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General Introduction 

Bladder Cancer 

Anatomy and histology of the normal bladder 

The bladder is a hollow organ in the small pelvis. It stores urine that is produced when the 

kidneys filter the blood. Four different layers, the epithelium, lamina propria, muscularis, and 

connective tissue, define the bladder wall. The epithelium consists of 7 to 10 cell layers and 

rests on a basal lamina synthesized by epithelial and mesenchymal cells (Figure 1). The 

thickness of the epithelial cell layer and the lamina propria depends on the degree of 

distension of the bladder. The cells of the epithelium are referred to as transitional cells. They 

line the urinary tract starting at the kidney, down the ureter, into the bladder and most of the 

urethra. Their shape varies between cubical and flat. The latter cells form the barrier between 

urine and the epithelium. Because of their large fiat morphology these superficial cells are 

sometimes named umbrella cells. The muscle coat of the bladder is also referred to as the 

detrusor muscle. It allows the bladder to get larger and smaller as urine is stored or emptied. 

~~~~.:- ,--:~/"_~-~ .. ~ 
'_~.:):!(l:"'~~;.? ,9··C'/;"o,>0_0~orr Tra.li . .;itiond 

~II! ,:::.'::::,", 
~Jii"~~~~;i 
~.,,-,e~~. _ .'~~ .... ~.:;;-:;9):-} I InJi.lr La!JeT of ·..:-;_:£.1 ...... " .I"·'//T· -u~"V-.~ .. \ 1 '" 
cf)~ .t;/::.:~tf:;;;?;~"~~-~:f f :N',":",':Uf1-~W-lt 

C;)'-;ular 1nmric 
f:')I;ro' 

:,:{;;·:.;~-<.~,.t;...V;;:: ( lVf/C/II;t.dlli.at 

r~~~l~! m,··cle."!"·' 

Figure 1. Histology of the bladder urothelium. Drawing from Gray's Anatomy, 1918. 
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Chapter 1 

Epidemiology 

Bladder cancer is the eleventh most frequent cancer worldwide, but more common in 

Western Europe and the United States, while Japan has a lower incidence. In the 

Netherlands, approximately 2550 new cases present each year. Of these patients, 1200 will 

die from the disease (190, 191). The male-to-female sex ratio is at least 3:1. This can in part 

be explained by the gender difference in smoking behaviour and occupational exposure (see 

Risk Factors). The 5-year survival rate is approximately 50%, being high in local, superficial 

disease (92.8%) intermediate in locally invasive disease (48.3%) and low in metastasized 

disease (5.9%) (10,130) 

Histological subgroups 

More than 90% of bladder tumors originate from the transitional cells lining the urinary tract. 

Many lower-grade tumors are papillary, and the cells covering its papillae are similar in 

appearance to those of the surrounding uninvolved urothelium. Other types of bladder cancer 

include squamous cell carcinoma and adenocarcinoma. These tumors constitute about 1 % of 

all bladder tumors, and show a male predominance as well. 

Carcinoma in situ is a flat, non-papillary, non-invasive, histopathologically anaplastic 

epithelium. Carcinoma in situ may present as a localized lesion adjacent to a superficial 

papillary or an invasive tumor, as a diffuse urothelial disease concomitant with macroscopic 

tumors, as a primary focal lesion in asymptomatic patients, or as symptomatic, diffuse, or 

multifocal lesions of the urothelium, not associated with macroscopic tumors at the time of 

diagnosis. 

12 

Table 1. Bfaddercancerstages. 

Tumor characteristics Stage 

Carcinoma in situ TIS 

Papillary tumor limited to mucosa Ta 

Invasion lamina propria T1 

Superficial muscle Invasion T2 

Deep muscle and/or fat invasion T3 

Invasion contiguous viscera T4 

Growth 
abc de 

a, urothefium; b, lamina propria; c, muscularis propria; d, surrouding fat tissue; e, surrounding organs 



Genera! Introduction 

Grading and staging 

Three grades of urothelial carcinoma are recognized according to the WHO. Grade 1 

represents well-differentiated papillary tumors with limited atypia and mitoses. At the other 

end, Grade 3 lesions show a marked disordered arrangement of the cell layers, cell size, and 

number of mitoses. Tumor grade appears to correlate Significantly with prognosis. The higher 

the grade of the diagnosis, the higher the mortality within two years. 

The staging of bladder cancer is based on the depth of invasion (Table 1). Tumors 

limited to the mucosa or lamina propria are often referred to as superficial, while tumors 

growing into the muscle and further are named invasive. Invasive bladder tumors tend to 

spread rapidly to the regional lymph nodes and then into adjacent structures. 

Clinical Presentation 

Patients with bladder cancer usually present with hematuria (blood in the urine) that is 

sometimes only visible under the microscope (microscopic hematuria). Other manifestations 

include bladder irritability and symptoms of urethral obstruction. Frequently the diagnosis of 

bladder cancer is delayed because bleeding is intermittent or attributed to other causes such 

as urinary tract infection, benign tumors, or bladder stones. Voided urine cytology is 

performed on a Papanicolaou stained smear of cells present in the urine. These can include 

infiammatory (blood) cells and cells previously lining the urinary tract that are exfoliated into 

the urine. Urinary cytology is highly specific, but has a low sensitivity. This means that if the 

urinary cytology is positive, transitional cell cancer of the urothelium is almost certainly 

present. But cytological examinations may be negative in up to half of patients with bladder 

cancer; thus, a negative smear does not rule out bladder cancer. Recently, several 

companies have started to offer dipstick tests of the urine to check for the presence of 

bladder cancer. Another possibility would be to look for DNA aberrations in cells collected 

from voided urine. 

Superficial bladder cancer tends to recur frequently after their surgical removal; if this 

happens, it most often recurs as another superficial cancer. At presentation, approximately 

80% of TCCs of the bladder are superficial papillary lesions (Ta/T1), the majority of which do 

not invade despite the common development of recurrences at the same or different sites in 

the bladder over a period of many years. For most of the 20% of tumors that are muscle 

invasive (T2) or metastatic (N+, M+) at the time of presentation, there is apparently no 

superficial papillary precursor lesion and these tumors may progress rapidly (130). 

Treatment 

Bladder cancer may be treated with surgery, biological therapy, radiation therapy, or 

chemotherapy. The choice of treatment depends on its stage and grade, particularly if, or 
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how deeply, the cancer has invaded the bladder wall. The urethra and bladder are inspected 

with a cystoscope to investigate the tumor size, number of tumors, and their location. 

Patients with low-grade superficial bladder cancer may be treated with a procedure called 

transurethral resection (TUR). A tool with a small wire loop on the end is used to remove the 

cancer (biopsy). Biopsies of normal-appearing bladder lining are performed to check for 

microscopic cancer that would otherwise be missed. Generally, this is followed by periodic 

cystoscopy, and cytologic evaluations. 

Curative treatment of invasive bladder cancer comprises radical cystectomy, by which 

the entire bladder is removed, including nearby lymph nodes, and any surrounding organs 

that contain cancerous cells. For invasive cancers that appear to be limited to the bladder 

(stages T2-3), complete surgical removal of the bladder provides the best chance of a cure. 

When complete surgical removal of the bladder is performed, usually, a segment of small 

bowel is used to transfer urine directly from the kidneys and ureters through a stoma on the 

skin and into an external collection bag. 

Patients with multiple tumors, high~grade tumors, carcinoma in situ or tumor 

penetration into the lamina propria are at high risk for tumor recurrence and progression. 

They are candidates for intravesical therapy with bacillus Calmette-Guerin (BCG), mitomycin, 

doxorubicin or thiotepa. Treatment with BCG involves plaCing a solution of BCG, a substance 

that stimUlates the immune system, into the bladder for about 2 hours before the patient is 

allowed to empty the bladder by urinating. 

In radiation therapy, high-energy rays are used to kill cancer cells. Like surgery, 

radiation therapy is local therapy. When bladder cancer has spread to other organs, radiation 

therapy may be used to relieve symptoms caused by the cancer. Radiation may come from 

outside the body (external radiation) or from a radiation implant, placed directly into the 

bladder (internal radiation). 

Chemotherapy may be used alone or after TUR to treat superficial bladder cancer. 

Systemic chemotherapy may also be used to manage advanced bladder cancer, when 

cancer cells have deeply invaded the bladder and spread to lymph nodes or other organs. 

(130) 

Risk Factors 

Bladder cancer was one of the earnest cancers in which carcinogens were found to playa 

role in causing the disease. The most important known risk factor for bladder cancer is 

cigarette smoking. Cigarette smokers develop bladder cancer two to three times more often 

than non-smokers (28, 29, 119). Smoking does not only increase the risk for transitional cell 

carcinoma, but also for squamous cell carcinoma and adenocarcinoma of the bladder. 
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Smoking is estimated to be responsible for 25-60% of the bladder cancers in industrialized 

countries. 

Occupational exposure to a certain class of organic chemicals called aromatic amines 

(beta-naphthylamines, xenylamine, 4-nirtobiphenyl, benzidine) is a well-established risk 

factor. Bladder cancer due to aromatic amine exposure has been documented in the textile, 

leather, rubber, dye, paint, hairdressing, and organic chemical industries. A period of 5 to 50 

years may follow the exposure of carcinogenic agents and the diagnosis of bladder cancer. 

Infection with Schistosoma haematobium, a parasite commonly encountered in Asia, 

Africa and South America, has been linked to bladder cancer. The eggs of the paraSites are 

deposited in the bladder wall, and the morbidity of the disease is associated with chronic 

infection. Due to this infection, the proliferation rate of the urotheJium is much higher. The 

tumors formed are mainly squamous cell carcinomas and adenocarcinomas. 

Other factors that may contribute to the development of bladder cancer include 

bladder treatment with the anticancer drugs chlornaphazine or cyclophosphamide, long-term 

use of painkillers containing the drug phenacetin, recurrent urinary tract infections and stasis, 

dietary factors, tobacco products other than Cigarettes (e.g., pipes and cigars), and genetic 

susceptibility. 

Genetic susceptibility 

In response to exposure to environmental agents that are toxic or mutagenic, organisms 

have evolved complex mechanisms by which they can protect themselves. This involves the 

expression of enzymes active in the metabolism and detoxification of the foreign chemicals. 

The best characterized of these enzyme systems are the cytochrome P450s, the glutathione­

S-transferases (GSTs) and the N-acetylation enzymes (NATs). Genetic polymorph isms with 

well defined associated phenotypes have now been characterized in these genes (162). 

Indeed, many of these polymorph isms have been associated with a difference in the ability to 

detoxify substances that may otherwise act as carcinogens. This may render an individual 

more at risk for developing cancer. In the case of bladder cancer, both GST and NAT 

polymorphisms are implicated in an increased susceptibility. 

Aromatic amines may be inhibited in their carCinogenic ability by acetylation. The 

acetylation speed in different individuals can, by nature, be slow or rapid. The slow N­

acetylation genotype (NAT2) is a susceptibility factor in occupational and smoking-related 

bladder cancer (85, 142). The glutathione-S-transferase Mu1 enzyme (GSTM1) detoxifies 

arylepoxides which are formed after exposure to certain polycyclic aromatic hydrocarbons 

and possibly aromatic amines. According to the study of both Mungan et a/. and Georgiou et 

al. (51, 121), individuals with the GSTM1 null genotype carry a substantially higher risk for 

bladder carcinogenesis. The GSTM1 null genotype is not associated with more aggressive 
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disease in terms of tumor grade, although there is a correlation between this genotype and 

stage of the disease. 

Cancer genetics 

Chromosomes and cancer 

Chromosomal analysis of cancer cells has yielded a huge amount of information about the 

nature and incidence of chromosome abnormalities (74, 163). These abnormalities include 

numerical and structural changes. Numerical chromosomal changes lead to aneuploidy, 

which means any deviation of the normal set of 46 chromosomes. Polyploidy means the 

presence of whole sets of chromosomes in excess to the normal set of 46. Aneuploidy can 

be caused by non-disjunction, the failure of chromosomes to separate properly during the 

early stages of mitosis or meiosis. Aberrations in chromosome structure result from the 

breakage and reunion of chromosome segments and can involve one or more 

chromosomes. They can be divided in deletions, duplications, inversions, translocations, 

rings, and fragile sites. Chromosome breaks can occur from spontaneous errors in 

replication, crossing over, mutations in genes that normally repair breaks, and environmental 

agents such as ultraviolet light, radiation, chemicals, or viruses. 

Oncogenes and tumor suppressor genes 

Tumors arise from changes in the processes that control growth, division and mortality of 

cells. These changes are caused by mutations in oncogenes, tumor suppressor genes, or 

genes that are involved in DNA repair. Oncogenes were first discovered in transforming RNA 

viruses. They are derived from normal cellular proto-oncogenes with roles in normal growth 

and proliferation. When these genes are activated by a gain-of-function mutation, they may 

function as an oncogene and their products will for instance increase cell proliferation or 

inhibit cell death. Different types of oncogenes can be distinguished, based on their biological 

function, including growth factor receptors, transcription factors, or genes involved in protein 

phosphorylation or cell cycle regulation. Over 40 different oncogenes have been identified so 

far. Activation of a proto-oncogene can occur by a pOintmutation, chromosomal translocation 

or by amplification of the gene. 

Loss of growth suppression requires inactivation of both copies of a tumor suppressor 

gene for a phenotypic effect (Knudson's two-hit hypothesis, Figure 2) (91-93). Many different 

genetic incidents can eliminate both copies of a gene. Inactivation of one allele is often 

brought about by small sequence alterations like pOint mutations or small deletions. 

Inactivation of the other allele can be the result of loss of genetic material due to inaccurate 

chromosome segregation. In this case, the second copy of the gene, and usually flanking 

16 
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regions of its chromosome as well, are either totally deleted or replaced by a copy of the 

corresponding region of the first defective chromosome. 

Inherited predisposition 

Normal tissue Tumour 

Sporadic tumour 

Normal tissue Tumour 

Figure 2. Knudson's two~hit hypothesis explained by the retinoblastoma model of tumorigenesis. + wild type allele, 

rb mutated allele. In patients with a germine mutation of the retinoblastoma gene only one mutation is necessary 

for the cell to become homozygous rb. In sporadic tumors, two mutations are required for the cell to become 

homozygous for the rb mutation. From: Hodgson & Maher, 1993 (69). 

LOH in the cells of a tumor provides the basis for a method by which tumor 

suppressor genes can be identified and cloned, Tumor allelotyping (in analogy to 

karyotyping) is the analysis of all 23 pairs of human chromosomes for regions of LOH, The 

first allelotype was performed on colorectal carcinoma by Vogelstein et aI, in 1989 (192), 

Allelotypes have been published for most of the major types of cancer, To date, despite the 

fine mapping of multiple common regions of deletion in sporadic tumors, only a small number 

of tumor suppressor genes mapped in this way have been authenticated. These include 

DPC4 (65), and PTEN (102, 167), both of which have been found via a homozygous 

deletion. The usual heterozygous combination of maternal and paternal alleles of genes in 

that chromosomal region is lost (loss of heterozygosity or LOH, see Microsatellite instability 

and LOH), A tumor suppressor gene can also be inactivated by a small homozygous deletion 

within the gene, or extending only a short distance into DNA flanking the target gene, 

Another mechanism is de novo methylation of cytosine residues at CpG dinucleotides in the 

5' CG-rich promoter region of genes, This leads to transcriptional silencing, These 

mechanisms are depicted in Figure 3. Several tumor suppressor genes have been identified 

to date that conform to the two-hit modeL A list of these genes is given in Table 2, 
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Figure 3. Model for the inactivation of tumor suppressor genes. +, wild type allele, rb, mutated allele, alb and Cld 

are polymorphisms at two arbitrary marker loci either side of the tumor suppressor gene. The pair of 

chromosomes from the normal cell are heterozygous at both loci. The tumor either lost the tumor suppressor 

gene function due to a homozygous deletion or is homozygous for the rb mutation. In addition there is loss of 

heterozygosity at the marker loci in the tumor tissue unless it is a localized event. Note that the allele loss affects 

the chromosome with the wild type allele. Adapted from Hodgson & Maher, 1993 (69). 

Chromosomal instability 

Loss of a single tumor suppressor gene - even loss of both copies of the gene - is usually not 

sufficient by itself to cause cancer. In order for a tumor to develop, at least 3 to 6 mutations 

are needed in oncogenes or tumor suppressor genes (193). One way of reaching this 

number of mutations is by raising the mutation frequency. Cancer cells often display an 

enormous variability in the size and shape of their nuclei and in the number and structure of 

their chromosomes; in fact, abnormal nuclear morphology is one of the key features used by 

pathologists to diagnose cancer. Cancer cells grown in culture often have an unstable 

karyotype: genes become amplified or deleted and chromosomes become lost, duplicated, or 

translocated with a much h'lgher frequency than in normal cells in culture. This chromosomal 

variability suggests that these celis have some defect in the control of chromosome 

replication, repair, recombination, or segregation, i.e. they have an unstable genome (101). 
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Tabfe 2. Tumor suppressor genes and associated human cancers. 

Adapted from Macleod, CurrOpin Genet Dev 10:81-93,2000 (110). 

Tumor Human Gene function Human tumors associated Associated cancer 
suppressor chromosomal with sporadic mutation syndrome 
gene location 

RB1 13q14 Transcriptional regulator Retinoblastoma, Familial 
of cell cycle osteosarcoma retinoblastoma 

WT1 11 p13 Transcriptional regulator Nephroblastoma Wilms tumor 

TP53 17q11 Transcriptional regulator! Sarcomas, breast/brain Li-Fraumeni 
growth arrest/apoptosis tumors 

NF1 17q11 Ras-GAP activity Neurofibromas, Von 
sarcomas, gliomas Recklinghausen 

neurofibromatosis 
NF2 22q12 ERM protein! Schwannomas, Neurofibromatosis 

cytoskeletal regulator meningiomas type 2 

VHL 3p25 Regulates proteolysis Hemangiomas, renal, Von-Hippel Lindau 
pheochromocytomas 

APC 5q21 Binds!regulates ~- Colon cancer Familial 
catenin activity adenomatous 

polyposis 
INK4A 9p21 P16 cdki for cyclinDJ Melanoma, pancreatic Familial melanoma 

cdk4/6; p19 binds mdm2, cancer 
stabilizes p53 

PTC 9q22.3 Receptor for sonic Basal cell carcinoma, Gorlin syndrome 
hedgehog medulloblastoma 

BRCA1 17q21 Transcriptional Breast/ovarian tumors Familial breast 
regulator/DNA repair cancer 

BRCA2 13q12 Transcriptional Breast/ovarian tumors Familial breast 
regulator/DNA repair cancer 

DPC4 18q21.1 Transduces TGF-f1 Pancreatic, colon, Juvenile polyposis 
signals hamartomas 

FHIT 3p14.2 Nucleoside hydrolase Lung, stomach, kidney, Familial clear cell 
cervical carcinoma renal carcinoma 

PTEN 10q23 Dual specificity Glioblastoma, prostate, Cowden syndrome, 
phosphatase breast BZS, LDD 

TSC1 9q34 Cell-cylce regulator Renal, hamartomas Tuberous sclerosis 

TSC2 16 Cell-cycle regulator Renal, brain tumors Tuberous sclerosis 

NKX3.1 8p21 Homeobox protein Prostate Familial prostate 
carcinoma 

LKB1 19p13 Serine/threonine kinase Hamartomas, colorectal, Peutz..Jeghers 
breast 

ECAD 16q22,1 Cell adhesion regulator 6reast, colon, skin, lung Familial gastric 
carcinoma cancer 

MSH2 2p22 MutS homologue, Colorectal cancer HNPCC 
mismatch repair 

MLH1 3p21 MutL homologue, Colorectal cancer HNPCC 
mismatch repair 

PMS2 2q31 mismatch repair Colorectal cancer HNPCC 

PMS2 7p22 mismatch repair Colorectal cancer HNPCC 

MSH2 2p16 mismatch repair Colorectal cancer HNPCC 
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Currently, two different pathways to tumorigenesis are thought to exist (84), The first pathway 

involves gatekeeper genes. These genes are directly controlling cellular proliferation. 

Examples include the genes responsible for colon cancer, retinoblastoma and 

neurofibromatosis. The second pathway is represented by caretaker genes. These genes 

maintain the integrity of the genome. They sustain the intracellular machinery governing 

replication, recombination, and repair of DNA that is caused by, e.g., mutagens in the 

environment. People with the rare genetic disorder xeroderma pigmentosum, for example, 

have a defect in the system of enzymes required to repair the type of damage done to DNA 

by ultraviolet irradiation; as a result, the slightest exposure of the skin to sunlight is liable to 

provoke skin cancers (172, 200). A more general predisposition to cancer due to faults in 

DNA repair and replication occurs in the relatively common HNPCC syndrome, and in 

Bloom's syndrome, Fanconi's anemia, and ataxia-telangiectasia (189). Inactivation of a 

caretaker gene would not directly promote tumor initiation, but increase the mutation 

frequency, resulting in genetic instability and mutations in other genes, for instance 

gatekeeper genes, 

Microsatellite instability and LOH 

Microsatellites 'or short tandem repeat polymorph isms (STRs) are short stretches of 

nucleotide sequences, usually repeated between 15 and 30 times. The repeated sequences 

are 2 to 5 nucleotides long. Microsatellites belong to a family of repetitive non-coding DNA 

sequences comprising satellites (5-100 bpi, minisatellites (15-70 bpi and microsatellites. 

Between 35,000 and 100,000 different microsatellites are present in the human genome, a 

marker density of approximately one microsatellite every 100,000 bp. They are not uniformly 

spaced along chromosomes but tend to be underrepresented in subtelomeric regions. The 

most frequent occurring repeat motif is the (CA)n dinucleotide sequence. 

No definite function can be ascribed to microsatellite sequences. The short size and 

high variability of microsatellite markers made them easy to type with the polymerase chain 

reaction (PCR). This has had a profound effect on genome analysis and the construction of a 

physical map of the human genome. An application of such a map is the linkage analysis, 

which tests whether a chromosomal region is correlated with transmission of a certain 

hereditary disease within a pedigree. A polymorphism is considered informative or 

heterozygous if the number of repeats differs between the two different chromosomes of an 

individual. The informativity of these polymorph isms depends on the number of repeats. The 

more variation in the stretch of repeats, the higher the chance that both chromosomes have 

a different repeat length. This makes them useful markers to study heterozygosity of 

genomes (95). Another application of these markers is to detect loss of heterozygosity in 

tumor DNA. This is explained in Figure 4. 
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Figure 4. Detection of loss of heterozygosity or microsate/fite instability in tumor DNA. A a microsatelfite marker is 

amplified via unique peR-primer sequences on either site of the repeat. The length of the amplified band depends 

on the number of repeats (gray and black boxes). B, an example of the possible outcomes. N, normal DNA, T, 

tumor DNA. The first two individuals are heterozygous without loss, the third has loss of the lower allele in the 

tumor DNA, the fourth shows microsatelfite instability represented by an extra band above the normal alfele 

bands, the fifth is not informative (homozygous) because both alleles have the same length. 

DNA polymerases are less able to process through repetitive sequences and therefore 

slippage is more likely to happen in these regions. The stable transmission of repeat size is 

no longer guaranteed when mutations are present in genes responsible for the detection and 

repair of replication errors, like the hMSH2 or hMLH1 genes (9). Tumors due to such 

mutations are called RER+, replication error positive. These tumors have a relatively normal, 

diploid karyotype and their cell cycle checkpOints are intact (11, 48). RER+ tumors show 

microsatellite instability (MIN) which means that the length of the microsatellites may become 

altered in cells of RER+ tumors (Figure 4). 

Clonalily versus field cancerization 

Some cancer types, like bladder cancer, head and neck cancer and colon cancer, present 

themselves as multifocal. There has been considerable debate about whether tumors arise 

from a single mutated cell (clonal) as a multistep process, or whether there can be a process 

named field cancerization. Clonal development of multiple cancers is thought to occur 

through a series of recognizable stages, followed by spread and outgrowth of mutated 

progeny. Exposure of an entire field of tissue to repeated carcinogenic insults could give rise 

to multiple unrelated polyclonal tumors (50). It is not unlikely to think of a polyclonal process 
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in these multifocal cancer types, since environmental exposure could provide a constant 

mutation causing agent. To discriminate between the two possibilities, several groups have 

looked at X-chromosome inactivation patterns (46, 122) and the presence of specific 

mutations in for instance the TP53 gene at chromosome 17p (198). When the same 

mutations or X-inactivation are observed in all multifocal tumors from one patient, the tumors 

are considered monoclonal. Another method that has been used to study clonalily is MIN 

(112). Identical microsatellite alterations detected in multifocal tumors, recurrences, or 

metastases can serve as evidence for their clonal relation. 

It is now widely accepted that most multifocal tumor types are monoclonal in origin, 

arising from a mutation or series of mutations in a single cell and its descendants. Possible 

exceptions are tumors of the aerodigestive tract, thought to be caused by chronic exposure 

to alcohol and tobacco (182,198). 

Genetic aberrations in bladder cancer 

Cytogenetic studies and CGH in bladder cancer 

Structural analyses of the genome changes in bladder cancer include cytogenetic studies, 

identification of deletions by LOH or homozygous deletion analysis, and comparative 

genomic hybridization (CGH) (79). 

Cytogenetic studies of bladder cancer have given indications of the possible locations 

of relevant tumor suppressor genes (52, 135, 146). Monosomy 9 was described as the sole 

cytogenetic abnormality in some near diploid bladder tumors, sometimes accompanied by 

trisomy 7 and trisomy 10 (114). Other seemingly unique alterations on chromosome 9 

include an interstitial del(9)(q11q21.2) (8). Another indication for the involvement of genes on 

chromosome 9 came from chromosome transfer studies. Following introduction of an intact 

chromosome 9 into bladder cancer cell lines, only clones with a rearranged chromosome 9 

could be propagated in vivo (104, 20S). 

CGH analysis of bladder cancer showed losses on chromosome 2q, 3p, 4q, Sq, 11 p, 

11q, 8p, 9, 10q, 12q 17p, and 18q in more than 20% of the tumors (78, 159). Gains of DNA 

sequences were most often found at chromosomal regions distinct from the locations of 

currently known oncogenes, The bands involved in more than 10% of the tumors were 8q21, 

13q21-q34. 1q31, 3p22-24, 3q24-q26, 1p22, 10p13-14, 12q13-1S, 17q22-23, 18p11, and 

22q11-13 (78,196). 

Oncogenes and tumor suppressor genes that playa role in bladder cancer 

Several genes that are known to be altered in other tumor types have been studied for their 

involvement in bladder cancer. These include the oncogenes HRAS, ERBB2, and MYC, and 
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the tumor suppressor genes TP53, CDKN2A, RB, and PTEN. The characteristics of these 

genes are listed in Table 3. 

HRAS is part of a family of genes whose products are involved in the transduction of 

mitogeniC signals. HRAS mutations are reported infrequently in bladder tumors, with 

mutation frequencies varying between 6% (90) and 44% (47). ERBB2 codes for an epidermal 

growth factor receptor-like protein and is amplified and overexpressed in 10-26% of bladder 

tumors (72, 126). MYC overexpression is sometimes found in bladder tumors, especially in 

tumors of higher grade (27, 148). 

FGFR3 belongs to a family of four receptors that together contain the most frequent 

germ line mutations in humans. More than 75 different mutations have been recorded, which 

account for more than seven skeletal syndromes, including achondroplasia, 

hypochondroplasia, thanatophoric dysplasia, and Muenke coronal craniosynostosis (80, 134, 

180). All the mutant phenotypes cause a gain-of-function by receptor activation through three 

major mechanisms: receptor dimerization, kinase activation, and increased affinity for FGF. 

Paradoxically, the consequence of receptor activation is inhibition of chondrocyte cell growth 

through signaling pathways that are cell-type specific. The FGFR3 gene is located on 

chromosome 4p16, and is activated by mutation in approximately 30% of bladder tumors 

(20). The role of the receptor in urothelial cells has yet to be established. Research in our lab 

so far suggests that screening for receptor mutations can identify patients with a lower 

recurrence rate of superficial tumors (183). 

