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Chapter 1. INTRODUCTION 

The urogenital 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 transitional epithelium of the mouse 

bladder, and their specific functions. The following paragraphs highlight subsequently 

the structure and function of the bladder (§ 1)' the physiology and causes of abnormal 

growth of the urothelium (§2), proteins that have been shown to be involved in the 

physiology of normal and tumour cells (§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 longitudinal 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 fibroblasts, macrophages, and lymphocytes. 

The urothelium consists of a basal lamina and several layers of epithelial cells. 

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 layer 

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 1 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 
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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 celis, respectively; U = umbrella cells; L = bladder 
lumen. Magnification: 200 X; bar = 50 pm. 

Table 1. Characteristics of urothelial cells of the respective cell layers. 

cell layer basal intermediate superficial 

morphology small, cuboid larger, rectangular very large, flat 

ploidy diploid di- or tetraploid up to more than octaploid 

nuclei/cell one one or two several 

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

alkaline phosphatase lateral membrane 
r!-gfucuronidase, acid 
phosphatase 

Table 1. Main characteristics of urothetial cells in the respective cell layer of the murine 
urothelium. 
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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 occludentes) 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 umbrella 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 enlarging 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, 21 the 

use of urine in combination with pheromones by some animals e.g. for territorial 

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 [101]. 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 decreas'e 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 [101J, 

§ 2 PhVsiological and pathological processes 

§ 2, 1 PhvsiologV 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, Upon 

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 followed by a 

complete self-renewal also occurs physiologically in neonate mice [16,76J, Epithelial 

wound healing occurs by both cell divisioning and migration of epithelial cells, Cell 

division in the murine urothelium occurs mainly in the basal cell compartment of the 

urothelium and, rarely, in the intermediate cell layers. Under normal conditions cell 

7 



divisions are hardly seen and cell cycle times are high, i.e. over 60 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 

cell [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 cells necessary for wound healing and 

restoration of function. In addition, the damaged urothelium can also be re-epithelialized 

by transitional epithelial cells 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. 

Cell 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 cells 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 Tee, 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 Iymphocyte- and lor 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]. Contino us exposition to these crystals or calculi causes 

squamous metaplasia: the transitional 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 be 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 like 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, sulfation, 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 Iysosomes, which contain B-glucuronidases that uncouple the glucuronic acid 

group. Parallel to this proposed mechanism, metabolization may also occur by urinary 

bacteria. In addition to glucuronidases, urothelial cells also contain other metabolizing 

enzymes like cytochrome P450 isoenzymes [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 andlor neoplasia (e.g. cyclophosphamide and 

its metabolites acrolein and phosphoramide mustard [57,112,145]). 

§ 3 Growth factors 

§ 3. 1 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 I 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 V-shaped symbols). 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 fibroblast growth factors (FGF)), chemico-physical similarity, and functional effects. 

Although much attention has been paid to e.g. skin, trachea, and intestinal epithelial 

cells, 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 repairof normal urothelium, and neoplastic urothelial disease: normal urine contains 

epidermal growth factor (EGF) and transforming growth factor I? (TGFI?); urine of 

patients with Tee contains TGFa and FGF-like molecules; FGF-1 is present in Tees but 

not in normal urothelium; and the expression of EGF receptors seems to correlate with 

an increasing aggressiveness of Tee. 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 includes EGF, TGFa, heparin binding EGF 

(HB-EGFI, 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 unique in this family for their 

ability to bind to heparin [26,102,201], in contrast to EGF and TGFa. 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 sub mandibulary glands, and in 

human and murine urine and milk [42,104]. TGFa is present in other tissues than EGF, 

except for epidermis (see Table 21. The functions of EGF and TGFa are quite similar, 

as shown for the eye-lid reflex [64] and several cellular responses in vitro (see Table 

21. However, in general, TGFa is a 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 multiple 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 TGFa 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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TYPES 

EGF 

TGFa 

HB-EGF 

amphiregulin 

TGF~" TGF~2' TGF~3 

MIF 

activins, inhibins 

FGF-1 (aFGF) 

FGF~2 (bFGF) 

FGF-3 (lNT-21 

FGF-4 (K-fgf/HST-1) 

FGF-5 

FGF-6 (HST-2) 

FGF~7 (KGF) 

FGF-8 

FGF~9 

Table 2. Growth factors, localization, and function. 

LOCALIZATION FUNCTION 
Pro/if Differ Migr Metab 

k'ldneY,salivary glands,epiderm'ls, ep,fb,en,hep, ep ep,fb ep,hep 

renal + bladder carcinoma cho,smu fb 

epidermis,brain ,activated macroph.,placenta, ep,fb,en,smu ep 

ovary ,embryo,carcinomas . . . 
activated macroph.,lung ,brain ,heart, muscle ep,fb,smu,ly smu 

.. * .. .. 
epidermis ,ovary ,colon ,kidney ,carcinomas ep ep 

platelets.activated macro ph. ,Iymphocyt,epidermis, ep. fb,en,ly, ep,ly, ep,fb, ep,en 

carti Iia 9 e, kid ney • place nta. colon, embryo, carci no ma oS,chO,smu mu mon 

male foetal testes 

gonads 

ep,fb,en,smu, en,fb, ep,en brain,retina,macroph. ,bone,kidney ,uterus, 

smooth muscle cells,carcinoma 

ubiQuitous,embryo,carcinomas 

oS,cho,hep,neu neu,cho 

embryo,carcinomas 

mel; see aFGF 

ep,fb 

colon mucosa, embryo, Kaposi sarcoma, carcinomas ep,fb,en,mel 

neuronal tissue,embryo,tumours . . 
skeletal muscle ,embryo ,tumours 

fi bfO bl asts. kid ney ,colon, ileum, derm is 

mammary carcinoma cell line SC-3 

glioma cell line,brain ,kidney 

ep,fb,en 

ep 

SC~3 

fb,gl 

see aFGF en,fb 

neu 

RNA,protein 

ep,hep,fb,en, 

oS,cho 

ep 

ep,fb,en,mu,cho 

ep,en.cho,mu 

ep,fb,en,cho,mu 

REFERENCES 

18.28,42,45,61,73, 

90,142.185,223 

18,42,55,64,248 

102,240 

193,195 

21,23,29.31.61,109, 

138,140,158,206 

44 

131 

28,31,132,204 

28,31.58,61,94,103,132. 
146,183,192,201 

66,114,176,192 

62,66,80,'92.252 

22,66.92,94,254 

88.154 

75,212 

227 

167 



Table 2. continued 

TYPES LOCALIZATION FUNCTION REFERENCES 
Profif Differ Migr Metab RNA,protein 

PDGF-AA smooth muscle cells,osteosorcomas,meianoma } ep,fb,smu,neu, SK,LE ma,fb, en,fb fb 8,23,28,29,37, 

PDGF-BB PlateletS} PDGF-B ~NA in epjdermis,kidney, en smu 52,72,77,85, 

PDGF-AB P late lets mesothelioma, ca rCI noma, sarcoma 97,155,208,209 

IGF-I liver, fibroblasts,cartillage,granulosa cells, ep,fb,cho,neu ep,os, ep fb,en,ad, fb,chO,neu,os, 7,28,52,61,78, 

brain explants,embryo,tumours mu mU,neu hep 79,103,126 

IGF-II muscle,brain,lIver,nerves,skin,adrenal gland, T.-I. ep,fb,cho,neu mu,Ov, mu mU,hep neu,os 28,61,78, 

cells, kidney ,cerebrospinal fluid,embryo, tumours os neu 79,186 

relaxin corpus luteum 39 

insulin pancreas,serum ep,hep,fb ep,mu hep,fb, hep,fb,mu 28,45,47,79,111, 

ad,mu 126,168,186 

HGF platelets,liver ,Iung,kidney ,brain, exocrine pancreas, ep,hep ep ep,hep 13,99,170,226 

thyroid,salivary glands, Brunner's glands 

Table 2. Partial outline of the growth factor families and their respective members, the in vivo or in vitro localization, and their ability to modulate the 
cellular proliferation (Prolifl, differentiation or maturation (Differ), migration (Migr), metabolism (Metab), and synthesis of macromolecules like RNA or 
proteins. The functions of the subtypes of TGFI3. and PDGF, respectively, as well as the localization of TGFQ. 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 explants and rat urothelial cell lines with EGF/TGFa in vitro also 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 [248]. This suggests a role for TGFa but not 

for EGF in embryonal development. 

TGFB The transforming growth factor I!, superfamily has many members [reviewed in 

131,159], including the TGFI!, subfamily, the inhibin/activin subfamily, and the bone 

morphogenetic proteins IBMPs) ITable 2). Since TGFl!,s are known to be generally 

expressed in epithelial cells, we will focus here on the TGFI!, subfamily. Five members 

of the TGFI!, subfamily have been identified of which TGFI!", TGFI!", and TGFI!,3 have 

been found in mammalian species. Both TGFI!" and TGFI!,5 have been found in Xenopus 

laevis [207], but a mammalian homologue of TGFr..5 has not been found yet. TGFI!" was 

originally isolated from chicken [115]. TGFr..s are synthesized and secreted as inactive 

precursor molecules, which are cleaved to render mature carboxy-terminal molecules 

of 110-140 amino acids [89,131,229]. The N-terminal pro-domain of TGFI!, can also 

remain associated with the carboxy-terminal molecule resulting in a latent TGFI!,­

complex. This complex is activated enzymatically, or by heat or acid treatment, which 

dissociates the mature TGFB from the pro-domain. Treatment with reducing agents 

inactivates TGFI!, [89,131]. The activated TGFI!, is a homodimeric protein of 25 kD. 

TGFl!,s are known for their ability to inhibit the EGF-induced proliferation of 

epithelial cells in vitro. In contrast, TGFI!, acts as a bimodal regulator of the proliferation 

of smooth muscle cells, fibroblasts, and chondrocytes in vitro: low concentrations of 

TGFI!, induce the proliferation, while higher concentrations inhibit the proliferation [23]. 

The mechanism for this bimodal 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 TGFI!, induces secretion of PDGF-AA which 

is mitogenic for connective tissue cells. At higher concentrations TGFI!, down regulates 

the PDGF type a receptor expression resulting in a decrease of the response to PDGF­

AA [23]. Studies on the TGFI!,-inhibitory mechanism in epithelial cells are now in 

progress. Both the transcription factor c-mVG, 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 TGFB 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 TGFB inhibits the 

activation of pRB and the transcription of c-mVG, either directly or via a cascade of 

other proteins [175,194]. 

Besides proliferation modulation, TGFB has also been shown to be involved in 

cartilage formation by inducing differentiation of chondrocytes and secretion of 

extracellular matrix proteins [31,89]. Studies with epithelial cells demonstrated that 

TGFB can also induce terminal differentiation of rat tracheal cells and murine and 

human keratinocytes in vitro [86,213,229,249]. 

Other members of the TGFB superfamily are 1) the TGFB-related MUllerian 

Inhibiting Factor which is expressed in foetal male testes and induces regression of the 

Mullerian duct [44]; 21 inhibins and activins; 31 the decapentaplegic protein DPP-C in 

Drosophila; and 41 the Vg-1 protein in Xenopus laevis embryos. The activin subfamily 

consists of homo- or heterodimers of the A (or inhibin B AI and the B (or inhibin B B) 

subunit [131,159]. Activins and in hi bins are synthesized in the gonads. They are 

implicated in the stimulation or inhibition, respectively, of the pituitary Follicle 

Stimulating Hormone (FSHI secretion, and the induction of mesodermal development. 

FGF The fibroblast growth factor family is expanding: during the last 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 

[192,212,255], 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, excluding the N- and C-terminal parts, ranges from 39% (FGF-7) 

to 55% (FGF-11 [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], implicating a predominantly intracellular function for FGF-1 and FGF-

2. However, FGF-1 and FGF-2 have also been detected in the extracellular matrix. 

Several mechanisms have been put forward to explain their extracellular localization: 

1 I disruption of cells [162], 21 co-transport with heparin sulphate chains [132], 31 

eXDcytosis 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 2]. 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-l and FGF-2 are 

synthesized by both 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 on 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 ang,iogenesis and 

neovascularization in vivo [reviewed in 132,201]. Several in vivo experiments indicated 

that FGF-l 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 [106]. 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-l or FGF-2, or by endogenous overexpression 

of FGF-l in endothelial cells transformed with the FGF-l 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-l 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 TGFB, also have 

angiogenic properties [133,151,205]. 

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 homology 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 [167,227]. 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 [209]. 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";" [246J. 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 lens epithelium in vitro [37], and to enhance the 

migration of human retinal pigment epithelial cells in vitro [41] and of keratinocytes in 

vitro [71 J. 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 I and II 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-I is more potent than IGF-II in vitro [187J. Furthermore, the expression patterns 

differ, especially in rat foetal tissues where IGF-II is expressed more abundantly than 

IGF-I [82]. Similarly, in the adult rat oval IGF-I mRNA is only found in granulosa cells 
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and IGF-II mRNA only in thecal-interstitial cells [105,21 OJ. In contrast to IGF-II, 

expression of IGF-I in vivo is regulated by growth hormone [reviewed in 79,105J. 

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 cycle, and for progression 

through the G1 phase [1 ,46J. In addition, for further progression through the late G1 

phase, cells only require IGF or insulin in vitro [46,150J. Supporting in vivo evidence 

for these in vitro experiments was given by Lynch et al [151 J who demonstrated that 

only the combination of PDGF-BB and IGF-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 IGF on keratinocytes [151 J. 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-I was also able to induce 

differentiation of transformed human keratinocytes [126J. 

Other in vitro studies demonstrated that growing cultures of fibroblasts from 

normal tissue produced IGF-I [19,59J and fibroblasts from breast tumours produced IGF­

II [59J. The latter authors suggested a growth promoting role for IGFs on breast 

epithelial cells, and especially a role for IGF-II in malignant lesions. Barecca et al [19J 

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 [160J showed that after hypoxia IGF-I 

mRNA and protein were detectable in regenerating rat kidney tubular cells in vivo, 

concomittant with cell differentiation rather than proliferation. Other studies pointed out 

that IGF mRNA expression is not changed during wound healing [3,10]. 

IGF effects on cells 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-I to its receptor by binding the IGF-1. Albiston et al [3J showed that 

after injury of the rat ileum in vivo, the IGF-I and the type I 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 partial hepatectomy [179J or liver injury [13J. 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. TGFB is different from EGF-like, 

FGF-like, PDGF-like, or IGF-like proteins in that TGFBs 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 neonates and adults (Table 2). In adult epidermis, 

both EGF and TGFa are expressed. Probably, EGF and TGFa stimulate epidermal wound 

healing by enhancing epithelial proliferation 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 TGFBs 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 

extracellular matrix formation can be induced by TGFBs, 3) migration is stimulated by 

EGFs, FGFs, and TGFBs, and 4) angiogenesis is induced by FGFs. Since 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 IGFs 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 

like 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 receptors is depicted in Figure 3. 

