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It's true
Life will smile for you
It's true
Life will smile for you

You thought you knew it all
But let me tell you
You're not the only one by far
Let's knock down all these walls
Take the first step and you will get there in time

It's true
Life will smile for you

Axwell & Sebastian Ingrosso
vs. Salem Al Fakir 2007
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1. Introduction

1.1 Epidemiology
Bladder cancer (BC) is the most prevalent type of urothelial cancer and is associated with the
highest costs of all cancer types due to intensive patient surveillance. Because bladder tumors
frequently recur, patients need to be monitored extensively [1-4]. Incidence increases with age
with the highest frequency between the ages of 60-70 years.
The strongest risk factors associated with BC are smoking, occupational exposure to 
carcinogens and chronic infection of the Schistosoma haematobium parasite [5]. 
Recent genome-wide association studies identified multiple loci to be associated with the 
susceptibility to BC [6, 7]. Mostly men are affected at a ratio of 3:1 and this is mainly explained
by the difference in smoking behavior [8]. 
Histological subtypes of bladder cancer include urothelial cell carcinoma (90%), squamous cell
carcinoma (6-8%) and adenocarcinoma (1-2%). Urothelial cell carcinoma originates from the
epithelial layer of the bladder (urothelium). Squamous cell carcinoma is mainly found in 
developing countries and associated with chronic infection of S. haematobium.  

1.2 Symptoms and diagnosis
The most important symptom of bladder cancer is painless micro- or macroscopic hematuria.
Less frequently observed symptoms include frequency, urgency (sudden urge to urinate) and
dysuria (pain during urination), but these symptoms are not specifically associated with bladder
tumors and are also found in cystitis, prostatitis or bladder stones.
When patients present at the urologist with these complaints, the presence of hematuria will first
be investigated. Additionally, urine cytology is performed. The definitive diagnosis is made
through endoscopic investigation of the bladder by using a cystoscope (Figure 1a).
A cystoscope consists of a light source and a tube containing either lenses or optical fibers to
transport an image recorded at the tip of the instrument to a monitor. A rigid or flexible scope
can be used depending on the purpose of the investigation. The cystoscope is placed into the
urethra until the bladder is reached. The bladder is filled with water and investigated. Originally
only white-light was used during cystoscopy, but over the years some disadvantages became
apparent and lead to the development of new techniques. It is not possible to determine the
histologic stage and grade of a tumor with classic white-light cystoscopy and this necessitates
a second investigation. Additionally, white-light cystoscopy has a low sensitivity for the detec-
tion of carcinoma in situ (CIS). More recently, photodynamic diagnosis (PDD) was developed to
improve cystoscopic detection of bladder tumors. During PDD fluorescence (blue light) is used.
Prior to investigation, a photosensitizer ((hexi)-5-aminolaevulinic acid, 5-HAL or 5-ALA) is
instilled into the bladder for one hour and the cystoscopy is carried out within two hours after
emptying the bladder. Multiple studies demonstrated a higher sensitivity of PDD than white-light
cystoscopy for the detection of papillary lesions and CIS, but the low specificity still remains a
problem (Figure 1b) [9-11]. Narrow band imaging (NBI) is a new technique that does not require
administration of an exogenous contrast agent. The technique uses different wave lengths 
(narrow bandwidths) strongly absorbed by hemoglobin, thus enhancing the contrast between
bladder mucosa and vascular structures. In the same line, more vascularized malignant tissue
is distinguished easier from normal urothelial tissue (Figure 1c). Studies demonstrated a higher
sensitivity for NBI compared to classic white-light cystoscopy, but NBI is still in the developing
phase and more research is needed [12-14]. As seen with PDD, the specificity of NBI is also
negatively influenced by factors, like prior use of Bacillus-Calmette Guerin (BCG), bleeding 
during the procedure and the presence of inflammation.
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Figure 1 
 
A 

 
 
Endoscopic investigation of the bladder using a cystoscope. 
From: Mayo Foundation for Medical Education and Research (MFMER).  
All rights reserved.  
 
 
B 

 

Endoscopic investigation of the bladder using a cystoscope.
From: Mayo Foundation for Medical Education and Research (MFMER). All rights reserved.

Photodynamic diagnosis: Detection of a papillary lesion with white light on the left and PDD on the right.
From: www.robourology.co.uk
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Narrow band imaging: Detection of a papillary bladder tumor with white light on the left and narrow band imaging on the right.
From: E. Cauwberg et al. Eur. Urol. 56, (2009) 287-297

When a suspicious lesion is detected in the bladder, either a biopsy is taken or a diagnostic
trans-urethral resection (TUR) of the lesion is performed at a second visit. The treatment 
strategy following TUR is mainly determined by the histopathological outcome of the resected
specimen. Residual disease and tumor recurrence are associated with incomplete TUR and
therefore, it is recommended that the resected specimen should contain the deepest growing
parts of the lesion to assess tumor invasion and to select the appropriate treatment. 
Ultrasound or computed tomography (CT) urography can be used to visualize the upper urinary
tract in case of hematuria or positive urine cytology in the absence of a cystoscopically evident
bladder lesion.

1.3 Pathological staging and grading
Histopathological staging of bladder tumors is performed according to the 2009 TNM-
classification system approved by the Union International Contre le Cancer. In this system, 
T-stage describes the extent of tumor invasion into the bladder wall, N-stage describes 
the involvement of regional lymph nodes and M-stage describes the presence of distant 
metastasis (Figure 2).

 

Histopathological staging of bladder cancer according to
the 2009 TNM classification system.

Tis : Carcinoma in situ,

Ta : non-invasive papillary carcinoma,

T1 : tumor invades subepithelial lamina propria,

T2a: tumor invades superficial muscle (inner half),

T2b: tumor invades deep muscle (outer half),

T3 : tumor invades perivesical fat,

T4 : tumor invades surrounding structures 
(prostate, uterus, vagina, pelvic wall, abdominal wall)

From: Turo et al. Medicine Volume 40, Issue 1,
January 2012, Pages 14-19

Figure 2

C 

 



Up to 2004, bladder tumors were graded according to the 1973 World Health Organization
(WHO) classification system (Figure 3a). This system classifies tumors according to the grade of
differentiation of urothelial tumor cells (grade 1 to 3). The psychological and financial burden 
of having “cancer” in a subset of patients with low-grade tumors, which have a very low risk of
progression, and the high interobserver variability between pathologists lead to the development
of the new WHO grading system in 2004. 
The new system distinguishes flat lesions (hyperplasia, reactive atypia, dysplasia and CIS) and
papillary lesions (benign urothelial papilloma, papillary lesion of low malignant potential
(PUNLMP), low- and high grade papillary urothelial carcinoma (Figure 3a, 3b)). 
Although the WHO 2004 grading system shows somewhat less interobserver variability, there is
still debate on the prognostic value of one grading system over the other in the absence of large
prospective trials. As most studies are performed with the WHO 1973 grading system and 
globally accepted guidelines are based on this grading system, we used the 1973 system in our
studies.
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Figure 3a 

1973 WHO grading
Urothelial papilloma
Grade 1: well differentiated
Grade 2: moderately differentiated
Grade 3: poorly differentiated

2004 WHO grading
Flat lesions
Hyperplasia (flat lesion without atypia or papillary aspects)
Reactive atypia (flat lesion with atypia)
Atypia of unknown significance
Urothelial dysplasia
Urothelial CIS
Papillary lesions
Urothelial papilloma (completely benign lesion)
Papillary urothelial neoplasm of low malignant potential (PUNLMP)
Low-grade papillary urothelial carcinoma
High-grade papillary urothelial carcinoma

The WHO 2004 system compared to the WHO 1973 system for tumor grade.
From: Maclennan et al. Eur Urol 2007 Apr;51(4):889-98

Figure 3b



1.4 Treatment
BC is divided into non-muscle invasive (NMI; Tis, Ta, T1) or muscle-invasive (MI; T2, T3, T4) 
disease (Figure 2). Almost 80% of the BC patients present with NMI tumors and the prognosis
is good with a five-year survival of 80-90%. Tumors are removed by TUR, but 70% of the
patients will have at least one recurrence within five years [3]. Approximately 10-20% of these
patients will have progression to MI disease [15, 16]. After diagnostic TUR, NMIBC patients are
divided into subgroups according to the probability of recurrence and progression (Figure 4).
This subdivision is used to select the appropriate adjuvant treatment. Patients at a low risk of
recurrence or progression should receive one immediate intravesical instillation of chemotherapy
(epirubicine, doxorubicin or Mitomycin C) within 24 hours following TUR. Patients with an 
intermediate or high risk of recurrence and progression should receive one immediate intra-
vesical instillation followed by BCG instillations for at least one year or should receive a radical
cystectomy if intravesical treatment fails (EAU clinical guidelines).
Patients with MIBC are primarily treated by radical cystectomy and lymph node dissection. 
In case of non-resectable tumors, palliative cystectomy or palliative radiotherapy can be 
performed. Depending on the patient performance score and comorbidity (neo)adjuvant 
systemic chemotherapy can be offered. Despite these treatment options, the 5-year survival
rate of MIBC patients is less than 50%.

1.5 Surveillance in non-muscle invasive bladder cancer
Currently, frequency of follow-up cystoscopies is determined by the risk of recurrence and 
progression according to the European Association of Urology (EAU) (Figure 4). 
The most important factor predicting recurrence and progression is outcome at first cystoscopy
following TUR. Therefore, cystoscopy is performed at 3 months after TUR in all NMIBC patients.
Low-risk tumors are stage Ta, grade 1-2, small tumor size, solitary lesions and the absence of
CIS. Since these patients mostly have recurrences of low stage and grade with a low risk of 
progression, cystoscopy is recommended at 3 months, and if negative at 9 months and then
yearly for 5 years. A high-risk profile includes tumors of stage T1, grade 3, large in size, 
multiple lesions and the presence of CIS. These patients should receive a cystoscopy and urine
cytology at 3 months, if negative a cystoscopy should be performed every 3 months for 2 years,
every 6 months thereafter up to 5 years and then yearly, including yearly CT-urography of the
upper urinary tract. According to the European guidelines, patients with an intermediate-risk
should receive an in-between follow-up schedule with cystoscopies and urine cytology 
adapted to patient individual risk factors. In all groups, patients restart their follow-up schedule
when a recurrence is detected.

1.6 Urinary biomarkers for the surveillance of non-muscle invasive bladder cancer
The high recurrence rate and progression to MI disease in 10-20% of NMIBC patients 
necessitates lifelong frequent cystoscopies and urine cytology. Although urine cytology and 
cystoscopy are currently the gold standard, there are still some limitations. Urine cytology has a
low sensitivity for the detection of low-grade bladder tumors (7-46%) [17, 18]. Flat carcinoma of
the bladder, i.e. carcinoma in situ, can be missed easily by cystoscopy and assessment of stage
and grade of the tumor is very difficult, even when cystoscopy is performed by an experienced
urologist. Additionally, upper urinary tract tumors cannot be detected. Cystoscopy is a costly
and invasive procedure causing pain and discomfort in one-third of the patients [19]. 
A urine-based marker to predict the presence of a recurrence could therefore reduce the 
number of cystoscopies (and costs), improve patient quality of life, improve prognosis by early
detection and create possibilities for new treatment options. 
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Figure 4

Number of tumors
Single 0 0
2-7 3 3
>8 6 3

Tumor diameter
<3 cm 0 0
≥3 cm 3 3

Prior recurrence rate
Primary 0 0
≤1 recurrence/year 2 2
>1 recurrence/year 4 2

T Category
Ta 0 0
T1 1 4

Concurrent CIS
No 0 0
Yes 1 6

Grade (WHO 1973)
G1 0 0
G2 1 0
G3 2 5

Total score 0-17 0-23

Patient weight scores for recurrence and progression according to clinical and pathological 
factors. CIS = Carcinoma in situ, WHO = World health organization
From: EAU guidelines, Sylvester et al. Eur Urol 49(2006): 466-477

0 15% (10,19) 31% (24,37)
1-4 24% (21,26) 46% (42,49)
5-9 38% (35,41) 62% (58,65)
10-17 61% (55,67) 78% (73,84)

0 0.2% (0,0.7) 0.8% (0,1.7)
2-6 1.0% (0.4,1.6) 6%    (5,8)
7-13 5%    (4,7) 17%  (14,20)

Recurrence and progression probability according to the patient weight score
From: EAU guidelines, Sylvester et al. Eur Urol 49(2006): 466-477

Factor Recurrence Progression

Recurrence Probability of Probability of
score recurrence at recurrence at

1 year  (95% CI) 5 years  (95% CI)

Progression Probability of Probability of
score progression at progression at

1 year  (95% CI) 5 years  (95% CI)
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There are some general requirements that should be considered in the development of a urine-
based marker. A urine-based assay should be easy to perform (also in non-academic centers)
with a high diagnostic accuracy (high sensitivity and specificity), low costs and should be repro-
ducible. At this moment, only two commercially available tests, which have been approved by
the United States Food and Drug administration (FDA) seem suitable for surveillance of patients
with NMIBC. ImmunoCyt has a higher sensitivity (60%) than cytology (7-46%) for the detection
of low-grade tumors, but has a lower specificity, requires trained personnel, has high costs and
a lot of material is needed to perform the assay. 
The UroVysion® fluorescence in situ hybridization (FISH) test has a higher sensitivity (66-70%)
than cytology for the detection of high-grade tumors, but is laborious, costly and a lot of 
material is needed to perform the assay [20]. Promising biomarkers, which are under 
investigation and used in this thesis will be described in the following section. 
High-risk BC patients are treated with multiple BCG instillations, which could cause severe side
effects, like urinary tract infections, frequency (frequent urination), hematuria and fever, affecting
full compliance of treatment. After multiple sessions of BCG over a period of weeks patients
receive a cystoscopy and depending on the outcome, they either continue maintenance BCG
or receive a cystectomy. Although it would be beneficial to have a biomarker predicting which
patients will respond to BCG treatment, currently no clinically applicable marker has been 
developed. Small studies have reported detection of inflammatory markers in urine during BCG
treatment, like dendritic cells and cytokines. Other interesting markers that can be used to
select patients prior to BCG treatment are detection of cytokine gene polymorphisms and gene
profiling with microarray technology. The possibilities of theses markers at different phases 
during treatment will be discussed in this thesis.

Fibroblast growth factor receptor-3 gene mutations
The fibroblast growth factor receptor (FGFR) family consists of four members (FGFR 1-4). 
The receptors have a common structure consisting of a ligand binding extracellular domain 
with three immunoglobin (Ig)-like domains, a hydrophobic transmembrane domain, and an 
intracellular tyrosine kinase domain (Figure 5a). Binding of a ligand (fibroblast growth factor)
causes dimerization of two receptors and this activates the tyrosine kinase domain regulating
intracellular signaling. The FGFR3 gene is located on chromosome 4p16.3. There are multiple
isoforms of FGFR3 that are expressed in different tissues of the body, e.g. bone FGFR3c and
epithelial cells FGFR3.  
Cappellen et al. were the first to identify mutations of the FGFR3 gene in bladder tumors [21].
Previously, mutations in FGFR3 were known to be associated with skeletal disorders, such as
hypochondroplasia, achondroplasia, severe achondroplasia with developmental delay and
acanthosis, nigricans (SADDAN) and thanatophoric dysplasia. In these diseases, activating
point mutations of FGFR3 lead to premature differentiation of chondrocytes in the growth plate
causing dwarfism [22-25]. Oncogenic properties of FGFR3 were identified in multiple myeloma
(MM) where 20-25% of the tumor cells contained a chromosomal translocation
t(4;14)p16.3;q32.3) that was associated with overexpression of FGFR3 [26, 27]. This lead to the
question whether FGFR3 played a role in epithelial carcinomas and Cappellen et al. demon-
strated the presence of FGFR3 mutations in 35% of the investigated bladder tumors [21]. In the
following years, 11 missense mutations leading to ligand-independent activation of the recep-
tor (Figure 5b), have been identified. Interestingly, it was found that these mutations were asso-
ciated with tumors of low stage and grade [28, 29]. Subsequently, studies demonstrated that
FGFR3 mutations were associated with a low frequency of chromosomal alterations and a low
risk of progression to MI disease [30-33]. 
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Figure 5a

Figure 5b

TM TK1 TK2 Ig III Ig II Ig I 

Structure of the FGFR3 protein. Extracellular domains include three immunoglobin-like
domains (Ig), a transmembrane domain (TM) and two intracellular kinase domains (TK). 

MEMBRANE 

FGF 

PROLIFERATION/CELL GROWTH 

DIMERIZATION 
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MEMBRANE 

FGF 

PROLIFERATION/CELL GROWTH 

MUTATION 

Normal activation of the FGFR3 receptor requires binding of FGF, leading to intracellular 
signaling. The most frequent point mutations lead to a change of an amino acid to a cysteine
residue. A cysteine from one receptor forms a stable disulfide bond with another receptor,
resulting in ligant-independent dimerization and continuous signaling. 
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Controversial findings have been found on the recurrence rate of FGFR3 mutant tumors, but most
studies show the same recurrence rate in wild-type and mutant tumors. A large study by Kompier et
al. demonstrated that patients with a primary FGFR3 mutant tumor mostly had FGFR3 mutant 
recurrences (81%) and these recurrences were of low stage and grade [3]. Together, these findings
combined with the absence of mutations in urothelium and urine from patients without bladder 
cancer could suggest that a reduced cystoscopy frequency alternated with urine-based FGFR3
analysis is worthwhile exploring and will be investigated in this thesis [34]. 

Detection of loss of heterozygosity
Microsatellites are repetitive sequences that are frequent in the genome. The repeated sequence can
be a di-, tri or tetranucleotide. The microsatellites are highly polymorphic, which makes it possible to
distinguish between two copies of a chromosome. Some tumors may lose part of their chromosomal
regions including microsatellites, which can be detected by microsatellite analysis (MA) (PCR reaction).
This phenomenon is referred to as loss of heterozygosity (LOH). The most commonly found genetic
alteration in bladder tumors is LOH of chromosome 9p and 9q [35]. Less frequently, chromosomes
4p, 8p, 11p and 17p display LOH [36]. In 1997, Steiner et al. first described the use of MA for the
detection of bladder cancer recurrences in urine. Soon thereafter, many studies investigated whether
urine analysis for the detection of recurrences was feasible. Sensitivity for recurrent detection ranged
from 72-97% and specificity from 80-100%, specifically having a high sensitivity for the detection of
low-grade tumors [35]. The largest prospective study on low grade NMIBC by van der Aa et al.
demonstrated a sensitivity of 58%, specificity of 73% for the detection of concurrent recurrences and
a sensitivity of 83% including prediction of future recurrences [37]. Although these findings seem
promising, MA is a laborious technique, with the need of blood samples as a reference. Recent 
developmental efforts have suggested the use of standardized markers to reduce the costs and 
laborious efforts [38].  

Methylation markers
Methylation is an epigenetic change of DNA, meaning that the DNA sequence remains unchanged.
DNA methylation is involved in different processes like genomic imprinting, embryonic development
and X-chromosome inactivation [39, 40]. DNA methyltransferases (DNMT) are enzymes that 
methylate DNA and this typically occurs at CpG dinucleotide clusters, referred to as CpG islands. CpG
islands are mainly located at promoters of genes and are normally unmethylated to allow binding of
transcription factors, hereby initiating gene transcription (Figure 6). Hypermethylation of CpG islands
leads to silencing of genes and is a frequent finding in different cancer types. Hypermethylation in
bladder cancer was first described in 1995 by Gonzalez-Zulueta et al. and subsequent studies 
identified many genes to be aberrantly methylated in bladder cancer [41]. This lead to the hypothesis
that detection of hypermethylated genes in voided urine could be used to identify recurrences in BC
patients under surveillance. Multiple hypermethylated genes have been identified as possible targets
during surveillance and in some cases even outperformed urine cytology. The methylation status of a
tumor has been associated with age, gender, tumor location, stage, recurrence rate and progression.
There are some important factors to consider when identifying methylation markers. Since methy-
lation increases with age (in all individuals) this emphasizes the importance of age-matched controls
[42]. Secondly, mostly primary tumors are used to select methylated genes and since these tumors
are generally larger in size than recurrences, they are easier to detect than recurrences. Additionally,
the use of MI tumors for the identification of genes for surveillance of NMIBC patients should be avoided,
since methylation increases with stage and grade. In summary, detection of hypermethylated genes in
voided urine of NMIBC patients under surveillance seems promising and development of a methylation
detection assay will be discussed in this thesis.
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Figure 6

CpG islands located in the promoter of a gene are unmethylated in the normal situation,
enabling transcription factors to bind to the promoter and to initiate transcription. 
DNA-methyltransferases methylate CpG islands, thereby hindering the binding of transcription
factors, leading to silencing of the tumor suppressor gene.

From: website of the National Cancer Center Research Institute
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Scope of the Thesis

The first part of the thesis is an introduction on how bladder cancer is diagnosed and treated.
The surveillance protocol is outlined and the encountered difficulties associated with this 
protocol are discussed. An outline is given on the different biomarkers, like FGFR3 mutation
detection, methylation detection and markers predicting a response to BCG treatment, which
have been investigated in this thesis.

The second part discusses the possibilities of FGFR3 mutation detection as a diagnostic tool.
As previous research demonstrates the high prevalence of FGFR3 mutations in NMIBC, we first
focus on the potential of FGFR3 mutation detection on voided urine as a diagnostic tool in
patients with NMIBC (Chapter 2). To this end, we optimize the FGFR3 mutation detection
assay on urine by adding probes for recently discovered mutations. We then determine the 
sensitivity of the FGFR3 mutation assay for the detection of concomitant and future recurrences
in multiple urine samples from low-grade NMIBC patients. Additionally, we investigate the 
predictive value and hazard risk associated with having an FGFR3 mutation in a urine sample. 

Next, we investigate whether molecular changes detected in tumors of young patients with
NMIBC are comparable to molecular changes found in elderly patients (Chapter 3). A case
study will be performed to gain more insight in the molecular pathogenesis of bladder tumors in
young patients. We explore the presence of chromosomal aberrations (LOH) and FGFR3
mutations in the primary tumor and recurrences of a 26-year old patient. Paraffin-embedded
samples of these tumors are used to determine the expression levels of the cell cycle regulators
P53 and Ki-67. Findings are compared to genetic changes in tumors of older patients. 
In addition, we determine the feasibility of a urine-based follow-up in this patient. 

In the following chapter, we optimize the FGFR3 mutation assay for the detection of recurrences
in urine (Chapter 4). To this end, we first determine whether the sensitivity for the detection of
FGFR3 mutations in urine is dependent on tumor size and the time point of urine collection. We
hypothesize that urine collected in the morning is concentrated overnight and thus contains
more tumor cells which could improve the sensitivity of the assay. Urine samples are collected
6 days prior to transurethral resection of the tumor and analyzed by FGFR3 mutation analysis
and we determine the sensitivity of the assay to predict a recurrence. Moreover, we determine
whether morning urine contains more tumor cells than urine collected throughout the day.
Lastly, we attempt to increase the sensitivity of the assay by virtually pooling urine samples 
collected over 24 hours.

There is still debate on the prevalence of FGFR3 mutations in prostate cancer and we determine
the prevalence of these mutations in a large series of primary and locally advanced prostate
tumors (n=132) (Chapter 5). We investigate whether the presence of an FGFR3 mutation is
associated with a good prognosis as previously found in bladder tumors. Additionally, we 
investigate the prevalence of FGFR3 mutations in prostate cancer patients with coexistent
tumors in other tissues. 28 Patients had a coexistent primary tumor (bladder, skin, renal cell,
pancreas, gastric, colon, hepatic and lung carcinoma) and the tumors will be analyzed by
FGFR3 mutation analysis.

The next part focuses on whether the surveillance of patients with low-grade NMI bladder 
cancer can be improved by using different urine-based biomarkers. Previous research has
shown the potential of methylation detection in urine samples and first we will design a 
urine-based methylation assay for the detection of recurrences in NMIBC patients (Chapter 6).
Genes frequently methylated in recurrences of NMIBC patients are selected to develop a 
BC-specific methylation assay. A gene panel with the highest predictive value will be selected
from the initial assay, tested and validated on urine samples from patients with a confirmed
recurrence, urine from recurrence-free patients andurine from patients without BC. 
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Finally, a model based on the methylation status of the gene panel will be developed and 
validated to predict the probability of having a recurrence.

Next, we determine the sensitivity of a single urine assay (methylation detection,
FGFR3/PIK3CA/RAS mutation analysis and MA analysis) and whether a combination of these
assays can improve the detection of recurrent bladder tumors (Chapter 7). This is done on 
retrospectively collected urine samples from NMIBC (G1/G2) patients (n=136) and compared to
the gold standard urine cytology. Patients with at least three follow-up urine samples after the
primary tumor are included. FGFR3, PIK3CA and RAS mutation analysis, MA and methylation
analysis (MS-MLPA) are performed on tissue of the primary tumor and follow-up urine DNA 
samples. We determine whether a combination of molecular markers increases the percentage
of patients eligible for urine-based follow-up. The sensitivity and specificity of the marker 
combinations for the detection of recurrences are determined and compared to urine cytology.

The final part discusses the potential of different urinary markers to predict the response to BCG 
treatment in patients with high-risk bladder cancer (Chapter 8). Current treatment for patients
with high-grade NMIBC consists of intravesical BCG instillations. Up to now, none of the 
investigated markers have been able to predict whether patients will respond to treatment with
BCG instillations. Here, we perform a systematic review from 1996-2010 on the available 
literature on markers predicting BCG response, discuss the key issues concerning identification
of predictive markers, and provide recommendations for further research studies.
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MUTATIONS IN THE FGFR3 GENE
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Imaging, Diagnosis, Prognosis

Fibroblast Growth Factor Receptor 3 Mutation Analysis on
Voided Urine for Surveillance of Patients with Low-Grade
Non-Muscle–Invasive Bladder Cancer

Tahlita C.M. Zuiverloon1,3, Madelon N.M. van der Aa1, Theo H. van der Kwast4, Ewout W. Steyerberg2,
Hester F. Lingsma2, Chris H. Bangma3, and Ellen C. Zwarthoff1

Abstract
Purpose: Mutations in the fibroblast growth factor receptor 3 (FGFR3) have been found in 70% of the

low-grade non-muscle–invasive bladder cancer (NMI-BC) tumors. We aim to determine the potential of
FGFR3 mutation analysis on voided urine to detect recurrences during surveillance of patients with low-
grade NMI-BC.
Experimental Design: FGFR3 mutation status of the study inclusion tumor was determined from 200

low-grade NMI-BC patients. Patients with an FGFR3-mutant inclusion tumor were selected for analysis
and monitored by cystoscopy, and voided urine samples were collected. FGFR3 mutation analysis was
done on 463 prospectively collected urines. Sensitivity and predictive value of the assay were determined
for detection of concomitant recurrences. Longitudinal and Cox time-to-event analyses were done to de-
termine the predictive value for detection of future recurrences.
Results: Median follow-up was 3.5 years. The sensitivity of the assay for detection of concomitant re-

currences was 26 of 45 (58%). Of the 105 positive urine samples, 85 (81%) were associated with a con-
comitant or a future recurrence. An FGFR3-positive urine was associated with a 3.8-fold (P < 0.0001)
higher risk of having a recurrence in the Cox analysis. In contrast, only 41 of 358 (11%) FGFR3-negative
urine samples were associated with a recurrence. Positive predictive value increased from 25% to 90% in
patients having consecutive FGFR3-positive urine tests.
Conclusions: FGFR3 mutation analysis on voided urine is a simple and noninvasive diagnostic meth-

od for detection of recurrences during surveillance of patients presenting with a low-grade FGFR3-mutant
NMI-BC tumor. Clin Cancer Res; 16(11); 3011–8. ©2010 AACR.

Bladder cancer (BC) is the fifth most commonmalignan-
cy in the world and can be divided into non-muscle–
invasive BC (NMI-BC) and muscle-invasive BC tumors
(MI-BC; ref. 1). Almost 80% of the NMI-BC patients will
present with a G1 or G2, low-grade NMI tumor, making
this a considerable burden on the urological practice. The
prognosis of low-grade NMI-BC patients is good with a
5-year survival of 80% to 90% (2, 3). NMI bladder tumors
are treated by transurethral resection, but 70% of the
patients will develop at least one recurrence within 5 years
and 10% to 20% will progress to MI disease. Currently, the

surveillance protocol consists of cystoscopy every 3 to
6 months for the first 2 years, followed by less frequent
observations when a patient stays recurrence-free (4).
The frequent transurethral resections and follow-up cystos-
copies make BC from diagnosis to death the most costly
cancer in the world (5–8). The life-long follow-up of
patients by invasive cystoscopy and associated high costs
emphasize the need for a urinary biomarker, which can
be used in a noninvasive assay for the detection of re-
currences and to stratify patients with a high-risk profile,
hereby creating the possibility to reduce the number of
cystoscopies and thus improving quality of life.
About 70% of low-grade NMI tumors have a mutation

in the fibroblast growth factor receptor 3 (FGFR3) gene
(9–12). In addition, it was shown that patients with an
FGFR3 mutation have a good prognosis (13–17). Because
low-grade NMI-BC patients comprise the largest group in
the BC urological practice, FGFR3 mutation analysis could
serve as a biomarker for the detection of recurrences dur-
ing follow-up and aid in identifying patients with a low
risk of progression. Two studies using single-strand poly-
morphism analysis for FGFR3 mutations showed that it
is possible to detect recurrent tumors in urine (12, 18).

Authors' Affiliations: Departments of 1Pathology, 2Medical Decision
making, and 3Urology, Erasmus Medical Center, Rotterdam, the
Netherlands and 4Department of Pathology, University Health Network,
Toronto, Ontario, Canada

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).

Corresponding Author: Ellen C. Zwarthoff, Department of Pathology,
Erasmus Medical Center, P.O. Box 2040, 3000 CA Rotterdam, the
Netherlands. Phone: 31-107043033; Fax: 31-107044762; E-mail: e.zwarthoff@
erasmusmc.nl.

doi: 10.1158/1078-0432.CCR-09-3013

©2010 American Association for Cancer Research.

Clinical
Cancer

Research



Fibroblast growth factor receptor 3 mutation analysis on voided urine for surveillance 31

Because this technique is rather laborious, we developed a
multiplex assay to identify the most common FGFR3 mu-
tations and showed its potential on urine and tissue sam-
ples (19). In the present study, we optimized this assay
and validated it in a longitudinal study that determines
the recurrence risk associated with FGFR3-positive urine
samples in a large patient cohort with FGFR3-mutant
low-grade NMI-BC.

Materials and Methods

Patients and sample collection
Patients with available urine samples were selected from

the participants of the “Cost-Effectiveness of Follow-up of
patients with non-muscle invasive Bladder cancer trial”
(CEFuB trial; ref. 20). Patients with stage pTa or pT1 and
grade 1 to 2 tumors were included at transurethral resection.
Patients with a history of carcinoma in situ were excluded
from participation. A cystoscopic examination coincided
with urine collection formolecular analysis, or urinewas col-
lected 1 month following the cystoscopy due to logistic rea-
sons. Recurrence was defined as a histologically proven
tumor. Progression was defined as progression toMI disease.

Tissue samples
Tissue for DNA extraction was obtained by manual dis-

section from formalin-fixed, archival paraffin blocks con-
taining tumor areas that were selected by pathologic
examination of the corresponding histologic slides to con-
tain a minimum amount of 70% tumor tissue. All tumors
were reviewed by an expert pathologist (T.H.v.d.K.). Sam-
ples were first deparaffinized and DNA was extracted using
the Qiagen DNeasy blood and tissue kit (Qiagen GmbH)
according to the manufacturer's protocol.

Urine samples
Freshly voided urine (10-100 mL) was collected before

cystoscopy and stored at 4°C until transportation to the
Department of Pathology at Erasmus Medical Center. Cells
were pelleted by centrifugation for 10minutes at 3,000 rpm
(1,500 × g). Cell pellets were washed twice with 10mL PBS,
resuspended in 1 mL PBS, transferred to an Eppendorf vial,
and collected by centrifugation for 5 minutes at 6,000 rpm
(3,000 × g). Supernatant was discarded and the cell pellet
was stored at −20°C until DNA isolation. DNA was ex-
tracted using the QiAamp Viral RNA Mini kit (Qiagen)
according to the manufacturer's protocol.