TP53 has been mapped to chromosome 17p13 and encodes a 53 kD protein, which 

is a transcription factor involved in cell-cycle regulation. The protein functions as a check 

point arresting cells in G1 when the genome is damaged. This allows cells to repair the DNA 

damage. The protein also induces apoptosis. Mutations in TP53 will result in inactivation of 

the product and an increase in genetic alterations due to lack of DNA damage control. 

Genetic alterations of TP53, such as mutations, homozygous deletions and structural 

rearrangements are frequent events in bladder cancer (97, 203). With immunohistochemical 

staining, nuclear overexpression is often seen in tumors carrying TP53 mutations, This can 

be explained by the fact that the presence of a mutation increases the half-life of the protein 

4 to 20 times. Nuclear overexpression of the protein p53 can serve as a prognostic factor 

and is significantly related to tumor progression (41, 66, 137, 147, 177, 197). 

The CDKN2A gene was identified as a candidate gene on chromosome 9p. 

Homozygous deletion mapping using quantitative duplex PCR showed that CDKN2A andlor 

the adjacent gene CDKN2B is the likely target of the 9p21 deletion in bladder cancer (204). 

Others have shown that point mutation and other small sequence changes in CDKN2A are 

rare in bladder cancer (13, 127, 204) The retained allele of the gene is in some bladder 

tumors silenced by methylation (54, 57). The identification of homozygous deletion as the 

23 



Chapter 1 

predominant mechanism of inactivation led to the hypothesis that inactivation of both 

CDKN2A and CDKN2B contributes to bladder cancer development and that a homozygous 

deletion provides an efficient means of inactivating more than one adjacent gene (128, 171), 

The RB gene is located on chromosome 3 and codes for the RB protein, which 

functions as an important cell cycle checkpoint, the restriction point. Mutations that inactivate 

the RB gene were found in approximately 30% of bladder tumors, mostly of high stage and 

grade (15, 118). 

Table 3. Oncogenes and tumor suppressor genes altered in bladder cancer. 

Gene Involved (%) Clinical association References 

HRAS 6-44 Grade 47,90 

ERBB2 10-14 Grade, stage, recurrence 73,115,126,150,179,194,197 

MYC Grade, stage 148 

FGFR3 30 Lower recurrence rate 20, 183 

RB 30 High stage, progression, reduced survival 15,31,106.118 

TP53 10-70 Grade and stage, progression, reduced survival 63,151,156,166,174,199,203 

CDKN2A 20-45 ? 13,54,56,127,166,204,205 

PTEN 10-30 ? 4, 14 

Adapted from Knowles, Br J Urollnt 84: 412-427, 1999 (86). 

PTEN is located on chromosome 10q23 (102, 167). It is inactivated in several types of 

cancer including melanoma, prostate cancer and endometrial carcinoma. A search for 

mutations of PTEN in bladder tumors has yielded only a very small number of mutations and 

homozygous deletions (14), a frequency much lower than the frequency of LOH on 10q. It is 

possible that another gene in the same region is involved. However, the finding of intragenic 

homozygous deletions in bladder tumor cell lines (4, 118) indicates that PTEN plays a critical 

role in at least some cases. 

Loss of heterozygosity in bladder cancer 

To define the smallest region of deletion on a chromosome arm, a large number of tumor 

samples is used for microsatellite-based LOH and homozygous deletion analysis at low 

marker density. When the regions found in these tumors are combined, the resulting region 

of overlap is used to pinpoint the starting pOint of an attempt at cloning the gene involved. In 

1994, an allelotype analysis was published based on a series of primary TCCs using 90 

markers (88). About 60% of these tumors analyzed were superficial (pTa/T1). The most 

frequent losses were on chromosome 9 (9p, 51%; 9q, 57%). Other chromosome arms with 

frequent deletions were 11p (32%), 17p (32%), 8p (23%) 4p (22%) and 13q (15%). LOH on 

17p and 13q is commonly associated with mutational inactivation of the retained copy of the 

TP53 or RB genes, respectively (15, 203). LOH on all of these chromosome arms except 
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chromosome 9 is associated with high tumor grade and stage. Other studies have 

subsequently identified deletions on 3p (13S), 10q (21,77), 1Sq (12), and 14q (22) (Table 4). 

Carcinoma ;n s;tu (CIS) is regarded as the most likely precursor lesion for invasive 

TCC. If so, the genetic aberrations identified in CIS are expected to be similar to those found 

in invasive Tee, but not superficial. A partial allelotype study of CIS using 29 markers on 13 

chromosome arms (3p, 4p, 4q, 5q, Sp, 9p, 9q, 11p, 11q, 13q, 14q, 17p and 1Sq) has been 

reported (143). LOH of chromosome 9 was frequent (77%), as was LOH on Sp (65%), 17p 

(60%), 13q (56%), 11p (54%), 4q (52%) and 14q (70%). These frequencies, with the 

exception of chromosome 9 loss, are significantly higher than those found in superficial 

papillary TCC and resemble those found in invasive bladder cancer. This could indicate that 

CIS, although classified as a stage Ta lesion, represents a potentially aggressive entity. 

A partial allelotype of squamous cell carcinomas (SeC) from patients with a history 

schistosomiasis revealed LOH on all chromosome arms studied (3p, 4p, 4q, Sp, 9p. 9q, 11 p, 

11q, 13q, 14q, 17p, 1Sq) (154). The most frequent regions of LOH were 9p (65%), 17p 

(58%), 3p (40%), 9q (39%) and 8p (37%). The most striking difference between this group of 

sces and Tees was the high frequency of 9p LOH in the region of the CDKN2A gene (65%) 

and the relatively lower frequency of 9q LOH (39%). This suggests that a 9p gene, possibly 

CDKN2A, which is also implicated in TCC, may contribute to the development of the majority 

of schistosomiasis-associated bladder tumors and that a gene(s) on 9q plays a less 

important role. 

A common region of deletion of about 750 kb was found close to the Huntington 

disease gene at 4p16.3 (39), together with a larger more centromeric region of deletion, a 

region at 4p15 and a region on 4q (136). The proximity of the 4p16.3 region of deletion to the 

HD gene provided many probes and allows mapping with a resolution of 30-40 kb. One 

candidate gene located within the region is the gene SH3BP2. Detailed mutation analysis 

failed to identify coding sequence mutations in bladder cell lines or primary tumors (6). 

Allelotype analysis identified 8p LOH in approximately 23% of TCCs. Apart from a 

TP53 mutation, LOH of 8p is the most frequent and specific alteration in muscle-invasive 

bladder tumors. Preliminary mapping showed that the deleted region was also deleted in 

several other tumor types, including prostate, which shows 70-S0% 8p LOH (S9). At least 

three regions are involved in the bladder, a large region at Sp21-22 encompassing two 

regions of deletion defined in prostate cancer, and two smaller, more proximal regions at 

Sp12-21, both contained within a third region defined in prostate cancer (111,170). Most 

bladder tumors with 8p LOH, however, seem to have lost the entire chromosome arm (S9, 

170). Several candidate genes mapped within these Sp regions, including the POLB and 

PPP2CB genes, were tested with mutation analysis but revealed no mutations in bladder 

tumors or cell lines (42). 
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Table 4. Candidate regions for TSGs involved in TCC of the bladder. 

Chrom Regions Association with References 

(genes) tumor grade/stage 

3 3p High grade and stage 138 

4 4p16.3,4pcen-p14 All stages/grades 39 

4p15 High grade and stage 136 

4q33-34 High grade and stage 136 

8 8p21.1-pter High stage 170 

8p".2-'2 High stage 170 

9 9p21 (CDKN2A) All stages/grades 18,36,127,204 

9q13-31 All stages/grades 13,60 

9q32-33 All stages/grades 160 

9q34 (TSC1) All stages/grades 60,64,160 

10 10q23 (PTEN) High stage 21,77 

11 11p15 High grade 44, 155, 176 

11q13-23.2 High grade 155 

13 13q (RS) High grade and stage 15 

14 14q12 High stage 22 

14q32.1-32.2 High stage 22 

17 17p13 (TP53) High grade and stage 63,125,166,176,203 

18 18q21.3-qter High stage 12 

Deletions of chromosome 11 can be detected in around 40% of TCCs (44, 176), and LOH of 

11p is associated with higher tumor grade (125), Thirty-four percent ofTCCs has LOH at one 

or more loci on chromosome 11 p or 11 q. A common region of deletion was defined at 11 p15, 

which is coincident with a region deleted in breast (3, 109), testicular cancers (107), and 

NSCCL (201), The target of these deletions is not known at present. A candidate gene is 

TSGI01, a suppressor gene identified by homozygous gene knockout through antisense 

RNA produced by a randomly introduced promotor (103), but this gene has not yet been 

shown to be mutated in human cancers. 

The role of chromosome 9 in bladder cancer 

LOH of markers on chromosome 9 is present in more than 50% of bladder tumors of all 

grades and stages and thereby is the most frequent genetic change identified (16, 17), 

These deletions are present at similar frequency in bladder tumors of all grades and stages 

and therefore represent a potential initiating event (176). In many tumors the region lost 

seems very large or involves regions on both chromosomal arms. This renders fine deletion 

mapping difficult. Several groups worldwide have studied large numbers of bladder tumors in 

order to identify small subchromosomal deletions that allow localization of the critical regions. 

Keen and Knowles (82) found a common region of deletion on 9p between D9S126 (9p21) 

26 



General Introduction 

and the interferon-alpha cluster (IFNA) located also at 9p21. A single tumor showed a 

second site of deletion on 9p telomeric to IFNA, indicating the possible existence of 2 target 

genes on 9p. All deletions of 9q were large, with a common region of deletion between 

09S15 (9q13-q21.1) and 09S60 (9q33-q34.1). The results suggested the simultaneous 

involvement of distinct suppressor loci on 9p and 9q in bladder carcinoma. 

Refinement of the localization of loci on chromosome 9q has been described in a 

series of publications (16, 17, 36, 60, 64, 82, 186). This process is illustrated in Figure 5. 

First, the interpretation of the LOH data was based on the assumption that there was a single 

region of deletion on the chromosome or one on each chromosome arm (17, 82). LOH 

analysis of 9q based on larger numbers of markers suggested at least two regions at 9q13-

22 and 9q34 (60, 160). At 9q22, Simoneau et a/. (160), have examined the Gorlin syndrome 

gene (PTCH) and found no mutations. At 9q34, the TSCt gene was considered a candidate 

bladder tumor suppressor gene. Hamartomas developing in tuberous sclerosis patients with 

linkage to 9q34 show 9q34 LOH, indicating that TSCt may act as a tumor suppressor (184). 

SSCP analysis and sequencing have identified several mutations in bladder tumors with LOH 

in the region. This indicates that TSCt is a possible target of 9q34 deletions in a low 

percentage of bladder tumors (71, 127, 185). 
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Figure 5. Sequential refinement of LOH regions on chromosome 9 in bladder cancer. The regions are indicated by 

black lines next to the chromosome, together with the markers determining the borders. Adapted from Knowles, 

1999 (87). 
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A third possible tumor suppressor harbouring region was localized to 9q32-33, based on the 

finding of five tumors with small interstitial deletions in the region of D9S195 (127). A 

homozygous deletion was found in a region covered by a single YAC, whose estimated size 

was about 840 kilobase (64). This region was found to contain the cDNA sequence of the 

gene DBCCRt (for. deleted in bladder cancer chromosome reg'lon candidate 1) (61). The 

DBCCR1 cDNA sequence contains an open reading frame with 8 exons encoding a protein 

of 761 amino acids with an estimated molecular weight of 89 kD. Mutation analysis of the 

coding region in the five critical tumors and a series of tumors with larger deletions of 9q by 

SSCP analysis and Southern blot analysis detected neither somatic mutations nor gross 

genetic alterations in primary TCCs of the bladder. DBCCRt is expressed in multiple normal 

human tissues including urothelium, but mRNA expression is absent in 5 of 10 bladder 

cancer cells lines. Methylation analysis of the CpG island at the 5' region of the gene and the 

induction of de novo expression by a demethylating agent indicated that this island might be 

subject to hypermethylation-based silenCing. 

Outline of this thesis 

The identification of the genetic alterations in transitional cell carcinoma of the bladder could 

clarify the pathogenesis of this disease, provide insight into the possible presence of different 

genetic backgrounds, and eventually result in useful clinical tools. Genetic alterations on 

chromosome 9 are considered pivotal to bladder tumor development since deletions of this 

chromosome are present at high frequency in bladder tumors of all grades and stages. We 

first screened bladder tumors with several techniques that can detect loss of chromosome 9 

in order to effectively select out those tumors that have lost an entire copy of this 

chromosome (Chapter 2). From this work we concluded that LOH analysis is to be preferred 

over ISH in order to reliably determine loss of chromosomes. We further searched for 

common regions of deletion with LOH analysis and homozygous deletion mapping in order to 

narrow down the candidate regions (Chapter 3). We subsequently selected several known 

genes in the regions of loss to screen for mutations and susceptibility polymorph isms 

(Chapter 4). When it became clear that there were several regions of LOH on chromosome 9 

but very few mutations in any of the candidate genes, we started questioning the relevance 

of the regions. We therefore decided to search for common alterations in multiple superficial 

recurrent tumors in order to reconstruct the development of the genetic aberrations in time. 

This allowed us to order the tumors in a genetic tree, where tumors with few aberrations 

precede those with many. Based on the extent of the genetic damage and the accumulation 

of alterations during tumor development we hypothesize that LOH is presumably stimulated 

by an enhanced rate of mitotic recombination (Chapter 5). The genetic trees also allowed us 
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to interpret the LOH results on chromosome 9q and follow the development of as many as 

ten different events in tumors of individual patients. Since loss on chromosome 9q was 

almost never the characteristic first step in our patients and the regions lost varied between 

patients, we believe that this diminishes the probability of the presence of postulated 

gatekeeper genes on this chromosomal arm (Chapter 6). 

29 





Chapter 2. Loss of heterozygosity and loss of chromosome 9 copy 

number are separate events in the pathogenesis of transitional cell 

carcinoma of the bladder 

Angela AG van Tilborg, Arnold CP Hekman, Kees J Vissers, Theo H van der Kwast, 

& Ellen C Zwarthoff 

Published in Int. J. Cancer (1998) 75: 9-14 





Chromosome 9 copy number changes 

Summary 

The most frequent genetic aberration found in transitional cell carcinoma (TCC) of the 

bladder involves chromosome 9. Loss of heterozygosity (LOH) analyses show deletions of 

both chromosome 9p and 9q, while in situ hybridization studies suggest a significant 

percentage of tumors with monosomy 9. To investigate the types of chromosome 9 losses 

that occur in bladder cancer, we studied forty tumors with different techniques such as in situ 

hybridization (ISH), flow cytometry and LOH analysis. 

LOH for one or more markers was found in 43% of the tumors. This percentage does 

not differ from previous reports. With ISH, complete monosomy for chromosome 9 was 

observed in only 1 of the 40 tumors. Four other tumors had monosomic sub populations, 

representing 23-40% of the cells. In 18 cases an underrepresentation of the chromosome 9 

centromere relative to chromosome 6 or to the ploidy of the tumor was observed, these 

include the cases with monosomy. In 5 of these 18 cases the relative loss could not be 

corroborated by LOH. In addition, when LOH and a relative underrepresentation were 

observed in the same tumor, the extent of LOH as measured by the intensity of allele loss 

was often not related to the extent of underrepresentation. We therefore conclude that 

complete monosomy of chromosome 9 is rare in TCCs of the bladder and that a relative loss 

of centromere signal may not be related to loss that is meant to inactivate a tumor 

suppressor gene. LOH was found in TCCs of all stages and grades. This suggests that loss 

of tumor suppressor genes on chromosome 9 is an early event in the pathogenesis of 

bladder cancer. 

Introduction 

Transitional cell carcinoma (TCC), the most common form of urinary bladder cancer, is 

presented in two ways: superficial papillary tumors (Tarn) and invasive tumors (T2-T4). 

Other types of bladder tumors include carcinoma in situ (CIS), squamous cell carcinomas 

and adenocarcinomas. Aberrations concerning chromosome 9 are found in TCCs of all 

grades and stages, suggesting that the inactivation of a tumor suppressor gene (TSG) on 

this chromosome is an early event in the development of bladder cancer. Loss of 

heterozygosity stUdies show loss of heterozygosity (LOH) on both chromosome arms in more 

than 50% of the tumors (60, 88). Fluorescent in situ hybridization (FISH) analyses show that 

the number of chromosome 9 centro meres is often lower when compared to other 

chromosomes (149, 202). Thus, chromosome 9 is relatively under-represented. In addition, 

subpopulations of tumor nuclei are found in which only one spot for the centromere 9 probe 

is observed, which suggests monosomy for chromosome 9 in at least a part of the tumor 
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cells. Finally, with comparative genomic hybridization (CGH) loss of chromosome 9 is 

observed in about 25% of the TCCs (78, 196). A combination of LOH, FISH and CGH results 

led to the interpretation that monosomy of chromosome 9 may occur in over 50% of the 

TCCs of the bladder. 

Besides possible loss of entire copies of chromosome 9, interstitial deletions have 

been observed on both chromosome arms (82). This suggests that at least two and perhaps 

even three TSGs on this chromosome may contribute towards the development of bladder 

cancer. The TSG on chromosome 9p is generally believed to be the CDKN2A (MTS1, p16) 

gene and in many cases even homozygous deletions within this gene have been found (13, 

127). On the q arm, two shortest regions of loss have been determined (60, 186). These two 

regions are still too large to start cloning of the putative TSGs by positional cloning. In order 

to narrow down these regions we wanted to screen Tees for LOH and, in addition, to search 

for homozygous deletions. For determining a shortest region of loss by LOH analyses tumors 

with monosomy for chromosome 9 are not useful. On the other hand, these tumors can be 

used to search for homozygous deletions. We therefore decided to screen our tumors first by 

;n sUu hybridization and use the results to determine whether the sample would be used for 

LOH or homozygous deletion analysis. To our surprise, monosomy for chromosome 9 was 

observed in only 1 of the 40 tumors. 

To further evaluate the types of chromosome 9 losses that could inactivate tumor 

suppressor genes in TCCs of the bladder, we also determined the DNA-index and searched 

for LOH of chromosome 9 in tumor DNA. From the data obtained it appeared that a relative 

underrepresentation of chromosome 9 and LOH are often present in the same tumor. 

However, a quantitative interpretation of these data suggests that a relative 

underrepresentation and LOH are not causally related. Therefore, we conclude that complete 

monosomy of chromosome 9 is rare in these tumors and that a relative loss of centromere 

signal may not be related to loss that is meant to inactivate a tumor suppressor gene. 
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Materials & Methods 

Flow cytometry and in situ hybridization 

Forty paraffin-embedded archival bladder tumors were examined microscopically by a 

pathologist (T. v/d K.), and the parts which represented tumor tissue were punched out of the 

original paraffin blocks and newly embedded. Necrotic and/or inflammatory parts were 

avoided. An H&E stained section was made before and after every tissue handling, to ensure 

the comparability of the samples. These sections were again valuated by a pathologist. The 

percentage of tumor cells in the new blocks was estimated to be at least 90%. For flow 

cytometry, cell suspensions were made according to the method of Hedley (68). After 

deparaffinization, cells were resuspended in Hank's BBS with ethidium bromide (50 ~g/ml), 

treated with RNase and filtered (40 ~m). Samples were counted on a FACScan (Becton 

Dickinson Co, Sunnyvale, CAl. A total of 10,000 nuclei were analyzed for each sample. 

Peaks were only considered significant when they comprised more than 20% of gated 

events. The DNA-index was determined as the ratio of the aneuploid mean channel number 

divided by the diploid mean channel number. 

For in situ hybridization, interphase nuclei were isolated from 20 J,Jm sections of the 

new blocks. Sections were deparaffinized and digested with 0.1 % subtilisin (Sigma protease 

XXIV) at 3JOC in 0.1 M Tris, 0.07 M NaCI, pH 7.2, for 25-40 min. Suspensions were filtered 

(40 J,Jm). The nuclei were spin ned onto slides. Centromere associated probes for 

chromosome 9 (pHUR98) (120), and, as a control, chromosome 6 (p308) (75), were used. 

Probes were labeled by nick-translation with biotinylated dNTPs. DNA probes were stored at 

-20·C. The ISH procedure was performed as described by Van Dekken ef al. (181). Briefly, 

the slides were subjected to a microwave treatment of 10 min at 85·C in 2xSSC, followed by 

a 0.1% pepsin digestion. Nuclear DNA was denatured in 70% formamide/2xSSC, pH=7.0 at 

70'C for 2 min, followed by dehydration in ethanol. The hybridization mixture was denatured 

for 5 min at 70'C. Hybridization was performed overnight at 3JOC in a humidified chamber. 

Visualization was done with diaminobenzidin (DAB). The CARD technique (CAtalyzed 

Reporter Deposition) (83), was used to amplify the Signal for chromosome 9. The distribution 

of centromeric signals was determined by counting 200 nuclei per tumor per probe. All intact 

nuclei were included in the analysis. A tumor was considered disomic if no other sub­

population had >20% of tumor cells. A tumor was considered to have a monosomic sub­

population of cells when this sub-population comprised more than 20% of the cells. When the 

monosomic population was the largest population of cells in a tumor, representing over 70% 

of the cells, this was interpreted as a complete monosomy for chromosome 9. 

Underrepresentation of chromosome 9 was considered when the average number of spots 

for chromosome 9 differed more than 0.3 from the average number of spots for chromosome 
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6 and/or the tumor had a considerable sub-population of tetra-/aneuploid cells as determined 

with FCM while the number of spots for chromosome 9 was lower than the ploidy would 

predict. 

DNA preparation and LOH analysis 

Matched pairs of bladder tumors and normal control tissue of the same patient was isolated 

by proteinase K (2 mg/ml) digestion of deparaffinized 5 ~m sections, followed by 

phenol/chloroform extraction and ethanol precipitation. For LOH analysis, microsatellite 

primer sequences were obtained from the Genome Data Base (http://gdbwww.gdb.org/gdb). 

The following primers where included: D9S178, D9S168, D9S156, D9S171, D9S165, all 

located on chromosome 9p, and D9S166, D9S153, D9S264, D9S283, D9S197, D9S196, 

D9S280, D9S180, D9S272, D9S173, D9S154, D9S275, D9S195, D9S179, D9S164, 

D9S158, all located on chromosome 9q. Primers are listed in linkage order. Template DNA 

(±50 ng) was amplified in a total volume of 15 ~I reaction mixture containing 2.5 ~M dNTPs, 

10 pmol of the appropriate primer combination, and 0.25 units of Taq polymerase (Promega). 

Products were labeled with a-"P-dATP. Thermal cycling consisted of initial denaturation at 

95°C for 5 min, followed by 30 cycles of each 55°C for 45 sec, 72°C for 45 sec, and 94°C for 

45 sec. The final elongation step was 72°C for 10 min. PCR-products were separated on 6% 

denaturing polyacrylamide gels. Detection was done by autoradiography and, when 

necessary, followed by quantification using a Phosphorlmager (Molecular Dynamics, 

Sunnyvale, CAl. An allele was considered to be lost when the intenSity of the remaining 

signal was less than 50% compared to the signal of the same allele in the matching control 

DNA of the same patient. However, the intensity of the lost alle[e in most tumors was 30% or 

less. 

Statistical analysis 

The Chi-square test was used to determine the correlation between tumor stage and grade, 

loss of chromosome 9 as detected with polymorphic markers or in situ hybridization, and 

DNA-index. A p-value of <0.05 was considered significant. 
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Results 

DNA analyses 

In order to obtain a better insight in the loss of chromosome 9 sequences in TCCs of the 

bladder and the possible mechanisms by which these losses occur, we investigated forty 

TCCs with different techniques. The combined results are depicted in Table 1. The grade 

and stage of the tumors is included in the table. Loss of heterozygosity (LOH) was 

detenmined by PCR with primers for several microsatellite markers for both the p and q arm 

of chromosome 9. In Table 1, LOH is indicated by Y(es) or N(o), and the number of 

microsateJlites that were examined for a given tumor is indicated between brackets. Flow 

cy10metry was used to determine the DNA-ploidy of the tumor. 

The results are shown in Table 1 as the DNA-index, i.e. the ratio between the 

distance of a possible aneuploid peak and the peak representing the diploid nuclei. In 

addition, the percentage of nuclei in the diploid (peak 1) and aneuploid (peak 2) peaks is 

given to reflect the relative number of tumor cells within each subpopulation. In situ 

hybridization (ISH) was performed with probes for centromeres of chromosomes 6 and 9. In 

Table 1 the results obtained are represented by the average number of spots for each probe 

per nucleus. In order to facilitate the interpretation, Table 1 is divided into tumors with an 

underrepresentation of chromosome 9 centro meres relative to either the number of spots for 

chromosome 6 and/or the DNA-ploidy (Table 1A) and those with LOH but without any 

indication for numerical aberrations of chromosome 9 (Table 18) and finally, Table 1 C 

represents those cases in which no indication for numerical or structural aberrations were 

obtained. The complete in situ hybridization data for the tumors from Table 1A and 8 are 

shown separately in Figure 1. 

In 5 tumors (tcc5, 8, 20, 36, and 57), monosomy for chromosome 9 was observed in 

more than 20% of cells. The ISH countings of these tumors are shown in Figure 1. Tumor 57 

is the only example with monosomy in the largest population of cells: over 70% of the nucle'l 

have one spot for the centromere 9 probe. Figure 2 shows representative areas of the slides 

with interphase nuclei of this tumor hybridized with a probe for chromosome 6 (Figure 2A) 

and chromosome 9 (Figure 28). This result is corroborated by the LOH analysis in which a 

clear loss of all but one microsatellite marker was observed, 
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Table 1. Histopathological stage and grade. chromosome 9 loss and 

DNA-index in transitional ceff carcinoma of the bladder 

Pathology LOH ISH 
-----"'--------- "::::.:.'----------- average # of spots 

FLOW CYTOMETRY 

peak1 peak2 DI 

TCC T G 9p 9q chromo 6 chromo 9 % 

A) tumors with an underrepresentation of chromosome 9 centromeres 
5 3 3 Y(1) Y(4) 2.46 

6 4 3 N(1) Y(1) 2.50 

8 

14 

16 

18 

20 

25 

26 

34 

35 

36 

37 

40 

42 

43 

44 

57 

61 

1 

3 

3 

3 

CIS? 3 
2 3 

1 3 

2 3 
2 3 
2 3 
2 2 

2 
2 3 
a? ? 

