrdU} in standard medium for 2 hr. Then this medium was repliced by
standard medium conaaining 20 nCi [*Hj-thymidine/ml withour Ham's
F10 and FCS, in which the cells were cuirured for another 2 hr. Next, cells
wete rinsed with PBS, pH 7.2, with an excess of non-labefed thymidine.
The incorporated radioactivity was counted in scintiflation liquid nsing an
o, [scinrillation analyzer {(Packard 2500 TR; Groningen, Nerhetlands), fu-
minescence and color-quenching corrected, and expressed as counts/mia
{cpm) and disinregrations/min (dpm).

immuachistochemisiry and Iimmunoflactescence. Culrures were rinsed
with PBS, pH 7.2, and fixed with ethanol 96% for ai least 1 hr. Before
the primary anti-BrdU antibody incubation, cultures were treated with HCL
and Borax buffer as described {15). Chain-specific cyrokeratin and BrdU
cxpression were demonstrated with appropriate dilurions of the primary
mouse monoclonal anribodies (MAD) i a conjugared immunoenzyme as-
say. Secondary rabbit anti-mouse MAb (DAKO; Erten Teur, Netherlands)
were either perexiduse-conjugated or alkaline phospharase-conjugared. Chro-
mogens were 3,3'-diaminobenridine retrahydrochioride (DAR) (Fluka, Oud
Beijerland, Nerherlands) and the diazonium sale Fast red violet LB wich
naphthol AS-MX phosphate as coupling agent (Sigma), respectively. Azo
dye visualizacion was done according to Buzstone {1). All incubations were
done while membrancs were floaring upside down in the incubarion mix-
ware. Membranes were mounted in Euparal (ethanol-based) (Chroma; Sturt-
gart, FRG) on glass slides. Mounting in xylene-based Malinol solubilized
the azo dyes, resulting in decolorizing of the red-stained culcure, In flue-
rescence assays either fluorescein isothiocyanare {FY1C)-conjugated or
rerramethylrbodamine isothiocyanate (TRETC)-conjugared rabbir anri-mouse
secondary MAb (DAKG) were used to examine cytokeratin expression. These
membranes were embedded in PBS with glycerin and visuafized with 2 con-
ventional fluorescence microscope. Ethanolfixed frozen sections of cyro-

keratin-positive mouse and buman bladder served as control for cyrokera-
tin—prirsary antibody binding and as control for specific antibody binding,

‘Transmissien Electron Microscopy. Confluenr culrures were: rinsed with
PBS, pH 7.2, and fixed with 1.5% w/v gluraraldehyde in 0.1 M cacodylate
buffer, pH 7.4. After tinsing with cacodylate buffer, pH 7.4, cells were post-
fixed with 19 w/v OsOy and 1.5% wiv potassium ferrocyanide in cacodyl-
ate buffer. After dehydration with ethanol, cells were embedded in Epen
{Zuiss; Weesp, Netherlands), Ulera-thin secdions {0.02 pm) were contrasted
on 200-mesh copper grids with uranyl acerae and lead nitrate. Secrions
were studied with a TEM (Zeiss EM902) a1 80 kV.

Morphometry and Image Aoalysis. The edge of the outgrowth of the
explant culwure, as visualized by LM, was drawn by hand. The area of out-
growth drawn was measured by image analysis. Quantification of cytokeratin-
stained parts of the membrane or drawn outgrowth areas was alse done
wizh an rmage analyzer (IBAS 2000 Zeiss Kontron; Oberkochen, Germany).
Culeures and drawn areas, respectively, were visualized with a Hirachi CCTY
camera and images were analyzed with the supplied Kontron IBAS] ver-
sion 4.4 sofiware program. Cytokeratin-stained areas and ourgrowth areas
were calculated in mm? and expressed as percenrage of the maximal out-
growth area,

Results

The transparency of the Cyclopore membrancs petmitted daily mea-
surement of the expansion of the primary urothelfal cutgrowth from
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Figure 1. Morphometry of the gutgrowth of primary urothalial cultures during
cultivation. The otitgrowth area was related (o the maximal aulgrowth area, which
was set al 100%, and plolted against the tims of culture {in days). Bars = SD
{n = B).
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PRIMARY CULTURE ON POROUS MEMBRANE
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Figure 2. Flow charl oullining the subsequent sleps for assessment of the de-
scribed parameters. T.E.M., transmission electron microscopy; .1, labeling
index.

the inoculated mouse bladder mucosa explants (Figure 1), as the
advancing edges of the explant cultutes were casy to distinguish.
The sequence of procedutes petformed on the Cyclopore membranes
covered by the confluently grown cultures are depicted in 2 flow
chait (Figure 2).

The rigidicy of the membranes enabled them to be cut into two
or more parts. Fixation in ethanol ot acetone for immunohisto-
chemistry or in gletaraldehyde for TEM did not affect the trans-
parency of the membranes, Double immunoenzymatic staining was
petformed to simultaneously demonstrate nuclear reactivity for
BrdU and cytoplasmic staining for cytokeratin 18 or 19. Fitst, cytoker-
atin expression was visualized with the alkaline phosphatase-coupied
secondary antibody, since the best contrast for image analysis was
achieved with the chromogen Fast red violet. Aftet mounting of
the immunostained membranes on glass slides, LM examination
was possible. At high-power magnification the large, superficially
located cytokeratin 18-positive cells covered sevezal non-stained un-
deriying cells (Figure 3A). In coatrast, the underlying smalier cells
were mainly cytokeratin 19 positive (Figure 3B). This indicares that
equal permeation of antibodies and reagents to all cell layers of
the culture was possible. No adhesion of the immunohistochem:-
cal reaction products to the porous membtanes occurred. The pores
in the supporting membranes were, however, cleazly visible due
to the diffraction of light. As cytokeratin 18 was expressed in diffesen-

Table 1. Muftiparameter analysis on urothelial cuftures?

Nuclei u [*H]-Thy CK 1%
pet 0.15 mm? 6] {dpm} area (%)
264.3 + 73.4 1.8 £ 1.5 1,061 + 1747 42.7 19,1

# Quantitation of parametess for proliferation and differentiation on single uro-
thelial cultures. Nuclei ate counted in six pre-fixed areas of 0.15 mm? on the mem-
brane. The Brdl incorperation [calculated as the labeling index (LI and the wittared
thymidine {[H)-Thy) uptake were taken as parameters of proliferation, The L is
given as the number of BrdU-positive nuclei celative to the toral number of nuclei.
Encorporation of [*H]-Thy was measured in Ultima Gold and expressed in dpm. Ter-
minal differendation of the culcures is reflected by the exptession of cytokeratin 18,
The cytokeratin 18-positive areas (CK 18 area) were caleulzted by image analysis as
prrcentage of the maximal ourgrowth area, which was set ar 100% . Bars = SD of
five cubtures,

tiated superficial cells, this expression could be used as 2 parame-
ter for terminal differentiation of the culture. By image analysis,
the relative cytokeratin 18-positive areas were quantitated, show-
ing that about 42.7% of the superficial cells expressed cyrokeratin
18 (Table 1). After image analysis BrdU staining was performed
with a peroxidase-coupled secondary antibody and DAB as chro-
mogen. Proliferative activity could be localized and quantitated
by visualizing and counting the BrdU-stained nuclei and by mea-
suting the uptzke of [*H]-thymidine (Table 1).

Alernarively, when cultures primed with primary antibodies
against cytokeratin 18 or 19 were incubated with FITC- or TRITC-
conjugated secendary antibodies, a clear cytokeratin expression par-
tern was observed (Figure 4) similar to the pattern shown in Figure
3. Compated with the specific signal, the background fluorescence
derived from the membtane or potes in the membrane was low
for both types of fluorescent dyes, even at high magnification
{x 1000).

1o visualize the immunostaining on cross-sections after liquid
scintillation counting of the membranes, it was necessary that the
precipitated chromogens would not dissolve by immersion in the
scintillation liquid. Several brands of scintillation liquids were tested,
Scintillation toluene and, to a lesser extent, PicoFlucr did destain
the cultures, bur Ultima Gold did not. No differences in councing
cfficiency were observed for the culture tested: the number of epm
and the concurrent dpm werte similar within a given culture regard-
less of the type of scintillation liquid and quantity of incorporated
radioactivity (Table 2}. Furthermore, background levels of blank

Table 2. Comparison of scintiflation figuids i
PH]-thymidine measurcment

Cultuze Nu cells

Liquid 1 2 3 4 Exposed Not cxposed
Toluene 7945 7254 5622 626 8 ]

DPM 23,317 21,492 18,005 1960 23 [i]
PicoFluor 6719 6416 4819 563 8 0

DPM 23,203 22,228 16,544 1830 26 a0
Ultima Gold 3787 6373 4396 330 3 0

DPM 22,068 20,244 13,211 1780 11 0

# Use of diffcrent scintillation liquids for counting incorporated (*BY-Thy into
four urotheifal primary cultares, ane membrane withour celis but exposed o [*H)-
Thy, and one membrane withow cells and not exposed to {*H]-Thy. Culeure 4 was
treated differently in receiving 4 ng/ml transforming growth factos-B for $ days. In-
corporations ale given in cpm and in disintegrations per minute (DPM).
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Figure 3. The upper surface of {A} a cylokeratin 18-stained and {B) a cylokeratin 13-stained urothelial cufture, countersiained with hematoxylin. Large superficiat
celis stain for cylokeratin 18 and reside on underiying, cytokeratin 19-stained smalter cells. BrdU-stained nuclei are denoted by a thick arrow. Original magnification

x 200. Bars = 50 um.

Figure 4. Immunolfiuorescence of (A} cylokeratin 18-expressing cells with FITC-conjugated anlibody and (B} a cylokeratin 19-expressing celt bordering a blank
part of the membrane with TRITC-conjugated antibody. Arrow indicates inlracellular vacuoles, M, blank membrane. Original magrifications: A x 250; B x 1000,

Bars: A = 156 pm; B = 0.39 um.

membranes exposed to [*H}-thymidine and of non-exposed blank
membranes were low, indicating low retention of thymidine by
these membranes.

Afrer measurement of radioactivity, the membhranes were em-
bedded in paraffin and cross-sections of the immunestained cul-
tures were made perpendicuiar to the membrane. The rigidity of
the membranes was sufficient for the cutting, and no shrinking
of the membrane, causing disraptios of the cuftures, was observed,
In cross-sections the BrdU-stained nuclei were found in the basal
cell layer, while cytokeratin 18-stained cells covered the cell cul-
tare. The best results for photography were cbtained when BrdU
staining {with Fast red violer as chromogen) was performed before

cytokeratin staining (with DAB as chromogen) (Figure 5). This se-
quence resuited in more intense BrdU staining. A slight solubili-
zation of the azo dye precipitate, but not the polymerized DAB,
occurred during the process of removing the paraffin with petroleum
heazine.

TEM on the epirhelial cells covering the membrane could be
performed without the need o separate the culture from the po-
rous membrane, In ulrra-thin cross-secrions the mulcilayered cell
cuiture and preserved cell organeiles could be visualized. The memn-
brane detached from the cell layers during ultra-thin secticning.
Figure 6A shows a cultute consisting of a layer of smaller basal cells,
the cuboid intermediate cell layer, and the thin superficial cell layer.
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Figure 5. Cross-section of a urothefial celi cultured on a Cyclopore membrane.
Rrdl) stained basal cells (thick arrows} and cylokeratin 18 only superficial cefis
in arfows). M, membrane. Original magnification x 1000, Bar = 10 ym.

Figure 6B shows subcellular details such as organelles and inter-
mediate filaments.

Discussion

The resudts of this study demonstrate that a variety of parameters
can be assessed on a single epithelial culture grown on a porous
membzane. The epithelial primary cultuze shows features of the

murine bladder urothelium in vivo: three celi layess, the flattened,
cytokeratin 18-positive, upper cell layer representing the superfi-
cial urothelial cells; the cuboid intermediate cell layer; and the
smaller basal cells in the basal cel! layer {6}. This multilayering and
differentiation of epithelial cells has also been observed with other
porous membranes (16}, but not with plastic dishes (4). Therefore,
the permeability of the membrane enables medium components
also to reach the basolateral side of the cells, resulting in an op-
timal culture system, in contrast to plastic dishes, The transparency
of the Cyclopore membranes is an advantage over cellulose acetate
of polycarbonate membranes when morphometric analysis is to be
performed both during and after cultivaton. Futthermaore, the 0.45
um-pote size Cyclopore membranes are more rigid than Transwell-
COL memkbranes. Asaconsequence, the Cyclopore membranes do
not crinkle when cut from the insert ring or during embedding
in paraffin ot plastic, in contrast to Transwell-COL membsranes (2).
Therefore, one membrane can be easily divided into mote pieces
for different fixations without damage to the culture. If cultures
are fixed with acetone, the Transwell-COL membranes hut not the
Cyclopore membranes alse have the disadvantage that cthe mem-
hranes separate from the insert ring resulting in crinkling of the
membrane. A disadvantage of the Cyclopore membrane is its im-
permeability to Epon, resulting in detachment of the membrane
during ultra-thin sectioning for TEM, although this artifact has
no consequence for visualization of the culture by TEM.

From previous studies it is apparent that immunchistochemis-
try cannot be performed on zll types of porous membranes. With
nitroceliulose membranes, Butor et al, {3) showed that immuno-
logical reagents have less access to che basal side of monolayer cul-
tures of renal MDCK epithelial cells. Immuncassays performed on
nitrocellulose membranes yielded poor results because of high back-

Figure 6. TEM showing {A) a cross-seclion of a urothelial culture with three different cell iayers and (B) subcellular detail. N, nucleus; S, superficiai cell; m, original
localization of the membrane; mi, mitochondrion; iF, intermediale filaments; au, autophagic body. Original magnffication: A x 3000; B x 20000. Bars: A = 25
um; B = 04 um.
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ground (10), The present study demonstrates that immunohisto-
chemistry can be performed on Cyclopore membranes with low
retention of immunchistochemical compounds. Although cultures
were multilayered, good access to basal cell layers was achieved, as
visualized for BrdU sraiming in the basal cells. Supporting evidence
for good access to all cell layers was also provided by staining of
cyrokeratin 19 in basal and intermediate cell layers {nor shown},

When antibodies conjugated to Heorescent dyes are used with
polycarbonate membrancs, light is difftacted by the pores in the
membrane, necessitacing the use of a conforal laser scanning mi-
croscope (3). Since Cyclopore membranes also contain pores that
diffract light in a conventional LM, we expected similar problems
for these membranes, although our results showed (hat FITC- or
TRITC-izbeled antibodies bound specifically to anti-cyrokeratin an-
tibodics, A clear distinction berween fluorescence in superficial and
hasal cells could be made. Furthermors, the fluorescence back-
ground of the membrane was low and the pores in the membrane
barely quenched the fluorescence signal. This demonstrates that
Cyclopore membranes are also useful in fluorescence assays.

Measuzement of the cellular incorporation of isotopes has been
performed previously on cells cultured on Transwell COL mem-
branes; these cells were scraped off of the membranes (8,17} In
this study we showed that liquid scintillation counting can be per-
formed on cultures that are still arrached o the membrane. Prereq-
uisites for effective scincillation analysis on membrane-attached cells
are the resistance of the membrane to the scinrillation liquid and
the transparency of the membrane in the scintillation liquid, be-
causc non-transparent membranes will undoubredly quench the
scintillation measurement, The immunohistochemical azo dye stain-
ings are solubilized in toluene scintillation liquid or PicoFluer, but
this could be prevented by using Uitima Gold as scinviilztion Lig-
uid. In contrast, the DAB stainings are not affected by etther scin-
tillation liquid (not shown). in conclusion, the use of porous mem-
branes, in particular Cyclopore membranes, offers the opportunity
1o obtzin a single differentiated, organoid-like cell culrure on which
several different parameters can be assessed. These parametess can
either be quantified (e.g., morphometry, counting of nucief or in-
corporation of radiochemicals) or used w assess qualitative aspects
of the culture (e.g., immunofluorescence, cross-sectioning, and
TEM}. In turn, chis multiparameter analysis on one cell or cell cul-
ture may help to provide betcer insight into physiologieal {inter)cel-
lular processes. The analysis of several paramerers on one single cel!
culture reduces the need for biological material.
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ABSTRACT

Afthough previous studies indicate that growth factors can affect severai
physiological processes in epithelia, their role in the biological dynamics of
transitional epithelium of the bladder is not yet established. This study
investigates the functional consequences of a direct action of EGF, TGFR, FGF-
1, FGF-2, PDGF-AA, and PDGF-BB on mouse urothelium in organoid-iike primary
cultures. Confluent and non-confluent cultures served as a model for intact and
regenerating urothelium, respectively. EGF and FGF-1 stimulated in both models
under serum-free conditions the BrdU and [*HI-thymidine incorporation. This
resufted in an increase in the number of cell layers, but the cultures assumed a
less organoid-like morphology. In addition, EGF and FGF-1 stimulated the
expansion of non-confluent cultures. TGFR inhibited proliferation, caused a
decrease in the number of cell layers and blocked expansion. Moreover, TGFR
induced the terminal differentiation and apoptosis of urothelial cells. In non-
confluent cultures PDGF-BB slightly stimulated the increase in the outgrowth
area, but no other effect on the parameters for proliferation and differentiation
was observed. FGF-2 and PDGF-AA did not affect any of the studied
parameters. These data are consistent with the hypothesis that EGF and FGF-1
can promote wound healing and/or hyperplasia through direct actien on the
epithelial cells, while TGFR promotes the development of a normal,
differentiated transitional epithelium.

iINTRODUCTION

Several studies demonstrated that growth factors can be involved in both
physiological and pathological processes like embryogenesis [1], regeneration
[2,3], and tumorigenesis [3,4]. Growth factors can be synthesized and secreted
by a variety of tissues in vivo including urogenital epithelia. Transforming
growth factor & {TGFR) and insulin-like growth factors {IGF) are produced in
kidney epithelium [5,6], while epidermal growth factor (EGF) has been found in
high concentrations in the urine [7]. The presence of transforming growth factor
a (TGFa) (8] and fibroblast growth factor (FGF) [9] in the urine was found in
association with bladder and kidney cancer. Little is known about the
occurrence of platelet-derived growth factor {(PDGF) in normal epithelia including
those of the urogenital tract. Recent studies of Antoniades et al [2] and Floege
et al [10] demonstrated PDGF-B and/or PDGF type R receptor expression in skin
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and renal epithelial cells in vivo only under specific conditions. TGF& has also
been found in urine [8] and in kidney and urothetial cells [5,11,12]. Both the
presence in urine and the differentiation induction in other epithelial cell types
[13,14] suggest that TGFR is analogously implicated in the induction of
differentiation of the transitional epithelium. These data provide circumstantial
evidence that the distinct growth factors can modulate proliferation and
differentiation through direct action on transitional epithelia.