Most receptors have an extracellular binding domain for their ligand, a 
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transmembrane domain, and an intracellular protein kinase domain. Of these 

receptors, only the TGF~ 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. 
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Figure 3. Structure of different families of transmembrane growth factor receptors. 
Numbers refer to the EGF receptors (1), FGF receptors (2), type IIIGF receptor (3), the insulin 
and type I IGF receptors (4), PDGF receptors (5), and the TGFB type t (6), type II (7), and 
type III (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 circle 
(glycosaminoglycan chains). 

The EGF receptor family consists of c-erb8-1 to c-erb8-4 proteins. The c-erb8-1 

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 low 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 TGFB [14, 136,152,1571. 

The c-erb8-2 protein, also called neu or HER-2, is a protein with proto-oncogenic 

properties. Amplification or point mutation of the c-erb8-2 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-erb8-2 gene correlated with a less favourable 
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Table 3. Characteristics of growth factor receptors. 

RECEPTOR 

EGF·R 
c-erb8-1 
c-erbB-2 
c-erbB-3 

TGFB-R 
type I 
type II 
type III 

FGF-R 
FGFRl 

FGFR2 

FGFR3 

FGFR4 

PDGF-R 
type ao 
type alS 

type BB 

IGF-R 
type I 
type II 
insulin 

LOCALIZATION SPECIFICITY REMARK 

ubiquitous EGF,TGFa,AR,HB-EGF TM 
carcinoma/embryo ? TM 
GIT,UT,skin,lung,carcinoma, TM 
embryo heregutins 

heart * ,muscle * ,brain * ,kidney * I TM 

lung * ,carcinoma * 

ubiquitous/carcinoma/embryo TGFBs 

brain,heart,muscle, kidney, 
lung/carcinoma, embryo 
mesenchyme 
brain,skin,kidney,tung, 
carcinoma, embryo epithelium see text 
brain,skin,kidney,lung,embryo 
endoderm 
livef,adrenals, kidney I lung 

mesenchymal cells, olfactory PDGF-AA,PDGF-AB 

epithelium * PDGF-AA,PDGF-AB 

epidermis * ,tumours PDGF-BB 

IGF-I,IGF-II,(insulin) 
ubiquitous,tumours,embryo IGF-I,IGF-JI 

IG F-I, IG F-II, insulin 

TM 
TM 

NKD 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 
NKD 
TM 

REFERENCES 

10.42,165, 
43,173 
43,197,200, 
214 

43,196 

26,68,201 
26,68,201 
26,201 

107,118,247 

118,247 

118 

118,224 

91,144,242 

91 

8,9,91,242 

82,187,219 
82,187,219 
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; * = RNA. 

prognosis of the patients [174,222]. In normal tissues, c-erb8-2 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-erb8-3 protein is, like the c-erb8-2 protein, also expressed in tumours, like 

stomach-, breast-, and colon carcinomas [197,214]. The c-erb8-3 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 eDNA encoding the c-erb8-4 protein. 
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The tissue distribution of c-erb8-4 is different from that of c-erb8-3 (Table 3) 

suggesting tissue-specific functions for their ligands, heregulins [43,196]. 

Activation of the c-erb8-1 to c-erb8-4 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 TGF~ receptors have been described: type I, type II, 

and type III. The type I and type II receptors have a cytoplasmic serine/threonine kinase 

domain [20,68,147]. In contrast, the type III receptor is a proteoglycan, betaglycan, 

which lacks a signal transduction domain [148,244]. Several studies demonstrated that 

the absence of the type III receptor did not result in loss of TGF~ response, whereas 

absence of type I receptor did. Hence, it has been suggested that type I and type II 

receptors require a mutual interaction for mediating the TGF~ effects, possibly by 

dimerization [20,68,139,147]. The type III receptor increases the affinity of the other 

TGF~ receptors for TGF~ [149,244]. Recent evidence for functional differences 

between the type I and type II receptor was given by Wrana et al [251]. The type II 

receptor, a constitutively active kinase, binds TGF~. The type I receptor in turn binds 

to the bound TGF~. Upon phosphorylation by the type II receptor, the type I receptor 

mediates then the signal transduction. 

The expression of TGFB receptors is ubiquitous on both normal and neoplastic 

cells [26,68]. A general correlation between the expression levels of TGF~ 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 

urothelium and, in contrast to RNA expression studies, not in kidney. 

Low affinity FGF receptors include the transmembrane proteoglycan syndecan, 

which contains heparan sulphate chains. Syndecan may have a function in embryonal 

tissue organization [225]. Since the presence of heparin/heparan sulphate chains 
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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 a receptor, and a type 

B 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 

[8,10], and in lung, thyroid, gastric, and ovarian carcinomas [9,51,97,98]. 

A switch in the expression of PDGF type a 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 I insulin-like growth factor receptors are structurally and 

functionally homologous. They consist of 4 subunits, two a and two B subunits which 

are linked by disulphide bridges; the greatest amino acid homology resides in the B 

chain (approximately 84%). Instead, the type II 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-I and IGF-II are mostly 

exerted through the type I IGF receptor. The type II IGF receptor/mannose-6-phosphate 

receptor regulates the transport of lysosomal enzymes, and regulates a rapid 

internalization and degradation of IGF-II [reviewed in 82,186,187]. The latter function 

may serve as a means of IGF-II depletion from the circulation before IGF-II can bind to 

the type I 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, TGFB type I, TGFB type II, and TGFB type III, and type I IGF receptors. 

PDGF receptors and type II IGF receptors are expressed less frequently on epithelial 

cells. 

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 56J. The mammary glands showed a high proliferative activity and a very 

dense network of milk ducts. Muller et al [176J 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 TGFa and 

FGF-3, or their receptors may result in abnormal tissue growth, or in tumour growth 

and invasiveness [reviewed in 1,201]. However, Dverexpression of growth factor or its 

receptor alone is not sufficient to cause transformation [56,153J. 

§ 3.4 Growth factors: Signa/ transduction pathway 

As pointed out in the previous paragraphs, several growth factors including EGF, 

PDGF, and insulinllGFs, 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 ligand 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, PLCV, and Ras proteins [74,1 OSJ. 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 (as gene in several carcinomas, including approximately 

10% of the human TCCs, leading to activation of Ras p21 [32J. Overexpression of 

(mutated) Ras proteins in TCC cells was shown to enhance invasion of these cells in 

murine bladder [231 J. Other studies showed that also the cytosolic Raf p6S-74 protein 

is involved in mitogen-induced signal transduction [164J. 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, 156J. 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 (GDI) [reviewed in 30J. Raf is a serine/threonine kinase protein acting 

downstream from 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, a homologue of the yeast Sem5 protein 

and the Orosophila Ork [190]. Grb2 contains one SH2 (Src homology 2) domain and 

two SH3 domains. The SH2 domains of different proteins (Src, PLCy) were found to 

bind to phosphorylated 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, 50S, and Ras. The binding of the mammalian homologues of 50S, Grb2, 

Ras, EGF-R, POGF-R, and insulin-R have been studied by 1) immunoprecipitations of 

50S, Grb2, or EGF-R followed by immunoblotting with anti Grb2 or anti growth factor-R 

antibodies [17,40,211], 2) binding of 50S and growth factor-R to Grb2-fusionproteins 

and Grb2-mutant fusionproteins [69], and 3) GTP and GOP exchange kinetics upon 

overexpression of 50S or Grb2 [81]. In the presence of a mitogen a complex was 

formed between mitogen-activated GF-R, Grb2, 50S, and Ras [40,211]. For the 
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Figure 4. Schematic diagram of interaction between the intracellular 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-phosphorylated 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 RaslRaf 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 P1(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. Alternatively, 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 Gro wth 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 nglml 

EGF have been measured [42,104]. In contrast to normal individuals, TGFa is present 

in the urine of patients with bladder carcinoma [129]. EGF was found in superficial 

urothelial cells of normal individuals, and in human TeC in all 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 TCe 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 TeC growth, 

while EGF rather than TGFa is important for the urothelial physiology. 

Differences in expression patterns of FGFs have also 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 TeC cells an FGF-21ike activity, but not in normal urine 

or in urothelium. Allen and Maher [41 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-5 proteins in bladder carcinomas. Taken together, 

these data suggest the involvement of one or more FGFs in TCC growth. 

TGFI1-like activity has been found in the human urine, regardless of the presence 

of TCC [129]. In addition, some human TCCs showed a TGFI1 RNA expression different 

from normal human urothelium, but no clear correlation could be made between the 

grade or stage of the TCCs and the TGFI1 RNA expression. The presence of TGFl1s in 

normal urothelium and urine suggests that TGFB is important for the maintenance and 

repair of normal urothelium. 

A ligand binding study of Iwamura et al [113] suggested the expression of type 

I 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 cells. 

Several functional studies with human and murine urothelial cells showed that 

EGF/TGFa and some FGFs modulate the proliferation, or morphology, 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-II, a rat bladder carcinoma cell 

line [238]. Furthermore, 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-II 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 TGFI1 on urothelial cells has not been elucidated. In 

analogy to the observed effects of TGFl1s on other epithelia (see above), TGFI1 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 cells under certain conditions, Le, wound healing, cystitis, or in carcinomas 
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(see §3). Both renal glomerular and tubular epithelial cells as well as the T24 TCC cells 

can express PDGF-B mRNA [5,34,77J. In addition, PDGF-B protein levels are higher in 

urine of patients with bladder cancer [188J. 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 cells. 
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§ 4 Aim of the thesis 

Many studies predominantly on skin epithelial cells indicated that EGF, TGFa, 

FGF-1, FGF-2, TGm, 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 Tee suggested that growth 

factors are also implicated in the maintenance of the urothelium and in the growth of 

Tee. 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 urothelial cells? 

2) do cultures of normal urothelial 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 urothelial cells in vitro differ in their response to growth 

factors? 

5) can TeC cells in vivo affect the growth of surrounding urothelium by paracrine action 

of TeC-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 Tee 

compared with normal urothelium. 
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The use of porous membranes as culture support for epithe­
lial 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 different proper­
ties, such as transparency, rigidity, and retention of mole­
cules. Cydopore membranes (polyethylene terephtalate) are 
permeable, ttanspa[ent, rigid, and have low protein reren­
tion. In this study we examined the applicability of assessing 
muhiple parameters on a single culrure of primary epithe­
lial cells on a Cydopore membrane. Cultures of transitional 
epithelial cells on these membranes differenriate into an 
organoid-like epithelium. We were able to perform morpho­
metric analysis during and after cell culture and to quanti­
tate proliferation and differentiation by double immuno-

Introduction 
Several kinds of culturt: supports are available for in vitro study 
of proliferation and differentiation of epithelial and mest:nchymal 
cells. To mimic in vivo conditions a.s dosely as possible, culture sub­
strates have been developed that are permeable to medium com­
ponents. In contrast to cell cultures on conventional non-porous 
p_1astic, polarization and multilayering of cells grown on (extracel­
lular matrix-coated) permeable membranes are observed, as these 
membranes allow diffusion of nutrients to both the basolateral and 
the apical side of the ceHs. 

CoHagen gels have often been used to improve in vitro culture 
conditions (13). Disadvantages of the usc of collagen gels as per­
meable culture substrates arc their more complicated handling and 
their variation in molecular composition or structure, In addition 
to collagen gels, porous membranes made from a vatietyof materials 
have become increasingly available as culture supports to study mor­
phology (4,9), transport of (pharmawlogical) agents across cell layers 
P.ll), co-cultivation of different cell types (14,16), and cell inva­
siveness (12). 

I Supported by a grant fium the Dutch Cancer Society UM]R.CDEMT}. 
2 Correspondence m: Dr. W. I. de Boer, Dept. of Pathology. Era~nlus 

University POB 1738. 3000 DR Rotterdam, The Netherlands. 

enzymatic staini.ng. On these cultures, quantitative radio­
chemical analysis could also be achieved, retaining the mor­
phology and the immunoruswchemical staining. Cross-sec­
tions of paraffin-embedded and plastic-embedded cultures 
were analyzed qualitatively by light and transmission elec­
tron microscopy, respectively. Finally, cytokeratins in these 
cultures could also be visualized by immunofluorescence anal­
ysis. This suitability for simultaneous assessment of both 
qualitative and quantitative parameters on a single cell cul­
ture grown on a Cydopore membrane reduces the need of 
biological materials and may lead to better insight inw phys­
iological processes. (j HJ'stochem Cytochem 42:277-282. 
1994) 
KEY WORDS: Immunohistochemislry; Morphology; Morphometry; 
Mouse; Primary culture; Epithelium; Porous membrane 

Porous membranes are composed of different materials such as 
cellulose ester, nylon. polycarbonate, and polyethylene terephta­
late. The composition of these membranes, the pore density, and 
the pore size influence their properties with respecr to transparency, 
rigidity, and tetention of proteins, Their suitability for light and 
electron microscopy and for immunohistochemistry may vary ac· 
cordingly. Porous polyethylene terephtalate membranes arc trans­
parent. permeable, and rigid. These membranes have been suc­
cessful in supporting the functional differentiation of CaCo2 colon 
carcinoma cells (5). 

This study was designed to evaluate whether multiple quan­
titative and qualitative (morphological) parameters can be assessed 
simultaneously on organotypic cultures grown on polyethylene 
terephtalate (Cyclopore) membranes. The tested parameters include 
light (LM) and transmission electron microscopy (TEM) on cross­
sections, immunofluorescence. double-staining immunohistochem­
istry for proliferation and differentiation, morphometry. and liq­
uid scintillation counting of incorporated tritiated thymidine. 

Materials and Methods 
Chemieals. Culture media and slJppiemems were purchased from Flow 

Laboratories (Zwanenburg. Nether!arxis) and SigmA (Sr louis, MO), FtSPC(-
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tively. 1htialed thymidine was purrhased from Amersham CsHertogenbosrh, 
Netherlands). Srintillation toluene, picoFluor, and Ultima Gold were ob­
tained from ]laekard (Groningen, Netherlands). Chain-specific antibody 
againsL L),tokeratin 18 (RGE 53) was purrhased from Otganon Ttchniea (055, 
Netherlands). Chain-specifi~ antibody against cYLokeratin 19 (LP2K) and 
anti-BrdU antibody were kindly donated by Prof. Dr. F. C. S. Ramaekers 
(University of Maastri~ht, Maastri~ht, Netherlands). 