2 3 
1 3 

2 3 
1 2 

2 3 

nd 

N(1) 

nd 

Y(2) 

nd 

N(1) 

nd 

nd 

Y(1) 

N(1) 

nd 

Y(1) 

Y(1) 

nd 

Y(2)/N(1) 

Y(1) 

nd 

nd 

N(3)/Y(1) 

N(1)/y(2) 

Y(4)/N(2) 

N(2) 

N(6) 

N(1) 

nd 

Y(3) 

Y(3)/N(14) 

N(3) 

Y(5) 

Y(3)/N(2) 

N(4) 

Y(6)/N(1) 

Y(10)/N(1) 

nd 

2.38 

2.55 

1.80 

3.25 

2.21 

2.64 

2.20 

3.89 

2.43 

2.20 

3.35 

2.42 

3.19 

3.33 

3.02 

1.92 

4.19 

B) tumors with LOH and no underrepresentaflon of chromosome 9 

3 a 1 nd Y(1) 1.87 

12 3 Y(1) Y(4) 2.02 

22 a 2 N(5) Y(7) 1.89 

39 a 2 N(3) N(2)/y(7) 3.36 

60 a 2 Y(1) Y(6)/N(2) 2.00 

C) tumors without indication for loss of chromosome 9 

2 ? 2 N(1) N(3) 

4 2 3 N(2) nd 

7 a 1 N(1) N(4) 

10 3 N(1) N(1) 

29 1 2 N(2) N(4) 

33 2 3 nd N(6) 

38 2 3 N(2) N(10) 

46 ? 3 N(1) N(4) 

49 1 2 N(1) N(7) 

50 2 3 nd N(2) 

53 ?? N(1) N(9) 

54 a 2 N(1) N(9) 

56 2 3 nd N(4) 

58 a 1 N(1) N(8) 

59 a 1 nd N(9) 

62 2 3 nd N(1) 

38 

1.95 

2.76 

2.11 

3.31 

1.93 

2.00 

2.28 

3.44 

3.60 

3.43 

2.01 

1.96 

1.99 

2.01 

1.88 

2.17 

1.99 

2.21 

1.70 

2.74 

1.88 

2.00 

2.07 

2.23 

2.22 

2.76 

2.01 

1.59 

2.93 

2.37 

2.74 

2.36 

2.89 

1.26 

3.61 

1.88 

2.06 

1.91 

3.16 

1.99 

1.93 

2.75 

2.04 
3.19 

1.88 

1.97 

2.30 

3.52 

3.53 
3.38 

1.96 

1.99 

1.99 

1.91 

1.84 

2.16 

59 

64 
64 

16 

29 

46 

31 

64 

39 

20 

37 

65 

19 

40 

47 

49 

26 

53 

23 

nd 

nd 

59 

47 

57 

65 

57 

44 

nd 

22 
62 

22 
19 

57 

24 

69 

58 

42 

68 

46 

49 

% 

6 

11 

3 
49 

23 

21 

20 

6 

24 

28 

32 

7 

35 

34 

9 

9 

9 

8 

31 

nd 

nd 

8 

20 

7 

4 

10 

8 

nd 

21 

9 

35 

35 

9 

26 

1 

7 

7 

4 

8 

6 

1.00 

1.00 

1.00 

2.00 

1.98 

1.87 

1.98 

1.00 

2.00 

2.34 

1.90 

1.00 

1.70 

2.10 

1.00 
1.00 

1.00 
1.00 

2.90 

nd 

nd 

1.00 

2.00 

1.00 

1.00 

1.00 

1.00 

nd 

1.10 

1.00 

1.60 

1.80 

1.00 

2.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 



Chromosome 9 copy number changes 

Tcc8 and 36 apparently are heterogeneous and have a subpopulation of monosomic tumors 

cells, reflected by the 40% nuclei with one spot for chromosome 9. Tcc36 is a special case in 

which the 40% monosomic sub-population is accurately reflected by a lower signal for 7 LOH 

markers (about 60-70% signal remaining). This is not reported as LOH in the table because 

the percentage signal that is left, is higher than the definition we use for LOH. In addition, this 

tumor harbours an interstitial deletion on one chromosome 9, which results in 3 markers with 

about 30% remaining signal (the markers with LOH in the table). Unfortunately no DNA was 

available for LOH analysis of tceB. In tceS and tcc20 only a small fraction of the cells 

appeared to have lost one copy of centromere 9. However, for tcc5 the LOH on both p and q 

arms as judged from the relative intensity of the auto radiographic signals is much higher than 

can be explained by the percentage of cells with monosomy (results not shown). In tcc20 no 

LOH was observed. A discrepancy between loss of chromosome 9 centromere spots relative 

to chromosome 6 andlor the ploidy on the one hand and the extent of loss in the LOH 

analyses on the other was observed for tcc5, 6, 14, 16, 18,20,25,26,35, 37, 42, and 43. 

Taken together, this means that a concordance between the LOH results and the ISHlflow 

cy10metry was obvious in 3/18 cases (tcc36, 40 and 57), and no concordance was observed 

in 12/18 cases. In 3118 cases no LOH data were obtained due to insufficient tumor material. 

Statistical correlations between parameters 

No correlation could be found between chromosome 9 loss as detected with LOH and tumor 

stage or grade. The chromosome 6 probe correlated well with the DNA-index (p=0.024). 

Although an association was found between chromosome 9 underrepresentation as detected 

with in situ hybridization and LOH (p=0.0063), this is misleading, since the extent of loss in 

the LOH analyses is much higher than can be explained by the extent of underrepresentation 

of chromosome 9. 

Figure 1. (next page) Distdbution of centromere 6 and 9 signals as determined by in situ hybddization of the 

tumors with LOH or underrepresentation of chromosome 9. ShOwn are the number of spots for chromosome 6 

and 9 per nucleus in 200 nuclei per tumor. On the X~axis are the number of spots, varying betNeen no spots (0) 

and 5 or more spots (>5). On the Y~axis are the number of nuclei. The results for chromosome 6 are represented 

by light bars, the results of chromosome 9 by dark bars. Only tcc5, 8, 20, 36 and 57 have a significant population 

of cells with monosomy 9. 
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A B 

.•..•.... , . , 
, 

Figure 2, DNA-ISH on isolated interphase nuclei of bladder tumor 57. Biotinylated probes were visualized with 

DAB. (AJ With probe p308, specific for the centromeric region of chromosome 6, two spots are visible per 

nucleus. (8) Monosomy 9 is detected after hybridization with the centromere 9 associated probe pHuR98, 

Discussion 

In our series of Tees, 18 tumors displayed a relative loss of the chromosome 9 centromere 

when compared with chromosome 6 or the ploidy. In 5 of these, no loss was observed in the 

LOH analysis. This suggests that in these cases the relative under-representations had 

nothing to do with monosomy 9 as a way of inactivating a tumor suppressor gene. In the 

cases where LOH was detected, the extent of loss did not correlate with the relative 

numerical [ass observed with ISH and flow cytometry in 12/18 cases. Moreover, in 7110 

samples with an underrepresentation of chromosome 9 and LOH the loss was regional and 

did not cover the entire chromosome. Again this suggests that relative loss and LOH are two 

different entities and that the relative loss is not instrumental in bringing about LOH. 

Aberrations concerning chromosome 9 have been observed by several investigators 

using techniques such as LOH analysis, F[SH and CGH. However, there are some important 

differences between the techniques and this affects the significance of the obtained results 

with respect to the interpretation of tumor pathogenesis. When LOH is scored, in general this 

will imply that the intensity of the lost alle[e is visually much [ower than that of the control. 

Thus, the loss is relatively clear-cut and it can safely be concluded that the region in which 

the marker(s) is located has been deleted in most of the tumor cells. The remaining signal 

can convincingly be explained by the presence of a percentage of non-tumorous endothelial 

or stromal cells in the tissue block. This is much less the case when loss is studied using 

FISH. Using this technique, most authors conclude that loss of chromosome 9 has occurred 

when a relative underrepresentation of chromosome 9 is observed when compared with the 
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number of spots for other chromosomes. A relative underrepresentation will also lead to an 

observed loss in the CGH analysis. In addition, when monosomy of the chromosome 9 

centromere is observed with FISH, this loss is frequently only observed in a subpopulation of 

nuclei (70, 135, 149). This picture clearly differs from other tumors in which monosomy for a 

chromosome is observed. For instance, in about 60% of the meningiomas monosomy for 

chromosome 22 is found in over 80% of the analyzed cells (100). Thus, in TCCs of the 

bladder, pure monosomy present in almost all cells is rather rare. In our series of tumors the 

degree of relative loss of chromosome copies and the degree of LOH differed in the majority 

of tumors. Although an association was found between chromosome 9 underrepresentation 

and LOH, the extent of loss in the LOH analyses is much higher than can be explained by 

the extent of underrepresentation. We therefore conclude that there is no causal relationship 

between underrepresentation and LOH and that the observed correlation is spurious. 

As implicated above, the best evidence for involvement of chromosome 9 associated 

tumor suppressor genes in pathogenesis of transitional cell carcinoma of the bladder is 

obtained by LOH analyses. We observed LOH in 16/37 tumors, this means that in at least 

16/37 tumors (43%) of the TCCs putative tumor suppressor genes on chromosome 9 may 

playa role in pathogenesis. One tumor suppressor gene identified on 9p is the CDKN2A 

(p16, MTS1) gene. Cairns (13), showed that in 71% of primary bladder tumors homozygous 

deletions targeting this gene were detected. Besides the CDKN2A gene on 9p there is 

evidence for at least two other loci on chromosome 9q (60, 186). 

In Table 1, 5 tumors (tcc3, 5,12,35, and 40) have LOH for all tested markers. These 

tumors have 2 centromere 9 signals per nucleus. A possible mechanism by which this 

situation has occurred, is that first one copy of chromosome 9 was lost, for instance by non­

disjunction, later followed by reduplication of the preserved copy in the case of the diploid 

tumors or by tetraploidization in tcc35 and tcc40. Alternatively, the LOH is due to interstitial 

deletions on both arms with retention of the centromere. In tcc16, 18, 22, 39, 57 and 60 not 

all markers show LOH. Tumor 57 is monosomic with respect to centromere 9 and tumor 39 

has an interstitial deletion on 9q (186). For the other 4 cases the regional losses may have 

occurred by interstitial deletions or by translocations. These tumors have 2 signals for 

centromere 9. The best explanation therefore is that the two centromere signals represent 

the two different copies of chromosome 9 and that the LOH is due to structural rather than 

numerical aberrations. A reduplication of the unaltered chromosome would be evident from 

the relative intensities of the microsatellite signals in the regions without LOH. These would 

differ from the allele intensities found in normal control DNA of the same patient and this was 

not found (results not shown). 

To check whether the tumors discussed in this article are a representative selection 

of transitional cell carcinomas of the bladder, we also determined their pathological 
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parameters. From the 40 TCCs 18 were Tarn and 17 T2-T4, 4 were grade 1, 10 grade 2 

and 24 grade 3. These numbers do not differ Significantly from those found by other 

investigators. In addition, it appeared that the chromosome 6 copy number is related to the 

ploidy of the tumors, suggesting that the chromosome 6 centromere probe can reliably be 

used to reftect the ploidy of the tumors. No significant relations were observed between LOH 

perse, LOH for 9p or 9q, and tumor grade, stage or DNA-index. Also this finding is in 

agreement with other investigators (16). This suggests that the putative tumor suppressor 

genes on chromosome 9 that are the target of the LOH events most probably are involved in 

the early stages of the pathogenesis of these tumors. 
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Candidate tumor suppressor loci 

Summary 

The most frequent genetic alterations in transitional cell carcinoma (TCC) of the bladder 

involve loss of heterozygosity (LOH) on chromosome 9p and 9q. The LOH on chromosome 

9p most likely targets the CDKN2 locus, which is inactivated in about 50% of TCCs. 

Candidate genes that are the target for LOH on chromosome 9q have yet to be identified. To 

narrow the localisation of one or more putative tumor suppressor genes on this chromosome 

that playa role in TCC of the bladder, we examined 59 tumors with a panel of microsatellite 

markers along the chromosome. LOH was observed in 26 (44%) tumors. We present 

evidence for two different loci on the long arm of chromosome 9 where potential tumor 

suppressor genes are expected. These loci are delineated by interstitial deletions in two 

bladder tumors. Our results confirm the results of others and contribute to a further reduction 

of the size of these regions, which we called TCC1 and TCC2. These regions were examined 

for homozygous deletions with EST and STS markers. No homozygous deletions were 

observed in 17 different bladder tumor cell lines. 

Introduction 

Bladder cancer is the fifth most common cancer in males. Over 95% of all bladder cancers in 

industrialised countries are transitional cell carcinomas (TeCs). TCCs are presented in two 

ways: superficial papillary tumors, confined to the mucosa and lamina propria, and invasive 

tumors spreading beyond the lamina propria into detrusor muscle. The remaining 5% of 

tumors include squamous cell carcinomas, adenocarcinomas, and carcinoma in situ (CIS). 

Frequent somatic allelic loss is regarded as a hallmark of tumor suppressor gene 

(TSG) inactivation. In TCCs, cytogenetic studies and loss of heterozygosity (LOH) analyses 

have revealed a number of chromosomal aberrations, including deletion of chromosome 9p 

and/or 9q (16, 36, 82, 105, 129), and deletions of chromosome 11p (157), 18q (12), 

chromosome 8 (89, 170), 4p (39,136), and 14q (22). Loss of heterozygosity of markers on 

chromosome 9 is found in TCCs of all grades and stages, suggesting that the inactivation of 

a putative tumor suppressor gene (TSG) on this chromosome is an early event in the 

development of bladder cancer. Several groups (60, 144, 160), reported evidence for the 

presence of more than one TSG that can contribute to the development of bladder cancer on 

chromosome 9. The CDKN2A (p16, MTS1) and CDKN28 (P15) genes are localised on the 

short arm of chromosome 9. Recent studies showed the inactivation of these genes in as 

much as 40-50% of bladder tumors (2, 13). More detailed deletion mapping on the long arm 

revealed two regions of loss (60,160). Small interstitial deletions covering the location of the 

marker D9S195 were recently reported in 5 TCCs. The shortest region of overlap of these 
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deletions is estimated to amount to about 840 kb. The putative TSG in this Oeleted in 

Bladder Cancer region (OBC1) was called OBCCR1 (61). This OBC1 region does not overlap 

with the two other regions described by Habuchi and Simoneau et a/. Thus, the combined 

data provides evidence for 3 TSGs on chromosome 9q that may play a role in the 

pathogenesis of bladder cancer. 

In the present study we used a PCR-based microsatellite assay to further delineate 

the extent of the deletions at chromosome 9q. A combination of our data with those of others, 

supports the view that apart from the OBC1 region two other putative TSG loci may exist on 

chromosome 9q. These two regions were called TCC1 and TCC2. We screened 17 bladder 

tumor cell lines for homozygous deletions in these areas. No evidence for homozygous 

deletions was obtained. 

Materials and Methods 

DNA preparation 

Matched pairs of 59 paraffin-embedded bladder tumors and normal control tissue of the 

same patient were selected. Paraffin sections were examined microscopically by a 

pathologist (Th. v/d K). Parts that represented tumor tissue were punched out of the original 

paraffin blocks and newly embedded. ONA was isolated by proteinase K (2 mg/ml) digestion 

of deparaffinised 5 ~m sections, followed by phenol/chloroform extraction and ethanol 

preCipitation. A haematoxylin/eosin staining of sections flanking the sections used for DNA 

isolation was again controlled by the pathologist. In general the percentage tumor tissue in 

the material dissected by this procedure was estimated to be over 90%. 

The following bladder tumor cell lines were used: 253J, 575A, 647V, 1207, 5637, J82, 

Jon, RT4, RT112, SCaBER, SO, SW780, SW800, SW1710, T24, VMCubl, and VMCubl1. Or. 

O. Chopin, Paris, kindly provided the cell lines 1207 and 647V. Genomic ONA was prepared 

according to standard procedures (145). 

LOH analysis 

For LOH analysis, microsatellite primer sequences were obtained from the Genome 

DataBase (http://gdbwww.gdb.org/gdb).Thirty primer pairs were used. On the short arm, the 

markers 09S178, 09S171, 09S168, 09S165, and 09S156 were included. On the long arm, 

the markers 09S153, 09S154, 09S158, 09S164, 09S166, 09S173, 09S176, 09S177, 

09S179, 09S180, 09S195, 09S196, 09S197, 09S257, 09S264, 09S272, 09S275, 

09S278, 09S280, 09S283, 09S287, 09S1783, 09S1818, 09S1826, 09S1838 were used. 

Template DNA (50 ng) was amplified in a total volume of 15 ~I reaction mixture containing 
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2.5 mM dNTPs, 10 pmol of the appropriate primer combination, and 0.25 units of Taq 

polymerase (Supertaq). Products were labelled with a_32P_dATP. 

Thermal cycling consisted of initial denaturation at 95°C for 5 min, followed by 32 

cycles of each 55°C for 45 sec, 72°C for 40 sec, and 94°C for 40 sec. The final elongation 

step was 72°C for 10 min. PCR-products were separated on 6% denaturing polyacrylamide 

gels. Detection was done by autoradiography and, when necessary, followed by 

quantification using a Phosphorimager (Molecular Dynamics, Sunnyvale, CAl. An allele was 

considered to be lost when the intenSity of the remaining signal was less than 50% compared 

to the signal of the same allele in the matching control DNA of the same patient. 

HD screening 

For the homozygous deletion mapping, 98 primer sequences were obtained from the 

Whitehead Institute (http://www-genome.wLmit.edu/), the Sanger Centre 

(http://www.sanger.ac.uk). and The Institute of Genome Research (TIGR) 

(http://www.tigr.org). All primer sequences were from sequence tagged sites (STS) or 

expressed sequence tags (EST) mapped between our TCC1 and TCC2 border markers 

(http://www.ncbi.nlm.nih.gov/Science96). Amplification was done as described for the LOH 

analysis, with the exception of the presence of a second control primer set in the reaction 

mixture. As a control, primers were used for the NF2 (exon 5 and 11, (76)) or MN1 genes on 

chromosome 22 (bp 5304-5421, forward: MN1-16, 5'- AGG TTG GTA CCT GCT TAG TG, 

reverse: MN1-13, 5'- GGG TTA ACA CTG GTA ACA TAC), since there are no data 

suggesting the involvement of either of these genes or the chromosome in bladder cancer. 

Since the presence of a homozygous deletion in the CDKN2A gene was known in 8 of the 17 

cell lines used, primers were included for a 167 bp product spanning an intron-exon 

boundary of the CDKN2A gene (123). The detection of these deletions waS used as a 

positive control. 

Results 

LOH analysis 

Fifty-nine bladder tumors were screened for LOH of markers on chromosome 9. Twenty-six 

tumors (44%) showed LOH for one or more markers. No microsatellite instability was seen. 

Of these, 2 tumors had a deletion confined to the p arm, in 10 the loss was confined to the q 

arm and in 12 cases both p and q arms were affected. Losses on the short arm overlap the 

region containing the CDKN2 locus, which is located telomeric to marker D9S171. Two 

individual tumors were found to obtain different interstitial deletions on chromosome 9q, 

suggesting two different TSG loci on this chromosome arm. These are discussed in detail in 
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the following sections. Other regions of loss that were observed on 9q could target both 

putative TSG loci on 9q and/or the CDKN2 locus and did not contribute to a further 

delineation of these loci. 

An interstitial deletion between 095165 and 095176 

In tcc39 an interstitial deletion was observed between the flanking markers D9S165 and 

D9S176. No loss was observed for 3 microsateliite markers on 9p. Examples of the LOH 

analysiS of 9q are shown in Figure 1A. Between D9S165 and D95176. a clear LOH was 

observed for 7 microsatellites. The autoradiogram for one of these, D9S283 is shown in 

Figure 1A. The extent of loss was also calculated with the Phosphorimager. The results 

obtained are depicted in Table 1 in the lane marked Tcc39. For D9S283 the signal of the lost 

allele was measured to be 13% of that of the control allele from normal tissue. For some of 

the other markers slightly higher values were observed. This is probably due to the fact that 

when two alleles are relatively close together and comprise several stutter bands, they 

contribute to each others background. In some cases, i.e. for D9S272 and D9S1783, this 

makes the quantitative analysis impossible, although with the eye a clear LOH is evident. 

The region deleted in tcc39 is approximately 48 cM in size. Tcc39 was classified by the 

pathologist as Ta/grade II. 

A B 
tcc39 tcc36 

N T N T N T N T N T N T ., 
,,~ 

0('" ""'0 .-
~-~~ 

• .-
D9S165 D9S283 D9S176 D9S275 D9S195 D9S1826 

Figure 1. Autoradiographs iflustrating the LOH analyses for tcc36 and tcc39. N: matched control DNA; T; tumor 

DNA. Arrows indicate deleted alleles. (AJ tcc39: markers 095165 and 095176 show retention, while marker 

D95283 shows loss of the lower allele. (8) tcc36: markers 09S275 and 0951826 show retention, while marker 

D9S195 shows a lower intensity of the upper allele. 

50 



Candidate tumor suppressor loci 

An interstitial deletion between 095275 and 0951826 

Tcc36 is a Tl/grade II bladder tumor in which 40% of the cells are monosomic for 

chromosome 9 as determined by in situ hybridisation using the chromosome 9 

heterochromatin region probe pHUR98 (187). Thus tcc36 is heterogeneous with respect to 

its genomic constitution. This partial loss of one copy of chromosome 9 is also observed in 

the LOH analyses and is reflected by the measured intensities of allele signals of around 

60% as shown in Table 1. Three microsatellites show a remaining signal of approximately 

30-40% when compared to the control DNA. This most likely reflects an interstitial deletion of 

31 cM flanked by markers 095275 and 0951826. Figure 18 shows representative 

autoradiograms of the LOH analyses of tcc36. Based on the signal intensities as measured 

by the Phosphorimager, the most plausible model to explain these findings would be that one 

allele of a putative TSG which is located within the interstitially deleted area was first 

inactivated and that two individual second hits targeting the other allele occurred in separate 

cells: a) loss of an entire copy of chromosome 9 as reflected by the subpopulation of 40% of 

the tumor cells that are monosomic for chromosome 9 and b) an interstitial deletion of the 

same copy of chromosome 9 present in approximately 25% of the tumor cells. 

mark:~ 39 SRO 

09S165 

~ 09S970 
09S15 
09S166 
09S153 
09S264 • 09S167 
OSS201 A 09S257 
09S278 

I 
09S283 
09S12 
09S119 
09S1816 
09S1851 
09S287 
09S180 
09S272 
09S1783 
09S176 [:5 09S173 
09S109 
09S127 

? 
09S53 
09SS8 
09S1n 
09S59 
HXB 

, ) • a 
Figure 2. The borders of the TCC1 region. Markers are shown in linkage and physical mapping order according to 

the Whitehead fnstitute contig data and CEPHIGEmethon data. White circles: retention; black circles: loss of 

heterozygosity: grey circles: not informative. On the right side, a vertical bar indicates the potential smallest region 

of overlap, based on our results with tcc39 and the results of Habuchi et al. (60). 
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Figure 3. The borders of the DBC1 and TCC2 regions. Markers are shown in linkage and physical mapping order 

according to the Whitehead Institute contig data and CEPH/GEmethon data. White circles: retention; black circles: 

ross of heterozygosity; grey circles: not informative. On the right side. vertical bars indicate the possible smallest 

regions of overlap, based on our results with tcc36 and the results of Habuchi et al. (60, 64). and Simoneau et al. 

(160). For an exp{anation of the 3 possible SROs for TCC2 (A, B, and C), see text. 

Table 1. Percentages of allele signal left for tcc36 and tcc39 

as determined with the Phosphon·mager. n 

Marker Tcc36 Tcc39 

D9S165 
D9S166 
D9S264 
09S283 
09S197 
D9S280 
09S287 
09S180 
09S272 
D9S1783 
09S176 
09S173 
D9S177 
D9S154 
09S275 
09S195 
09S179 
D9S164 
09S1818 
09S1826 
D9S158 
09S1838 

0.87 
0.51 

0.57 
0.59 

0.64 
0.73 
0.37 
0.38 
0.44 
N.r.b 

0.60 
0.86 
0.65 

0.94 
0.34 
0.15 
0.13 

0.19 

0.22 
N.M.c 
N.M. 
0.77 
0.89 
1.14 

0.76 

0.60 

"The percentages were determined by comparing the intensity of the lost allele in the tumor with the intensity of 

the same allele in normal control DNA, in relation to the intensity of the other retained allele. bN.I" Not Informative; 

"N.M., Not Measured. 
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Homozygous deletion analysis 

We next screened DNA from 17 bladder tumor cell lines for homozygous deletions in these 

areas. For the more centromeric region, 83 ESTs and STSs were selected between the 

markers D9S153 and D9S176, a region of 27 cM. The borders of this region are indicated in 

Figure 2, they were deduced based on our results with tcc39 and the results of Habuchi et a/. 

(60). The markers for the homozygous deletion analysis are listed in Table 2. When the 

markers are randomly distributed, this results in a density of one marker per 300 kb. SpeCial 

attention was paid to the prevention of contaminating the peR-reaction to avoid false 

positives, by strictly separating the equipment used to handle amplified DNA from other 

equipment. Separate work areas were used for pre- and post-amplification steps. Random 

negative controls were included. No homozygous deletions were found. In addition, the 

region with an interstitial deletion as defined by tcc36 was screened with 15 sets of PCR 

primers, representing a density of 1 marker per 500 kb. However, no evidence for 

homozygous deletions was obtained. As a control we also screened the cell lines for 

deletions of the CDKN2 locus. Deletions were observed in 8 of the 17 cell lines tested. This 

confirms data obtained by others (164, 171,204). 

Table 2. Overview of the £STs and STSs used for HD mappng, 

ordered from centromere to telomere. 

Located in TCC1 Located in TCC2 

1 stSG8675 22 A006N11 43 A002D08 64 WI-7285 84 U18543 

2 WI-30336 23 A006U15 44 A008R29 65 WI-11414 85 IB3089 

3 A002Y36 24 NIB973 45 IB543 66 AOO1T44 86 WI-13592 

4 WI-11585 25 stSG1471 46 WI-2958 67 WI-8684 87 WI-11542 

5 CKS2 26 stSG2118 47 WI-6937 68 TGFBR1 88 WI-6257 

6 WI-11909 27 NIB722 481R10 69 A008N47 89 WI-12734 

7 W!-16825 28 stSG2205 49 WJ-13546 70 A005N10 90 ROP 

8 WI-12646 29 stSG3724 50 PTCH 71 WI-7447 91 WI-11957 

9 stSG2370 30 WJ-7541 51 WJ-14826 72 WI-5249 92 FB23F1 

10 stSG8105 31 WI-13139 52 WI-1941 73 WI-14669 93 WI-15097 

11 WI-2414 32 A007K29 53 WJ-2013 74 WI-7344 94 WI-13608 

12 stSG9248 33 WI-6338 54 stSG9221 75 WI-3790 95 NIB1929 

13 WI4860 34 WI-6428 55 WI-9350 76 NIB1437 96 WI-14271 

14 A004T01 35 WI-4577 56 A006115 77 WI-15742 97 WI-11577 

15 IB2336 36 W!-532 57 WI-6378 78 WI-688 98 WI-12991 

16 183559 37 WI-8025 58 stSG8121 79 SGC31311 

17 WI-9447 38 stSG1737 59 WI-9840 80 WI-11370 

18 WI-2331 39 stSG2403 60 WI-9914 81 WI-2008 

19 WI-6758 40 WI-15517 61 WI-9212 82 A008T08 

20 WI-17567 41 AOO1U11 62 A003P31 83 WI-4017 

21 WI-9905 42 W!·2820 63 WI-7974 
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Discussion 

The purpose of this study was to further define chromosome 9q deletions in TCes. Previous 

LOH analyses predicted that 57% of tumors had deletions on chromosome 9p and 9q (60). 

The putative presence of two or more TSGs on the same chromosome complicates the 

interpretation of the LOH analysis. Most estimations for the losses of the whole chromosome 

are based on allelotyping studies in which a limited number of 9p and 9q markers were used. 

This causes high percentages of apparent complete loss of chromosome 9. It is our 

experience that when more markers are used most of these apparent cases of monosomy 

are in fact large terminal or interstitial deletions. This emphasises the importance of testing 

as many informative polymorphic markers as possible. The CDKN2A (p16)/CDKN2B (p15) 

tumor suppressor genes are located on the short arm of chromosome 9. Loss of one or even 

both copies of these genes was shown to occur in at least 40-50% of TCCs (2, 13). In some 

cases the region of LOH spreads from the CDKN2 region beyond the centromere into the q 

arm of chromosome 9. Such a deletion could target the CDKN2 region, a locus on the q arm 

or even both. In addition, losses that are confined to the q arm of chromosome 9 suggest the 

existence of more than one candidate bladder gene on this arm. Also here it is often not 

possible to define to which region the observed LOH contributes. 

Our LOH results confinm the hypothesis that there are at least two different putative 

tumor suppressor gene loci on the q arm. The first, more centromeric region is called TCC1. 