The aim of the present study is to investigate and characterize the direct
actions of different growth factors on blfadder urothelium, without the
interference of in vivo-associated reactions to exogenously added growth
factors. Therefore, we employed an organoid-like mouse transitional epithelium
cultured on a porous culture substrate, which closely mimicks the mouse
urothelium in vivo [15]. This culture model permitied us to study the direct
effects of different growth factors on proliferation, differentiation, migration,
and apoptosis of mouse transitional epithelial cells. All these parameters could
be measured simultaneously on a single culture [15]. Previous studies showed
that EGF, TGFR, FGF-1, FGF-2, and PDGF-AA modulated the proliferation of
non-tumorigenic murine urothelial cell lines [16], while little is known about their
effects on migration or differentiation of transitional epithelial cells [17,18].
These growth factors were therefore included in the present study. Since a
different growth factor-mediated regulatory mechanism may operate in
regeneration of epithelium [2], we studied two different culture models. in the
first in vitro model resembling intact bladder mucosa, the effects of growth
factors on confluent cultures were investigated. In the second model, non-
confluent, growing cultures were examined as they can be considered to reflect
regenerating epithelium [19]. We demonstrated that 1) most of the studied
growth factors acted simitarly in both models with respect to the examined
parameters, 2) EGF and FGF-1 induce proliferation but not differentiation, 3)
PDGF may affect migration, but not proliferation or differentiation, and 4) TGF#
induces terminal differentiation and apoptosis of urothelium.

MATERIALS AND METHODS

Chemicals

Cell culture media were obtained from Flow Laboratories {Zwanenburg,
NL}, and media supplements from Sigma (St.Louis, USA). Porcine insulin, mouse
EGF, and human TGFR, were purchased from Sigma (St.Louis, USA). Human
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FGF-1, PDGF-AA, and PDGF-BB were purchased from Boehringer Mannheim
{Almere, NL}. Human FGF-2 was obtained from Oncogene Science {Uniondale,
USA) and porcine heparin from UBI (Lake Placid, USA}. Chain-specific antibody
RGE 53 against cytokeratin 18 was obtained from QOrganon Teknika {Oss, NL),
and antibody IIB5 against 5-bromo-2'-deoxyuridine (BrdU} was kindly donated
by Prof.Dr, F.C.S. Ramaekers (University of Limburg, Maastricht, NL). Tritiated
thymidine was obtained from Amersham (‘sHertogenbosch, NL} and Ultima Goid
from Packard (Groningen, NL).

Primary celf culture.

Primary cultures of female C3H/Law mouse urothelia were obtained as
described previously [15]. In short, mouse urothelium was dissected from the
urine bladder and placed onto a 25 mm 0.45 gm pore Cyclopore membrane
culture support (Falcon culture insert, Becton-Dickinson, Etten Leur, NL} with
the submucosa facing the support. Placed in a 6-well dish, the compartments
were filled with routine culiure medium [15] consisting of 1:1 Ham’s F10 and
Dulbecco’s Modified Eagles Medium (DMEM), supplemented with 10% heat-
inactivated foetal calf serum (FCS), 5 wpg/mi insulin and transferrin, 50 nM
hydrocortisone, & ng/ml selenite, 10 M HEPES, and 100 IU/m! penicilin and
100 wpg/mi streptomycin. Cultures were incubated at 37°C in a humidified
atmosphere of 5% CO,. Cultures were then grown to 55 to 65 percent of the
maximal outgrowth area, or to confluency.

Serum-free medium experiments.

Experiments with growth factors were performed in serum-free medium
as decribed previously [16]1. This medium is similar to the routine medium
without FCS, but supplemented with 0.1% bovine serum albumin (BSA)}, 4 uM
spermine, 4 gM spermidin, 0.1 mM ethanolamine, and 1 gM putrescin. Cells
were incubated at 37°C in a humidified atmosphere of 5% CO, for 4 days
{confluent cultures) or the indicated culture time {non-confluent cultures).
Without insulin, the primary cultures failed to grow and died (data not shown).

In experiments on terminal differentiation and apoptosis, confluent
cultures were first incubated during 4 days with 20 ng/ml EGF in serum-free
medium and pulse-chased during the final 8 hours with BrdU (see below).
Subsequently, cells were incubated during 6 days with 0.5 ng/ml TGFR, or
serum-free medium alone.

In all experiments with growth factors the culture medium was replaced
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daily. The human growth factors were shown to modulate the proliferation of
mouse urothelial cell lines [16]. We chose to use 20 ng/ml EGF, since this
concentration of EGF has also been found in urine of mice [20]. Based upon
previous experiments with murine urothelial cell lines [16,17], we chose to use
20 ng/mi of both FGFs and PDGFs. FGF-1 was used in combination with 2 U/ml

heparin.

PHI-thymidine and BrdU Incorporation.

The pulse labelling was done as described previously [15]. In short, upon
termination of the culture, cells were firstly incubated with 40 ug/mi BrdU in
routine medium for two hours, and subsequently in fresh standard medium
containing 20 uwCi [PHi-thymidine/ml without Ham’s F10 and FCS for another
two hours. After rinsing the cells with non-labelled thymidine in phosphate
buffered saline (PBS) pH 7.2, cultures were firstly used for immuno-
histochemistry. Finally, the incorporated radioactivity was counted in Ultima
Gold scintillation liquid using an a,B-scintillation analyzer {Packard 2500 TR,
Fackard, Groningen, NL). Radioactivity was expressed as counts per minute
{cpm) and desintegrations per minute {dpm). The incorporation of BrdU was
expressed as the labefling index (L.1.). The L.l. is defined as the relative number
of BrdU-positive nuclei in twelve prefixed areas of 0.5 mm? per culture.

Pulse-chase labelling: in some experiments cells were fabelled for 8 hours
with 40 gg/ml BrdU in serum-free medium with the indicated growth factor. The
label was chased by an excess of non-labelled thymidine in serum-free medium,
and subsequently the cells were incubated with the indicated medium,

Immunohistochemistry.

After fixation of the cultures with ethanol, the BrdU and cytokeratin
staining was performed as described [15]. Firstly, chain-specific cytokeratin and
then BrdU expression were visualized using appropriate dilutions of the primary
mouse monoclonal antibodies in a conjugated immunoenzyme assay. Secondary
rabbit anti-mouse antibodies {DAKO, Etten Leur, NL) were either peroxidase-
conjugated (for BrdU stainingl or alkaline phosphatase-conjugated {for
cytokeratin  staining). As chromogens served 3,3'-diaminobenzidine
tetrahydrochloride {DAB) (Fluka, Oud Beijerland, NL) and the diazonium salt Fast
red violet LB with Naphtot AS MX phosphate as coupling agent (Sigma, St.
Louis, USA). As determined with RGEB3 primary antibody, cytokeratin 18 was
localized only in the umbrella cells of mouse urothelium in vivo {data not
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shown},

To estimate the level of apoptotic cell death, nuclei were stained
according to the Feulgen-reaction after visualization of the incorporated BrdU,
and scored according to morphological criteria [21]. Cells were counterstained
with methylgreen. A minimum of 1,000 nuclei per culture was counted in at
least six prefixed areas of 0.15 mm?,

Transmission Efectron Microscopy (TEM).

Confiuent cultures were rinsed with PBS pH 7.2 and fixed with 1.5% w/v
glutaraldehyde in 0.1 M cacodylate buffer pH 7.4. Next, the cultures were
treated exactly as described [15]. Uranylacetate and leadnitrate contrasted
ultrathin sections {0.02 uym) were studied using a transmission electron
microscope (Zeiss EM902) at 80 kV.

Morphometry and image analysis.

For outgrowth studies, the edge of the outgrowth of the explant culture
as visualized by a light microscope, was drawn. The area of the drawn
outgrowth was measured by image analysis. Quantification of cytokeratin-
stained parts of the membrane and the drawn outgrowth areas was done as
described previously [15]. Cytokeratin-stained areas and outgrowth areas were
expressed as percentage of the maximal outgrowth area {460 mm?).

Statistical analysis.

All experiments were done at least three times in duplo. All data are given
as the mean of all experiments + the standard deviation. The significance of
data was determined using the Student’s t-test.

RESULTS

A. Model mimicking intact bladder mucosa.

Primary cultures of mouse urothelium were grown to confluency under
routine culture conditions. At confluency, cultures were treated for four days
with growth factors in serum-free medium. Table 1 presents the quantitative
data of the parameters for growth (number of nuclei}, proliferation (labelling
index and thymidine incorporation), and differentiation (cytokeratin 18
expression and number of cell layers). Compared to serum-free medium alone
both EGF and FGF-1 stimulated the growth and proliferation {enhanced number
of nuclei, [*H]-thymidine uptake, and BrdU incorporation), resulting in an
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Figure 1. Transmission electron micrographs of confluent urothelial cultures treated with
different growth factors during 4 days. Cultures were treated with serum-free medium
alone (A), EGF (B), FGF-1 (C), or 0.5 ng/ml TGFR, {D). N = nucleus, M = membrane, S
= superficial cell. Criginal magnification; 3000 X; bar = 2.5 ym.

increase of cell layers from 2-3 up to 6 layers as confirmed by TEM {Figure 1}.
The area of cells which stained for cytokeratin 18, which is considered to be a
marker for terminal differentiation into superficial ceils {22], is larger in FGF-1
treated cultures {Table 1). We noted that not all cytokeratin 18 positive cells
have the specific morphology of the superficially located, large polygonal
umbrella cells. These umbrella cells are only occasionally noted in FGF-1 or EGF
treated cultures and they often exhibited a spindle cell-like morphology {(Figure
2}. These data indicate that exposure to EGF and FGF-1 disturbs the normal
differentiated stratification of the organoid-like cultures. In contrast, both low
{0.5 ng/ml) and high {2-4 ng/ml) concentrations of TGFBR inhibited the proliferation
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Figure 2. Micrographs of cytokeratin 18 paositive, superficial urothelial cefls in confluent
cultures treated with different growth factors during 4 days. Cultures were
counterstained with haematoxylin. Note the differences in morphology of the superficial
cells. Cuttures were treated with serum-free medium alone (A}, EGF (B}, FGF-1 (C), or 0.5
ng/ml TGFR, (D). Original magnification; 200 X; bar = 50 ym,

{lower [*H]-thymidine uptake, less BrdU positive cells, and a decreased nuclear
density}. The number of cell layers also decreased to one. Occasionally, a
second degenerating cell layer was present as observed by TEM {Figure 1). The
cytokeratin 18 positive area in TGFBR-treated cultures was larger compared to
serum-free cultures. The superficial cells were all farge with a regular polygonal

64



Table 1. Effects of growth factors on confluent primary urothelial cultures.

GROWTH NUCLEI L.l [*HI-THY RGEG3* CELL
FACTCR AREA LAYER
serum-free 212 = 49 1.0 + 0.7 3411 £ 17856 32.1 + 24.2 1-3
EGF 377 £ 59 56 + 3.3 9986 + 2393 51 + 7.0 3-6
FGF-1 356 + 76 3.6 0.6 7372 + 1083 72.2 + 1.3 36
FGF-2 207 = 57 .1 £ 11 4839 + 1822 54.2 + 23,5 1-3
TGF& {0.5} 124 + 25 c.1 = 0.1 917 + 749 853 x 48 1-2
TGF& {2.0} 42 1+ 23 6.0 =00 413 + 14 73672 1
PDGF-AA 221 + 33 1.4 + 09 7954 + 1261 33.1 + 6.3 2-3
PDGF-BB 127 + 28 1.3 = 0.6 6332 + 1633 78.3 + 6.1 2-3
serum 264 + 73 1.8+ 1.5 11061 +£1747 42.7 + 191 2-3

Table 1. Effect of growth factors on proliferation and differentiation of confluent primary
urathelial cultures. Cultures were incubated with the indicated growth factors for 4 days
in serum-free medium alone. The table includes the number of nuclei per 0.1% mm?, the
labelling index {L.l.), the incorporation of [*Hl-thymidine (in dpm}, the cytokeratin 18
positive area {(RGE 53%) related to the total growth area {460 mm2), and the number of
celt layers. The TGFR, concentrations are 0.5 or 2.0 ng/ml (indicated between brackets}.

morphology resembling umbrella cells {Figure 2). These observations suggest
that TGFR induced a terminal differentiation into umbrella cells {Table 1). FGF-2
did not affect any of the examined parameters. A lower dose of 10 ng/ml FGF-2
was also not effective (data not shown). Although PDGF-AA and PDGF-BB
doubled the thymidine uptake, the labelling indices were similar to that of
cultures treated with serum-free medium alone,

To confirm that TGFR induced terminal differentiation, we primed
confluent cultures with EGF in order to increase the number of cells with the
morphology of basal cells. These cultures were then pulse-chase labelled with
BrdU {see materials and methods). The cultures were subsequently treated with
either TGFR or serum-free medium alone. Cross sections demonstrated that the
number of cell layers in the TGFR treated cultures was diminished to one or two
{Figure 3A and 4), white serum-free medium treated cultures were still stratified
with at least three cell layers (Figure 3B and 4). Compared with non-TGFR
treated cultures, the number of non-BrdU-labelled nuclei was decreased in all
cell layers in TGFR treated cultures, while the number of BrdU-labelled nuclei
remained unchanged (Figure 4). Finally, the cytokeratin 18 positive area in
TGFB-treated cultures {80.3% % 0.7%} was higher than in serum-free medium
alone treated cultures {71.3% = 1.7%). In addition, the superficial celis
assumed the morphotogy of umbrella cells only in the TGFB-treated cultures.
The data given in figure 4 show that BrdU was incorporated in the originally
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Figure 3. [nduction of terminal differentiation and apoptosis by TGFZ,. (A,B) Cross
sections of paraffin-embedded, haematoxylin-stained, and cytokeratin 18 positive,
urothelial cuitures treated with either 0.5 ng/m! TGFB, {A} or serum-free medium alone (B}
during 6 days after pretreatment with EGF. The cytokeratin 18 positive cells are darkly
stained. M = membrane. Original magnification: 400 X; bar = 25 pm. {C} Micrograph of
Feutgen- plus BrdU-stained urothelial cultures treated with TGFR,. The arrow indicates an
apoptotic, BrdU-stained body. Original magnification: 500 X; bar = 20 um.

Figure 4. TGFR,-effect on differentiation of confluent urathelial cultures. The number of
nuclei counted on cross sections of cultures treated with TGFR, 0.5 ng/mli(stippled bars}
or without TGFR, {hatched bars) is given on the X-axis. The number of nuclei was
counted per cell layer on half of a cross-sectioned membrane or, as with BrdU fabelled
nuclei, is given for all cell layers together per half of a cross-sectioned membrane, Data
are given =+ standard deviation (n = 8),

basally located cefl layers, So, TGFR-mediated loss of cells occurs from the
superficially located cell layers. Both the induction of cell shedding, the
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increased cytokeratin 18 expression, and the adoption of the morphology of
umbrella cells in the superficial cell layer upon TGF®& treatment can be regarded
as a phenomenon of terminal differentiation.

Furthermore, TGFR has been reported to induce apoptosis in uterine
epithelium [23], hepatocytes [24], and gastric carcinoma cells [25]. In the above
described the model for terminal differentiation induction, we examined whether
exposure to TGFR increased apoptosis. Apoptotic bodies were defined
morphologically by fragmented nuclei with an intact cell membrane and a
shrunken cytoplasm. Figure 3C shows apoptotic bodies in cultures in the
presence of TGFA. The ratio of apoptotic bodies versus normal appearing cells
was 1 out of 50 nuclei in cultures treated for 6 days with TGFR versus 1 out of
1000 nuclei in cultures treated for 6 days with serum-free medium alone.

B. Model mimicking regenerating biadder mucosa.

Table 2, Effects of growth factors on non-confluent primary urothetial cultures.

GROWTH NUCLEI L.I. [*HI-THY RGE53+

FACTOR AREA

serum-free 107 £ 458 2.9+ 2.7 3485 + 2029 67.3 £ 15.9
183 + 48 3.7 £ 3.7

EGF 260 + 52 57 3.3 100248 +46746 62.4 + 13.6
452 + 49 8.1t + 1.8

FGF-1 239 + 68 2.7 £ 1.6 5634 + 1480 64.9 + 8.9
455 + 111 8.2 = 2.2

FGF-2 116 £+ 14 0.9 =+ 0.5 1792 = 11 65.1 + 10.4
206 + 26 1.0 £09

TGFR B7 + b 0.0 £ 0.0 194 + 35 90.5 = 6.5
89 + 34 0.0 = 0.0

PDGF-AA 147 + 40 2.1 £ 2.1 1833 + 1138 78.7 £ 14.3
231 + 28 1.0 = 0.3

PDGF-BB 126 = 33 20+ 2.0 N.D. 75.2 + 7.8
174 £ 18 4.6 + 2.8

Table 2. Effect of growth factors on projiferation and differentiation of non-confluent
primary urothelial cultures. Cultures were incubated with the indicated growth factors for
4 days in serum-free medium alone. The table includes the number of nuclei per area and
the labelling index (see fegend of table 1) at the edge of the outgrowth (upper row) and at
the number at the central part of the outgrowth (lower row). Also, the incorporation of
[®°H]-thymidine (in dpm) and the cytokeratin 18 positive area refative to the outgrowth
area {RGE53"} are given. The TGFR, concentration was 0.5 ng/ml. N.D. = not
determined.