FGFR3 mutation analysis
A multiplex PCR of the three regions that contain the

most frequent FGFR3 mutations was done as described
by van Oers et al. (19). These regions comprise the follow-
ing codon mutations: R248C and S249C (exon 7); G372C,
S373C, Y375C, G382R, and A393E (exon 10); and
K652M, K652T, K652E, and K652Q (exon 15). Primers
used are depicted in Supplementary Data S1. PCR was
done in 15 μL containing 1 to 5 ng of genomic DNA, 1×
PCR buffer (Promega), 1.5 mmol/L MgCl2, 0.17 mmol/L
deoxynucleotide triphosphates (Roche), 1.0 unit Taq poly-
merase (Promega), 5% glycerol (Fluka), 18 pmol of exon
7 primers, 7.5 pmol of exon 10 primers, and 10 pmol of
exon 15 primers. Cycling conditions were as follows:
5 minutes at 95°C, 35 cycles at 95°C for 45 seconds,
60°C for 45 seconds, and 72°C for 45 seconds, followed
by 10 minutes at 72°C. Total PCR product was treated
with 3 units of shrimp alkaline phosphatase (Amersham
Biosciences) and 2 units of exonuclease I (Amersham Bio-
sciences) to remove excess primers and deoxynucleotide
triphosphates. This was followed by a mutation analysis
(ABI PRISM SNaPshot Multiplex kit, Applied Biosystems)
using probes that anneal to the PCR product adjacent to
the mutation site. Different lengths of polydeoxythy-
midylic acid tails were attached to the 5′-end to enable si-
multaneous detection on the sequencer. All probes are
shown in Supplementary Data S2. The mutation detection
reaction was done in 10 μL containing 1 μL of multiplex
PCR product, 2.5 μL Ready reaction mix, 1× sequencing
buffer, and probes as shown in Supplementary Data S2.
Cycling conditions were 35 cycles of rapid thermal ramp
(1.30) to 96°C, 96°C for 10 seconds, rapid thermal ramp
(1.30) to 58.5°C, and 58.5 for 40 seconds, followed by
treatment with 1 unit shrimp alkaline phosphatase. Sepa-
ration was in a 30-minute run on 36-cm-long capillaries
on an automatic sequencer (ABI PRISM 3130 XL Genetic
Analyzer, Applied Biosystems), with the label indicating
the presence or absence of a mutation.

Statistical analysis
The Statistical Package for the Social Sciences 11.5 (SPSS,

Inc.) was used for data analysis. Sensitivity, specificity, and
predictive value were determined for every follow-up mo-
ment with a urinary FGFR3 result with a concomitant cys-
toscopic examination. To take into account the fact that a

Translational Relevance

The high recurrence rate of low-grade non-muscle–
invasive bladder tumors necessitates life-long frequent
cystoscopic monitoring of patients, and this affects pa-
tient quality of life. Fibroblast growth factor receptor 3
(FGFR3) mutations are found in 70% of the low-grade
tumors and associated with a good prognosis. Surveil-
lance with FGFR3 mutation detection on voided urine
could ultimately reduce the number of cystoscopies
and improve patient quality of life. We investigated
whether FGFR3 mutation analysis could detect con-
comitant recurrences and predict future recurrences.
We determined the recurrence risk associated with an
FGFR3-positive urine and the predictive value of con-
secutive FGFR3-positive urines in time. Our findings
suggest that an FGFR3-based and individualized sur-
veillance protocol could be possible and having an
FGFR3-positive urine is associated with a four times
higher recurrence risk.
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patient could have more than one urine measurement and
that these are likely to be correlated within one patient, we
calculated the sensitivity, specificity, and the predictive
value with random-effect regression models. These models
account for within-patient correlation and are suitable for
the analysis of repeated measurements within one patient,
as in our study.
In the longitudinal analysis, we determined whether

a urine sample is followed by a recurrence within
12 months or within the total duration of the study period.
We analyzed the relationship between a FGFR3-positive
urine and the associated recurrence risk with a Cox propor-
tional hazard model. A tumor yes/no was taken as the out-
come. The time from first urine measurement to tumor
detection or end of study was taken as duration of fol-
low-up. Also in this analysis, we accounted for the fact that
one patient could have more than one urine measure-
ment. Therefore, the consecutive urine measurements were
taken as a time-dependent covariate in the Cox model. The
hazard ratio from the model can then be interpreted as the
effect of a single positive urine sample on the hazard of a
tumor, regardless of the previous samples in the same pa-
tients. Additionally, the predictive value of subsequent
FGFR3-positive urine tests was determined by Kaplan-
Meier longitudinal analysis. This was done by analysis of
one ormore consecutive follow-up visits (series) with either
FGFR3-positive urines (persistent FGFR3 positive) or
FGFR3-negative series (persistent FGFR3 negative), mean-
ing, that a series could be defined as one or more consec-
utive FGFR3-positive or FGFR3-negative outcomes ending
at (a) a recurrence [including upper urinary tract (UUT)],
(b) a change in urine FGFR3 status from positive to nega-
tive or negative to positive, or (c) at the end of follow-up.
In case of (a) or (b), a new series would start. Curves of
proportion recurrence were computed and stratified by
mutational status using Kaplan-Meier analysis. The proba-
bility of recurrence development was compared using a
log-rank statistic. Results were considered statistically sig-
nificant at P < 0.05.

Results

Patient stratification
The FGFR3 and progression status of the tumor was

known for 292 patients, of whom 193 patients had an
FGFR3-mutant tumor. FGFR3-mutant tumors showed pro-
gression to MI disease in 10 of 193 (5.2%) cases compared
with 15 of 99 (15.2%) in FGFR3 wild-type (WT) tumors
(P = 0.004). This finding agrees with previous reports. Pa-
tients with an FGFR3-mutant tumor were then selected for
analysis of urine samples for the detection of recurrences.
From 134 patients with an FGFR3-mutant tumor, urine
samples were available. Clinical and molecular character-
istics of this population are shown in Table 1.

Performance of the FGFR3 mutation assay
We optimized the FGFR3 mutation assay by improving

detection of the most common mutation, S249C, and

adding two new mutations to the detection spectrum.
We determined the sensitivity of the assay by diluting mu-
tant tumor DNA with WT DNA. The results show that the
two most common mutations, S249C and Y375C, can still
be detected in a background of 40-fold normal DNA. For
R248C and G372C, this was 25- and 10-fold, respectively.
The results for the most common S249C mutation are
shown in Supplementary Data S3. The FGFR3 assay was
subsequently carried out successfully on all 463 urine sam-
ples, and mutations in FGFR3 could be detected in uri-
nary-derived DNA (Fig. 1A-C). The analysis was done on
urine samples from an age-matched patient cohort with-
out BC (n = 100), and no mutations were detected.

Detection of concomitant recurrences
From the 134 patients included with an FGFR3-mutant

tumor, 463 urine samples were analyzed for FGFR3 mu-
tations and 45 concomitant histologically proven re-
currences were found. A selection of patients is shown
in Fig. 2 to illustrate the possible groups that patients
could be divided into (full figure available online as Sup-
plementary Data S4). We discern four types of patients: (I)
patients with positive urine samples and a recurrence
(FGFR3 mutation analysis predicts a recurrence), (II)
patients with two or more FGFR3-positive urine sam-
ples in the absence of a recurrence (patients at risk for a
recurrence), (III) patients with FGFR3-negative urine sam-
ples in the presence of a recurrence (FGFR3 analysis does
not predict a recurrence), and (IV) patients without

Table 1. Patient clinical and molecular charac-
teristics (n = 200)

Age
Mean
SE
Range

Variable FGFR3 status
inclusion tumor

WT, n (%) Mutant, n (%)

Gender
Male 50 (33) 103 (67)
Female 16 (34) 31 (66)

Smoking
No 12 (30) 28 (70)
Yes 42 (35) 78 (65)

Stage
Ta 57 (33) 117 (67)
T1 9 (35) 17 (65)

Grade
G1 29 (31) 64 (69)
G2 37 (35) 70 (65)

63.4
12.9
20-100

FGFR3 Mutation Detection in Low-Grade Bladder Cancer
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recurrences: the recurrence-free group [i.e., patients having
consistently FGFR3-negative urine samples or a single
FGFR3-positive urine sample (n = 7) within a series of neg-
ative samples]. The sensitivity for detection of a concomi-
tant recurrence was 26 of 45 (58%), and the positive
predictive value was 26 of 105 (25%). The urine assay de-
tected three UUT recurrences that were not detected by cys-
toscopy, including one pT2G3. We observed that many
urine tests were positive, whereas the concomitant cystos-
copy did not reveal a tumor. Because FGFR3 mutations are
tumor specific and do not occur in normal tissue or urine,
we argued that these represent anticipatory positive results,
and therefore, we did a longitudinal analysis on the occur-
rence of future recurrences.

FGFR3 mutation detection for identifying patients at
risk for future BC recurrences: a longitudinal analysis
Because of the anticipatory effect, we extended the time

of patient follow-up so that at least a year of clinical fol-
low-up data was available after the last urine sample had
been analyzed. This increased the number of recurrences
to 79 (45 concomitant and 34 future recurrences). From
the 105 positive urine samples, 58 (55%) were associated

with a recurrence within a year after the positive urine test
and 85 of 105 (81%) with a recurrence during the total
study period (Fig. 3). The remaining 20 positive urines
were not followed by a recurrence in the entire follow-
up period. It should be noted that eight urine samples
from this group were single FGFR3-positive urines with a
low mutant signal, depicted in Fig. 2 as patient type IV. Of
the other 12 urine samples with an FGFR3-positive signal,
11 are from three patients representing patient type II
(Fig. 2) as at risk patients because all had multiple positive
urine samples. These patients had insufficient follow-up.
Interestingly, multiple urine samples from patient H6 also
displayed loss of heterozygosity and this patient even had
macroscopic hematuria. Despite this, an intravenous pye-
logram did not reveal any upper tract disease. These find-
ings suggest that type II patients might have minimal
residual disease and warrant regular examinations.
Figure 3 shows that 358 of 463 urine samples were

FGFR3 negative, of which 317 (89%) were from patients
in whom no recurrence occurred. The other 41 (11%)
negative samples were associated with a recurrence within
12 months after urine sample collection. However, 11 of
these negative urines were within a series of multiple

Fig. 1. FGFR3 mutation detection possible on urinary-derived DNA. FGFR3 mutation analysis of an FGFR3 WT tumor (A), mutation S249C in tumor
DNA (B), and urinary-derived DNA (C) from the same patient used in B. Note that overloading of S249C primer results in an off-scale signal and overflow
in other color signals.

Zuiverloon et al.
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positive urine tests. Therefore, these samples could reflect
the absence of tumor cells in the urine. In the other 30
FGFR3-negative urine samples that were associated with
a recurrence, only a single urine sample was available be-
fore the recurrence in 14 cases.
In a Cox time-to-event analysis, determining the hazard

risk of a recurrence with an FGFR3-positive test, it was
shown that a single positive FGFR3 test was associated
with a three times higher risk of a recurrence, regardless
of the previous urine sample (hazard ratio, 3.8; P <
0.0001). Next, we determined the predictive value of
multiple consecutive FGFR3-positive urine tests in time
and recurrence development by Kaplan-Meier longitudi-
nal analysis. The risk of developing a recurrence increases
to 90% in patients with consecutive FGFR3-positive
urine samples for 39 months (P < 0.0001, log-rank test;
Fig. 4).
Clinicopathologic and molecular features of the de-

tected and missed recurrences within 12 months following
urine collection and analysis are shown in Table 2. Mostly
pTaG1 and pTaG2 tumors were missed. It should be noted
that one of two pT1G3 and one of two pT2G3 tumors
were not detected, but in these cases, only one urine sam-
ple could be investigated before the recurrence. Three up-
per tract recurrences, one of which was pT2G3, were
detected by the mutation analysis but not by cystoscopy.
There were five patients with progression to MI disease
from whom urine samples were available (Supplementary
Data S4). In three of five cases, FGFR3 urine analysis pre-
dicted the recurrence.
In summary, an FGFR3-positive urine is associated with

a three times higher recurrence risk, and having multiple

consecutive FGFR3-positive urine tests is strongly associ-
ated with development of a future recurrence.

Discussion

Mutations in FGFR3 are frequent in NMI bladder and
UUT tumors. This is the first study that determines the
potential of urinary surveillance by FGFR3 mutation de-
tection on a large set of prospectively collected urine sam-
ples of low-grade NMI-BC patients presenting with an
FGFR3-mutant tumor. In this study, 67% of the low-grade
NMI tumors had a mutation in FGFR3, in agreement with
previous studies (9 10, 12). Because these mutations are
not found in urine of non-BC patients and normal urothe-
lium, detection of an FGFR3 mutation is a strong indicator
for the presence of tumor cells in the urinary tract (21).
FGFR3 mutations could be detected in the presence
of 5% tumor cells, making the assay highly sensitive
for detection of the most common mutations. This is of
great advantage because urine can also contain normal
urothelial cells and lymphocytes. The assay is cheap with
costs for consumables under $10 per sample, including
DNA isolation, and can be done with only 1 ng DNA
in a standard molecular diagnostics laboratory with a
PCR machine and sequencer. This assay is also less labor
intensive than sequence analysis.
FGFR3 analysis was carried out successfully on all urine

samples in this study. The sensitivity of the FGFR3 assay
for detection of concomitant recurrences was 58%. This
low concomitant sensitivity has several possible reasons.
Firstly, tumor cells are not always present in urine. This
is illustrated in Fig. 2, where a subset of patients (bottom

Fig. 2. FGFR3 mutation analysis of a selection of urine samples from patients included with an FGFR3-mutant (MT) tumor. Patients are divided into four
groups. First column displays patient identification number (PATID). Following columns depict urine samples and concomitant or future recurrences.
Columns are divided into years and months. Cell colors are explained in the legend. UCS, ureterocystoscopy. **, UUT recurrence.

FGFR3 Mutation Detection in Low-Grade Bladder Cancer
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two, type I patients) is depicted in whom an FGFR3-negative
urine sample is embedded between positive urines preced-
ing a recurrence. Because this problem of urine sampling
concerns all urinary tests that depend on the presence of
tumor cells in the urine, this is an important issue and it
would be of interest to determine the optimal time point
and frequency of urine collection to improve the number
of urinary tumor cells. Secondly, FGFR3 WT recurrences
are sometimes found in patients with a primary FGFR3-
mutant tumor (22). Whether this is the reason why some
recurrences were missed here is not known at present
because tumor material from the recurrences was not
available for FGFR3mutation analysis. We have previously
shown that the stage and grade of these recurrences do not
differ from mutant recurrences (22). Therefore, the
absence of a mutation cannot be correlated with progres-
sion to a more severe phenotype. In most patients, WT re-
currences are again followed by mutant recurrences. Thus,
repeated urine testing should circumvent this potential
problem. Thirdly, although cystoscopy is considered the
golden standard, it is known that cystoscopy does not de-
tect all tumors (22–25). Urine cytology was not routinely
done in the participating centers due to the low sensitivity
in tumors of low stage and grade (G1 tumors: range, 7-
38%; G2 tumors: range, 18-46%), and this is considered
a limitation of the study (26–29). When this work was
under review, Miyake et al. published a peptide nucleic
acid–mediated PCR clamping assay for detection of FGFR3
mutations in urine samples. They were able to detect seven
of nine recurrences using this assay on DNA obtained
from urine samples (sensitivity, 78%). Unfortunately,

the assay could not be carried out on 27% of the urine
samples due to low DNA concentrations. In our study,
all samples were analyzed successfully. A very interesting
finding in their study is the quantitative analysis of the
number of tumor cells present in urine, shown to be a
prognostic indicator of tumor recurrence (30).
For the clinician, it is important to know which decision

to make when confronted with an FGFR3-positive or
FGFR3-negative urine test. Our data show that ∼23% of
the urine samples are positive for an FGFR3 mutation in
patients included with an FGFR3-mutant tumor (Fig. 3)
and that the majority of these positive urines (81%) are
associated with a recurrence. We show that a positive
FGFR3 urine is associated with a 3.8-fold higher risk to
develop a recurrence, and these findings could provide a
base to set up a new individualized surveillance protocol.
Additionally, we show that multiple consecutive FGFR3-
positive urines are significantly associated with a higher
proportion of recurrences. In this study, patients in general
had an equal number of cystoscopies, meaning, that our
findings reflect a true effect of the mutation analysis and
are not caused by differences in cystoscopy frequency be-
tween patients. Almost 70% of the patients presenting
with a primary bladder tumor will have a mutation in
FGFR3. We suggest that after the first transurethral resec-
tion, patients have a cystoscopy at 3-12-24 months and
urinary FGFR3 mutation analysis at 6-9-15-18-21-27-30-
33 months. In the far majority of cystoscopies, following
a positive test, a recurrence will be found, especially when
the urologist is aware of the positive urine test result (31).

Fig. 4. Predictive value of the FGFR3 mutation assay increases with
multiple consecutive FGFR3-positive urine samples. Kaplan-Meier
analysis of proportion recurrence for patients included with an
FGFR3-mutant tumor. X axis depicts the length of time being recurrence-
free with consecutive FGFR3 urine results. Y axis depicts the proportion
of recurrences detected.

Fig. 3. FGFR3 test results for all analyzed urines and associated
future recurrences. Surveillance results of all urines from patients
with an FGFR3-mutant inclusion tumor. Urine test results are divided
into FGFR3-positive and FGFR3-negative. Analysis was based on
detection of a future recurrence within 12 mo or after 12 mo of urine
collection. Based on these data, the hazard ratio of a positive urine
for tumor recurrence is 3.8 (P < 0.0001). UCC, urothelial cell carcinoma
recurrence.
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Hence, we suggest that a positive test should be followed
by a cystoscopy. In case of a positive urine test and a neg-
ative cystoscopy, we suggest that UUT imaging is done.
Frequency of imaging should be adjusted according to
the clinicopathologic features of the tumor that have been
associated with an increased risk of upper tract recurrences
(e.g., tumor located in trigone, multiple tumors, and high-
risk tumors; refs. 32, 33). If an FGFR3-mutant patient
presents with a negative test result during follow-up, no
cystoscopy is required if urine analysis is done after 3
and 6 months following the negative test. When FGFR3
urine analysis is implemented during surveillance, the
number of cystoscopies will decrease in patients with
negative urine tests and patients with positive urine tests
who require more frequent cystoscopic monitoring are
identified. Because ∼80% of the urine tests are negative
(Fig. 3), the total number of cystoscopies can be reduced
substantially, hereby lowering costs and improving patient
quality of life.
At this moment, the standard cystoscopic follow-up

protocol is indicated in patients presenting with an FGFR3
WT tumor because the risk of progression is higher in
these patients. Detection of loss of heterozygosity by mi-
crosatellite analysis is the only evaluated molecular marker
in the follow-up of patients with an FGFR3 WT tumor
(20). Although results seem promising, currently, costs
are too high to implement the microsatellite analysis test
in a routine clinical setting. Food and Drug Administration–
approved UroVysion fluorescence in situ hybridization
could be an alternative for detection of FGFR3WT high-risk
recurrences but is not yet evaluated together with FGFR3
analysis.
We have also shown that not many tumors are missed

when multiple urine samples were available. Moreover,
three UUT tumors were detected, which can be considered

an added confidence in the detection of BC recurrences.
The finding of UUT having FGFR3 mutations agrees with
a previous study by van Oers et al. (17). We also con-
firmed that patients with FGFR3-mutant tumors have a
significantly lower rate of progression. NMI-BC tumors
with an FGFR3 mutation differ genetically from NMI-BC
tumors that are WT in that they have fewer genomic aber-
rations as was indicated by loss-of-heterozygosity analyses
and comparative genomic hybridization (12, 34). This
suggests that the larger number of aberrations in WT tu-
mors will affect additional cancer genes, and this may be
the cause of their more aggressive behavior. In this study,
FGFR3 urine analysis predicted the recurrence in three of
five cases with progression. In the other two cases where
FGFR3 analysis did not predict the recurrence, only one
urine sample was collected before the tumor, in contrast
to the previous three cases where multiple urine samples
were available. This suggests that collection of multiple
urine samples could improve detection of recurrences.
In summary, patients with a low-grade FGFR3-mutant

NMI bladder tumor represent >50% of all patients first di-
agnosed with BC (15). About 70% of these patients will
develop recurrences, although their progression risk is
low (11, 13 14, 22). Yet they need long-term and costly
follow-up by repeated cystoscopic monitoring. The data
presented here suggest that three monthly urine testing al-
ternated by, for instance, yearly cystoscopies could serve as
an alternative follow-up approach for these patients. Pa-
tient stratification by FGFR3 mutation status and such a
surveillance schedule could substantially reduce the total
costs, improve quality of life, and even lead to an earlier
detection of recurrences, thereby preventing possible pro-
gression. Additionally, UUT recurrences are detected with
this assay, which can be considered an added confidence
in the diagnosis of BC. These findings are promising but
preliminary due to the small number of patients and show
the need for large, randomized, controlled trials to deter-
mine the feasibility of FGFR3mutation analysis for the de-
tection of recurrences during surveillance of patients
presenting with low-grade FGFR3-mutant NMI bladder
tumors.
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Table 2. Fifty-seven missed and detected
recurrenceswithin 12mo followingurine analysis

FGFR3-mutant inclusion tumors Total

Detected, n (%) Missed, n (%)

Tumor
Papilloma 1 (33) 2 (67) 3
pTaG1 10 (55) 8 (45) 18
pTaG2 20 (68)* 9 (32) 28
pTaG3 2 (100) 0 2
pT1G3 1 (50) 1 (50)† 2
pT2G2 1 (100) 0 (0) 1
pT2G3 1 (50)* 1 (50)† 2
>pT2
pTis 1 (100) 0 1

Total 37 21 58

*Including one UUT tumor.
†Only one urine sample tested.
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In-depth investigation of the molecular
pathogenesis of bladder cancer in a unique
26-year old patient with extensive multifocal
disease: a case report
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Abstract

Background: The molecular characteristics and the clinical disease course of bladder cancer (BC) in young patients
remain largely unresolved. All patients are monitored according to an intensive surveillance protocol and we aim
to gain more insight into the molecular pathways of bladder tumors in young patients that could ultimately
contribute to patient stratification, improve patient quality of life and reduce associated costs. We also determined
whether a biomarker-based surveillance could be feasible.

Case Presentation: We report a unique case of a 26-year-old Caucasian male with recurrent non-muscle invasive
bladder tumors occurring at a high frequency and analyzed multiple tumors (maximal pTaG2) and urine samples of
this patient. Analysis included FGFR3 mutation detection, FGFR3 and TP53 immunohistochemistry, mircosatellite
analysis of markers on chromosomes 8, 9, 10, 11 and 17 and a genome wide single nucleotide polymorphism-array
(SNP). All analyzed tumors contained a mutation in FGFR3 and were associated with FGFR3 overexpression. None of
the tumors showed overexpression of TP53. We found a deletion on chromosome 9 in the primary tumor and this
was confirmed by the SNP-array that showed regions of loss on chromosome 9. Detection of all recurrences was
possible by urinary FGFR3 mutation analysis.

Conclusions: Our findings would suggest that the BC disease course is determined by not only a patient’s age,
but also by the molecular characteristics of a tumor. This young patient contained typical genetic changes found
in tumors of older patients and implies a clinical disease course comparable to older patients. We demonstrate
that FGFR3 mutation analysis on voided urine is a simple non-invasive method and could serve as a feasible follow-
up approach for this young patient presenting with an FGFR3 mutant tumor.

Background
Bladder cancer (BC) is a disease of the elderly with a
peak incidence in the sixth decade of life. Tumors are
sporadically found under the age of 40 (1-4%) and most
young patients present with tumors of low stage and
grade [1-4]. Conflicting results have been found con-
cerning the natural history and prognosis of bladder
tumors in young patients. The small number of cases
and the definition of “young” with age ranging from
5-45 years may be responsible for this variation [2,3,5,6].

Evidence is accumulating that there is a difference in
the natural history of patients under the age of 20 and
patients between 30-50 years of age. Patients <20 years
mostly have tumors with a low recurrence rate, a favor-
able clinical outcome and few genetic alterations, while
patients between 30-50 years have a disease course com-
parable to older patients [7].
Almost 80% of the BC patients will present with non-

muscle invasive disease (NMI-BC). Treatment is by
trans-urethral resection of the tumor, but almost 70% of
the patients will have at least one recurrence within five
years and 10-20% will progress to muscle-invasive dis-
ease. After the first tumor resection all age groups of
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patients are monitored according to an intensive surveil-
lance protocol that includes 3-monthly cystoscopies the
first two years, followed by less frequent observations if
a patient stays recurrence free. The main disadvantages
of the current protocol are life-long invasive and costly
cystoscopic monitoring of patients causing physical dis-
comfort and sexual dysfunction [8].
To our knowledge there are only few studies that

investigated the molecular changes in bladder tumors of
young patients. Identifying the molecular pathways of
these tumors could define a subset of patients and redir-
ect patient management towards a new patient friendly
and individualized follow-up protocol. One of the most
promising markers associated with NMI bladder tumors
is the mutation status of the Fibroblast Growth Factor
Receptor-3 (FGFR3). Mutations in FGFR3 have been
associated with BC tumors of low stage and grade and
patients having a favorable prognosis [9]. We have
recently shown that FGFR3 mutation analysis on voided
urine of NMI-BC patients with a mutation in FGFR3 is
a non-invasive inexpensive tool for patient surveillance
(Zuiverloon et al. submitted). Additionally, multiple stu-
dies report on the use of microsatellite analysis (MA)
for detection of loss-of-heterozygosity (LOH) as a diag-
nostic marker. LOH detected by MA is mainly located
on chromosomes 8, 9, 10, 11, 13 and 17 and these losses
have been associated with stage, grade, invasive growth,
recurrent disease and progression. In the present study
we analyzed multiple tumor and urine samples of a
unique young patient for FGFR3 mutation status, LOH,
FGFR3 and TP53 expression and performed a genome
wide single nucleotide polymorphism-array (SNP). Since
this patient presented with multiple recurrences within
a short time-span we determined retrospectively
whether FGFR3 mutation detection could be a feasible
follow-up approach.

Case presentation
We report a unique case of a 26-year-old Caucasian
male with recurrent non-muscle invasive bladder tumors
occurring at a high frequency. The patient presented at
first in March 2007 with macroscopic hematuria for a
few weeks. He received a total of 5 trans-urethral resec-
tions of the multifocal bladder tumors within 2 years,
highest stage and grade being TaG2. The first three
resections included an average of 15 papillary tumors
and the last two resections included 3 tumors. The
patient received two direct post-operative intravesical
instillations of epirubicin. Additionally, our patient initi-
ally received adjuvant intravesical immunotherapy with
bacillus calmette-guérin (BCG) in 2008, but switched to
mitomycin-C (MMC) in 2009 for maintenance due to
complications. A CT-scan of the pelvis and abdomen
demonstrated no evidence of upper urinary tract lesions,

no signs of urolithiasis, nodal or distant metastases.
There was no family history of bladder cancer and
intoxications included a smoking status of 5.5 pack-
years (one pack-year = one pack of cigarettes a day for
one year ~20 cigarettes a day for one year). There was
no indication of any contact with aromatic amines. The
patient worked as a soldier in Bosnia in 2001 and 2003
where he was part of a recovery team driving a diesel
armed-truck. Tasks of the recovery team included clean-
ing of remaining ammunition enforced with depleted
uranium (DU) and military equipment wreckage.

Methods
Tissue samples
Tumor tissue was obtained from formalin-fixed, paraf-
fin-embedded samples. Tumor sections were selected by
pathological examination to contain a minimum amount
of 80% tumor cells and sections were manually dissected
from 4 μ slides. Samples were first deparaffinized and
DNA was extracted using the Qiagen Dneasy blood and
tissue kit (Qiagen, GmbH, Hilden, Germany) according
to the manufacturer’s protocol.

Urine samples
Freshly voided urine (10-100 ml) was collected prior to
a cystoscopy or trans-urethral resection of the tumor
and stored at 4°C until transportation to the department
of Pathology at Erasmus MC, Rotterdam. Urine was
spun down for 10’ at 3000 rpm (1500 × g). Cell pellets
were washed twice with 10 ml of Phosphate-buffered
saline (PBS) and spun down for 10’ at 3000 rpm. Pellets
were resuspended in 1 ml of PBS, transferred to an
eppendorf vial and spun down for 5’ at 6000 rpm (3000
× g). Supernatant was discarded and the cell pellet was
stored at -20°C until DNA isolation. DNA was extracted
using the QiAamp DNA mini-kit (Qiagen GmbH,
Hilden, Germany) according to the manufacturer’s
protocol.

Fibroblast growth factor receptor 3 mutation analysis
The FGFR3 mutation detection assay was performed as
described previously by van Oers et al. [10]. In short a
multiplex PCR of the three regions that contain the
most frequent FGFR3 mutations (exon 7, 10 and 15)
was performed. This was followed by a single nucleo-
tide polymorphism analysis using probes that anneal to
the PCR product adjacent to the mutation site. Probes
were extended with a labeled dideoxynucleotide and
the products were analyzed on an automatic sequencer
(ABI PRISM 3130 XL Genetic Analyzer, Applied Bio-
systems) with the label indicating the presence or
absence of a mutation. Genescan Analysis Software
version 3.7 (Applied Biosystems) was used for analysis
of the data.
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Microsatellite analysis
Microsatellite analysis was performed as described by
van der Aa et al. [11]. Markers used for detection of
LOH were: D8S1130, D81125, D8S1107, D8S1109,
D8S1145, D9S1118, D9S252, D9S304, D9S299, D9S752,
D9S930, G10693, D10S1225, D11S1999, D11S1981 and
D17S969.

FGFR3 and TP53 immunohistochemistry
Bladder tumors were fixed in 10% buffered formaldehyde,
embedded in paraffin, 4 micrometer sections were
mounted on a coated glass slide (Starfrost Knittel-Glaeser
D38114 Braunschweig Germany). Haematoxylin-Eosin
was used as a general stain and immunohistochemistry
was performed with rabbit polyclonal antibody anti-
human FGFR3 (Santa Cruz Biotechnology INC) and
monoclonal mouse anti-human P53 protein clone D-07
(Dakocytomation, Denmark A/S). Antigen retrieval by
microwave heating in TRIS-EDTA buffer pH 9.0 was
used and endogenous peroxidase was removed by 0.30%
H2O2 in PBS/TWEEN. Pretreatment with blocking buffer
PROTIFAR 0.5% in PBS/TWEEN was used prior to the
overnight incubation at 4°C with the primary antibody.
Visualization was done by Dako Real Envision Detection
system peroxidase/DAB+ (Dakocytomation, Denmark A/
S), containing anti-mouse and anti-rabbit antibodies,
according to the manufacturer’s protocol. Counterstain-
ing was done with haematoxylin (Klinipath 6921 GX,
Duiven, The Netherlands). Expression of FGFR3 was
scored in a semi-quantitaive scoring system: 0 = all
tumor cells negative, 1 = faint positivity of in some or all
cells, 2 = weak but extensive positivity and 3 = strong
positivity/overexpression (regardless of extent). TP53
overexression was scored if >10% of the cells stained
positive. As a reference normal urothelium was analyzed
for FGFR3 and TP53 protein expression. Reference sec-
tions of known high and low expressions levels of FGFR3
and TP53 were included in the staining runs.

Infinium HumanHap370CNV Genome wide SNP array
For Infinium HumanHap370CNV Genotyping BeadChip
SNP array analysis we used 750 ng of patient DNA and
followed the protocol as described by the manufacturer
(Illumina Inc., San Diego, CA, USA). We used Illumina
BeadStudio software to extract data. The Nexus CGH
Plug-in for CNV Analysis from BioDiscovery (BioDis-
covery Inc., El Segundo, CA, USA) was used to export
Illumina CNV data to Nexus Copy Number version 4.0.
Arrays were processed using the built-in Rank Segmen-
tation algorithm.