The borders of this new region, as depicted in Figure 2, are defined by the interstitial deletion 

in tcc39 as reported in this work and an interstitial deletion in a bladder tumor number 1 as 

published by Habuchi et a/. (60). For the definition of the region we have excluded tumors in 

which LOH was observed based on only one tested marker. Our results place the lower 

border of the TCC1 region at marker 09S176, instead of 09S109. This reduces the size of 

the region with 6 cM from 33 to 27 cM. In both our case tcc39 and case 1, the signal 

intensities of the remaining alleles are very low, suggesting that the gene targeted by these 

deletions is inactivated in most if not all tumor cells. Thus, inactivation of this gene may 

represent an early event in the pathogenesis of these tumors. 

For the definition of a second region, several possibilities exist. These are shown in 

Figure 3. In this figure the interstitial deletion in tcc36 (this paper) is shown next to deletions 

as published by the group of Knowles (60, 64). The OBC1 region was deducted from short 

interstitial deletions in 5 separate tumors that have a shortest region of overlap of 840 kb in 

which marker 09S195 is located (64). The first conclusion from these combined data is that it 

is impossible to attribute all deletions to one region. For instance, cases 36 and 1 can both 

target the OBC1 region, but case 2 clearly falls outside this region. The 3 different possible 

SRO regions based on these data are also shown in Figure 3. In A, it is assumed that both 
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tcc36 and tcc1 target the DBC1 region. This would result in a TCC2 region defined by case 

2. In option B, tcc36 targets DBC1 and tcc1 theTCC2 region and reversely in option C, the 

case 2 deletion targets DBC1 and tcc36 TCC2. As a result, the size of the TCC2 region can 

vary from 30 to 40 cM. 

Approximately 40% of the cells in tcc36 are monosomic for chromosome 9 and in an 

additional 25% an interstitial deletion of the same copy of chromosome 9 occurred. This 

suggests that both the interstitial deletion and the loss of an entire chromosome may target 

the same tumor suppressor gene and that for this gene these two events represent separate 

second hits. These findings suggest that the inactivation of the proposed TSG at this location 

may not have been one of the first hits in the pathogenesis of tcc36. 

Losses of chromosome 9q have also been observed in basal cell carcinoma (153), 

squamous cell carcinoma of the head and neck (1), oesophagus carcinoma (117), ovarian 

cancer (152), renal cell carcinoma (19), and small cell lung cancer (116). Since the SROs for 

bladder cancer are still very large, with the exception of the DBC1 region, it cannot be 

excluded that the losses seen in other tumors target the same TSGs. Recently, the gene 

responsible for sporadic basal cell carcinoma of the skin and the hereditary disorder NBCCS 

was identified. This PTCH gene is located within the TCC1 region. However, no mutations in 

this gene in bladder tumors were observed (160, our unpublished results). For oesophagus 

carcinoma, the region containing a putative tumor suppressor gene has been narrowed down 

to about 200 kb, between the markers D9S155 and D9S177. These microsatellites are 

positioned distal of the TCC1 region and proximal to the DBC1 region. In ovarian cancer, 

LOH is found around the gelsolin gene (GSN), where the DBC1 gene is expected. 

Both the TCC1 and TCC2 regions were screened for the presence of homozygous 

deletion in 17 bladder tumor cell lines with in total 100 microsatel!ite markers, with an 

average spaCing of 300-500 kb. Deletions of the CDKN2 region are often between 50-500 kb 

or more in size (204). Other homozygous deletions vary between 130 kb in B-cell chronic 

lymphocy1ic leukaemia (30), and 3 Mb in NSCLC (94). This suggests that the homozygous 

deletion targeting the TCC1 and TCC2 loci are either much smaller in size than those 

observed for other loci or that the putative TSGs are not readily inactivated by homozygous 

deletions. 

Several interesting genes in the TCC2 region are known: the Transforming Growth 

Factor 0 receptor type I gene (TGFBR1), the Death Associated Protein Kinase 1 gene 

(DAPK1) and theTuberous Sclerosis 1 gene (TSC1). Further studies to identify the genes 

involved in bladder cancer, should include these genes as candidates. 
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Abstract 

We assessed a series of bladder tumours and bladder tumour cell lines for sequence 

variation in the KrOppel-like zinc finger gene ZNF189, the Tuberous Sclerosis Complex gene 

1 (TSC1) and the TGF beta receptor type I (TGFBR1). All three genes have been mapped to 

9q regions commonly deleted in transitional cell carcinoma of the bladder. Mutation analysis 

of the coding sequence of these genes revealed several variant bands that were shown to 

represent polymorph isms. Mutation analysis of the ZNF189 gene in bladder cancer cell lines 

identified one amino acid substitution (lysine -+ isoleucine) at position 323 in exon 4. For the 

TSC1 gene, two mutations were identified in two out of 27 independent cell lines. Both 

mutations result in a truncated protein. Furthermore, one out of 36 bladder tumours had a 

frameshift mutation in exon 7 of the TSC1 gene. No tumour-specific mutations were found in 

the TGFBR1 gene. We also investigated the length of the polyalanine tract present in exon 1 

of the TGFBR1 gene. It has been suggested that the allele with 6 alanines (6A) is more 

frequent in patients with bladder and other cancers. We therefore compared bladder cancer 

patients with normal controls. In both groups the percentage of heterozygotes was 17%. 

Thus, our data do not support a role for the 6A allele in bladder cancer susceptibility. 

Introduction 

Tumors of the transitional epithelium of the bladder often present as superficial, non- or 

minimally invasive, papillary structures. The most prominent genetiC aberration in these 

tumors is loss of (part of) chromosome 9 (141). So far, several groups have tried to identify 

putative tumor suppressor genes on chromosome 9q by testing for loss of heterozygosity 

(LOH) with microsatellite markers. This approach has led to the establishment of different 

regions of loss on both the short arm and the long arm (60, 64, 82, 160, 161, 186). A further 

narrowing down of these regions has proven to be difficult because of the complicated loss­

patterns present in many tumors. Another approach therefore, would be to look for the 

involvement of candidate genes known to be located in the regions of interest. Presently, 

only a few chromosome 9 genes have been considered, including CDKN2A, GAS1, Gelsolin, 

PTCH, and DBCCR1 (61, 160, 173). Although the involvement of the 9p gene CDKN2A has 

been shown in several studies, no significant percentage of tumors has been correlated with 

a specific gene on chromosome 9q (61, 173). 

In this study, we describe the analysis of three different candidate genes located on 

chromosome 9q that could be involved in bladder cancer. The ZNF189 gene encodes a 

KrOppel-like zinc finger protein with a predicted KRAB A domain at the N terminus, a spacer 

region, and 16 zinc fingers of the Cys,His, type (124). These domains are frequently found in 
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proteins involved in transcription repression. Tuberous sclerosis complex (TSC) is an 

autosomal dominant disorder characterised by the growth of multiple benign tumors 

(hamartomas) in many tissues and organs. The TSC1 gene was identified on chromosome 

9q34 (184). The LOH observed in TSC associated hamartomas suggests that TSC1 acts as 

a tumor suppressor gene. Transforming growth factor B regulates cell cycle progression via 

binding to the type II receptor and activation of the type I receptor. Both receptors are 

transmembrane serine/threonine kinases. Various types of human tumor cells are insensrtive 

to TGF-~ mediated cell cycle arrest, suggesting inactivation of the TGF-~ signalling pathway, 

either by mutation in the type I or type II receptor. TGFBR2 mutations have been found in 

different tumor types, mostly in combination with the MIN+ phenotype (113). The knowledge 

of the tumorigenic role of the TGFBR1 gene has been limited to the identification of a single 

mutation in breast cancer metastases (23). A polyalanine stretch in exon 1 of this gene 

shows variation in length, the most frequent alleles being TP.,R-I with nine alanine residues 

and T~R-I(6A) with six alanine residues (133). Recent studies suggest a difference in 

functionality of both alleles, where the T~R-I(6A) variant could function as a susceptibility 

allele for bladder and several other types of cancer (24, 132, 133). 

Materials and Methods 

Bladder cancer cell lines and tumors 

The following bladder cancer cell lines were screened for mutations in the coding sequence 

of the candidate genes: 253J, 575A, 647V, 1207, 1266,5637, EJ, HcV29, HT1197, HT1376, 

J82, Jon, KK47, RT4, RT112, SCaBER, SO, SW780, SW800, SW1710, T24, TCCSUP, 

UMUC3, VMCubl, VMCubll, VMCublll, VT (available from ATCC or DNA kindly provided by 

Dr. F. Radvanyi). Genomic DNA was prepared according to standard procedures (145). 

Thirty-six archival, paraffin-embedded tumours (10xTa, 9xT1, 14xT2, 3xT3) were tested for 

mutations in the TSC1 gene. DNA was isolated as described previously (186). 

Microsatellite analysis 

Microsatellite analysis of the bladder cancer cell lines was done as previously described 

(186). At least six different informative polymorphic markers for chromosome 9 were tested 

per cell line. 

Mutation Analysis and sequencing 

Primers for the ZNF189 gene were as follows: exon 1: 5'-CCCAATTCCTGCCCCTA TTC-3', 

5'-AAAGCAGTGCGGCCTA-3', exon 2: 5'-GGTTCGCGAACAAACTGC-3', 5'-

CTTGGGGTCCAGGCACTGAG-3', exon 3: 5'-CCTCTGTCACTTTTAGTGG-3', 5'-
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CAGTGAGACCAGGTrTCC-3', exon 4A: 5'-GAACAGAGATAAGGATGAGG-3', 5'-

TrTATGGGGTCTrTCCCCAG-3', exon 4B: 5'-CCAACTCAGAGAGAAATGC-3', 5'-

CTGCTGTATAACAAGACTGC-3', exon 4C: 5'-CCAGGGAGAAGACTTATCC-3', 5'-

GGTACTAGTCTCAAATCAAATTG-3'. For TSC1, primer sequences for amplification of the 

21 coding exons (exon 3-23) were obtained from 

http://expmed.bwh.harvard.edu/projects/tsci. For exon 15,21,22, and 23, new primers were 

designed (exon 15: 5'-GTAAAGGCTCAGGGTTCACG-3', 5'-CGTGAACCCTGA 

GCCTrTAC-3', 5'-AGGCTGCCCGCTTCCAAAG-3' 5'- CTrTGGAAGCGGGCAGCCT-3', 

exon 21: 5'-CACAAAAGCCTrTCCTGATG-3', exon 22: 5'-CATCAGGAAAGGC TTTTGTG-3', 

exon 23: 5'-TTGAACTGGGAAGTGAGCCC-3', 5'-GGGCTCACTTCC CAGTTCAA-3') to be 

able to amplify DNA isolated from the paraffin-embedded tumors. The primers for the 

TGFBR1 gene were adapted from Vellucci and Reiss (188). PCR conditions were 

standardised at 35 cycles of 95°C for 30', 55°C for 30', and 72°C for 30', with the addition of 

U_32p dATP. Amplification products were analysed for heteroduplex formation using weakly 

denaturing polyacrylamide gels (29:1 acryl:bisacryl) (32), or via single strand conformational 

polymorphism (SSCP) at room temperature with 6% polyacrylamide gels (49:1 

acryl:bisacryl). Since in the case of cell lines, no normal control DNA of the same patient 

could be used and most of the cell lines are hemizygous for regions on chromosome 9q, we 

mixed the amplified DNA of two different samples prior to the formation of heteroduplexes. 

Aberrant bands were isolated from the acrylamide gels by incubating the slice in water for 

three hours at 37"C, followed by reamplification and sequencing using the Sequenase 

sequencing kit (USB, Cleveland, Ohio). For the polyalanine stretch in exon 1, primers were 

used according to Pasche et a/. (133), Because of the high CG-content of this part of the 

gene, we used the Clontech GC-melt kit (Clontech, Palo Alto, CAl in combination with a 

touchdown PCR in the presence of a_32p dCTP. 

Statistical analysis 

Frequency distribution data were analysed by the Chi-square test. A p-value of <0.05 was 

considered significant 
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Results 

Mutation analysis for the three candidate genes was done by SSCP and Heteroduplex 

Analysis (HDA) in 27 bladder tumor cell lines and, for TSC1, in 36 bladder tumors. Since 

many of the cell lines used will have LOH for the studied regions of chromosome 9, the 

hetero- or homozygosity of chromosomes 9 regions in 20 different bladder cancer cell lines 

was determined with a series of highly informative microsatellite markers. This is depicted in 

Figure 1. LOH of a region was deduced when three or more closely spaced markers 

revealed only one allele. 
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Figure 1. Determination of the chromosome 9 status of 20 bladder cancer cell lines with microsatel/ite markers 

and sequence determination. Gel/lines 253J, HT1376. KK47, TCGSUP, VMCubll, VMGubllJ and VT were also 

included in the mutation screening. At least six different informative polymorphic markers for chromosome 9 were 

tested per cel/line. The chromosomes are represented by lines. The genes ZNF189. TSC1 and TGFBR1 are 

represented by circles. InformatMty is indicated by a circle on both chromosomes. A dotted fine is given when the 

hetero~ or hemizygous state is unknown. Loss is represented by a gap in the chromosome. Mutations are 

indicated with a black circle. Polymorphisms are given in grey circles. For a description of the polymorphisms or 

mutations, see text. 

For HDA, cell line DNA but also mixtures of DNA samples from two different cell lines were 

used to circumvent the possibility that mutations would go undetected because of LOH of the 

region of interest. Several aberrant bands were found in the coding sequence of the ZNF189 

gene (results not shown). Figure 2A and Figure 2B show two polymorphisms, Figure 2C 

shows the only mutation found in this gene. The effect of this mutation on the function of the 

protein is unknown. Table 1 summarizes the mutations and polymorphisms found. 
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Figure 2. Sequence analysis of mutations found in bladder tumor cell lines. A; A G/,f. polymorphism is present in 

exon 1 bp 12 of the ZNF189 gene in cell line HT1197. B; in exon 4 of the ZNF189 gene, a G/A polymorphism was 

found at bp 1602. Cell line 5W780 is heterozygous at this position. C; an aminoacid substitution was found in celf 

line VMCubl at position 323 replacing a lysine with isoleucine (bp 969, AAA -)- ATA). 0; A 1 bp deletion causes a 

frameshift mutation in exon 15 of the TSC1 gene in bladder tumor cell line RT4 and a stopcodon at amino acid 

701. E; A C-T transition in exon 4 ofTSC1 causes a stopcodon at aa 54 in bladder celf line HcV29. 
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Table 1 also summarizes the results of the TSC1 mutation screening. We found a one­

basepair deletion in exon 15 (1890LlC) in cell line RT4 (Figure 2D). This mutation has been 

reported before in bladder cancer (71). A second mutation was found in exon 4 in cell line 

HcV29 (Figure 2E). Furthermore, 36 tumors were included in the analysis. One patient had a 

mutation in exon 7 (data not show), resulting in a frameshift. In total, three mutations (2 out of 

27 cell lines, 1 out of 36 tumors) were found in the TSC1 gene. 

Gene 

ZNF189 

TSC1 

Table 1, Alterations in ZNF189 and TSC1 found in 

bladder cancer eel/lines and bladder cancer patients. 

Cel! line/tumor Mutation 

HT1197, VMCubll, VMCubll1 Exon 1, 12G>A 

24 of 27 cel! lines Exon 4, 1602G>A 

VMCubl Exon 4, 969A> T 

RT4 Exon 15, 1890deJC 

HcV29 Exon 4, 384C> T 

1207, SD, VMCubJlJ, tcc20, tcc56 Exon 22, 3050C> T 

tcc42 Exon 7, 747lnsT 

Consequence 

Polymorphism 

Polymorphism 

K>l substitution 

Frameshift 

stopcodon 

Polymorphism 

frameshift 

Exons 2-8 were used for HDA of the TGFBR1 gene. Primers for amplification were adapted 

from Vellucci and Reiss (188). No mutations or polymorph isms were found in the 27 tested 

cell lines. The analysis of the polyalanine tract present in exon 1 showed two of the four 

different alleles as were published by Pasche et a/. (133). A complete absence of the 

polyalanine tract was observed in cell line RT4, Furthermore, the allele distribution was 

determined in a control population and a group of bladder cancer patients, An overview of 

the allele distribution is given in Table 2. In both our populations of random 'Individuals and 

patients with TCC, the frequency of the T~R-I(6A) allele is significantly higher than previously 

reported, 17.5 and 17.1%, respectively. Our findings, in contrast to those of Pasche et a/., 

suggest that the T~R-I(6A) allele does not predispose towards the development of bladder 

cancer. 
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Table 2. Frequency of the pofyafanine tract polymorphisms in normal blood donors, 

bladder cancer eel/lines, and peripheral blood lymphocytes of bladder cancer patients. 

Samples 9PJ9A 

Normal blood donors 148 

PBl of TCC patients 121 

Discussion 

9PJ6A 

32 (17.5%) 

25 (17.1%) 

6PJ6A 

3 

o 

In this study we describe the mutation analysis of 3 9q genes in bladder cancers and bladder 

cancer cell lines. LOH of 9q is a very frequent finding in these tumors. suggesting that a 

gatekeeper gene for bladder cancer is located on this chromosome arm, Indeed, our analysis 

of the bladder tumor cell lines shows that 13 out of 20 cell lines display chromosome 9q 

aberrations, Unfortunately however, so far no gatekeeper role could not be assigned with 

certainty to any of the genes from this chromosome that have been investigated, Likewise, 

our study excludes an important mutational contribution from the ZNFI89, TSCI and 

TGFBRI genes. The sensitivity of the methods used (SSCP and HDA) is around 80%, 

meaning that we could have missed some mutations. Even when this is taken into account, 

the number of mutations in the genes tested here will be too low to support a significant role 

in bladder pathogenesis. However, when considering the ZNF189 gene we cannot 

completely rule out the possibility that mutations causing bladder cancer are preferentially 

located in another part of the gene, especially since it has been suggested that the gene has 

more exons than the 4 that were published initially (124). Our percentage of TSC1 mutations 

in bladder cancer is lower than the 10% found by Hornigold et al. (71). A possible 

explanation for this could be that we did not select for tumours with LOH at the 9q34 region. 

The TGFBRI gene comprises a polymorphic alanine stretch in its first exon. Alleles 

with 5, 6, 9 and 10 alanines have been observed in the population, with the 9A allele being 

the most frequent. When Pasche et al. compared the frequency of the TBR-I(6A) allele in a 

control population with a group of patients with different types of cancer, they found a 

significantly higher frequency of this allele in the cancer patients (133). From this work, they 

conclude that the 6A allele is a candidate tumor susceptibility allele. In addition, their 

experiments suggest that the protein with 6 alanines is less active in signal transduction, 

providing a logical explanation for the association of the 6A allele with cancer predisposition. 

These authors observed 13% and 10.6% 6PJ9A heterozygotes in bladder cancer patients 

and the control population, respectively. However, in contrast, in the study described here we 

observe percentages of 17% for both groups. The 17% in the control population is much 
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higher than the 10.6% heterozygotes in Pasche's control group and even higher than the 

average percentage of 14.6 that they observe in all cancer patients together. It is not clear 

how the discrepancy between their and our findings can be explained. Analogous to their 

study, our control group is approximately 20 years younger than the bladder cancer cases 

and consists of people that donated blood to screen for recessive hereditary non-cancer 

diseases. Because of privacy reasons we have no further information about these people, 

however, we have no reason to think that this group harbours a high percentage of future 

cancer patients or that the ethnic make up of both groups differs significantly. Therefore, we 

must conclude that our data do not support a role for the TGFBR116A allele in a 

predisposition towards bladder cancer. 
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Molecular evolution of recurrent bladder cancer 

Abstract 

We describe the reconstruction of bladder tumor development in individual patients spanning 

periods of up to 17 years. Genomic alterations detected in the tumors were used for 

hierarchical cluster analysis of tumor subclones. The cluster analysis highlights the clonal 

relationship between tumors from each patient. Based on the cluster data we were able to 

reconstruct the evolution of tumors in a genetic tree, where tumors with few aberrations 

precede those with many genetic insults. The sequential order of the tumors in these 

pedigrees differs from the chronological order in which the tumors appear. Thus, a tumor with 

few alterations can be occult for years following removal of a more deranged derivative. 

Extensive genetic damage is seen to accumulate during the evolution of the tumors. To 

explain the type and extent of genetic damage in combination with the low stage and grade 

of these tumors, we hypothesize that in bladder cancer pathogenesis an increased rate of 

mitotic recombination is acquired early in the tumorigenic process. 

Introduction 

Tumorigenesis is a process that is largely occult. It is generally accepted that most cancers 

will develop through an accumulation of mutations in oncogenes and tumor suppressor 

genes, a process, which precedes clinical detection of the tumor. The tumor that is finally 

clinically detected is more often than not a heterogeneous mixture of cancer cell subclones, 

which makes it difficult to establish the order of the genetic insults. The postulated steps in 

tumorigenesis are almost invariably based on a retrospective comparison of genomic 

alterations in tumors from different patients of different stage and grade. Early steps are then 

defined as genetic alterations that are present in all grades and stages, whereas later steps 

are detected solely in the higher stages and grades. The prototype for genetic evolution in 

cancer is presented by the colon cancer model that describes the distinctive stages from 

benign adenoma through carcinoma by successive alterations in APe, KRAS, TP53 and a 

gene on chromosome 18q, respectively (45). The only example so far, in which neoplastic 

development was monitored in time in one and the same patient by repeated biopsies, is 

Barrett's esophagus, a premalignant condition that predisposes to esophageal 

adenocarcinoma. In these patients regions of metaplasia, low- and high-grade dysplasia and 

adenocarcinoma can be distinguished in the same area. These histologically distinct stages 

are clonally related and presumably derived from a single precursor and a model for the 

genetic evolution of these different stages has been designed (5, 49). 

Bladder cancer is a disease that presents as superficial in -75% of patients. Although 

these papillary tumors that extend into the lumen of the bladder are easily removed by 
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transurethral resection (TUR), as many as 60-80% of patients will eventually develop one or 

more recurrences (96). New tumors arise most of the time at a different location and are not 

regrowths of an incompletely removed tumor (67). The multiple recurrences are most 

probably clonally related as appears from X chromosome inactivation studies and genetic 

and cytogenetic analyses (43, 158). Therefore, these tumors are the result of dissemination 

and re-implantation of tumor cells in the bladder wall and/or of spreading of tumor cells via 

expansion within the urothelium. Due to this rather unique property, bladder cancer provides 

the opportunity to study the genetic relation and evolution of the different tumor subclones 

over long periods of time in one and the same patient because of their separate locations. 

Previous genetic studies of bladder cancer established that the most frequent alterations 

represented by loss of heterozygosity (LOH) are on chromosomes 4p, 8p, 9p, 9q, 11 P and 

17p (7, 88, 157, 170). Furthermore. it has been found that recurrent tumors may have both 

concordant and discordant genetic alterations, suggesting that genetic evolution is an 

ongoing process in tumor development (169). However, a thorough description of the tumor 

evolution process is still lacking. In this study, we explored the unique possibilities of bladder 

cancer as a model for cancer evolution in general. To this end, we systematically mapped 

the individual tumor genotypes of 11 patients with 104 recurrent bladder cancers. 

Materials and Methods 

LOH analysis 

LOH was assessed with the following polymorphic markers or gene markers: 02S423, 

02S405, 02S1326, 02S1397, 04S186, 04S230, 04S243, FGA, FGFR3, 05S492, ACTBP2, 

08S258, 08S298, 09S171, 09S153, 09S152, 09S252, 09S278, 09S283, 09S1816, 

09S280, 09S1851, 09S180, 09S176, 09S747, 09S275. 09S195, 09S242. 09S752, 

09S1826, 010S168, 010S575, 010S676, 010S169, 011S1776, 011 S4200. 013S802, 

014S288, 014S267, 017S695, 017S960, 017S786, 018S51, 022S686, 022S685, 

022S684, 022S683, 022S445, 022S444, or nrs 1-49, respectively, as used in Figure 1. 

Primers were chosen in regions with relative frequent losses in bladder cancer. Markers on 

chromosome 2 and 22, which, so far, did not show many changes in bladder cancer, served 

as controls. Primer sequences were obtained from the Genome Database 

(http://gdb.www.gdb.org) or the Cooperative Human Linkage Consortium 

(http://lpg.nci.nih.gov/CHLC) and were chosen for their high degree of inforrnativity and for a 

clear visualization of the alleles (Le. as few stutter bands as possible). In most cases ratios of 

upper and lower alleles were quantified using the Phosphor Imager (Molecular Oynamics, 

Sunnyvale, CAl. All LOHs were performed in duplicate. Phosphor Imager graphs without 

clear peaks, due to low signal intensities were dismissed and the marker was considered not 
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evaluable. LOH was defined when the ratio between the upper and lower alleles in tumor 

DNA was <0.6 or >1.67 when compared with control DNA: (T1fT2) 1 (N1/N2) = ratio. Note 

that this distinguishes between losses of upper versus the lower allele. This representation 

was deemed necessary because of the obseNed alternate allele loss in some patients. A 

calculation of all losses shows that lower and upper alleles are lost with similar frequency. 

This indicates that our approach is valid because there is no preference for loss of, for 

instance, the upper, sometimes naturally weaker, allele. Approximately 40% of the LOH 

ratios were <0.3 or >3.33. Changing the cut-off values to 0.3/3.33 did not significantly alter 

the results. Detailed information is available online as supplementary data. 

Human tumor tissues 

We selected 104 paraffin-embedded bladder tumor specimens from 11 different patients with 

five or more recurrences. Sections were examined microscopically by a pathologist (Th. v/d 

K). Parts that represented tumor tissue were punched out of the original paraffin blocks. In 

general the percentage tumor tissue in the material dissected by this procedure was 

estimated to be >90%. Normal bladder epithelium of the same patient seNed as a 

constitutive control for each patient. A group of unrelated blood DNA samples was analyzed 

for all markers in order to correct for variation in ratio between allele~specific combinations 

and to seNe as alternative control in those instances where the normal epithelium DNA was 

not reliable or unavailable. DNA isolation was done as described previously (186). 

Mutation analysis 

Patients were screened for the recently described mutations in the FGFR3 gene (20) (exons 

7, 10 and 15) with SSCP-analysis at room temperature on 6% polyacrylamide gels (49:1 

acryl:bisacryl) or amplification products were analyzed for heterodupiex formation using 

weakly denaturing polyacrylamide gels (29:1 acryl:bisacryl) (32). The nature of the mutation 

was confirmed by subsequent sequence analysis. Dr. F. Radvanyi kindly prov'lded primers 

for the FGFR3 exons 7, 10 and 15. 

Cluster analysis 

We used the cluster analysis program available at http://rana.stanford.edu/software to apply 

a hierarchical clustering algorithm to the tumors. The starting data table consisted of the 

following options: 0; retention, -1000; loss of the upper allele, 1000; loss of the lower allele, 

500; MIN, -500; point mutation in the FGFR3 gene. The result of this process is a 

dendrogram in which short branches connect similar genotypes and longer branches reflect 

diminishing similarity. To avoid confusion with micro~array results, we chose to change the 

colors to yellow and blue for loss of the upper and lower allele, respectively. 
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Results 

A total of 48 microsatellite markers were used to determine a genotype for each tumor based 

on the number and nature of markers with LOH. In addition, the FGFR3 gene was screened 

for specific point mutations. The LOH data were re~interpreted to be used for a one~ 

dimensional hierarchical cluster analysis as described by Eisen et al. (38). Figure 1 shows 

the results of such an analysis when all 104 tumors are used for clustering based on the LOH 

and mutation analysis results, Patients in the figure are identified by colors next to the 

dendrogram. From this figure it is evident that the tumors from one patient tend to cluster 

together. For instance, 13 of the 15 tumors from patient 61 cluster in one sub-branch of the 

cluster dendrogram. Therefore these results suggest that tumors from one patient are more 

related to each other than tumors between patients, providing further support for a 

monoclonal process of tumorigenesis. 

Subsequently, we assessed the relationships between the different tumors of single 

patients. Figure 2A shows the number, stage and grade of the 15 bladder tumors from 

patient 22. These tumors were removed between 1977 and 1990. Identification number, 

stage and grade of the tumors are indicated. Tumors are ordered in a chronological order, 

i.e. tumor A was removed before tumor B and so on. Twenty-nine microsatellite markers 

were informative for this patient and 17 showed LOH in one or more tumors, ranging from no 

loss to a loss of 11 markers. The extent of loss is indicated by the ratio between upper and 

lower alleles as calculated by the Phosphor Imager. 