Cells and Culture. Urinary bladders were dissected from 6-S-week-old 
female C3I I/Law mice and CUt into halves. After washing the explanTS and 
wiping off exccssive medium, the mucosal cell layer was stripped from the 
muscle layer and 5ubmucosa. The muwsal layer was spread on a Cydopore 
membr,l[]e culnlfesupport (Falcon; BectonDickinwn, Mountain View, CAl 
with the basement membrane facing the support. Culture medium ,,",IS 

added and refreshed on alternate days. The primary urothelial celJ culture 
resulted from the cells spreading ou[ of the mUC05a. Standard medium con­
sisted of a 1:1 mixture ofDulbecco's modified Eagle's medium and Ham's 
FlO, supplemented with 10% heat-inactivated fetal calf serum (FCS), 5 flg/ml 
insulin and transferrin, 50 nM hydrocortisone. 5 ng/ml selenite, 10 ).lM 
HEPES, 100 IU/ml penicillin, and \00 flg/ml Hfeptomycin. Cultures were 
incubated al 37°C in a humidified atmosphere of 5% CO,. Since the pore 
size and density may affect rhe cell number (5), we tc~ted the growth of 
primary epirhdial cultures on three different types of 2.5-cm-diameter Cy­
clopore membranes: membranes with pore size of 0.45 11m and pore den­
sity of 1.6 x 10(, poreskm2 or 1.0 x JOR pores/cm', and membranes witb 
pore .liz<; of 1 ,.un and 1.6 x lOG porcs/cml. Of these, tbe high pore-density 
membranes were the leasl transparent. Optimal adhesion and subsequent 
OUtgtowtb of epithdial cells wne observed only for the membranes with 
pore size of 0.45 11m and 1.6 x 106 porcs/cm2

• Urothelial expl~nts fre­
quently detached from the other types of Cyclopore membranes. There­
fore, we used the Ialter type of membrane for this study. 

f.'lHJ.Thymidine and BrdU Inwrporation. On rerminarion of lhe ~ul­
lure. cells were firsr incubated with 40 ).tg/ml 5-bromO.2'-deoxyuridine 
(BrdU) in standard medium for 2 hI. Then rhis medium was replaced by 
standard medium containing 20 ).tCi [JHJ-thjmidine/ml withour Ham's 
FlO and FCS, in which the cells were cultured for another 2 hr. Next, cdl., 
were rinsed with PBS, pH 7.2, wirh an excess of non-labeled thymidine. 
The incorporated radioactivity was counted in scintillation liquid using an 
a,l}-scintillation analyzer (Packard 2500 TR; Groningen, Netherlands), lu­
minescence and color-quenching correned, and expressed as counts/min 
(cpm) and disintegrations/min (dpm). 

inununohistochemimy and Irnmunoiluore<;cence. Cultures were rinsed 
with PBS, pH 7.2, and fixed with ethanol 96% for at Itast I hr. Before 
the primary anti-BrdU antibody incubarion, cultures were treated with HCI 
and Borax buffer as described (15). ChaiJHpecific cytokeratin and BrdU 
expression were demonstrared with appropriate dilUTions of the primary 
mouse monoclonal antibodies (MAb) in a conjugated immunoenzyme as­
say. Secondary rabbit anti-mouse MAb (DAKO; Erten Leur, Netherlands) 
were either peroxidasc.conjugated or alkaline phosphatase-conjugated. Olro­
mogens were 3,3'-diaminobe!l7.idine tetrah}drochloride (DAB) (Huka', Oud 
Beijcrland, Netherlands) and the diazonium saIl Fast red violet LB with 
naphrhol AS·MX phosphate as coupling agent (Sigma), respeltivdy. Azo 
dye visualization wa, done a[cording to Burstone (I). All incubations were 
done while membranes were floating upside down in the incubation mix­
ture. Membranes wete mounted in Euparal (ethanol-based) (Chroma; StUTt· 
gart, FRG) on glass slides. Mounting in xylene-based Malinol solubilized 
the azo dyes. resulting in dewlorizing of the red-stained culture. In fluo­
rescence assays either fluorescein isothiocyanate (FlTC)-conjugatcd or 
Letramethylrhodamine isothiocyanate (1RI1t:)-conjugated rabbit anti-mouse 
-Itwndary MAb (DAKO)were used to examine l),tokeratin exptcssion. These 
membranes were embedded in PBS with glYferin and visualized Wilh a wn­
ventional fluorescence microswpe. Ethanol-fixed frozen sections of eyto-

keratin-positive mouse and human bladder served as conrrol for cytokera­
tin-primary antibody binding and a, wntrol for specifi, antibody binding. 

Transmi.'sion Hecllon Microscopy. Conf-luent cultures were linsed Wilh 
PBS, pH 7.2, and fixed with l. 5 % w/v glutaraldehyde in 0.1 M cacodylate 
buffer, pH 7.4. After rinsing wiLh cacodylate buffer, pH 7.4, cells were posr­
fixed with 1% w/v 0;04 and 1.5% w/v potassium fertocyanide in rawdyl. 
ate buffer. AfLer dehydration with ethanol, cells were embedded in Epon 
(Zeiss; Wees]>. Netherlands). Ultra-thin sections (0.02 ).tm) were contrasted 
on 200-mcsh (opper grids with uranyl aCetaLe and lead nitrate. Sections 
were studied with a TEM (Zeiss EM902) at 80 kY. 

Morphometry and Image Aoalysis. The edge of lhe outgrowth of the 
explant culture, as visualized by LM, was dtawn by hand. The area of OUl­
growth drawn was measured by image analysis. Quantification of cytokeraLin­
stained parrs of the mem brane or drawn oULgrowth areas was also done 
with an image analyzer (lBAS 2000 Zeiss Komron; Oberkochen, Germany). 
Culturo and drawn areas, respectively, were visualized with a Hitachi CCTV 
camera and image~ were analyzed Wilh tht supplied Kontron lBASl ver­
sion 4.4 sofLware progr-am. Cytokeratin-srained areas and outgrowth areas 
were calcula[!:d in mm l and ~xpresseJ as percemage of the maximal OUl­
growLh area. 

Results 
The transparency of the Cydopore membranes permitted daily mea· 

suremenr of the expansion of the primary urothelial outgrowth from 

« 
w 
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« 

o 5 1 0 15 20 25 

CULTURE TIME (days) 

Figure 1. Morphometry of the outgrowth of primary urothetiat cultures during 
cultivation. The outgrowth area was retated to the maximal outgrowth area, which 
was set at 100%, and plotted against the time of culture (in days). Bars = SD 
(n = 6) 
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Figure 2. Flow chari outlining the subsequent sleps for assessment of the de­
scribed parameters. I.E.M., transmission electron microscopy; Lt., labeling 
index. 

the inoculated mouse bladder mucosa explants (Figure 1), as the 
advancing edges of the explant cultures were easy to distinguish. 
The sequence of procedures performed on the Cyclopore membranes 
covered by the confluently grown cultures are depicted in a flow 
chart (Figure 2), 

The rigidity of the membranes enabled them to be cut into two 
or more parts. Fixation in ethanol or acetone for immunohisto­
chemistry or in glutaraldehyde for TEM did not affect the trans­
parency of the membranes. Double immunoenzymatic staining was 
performed to simultaneously demonstrate nuclear reactivity for 
BrdU and cytoplasmic staining for cytokeratin 18 Of 19. First, cytoker­
atin expreS5ion was visualized with the alkaline phosphatase-coupled 
secondary antibody, since the best contrast for image analysis WAS 

achieved with the chromogen Fast red violet. After 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 several non-stained un­
derlyingcells (Figure 3A). In contrast, the underlying smaJlerceJls 
were mainly cytokeratin 19 positive (Figure 3B). This indicates that 
equal permeation of antibodies and reagents to all cell layers of 
the culture was possible. No adhesion of the immunohistochemi­
cal reaction products to the porous membranes occurred. The pores 
in the supporting membranes were, however, clearly visible due 
to the diffraction oflight. As cytokeratin 18 was expreS5ed in differen-

Table 1. Multiparameter analysis on urothelial C1Ilturesll 

Nudei 
per 0.15 mm' 

264.3 ± 73.4 

II 
(%J 

1.8 ± 1.5 ll,061 ± 1747 

CK 18 
area (%J 

42.7 ± 19.1 

• Quamita[ion of parrunete[_, for proliferation and diffe[entia[ion on 'ingle uro· 
thelial CUltUfCS. Nudei a[e counted in six pre-fIXed areas ofO.IS mmi on [he mem­
bmne_ The BrdU ill<"OtpOt"tion [calcularcd as the labeling index (U)] and the tritiated 
thymidme ([-lH]_Thy) uptake were I~ken as paramelers of proliferation. The U i, 
gi,'cn "s the number ofllrdU-posi[ive nllelei ,ela,ive ro [he !Oml nnmher of nuclei 
Incorporation o[['H]-Thy was measured m Ultima Gold and expressed in dpm. Ter­
minal diffe[emia,ion of the ,ulture~ is reflected by the expression of cYlOkcratin IB 
The cytokem,in IS-positive ~rea' (CK 18 atea) were ,aleul.ted by image analy,i~,$ 
percem.gc of the maximal outgrowth area, which wa, ,et ~t 100%, Bar< ~ SO of 
five cUitUftS 

tiated superficial rells, this expIession could be used as a parame­
ter for terminal differentiation of the culture. By image analysis, 
[he relative cytokeratin 18-positive areas were quantitated, show­
ing that about 42.7 % of the superficial cells expressed cytokeratin 
18 (Table I). 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
suring the uptake of [3HJ-thymidine (Table I). 

Alternatively, when cultures primed with primary antibodies 
against cytokeratin 18 or 19 were incubated with FITC- or TRITC­
conjugated secondary antibodies, a clear cytokeratin expression pat­
tern was observed (Figure 4) similar to the pattern shown in Figure 
3, Compared with the specific signal, the background fluorescence 
derived from the membrane or pores in the membrane was low 
[or both types of fluorescent dyes, even at high magnification 
(x 1000). 

10 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, PicoFluor did destain 
the cultures, but Ultima Gold did not. No differences in counting 
efficiency were observed for the culture tested: the number of cpm 
and the concurrent dpm were 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. Componson of seinlil/otion liqUIds in 
[3HJ-thymidine me(lmrement 

Culture No reUs 

liquid Exposed Not expo,ed 

Toluene 7945 7254 5622 626 0 
DPM 23,317 21,492 18,005 1960 23 0 

PiwFJuor 6719 6416 4819 563 0 

DPM 23,203 22.228 16,544 1880 26 0 
Ultima Gold 5787 6373 4396 530 3 0 

DPM 22,068 20,244 15,211 1780 11 0 

• Usc of different scimillation liquid, for counting incorporated (JH]_ Thy imo 
four urorhelial primary cultures, Ollc mcmbranc without cdl, but c~po,cd to [3HJ. 
Thy. and one membrane wi[hoUI cells and nOr e~po_<ed to [lHJ. Thy. Culture 4 wa, 
ftc. fed differently in receiving 4 ng/ml tran,forming growth facwr-I} for 5 day,_ In­
corporations alc given in cpm and in di,integrations per minUfc (DPM) 
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3A 

Figure 3. The upper surface 01 {Al a cylokeratinlS-stained and (S) a cytokeratin 19·stained ufOtheliai culture, Gounlerslail'led with hematoxylin. Large superficial 
cells stain for cytokeralin 18 and reside on underlying, cytokeratin 19-s1airled smalier cells. BrdU·slained nuclei are denoted by a thick arrow. Original magnification 
x 200. Bars = 50 11m 

Figure 4. Immunofluorescence 01 (A) cylokerat'ln IS-expressing cells w'lth FITC·cortjugated antibody and (B) a cylokeratin 19-expressing cell bordering a blank 
part of Ihe membrane with TRITC'COrljugaled al"ltibody. Arrow irldicates intracellular vacuoles. M, blank membrane. Original magrlificatiOrlS: A x 250; 8 x 1000 
Bars: A '" 1.56 11m; 8 = 0.39 11m. 

membranes exposed to [3HJ-thymidine and of non-exposed blank 
membranes were low, indicating low retention of thymidine by 
these membranes. 

Mtet measurement of radioactivity, the membranes were em­
bedded in paraffin and cross-sections of the immunostained cul­
tures were made perpendicular to the membrane. The rigidity of 
the membranes was sufficient for the cutting, and no shrinking 
of the membrane, causing disruption of the cultures, was observed. 
In cross-sections the BrdU-stained nuclei were found in the basal 
cdl layer, while cytokeratin 18-stained cdls covered the cdl cul­
tule. The best results for photography were obtained when BrdU 
staining (with Fast red violet as chromogen) was performed before 

cytokeratin staining (with DAB as chromogen) (Figure 5). This se­
quence resulted 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 
benzine. 

TEM on the epithelial cdls covering the membrane could be 
performed without the need to separate the culture from the po­
rous membrane. In ultra-thin cross-sections the multilayered cell 
culture and preserved cell organelles could be visualized. The mem­
brane detached from the cell layers during ulLra-thin sectioning. 
Figure 6A shows a culture consisting of a layer of smaller basal cells, 
tbe cuboid iotermediatc cell layer, and the thin superficial cell layer. 
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Figure 5. Cross-section of a urolhelial cell cultured on a Cyclopore membrane 
RcdU stained basal cells (thick arrows) and cytokeratin 18 only superficial cells 

in arrows). M, membrane. Original magnification x 1000. Bar ~ 10 11m. 

Figure 68 shows subcellular details such as organdies and imer­
mediate filaments. 

Discussion 
The results of this study demonstrate that a variety of parameters 
can be assessed on a single epithelial culture grown on a porous 
membrane. The epithelial primary culture shows features of the 

6A 

murine bladder urotheliurn in vivo: three cell layers, the flattened, 
cytokeratin 18-positive, upper cell layer representing the superfi­
cial urothelial <=e1ls; the cuboid intermediate cell layer; and the 
smaller basal cells in the basal cell layer (6). This multilayering and 
differentiation of epithelial (ells 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 cdls, resulting in an op­
timal culture system, in contrast to plastic dishes. The transparency 
of the Cydopore membranes is an advamage over cellulose acetate 
or polycarbonate membranes when morphometric analysis is to be 
performed both duting and after cultivation. Furthermore, the 0.45 
11m-pore size Cydopore membranes are more rigid than Transwell­
COL membranes. As a consequence, the Cyclopore membranes do 
not crinkle when cut from the insert ring or during embedding 
in paraffin or plastic, in contrast to Transwell-COL membranes (2). 
Therefore, one membrane can be easily divided into more pieces 
for different fixations without damage to the culture. If cultures 
are fixed with acetone, the Transwell-COLmembranes but not the 
Cydopore membranes also have the disadvantage that the mem­
branes 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 immunohistochemis­
try cannot be performed on all types of porous membranes. With 
nitrocellulose membranes, Butor et al. (3) showed that immuno­
logical reagents have less access to the basal side of monolayer cul­
tures of renal MDCK epithelial cells. Immunoassays performed on 
nitrocellulose membranes yielded poor results because of high back-

Figure 6. TEM showing (A) a cross-section of a urothellal culture with three different cell layers and (8) subcellular detail. N, nucleus; S, superficial cell; m, original 
localization of the membrane; mi, mitochondrion; iF, intermediate filaments; au, autophagic body. Original magnification: A x 3000; 8 x 20,000. Bars: A '" 2.5 
;1m; 8 '" 0.4 ;1m. 
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ground (10). The presenr study demonstrates that immunohisto­

chemistry can be performed on Cydopore membranes with low 

retention of immunohistochemical compounds. Alfho~tgh cultures 
were multilayered, good access to basal (eli layers was achieved, ;L, 
visualized for BrdU staining in the basal cells. Supporting evidence 
for good alces, to all cdl layers was also provided by staining of 
cyroketatin l(j in basal and intermediate cdl layers (/lot shown) 

When antibodies conjugated LO /luoresrent dyes are used with 
polyrarbonate membranes, light is diffraned by the pores in the 

membrane, neressitating the use of a confocal laser scanning mi­
croscope (3). Since C~dopore membtanes also conLain pores that 

diffract light in a wnventional LM, we expected similar problems 
for these membranes, although our results showed that }'ITC- or 

TRITC-labeled antibodies bound specifically to anti-cytokeratin an­
tibodies, A clear distinction between fluorescence in superficial and 
basal cells could be made. Furthermore, 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 f1uores(eme assays. 