Results and discussion
Young patients rarely present with BC and there are
multiple studies that indicate a good clinical disease

course where patients present with solitary tumors and
a low recurrence and progression rate. Since BC patients
are monitored cystoscopically according to an intensive
surveillance protocol, gaining more insight into the
molecular pathways of BC tumors in young patients
could define a subset of patients that can be monitored
less frequently, hereby improving patient quality of life
and reducing associated costs.
We presented a unique case of a 26-year-old male

with multiple multifocal NMI bladder tumors recurring
at a high frequency. After starting intravesical mainte-
nance therapy with MMC the recurrence rate decreased
and up to date the patient stayed recurrence free. Mole-
cular analysis of the primary tumor revealed an S249C
mutation in FGFR3 (Figure 1B) and overexpression of
FGFR3 (Figure 2B). LOH on chromosome 9 was
detected by MA and confirmed by the genome wide
SNP array analysis. We also found other regions of loss
and gain that are considered minor when compared to
tumors of the same stage and grade (Figure 3). There
was no increased expression of TP53 (Figure 2C).
Hence, this young patient appears to have the typical
genetic changes found in older patients with NMI-BC.
This implies that the patient could have a disease
course comparable to older patients and warrants regu-
lar controls due to the risk of additional recurrences or
progression. These findings combined with previous
studies suggest that not only a patient’s age, but also
the molecular characteristics of the tumor determine
the clinical disease course. Since it takes time to accu-
mulate typical genetic changes involved in BC - e.g.
mutations in FGFR3 and TP53 and LOH on chromo-
somes 8, 9, 10, 11, 17- leading to tumor formation,
most BC patients will present at an older age. Possible
explanations are that older patients have a longer expo-
sure time to BC associated exogenous risk factors and
secondly that pathophysiological changes in elderly
causing urinary stasis in the bladder due to urine reten-
tion lead to an increased exposure to carcinogenic
substances. We suggest that this could be the reason
why tumors of young BC patients mostly have few
genetic alterations and may represent a biologically
distinct group of tumors with an overall good clinical
disease course (Figure 4A). This is in concordance with
one of the few molecular studies on BC in patients <19
years (n = 14) that found no mutations in FGFR3, no
deletions on chromosome arms 9p, 9q or 17p, no MSI
and only one mutation in TP53 [7]. On the other hand
other clinical studies of patients <40 years demonstrate
a disease course comparable to older patients with
typical aggressive behavior in the young presenting with
a primary muscle invasive tumor, but unfortunately no
molecular analyses of these tumors have been
performed [2,5,12,13].
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Figure 1 FGFR3 mutation detection on urinary derived DNA. FGFR3 mutation analysis of an FGFR3 tumor without a mutation (A), mutation
S249C on tumor DNA (B) and urinary derived DNA (C) from the same patient used in panel B.

Figure 2 Protein expression levels of FGFR3 and TP53 in bladder tumor tissue. (A) Haematoxylin-Eosin staining of a papillary tumor.
Original magnification ×20. (B) High levels of FGFR3 expression with a cytoplasmic and membranous patter. Original magnification ×40. (C) Low
TP53 immunostaining of tumor cells showing a nuclear pattern. Original magnification ×20.
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Exogenous risk factors that could have contributed
to BC in our patient are smoking, exposure to diesel
exhaust and depleted uranium (DU). First our patients
smoking status is 5.5 pack-years, which is known to be
associated with an increased risk of BC. Secondly, a
meta-analysis of BC and diesel exhaust exposure
demonstrated a relative risk of 1.44 for occupations
exposed to high diesel fume levels [14]. Our patient
worked as a driver of a diesel armed truck and was
exposed to diesel exhaust fumes, working in a valley
were the fumes were retained in a cloud of exploded

ammunition. Lastly, although some believe that there
is a link between exposure to DU and cancer develop-
ment no hard evidence has been found to support this
hypothesis. While evidence from Hiroshima data
shows a latency period of 10-15 years to develop can-
cer this concerns an acute high-dose exposure and
other studies were not able to demonstrate this link in
Balkan veterans [15,16]. On the other hand two studies
by Miller et al. demonstrated in vitro tumorigenic
transformation of osteoblasts when exposed to DU
[17,18].

Figure 3 Overview of copy number alterations for all chromosomes. Red: loss, green: gain.

Figure 4 Age related occurrence of BC due to exposure to carcinogenic factors and BC-associated genetic changes. (A) Young BC
patients, age <20, with a low carcinogenic exposure having chromosomal stable tumors, no mutations in FGFR3 and TP53 and no loss on
chromosome 9. (B) Patients aged 20-60 with either a molecular profile corresponding to young (<20) or older (>60) patients. (C) Older BC
patients with high exposure to carcinogenic factors and chromosomal unstable tumors, loss on chromosome 9, FGFR3 and TP53 mutations.
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Since Van der Aa et al. demonstrated that specifically
young patients perceive a cystoscopic investigation as
burdensome this emphasizes the need for patient strati-
fication [19]. To determine whether a young BC patient
should be monitored according to the standard follow-
up protocol or can be monitored less frequently by
cystoscopy, we propose to determine the FGFR3 muta-
tion status of the primary tumor. One possibility is that
the tumor will have few genetic changes and secondly
that the tumor will have genetic changes comparable to
those found in older patients (Figure 4B, 4C). Mutations
in FGFR3 are tumor-specific and are not found in nor-
mal tissue, meaning that detection of a mutation in
voided urine indicates the presence of tumor cells in the
urinary tract. The results of the follow-up in time for
our patient are indicated in Additional file 1. We
demonstrate that the S249C mutation in FGFR3
detected in the tumor was also detected in the urine
(Figure 1C), indicating that the detected tumor cells
were shed by the resected tumor. Our results demon-
strate that urine cytology does not detect the tumor in
two cases, which is in concordance with previous studies
that demonstrate a low sensitivity of urine cytology for
the detection of tumors of low stage and grade [20,21].
Although this concerns just one patient, our results
imply that patient monitoring by FGFR3 mutation ana-
lysis could be a feasible non-invasive method in the fol-
low-up of young NMI-BC patients presenting with a
mutation in FGFR3 and indicate that future research is
required to investigate this.

Conclusions
Multiple studies demonstrate the relatively benign dis-
ease course of bladder tumors in young patients, but
there are some cases with a high recurrence rate and a
progression rate comparable to older patients. We pre-
sent a young patient having multiple multifocal recur-
rent bladder tumors with molecular characteristics
found in older patients. It would be of interest to per-
form molecular studies in a larger subset of patients to
elucidate whether these tumors comprise a biologically
distinct group. Since BC tumors rarely present in
young patients, a multicenter collaboration would be
needed for investigation. This could ultimately lead to
stratification of patients that need close monitoring
and patients with favorable molecular characteristics of
the tumor that can be monitored less frequently,
hereby decreasing the number of cystoscopies per-
formed in young patients who specifically perceive a
cystoscopy as burdensome. For the follow-up of young
patients presenting with an FGFR3 mutant NMI
tumor, FGFR3 mutation analysis could be a feasible
alternative for recurrence detection.

Consent
Written informed consent was obtained from the patient
for publication of this case report and any accompany-
ing images. A copy of the written consent is available
for review by the Editor-in-Chief of this journal.

Additional file 1: Patient follow-up schedule in time. Patient’s
surveillance schedule starting at the primary tumor. Next rows represent
tumor histology or urine cytology, FGFR3 mutation status and type of
intravesical treatment.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2490-10-5-
S1.DOC ]
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Optimization of Nonmuscle Invasive Bladder Cancer Recurrence
Detection Using a Urine Based FGFR3 Mutation Assay

Tahlita C. M. Zuiverloon, Stephen S. Tjin, Martijn Busstra, Chris H. Bangma,
Egbert R. Boevé and Ellen C. Zwarthoff*
From the Departments of Pathology (SST, ECZ) and Urology (MB, CHB), Erasmus Medical Center (TCMZ) and Department of Urology, Sint
Franciscus Gasthuis Rotterdam (ERB), Rotterdam, The Netherlands

Purpose: FGFR3 mutations occur in 70% of nonmuscle invasive bladder tumors.
Although urine based FGFR3 mutation analysis can detect recurrence, its sen-
sitivity may be limited if samples have few or no tumor cells. We determined
whether test sensitivity depends on tumor size and the time point of urine
collection, and how to increase sensitivity.
Materials and Methods: A total of 440 urine samples from 18 patients with a
suspicious bladder lesion at cystoscopy were collected during 6 days before
surgery. Eight patients (300 samples) had an FGFR3 mutant tumor, including 4
each with a tumor greater than 3 and less than 1.5 cm. Polymerase chain reaction
based FGFR3 analysis was done on all tumors and urine samples.
Results: FGFR3 mutations were detected in 257 of the 300 urine samples (86%)
from patients with an FGFR3 mutant tumor. Assay sensitivity was 100% for
tumors greater than 3 cm and 75% for tumors less than 1.5 cm. It increased to
100% in patients with a less than 1.5 cm tumor when samples were pooled during
24 hours. Sensitivity was not influenced by the time of urine collection. All urine
samples from patients with an FGFR3 wild-type tumor were negative for FGFR3
mutation.
Conclusions: The sensitivity of tumor detection increased with tumor size.
FGFR3 assay sensitivity depends on the number of shed tumor cells and im-
proves by increasing urine volume. These findings suggest that there is an upper
limit to the sensitivity of the FGFR3 assay when 1 urine sample is analyzed. This
may also apply to other DNA or RNA based assays.

Key Words: urinary bladder; urinary bladder neoplasms; tumor markers,
biological; urine; mutation

Abbreviations
and Acronyms

BC � bladder cancer

FGFR3 � fibroblast growth factor
receptor-3

MT � FGFR3 mutant

NMI � nonmuscle invasive

TUR � transurethral resection

TURB � bladder tumor TUR

WT � FGFR3 wild-type

APPROXIMATELY 80% of all patients
with BC present with NMI tumors, of
which 10% to 20% progress to muscle
invasive disease. Since 70% of pa-
tients with NMI BC have at least 1
recurrence within 5 years, they are
monitored by cystoscopy every 3
months for the first 2 years.1 The high
recurrence rate and stringent fol-
lowup make BC from diagnosis to
death the most costly cancer in the
world.2,3 In addition to high costs, the

emotional distress of the patients is
considerable.4 To date the mentioned
surveillance regimen has been the
gold standard and its disadvantages
emphasize the need to develop new
diagnostic tools during followup.

Urine can be obtained noninva-
sively and used in inexpensive, simple
assays. Many urinary biomarkers
have been investigated, such as mic-
rosatellite instability using micro-
satellite analysis, nuclear matrix
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protein-22, UroVysion® and the detection of muta-
tions in FGFR3 to detect recurrent BC.5,6 Of pa-
tients with NMI BC 70% carry FGFR3 mutations,
which are associated with a good prognosis.7–10

Thus, urine based FGFR3 mutation analysis might
serve as a biomarker for patients at low risk and to
detect recurrent BC.11–16 In most study protocols 1
urine sample is collected before TURB and the test
outcome of this sample is used to determine assay
sensitivity and specificity. However, since tumor
cells are not always present in urine, the urine
based assay is not 100% sensitive.

In accordance with this hypothesis our recent lon-
gitudinal study revealed FGFR3 negative urine
tests between a series of positive tests in multiple
patients.16 Therefore, we determined how often a
urine test was FGFR3 positive or negative in the
days before a tumor was removed by TUR. We also
determined whether assay sensitivity was related to
tumor size. Our third objective was to determine the
optimal frequency and time point of urine collection
for FGFR3 mutation analysis in voided urine. All
urine specimens were collected during 6 days before
surgery. Urine samples and concomitant tumors
were analyzed for FGFR3 mutations and the test
results were compared to urine cytology results.

MATERIALS AND METHODS

Patients
A total of 18 patients with a suspect bladder lesion at
cystoscopy who were scheduled for primary (6) or recur-
rent (12) TUR were included in our study at the outpatient
departments of our 2 institutions. The Erasmus Medical
Center medical ethical committee approved the study and
written informed consent was obtained from all patients.
The first 5 patients were selected to have a macroscopi-
cally visual tumor greater than 3 cm at cystoscopy and the
second set was selected to have a tumor that was macro-
scopically less than 1.5 cm at cystoscopy. A prerequisite
for study entry was patient mental capability to under-
stand the study design and patient ability to collect all
urine before surgery. Voided urine was collected during a
minimum of 6 days before TURB. FGFR3 mutation anal-
ysis and cytology were performed on the samples. Concom-
itant tumors were also analyzed for FGFR3 mutations.

Urine Collection
Patients collected urine at each void and stored individual
samples at 4C. Samples were collected twice daily a max-
imum of 24 hours before being processed individually.
Urine samples were assessed for leukocytes, erythrocytes
and nitrite using Multistix® 8 SG. Each sample was cen-
trifuged for 10 minutes at 3,000 rpm (1,500 � gravity).
Cell pellets were washed once with 10 ml phosphate buff-
ered saline, resuspended in 1 ml phosphate buffered sa-
line, transferred to an Eppendorf vial and centrifuged for
5 minutes at 6,000 rpm (3,000 � gravity). Supernatant
was discarded and each cell pellet was stored at �20C
until DNA isolation. DNA was extracted from the cell

pellet using the QIAamp® DNA mini-kit according to the
manufacturer protocol. FGFR3 mutation analysis was
performed on urinary DNA.

FGFR3 Mutation Analysis
Mutation assay was performed as described previously.16,17

Briefly, we performed multiplex polymerase chain reac-
tion of the 3 exons containing the most common FGFR3
mutations (exons 7, 10 and 15). This was followed by
single nucleotide polymorphism analysis using primers
that anneal to the polymerase chain reaction product ad-
jacent to the mutation site. Mutation probes were ex-
tended with a labeled dideoxynucleotide and products
were analyzed on an ABI PRISM® 3100 Genetic Analyzer
automatic sequencer with the label indicating the pres-
ence or absence of a mutation. GeneScan® Analysis Soft-
ware, version 3.7 was used for data analysis.

Mutant and wild-type peak height is directly related to
the relative presence of tumor cells and normal cells in
voided urine. Hence, we used the ratio of these peaks to
quantify the percent of mutant tumor cells in a urine
sample by calculating the ratio of the height of the mutant
to the corresponding wild-type peak.

RESULTS
Sensitivity increased with tumor size and was not
higher in morning urine.

The study included 18 patients scheduled for
TUR. FGFR3 mutation analysis was performed on
resected material from the 18 patients and in a total
of 440 associated urine samples. Eight patients had
a MT tumor and all 307 urine samples from these
patients were analyzed (see figure). FGFR3 muta-
tion analysis failed in 7 of the 307 urine samples
(2%). For the other 9 patients with a WT tumor a
total of 90 urine samples were analyzed. After
TURB no tumor cells were detected in the resected
tissue of patient 12 (43 urine samples) after TURB.
All urine and tissue samples were analyzed by
FGFR3 mutation analysis. Table 1 shows the clini-
cal and molecular characteristics of analyzed urine
and tumor samples.

FGFR3 mutations were detected in 257 of 300
urine samples (86%) and undetected in 43 (14%).
One FGFR3 mutation was detected in dysplastic
urothelium (table 2).

We then discriminated between tumors greater
than 3 and less than 1.5 cm. MT cells were identified
in all 127 urine samples (100%) from patients with a
tumor greater than 3 cm and in 130 of 173 (75%)
from patients with a tumor less than 1.5 cm (table 2).
The average MT-to-WT peak height ratio in the
urine of patients with tumors greater than 3 cm was
higher than that of patients with tumors less than
1.5 cm (table 3). This might indicate that larger
tumors shed more tumor cells into urine. Notably no
tumors were detected by urine cytology (table 2).

BLADDER CANCER RECURRENCE DETECTION USING FGFR3 MUTATION ASSAY
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The types of FGFR3 mutations detected in pa-
tient urine were identical to those in the concomi-
tant tumor, which strongly suggests that urinary
MT tumor cells were shed by the resected tumor.
Briefly, tumor cells were not always present in urine
and the number of shed tumor cells increased with
tumor size.

We then determined whether the sensitivity of
our assay to detect tumors less than 1.5 cm could be
increased by pooling urine samples collected within
24 hours. Table 4 shows that the average peak
height of all urine specimens collected within 24
hours was always greater than zero, meaning that
all tumors were detected.

Subsequently to determine whether morning
urine contained more tumor cells due to the over-
night concentration of urinary cells in the bladder
we compared the MT-to-WT peak ratio of the first
urine sample in the morning to the ratio of all other
urine samples (morning urine). Table 3 shows that
the average peak ratio of the first morning urine was
generally lower than the ratio of the other urine
samples. Based on these data we conclude that the
first morning urine does not necessarily contain
more tumor cells than urine collected during the
day.

In 1 of the 18 study patients no tumor cells were
detected in the tissue removed at TURB. Cystoscopy

Patients were divided by FGFR3 status of study inclusion tumor and by tumor size less than 1.5 vs greater than 3 cm. FGFR3 analysis
sensitivity in patients with MT tumor attained 100% and 75% for tumors greater than 3 and less than 1.5 cm, respectively. No mutations
were detected in urine of patients with WT tumor. One patient scheduled for tumor resection was tumor free after pathological
examination of tissue.

Table 1. Clinical and molecular characteristics of 18 patients

Pt
No.—Sex—Age at Diagnosis Tumor Type Multiplicity Size (cm) Stage/Grade Tumor FGFR3

1— M—73 Primary Multiple Greater than 3 Ta/G2 S249C � Y375C
2— M—66 Primary Multiple Greater than 3 Ta/G2 S249C
4— F—84 Primary Multiple Greater than 3 Ta/G1 Y375C
5— F—58 Recurrent Solitary Greater than 3 Ta/G2 S249C
9— M—26 Recurrent Multiple Less than 1.5 Ta/G2 S249C

13— M—74 Recurrent Solitary Less than 1.5 Ta/G2 S249C
16— M—66 Recurrent Solitary Less than 1.5 Ta/G2 S249C
17— M—61 Recurrent Solitary Less than 1.5 Dysplasia R248C
3— M—72 Recurrent Multiple Greater than 3 Ta/G2 WT
6— M—79 Recurrent Multiple Less than 1.5 Ta/G2 WT
7— M—64 Recurrent Multiple Less than 1.5 Ta/G2 WT
8— M—85 Recurrent Multiple Less than 1.5 Ta/G2 WT

10— M—57 Primary Solitary Less than 1.5 Ta/G1 WT
11— M—67 Recurrent Multiple Less than 1.5 Ta/G1 WT
12— M—77 Recurrent None Less than 1.5 — WT
14— M—84 Recurrent Multiple Less than 1.5 Ta/G2 WT
15— M—66 Primary Solitary Less than 1.5 Ta/G1 WT
18— M—56 Primary Solitary Less than 1.5 Ta/G2 WT

BLADDER CANCER RECURRENCE DETECTION USING FGFR3 MUTATION ASSAY
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revealed a suspect elevated lesion on the anterior
bladder wall. Accordingly all 43 urine samples were
negative for MT (see figure). The primary tumor of
this patient had previously been found to have an
S249C mutation in the FGFR3 gene. As a control,
we also analyzed 10 urine samples from each patient
with a WT tumor for a total of 90 samples (see
figure). No mutations were detected in these urine
samples. These findings confirm the high specificity
of the FGFR3 urine assay.16

DISCUSSION
FGFR3 mutations are found in 70% of all patients
presenting with an NMI bladder tumor. These mu-
tations are tumor specific and absent in the urine of
patients without BC or normal urothelium.16,18

These findings make FGFR3 mutation analysis on
voided urine an optimal urine based assay for fol-
lowup.

Previously we noted that FGFR3 mutation detec-
tion on voided urine might be feasible during fol-
lowup. A repeat finding was FGFR3 negative urine
tests between a series of positive test results, which
could imply the scarcity or absence of tumor cells in

some samples.16 Thus, we determined the preva-
lence of FGFR3 positive and negative urine samples
preceding the removal of a MT tumor. We also in-
vestigated whether tumor size could influence assay
sensitivity and determined the optimal frequency
and time point of urine collection. FGFR3 mutations
in the urine of patients with a tumor greater than 3
cm were detected in all samples for 100% sensitivity
compared to 75% sensitivity (range 63% to 87%) for
tumors less than 1.5 cm in patients with a MT tu-
mor. Thus, we suggest that the sensitivity of detec-
tion depends on tumor size.

Lower sensitivity in tumors less than 1.5 cm could
have been caused by a low number or the absence of
tumor cells in the urine. Extrapolating the results to
all urine based assays that depend on the number of
urinary tumor cells, this suggests that the sensitiv-
ity of the most potent urine based assays, such as
MT analysis (81%), microsatellite analysis (58%),
fluorescence in situ hybridization (76%) and Immu-
noCyt™ (84%), will never attain 100%.16,19,20 A pos-
sible explanation for a lower number or the absence
of tumor cells in the urine of patients with tumors
less than 1.5 cm could be that they shed fewer cells
due to less mechanical stress on the tumor. Our
group also noted this in a recent study in which
sensitivity to detect primary tumors, which on aver-
age are large, was higher than sensitivity to detect
recurrent bladder tumors in voided urine (unpub-
lished data). Also, a possibility could be that smaller
tumors shed fewer cells due to different biological
characteristics of the tumor. Lastly, the detection
threshold of the urine based assay might be insuffi-
cient when there are few tumor cells. However, as
reported previously, urinary FGFR3 mutations can
be detected in the presence of 95% normal cells and,
thus, it seems unlikely that the assay detection
threshold could completely explain these findings.16

In 1 patient the pathological classification of the
tumor was dysplasia. Pathology reports were re-
viewed and confirmed by an expert uropathologist.
Since to date FGFR3 mutations have only been

Table 2. Sensitivity to detect FGFR3 mutation in urine when
cytology showed no malignancy

Pt No. Tumor FGFR3

Urine Samples

FGFR3
No.

Analyzed
No. FGFR3 Pos
(% sensitivity)

Tumor greater than 3 cm:
1 S249C � Y375C S249C � Y375C 16 16 (100)
2 S249C S249C 31 31 (100)
4 Y375C Y375C 39 39 (100)
5 S249C S249C 41 41 (100)

Tumor less than 1.5 cm:
9 S249C S249C 24 16 (67)
13 S249C S249C 30 26 (87)
16 S249C S249C 68 56 (82)
17 R248C R248C 51 32 (63)

Table 3. MT-to-WT ratio of peak height of morning urine
sample vs other samples

Pt No.

No. Urine Samples (av ratio)

Overall Morning Day/Night

Tumor greater than 3 cm:
1 16 (0.17) 4 (0.16) 12 (0.18)
2 31 (0.79) 6 (0.45) 25 (0.87)
4 39 (0.89) 6 (0.78) 33 (0.91)
5 41 (0.99) 8 (0.95) 33 (1.00)

Tumor less than 1.5 cm:
9 24 (0.15) 5 (0.24) 19 (0.13)
13 30 (0.17) 5 (0.06) 25 (0.19)
16 68 (0.20) 5 (0.18) 64 (0.20)
17 51 (0.09) 8 (0.04) 43 (0.09)

Table 4. Mutant peak height in pooled 24-hour urine samples

Day

Av 24-Hr Peak Ht

Pt 1 Pt 2 Pt 4 Pt 5 Pt 9 Pt 13 Pt 16 Pt 17

1 324 2,609 4,557 8,139 774 403 702 24
2 367 1,599 3,880 4,439 63 467 1,052 13
3 123 917 4,082 7,170 519 263 2,027 31
4 546 1,023 2,642 7,492 1,091 354 917 121
5 1,090 1,631 2,452 7,417 91 295 1,453 94
6 2,588 4,399 8,014 115
7 826 2,834 5,131 72
8 5,994 92
9 8,388

BLADDER CANCER RECURRENCE DETECTION USING FGFR3 MUTATION ASSAY
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detected in urothelial cell carcinoma and flat urothe-
lial hyperplasia,21 to our knowledge this is the first
study of an FGFR3 mutation in dysplastic urothelial
tissue.

We then determined that morning urine, which is
assumed to be concentrated overnight and, there-
fore, is expected to contain more tumor cells, did not
contain the highest number of neoplastic cells (table 3).
A possible explanation is that most of these elderly
patients had polyuria or nocturia caused by comor-
bidity, such as benign prostate hyperplasia or dia-
betes mellitus. Hence, in these patients there is
simply not enough time to collect more tumor cells in
urine. In line with this finding the youngest patient
(patient 9), who was 26 years old and did not have
nocturia or polyuria, had higher average peak
height ratios in the first morning urine than in urine
collected during the day. Larger cohorts of young
patients are needed to confirm this finding, espe-
cially since young patients perceive cystoscopy to be
burdensome and would specifically benefit from a
decreased number of cystoscopies.4

Since 24-hour urine collection is already a stan-
dard clinical procedure, we observed that this poten-
tially improved mutation assay sensitivity from 75%
to 100% in patients with tumors less than 1.5 cm
(table 4). At the time of this study Urine Preserva-
tion Solution (Copan Italia, Brescia, Italy) was being
tested. Results have shown that urinary cells and
DNA are stable at room temperature for 2 weeks
(data not shown), eliminating the need for sample
cooling and direct processing.

Urine cytology was also done and no tumors were
detected by cytology. This finding is in accordance
with previous studies showing the low sensitivity of
cytology for low stage, low grade tumors.20,22–24

Our study included 1 patient who had positive
cystoscopy but whose tissue removed at TURB was
free of any tumor cells. It was known from a previ-
ous study that this patient had a MT primary tumor
but no mutations were detected in any analyzed
urine sample. Also, a total of 90 urine samples from
9 patients with a WT tumor were also negative for
FGFR3 mutation. Together these findings underline
the high specificity of the assay. Based on these and
previous results we suggest that patients can be
stratified by the FGFR3 mutation status of the pri-
mary tumor. Patients with a MT tumor should un-
dergo cystoscopy at 3, 12 and 24 months, and uri-
nary FGFR3 mutation analysis at 6, 9, 15, 18, 21
and 27 months for the first 2 years.16 Urine should
be collected during 24 hours to achieve the highest
sensitivity of FGFR3 mutation analysis.

We suggest that a positive test should be followed
by cystoscopy since in most positive test results

recurrence is found, especially when the urologist is
aware of the positive test outcome.16,25 When the
urine test is negative in patients with a MT primary
tumor, no cystoscopy is indicated if the urine is
tested again after 3 and 6 months. We previously
noted that 19% of primary MT tumors are followed
by WT recurrence. Also, we observed that wild-type
recurrence in patients with a mutant primary tumor
had lower stage and grade than recurrence in pa-
tients presenting with a wild-type tumor.

Hence, we have no indication that wild-type re-
currence following a mutant primary tumor is asso-
ciated with disease progression. Thus, we suggest
that it would be safe to repeat urine testing after a
negative test, especially since recurrence develops
during an extended period and multiple urine tests
can be done during this period, as reported by Kom-
pier et al.10 Obviously after a grade 3 recurrence is
found frequent cystoscopy is warranted. We suggest
other methods of followup for patients with a pri-
mary WT tumor, for example detection of loss of
heterozygosity.6

Strengths of the study include FGFR3 mutation
analysis of a large number of urine samples together
with the concomitant recurrent tumor in patients
with a MT tumor as well as control patients with a
WT tumor. The study could have been improved by
validating the results in an independent, larger pa-
tient cohort and by collecting samples for 24 hours
instead of pooling urine. Also, random inclusion of
patients without prior selection criteria at cystos-
copy might have strengthened our findings.

Briefly, followup by urinary FGFR3 mutation
analysis might improve patient quality of life, de-
crease the number of cystoscopies and lower treat-
ment associated costs. We report that tumor cells
are not always present in the urine of patients with
tumors less than 1.5 cm, which negatively affects
assay sensitivity. This problem could be solved by
24-hour urine collection. It would be interesting to
perform a larger trial with urine samples pooled
during a 24-hour period to validate these findings.

CONCLUSIONS
Sensitivity of the urine based FGFR3 mutation de-
tection assay increases with tumor size and is not
influenced by the time that urine was collected. We
confirm that urine may contain few or no tumor
cells, affecting assay sensitivity. Increasing the vol-
ume of collected urine could solve this. Our findings
suggest that there is an upper limit to sensitivity
due to few or no tumor cells in urine, which may also
apply to other DNA or RNA based urine assays.
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NoEvidence of FGFR3Mutations in ProstateCancer
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BACKGROUND. FGFR3 mutations are associated with a good clinical disease course in
bladder tumors. Currently, prognostic markers to stratify prostate cancer (PCa) patients for
conservative management are lacking. Conflicting results have been found on the presence of
FGFR3mutations in PCa. Our objective was to determine the prevalence of FGFR3mutations in
a subset of prostate tumors. Next, determine the prevalence of FGFR3mutations in PCapatients
with coexistent tumors in other tissues.
METHODS. Primary and locally advanced prostate tumors (n¼ 132) were collected at our
medical center. From the 132 PCa patients, 28 (21%) were diagnosed with coexistent primary
tumors (bladder, skin, pancreas, renal cell, gastric, colon, hepatic, and lung). Tumors were
analyzed by FGFR3mutation analysis on exon 7, 10, and 15, known to harbor themost frequent
mutations.
RESULTS. The prevalence of FGFR3 mutations in patients with only PCa was 0%. Most PCa
patients presented with coexistent bladder (n¼ 12) and bladder and skin tumors (n¼ 7). Other
coexistent tumors in PCa patients included: bladder and pancreatic cancer (n¼ 1); bladder and
renal cell carcinoma (n¼ 1); bladder and gastric carcinoma (n¼ 1); skin cancer (n¼ 1); colon
cancer (n¼ 3); hepatic carcinoma (n¼ 1); and lung cancer (n¼ 1). FGFR3 mutations were
detected in 9/15 (60%) analyzed bladder tumors.
CONCLUSIONS. FGFR3 mutations were absent in the investigated prostate tumors,
suggesting a minor role of these mutations in tumorigenesis. Hence, FGFR3mutation analysis
is not suitable to select patients for conservative management. Interestingly, if a prostate tumor
coincided with other tumors these were mostly bladder and skin. Prostate 71: 637–641, 2011.
# 2010 Wiley-Liss, Inc.

KEY WORDS: FGFR3; mutation; prostate cancer

INTRODUCTION

Prostate cancer (PCa) is the second most common
cause of cancer-related death in men [1]. Interestingly,
PCa is present in 80% of men over the age of 80 but
it will only lead to disease-related symptoms in
a minority of the patients.

Currently, prognostic markers to stratify patients at
a high risk of disease progression are scarce. Hence,
there is a need for development of new biomarkers.
Previous investigations demonstrated the role of the
FGF-axis in PCa carcinogenesis. Decreased expression
of fibroblast growth factor receptor-2 (FGFR2) mRNA
was found in androgen-independent tumors and was
associated with progression [2]. Overexpression of
FGFR4mRNA and protein was shown to be associated
with high-grade tumors and a poor disease-specific

survival [3–5]. The role of FGFR3 in PCa remains
largely unknown. Two independent studies demon-
strated similar levels of expression of FGFR3 in benign
prostatic hyperplasia (BPH) and PCa samples [3,5].
Mutations in FGFR3 have been found in multiple
myeloma, benign skin tumors, colon, cervical, oral and
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bladder cancer [6–10]. FGFR3 mutations in bladder
tumors were shown to be associated with a good
clinical prognosis and an FGFR3-based stratification of
patients demonstrated to be feasible during follow-up
[11–14]. Two small studies reported on the absence of
FGFR3 mutations in PCa. In contrast, Hernandez et al.
[15] recently demonstrated a low prevalence (9%) of
FGFR3 mutations in a large group of prostate tumors
and the association ofFGFR3mutationswith low-grade
PCa, suggesting a tool for identification of patientswith
a goodprognosis. As this finding could contribute to an
improved selection of patients suitable for conservative
management, we aimed to determine the prevalence of
FGFR3 mutations in a large set of prostate tumors. In
the abovementioned study by Hernandez et al., it was
demonstrated that FGFR3 mutations were mostly
present in PCa patients with coexistent bladder or skin
tumors. Hence, we focused on the prevalence of FGFR3
mutations in PCa patients with coexistent tumors in
other tissues.

MATERIALS ANDMETHODS

Patients and SampleCollection

Genomic DNA was available from 132 clinical PCa
samples. Eighty-one samples were primary prostate
tumors obtained by radical prostatectomy, 1 sample
was obtained by cystoprostatectomy, 17 samples were
needle biopsies, and 33 samples were locally advanced
or recurrent tumors obtained by transurethral resection
of the prostate (TURP) at Erasmus MC Rotterdam, the
Netherlands. In the latter, TURP was done for reasons
of bladder outlet obstruction due to local progression.
The vast majority of the recurrent tumor samples were
taken during endocrine therapy. Not surprisingly,
well-differentiated tumors were absent in the TURP
group. From the 132 PCa patients 28 (21%) were
known with coexistent primary tumors (bladder, skin,
pancreas, renal cell, gastric, colon, hepatic, and lung).

DNAExtraction

Hematoxilin/eosin-stained tissue sections from
prostate tumors were histologically evaluated by two
pathologists (van der Kwast, van Leenders. Only
samples that contained at least 70% tumor cells were
selected for analysis. Tissues were snap-frozen and
stored in liquid nitrogen. Genomic DNA was isolated
using the Puregen system from Gentra Systems
(Minneapolis, MN) according to the manufacturer’s
instructions. Use of the samples for research purposes
was approved by the Erasmus MC Medical Ethics
Committee according to the Medical Research Involv-
ing Human Subjects Act (MEC-2004-261).