Figure 1. (next page) Cluster analysis of 104 tumors from 11 patients shows that the different tumors from one 

patient are clonally related. The color bar underneath the dendrogram depicts the different patients. These are 

represented by different colors (patient number and color are indicated on the lower right). The length of the 

branches represents the relation between individual tumors, i.e. short branches descending from a node indicate 

highly related samples. The scale on top is a quantification of these relations, with -1 indicating no relation and +1 

the maximal relation. In the array table the different genetic aberrations used for the calculation are depicted as 

indicated underneath the table. The genetic markers are shown on top of the table and for reasons of clarity they 

are numbered from 1 to 49. Their identity can be found in the materials and methods section. Note that the 

relatively large proportion of gray cells in the table is due to the fact that in this analysis al/ markers had to be 

used for the cluster analysis, including the markers that were not informative for a given patient 
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An identical point mutation in the FGFR3 gene was detected in 10/15 tumors. When the 

genetic aberrations seen in the individual tumors of this patient are compared, it is clear that 

these cannot be explained by a linear model based on the chronology of appearance, simply 

because consecutive tumors have genotypes of different complexity. For example, no 

genetic alteration was seen in tumor I, removed in 1985, while previously resected tumors A­

H all displayed loss of one or more markers and/or had a mutation in the FGFR3 gene. Note 

also that these losses do not appear to be random and unrelated, since for most markers 

LOH in different tumors concerns the same allele. We then reordered the tumors with respect 

to genetic events. A representation of the data based on a one-dimensional cluster analysis 

is given in Figure 2B. The scale next to the dendrogram indicates the correlation coefficient 

calculated by the program. From this calculation it appears that all tumors except I are 

considered to be highly related. Because the cluster analysis does not provide a direction to 

the tumor evolution process, we then reordered the tumors based on the cluster data but with 

the assumption that a tumor with no or little genetic damage will have evolved before a tumor 

with extensive damage. In addition, this handmade reconstruction allows the introduction of 

hypothetical steps in the evolution process. The resulting evolutionary tree of the tumors in 

patient 22 is depicted in Figure 2C. Tumor I is considered to be the primary tumor and, for 

instance, tumor B, which was removed 7 years before I, as a descendant from tumor I. As 

can be seen in Figure 2B and C, B is several genetic steps removed from I. Based on this 

analysis, we propose that the genetic tree reflects the development of, and relationships 

between, the different tumors from this patient better than the linear chronological order in 

which the tumors were removed. 

Patient 61 also developed 15 tumors between 1976 and 1990. Twenty-four markers 

were informative and of these 16 showed LOH in one or more tumors, with a maximum of 8 

markers with LOH in a single tumor (Figure 2D). Again, the genotypes of the tumors suggest 

a different order in genetic events than their chronological appearance. The strikingly 

consistent loss of the lower allele of D103169 in all tumors indicates that loss of this marker 

is the first or a very early event and that a clonal relationship between recurrences is very 

likely. An identical FGFR3 mutation was observed in 14/15 tumors. In Figure 2E the 

clustered analysis is shown. In this patient, the correlation coefficient between tumors ranges 

from 0.05 to -1, again suggesting an intimate relationship between these tumors. As for the 

previous case, we then reconstructed the tumor clustering assuming a direction in the 

genetic build-up and by the introduction of hypothetical genetic steps. The adjusted tumor 

tree representing the genetic pathways along which the recurrences have developed in 

patient 61 is shown in Figure 2F. All tumors derive from tumor L, since in this tumor only one 

genetic insult was detected. Tumor A from patient 61 was removed in 1976 and tumor L in 

1987. Tumor A has many additional genetic aberrations that are lacking in L. 
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Figure 2. Genotypes, hierarchical tree clustering and deduced evolutionary trees for the multiple tumor 

recurrences from patient 22 and 61. For an explanation of colors, see Figure 1, with the exception that in Figure 

2A and D retention is indicated by white cells. A, LOH analysis and genotypes of the 15 tumors in patient 22. 

Tumors are ordered chronologically in columns, microsalellite data and FGFR3 mutation analysis in rows. 

Markers are ordered per chromosome from pter to qter, non·informative markers were excluded. B, cluster 

analysis of the tumors. One-dimensional hierarchical clusten'ng was performed using the genetic data from A. C, 

evolutionary genetic tree depicting the relationship between the recurrences of patient 22. Each circle represents 

a tumor. Arrows indicate the different genetic steps and the markers involved are listed next to each arrow. 

Because of the alternating losses observed for some markers, an asterisk indicates whether the upper or lower 

al/ele is lost, when relevant. D, genotypes and LOH analysis of the 15 tumors in patient 61. E, clustered 

correlations between recurrences. F, evolutionary genetic tree of patient 61 . 
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Figure 3. (previous page and above) Cluster dendrograms and reconstructed genetic trees of the remaining eight 

patients. For reasons of clarity, markers are depicted without the initial letter D. Because of the alternating losses 

obseNed for some markers, asterisks indicate whether the upper or lower allele is lost. The scale on the right can 

be used to estimate the degree of genetic relation. A complete description of the genetic analyses can be found 

online as supplementary information .. 

Thus, in the genetic tree, L precedes A. It can be seen in Figure 20 that tumor L is a mixture 

of CIS and Ta. Considering the extent of LOH, loss of D10S169 is most probably present in 

all cells of this tumor. The intenSity of the SSCP signal, however, suggested that the FGFR3 

mutation was restricted to a fraction of the tumor (results not shown). We therefore divided 

tumor L in the fraction with mutation (L) and the fraction without receptor mutation (La). In the 

model, La is the founding tumor moiety, giving rise to S, the only tumor without the FGFR3 

mutation and L, from which the remaining tumors derive (Figure 2F). 

We were able to establish such a representation of sequential events, linking the 

tumors to one or more common precursor clones, for all patients, except one. In the six 

tumors from this latter patient (no. 32) in total only seven genetiC hits were scored and this 

number is too low for a reliable cluster analYSis. A representation of the cluster data and the 

deduced genetiC trees for the other eight patients is given in Figure 3. In two of these 
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patients, a first tumor was detected from which all other tumors developed. For the others, a 

hypothetical first tumor or tumor cell has been assumed. It also appears that for only one 

patient (patient 30) the first clinically presenting tumor (tumor A) is also the founding tumor in 

the genetic pedigree (Figure 3). When the positions of the tumors in all trees are compared 

to their clinical manifestation, it is apparent that the chronology of tumor presentation does 

not parallel the genetic evolution of the tumors at all. Thus, this appears the leading principle 

rather than an exception. 

Although most losses in the tumors from a certain patient concern the same allele, 

alternate allele loss was found for 19% of the LOHs in total (indicated by superscript and 

subscript asterisks in Figure 3). Especially in patient 23, the alternate allele loss is very 

pronounced and concerns 10 of the 28 markers with LOH. This results in a more extensive 

branching of the tree than for the other patients. 

Discussion 

An accumulation of mutations in essential genes can transform a normal cell into a cancer 

cell. This transformed cell may then grow out to form a tumor with additional mutations 

occurring during this process. The tumor that is finally clinically detected is more often than 

not a heterogeneous mixture of cancer cell subclones, which makes it difficult to establish the 

order of the genetic insults. Bladder cancer, however, provides the unique property that 

different tumor subclones grow at separate sites and thus can be studied independently. The 

presence of identical alterations in different bladder tumors from one patient and the increase 

in the number of genetiC alterations allowed us to order the multiple tumors in each patient in 

the form of evolutionary genetiC trees or pedigrees. In such a model, an original transformed 

cell grows out and sheds cells into the lumen of the bladder. Some of these cells will have 

acquired additional genetiC damage. They attach to the bladder wall, grow out and can 

themselves lead to secondary disseminations and so on, thus creating the different branches 

of the tree. This model resembles the evolution of cell lineages in Barrett esophagus (5). In 

their model esophageal adenocarcinoma evolves from premalignant conditions such as 

metaplasia and dysplasia. Their results also indicate that this clonal evolution is more 

complex than predicted by a linear model. Here we show that bladder cancer cell lineages 

evolve, like in Barrett's model, over a period of many years, g·lving rise to clonal expansion 

and outgrowth due to newly acquired aberrations, and continue to do so after the emergence 

of recurrent tumors. 

Interestingly, it appeared that the chronology of tumor appearance does not run in 

parallel with the genetic evolution. This also implies that the earliest genetic events must be 

deduced from the genetic tree rather than from the first appearing tumor. Thus, the 
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evolutionary trees could theoretically lead to the identification of a common first or early 

genetic step for these supenftcial bladder tumors. However, it appears that in the early steps 

of the trees from the 11 patients represented here, no evidence for a common first LOH 

event can be identified. We rather suggest that the extensive LOH found is due to random 

genomic instability, appearing already very early in the development of superficial bladder 

cancer. In some of the pedigrees theoretical early tumors/tumor cells have been introduced. 

A second question that can be raised is whether there is a certain identifiable genetic step 

that can lead to the clinical appearance of a tumor, Le. a step that, for instance, induces rapid 

growth. Again the pedigrees do not reveal such a common denominator. 

The standard treatment for low-stage, low-grade bladder tumors involves TUR, 

although there appears to be a general agreement that TUR alone does not prevent the 

development of new tumors. TUR is therefore often followed by intravesical treatment with 

bacillus Calmette-Guerin (BCG) in order to provoke an immune response that is thought to 

lead to rejection of urothelium and remaining tumor cells. Besides possible differences in 

growth rate, this might, at least to some extent, explain why an apparent precursor with few 

alterations appears so much later than a descendant subclone. Any tumor that reaches the 

detection threshold at a certain point in time will be removed and, subsequently, all other 

existing, but not yet visible, subclones will be affected or even wiped out by the adjuvant 

treatment. 

A surprising finding is the sheer number of alterations in some tumors. There is a 

great variability in the number of LOH events that was observed per tumor, ranging from 

none or a few alterations in the early steps of the genetic trees to LOH of 65% of the 

informative markers. When these numbers are extrapolated it appears that a large part of the 

genome may be affected. A related extrapolation has recently been presented by Stoler et al. 

(168). In their paper the authors show that colonic polyps, representing early steps in the 

tumor progression pathway, have a mean number of 11,000 genomic events per cell. Our 

findings also illustrate that the number of genomic alterations even in early tumor stages is 

already astoundingly complex. These findings can best be explained by assuming that 

genomic instability is already present early in tumorigenesis. 

There are two levels of genetiC instability: at the nucleotide level (microsatellite 

instability or MIN) and at the chromosome level (chromosome instability or CIN), the latter 

being much more frequent in cancer (101). We found microsatellite instability in 19 tumors, 

but only few of these showed instability for several markers. In general, MIN is not 

considered to playa major role in bladder cancer (55), although it is reported to be more 

frequent in young patients with bladder cancer (26). What type of instability mechanism could 

best explain the findings presented here? It appears that the LOH events that we observe on 

the best studied chromosome, chromosome 9q, reveal what can best be described as a 
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patchwork pattern of losses and retentions, rather than loss of an entire chromosome or 

chromosome arm. For instance, in patient 22 (Figure 2C) loss 09S283 is followed by loss of 

09S275 and 09S752; moreover, all 3 areas of loss increase in size as is apparent from 

subsequent losses of adjacent markers. Likewise, in patient 61, LOH of the marker 09S1851 

is followed by losses of the adjacent markers 09S1816 and 09S278. However, in the case of 

these latter markers loss of alternate alleles occurs in different tumors. To explain these 

findings, we suggest a model in which the losses of heterozygosity are caused by an 

increased rate of mitotic recombination. Recombination between two homologous chromatids 

during mitosis could result in multiple crossovers (35). As a consequence, the crossover 

region in the recipient chromosome becomes identical in sequence to the donor 

chromosome. When recombinations occur frequently this leads to an expansion of the region 

of loss of heterozygosity. A model to explain this mechanism is given in Figure 4. 

Possible socond 

n; 
u ~ 

J. First recombination 

~ I' t J 

~ 

Figure 4. Enhanced rates of mitotic recombination may create multiple regions of LOH and expand existing LOH. 

The recombination takes place between homologous chromatids. For reasons of clarity, sister chromatids are not 

included. The arrows next to the chromosomes indicate the extent of LOH. 

The consequence of mitotic recombination is that no actual loss of chromosome regions 

occurs; only the sequence of part of one chromosome is now an exact duplicate of the other. 

Thus, the tumor genome in later stages of the genetic tree becomes more and more 

homozygous. Such a mechanism would be compatible with the low-stage, low-grade 

phenotype of the papillary bladder tumors. Although some of the LOH events could perhaps 

be explained by tetraploidization followed by loss of a chromosome, we believe that this is 

not the major explanation for our findings for the following reasons. Firstly, this would not 

explain the patchwork nature of the losses; secondly, in >40% of the cases, the LOH is far 

too profound; and thirdly, fiow cytometry of bladder cancers has shown that especially the 

low-stage, low-grade papillary tumors, like the ones in this study, are mostly diploid (175). 
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An enhanced rate of mitotic recombination is seen in hereditary syndromes like 

Bloom's syndrome, Fanconi anemia and Werner's syndrome (37, 98, 207). The pattern of 

chromosome instability in especially Bloom's syndrome is characterized by sister-chromatid 

exchanges and homologous chromatid interchanges reflected in a gain of homozygosity for 

polymorphic loci (40, 59). Patients with these diseases have an increased risk of developing 

several cancers. The genes responsible for these syndromes have, in part, been cloned and 

the protein products of both the BLM and WRN genes are DNA helicases (58, 81). 

Therefore, we reason that it is not unlikely that a gene that functions in these diseases or a 

gene with similar characteristics may playa role in bladder cancer pathogenesis. Because of 

the increase in LOH with each step in the genetic trees, we favor a model in which such a 

type of genomic instability, caused by an enhanced rate of mitotic recombination generating 

functional homozygosity, occurs early in tumor evolution and may even be the elusive first 

step. 
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Variable 9q losses 

Abstract 

Allelic loss on chromosome 9q is a very frequent event in bladder carcinogenesis. In recent 

years, efforts have been directed towards identifying the responsible genes on this 

chromosome arm by deletion mapping and mutation analysis of candidate genes. Here we 

describe the genesis and development of chromosome 9q alterations in multiple recurrent 

superficial bladder cancers of 10 patients. We show that loss of heterozygosity on this 

chromosome is almost never the characteristic first step. The regions of loss are multiple and 

variable in different tumors of the same patient and expand in subsequent tumors. Moreover, 

the regions of loss vary form patient to patient. We conclude that, even when 9q harbors a 

bladder cancer gatekeeper gene, it is unlikely that the gene will be identified through LOH 

analysis alone. 

Introduction 

Loss of one copy of a tumor suppressor gene can create a hereditary predisposition to 

cancer. The second copy of the gene can be inactivated in many ways, such as loss of a 

(part of a) chromosome or chromosome arm. The key insight in this process came from a 

rare type of human cancer, retinoblastoma, which arises from cells in the body that are 

transformed by an unusually small number of mutations. Polymorphic markers have been 

very useful in linkage analysis in hereditary cancer syndromes, leading to the identification of 

what are often called gatekeeper genes like APe or RB. Tumor suppressor genes detected 

in hereditary cancer syndromes frequently play a role in sporadic tumors as well. These 

tumors can have loss of heterozygosity (LOH) in the area where the gene is located. This is 

relatively easily detected by screening tumor DNA with polymorphic markers. Many 

investigators therefore searched for loss of heterozygosity in their tumor type of interest in 

orderto pinpoint the location of putative tumor suppressor genes. 

Bladder cancer usually presents itself as a superficial, papillary tumor of the 

transitional cells of the urothelium. The tumors are low stage, low grade and can be removed 

by transurethral resection. However, about 70% of patients will develop one or more 

recurrences, a process that can continue for many years and eventually may lead to invasive 

disease in 15-25% of patients. It has been suggested that chromosome 9 harbors several 

genes that playa role ',n the early steps of bladder cancer pathogenesis. This theory stems 

from the observation of chromosome 9 underrepresentation by in situ hybridization (ISH) 

(135, 140, 149), comparative genomic hybridization (CGH) (78, 196) and LOH. This 

underrepresentation is sometimes seen as the sole abnormality, and can be found in tumors 

of low stages and grades. 
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On the short arm of chromosome 9, the CDKN2A gene was thoroughly investigated 

as the target of LOH (127, 204). Although the gene does not appear to be frequently 

mutated, it is often homozygously deleted or transcriptionally silenced in bladder cancer. On 

the long arm, LOH analyses so far show a multiplicity of events suggesting to some authors 

that chromosome 9q might harbor 2, 3 or even 4 genes that may have a role in bladder 

cancer (17, 34, 36, 60, 64, 82, 108, 186). Tumor suppressor genes like PTCH and TSC1, 

both found by a combination of linkage analysis and LOH in hereditary syndromes, are, 

although located in candidate regions, not frequently mutated in bladder tumors' (71, 160). 

The only candidate tumor suppressor gene on this arm found in bladder tumors at the 

moment is the DBCCR1 gene (61). This gene was found in a homozygously deleted region 

and although it appears to be transcriptionally silenced in bladder cancer, no inactivating 

mutations have been found. One of the explanations for the difficulty of finding a single 

smallest region of overlap could be that there are different subgroups of bladder tumors with 

different loss patterns, one being the continuously low grade papillary tumors, the other being 

the more invasive tumors, including carcinoma in situ. Therefore, investigators have been 

dividing tumors in separate groups with different stages and some suggest that the role of 

chromosome 9 is more important in the (non-invasive) superficial group (141,159,165). Only 

a few studies have looked at losses in tumor recurrences, mainly because for a long time it 

was suggested that bladder cancer is a field cancerization process, even after X­

chromosome inactivation studies showed otherwise (67,158). 

We previously showed that recurrent tumors in a patient are clonal and can be 

arranged in a genetic tree based on their genetic relationships. In these trees, tumors with 

few aberrations precede those with many (Chapter 5). The trees refiect the history of tumor 

development and allow the identification of the earliest genetic events that must have 

occurred in tumor evolution. We have used this background to study the development of loss 

of heterozygosity on chromosome 9q in 11 patients. We show that loss on this chromosome 

arm is almost never the characteristic first alteration in recurrent bladder cancer. The regions 

of loss are multiple and variable in different tumors of the same paflent and their size 

expands in subsequent tumors. Moreover, the regions of loss vary form patient to patient. 

We conclude that, even when 9q harbors a bladder cancer gatekeeper gene, it is unlikely 

that the gene will be identified through LOH analysis alone. 

Materials and Methods 

Tumor samples 

We selected paraffin-embedded bladder tumor specimens from 11 different patients with five 

or more recurrences. Sections were examined microscopically by a pathologist. Parts that 
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represented tumor tissue were punched out of the original paraffin blocks. In general the 

percentage tumor tissue in the material dissected by this procedure was estimated to be over 

90%. Normal bladder epithelium served as a constitutive control for each patient. A group of 

unrelated blood DNA samples was analyzed for all markers in order to characterize the 

alleles and to serve as alternative control in those instances where the normal epithelium 

ONA was not reliable or unavailable. ONA isolation was done as described previously (186). 

Microsatellite analysis 

LOH was assessed with the following polymorphic markers: 028405, 028423, 0281326, 

0281397, 048186, 048230, 048243, FGA, 058492, ACTBP2, 088258, 088298, 098152, 

098153, 098171, 098176, 098180, 098195, 098242, 098252, 098275, 098278, 

098283,098747,098752,0981816,0981826,0981851, 0108168, 0108169, 0108575, 

0108676, 01181776, 01184200, 0148267, 0148288, 0178695, 0178768, 0178960, 

018851,0228444,0228445,0228683,0228684,0228685, 0228686. Primer sequences 

were obtained from the Genome Oatabase (http://gdb.www.gdb.org/) or the Cooperative 

Human Linkage Consortium (http://lpg.nci.nih.gov/CHLC). In most cases ratios of upper and 

lower alleles were quantified using the Phosphor Imager (Molecular Oynamics, Sunnyvale, 

CAl. LOH was scored when the ratio between the upper and lower alleles in tumor ONA was 

<0.6 or >1.67 when compared with control ONA; (T1fT2)/(N1/N2) = ratio. Note that this 

distinguishes between losses of upper vs. lower allele. This representation was deemed 

necessary because of the observed alternate allele loss in some patients. A calculation of all 

losses shows that lower and upper alleles are lost with similar frequency. This indicates that 

our approach is valid because there is no preference for loss of, for instance, the upper, 

sometimes naturally weaker, allele. 

Results 

In a previous paper we describe the construction of genetic trees for the recurrent tumors of 

11 patients (Chapter 5). To this end we analyzed LOH of 46 microsatellite markers and 

performed mutation analysis of the FGFR3 gene. Hierarchical cluster dendograms were 

calculated based on these data. The cluster analysis demonstrated the clonal relation 

between the different tumors of a patient. The dendograms provided the starting point for the 

construction of genetic trees assuming that tumors with few aberrations precede those with 

many genetiC lesions. We established that in the trees the order of the tumors differs from 

the chronological order in which they appeared. Since, these trees reflect the actual history 

of genetiC tumor development they can be used to search for the first common genetic 

aberrations. In this study we focus on the development of LOH on chromosome 9q during 
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tumor evolution in order to gain more insight in the localization of possible tumor suppressor 

genes on this chromosome arm. Figure 1A shows the result of the partial genomic 

allelotyping for the 46 microsatellite markers. The exact number of tumors with loss for a 

certain marker is shown as the fraction of all informative tumors. Of the 17 chromosome 9 

markers shown, only D9S171 is located on 9p, all others are on 9q. On chromosome 9q, the 

loss is distributed across two regions, with a decrease in LOH around marker D9S176 (16%). 

The mean fractional allelic imbalance (FAI) on chromosome 9 is 47%, and this is about twice 

as high as the FAI on all other chromosomes combined (21 %)(Figure 18). This corresponds 

with results of others and appears to pOint in the direction of bladder cancer-specific 

alterations on this chromosome. However, a high frequency of loss was also found on 

chromosomes 10 (40% for D10S169) and 22 (44% for D22S683). For chromosome 2, there 

seems to be a difference between loss on the short arm (1 % and 6% for D2S423 and 

D2S405) and the long arm (28% and 39% for D2S1326 and D2S1397, respectively). 
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Figure 1. Aflelic imbalance in a partial aflelotype of 104 tumors. A, imbalance depicted per marker. Next to the 

bars, the number of tumors with loss is given as a fraction of the number of informative tumors. For chromosome 

9, alf markers are located on 9q, with the exception of marker 09S171, which is located on 9p. The markers are 

ordered from pter (top)-qter (bottom) for each chromosome, where relevant. B, Mean loss on chromosome 9 

compared to mean loss on other chromosomes. Every datapoint represents a marker. A horizontal bar indicates 

the mean loss. 
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Figure 2. (below and next page) Overview of the development of homozygosity on chromosome 9 in evolutionary 

trees based on whole genome typing. Every tumor is represented by an image of the status of chromosome 9. 

The arrows above the chromosomes indicate the branches of the trees that were deduced from accumulating 

genomic alterations. Only those tumors from each patient that have alterations on chromosome 9 are shown and 

only one example is shown in those cases where two or more tumors had identical changes. We included a 
hypothetical tumor of patients 12 and 48 to visualize a developmental step for reasons of clarity. On the left side 

of the images, the marker names are listed. Tumor names, year of removal and stage and grade are listed above 

the images. White blocks; retention of a marker, yellow; loss of the upper allele, blue; loss of the lower allele. 

gray; no signallnot done. red; microsatellite instability. Black bars on the left of the chromosome image emphasize 

the areas of homozygosity. 
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From a gatekeeper tumor suppressor gene one would expect that it is inactivated in a 

substantial percentage of tumors from different patients and that its inactivation can be 

detected in the first step in tumor development. We therefore focussed on the build-up of 

chromosome 9q events in the genetic trees of 10 of the 11 the patients. One case, patient 

32, was omitted because in the six tumors that were investigated too few genetic aberrations 

were detectable to build a genetic tree. The constructed genetic trees provide the framework 

for Figure 2, in which the individual events that took place on chromosome 9 are illustrated . 

For reasons of clarity, only those tumors are depicted in which an additional 9q alteration 

occurred. 

Tumors with an LOH pattern that is identical to another tumor are omitted . For every 

tumor, the status of the informative markers along chromosome 9q is given. The arrows 

above each set of tumors indicate the evolutionary tree as deduced previously. The stage, 

grade and year of removal of the tumors are listed. For patient 30, for instance, we examined 

7 recurrences. All 7 tumors have lost the upper allele of 09S278. From tumor A, two different 

branches of the tree develop. In tumor G the LOH area around 0 98278 expands in size and 

an additional loss was observed for D9S1826. In the other branch , reflected by F and D, 

subsequent losses include D9S171 and D9S152. Thus, for patient 30, a putative 

chromosome 9q suppressor gene could be located in the region covered by marker 0 98278. 

In contrast, however, all 10 tumors from patient 12 show LOH for the lower allele of D9S752 
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and all tumors in the genetic tree derive from a hypothetical tumor that has lost this marker 

as its only genetic aberration. This hypothetical tumor clone is indicated in Figure 2 with a 

question mark. As can be seen in the Figure. two developmental lines lead to different 

additional areas of loss, in tumor M around marker 09S252 and in tumor G around marker 

09S152 and a second region around 09S747 and 09S195. Although not shown here, tumor 

G cannot have developed from M, based on the alterations found on other chromosomes. 

The two regions that are lost in tumor G are enlarged in the subsequent tumors F and E. 

Thus, for patient 12, a causative chromosome 9q gene could be located in the area marked 

by 09S752. 09S752 is also lost in all 6 tumors from patient 48, but all tumors also show loss 

for 09S180. These 3 patients, 30, 12 and 48, represent the only 3 of the 11 patients in which 

loss of a chromosome 9q marker was found in all tumors and/or was deduced to be the first 

or one of the first concomitant events in tumor formation. Loss of 9q markers was found for 

all other patients, but not in all tumors of a patient. Six patients (patients 22, 32, 61, 63, 80 

and 85) have one or more tumors without apparent loss on this chromosome arm. In total 13 

tumors were found without detectable LOH on 9q. These tumors are all situated in the early 

steps of the genetic trees. In addition, the genetic trees reveal that in the latter patients and 

in cases 23 and 35 loss of markers on other chromosomes precede a 9q event. A clear 

example in this respect is patient 61. All 15 tumors of this patient have lost the lower allele of 

D10S169. Losses on 9q apparently occur later and quite chaotically with alternate allele 

losses for several markers (Figure 2). From these results we conclude that LOH on 

chromosome 9q, although frequent, may not be a prerequisite for bladder cancer tumor 

formation. 

Discussion 

The majority of bladder cancers display losses of chromosome 9 sequences, irrespective of 

stage and grade. These investigations resulted in an accumulation of LOH data, finally 

leading to the suggestion that as much as 7 separate chromosome 9 tumor suppressor 

genes (3 on 9p and 4 on 9q) may contribute towards bladder cancer pathogenesis (33, 87, 

161, 186). Our data again show that alterations on chromosome 9q are very frequent and 

occur more often than losses on other chromosomes. This genomic distribution of LOH is in 

accordance with other studies on superficial pTa/pT1 bladder tumors, like the ones studied 

here. When the 9q LOH data for all 104 tumors studied in this work are added as was done 

in Figure 1A, one could, in analogy with the previous investigations, deduce that two regions 

of loss are observed on this chromosome arm. However, we have shown here that, taking 

into account the development of the losses, a completely different picture emerges. No 

common region of loss could be established in the early steps of the genetic trees in our 
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patients. Six out of 11 patients have one or more tumors without detectable LOH on 

chromosome 9q. This shows that LOH of 9q is not a prerequisite for bladder cancer initiation. 