Measurement of the cellular incorporation of isotopes has been 
performed previousl)' on cdls cultured on TransweJl-COL mem­
branes; these cells IVere suaped off of the membranes (8,17), In 

this study Wt showed that liquid scintillation counting can be per­
formed on cultures that are still attached to the membrane. Prereq­

uisites for effettive scintillation analysis on membrane-attached cells 
are tht resistance of the membrant to the s~intillation liquid and 
the transparency of the membrane in the scintillation liquid, be­

cause non-transparent membranes will undoubtedly quench the 
scintillation measurement. The immunohistochemical azo d)'e stain­

ings are solubilized in toluene scintillation liquid or PicoFluor, but 
this could be prevented by using Ultima Gold as scimillation liq­

uid. In contrast, the DAB stainings are not affected by either scin· 
tillation liquid (not shown). In conclusion, the use of porous mem" 

branes, in particular Cyclopore membranes, offers the opportunity 
to obtain a single differentiated, organoid-like eel! culture on which 
several different parameters can be assessed. These parameters can 

either be quantified (e.g., morphometry, counting of nuclei or in­
corporation of radiochemicals) or used to assess qualitative aspects 

of the culture (e.g., immunofluorescenct, cross"secrioning, and 
TEM)_ In turn, this multiparameter analysis on one (ell or tell wl­
ture may help to provide better insight into physiological (inter)cd­
lular processes. The analysis of several parameters on one single cell 

culture reduces the need for biological material. 
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ABSTRACT 

Although previous studies indicate that growth factors can affect several 

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, TGFB, FGF-

1, FGF-2, PDGF-AA, and PDGF-BB on mouse urothelium in organoid-like 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 ['H]-thymidine incorporation, This 

resulted 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, TGm inhibited proliferation, caused a 

decrease in the number of cell layers and blocked expansion. Moreover, TGFB 

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 action on the 

epithelial cells, while TGFI5 promotes the development of a normal, 

differentiated transitional epithelium, 

INTRODUCTION 

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 15 (TGFI5) 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 15 receptor expression in skin 
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and renal epithelial cells in vivo only under specific conditions. TGFIl> has also 

been found in urine [8] and in kidney and urothelial cells [5,11,12]. Both the 

presence in urine and the differentiation induction in other epithelial cell types 

[13,14] suggest that TGFIl> 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 bladder 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 permitted 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, TGFIl>, FGF-l, 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 similarly in both models with respect to the examined 

parameters, 2) EGF and FGF-l induce proliferation but not differentiation, 3) 

PDGF may affect migration, but not proliferation or differentiation, and 4) TGFIl> 

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 TGFIl>, were purchased from Sigma (St.Louis, USA). Human 
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FGF-l, 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 Organon 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 Gold 

from Packard (Groningen, NL). 

Primary cell culture. 

Primary cultures of female C3H/Law mouse urothelia were obtained as 

described previously [15J. In short, mouse urothelium was dissected from the 

urine bladder and placed onto a 25 mm 0.45 JIm 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 culture medium [15J consisting of 1:1 Ham's FlO and 

Dulbecco's Modified Eagles Medium (DMEM), supplemented with 10% heat­

inactivated foetal calf serum (FCS), 5 Jlg/ml insulin and transferrin, 50 nM 

hydrocortisone, 5 ng/ml selenite, 10 JIM HEPES, and 100 IU/ml penicillin and 

100 Jlg/ml 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 con fluency , 

Serum-free medium experiments. 

Experiments with growth factors were performed in serum-free medium 

as decribed previously [16J. This medium is similar to the routine medium 

without FCS, but supplemented with 0.1 % bovine serum albumin (BSA), 4 JIM 

spermine, 4 JIM spermidin, 0.1 mM ethanolamine, and 1 JIM 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 TGF~, 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/ml of both FGFs and PDGFs. FGF-1 was used in combination with 2 U/ml 

heparin. 

[3Hi-thvmidine 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 pg/ml BrdU in 

routine medium for two hours, and subsequently in fresh standard medium 

containing 20 pCi [3H]-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

h·,stochemistry. Finally, the incorporated radioactivity was counted in Ultima 

Gold scintillation liquid using an a,~-scintillation analyzer (packard 2500 TR, 

Packard, Groningen, NL). Radioactivity was expressed as counts per minute 

(cpm) and des integrations per minute (dpm). The incorporation of BrdU was 

expressed as the labelling index (L.I.). The L.I. is defined as the relative number 

of BrdU-positive nuclei in twelve prefixed areas of O. 'i 5 mm 2 per culture. 

Pulse-chase labelling: in some experiments cells were labelled for 8 hours 

with 40 pg/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 staining) 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 Naphtol AS MX phosphate as coupling agent (Sigma, St. 

Louis, USA). As determined with RGE53 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 Electron Microscopy ITEM). 

Confluent 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 jim) 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-l stimulated the growth and proliferation (enhanced number 

of nuclei, ['H)-thymidine uptake, and BrdU incorporation), resulting in an 

62 



s 

M-

§ < > , 

• , 
N , 

~ 

N '," • • 
N 

N 

M M 
lC 10 

Figure 1. Transmission electron micrographs of confluent urotheliaf cultures treated with 
different growth factors during 4 days. Cultures were treated with serum-free medium 
alone (A). EGF (8), FGF-l (C), or 0.5 ng/ml TGFB1 (D). N = nucleus, M = membrane, S 
= superficial cell. Original magnification: 3000 X; bar = 2,5,um. 

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 cells [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 TGF~ inhibited the proliferation 
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Figure 2. Micrographs of cytokeratin 18 positive, superficial urotheliaf cells in confluent 
cultures treated with different growth factors during 4 days. Cultures were 
counterstained with haematoxyfin. Note the differences in morphology of the superficial 
cells. Cultures were treated with serum~free medium alone (A), EGF (B), FGF-l (C), or 0,5 
ng/ml TGFB1 (0). Original magnification: 200 X; bar = 50 pm, 

(lower [3H)-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 TGFB-treated cultures was larger compared to 

serum-free cultures. The superficial cells were all large with a regular polygonal 
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Table 1. Effects of growth factors on confluent primary urothelial cultures. 

GROWTH 
FACTOR 

serum-free 
EGF 
FGF-l 
FGF-2 
TGFB 10.5) 
TGFB 12.0) 
PDGF-AA 
PDGF-BB 
serum 

NUCLEI 

212 ± 49 
377 ± 59 
356 ± 76 
207 ± 57 
124 ± 25 
42 ± 23 
221 ± 33 
127 ± 28 
264 ± 73 

L.I. 

1.0 ± 0.7 
5.5 ± 3.3 
3.6 ± 0.6 
1.1 ± 1.1 
0.1 ± 0.1 
0.0 ± 0.0 
1.4 ± 0.9 
1.3 ± 0.6 
1.8 ± 1.5 

I'HHHY RGE53+ 
AREA 

CELL 
LAYER 

3411 ± 178532.1 ± 24.2 1-3 
9986 ± 2393 51 ± 7.0 3-6 
7372 ± 1093 72.2 ± 1.3 3-6 
4839 ± 1822 54.2 ± 23.5 1-3 
917 ± 749 85.3 ± 4.8 1-2 
413 ± 14 73.6 ± 7.2 1 

7954 ± 1261 33.1 ± 6.3 2-3 
6332 ± 1533 78.3 ± 6.1 2-3 
11061 ±1747 42.7 ± 19.1 2-3 

Table 1. Effect of growth factors on proliferation and differentiation of 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 0.15 mm2, the 
labelling index (L.I.), the incorporation of [3HHhymidine (in dpm), the cytokeratin 18 
positive area (RGE 53 +) related to the total growth area (460 mm2), and the number of 
cell layers. The TGF13.1 concentrations are 0.5 or 2.0 ng/ml (indicated between brackets). 

morphology resembling umbrella cells (Figure 2). These observations suggest 

that TGFI), 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 TGFI), 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 TGFI), or serum-free medium alone. Cross sections demonstrated that the 

number of cell layers in the TGFI), treated cultures was diminished to one or two 

(Figure 3A and 4), while serum-free medium treated cultures were still stratified 

with at least three cell layers (Figure 3B and 4). Compared with non-TGFI), 

treated cultures, the number of non-BrdU-labelled nuclei was decreased in all 

cell layers in TGFI), treated cultures, while the number of BrdU-labelled nuclei 

remained unchanged (Figure 4). Finally, the cytokeratin 18 positive area in 

TGFI),-treated cultures (80.3% ± 0.7%) was higher than in serum-free medium 

alone treated cultures (71.3% ± 1.7%). In addition, the superficial cells 

assumed the morphology of umbrella cells only in the TGFI),-treated cultures. 

The data given in figure 4 show that BrdU was incorporated in the originally 

65 



3A 38 

NUMBER/AREA 

o 2 4 6 8 10 12 

8rdU NUCLEI V-1 

NUCLEI 1 stLAYER 

NUCLEI3rdLAYER 

3C 

Figure 3. Induction of terminal differentiation and apoptosis by TGFB1 • (A,B) Cross 
sections of paraffin-embedded, haematoxylin-stained, and cytokeratin 18 positive, 
urothelial cultures treated with either 0.5 ng/ml TGFB1 (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 jJm. (e) Micrograph of 
Feulgen- plus BrdU~stajned urothelial cultures treated with TGFB1 . The arrow indicates an 
apoptotic, BrdU-stained body. Original magnification: 500 X; bar = 20 pm. 

Figure 4. TGFB1-effect on differentiation of confluent urothelial cultures. The number of 
nuclei counted on cross sections of cultures treated with TGFB1 (0.5 ng/ml)(stippled bars) 
or without TGFB1 (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 labelled 
nuclei, is given for all cell layers together per half of a cross-sectioned membrane. Data 
are given ± standard deviation (n = 6). 

basally located cell layers. So, TGFI>-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 TGFIl. treatment can be regarded 

as a phenomenon of terminal differentiation. 

Furthermore, TGFIl. 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 TGFIl. 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 TGFIl.. The ratio of apoptotic bodies versus normal appearing cells 

was 1 out of 50 nuclei in cultures treated for 6 days with TGFIl. versus 1 out of 

1000 nuclei in cultures treated for 6 days with serum-free medium alone. 

B. Model mimicking regenerating bladder mucosa. 

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

GROWTH NUCLEI L.I. [3Hl-THY RGE53 + 
FACTOR AREA 

serum-free 107 ± 45 2.9 ± 2.7 3485 ± 2029 67.3 ± 15.9 
183 ± 48 3.7 ± 3.7 

EGF 260 ± 52 5.7 ± 3.3 100248±46746 62.4 ± 13.6 
452 ± 49 8.1 ± 1.8 

FGF-l 239 ± 68 2.7±1.6 5634 ± 1490 64.9 ± 8.9 
455 ± 111 9.2 ± 2.2 

FGF-2 116±14 0.9 ± 0.5 1792 ± 11 65.1 ± 10.4 
206 ± 26 1.0 ± 0.9 

TGFIl. 57 ± 5 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 2.0 ± 2.0 N.D. 75.2 ± 7.8 
174 ± 18 4.6 ± 2.8 

Table 2. Effect of growth factors on proliferation 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 legend 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 
[3H]-thymidine (in dpm) and the cytokeratin 18 positive area relative to the outgrowth 
area (RGE53+) are given. The TGFB1 concentration was 0.5 ng/ml. N,D. = not 
determined. 

67 



Non~confluent cultures covering 55 % - 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 TGm 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 [3Hl-thymidine 

uptake. The FGF-1 dependent increase in [3Hl-thymidine uptake seemed to be 

transient, since treatment for 2 days led to a 5 times higher [3Hl-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 

urothelial 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 (8) the original explant present during incubation. TGFB 1 

concentration was 0.5 ng/mf. (+) = serum~free alone; (.) = EGF; (. ) = FGF-1; (0) = 

FGF-2; I"I~ PDGF-AA; IAI~ PDGF-BB; 11iII1~ TGFB,. 
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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 

urothelium and in the model mimicking regenerating urothelium were similar. 

Both EGF and FGF-l 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, TGFB 1) inhibited proliferation, 2) induced (terminal) differentiation, and 

3) induced apoptosis, resulting in a decrease in cell 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 

stromal cells (Figure 5). 

Proliferation and migration 

EGF and FGF-l have been shown to induce the proliferation and migration 

of epithelial cells, including urothelial celis, 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-' but 

not FGF-2 mRNA is highly expressed in regenerating mouse urothelium in vivo 

[De Boer et ai, submitted]. These studies and the present data on EGF and FGF­

, 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 

important 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 

epithelium [32]. Induction of epithelial migration has previously been reported 

for retinal epithelial cells [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 role of PDGF on epithelia in vivo is not yet clear. 

We failed to observe an effect of TGFB on migration of transitional 

epithelial cells in contrast to studies on keratinocytes [19,35]. Nickoloff et al 

[35] observed that human keratinocytes in vitro migrated after a 2-days 

pretreatment with 2-20 ngiml TGFB,. Upon a 3 to 5 days treatment of 

confluent cultures with 2 or 4 ng TGFB,iml serum-free medium the outgrowth 

area decreased due to terminal differentiation. After a 2-days treatment with 

0.5 ng TGFB,iml serum-free medium, we also noted a decrease in the 

outgrowth area of non-confluent cultures. According to Nickoloff et al [35] only 

undifferentiated cells are able to migrate. This may explain the lack of migration 

in response to TGFB1 in our experiments since TGFB, induced terminal 

differentiation in our cultures. Hebda [19] observed that TGFB induced the 

migration of keratinocytes in the first three days of a skin explant culture. In 

these experiments TGFB might have affected the migration of only basal 

(undifferentiated) cells. 

Differentiation 

Data from this study demonstrated that TGFB both inhibits the 

proliferation and induces the terminal differentiation of transitional epithelial cells 

70 



into cells with the morphology and cytokeratin expression of umbrella cells. 