FGFR3MutationAnalysis

Amultiplex PCRof the three regions that contain the
most frequent FGFR3 mutations was performed as
described previously [14,16]. These regions comprise
the codon mutations: R248C and S249C (exon 7),
G372C, S373C, Y375C, G382R, and A393E (exon 10),
and K652M, K652T, K652E, and K652Q (exon 15). PCR
was performed using 15 ml containing 1–5 ng genomic
DNA, 1� PCR buffer (Promega, Madison, WI),
1.5mmol/LMgCl2, 0.17mmol/L dNTPs (Roche, Basel,
Switzerland), 1.0U Taq polymerase (Promega), 5%
glycerol (Fluka, Buchs SG, Switzerland), 18 pmol of
exon 7 primers, 7.5 pmol of exon 10 primers, and
10 pmol of exon 15 primers. Cycling conditions were:
5min at 958C, 35 cycles at 958C for 45 sec, 608C for
45 sec, and 728C for 45 sec, followed by 10min at 728C.
The PCR product was treated with 3U of shrimp
alkaline phosphatase (Amersham Biosciences,
Uppsala, Sweden) and 2U of Exonuclease I (Amer-
sham Biosciences) to remove excess primers and
dNTPs. This was followed by a mutation analysis
(ABI PRISM SNaPshot Multiplex Kit, Applied Biosys-
tems, Foster City, CA) using probes that anneal to the
PCR product adjacent to the mutation site. Different
lengths of poly (dT) tails were attached to the 50-end to
enable simultaneous detection on the sequencer. The
mutation detection reaction was performed in 10 ml,
containing 1 ml of multiplex PCR product, 2.5 ml Ready
reaction mix, 1� sequencing buffer and probes as
shown in Supplementary Material S2. Cycling con-
ditions were 35 cycles of rapid thermal ramp (1.30) to
968C, 968C for 10 sec, rapid thermal ramp (1.30) to
58.58C, and 58.5 for 40 sec, followed by treatment with
1U shrimp alkaline phosphatase. Separation was in a
30-min run on 36-cm long capillaries on an automatic
sequencer (ABI PRISM 3130 XL Genetic Analyzer,
Applied Biosystems) with the label indicating the
presence or absence of a mutation.

RESULTS

We analyzed 132 prostate tumors for the presence
of mutations in FGFR3, but no mutations were
detected in any of the samples. Clinicopathological
data were available for the cohort of primary prostate
tumors (n¼ 81). The mean age at diagnosis was
61.9 years (SD� 5.4) and the mean PSA at diagnosis
was 15.7 ng/ml (SD� 21.5). Clinicopathological char-
acteristics of the primary tumors are listed in Table I.

Next, we investigated the prevalence of FGFR3
mutations in a subgroup of PCa patients (28/132) with
other coexistent tumors (Table II). Most PCa patients
presentedwith coexistent bladder (n¼ 12) and bladder
and skin (n¼ 7) tumors. Other coexistent tumors
included: bladder and pancreatic cancer (n¼ 1);
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bladder and renal cell carcinoma (n¼ 1); bladder and
gastric carcinoma (n¼ 1); skin cancer (n¼ 1); colon
cancer (n¼ 3); hepatic carcinoma (n¼ 1); and lung
cancer (n¼ 1). FGFR3mutations were detected in 9/15
(60%) analyzed bladder tumors (Table III). All FGFR3
mutant bladder tumors contained the S249C mutation
and one patient had an S249C and Y375Cmutation. No
FGFR3mutations were detected in the skin, pancreatic,
renal cell, gastric, colon, hepatic, and lung tumors.

DISCUSSION

Due to PSA-based screening there has been an
increase in the detection of PCa over the past two

decades. It is estimated that PCa affects 80% of all men
over 80years of age but only aminority of these patients
will have clinical symptoms during their lifetime.
Recently, it was shown that screening for PCa reduces
cancer-specific mortality but at the cost of overdiag-
nosis and overtreatment [17]. Currently, there are no
specific biomarkers available that can identify patients
at a low risk of progression. Such a marker could aid in
the selection of patients who are suitable for conserva-
tive management and thereby reducing the negative
sides of treatment and improving patient quality of life.
Mutations in FGFR3 have mainly been found in low-
grade bladder tumors (70%) and benign skin (25–85%)
tumors [12,18–20]. Specifically in bladder tumors,
FGFR3 mutations have been associated with a good
prognosis. Our objective was to determine the preva-
lence of FGFR3mutations in a large set of PCa tumors.

FGFR3 mutations were not detected in any of the
analyzed prostate tumors (n¼ 132). In contrast to our
findings, Hernandez et al. recently reported FGFR3
mutations in 9/112 (8%) prostate tumors. Stratifying
the cases according to the Gleason score showed an
association of FGFR3 mutations with low-grade pros-
tate tumors (GS¼ 6; 8/9, 89%). Thus, they concluded
that mutations in FGFR3were associated with a subset
of prostate tumorswith a lowGleason score and a good
prognosis. Furthermore, Naimi et al. [21] and Sibley
et al. [22] investigated the prevalence of FGFR3
mutations in prostate tumors but found no mutations.
It is possible that these patient cohorts (n¼ 20 and
n¼ 10, respectively) were too small to detect FGFR3
mutations in the prostate tumors, which seems not the
case for our cohort (n¼ 132). There are multiple factors
that could explain the observed discrepancies. First,
our study included 17 needle biopsies and it is well
established that needle biopsies contain relatively low
number of tumor cells, meaning that our results could
include false negatives. However, the assay used can
detect FGFR3 mutations if only 5% tumor cells are
present, so it seems unlikely that the sensitivity of the

The Prostate

TABLE I. Clinicopathological Characteristics of the
PrimaryTumors

Characteristic

Mean age (�SD) 61.9 �5.4 years
Mean PSA (�SD) 15.7 �21.5 ng/ml
cT-stage
Organ confined tumor 55 61.7%
Extraprostatic tumor 16 19.8%
Unknown 10 13.3%

pT-stage
�pT2c 25 30.9%
�pT3a 53 65.4%
Unknown 3 3.7%

Surgical margins
Positive 38 46.9%
Negative 39 48.1%
Unknown 4 4.9%

Gleason score
<7 46 56.8%
¼7 21 25.9%
>7 14 17.3%

Occult metastases at RP
Yes 10 12.3%
No 66 81.5%
Unknown 5 6.2%

TABLE II. PatientNumbersAccording to theDifferent TumorTypes

n¼ 132 Type of tumors n

Group 1 (n¼ 104) Prostate 104
Group 2 (n¼ 28) Prostateþ bladder 12

Prostateþ bladderþ skin 7
Prostateþ bladderþpancreas 1
Prostateþ bladderþ renal cell carcinoma 1
Prostateþ bladderþ gastric carcinoma 1
Prostateþ skin 1
Prostateþ colon 3
Prostateþhepatocelluar carcinoma 1
Prostateþ lung 1

No FGFR3Mutations in Prostate Cancer
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assay could explain the absence of mutations [14]. The
study by Hernandez et al. included 25/112 needle
biopsies without FGFR3 mutations. Secondly, contam-
ination of morphologically normal, but molecular
aberrant urothelial cells from the prostatic urethra
and prostatic ducts could be a cause of false positives in
the study by Hernandez et al. Therefore, it would be of
interest to determine whether the FGFR3-positive
tumors are located in the transitional zone of the
prostate. Lastly, it cannot be excluded that Spanish
patients differ from those in Northern Europe.

Next, we determined the prevalence of FGFR3
mutations in PCa patients with coexistent tumors.
FGFR3 mutations were only detected in bladder
tumors. Hernandez et al. did not find any FGFR3
mutations in their bladder tumors, which could be
explained by the inclusion of mainly high-grade
muscle-invasive tumors that have a low prevalence of
FGFR3 mutations. It is an interesting finding that
prostate tumors mostly coincide with bladder and skin
tumors although it should be mentioned that this is a

selected group and it would be interesting to confirm
this finding in a large unselected group of patients. One
patient had coexistent prostate, bladder and lung
cancer. Smoking is an important risk factor for lung
and bladder cancer and could represent a common
cause of these tumor types. In addition to FGFR3
mutations, other genes like Patched Homolog (PTCH),
Tuberous Sclerosis-1 (TSC1), and members from the
PI3K/PTEN/AKT andRas/Raf/MAPKpathway have
been indicated in the tumorigenesis of urothelial, skin
and prostate tumors and it would be of interest to
determine the mutation status of these genes in
coexistent tumors [23,24].

In conclusion,FGFR3mutationswere not detected in
PCa tumors. Interestingly, we confirmed the presence
of mostly coexistent prostate, bladder and skin tumors
in this selected group. This is an interesting finding
since FGFR3mutations are found in low-grade bladder
tumors, benign epidermal nevi and seborrheic kera-
tosis [19,20,23]. Larger studies on the prevalence of
coexistent tumors in one patient and investigation of
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TABLE III. Outcome FGFR3mutation analysis in patientswith PCa andcoexistenttumors

Sample ID Sample type Other tumors FGFR3 Pca FGFR3 BC FGFR3 other

G-204 Prostatectomy Bladder, TaG1 WT N/A
24 Biopsy Bladder, TaG2 WT S249C —
111 Biopsy Bladder, TaG2 WT S249C
119 Biopsy Bladder, T1G3 þCIS WT WT —
326 Biopsy Bladder, TaG2 WT N/A —
706 Biopsy Bladder, TaG2þCIS N/A WT
729 Biopsy Bladder, TaG3þCIS WT WT —
743 Cystoprostatectomy Bladder, T3G3 þCIS WT N/A —
761 Biopsy Bladder, T2G3 WT N/A
890 Biopsy Bladder, TaG2 N/A S249C/Y375C —
891 Biopsy Bladder, TaG2 N/A S249C —
T4-5 TURT Bladder, TaG1 WT N/A
G-289 Prostatectomy Bladder TaG2, basal cell carcinoma WT S249C WT
115 Biopsy Bladder TaG1, basal cell carcinoma WT Y375C WT
131 Biopsy Bladder TaG2, basal cell carcinoma WT S249C WT
766 Biopsy Bladder TaG1, basal cell carcinoma WT WT WT
46 Biopsy Bladder T1G3, basal cell carcinoma N/A S249C N/A
371 TURT Bladder TaG2, seborrheic keratosis N/A N/A N/A
79 Biopsy Bladder T1G3, hand papilloma WT WT N/A
105 Biopsy Bladder T1G2, pancreatic carcinoma WT WT N/A
721 Biopsy Bladder TaG2, renal cell carcinoma WT N/A N/A
677 Biopsy Bladder T1G3, gastric cancer N/A S249C WT
G-051 Prostatectomy Basal cell carcinoma, actinic keratosis,

squamous cell carcinoma skin
WT N/A N/A

G-165 Prostatectomy Colon cancer WT N/A
G-272 Prostatectomy Colon cancer WT — N/A
G-255 Prostatectomy Colon cancer WT N/A
G-124 Prostatectomy Hepatic cancer WT N/A
PC300 TURT Lung cancer WT — N/A

PCa, prostate cancer; BC,Bladder cancer; TURT, trans-urethral resection of the tumor; CIS, carcinoma in situ;WT, FGFR3wild-type;N/A,
not available.
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molecular alterations in different pathways are needed
to prove a possible relationship of tumor development.

CONCLUSIONS

Mutations in FGFR3 were not found in PCa, hence
stratification of patients for conservative management
by FGFR3 analysis is not suitable. Interestingly, if a
prostate tumor coincides with other tumors these are
mostly bladder and skin.
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   What ’ s known on the subject? and What does the study add?    
 Multiple studies report on the detection of methylation in voided urine samples as a 
possible approach for the follow-up of non-muscle invasive bladder cancer patients. 
Previous studies analyze methylation gene panels in a mixture of primary and 
recurrent tumours. As primary tumours are larger than recurrent tumours and thus 
easier to detect in urine, validation of methylation markers in urine samples from 
patients with primary tumours will result in a test sensitivity that does not refl ect the 
true sensitivity of the assay. 

 This study is the fi rst to select a subset of genes specifi cally methylated in non-muscle 
invasive bladder cancer recurrences and validates the gene panel in two independent 
sets of urine samples from recurrent patients, thus simulating the disease course 
according to the clinical presentation. 

 OBJECTIVE 

     •     To develop a methylation-specifi c 
multiplex ligation-dependent probe 
amplifi cation (MS-MLPA) assay for the 
detection of non-muscle invasive bladder 
cancer (NMIBC) recurrences in voided urine.   

 PATIENTS AND METHODS 

     •     Genes frequently methylated in NMIBC 
tumours ( n   =  37) were selected to develop 
a BC-specifi c MS-MLPA assay.  
    •     Genes methylated in blood from 
patientswith BC ( n   =  29) and genes 
methylated in urine from patients with no 
history of BC ( n   =  46) were excluded.  
    •     A four-gene panel with the highest 
predictive value was selected from the 
initial assay. This four-gene panel was 
tested and validated on urine from patients 
with a histologically confi rmed recurrence 
( n   =  68 test set;  n   =  49 validation set) 
and urine samples from patients without 
BC ( n   =  91, test set) and urine from 
recurrence-free BC (rec-free BC) patients 
( n   =  60, validation set).  
    •     A model was developed to predict the 
probability of having a recurrence based on 
methylation of the four-gene panel and a 
threshold probability with the highest 
sensitivity and specifi city was determined.  

    •     The outcome of the model was validated 
on BC urine samples ( n   =  65) and on urine 
samples from rec-free BC patients ( n   =  29).   

 RESULTS 

     •     The BC MS-MLPA assay consisted of 23 
methylation probes. The selected four-gene 
panel included:  APC _ a ,  TERT _ a ,  TERT _ b , 
and  EDNRB . This panel reached an area 
under the receiver operating characteristic 
curve (AUC) of 0.82 (test set) and AUC 0.69 
(validation set). Sensitivity and specifi city 
for the detection of a concomitant tumour 
were 63.3% and 58.3% respectively (test 
set) and 72.3% and 55.2%, respectively 
(validation set).   

 CONCLUSIONS 

     •     We have developed a methylation 
detection assay specifi cally for the 
detection of recurrences in patients with 
NMIBC in voided urine.  
    •     The fi ndings are promising and 
improvement of this test could eventually 
contribute to a more individualized patient 
friendly surveillance.    

  KEYWORDS 

 bladder cancer  ,   urine  ,   methylation  , 
  surveillance   
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   INTRODUCTION 

 Bladder cancer (BC) is the most prevalent 
type of urothelial cell carcinoma and is 
associated with the highest costs in patient 
surveillance compared withother types of 

cancer   [ 1 ]  . This is mainly caused by the high 
recurrence rate of non-muscle invasive BC 
(NMIBC), which necessitates life-long 
cystoscopic follow-up and frequent 
transurethral resections (TURs)   [ 2 – 4 ]  . Today, 
cystoscopy remains the  ‘ gold standard ’  for 

surveillance of patients with NMIBC, but this 
is a costly and time-consuming procedure 
with a sensitivity of 68 – 83% and causing 
physical discomfort to the patient   [ 5 – 8 ]  . 
During follow-up, cytology is used in 
addition to cystoscopy; however, the 
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sensitivity of cytology is specifi cally 
insuffi cient for the detection of low stage 
and grade tumours, whereby its accuracy is 
infl uenced by the pathologist ’ s experience 
  [ 9 – 14 ]  . Many urinary biomarkers have 
been identifi ed to reduce the number of 
cystoscopies and BC-associated costs, 
consequently improving patient quality of 
life and patient care. Most available 
biomarkers have a low sensitivity for the 
detection of NMIBC recurrences; hence the 
clinical applicability of these markers 
remains limited. Together, these fi ndings 
emphasize the need for the identifi cation of 
new urinary biomarkers for the follow-up of 
patients with NMIBC. 

 Recently, the role of epigenetic changes in 
BC has become more apparent. Epigenetic 
changes are defi ned as changes in gene 
expression that are heritable through cell 
division, without associated DNA sequence 
alterations. Previous studies have shown 
the role of aberrant DNA promoter 
hypermethylation, leading to transcriptional 
silencing of tumour suppressor genes 
  [ 15 – 17 ]  . Hypermethylation in BC has been 
associated with age, smoking status, gender, 
tumour location, stage, recurrence rate and 
progression   [ 18 – 22 ]  . In addition to detection 
of methylation in tumour tissue, aberrant 
methylation has also been detected in 
voided urine of patients with BC and 
appears to be more sensitive than urine 
cytology   [ 23 – 30 ]  . 

 Current urinary biomarkers are mostly tested 
and validated on primary tumours, which 
are large in size and thus easier to detect in 
urine than in recurrent tumours. In addition 
to this, muscle-invasive (MI) tumours are 
used to validate markers for the detection of 
recurrent bladder tumours. MI tumours are 
also larger in size, are high grade with more 
genetic aberrations and shed more tumour 
cells than NMI tumours. Thus, they are 
easier to detect by urine-based assays, not 
refl ecting the true sensitivity of the assay 
for the detection of NMIBC recurrences. 
Therefore, we designed a methylation-
specifi c multiplex ligation-dependent probe 
amplifi cation (MS-MLPA) assay for the 
detection of genes specifi cally methylated 
in recurrences of patients with NMIBC. We 
selected a smaller gene panel from the BC 
MS-MLPA assay and developed a logistic 
regression model to predict the recurrence 
probability based on genes methylated in 
urinary tumour cells. Lastly, we determined 

the sensitivity and specifi city of the selected 
gene panel on an independent test and 
validation cohort.  

  PATIENTS AND METHODS 

 The study design consisted of a four-step 
process to develop the MS-MLPA specifi cally 
for the detection of NMIBC recurrent 
tumours ( Fig.   1 ,  Table   1 ). The Medical Ethical 
Committee of the Erasmus MC approved 
the study (MEC 168.922/1998/55) and 
written informed consent was obtained from 
all patients. 

    Step 1.    Recurrent tumours from patients 
included with a primary NMI bladder tumour 
were selected ( n   =  37) for methylation 
analysis. As a control group, urine from 
patients with benign urological disorders 
other than BC (non-BC;  n   =  46) was 
collected before cystoscopy at the Erasmus 
MC Urology Outpatient Department and 
stored at 4    ° C. All patients with a history of 
urinary tract malignancies (bladder, upper 
urinary tract, prostate and kidney) were 

excluded. Patients with BPH, which is age 
related and often diagnosed in elderly men, 
were included in the control group. The 
reason for inclusion is the concurrent 
presentation with BC, also developing in 
elderly men. Samples were checked for 
leucocytes, erythrocytes and nitrite (Bayer, 
multistix 10 SG). Additionally, 29 blood 
samples from patients with BC were 
included in the study.  
   Step 2 .   Urine samples collected 1 day before 
TUR of the recurrent tumour (pre-TUR urine; 
 n   =  68) were selected for analysis. After 
TUR, the stage and grade of the recurrent 
tumour were confi rmed by an expert 
uropathologist. Control urine samples from 
non-BC patients ( n   =  91) were drawn from 
the Dutch Bladder Cancer Screening Study.  
   Step 3 .    Validation of the gene panel . Urine 
samples from patients with BC collected 
during follow-up ( n   =  109) were used for 
analysis. From this group 49 patients had a 
histologically confi rmed recurrence at the 
time of urine collection. The other 60 urine 
samples were from patients with BC who 
were recurrence-free at the time of urine 
collection.  

         FIG.   1.  Four-step process to develop the BC MS-MLPA assay. Four-step process to select genes that are 
specifi cally methylated in NMIBC recurrences, select a smaller gene panel, validate this gene panel and 
develop a prediction model for the detection of BC recurrences in voided urine. Non-BC: non-bladder 
cancer patients; rec-free BC; recurrence-free BC patients; Pre-TUR: urine collected 1 day 
beforetransurethral resection of tumour.   

Aim

Result

Step 1 Step 2 Step 3 Step 4

Experimental
Setup

Material tested

Selection of genes from 
commercially available 
MS-MLPA kit 001/002
(MRC Holland)

Selection of genes from 
the literature

Exclusion of genes 
methylated 
in:
- non-BC patients urine
- BC patients blood

Validation of selected gene 
panel

Develop model to predict 
recurrence probability

Determine cut-off 
probability, sensitivity and 
specificity

Validate prediction 
model

BC MS-MLPA 
assay construction

Selection of 
gene panel

- Tumor tissue NMIBC 
recurrences
(n = 37)
- Urine non-BC patients
(n = 46)
- Blood BC patients
(n = 29)

BC MS-MLPA assay with 
genes specifically methylated 
in NMIBC recurrences

Select combination of
genes with the highest 
AUC

Validate selected gene 
panel on independent 
dataset, determine AUC

Develop predictive logistic 
regression model based on 
raw input data

Determine sensitivity 
and specificity based on 
cut-off probability 0.34

Test set:
- pre-TUR urine (n = 68)
- non-BC urine (n = 91)

Validation set:
- pre-TUR urine (n = 49)
- rec-free BC urine (n = 60)

Validated gene panel 
AUC = 0.69
Cut-off probability = 0.34
Sensitivity 63%
Specificity 58%

- pre-TUR urine 
(n = 65)
- rec-free BC urine 
(n = 29)

Identification of a 
four-genepanel, 
AUC = 0.82

Sensitivity 72%
Specificity 55%



68  CHAPTER 6

M E T H Y L A T I O N  A S S A Y  F O R  D E T E C T I N G  N M I B C  R E C U R R E N C E S  I N  V O I D E D  U R I N E

    TABLE   1  Patient and tumour characteristics     

Characteristic
Age, years Tumour stage,  n  (%) Tumour grade,  n  (%)
 N Mean ( SE , range)  N Ta T1 T2 Tis  N G0 G1 G2 G3

Step 1
   Tumour 37 69.2 (15.2, 26 – 86) 37 36 (97) 1 (3) 37 14 (38) 23 (62)
   Non-BC urine 46 54.1 (13.6, 26 – 74)
   Blood 29 59.3 (9.6, 40 – 80)
Step 2
   BC-urine 68 65 (11, 34 – 85) 68 61 (90) 7 (10) 68 13 (19) 52 (77) 3 (4)
   Non-BC urine 91 62 (6, 51 – 73)
Step 3
   Follow-up urine 109 63 (11.6, 20 – 82)
   BC-urine 49 38 (78) 9 (18) 2 (4) 49 15 (31) 22 (45) 12 (24)
Step 4
   Follow-up urine 94 64 (11.1, 42 – 86)
   BC-urine 65 58 (89) 6 (9) 1 (2) 65 3 (5) 25 (38) 29 (45) 8 (12)

   Non-BC urine, urine from patients without BC; BC-urine, urine from patients with BC; Follow-up urine, urine collected from patients with BC during follow-up 
(with and without recurrence).      

   Step 4 .    Validation of the threshold 
probability . Urine samples from an 
independent set of patients with BC ( n   =  94) 
were used to validate the developed logistic 
regression model. From this group 65 urine 
samples were from patients with a 
histologically confi rmed recurrent tumour at 
the time of urine collection. The other 29 
urine samples were from patients with BC 
who were recurrence-free at the time of 
urine collection.   

  DNA ISOLATION FROM PATIENT MATERIAL 

  Fresh tumourtissue 

 Tumour tissue was collected at TUR at 
Erasmus Medical Center, Rotterdam. Part of 
the tissue was used for DNA isolation and 
the other part was used for a histological 
report. MI tumours and carcinoma  in situ  
were excluded from analysis. Fresh tumour 
samples for DNA isolation were stored at 
 – 80    ° C until DNA isolation. DNA was 
extracted using the DNeasy  ®  blood and 
tissue kit (Qiagen, GmbH, Hilden, Germany) 
according to the manufacturer ’ s protocol 
and analysed with the MS-MLPA assay.  

  Urine 

 Freshly voided urine samples (10 – 100   mL) 
were centrifuged for 10   min at 2000  g    . Cell 
pellets were washed twice with 10   mL PBS  , 
followed by centrifugation for 10   min at 
2000  g    . Pellets were re-suspended in 1   mL 

PBS, transferred to an Eppendorf 
vial and centrifuged for 5   min at 3000  g  . 
Supernatant was discarded and the cell 
pellet was stored at  – 20    ° C until DNA 
isolation. DNA was extracted using the 
QIAamp Mini and Blood mini kit (Qiagen) 
according to the manufacturer ’ s protocol.  

  Blood 

 Freshly extracted blood samples were stored 
at  – 20    ° C until DNA isolation. DNA was 
extracted using the QIAamp DNA blood mini 
kit (Qiagen) according to the manufacturer ’ s 
protocol.   

  MS-MLPA 

 For fresh tumour tissue or urine-derived 
genomic DNA,50 ng was used for the 
MS-MLPA assays that were performed as 
described by   Nygren  et   al .   [ 31 ]  . Briefl y, 
the MS-MLPA technique (MRC Holland) 
is based on DNA sample denaturation 
followed by hybridization of probes directed 
to one specifi c CpG site that contains 
a restriction site for the methylation 
sensitive endonuclease HhaI enzyme. 
After probe hybridization and ligation, 
unmethylated hybrids are digested by 
HhaI and will not be exponentially 
amplifi ed by PCR, leading to the absence 
of a signal when analysed by capillary 
electrophoresis. In contrast, methylated 
hybrids are prevented from being digested 
by HhaI and ligated probes will generate 

a signal after amplifi cation by PCR. The 
MS-MLPA contains 18 reference probes 
that do not contain a HhaI restriction 
site, and thus are not sensitive to HhaI 
digestion. 

 MRC kit-001 contains probes for 26 tumour 
suppressor genes with 15 reference probes 
and kit-002 contains 27 probes for tumour 
suppressor genes with 14 reference probes. 
Kit-001 and -002 contain probes for the 
same genes, but the probes recognise a 
different CpG-site.  

  STATISTICAL ANALYSIS 

 Statistical analysis for probe selection 
of the BC MS-MLPA kit was performed 
using the Statistical Package for Social 
Sciences 11.5 (SPSS Inc, Chicago) and R 
statistical Software (R Foundation for 
Statistical Computing, Vienna). The probes 
were selected with the least absolute 
shrinkage and selection operator (LASSO) 
method. This method combines selection 
and estimation by shrinking coeffi cients, 
some effectively to zero. The purpose of 
using the LASSO method was to prevent 
overfi tting, i.e. probes being selected by 
coincidence. 

 Consecutively the probes with non-zero 
coeffi cients in the LASSO were combined 
into a logistic regression model to 
determine their combined area under 
the curve (AUC).   
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  RESULTS 

  CONSTRUCTION OF THE BC MS-MLPA 

 To select genes for a BC-specifi c MS-MLPA 
assay, recurrent NMIBC tumours ( n   =  37) 
were analysed with the commercially 
available MS-MLPA kit-001 and -002 and 
methylated genes were selected to develop a 
BC-specifi c MS-MLPA ( Fig.   1 , Step 1). Urine 
samples of non-BC patients( n   =  46) and 
blood samples from patients with NMIBC 
( n   =  29) were selected as controls. Patient 
and tumour characteristics are given in 
 Table   1  (Step 1). Methylation of  TIMP3  ( P   =  
0.022),  APC  ( P   =  0.004),  RARB  ( P   =  0.022), 
 DAPK  ( P   =  0.022), and  ESR1  ( P   =  0.001) 
from kit-001 was signifi cantly higher in BC 
tumour tissue compared with urine of 
non-BC patients. Methylation of  TP53  ( P   =  
0.034),  MGMT  ( P   =  0.031),  PAX5  ( P   <  0.001  ), 
 CDH13  ( P   <  0.001),  TP73  ( P   =  0.039),  WT1  
( P   <  0.001),  ESR1  ( P   <  0.001),  MSH6  ( P   =  
0.005),  RARB  ( P   =  0.005), and  CD44  ( P   =  
0.039) from kit-002 was signifi cantly 
higher in tumour tissue compared with 
urine of non-BC patients. Interestingly, 
 RASSF1A  (kit-001) was methylated in 
53% of the non-BC urine samples. Genes 
methylated in urine from non-BC patients 
and genes methylated in blood were 
excluded. The selection of genes for the BC 
MS-MLPA was based on the above fi ndings 
with the addition of six genes methylated in 
patients with BC selected from the literature 
  [ 18,19,25,28,32 ]  . Due to space restraints 
selected genes from kit-001 were:  TIMP3 , 
 APC ,  RARB ,  PTEN , and  CDH13 .  ESR1  was 
selected from kit-002. Genes selected 
from the literature included  BCL2 ,  HTERT , 
 TNFRSF25 ,  EDNRB ,  CDH1  and  WIF1 . 
An overview of the fi nal BC MS-MLPA 
containing 23 methylation probes is shown 
in  Table   2 . It should be noted that the BC 
MS-MLPA assay contains multiple probes for 
 BCl2, PTEN, TIMP3, APC, TERT, WIF1, RARB, 
ESR1  and  CDH1.  

 Next, we analysed the same available 
tumours and control non-BC urine samples 
with the newly developed BC MS-MLPA to 
validate the selection of probes. Results 
from the analysed non-BC urine samples 
( n   =  40) and NMIBC tumour samples ( n   =  
34) are given in  Table   3 . Signifi cantly higher 
methylation of tumour tissue was reached 
for  TERT _ b ( P   <  0.001),  ESR1 _ a  ( P   <  0.001), 
 EDNRB  ( P   <  0.001),  TERT _ c  ( P   =  0.001) and 
 CDH13  ( P   <  0.001). Methylation of  TNFRSF25  

was signifi cantly higher in the non-BC 
control group. In summary the newly 
designed BC custom MS-MLPA contains 
gene probes specifi cally methylated in 
tumour tissue of patients with NMIBC.  

  A FOUR-GENE PANEL FOR THE DETECTION 
OF RECURRENCES 

 We aimed at selecting a smaller gene panel 
to improve the utility of the developed BC 
MS-MLPA ( Fig.   1 , Step 2). To this end, 
the LASSO-method was used to select a 
combination of methylated gene probes 
with the highest predictive value, based 
on a dataset containing 68 pre-TUR urine 
samples vs urine samples from non-BC 
patients ( n   =  91). The gene probes  APC _ a , 
 TERT _ a ,  TERT _ b  and  EDNRB  were identifi ed 
by the LASSO approach as discriminating 
between tumour and control and were 
combined into the fi nal gene panel. This 
panel reached an AUC under the receiver 
operating characteristic (ROC) curve of 0.82 
( Fig.   2A ).  

  RECURRENCE RISK PROBABILITY INCREASES 
WITH STAGE AND GRADE 

 The selected gene panel was validated on an 
independent dataset of 49 pre-TUR and 60 
control urine samples of recurrence-free 
patients with BC. The AUC for the gene 
panel reached 0.69 in this validation 
( Fig.   2B ). Next, we developed a logistic 
regression model, based on methylation of 
the gene panel, to predict the probability of 
a recurrence: ( APC _ a   * 0.097)  +  ( TERT _ a  
 * 0.507)  +  ( TERT _ b   *  0.218)  +  ( EDNRB   * 0.501) 
 +   – 2.480. Raw methylation outcomes were 

used as input in the logistic regression 
model to predict the recurrence 
probability, without converting results 
to a dichotomized variable. This was done 
to prevent loss of any data. A probability 
threshold (0.34), with the best sensitivity 
and specifi city, was selected to indicate 
whether a test outcome was considered 
positive (detected recurrence) or negative 
(missed recurrence) ( Fig.   3A ). This resulted in 
a sensitivity and specifi city of 31/49 (63.3%) 
and 35/69 (58.3%), respectively ( Table   4 ). 
All high-grade tumours i.e. T1, grade 3 and 
carcinoma  in situ , were detected and most 
were associated with a high recurrence risk 
probability. Missed tumours were of low risk 
potential, namely TaG1 – 2.  

  METHYLATION-BASED PROBABILITY, A 
PROMISING TOOL FOR THE DETECTION OF 
HIGH-RISK TUMOURS 

 Finally, we validated the selected threshold 
probability of 0.34 on an independent set 
of 65 pre-TUR urine samples and 29 urine 
samples from recurrence-free patients. The 
sensitivity and specifi city were 47/65 
(72.3%) and 16/29 (55.2%), respectively 
( Table   4 ). High-risk tumours were detected 
in 10 of 11   and mostly associated with a 
high recurrence risk probability. Mainly 
pTaG1 – 2 tumours were missed, together 
with one pT1G2 tumour ( Fig.   3B ).   