In only 3 patients we have reason to believe that loss of a marker on chromosome 9q may be 

an early event. In two cases this concerned marker D9S752, which could indicate 

inactivation of a gene in that region, but in one of those two patients LOH is present at 

another region (D9S180) at the same time, which makes it difficult to determine the 

relevance of those regions. Moreover, the third patient has loss at marker D9S278, which 

again is at a completely different position on the long amn of chromosome 9. Therefore, the 

postulated early, or even initiating, loss of function of one or more tumor suppressor genes 

on chromosome 9q in bladder cancer pathogenesis is not supported by our data. The nature 

and apparent randomness of the mechanism that inflicts the regions of loss on chromosome 

9 is best illustrated by the finding that chromosome 9q can be the target of as much as 10 

independent LOH events in one patient (23 and 61) and by patients in which some tumors 

show loss of alternate alleles. 

Studying bladder cancer gives us the possibility to monitor the LOH in multiple 

recurrences over time. This is an important advantage in understanding the role of LOH in 

tumorigenesis. Loss of heterozygosity analyses have been performed since the discovery of 

the first tumor suppressor gene and a comprehensive list of deleted chromosome regions 

has been made for most tumor types. Despite the apparent straightforwardness of this 

method, the number of actual genes isolated in this way is disquietingly scarce. The regions 

where PTEN (102) and DPC4 (65) are located, do display LOH in tumor types like 

glioblastomas, prostate and breast cancer, and pancreatic and colorectal cancer, however, 

the genes were cloned only because of the identification of homozygous deletions. Bladder 

cancer is not the only tumor type where confusing LOH results have led to the assumption 

that multiple closely spaced tumor suppressor genes exist on one chromosome (53, 99, 

131), and chromosome 9 is not even the only chromosome in bladder cancer where this 

phenomenon has been observed (195). Considering the many tumor types with a similar 

patchwork LOH pattern, we feel that it is rather unlikely that multiple tumor suppressor genes 

for a certain type of cancer all reside on one chromosome (arm). Comparative mapping of 

the mouse genome shows that human chromosome 9q is spread out over 3 different mouse 

chromosomes. Moreover, it is difficult to envisage an evolutionary advantage for man to 

cluster tumor genes on one chromosome in order to induce cancer more easily. In our view, 

most of the LOH events will be due to random genomic instability. Thus, even if some of 

these losses target growth-inhibiting genes, the localization of the relevant gene is severely 

hampered by the enormous background of random genetic events. We think it therefore 

unlikely that a bladder cancer gatekeeper gene on chromosome 9q, if present, will be 

identified through LOH analysis alone. Perhaps the higher frequency of LOH events on 
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chromosome 9 when compared to the other chromosomes even has a mechanistic rather 

than a tumor promoting reason. In this respect it is relevant to mention that chromosome 9, 

together with 1 and 16, is one of the 3 chromosomes with a large heterochromatin region. It 

has been suggested that heterochromatin is involved in specific forms of chromosomal 

instability (178, 206). Although this is speculative, it is therefore not impossible that the 

frequent alterations on chromosome 9 are due to such a chromosomal instability mechanism 

for which chromosome 9 is extremely sensitive and that the elusive gatekeeper gene may 

not reside on this chromosome after aiL 
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General Discussion 

Aim of this thesis 

Bladder cancer is a frequently occurring disease with many different histopathological forms. 

These different phenotypes are thought to refiect a heterogeneous collection of genotypes, 

and, perhaps, pathways along which bladder cancer might develop. The identification of the 

genetic alterations in carcinoma of the bladder is therefore considered pivotal in our 

understanding of the pathogenesis of the disease and will be helpful in designing improved 

strategies for prevention, diagnosis, prognosis, and therapy. This thesis focusses on 

identification of the alterations (especially on chromosome 9q) in transitional cell carcinomas. 

The results will be discussed in a wider context, and also suggestions for future research will 

be made. 

No correlation between underrepresentation of chromosome 9 and LOH 

Aberrations concerning chromosome 9 are found in TCCs of all grades and stages, and 

sometimes it is the sole abnormality seen. We therefore started the work described here with 

the classical hypothesis that this chromosome harbors a gatekeeper gene for bladder 

cancer. Consequently, it should be possible to localize this gene by mapping of the deletions 

on this chromosome in tumors. A combination of previous LOH, FISH and CGH results led to 

the interpretation that monosomy of chromosome 9 may occur in over 50% of the TCCs of 

the bladder. Tumors that have lost an entire copy of chromosome 9 cannot be used to map a 

TSG. We therefore decided to analyse all tumors first with in situ hybridization (ISH) and use 

only those with 2 copies of chromosome 9 for LOH analysis (Chapter 2). However, with ISH, 

complete monosomy for chromosome 9 was observed in only 1 of 40 tumors. Four other 

tumors had subpopulations of cells with only one chromosome 9. A rescreen of the literature 

revealed that a tumor is already labeled as having monosomy for chromosome 9 when as 

low as 20% of the cells have lost this chromosome. Moreover, we found that relative loss of 

chromosome 9 (relative to chromosome 6) does not always coincide with LOH for 

chromosome g. This can be explained by assuming that relative loss of 9 in a, for instance, 

tetraploid tumor may reduce the chromosome 9 copy number from 4 to 3 or 2. However, both 

paternal and maternal copies can still be present and no actual loss of genomic material 

exists. Although an association was found between chromosome 9 underrepresentation and 

LOH, the extent of loss in the LOH analyses was much more pronounced than can be 

explained by the extent of underrepresentation. This can be explained by partial or interstitial 

deletions without the loss of the centromere of chromosome 9. We therefore conclude that 

underrepresentation of chromosome 9 does not necessarily lead to the inactivation of the 

postulated TSG. The LOH analyses further revealed that several tumors had more than one 

region of loss on 9 and confirmed that only 1 tumor had lost an entire copy of this 

chromosome. We then decided to map the LOH regions in further detail. 
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Many candidate regions but no mutant genes 

To narrow the localisation of one or more putative tumor suppressor genes on chromosome 

9 that playa role in TCC of the bladder, we examined tumors with a panel of microsatellite 

markers along the chromosome (Chapter 3). We found evidence for two different loci on the 

long arm of chromosome 9 where potential tumor suppressor genes are expected. These loci 

are delineated by interstitial deletions in two bladder tumors. Both regions were examined for 

homozygous deletions with EST and STS markers, but no homozygous deletions were 

observed in 17 different bladder tumor cell lines. 

Because of the difficulty in narrowing down the smallest region of overlap (SRO), we 

decided to look for possible candidate genes in the regions known to be lost at that moment. 

In Chapter 4, the mutation analysis of the Kruppel-like zinc finger gene ZNF189, the 

Tuberous Sclerosis Complex gene 1 (TSC1) and the TGF beta receptor type I (TGFBR1) in a 

series of bladder tumors and bladder tumor cell lines is described. All three genes have been 

mapped to 9q regions commonly deleted in transitional cell carcinoma of the bladder. Our 

study excludes an important contribution from the ZNF189, TSC1 and TGFBR1 genes. We 

investigated the frequency of the 6A allele of the polyalanine tract present in exon 1 of the 

TGFBR1 gene since it was suggested that the protein with a shorter alanine tract (6A) is less 

active in signal transduction than the most frequent 9A allele. This would provide a logical 

explanation for the association of the 6A allele with cancer predisposition. We found no 

evidence to support a role for the 6A allele in bladder cancer susceptibility. In contrast, we 

found higher percentages for both bladder cancer (17 vs. 13%) and control (17 vs. 10.6%) 

groups. It is not clear how the discrepancy between their and our findings can be expla·lned. 

At this moment, combined LOH analyses in bladder cancer show a multiplicity of 

events suggesting to some authors that chromosome 9q might harbor 2, 3 or even 4 genes 

that may have a role in bladder cancer. Several candidate genes have been included in 

mutation analysis, besides the ones tested here. So far, none of these genes shows a 

significant number of alterations in bladder tumors. 

Mitotic recombination as an explanation for multiple LOH events 

The finding of multiple regions of LOH on chromosome 9 raises the question whether all 

these regions are indeed harboring relevant TSGs. We therefore decided to investigate 

multiple bladder tumors from a limited number of patients in order to investigate the 

development of the genetiC aberrations in time. If there is a gatekeeper gene on 

chromosome 9, alterations around the location of this gene would be expected early in the 

disease and stay present throughout. In Chapter 5, we describe the reconstruction of bladder 

tumor development in individual patients spanning periods of up to 17 years. Genomic 

alterations detected in the tumors were used for hierarchical cluster analysis of tumor 
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subclones. The cluster analysis highlights the clona[ relationship between tumors from each 

patient. Based on the cluster data we were able to reconstruct the evolution of tumors in a 

genetic tree, where tumors with few aberrations precede those with many genetic insults. 

The sequential order of the tumors in these pedigrees differs from the chronological order in 

which the tumors appear. Thus, a tumor with few alterations can be occult for years following 

removal of a more deranged derivative. Extensive genetic damage is seen to accumulate 

during the evolution of the tumors. We also observed a very variable loss pattern in tumors of 

the same patient, with many small and expanding regions of loss of heterozygosity. To 

explain the extent of genetic damage in combination with the low stage and grade of these 

tumors, we hypothesize that in bladder cancer pathogenesis an increased rate of mitotic 

recombination is acquired early in the tumorigenic process. This type of damage to the 

genome is without actual loss of genetic material, more consistent with the mostly diploid 

tumors. 

A second look at chromosome 9q LOH: multiple recurrent bladder cancers 

The first allelotyping studies involved two or three markers on every chromosome arm. Loss 

of these markers swiftly led to the conclusion that a whole arm was deleted, or that a tumor 

showed monosomy for an entire chromosome. When, in subsequent studies, more markers 

were included, more (interstitial) deletions were detected and used to define the SRO. This is 

a valid method, as long as tumors are compared with an identical genetic background 

(caused by inactivation of the same gatekeeper gene). In bladder cancer, this is difficult since 

it has been suggested that there is a genetic difference between superficial recurrent cancer 

and more invasive cancer, although the histopathological distinction is not always clear and 

both presumed types show LOH on the same chromosome. Thus, in pooling these different 

tumor types there is a risk that a specific alteration will be obscured. Furthermore, some 

tumors appear to have more than one region of deletion on the same arm and therefore they 

cannot and should not be used to delineate a possible gene locus, since the relevance of the 

different regions to one another cannot be determined. The interpretation of LOH results is at 

best very complicated when four genes are suspected on the same chromosome arm, and 

seven on the chromosome in total. In our study, the ongoing process of multiple alterations 

on chromosome 9 is elucidated by deletion mapping in multiple recurrent bladder cancer. In 

Chapter 6, we describe the genesis and development of chromosome 9 alterations within 11 

patients with multiple superficial bladder cancer. We show that loss of heterozygosity on this 

chromosome is almost never the characteristic first step. The regions of loss are multiple and 

variable in different tumors of the same patient and expand over time. This, we believe, 

makes it unlikely that a bladder cancer gatekeeper gene on chromosome 9q, if present, will 

be identified through LOH analysis alone. 
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Future directions 

The patchwork LOH pattern and the increase in LOH during tumor development in mostly 

diploid superficial papillary bladder tumors might be due to an increased frequency of mitotic 

recombination. Future research should focus on trying to find proof for this hypothesis. 

Patients with Bloom's syndrome, an autosomal recessive disorder characterized by growth 

deficiency; sun-sensitive skin, predisposition to malignancy, and chromosomal instability, 

exhibit an increased recombination between homologous chromosomes and between sister 

chromatids. The high sister chromatid exchange (SCE) is a diagnostic feature of the disease. 

It will therefore be interesting to determine the rate of SCE in bladder tumors as well. In order 

to do so, it would be favorable to propagate these small sized tumors ;n vnro, because the 

tumor cell lines in use today are mainly derived from invasive, aggressive tumors and these 

may not reflect an accurate genetic representation of superficial tumors. Another possibility is 

to search for mutations in the gene mutated in Bloom's syndrome, BLM. This gene encodes 

a DNA he!icase involved in unwinding DNA to make it available for replication and repair. 

Furthermore, the number of alterations on chromosome 9 is clearly higher than on other 

chromosomes. Maybe this represents a chromosome breakage defect, like in Bloom's 

syndrome or Fanconi's anemia. These syndromes are known as nonspecific chromosomal 

breakage syndromes. Conversely, the ICF syndrome (Immunodeficiency - Centromeric 

instability - Facial anomalies) only shows instability of chromosomes 1, 9 and 16. These 

chromosomes differ in this respect that they have a large pericentromeric heterochromatin 

area. Mutations in the DNMT38 gene, encoding DNA methyltransferase 3B cause 

undermethylation of classical satellites II and JlI, which are present in this heterochromatin. 

This makes the heterochromatin more susceptible to breakage. It is possible that a similar 

phenomenon is operating in bladder cancer. Therefore, next to mutation analysis of the 

DNMT38 gene, it will be worthwhile to test this hypotheSis by determining the methylation 

profile of the 9q heterochromatin region in bladder tumors. 
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Samenvatting 

Blaaskanker is in Nederland de zesde meest voorkomende vorm van kanker. Jaarlijks krijgen 

zo'n 2550 mensen blaaskanker en zullen er ongeveer 1200 aan overlijden. De meeste 

mensen krijgen een relatief onschuldige, oppervlakkige tumor die met behulp van een 

transurethrale resectie kan worden verwijderd. Kenmerkend is dat na verwijdering van deze 

oppervlakkige tumoren, meer dan 70% van de patienten een of meerdere recidieven 

ontwikkelt, die meestal oak oppervlakkig zijn. Blaaskanker is, door de veelvuldige 

recidivering, uitermate geschikt om als model te dienen voor het bestuderen van de 

tumorevolutie binnen een patient. Het ontstaan en de progressie van tumoren naar meer 

invasief gedrag wordt toegeschreven aan een opeenstapeling van genetische afwijkingen in 

tumor suppressor genen (TSGs) en oncogenen. Moleculair genetisch onderzoek van kanker 

heeft als doe! deze genen op te sporen en door de analyse van hun bio[ogische functie 

inzicht te verkrijgen in de regu!atie mechanismen die in de kankercel zijn veranderd. Verlies 

van een specifiek chromosomaal gebied, aantoonbaar via LOH (!oss of heterozygosity) 

analyse, wordt vaak gebruikt am de plaats van TSGs te bepalen. In blaaskanker wordt de 

meeste LOH gevonden op chromosoom 9, waardoor men veronderstelt dat op dlt 

chromosoom een TSG moet liggen dat blaaskanker veroorzaakt. 

Het doel van het in dit proefschrift beschreven onderzoek was om te bepalen wat het 

belang is van LOH in het algemeen en chromosoom 9 in het bijzonder in de pathogenese 

van blaaskanker. Hiertoe werd in eerste instantie in 40 blaastumoren het aantal 

chromosomen 9 bepaald met verschillende technieken, zoals in situ hybridisatie en LOH 

analyse. Dit is beschreven in hoofdstuk 2. Alhoewel 18 blaastumoren verhoudingsgewijs 

weinig chromosomen 9 bleken te hebben, was er maar een tumor die compleet ver!ies van 

een van beide kopieen had. In 5 van deze 18 tumoren kon de onderrepresentatie van dlt 

chromosoom niet worden bevestigd door LOH analyse. Hieruit kan worden geconc!udeerd 

dat een verlies van chromosoom 9 zoals aangetoond met in situ hybridizatie niet gerelateerd 

hoeft te zijn aan het verlies dat wordt aangetoond door LOH analyse. Uit de LOH analyse 

bleek verder dat meerdere tumoren meer dan een gebied verloren hadden op chromosoom 

9. Daarom werd besloten deze gebieden verder in kaart te brengen. 

In hoofdstuk 3 wordt beschreven hoe met LOH analyse is geprobeerd te bepalen 

welk specifiek deel van chromosoom 9q veri oren is gegaan. Onze resultaten onderschreven 

de hypothese dat er twee verschillende gebieden van verlies ziJn, wat zou kunnen betekenen 

dat er twee verschillende TSGs op de lange arm liggen. De gebieden, genaamd TCC1 en 

TCC2, zijn getest in 17 blaastumor cellijnen op de aanwezigheid van homozygote deleties, 

maar deze werden niet gevonden. Oit kan betekenen dat deleties in deze gebieden zo klein 
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zijn dat ze moeilijk op te sporen zijn, of dat de genen in deze gebieden niet snel worden 

uitgeschakeld door een homozygote deletie. Overigens zijn door anderen nog meer 

gebieden van verlies op chromosoom 9 gevonden, zodat het totale aantal wordt geschat op 

vier gebieden op de lange arm en drie gebieden op de korte arm. Het is echter de vraag of 

het waarschijnlijk is dat al deze gebieden een voor blaaskanker relevant TSG bevatten. 

Aangezien de TCC1 en TCC2 gebieden niet verder verkleind konden worden, 

hebben we gekozen voor mutatie analyse van de kandidaat TSGs ZNF189, het tubereuze 

sclerose complex gen 1 (TSC1) en de TGF beta receptor type I (TGFBR1). Deze liggen aile 

drie op chramosoom 9q in die gebieden die vaak veri oren gaan in blaastumoren. Analyse 

van deze genen toonde verschillende polymorfismen en mutaties aan in ZNF189 en TSC1, 

maar niet in het TGFBR1 gen (hoofdstuk 4). In exon 1 van het TGFBR1 gen is een 

polyalanine stretch aanwezig met een variabele lengte. De meest voorkomende lengtes zijn 

6 of 9 alanines. Er zijn aanwijzingen dat het allel met 6 alanines (6A) vaker voorkomt bij 

patienten met bepaalde vormen van kanker. Om dit te onderzoeken, hebben we de lengte 

van de stretch bepaald in een graep patienten met blaaskanker en een contrale graep. In 

beide groepen was het percentage heterozygoten (6A19A) 17%. Het lijkt er dus op dat het 6A 

allel in blaaskanker geen rei van betekenis speelt. Behalve de drie door ons onderzochte 

genen, zijn nog veel meer genen op chromosoom 9 getest op de aanwezigheid van mutaties. 

In veel van die genen wordt we! eens een mutatie gevonden, maar tot nu toe is er geen 

enkel gen gevonden met mutaties in een significant aantal blaastumoren. 

De vee!voud aan lOH gebieden en het gebrek aan mutaties in kandidaatgenen, geeft 

aanleiding te den ken over andere mechanismen waarmee lOH tot stand kan komen. Oit 

bracht ons op het idee om de ontwikkeling van deze gebieden te vo!gen in meerdere 

opeenvolgende tumoren van een klein aantal patienten. De blaastumoren zijn verzame!d van 

een groep patienten die tot 15 recidieven hadden gekregen in de loop van 6 tot 17 jaar tijd. 

Met LOH analyse zijn de genetische afwijkingen van deze tumoren bepaald. Hieruit bleek dat 

de verschillende recidieven van eenzelfde patient clonaal aan elkaar gerelateerd waren en 

dus U'lt elkaar, of uit gemeenschappelijke voorlopertumoren moeten zijn ontstaan. De 

moleculaire evolutie van de aandoening kon met behulp van clusteranalyse worden 

gereconstrueerd in de vorm van een genetische stamboom, waarbij elke vertakking een 

nieuwe afwijking representeert. Aan de hand van deze stamboom kon worden 

geconcludeerd dat de volgorde waarin de tumoren zich ontwikkelen binnen een patient sterk 

kan afwijken van de volgorde waarin ze in de kliniek worden ontdekt. De tumorevolutie staat 

beschreven in hoofdstuk 5. Opmerkelijk was verder de grote toename in het aantal 

afwijkingen dat werd gevonden binnen een stamboom, wat suggereert dat deze 

blaastumoren genetisch instabiel zijn. Uit eerdere anderzoeken is echter gebleken, dat 

oppervlakkige blaastumoren meestal een redelijk nonmale hoeveelheid DNA bevatten (ze zijn 
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diploTd). Een mogelijke verklaring v~~r deze bevindingen is dat de genetische afwijkingen 

worden veroorzaakt door een verhoogde mitotische recombinatie frequentie aangezien dit 

een gebeurtenis is waarbij geen genetisch materiaal verloren gaat, maar wei LOH optreedt. 

Met de informatie die deze studie heeft opgeleverd is ook duidelijk geworden dat de 

rol van TSGs op chromosoom 9 in het ontstaan van b!aaskanker wordt overschat. In 

hoofdstuk 6 wordt beschreven hoe de afwijkingen aan chromosoom 9q zich binnen patienten 

ontwikkelen. De afwijkingen treden in de meeste patienten pas in een later stadium op en 

zijn dus niet de karakteristieke eerste gebeurtenis in het ontstaan van de tumor. Daarnaast 

zijn de gebieden van verlies variabel binnen de tumoren van een patient en worden ze in de 

loop van de tijd groter. Het aantal afzonderlijke gebeurtenissen kan in sommige patiemten 

zelfs oplopen tot tien. Tenslotte varieert de plaats van de verloren gebieden ook nog tussen 

de patienten. Hierdoor wordt de hypothese dat dit chromosoom een, voor blaaskanker, 

belangrijk gen bevat minder waarschijn!ijk. 

Ais de vele gebieden van LOH in blaaskanker inderdaad worden veroorzaakt door 

een verhoogde mitotische recombinatie frequentie, is het interessant om dit in een 

vervolgstudie te onderzoeken. Oit is onder meer moge[ijk door het niveau van recombinatie 

tussen zusterchromatiden vast te stellen (sister chromatid exchange, SCE). Oit is een maat 

voor de totale recombinatie frequentie en wordt als zodanig ook toegepast bij patienten met 

het syndroom van Bloom. Deze patienten hebben een verhoogd risico op het krijgen van 

kanker door een gebrekkig hersteJ van fouten in hun DNA. Oaarnaast is blaaskanker niet het 

enige tumor type waarbij meerdere gebieden van verlies op een chromosoom arm worden 

gevonden. Het is interessant om te onderzoeken of aan dit verschijnsel bij andere typen 

tumoren ook een verhoogde mitotische recombinatie frequentie ten grondslag ligt. Oit zou 

ook een verk!aring kunnen bieden voor het feit dat LOH analyse aileen nog niet succesvol is 

geweest in het cloneren van TSGs. Tot slot kan het mogelijk zijn dat de vele afwijkingen op 

chromosoom 9 in blaaskanker duiden op een chromosoom specifieke instabiliteit. Oit is 

bijvoorbeeld het geval in het ICF syndroom. Hierbij zijn aileen chromosoom 1, 9 en 16 

aangedaan. Deze chromosomen verschillen van de andere doordat ze onder het centromeer 

een groot heterochromatine gebied hebben. ICF wordt veroorzaakt door mutaties in het 

methyltransferase gen DNMT3B, waarna het heterochromatine te weinig gemethyleerd 

wordt. Hierdoor wordt het gevoeliger voor breuken. Misschien is er in blaaskanker iets 

vergelijkbaars aan de hand. 

103 



References 

References 

Ah-See, KW, TG Cooke, lR Pickford, D Soutar & A Balmain. (1994) An aUelotype of squamous carcinoma 

of the head and neck using microsatellite markers, Cancer Res 54, 1617-1621. 

2 Akao, T, Y Kakehi, N Itoh, E Ozdemir, T Shimizu, A Tachibana, MS Sasaki & 0 Yoshida. (1997) A high 

prevalence of functional inactivation by methylation modification of p161NK4NCDKN2JMTS1 gene in 

primary urothetial cancers, Jpn J Cancer Res 88, 1078-1086. 

3 Ali, lU, R Lidereau, C Theillet & R Callahan. (1987) Reduction to homozygosity of genes on chromosome 

11 in human breast neoplasia, Science 238,185-188. 

4 Aveyard, JS, A SkiI1eter, T Habuchi & MA Knowles, (1999) Somatic mutation of PTEN in bladder 

carcinoma, Br J Cancer 80, 904-908. 

5 Barrett, MT, CA Sanchez, LJ Prevo, DJ Wong, PC Galipeau, TG Paulson, PS Rabinovitch & BJ Reid. 

(1999) Evolution of neoplastic cell lineages in Barrett oesophagus, Nature Genet 22, 106-109. 

6 Bell, SM, M Shaw, YS Jou, RM Myers & MA Knowles. (1997) Identification and characterization of the 

human homologue of SH3BP2, an SH3 binding domain protein within a common region of deletion at 

4p16.3 involved in bladder cancer, Genomics 44,163-170. 

7 Bell, SM, J Zuo, RM Myers & MA Knowles. (1996) Fluorescence in situ hybridization deletion mapping at 

4p16.3 in bladder cancer cell lines refines the localisation of the critical interval to 30 kb, Genes Chrom 

Cancer 17, 108-117. 

8 Bernues, M, C Casadevall, R Mir6, R Caball'n, A Gelabert & J Egozcue. (1993) A case of transitional celt 

carcinoma of the bladder with a del(9)(q11 q21.2), Cancer Genet Cytogenet 69, 76-77. 

9 Boyer, JC, A Umar, JI Risinger, JR Lipford, M Kane, S Yin, JC Barrett, RD Kolodner & TA Kunkel. (1995) 

Microsatellite instability, mismatch repair deficiency, and genetic defects in human cancer cell lines, 

Cancer Res 55, 6063-6070. 

10 Bracken, R & B Mackay. (1991) Atlas of bladder pathology, KGAKU-SHOIN Medical Publishers, Inc, New 

York. 

11 Brentnall, TA. (1995) Microsatellite instability: shifting concepts in tumorigenesis, Am J Pathol 147, 561-

563. 

12 Brewster, SF, JC GingelJ, S Browne & r<::N Brown, (1994) Loss of heterozygosity on chromosome 18q is 

associated with muscle-invasive transitional cell carcinoma of the bladder, Br J Cancer 70, 697-700. 

13 Cairns, P. (1995) Frequency of homozygous deletion at p16fCDKN2 in primary human tumours, Nature 

Genetics 11, 210-212. 

14 Cairns, P, E Evron, K Okami, N Halachmi, M Esteller, JG Herman, S Bose, Sl Wang, R Parsons & 0 

Sidransky. (1998) Point mutation and homozygous deletion of PTEN/MMAC1 in primary bladder cancers, 

Oncogene 16, 3215-3218. 

15 Cairns, P, AJ Proctor & MA Knowles. (1991) Loss of heterozygosity at the RB locus is frequent and 

correlates with muscle invasion in bladder carcinoma, Oncogene 6, 2305-2309. 

16 Cairns, P, ME Shaw & MA Knowles. (1993) Initiation of bladder cancer may involve deletion of a tumour­

suppressor gene on chromosome 9, Oncogene 8,1083-1085. 

17 Cairns, P, ME Shaw & MA Knowles. (1993) Preliminary mapping of the deleted region of chromosome 9 in 

bladder cancer, Cancer Res 53,1230-1232. 

18 Cairns, P, K Tokino, Y Eby & 0 Sidransky. (1994) Homozygous deletions of 9p21 in primary human 

bladder tumors detected by comparative multiplex polymerase chain reaction, Cancer Res 54, 1422-1424. 

19 Cairns, P, K Tokino, Y Eby & 0 Sidransky. (1995) Localization of tumor suppressor loci on chromosome 9 

in primary human renal ceI! carcinomas, Cancer Res 55,224-227. 

20 Cappellen, D, C De Oliveira, D Rico!, S de Medina, J Bourdin, X Sastre-Garau, D Chopin, JP Thiery & F 

Radvanyi. (1999) Frequent activating mutations of FGFR3 in human bladder and cervix carcinomas, 

Nature Genet 23, 18-20. 

104 



References 

21 Cappellen, 0, S Gil Diez de Medina, 0 Chopin, JP Thiery & F Radvanyi. (1997) Frequent loss of 

heterozygosity on chromosome 10q in muscle-invasive transitional cell carcinomas of the bladder, 

Oncogene 14, 3059-3066. 

22 Chang, WYH, P Cairns, M Schoenberg, T Polascik & 0 Sidransky. (1995) Novel suppressor loci on 

chromosome 14q 'In primary bladder cancer, Cancer Res 55, 3246-3249. 

23 Chen, T, 0 Carter, L Garrigue-Antar & M Reiss. (1998) Transforming growth factor beta type I receptor 

kinase mutant associated with metastatic breast cancer, Cancer Res 58, 4805-4810. 

24 Chen, T, EG de Vries, H Hollema, HA Yegen, VF Vellucci, HD Strk:kler, A HHdesheim & M Reiss. (1999) 

Structural alterations of transforming growth factor-beta receptor genes in human cervical carcinoma, Int J 

Cancer 82, 43-51. 