67



Non-confluent cultures covering b5% - 65% of the maximal outgrowth
area were treated for the indicated period with growth factors. The effects of
the growth factors on the outgrowth area are given in Figure 5A. Treatment
with 0.5 ng/ml TGFR resulted in a reduction of the outgrowth area, while
treatment with FGF-1 and EGF increased this area. FGF-2 had no effect
compared with serum-free medium alone. The effects of PDGF-AA or PDGF-BB
on the outgrowth area are marginal. Table 2 demonstrates that treatment with
either FGF-1 or EGF led to an increase in nuclear density and [PHl-thymidine
uptake. The FGF-1 dependent increase in [*H]-thymidine uptake seemed to be
transient, since treatment for 2 days led to a 5 times higher [*H]-thymidine
uptake (data not shown) instead of 1.5 times after a period of 4 days (Table 2},
Cytokeratin 18 expression was not affected by FGF-1 or EGF. In contrast, in the
presence of TGFB the number of nuclei and the thymidine uptake decreased, but
the cytokeratin 18 expression and the number of umbrella cells increased.
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Figure 5. Effect of growth factors on the increase in the outgrowth of non-confluent
urotheliai cultures. When the cultures covered 55% to 65% of the maximal outgrowth
area the incubation started (day 0); this outgrowth area was set at 100%. The X-axis
indicates the incubation time in days, the Y-axis the relative increase in outgrowth. (A,B)
Cultures with (A) or without (B} the original explant present during incubation. TGFB,

concentration was 0.5 ng/mi. {(+ )= serum-free alone; { @) - EGF (€)- FGF-1; (O):
FGF-2; {A)= PDGF-AA; { &)= PDGF-BB; (E)= TGFR,.
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Treatment with FGF-2, PDGF-AA, or PDGF-BB had no effect over serum-free
medium alone,

Effects of exogenously added PDGF might be veiled by stromal-derived
PDGF. In our cultures, a small remnant of the stromal component was generally
left as the inoculated explant remained attached during culture. In order to
exclude the potential influence of stromal-derived PDGF or FGF-2, we removed
the explant at 55% - 65% of confluency, and treated the cultures during 7
dayswith or without PDGF-AA, PDGF-BB, or FGF-2 in serum-free medium.
Figure 5B shows the effect of the PDGF’s on the outgrowth area, revealing that
the outgrowth area was significantly enhanced in the presence of PDGF-BB (P
< 0.02 at days 3 to 7} but not in the presence of PDGF-AA., We did not
observe any effect of FGF-2 on the outgrowth area {data not shown}.

DISCUSSION

In the present study direct actions of various growth factors on
urothelium with respect to several parameters which were investigated
simultaneously on a single primary, organoid-like urothelial culture. The
qualitative effects of these growth factors in the model representing the intact
urathelium and in the model mimicking regenerating urothelium vwvere similar,
Both EGF and FGF-1 stimulated the proliferation, causing 1) a higher nuclear
density reflecting an increase in the number of cells and 2} a multilayering of
cells associated with a lack of differentiation of the stratified epithelium.
Instead, TGFR 1) inhibited proliferation, 2} induced (terminal) differentiation, and
3} induced apoptosis, resulting in a decrease in celi number and cell layers. The
effects of FGF-2, PDGF-AA, and PDGF-BB on primary cultures of transitional
epithelial cells were minimal with respect to the examined parameters. A slight,
but significantly enhanced urothelial expansion was observed in the presence of
PDGF-BB, but not PDGF-AA, in the regeneration model in the absence of
stromat cells {(Figure 5}.

Proliferationr and migration

EGF and FGF-1 have been shown to induce the proliferation and migration
of epithelial cells, including urothelial cells, in vitro [6,16,26,27]. FGF-2 also
stimulated the proliferation but not the migration, of urothelial cell lines [16,17].
In vivo, EGF is present in the urine. FGFs are present e.g. in endothelial
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basement membranes and can be released upon injury. Furthermore, FGF-1 but
not FGF-2 mRNA is highly expressed in regenerating mouse urothelium in vivo
iDe Boer et al, submitted]. These studies and the present data on EGF and FGF-
1 obtained with an organoid-like epithelial culture support the hypothesis that
after injury EGF-like growth factors and FGF-1 stimulate the re-epithelialization
of urothelium in vivo as seen for skin epithelium [28,29]. This may be achieved
directly by inducing both the proliferation and the migration of epithelial cells
forming a stratified epithelium. Furthermore, FGF-1 seems to be a more
impartant regulatory factor than FGF-2 in the physiology of mouse bladder
epithelium.

Some recent studies suggested an autocrine mechanism for PDGF in
epithelial cells during wound healing [2] and in carcinomas [30,31]. Only a few
studies reported on a biological function of PDGF on epithelial cells in vitro, e.g.
induction of the proliferation of urothelial cell lines [16] or the maturation of lens
epithefium [32]. Induction of epithelial migration has previously been reported
for retinal epithelial celis [33] and keratinocytes {34]. The present study
demonstrated a slight induction of urothelial expansion by PDGF-BB and not
PDGF-AA suggesting a functional difference between these two PDGFs in uro-
thelium. Though, the biological rofe of PDGF on epithelia in vivo is not yet clear.

We failed to observe an effect of TGFR& on migration of transitional
epithelial cells in contrast to studies on keratinocytes [19,35]. Nickoloff et al
[3b} observed that human keratinocytes in vitro migrated after a 2-days
pretreatment with 2—20 ng/ml TGFR,. Upon a 3 to 5 days treatment of
confluent cultures with 2 or 4 ng TGF&,/mi serum-free medium the outgrowth
area decreased due to terminal differentiation. After a 2-days treatment with
0.5 ng TGFR,/ml serum-free medium, we afso noted a decrease in the
outgrowth area of non-confluent cuttures. According to Nickoloff et at [35] only
undifferentiated cells are able to migrate. This may explain the lack of migration
in response to TGFR, in our experiments since TGFR, induced terminal
differentiation in our cultures. Hebda [19] observed that TGFR induced the
migration of keratinocytes in the first three days of a skin explant culture. in
these experiments TGFR might have affected the migration of only basal
tundifferentiated} ceills.

Differentiation
Data from this study demonstrated that TGFR both inhibits the
proliferation and induces the terminal differentiation of transitional epithelial cells
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into cells with the morphology and cytokeratin expression of umbrella cells.
Limited numbers of umbrella cells are also present in untreated cuitures. The
data support the observations of Glick et al [36] and Sacco et al [14] on TGFB-
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Figure 6. Schematic diagram depicting the subsequent action of growth factors on
proliferation and differentiation of transitional epithelial cells, resulting from the terminal
differentiation induction experiments. Circles, ovals, and flattened ovals represent
undifferentiated cells, intermediate differentiated cells, and differentiated umbrella cells,
respectively. Closed symbois represent BrdU-labelled cells.
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induced terminal differentiation of keratinocytes and bronchiocytes in primary
culture. Two modes of action for TGF& can be proposed. Firstly, TGF& may
induce the upper cell layer to differentiate terminally into umbreta cells and to
shed. Alternatively, TGFR may induce the basally and intermediate located cells
to differentiate, while terminal differentiation and shedding occur also in the
absence of TGFR. From our data we cannot conclude which mechanism
prevailed in our cultures. Though, TGFB induced mainly a decrease in the
number of cells in the upper two cell layers, while in the pulse-chase-labelling
experiment the overall number of BrdU-iabelled cells remained unchanged
(Figure 4). Furthermore, in TGFB-treated cultures superficial cells showed the
typical appearance of umbrella cells. Hence, it seems more probable that TGF&
induced terminal differentiation of superficial cells, which favours the first
hypothesis. This mode of action is depicted in Figure 6.
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The data of the present study also demonstrate that TGFZ induced
apoptosis in transitional epithelial cells. This finding is in line with cbservations
with epithelial cells from uterus [23], liver [24], and a gastric carcinoma [25].
Our results are consistent with a biological function of TGFR in transitional cell
epithelium in vivo. TGFB is present in the urine and in normal urothelial cells
[8.11,12], and upon injury, TGFR is released by blood platelets and activated
macrophages. Moreover, both the TGFR, and TGFR type Il receptor protein
expression is enhanced in differentiating urothefium during wound healing of the
mouse bladder [De Boer et al, submitted]. Hence, the physiological maintenance
of existing or regenerating transitional epithelium may be regulated by TGFR3
through the induction of terminai differentiation of transitional epithelium
resulting in an organoid-like stratification of the epithelium. This seems to be
analogous to regenerating skin epithelium in which TGFB, is present especiaily
during the differentiation phase of the epidermis [37]. TGFR may also repress
hyperplastic or excessive transitional cell growth after injury by inhibiting the
proliferation and by induction of apoptosis within the urotheiium.

Neither EGF nor FGF-1 induced the terminal differentiation of transitional
epithelial cells under the present conditions. Instead, these growth factors
induced a spindle ceil-like morphology of the cells, while cells with the
morphology of umbrella cells were rarely seen. Several of the superficial spindie
cell-like cells stained immunohistochemically for cytokeratin 18, in contrast to
earlier studies reporting that cytokeratin 18 staining with the RGEB3 antibody
was confined only to umbrella cells [22]. The spindle cell-like morphology was
also noted in other studies with urothelial cells treated with EGF or TGFa
[27,38], and in the rat NBT-2 cell line treated with FGF-1 [17]. The phenotypic
change was associated with the induction of characteristics of transformed cells
[27,38]. In patients with TCC the urothelium adjacent to the TCC often show
characteristics of transformed cells which is considered to be a preneoplastic
lesion [38]. Since both TGFa and FGF-1 have been found in TCC or in urine of
patients with TCC [8,9,40,41], the possibility should be considered that this
transformed phenotype of the urothelium may be caused by these tumour-
derived growth factors rather than reflecting a preneoplastic lesion.

in the present study we have characterized direct effects of different
growth factors on primary mouse urothelial cultures which closely resemble
mouse urothelium in vivo. We demonstrated distinct functions for these growth
factors in the physiology of murine transitional epithelial cells in vitro. The data
suggest that EGF and FGF-1 serve as proliferation and migration factors for
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transitional epithelial cells in physiclogical processes. PDGF-BB may act as a
migration factor for transitional epithelial cells under specific conditions, and
TGFR acts as a differentiation factor. We did not address the complexity of
growth factor interactions between similar and different cell types in this study.
Furthermore, a recent study on skin wound healing suggested that FGF-7 is also
an impaortant factor in epithelial regeneration [42]. Therefore, the importance of
other growth factors for the urothelial physiology should also be considered.
Future investigations using this cufture method should provide data on direct
actions of combinations of growth factors on the urothelium and on stroma-
urothelium interactions under physiological and pathological conditions.
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ABSTRACT

We investigated the spatio-temporal changes in RNA and protein
expression of growth factors and their receptors by in situ hybridization and
immunocytochemisiry during regeneration after acute injury of mouse
urothelium in vivo. These data were correlated with changes in morphology and
proliferation during regeneration. Except for an enhanced muscular TGFR, and
TGFR type 1l receptor expression, changes in expression patterns of growth
factors or receptors were confined to the urothelium. Increased mucosal RNA
expression of IGF-li and particularly of type I IGF receptor, as well as FGF-1, but
not of FGF-2, coincided with re-epithelialization and urothelial proliferation. Both
high fevel of urothelial TGFR; RNA and protein expression were associated with
re-epithelialization and differentiation. In addition, TGFR type Il receptor protein
expression was similarly enhanced in the same urothelial cells, PDGF-A RNA
was expressed constitutively in the mucosa but decreased in the re-
epithelialization phase. The data are consistent with the notion that urothelial
regeneration can be achieved by paracrine or autocrine acting, urothelium-
derived growth factors. Since analogous growth factor RNA expression patterns
in regenerating skin epidermis have been found, a more general growth factor-
regulated mechanism for epithelial regeneration may be suggested.

INTRODUCTION

Bladder urothelium consists of a three-layered transitional epithelium.
Under normal conditions, this slowly proliferating epithelium has a very low
turn-over {1). Upon urothelial injury e.g. by catheterization, endoscopical
examination, biopsies, deposition of urinary crystals, acute outlet obstruction, or
short exposure to chemicals, an enormous increase in urotheliai proliferation is
observed resulting in a rapid re-epithelialization {1-4). Other organs like stomach
and gall bladder also show a rapid re-epithelialization of the mucosa tayer upon
damage (5,6). Such a fast epithelialization results in a rapid restoration of the
functional integrity of these epithelia. Little is known about the factors involved
in this process. Studies on skin epithelium suggested that multiple growth
factors and growth factor binding proteins are implicated in wound healing of
the skin epithelium. These growth factors may be derived from e.g. damaged
blood platelets, endothelial basement membranes, and activated, infiltrating
macrophages, but also from epithelial cells. Among these growth factors are
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epidermal growth factor (EGF), transforming growth factor B (TGFR), insulin-like
growth factor (IGF), platelet-derived growth factor {PDGF}, and fibroblast
growth factor {FGF) (7-14). Recent studies also demonstrated FGF-1 protein
expression in regenerating stomach epithelium {15} and an acceleration of
gastric ulcer healing by FGF-1 application in vivo (16}).

Direct actions of growth factors on urothelial cells include stimulation of
[*HI-thymidine uptake by basal urothelial cells in vivo (17), stimuatian of
proliferation and migration of murine urothelial cell lines and urothelial cells in
primary culture by EGF and FGF-1 {18-21}, inhibition of proliferation and
induction of terminal differentiation of mouse urothelial cell lines or urothelial
cells in primary culture by TGFB, (20,21). Furthermore, cell cycle progression
factors like IGF-1 and IGF-ll, are also required for growth of epithelial ceils,
including urothefial cells (20}, while the IGF-mediated actions may be affected
by insulin-like growth factor binding proteins {IGFBPs} {22,23}. Little is known
about PDGF action on epithelial cells. Few studies report a biological function of
PDGF in epithelia. Antoniades et al (11,12} demonstrated that during
regeneration porcine skin epithelial cells express both PDGF and PDGF
receptors. Expression of PDGF type a receptor was found in rat olfactory
epithelium {24} and in three murine urothelial cell lines {20). PDGF was shown
to enhance growth and maturation of lens epithelium in vitro (25), to stimulate
the proliferation of mouse urothelial cell lines {20}, and to induce migration of
retinal pigment epithelial celis (26).

Few growth factors like TGFR and EGF, normally occur in the urine
(27,28). In addition, normal urothelial cells are reported to express TGFRB RNA in
vivo (29,30}). Upon injury to skin dermis and epidermis, several growth factors
like TGFRs, FGFs, |IGFs, and PDGFs are released by both mesenchymal cells
{e.g. blood platelets, endothelial cells, and activated, infiltrating macrophages)
and epithelial cells. In analogy to skin epidermis, it may be hypothesized that
these growth factors have distinct functions during urothelial regeneration after
injury. Synthesis, expression, and functioning of most growth factors in
transitional bladder epithelilum has not yet been established during wound
healing in vivo. In this study we correlated the expression of different growth
factors and growth factor receptors at the RNA or the protein level in
regenerating urothelium with proliferation, differentiation, and migration of
urothelial cells. We used mice in which we shortly overdistended the urine
bladder causing acute superficial damage to the urothelium, but little damage to
the submucosa and muscle layer. At several intervals after the injury, bladders
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were dissected for determination of growth factors and growth factor receptor
RNA or protein using in situ hybridization and immunocytochemical techniques,
respectively.

MATERIALS AND METHODS

Chemicals

RNA polymerases, tRNA, and RNAse inhibitor were obtained from
Pharmacia {(Woerden, NL). RNAse-free DNAse was purchased from Promega
(Madison, USA), and RNAse T1 from Boehringer {Mannheim, Germany}. cDNA
probes for mouse IGF-1 and mouse IGF-Il were kindly provided by Dr. G.l. Bell,
the rat type | IGF receptor by Drs. H. Werner and D. LeRoith, and the human
PDGF-A and PDGF type ¢ and type & receptor by Dr. C.-H. Heldin. Anti BrdU
antibody 11B5 and anti TGFR, antibody were kindly donated by Dr. F.C.S.
Ramaekers and Dr. W. Boersma. Rabbit polyclonal antibodies against TGF{ type
l{ receptor was purchased from Santa Cruz Biotechnology (Santa Cruz, USA),

Bladder injury experiments

Fermale BCBA mice 8 to 10 weeks of age were housed in macrolon cages
and fed ad libitum with water and murine chow food {Hope Farms, Woerden,
NL}). The bladder was distended by intravesical injection of 200 ul of 0.15 M
NaCi via a catheter. This overstretching was maintained for 5 minutes.
Histological examination of the kidneys did not reveal any damage due to reflux
of the urine/NaCl. The presence of blood in the urine immediately after the
treatment was a gualitative measure for the presence of lesions in the urine
bladder. Control mice did not undergo this treatment. After overdistension of
the bladder, the mice were kept under the mentioned caging conditions for one
hour to 10 days. Before mice were sacrificed by CO, aneasthesia, mice received
intraperitonially BrdU in 0.15 M NaCl {40 mg/kg body weight) during one hour.
Six mice per interval were sacrificed. lsolated bladders were fixed in 4%
phosphate-buffered formalin during 16 hours before embedding in paraffin.

cRNA probe generation and labelling

cDNA fragments specific for the used growth factors or receptors were
ligated into pBluescript K§ +/- {Stratagene, La .Jolla, USA}. Labelled RNA
transcripts were obtained from linearized plasmid using T7, T3, or SP6 RNA
polymerase, respectively, in the presence of 50 pCi [*®S}-UTP (Amersham,
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Aylesbury, UK) as described {31). For the present study we used an EcoR |-Sac
| fragment of PDGF-A cDNA, a Sst li-Pvu I fragment of the PDGF-B cDNA, a
Sac I-Kpn | fragment of the PDGF a receptor cDNA, a Pvu il fragment of the
PDGF B receptor cDNA, a Bgl lI-Xho | fragment of the FGF-1 cDNA, an EcoR |-
Acc | fragment of FGF-2 cDNA, a Sma I-BamH | fragment of TGF®, cDNA, an
EcoR | fragment of mouse IGF-l cDNA, an EcoR i-Sac | fragment of mouse IGF-II
cDNA, and a 265 bp EcoR | fragment of the rat IGF type | receptor cDNA. A
c¢DNA probe of rat IGFBP-2 was generated by PCR {31).