  DISCUSSION 

 Promoter methylation is a frequent fi nding 
in bladder tumours and previous research 
has indicated the possibility of methylation 

         FIG.   2.  ROC and AUC of the four-gene panel. ( A ) ROC of gene panel:  APC _ a ,  TERT _ a ,  TERT _ b  and  EDNRB  
for the test set (AUC 0.82) and ( B ) validation set (0.69).   
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    TABLE   2  Probemix of the bladder cancer MS-MLPA assay   

Length (nt) Gene Partial sequence with HhaI site
64 – 70 – 76 – 82 DNA quantity control fragments
88 – 92 – 96 Denaturation, hybridization and ligation control fragments
124 TRAF4 TGCCAAGGTGAGTCCACACTGCCAGGA-AGAAGCCCAAGCACAGTCTGTTGCCCTTGGA
130 BCL2 TGTGAGATGTCCAGCCAGCTGCACCTG-ACGCCCTTCACCGCGCGGGGACGCTTTGCCA
136 PTEN GCTCTTTCATTTTTAGGGCAAACGAGCCGAGT-TACCGGGGAAGCGAGAGGTGGGGCGCTGCAAG
142 TIMP3 TCCAGCGCCGAGGCAGCCTCGC-TGCGCCCCATCCCGTCCCGCCGGGCACTCGG
148 APC GGCTGGGTGTGGGCGCACGT-GACCGACATGTGGCTGTATTGGTGCAGCCCGCCAGGGT
154 TERT CGCAGCGCGGGGACCCGGCGGCTT-TCCGCGCGCTGGTGGCCCAGTGCCTGGT
160 TERT TCTGTGTCCTGCCTGAAGGAGCTGGT-GGCCCGAGTGCTGCAGAGGCTGTGCGAGCGCG
172 WIF1 TCTGTCTAAACGGGAACAGCCCTGGCT-GAGGGAGCTGCAGCGCAGCAGAGTATCTGACGGCGCC
178 CCM2 CTGGAATTGTCTCGCCATTTAAACGAGTAT-TCCTAAAAGGTGAAAAGAGTAGAGATAAGAAAGCCCATGAGAAGGT
193 RARB CCGCCGGCTTGTGCGCTCGCT-GCCTGCCTCTCTGGCTGTCTGCTTTTGCAGGGCTGCT
202 MLH3 GCGACCTTGTTCTTCCTTTCCTTCCGA-GAGCTCGAGCAGAGAGGACTGTGATGAGACAGGATAACAG
211 TGFBR1 GGCGTTACAGTGTTTCTGCCACCTCT-GTACAAAAGACAATTTTACTTGTGTGACAGATGGGCTCTGCTTT
220 COL2A1 GCCTCTTCCTTCTACACAGGGTCCTT-CTGGAGACCAAGGTGCTTCTGGTCCTGCTGGTCCTTCT
229 PAH CAGTGCCCTGGTTCCCAAGAA-CCATTCAAGAGCTGGACAGATTTGCCAATCAGATTCTCAG
238 CDKN2A CTGGATCGGCCTCCGACCGTAAC-TATTCGGTGCGTTGGGCAGCGCCCCCGCCTCCAGCAGC
247 PTCH GTGGACAGCTGGGAGGAAATGCTGAA-TAAGGCTGAGGTTGGTCATGGTTACATGGACCGCCCCT
259 CDKN2A CCAGGGGCACCAGAGGCAGTAACCATG-CCCGCATAGATGCCGCGGAAGGTCCCTCAGA
265 SLC2A1 CTCTGGTCCCTCTCAGTGGCCATCTTTTCT-GTTGGGGGCATGATTGGCTCCTTCTCTGTGGGCCTTTTCGTTAACC
283 BCL2 GTGAAGCGGTCCCGTGGATAGAGA-TTCATGCCTGTGCCCGCGCGTGTGTGCGCGCGTG
292 PTEN CACCGGAGCGGGCGCAGGAGA-GGCCTGCGGGGTGCGTCCCACTCACAGGGAT
301 ESR1 GCTCGCGTGTCGGCGGGACAT-GCGCTGCGTCGCCTCTAACCTCGGGCTGTGCTCTTTTTCC
310 DBC1 CTGGAGGTTTGTTGAGCTCCTCTACT-TCCTGTTTATATGGGGCCGTATCTCAGTGCAGCCC
319 TIMP3 CATCGTGCTCCTGGGCAGCTGGA-GCCTGGGGGACTGGGGCGCCGAGGCGTGCACA
328 KRIT1 TGGTCTAGGAGCTCCAGACTACTCAAAAAT-CCAAATACCTAAACAGGAAAAATGGCAGAGAAGCATGAGCAGT
337 CDH1 CTATGAAGGAAGCGGTTCCGAAGCTGCTA-GTCTGAGCTCCCTGAACTCCTCAGAGTCAGACAAAGACCAGGAC
346 TNFRSF25 CTGAAGGCGGAACCACGACGGGCA-GAGAGCACGGAGCCGGGAAGCCCCTGGGCGCCCG
355 TGFBR1 GAGAATGTTGGTATGCCAATGGAGCA-GCTAGGCTTACAGCATTGCGGATTAAGAAAACATTATCGCA
364 DBC1 TCACTTCCTGACCATCGGAAGCATCCA-TCAGCACTGGGGCAATGACTGGGACCTGCAGA
375 ESR1 CCAGCCCGCCGTGTACAACTACCCCG-AGGGCGCCGCCTACGAGTTCAACGCCGCGGC
382 PTCH GATAAGAGCTCCGGGGGGATTCTTCA-TGCACCAGTGTTTAGGGTACGTGCTTCCTAAGTAAATCCAAACATTG
391 CDKN2A GCTCTTCCGCCAGCACCGGAGGAA-GAAAGAGGAGGGGCTGGCTGGTCACCAGAGGGTG
400 TIMP3 CCAGCGCTATATCACTCGGCCGCCCA-GGCAGCGGCGCAGAGCGGGCAGCAGGCAG
409 EDNRB CCAAGTTTCCCACTGGCGCGCAA-ACTTGAGTTACTTTTGAGCGTGGATACTGGCGAAGAGGCTG
418 TERT CCAGAGTTTCAGGCAGCGCTGCGTCCT-GCTGCGCACGTGGGAAGCCCTGGCCCCGGCC
427 APAF1 CCATTCATGCTTGTTTTGTTTTGGATTTTAGTAAGGACA-GTCCTGTGTGAAGGTGGAGTACCACAGAGGCCAGTTGTTTTTG
436 CDH13 GTTCTGTGCGTTCTCCTGTCCCAG-GTAGGGAAGAGGGGCTGCCGGGCGCGCTCTG
445 DBC1 GCAGTCACTCCTCTACTGTAATGAGAATGGGTT-TTGGGGAACCTTCCTGGAGAGCCAGCGGAGCTGCGTG
454 APC CTCAGCTGTGTAATCCGCTGGATGCGGACC-AGGGCGCTCCCCATTCCCGTCGGGAGCCCGC
463 WIF1 CCTGCAAATAGAGCGAGAACAGAAGAGCGGGA-AGGGCTGGCGCGAGCGAGGTGCGAGCGAGGAG
472 CDH1 CTGAGGAGCGGAGCGGCCTGGAA-GCCTCGCGCGCTCCGGACCCCCCAGTGATGGGAGT
481 RARB CCACATGTGCTTTTTCTGGAGTGGAAAAATACATA-AGTTATAAGGAATTTAACAGACAGAAAGGCGCACAGAGGAATTT

detection in urine. As methylation has been 
associated with bladder tumour stage, grade, 
recurrence and progression, detection of 
methylated tumour cells shed in urine might 
be a promising tool during the follow-up of 
patients with NMIBC   [ 18 ]  . We developed an 
MS-MLPA assay specifi cally for the detection 
of NMIBC recurrences and selected a smaller 
panel of four probes from the original 
MS-MLPA to improve the clinical utility of 

the assay. Next, we developed a logistic 
regression model based on this panel to 
determine the probability of having a 
recurrence and found that the model was 
able to predict recurrent tumours and that 
the recurrence risk increased with tumour 
stage and grade. 

 As voided urine does not contain many cells 
and there is a limited availability of clinical 

samples for molecular analyses, newly 
developed tests should be able to detect a 
low number of tumour cells and require 
small amounts of input DNA. The BC 
MS-MLPA assay is a sensitive method for 
detecting tumour cells and requires only 
50   ng of urinary DNA input   [ 31 ]  . The assay 
is based on a multiplex PCR to investigate 
the methylation status of up to 23 genes in 
one assay, hereby enabling simultaneous 
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analysis of multiple patient samples without 
an increase in associated costs and the use 
of large amounts of DNA. Futhermore, the 
assay does not require bisulphite conversion, 
which is known to cause DNA breakage and 
thus might affect the sensitivity of a test. 

 The sensitivity for detection of recurrences 
in the test and validation set were 63% and 
72%, respectively. Interestingly, all high-
grade recurrences (including one T2G3) 
were detected in the test and validation 
set and mostly associated with a high 
risk probability. Most of the undetected 
tumours were low risk TaG1 – 2. Only one 
pT1G2 was missed. Thus, the methylation 
detection assay is able to detect recurrent 
and progressing tumours. Compared with 
previous studies the sensitivity of the 
present assay is relatively low   [ 25,27,28,33 ]  . 
Friedrich  et   al .   [ 25 ]   reported a sensitivity of 
78% for the detection of methylation in 
urine samples associated with a primary 
tumour collected before radical cystectomy 
(22/37  ≥  pT2). Although size was not 
recorded in their publication, primary 
tumours and tumours selected for radical 
cystectomy are often large in size, have a 

higher grade and more genetic aberrations 
than recurrences. Accordingly, Catto  et   al . 
  [ 18 ]   reported that methylation levels 
increase with advanced tumour stage, 
possibly leading to an easier detection of 
these tumours. Dulaimi  et   al .   [ 27 ]   reported a 
sensitivity of 87% for their gene panel  [  APC , 
 RASSF1A ,  p14 (ARF)  ] . Although they did not 
record whether primary or recurrent samples 
were used 28 of 45 tumours were classifi ed 
as MI. Similarly, recently Renard  et   al .   [ 29 ]   
developed a two-gene panel ( TWIST1  and 
 NID2 ) to identify tumours in voided urine 
samples from 466 patients with primary 
BC (sensitivity 90%; specifi city 93%). 
Notably, most studies use urine from 
patients without BC as a control group, 
but we think that this does not refl ect the 
true clinical practice where patients with 
a history of BC do not have the same 
risk probability of developing a recurrent 
tumour compared with control patients 
without a history of BC. The selection of the 
present gene panel was based on recurrent 
NMIBC tumours and the test was validated 
on a subset of urine samples from patients 
with BC with no recurrence at the time of 
urine collection. 

 Recurrent tumours (mainly TaG1 – 2, and 
one T1G2) were not detected in 32% of the 
cases (18/49 + 18/65) by the methylation 
assay ( Table   4 ). Possibly, tumour cells were 
absent at the time of urine collection or the 
number of urinary tumour cells was below 
the detection threshold of the assay. We 
show in a recent study that this might 
partly be solved by regular urine sampling 
(manuscript submitted). Secondly, we 
also showed that not all tumours are 
methylated, hence stratifi cation according 
to methylation status of the primary tumour 

Genes

Urine non-BC 
( n   =  40)

Tumour tissue 
( n   =  34)

 P   *  M %M M %M
BCL2 _ a 5 12.5 13 38.2 0.01
PTEN _ a 0 0 1 2.9 0.459
TIMP3 _ a 0 0 1 2.9 0.459
APC _ a 0 0 6 17.6 0.007
TERT _ a 0 0 6 17.6 0.007
 TERT _ b   †  0 0 10 29.4  < 0.001  
WIF1 _ a 0 0 2 5.9 0.208
RARB _ a 0 0 5 14.7 0.017
CDKN2A 0 0 1 2.9 0.459
BCL2 _ b 0 0 1 2.9 0.459
PTEN _ b 0 0 1 2.9 0.459
 ESR1 _ a   †  0 0 27 79.4  < 0.001
TIMP3 _ b 0 0 1 2.9 0.459
TNFRSF25 35 87.5 31 91.2 0.719
ESR1 _ b 0 0 2 5.9 0.208
TIMP3 _ c 0 0 1 2.9 0.459
 EDNRB   †  4 0 23 67.6  < 0.001
 TERT _ c   †  0 0 8 23.5 0.001

 CDH13   †  0 0 9 26.5  < 0.001
APC _ b 0 0 6 17.6 0.007
WIF1 _ b 5 12.5 14 41.2 0.005
CDH1 0 0 1 2.9 0.459
RARB _ b 1 2.5 3 8.6 0.328

    TABLE   3  
Methylation frequencies 
for the BC MS-MLPA 
custom kit   

      *  Chi-squared test 
(Bonferroni correction 
 α   =  0.002);     †  Statistically 
signifi cant methylated 
genes.       

         FIG.   3.  Probability plot for the detection of a 
recurrent tumour in voided urine. Probability plot 
based on the four-gene panel. X-axis depicts stage 
and grade of the resected recurrences. Y-axis 
depicts the predicted recurrence probability based 
on the developed logistic regression model. Test 
outcome was considered positive (detected 
recurrence) based on the probability outcome 
 > 0.34 and negative (missed recurrence)  <  0.34. 
Each dot represents a urine sample.   
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    TABLE   4  Sensitivity and specifi city of the four-gene panel in the test and validation set of urine 
samples   

Test set Validation set
Sensitivity rate of gene panel, no. methylated ( > 0.34)/ total (%)
   All cancers 31/49 (63) 47/65
   Ta 20/38 (53) 41/58
   T1 9/9 5/6  
   Tis 2/2 1/1
   Low grade 19/37 (51) 39/57 (68)
   High grade 12/12 8/8
Specifi city rate of gene panel, no. not methylated ( > 0.34)/ total (%)
   Recurrence-free patients with BC 35/60 (58) 16/29 (55)

could improve the sensitivity of the test 
(unpublished data). 

  ‘ False ’ -positive urine samples were detected 
in 33% (25/56  +  13/60) of the cases 
( Table   4 ). Firstly, BC appears to arise from 
a fi eld of change that affects not only 
macroscopically visible tumours, but also the 
area surrounding the tumour   [ 34 ]  . It might 
be possible that even though no tumour is 
detected cystoscopically, urothelial cells 
in the surrounding area of the resected 
tumour contain epigenetically changed 
cells. Secondly, multiple studies have shown 
residual tumour in 35 – 81% at the same site 
of the initial resection at the fi rst follow-up 
cystoscopy or at deep resection of the 
tumour base   [ 35 – 37 ]  . Thirdly, it is known 
that cystoscopy does not detect all tumours 
and recent studies show that the sensitivity 
of the currently used white light cystoscopy 
varies between 68 – 83%. These studies also 
show that blue light fl uorescence cystoscopy 
has superior sensitivity and studies on 
microsatellite analysis show an increased 
sensitivity of cystoscopy when the urologist 
was aware of a positive urine test outcome 
  [ 5 – 7,38 ]  . 

 Most biomarkers have a chosen threshold to 
distinguish positive (detected) from negative 
(missed) test results. However, dichotomizing 
markers before adding them to a statistical 
model generally leads to loss of data, 
resulting inreduced accuracy of the 
developed test. We designed a logistic 
regression model, based on raw methylation 
input data, to predict the probability of a 
recurrent tumour. A threshold probability of 
0.34 was selected for having the highest 
sensitivity and specifi city. 

 Limitations of the present study are the 
absence of tumour material for the 
test and validation subsets. Possibly, 
methylation was absent in the tumour, 
which might affect the sensitivity of the 
assay. Furthermore, our assay contains 
23 probes which might infl uence the 
effi ciency of probe hybridization. 
Therefore, we selected a gene panel 
and our next aim is to develop a BC 
MS-MLPA, containing only the selected 
gene probes. 

 In conclusion, this is the fi rst study to 
develop a methylation assay specifi c 
for the detection of NMIBC recurrent 
tumours in voided urine. These patients 
have small recurrences that require 
development of highly sensitive tests. 
Although at this time the sensitivity and 
specifi city of the test are not suffi cient 
for clinical implementation, our fi ndings 
are promising and improvement of 
this test might eventually contribute 
to a more individualized patient-friendly 
surveillance. Additionally it would be of 
interest to perform functional studies to 
determine whether promoter methylation 
of the selected panel is related to gene 
silencing.   

   ACKNOWLEDGEMENTS 

 This study was funded by a grant from the 
Koningin Wilhelmina Cancer Foundation 
(KWF): 2006-3672 and by the European 
Union (FP7, project 201663, UROMOL). The 
authors wish to thank all patients for their 
contribution and Lucie Kompier for sample 
collection.  



A methylation assay for the detection of recurrences in voided urine 73

Z U I V E R L O O N  E T  A L .

non-muscle-invasive urothelial 
carcinoma of the bladder  .   Eur Urol     2008  ; 
  54  :   303   –   14  

  11     Casetta     G   ,    Gontero     P   ,    Zitella     A      et   al  .    
  BTA quantitative assay and NMP22 
testing compared with urine cytology in 
the detection of transitional cell 
carcinoma of the bladder  .   Urol Int     2000  ; 
  65  :   100   –   5  

  12     Ellis     WJ   ,    Blumenstein     BA   ,    Ishak     LM   , 
   Enfi eld     DL   .    Clinical evaluation of the 
BTA TRAK assay and comparison to 
voided urine cytology and the Bard BTA 
test in patients with recurrent bladder 
tumors. The Multi Center Study Group  . 
  Urology     1997  ;   50  :   882   –   7  

  13     Ramakumar     S   ,    Bhuiyan     J   ,    Besse     JA    
  et   al  .      Comparison of screening methods 
in the detection of bladder cancer  .   J Urol   
  1999  ;   161  :   388   –   94  

  14     van Rhijn     BW   ,    van der Poel     HG   ,    
van der Kwast     TH   .    Urine markers for 
bladder cancer surveillance: a systematic 
review  .   Eur Urol     2005  ;   47  :   736   –   48  

  15     Suzuki     H   ,    Gabrielson     E   ,    Chen     W      et   al  .    
  A genomic screen for genes upregulated 
by demethylation and histone 
deacetylase inhibition in human 
colorectal cancer  .   Nat Genet     2002  ;   31  : 
  141   –   9  

  16     Khin     SS   ,    Kitazawa     R   ,    Win     N      et   al  .    
  BAMBI gene is epigenetically silenced in 
subset of high-grade bladder cancer  .   Int 
J Cancer     2009  ;   125  :   328   –   38  

  17     Aleman     A   ,    Adrien     L   ,    Lopez-Serra     L    
  et   al  .      Identifi cation of DNA 
hypermethylation of SOX9 in association 
with bladder cancer progression using 
CpG microarrays  .   Br J Cancer     2008  ;   98  : 
  466   –   73  

  18     Catto     JW   ,    Azzouzi     AR   ,    Rehman     I      et   al  .    
  Promoter hypermethylation is associated 
with tumor location, stage, and 
subsequent progression in transitional 
cell carcinoma  .   J Clin Oncol     2005  ;   23  : 
  2903   –   10  

  19     Yates     DR   ,    Rehman     I   ,    Abbod     MF      et   al  .    
  Promoter hypermethylation identifi es 
progression risk in bladder cancer  .   Clin 
Cancer Res     2007  ;   13  :   2046   –   53  

  20     Tada     Y   ,    Wada     M   ,    Taguchi     K      et   al  .      The 
association of death-associated protein 
kinase hypermethylation with early 
recurrence in superfi cial bladder cancers  . 
  Cancer Res     2002  ;   62  :   4048   –   53  

  21     Bornman     DM   ,    Mathew     S   ,    Alsruhe     J   , 
   Herman     JG   ,    Gabrielson     E   .    Methylation 

of the E-cadherin gene in bladder 
neoplasia and in normal urothelial 
epithelium from elderly individuals  .   Am J 
Pathol     2001  ;   159  :   831   –   5  

  22     Marsit     CJ   ,    Houseman     EA   ,    Schned     AR   , 
   Karagas     MR   ,    Kelsey     KT   .    Promoter 
hypermethylation is associated with 
current smoking, age, gender and 
survival in bladder cancer  . 
  Carcinogenesis     2007  ;   28  :   1745   –   51  

  23     Chan     MW   ,    Chan     LW   ,    Tang     NL      et   al  .    
  Frequent hypermethylation of promoter 
region of RASSF1A in tumor tissues and 
voided urine of urinary bladder cancer 
patients  .   Int J Cancer     2003  ;   104  :   611   –   6  

  24     Chan     MW   ,    Chan     LW   ,    Tang     NL      et   al  .    
  Hypermethylation of multiple genes in 
tumor tissues and voided urine in 
urinary bladder cancer patients  .   Clin 
Cancer Res     2002  ;   8  :   464   –   70  

  25     Friedrich     MG   ,    Weisenberger     DJ   ,    Cheng   
  JC      et   al  .      Detection of methylated 
apoptosis-associated genes in urine 
sediments of bladder cancer patients  . 
  Clin Cancer Res     2004  ;   10  :   7457   –   65  

  26     Yates     DR   ,    Rehman     I   ,    Meuth     M   ,    
Cross     SS   ,    Hamdy     FC   ,    Catto     JW   . 
   Methylational urinalysis: a prospective 
study of bladder cancer patients and 
age stratifi ed benign controls  .   Oncogene   
  2006  ;   25  :   1984   –   8  

  27     Dulaimi     E   ,    Uzzo     RG   ,    Greenberg     RE   , 
   Al-Saleem     T   ,    Cairns     P   .    Detection of 
bladder cancer in urine by a tumor 
suppressor gene hypermethylation 
panel  .   Clin Cancer Res     2004  ;   10  : 
  1887   –   93  

  28     Hoque     MO   ,    Begum     S   ,    Topaloglu     O    
  et   al  .      Quantitation of promoter 
methylation of multiple genes in urine 
DNA and bladder cancer detection  .   J 
Natl Cancer Inst     2006  ;   98  :   996   –   1004  

  29     Renard     I   ,    Joniau     S   ,    van Cleynenbreugel   
  B      et   al  .      Identifi cation and validation of 
the methylated TWIST1 and NID2 genes 
through real-time methylation-specifi c 
polymerase chain reaction assays for the 
noninvasive detection of primary bladder 
cancer in urine samples  .   Eur Urol     2010  ; 
  58  :   96   –   104  

  30     Kim     YK   ,    Kim     WJ   .    Epigenetic markers as 
promising prognosticators for bladder 
cancer  .   Int J Urol     2009  ;   16  :   17   –   22  

  31     Nygren     AO   ,    Ameziane     N   ,    Duarte     HM    
  et   al  .      Methylation-specifi c MLPA 
(MS-MLPA): simultaneous detection of 
CpG methylation and copy number 

changes of up to 40 sequences  .   Nucleic 
Acids Res     2005  ;   33  :   e128  

  32     Urakami     S   ,    Shiina     H   ,    Enokida     H      
et   al  .      Combination analysis of 
hypermethylated Wnt-antagonist 
family genes as a novel epigenetic 
biomarker panel for bladder cancer 
detection  .   Clin Cancer Res     2006  ;   12  : 
  2109   –   16  

  33     Yu     J   ,    Zhu     T   ,    Wang     Z      et   al  .      A novel set 
of DNA methylation markers in urine 
sediments for sensitive/specifi c detectio
of bladder cancer  .   Clin Cancer Res     2007  ;
  13  :   7296   –   304  

  34     Stoehr     R   ,    Zietz     S   ,    Burger     M      et   al  .    
  Deletions of chromosomes 9 and 8p in 
histologically normal urothelium of 
patients with bladder cancer  .   Eur Urol   
  2005  ;   47  :   58   –   63  

  35     Grimm     MO   ,    Steinhoff     C   ,    Simon     X   , 
   Spiegelhalder     P   ,    Ackermann     R   ,    
Vogeli     TA   .    Effect of routine repeat 
transurethral resection for superfi cial 
bladder cancer: a long-term 
observational study  .   J Urol     2003  ;   170  : 
  433   –   7  

  36     Herr     HW   ,    Donat     SM   .    Quality control 
in transurethral resection of bladder 
tumours  .   BJU Int     2008  ;   102  :   1242   –   
6  

  37     Kolozsy     Z   .    Histopathological  ‘ self 
control ’  in transurethral resection of 
bladder tumours  .   Br J Urol     1991  ;   67  : 
  162   –   4  

  38     van der Aa     MN   ,    Steyerberg     EW   , 
   Bangma     C   ,    van Rhijn     BW   ,    Zwarthoff   
  EC   ,    van der Kwast     TH   .    Cystoscopy 
revisited as the gold standard for 
detecting bladder cancer recurrence: 
diagnostic review bias in the 
randomized, prospective CEFUB trial  .   
J Urol     2010  ;   183  :   76   –   80   

  Correspondence: Ellen C. Zwarthoff, 
Department of Pathology, Erasmus MC, 
PO Box 2040, 3000 CA Rotterdam, 
The Netherlands.
  e-mail:  e.zwarthoff@erasmusmc.nl   

  Abbreviations  :     (NMI)(MI)BC   ,   (non-muscle-
invasive)(muscle-invasive) bladder cancer   ; 
    MS-MLPA   ,   methylation-specifi c multiplex 
ligation-dependent probe amplifi cation   ; 
    LASSO   ,   least absolute shrinkage and 
selection operator   ;     AUC   ,   area under the 
curve   ;     TUR   ,   transurethral resection   ;     ROC   , 
  receiver operating characteristic.    
  
 
 



BLANCO



CHAPTER 7
Combinations of Urinary

Biomarkers for Surveillance 
of Patients with 

Incident Nonmuscle Invasive
Bladder Cancer: The European

FP7 UROMOL Project

J Urol. 2013 May :189(5):1945-51

Zuiverloon TCM 

Beukers W

van der Keur KA

Nieuweboer AJ 

Reinert T 

Dyrskjot L

Orntoft TF 

Zwarthoff EC



76   CHAPTER 7

Combinations of Urinary Biomarkers for Surveillance of Patients
with Incident Nonmuscle Invasive Bladder Cancer: The European
FP7 UROMOL Project

Tahlita C. M. Zuiverloon,* Willemien Beukers,* Kirstin A. van der Keur,
Annemieke J. M. Nieuweboer, Thomas Reinert, Lars Dyrskjot, Torben F. Orntoft†
and Ellen C. Zwarthoff‡
From the Departments of Pathology (WB, KAvdK, AJMN, ECZ) and Urology, Erasmus Medical Center (TCMZ), Rotterdam, The Netherlands,
and Department of Molecular Medicine, Aarhus University Hospital (TR, LD, TFO), Denmark

Purpose: We determined a combination of markers with optimal sensitivity to
detect recurrence in voided urine after resection of an incident low grade, non-
muscle invasive bladder tumor.
Materials and Methods: A total of 136 patients with G1/G2 nonmuscle invasive
bladder tumor were included in the study at transurethral resection of the incident
tumor. At least 3 followup urine samples were required for patient selection. DNA
was extracted from the incident tumor and cell pellets of subsequently collected
urine samples. We performed FGFR3, PIK3CA and RAS mutation analysis, and
microsatellite and methylation analysis on tissue and urine DNA samples.
Results: We obtained 716 urine samples. The 136 patients experienced a total of
552 recurrences during a median 3-year followup. Sensitivity for detecting a
recurrent tumor varied between 66% and 68% for the molecular tests after
patient stratification based on tumor DNA analysis. A combination of markers
increased sensitivity but decreased the number of patients eligible for a
certain test combination. Combining urine cytology with FGFR3 analysis
without stratifying for FGFR3 status of the incident tumor increased sensi-
tivity from 56% to 76%.
Conclusions: A combination of markers increased the percentage of patients
eligible for urine based followup and the sensitivity of recurrence detection.
Adding FGFR3 analysis to urine cytology could be valuable for noninvasive
followup of patients with nonmuscle invasive bladder cancer.
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CYSTOSCOPY is the gold standard for
the followup of patients with NMIBC
and cystoscopy frequency is deter-
mined by the risk of recurrence and
progression according to European As-
sociation of Urology guidelines.1 How-
ever, cystoscopy is a time-consuming
procedure that causes physical discom-
fort in patients and sensitivity has been
estimated to vary from 68% to 83%.2,3

After resection, 1 or multiple recur-
rences develop in up to 70% of pa-
tients with NMIBC. Thus, patients
frequently undergo transurethral re-
section of the tumor and together
with multiple cystoscopies this makes
bladder cancer one of the most expen-
sive tumor types.4,5 In addition to cys-
toscopy, urine cytology is performed
but it has low sensitivity for detecting
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low grade tumors.6 Nevertheless, cytology is still
used as a reference in the absence of highly sensitive
urinary biomarkers.

To date multiple studies have been performed,
usually investigating 1 type of urinary maker. Var-
ious markers have proved to be more sensitive than
cytology but to our knowledge no single marker has
attained sensitivity high enough to safely decrease
the number of cystoscopies. A major problem with
many studies that test biomarkers for urine diagno-
sis is that investigated urine samples are often de-
rived from patients with incident tumors, which are
mostly larger than recurrent tumors and also of
higher grade. This results in high sensitivity and
subsequently marker sensitivity decreases consider-
ably when tested on urine samples from patients
with a recurrent tumor.7 Patients eligible for urine
based surveillance typically present with G1 or G2
NMIBC. The risk of progression in these patients is
low but the risk of multiple recurrences is high.
Previous studies demonstrated the role of hyper-
methylation, leading to transcriptional silencing of
tumor suppressor genes, and aberrant methylation
was detected in the voided urine of patients with
bladder cancer, which appears to be more sensitive
than urine cytology.8–13 We recently developed a
methylation assay, ie the bladder cancer specific
MS-MLPA assay. This methylation assay was spe-
cifically developed to detect recurrent NMIBC in
voided urine.14

The use of MA to detect LOH in voided urine
samples was also reported in multiple studies.15–17

van der Aa et al observed that the positive predictive
value of MA was higher in patients without FGFR3
mutations.15 Mutations in FGFR3, leading to consti-
tutive activation of the RAS-mitogen activated pro-
tein kinase pathway, have been found in 70% of
nonmuscle invasive bladder tumors and are associ-
ated with an overall favorable prognosis.18,19 RAS
mutations (KRAS, HRAS and NRAS), which have
been found in 13% of bladder tumors of all stages
and grades, are mutually exclusive with FGFR3 mu-
tations.20 Previous research revealed PIK3CA mu-
tations in 13% to 27% of bladder tumors, while
PIK3CA mutations mostly co-occurred with FGFR3
mutations.21

Recently, we reported that urinary FGFR3 muta-
tion analysis in patients with an incident FGFR3
mutant tumor was a suitable assay to detect recur-
rence.22 We also found that 88% of patients with low
grade NMIBC harbored a mutation in one of the
mentioned oncogenes, making these patients eligi-
ble for urine based surveillance by mutation detec-
tion assay.23

The FGFR3, RAS, PIK3CA and MS-MLPA assays
are multiplex assays that can detect a mutation or a
methylated gene. Thus, they represent a single as-

say. It is not possible to multiplex the MA, making
this assay more labor intensive. Further, develop-
ments such as next generation sequencing would
facilitate combining assays. Therefore, it is worth-
while to test whether a combination of assays would
be better than a single assay.

We determined a combination of markers with
optimal sensitivity to detect recurrence in voided
urine. Therefore, we used mutation analysis of
FGFR3, PIK3CA, HRAS, KRAS and NRAS com-
bined with methylation specific MLPA and MA as-
says to increase the percentage of patients who
could be monitored by urinalysis. Results were com-
pared to those of urine cytology in a large, retrospec-
tive longitudinal cohort. This study was part of the
European FP7 UROMOL project.

MATERIALS AND METHODS

Patient Material
A total of 716 voided urine samples from 136 patients with
NMIBC (Ta/T1, G1/2)24 were collected at the Department
of Urology, Aarhus University Hospital at transurethral
resection of the incident tumor. Patients with a history of
carcinoma in situ were excluded from analysis. Urine (10
to 50 ml) was collected at regular followup visits. Urine
specimens were collected immediately before cystoscopy.
Cells were sedimented by centrifugation and frozen at
�80C. Tumor biopsies were stored at �80C immediately
after tumor resection. Cystoscopic examination coincided
with urine collection for molecular analysis. The availabil-
ity of at least 3 followup urine samples was a prerequisite
for study inclusion. Recurrence was defined as histologi-
cally proven tumor. Progression was defined as progres-
sion to muscle invasive disease. Informed written consent
was obtained from all patients. Research protocols were
approved by the Central Denmark Region committees on
biomedical research ethics.

DNA Isolation and Molecular Analyses
DNA from tumor biopsies was extracted using the
DNeasy® Blood and Tissue Kit. DNA was extracted from
urine cell pellets using the QIAamp® Mini and Blood Mini
Kit.

Mutation analysis for FGFR3, PIK3CA, and RAS was
performed as described previously.22,23,25 LOH was de-
tected by MA using primers for 12 polymorphic microsat-
ellite markers localized on chromosomes 8 to 11 and 17
(van Tilborg et al, unpublished data). MS-MLPA was used
to detect methylation, as described by Nygren et al.26 This
MS-MLPA was specifically developed to detect recurrent
bladder cancer.14 The supplementary file (http://jurology.
com/) shows all details of primers, probes and conditions.