Limited numbers of umbrella cells are also present in untreated cultures. The 

data support the observations of Glick et al [361 and Sacco et al [141 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 symbols represent BrdU-labelled cells. 

induced terminal differentiation of keratinocytes and bronchiocytes in primary 

culture. Two modes of action for TGFB can be proposed. Firstly, TGFB may 

induce the upper cell layer to differentiate terminally into umbrella cells and to 

shed. Alternatively, TGFB may induce the basally and intermediate located cells 

to differentiate, while terminal differentiation and shedding occur also in the 

absence of TGFf?,. 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-Iabelling 

experiment the overall number of BrdU-labelled 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 TGFB 

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 TGFB induced 

apoptosis in transitional epithelial cells. This finding is in line with observations 

with epithelial cells from uterus [23), liver [24), and a gastric carcinoma [25]. 

Our results are consistent with a biological function of TGFfS in transitional cell 

epithelium in vivo. TGFB is present in the urine and in normal urothelial cells 

[8,11,12), and upon injury, TGFB is released by blood platelets and activated 

macrophages. Moreover, both the TGFB, and TGFI? type II receptor protein 

expression is enhanced in differentiating urothelium during wound healing of the 

mouse bladder [De Boer et ai, submitted]. Hence, the physiological maintenance 

of existing or regenerating transitional epithelium may be regulated by TGFI? 

through the induction of terminal differentiation of transitional epithelium 

resulting in an organoid-like stratification of the epithelium. This seems to be 

analogous to regenerating skin epithelium in which TGFI?, is present especially 

during the differentiation phase of the epidermis [37]. TGFI? may also repress 

hyperplastic or excessive transitional cell growth after injury by inhibiting the 

proliferation and by induction of apoptosis within the urothelium. 

Neither EGF nor FGF-1 induced the terminal differentiation of transitional 

epithelial cells under the present conditions. Instead, these growth factors 

induced a spindle cell-like morphology of the cells, while cells with the 

morphology of umbrella cells were rarely seen. Several of the superficial spindle 

cell-like cells stained immunohistochemically for cytokeratin 18, in contrast to 

earlier studies reporting that cytokeratin 18 staining with the RGE53 antibody 

was confined only to umbrella. cells [22]. The spindle cell-like morphology was 

also noted in other studies with urothelial celis 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 Tee the urothelium adjacent to the Tee often show 

characteristics of transformed cells which is considered to be a pre neoplastic 

lesion [39]. Since both TGFa and FGF-l have been found in Tee or in urine of 

patients with Tee [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 physiological processes. PDGF-BB may act as a 

migration factor for transitional epithelial cells under specific conditions, and 

TGFB 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 important factor in epithelial regeneration [421. Therefore, the importance of 

other growth factors for the urothelial physiology should also be considered. 

Future investigations using this culture 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 spatia-temporal changes in RNA and protein 

expression of growth factors and their receptors by in situ hybridization and 

immunocytochemistry 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 TGFB, and 

TGF~ type II receptor expression, changes in expression patterns of growth 

factors or receptors were confined to the urothelium. Increased mucosal RNA 

expression of IGF-II 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 level of urothelial TGF~, RNA and protein expression were associated with 

re-epithelialization and differentiation. In addition, TGF~ type II 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 urothelial proliferation is 

observed resulting in a rapid re-epithelialization 11-4). Other organs like stomach 

and gall bladder also show a rapid re-epithelialization of the mucosa layer upon 

damage 15,6). 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 (TGFB), insulin-like 

growth factor (lGF), platelet-derived growth factor (PDGF), and fibroblast 

growth factor (FGF) (7-14). Recent studies also demonstrated FGF-l protein 

expression in regenerating stomach epithelium (15) and an acceleration of 

gastric ulcer healing by FGF-l application in vivo (16). 

Direct actions of growth factors on urothelial cells include stimulation of 

[3HHhymidine uptake by basal urothelial cells in vivo (17), stimulation of 

proliferation and migration of murine urothelial cell lines and urothelial cells in 

primary culture by EGF and FGF-l (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-I and IGF-II, are also required for growth of epithelial cells, 

including urothelial cells (20), while the IGF-mediated actions may be affected 

by insulin-like growth factor binding proteins (lGFBPs) (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 cells (26). 

Few growth factors like TGFB and EGF, normally occur in the urine 

(27,28). In addition, normal urothelial cells are reported to express TGFB RNA in 

vivo (29,30). Upon injury to skin dermis and epidermis, several growth factors 

like TGFBs, 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 epithelium 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-I and mouse IGF-II were kindly provided by Dr. G.1. Bell, 

the rat type I IGF receptor by Drs. H. Werner and D. LeRoith, and the human 

PDGF-A and PDGF type a and type 11 receptor by Dr. C.-H. Heldin. Anti BrdU 

antibody IIB5 and anti TGFI1, antibody were kindly donated by Dr. F.C.S. 

Ramaekers and Dr. W. Boersma. Rabbit polyclonal antibodies against TGFI1 type 

II receptor was purchased from Santa Cruz Biotechnology (Santa Cruz, USA). 

Bladder injury experiments 

Female BCBA mice 8 to 10 weeks of age were housed in macro Ion cages 

and fed ad libitum with water and murine chow food (Hope Farms, Woerden, 

NL). The bladder was distended by intravesical injection of 200 pi 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/NaCI. The presence of blood in the urine immediately after the 

treatment was a qualitative 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 2 aneasthesia, mice received 

intraperitonially BrdU in 0.15 M NaCI (40 mg/kg body weight) during one hour. 

Six mice per interval were sacrificed. Isolated 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 KS + /- (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 [35S1-UTP (Amersham, 
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Aylesbury, UK) as described (31). For the present study we used an EcoR I-Sac 

I fragment of PDGF-A cDNA, a Sst II-Pvu II fragment of the PDGF-B cDNA, a 

Sac I-Kpn 1 fragment of the PDGF a receptor cDNA, a Pvu II fragment of the 

PDGF B receptor cDNA, a Bgi II-Xho I fragment of the FGF-1 cDNA, an EcoR 1-

Acc I fragment of FGF-2 cDNA, a Sma I-BamH I fragment of TGFB, cDNA, an 

EcoR I fragment of mouse IGF-I cDNA, an EcoR I-Sac I fragment of mouse IGF-II 

cDNA, and a 265 bp EcoR I fragment of the rat IGF type I receptor cDNA. A 

cDNA probe of rat IGFBP-2 was generated by PCR (31). 

/n situ hybridization 

Embedding of bladders, sectioning, and pretreatment procedures were 

performed as described previously (31). Sections (5 11m 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 ethanol gradient and drying, the sections were 

prewarmed to 63°C. Sections were then hybridized with ["SJ-Iabelled RNA 

probes (2 X 10' cpm/slide) for 16 hours at 63°C in a solution containing 50% 

formamide, 1X Denhardt's solution, 1 mg/ml tRNA, 10% dextransulphate, 10 

mM dithiothreitol, 0.2 mg/ml Hering sperm DNA, and 1X (for the PDGF-A probe) 

or 4X SSC (for the other probes). After the hybridization, sections were washed 

subsequently with 50% formamide/2X SSC at 50°C (two times); 20 mM B­

mercaptoethanol/0.1X SSC at 62°C; 1 mM EDTA/2X SSC with 2 U/ml RNAse 

T1 at 37°C; and 20 mM B-mercaptoethanoI/0.1 X 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 (DAKO, 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 TGFI5 type II receptor antibody, we preincubated 

this antibody with the TGFI5 type II 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 morphological 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 quantification. 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 migrating 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 urothelial proliferation per bladder is expressed as the labelling index (L.!.): 

number of BrdU-positive nudei 

total number of nuclei 
X 100% 

Both the L.1. 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 umbrella cells. The overall proliferation is very low to nihil. One 

M 

u 

u 

u 

L 

s 

Figure 1, Localization of RNA expression in the normal, intact mouse bladder (A,B) and 
the regenerating mouse bladder 24 hours after injury {C, OJ. Micrographs A and Care 
bright field photos, and Band 0 show the corresponding dark field images. RNA 
localization for FGF-l, type I IGF receptor, and TGFr..1 is given in micrographs 1 to 3, 
respectively. Sections were stained with nuclear fast red. L = lumen of the bladder; U 
= urothefium; 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-epithelialization 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 5. 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-quantification 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 I IGF receptor, and PDGF-B chain RNA was low to undetectable, while IGF­

II, TGFI?" and PDGF A-chain RNAs were expressed constitutively (Figure 1 and 

31. In bladders of control mice, TGFI?, RNA localized in particular to the muscle 

cells. Strikingly, the TGFI?, 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 urothelium started to show a fully differentiated stratification with 

superficial umbrella cells, the TGFI?, RNA expression was increased again 

(Figure 31. The TGFI?, protein expression during urothelial regeneration closely 

parallelled its RNA expression (Figure 2 and 31. In control bladder, a low level of 

TGFI?, 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 TGFI?" 

coinciding with terminal differentiation of the superficial cells into umbrella cells. 

In addition, TGFI? type II receptors were expressed by the same urothelial cells 

and its temporal expression pattern followed that of TGFI?, proteins (Figure 2 

and 31. 

The urothelial RNA expression of PDGF-A chain and, to a lesser extent, 

PDGF-B chain, as well as FGF-1, but not FGF-2, was increased maximally after 
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Figure 2. Immunocytochemical peroxidase-staining of TGFI11 (A) and TGFI1 type II 
receptor .(B) during mouse urothelial regeneration in vivo. The micrographs show: 
intact bladder mucosa from control mice (1), and damaged mucosa 1 hour, 24 hours, 
and 5 days after the injury (2,3, and 4, respectively). Sections were counterstained 
with haematoxylin. L = lumen of the bladder; U = urothelium; S = submucosa; M = 

muscle. The large arrows indicate denuded bladder submucosa. Note the detached 
umbrella cells 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-II and type I 

IGF receptor was maximal after 24 hours (Figures 1 and 3), also coinciding with 

re-epithelialization 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-l and IGFBP-3 to 6 

was not detectable in the bladder (data not shown). The expression of PDGF 

type a and type ~ receptor, as well as IGF-I RNA were undetectably low in the 

urothelium. 
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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-II, type I IGF receptor, and TGFB, are given in A,B,C,D, and E, 
respectively. The TGFB1 (open square) and TGFB type II 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 
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noted in both the submucosa and the muscle layer between 24 hours and 5 

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, TGm" TGF~ type II receptor, IGF-II, and, to a lesser 

extent, IGF-I were highly expressed, while PDGF-B RNA was not detected. The 

expression of TGF~, RNA and protein in the submucosa, as well as FGF-l and 

PDGF-A in both muscle and stromal layers, was low in control bladder. Only the 

muscular TGF~, RNA and protein and TGF~ type II 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 regenerating urothelium. 

time after control 4 8 16 24 72 110 240 

wounding (hi 

L.1. 0.1 ± O.O± O.O± 1.9 ± 31.2± 21.9± 3.5± 2.1 ± O.2± 

0.1 0.0 0.0 1.9 9.3 8.5 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 + -1+ -1+ + 

Table 1. Morphological 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.I., 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 (cell layers), and the presence of 
superficial cells with the typical features of umbrella cells within the regenerating area 

(terminal differentiation). + = umbrella cells present; - = umbrella cells absent; 

-/ + = superficial cells different from intermediate 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 ~ (TGF~), insulin­

like growth factor (IGF), platelet-derived growth factor (PDGF), and fibroblast 

growth factor (FGF) to skin wounds enhanced epithelial regeneration in vivo 

(9,10,13). In vitro studies pointed out that these growth factors directly 

affected proliferation, differentiation, migration, and synthesis of extracellular 

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 also by direct interaction 

of growth factors with their cognate receptors within the epidermis. 

In the presem model for acute urothelial injury, the lesions were 

predominantly confined to the mucosa, while inflammatory infiltrates were 

absent. Except for TGF~, and TGF~ type II receptor, changes in RNA or protein 

expression of growth factors or receptors were exclusively detected in the 

urothelium. This implies that the urothelial 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 TGF~, RNA 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 bladder epithelium (this study). This phenomenon 

agrees with the biological effects of these growth factors on epithelial cells in 

vitro. In vitro studies showed that TGF~, indeed induced differentiation of 

keratinocytes, bronchiocytes, and urothelial cells in primary culture (21,38,42). 

On the other hand, both TGF~, and the TGm type II 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 TGF~ stimulated the migration of undifferentiated 

keratinocytes only (8,35). As with IGFs and FGFs, the TGF~-dependent 

epithelial migration process is probably mediated by growth factor-induced 

synthesis and secretion of the extracellular matrix proteins fibronectin and 

collagen type I and type IV in both mesenchymal and epithelial cells (35,43). 

and a concomittant expression of specific receptors for fibronectin, a5B1 

integrin, and for collagen, a2~ 1 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-l could induce the proliferation of 

several murine urothelial cell lines (18,20) and that FGF-l, but not FGF-2, 

stimulated the migration of a murine urothelial cell line (19). In addition, studies 

on primary cultures of urothelial cells pointed out that FGF-l, 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-l 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-l 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-II RNA expression was limited, type I 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 IGFs to bind to their receptor 122). Albiston et al 147) noted that 

during regeneration of damaged ileum epithelium, the RNA level of IGF·I did not 

change, while IGFBp·3 RNA levels decreased, suggesting a net increase in the 

availability of IGF·I for its receptor. Other studies demonstrated an enhanced 

IGF-I 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 predominantly in basal 

urothelial cells. This expression did not change during regeneration. Thus, in our 

model the alterations in type I IGF receptor rather than IGF or IGFBP expression 

seem to playa regulatory role. The in vivo function of IGFs during epithelial 

regeneration is not clear yet. Both IGF·I and IGF·II can act as progression factors 

in the cell cycle 149). IGF·I also induces the proliferation, migration and 

differentiation of keratinocytes in vitro 136,50). Both the expression of IGF·II 

and the enhanced type I IGF receptor RNA expression in regenerating urothelium 

in particular during the migration and proliferation phases may be in line with an 

autocrine effect of IGF·II on urothelial migration and the progression through the 

cell cycle needed for proliferation of urothelial cells. Moreover, the growth 

promoting actions of IGF·II may be potentiated by the urothelium·derived IGFBp· 

2122) 

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 a 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 19·11). 

Antoniades et al 112) showed that both epidermal TGFa and EGF receptor 

RNA expression were enhanced after skin damage, indicating an autocrine role 

for TGFa 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 Idata not shown). However, it cannot be 

excluded that EGF/TGFa are also involved in urothelial regeneration analogous to 

skin epithelium. Indirect evidence for a paraGrine role for EGF is provided by the 

observation that EGF has been shown to enhance proliferation and migration of 

mouse urothelial cells in primary culture 121), and that EGF stimulates the 
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uptake of tritiated thymidine by basal rat urothelial cells in vivo (171. 

In conclusion, in this model for regeneration of acute injured urothelium 

the alterations in growth factor and receptor expression (RNA and proteinl 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. OUf 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.l. DE BOI-c'.R. u , 1.M.J. RI-:BrJ,l,J.A. FOEKENS2, M. VERMEyl and T.I-I. VAN DI-J-{ KWAST! 