In situ hybridization

Embedding of bladders, sectioning, and pretreatment procedures were
performed as described previously (31). Sections (b um thick) of paraffin-
embedded bladders were mounted on slides precoated with 3-amino propyltri-
oxy-silane (Sigma, St. Louis, USA). After the pretreatment and subsequent
dehydration with an increasing ethancl| gradient and drying, the sections were
prewarmed to B63°C. Sections were then hybridized with [**S]-labelled RNA
probes (2 X 10° cpmy/slide) for 16 hours at 63°C in a solution containing 50%
formamide, 1X Denhardt's solution, 1 mg/mi tRNA, 10% dextransulphate, 10
mM dithiothreitof, 0.2 mg/mi Hering sperm DNA, and 1X {for the PDGF-A probe)
or 4X S5C {for the other probes), After the hybridization, sections were washed
subsequently with 50% formamide/2X SSC at 5C0°C {two times); 20 mM B-
mercaptoethanol/0.1X S5C at 62°C; 1 mM EDTA/2X SSC with 2 U/mi RNAse
T1 at 37°C; and 20 mM R-mercaptoethanol/0.1X SSC at 62°C. After
dehydration with increasing ethanol gradients containing 0.3 M sodiumcitrate,
the sections were dried and exposed to Kodak AR X-ray film {Eastman Kodak,
Rochester, USA) for 1-9 days. Finally, sections were exposed to Kodak NTB2
autoradiographic emulsion for 1 to 21 days, developed and stained with nuclear
fast red for histochemical analysis. The level of non-specific binding was
determined using RNA sense probes for each growth factor or receptor.

Immunohistochemistry

After removal of paraffin by xylene, sections were hydrated and before
incubation with the anti BrdU antibody, treated with HCI and Borax buffer as
described {32). Antigen expression was demonstrated with appropriate dilutions
of the primary antibody in a conjugated immunoenzyme assay using a
secondary peroxidase-conjugated rabbit anti-mouse antibody {(DAKQ, Etten Leur,
NL). As chromogen served 3,3'-diaminobenzidine tetrahydrochloride (Fluka,
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Oud-Beijerland, NL). Finally, sections were counterstained with haematoxylin
and mounted in malinol. PBS instead of primary antibody was used as a control.
As a control for binding of the TGFR type Il receptor antibody, we preincubated
this antibody with the TGFR type Il receptor synthetic peptide against which the
antibody was raised, as described by the manufacturer. The immunostaining
disappeared after this treatment,

Analysis of RNA expression and immunohistochemistry

Successive sections of overdistended mouse bladders and non-treated
mouse bladders were used for hybridization with an antisense probe,
immunohistochemical analysis of BrdU expression and marphological analysis,
and hybridization with the related sense probe, respectively. The level of RNA
expression was determined semi-quantitatively since variations in thickness of
the autoradiographic emulsions precluded an exact guantification. The level of
RNA expression was compared with aspecific binding of the probe to the
luminal area of the bladder sections. The sense probes did barely hybridize to
the sections. The level of protein expression was also detemined semi-
quantitatively.

Morphological analysis was done by light microscopy with respect to
different parameters. The presence of a single cell layer of flattened, elongated
cells in the wound area was considered a parameter for rnigratih-g cells. For
maturation and differentiation we examined the number of cell layers and the
presence of large, flattened, superficially located umbrella cells. Furthermore,
we examined the extent of the damage and the repair by the presence of extra-
vascular erythrocytes, oedema, and infiltrating leukocytes.

For analysis of the proliferation, the number BrdU-positive nuclei was
counted among 1600 urothelial nuclei at four different, preset sites per bladder.
The urothefial proliferation per bladder is expressed as the labelling index {L.l.}:

number of Brdlk-positive nuctei

X 100%

total number of nuclei

Both the L.l. in Table 1 and the RNA or protein expression levels in Figure 3
were calculated as the mean of 6 bladders + the standard deviation at each

time point.
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RESULTS

Firstly, we examined the morphology and proliferation of regenerating
urothelia at different intervals after injury. As presented in Table 1, the urothelia
of untreated mice are stratified in three cell layers with normal differentiation
into superficial umbrelia cells. The overall proliferation is very low to nihil. One

=

az

L

R

Figure T, Localization of RNA expression in the normal, intact mouse bladder (A,B} and
the regenerating mouse bladder 24 hours after injury {C,D). Micrographs A and C are
bright field photos, and B and D show the corresponding dark field images. RNA
localization for FGF-1, type | IGF receptor, and TGFR, is given in micrographs 1 to 3,
respectively. Sections were stained with nuclear fast red. L = lumen of the bladder; U

= urothelium; S = submucosa; M = muscle. Magnification = 200X,
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hour after the injury, the damage to the urothelium was multifocal with
frequently a complete loss of urothelium. The overall proliferation was already
increased at 8 hours after the injury and was maximal at 16 hours. As early as
4 hours after the injury, a re-epitheliatization was seen in wounds where the
urothelium had completely detached. This process started adjacent to intact
mucosa and was completed after 24 hours. After 3 days, the L.I. was
decreased and the urothelia were hyperplastic. Terminally differentiated umbrella
cells were noted to line hyperplastic urothelia at day b. The proliferation was
normalized after 5 to 10 days of repair and at day 10 the urothelia showed the
differentiated stratification of normal, intact urothelium.

The in situ hybridization and immunocytochemistry experiments
visualized the cells expressing growth factor and growth factor receptor RNA
and protein, respectively. The cellular RNA localization in mouse bladders is
given in Figure 1, the protein expression in Figure 2. A semi-guantification of
the RNA expression levels in the urothelium during regeneration is presented in
Figure 3. In untreated mouse urothelium, the expression of FGF-1, FGF-2, IGF-I,
type | IGF receptor, and PDGF-B chain RNA was low to undetectable, while IGF-
lI, TGFR,, and PDGF A-chain RNAs were expressed constitutively {Figure 1 and
3). In bladders of control mice, TGF®&, RNA localized in particular to the muscle
celis, Strikingly, the TGFR, RNA expression in urothelial cells was strongly
enhanced within 1 hour after the injury, especially in the epithelial cells next to
the site of injury {Figure 1 and 3). This expression pattern changed to an overall
high expression throughout the urothelium at 8 hours after the injury, and was
decreased after 3 days in hyperplastic urothelium (Figure 3 and Table 1}. At day
5 when the urothetium started to show a fully differentiated stratification with
superficial umbrella cells, the TGFB, RNA expression was increased again
(Figure 3). The TGFf#, protein expression during urothelial regeneration closely
parallelled its RNA expression {Figure 2 and 3}. In control bladder, a low level of
TGFB, protein was noted in basal urothelial cells, while during wound healing
both basal and intermediate cells were stained more intensively compared with
control bladder. After 5 days, mainly the superficial cells stained for TGFR,,
coinciding with terminal differentiation of the superficial cells into umbrella cells.
In addition, TGFR type |l receptors were expressed by the same urothelial cells
and its temporal expression pattern followed that of TGFR, proteins (Figure 2
and 3).

The urothelial RNA expression of PDGF-A chain and, to a lesser extent,
PDGF-B chain, as well as FGF-1, hut not FGF-2, was increased maximally after
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Figure 2. Immunocytochemical peroxidase-staining of TGFR, (A) and TGFR type |l
receptor (B) during mouse urothelial regeneration in vivoe. The micrographs show:
intact bladder mucosa from control mice (1), and damaged mucesa 1 hour, 24 hours,
and b days after the injury {2,3, and 4, respectively). Sections were counterstained
with haematoxylin. L = lumen of the bladder; U = wurothelium; S = submucosa; M =
muscle. The large arrows indicate denuded bfadder submucosa. Note the detachead

umbrella cefls in A2 and B2 (small arrows). Magnification = 200 X,

24 hours (Figures 1 and 3}, coinciding with the re-epithelialization and enhanced
urothelial proliferation (Table 1). Furthermore, the expression of IGF-1I and type |
IGF receptor was maximal after 24 hours (Figures 1 and 3), also coinciding with
re-gpithelialization and a maximal urothelial proliferation. In addition, we did not
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observe alterations in the constitutive expression of IGFBP-2, which was mainly
confined to the basal urothelial cells. Expression of IGFBP-1 and IGFBP-3 to 6
was not detectable in the bladder (data not shown}. The expression of PDGF
type a and type B receptor, as well as IGF-I RNA were undetectably low in the

urothelium,.
A B C
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Figure 3. Semi-quantification of RNA expression levels during regeneration of the
urothelium. The regeneration time after injury is given in hours. RNA expression levels
of FGF-1, PDGF-A, IGF-l, type | IGF receptor, and TGFR, are given in A,B,C,D, and E,
respectively. The TGF®, (open square) and TGFR type Il receptor {closed square}
protein expression levels are given in F. RNA and protein expression levels were
examined in the wounded area of the urothelium, and calculated as the mean
expression =+ standard deviation {n = 6}, 0 = no detectable expression; 1 = low

expression; 2 = moderate expression; 3 = high expression; 4 = very high expression.

Overstretching the bladder often caused oedema of the submucosa and
occassionally some haemorrhage in the muscle layer. The oedema diminshed
within 5 days. Only a slight increase in the number of BrdU-positve cells was

86



noted in both the submucosa and the muscle layer between 24 hours and b
days after the injury. At day 10, the proliferation and morphology of the
submucosa and muscle layer was normalized (data not shown). In muscle cells
from control bladder, TGFR,, TGFR type }l receptor, IGF-ll, and, to a lesser
extent, IGF-I were highiy expressed, while PDGF-B RNA was not detected. The
expression of TGFR, RNA and protein in the submucosa, as well as FGF-1 and
PDGF-A in both muscle and stromal layers, was low in control bladder. Only the
muscular TGFR, RNA and protein and TGFR type !l receptor protein expression
levels were slightly increased during the first 3 days; the RNA and protein
expression levels of other growth factors and receptors did not change in
submucosal or muscle cells during the regeneration process.

Table 1. Changes in morphology and proliferation of the regenarating urothelium.

time after control 1 4 8 16 24 72 110 240
wounding {h)

L.I. ¢1+ 00+ 00z 1.9+ 31.2+ 219+ 3.6 21z 02z

0.1 00 0.0 1.9 9.3 8.6 1.3 2.1 0.2

cell layers 3 0-3 0-3 0-3 0-3 1-3 3-6 3-6 3-4
terminal
differentiation +  — — — — —  —+ —+ +

Table 1. Morphaological and immunohistochemical analysis of regenerating bladder
urothelium. The proliferation is given as the mean labelling index of urothelia from 6
bladders + the standard deviation {L.1., see materials and methods section). The
urothelial maturation and differentiation status is given by the minimal and maximal
number of mucosal cell layers in 6 bladders (celt fayers), and the presence of
superficial cells with the typical features of umbrella ceils within the regenerating area

{terminal differentiation). + = umbrella cells present; — = umbrella cells absent;

—/ 4+ = superficial cells different from intermadiate cells.

DiSCUSSION

Here we described several aspects of urothelial regeneration in vivo:
differentiation and maturation by morphological analysis, proliferation by
immunohistochemistry, and localization of several growth factors and their
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receptors by in situ hybridization and immunocytochemistry. We demonstrated
that re-epithelialization of mouse urothelium in vivo started within 4 hours after
the damage, and that this re-epithelialization by one cohesive sheet of flattened
cells was completed within approximately 24 hours. This early onset and rapid
regeneration has also been described for damaged gastric mucosa in rats after
exposure to ethanol (6). During the early phase of regeneration, urothelial cells
lining the wound, and adjacent to intact mucosa, were flattened and elongated
representing the features of migrating celis. Proliferation activity was particularly
enhanced near the wound edges of eroded areas. These observations support
the idea that urothelial re-epithelialization is brought about by both an enhanced
migration and proliferation analogous to skin wound repair {33). The second
phase in urothelial regeneration seems to be reflected by the stratification into
multiple cell layers resulting in hyperplasia at day 3 to 5. In the third phase the
hyperplastic urothelium returns to the original state of a structurally normal
urothelium within 5 to 10 days after the damage.

In vivo studies located the expression of several of these growth factors
and/or their receptors within the epidermis during the process of skin wound
healing {7,11,14,34). Several studies demonstrated that exogenous application
of epidermal growth factor (EGF), transforming growth factor B (TGFR}, insulin-
like growth factor (IGF), platelet-derived growth factor (PDGF), and fibroblast
growth factor {FGF} to skin wounds enhanced epithelial regeneration in vive
{9,10,13). In vitrc studies pointed cut that these growth factors directly
affected proliferation, differentiation, migration, and synthesis of extracellufar
matrix not only in mesenchymal cells, but also in keratinocytes {35-39). These
data suggest that growth factors can regulate the epithelial regeneration not
only by paracrine stroma-epithelium interactions, but aisc by direct interaction
of growth factors with their cognate receptors within the epidermis.

In the present model for acute urothelial injury, the lesions were
predominantly confined to the mucosa, while inflammatory infiltrates were
absent. Except for TGFR, and TGFR type H receptor, changes in BRNA or protein
expression of growth factors or receptors were exclusively detected in the
urothelium. This implies that the urothetial regeneration in this model does not
require a paracrine action of stroma-derived growth factors, Such an
autonomous stroma-independent mechanism for epithelial regeneration has also
been suggested for acute injured skin epithelium during which both growth
factors and their receptors were expressed within the epithelial cells (11,12,34),

High levels of TGFR, BRNA were found during the re-epithelialization and
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the differentiation phases of wound healing, both in regenerating skin epithelium
(40,41) and in regenerating biadder epithelium (this study}. This phenomenon
agrees with the biological effects of these growth factors on epithelial cells in
vitro. In vitro studies showed that TGFR, indeed induced differentiation of
keratinocytes, bronchiocytes, and urothelial cells in primary cutture {21,38,42).
On the other hand, both TGFR, and the TGFR type Il receptor were expressed in
vivo in migrating keratinocytes as well as urothelial cells adjacent to the site of
injury (34,40; this study)., This is in concordance with in vitro studies, which
demonstrated that TGFR stimulated the migration of undifferentiated
keratinocytes only (8,35). As with IGFs and FGFs, the TGFR-dependent
epithelial migration process is probably mediated by growth factor-induced
synthesis and secretion of the extracellular matrix proteins fibronectin and
collagen type | and type IV in both mesenchymal and epithelial cells {35,43),
and a concomittant expression of specific receptors for fibronectin, abB1
integrin, and for collagen, a21 integrin {43,44).

The mucosal RNA expression of FGF-1, but not FGF-2, coincided with the
migration and the proliferation phases during urothelial regeneration. A similar
spatio-temporal expression pattern was seen during epidermal regeneration {12},
Previous studies demonstrated that FGF-1 could induce the proliferation of
several murine urothelial cefl lines {18,20) and that FGF-1, but not FGF-2,
stimulated the migration of a murine urothelial cell line (19). In addition, studies
on primary cultures of urothetial cells pointed out that FGF-1, but not FGF-2,
could induce proliferation and migration of these cells, but not differentiation
{(21). These in vitro data are in line with the present in vivo observation,
suggesting that FGF-1 is a more relevant physiological factor than FGF-2 in
stimulating migration and proliferation of urothelial cells in vivo. In vitro studies
on keratinocytes showed that FGF-1 could induce both their proliferation and
migration {37,39,45). Furthermore, Hannson and Norstrom {15) demonstrated
an enhanced expression of FGF-1 in regenerating stomach epithelium in vivo.
Apparently, the direct interaction of FGFs with epithelial cells to stimulate
migration and proliferation represents a common mechanism in a variety of
epithelia. Expression of other growth factors, like FGF-4 which affects urothelial
cells in vitro {46}, and FGF-7 (14}, were not investigated by us but may also be
important for the wound healing process in the bladder.

Whereas the elevation in IGF-Il RNA expression was limited, type | IGF
receptor RNA expression in the urothelium was strongly enhanced within 24
hours after injury. In contrast, Antoniades et al (12) failed to observe such a
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change in IGF or IGF receptor expression in skin epithelium during regeneration.
Specific IGFBPs have been identified that can inhibit IGF-mediated effects by
preventing the 1GFs to bind to their receptor (22}. Albiston et al {47} noted that
during regeneration of damaged ileumn epithelium, the RNA level of IGF-1 did not
change, while IGFBP-3 RNA levels decreased, suggesting a net increase in the
availability of {GF-l for its receptor. Other studies demonstrated an enhanced
IGF-{ RNA and protein expression in regenerating, undifferentiated epithelial cells
of the rat ear and the rat kidney (7,48). In our model for acute urothelial
damage, IGFBP-2 RNA was expressed constitutively and predominantiy in basal
urothelial cells. This expression did not change during regeneration. Thus, in our
model the alterations in type | IGF receptor rather than IGF or IGFBP expression
seem to play a regulatory role. The in vivo function of IGFs during epithelial
regeneration is not clear yet. Both IGF-I and IGF-ll can act as progression factors
in the cell cycle (49}, IGF-l also induces the protiferation, migration and
differentiation of keratinocytes in vitro {36,50). Both the expression of IGF-|l
and the enhanced type | IGF receptor RNA expression in regenerating urothelium
in particufar during the migration and proliferation phases may be in tine with an
autocrine effect of IGF-Il on urothelial migration and the progression through the
cell cycle needed for proliferation of urothelial cells. Moreover, the growth
promoting actions of IGF-1l may be potentiated by the urothelium-derived IGFBP-
21{22}

A high constitutive expression of PDGF-A RNA was observed in mouse
urothelium, while a small increase in PDGF-B RNA was noted after injury.
Although we detected a low PDGF [ receptor RNA expression in mouse
urothelium, this was only noted during one hybridization. PDGF & receptor RNA
was not detected. Hence, we are now unable to predict any function of PDGFs
during wound healing in the bladder in vivo. A role for PDGF in epidermal
regeneration has been suggested by several studies (9-11).