Statistical Analysis
PASW 17 (SPSS®) was used for data analysis. Statistical
differences were considered significant at p �0.05. The
chi-square and Fisher exact tests were used to determine
relationships between different variables.

URINARY BIOMARKERS FOR SURVEILLANCE OF NONMUSCLE INVASIVE BLADDER CANCER
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RESULTS

Patient and Tumor Characteristics
A total of 136 cases of incident G1 or G2 NMIBC
were included in molecular analyses. Patients with
G3 incident tumors were excluded due to a high risk
of progression. Included patients had a total of 552
recurrences during a median 3-year followup. Table 1
lists patient and incident tumor characteristics. Four

patients had progression to muscle invasive disease.
DNA was available from the incident tumor in 93 of
136 patients and from the tumor at the first visit in 22.
Tumors were analyzed for mutations in FGFR3,
PIK3CA and RAS (HRAS, KRAS and NRAS), and for
LOH and methylation. FGFR3, PIK3CA and RAS mu-
tations were detected in 78 of 115 (68%), 20 of 111
(18%) and 10 of 110 cases (9%), respectively. PIK3CA
and FGFR3 mutations occurred simultaneously in 16
of 20 cases (80%), while FGFR3 and RAS mutation
were overall mutually exclusive since only 1 patient
harbored the 2 mutations. When combined, 91 of 115
patients (79%) had a mutation in FGFR3, PIK3CA or
RAS (fig. 1). LOH was detected in 72 of 114 patients
(63%) and methylation was detected in 88 of 90 (98%).
FGFR3 mutations or LOH were detected in 81% of
incident tumors.

During followup, 552 histologically proven recur-
rences were detected, including mainly stage Ta
(92%), G1/2 (82%) and solitary tumors (67%) (table 2).
Overall, recurrent tumors in patients with a FGFR3
mutant incident tumor were of lower stage and
grade than recurrent tumors in patients with a
FGFR3 wild-type incident tumor (p � 0.001 and
0.003, respectively, fig. 2). No upper tract recurrence
was detected.

Performance of Single and Combined
Urine Tests to Detect Recurrent Tumors
Based on the molecular characteristics of the inci-
dent tumors, a combination of FGFR3 mutation
analysis with another mutation assay or MA, or
MS-MLPA increased the percentage of patients suit-
able for urine based followup. Of all urine samples
99% could be analyzed for FGFR3 mutations. Due to
the limited amount of DNA in some urine samples,

Table 1. Clinical and molecular characteristics of 136 patients
and incident tumors

No. (%)

Gender:
M 90 (66)
F 46 (34)

Smoking:
No 47 (35)
Yes 70 (51)
Unknown 19 (14)

Stage:
Ta 120 (88)
T1 16 (12)

Grade:
G1 34 (25)
G2 102 (75)

Multiplicity:
Solitary 104 (76)
Multiple 32 (24)

Tumor size (cm):*
Less than 3 97 (71)
Greater than 3 38 (28)
Unknown 1 (1)

Progression:
No 132 (97)
Yes 4 (3)

FGFR3:
Wild-type 37 (32)
Mutant 78 (68)

PIK3CA:
Wild-type 91 (82)
Mutant 20 (18)

RAS:
Wild-type 100 (91)
Mutant 10 (9)

FGFR3 � PIK3CA (mutant) 16 (14)
FGFR3 � RAS (mutant) 1 (0.9)
FGFR3, PIK3CA � RAS (mutant) 1 (0.9)
FGFR3, PIK3CA or RAS:

Wild-type 24 (21)
Mutant 91 (79)

LOH:
No 42 (37)
Yes 72 (63)

FGFR3 LOH:
No 22 (19)
Yes 93 (81)

Methylation:
No 2 (2)
Yes 88 (98)

FGFR3 methylation:
No 1 (1)
Yes 88 (99)

* In case of multiplicity, tumor size was determined by largest tumor.

Figure 1. Mutation status of 115 incident tumors. Of patients
79% had activating mutation in at least 1 tested oncogene and
21% had no mutation.
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only 70% and 63% could be analyzed for LOH and
methylation, respectively. Enough DNA remained to
analyze RAS and PIK3CA mutations in 20% of all
urine samples.

For each single and combined assay we deter-
mined the sensitivity of detecting a recurrent tumor
in voided urine. Patients were stratified by the mo-
lecular status of the incident tumor and analyses
were done in each subgroup. We did not calculate
the sensitivity of PIK3CA or RAS mutation analysis
in recurrent tumors separately because of the few
urine samples available for analysis. For MA we also
calculated sensitivity using only the 5 markers for
loss on chromosome 9. Figure 3 shows the sensitivity
of all single and combined tests. Sensitivity for de-
tecting recurrence in patients with a FGFR3 mutant

incident tumor (stratified) was 66%. Adding PIK3CA
and RAS assays to FGFR3 mutation analysis in-
creased the sensitivity for detecting recurrence from
66% to 71%. However, only a limited amount of
samples could be analyzed for PIK3CA and RAS
mutations. The combination of FGFR3/MA had the
highest sensitivity (82%) to detect recurrence. For
this combination patients were stratified based on
an FGFR3 mutation in the incident tumor and/or
LOH in the incident tumor. This analysis was pos-
sible in 81% of patients. Since analysis with 12 MA
markers requires a high amount of DNA, we also
calculated the sensitivity of detecting recurrent tu-
mors using only the 5 markers for loss on chromo-
some 9. The sensitivity of MA was then 64% compared
to 67% for the analysis with all 12 markers. When
combined with FGFR3 analysis, sensitivity increased
to 76%. For the FGFR3/cytology combination patients
were not stratified based on the incident tumor. This
combination attained 76% sensitivity.

Overall, the specificity for all single and combined
tests was low, ranging from 34% for FGFR3/MA to
66% for FGFR3 unstratified.

Molecular Analyses Were
Superior to Urine Cytology for
Detecting Low Stage, Low Grade Recurrence
The overall sensitivity of all single and combined
molecular tests to detect recurrent tumors was
higher than the sensitivity of urine cytology alone
(fig. 3). Combining urine cytology with FGFR3 anal-
ysis improved sensitivity from 56% to 76%. Table 3
shows the sensitivity of all tests stratified by stage
and grade. The sensitivity of detecting high stage
and high grade tumors was similar for the combined
molecular tests and for urine cytology. However, for
low stage and low grade tumors single and combined

Figure 2. Stage (A) and grade (B) of 482 recurrent tumors. Patients were stratified by FGFR3 mutation status of incident tumor. Six
patients with Tx and 16 with Gx were not included in analysis. MT, mutant. WT, wild-type.

Table 2. Clinical characteristics of 552 recurrent tumors

No. Tumors (%)

Stage:
Ta 506 (92)
T1 30 (5)
T2–T4 9 (2)
Tx 7 (1)

Grade:
G0 17 (3)
G1 155 (28)
G2 298 (54)
G3 63 (11)
Gx 19 (3)

Multiplicity:*
Solitary 370 (67)
Multiple 182 (33)

Tumor size (cm):
Less than 3 519 (94)
Greater than 3 20 (4)
Unknown 13 (2)

* In case of multiplicity, tumor size was determined by largest tumor.
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molecular tests were more sensitive than urine cy-
tology. Adding FGFR3 analysis to urine cytology
improved the sensitivity of detecting low stage and
low grade tumors, ie for Ta from 54% to 75% and for
G1 from 33% to 66%.

DISCUSSION
We investigated whether molecular analyses could
have a role in the surveillance of patients presenting
with G1-2 NMIBC. Activating point mutations in
FGFR3, PIK3CA and RAS, and LOH and methyl-
ation have been found in bladder tumors of all
stages and grades. These genetic and epigenetic al-
terations could be used to detect early recurrence in
voided urine, possibly decreasing the number of cys-
toscopies and resulting in less invasive followup.
Molecular characterization of the incident tumor

could be used to stratify patients for an appropriate
followup schedule according to the recurrence and
progression risk of that specific molecular profile. In
this study FGFR3, PIK3CA and RAS mutation de-
tection, MA and MS-MLPA were evaluated for de-
tecting bladder cancer recurrence in voided urine.

The 66% sensitivity of FGFR3 analysis for detect-
ing concomitant recurrence in the urine of patients
with a FGFR3 MT incident tumor was comparable
to that in previous reports.22 Not all recurrent tu-
mors were detected, which is mainly the result of the
number of tumor cells that are below the analytical
sensitivity of the assays. In a previous study we
noted 100% and 75% sensitivity of the FGFR3 assay
for tumors larger and smaller than 1.5 cm, respec-
tively.27 Analyzing more than 1 urine sample could
increase sensitivity. Combining FGFR3 analysis
with other molecular tests improved sensitivity. A

Figure 3. Sensitivity and specificity of all single and combined tests with (A) and without (B) patient stratification based on molecular
status of incident tumor.
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total of 79% of tumors were mutant for FGFR3,
PIK3CA and/or RAS. Although we could only ana-
lyze a limited number of samples for this combi-
nation, the combined sensitivity of the 3 mutation
assays was 71%. The optimal combination for re-
currence detection was FGFR3/MA based on strat-
ification of the incident tumor for the presence of
FGFR3 mutations and/or LOH. Without patient
stratification based on the molecular status of the
incident tumor, the combination of FGFR3/cytology
attained 76% sensitivity. Cytology is known to have
low sensitivity for G1 (7% to 38%) and G2 (18% to
46%) tumors.28 Thus, for surveillance the combina-
tion of cytology and the FGFR3 mutation assay,
which is more directed toward low grade/stage tu-
mors, is an attractive idea.

Overall, the specificity of all single and combined
tests was low. In principle, the specificity of FGFR3
and other mutation assays is 100% since these mu-
tations do not develop in sufficient amounts in non-
bladder cancer controls.29 The low specificity of mo-
lecular tests in cohorts under surveillance for
recurrent bladder cancer could partly be explained
by the so-called anticipatory effect of urinalysis, ie
the urine test identifies recurrence earlier than cys-
toscopy.22 For example, in 46 of the 54 study pa-
tients (85%) with false-positive FGFR3 analysis a
recurrent tumor was detected within 12 months. In
addition, cystoscopy misses tumors since currently
used white light cystoscopy is estimated to have 68%
to 83% sensitivity.2,3

Clinical implementation of a molecular test de-
pends not only on the performance of the marker but
also on costs, specifically since bladder cancer is an
expensive cancer. Mutation analysis is inexpensive
with a consumable cost of less than $10 per sample,
including DNA isolation. The tests can be performed
at a standard laboratory and require only 5 ng DNA.
Based on our findings in this retrospective study,
99% of urine samples would contain sufficient DNA

to perform the FGFR3, PIK3CA and RAS mutation
assays. Although MA is inexpensive, the test re-
quires 12 individual polymerase chain reactions per
sample. Also, analyzing the results is laborious and
would need automation before implementation in
routine clinical practice. Moreover, a substantial
percentage of urine samples do not yield sufficient
DNA to perform MA. However, the amount of mark-
ers could be decreased using only the 5 markers for
chromosome 9. Markers in the MS-MLPA kit have
high predictive value. Unfortunately, in our hands
the test appeared not to be a suitable technology for
introduction into clinical practice. The reason is that
in many cases the polymerase chain reaction step
failed and no product was apparent on the se-
quencer.

Study strengths include the analysis of a substan-
tial number of incident tumors together with at least
3 followup urine samples per patient. Only a limited
number of urine samples could be analyzed for
PIK3CA and RAS mutations because the study had
already started when these assays were under con-
struction. The findings presented must be validated
in a large prospective study, which is currently un-
der way in the European FP7 UROMOL project.

CONCLUSIONS
To our knowledge we report the first development of
an optimal combination of urine based tests to in-
crease the sensitivity of recurrence detection. All
tests had higher sensitivity than urine cytology for
low stage and grade disease. Therefore, a combina-
tion of molecular tests or a combination of the
FGFR3 assay with cytology represents promising
possibilities for following patients with low grade
NMIBC. These findings will be validated in a large,
prospective, multicenter study of the European FP7
UROMOL project.

Table 3. Test sensitivity stratified and not stratified by molecular status of incident tumor

No. Stage/Total No. (% sensitivity) No. Grade/Total No. (% sensitivity)

Ta T1 T2–4 Tx G0 G1 G2 G3 Gx

Stratified:
FGFR3 164/253 (65) 8/9 (89) 4/4 (100) 1/1 (100) 7/12 (58) 52/80 (65) 97/143 (68) 18/23 (78) 3/9 (33)
MA 92/139 (66) 4/6 (67) 6/7 (86) Not available 3/5 (60) 31/47 (66) 56/82 (68) 11/16 (69) 1/2 (50)
Methylation 122/180 (68) 8/9 (89) 1/2 (50) 0/1 1/5 (20) 29/51 (57) 79/107 (74) 18/22 (82) 4/7 (57)
FGFR3/MA 137/163 (84) 2/2 (100) 3/4 (75) Not available 6/6 (100) 46/54 (85) 79/91 (87) 6/12 (50) 5/6 (83)
FGFR3/methylation 153/204 (75) 6/9 (66) 3/4 (75) 2/2 (100) 8/9 (89) 53/70 (76) 79/110 (72) 19/24 (79) 5/6 (83)

Not stratified:
FGFR3 186/381 (49) 10/19 (53) 4/5 (80) 1/3 (33) 8/16 (50) 60/117 (51) 109/219 (50) 21/42 (50) 3/14 (21)
Cytology 185/344 (54) 16/19 (84) 6/8 (75) 4/6 (67) 6/13 (46) 33/99 (33) 127/203 (63) 37/45 (82) 8/17 (47)
FGFR3/cytology 208/279 (75) 12/13 (92) 5/5 (100) 2/3 (67) 9/13 (69) 52/79 (66) 130/162 (80) 30/33 (91) 6/13 (46)
FGFR3/MA 155/195 (79) 5/6 (83) 3/4 (75) 2/2 (100) 7/7 (100) 50/63 (79) 91/113 (81) 10/16 (63) 7/8 (88)
FGFR3/methylation 189/249 (76) 7/12 (58) 4/5 (80) 2/2 (100) 9/10 (90) 66/86 (77) 98/133 (74) 24/33 (73) 5/6 (83)
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Wim J. Kirkels b, Chris H. Bangma b, Ellen C. Zwarthoff a,*

aDepartment of Pathology, Erasmus Medical Centre Rotterdam, The Netherlands; bDepartment of Urology, Erasmus Medical Centre Rotterdam, The

Netherlands

Article info

Article history:

Accepted September 27, 2011
Published online ahead of
print on October 6, 2011

Keywords:

Bacillus Calmette-Guérin
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Abstract

Context: Currently, bacillus Calmette-Guérin (BCG) intravesical instillations are stan-
dard treatment for patients with high-grade non–muscle-invasive bladder cancer;
however, no markers are available to predict BCG response.
Objective: To review the contemporary literature on markers predicting BCG response,
to discuss the key issues concerning the identification of predictive markers, and to
provide recommendations for further research studies.
Evidence acquisition: Weperformed a systematic review of the literature using PubMed
and Embase databases in the period 1996–2010. The free-text search was extended by
adding the following keywords: recurrence, progression, survival, molecular marker,
prognosis, TP53, Ki-67, RB, fibronectin, immunotherapy, cytokine, interleukin, natural killer,
macrophage, PMN, polymorphism, SNP, single nucleotide polymorphism, and gene signature.
Evidence synthesis: If thresholds for the detection of urinary interleukin (IL)-8, IL-18,
and tumour necrosis factor apoptosis-inducing ligand levels are standardised, measure-
ment of these cytokines holds promise in the assessment of BCG therapy outcome.
Studies on immunohistochemical markers (ie, TP53, Ki-67, and retinoblastoma) display
contradictory results, probably because of the small patient groups that were used and
seem unsuitable to predict BCG response. Exploring combinations of protein levels
might prove to be more helpful to establish the effect of BCG therapy. Single nucleotide
polymorphisms, either in cytokines or in genes involved in DNA repair, need to be
investigated in different ethnicities before their clinical relevance can be determined.
Measurement of urinary IL-2 levels seems to be themost potentmarker of all the clinical
parameters reviewed.
Conclusions: IL-2 levels are currently the most promising predictive markers of BCG
response. For future studies focusing on newbiomarkers, it is essential tomakemore use
of new biomedical techniques such as microRNA profiling and genomewide sequencing.

# 2011 European Association of Urology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Until now, intravesical bacillus Calmette-Guérin (BCG)

instillations have proven to be themost successful adjuvant

treatment for patients with intermediate- and high-risk

non–muscle-invasive bladder cancer (NMIBC) [1]. Despite

treatment, 30–50% of patients fail to respond, and 15% have

progression to muscle-invasive disease (Fig. 1 shows the

treatment protocol) [2–7]. Multiple factors could explain

the high percentage of BCG failures. First, full compliance

with the current protocol is affected by BCG-associated side

effects. Second, high intra- and interobserver variability

among pathologists, leading to incorrect histologic staging

of tumours, could explain BCG failure [8,9]. Also, incomplete

tumour resection, reported in 20–62% of cases, at restaging

transurethral resection (TUR) could be the cause of

refractory disease [10–13].

BCG response is currently determined by refractory

disease after the first or second BCG induction course or by a

recurrence during maintenance therapy. The only strong

predictive marker used to identify patients for immediate

cystectomy is refractory T1 or carcinoma in situ (CIS)

disease after BCG induction [14]. Thus reliable markers to

predict BCG response at an early phase are still needed to

select the most effective treatment.

In this report, we review the literature on clinicopatho-

logic, molecular, and inflammatory markers, perform crit-

ical analysis of the data, discuss the key issues in the

identification of predictive markers, and provide recom-

mendations for further research studies.

2. Evidence acquisition

A literature search was conducted using the PubMed and

Embasedatabases for all published results from1996 to2010

on predictors of BCG response, which was measured by the

outcomes of recurrence, progression, and survival. PubMed

was searched using a combination of these text terms: BCG

(or bacillus Calmette-Guérin) and bladder cancer. The free-text

search was extended by adding these keywords: recurrence,

progression, survival, molecular marker, prognosis, TP53, Ki-67,

RB, fibronectin, immunotherapy, cytokine, interleukin, natural

killer, macrophage, PMN, polymorphism, SNP, single nucleotide

polymorphism, and gene signature. All articles were examined

by two authors (TZ and AN), and papers related to our

research question were selected.

3. Evidence synthesis

3.1. Types of markers

The effect of BCG treatment can be assessed at different

stages (Fig. 2). Starting from a patient’s diagnosis, early

‘‘pretreatment markers’’ in blood or urine may be

examined (ie, clinicopathologic variables, single nucleo-

tide polymorphisms [SNPs] of the host in nucleotide

excision repair, and cytokine genes and/or urinary cyto-

kine levels). The advantage of such an approach is early

stratification of BCG nonresponders (BCG-NRs) who are

at a high risk of progression and the selection of patients for

the optimal treatment without any time delay. At (restaging)

TUR, blood, urine, and tumour tissue can be used for

analysis (ie, immunohistochemical detection of TP53,

Ki-67, retinoblastoma, ezrin, and/or gene expression profile

of the tumour).

Diagnosis

TUR + Chemo
T1, G3, Tis

Re-TUR

T2T0, Ta, T1, Tis

UCS+

BCG induction

Cystectomy

T2

TUR

BCG maintenance

T0Ta, T1, Tis

TUR after 2nd BCG induction

T1, Tis, T2Ta, T0

Cystectomy

UCS-

BCG maintenance

Fig. 1 – Bacillus Calmette-Guérin (BCG) treatment protocol. After diagnosis
of all stages of non–muscle-invasive bladder cancer, patients receive an
immediate postoperative instillation of chemotherapy (ie, mytomycin-C,
epirubicin, or doxorubicin) within 6 h after transurethral resection (TUR).
According to European Association of Urology guidelines, a re-TUR is
performedwithin 6wkwhen the resection has been incomplete (large and
multiple tumours, nomuscle in the specimen) or when an exophytic high-
grade and/or T1 tumour has been detected. In case of a high-risk T2
tumour, immediate cystectomy is recommended. Patients with non–
muscle-invasive tumours (Ta, T1, and carcinoma in situ [Tis]) receive
adjuvant intravesical immunotherapy with BCG for 6 wk. If no recurrence
is detected after treatment, BCG maintenance schedule is followed for at
least 1 yr. In nonresponders, a second course of 6 weekly BCG instillations
may be administered after the first one because 40–60% of these patients
will respond to additional BCG treatment. In case of Tis BCG failure, a
second induction cycle of BCG can be administered. If no or Ta lesions are
visible after therapy, maintenance BCG schedule is initiated.
Nonresponders (T1, Tis, or T2) receive radical cystectomy.
Chemo = chemotherapy; UCSS = negative urethrocystoscopy;
UCS+ = positive urethrocystoscopy.
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During induction BCG, inflammatory markers can be

measured in urine or blood to investigate the effectiveness

of the inflammatory response; these can be described as

‘‘during-BCG markers’’ (ie, levels of dendritic cells, tumour-

associated macrophages, interleukin [IL]-2, IL-8, IL-18,

polymorphonuclear neutrophil [PMN] granulocytes, and

tumour necrosis factor apoptosis-inducing ligand [TRAIL]).

Late ‘‘post-BCG markers’’ can be assessed in urine or

blood to determine the presence of residual disease after

treatment, but they seem less suitable to predict BCG

response. To date, research on BCG therapy response has

mainly focused on four groups of markers: clinicopatholog-

ic, inflammatory, cell cycle, and gene polymorphisms. We

aim to investigate the clinical applicability of thesemarkers.

3.2. Clinicopathologic markers

In general, factors assessing patient and tumour character-

istics (ie, clinicopathologic parameters) hold valuable

information for clinicians about treatment modalities and

patient prognosis. Table 1 lists the most relevant studies on

these markers predicting BCG response.

Patients presenting with a tumour at the first cystoscopy

had a much higher risk of recurrence and progression than

those who were tumour free [15–17]. In addition, history of

bladder cancer, older age, concomitant CIS, multiplicity, and

high-grade tumours all correlated with a significantly

higher frequency of recurrences and progression in multi-

variate analysis [17,18]. Several papers reported that

tumour sizewas associatedwith a poor prognosis; however,

others did not find this correlation [17–19]. Although claims

have been made in the past that patients with local or

systemic BCG toxicity have a better treatment outcome,

Sylvester and colleagues did not find this correlation [20].

Lastly, Boorjian et al. and Herr found that older age at

diagnosis was associated with high-risk tumours, an

increased recurrence risk, and a shorter cancer-free survival

time [21,22].

In summary, several studies with large patient cohorts

have been performed, but in most cases the variables that

were significant in some studies were not significant in

others. The discrepant findings regarding the predictive

value of traditional pathologic markers in BCG response is

also underlined by the results of an exhaustive review of the

literature by Saint et al, covering 25 yr of research [23].

None of the host or tumour characteristics examined by the

different groups in the review could be identified as

independent predictive markers in all studies. Clinicopath-

ologic variables might lose their informative potential in

BCG-treated patients because the interpretation of patho-

logic samples is subject to major variability, and this

tumour population was already selected for its aggressive

potential.

Importantly, restaging TUR, which has only been imple-

mented in the clinic regularly in recent years, allows for a

better selection of patients for BCG therapy [14] and

improves the initial response rate to BCG treatment [13].

This development causes a bias in the clinical data when

comparing earlier studies with recent ones. However, only

three papers in our literature search applied restaging TUR in

their studies, and we have highlighted these papers with an

asterisk in the tables. According to current European

Association of Urology guidelines, recommendations in the

treatment of high-risk tumours include a second TUR after

4–6 wk. Considering its advantages, it should be common

practice in future studies.

Diagnosis

blood
urine

“Early Pretreatment”

TUR

“Early Pretreatment”

tissue

blood

repeat-TUR

“Post BCG treatment”

blood
urine

induction BCG

“During BCG”

blood

time

“Early Pretreatment”

Cystoscopy

tissue

blood
urineurine urine

Fig. 2 – Biomarkers from diagnosis to treatment. Markers to evaluate bacillus Calmette-Guérin (BCG) effectiveness can be measured at different stages
during treatment. ‘‘Early pretreatment’’ markers may include the detection of single nucleotide polymorphisms in blood to assess a patient’s risk of
progression, levels of inflammatory cytokines in urine can serve as ‘‘During BCG’’ markers to estimate the effectiveness of the immune response, and
markers derived from the residual tumour in urine can be used as ‘‘Post BCG’’ indicators to detect the response to therapy.
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Table 1 – Clinicopathologic markers to predict bacillus Calmette-Guérin response in non–muscle-invasive bladder cancer

Study Patients Clinical variables Median
follow-up, mo

End point Results

Fernandez-Gomez

et al. [17]

n = 1062 Gender/age 69 Time to first

recurrence

Tumour multiplicity (p = 0.001),

recurrent tumours ( p < 0.0001),

female gender (p = 0.001), high age

(p = 0.03), and high grade (p = 0.03)

Ta: 251 Primary vs recurrent tumour

T1: 1001 Tumour multiplicity Progression to

muscle-invasive

disease

A recurrent tumour (p < 0.0001), high

age ( p = 0.023), high grade ( p < 0.0001),

and stage T1 ( p = 0.002)

Tis: 44 Tumour size

Concomitant

CIS: 134

Tumour stage/grade

Associated CIS

Takashi et al. [18] n = 146 Gender/age 64.7 Five-year

recurrence-

free survival

History of bladder cancer ( p = 0.017),

recurrence frequency down in patients

without CIS (p < 0.0001)

With CIS: Primary vs recurrent tumour

Ta: 19 and

TI: 15

Tumour multiplicity Five-year

progression-

free survival

History of bladder cancer ( p = 0.002),

concomitant CIS (p = 0.005)

Without CIS: Tumour size

Ta: 89 Tumour stage/grade Five-year overall

survival

Age >70 yr ( p = 0.0006), history

of bladder cancer ( p = 0.036),

concomitant CIS (p = 0.02)

T1: 23 Associated CIS

BCG dose

Andius et al. [15] n = 236 Gender/age 44 Time to

recurrence

Maintenance therapy (p < 0.001),

negative first cystoscopy ( p < 0.001)

Ta: 169 No. of TURs before BCG Time to

progression

Tumour at first cystoscopy (p < 0.001),

less than six BCG instillations (p = 0.013),

grade (p = 0.003), history of upper tract

tumour (p = 0.023)

T1: 67 Accumulated No. of tumours

before BCG

Length of tumour history

before BCG

Time to

local failure

More than six BCG instillations

(p = 0.002)

Treatment year

BCG strain

Tumour stage/grade

Previous upper tract tumour

Six or fewer induction

instillations

Recurrence at first cystoscopy

Maintenance BCG

Andius et al. [16] n = 173 Gender/age 72 Time to

recurrence

Total no. of instillations (p = 0.0001),

maintenance BCG (p = 0.0014), age

(p = 0.0014)

CIS: 173 No. of TURs before BCG Time to

progression

Negative first cystoscopy ( p < 0.001)

Accumulated No. of tumours

before BCG

In patients with a negative first

cystoscopy, no. of previous TURBs

(p = 0.02)

Length of tumour history

before BCG

Time to local

failure

Negative first cystoscopy ( p < 0.0001)

Treatment year Time to death Negative first cystoscopy (p < 0.0002)

BCG strain In patients with a negative first

cystoscopy, patient age ( p < 0.0001),

less than six initial instillations

(p = 0.001)

Tumour stage/grade

Previous upper tract tumour

Six or fewer induction instillations

Recurrence at first cystoscopy

Maintenance BCG

Lopez-Beltran

et al. [19]

n = 51 Age 63.8 Disease-free

survival

Tumour size (p = 0.0034)

T1G3: 51 Gender Progression-free

survival

Tumour size (p = 0.0001)

Tumour size Overall

survival

Tumour size (p = 0.0296), molecular

markers (multivariate analyses)
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3.3. Inflammatory markers

3.3.1. Bacillus Calmette-Guérin–induced inflammatory response

Current thoughts on the BCG-induced inflammatory re-

sponse are that BCG-induced antitumour activity is part

of a multistep process, ultimately leading to tumour

eradication. How this course of action precisely works is

still unknown, but different steps crucial to BCGactivity have

been identified and need to be discussed in relation to

inflammatory markers (Fig. 3). Administered BCG binds

to fibronectin (FN), exposed at the luminal surface of the

tumour resection site, to form FN-BCG complexes that are

internalised by normal urothelial cells and tumour cells

[24–27]. Kavoussi et al. demonstrated that adherence of BCG

to the bladder wall was inhibited by anti-FN antibodies in a

murine bladder [24]. Boorjian et al. showed that patients

treated with a fibrin clot inhibitor during BCG therapy had a

higher risk of recurrence and progression to open surgery

afterwards, underlining the importance of FN in BCG

effectiveness [28]. After the cell processes BCG, a complex

of BCG antigens and the major histocompatibility complex II

is formed and expressed at the cell surface of normal

urothelial cells, tumour cells, and antigen-presenting cells.

This complex is recognised by CD4+ T cells, leadingmainly to

a T helper-1 (Th-1) response and production of IL-2, IL-12,

interferon (IFN)-g, and tumour necrosis factor (TNF)-b. This

leads to recruitment and activation of natural killer (NK)

cells and cytotoxic T lymphocytes (CTLs), causing amassive

immune response and eradication of tumour cells [29–31].

Additionally, a less favourable Th-2 response is induced

together with production of IL-4, IL-5, IL-6, and IL-10. An

influx of macrophages and large numbers of polymorpho-

nuclear neutrophil (PMN) granulocytes has also been

demonstrated [32–34]. The released leukocytes by this

immunologic cascade are also secreted in the urine, and

Saint et al. found a correlation between high levels of white

blood cells (ie, leukocyturia) and a positive response to BCG

therapy [35]. A word of cautionmight be that leukocyturia is

a very aspecific marker because several clinical conditions,

such as urinary tract infection in women or prostatitis, can

cause elevated levels of leukocytes in the urine.

Several of themolecules and inflammatory cells discussed

here have been studied as potentialmarkers of BCG response

(Table 2) and are reviewed in the following sections.

3.3.2. Dendritic cells and tumour-infiltrating macrophages

Ahigh number of urinary dendritic cells (DCs) seem to have a

positive effect on the outcome of BCG treatment [36]. Along

the same lines, recurrence risk decreases with high RNA

expression of antigen-presenting molecules in normal

urothelial cells [37]. In patients with a weak initial immune

response (which could be explained by a switch from a

favourable Th-1 response, caused by only a few instillations,

to a less favourable Th-2 response, caused by BCG mainte-

nance), determined by low levels of CD83+ tumour-infiltrat-

ing DCs, maintenance BCG proved to be highly effective by

activating immune cells [38]. Although extensive infiltration

of tumour-infiltrating macrophages (TAMs) has been

reported to correlate with good prognosis in various types

of cancer [39,40], in the biologic context of the bladder, high

numbers of TAMs seem to have a negative role in BCG

response [34,38], underlining the important role of the

tumour microenvironment in BCG effectiveness [41–43].

Because the previously mentioned reports are single

studies with small patient cohorts, their findings need to be

validated in larger patient groups before tissue or urinary

levels of DCs or TAMs can be applied in the clinic.