IDepartment of Pathology, Erasmlls University; alld 2Depa/"fmellf of Biochemisfl}', Dr. Dal/iel den Hoed Cancer eelllre, 
Rotlerdaf/J, 'l7Je Netherlands. 

Altered cellular responsiveness to growth factors is one of the 
factors involved in carcinogenesis. In order to study the role of 
growth factors in transitional-cell carcinogenesis, we estab­
lished 3 urothelial cell lines from normal mouse urothelium, 
designated giG, NUC·S and NUC·I, These cell lines were 
studied by light and transmission electron microscopy, karyotyp. 
ing, grafting in syngeneic mice, growth-factor response in vitro 
under serum-free conditions, arid EGF receptor expression. In 
the presence of insulin or insulin-like growth factors I and II, 
proliferation of the non-tumorigenic DNA-tetraploid gIG and 
DNA aneuploid NUC-S cells is stimulated by EGF, TGFO', bFGF 
and aFGF. This stimulation can be abolished in gIG but not in 
NUC-S cells by simultaneous addition of TGF~. Proliferation of 
gIG and NUC-S cells can also be stimulated by PDGF-AA. The 
spindle-cell-like NUC- I cells are DNA aneuploid and tumori­
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 cell fines 
seems to reflect a different phase in transitional_cell carcinogen­
esis: gIG cells have gained immortality, have become tetraploid, 
but are non-tumorigenic and growth-factor-dependent. NUC-S 
cells have become aneuploid, have a growth.factor responsive­
ness different from that of normal epithelial cells, but are still 
non-tumorigenic. NUC- I cells are aneuploid, tumorigenic, and 
growth-factor-independent. These urotheliaf celf fines provide a 
suitable tool for further studies in transitional-cell carcinogenesis. 
© 1993 Wiley-Uss. fnc. 

It has bccome well established that growth factors an; 
involved in pathophysiological processes such as wound heal­
ing (Mustoc e( at., 1991), cancer development (Aaronson, 
1(91), tumour-cell migration and invasion (.Jouanneau et al., 
1991). Also, in the development and progression of transitional­
cell carcinoma (TCC) of the hi adder, a malignancy with a high 
recurrence rate (Raghavan el al., 1990), growth factors may hc 
involved. While normal urine only contains EGF in high 
concentrations (Hirata and Orlh, 1979; Carpenter, 19R5), 
urine of patients with bladder cancer contains both TGFu: and 
bFGF (Kimball 1'1 af., 19R4; Chodak el af., 1988). Chodak e! al. 
(1986) found that mouse hi adder tumours contain an FGF-like 
factor. 

The presence of hFOF might result in a selective growth 
advantage of urothelial tumour cells over their normal counter­
parts, while EGF-like growth factors might be involved in the 
induction of characteristics of neoplastic celb (Knowles 1'1 a/., 
1985; Yura et al., 1989). Sevcral ill vilro studie~ havc docu­
mented the effccts of growth factors on proliferation of 
urothelial cells (Knowles 1'1 al., 1985; Messing 1'! al., 1987; 
Messing and ReZIlikoU, 19B7; Dubeau and Jones, 1987). 
However, in those studies the inlluence of only a limited 
number of growth factors on primary lIrotheliulll or on a single 
cc!lline was examined. 

Our aim was to investigate ill vitro which growth factors are 
involved in regulation of proliferation of urothelial cells, and to 
correlate this response with the characteristics of transforma­
tion. To this end, we developed 3 mouse llrothclial cell lines 
through long-term propagation of mouse llrothelial explant 
cultures. We characterized these cell lines with respect to 
morphulogy. DNA ploidy, and tumorigenicity. Proliferation of 
the cell lines was determined after treatment with various 
growth factors, known to affect proliferation of other epithelinl 
eel! types. This was done in serum-free medium to exclude 

possible interfercnce with other factors contained in serum. 
The results suggest that each cell line represents a different 
phase in transitional-cell carcinogenesis. 

MATER1AL AND METHODS 

Ch1'/Jlicals 

Culture media and supplements were purchased from Flow 
(Zwanenburg, NL) and Sigma (St Louis, MOl, respectively. 
Mouse EGF and human TGFf31 were obtained from Sigma, 
hUman bFGF and human TOFu from Oncogene Science 
(Uniondale, NY), and human IOF-I, IGF-II, aFGF, and 
PDGF-AA from Boehringer Mannheim (Almere, Nt.). Por­
cine heparin was purchased from UBI (Lake Placid, NY). 
Tritiated thymidine was purchased from Amersham ('sHerto" 
genbosch, NL). 

Animals 

Female C3H /Law and C3IT/EI mice, as well as nude 
BALB/c mice held in mncrolon cages, were fed ad libitum with 
chow from Hope Farms (Woerden, NL). Urothe!ial bladder 
explants from neonatal mice (3-5 days) and subsequent 
urothelial cell .cultures were obtained and maintained as 
described (Van der Kwast 1'/ af., 19R9). 

Cel! cllllure 
Routine medium consisted of a I: 1 mixture of Dulbecco's 

modified Eagle's medium (DMEM) and Ham's FlO, supple· 
mented with 100/,., foetal calf serum (FCS; heat-inactivated), 5 
).Lg/ml insulin (unless stated otherwise), 5 fLg/ml transferrin, 
50 nM hydrocortisone, and 5 ng/ml selenite. Furthermore. 100 
IU penicillin/ml and 100 fLg/ml streptomycin were added. The 
seruJll-[n:e medium was similar to the routine culture medium 
but without the FCS, <lnd supplemented with 0.1% bovine 
serum albumin (BSA), 4 j..lM spermine, 4 fLM spermidine, 0.1 
mM ethanolamine and 1 j..lM putrescine. Cells were incubated 
at 37"C in a humidified atmosphere of 5% COl, in 167-cm2 

cul!ure nasks (Costar, Camhridge, MA) in routine medium. 
Passage of eclls was done by trypsinization. Experiments were 
performed in serum-free medium. After incubation for 45 min 
with serum-free medium and rinsing with PBS, pIT 7.2, cells 
were trypsinized and viable cells were counted. Next, cells 
were plated in serum-free medium at Ilon-conlluence (i.e., 
10,000 cells per well) in 96-multi-well dishes (NUNC, Ros­
kilde, Denmark). Cells were cultured for 96 hr. AJter the /irst 
20 hr, growth factors or FCS were added in concentrations 
ranging from 0.1 ng/ml to 50 ng/ml to a /lilal volume of 200 j..ll 
per well. 

EXlraceflular f!1ulrir cualillg 

In experiment" using extracellulm matrix (ECM) coatings, 
wells were pre-coated for 1 hr with 25 ).Lg/ml fibronectin 
(Sigma) or for 2 hr with 25 fLg/ml human collagen type IV 
(kindly donated hy Dr. J.P.M. Ckutjens, Dept. of Pathology, 

-'To whom correspondence and reprint requesl~ should he senl, 011 
the Dept. of PnthoJogy. cra . .,mus University. l'o~tb{)x 173,s, 3000 DR 
Rotterdam. The Ndhcrl;lIlds. Fax: 3110 43(,(;660. 
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University of Limburg, NL) prior to cell plating, This concen­
tration yielded opllmal cell adhesion for both matrix compo­
m:nts. The remaining coating was aspirated before plating of 
the cells. When culLun:d 011 BSA in the absence of FCS, both 
giG and NUC-5 cells adhered to the culture substratum, but 
NUC-1 cells did not. Tritiated thymidine incorporation into 
cells culLured on BSA was approximately equal (giG; NUC-S) 
or at least 20 times reduced (NUC-I) as compared to cells 
cultured on fibroneetin (De Boer et al" 1992). Based on the 
above data, the present experiments on growth-factor respon­
siveness of the 3 cell lines were performed on [ibronectill­
coated wells. 

lH-lhymidille ineol7mf(ltiof1 

During the final 16 hr of culture, cells were incubated with 
O.S ).LCi .lH-thymidine/wcll, then cells were trypsinized and 
harvested. The incorporated radimlctivity was counted using a 
BctaPlate scintillation counter (LKB-Pharmacia, Woerden, 
NL), and expressed as counts per minute (cpm). 

'fiwlsmissioll eiectroll microscopy 

For transmission electron microscopy, cells were cultured on 
Cycloporc membranes (pore size 0.45 ).Lm) (Falcon, Becton­
Dickinson, Etten-Leur, NL) under routine culture conditions. 
Post-confluent cultures were rinsed with PBS, pH 7.2, and 
fixed with 1.5% wlv glutaraldehyde in 0.1 M cacodylate buffer 
pH 7,4. After rinsing with cacodylate buJrer pH 7A, cel!s were 
post-(ixcd with 1% w/v osmium tetroxide and 1.5% wlv 
potassium ferrm;yanide in cacodylate bulrer. After dehydra­
tion, cells were embedded in epon (Zeiss, Weesp, NL). 
Ultra-thin sections were contrasted on 200,mesh copper grids 
with uranyl acetate and lead-nitrate. Sections were studied 
using a transmission electron microscope (Zeiss EM902) at 80 
kV. 

Cy/okeralin e.'pression 

Cells were cultured in routine culture medium. Incubations 
wcre aborted by rinsing with PBS, pH 7.2, and (ixed with 
ethanol. Cytokcrntin exprcssion was subsequently determined 
using a polyclonal antibody (Dakopatts, ITK Diagnostics, 
Uithoorn, NL) directed against multiple cytokeralins. This 
antibody reacted with normal mouse urothelium. 

!:'(;F receptor e"pression 

Cells were culturcd to subcollfluence in 167-e111" fl<,lSks undcl 
routine culture conditions. Then cells were rinsed with PBS, 
incubatcd for another hour in scrum-free mcdium without 
insulin, hydrocortisone, or transferrin, and again rinsed with 
PBS bdore hnrvesting by scraping in PBS. Cells wcre homoge­
nized and EGF rcceptor expression was determined in thc 

resulting membrane fractions by incubation for 20 hr at 20°C 
with increasing concentrations (0.1 to 2 nM) of 125I_EGF 
exactly as described by Foekens et (/1. (1992). Mouse receptor 
grade EGF (Sigma) was radiolabc!lcd to 1251_EGF (specific 
activity466 Cilmmol) with Protag 12S (J.T. Baker, Philipsburg, 
NJ) as described by Benraad and Fockens (1990). Receptor 
expression in 3 samples was calculatcd hy Scatchard analysis, 

DNA-ploidy detenninalion 
Cel!s growing logarithmically, in routine mcdium, were 

arrested in metaphase by 0.1 ).Lg/ml colchicine and chromo­
some analysis was performed by direct counting of chromo­
somes (Priest, 1969). To estahlish the number of chromosomes 
a total of SO cells in metaphase per eel! line was counted. 

RESULTS 

NUC-\ and NUC-S cel1s were derived from pifferent C3HI 
Law mice, while giG cells were derived from a C3H/EI mousc. 
Characteristics of the 3 cell lines arc presented in Table T. 
Charactcrization of the cc!llines was done in passages 18 to 28. 
The eell lines have now been propagated for at least 40 
passages while maintaining their morphological characteris­
tics. 

IHolpholog)' (/11d DNA-ploidy 

The morphological differences bctween the cell Jincs are 
shown in Figure 1, by both light and transmission electron 
microscopy. The giG cells are cobblestone-like (Fig. la), while 
NUC-5 cells are large cells with long cellular extrusions and no 
dear cell boundarics, indicating flattening (Fig. Ie). Both giG 
and NUC-S cells show stratilication up to a maximum of 3 cell 
laycrs (Fig. 1b, d). NUC-l cells havc a spindle-cell-like morphol­
ogy, grow in high cell densities arranged in a disorderly manner 
in several cell layers, and contain several nucleoli per nuclcus 
(Fig. Ie), Cells of all 3 lines have many lysosomes and 
autophagic bodies, and active endocytosis, microvilli on the 
superficial cells, and desmosomes (Fig. Ib, d, f). Frequently, 
interdigitations can be observed in the lateral cellular mem­
branes of adjacent cells. Immunocytochemistry revealed, in all 
3 cell lines, the presence of cytokeratin. Analysis of metaphase 
chromosome numbers shows that giG passage-28 cells arc 
DNA tetraploid, whilc NUC-1 passage-24 and NUC-S pas­
sage-IS cells arc DNA aneuploid. 

'1111llorigellieify 
No tumours arose within 2 months upon s.c. inoculation of 

S x 10" giG or NUC-5 cells, either in syngeneic C3H mice or in 
nude mice. Inoculation of 5 x 10" cells NUC-1 resulted in 

l',oI.RLE I - CIIARArTF.HIZ,\ TlO:-l or: CEI.L LINES IN VIT/<O 

Celli;,," giG Nl!C.') Nl!C·1 ._--_. 

Morphology 
Cells Cobblestone-like Large,11at Spindle-cell-like 
Arrangement in layers Regular Regular Disordered 
Number of c~lI layers .:;3 ceJllayers .:;3 cell layers Multilayered 
Junctioll[ll compkxes/dcsmosom~s +' + + 
Microvilli + + + (few) 
Autophagic bodies + + 

Cytokcratin + + + 
Chromosomc number 80 70-75 70-75 
Tumorigenic No No Yes; invasive 
EGF receptor expression! 
Binding (fmol/mg) 123,4 ± 12.5 50.9 ± 1.1 2.6 
K,,{pM) 22K6 ± 25.g 277.2 197.2 
Pr01ein (pglcell) 336 + 39 409 + 47 253 + 22 

1+, Prescnt.-cBinding capacity is expressed as fmol E\J_EGF per mg mcmbrane protein; 1C5J_EGF 
binding affinity is e~presscd as pM; protein content pn cell is expressed in pg. 
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FIGURE 1 - Morphology of giG (II, b), NUC-5 (c, d), and NUC-l (e, j). II, C and (' art light microscopic photographs of Giemsa-stained 
cullurts; bar = 20 fLm. b, d and fare transmission elcctron microscopic photographs; hilr = 0.4 fLm. L = lipid droplet; Mv = microvillus; 
N = nucleus; arrow = desmosome; m = membrane. 

tumours in 10 out of !O syngeneic C3H mice after 2 weeks, 
necessitating the termination of the experiment within I 
month. These tumours exhibited invasive growth into S.L 

muscle layers. No lymphogenic or haematogenie metastases 
were observed. LV. injection of NUC-1 cells in the tail vein kd 
to colonization of the lungs. 

Growth-factor response 
Figure 2 summarizes the results of 3II-thymidine incorpora­

tion in all 3 cellline,<, cultured on fibronectin under serum-free 
conditions, with or without the indicated growth factors. 
.1II-thymidine incorporation in giG and NUC-5 cells was 
modulated by insulin, lGF-I, and IOF-II only in the presence 
of another growth factor. In the presence of insulin, aFOF in 
the presence of l.R units/ml heparin, bFOF, and EOF-like 
growth f<lctors induced proliferation of giG and NUC-5 cells 
dose-dependently, which eOllld be inhibited by TOFf3 in giG 
cells. tn contrast 10 giG cells, TOFf3 induced proliferation of 
NUC-5 cells with an ED'1l of 0.6 ng/ml, reaching maximal 
stimulation al I ng/ml (Fig. hI). Moreover, 1 nglml of TGF!3 
enhanced the EGF-, TGFa- or bFGF-induced proliferation ot 
NUC-5 cells synergistically. 