Antoniades et al {12) showed that both epidermal TGFa and EGF receptor
RNA expression were enhanced after skin damage, indicating an autocrine role
fer TGFea in epidermal repair. Although EGF in the serous salivary glands of mice
was stained with a specific antibody against mouse EGF, we could not detect
EGF expression in the bladder (data not shown). However, it cannot be
excluded that EGF/TGFe are also involved in urothelial regeneration analogous to
skin epithelium. Indirect evidence for a paracrine role for EGF is provided by the
observation that EGF has been shown to enhance praoliferation and migration of
mouse urothelial cells in primary culture (21), and that EGF stimulates the
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uptake of tritiated thymidine by basal rat urothelial cells in vivo {17},

In conclusion, in this model for regeneration of acute injured urothelium
the alterations in growth factor and receptor expression (RNA and protein) were
mainly confined to the urothelium, indicating that urothelial repair is
predominantly driven by the urothelium itself. The growth factor and receptor
expression in regenerating transitional epithelium correlated with specific phases
in the repair process and with the effects of these growth factors on urothelial
cells in primary culture. Our data show a great similarity with expression
patterns of growth factors and receptors during epidermal wound healing in
vivo, suggesting a more general mechanism for epithelial regeneration. The
present data may also provide a basis to explain biological consequences of an
aberrational growth factor or its receptor expression in transitional cell

carcinomas.
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CHARACTERIZATION OF MOUSE UROTHELIAL CELL LINES IN
DIFFERENT PHASES OF TRANSITIONAL-CELL CARCINOGENESIS

W.I. DE Boer™, J.M.J. REBELY, LA, FOEKENS®, M. VERMEY! and T.H. VAN BER KwasT!
'Department of Pathology, Erasmus Uniiversity; and *Department of Biockemistry, Dr. Daniel den Hoed Cancer Cenire,

Rotterdam, The Netherlands.

Altered celular responsiveness to growth factors is one of the
factors invelved in carcinogenesis. In order to study the role of
growth factors in transitional-cell carcinogenesis, we estab-
lished 3 urothelial cell lines from noermal mouse urotheklium,
designated g/G, NUC-5 and NLUC-|, These ceil lines were
studied by light and transmission electron microscopy, karyotyp-
ing, grafting in syngeneic mice, growth-factor response in vitro
under serum-free conditions, and EGF receptor expression. In
the presence of insulin or insufin-like growth factors | and II,
proliferation of the non-tumorigenic DNA-tetraploid g/G and
DMA, aneuploid NUC-5 cells is stimulated by EGF, TGFo, bFGF
and aFGF. This stimulation can be abolished in g/G but not in
NUC-5 cells by simuitaneous addition of TGFB. Proliferation of
g/G and NUC-5 cells can also be stimulated by PDGF-AA, The
spindle-cell-like NUC-1 cells are DNA aneuploid and tumaori-
genic in syngeneic mice; they express low levels of EGF recep-
tors and their autonomous proliferation is only affected by
insulin or insulin-like growth factors, Each of these cefl fines
seems to reflect a different phase in transitional-cell carcinogen-
esis: ¢/ G cells have gained immortality, have become tetraploid,
but are non-tumorigenic and growth-factor-dependent. NUC-5
cells have become aneuploid, have a growth-factor responsive-
ness different from that of normal epithelial cells, but are stilf
non-tumorigenic. NUC-| cells are aneuploid, tumorigenic, and
growth-factor-independent. These urothelial celf lines provide a
suitable tool for further studies in transitional-cell carcinogenesis,
© 1993 Wiley-Liss, Inc.

It has become well established that growth factors arc
involved in pathophysiological processes such as wound heal-
ing (Mustoe ef al, 1991}, cancer development {Aaronson,
1991), tumourcell migration and invasion (Jouanneau ef al,
1991). Also, in the development and progression of transitional-
cell carcinoma (TCC} of Lhe bladder, a malignancy with a high
recurrcree rate (Raghavan ef !, 1990), growth facters may be
involved. While normal urine only contains EGF in high
concentrations (Hirata and Orth, 1979; Carpenter, 1985),
urine of patients with bladder cancer conlains both TGFe and
bFGF (Kimball et al.,, 1984; Chodak et al, 1988). Chodak ef a/.
{1986) found that mousc bladder tumours contain an FGT-like
factor.

The presence of hFGF might result in a sclective growth
advantage of urothelial tumour cclls over their normal counter-
parts, while EGF-like growth factors might be involved in the
induction of characteristics of ncoplastic cells {(Knowles er af.,
1985 Yura er af, 1989). Several in vitro studies have docu-
mented the effects of growth factors on proliferation of
urothelial cells (Knowles ef al, 1985; Messing ef al, 1987;
Messing and Reznikoll, 1987; Dubeau and Jones, 1987).
However, in those studics the inlleence of only a limited
number of growth factors on primary urotheliunm or on a single
cell line was examined.

Cur aim was 10 investigate i wire which growth [actors are
involved in regelation of proliferation of vrothelial cells, and to
correlatc this response with the characteristics ol transforma-
tion. To this end, we developed 3 mouse urothehal cell lines
through long-term propagation of mouse urothelial explant
cultures. We characierized these cell lines with respect to
morphology, DNA ploidy, and tumorigenicity. Proliferation ol
the cell lines was determined aller treatmenl with various
growth faclors, known to affect prolfileration of other epithelial
celt types. This was done in serum-free medivm (o cxclude

possible interference with other factors contained in serum.
The results suggest thal cach coll line represents a different
phase in transitional-cell carcinogenesis.

MATERIAL AND METHGDS

Chemicals

Culture media and supplements were purchased lrom Flow
(Zwanenburg, NL} and Sigma (St. Louis, MO), respectively.
Mouse EGF and human TGFB; were obtained {rom Sigma,
human bFGF and lwman TGFo from Oncogenc Science
(Uniordale, NY), and human IGF-1, IGF-II, aFGF, and
PDGF-AA from Boehringer Mannheim {Almere, NL). Por-
cine heparin was purchased from UBI {Lake Placid, NY).
Tritiated thymidine was purchascd from Amersham ("sHerto-
genbosch, NL).

Animals

Female C3H/Law and C3II/E! mice, as well as nudc
BALB/ec mice held in macrolon cages, were fed ad fibitirn with
chow [rom Hope Farms (Woerden, NL}. Urothelial bladder
explants [rom naconatal mice (3-5 days) and subscquent
urothelial celi cultures were obtained and mainlained as
described (Van der Kwast ef al., 19893,

Cell culttre

Routine mediom consisted of a 1:1 mixture of Dulbecee's
modified Eagle’s medium (DMEM) and Ham’s F10, supple-
mented with 109 foetal call serum {FCS; heat-inactivated), 5
pe/ml insulin (unless stated otherwise), 5 pg/m! transferrin,
50 nM hydrocortisone, and 5 ng/ml selenite, Furthermore, 100
1U penicillin/m} and 100 wg/mi streptomyein were added. The
serum-free medium was similar to the routine cullure medium
but withoul the FCS, and supplemented with 0.1% bovine
serum albumin {BSA), 4 uM spermine, 4 WM spermidine, 0.1
mM ethanclamine and 1 pM putrescine, Cells were incubated
at 37°C in a humidified atmosphere of 5% CO», in 167-cn¥?
culture flasks (Costar, Cambridge, MA) in routine medium.
Passage of cclls was done by Lrypsinization. Experiments were
performed in serum-free medivm, After incubation for 45 min
with serum-free medium and rinsing with PBS, pH 7.2, cells
were trypsinized and viable cells were counted. Next, cells
were plated in serum-Iree medium at non-conlluence (ie,
10,000 cells per well) in 96-multi-well dishes (NUNC, Ros-
kilde, Denmark). Celis were cultured for 96 hr. Aller the lirst
20 I, growth factors or FCS were added 1n concentralions
ranging from (.1 ng/mi (0 30 ng/wl to a final volume of 200 pi
per well,
Extraceilular matrix coating

In experiments using extraceilular mairix (ECM)} coatings,
welis were pre-coated for I hr with 25 pg/ml fibronectin
{Sigma) or for 2 hr with 25 pg/ml human collagen type 1V
(kindly donated by Dr. J.P.M. Cleutjens, Dept. of Pathology,

*To whom correspondence and reprint requesls should be sent, at
the Depl. of Patliology, Erasmus University, Postbox 1738, 3000 DR
Rotterdam, The Netherlands. Fax: 310 4366660,
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University of Limburg, NL} prior (o cell plating, This concen-
tration yielded optimal ccli adhesien for bath matrix compo-
nents, The remaining coating was aspirated before plating of
the celis. When cullured an BSA in the absence of FCS, both
g/G and NUC-5 celis adhered to the culiure substratum, but
NUC-1 cells did not. Tritiated thymidine incorporation into
cells cultured on BSA was approximately equal (g/G; NUC-5}
or at least 20 times reduced (NUC-1) as comparced to cells
cultured on fibronectin (De Boer ez af, 1992). Based on the
above dala, the present experiments on growth-laclor respon-
siveness of the 3 cell lines were performed on fibronectin-
coated wells.

*H-thymidine incorporation

During the final 16 hr of culture, cells were incubaled with
0.5 pCi “H-thymidine/well, then cells were trypsinized and
harvested. The incorporated radicactivily was couated using a
BetaPlate scintillation counter (LKB-Pharmacia, Weerden,
NL), and expressed as counts per minute (cpm).

Transmission electron microscopy

For transmission clectron microscopy, cells were cultured on
Cyclopore membranes (pore size 0.45 pm) (Falcon, Beclon-
Dickinson, Etten-Leur, NL) under routine culture conditions.
Post-confluent cultures were rinsed with PBS, pH 7.2, and
fixed with 1.5% w/v glutaraldchyde in 0.1 M cacodylate bufler
pH 7.4, After rinsing with cacodylate bulfer pH 7.4, celis were
post-lixed with 1% w/v osmium tefroxide and 1.5% w/v
polassivm ferrocyanide in cacodylate buller. After dehydra-
tion, cells were cmbedded in epon (Zeiss, Weesp, NL}
Ulru-thin sections were contrasted on 200-mesh copper grids
with uranyl acelate and lead-nitrate. Sections were studied
using a transmission electron microscope (Zeiss EMY02) at 80
kV.

Cytokeratin expression

Cells werc cuitured in routine culture medium. Incubations
were aborted by rinsing with PBS, pH 7.2, and fixed with
cthanol. Cytokeratin cxpression was subsequently determined
using a polyclonal antibody (Dakopatts, 1TK Diagnostics,
Uithoorn, NL) directed against multiple cytokeratins. This
antibody reacted with normal mousc urothelium.

EGF receptor expression

Celis were cultured to subconfleence in 167-em? flasks under
routine culture conditions. Then cells were rinsed with PBS,
incubated for another heur in scrum-lres medium without
insulin, hydrocortisone, or transferrin, and again rinsed with
PBS before harvesting by scraping in PBS. Celis were homoge-
nized and EGF receptor expression was determined in the

resulting membrane [ractions by incubation for 20 hr at 20°C
with increasing concentrations (0.1 to 2 aM) of PL.EGF
exaclly as described by Foekens ef al. (1992). Mouse receptor
grade BEGF (Sigma) was radiolabeiled to PE-EGF (specific
aclivity 466 Ci/mmol) with Protag 125 (3.T. Baker, Philipsburg,
NI} as described by Benraad and Fockens (1990). Receptor
expression in 3 samples was calculated by Scatchard analysis.

DINA-ploidy defermination

Cells growing logarithmically, in routine medium, were
arrested in metaphase by (11 pg/m! colchicine and chromo-
some analysis was performed by direct counting of chrome-
somes (Pricst, 1969), To establish the number of chromosomes
atotal of 50 cells in mclaphase per cell line was counted.

RESULTS

NUC-1 and NUC-5 cells were derived from different C3H/
Law mice, while g/G cclls were derived from a C3H/E! mouse,
Characteristics of the 3 cell lines arc presented in Table I
Characterization of the cell lines was done in passages 18 1028,
The ccll lines have now been propagated for at least 40
passages while maintaining their morphological characteris-
lcs.

Morphology and DNA-ploidy

The morphological differences between the cell lines are
shown in Figure 1, by hoth light and transmission electron
microscopy. The g/ G cells are cobblestone-like (Fig. 1a), while
NUC-5 cells are large ceils with long cellular extrusions and no
ciear cell boundarics, indicating flattening (Fig. 1c). Both g/G
and NUC-5 cells show stratificalion up to a maximum of 3 cell
layers {Fig. 1b, d). NUC-1 cells have a spindie-ceil-like morphal-
ogy, grow in high ceil densities arranged in a disorderly manncr
in several cell layers, and contain scverai nucieoli per nucleus
(Fig. le). Cells of all 3 lines have many lysosomes and
autophagic bodies, and aclive endocytosis, microvilli on the
superficial cells, and desmosomes (Fig. 15, 4, [}, Frequently,
interdigitations can be observed in the lateral cellular mem-
branes of adjacent cells. immunocytochemistry revealed, in all
3 celi lines, the presence of cytokeratin, Analysis of metaphasc
chromosome numbers shows that g/G passage-28 cells are
DNA tetraploid, while NUC-1 passage-24 and NUC-5 pas-
sage-18 cells are DNA anevploid.

Tumorigenicity

No rmours arose within 2 months upon s.¢. inoculation of
3 % 10%g/G or NUC-5 celis, either in syngeneic C3H mice or in
nude mice. Inoculation of 5 x 10% cclls NUC-1 resulied in

TABLE [ - CIIARACTERIZATION OF CELL LINES iV HITRC

Celtline

2iG

NUC.5 NUC-T

Muorphology

Ceils
Arrangement in layers
Number of cell layers

Cobblestone-like
Regular
< 3eell fayers

Spindle-cell-iike
Disordered
Multilayered

+

Large, flat
Regular
<3 cell layers

Junctional complexcs/desmosomes +/ +

Microvilli + + + {few)

Aulophagic bodies + + +
Cytokeratin + + +
Chromosome number 50 06-75 70-73
Tumorigenic No No Yes; invasive
EGF receplor expression?
Binding {fmoi/mg) 1234 = 12.5 509 = 1.1 2.0
K, (pM) 2286 + 258 277.2 197.2
Trotein {pg/eeil) 336 + 39 400 = 47 253 £ 22

'+, Present.—*Binding capacity is expressed as fmol *1-EGF per mg membrane protein; '1-EGF
binding atfinity is expressed as pM, protein content per celbis expressed in pg.
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Figime 1 — Morphotogy of g/G (g, b), NUC-5 (¢, 4), and NUC-{ (e, §i. o, ¢ and ¢ are light microscopic photographs of Giemsa-stained
cullures; bar = 20 wm, b, ¢ and f are transmission electron microscopic photographs; bar = 0.4 wm. L = lipid droplet; My = microvillus;

N = nucleus; arrow = desmosoms; m = membrane.,

lumours in 10 out of 10 sypgeneic C3IT mice after 2 wecks,
necessitating the termination of the experiment within |
month. These tumours cxhibited invasive growth into s.c.
muscle layers. No lymphogenic or hacmatogenic metaslascs
were chserved. LV, injection of NUC-1 cells in the tail vein led
to colonization of the lungs.

Growth-factor response

Figure 2 summarizes the results ol “H-thymidine incorpora-
tion in all 3 cell lines cultured on fibroneclin urder serum-{rec
conditions, with or without the indicated growth [lactors.
‘H-thymidine incorporation in g/G and NUC-5 cells was
modulated by insulin, YGF-1, and IGF-IT anly in the presence
of unother growth factor. In the presence of insulin, aFGF in
the presence ol 1.8 units/ml heparin, bFGF, and EGF-like
growth factors induced proliteration of g/G and NUC-5 cclis
dosc-dependently, which could be inhibited by TGFB in g/G
cells. In contrast w g/G cells, TGFp induced proliferation of
NUC-5 cells with an EDsy of 0.6 ng/ml, reaching maximal
stimulation al i ng/ml (Fig, 2d). Morcaver, T ng/mi of TGF3
cnhanced the EGE-, TGFo- or bFGT-induced proliferation of
NUC-5 cells synergistically.

Since our 3 cell lines expressed PIYGF type-u receptor RNA
but not PDGF type-p receptor RNA {data not shown) we
analyzed whether they expressed functionzl PDGF lype-c
receptors. Therefore, we tested the prolileration-stimulating
effect of PDGF-AA which only binds to the Lype-a receplor, on
our ccl! lines. PDGT-AA increased proliferation of g/G and
NUC-5 proliferation maximally at 20 ng/ml 2.5-fold {Fig. 2).

In contrast to g/G and NUC-5 cells, NUC-1 celis proliferate
autonomously. Incorporation of ‘H-thymidine in NUC-1 cells

was oaly allected by IGF-I, insulin, or, although less effec-
tively, IGF-II (Fig. 2).

LG F-receptor expression

Finully, we determined EGT receptor (EGF-R) expression
in subconfluent cell cultures, maintained in routine culturc
medium. Table I shows onc high-affinity class of EGF-R in all
3 celi kines (K, = 200-300 pM). The EGF binding capacitics
diflered from cene cell line 1o another, Notably, NUC-1 cells
were least affeeted by EGF-like growth factors and expresscd
the lowest EGF binding capucity. The opposite holds truc for
g/G cells.