25 Chern, HD, MJ Becich, RA Persad, M Romkes, P Smith, C Collins, YH Li & RA Branch. (1996) Clonal 

analysis of human recurrent superficial bladder cancer by immunohistochemistry of P53 and 

retinoblastoma proteins, J Uro1156, 1846-1849, 

26 Christensen, M, MA Jensen, H Wolf & TF Orntoft. (1998) Pronounced microsatellite instability in 

transitional cell carcinomas from young patients with bladder cancer, Int J Cancer 79, 396-401. 

27 Christoph, F, B Schmidt, BJ Schmitz-Drager & WA Schulz. (1999) Over-expression and amplification of the 

c-myc gene in human urotheJial carcinoma, Int J Cancer 84, 169-173. 

28 Clavel, J, S Cordier, L Boccon-G'lbod & 0 Hemon. (1989) Tobacco and bladder cancer in males: 'Increased 

risk for inhalers and smokers of black tobacco, Int J Cancer 44, 605-610, 

29 Cohen, SM & SL Johansson. (1992) Epidemiology and etiology of bladder cancer, Urol Clin North Am 19, 

421-428. 

30 Corcoran, MM, 0 Rasool, Y Liu, A Iyengar, 0 Grander, RE Ibbotson, M Merup, X Wu, V Brodyansky, AC 

Gardiner, G JuJiusson, RM Chapman, G Ivanova, M Tiller, G Gahrton, N Yankovsky, E Zabarovsky, DG 

Oscier & S Einhorn. (1998) Detailed molecular delineation of 13q14.3 loss in B-cell chronic lymphocytic 

leukemia, Blood 91, 1382-1390. 

31 Cordon-Cardo, C, 0 Wartinger, 0 Petrylak, G Dalbagni, WR Fair, Z Fuks & VE Reuter. (1992) Altered 

expression of the retinoblastoma gene product prognostic indicator in bladder cancer, J Natl Cancer Inst 

84.1251-1256. 

32 Couch, FJ, LM Farid, ML DeShano, SV Tavtigian, K Calzone, L Campeau, Y Peng, B Bogden, Q Chen, S 

Neuhausen, 0 Shattuck-Eidens, AK Godwin, M Daly, OM Radford, S Sedlacek, J Rommens, J Simard, J 

Garber, S Merajver & BL Weber. (1996) BRCA2 germ line mutations in male breast cancer cases and 

breast cancer families, Nature Genet 13, 123-125. 

33 Czerniak, B, V Chatwvedi, L U, S Hodges, 0 Johnston, JY Roy, R Luthra, C Logothetis, AC Von 

Eschenbach, HB Grossman, WF Benedict & JG Batsakis, (1999) Superimposed histologic and genetic 

mapping of chromosome 9 in progreSSion of human urinary bladder neoplasia: implications for a genetic 

model of multistep urothelial carcinogenesis and early detection of urinary bladder cancer, Oncogene 18, 

1185-1196. 

34 Czerniak, B, L Li, V Chaturvedi, JY Ro, DA Johnston, S Hodges & WF Benedict. (2000) Genetic modeling 

of human urinary bladder carcinogenesis, Genes Chrom Cancer 27, 392-402. 

35 de Nooij-van Dalen, AG, VH van Suuren-van SeggeJen, PH Lohman & M Giphart-Gassler. (1998) 

Chromosome loss with concomitant duplication and recombination both contribute most to loss of 

heterozygosity in vitro, Genes Chrom Cancer 21, 30-38. 

36 Devlin, J, AJ Keen & MA Knowles. (1994) Homozygous deletion mapping at 9p21 in bladder carcinoma 

defines a critical region within 2 cM of IFN-A, Oncogene 9, 2757-2760. 

37 Digweed, M & K Sperling. (1996) Molecular analysis of Fanconi anaemia, BioEssays 18, 579-585, 

38 Eisen, MS. PT Spellman, PO Brown & 0 Botstein. (1998) Cluster analysis and display of genome-wide 

expression patterns, Proc Natl Acad Sci USA 95, 14863-14868, 

39 Elder, PA, SM Bell & MA Knowles. (1994) Deletion of tvvo regions on chromosome 4 in bladder carcinoma: 

definition of a critical 750 kb region at 4p16.3, Oncogene 9, 3433-3436. 

105 



References 

40 Ellis, NA, OJ lennon, M Proytcheva, B Alhadeff, EE Henderson & J German. (1995) Somatic intragenic 

recombination within the mutated locus BlM can correct the high sister~chromatid exchange phenotype of 

Bloom syndrome cells, Am J Hum Genet 57, 1019-1027. 

41 Esrig, 0, CH Spruck III, PW Nichols, B Chaiwun, K Steven, S Groshen, SC Chen, DG Skinner, PAJones & 

RJ Cote, (1993) p53 Nuclear protein accumulation correlates with mutations in the p53 gene, tumor grade, 

and stage in bladder cancer, Am J Pathol143, 1389-1397. 

42 Eydmann, ME & MA Knowles. (1997) Mutation analysis of 8p genes POlB and PPP2CB in bladder 

cancer, Cancer Genet Cytogenet 93, 167~171. 

43 Fadl~Elmula, I, l Gorunova, N Mandahl, P Elfving, R lundgren, F Mitelman & S Heim. (1999) Cytogenetic 

monoclonality in multifocal uroepithelial carcinomas: evidence of intraluminal tumour seeding, Br J Cancer 

$1,6-12. 

44 Fearon, ER, AP Feinberg, SH Hamilton & B Vogelstein. (1985) loss of genes on the short arm of 

chromosome 11 in bladder cancer, Nature 318, 377~380. 

45 Fearon, ER & B Vogelstein. (1990) A genetic model for colorectal tumorigenesis, Cell 61, 759-767. 

46 Fey, MF, HJ Peter, Hl Hinds, A Zimmermann, S Liechti~Gallati, H Gerber, H Studer & A Tobler. (1992) 

Clonal analysis of human tumors with M27 beta, a highly informative polymorphic X chromosomal probe, J 

CIin Invest 89,1438-1444. 

47 Fitzgerald, JM, N Ramchurren, KRieger, P levesque, M Silverman. JA Libertino & IC Summerhayes. 

(1995) Identification of H~ras mutations in urine sediments complements cytology in the detection of 

bladder tumors, J Natl Cancer Inst 87, 129~133. 

48 Frayling, 1M. (1999) Microsatellite instability, Gut 45, 1-4. 

49 Galipeau, PC, LJ Prevo, CA Sanchez, GM Longton & BJ Reid. (1999) Clonal expansion and loss of 

heterozygosity at chromosomes 9p and 17p in premalignant esophageal (Barrett's) tissue, J Natl Cancer 

Inst 91, 2087~2095. 

50 Garcia, SB, HS Park, M Novelli & NA Wright. (1999) Field cancerization, c1onality, and epithelial stem cells: 

the spread of mutated clones in epithelial sheets, J PathoI 187, 61-81. 

51 Georgiou, I, IF Filiadis, Y Alamanos, I Bouba, X Giannakopoulos & D Lolis. (2000) Glutathione S­

transferase null genotypes in transitional cell bladder cancer. a case-control study. Eur Ural 37, 660~664. 

52 Gibas, Z & L Gibas. (1997) Cytogenetics of bladder cancer, Cancer Genet Cytogenet 95, 108-115. 

53 Goldberg, EK, JM Glendening, Z Karanjawala, A Sridhar. GJ Walker, NK Hayward, AJ Rice, D Kurera, Y 

Tebha & JW Fountain. (2000) Localization of Multiple Melanoma Tumor-Suppressor Genes on 

Chromosome 11 by Use of Homozygosity Mapping-of~Deletions Analysis, Am J Hum Genet 67, 417-431. 

54 Gonzalez~Zulueta, M, CM Bender, AS Yang. T Nguyen, RW Beart, JM Van Tornout & PA Jones. (1995) 

Methylation of the 5' CpG island of the p16/CDKN2 tumor suppressor gene in normal and transformed 

human tissues correlates with gene silencing. Cancer Res 55, 4531-4535. 

55 Gonzalez-Zulueta, M. JM Ruppert, K Tokino, YC Tsai, CH Spruck 111. N Miyao. PW Nichols, GG Hermann. 

THorn, K Steven. IC Summerhayes, 0 Sidransky & PA Jones. (1993) Microsatellite instability in bladder 

cancer, Cancer Res 53, 5620-5623. 

56 Gonzalez~Zulueta. M, A Shibata, PF Ohneseit. CH Spruck, 3rd, C Busch, M Shamaa, M EI-Baz, PW 

Nichols, Ml Gonzalgo, M Elbaz & et al. (1995) High frequency of chromosome 9p allelic loss and CDKN2 

tumor suppressor gene alterations in squamous cell carcinoma of the bladder, J Natl Cancer Inst 87, 1383-

1393. 

57 Gonzalgo, Ml, T Hayashida, CM Bender, MM Pao. YC Tsai, FA Gonzales, HD Nguyen, n Nguyen & PA 

Jones. (1998) The role of DNA methylation in expression of the p19/p16 locus in human bladder cancer 

cell lines. Cancer Res 58,1245--1252. 

58 Gray, MD. JC Shen, AS Kamath-Loeb, A Blank. BL Sopher, GM Martin, J Oshima & LA Loeb. (1997) The 

Werner syndrome protein is a DNA helicase, Nature Genet 17,100--103. 

59 Groden, J, Y Nakamura & J German. (1990) Molecular evidence that homologous recombination occurs in 

proliferating human somatic ceJls, Prac Natl Acad Sci USA 87, 4315-4319. 

106 



References 

60 Habuchi, T, J Devlin, PA Elder & MA Knowles. (1995) Detailed deletion mapping of chromosome 9q in 

bladder cancer: evidence for two tumour suppressor loci, Oncogene 11, 1671-1674. 

61 Habuchi. T, M Luscombe, PA Elder & MA Knowles. (1998) Structure and methylation-based silencing of a 

gene (DBCeR1) within a candidate bladder cancer tumor suppressor region at 9q32-q33, Genomics 48, 

277-288. 

62 Habuchi. T, R Takahashi. H Yamada, Y Kakehi, T Sugiyama & 0 Yoshida. (1993) Metachronous multifocal 

development of urothelial cancers by intraluminal seeding, the Lancet 342, 1087-1088. 

63 Habuchi. T, R Takahashi. H Yamada, 0 Ogawa, Y Kakehi, K Ogura, S Hamazaki, J Toguchida, K Ishizaki, 

J Fujita & et al. (1993) Influence of cigarette smoking and schistosomiasis on p53 gene mutation in 

urothelial cancer. Cancer Res 53, 3795-3799. 

64 Habuchi. T, 0 Yoshida & MA Knowles. (1997) A novel candidate tumour suppressor locus at 9q32-33 in 

bladder cancer: localization of the candidate region within a single 840 kb YAC, Hum Mol Genet 6, 913--

919. 

65 Hahn, S, M Schutte, A Hoque, C Moskaluk, L da Costa, E Rozenblum, C Weinstein, A Fischer, C Yeo, R 

Hruban & S Kern. (1996) DPC4, a candidate tumor suppressor gene at human chromosome 18q21.1, 

Science 271, 350-353. 

66 Harney, J, DM Murphy, M Jones & C Mothersill. (1995) Expression of p53 in urothelial cell cultures from 

tumour-bearing and tumour-free patients, Br J Cancer 71. 25-29. 

67 HarriS, AL & DE Neal. (1992) Bladder cancer - field versus clonal origin, New Engl J Med 326, 759-761. 

68 Hedley, DW, ML Friedlander, IW Taylor, CA Rugg & EA Musgrove. (1983) Method for analysis of cellular 

DNA content of paraffin-embedded pathological material using flow cytometry, J Histochem Cytochem 31, 

1333-1335. 

69 Hodgson, SV & ER Maher. (1993) A practical guide to human cancer genetics, Cambridge University 

Press. Cambridge. 

70 Hopman, AHN, 0 Moesker, AWGB Smeets, RPE Pauwels, GP Vooijs & FCS Ramaekers. (1991) 

Numerical chromosome 1, 7, 9, and 11 aberrations in bladder cancer detected by in situ hybridization, 

Cancer Res 51, 644-651. 

71 Hornigold, N, J Devlin, AM Davies, JS Aveyard, T Habuchi & MA Knowles. (1999) Mutation of the 9q34 

gene TSC1 in sporadic bladder cancer, Oncogene 18, 2657-2661. 

72 Hovey, RM, L Chu, M Balazs, S DeVries. D Moore, G Sauter. PR Carroll & FM Waldman. (1998) Genetic 

alterations in primary bladder cancers and their metastases, Cancer Res 58, 3555-3560. 

73 Imai, T, M Kimura, M Takeda & Y Tomita. (1995) Significance of epidermal growth factor receptor and c­

erbB-2 protein expression in transitional cell cancer of the upper urinary tract for tumour recurrence at the 

urinary bladder, Br J Cancer 71, 69-72. 

74 imreh, S. (1999) Genomic alterations in solid tumors. Introduction, Semin Cancer Bioi 9, 241-244. 

75 Jabs, EW, SF Wolf & BR Migeon. (1984) Characterization of a cloned DNA sequence that is present at 

centromeres of all human autosomes and the X chromosome and shows polymorphic variation, Proc Natl 

Acad Sci USA 81,4884-4888. 

76 Jacoby, LB, M MacCollin, DN Louis, T Mohney, MP Rubio, K Pulaski, JA Trofatter, N Kley, B Seizinger, V 

Ramesh & et al. (1994) Exon scanning for mutation of the NF2 gene in schwannomas, Hum Mol Genet 3, 

413-419. 

77 Kagan, J. J Liu. JD Stein, SS Wagner, R Babkowski, BH Grossman & RL Katz. (1998) Cluster of allele 

losses within a 2.5 cM region of chromosome 10 in high-grade invasive bladder cancer, Oncogene 16, 

909-913. 

78 Kallioniemi, A, OP Kallioniemi, G Citro, G Sauter, S De Vries, R Kerschmann, P Caroll & F Waldman. 

(1995) Identification of gains and losses of DNA sequences in primary bladder cancer by comparative 

genomic hybridization, Genes Chrom Cancer 12, 213-219. 

79 Kallioniemi, A, OP Kallioniemi, D Sudar, D Rutovitz, JW Gray, F Waldman & D Pinker. (1992) Comparative 

genomic hybridization for molecular cytogenetic analysis of solid tumors, Science 258, 818-821. 

107 



References 

80 Kannan, K & 0 Givo!. (2000) FGF receptor mutations: dimerization syndromes, cell growth suppression, 

and animal models, IUBMB Life 49,197-205. 

81 Karow, JK, RK Chakraverty & ID Hickson. (1997) The Bloom's syndrome gene product is a 3'·5' DNA 

helicase, J Bioi Chem 272, 30611-30614. 

82 Keen, AJ & MA Knowles. (1994) Definition of two regions of deletion on chromosome 9 in carcinoma of the 

bladder, Oncogene 9, 2083-2088. 

83 Kerstens, HMJ, PJ Poddighe & AGJM Hanselaar. (1995) A novel in situ hybridization signal amplification 

method based on the deposition of biotinylated tyramine, J Histochem Cytochem 43, 347-352. 

84 Kinzler, KW & B Vogelstein. (1997) Cancer-susceptibility genes. Gatekeepers and caretakers, Nature 386, 

761,763. 

85 Kloth, MT, RL Gee, EM Messing & S Swaminathan. (1994) Expression of N-acetyltransferase (NAT) in 

cultured human uroepitheliaI cells, Carcinogenesis 15, 2781-2787. 

86 Knowles, MA. (1999) The genetics of transitional cell carcinoma: progress and potential clinical 

application, BJU Int 84, 412-427. 

87 Knowles, MA. (1999) Identification of novel bladder tumour suppressor genes, Electrophoresis 20, 269-

279. 

88 Knowles, MA, PA Elder, M Williamson, JP Caims, ME Shaw & MG Law. (1994) Allelotype of human 

bladder cancer, Cancer Res 54, 531-538. 

89 Knowles, MA ME Shaw & AJ Proctor. (1993) Deletion mapping of chromosome 8 in cancers of the urinary 

bladder using restriction fragment length polymorphisms and microsatellite polymorphisms, Oncogene 8, 

1357-1364. 

90 Knowles, MA & M Williamson. (1993) Mutation of H-ras is infrequent in bladder cancer: confirmation by 

single-strand conformation polymorphism analysiS, designed restriction fragment length polymorph isms, 

and direct sequencing, Cancer Res 53, 133-139. 

91 Knudson, AG, Jr, (1971) Mutation and cancer: statistical study of retinoblastoma, Proc Natl Acad Sci USA 

68, 820-823. 

92 Knudson, AG, (1993) All in the (cancer) family, Nature Genet 5,103-104. 

93 Knudson, AG. (1993) Antioncogenes and human cancer, Proc Natl Acad Sci USA 90, 10914-10921, 

94 Kohno, T, M Kawanishi, S Matsuda, H Ichikawa, M Takada, M Ohki, T Yamamoto & J Yokota, (1998) 

Homozygous deletion and frequent allelic loss of the 21q11,1-q21.1 region including the ANA gene in 

human lung carcinoma, Genes Chrom Cancer 21, 236-243. 

95 Koreth, J, JJ O'Leary & J 0'0, McGee. (1996) Microsatellites and PCR genom'lc analysis, J Pathol 178, 

239-248. 

96 Kurth, K. (1997) in Superficial Bladder Cancer (Pagano, F & WR Fair, eds.), pp, 42-56, Isis Medical Media 

Ltd., Oxford. 

97 Kusser, WC, X Miao, BW Glickman, JM Friedland, N Rothman, GP Hemstreet, J Mellot, DC Swan, PA 

Schulte & RB Hayes. (1994) p53 mutations in human bladder cancer, Environmental & Molecular 

Mutagenesis 24,156-160. 

98 Kyoizumi, S, Y Kusunoki, T Seyama, A Hatamochi & M Goto. (1998) In vivo somatic mutations in Werner's 

syndrome, Hum Genet 103, 405-410. 

99 LaW, A, 0 Cussenot, G Fournier, K Driouch & R Lidereau. (1997) Loss of heterozygosity at chromosome 

16q in prostate adenocarcinoma: identification of three independent regions, Cancer Res 57, 1058-1062. 

100 Lekanne Deprez, RH, PH Riegman, Evan orunen, UL Warringa, NA Groen, S2 Stefanko, JW Koper, CJ 

Avezaat. PG Mulder, EC Zwarthoff & et al, (1995) Cytogenetic, molecular genetic and pathological 

analyses in 126 meningiomas, J Neuropathol Exp Neurol54, 224-235. 

101 Lengauer, C, KW Kinzler & B Vogelstein. (1998) Genetic instabilities in human cancers, Nature 396,643-

649. 

102 Li, J, C Yen, 0 Liaw, K Podsypanina, S Bose, SI Wang, J Puc, C Miliaresis, L Rodgers, R McCombie, SH 

Bigner, BC Giovanel1a, M Ittmann, B Tycko, H Hibshoosh, MH Wigler & R Parsons. (1997) PTEN, a 

108 



References 

putative protein tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer, Science 

275.1943-1947. 

103 Li, L & SN Cohen. (1996) Tsg101: a novel tumor susceptibility gene isolated by controlled homozygous 

functional knockout of allelic loci in mammalian cells, Cell 85, 319-329. 

104 Lin, CW, S Kirley, KR Loughlin & WS McDougaL (1995) Effect on malignancy by the introduction of a 

norma! human chromosome 9 into cultured bladder carcinoma cells, Proc Am Urol Assoc 153, 522A. 

105 Linnenbach, AJ, LB Pressler, BA Seng, BS Kimmel, JW Tomaszewski & SB Malkowicz, (1993) 

Characterization of chromosome 9 deletions in transitional cell carcinoma by microsatellite assay, Hum 

Mol Genet 2, 1407~1411. 

106 Logothetis, CJ, HJ Xu, JY Ro, SX Hu, A Sahin, N Ordonez & WF Benedict. (1992) Altered expression of 

retinoblastoma protein and known prognostic var'lables 'In locally advanced bladder cancer, J Natl Cancer 

Inst 84,1256-1261. 

107 Lothe, RA, N Hastie, K Heimdal, SD Fossa, AE Stenwig & AL Sorresen, (1993) Frequent loss of 11p13 

and 11p15 loci in male germ cell tumours, Genes Chrom Cancer 7, 96-101. 

108 Louhelainen, J, H Wijkstrom & K Hemminki. (2000) !nitiation~development modelling of allelic losses on 

chromosome 9 in multifocal bladder cancer, Eur J Cancer 36.1441-1451. 

109 Mackay, J, PA Elder, DJ Porteous, CM Steel. RA Hawkins, JJ Going & U Chetty. (1988) Partial deletion of 

chromosome 11 p in breast cancer correlates with size of primary tumour and oestrogen receptor level, Sr 

J Cancer 58, 710~714. 

110 Macleod, K. (2000) Tumor suppressor genes, Curr Opin Genet Dev 1 0, 81~93. 

111 Macoska, JA, TM Trybus, PD Benson, WA Sakr, DJ Grignon, KD Wojno, T Pietruk & IJ Powell. (1995) 

Evidence for three tumor suppressor gene loci on chromosome 8p in human prostate cancer, Cancer Res 

55. 5390-5395. 

112 Mao, L, DJ Lee, MS Tockman, Y$ Erozan, F Askin & D Sidransky. (1994) Microsatellite alterations as 

clonal markers for the detection of human cancer, Proc Natl Acad Sci USA 91. 9871-9875. 

113 Markowitz. S, J Wang, L Myeroff. R Parsons. L Sun, J Lutterbaugh, RS Fan, E Zborowska, KW Kinzler, B 

Vogelstein, M Brattain & JKV Willson. (1995) Inactivation of the type II TGF~r.. receptor in colon cancer 

cells with microsatellite instability, Science 268, 1336~1338. 

114 Matsuyama, H, US Bergerheim, I Nilsson. Y Pan, L Skoog, B Tribukait & P Ekman. (1994) Nonrandom 

numerical aberrations of chromosomes 7. 9, and 10 in DNA~diploid bladder cancer, Cancer Genet 

Cytogenet 77, 118-124. 

115 Mellon, JK, J Lunec, C Wright. CHW Horne, P Kelly & DE Neal. (1996) C-ERBB-2 in bladder cancer: 

molecular biology, correlation with epidermal growth factor receptors and prognostic value, J Urol 155, 

321~326. 

116 Merlo. A, E Gabrielson, M Mabry, R Vollmer, SB Baylin & D Sidransky. (1994) Homozygous deletion on 

chromosome 9p and loss of heterozygosity on 9q, 6p, and 6q in primary human small cell lung cancer, 

Cancer Res 54. 2322-2326. 

117 Miura, K, K Suzuki, T Tokino, M Isomura. J !nazawa, S Matsuno & Y Nakamura. (1996) Detailed deletion 

mapping in squamous cell carcinoma of the esophagus narrows a region containing a putative tumor 

suppressor gene to about 200 kilobases on distal chromosome 9q. Cancer Res 56, 1629-1634. 

118 Miyamoto, H, T Shuin. S Torigoe, Y Iwasaki & Y Kubota. (1995) Retinoblastoma gene mutations in primary 

human bladder cancer, Sr J Cancer 71. 831-835. 

119 Morrison, AS, JE Suring, WG Verhoek, K Aoki. I Leck, Y Ohno & K Obata. (1984) An international study of 

smoking and bladder cancer. JUral 131.650-654. 

120 Moyzis, RK, KL Albright, MF Bartholdi, LS Cram, LL Deaven, CE Hildebrand. NE Joste, JL Longmire, J 

Meyne & T Schwarzacher~Robinson. (1987) Human chromosome-specific repetitive DNA sequences: 

novel markers for genetic analysis, Chromosoma 95, 375--386. 

121 Mungan, NA, KK Aben, E Beeks, E Kampman, A Sunschoten, M Sussemakers. JA Witjes & LA Kiemeney. 

(2000) A germline homozygote deletion of the glutathione~S~transferase Mu1 gene predisposes to bladder 

cancer, Urollnt 64,134-138. 

109 



References 

122 Mutter, GL, ML Chaponot & JA Fletcher. (1995) A polymerase chain reaction assay for non-random X 

chromosome inactivation identifies monoclonal endometrial cancers and precancers, Am J Pathol 146, 

501-508. 

123 Nobori, T, K Miura, OJ Wu, A Lois, K Takabayashi & DA Carson. (1994) Deletions of the cyclin-dependent 

kinase-4 inhibitor gene in multiple human cancers, Nature 368, 753--756. 

124 Odeberg, J, 0 Rosok, GH Gudmundsson, A Ahmadian, L Roshani, C Williams, C Larsson, F Ponten, M 

Uhlen, HC Asheim & J Lundeberg. (1998) Cloning and characterization of ZNF189, a novel human 

Kruppel-like zinc finger gene localized to chromosome 9q22-q31, Genomics 50, 213-221, 

125 Olumi, AF, YC Tsai, PW Nichols, DG Skinner, DR Cain, LI Bender & PA Jones. (1990) Allelic loss of 

chromosome 17p distinguishes high grade from low grade transitional cell carcinomas of the bladder, 

Cancer Res 50, 7081-7083. 

126 Orlando, C, R Sestini, G Vona, P Pinzani, S Bianchi, M Giacca, M Pazzagli & C Selli. (1996) Detection of 

c-erbB-2 amplification in transitional cell bladder carcinoma using competitive PCR technique, J Urol 156, 

2089·2093. 

127 Orlow, I. L Lacombe, GJ Hannon, M Serrano, I Pellicer, G Dalbagni, VE Reuter, ZF Zhang, 0 Beach & C 

Cordon-Cardo. (1995) Deletion of the p16 and p15 genes in human bladder tumors, J Natl Cancer Inst 87, 

1524·1529. 

128 Orlow, I, H LaRue, I Osman, L Lacombe, L Moore, F Rabbani, F Meyer, Y Fradet & C Cordon-Carda. 

(1999) Deletions of the INK4A gene in superficial bladder tumors, Association with recurrence, Am J 

PathoI155,105-113. 

129 Orlow, I, P Lianes, L Lacombe, G Dalbagni. VE Reuter & C Cordon-Carda. (1994) Chromosome 9 allelic 

losses and microsatellite alterations in human bladder tumors, Cancer Res 54, 2848-2851, 

130 Pagano, F & W Fair. (1997) Superficial bladder cancer, ISIS Medical Media, Oxford. 

131 Papadimitrakopoulou, VA, Y Oh, A EI-Naggar, J Izzo, G Clayman & L Mao. (1998) Presence of multiple 

incontiguous deleted regions at the long arm of chromosome 18 in head and neck cancer, Clin Cancer 

Res 4, 539-544. 

132 Pasche, B, P Kolachana, K Nafa, J Satagopan, YG Chen, RS Lo, 0 Brener, 0 Yang, L Kirstein, C Oddoux, 

H Ostrer, P Vineis, L Varesco, S Jhanwar, L Luzzatto, J Massague & K Offit. (1999) TbetaR-I(6A) is a 

candidate tumor susceptibility allele, Cancer Res 59, 5678-5682, 

133 Pasche, B, Y Luo, PH Rao, SO Nimer, E Dmitrovsky, P Caron, L Luzzatto, K Offit, C Cordon-Carde, B 

Renault, JM Satagopan, W Murty & J Massague. (1998) Type I transforming growth factor beta receptor 

maps to 9q22 and exhibits a polymorphism and a rare variant within a polyalanine tract, Cancer Res 58, 

2727·2732. 

134 Passos-Bueno, MR, WR Wilcox, EW Jabs, AL Sertie, LG Alonso & H Kitoh. (1999) Clinical spectrum of 

fibroblast growth factor receptor mutations, Hum Mutat 14, 115-125. 

135 Poddighe, PJ, PP Bringuier, M Val1inga, JA Schalken, FC Ramaekers & AH Hopman, (1996) Loss of 

chromosome 9 in tissue sectionS of transitional cell carcinomas as detected by interphase cytogenetics. A 

comparison with RFLP analysis, J Pathol179, 169-176. 

136 Polascik, T J, P Cairns, WYH Chang, MP Schoenberg & 0 Sidransky. (1995) Distinct regions of allelic loss 

on chromosome 4 in human primary bladder carcinoma, Cancer Res 55, 5396-5399. 