Since our :\ cell lines expressed PDGF type-a receptor RNA 
but not PDGF type-f3 receptor RNA (data not shown) we 
analyzed whether they expressed functional PDGF type-n 
receptors. Therefore, wc tested the proliferation-stimulating 
effect of PDGF-AA which only hinds to the type-o receptor, on 
our cell lines. PDGF-AA increased proliferation of giG and 
NUC-5 proliferation maximally <It 20 ng/mI2.5-foJd (Fig. 2). 

In contrast to giG and NUC-5 cells, NUC-I cells proliferate 
autonomously. incorporation of .1H-thymidine in NUC-J cells 

was only alTetted hy IGF-I, insulin, or, although less elTec­
tively, IOF-II (Fig. 2). 

I~-GF-recep/()r opressioll 
Finally, we determined EGF rcceptor (EGF-R) expression 

in subconAuent cell cultures, maintained in routine culture 
medium. Table J shows one high-affinity class of EGF-R in all 
3 cell lincs (Kll = 200-300 pM). The EGF binding capacities 
ditfered from one cell line to another. Notably, NUC-l cells 
were least affected by EOF-like growth factors and expressed 
the lowest EGF binding capacity. The opposite holds true for 
g/O cells. 

DISCUSSION 

In this study we characterized:\ spontaneously immortalized 
mouse urothdial cell lines. Such spontaneous immortalization 
occurs frequently after long-term ill I'ilto propagation of 
urothclial eclls derived from mouse bladder explant culturcs 
(Franks and Henzell, 1970; Van der Kwast et al., 1989). 
Ditrerent parameters were examined: morphology by light and 
transmission electron microscopy, tumorigenicity, ploidy sta­
tllS, response to growth factors, and EOF-R expression. All:\ 
cell lines have characteristics of epithelial cells. Based upon 
their characteristics, we propose that g/O, NUC-5 and NUC-I 
cells reAect distinct phases in urothelial-cell carcinogenesis. 
This propos<ll is based upon the currently accepted concepts 
regarding cell 1ll0rpholob'Y, gcnetic alterations, growth-factor 
respons~, and growth-factor receptor expression during card-
nogeneSls. 
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FIGURE 2 - 3H-thymidine incorporation into giG (a), NUC-5 (h), or NUC-J (c) after 72 hr of incubation in serum-free medium with 
the indicated growth factors. Maximal -'H-thymidine inwrporatiolls are mctlsurcd in the presence of 2.5% FCS and afC 3.3 x 10-1 epm 
(giG), 2.H x IO-I epm (NUC-5), and 2.0 x 10" epm (NUC-l). These values were tilktl1 as 100%. Results ina--c are shown [or the followmg 
concentrations of the growth factors: EGF, TGFu and TGFj3, i ng/mJ; aFGF, hFGF, IGF-I and IOF-II, to ng/mJ; PDGF-AA, 20 ng/ml. 
Studies with IGF-I or lGF-II wert performed in tht absence of insulin. Figurc 2d shows a duse-dependent response to TGFf3 (stippled 
bars) for NUC-5 cells, to bFGF (squared bars) and PDGF-AA (closed har~) for both giG and NUC-5 cells. The concentration of growth 
factors is given on the It:ft axis, the proliftration response on the upper axis. Bars represent data [rom X wells ± S.E.M. T = thymidine; 
INS = in~ulin. 

MOIp/w/ogy 
The giG cells most closely resemhlc the normal transitional 

epithelium (regularly arranged, cobhlestone-like cells). Tiley 
share features of hasal or intermediate urothelial cells in 
having many Iysosomes, autophagic bodies and free rihosomes 
(Hicks, 1975). NtJC-5 cells seem to resemble diffcrentiated 

transformed cells in being largc and Ilallened, with many 
lateral membrane intcrdigitations, suggesting an intermediate 
or superficial urothclial cell phenotype (Hicks, 1975). If 
cultured on porous membranes, both celliincs grow into 3 cell 
layers like in normal murine urothelium ill rim. The presence 
of microvilli in the superficial cells suggests some functional 
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diJTerentiation in both giG and NUC-5 cdl cultures. The 
NUC-I cdls arc likdy to be undifferentiated transformed cells 
(spindle-cell-like, multilayered and showing disorderly growth). 

Ploidy statlls 
Polyploidization is frequcntly found at an early stage in 

carcinogenesis (Farber, 1984). Shaekncy et (II. (1989) proposcd 
a model in wbich ploidy changes occur during tumour develop­
ment: first DNA-diploid tumour cells undergo endoreduplica­
tion resulting in tetraploidy and subsequent loss of chromo­
somes. Cowell and Wigley (1982) and Burholt et (II. (11)89) 
confirmed this sequence of events during the carcinogenesis of 
salivmy gland and bronchial epithelial cells. In accordance 
with this model, several studies on Tee have shown that, when 
TCC cells become DNA-hypotetraploid, they show a higher 
growth ratc in Film and a more aggressive behaviour ill viFO 
than DNA-diploid or tetraploid TCe cells (Tribukait 1'1 al., 
1982; Badalamentet af., 11)90; Raghavanel al., 1990). Polyploidi­
zation of urotheJial cells is also a physiological occurrence 
frequently observed in the superficial umbrella cells of the 
urothelium (Hicks, 1975). The DNA-tetraploidy of the non­
tumorigenic giG cells supports the idea that giG ce!ls repre­
sent either normal or pre-malignant urothelial cells. The 
DNA-aneuploid non-tumorigenic NUC-S cells represent an 
intermediate position in malignancy. The DNA-aneuploid, 
tumorigenic and invasive NUC-l cens show characteristics of 
highly malignant carcinoma cells. 

Gruwlh-jilctor rnpunsivenes.\· alld EGF-R expressiun 
In malignant tumour cells a decreased or altered depcn­

dence on growth factors (such as EGF/TGFa) for growth has 
been observed compared to less malignant tumour cells OJ 

normal cells (reviewed by Anronson, 1(91). Both giG and 
NUC-5 cells show growth-factor-dependent proliferation. 
NUC-5 cells differ with respect to their TGFfI-indueed prolif­
eration from other norma! or pre"InnJignant epithelia! cclls. A 
TGFI3-indueed proliferation is not unique for NUC-5 eel!~ 
since it has also been observed with A431 epidermoid carci­
noma cells (Lee et· al., 1987). Moreover, TGFfI induces 
proliferation of NUeS cells synergistically with EGF or 
TGFo:, instead of antagonistically as commonly noted for most 
cpithelial cells. These observations suggest an aberration in 
the TGFI3 signalling pathway in NUC-S cells. This altcrcd 
response of NUC>S cells to TGFI3 supports the idea of thcse 
cells being morc transformed than giG cells. NUC-J cells show 
autonomous growth and a poor response to the tested growth 
factors, which might be nssoeiated with a lower growth-faetor­
receptor expression, or with production of autocrine growth 
factors. 

Messing el (II. (1987) demonstrated a 6- to 8-Cold increase in 
tritiated thymidine incorporation upon imtiJlation of EGF in 
rat bladder ill vivo. Primary cultures of normal mouse urotlle­
lium showed a 3- to 6-fold increase in tritiated thymidine 
incorporation upon exposure to EGr or aFGF ill vitro (data 

not shown). Thesc data arc in the range of the increase in 
incorporation (up to iO-fold) wc noted in the present study 
with these growth factors. 

With respect to EGF-R expression, previous studies showed 
an EGF-R expression on cells of the basal and intermediate 
iayers in normal urothelium, on cells of all layers in pre­
malignant or malignant human urothelium, and on normal 
human urotheliaJ cells ill vitro (Messing et a/., 11)87; Messing 
and Reznikoff, 1(87). The expression of EGf-R on giG and 
NUC-S cells and concomitant EGF/TGFa response compare 
with these findings on normal and pre-malignant urothelial 
cells. Although in most invasive or dedifrerentiated Tee cells 
the EGF-R expression is high, some highly invasive, dedifferen­
tiated TCC have a low EGF-R expression (Messinget af., 1987; 
Neal el III., 1990). Thus, while NUC-l cells with few EGf 
receptors and nD response to exogenous EGF-like growth 
factors lit the mode! of most autologously activc tumour cells, 
they arc only charactcristic of a subset of (EGF-R negative) 
invading human TeC (Neal et af., 1990). At present, we arc 
investigating whdher autocrine or intraerine growth factors 
arc involved in the regulation of autonomous proliferation of 
NUC-l cells. 

The responsiveness of giG and NUC-5 cells to PDGF-A is 
consistent with the recent demonstration of PDGF receptors 
on normal (mammary) epithelial cells and (lung) carcinoma 
cells (Taverna et aI., 1991; Antoniades et af., 1992; Elliott et af., 
1992). III l'il'O production of PDGf by stromal cells may 
provide a paraerinc mcchanism of regulation of proliferation. 
Since epitheJinl cells are also able to produce PDGF-A chain 
proteins (Bronzert 1'/ af., 1990), an autocrine stimulation Illay 
also be operating in these cells. A physiological role of PDGF 
in urothelial cells has yct to be delllonstrated. 

In conclusion, the morphology of giG cclls, their DNA­
tetraploid status, their non-tumorigenicity, and their response 
to growth factors suggest that they represent urothdial cells at 
an early stage of carcinogenesis. Their responsiveness to 
TGFI3, their DNA-aneuploidy and non-tumorigenicity suggest 
that NUC-S cdb represent an intermediate phase in bladder 
carcinogenesis. Finally, their tumorigenicity, DNA-aneuploidy 
and growth-factor-independent growth suggest that NUC-J 
cells represent TCC cells of higher malignancy. These 3 cell 
lines provide a suitable tool Cor studying various aspects of 
transitional-cell carcinogenesis. At this moment, wc are exam­
ining the role of growth factors in physiological processe~ in 
transitional cpithelium ami the role of growth factors in 
transitional-cell carcinogenesis. 
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ABSTRACT 

Hyperplasia of transitional celi 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 urinary 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 vitro, conditioned medium of 

NUC-1 cells induced the proliferation of the mouse urothelial cell line giG, which 

closely resembles normal urothelial celis. This induction was inhibited by TGF~,. 

Similarly, TGF~, inhibited the FGF-1 and FGF-2 induced proliferation of giG 

cells. Chemico-physical examination, bioassays with conditioned media, and 

RNA analysis of NUC-1 cells revealed that these celis 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 result 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, epithelial 

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 normal 

and tumour cells (reviewed by Aaronson [1]). Growth factors can be 
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synthesized and secreted by both normal cells and tumour cells, and they 

regulate 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 a (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 vivo 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 [7], into the submucosa of the 

urine bladder of syngeneic mice. Secondly, we determined in an in vitro model 

the presence of tumour-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 urothelial cell line giG 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 

Culture 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 is, (TGFiS,) 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 giG 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 JIM HEPES buffer, 100 

IU/ml penicillin, 100 JIg/ml streptomycin, selenite, transferrin, and 5 JIg/ml 

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 RPM I 1640 medium, supplemented with 10 JIM HEPES 

buffer, 10 % FCS, 100 IU/ml penicillin, and 100 JIg/ml streptomycin. ML-CCL64 

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. 

Transplantation 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 in1 00 JII PBS) 

subcutaneously in normal syngeneic mice. After three weeks, NUC-1 tumours 

were excised and minced into 1 mm 3 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 3 pieces 

of normal bladder from syngeneic mice was transplanted similarly. 

Col/ection of conditioned medium 

NUC-1 cells were grown in 167 cm' culture flasks (Falcon, Lincoln 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 ml of serum-free 

medium. After collection, all media were filtered through a 0.2 JIm 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 pm filter. Enzymatic digestion of medium proteins was done with 10 

pg/ml trypsin for one hour. The trypsin was inactivated by addition of 40 pg/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 NaCI 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 giG cells. 

Bioassays 

Testing effects of growth factors on the proliferation of giG cells was 

done as described [7J. 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-multiwell dish (NUNC, Roskilde, DK) were 

filled with 10,000 viable cells per well in 150 pi serum-free medium. After 16 

hours, conditioned medium fractions to be tested were added (50 pi/well). After 

another 1.2 hours, cultures were terminated. 

The presence of growth factors in NUC-1 conditioned medium was assessed in 

bioassays with different cell lines. The proliferation of these cell lines is 

modulated by specific growth factors under defined culture conditions [24]. The 

proliferation of ML-CCL64 and A431 cells is specifically inhibited by members of 

the TGFB family and the EGF family, respectively. The proliferation of FBHE 

cells is specifically enhanced by members of the FGF family. 

Bioassays with ML-CCL64 cells, A431 cells, and FBHE cells were done as 

described previously [24J. In short, A431 cells were grown to subconfluency, 

rinsed with PBS, trypsinized, counted, and seeded at 2500 viable cells per well 

in a 96-multiwell dish in 150 pi/well DMEM medium with 5 % FCS. After 16 

hours, 50 pi 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-CCL64) or without 

FCS (FBHE). After 3 hours, 200 pi 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 TGFB, or TGFB, (British Biotechnology, 

109 



Oxford, GB) the fractions were preincubated with 2.0 pg of antibody/ml medium 

at 37° C before addition to ML-CCL64 cells. 

Proliferation 

Proliferation was assessed in vitro by ['H}-thymidine labelling using 

scintillation counting, and in vivo by bromodeoxyuridine (BrdU) labelling for the 

determination of the labelling index (L.I.) by immunocytochemistry. 

For assessing the proliferation in vitro, 0.5 pCi ['H}-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 Iysates 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 Lp. 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.I. 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.I. is given as the mean L.I. ± 

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 1 A) 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 1 B). 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 fA) 
normal mouse urothelium and (B) a tumour of NUC-1 mouse urothelial cells one week 
after trans-plantation into the bladder submucosa of a syngeneic mouse, A, Normal, 
non-hyperplastic urothelium adjacent to the region of degenerated, transplanted normal 
bladder. B, Hyperplastic urothelium overlying the NUC-1 tumour, and non-hyperplastic 
urotheliurn at the opposed bladder walt. H = hyperplastic urotheliurn, N = normal 
urotheliurn, L = lumen of bladder, T = NUC-1 tumour. Magnification = 200 X; bar = 
50 I'm. 

hyperplastic urothelium exhibited a normal appearance in 5 out of 5 mice after 

one week (Table 1), and showed a normal L.I.. 

Chemica-physical analysis and biaassays. 