DISCUSSION

In this study we characterized 3 spontaneously immortalized
mouse urothelial cell lines. Such spontaneous immorlalization
occurs [frequently afler long-term i wiro propagation of
urothelial cclis derived [rom mouse bladder explant cultures
{Franks and Henzeil, 1970; Van der Kwast ¢ afl, 1989).
Ditlerent parameters were examined: morphology by light and
transmission clectron microscopy, tumorigenicily, plody stu-
Lus, response to growth factors, and EGF-R expression. Al 3
cell lines have charactleristics of epithelial celis. Based upon
their characteristics, we propose that g/G, NUC-5 and NUC-1
cells refiect distinet phases in urothelial-cell carcinogenesis.
This proposal is based upon the curreatly accepled concepts
regarding cell morphology, genetic alteralions, growth-factor
response, and growth-Tactor receplor expression during carci-

NGHCNCSIS.
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TIGURE 2 — *H-thymidine incorporation inte g/G (a), NUC-5 (b), or NUC-1 (c) after 72 by of incubation in scrum-free medium with
the indicated growlh [actors. Maximal *H-thymidine incorporations are measured in the presence of 2.5% FCS and arc 3.3 x 10" cpm
(g/G), 2.8 x 10" cpm (NUC-5), and 2.6 X 10° cpm (NUC-1). These values were taken as 1009%. Results in a— are shown [or the following
concentrations of the growth factors: EGF, TGFa and TGFB, 1 ng/ml; aFGF, bFGF, 1GF-1 and IGF-I1, 18 ng/ml; PDGF-AA, 20 ng/ml.
Studies with IGF-I or iGF-II were performed in the absence of insulin, Figure 24 shows i dose-dependent response to TGFR (stippled
bars) for NUC-5 cells, to bFGF (squared bars) and PDGF-AA (closed bars) for both 2/G and NUC-5 cells. The concentration of growth
faclors is given on the left axis, the prolileration response on the upper axis, Bars represent data from 8 wells = S EM. T = thymidine;

INS = insulin.

Morphology

The g/G cells mast closely resemble the normal transitional
epithelium (regularly arranged, cobblestone-like cells). They
share features of basal or intermediate urothelial cells in
having many lysosomes, autophagic bodies and [ree ribosomes
{Hicks, 1975). NUC-5 cells scem to resemble differentiated

transformed celis in being large and (latlened, with many
lateral membrane interdigitations, suggesting an intermediate
ar superficial urothelial cell phenotype (Hicks, 1975). If
culiured on porous membranes, both cell lines grow into 3 cell
layers like in normal murine vrothelium o1 vivg. The presence
of microvilli in the seperficial cells suggests some Tunctional
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dilferentiation in both g/G and NUC-5 cell culiures. The
NUC-1 cells arc likely to be undifferentiated transformed cells
{spindic-cell-like, multitayered and showing disorderly growth).

Ploidy status

Pelyploidization is frequently found at an carly stage in
carcinogenesis (Farber, 1984). Shackncy et al {1989) proposed
2 model in which ploidy changes occur during tumour develop-
menl: first DNA-diploid tamour cells undergo endorcduplica-
tion tesulting in tetraploidy and subsequent logs of chromo-
somes, Cowell and Wigley (1982} and Burholt er al {1989)
confirmed this scquence of events during the carcinogenesis of
salivary gland and brenchial epithelial cells. In accordance
with this model, several studies on TCC have shown that, when
TCC cells become DNA-hypotetraploid, they show a higher
growth rate i vitre and a more aggressive behaviour in vivo
than DNA-diploid or tetraploid TCC cells (Tribukait et «f,
1982; Badalament et af, 1990; Raghavan ef al., 1990). Polyploidi-
zaticn of urothelial cells is also a physiological occurrence
frequently observed in the superficial umbreila cells of the
urothelium (Hicks, 1975). The DNA-letraploidy of the non-
tumorigenic g/G celis supports the idea that g/G cells repre-
sent either normal or pre-malignant urothelial cells. The
DNA-aneuploid non-tumorigenic NUC-5 cells represent an
intermediate position in malignancy. The DNA-anzuploid,
tumorigenic and invasive NUC-1 cells show characteristics of
highly malignant carcinoma cells.

Growth-factor responsiveness and EGF-R expression

In malignant tumour cells a decreased or altercd depen-
dence on growth factors (such as EGF/TGFea) for growth has
been observed compared to less malignant tumour cells or
narmal cclls (reviewed by Aaronson, 1991). Both g/G and
NUC-5 cells show growth-factor-dependent proliferation.
NUC-5 cclis differ with respect to their TGFB-induced prolif-
cration from other normal or pre-malignant epithelfial cclis, A
TGFp-induced proliferation is not unique for NUC-5 celis
since it has also been observed with A431 epidermoid ecarci-
noma cclls (Eee ef "al, 1987). Moreover, TGFB induccs
profiferation of MUC-5 cells synergistically with EGF or
TGFa, instead of antagonistically as comunonly noted for most
cpithelial cells. These observations suggest an aberration in
the TGFR signalling pathway in NUC-5 cells. This altered
response of NUC-5 cells to TGFP supports the idea of these
celis being more transtormed than g/G cells, NUC-1 cells show
autonomous growth and a poor response to the tested growth
factors, which might be associated with a lower growth-factor-
receptor expression, or with production of autocrine growth
factors,

Messing ef al. (1987) demonstrated a 6- Lo 8-lold increase in
tritiated thymidine incorporation upon instillation of EGF in
rat bladder i vivo. Primary cullures ol normal mouse urothe-
lium showed a 3- o 6-lold increase in tritiated thymidine
incorporation upon exposure to EGF or aFGF in vitre (data

nol shown}. These data are in the range of the increase in
incorporation (up to 16-fold) we noted in the present study
with these growth factors,

With respect to EGF-R expression, previows studies showed
an EGF-R expression on cells of the basal and intermediate
layers in normal urothelium, on cclls of all fayers in pre-
malignanl or malignanl human urothelium, and on normal
human urothelial cells i vinro (Messing ¢f af,, 1987; Messing
and Reznikoft, 1987). The expression of EGI-R on g/G and
NUC-5 celis and concomitant EGF/TGFw response compare
with these findings on normal and pre-malignant urothelial
celis. Although in most invasive or dedifferentiated TCC celis
the EGF-R expression is high, some highly invasive, dedifferen-
Liated TCC have a low EGF-R expression (Messing et al., 1987;
Neal et af, 1990). Thus, while NUC-1 cells with few EGF
receplors and no response o exogenous EGF-like growth
Tactors fit the model of most autologously active fumaour cells,
they are only characleristic of a subset of (EGF-R ncgative)
invading human TCC {Neal e al,, 1990). At present, we are
tnvestigating whether aulocrine or intracrine growth [aclors
are involved in the regelation of autonomous proliferation of
NUC-I celis.

The responsiveness of g/G and NUC-5 cells to PDGF-A is
censistent with the recent demonstration of PDGF receptors
on normal (mammary) epithelial cells and {lung) carcinoma
cells (Taverna ef al, 1991; Antoniades ef af,, 1992; Elliott ef al,,
14992). In vive production of PDGFEF by stromal cells may
provide a paracrine mechanism of rcgulatien ol proliferation,
Since epithelial cells are also able to produce PDGF-A chain
proteins {Bronzert ¢t al, 1990), an autocrine slimulation may
also be operating in these celis. A physiological role of PDGF
in urothelial cells has yet to be demonstraled.

In conclusion, the morphology of g/G celis, their DNA-
tetraploid slatus, their non-lumorigenicity, and their response
Lo growth factors suggest that they represent urothelial cells at
an carly stage ol carcinogenesis. Their responsivencss 1o
TGFR, their DNA-aneuploidy and non-tumorigenicity suggest
that NUC-5 cells represent an intermediate phase in bladder
carcinogenesis. Finally, their tumorigenicity, DNA-ancuploidy
and growth-factor-independent growth suggest that NUC-1
cells represent TCC cells of higher malignancy, These 3 cell
lines provide a suitable lool for studying various aspects of
transitional-ceil careinogenesis. At this moment, we are exam-
ining the role of growth lactors in physiological processes in
transitional cpithelivm and the rele of growth factors in
transitional-cell carcinogenoesis.
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ABSTRACT

Hyperplasia of transitional cell epithelium adjacent to human transitional
cell carcinomas (TCC) is a common finding in pathology. This hyperplasia may
be a precancerous aberration. Alternatively, it has been suggested that the
hyperplasia is due to paracrine action of tumour-derived growth factors. In this
study we tested the latter hypothesis using the mouse tumorigenic TCC cell line
NUC-1. Transplantation of NUC-1 tumour cells into the wurinary bladder
submucosa of syngeneic mice in vivo induced hyperplasia of normal adjacent
urothelium in all tested mice. Instead, implantation of normal mouse bladder
mucosa did not induce urothelial hyperplasia. In vitre, conditioned medium of
NUC-1 cells induced the proliferation of the mouse urothelial cell line g/G, which
closely resembles normal urothelial cells. This induction was inhibited by TGFB3,.
Similarly, TGF®, inhibited the FGF-1 and FGF-2 induced proliferation of g/G
cells. Chemico-physical examination, bioassays with conditioned media, and
RNA analysis of NUC-1 cells revealed that these cells predominantly secreted a
growth factor with FGF-like properties. These results indicate that epithelial
hyperplasia surrounding carcinomas is not necessarily a precancerous
aberration, but may resuit from direct paracrine action of tumour-derived growth

factors.
INTRODUCTION

Several morphological aberrations are frequently observed in the human
epithelium lining the mucosa adjacent to carcinomas. For example, epithetial
hyperplasia represents a rather common finding in a variety of carcinomas, like
colon carcinomas [16,19], oesophageal carcinomas (4], and transitional cell
carcinoma (TCC) of the urine bladder [2,11]. Its pathogenesis is not clear yet.
Two hypotheses have been put forward. According to one hypothesis, the
hyperplastic epithelium is a precancerous aberration, which can change into
dysplasia and finally to a carcinoma [11]. According to the other hypothesis,
hyperplasia does not represent a precancerous stage, but develops as a reaction
to the tumour, possibly because of tumour-derived growth factors acting on the
surrounding epithelium [19]. _

Several data implied an important role for growth factors in the process
of tumour growth by affecting the proliferation or differentiation of both normai
and tumour cells (reviewed by Aaronson [1]}). Growth factors can be
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synthesized and secreted by both normal celis and tumour cells, and they
reqgulate physiological cellular processes by an autocrine or paracrine pathway.
Some growth factors are present in normal urine {e.g. epidermal growth factor
{EGF)) [3]. In bladder tumours and in urine of patients with bladder tumours
other growth factors, that is transforming growth factor o {TGFa} and fibroblast
growth factors {FGFs), have been found [5,6,10,17]. These growth factors are
known to affect the proliferation of both transformed and non-transformed
urothelial cells in vitro [7,14,22],

Based on experimental work, Sekikawa et al [19] suggested that
hyperplasia of colon mucosa adjacent to colon carcinoma could be due to
tumour-derived growth factors. In this study we investigated whether
hyperplasia of normal urothelial cells adjacent to TCC could indeed be induced
by TCC-derived growth factors through paracrine action. Therefore, we first
developed an in vive model to demonstrate the effects in vivo of mouse bladder
carcinoma on the surrounding urothelium. To this end, we transplanted a mouse
urothelial tumorigenic cell line, designated NUC-1 [71], into the submucosa of the
urine bladder of syngeneic mice. Secondly, we determined in an in vitro model
the presence of tumcur-derived growth factors, that could enhance the growth
or proliferation of normal mouse urothelial cells. We studied the NUC-1 cell line
for the presence of growth factors, and their effects on the non-tumorigenic
mouse urcothetial cell line g/G resembling normal mouse urothelial cells [7]. The
results from this study show that epithelial hyperplasia surrounding a carcinoma
can develop due to tumour-derived growth factors.

MATERIALS AND METHODS
Chemicals
Cuiture media and supplements were purchased from Flow Laboratories
{(Zwanenburg, NL} and Sigma (St.Louis, USA), respectively. Human FGF-2 and
TGFa were obtained from Oncogene Science (Uniondale, USA), human FGF-1
from Boehringer (Almere, NL), and mouse EGF, endothelial cell-derived growth
factor {ECGS}, and fibronectin from Sigma (St.Louis, USA). Human transforming
growth factor B, {TGFR,) was either obtained from Sigma {St.Louis, USA}, or
purified from outdated human platelets as described [23]. Tritiated thymidine
was purchased from Amersham {'sHertogenbosch, NL).

Cell lines and cultures
Mouse urothelial cell lines NUC-1 and g/G were developed as described
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previously [7]. These cells were cultured routinely in a 1:1 mixture of
Dulbecco’s Modified Eagle’s Medium (DMEM} and Ham’'s F10 medium,
supplemented with 10 % foetal calf serum (FCS), 10 uM HEPES buffer, 100
WU/mi penicillin, 100 wg/ml streptomycin, selenite, transferrin, and 5 wpg/mi
insulin (standard medium) [7]. Serum-free culture was done in standard medium
without FCS, but further supplemented with 0.1 % bovine serum albumin
{BSA), putrescin, ethanolamine, spermin, and spermidin as described [7].

A431 carcinoma cells were obtained from Dr. P.M.J.J. Berns {(Dept. of
Biochemistry, Daniel den Hoed Cancer Centre, Rotterdam, NL}. These cells were
routinely cultured in RPMI 1640 medium, supplemented with 10 uM HEPES
buffer, 10 % FCS, 100 IU/mil penicillin, and 100 pgg/ml streptomycin. ML-CCL&4
mink lung carcinoma cells were cultured routinely in DMEM, buffered with 25
mM BES, and supplemented with 5 % FCS, streptomycin and penicillin as
outlined above. Foetal bovine heart endothelial (FBHE} cells were routinely
cultured in DMEM, supplemented with 10 % FCS.

Transplaniation studies

NUC-1 cells were cultured under routine conditions to confluency. After
extensive washing with phosphate buffered saline (PBS) pH 7.2, cells were
trypsinized, washed with PBS again and injected {1 X 10° cells in 100 4 PBS)
subcutaneously in normal syngeneic mice. After three weeks, NUC-1 tumours
were excised and minced intc 1 mm?® pieces. One piece was transplanted into
the submucosa of the bladder of syngeneic mice via a small incision in the
muscular layer of the left side of the bladder dome. As a control, 1 mm? pieces
of normal bladder from syngeneic mice was transplanted similariy.

Collection of conditioned medium

NUC-1 cells were grown in 167 cm?® culture flasks (Falcon, Lincoin Park,
USA) to subconfluency in standard medium. The cells were then washed with
PBS, incubated during one hour with serum-free medium, washed again with
PBS, and finally incubated during 24 or 48 hours with 35 mi of serum-free
medium. After coliection, all media were filtered through a 0.2 ym filter, and

frozen at - 20° C until use.

Treatment of medium
Heat treatment of medium was done at 65° C for 30 minutes. Acid
treatment was done with 1.0 N HCI for one hour, followed by neutralisation
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with 0.1 N NaOH. Reduction of medium components was done with 0.1 M
dithiothreitol (DTT, Boehringer, Almere, NL) for one hour, followed by dialysis of
the medium two times against serum-free medium, and a final filtration through
a 0.2 ym filter. Enzymatic digestion of medium proteins was done with 10
H#ag/mi trypsin for one hour. The trypsin was inactivated by addition of 40 ug/ml
trypsin inhibitor. Heparin-binding capacity of the conditioned medium was tested
by incubation with heparin-sepharose (Pharmacia, Woerden, NL} during two
hours at 4° C. The medium was collected by centrifugation. The heparin-
sepharose beads were washed firstly with water and subsequently treated with
stepwise increases in the NaCl concentration ranging from 0.15 M to 2.0 M.
The eluted fractions were collected by centrifugation at 4° C after each
treatment and tested for their ability to induce the proliferation of g/G cells.

Bivassays

Testing effects of growth factors on the proliferation of g/G celis was
done as described {7]. In short, cells were first washed with PBS, then
incubated during 1 hour in serum-free medium, washed again, and trypsinized.
Fibronectin-precoated wells in a 96-muitiwell dish (NUNC, Roskitde, DK) were
filled with 10,000 viable cells per well in 150 w serum-free medium. After 16
hours, conditicned medium fractions to be tested were added (80 ulfwell}. After
another 72 hours, cultures were terminated.
The presence of growth factors in NUC-1 conditioned medium was assessed in
bicassays with different cell lines. The proliferation of these cell lines is
modulated by specific growth factors under defined culture conditions [24]. The
profiferation of ML-CCL64 and A431 cells is specifically inhibited by members of
the TGFR family and the EGF family, respectively. The proliferation of FBHE
cells is specifically enhanced by members of the FGF family.
Bioassays with ML-CCLB4 cells, A431 cells, and FBHE cells were done as
described previcusly [24]. In short, A431 cells were grown to subconfluency,
rinsed with PBS, trypsinized, counted, and seeded at 2500 viable cells per well
in a 96-multivell dish in 150 pl/well DMEM medium with 5 % FCS. After 16
hours, 50 ul of fractions to be tested were added. Cells were then incubated for
another 72 hours. ML-CCL64 and FBHE cells were seeded at 5,000 viable cells
per well of a 24-well dish in 1 ml of DMEM with FCS (ML-CCL&4} or without
FCS (FBHE). After 3 hours, 200 ul of the fractions that were to be tested, was
added per well. Cells were then cultured for another 68 hours. In experiments
with neutralizing antibodies against TGFR, or TGFR, (British Biotechnotogy,

109



Oxford, GB} the fractions were preincubated with 2.0 pg of antibody/mi medium
at 37° C before addition to ML-CCL64 cells.