137 Popov, Z, A Hoznek, M Colombel, S Bastuji-Garin, M Lefrere-Belda, J Bellot, C Abboh, C Mazerolles & 0 

Chopin, (1997) p53 nuclear overexpression and proliferation as marker of tumor progression in bladder 

cancer, Cancer 80, 1472-1481. 

138 Presti, JC, VE Reuter, T Galan, WR Fair & C Cordon-Carda. (1991) Molecular genetic alterations in 

superficial and locally advanced human bladder cancer, Cancer Res 51, 5405-5409, 

139 Pycha, A, C Mian, J Hofbauer, C Brossner, A Haitel, H Wiener & M Marberger. (1999) Multlfocality of 

transitional cell carcinoma results from genetic instability of entire transitional epithelium, Urology 53. 92-

97. 

110 



References 

140 Pycha, A. C Mian, B Posch, A Haitel, M EI-Baz, MA Ghoneim & M Marberger. (1998) Numerical 

aberrations of chromosomes 7, 9 and 17 in squamous cell and transitional cell cancer of the bladder: a 

comparative study performed by fluorescence in situ hybridization, J Uro1160, 737-740. 

141 Richter, J, F Jiang, JP Gorog, G Sartorius, C Egenter, TC Gasser, H Moch, MJ Mihatsch & G Sauter. 

(1997) Marked genetic differences between stage pTa and stage pT1 papillary bladder cancer detected by 

comparative genomic hybridization, Cancer Res 57, 2860-2864. 

142 Risch, A. OM Wallace, S Bathers & E Sim. (1995) Slow N-acetylation genotype is a susceptibility factor in 

occupational and smoking related bladder cancer, Hum Mol Genet 4,231-236. 

143 Rosin, MP, P Caims, JI Epstein, MP Schoenberg & D Sidransky. (1995) Partial allelotype of carcinoma in 

situ of the human bladder, Cancer Res 55. 5213-5216. 

144 Ruppert, JM, K Tokino & D Sidransky. (1993) Evidence for two bladder cancer suppressor loci on human 

chromosome 9, Cancer Res 53, 5093-5095. 

145 Sambrook, J, E Fritsch & T Maniatis. (1989) Molecular cloning: a laboratory manual, 2nd ed. ed., Cold 

Spring Harbor Laboratory, New York. 

146 Sandberg, AA. (1994) Review of chromosome studies in urological tumors. II. Cytogenetics and molecular 

genetics of bladder cancer, J Uro1151, 545-560. 

147 Sarkis, AS, G Dalbagni, C Cordon-Cardo, J Melamed, ZF Zhang, J Sheinfeld, WR Fair, HW Herr & VE 

Reuter. (1994) Association of p53 nuclear overexpression and tumor progression in carcinoma in situ of 

the bladder, J Uro1152, 388-392. 

148 Sauter, G, P Carroll, H Moch, A Kallioniemi. R Kerschmann, P Narayan, M Mihatsch & F Waldman. (1995) 

C-myc copy number gains in bladder cancer detected by fluorescence in situ hybridization, Am J Pathol 

146,1131-1139. 

149 Sauter, G, H Moch, P Carroll, R Kerschmann, MJ Mihatsch & FM Waldman. (1995) Chromosome-9 loss 

detected by fluorescence in situ hybridization in bladder cancer, Int J Cancer 64, 99-103. 

150 Sauter, G, H Moch, D Moore, P Carroll, R Kerschmann, K Chew, J Mihatsch, F Gudat & F Waldman. 

(1993) Heterogeneity of erbB-2 gene amplification in bladder cancer, Cancer Res 53, 2199-2203. 

151 Schlechte, HH, 0 Schnorr, T Loning, BD Rudolph, UM Pohrt & SA Loening. (1997) Mutation of the tumor 

suppressor gene p53 in human prostate and bladder cancers-investigation by temperature gradient gel 

electrophoresis (TGGE), J Uro1157, 1049-1053. 

152 Schultz, DC, L Vanderveer, KH Buetow, MP Boente, RF Ozols, TC Hamilton & AK Godwin. (1995) 

Characterization of chromosome 9 in human ovarian neoplasia identifies frequent genetic imbalance on 9q 

and rare alterations involving 9p, including CDKN2, Cancer Res 55, 2150-2157. 

153 Shanley, SM, H Dawkins, BJ Wainwright, C Wicking, P Heenan, MEldon, J Searle & G Chenevix-Trench. 

(1995) Fine deletion mapping on the long arm of chromosome 9 in sporadic and familial basal cell 

carcinomas, Hum Mol Genet 4,129-133. 

154 Shaw, ME, PA Elder, A Abbas & MA Knowles. (1999) Partial al1elotype of schistosomiasis-associated 

bladder cancer, Int J Cancer 80, 656-661. 

155 Shaw, ME & MA Knowles. (1995) Deletion mapping of chromosome 11 in carcinoma of the bladder, 

Genes Chrom Cancer 13,1-8. 

156 Shibata, A. PF Ohneseit, YC Tsai, CHr Spruck, PW Nichols, HS Chiang, MK Lai & PA Jones. (1994) 

Mutational spectrum in the p53 gene in bladder tumors from the endemic area of black foot disease in 

Taiwan, Carcinogenesis 15, 1085-1087. 

157 Shipman, R, P Schrami, M Colombi, G Raefle & CU Ludwig. (1993) Loss of heterozygosity on 

chromosome 11 p13 in primary bladder carcinoma, Hum Genet 91, 455-458. 

158 Sidransky, D, P Frost, A Von Eschenbach, R Oyasu, AC Preisinger & B Vogelstein. (1992) Clonal origin of 

bladder cancer, New Engl J Med 326, 737-740. 

159 Simon, R, H Burger, C Brinkschmidt, W Bocker, L Hertle & HJ Terpe. (1998) Chromosomal aberrations 

associated with invasion in papillary superficial bladder cancer, J Pathol185, 345-351. 

160 Simoneau, AR, CHr Spruck, M Gonzalez-Zulueta, ML Gonzalgo, MF Chan, YC Tsai, M Dean, K Steven, T 

Hom & PA Jones. (1996) Evidence for two tumor suppressor loci associated with proximal chromosome 9p 

111 



References 

to q and distal chromosome 9q in bladder cancer and the initial screening for GAS1 and PTC mutations, 

Cancer Res 56, 5039~5043. 

161 Simoneau, M, TO Aboulkassim, H LaRue, F Rousseau & Y Fradet. (1999) Four tumor suppressor loci on 

chromosome 9q in bladder cancer: evidence for "tvIIo novel candidate regions at 9q22.3 and 9q31, 

Oncogene 18, 157-163. 

162 Smith, G, LA Stanley, E Sim, RC Strange & CR Wolf. (1995) Metabolic polymorphisms and cancer 

susceptibility, Cancer Surveys 25, 27-65. 

163 Solomon. E, J Borrow & AD Goddard. (1991) Chromosome aberrations and cancer, Science 254, 1153-

1160. 

164 Southgate, J, J Proffitt, P Roberts, B Smith & P Selby. (1995) Loss of cyclin-dependent kinase inhibitor 

genes and chromosome 9 karyotypic abnormalities in human bladder cancer cell lines, Br J Cancer 72, 

1214-1218. 

165 Spruck III, CH, PF Ohneseit, M Gonzalez~Zulueta, D Esrig, N Miyao, YC Tsai, SP Lerner, C Schmutte. AS 

Yang, R Cote, L Dubeau, PW Nichols, GG Hermann, K Steven, THorn, DG Skinner & PA Jones. (1994) 

Two molecular pathways to transitional cell carcinoma of the bladder, Cancer Res 54, 784-788. 

166 Spruck III, CH, WM Rideout III, AF Olumi, PF Ohneseit, AS Yang, YC Tsai, PW Nichols, THorn, GG 

Hermann, K Steven, RK Ross, MC Yu & PA Jones. (1993) Distinct pattern of p53 mutations in bladder 

cancer: relationship to tobacco usage, Cancer Res 53, 1162-1166. 

167 Steck, PA, MA Pershouse, SA Jasser, WK Yung, H Lin, AH Ligon, LA Langford, ML Baumgard, T Hattier, 

T Davis, C Frye, R Hu, B Swedlund, DH Teng & SV Tavtigian. (1997) Identification of a candidate tumour 

suppressor gene, MMAC1, at chromosome 10q23.3 that is mutated in multiple advanced cancers, Nature 

Genet 15, 356-362. 

168 Stoler, DL, N Chen, M Basik, MS Kahlenberg, MA Rodriguez-Bigas. NJ Petrelli & GR Anderson. (1999) 

The onset and extent of genomiC instability in sporadic colorectal tumor progression, Proc Natl Acad Sci 

USA 96,15121-15126. 

169 Takahashi, T, T Habuchi, Y Kakehi, K Mitsumori, T Akao, T Terachi & 0 Yoshida. (1998) Clonal and 

chronological genetic analysis of multifocal cancers of the bladder and upper urinary tract, Cancer Res 58, 

5835-5841. 

170 Takle, LA & MA Knowles. (1996) Deletion mapping implicates "tvIIo tumour suppressor genes on 

chromosome 8p in the development of bladder cancer, Oncogene 12, 1083-1087. 

171 Tamimi, Y, PP Bringuier, F Smit, A van Bokhoven, A Abbas, FM Debruyne & JA Schalken. (1996) 

Homozygous deletions of p16(INK4) occur frequently in bilharziasis-associated bladder cancer, Int J 

Cancer 68, 183-187. 

172 Tanaka, K & RD Wood. (1994) Xeroderma pigmentosum and nucleotide excision repair of DNA, TIBS 19, 

83-86. 

173 Tanaka, M. (1995) Gelsolin: a candidate for suppressor of human bladder cancer, Cancer Res 55. 3228-

3232. 

174 Taylor, JA. (1996) p53 mutations in bladder tumors from arylamine-exposed workers, Cancer Res 55, 294-

298. 

175 Tetu, B, P Allard, Y Fradet, N Roberge & P Bernard. (1996) Prognostic significance of nuclear DNA 

content and S-phase fraction by flow cytometry in primary papillary superficial bladder cancer, Hum Pathol 

27. 922-926. 

176 Tsai, YC, PW Nichols, AL Hiti, Z Williams, DG Skinner & PA Jones. (1990) AJlelic losses of chromosomes 

9, 11, and 17 in human bladder cancer, Cancer Res 50, 44-47. 

177 Tsuji, M, K Kojima, Y Murakami, H Kanayama & S Kagawa. (1997) PrognostiC value of Ki-67 antigen and 

p53 protein in urinary bladder cancer: immunohistochemical analysis of radical cystectomy specimens, Br 

J Uro179, 367-372. 

178 Tuck-Muller, CM, A Narayan, F Tsien, DF Smeets, J Sawyer, ES Fiala, OS Sohn & M Ehrlich. (2000) DNA 

hypomethylation and unusual chromosome instability in cell lines from ICF syndrome patients, Cytogenet 

Cell Genet 89,121-128. 

112 



References 

179 Underwood, M, J Bartlett, J Reeves, DS Gardiner, R Scott & T Cooke. (1995) C-erbB~2 gene amplification: 

a molecular marker in recurrent bladder tumors?, Cancer Res 55, 2422-2430. 

180 Vajo, Z, CA Francomano & DJ Wilkin. (2000) The molecular and geneflc basis of fibroblast growth factor 

receptor 3 disorders: the achondroplasia family of skeletal dysplasias, Muenke craniosynostosis, and 

Crouzon syndrome with acanthosis nigricans, Endocr Rev 21, 23-39. 

181 van Dekken. H, FT Bosman. R Teijgeman, CJ Vissers, TA Tersteeg, HMJ Kerstens, GP Vooijs & MJ 

VerhOfstad. (1993) Identification of numerical chromosome aberrations in archival tumours by in situ 

hybridization to routine paraffin sections: evaluation of 23 phaeochromocytomas, J Pathol171, 161~171. 

182 van Oijen, MG & PJ Siootweg. (2000) Oral field cancerization: carcinogen-induced independent events or 

micrometastatic deposits?, Cancer Epidemiol Biomarkers Prev 9. 249~256. 

183 van Rhijn, B, I Lurkin, W Kirkels. T van der Kwast & E Zwarthoff. FGFR3 mutation: a strong indicator of 

superficial bladder cancer with low recurrence rate. Submitted. 

184 van Slegtenhorst, M, R de Hoogt. C Hermans, M Nellist. B Janssen, S Verhoef, 0 Lindhout, A van den 

Ouweland, 0 Halley, J Young, M Burley, S Jeremiah, K Woodward, J Nahmias, M Fox, R Ekong, J 

Osborne, J Wolfe, S Povey. RG Snell, JP Cheadle, AC Jones, M Tachatakl, D Ravine, OJ Kwiatkowski & 

et aI. (1997) Identification of the tuberous sclerosis gene TSC1 on chromosome 9q34. Science 277, 805-

808. 

185 van Tilborg, MG, A de Vries & EC Zwarthoff. The chromosome 9q genes TGFBR1, TSC1 and ZNF189 do 

not playa prominent role in bladder cancer pathogenesis. Submitted. 

186 van Tilborg, MG, LE Groenfeld, TH van der Kwast & EC Zwarthoff. (1999) Evidence for two candidate 

tumour suppressor loci on chromosome 9q in transitional cell carcinoma (TCC) of the bladder but no 

homozygous deletions in bladder tumour cell lines, Br J Cancer 80, 489-494. 

187 van Trlborg, MG, AC Hekman, KJ Vissers, TH van der Kwast & EC Zwarthoff. (1998) Loss of 

heterozygosity on chromosome 9 and Joss of chromosome 9 copy number are separate events in the 

pathogenesis of transitional cell carcinoma of the bladder, Int J Cancer 75, 9~ 14. 

188 VellUCCi, VF & M Reiss. (1997) Cloning and genomic organization of the human transforming growth 

factor-beta type I receptor gene, Genomics 46, 278-283, 

189 Vessey, CJ, CJ Norbury & 10 Hickson. (1999) Genetic disorders associated with cancer predisposition and 

genomic instability, Prog Nucleic Acid Res Mol Bioi 63, 189~221. 

190 Visser, 0, J Coebergh, L Schouten & J van Oijck. (1998) Incidence of cancer in the Netherlands 1995. 

Seventh report of the Netherlands Cancer Registry, Vereniging van Integrale Kankercentra, Utrecht. 

191 Visser, 0, L Schouten & B Elberse. (2000) Feiten en fabels over kanker in Nederland, Vereniging van 

Integrale Kankercentra, Utrecht. 

192 Vogelstein, B, ER Fearon, SE Kern, SR Hamilton, AC Preisinger, Y Nakamura & R White. (1989) 

Allelotype of colorectal carcinomas, Science 244, 207-211. 

193 Vogelstein, B & KW Kinzler. (1993) The mulflstep nature of cancer. Trends Genet 9, 138-141. 

194 Vollmer, RT, PA Humphrey, PE Swanson, MR Wick & ML Hudson. (1998) Invasion of the bladder by 

transitional cell carcinoma: its relation to histologiC grade and expression of p53, MIB-1, c-erb B-2, 

epidermal growth factor receptor, and bcl-2, Cancer 82, 715-723. 

195 von Knobloch, R, P Bugert, A Jauch, T Kalble & G Kovacs. (2000) Allelic changes at multiple regions of 

chromosome 5 are associated with progression of urinary bladder cancer, J Pathol 190, 163-168. 

196 Voorter, C, S Joos, M Vallinga, PP Bringuier, P Poddighe, J Schalken, S Ou Manoir, F Ramaekers, P 

Lichter & A Hopman. (1995) Detection of chromosomal imbalances in transitional cell carcinoma of the 

bladder by comparative genomic hybridization, Am J Pathol146, 1341-1354. 

197 Wagner, U, G Sauter, H Moch, H Novotna, R Epper, MJ Mihatsch & FM Waldman. (1995) Patterns of p53, 

erbB-2, and EGF-r expression in premalignant lesions of the urinary bladder, Hum Pathol 26. 970-978. 

198 Wandel, F, A Estreicher. L Bron, JM Flaman, C Fontolliet. P Monnier, T Frebourg & R Iggo. (1997) Field 

cancerisation and polycional p53 mutation in the upper aerO-digestive tract, Oncogene 14, 163-169. 

199 Warren, W, PJ Biggs, M el~Baz, MA Ghoneim, MR Stratton & S Venitt. (1995) Mutations in the p53 gene in 

schistosomal bladder cancer: a study of 92 tumours from Egyptian patients and a comparison between 

113 



References 

mutational spectra from schistosomal and non·schistosomal urothetial tumours, Carcinogenesis 16, 1181· 

1189. 

200 Weeda G, de Boer J, Donker I, de Wit J, Winkler SB, van der Horst GT, Vermeulen W, Bootsma D & JH 

Hoeijmakers. (1998) Molecular basis of DNA repair mechanisms and syndromes. Recent Results Cancer 

Res 154, 147·155. 

201 Weston, A, JC Willey, R Modali, H Sugimura, EM McDowell, J Resau, B Light, A Haugen, DL Mann, BF 

Trump & et al. (1989) Differential DNA sequence deletions from chromosomes 3, 11, 13, and 17 in 

squamous-cel1 carcinoma, large--celJ carcinoma, and adenocarcinoma of the human lung, Proc Natl Acad 

Sci USA 86, 5099·5103. 

202 Wheeless, LL, JE Reeder, R Han, DC MJ, IN Frank, AT Cockett & AH Hopman. (1994) Bladder irrigation 

specimens assayed by fluorescence in situ hybridization to interphase nuclei, Cytometry 17, 319--326. 

203 Williamson, MP, PA Elder & MA Knowles. (1994) The spectrum of TP53 mutations in bladder carcinoma, 

Genes Chrom Cancer 9, 1 08~118. 

204 Williamson, MP, PA Elder, ME Shaw, J Devlin & MA Knowles. (1995) P16 (CDKN2) is a major deletion 

target at 9p21 in bladder cancer, Hum Mol Genet 4, 1569·1577. 

205 Wu, Q, L Possati, M Montesi, F Gualandi, P Rimessi, C Morelli, C Trabanelli & G Barbanti~Brodano. (1996) 

Growth arrest and suppression of tumorigenicity of bladder-carcinoma cell lines induced by the 

p16/CDKN2 (p16INK4A, MTS1) gene and other loci on human chromosome 9, tnt J Cancer 65, 840-846. 

206 Xu, GL, TH Bestor, D Bourc'his, CL Hsieh, N Tommerup, M Bugge, M Hulten, X Ou, JJ Russo & E Viegas~ 

Pequignot. (1999) Chromosome instability and immunodeficiency syndrome caused by mutations in a 

DNA methyltransferase gene, Nature 402, 187-191. 

207 Yamagata, K, JI Kato, A Shimamoto, M Goto, Y Furuichi & H Ikeda. (1998) Bloom's and Werner's 

syndrome genes suppress hyperrecombination in yeast sgs1 mutant: implication for genomic instability in 

human diseases, Proc Natl Acad Sci USA 95, 8733--8738. 

114 



Dankwoord 

Dankwoord 

Hierbij wil ik graag iedereen bedanken die op enigerlei wijze heeft bijgedragen aan de 

totstandkoming van dit proefschrift. 

115 



Dankwoord 

Zo gemakkelijk kom ik er natuurlijk niet vanaf. Oat zou ik ook niet willen. Promoveren doe je 

nou eenmaal niet aileen. De afgelopen jaren heb ik met buitengewoon veel plezier gewerkt 

op de afdeling Pathologie. Oit is voor een groot deel te danken aan de collegialiteit en 

betrokkenheid van aile medewerkers. Ondanks dat ik mensen ga vergeten, zal ik er toch een 

paar bij name noemen. 

In de eerste plaats mijn copromot~r en directe begeleider. Beste Ellen, dat 

"bescheiden meisje" wat je alweer zoveel jaar geleden aannam, heeft ontzettend veel van je 

geleerd. Je betrokkenheid bij het onderzoek maakte soms dat ik me afvroeg of jij opnieuw 

ging promoveren. Je kritische houding ten opzichte van de presentatie van een onderzoek, 

zowel mondeling als schriftelijk, heeft ervoor gezorgd dat, na langdurig discussieren, 

herkauwen en - ik ben de tel kwijt - vele revisies (en vele pakken printerpapier), het 

uiteindelijke resultaat er mag zijn. Ik ben blij dat we de samenwerking nog een tijdje voort 

kunnen zetten. Mijn promotoren, Professor Bootsma en Professor van der Kwast, wil ik 

bedanken voor hun interesse en bijdrage aan dit proefschrift. De leden van de kleine 

commissie wll ik bedanken voor hun snelle en kritische lezing van het manuscript. 

Mijn labgenoten: in de loop der jaren zijn het er velen geweest. Menig analist heb ik 

'versleten': met Kees heb ik gezamenlijk geworsteld met chromosomen knippen, pepptes, 

doppies en facsen. Met Arnold heb ik vele ftlosofische koffiemomenten gedeeld en niet te 

vergeten de kou van het paraffineblokjes~archief. Met Annie heb ik vele 'verliezen' gescoord, 

op ongrijpbare mutaties gejaagd, films gearchiveerd en tabellen gemaakt. Natuurlijk wil ik 

ook Lilian niet vergeten met haar onverwoestbaar optimisme en werklust. Eric, jarenlang mijn 

kamergenoot en klaagmuur, veel succes in het NKI. Van het huidige lab 304 wil ik Irene, 

Bas, Karel, Magda, Albert-Jan en Marcel met name noemen voor hun hulp en gezelligheid. 

De studenten Maarten en Christine hebben bijgedragen met hun helpende handen en 

prikkelende vragen. Buiten het lab om zijn de vele BW-gerechten, gesprekken en 

vakantiefoto's van Monique en Nicole een fijne ontspanning geweest. Mijn familie wil ik 

natuurlijk bedanken voor aile aandacht, steun en interesse. Ais laatste wi] ik iedereen 

bedanken die de moeite neemt met dit dankwoord te beginnen. Probeer hierna eens de 

samenvatting. 

116 



(Zuch!....)TM 

117 



List of Publications 

List of publications 

Kummer, JA, Tak, PP, Brinkman, MN, van Tilborg, AAG, Kamp, AM, Verweij, eL, Daha, MR, 

Meinders, AE, Hack, CE, Breedveld, FC, Expression of Granzymes A and B in synovial tissue from 

patients with rheumatoid arthritis and osteoarthritis. Clin Immunollmmunopatho{ (1994) 73: 88~95. 

Cornelis, RS, Vasen, HFA, Meijers-Heijboer, H, Ford, D, van Vliet, M, van Ti!borg, AAG, Cleton, FJ, 

Klijn, JGM, Menko, FH, Meera Khan, P, Cornelisse, CJ, Devilee, P, Age at diagnosis as an indicator of 

eligibility for BRCA1 DNA-testing in familial breast cancer. Hum Genet (1995) 95: 539-544. 

Van TUborg, AAG, Hekman, ACP, Vissers, KJ, van der Kwast, TH, Zwarthoff, EC, Loss of 

heterozygosity on chromosome 9 and loss of chromosome 9 copy number are separate events in the 

pathogenesis of transitional cell carcinoma of the bladder. Int J Cancer (1998) 75: 9-14. 

Van Tilborg, AAG, Groenfeld, LE, van der Kwast, TH, Zwarthoff, EC, Evidence for two candidate tumor 

suppressor loci on chromosome 9q in transitional cell carcinoma (TCC) of the bladder but no 

homozygous deletions in bladder tumor cell lines. 8r J Cancer (1999) 80: 489-94. 

Van Tilborg, AAG, de Vries, A, Zwarthoff, EC, The chromosome 9q genes TGFBR1, TSC1 and 

ZNF189 are rarely mutated in bladder cancer. Accepted for publication in J Pathol. 

Van Tilborg, AAG, de Vries, A, de Bont, M, Groenfeld, LE, van der Kwast, TH, Zwarthoff, EC, 

Molecular evolution of multiple recurrent cancers of the bladder. Hum Mol Genet (2000) Dec. 

Van Tilborg, AAG, de Vries, A, de Bont, M, Groenfeld, LE, Zwarthoff, EC, Variable losses of 

chromosome 9q regions in multiple recurrent bladder tumors prohibit the localization of a postulated 

tumor suppressor gene, Submitted. 

Kros, JM, de Greve, K, van Tilborg, AAG, Hop, WCJ, Pieterman, H, Avezaat, CJJ, Lekanne dit 

Deprez, RH, Zwarthoff, EC, NF2 status of meningiomas is associated with tumor localiZation and 

histology. Submitted. 

Den Bakker, MA, van Tilborg, AAG, Kros, JM, Zwarthoff, EC, Truncated NF2 proteins are not detected 

'In meningiomas and schwannomas. Submitted. 

118 



Curriculum Vitae 

Curriculum Vitae 

27 september 1971 

1989 

1989-1994 

Hoofdvakstage: 

Bijvakstages: 

1994-1999 

1999-

Geboren te 'sMGravenhage 

Eindexamen Gymnasium p aan het Chrlstelijk Lyceum te Gouda 

Studle Biomedische Wetenschappen aan de 

Faculteit der Geneeskunde, Rijks Universiteit Lelden 

Afdeling Pathologie/Anthropogenetica, Sylvlus Laboratorium Leiden, 

begeJeider Dr. P. Devilee 

Afdel1ng FysioJogie/Ethofarmacologie, Sylvlus Laboratorium Leiden, 

o.l.v. Dr. M. R. Kruk 

AfdeJing RheumatoJogie, Academisch Ziekenhuis Leiden, 

oJ.v. Dr. P. P. Tak, Prof. Dr. M. Oaha 

Afdel1ng Virologie, Academisch Ziekenhuis Leiden, 

o.l.v. Dr. R. G. van der Most, Prof. Dr. W. Spaan 

Promotle onderzoek, afdeling Pathologie, Erasmus Universiteit Rotterdam 

Promotor: Prof. Dr. D. Bootsma 

Prof. Dr. Th. H. van der Kwast 

Dr. E. C. Zwarthoff 

Wetenschappe!ljk onderzoeker (PostMOoc) bij de afdeling Pathologie, 

Erasmus Universiteit Rotterdam 

119 




	The Molecular Pathogenesis of Bladder Cancer = De moleculaire pathogenese van blaaskanker
	Index
	List of Abbreviations
	Chapter 1. General Introduction
	Chapter 2. Loss of heterozygosity on chromosome 9 and loss of chromosome 9 copy number are separate events in the pathogenesis of transitional cell carcinoma of the bladder.

Van Tilborg AA, Hekman AC, Vissers KJ, van der Kwast TH, Zwarthoff EC.

Int J Cancer. 1998 Jan 5;75(1):9-14.

PMID:9426683[PubMed - indexed for MEDLINE] 
	Chapter 3. Evidence for two candidate tumour suppressor loci on chromosome 9q in transitional cell carcinoma (TCC) of the bladder but no homozygous deletions in bladder tumour cell lines.

van Tilborg AA, Groenfeld LE, van der Kwast TH, Zwarthoff EC.

Br J Cancer. 1999 May;80(3-4):489-94.

PMID:10408858[PubMed - indexed for MEDLINE] Free PMC Article
	Chapter 4. The chromosome 9q genes TGFBR1, TSC1, and ZNF189 are rarely mutated in bladder cancer.

van Tilborg AA, de Vries A, Zwarthoff EC.

J Pathol. 2001 May;194(1):76-80.

PMID:11329144[PubMed - indexed for MEDLINE] 
	Chapter 5. Molecular evolution of multiple recurrent cancers of the bladder.

van Tilborg AA, de Vries A, de Bont M, Groenfeld LE, van der Kwast TH, Zwarthoff EC.

Hum Mol Genet. 2000 Dec 12;9(20):2973-80.

PMID:11115841[PubMed - indexed for MEDLINE] Free Article
	Chapter 6. Variable losses of chromosome 9q regions in multiple recurrent bladder tumors prohibit the localization of a postulated tumor suppressor gene. Angela AG van Tilborg, Annie de Vries, Maarten de Bont, Lilian E Groenfeld, & Ellen C Zwarhoff
	Chapter 7. General Discussion
	Samenvatting
	Dankwoord
	List of publications
	Curriculum Vitae