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 chemica-physical analysis of serum-free conditioned medium of 

NUC-1 cells was performed. The conditioned medium was tested in bioassays 
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Table 1. Occurence of hyperplasia in the in vivo transplantation model. 

weeks tumours hyperplasia number of L.I. 1%1 
celt layers hyperplastic normal 

transplanted NUC-l tumours 

1 5 5, 6 - 10 9.6 ± 5.6 0.7 ± 0.7 
2 5 3, , 5 20.7 ± 8.5 1.6 ± 0.1 
3 5 4 5 - 10 11.5 ± 4.7 4.4 ± 0.5 

transplanted normal bladder 

1 
2 
3 

0 0 3 0.6 ± 0.6 
0 0 3 0.2 ± 0.2 
0 0 3 0.5 ± 0.5-

Table 1. In vivo 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.I.) ± 

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

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

induced the proliferation of giG cells, which could be inhibited by exogenous 

addition of TGFB,. 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 proliferation of giG cells. This slight decrease in 

proliferation might be due to the dialysis step following DTT treatment. The 

results indicate that at least a DTT-stable 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 TGFB 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 giG cells under serum-free conditions. Figure 28 shows that 

EGF, TGFa, FGF-1, and FGF-2 could induce the proliferation of giG cells. This 

growth factor induced proliferation could be inhibited by addition of TGFB,. 

A further characterization of the proliferation-inducing activity was made 
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Figure 2_ [3Hl-thymidine incorporation of giG cell to (A) serum-free conditioned medium 
of NUC-l cells and (B) growth factors in serum-free medium. A_ Proliferation in the 
presence of serum-free conditioned medium of NUC-l with or without 1 ng/ml TGFB1, 

or pretreated under the indicated conditions. Incorporation in serum-free medium alone 
was taken as 100 %. Tryp = trypsin-treated, heat =: heat-treated, acid = acid­
treated, DTT =: DTT-treated, TB =: TGFB1• B. Proliferation in the presence of the 
indicated growth factors alone (closed bars) or in the presence of 1 ng/ml TGFB1 (open 
bars). Incorporation in serum-free medium alone was taken as 100 %. Growth factor 
concentrations: 1 ng/ml (EGF, TGFa, TGFB1) or 10 ng/ml (FGF-l, FGF-2). 

using a series of growth factor specific bioassays. Bioassays with ML-CCL64 

cells revealed TGF~-like activity in NUC-1 derived conditioned medium that was 

heat-pretreated for activation of TGF~, but this activity could not be neutralized 

by specific antibodies against TGF~, or TGF~2' nor by combinations of these 

antibodies (Figure 3AI. Untreated NUC-1 conditioned medium was not active in 

the ML-CCL64 bioassay (data not shownl. Bioassays with A431 indicated that 

the serum-free conditioned medium of NUC-1 cells did not contain detectable 

EGF-like growth factors (Figure 3AI. In particular, the resistance to DTT 

treatment excludes the involvement of growth factors of which the biological 

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 

cells by 5 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 

NaCI 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 low 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). 
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Figure 3. Bioassays with ML-CCL64, A431, FBHE, or giG cells. A. Incorporation of 
tritiated thymidine into the indicated cell lines in the presence of serum-free 
conditioned medium of NUC-l (eM), or in the presence of 0.88 ng/ml TGFB1 or TGFB2 

pretreated Of not with antibody against TGFB1 (Abl) or TGFBz (Ab2) (ML-CCL64 
assay), 1 ng/ml EGF or TGFa (A431 assay), Of 15 pg/ml ECGS (FBHE assay). 
Conditioned medium of NUC-1 cells was heat-pretreated before use in the bioassay 
with ML-CCL64 cells; for use in the other bioassays, the NUC-l conditioned medium 
was not pretreated. Proliferation of ML-CCL64 and A431 cells are on the upper axis, 
and of FBHE celts on the lower axis. Incorporation in the presence of non-conditioned 
serum-free medium alone was taken as 100 %. ECGS (15 pg/ml) induced the 
proliferation of FBHE cells approximately 20 times. B. Incorporation of [3H]-thymidine 
into giG 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 gIG cells 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 transitional cell carcinomas (TCC) revealed 

hyperplasia of the normal urothelium adjacent to the TCC [2,11J. This 

hyperplasia of adjacent urothelium has also been observed in experimentally 

induced urothelial carcinomas in the rat [8J. 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 

[19J. Using transplantations of colon carcinoma cells in mouse colon 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 TGFa 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-CCL64 cells indicated that NUC-1 cells secreted a TGFI?-like factor, this 

activity could not be neutralized by specific antibodies against TGFI?, or TGFI?,. 

However, other members of the TGFI? family, like TGFI?" could also be 

produced by NUC-1 cells. 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 TGFI?,. Because neutralizing antibodies against TGFI?, were not 

available, we were unable to check for the presence of TGFI?, in the NUC-1 

derived conditioned medium. The data of the bioassays with giG cells indicated 

that the growth stimulating effect of the NUC-1-derived factor can be inhibited 

by TGFI?, 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 binds 
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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 TGFa 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-5 

RNA expression [25], 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 

vivo [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 hyperplasia of urothelium adjacent to TCC in vivo may be due to a 

direct, paracrine effect of TCC-derived FGF on the normal urothelial cells. 

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 OTT 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 biological 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 CDNCLUDING 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 

playa major role in the maintenance and repair through paracrine and autocrine 

actions. As yet, little is known about the role of growth factors in bladder 

epithelium. This issue is addressed in this thesis. The direct effects of in vitro 

exposure to growth factors were studied on mouse urothellal 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. 

§ 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 

cells, but not differentiation. In contrast, TGFI?" 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 TGFI?" are 

more relevant growth factors than FGF-2 or both PDGFs. 

In chapter 4 the in vitro observations made in chapter 3 and 5 were 

compared with those in an in vivo mouse model for regeneration of acutely 

injured urothelium. The spatio-temporal RNA andlor 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 TGF~ and its receptor. 

Migrating and proliferating urothelial cells displayed an increased FGF-1 RNA 

expression. Similarly, TGF~1 RNA expression was enhanced especially during 

the migration and differentiation phase of the urothelium. Concomittant with the 

TGF~ RNA (and protein) expression, the expression of TGF~ type II receptor 

proteins was also 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 I receptor and IGF-II RNA were predominantly 

expressed during the urothelial migration and proliferation phase. IGF-II may 

affect urothelial 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, TGF~" and IGF-II. However, our 

observations do not entirely exclude paracrine involvement of mesenchyme­

derived growth factors on urothelial regeneration. 

The combination of the in vitro and in vivo data indicates that FGF-1, 

TGF~" IGF-II are relevant for the physiology of the murine urothelium in vivo. 

§ 7.2 Urothelial cell lines as a model for normal or aberrational urothelial 

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 

lines, designated giG, 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 giG in being more transformed and 

showing a TGF~-stimulated proliferation. The third cell line, designated NUC-1, 

is tumorigenic 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 TGFB, compared with their 

normal counterparts (Lee et ai, 1987; Terzaghi-Howe, 1989; Valverius et ai, 

1989). This may be due to e.g. an altered signal transduction pathway 

(Valverius et ai, 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 Tee. 

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

free conditioned medium of NUC-1 cells indicate that one or more NUC-1 

derived growth factors with FGF-like properties are responsible for stimulating 

the proliferation of the giG 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 5 and 6, growth factors which playa role during 

urothelial 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 TGFIl.-induced proliferation of NUC-5 cells, with 

that of giG 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 

model 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 parallelled by a larger modulation in 

expression of growth factors and/or their receptors in the regenerating dermis, 

as demonstrated for TGFB" PDGF-B, and PDGF type Il. receptor (Antoniades et 

ai, 1991; Levine et ai, 1993). 

Other growth factors, like FGF-7, may also 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 ai, 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 urothelium (Radvanyi et ai, 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 5). 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 bladder 

lumen. Hence, future studies should 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 Tee. 

expression prognostic source of specimen 
impact 

c-erb8-1 + (p) + Tee 

c-erb8-2 + (p) + Tee 

TGFll, -to + (R) ? Tee 

TGFll type V rec -(L) ? epithelial cell lines 

type I IGF rec + (L) + urothelial cell lines 

FGF-1 + (p) + Tee 

FGF-7 rec o to - (R) + Tee 

Table 1. Literature outline of the generally observed trend in aberrant expressions 
of growth factors Of growth factor receptors in human Tees, as compared with normal 
human urothelium. Expressions were determined at either protein (p) Of mRNA (R) levels, 
or via ligand binding ILl. The expression levels in the tumour cells were either decreased 
(-L increased (+), Of remained unchanged (0), Prognostic impact: this column indicates 
whether expression of the growth factor or growth factor receptor is associated with 
tumour progression (+). 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 Tee-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 obtained 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 

Tee have been investigated previously. Frequently, human Tee 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 be disturbed, and which factors may be curative for a disturbed 

regeneration. 

Also referring to the latter question, 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 ai, 1989; Mustoe et ai, 1991). Based on our 

results obtained with murine urothelium, we hypothesize that intravesical 

application of FGF-1, TGFB" andlor IGF-II 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 Tee of different 

stage and grade. These studies may provide a basis for explaining differences in 

the behaviour of human Tees compared with normal human urothelium, and 

may also provide a basis for therapeutic experiments to treat human Tees with 

growth factors and lor 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 TGFB, induces terminal differentiation; FGF-l 

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 urothelial wound healing in vivo 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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SAMENVA TTING 

De urineblaas is een dynamisch orgaan dat als reservoir vaor 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 

genoemd, en is het meest gedifferentieerd. De urotheel cellaag is niet 

doorlaatbaar voor urine en vormt een barriere voor het lichaam. In tegenstelling 

tot andere epithelia zoals van darm en huid, worden de urotheelcellen na lange 

tijd vervangen door nieuwe urotheel cellen. Als de urotheellaag verwond wordt, 

dan neemt de delingsaktiviteit en de migratie enorm 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 be'invloeden. 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 epitheei. 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 5 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. Hierbij 

wordt een prima ire culture van muizeblaas epitheel op poreuze (Cyclopore) 

membranen gebruikt. Diverse parameters voor proliferatie, differentiatie, 

expansie, en apoptose konden tegelijkertijd op een culture worden gemeten. 

Gebruikmakend van dit model is daarna bestudeerd hoe groeifactoren deze 

parameters konden be'invloeden. Dit is gedaan voor 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·' en EGF stimuleerden zowel proliferatie als migratie, 

terwijl TGFl:I, de terminale differentiatie en de apoptose induceerde. FGF·2 en 

groeifactor uit bloedplaatjes AA (PDGF·AAI hadden geen meetbaar effect, terwijl 

PDGF·BB aileen 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 urotheel cellaag. Op de expressie van TGF~, en TGF~ type II receptor 

in de spier na bleven de mate en verdeling van de groeifactor en receptor 

expressie in de stroma Ie en de spierlaag onveranderd. Dit suggereert dat het 

urotheel voor zijn eigen regeneratie voornamelijk afhankelijk is van zijn eigen 

groeifactoren. De mRNA expressie van FGF·', IGF·II, en de type I IGF receptor 

was het hoogst gedurende de maximale migratie en de hoogste proliferatie 

aktiviteit in het urotheel. De mRNA en eiwit expressie van TGF~, en de TGF~ 

type II 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 urotheel cellen in vitro (hoofdstukken 3 en 51. Ze 

duiden erop dat FGF·', IGF·II, en TGF~, 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 verschillend reageren op groeifactoren. Daarvoor zijn drie verschillende 

muize urotheel cellijnen opgezet en gekarakteriseerd (hoofdstuk 51. ledere cellijn 

leek een stadium uit de transitionele eel carcinogenese te vertegenwoordigen: 

cellijn giG lijkt het meest op normale urotheel cellen; NUC·' is een weinig 

gedifferentieerde, tumorigene cellijn; en NUC·5 vertegenwoordigd een 

tussenstadium. Epidermale groeifactoren (EGF, TGFal en fibroblast groeifactoren 

(FGF·', FGF·21 stimuleerden de proliferatie van giG en NUC·5. Transformerende 

groeifactor beta 1 (TGF~,I inhibeerde de proliferatie aileen van op normaal 

urotheel gelijkende giG cellen, wat een gebruikelijke bevinding is voor de meeste 

epithelia Ie cellen. De proliferatie van NUC·' werd onder de gegeven 

experimentele omstandigheden behalve door insuline·achtige groeifactoren (lGF· 

I, IGF·III nauwelijks door groeifactoren beinvloed. Zo'n autonome groei wordt 

oak bij andere aggressieve carcinoma cellen gevonden. De respons van urotheel 

cellen kan dus afhankelijk zijn van het stadium in de transitionele eel 
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carcinogenese. 

In overgangscel carcinomen (DCC) wordt frequent een hyperplasie van het 

aanliggende 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 cellen getransplanteerd 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 gIG 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 DCC 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 DCC 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 DCC 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 DCC cellen. Tenslotte kunnen dergelijke studies aangeven of groeifactor 

derivaten gebruikt zouden kunnen worden in de therapie van acc of chronische 

vormen van blaasontsteking (jnterstitiele cystitis). 
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NAWOORD 

In de vijf jaren waarin ik heb gewerkt op de afdeling Pathologie van de 

Erasmus Universiteit, heb ik kennis gemaakt met de vele facetten van het 

wetenschappelijk onderzoek. Altijd waren er mensen die me gesteund, 

geholpen, of juist weerhouden hebben om iets te doen. Zander iemand te willen 

vergeten, zijn ef mensen die ik met name wit bedanken. Marcel Vermeij, zander 

de vele "werkbesprekingen" op de meest onlogische tijden zou dit proefschrift 

er niet zo hebben uitgezien. Je immunohistochemische en zo61ogische werk 

overgoten met een "holistische" sa us hebben vooral in de tweede helft erg 

geholpen. Lydia, al waren tens lotte de Noord-West blotting technieken niet 

nodig, je resultaten heb ik wei 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 en onze werkbesprekingen hebben me goed gedaan. AI 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 jullie T.E.M. en fotowerk. Oak 

mensen van andere afdelingen hebben me geholpen: b.v. Cora en Dicky 

(kindergeneeskunde annex pathologie)' de groep van Marjan Versnel (o.a. Ton 

en Elke), Marie-Jose, Rogier (immunologie), Jannie v.d. Eijnden en Bouke 

(Hubrecht Lab), en Gert Schaart -toen nag promolist cq. anavendus- en Prof. 

Frans Ramaekers van MCB & genetica, R.U. Limburg. 

Thea 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. Aileen, namens de 

promovendi, je zou tach eens aan de aanschaf van een pieper moeten denken! 

Oak mijn promotor Fre Bosman (aan alles komt een 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 beweegJijkere zoon hebt am op te 

passen. Dat is pas een kunst. Je hebt nu zelfs je baan opgeofferd am met mij 

een sprong naar het buitenland te maken voor de toekomst. Ik hoop dat we 

genoeg tijd zullen vinden am met z'n "vieren" van de Parijse cultuur te kunnen 

genieten. Oak mijn familie en schoonfamilie: bedankt voor de hulp, de oppas, de 

... alies 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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