Proliferation

Proliferation was assessed in vitro by [*H]-thymidine labelling using
scintiltation counting, and in vivo by bromodeoxyuridine {BrdU} labelling for the
determination of the labelling index {L.1.} by immunocytochemistry.
For assessing the proliferation in vitro, 0.5 uCi [PHi-thymidine per well was
added sixteen hours before termination. Cells in 96-multiwell dishes were rinsed
with PBS, trypsinized, and harvested. Tritiated thymidine was counted using a
BetaPlate scintillation counter (Wallac-Pharmacia, Woerden, NL). Alternatively,
cells in 24-wells dishes were rinsed with PBS, fixed with methanol, lysed in 0.1
M NaOH, and radioactivity in cell lysates was measured in a liquid a,B
scintillation counter. Radioactivity was expressed as counts per minute.
For assessing the proliferation in vivo, mice were injected i.p. with
bromodeoxyuridine (BrdU) in PBS (30 mg/kg body weight} one hour before
sacrifice. Immunohistochemistry on paraffin-embedded tissue was performed as
described previously [18], using the primary anti-BrdU antibody IIB5 (kindly
donated by Prof.Dr. F.C.S. Ramaekers, University of Limburg, Maastricht, NL}.
The L.l. was calculated as the relative number of BrdU positive cells per 100
adjacent cells in the basal urothelial cell layer {normal) or 200 adjacent cells in
the first two basal cell layers (hyperplastic). The L.l. is given as the mean L.Il. =
standard deviation.

RESULTS

in vivo model.

After 1, 2, and 3 weeks, five mice were sacrificed and urine bladders
were examined. No tumours were found in mice in which normal urine bladder
was transplanted. The transplanted normal bladder had largely degenerated
within one week. Hyperplasia of the urothelium was not noted (Figure 1A) and
BrdU incorporation was low in the overlying urothelium (Table 1). In contrast, at
all three time intervals after transplantation of NUC-1 tumour pieces, the
urothelium overlying the transplants was hyperplastic, i.e. 5 or more cell layers
(Figure 1B). The hyperplastic urothelium also showed high BrdU incorporation,
particularly in basal cell layers (Table 1). No nuclear atypia was noted in the
hyperplastic urothelium. The urothelium lining the bladder lumen opposite to the
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Figure 1. Photomicrograph of haematoxylin-stained paraffin-embedded sections of (A)
normal mouse urgthelium and (B} a tumour of NUC-1 mouse urcthelial cells one week
after trans-plantation into the bladder submucosa of a syngeneic mouse. A. Normal,
non-hyperpiastic urothelium adjacent to the region of degenerated, transplanted normal
bladder. B. Hyperplastic urothelium overlying the NUC-1 tumour, and non-hyperpiastic
urothelium at the opposed biadder wall. H = hyperplastic urothelium, N = normal
urothelium, L = lemen of bladder, T = NUC-1 tumour. Magnification = 200 X; bar =
50 um,

hyperplastic urothelium exhibited a normal appearance in 5 out of b mice after
one week (Table 1), and showed a normal L.I..

Chemico-physical analysis and bioassays.

The next step was to find out if and which NUC-1 derived growth factors
might be involved in the development of hyperplasia. First, we examined
whether NUC-1 cells produced and secreted growth stimulatory factors.
Therefore, a chemico-physical analysis of serurn-free conditioned medium of
NUC-1 cells was performed. The conditioned medium was tested in bicassays
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Table 1. Occurence of hyperplasia in the in vivo transplantation model.

weeks tumours hyperplasia number of L.1. (%}
cell fayers hyperplastic  normat

transplanted NUC-1 tumours

1 5 5, 6-10 96 + 56 0.7 = 0.7
2 5 3., 5 20.7 + 85 1.6 = 0.1
3 5 5-10 115 + 47 44 £ 05
transplanted normal bladder

1 0 0 3 0.6 = 0.6
2 ¢ 0 3 0.2 + 0.2
3 0 0 3 05+ 05

Table 1. In vive data on transplanted tissue into bladder submucosa. The number of
tumours out of 5 animals is given at the indicated time interval after transplantation
(weeks). The number of mice in which hyperplasia adjacent to the tumour was
observed, is also given, as well as the number of cell layers in the hyperplastic
urothelium. The proliferation was expressed as the mean labelling index (L.1.} +

standard deviation {n = 5}. In 2 out of 5 mice t*} and in 1 out of 5 mice (* *) the
overlying urothelium was completely replaced by tumour cells.

with g/G cells. As presented in figure 2A, conditioned medium of NUC-1

induced the proliferation of g/G cells, which could be inhibited by exogenous
addition of TGFR,. Treatment with trypsin or acid completely abolished the
activity of the NUC-1 derived conditioned medium, and treatment with heat
“partially reduced the enhanced proliferation. Treatment with DTT only slightly
affected the enhanced profiferation of g/G cells. This slight decrease in
proliferation might be due to the dialysis step following DTT treatment. The
results indicate that at least a DTT-stabie polypeptide growth factor is present
in the NUC-1 conditioned medium. The sensitivity to heat and acid treatment
might indicate that the proliferation inducing activity is a heat and acid labile
protein. On the other hand, the possibility that latent NUC-1 derived TGFR is
activated upon heat or acid treatment, resulting in an inhibition of proliferation,
cannot be excluded.

Next, we investigated the effect of different growth factors on
proliferation of g/G cells under serum-free conditions. Figure 2B shows that
EGF, TGFa, FGF-1, and FGF-2 could induce the proliferation of g/G cells. This
growth factor induced proliferation could be inhibited by addition of TGFR,.

A further characterization of the profiferation-inducing activity was made
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Figure 2. [*H])-thymidine incorporation of g/G cell to {A} serum-free conditioned medium
of NUC-1 ceils and {B) growth factors in serum-free medium. A. Proliferation in the
presence of serum-free conditioned medium of NUC-1 with or without 1 ng/ml TGFR,,
or pretreated under the indicated conditions. Incorporation in serum-free medium along
was taken as 100 %. Tryp = trypsin-treated, heat = heat-treated, acid = acid-
treated, DTT = DTT-treated, TR = TGFR,. B, Proliferation in the presence of the
indicated growth factors alone (closed bars} or in the presence of 1 ng/ml TGFR, (open
bars). Incorporation in serum-free medium alone was taken as 100 %. Growth factor
concentrations: 1 ng/mi {(EGF, TGFa, TGFR,) or 10 ng/ml {FGF-1, FGF-2).

using a series of growth factor specific bioassays. Bioassays with ML-CCL64
celis revealed TGFB3-like activity in NUC-1 derived conditioned medium that was
heat-pretreated for activation of TGFR, but this activity could not be neutralized
by specific antibodies against TGFR, or TGFR&,, nor by combinations of these
antibodies (Figure 3A}. Untreated NUC-1 conditioned medium was not active in
the ML-CCL64 bioassay {data not shown). Bioassays with A431 indicated that
the serum-free conditioned medium of NUC-1 cells did not contain detectable
EGF-like growth factors (Figure 3A). In particular, the resistance to DTT
treatment excludes the involvement of growth factors of which the biologicaf
activity is dependent on intact disulphide bonds. In order to test the possibility
that the NUC-1 derived growth factor polypeptide was an FGF-like protein,
which is DTT stable, FGF-specific bioassays with FBHE cells were performed
and the heparin-binding capacity was determined. Figure 3A shows that
untreated conditioned medium of NUC-1 stimulated the proliferation of FBHE
celis by b times. If the conditioned medium of NUC-1 was treated with heparin-
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sepharose, then washed with water, and subsequently eluted with increasing
salt concentrations, the stimulatory protein was mainly contained in the 0.15 M
NaCl fraction (Figure 3B). The first fraction which was eluted in the absence of
salt, did not induce the proliferation {Figure 3B). This indicates the presence of a
protein in conditioned medium of NUC-1 that binds specifically to heparin
though with iow affinity. Analysis of Western blots did not reveal any FGF-2-like
molecule in NUC-1 conditioned medium. In line with this result, Northern blot
analysis of poly A" RNA from NUC-1 cells did not demonstrate detectable FGF2
expression. In addition, we failed to detect expression of FGF-1, FGF-3, and
FGF-4 RNA in NUC-1 cells {data not shown).

A [3H)-THY INCORPORATION (%) B
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Figure 3. Bioassays with ML-CCL64, A431, FBHE, or g/G celis. A. Incorporation of
tritiated thymidine into the indicated cell lines in the presence of serum-free
conditioned medium of NUC-1 (CM), or in the presence of 0.88 ng/ml TGFR, or TGFR&,
pretreated or not with antibody against TGFB, (Abt) or TGF8, {Ab2) (ML-CCL64
assay), 1 ng/mi EGF or TGFo (A431 assay), or 16 ug/ml ECGS (FBHE assay).
Conditioned medium of NUC-1 cefls was heat-pretreated before use in the bioassay
with ML-CCL6B4 cells; for use in the other bioassays, the NUC-1 conditioned medium
was not pretreated. Proliferation of ML-CCLB4 and A431 cells are on the upper axis,
and of FBHE cells on the lower axis. Incorporation in the presence of nen-conditioned
serum-free medium alone was taken as 100 %. ECGS (15 wg/mi) induced the
proliferation of FBHE cells approximately 20 times. B. Incorporation of [*H]-thymidine
into g/G cells in the presence of heparin-sepharose treated serum-free conditioned
medium of NUC-1 cells fractionated with increasing salt concentrations. Final dilution
of conditioned medium fractions as tested on g/G ceils was 1:8. Incorporation in the
presence of serum-free medium alone {SF} was taken as 100 %.
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DISCUSSION

Several studies on human fransitional cell carcinomas (TCC) revealed
hyperplasia of the normal urothelium adjacent to the TCC [2,11]. This
hyperplasia of adjacent urothelium has also been observed in experimentally
induced urothelial carcinomas in the rat [8]. It was hypothesized that this
hyperplasia represented a precancerous stage of urothelium [11]. Similarly,
several authors considered hyperplasia adjacent to a colon carcinoma as a
precancerous alteration {9,16]. This hypothesis was disputed by Sekikawa et al
[19]. Using transplantations of colon carcinoma cells in mouse cofon in vivo,
they demonstrated alterations in mucin expression, morphology, and BrdU
incorporation only in the mucosa overlying the tumour, but not in the remote
mucosa or in their control animals transplanted with fibroblasts. They
hypothesized the involvement of tumour-derived growth factors in the
development of this hyperplasia.

The data of the present study on transitional cell hyperplasia of the
bladder demonstrated that only epithelium overlying the tumour was
hyperplastic and showed a high proliferation. Urothelium opposite or remote
from the tumour, as well as urothelium of control transplanted mice did not
show hyperplasia or a high proliferation. Bioassays with A431 cells, the lack of
detectable TGFo RNA and EGF protein expression in NUC-1 cells (data not
shown}, and the DTT stability excluded the identification of the NUC-1-derived,
growth stimulatory protein as an EGF-like growth factor. Although bioassays
with ML-CCLB4 cells indicated that NUC-1 cells secreted a TGFR-like factor, this
activity could not be neutralized by specific antibodies against TGFR, or TGFR,.
However, other members of the TGFR family, like TGFR;, could also be
produced by NUC-1 ceils. The data from Figure 2A indicate that the NUC-1
stimulating activity disappears after heat or acid treatment of conditioned
medium. This might be due to inactivation of the stimulatory protein, but also to
activation of TGFB;. Because neutralizing antibodies against TGFg, were not
available, we were unable to check for the presence of TGFBR, in the NUC-1
derived conditioned medium. The data of the biocassays with g/G cells indicated
that the growth stimulating effect of the NUC-1-derived factor can be inhibited
by TGFR®, as is also the case with the growth stimulating factors EGF and FGF
{(Figure 2), The heparin-binding data indicate that the major fraction of growth
stimulating factors binds heparin with low affinity. RNA analysis of NUC-1 cells
failed to detect FGF-1, FGF-2, FGF-3, and FGF-4. Of other FGFs, FGF-5 hinds
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heparin with high affinity [25], and FGF-7 is a non-epithelial cell derived FGF [8].
These data may exclude the identification of our growth stimulating factor as
one of these FGFs. Little is known yet about FGF-6, FGF-8, and FGF-9 with
respect to epithelial cells.

Several data support the role of TCC-derived growth factors in
hyperplastic development. Both TGFe and FGF-like (FGF-1 or FGF-2} growth
factors have been detected in the urine of patients with TCC [5,6,10]. Other
studies demonstrated an enhanced expression of FGF-1 proteins [17], FGF-b
RNA expression [2b], and co-amplification of FGF-3 and FGF-4 genes [20] in
human TCCs. Normal urine and urothelium contains EGF in high concentrations
and only small amounts of FGF-1 or FGF-2 [3,5,6,17]. The present study and
previous studies showed that these EGF-like and FGF-like growth factors could
induce proliferation of non-tumorigenic transitional epithelial cells in vitro and in
viva [7,13]. Supporting evidence for the involvement of FGF-like factors in
hyperplasia of epithelium was given by Muller et al [15], who showed that
expression of the FGF-3 gene in prostate or mammary gland epithelium of FGF-3
transgenic adult mice resulted in epithelial hyperplasia in these organs. Hence,
the observed hyperpiasia of urothelium adjacent to TCC in vivo may be due to a
direct, paracrine effect of TCC-derived FGF on the normal urothelial ceils.
However, we do not know yet whether the NUC-1-derived factor is indeed FGF-
like.

Hyperplasia of epithelium adjacent to primary carcinomas has also been
found in the oesophagus [4]. A striking finding is that approximately 50 % of all
primary oesophageal carcinomas have a coamplification of the FGF-3 and FGF-4
genes [21]. This indicates a more general involvement of FGF-like growth
factors in the development of epithelial hyperplasia adjacent to carcinomas.

In conclusion, in this study we obtained evidence for the induction of
hyperplasia of urothelium surrounding tumorigenic urothelial NUC-1 cells
transplanted into the bladder wall. We also demonstrated that mouse
tumorigenic urothelial NUC-1 cells produced and secreted a protein in vitro
which was DTT stable, bound to heparin, and stimulated the proliferation of
FBHE cells, which respond specifically to FGFs. The present data support the
hypothesis that hyperplasia in bladder biopsis of patients with TCC does not
necessarily reflect a precancerous lesion prone to the development of a new
TCC. The observed hyperplasia may be due to tumour-derived growth factors
which have some chemico-physical and biclogical properties of FGFs. A full
characterization of the TCC-derived growth stimulating factor(s) awaits further
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study.
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Chapter 7. SUMMARY AND CONCLUDING REMARKS

The urothelium lining the lower urinary tract is often exposed to toxic
agents or to objects causing urothelial damage. in other epithelia growth factors
play a major role in the maintenance and repair through paracrine and autocrine
actions. As vyet, little is known about the role of growth factors in bladder
epithefium. This issue is addressed in this thesis, The direct effects of in vitro
exposure to growth factors were studied on mouse urothelial cell lines and on
primary, organoid-like cultures of mouse urothelium. The localization and
possible function of growth factors was further substantiated by in vivo
experiments with mice either under physiological {i.e. wound healing) or under
neoplastic {i.e. transitional cell carcinoma growth) conditions.

58 7.1 Primary urothelial cultures as a model for physiological urothelial growth.

The first part of this thesis deals with possible functions of a selected set
of growth factors in the physiology of mouse urothelium. In order to study
effects of growth factors on urothelial cells without the complicating
interference of other cell types, organotypic cultures of mouse urothelium were
needed. The urothelial cell lines as described in chapter 5 were not suitable as
they did not develop a normal stratification. However, as described in chapter 2,
primary cultures of mouse urothelium grown on Cyclopore membranes morpho-
logically mimick mouse urothelium in vivo. In this system, relevant parameters
for proliferation, differentiation, and culture expansion can be evaluated on a
single culture.

in chapter 3, the effects of different growth factors on these parameters
are described for primary cultures reflecting intact or regenerating urothelium in
vivo. Both FGF-1 and EGF could enhance proliferation and migration of urothelial
celts, but not differentiation. In contrast, TGFR, induced terminal differentiation
and apoptosis of urothelial cells and inhibited proliferation. PDGF-BB enhanced
the migration of urothelial cells slightly, while FGF-2 and PDGF-AA did not show
any effect. This suggests that in murine urothelium FGF-1, EGF, and TGFR, are
maore relevant growth factors than FGF-2 or both PDGFs.

In chapter 4 the in vitro observations made in chapter 3 and 5 waere
compared with those in an in vivo mouse model for regeneration of acutely
injured urothelium. The spatio-temporal RNA and/or protein expression of the
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selected growth factors and some of their receptors was studied by in situ
hybridization or immunocytochemistry. Changes in the RNA and protein levels
were only observed in the urothelium, except for TGFR and its receptor.
Migrating and proliferating urothelial cells displayed an increased FGF-1 RNA
expression. Similarly, TGFR, RNA expression was enhanced especially during
the migration and differentiation phase of the urothelium, Concomittant with the
TGFB RNA {and protein} expression, the expression of TGFR type !l receptor
proteins was alsc enhanced in the regenerating urothelium. FGF-2 expression
was low to undectable in urothelial cells. These data correlate well with our
observations regarding the effects of the growth factors on primary urothelial
cultures {chapter 3). IGF type | receptor and IGF-Il RNA were predominantly
expressed during the urothelial migration and proliferation phase. IGF-Il may
affect urothetial proliferation by enhancing the progression through the cell cycle
as indicated in chapter 5. IGFBP-2 was expressed constitutively in the
urothelium. Although a high constitutive PDGF-A RNA expression was observed,
no PDGF receptor RNA expression was detectable. Taken together, these data
indicate that the acute damaged mouse urothelium supports its own
regeneration through at least FGF-1, TGFR,, and IGF-l. However, our
observations do not entirely exclude paracrine invoivement of mesenchyme-
derived growth factors on urothelial regeneration,

The combination of the in vitro and in vivo data indicates that FGF-1,
TGFR,, IGF-!l are relevant for the physiology of the murine urothelium in vivo.

§ 7.2 Urothelial cell lines as a model for normal or aberrational urothefial
growth.