3.3.3. Cytokines

3.3.3.1. Interleukin-2. IL-2, a cytokine that is part of the Th-1

response, is secreted by activated CD4+ cells and stimulates

the growth, differentiation, and survival of CTLs. Several

Table 1 (Continued )

Study Patients Clinical variables Median
follow-up, mo

End point Results

Boorjian

et al. [21]*
n = 1021 Age >60 Time to

recurrence

High grade (p = 0.02)

Ta: 612 Gender Time to

progression

Tumour stage (T1 vs Ta p < 0.001),

grade (high vs low p < 0.001)

T1: 409 Tumour grade/stage

Concomitant

CIS: 629

CIS

Hormonal status of woman

(>50 yr of age)

Herr [22]* n = 805 Age >24

(78% >60)

Recurrence Age >70 yr associated with increased

recurrence risk (p = 0.03)

Ta: 396 Gender Cancer-free

survival time

Patients <70 yr of age ( p = 0.005)

T1: 409 Tumour stage/grade

Concomitant

CIS: 629

CIS

Tumour multiplicity

Primary vs recurrent tumour

Restaging TUR pathology

Prior BCG

Tis/CIS = carcinoma in situ; BCG = bacillus Calmette-Guérin; TUR = transurethral resection; TURB = transurethral resection of the bladder.
* Restaging TUR has been implemented in study.
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BCG

TUR site

CD4+
T cell

Fibronectin

Macrophage

CD8+
CTL

IL-2, IL-12, IFN-γ, TNF-β
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CTL
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TUMOUR
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TRAIL

Fig. 3 – Bacillus Calmette-Guérin (BCG)–induced immune response. After internalisation of fibronectin–BCG complexes by normal urothelial and tumour cells
at the transurethral resection (TUR) site, BCG antigens are presented at the cell surface, attracting CD4+ T cells. Urothelial cells start a T helper-1 (Th-1)
response by releasing several inflammatory cytokines (ie, interleukin [IL] 2, IL-8, IL-12, interferon [IFN] g and tumour necrosis factor [TNF] b), which then
leads to a cellular response by the recruitment of cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells. See text for more details.
APC = antigen-presenting cells; DC = dendritic cell; PMN = polymorphonuclear neutrophil; TRAIL = tumour necrosis factor apoptosis-inducing ligand.
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studies found that high levels of urinary IL-2 after BCG

administration were associated with an increased recur-

rence-free survival (RFS) [44–46]. Interestingly, in a more

recent publication, Saint et al. showed that an extended BCG

induction course first leads to urinary IL-2 overproduction,

which gradually switches to a less favourable IL-10 (Th-2)

profile. This suggests that some patients may not benefit

from extended BCG courses, and the decision to continue

extended BCG may be adapted to individual urinary

cytokine levels [47]. Kaempfer et al. were the first to

providedirect evidence for theconcept thatexpressionof the

IL-2gene inperipheralbloodmononuclear cells is essential in

BCG-induced antitumour response. They showed that 95%

of BCG-NRs lacked inducibility of IL-2mRNA,whereas 70% of

the BCG-Rs (BCG responders) exhibited inducibility. They

also demonstrated that IL-2 inducibility was not only

significantly associated with an increased disease-free

interval but that IL-2 was also an independent predictive

parameter [48].

Thus measurement of IL-2 levels in blood and urine

seems a promising parameter to predict BCG response.

Accordingly, it would be interesting to validate these results

in larger studies and to investigate the addition of

recombinant IL-2 to the instillation to improve the BCG-

mediated immune reaction.

3.3.3.2. Interleukin-8 and interleukin-18. IL-8 is secreted by

activated macrophages, leading to the recruitment of PMN

granulocytes (Fig. 3) [49]. Althoughhigh levels of urinary IL-8

measured within the first 6 h after BCG administration were

associated with an increased RFS, different cut-off values

were used between studies [49–51]. In contrast, Rabinowitz

et al. found that urinary IL-8 levels measured before BCG

instillation could not predict BCG response [52].

BCG-activated macrophages also secrete IL-18, which

then activates NK cells and CTLs. Elevated levels of urinary

IL-18, measured within the first 12 h after BCG administra-

tion,were significantly associatedwith an increased disease-

free survival [53].

Thus urinary IL-8 and IL-18 concentrations measured

within the first 12 h after BCG instillation could predict

therapy response; however, the current use of variable cut-

off values needs to be standardised.

3.3.3.3. Polymorphonuclear neutrophil granulocytes and tumour

necrosis factor apoptosis-inducing ligand. High IL-8 levels lead

to a massive influx of PMN granulocytes into the bladder

[32]. De Boer et al. demonstrated that the content of

immune cells in the urine of patients treated with BCG

consists of 1–3% T cells and NK cells, 5–10% macrophages,

and 75% PMN granulocytes. It seems reasonable that PMN

granulocytes play an important role during BCG-induced

immune response [54]. In vivo depletion of these cells from

BCG-treatedmice significantly impaired the influx of CD4+ T

cells into the bladder, thereby eliminating the effect of BCG

and resulting in a decreased survival compared with

nondepleted mice [33].

TRAIL is known to have apoptosis-inducing properties as

well as other immunologic functions [55]. The protein can

be expressed on the cell membrane or secreted as an active

soluble form. Simons et al. suggested a direct antitumour

effect of PMN granulocytes through the release of TRAIL

[32]. They demonstrated that high levels of urinary TRAIL

were present in BCG-Rs and that they effectively eradicated

bladder tumour cells in vitro [56]. Interestingly, the same

group showed no difference in TRAIL release from in vitro

stimulated PMN granulocytes with either alive or heat-

killed BCG [57]. These results are supported by a previous

study from De Boer et al, who demonstrated a similar Th-1

and Th-2 cytokine pattern in mice that were first treated

three times with viable BCG and subsequently received

three instillations with inactivated BCG [58].

Hence TRAIL seems a promising marker to predict

responseandcouldbeof importance in the current treatment

strategy by reducing BCG side effects.

3.4. Intracellular markers

3.4.1. TP53

TP53 acts as a tumour suppressor protein and induces cell

cycle arrest or apoptosis upon DNA damage or other cellular

stress. Association between TP53 expression and BCG

responsewas investigated inmultiple immunohistochemical

papers; however, none of these studies demonstrated a

difference between BCG-Rs and BCG-NRs, and therefore they

concluded thatTP53 isnot suitableasamarker topredictBCG

response (Table 3) [59–62]. In contrast, other papers stated

that TP53 has the potential to be used as an independent

marker todistinguishbetweenBCG-RsandBCG-NRs in terms

of timeto recurrenceandprogression,progression tomuscle-

invasive disease, time to bladder cancer–associated death,

and progression-free survival [19,63,64].

Thus whereas most studies suggest that high TP53

expression is a good marker to predict BCG response, some

studies state the opposite. There are no obvious differences

between the studies with respect to patient characteristics

and cut-off values. It is therefore likely that the discrepant

findings are due to statistical errors introduced by small

numbers of patients and by interobserver variation in

assessing P53 staining. More quantitative techniques, such

as next-generation sequencing, may eventually overcome

these problems.

3.4.2. Ki-67

Ki-67, a marker of cellular proliferation, has been found to

significantly predict recurrence following BCG treatment;

however, its levels were not a predictive marker for overall

disease-free survival (Table 3) [64,65]. In contrast, Zlotta

et al. determined Ki-67 levels as not predictive of recurrence

in BCG-treated patients in their multivariate analysis [62].

Because there are no obvious differences among these three

studies that might explain their discrepant findings, Ki-67

expression levels are still not suitable to predict response to

BCG therapy.

3.4.3. Retinoblastoma

The retinoblastoma (RB) protein is a tumour suppressor

involved in cell cycle control (Table 3). Esuvaranathan et al.
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Table 3 – Cell-cycle markers to predict bacillus Calmette-Guérin response in non–muscle-invasive bladder cancer patients

Study Patients Marker BCG Median
follow-up, mo

End point Results

Esuvaranathan

et al. [59]

n = 80 P53 81 mg Connaught 54 Recurrence pRB expression not associated with outcome after

BCG

Tis: 22 pRB 27 mg Connaught Progression Low pRB associated with tumour recurrence

(p = 0.047) after BCG plus IFN-g

Ta: 19 27 mg Connaught

plus IFN-g2b

Cancer-specific

death

Low-grade tumours associated with pRB

overexpression (p = 0.019)

T1: 39 6 weekly plus booster P53 expression not associated with any outcome

Lebret et al. [60] n = 35 P53 75 mg Pasteur 51.3 T1 or CIS

recurrence

P53 expression not associated with any outcome

T1G3: 28 6 weekly

T1G3 plus

CIS: 7

Analysed: 25

Peyromaure

et al. [61]

n = 29 P53 75 mg Pasteur 36.7 Recurrence P53 expression not associated with any outcome

T1G3: 29 6 weekly Progression

Zlotta et al. [62] n = 41 P53 120 mg Pasteur 24.6 Time to

recurrence

Ki-67 high predicts BCG response (p = 0.04)

TaG1: 9 Ki-67 6 weekly Time to

progression

P53 expression not associated with any outcome

TaG2: 7 P21 Residual disease:

6 extra BCG

P21 high and Ki-67 high associated with decreased

recurrence-free survival (both p = 0.02)

TaG3: 2 Stage only predictor of recurrence in multivariate

analysis (p = 0.0058)

T1G1: 5

T1G2: 13

T1G3: 8

Tis: 3

Associated

CIS: 7

Saint et al. [63]* n = 102 P53 150 mg Pasteur 40 Recurrence Recurrence earlier positive P53 (p = 0.01)

CIS: 2 81 mg Connaught Progression Cancer death higher when P53 high (p = 0.002)

Ta/T1G3 plus

CIS: 16

6 weekly Cancer death Increased risk of progression in P53 positives

(p = 0.001)

Ta/T1G3: 22 Pasteur no

maintenance

Ta/T1

G1/G2: 62

Connaught plus

maintenance

Lopez-Beltran

et al. [19]

n = 51 Cyclin

D1/D3

2–5� 10� 8 CFU Tice 63.8 Disease-free

survival

P27 (p < 0.001), cyclin D3 (p = 0.02), Ki-67

(p = 0.0034; univ)

T1G3: 51 Ki-67 6 weekly

P21 Progression-

free survival

P53 (p = 0.039), cyclin D1 (p< 0.001), cyclin D3

(p = 0.001), Ki-67 (p = 0.016 univ)

P27

P53 Overall survival Cyclin D3 (p = 0.005), Ki-67 (p = 0.045 univ)

Palou et al. [64] n = 92 Ezrin 6 weekly 90.5 Recurrence Ezrin independent prognosticmarker of progression

(p = 0.031)

T1G3: 37 P53 P53 independent prognostic factor for progression

to muscle-invasive disease (p = 0.018)

T1G3 plus

CIS: 55

Ki-67 Progression Ezrin independent prognostic marker of disease-

free survival (p = 0.035)Disease-free

survival

Lebret et al. [65] n = 35 Ki-67 75mg Pasteur 57.3 Recurrence Ki-67 expression associated with clinical response

(p = 0.03)T1G3: 35 6 weekly Progression

Analysed: 25

Cormio et al. [66] n = 27 pRB 75mg Pasteur 60 Recurrence

T1G3: 27 6 weekly Progression

Maintenance Progression-

free survival

Progression-free survival decreased with altered

pRB (p = 0.018)

Disease-free

survival

Decreased disease-free survival with altered pRB

(p = 0.037)

Tis/CIS = carcinoma in situ; BCG = bacillus Calmette-Guérin; IFN = interferon; univ = univariate analysis.
* Restaging transurethral resection has been implemented in study.
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found that low expression of RB in patients treated with

BCG and IFN-a is associated with a high recurrence rate

[59]. In a homogeneous population of T1G3 patients,

Cormio et al. demonstrated that an altered (ie, increased

or no expression) of RB was associated with decreased

progression-free and disease-free survival [66]. All in all,

altered RB expression could possibly serve as a predictive

maker of BCG treatment outcome; however, the findings are

preliminary and more studies are needed.

3.4.4. Ezrin

In 2009, Palou et al. demonstrated that low expression

levels of the ezrin protein are significantly correlated with

high proliferation rates in tumours of BCG-treated patients,

as revealed by strong coexpression levels of Ki-67 [64].

Ezrin is involved in cell survival, adhesion, migration,

and invasion. Patients with low ezrin expression levels

showed a significantly poorer disease-specific survival and

an increased risk of progression to muscle-invasive

disease. Hence ezrin levels could identify patients who

may require a more aggressive therapeutic approach than

BCG treatment.

3.4.5. Combination of markers

Because carcinogenesis is a multistep process and most

proteins involved are connected to each other through the

various pathways, several groups investigated the expres-

sion levels of a combination of tumour suppressor proteins.

Although the combination TP53/RB failed as a predictor of

BCG response in a Kaplan-Meier analysis (Table 3) [59], time

to recurrence was significantly increased in patients with

low expression of both P21 and TP53 [62].

A single predictive marker seems insufficient due to the

interconnected pathways through which proteins exert

their effects, so it would be valuable to investigate the

predictive value of more combinations of biomarkers in

additional studies.

3.5. Gene polymorphisms

Gene polymorphisms are DNA sequence alterations within

the population, affecting the predisposition to bladder

cancer, response to toxins (smoking), response to treatment

(BCG), and response to pathogens, thus possibly holding the

key to personalised medicine. Because polymorphisms may

influence geneexpression, they could affect response toBCG;

thus their clinical value is worth investigating (Table 4).

3.5.1. Nucleotide excision repair gene polymorphisms

Nucleotide excision repair (NER) is one of the major cellular

DNA repair pathways. Variant alleles of genes involved in

NERwere shown to be associated with amore efficient DNA

repair capacity compared with the wild-type allele [67] and

thus with an unfavourable treatment outcome [68,69].

Accordingly, decreased RFS was observed in patients with

variant XPA, ERCC6, XRCC1, XPC, and ERCC2 alleles in BCG-

treated patients [70–73].

Accordingly, polymorphisms in NER genes seem prom-

ising to predict RFS after BCG treatment; however, only a

few studies have been validated in independent patient

cohorts of different ethnicities. It would be of interest to

develop a panel of high-risk alleles to predict BCG response.

3.5.2. Cytokine gene polymorphisms

Because persistent inflammation can contribute to cancer,

research has been performed on genetic variations in

inflammation genes and their role in the clinical outcome of

BCG treatment.

IL-6 is a proinflammatory cytokine, secreted by T cells

and macrophages. Studies on IL-6 polymorphisms revealed

contradictory results, where the same IL-6 SNP (�174 C/C)

was either associated with an increased recurrence risk in

Caucasians [74] or with a decreased recurrence risk and an

increased RFS in North Indian patients [75]. TNF-a, a

cytokine able to activate macrophages, contains gene

polymorphisms associated with a decreased recurrence

risk and increased RFS in BCG-treated patients [76]. The

increased production of TNF-a due to the C/C polymor-

phism may contribute to the BCG-induced immune

response, possibly extending RFS [77]. Lastly, Ahirwar

et al. found that IL-8 (�251 A/A)was significantly associated

with a decreased recurrence risk and an increased RFS in

BCG-treated patients [78]. IL-8 is one of the first cytokines

to be released after BCG treatment and attracts PMN

granulocytes, and its high expression due to the variant

genotype may strengthen the immune system, resulting in

improved therapy response. In the same patient cohort,

they found that the NF-kB homozygous �94 ATTG deletion

(NF-kB Del/Del) was associated with an adverse clinical

outcome after BCG treatment. NF-kB seems to induce IL-8

and other proinflammatory cytokines, and in this context,

the Del/Del genotype could lead to lower levels of NF-kB,

resulting in decreased levels of proinflammatory cytokines,

possibly explaining the decreased RFS.

Several anti-inflammatory cytokines have also been

investigated for genetic variants. A SNP in the peroxisome

proliferator-activated receptor g (PPARG) was associated

with a reduced recurrence risk in nontreated patients [74].

Additionally, higher prevalence of a TGF-ß1 variant (codon

25 G/G) was found in BCG-NRs compared with BCG-Rs [79].

Interestingly, a different SNP in TGF-ß (+28 T/T) was

associated with a decreased recurrence risk after BCG

therapy [80]. A higher production of TGF-ß due to this latter

variant could possibly enhance apoptosis of cancer cells in

addition to therapy, explaining the reduced recurrence risk.

Thus detection of cytokine gene polymorphisms seems

promising, but most studies have been performed by one

group in a North Indian population. The discrepant findings

on IL-6 (�174 C/C), probably resulting from genetic

differences between populations, show the need for

validation in different ethnicities. IL-8 (�251 A/A) has been

associatedwith a decreased recurrence risk, and it would be

of interest to combine the polymorphism profile with the

urinary IL-8 cytokine levels to predict BCG response.

3.5.3. Other genes

NRAMP1 is the human counterpart of the murine Bcg gene,

which controls the responsiveness to BCG treatment. The
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gene regulates intracellular pathogen proliferation and

macrophage inflammatory responses. Of the five polymor-

phisms investigated in NRAMP1, two variants showed an

association with RFS following BCG treatment [81].

3.5.4. Gene expression

Microarray technology, enabling the evaluation of thou-

sands of genes simultaneously, has not yet been fully used

in the search for BCG response biomarkers. Until now, only

one paper reported a gene signature that was able to predict

BCG response and progression in primary T1 bladder

tumours [82]. Although the study revealed 24 differentially

expressed genes (12 for recurrence and 12 for progression)

that seem to be predictive in the response to BCG

immunotherapy, a limitation of the study was the absence

of maintenance therapy in the studied cohort.

To gain a comprehensive insight into the complex

molecular and immunologic events of BCG therapy, making

more use of these high-throughput experimental methods

is inevitable in the near future.

4. Conclusions

Management of high-risk bladder cancer patients remains

one of the most difficult problems in urologic practice.

Tumours are potentially lethal. Hence early identification of

patients suited for bladder preservationwith BCG treatment

or radical cystectomy is essential. At this time the decision

to preserve the bladder or to perform a cystectomy depends

on a number of clinicopathologic parameters, but none are

able to sufficiently identify patients for the appropriate

therapeutic modality.

The most potent marker currently seems to be the

measurement of urinary IL-2, whereby high levels of this

cytokine after BCG treatment correlate with a more

favourable outcome. Recombinant human IL-2 (rhIL-2) had

already received approval by the US Food and Drug

Administration for clinical use against malignant melanoma

and renal cell cancer>10 yr ago [83,84]. Even though severe

side effects during treatmentmight occur, they are generally

manageable and reversible. Based on the promising overall

response rates in the cancers just mentioned (16% and 15%,

respectively), more randomised phase 3 clinical trials are

currently underway to determine the efficacy of rhIL-2 in

other tumours and chronic viral infections. Thus enhancing

the immune response inNMIBC patientswith a high-dose IL-

2 regimen during or after BCG therapy seems a valuable

adjuvant treatment modality. Additionally, improving cur-

rent treatment strategies by reducing BCG side effects (eg, by

the use of inactivated BCG) while enhancing BCG response

(eg, by using improved cytokine immunotherapy [IL-12/

chitosan]) could decrease recurrence and progression

[58,85–88].

So far, single studies with immunohistochemical markers

like tissue expression levels of DC, TAM, and ezrin seem

promising, but larger studies are needed to validate the

results. The relevanceof cytokinegenepolymorphismsneeds

to be investigated in other ethnicities. Thresholds for

the detection of urinary IL-8, IL-18, and TRAIL levels needs

to be standardised. Due to discrepant findings, expression

levels of TP53 and Ki-67 seem unsuitable to predict BCG

response.

Classicalmarkers need to be investigatedmore thorough-

ly;however,we suggestusing recent technological advances.

These might provide us with a more comprehensive view

of BCG response in terms of gene regulation. MicroRNA

profiling, for example, has been successfully adopted in

several types of tumours, where levels of oncogenic

microRNAs not only correlated with therapy response but

were also applicable as therapeutic targets [89–91]. In this

regard, new biomarkers predicting BCG response might be

discovered with advancing biomedical techniques.

BCG response is amultistep process, and in addition to the

usual single markers, combining markers at different stages,

like ‘‘pretreatment’’ (BCG antigen-presenting markers,

gene polymorphisms, and gene signatures) and ‘‘during

treatment’’ (urinary cytokines) could provide us with a

nomogram to improve selection of patients for the appropri-

ate treatment. In addition, large patient studies determining

gene and protein expression profiles of the tumour itself, in

combination with data on the tumour microenvironment

(ie, the surrounding normal urothelium) and on the host’s

immunologic system (such as enzyme immunoassays on

cytokines secreted in urine), are mandatory to get a

comprehensive view of all mechanisms involved in BCG

response.
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Scand J Urol Nephrol 2004;38:285–90.

[17] Fernandez-Gomez J, Madero R, Solsona E, et al. Predicting non-

muscle invasive bladder cancer recurrence and progression in

patients treated with bacillus Calmette-Guérin: the CUETO scoring
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bacillus Calmette-Guérin therapy for patients with non-muscle-

invasive urothelial carcinoma of the bladder. BJU Int 2010;106:

357–61.

[22] Herr HW. Age and outcome of superficial bladder cancer treated
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for superficial bladder cancer: processing, stability and prognostic

value. J Urol 1996;155:477–82.

[47] Saint F, Kurth N, Maille P, et al. Urinary IL-2 assay for monitoring

intravesical bacillus Calmette-Guérin response of superficial blad-
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General discussion and Concluding remarks

Bladder cancer is the fifth most common cancer in the world [1]. Most patients (75%) will be
diagnosed with a NMI tumor and treated by TUR. These patients have a good five-year survival
(80-90%), but 70% will have at least one recurrence within five years and some will even recur
after 15 years of surveillance [2]. Although most NMIBC patients have recurrences of low stage
and grade, progression to MI disease is observed in 10-20%. The high recurrence rate and 
possibility of progression to MI disease necessitate frequent monitoring of NMIBC patients.
Cystoscopy and urine cytology are considered the gold standard during follow-up. Patients are
stratified according to the pathologic stage and grade of the primary tumor that indicates the
frequency of follow-up cystoscopies. In general, a patient will have a cystoscopic investigation
of the bladder combined with urine cytology every 3-4 months. The main problems are that 
cystoscopy is a costly and invasive procedure causing discomfort in the patient. It has a low
sensitivity for the detection of CIS and upper urinary tract tumors cannot be detected. Although
new cystoscopic techniques are under investigation, up to now it is not possible to determine
stage and grade of a tumor by cystoscopy. Additionally, urine cytology has a low sensitivity for
the detection of low-grade tumors. Research has focused on identifying molecular markers in
bladder tumors to address the above stated problems. Identification of molecular changes in
bladder tumors could lead to the development of urine-based markers. The aim is to reduce the
cystoscopy frequency without compromising early detection of recurrences, hereby decreasing
costs and improving patient quality of life. Identification of patients at a low risk of recurrence or
progression according to the molecular status of the tumor could aid in selecting patients, which
can be monitored less frequently by cystoscopy. 

Patients at a high risk of developing MI bladder cancer are treated with intravesical BCG 
instillations, but 30-50% fail to respond and 15% will have progression to MI disease. At this
moment, the only strong marker to predict BCG response is refractory disease after the first or
second BCG induction course or a recurrence during BCG maintenance. Markers identifying
patients who will respond to BCG before or at an early phase of treatment could reduce
overtreatment, costs and a delay in selection of the right treatment. 

As previous research demonstrated the high incidence of FGFR3 mutations in NMIBC patients,
the first part of this thesis investigated whether FGFR3 mutation detection could function as a
diagnostic tool during surveillance (Part 2). We developed a methylation detection assay to
detect bladder cancer recurrences and determined whether a combination of urine-based
assays could improve the current bladder cancer surveillance protocol (Part 3). Lastly, we
reviewed the latest findings on markers predicting BCG response in a systematic review and we
proposed directions for future research studies (Part 4). 

Mutation detection in the FGFR3 gene, a possible diagnostic tool?

Mutations in the FGFR3 gene have been found in 70% of the low-grade bladder tumors and are
associated with a good prognosis [3-5]. Patients with low-grade bladder tumors comprise the
largest group of bladder cancer patients in the urological practice and the presence of an
FGFR3 mutation in the tumor of these patients is associated with a low risk of progression. 
A urine-based FGFR3 mutation detection assay could reduce the number of cystoscopies,
hereby decreasing costs and improving patient quality of life.
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Chapter 2 describes a longitudinal study to determine the potential of FGFR3 mutation 
analysis in urine to detect recurrences during surveillance of patients with low-grade NMIBC.
Patients (n=200) were drawn from the “Cost-Effectiveness of Follow-up of patients with 
non-muscle invasive Bladder cancer trial” (Cefub trial) [6]. Inclusion criteria were stage Ta/T1 
disease and G1/2 disease. FGFR3 status of the tumor at inclusion was determined and urine
samples were collected every three months prior to follow-up cystoscopy. We determined the
sensitivity en specificity in a cross-sectional analysis, i.e. sensitivity for every follow-up urine with
a concomitant cystoscopy. We found many FGFR3 positive (mutant) urine samples without a
tumor at the concomitant cystoscopy. Mutations in FGFR3 are tumor specific and do not occur
in normal tissue or urine. Therefore, we hypothesized that positive urine samples in the absence
of a lesion detected by cystoscopy represent anticipatory results predicting a future recurrence
and we performed a longitudinal analysis to determine the meaning of these anticipatory urine
samples. Lastly, we determined the predictive value of subsequent FGFR3 positive urine tests.
Patients with an FGFR3 mutant tumor at inclusion (n=134) were selected for analysis.
We analyzed 463 urine samples together with 45 concomitant recurrences. The sensitivity for

detection of a concomitant recurrence was 26/45 (58%). Three UUT tumors were detected by
the assay and missed by cystoscopy. We extended the follow-up period for at least one year
after the last urine sample had been analyzed and this increased the number of recurrences to
79 (45 concomitant and 34 future recurrences). From the 105 positive urine samples, 85 (81%)
were associated with a recurrence during the total follow-up period. From the other 20 positive
urine samples, 8 were single positive urines within a series of negative urines and the other 12
where from patients with insufficient follow-up. It should be emphasized that from the 358 
negative urine samples 317 (89%) were from patients without a recurrence and all the urine
samples were concomitant with a cystoscopy. From the other 41 negative samples associated
with a recurrence, most samples were within a series of positive test results or collection of only
one urine sample, possibly reflecting the absence of tumor cells in the urine. A time-to-event
analysis showed that a single FGFR3 positive urine sample was associated with a three times
higher risk of recurrence. Lastly, we showed that the risk of developing a recurrence increases
to 90% in patients with multiple consecutive FGFR3 positive urine samples during a period of
39 months. Thus, FGFR3 positive urine samples are associated with a higher risk of recurrence
and having multiple consecutive positive urine samples is strongly associated with development
of a future recurrence. Interesting was the finding of negative test results within a series of 
positive tests and this led to the hypothesis that tumor cells are not always present in urine. 
We investigated this hypothesis in Chapter 4.
As most bladder cancer patients present in the sixth decade of life, only few studies investi-
gated the molecular characteristics of bladder cancer in young patients. Chapter 3 discusses
a unique case of a 26-year-old Caucasian male, whom we encountered at our outpatient clinic
and who presented with NMIBC recurring at a high frequency.  Only 1-4% of the BC patients
are under the age of 40 and most patients present with tumors of low stage and grade [7-9].
Some studies demonstrated that patients <20 years have tumors with a low recurrence rate, a
favorable clinical outcome and few genetic alterations [10]. Despite these findings, all age
groups are monitored according to the same intensive cystoscopy-based surveillance protocol.
Since specifically young patients perceive a cystoscopy as burdensome, gaining more insight
into the molecular changes could possibly identify a subset of patients, which can be monitored
less frequently, hereby improving quality of life by reducing the number of cystoscopies. The
patient presented with five multifocal recurrences (highest pTaG2) within a period of two years.
He first started with BGG instillations, but switched to mitomycin-C due to complications. 
We analyzed multiple tumor samples for FGFR3 mutation status, LOH on chromosome
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8/9/10/11/17, FGFR3 and TP53 expression and performed a genome-wide single nucleotide
polymorphism-array (SNP). The primary tumor revealed a mutation in FGFR3 and overexpres-
sion of the protein. LOH was detected on chromosome 9 and was confirmed by SNP-array
analysis. There was no increased expression of TP53. 
The molecular changes found in this case are comparable to changes found in older patients
with NMI bladder tumors, possibly predicting a similar disease course. Thus, due to the risk of
recurrence and progression regular controls are needed. In this case, possible risk factors that
could have contributed to BC are smoking, exposure to diesel exhaust and depleted uranium.
We proposed a model that explains the age related occurrence of BC and the increasing 
number of molecular changes at a higher age due to longer exposure to BC associated risk 
factors during a lifetime. We determined whether this patient was suitable for urinary FGFR3 
follow-up. All recurrences were detected with the FGFR3 mutation analysis and the type of 
mutation was similar to the one found in the tumors, whereas urine cytology did not detect the
recurrence in two cases. Although this concerned just one patient, our findings indicate the 
possibility of a urine-based follow-up in young bladder cancer patients to reduce the number of
cystoscopies. 
Chapter 4 describes the optimization of NMIBC recurrence detection using a urine-based
FGFR3 mutation assay. As described in Chapter 2 we found multiple cases of an FGFR3 
negative urine test within a series of positive tests. This led to the hypothesis that urine does 
not always contain tumor cells, possibly affecting the sensitivity of the assay. Therefore, we 
determined how often a urine test was positive before a TUR and whether the sensitivity of the
FGFR3 mutation assay is dependent on tumor size and the time-point of urine collection. A total
of 18 patients were included with a suspect bladder lesion at cystoscopy, 8 patients had an
FGFR3 mutant tumor, 9 had no mutation and 1 patient did not have a tumor. Patients with an
FGFR3 mutant tumor were divided into tumors<1.5cm (n=4) and>3cm (n=4). All urines (n=440)
were collected 6 days prior to surgery and analyzed by FGFR3 mutation analysis together with
the tumors. A total of 300 urine samples were analyzed in the group of patients with an FGFR3
mutant tumor. Negative FGFR3 urine test results were detected in 43/300 (14%) samples. 
All urine samples in patients with a tumor >3cm were FGFR3 positive, having a sensitivity of
127/127 (100%). In patients with a tumor < 1.5cm, 130/173 (75%) of the urine samples were
FGFR3 positive. We hypothesized that larger tumors shed more tumor cells into urine, leading
to a higher sensitivity of the test. Additionally, it could be possible that smaller tumors shed fewer
cells into the urine due to different biological characteristics or the threshold of the urine assay
might be insufficient when there are fewer cells present. The sensitivity for the detection of
tumors <1.5cm was improved by pooling urine samples collected over a period of 24 hours.
Next, based on the assumption that morning urine is concentrated overnight, we showed that
the first morning urine does not contain more tumor cells than urine collected throughout the
day in both patients with a tumor <1.5cm and >3cm. This could be explained by the finding of
polyuria and nocturia caused by comorbidity in these patients, such as benign prostate hyper-
plasia and diabetes mellitus. No mutations were detected in urine samples from patients with
an FGFR3 wild-type tumor and the one patient with no tumor, confirming the high specificity of
the assay. Since most studies collect one urine sample for analysis, we find here that the 
sensitivity of the investigated assay is influenced by different factors, like the number of 
collected samples and size of the tumor. We propose a follow-up schedule for FGFR3 mutant
patients with a cystoscopy at 3, 12 and 24 months and urine analysis at 6, 9, 15, 18, 21 
and 27 months for the first two years. Urine should be collected during 24 hours to achieve the
highest sensitivity. A positive test result should be followed by a cystoscopy and a negative test
by a urine analysis after 3 months.
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We investigated the prevalence of FGFR3 mutations in prostate cancer (PCa) in Chapter 5. PCa
is present in 80% of men above the age of 80, but only a small proportion of these men will have
clinical symptoms during their lifetime. Over the past two decades, PSA screening led to a high-
er detection rate of PCa cases. A large randomized controlled trial showed that PSA screening
reduced cancer-specific mortality, but at the cost of overdiagnosis and overtreatment [11]. At
this moment, no markers are available to identify patients at a low risk of disease progression in
PCa. Mutations in FGFR3 have mainly been associated with low risk bladder cancer and benign
skin lesions. As a recent study demonstrated the presence of FGFR3 mutations in PCa of low
grade (18%), we determined the presence of FGFR3 mutations in a group of prostate cancer
patients (n=132) with primary and locally advanced disease [12]. The study by Hernandez et al.
demonstrated that FGFR3 mutations in PCa were mostly present in patients with coexistent
bladder or skin tumors and we aimed to investigate this finding. In our study no mutations in
FGFR3 were detected in all investigated PCa tumors. This is in agreement with the findings from
three independent earlier studies [13-15]. We discuss that the different findings could be
explained by the use of needle biopsies that contain relatively low numbers of tumor cells, lead-
ing to false negative results in our study. Secondly, contamination of urothelial cells from the pro-
static urethra or prostatic ducts could cause false positive results in the Spanish study and last-
ly, Spanish patients could differ from those in Northern Europe. FGFR3 mutations were only
detected in bladder tumors. We confirmed the presence of coexistent prostate, 
bladder and skin tumors and it would be of interest to investigate the signaling pathways that
play a role in tumorigenesis of these tumor types.

Can bladder cancer surveillance be improved by using a combination of urine-based
markers?