In chapter 5, the establishment and characterization of three mouse
urothelial cell lines were described. These cell lines are considered each to
represent different phases in transitional cell carcinogenesis. One of these cell
fines, designated g/G, closely resembles normal mouse urothelial cells with
respect to e.g. morphology and response to growth factors. The second cell
line, designated NUC-5, differs from g/G in being more transformed and
showing a TGF&-stimulated proliferation. The third cell line, designated NUC-1,
is turnorigenic and represents a subgroup of malignant, invasive TCC cells with
respect to morphology, chromosome number, and absence of response to
growth factors. Hence, the progression of urothelial cells towards neoplasia
tends to be accompanied by an aberrant response to growth factors. In support
of this observation, other authors found that transformed epithelial cells in vitro
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responded different to growth factors, including TGFR, compared with their
normal counterparts (Lee et al, 1987; Terzaghi-Howe, 1989; Valverius et al,
1989). This may be due to e.g. an galtered signal transduction pathway
(Valverius et al, 1989).

In chapter 6, we examined whether hyperplasia of mouse urothelium
adjacent to TCC could be due to tumour-derived growth factors, The
tumorigenic NUC-1 cell line was used in an in vivo model for mouse TCC.
Urothelial cells overlying the NUC-1 implanted tumour cells indeed showed
hyperplasia in vivo. Several in vitro assays were used to examine whether NUC-
1 cells produce growth factors capable of stimulating the proliferation of
urothelial cells. Both chemico-physical analysis and the bioassays with ‘serum-
frae conditioned medium of NUC-1 cells indicate that one or moare NUC-1
derived growth factors with FGF-like properties are responsible for stimulating
the proliferation of the g/G cell line. These data support the idea that
hyperplasia of urothelium adjacent to TCC can be attributed to the paracrine
action of tumour-derived growth factors rather than being a preneoplastic
lesion,

As described in chapter b and 6, growth factors which play a role during
urothetial wound healing can also affect the proliferation of TCC cells. Though,
the response to these growth factors can differ from normal cells due to e.g. an
altered expression of growth factors or their receptors {c.f. the low EGF
receptor expression in and the non-responsiveness to EGF/TGFa of the
tumorigenic NUC-1 cells, or the TGFR-induced proliferation of NUC-5 cells, with
that of g/G cells). Such an alteration may result in a selective growth advantage
for TCC cells,

§ 7.3 Implications and relevance of the data.

The present in vivo model for mouse urothelial regeneration differs from
wound healing models with murine or porcine skin epithelium with respect to
the depth of the wound. It should be realized that in our urothelial wounding
modet only superficial lesions were induced and not a severe damage to the
submucosa. In contrast, a great extent of mesenchymal repair was observed in
skin wound healing models. This was paralielled by a larger modulation in
expression of growth factors and/or their receptors in the regenerating dermis,
as demonstrated for TGFR,, PDGF-B, and PDGF type R receptor (Antoniades et
al, 1991; Levine et al, 1993}

Other growth factors, like FGF-7, may aiso be involved in wound healing.
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Werner et al (1992} observed that the FGF-7 mRNA expression is prominently
enhanced within the injured skin dermis. Moreover, the FGF-7 receptor mRNA
was detected specifically in epidermal cells (Werner et al, 1992). This suggests
that also FGF-7 has a function during epithelial wound healing. FGF-7 mRNA
was also found in normal human bladder submucosa while its receptor mRNA
can be detected in intact human urcthelium {(Radvanyi et al, 1993). These
observations are in line with a function for FGF-7 in the physiology of bladder
urothelium. Furthermore, EGF is present in the urine and stimulates proliferation
and migration of murine urothelial cells (Chapter 2 and B}, This suggests a role
for EGF in the urothelium in vivo. Though, Hirao et al {1980} demonstrated that
heterotopic rat bladder in vivo regenerates in the absence of EGF in the btadder
lumen. Hence, future studies shoufd point out whether other known growth
factors, like EGF and FGF-7, are also important in the biology of bladder

urothelium.

Table 1. implication of growth factors/receptors in the progression of
human TCC,
expression prognostic source of specimen
impact
c-erbB-1 + {p} + TCC
c-erbB-2 + (p} + TCC
TGFR, —to + (R} 7 TCC
TGFR type V rec — (L) ? epithelial cell lines i
type | IGF rec + {L) + urothelial cell lines ~
FGF-1 + {p) + TCC
FGF-7 rec 0 to — (R) + Tce ”
Table 1. Literature outline of the generally observed trend in aberrant expressions

of growth factors or growth factor receptors in human TCCs, as compared with normal
human urothelium. Expressions were determined at either protein {p} or mRNA (R) levels,
or via ligand binding {L). The expression levels in the tumour cells were either decreased
(-}, increased {+}, or remained unchanged {0}. Prognostic impact: this column indicates
whether expression of the growth factor or growth factor receptor is associated with
tumour progress*ion {+). The TGFB type V receptor expression has not been investigated
in human TCC. = = data from one study; = data from one ligand binding study.
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A further characterization of mouse TCC-derived growth factors, as
indicated in chapter 6, may also lead to the identification of other growth
factors relevant in the biology of urothelium. Additional evidence for the role of
all these growth factors in the biology of mouse urothelium may be abtained by
in vivo mouse models with specific local delivery of growth factors.

The in vivo relevance for a physiological function in human urothelium
remains to be established for each of the growth factors examined in this
thesis. For example, according to some authors normal human urothelial cells in
vitro do not respond to EGF although they express EGF receptors (Reznikoff and
Messing, 1987; Messing and Reznikoff, 1987). The expression patterns of
some growth factors and/or their receptors in human urothelium and human
TCC have been investigated previously. Frequently, human TCC show
aberrations in these expression patterns {Table 1)}.

§ 7.4 Future directions.

The in chapter 2 described in vitro model for mouse urothelium in vivo
may be relevant for studies on the plasticity of the urothelium: e.g. how is the
fast regeneration of damaged urothelium regulated, how can the regeneration
process he disturbed, and which factors may be curative for a disturbed
regeneration.

Also referring to the latter guestion, the model may be useful in the
research on pharmaca, including growth factors and their antagonists, and
extracellular matrix proteins. For example, several in vivo studies showed that
application of one or more growth factors to injured skin epithelium increases
the regeneration process {Lynch et al, 1989; Mustoe et al, 1291}. Based on our
results obtained with murine urothelium, we hypothesize that intravesical
application of ¥FGF-1, TGFR,, andfor IGF-Il will enhance the urothelial
regeneration in vivo. In vivo treatment with these factors may prove to be an
advantage e.g. in slowly regenerating urothelium.

Furthermore, it will be important to examine the difference in response to
growth factors in both normal human urothelium and human TCC of different
stage and grade. These studies may provide a basis for explaining differences in
the behaviour of human TCCs compared with normal human urothelium, and
may also provide a basis for therapeutic experiments to treat human TCCs with
growth factors and/or their antagonists .
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The final conclusions of this thesis are:

1) our organotypic in vitro model for mouse urothelium is relevant for mouse
urothelium in vivo;

2) in mouse urothelium in vitro TGFR, induces terminal differentiation; FGF-1
and EGF stimulate the proliferation and migration; PDGF-BB slightly enhances
the expansion of the culture; and FGF-2 and PDGF-AA have no effects. The
RNA/protein expression data of urothetial wound healing in vive in mice
correlate with the in vitro data, suggesting that these growth factors have
similar specific functions in vivo. We did not notice major differences in growth
factor functions and expression patterns as compared with other epithelia;

3) increasingly transformed urothelial cells display a qualitatively different
response to TGFB, i.e. growth stimulation, and are less dependent on growth
factors for their growth;

4) tumour-derived growth factor({s) with FGF-like properties may induce
hyperplasia of the urothelium adjacent to TCC.
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SAMENVATTING

De urineblaas is een dynamisch orgaan dat als reservoir voor de urine
dient. Morfologisch bestaat het uit een spierwand aan de buitenzijde, een
stromale laag, en de epitheliale cellaag dat aan het lumen grenst. Het
overgangscel epitheel {ook urotheel genoemd) bestaat uit 3 (muis} of meer
{mens) cellagen. De cellaag die aan het lumen grenst, wordt de paraplulaag
gencemd, en is het meest gedifferentieerd. De urotheel cellaag is niet
doorlaatbaar voor urine en vormt een barriére voor het lichaam. In tegensteiling
tot andere epithelia zoals van darm en huid, worden de urotheelcelien na lange
tijd vervangen door nieuwe urotheel cellen. Als de urotheellaag verwond wordt,
dan neemt de delingsaktiviteit en de migratie encrm toe wat resulteert in een
snel herstel van het urotheel en zijn functie. Diverse in vitro studies met
epitheel- en andere cellen hebben laten zien dat groeifactoren de celdeling {of
proliferatie), migratie, differentiatie en/of celdood kunnen beinvioeden. In studies
met huid epitheel bleken deze groeifactoren de wondheling inderdaad te
stimuleren. Een overmatige aanwezigheid van deze groeifactoren kan zelfs
fysiologische processen dereguleren en tumorvorming bevorderen. Er is echter
weinig bekend over effecten en functies van groeifactoren in de biologie van
blaas epitheel. In dit proefschrift zijn 1} effecten van diverse groeifactoren op
muizeblaas epitheel in vitro bestudeerd, 2) expressie van groeifactoren en hun
receptoren op RNA en eiwit niveau onderzocht gedurende urotheel wondheling
in vivo, en 3} is een groeistimulerende factor uit een urotheliale tumorcellijn
gedeeltelijk gekarakteriseerd.

in hoofdstukken 2 tot en met b is gekeken naar de aanwezigheid en
functionele betekenis van groeifactoren vorr proliferatie, differentiatie, migratie,
en wondgenezing van “normaal” urotheel. Hoofdstuk 2 beschrijft een in vitro
model waarin het muizeblaas epitheel sterk lijkt op muize urotheel in vivo. Hierhij
wordt een primaire cufture van muizeblaas epitheel op poreuze (Cyclopore)
membranen gebruikt. Diverse parameters voor proliferatie, differentiatie,
expansie, en apoptose konden tegelijkertild op een culture worden gemeten.
Gebruikmakend van dit model is daarna bestudeerd hoe groeifactoren deze
parameters konden beinvioeden. Dit is gedaan wvoor twee modellen: een
confluente culture dat intact muizeblaas epitheel vertegenwoordigd, en een niet-
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confluente, groeiende culture dat urotheel tijdens wondheling vertegenwoordigd,
zoals beschreven in hoofdstuk 3. In beide modellen waren de effecten min of
meer hetzelfde. FGF-1 en EGF stimuleerden zowel proliferatie als migratie,
terwijl TGF3; de terminale differentiatie en de apoptose induceerde. FGF-2 en
groeifactor uit bloedplaatjes AA {PDGF-AA) hadden geen meetbaar effect, terwijl
PDGF-BB alleen de migratie in geringe mate stimuleerde. Hoofdstuk 4 beschrijft
de RNA en eiwit expressie patronen van groeifactoren en groeifactor receptoren
gedurende de wondheling van beschadigd muizeblaas epitheel. Deze expressie
patronen zijn vergeleken met de veranderingen in de morfologie en de
proliferatie tijdens het helingsproces. De verwondingen bleven beperkt tot met
name de urotheei cellaag. Op de expressie van TGFR, en TGFR type Il receptor
in de spier na bleven de mate en verdeling van de groeifactor en receptor
expressie in de stromale en de spierlaag onveranderd. Dit suggereert dat het
urotheel voor zijn eigen regeneratie voornameliik afhankelijk is van zijn eigen
groeifactoren. De mRNA expressie van FGF-1, IGF-ll, en de type | IGF receptor
was het hoogst gedurende de maximale migratie en de hoogste proliferatie
alktiviteit in het urotheel. De mRNA en eiwit expressie van TGFR, en de TGFR&
type Il receptor was met name hoog gedurende de migratie en de terminale
differentiatie van het urotheel. Deze resultaten zijn in overeenstemming met de
effecten van groei-factoren op urctheel cellen in vitro (hoofdstukken 3 en b}. Ze
duiden erop dat FGF-1, IGF-lI, en TGFR, een belangrijkere rol in de fysiologie van
muizeblaas epitheel spelen dan FGF-2 of PDGF.

In hoofdstukken 5 en 6 is gekeken of normale en niet-normale urotheel
cellen verschilend reageren op groeifactoren. Daarvoor zijn drie verschillende
muize urotheel cellijnen opgezet en gekarakteriseerd (hoofdstuk 5}, ledere cellijn
leek een stadium uit de transitionele cel carcinogenese te vertegenwoordigen:
cellijn g/G lijkt het meest op normale urotheel cellen; NUC-1 is een weinig
gedifferentieerde, tumorigene ceflijn; en NUC-B wvertegenwoordigd een
tussenstadium. Epidermale groeifactoren {(EGF, TGFa) en fibroblast groeifactoren
{FGF-1, FGF-2} stimuleerden de proliferatie van g/G en NUC-5. Transformerende
groeifactor beta 1 (TGFR,) inhibeerde de proliferatie alleen van op normaal
urotheel gelijkende g/G cellen, wat een gebruikelijke bevinding is voor de meeste
epitheliale cellen. De proliferatie van NUC-1 werd onder de gegeven
experimentele omstandigheden behalve door insuline-achtige groeifactoren {IGF-
I, IGF-I}} nauwelijks door groeifactoren beinvlioed. Zo'n autonome groei wordt
ook bij andere aggressieve carcinoma cellen gevonden. De respons van urotheel
cellen kan dus afhankelijk zijn van het stadium in de transitionele cel
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carcinogenese.

In overgangscel carcinomen (OCC) wordt frequent een hyperplasie van het
aaniiggende urotheel aangetroffen. Eerdere studies aan onder andere
coloncarcinomen suggereren dat deze hyperplasie veroorzaakt wordt door
groeifactoren afkomstig van nabij gelegen tumorcellen. in hoofdstuk 6 is
beschreven dat wanneer NUC-1 ceilen getranspfanteerd zijn in de blaaswand
van syngene muizen, het over de tumorcellen liggende urotheel inderdaad
hyperplastisch wordt. Geconditioneerd medium van NUC-1 cellen bleek in vitro
de proliferatie van g/G cellen sterk te stimuleren. Door middel van een serie in
vitro studies {(chemisch-fysische analyse; bioassays; RNA analyse) is de
proliferatie-inducerende factor gedeeltelijk gekarakteriseerd. Deze factor blijkt
FGF-achtige kenmerken te hebben, maar lijkt niet een van de bekende FGFs te
zijn. De {verhoogde) productie van FGF eiwitten (waaronder FGF-1 en FGF-2) is
ook in andere studies gevonden in OCC van muis en mens. Deze FGFs
stimuleren de proliferatie van urotheel cellijnen.

Toekomstige studies moeten uitwijzen of en welke rol deze groeifactoren
spelen in het humane urineblaas epitheel. Andere studies hebben laten zien dat
humane OCC afwijkingen vertonen in eiwit of RNA expressie van sommige
groeifactoren of groeifactor receptoren. Er is niet bekend of deze groeifactoren
groei-stimulerende of -remmende effecten hebben op de OCC cellen zelf of op
omringende {urotheel} cellen. Dit zou verder onderzocht kunnen worden gebruik
makend van het in vitro model uit hoofdstuk 2 voor primaire cultures van
humane OCC cellen. Tenslotte kunnen dergelijke studies aangeven of groeifactor
derivaten gebruikt zouden kunnen worden in de therapie van QCC of chronische
vormen van blaasontsteking (interstitiéle cystitis}.
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NAWOORD
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er niet zo hebben uitgezien. Je immunohistochemische en zodlogische werk
overgoten met een "holistische” saus hebben vooral in de tweede helft erg
geholpen. Lydia, al waren tenslotte de Noord-West blotting technieken niet
nodig, je resultaten heb ik wel gebruikt. Annemarie, het is altijd goed om te
weten dat je met meerdere mensen tegen "iets” of "iemand” aan kunt
schoppen. Succes in The States! Alwin, jouw kennis van in situ en aanverwante
technieken én onze werkbesprekingen hebben me goed gedaan, Al zit je nu in
The States, ik hoop dat we nog eens met onze families een dierentuin (of zoiets)
kunnen bezoeken. Ton en Frank, bedankt voor jutlie T.E.M. en fotowerk. Cok
mensen van andere afdelingen hebben me geholpen: b.v. Cora en Dicky
{kindergeneeskunde annex pathologie}, de groep van Marjan Versnel {0.a. Ton
en Elke), Marie-José, Rogier {immunologie}, Jannie v.d. Eijnden en Bouke
(Hubrecht Lab), en Gert Schaart -toen nog promolist cq. anavendus- en Prof.
Frans Ramaekers van MCB & genetica, R.U. Limburg.

Theo v.d. Kwast: Ondanks je vele werkzaamheden wist je vaak nog even
tijd vrij te maken. Deze discussies met jouw hebben iets fraais opgeleverd. Ik
hoop dat je er in de nabije toekomst gebruik van kunt maken. Alleen, namens de
promovendi, je zou toch eens aan de aanschaf van een pieper moeten denken!
Ook mijn promotor Fré Bosman (aan alles komt gen eind) en de overige leden
van de kleine commissie, bedankt voor jullie nakijkwerk.

Last but not least: Diana. Je hebt me steeds meer gesteund terwijl je me
steeds minder thuis zag en een steeds beweeglijkere zoon hebt om op te
passen. Dat is pas een kunst. Je hebt nu zelfs je baan opgeofferd om met mij
een sprong naar het buitentand te maken voor de toekomst. [k hoop dat we
genoeg tijd zullen vinden om met z'n "vieren" van de Parijse cultuur te kunnen
genieten. Ook mijn famitie en schoonfamilie: bedankt voor de hulp, de oppas, de
... alles dus.
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ledereen die ik niet heb genoemd van de afdelingen Pathologie,
Kindergeneeskunde, en Urologie: bedankt allemaal voor de afgelopen vijf jaren.
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