In the next part of the thesis, we determined whether a combination of different urine markers
could possibly lead to a reduced cystoscopy frequency during follow-up. Recent studies
demonstrated hypermethylation of different genes in bladder cancer and we developed a 
urine-based methylation detection assay that is discussed in Chapter 6. Hypermethylated
genes have been detected in urine of bladder cancer patients and could therefore complement
cystoscopic monitoring, leading to an improved surveillance protocol. Hypermethylation of
genes in BC has mostly been identified in primary tumors and urine of patients with MIBC has
been used to validate these hypermethylated genes in recent studies. Primary tumors are often
large in size and thus shed more tumor cells than small recurrences, improving the sensitivity of
tumor detection. Moreover, the fact that MI tumors are often large in size and harbor more
genetic changes makes them easier to be detected. This was the first study to select genes
specifically methylated in NMIBC recurrences and to validate the identified genes in urine from
patients with recurrent tumors, thus simulating the real clinical setting. To this end, we designed
a methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA) assay by
selecting genes specifically methylated in NMI recurrent tumors (n=37) and selecting hyperme-
thylated genes in BC from the literature. Genes methylated in urine (n=46) from non-BC patients
and genes methylated in blood (n=29) from BC patients were excluded. The final assay includ-
ed 23 methylation probes. A combination of four genes (APC_a, Tert_a, Tert_b and EDNRB) with
the highest predictive value was selected from the MS-MLPA assay for a better clinical applica-
bility. This smaller gene panel was selected by using a test set of urine samples collected prior
to TUR (pre-TUR urine, n=68) and a control set of urines from non-BC patients (n=91). The four-
gene panel reached an AUC under the ROC curve of 0.82. The gene panel was validated on an 
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independent data set of pre-TUR (n=49) and non-BC (n=60) urine samples. The AUC reached
0.62 in this analysis. Lastly, we determined the performance of the assay on 65 pre-TUR and
29 recurrence-free NMIBC patients. The sensitivity and specificity were 47/65 (72%) and 
16/29 (55%), respectively. Interestingly, 10/11 high-risk tumors were detected and mainly
pTaG1-2 tumors were missed. Other studies reported higher sensitivities, but as discussed 
earlier, most studies use primary tumors and urine from patients with MI tumors. 
We used urine from recurrence-free BC patients as a control and believe that this reflects the
true clinical practice, as patients with a history of BC have a higher basic recurrence risk than
non-BC patients. We found that some tumors lack methylation of these genes and therefore we
suggest patient stratification according to the methylation status of the primary tumor during
surveillance.
Point mutations in FGFR3, PIK3CA and RAS, LOH and hypermethylation of specific genes have
been found in bladder tumors. These molecular changes in BC can be used to develop 
urine-based assays for the detection of BC recurrences during follow-up, thereby possibly
decreasing the number of cystoscopies in BC patients. Chapter 7 describes the potential of
single molecular markers and a combination of molecular markers previously identified in BC
during follow-up of NMIBC patients. Our aim was to determine whether mutation detection of
FGFR3, PIK3CA HRAS, KRAS, NRAS, methylation specific MLPA and MA analysis or a 
combination of these assays could increase the percentage of patients eligible for urine-based
follow-up and to improve the sensitivity of recurrence detection during follow-up of patients with
low-grade NMIBC. Results were compared to urine cytology in a retrospective longitudinal
cohort that is part of the European FP7 UROMOL project. We included 136 patients with a 
Ta or T1 and grade 1 or 2 tumor and at least three urine samples available during follow-up.
Molecular analyses were performed on the tumor at inclusion and follow-up urines (n=716). 
In the tumors, FGFR3 mutations were detected in 68%, PIK3CA in 18% and RAS mutations in
9% of cases. A combination of the three mutation analyses increased the percentage of patients
eligible for urinary follow-up to 79%. LOH was detected in 63% and methylation in 98% of the
tumors. 81% of the patients had either an FGFR3 mutation or LOH in the inclusion tumor. 

Next, we determined the sensitivity of the single and combined assays for the detection of
recurrences (n=552) in voided urine.  Patients were stratified according to the molecular status
of the inclusion tumor. FGFR3 mutation detection reached a sensitivity of 66% and addition of
PIK3CA and RAS increased this to 71%. We pointed out that only 20% of the urine samples
were analyzed for PIK3CA and RAS since first MA and methylation analysis were performed.
Combining FGFR3 and MA analysis reached a sensitivity of 76%. All single and combined
molecular tests had a higher sensitivity than urine cytology for the detection of recurrences. 

The sensitivity of urine cytology increased from 56% to 76% combined with FGFR3 mutation
analysis without patient stratification. We argue that recurrences were missed due to the 
average small size of the recurrences. As described in Chapter 4, sensitivity of a urine-based
assay increases with an increasing tumor size, hence we suggest that the collection of more
urine samples could improve the test sensitivity. Here again, the anticipatory effect of having 
a positive urine sample was observed, as 85% of the FGFR3 positive urine samples were 
associated with a concomitant or future recurrence. Thus, we demonstrated that the number of
patients eligible for urine-based follow-up increases when combining different markers and that
a combination of FGFR3 mutation detection and urine cytology is a promising tool during 
follow-up.  
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Are there markers predicting response to intravesical BCG treatment?

Patients with high-risk bladder cancer are treated with intravesical BCG instillations. Despite the
instillations, 30-50% of the patients do not respond to treatment and 15% have progression to
MI disease [16-18]. Full compliance to BCG courses is affected by side effects. Additionally, a
high intra- and interobserver variability among pathologists possibly leads to incorrect staging 
of tumors and may cause selection of the wrong treatment modality. Lastly, incomplete tumor
resection is frequently reported. At this moment, BCG response is determined by refractory 
disease after the first or second BCG course or recurrent disease during BCG maintenance.
Since high-risk BC is a lethal disease, it is advantageous to select patients as early as possible
for either BCG instillations or direct cystectomy. Up to now, the only strong marker identifying
patients for direct cystectomy are refractory T1 disease or CIS after BCG induction. 
In Chapter 8 we discussed important aspects concerning identification of predictive markers,
reviewed the literature on clinicopathological markers, intracellular markers, inflammatory 
markers and gene polymorphism and provided recommendations for future research. BCG
response can be measured at different phases during treatment. Early pre-treatment markers
can be measured in collected blood, urine or tissue samples. Next, BCG response can be
measured in blood and urine during BCG courses and finally in blood and urine after BCG 
treatment. We believe it is preferable to identify pre-treatment markers to avoid a delay in 
selecting the right treatment. Currently, urinary IL-2 measurement after BCG instillations seems
promising. Moreover, high levels of urinary IL-2 have been associated with an increased 
recurrence-free survival and it would be interesting to investigate whether addition of IL-2 to the
BCG instillations could improve treatment outcome. 
There are some studies on intravesical IL-2 instillations alone that demonstrate a possible 
anti-tumor effect, but patient numbers are low and results have never been confirmed in larger
patient cohorts. We revised other markers, but the problem with most markers remains that
many studies have been performed on a single marker, using mostly small numbers of patients,
different cut-off values and different time-points of sample collection between studies. Most
cytokine gene polymorphism studies have been carried out in one ethnic group and need to be
validated in other ethnicities. We suggest that large gene and protein expression studies could
aid in the identification of suitable biomarkers. Combining the outcome of markers at different
stages of treatment could lead to development of a nomogram, effectively selecting patients for
the right treatment.

Future perspectives and concluding remarks

In recent years, a lot of research has focused on the identification of biomarkers in BC to
improve the current gold standards, cystoscopy and cytology, during surveillance. Due to the
high recurrence rate and possibility of progression, patients are monitored frequently by 
cystoscopy, which is an invasive and costly procedure. It is not possible to determine stage and
grade of a tumor by cystoscopy and CIS is easily missed. Additionally, urine cytology lacks 
sensitivity. Some patients have recurrences even after 15 years of the initial diagnosis and this
could result in patients being monitored during their whole lifetime. Identification of a 
urine-based biomarker could partly replace cystoscopies, thereby reducing the cystoscopy 
frequency and associated costs, improving patient's quality of life and even leading to earlier
detection of recurrences. First, identification of a suitable marker for a specific group of patients
is necessary. 
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Here, we showed that FGFR3 mutations are a frequent finding in NMIBC patients and previous
research demonstrated the association with favorable histopathological characteristics and a
favorable clinical outcome. Stratification of patients with an FGFR3 mutant tumor selects
patients eligible for urine-based follow-up, thereby possibly reducing the cystoscopy frequency.
FGFR3 mutations are not present in tissue or urine of patients without bladder cancer, making 
the assay highly specific. The sensitivity of the assay was affected by the absence of tumor cells
in urine and we demonstrated that the presence of tumors cells is dependent on tumor size and
the number of collected samples. Additionally, the finding of anticipatory positive test results, i.e.
positive results in the absence of a recurrence at the concomitant cystoscopy, indicates that
certain patients warrant regular controls or even upper tract imaging due to the risk of 
developing a future recurrence. Future studies should include larger sets of patients to confirm
these preliminary findings. Furthermore, more urine samples should be collected or urine should 
be collected during a period of 24 hours to increase test sensitivity. The next phase would be a
prospective randomized controlled multicenter trial with replacement of a number of 
cystoscopies by urine analysis, followed by a comparison of the results to the classical 
cystoscopy protocol. 
Since van der Aa et al. previously demonstrated that the test sensitivity increases when the 
urologist is aware of a positive test result, it would be interesting to include an arm into the study
where test outcome is communicated to the urologist. As patients perceive the “waiting time”
for a test result as the most important problem, logistics should be improved and for example
the internet might be considered for communicating test results. We tested a newly developed
urine preservation medium and found that urinary DNA could be preserved during seven days
at room temperature and up to 14 days at four degrees (unpublished data). Since every step
from urine collection to extraction and fixation of the DNA is essential for the highest test 
performance, this finding could improve the whole process considerably for the patients as well
as researchers since there is no need for the patient to collect and deliver the urine samples
directly and samples can be stored at room temperature without DNA breakdown.

In our study, all upper urinary tumors were detected by FGFR3 analysis. Previous research found
that FGFR3 mutations occur at the same frequency in the upper urinary tract and 
bladder tumors harboring these mutations are also associated with a favorable clinical outcome
[19, 20]. Cystoscopy is not able to detect upper urinary tract tumors and it would be very 
interesting to confirm these findings and to explore the possibility of a urine-based follow-up in
future studies. Additionally, stratification of patients with a high risk of progression by FGFR3
mutation status could aid in selection of the right treatment without a delay in time. 
Another group that would specifically benefit from a reduced cystoscopy frequency is young
patients. We proposed a model for the development of bladder tumors due to the exposure to
bladder cancer associated risk factors and to the accumulation of molecular changes during a
lifetime. Future multicenter studies should aim to gain more insight into the molecular pathways
of BC in young patients. This could lead to identification of markers that can be used for urinary
surveillance. Moreover, it would be interesting to investigate whether molecular changes found
in young patients play a crucial role during early carcinogenesis. Currently, such a study to 
investigate the methylation status of Polycomb Group target genes, which play an important role
in the differentiation of cells, is ongoing at the Erasmus Medical Center.     
We showed that a combination of molecular markers increased the percentage of NMIBC
patients eligible for urine-based follow-up. However, this was a single center retrospective study
and validation in a prospective multicenter study is essential. Such a study is ongoing at four
major European medical centers with NMIBC patients, namely “The FP7 UROMOL project”. 
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All urine samples and tumors of these patients will be collected and analyzed for FGFR3
mutations and methylation status. Implementation of the discussed markers in the clinical 
setting is highly dependent on their cost-effectiveness. The frequent cystoscopies and TUR are
costly and contribute largely to the high costs during surveillance. Identification of a marker for
urine-based follow-up is the first step and making the assay cheap and easy-to-perform in even
small hospitals the second step. This is specifically a challenge for MA, which is laborious and 
expensive, but recent data presented by van Tilborg et al. seems promising in cases where no
corresponding blood is needed for comparison, considerably reducing costs and laborious
efforts [21]. A virtual decision model, which was used to evaluate the cost-effectiveness of 
partly replacing cystoscopy by urinary FGFR3 mutation analysis, was developed in an ongoing
study at Erasmus Medical Center. Three surveillance strategies were modeled: I) standard 
surveillance with cystoscopy every 3 months, II) urine analysis every 3 months and cystoscopy 
at 3, 12 and 24 months, and III) minimal surveillance with cystoscopy every 6 months. 
The outcomes of recurrence, progression, survival and cumulative costs should serve as 
guidelines for future studies.
Selection of high-risk patients for conservative treatment or direct cystectomy still remains a
challenge in the urological practice. Identification of markers predicting disease progression
could aid in selecting patients for direct cystectomy. Recently, van Rhijn et al. demonstrated a
favorable clinical outcome in stage T1 BC patients with an FGFR3 mutation. It would be of 
interest to confirm these findings in a larger patient cohort. Furthermore, identification of other
markers predicting progression in high-risk tumors is important, since FGFR3 mutations are not
frequently found in this group of patients. I believe it is essential to gain more insight into the
underlying mechanisms of the BCG response. Understanding the initiated immune response will
lead to the identification of pre-treatment markers. Specifically these markers, predicting
response prior to treatment, can reduce the time delay in the current protocol for selecting the
right treatment. Monitoring urinary IL-2 levels during BCG instillations seems promising, but
studies on larger patient cohorts are needed to validate these results and measurement out-
comes need to be standardized and comparable to outcomes of other laboratories. Since high-
risk NMIBC tumors have a low incidence in the Netherlands, a future prospective study should
include multiple centers. 

Urine, blood and tumor tissue should be collected. I believe that analysis of normal urothelial
tissue is essential. Normal tissue initiates the BCG-induced response and identification of
molecular changes between BCG responders and non-responders in this tissue could give
more insight into potential markers. Investigations should include for example microRNA 
profiling, since oncogenic microRNAs not only correlated with therapy response, but were also
applicable as therapeutic targets in several tumor types. Although studies on classical markers,
like expression of TP53 and Ki-67 show discrepant findings, more research is needed 
and results should be standardized. Bladder cancer development is a multistep process 
and I believe that combining different molecular markers, together with histopathological 
characteristics, could lead to development of a nomogram, selecting patients for the right 
treatment. After TUR, residual disease is detected in a considerable portion of patients and
understaging of tumors is a frequent finding. For this reason, future studies should aim to 
evaluate and improve the current cystoscopy and TUR techniques. New techniques, like blue
light cystoscopy and narrow band imaging seem promising, but the specificity of both methods
is affected by prior BCG treatment. Additionally, with blue light cystoscopy patients first need to
be instilled with a photosensitizer for one hour before investigation. 
Pathological staging of tumors is dependent on complete resection of the tumor by the 
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urologist and muscle should always be present in the resected tissue. Another cause of 
understaging is inter- and intraobserver variability between pathologists. Molecular grading of
tumors is objective and therefore preferable. 
Finally, I believe that identification of BC markers could lead to the development of new treat-
ment options, e.g. FGFR3 inhibitors. The bladder is an easily accessible organ, which can be
treated locally. This is an enormous advantage compared to other tumor types. Previous prom-
ising research demonstrated the use of FGFR3 RNA inhibitors, small molecule inhibitors in BC
cell lines and antibody-based targeting of FGFR3 in mice [22, 23]. Future studies should vali-
date these results. Mutations in FGFR3 are also detected in MI tumors and indicate a good clin-
ical outcome. Thus, FGFR3 as a therapeutic target is also advantageous in MI BC patients and
perhaps could improve patient outcome. 

In summary, bladder cancer is a disease that has fascinated researchers for many years.
Treatment related costs are the highest compared to other tumor types and discovery of a bio-
marker that is able to stratify patients according to recurrence and progression risks could
reduce these costs. The ultimate goal would be to develop a urine-based biomarker to reduce
the cystoscopy frequency and improve patients' quality of life, but multiple factors should be
considered. Urine-based surveillance does not only consider the urologist, but also the patient,
the pathologist and the general health system. The test should be easy-to-perform, repro-
ducible and easy to be interpreted. Patients should be able to understand the results and have
a “save feeling”. Classical histopathological markers should be combined with molecular mark-
ers and understandable for the pathologist. Lastly, costs of an assay should be lower than a
cystoscopy. 
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Summary

An overview of the epidemiology, symptoms and diagnosis, pathological staging and grading,
treatment options and urinary markers for surveillance of NMIBC is given in Chapter 1.
Chapter 2 describes a longitudinal study to determine the potential of FGFR3 mutation 
analysis in urine to detect recurrences during surveillance of patients with low-grade NMIBC.
Patients with an FGFR3 mutant tumor at inclusion were selected for analysis. The cross-
sectional sensitivity of the test (i.e. for every follow-up urine with a concomitant cystoscopy) was
determined. The sensitivity for detection of a recurrence was 58%, including detection of three
upper urinary tract tumors. We detected many positive urine samples without a tumor at the
concomitant cystoscopy. Therefore, we extended the follow-up period and performed a 
longitudinal analysis to determine whether these positive urine samples predict a future 
recurrence. We found that 81% of the positive urine samples were associated with a recurrence
during the total follow-up period. Additionally, we showed that 89% of the negative urine 
samples were not associated with a recurrence, but all these samples were concomitant with a
cystoscopy. Regarding the other negative urine samples, most were in a series of positive test
results, reflecting the absence of tumor cells in urine. Finally, we demonstrated that a positive
urine is associated with a three-times higher risk to develop a recurrence and that having 
multiple consecutive positive urines during a period of 39 months increases the recurrence risk
to 90%. 
Most NMIBC patients present in the sixth decade of life. There is a low number of young
patients presenting with bladder cancer and few studies investigated the molecular character-
istics of these patients. As specifically young patients consider a cystoscopy as burdensome,
we performed a case study on a 26-year-old male with NMIBC recurring at a high frequency in
Chapter 3. We determined whether the molecular changes found in this patient were compa-
rable to changes found in elderly patients. An FGFR3 mutation was detected in the primary
tumor and in the subsequently collected urine samples. LOH was detected on chromosome 9
and confirmed by SNP-array analysis. Expression of TP53 was not increased. The detected
molecular changes were comparable to aberrations found in older patients, possibly predicting
a similar disease course and warranting frequent follow-up moments. We demonstrated that all
recurrences were detected by FGFR3 urine analysis, suggesting the possibility of a urine-based
follow-up by FGFR3 urine analysis to reduce the number of cystoscopies. 
We showed the presence of multiple FGFR3 negative urine tests within a series of positive tests
in Chapter 2 and therefore, we investigated whether the sensitivity of the FGFR3 mutation
detection assay is dependent on tumor size and time-point of urine collection in Chapter 4. 
All urine samples of patients with a tumor >3cm collected prior to a TUR were FGFR3 positive
(sensitivity 100%). The sensitivity was 75% in patients with a tumor <1.5cm. We hypothesized
that larger tumors shed more tumor cells into the urine, leading to a higher sensitivity of the test.
We improved the sensitivity for the detection of tumors <1.5cm to 100% by virtually pooling
urine samples collected over a period of 24 hours. Lastly, we showed that time-point of urine
collection does not influence the sensitivity of the assay. We propose that multiple urine samples
should be collected for all urine-based analyses to achieve the highest sensitivity of the test.

FGFR3 mutations in bladder cancer patients are associated with a good prognosis. In prostate
cancer no markers are available to identify patients at a high risk of disease progression. 
A previous study demonstrated the presence of FGFR3 mutations in prostate cancer and the
association with low-grade tumors. Therefore, we determined the prevalence of FGFR3
mutations in a large subset of primary and locally advanced prostate tumors in Chapter 5. 
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No FGFR3 mutations were detected in the investigated tumors. This could be explained by the
use of needle biopsies, which contain a relatively low number of tumor cells, leading to false
negative results. False positive results in the previous study could be caused by contamination
of urothelial cells or due to ethnic differences. Additionally, we investigated the prevalence of
FGFR3 mutations in prostate cancer patients with coexistent tumors in other tissues and 
confirmed the presence of mostly coexistent prostate, bladder and skin tumors. 
Previous studies demonstrated the possibility of methylation analysis on urinary cells for the
detection of bladder cancer recurrences. We developed a urine-based methylation assay
specifically for the detection of NMIBC recurrences (Chapter 6). To this end, we selected genes
hypermethylated in recurrences of NMIBC patients and validated the results on tumor and urine
samples from an independent set of NMIBC patients and urine from non-BC patients. 
We selected a four-gene panel (APC_a, TERT_a, TERT_b and EDNRB) that reached an AUC of
0.82 in the test cohort and 0.62 in the validation cohort. The sensitivity and specificity for the
detection of recurrences in urine reached 72% and 50%, respectively. 10/11 high-risk tumors
were detected using this assay. In a following study, detection of point mutations in FGFR3,
PIK3CA and RAS, LOH and methylation analysis were tested in a single analysis or in a combi-
nation of markers and all were compared to urine cytology (Chapter 7). FGFR3 point mutations
were present in 68% of the patients, PIK3CA in 18% and RAS mutations in 9% of cases and a
combination of these markers increased the percentage of patients eligible for urinary follow-up
to 79%. LOH was detected in 63% and methylation in 98% of the tumors. Next, we determined
the sensitivity of the assays after stratification of patients according to molecular status of the
primary tumor. FGFR3 mutation detection reached a sensitivity of 66% and addition of PIK3CA
and RAS increased this to 71%. A combination of FGFR3 and LOH analysis reached a 
sensitivity of 76%. All single and combined tests had a higher sensitivity than urine cytology.
Combining urine cytology with FGFR3 mutation analysis increased the sensitivity from 56% to 76%.

Currently, one of the most difficult decisions in high-risk NMIBC patients is whether a 
patient should be treated with BCG intravesical instillations or should directly receive a radical 
cystectomy. There was no clear overview on the available biomarkers predicting BCG response.
Therefore, we performed a systematic review on biomarkers predicting BCG response in
Chapter 8. 
We propose that markers are divided into early pre-BCG, during-BCG and post-BCG treatment
markers. To prevent any time-delay in choosing the right treatment, it is preferable to identify
pre-treatment markers predicting BCG response. Immunohistochemical analyses of intra-
cellular markers like TP53, Ki-67 and Rb showed discrepant findings due to small patient 
samples. Multiple studies demonstrated the usefulness of cytokine gene polymorphisms 
analyses, but as most studies were performed in an Indian population, studies need to be 
performed in other ethnicities. At that time, only one gene expression microarray study was
done and the use of these high-throughput methods could preselect genes involved in the BCG
response that can be investigated with functional studies. At this moment, the most potent 
biomarker seems measurement of urinary IL-2, as high levels are associated with an increased
recurrence-free survival and findings were confirmed in other studies. Other suggestions 
included the addition of IL-2 to BCG instillations. 
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Samenvatting

In Hoofdstuk 1 wordt een kort overzicht gegeven van de epidemiologie, symptomen, 
diagnose, pathologische stadiëring en gradering, behandelopties en urine markers voor de 
follow-up van niet-spierinvasief blaaskanker (NSBK). In Hoofdstuk 2 wordt in een longitudinale
analyse de mogelijkheid van FGFR3 mutatie analyse op urine voor de detectie van blaaskanker
recidieven bij patiënten met laaggradig NSBK besproken. Patiënten met een FGFR3 mutatie in
de inclusie tumor werden geselecteerd voor de analyse. De crossectionele sensitiviteit van de
test (bij iedere follow-up urine met gelijktijdig een cystoscopie) werd bepaald. De sensitiviteit
voor de detectie van een recidief in de urine was 58%, waarbij tevens drie tumoren van de
hogere urinewegen werden gedetecteerd. Omdat er multipele positieve urine monsters werden
waargenomen in de afwezigheid van een recidief tumor bij de cystoscopie, hebben we de 
follow-up periode uitgebreid en een longitudinale analyse verricht om te bepalen of de positieve
urines geassocieerd waren met een toekomstig recidief. 81% van de positieve urines was 
geassocieerd met een recidief tumor tijdens de gehele follow-up periode. 89% van de negatieve
urines was niet geassocieerd met een recidief, maar al deze urines waren tegelijk met een 
cystoscopie afgenomen. Het grootste deel van de overige negatieve urines was temidden van
een serie van positieve urines, wat zou kunnen duiden op de afwezigheid van tumorcellen in de
afgenomen urine. Tot slot laten wij zien, dat het hebben van een FGFR3 positieve urine is 
geassocieerd met een driemaal hogere kans op het ontwikkelen van een recidief tumor en dat
de kans op een recidief oploopt tot 90% bij het hebben van multipele positieve urines
gedurende een periode van 39 maanden.

De meeste NSBK patiënten presenteren zich rond het zestigste levensjaar. Er is een kleine
groep jonge patiënten met blaaskanker en er zijn slechts enkele studies die de moleculaire
achtergrond van blaastumoren in jongeren hebben onderzocht. Omdat specifiek jonge 
patiënten de cystoscopie als storend ervaren, hebben wij een case studie uitgevoerd in een 
26-jaar oude man met NSBK, die met een hoge frequentie recidiveerde (Hoofdstuk 3). 
We hebben bepaald of de moleculaire veranderingen in deze jonge patiënt overeenkomen met
de moleculaire veranderingen in oudere patiënten. Een mutatie in FGFR3 werd gevonden in de
primaire tumor en in de gedurende de follow-up verzamelde urines. LOH van chromosoom 9
werd gedetecteerd en bevestigd met SNP-analyse. TP53 expressie was niet verhoogd. De in
deze studie gevonden moleculaire afwijkingen komen overeen met de afwijkingen die gevonden
worden in oudere patiënten. Deze bevinding zou kunnen betekenen, dat deze patiënt een
vergelijkbaar beloop van de ziekte kan hebben en frequent nagekeken moet worden. We
hebben laten zien, dat alle recidieven in de urine werden gedetecteerd met de FGFR3 mutatie
analyse en dat deze techniek mogelijkheden zou kunnen bieden voor een follow-up schema
met urine diagnostiek.

In Hoofdstuk 2 demonstreren we de aanwezigheid van meerdere FGFR3 negatieve urine
testen in een serie van positieve urines. In Hoofdstuk 4 onderzoeken we of de sensitiviteit van
de urine test beïnvloedt wordt door het formaat van de tumor in de blaas of door het tijdstip van
urine afname voor analyse. Alle pre-TUR urine samples afgenomen bij patiënten met een tumor
>3cm waren positief voor FGFR3 (sensitiviteit 100%). De sensitiviteit voor de detectie van een
recidief was 75% in patiënten met een tumor van <1.5cm. Een mogelijke verklaring is dat grote
tumoren meer tumorcellen verliezen in de urineblaas waardoor de sensitiviteit van de test 
toeneemt. Door virtueel urine samples, die over een periode van 24 uur verzameld waren samen
te voegen, konden we de sensitiviteit verhogen tot 100%. 
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Tot slot tonen we aan, dat het tijdstip van urine afname geen invloed heeft op de sensitiviteit van
de test. Ons voorstel is, dat bij iedere urine test meerdere samples worden afgenomen om de
hoogste sensitiviteit te bereiken. 
FGFR3 mutaties in blaaskanker patiënten zijn geassocieerd met een goede prognose. Op dit
moment zijn er geen markers beschikbaar die hoog-risico patiënten kunnen identificeren. Een
voorgaande studie toonde de aanwezigheid van FGFR3 mutaties in prostaatkanker patiënten en
de associatie met laaggradige tumoren aan. Deze bevinden wilden wij onderzoeken in een grote
groep patiënten met prostaatkanker in Hoofdstuk 5. Er werden geen mutaties gevonden in de
onderzochte tumoren. Deze negatieve bevinding zou een gevolg kunnen zijn van het gebruik
van naaldbiopsie preparaten in onze studie, waarbij over het algemeen weinig tumorcellen 
worden verkregen. Vals positieven in de voorgaande studie zouden het gevolg kunnen zijn van
contaminatie van urotheelcellen in het prostaatweefsel of etnische verschillen. Aanvullend
hebben we de prevalentie van FGFR3 mutaties bepaald in prostaatkanker patiënten met 
co-existente tumoren in ander weefsel. Overeenkomend met de voorgaande studie vonden wij,
in het geval van meerdere tumoren in één patiënt, met name een combinatie van prostaat, blaas
en huidtumoren. 
In voorgaande studies werd aangetoond, dat methylerings analyse van de urine voor de detec-
tie van blaaskanker recidieven een mogelijkheid is. Wij ontwikkelden een methylerings assay op
urine materiaal, specifiek voor de detectie van NSBK recidieven (Hoofdstuk 6). Hiervoor
selecteerden we genen die gemethyleerd waren in recidieven van NSBK patiënten en we
valideerden deze resultaten op tumor materiaal en urine van een onafhankelijke groep NSBK
patiënten en urine van patiënten zonder blaaskanker. Uiteindelijk werden vier genen gese-
lecteerd (APC_a, TERT_a, TERT_b and EDNRB), die een AUC van 0.82 hadden in het test
cohort en 0.62 bij de validatie. De sensitiviteit en specificiteit voor de detectie van recidieven in
de urine waren respectievelijk 72% en 50%.10/11 hoog-risico tumoren waren gedetecteerd met
deze test. In de volgende studie werden detectie van puntmutaties in FGFR3, PIK3CA en RAS,
LOH en methylerings analyse uitgevoerd als enkele test of als een combinatie, waarbij de
uitkomsten werden vergeleken met urine cytologie (Hoofdstuk 7). Mutaties in FGFR3 werden
aangetoond in 68% van de patiënten, PIK3CA in 18% en RAS mutaties in 9% en door de com-
binatie van deze drie markers liep het percentage patiënten dat geschikt was voor urine follow-
up op tot 79%. LOH werd gedetecteerd in 63% van de patiënten en methylering in 98%.
Vervolgens werd de sensitiviteit van de verschillende testen bepaald na patiëntstratificatie op
basis van de moleculaire status van de primaire tumor. De sensitiviteit van de FGFR3 mutatie
analyse was 66% en bij aanvulling met PIK3CA en RAS mutatie analyse nam dit toe tot 71%.
FGFR3 mutatie detectie gecombineerd met LOH analyse leverde een sensitiviteit op van 76%.
Alle aparte testen en combinaties van testen hadden een hogere sensitiviteit dan urine 
cytologie. Urine cytologie gecombineerd met FGFR3 mutatie analyse verbeterde de sensitiviteit
van 56% naar 76%.

Bij hoog-risico NSBK patiënten blijft het een zeer moeilijke beslissing of zij direct een radicale
cystectomie of eerst intravesicale spoelingen met BCG moeten krijgen. Er was over de 
verschillende biomarkers, die BCG respons zouden kunnen voorspellen, nog geen duidelijk
overzicht beschikbaar in de recente literatuur. Om die reden beschrijven wij in Hoofdstuk 8 een
systematische review over biomarkers, die de BCG respons zouden kunnen voorspellen. Wij
stellen voor, dat markers worden onderverdeeld in vroege pre-BCG, tijdens-BCG en 
post-BCG markers. Het heeft de voorkeur vroege pre-BCG markers te identificeren en hiermee
vertraging in de keuze voor de juiste behandeling te voorkomen. 
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Studies over immuunhistochemische markers zoals TP53, Ki-67 en Rb laten verschillende
uitkomsten zien, mogelijk als gevolg van kleine patiënt aantallen. Meerdere studies demon-
streren, dat analyse van gen polymorfismen in cytokine genen waardevol is, maar dat de 
uitvoering in enkel de Indiase populaties een beperking blijft en dat deze bevindingen eerst
gevalideerd moeten worden in andere etnische groepen. Ten tijde van het schrijven van deze
dissertatie was er één gen expressie microarrary studie uitgevoerd en het uitbreiden van dit type
onderzoek zou genen kunnen selecteren, die betrokken zijn bij de BCG respons. Deze genen
zouden aansluitend in functionele studies onderzocht kunnen worden. De meest potente 
biomarker is op dit moment de meting van urine IL-2 concentraties. Hoge concentraties waren
geassocieerd met een verbeterde recidief-vrije overleving en gevonden in meerdere studies.
Aanvullend zou het interessant zijn om de effecten van BCG spoelingen, gecombineerd met 
IL-2, te bepalen. 
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Bladder cancer

Carcinoma in situ

Photodynamic diagnosis

Narrow band imaging

Bacillus- Calmette Guerin

Computed tomography

World health organization

Papillary lesion of low malignant potential

Non-muscle invasive 

Muscle-invasive

Trans-urethral resection

European Association of Urology

United States Food and Drug administration

Fluorescence in situ hybridization

Fibroblast growth factor receptor

Severe achondroplasia with developmental delay and acanthosis nigricans

Multiple myeloma

Microsatellite analysis

Loss of heterozygosity

DNA-methyltransferases

Single nucleotide polymorphism

Prostate cancer

Methylation-specific multiplex ligation-dependent probe amplification

Adenomatosis polyposis coli

Telomerase reverse transcriptase 

Endothelin receptor type B

BC

CIS

PDD

NBI

BCG

CT

WHO

PUNLMP

NMI

MI

TUR

EAU

FDA

FISH

FGFR

SADDAN

MM

MA

LOH

DNMT

SNP

PCa

MS-MLPA

APC

TERT

EDNRB
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What would life be without urine?
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