
Expression profiling for bladder cancer: strategies to uncover
prognostic factors

Georg Bartsch Jr1,*, Anirban P Mitra2,*, and Richard J Cote3,†
1 Institute of Urology, University of Southern California Keck School of Medicine, Los Angeles, CA
90033, USA
2 Department of Pathology, University of Southern California Keck School of Medicine, Los
Angeles, CA 90033, USA
3 Department of Pathology, University of Miami Miller School of Medicine, Miami, FL 33136, USA

Abstract
Despite being a common cancer worldwide, management of transitional cell carcinoma of the
bladder currently relies primarily on clinical staging and histopathologic parameters. Assaying
alterations in molecular pathways can contribute valuable information that can accurately predict
outcome and chemotherapeutic response in individual patients with bladder cancer. Medium- to
high-throughput gene-expression profiling technologies are now allowing multiplexed assessment
of alterations responsible for the genesis and progression of bladder tumors. These investigations
employ global or pathway-based approaches to define molecular signatures that can predict
prognosis independent of traditional clinical performance metrics. Prognostic panels generated
using these strategies can also elucidate the biology of tumor progression and identify potential
therapeutic targets.
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Bladder cancer is the fourth most common cancer in men in the USA [1]. In 2010, bladder
cancer will account for an estimated 70,530 new cases and 14,680 deaths in the USA alone.

The most common presenting pathology of bladder tumors is transitional cell carcinoma
(90% of cases), while squamous cell carcinomas, adenocarcinomas and other rare subtypes
comprise a minority of cases [2]. Clinical staging and histopathologic parameters are
currently the most commonly used prognostic tools. Of these, the Tumor, Node, Metastasis
(TNM) staging system is one of the most widely used prognostic criteria clinically [3]. The
final stage can only be determined in a cystectomy specimen, while other clinical staging
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procedures (during transurethral tumor resection, radiology, ultra-sonography, urine
cytology, urine molecular testing, bimanual examination, and so on) may have a high rate of
understaging, which might defer treatment and can worsen the final outcome [4,5].
Interpretation of histopathologic criteria, which represents an important component of
patient staging, can also be hampered by significant variability among pathologists despite
well-defined criteria for the diagnosis of urothelial carcinoma. Interobserver variability has
also been identified in distinguishing between stage Ta versus T1 bladder tumors, and in
grading these tumors [6,7]. This highlights the necessity to introduce more objective criteria
in staging bladder cancer that can also act as robust indicators of prognosis.

It has now been clearly shown that alterations in molecular pathways that control cellular
homeostasis may result in the formation of bladder cancer [8]. Several molecules and
pathways have been identified and linked to this tumorigenic process. While major efforts to
characterize molecular and pathway alterations have been undertaken to improve disease
prognostication, only a few biomarkers of potential clinical relevance have been identified
thus far. A major impediment to this discovery process has been the technological
limitations that have restricted in-depth analyses of molecular aberrations that often occur in
tandem, thereby deregulating normal cellular processes and resulting in the malignant
phenotype. Traditional approaches have focused on profiling one molecule or a single
pathway in an effort to better predict the clinical course of bladder cancer patients. However,
researchers over the last decade have started investigating panels of markers that may lead to
a better understanding of the tumor course of an individual patient.

The most well-characterized cellular process that is dysregulated in bladder tumorigenesis is
cell cycle regulation. The cell cycle is primarily controlled by the p53 and retinoblastoma
(Rb) pathways [9]. Besides the cell cycle, p53 is also involved in other processes related to
tumorigenesis including angiogenesis, apoptosis and DNA repair [10]. Medium- to high-
throughput profiling technologies are now enabling investigators to explore bladder cancer-
related bio-markers across the entire genome and proteome. This has resulted in expansion
of the potential for discovery of novel molecules and pathways that can not only serve as
prognostic indicators but also as potential therapeutic targets in bladder cancer [11].

This article will initially outline the major well-characterized molecules and pathways
associated with bladder cancer progression. It will then discuss the global and pathway-
specific approaches towards gene-expression profiling, with a specific emphasis on
identification of molecular signatures for bladder cancer outcome prediction.

Individual molecular alterations in bladder cancer
The identification of different molecules and pathways that can potentially predict outcomes
in bladder cancer patients has also contributed to the understanding of the biologic
mechanisms related to bladder tumorigenesis, recurrence and progression. The prognostic
importance of the major pathways altered during these processes is described later.

Cell cycle regulation alterations
Two pathways primarily control the cell cycle: the p53 and Rb pathways. The p53 protein,
encoded by the TP53 tumor-suppressor gene, inhibits cell cycle progression at the G1–S
transition. TP53 mutations are common in invasive bladder cancer [12]. It has been reported
that increased p53 nuclear immunoreactivity, which is potentially a surrogate indicator of
TP53 mutation, is predictive of outcome particularly in patients with invasive organ-
confined and lymph node-negative disease [13–15]. However, recent evidence from our
group suggests that there may not be a perfect concordance between TP53 mutation and
increased p53 immunoreactivity; the combined assessment of alterations at the gene and
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protein level in such scenarios can provide a more accurate assessment of prognosis than
either marker alone [12].

p53 induces the transcription of p21WAF1/CIP1, which encodes for p21, a CDK inhibitor
(CDKI) [16]. In bladder cancer patients, loss of p21 expression has been demonstrated to be
an independent predictor of disease progression [17]. The Mdm2 protein controls p53
activity through an autoregulatory feedback loop [18]. Mdm2 degrades p53 following
upregulation of the MDM2 promoter by elevated p53 levels. MDM2 amplification has been
documented in bladder cancer, and has been shown to be more frequent in high-stage and
high-grade tumors [19]. A single-nucleotide polymorphism in the MDM2 promoter,
SNP309, is a frequent event in bladder cancer and predicts an earlier onset of non-muscle-
invasive disease, and can be especially prognostic when linked to TP53 mutation status [20].

The transcription of MDM2 is inhibited by p14. The gene encoding for p14, p14ARF, is
induced by E2F, which links the p53 pathway to the Rb pathway [8]. The RB gene encodes
for the Rb protein, which plays a critical role in cell cycle regulation [21]. The active
dephosphorylated Rb binds to and inhibits E2F [22]. In its phosphorylated state, Rb releases
E2F that in turn is able to induce gene transcription for DNA synthesis. Mutations in the RB
gene that inactivate Rb have been found in bladder cancer [23]. However, patients with
tumors expressing elevated Rb levels as determined by immunohistochemistry have
comparably poor outcomes to patients with tumors that have inactivating RB mutations [24].
This is postulated to occur through Rb hyperphosphorylation owing to loss of expression of
the CDKI p16 and/or cyclin D1 overexpression [25].

Alterations in apoptosis
Apoptosis may be affected through two different mechanisms: the extrinsic and intrinsic
pathways. The extrinsic pathway is activated by specific receptors on the cell membrane; the
intrinsic pathway is activated through the mitochondria. Both pathways lead to activation of
effector caspases, which induce the cellular changes leading to cell death. Receptors of the
extrinsic pathway, such as Fas, belong to the TNF superfamily and have been shown to be
bypassed during malignant transformation of bladder cancer cells [26]. Decreased Fas
expression has been linked to tumor progression in transitional cell carcinoma [27].

The antiapoptotic protein Bcl-2 plays a major role in the intrinsic pathway. It controls the
mitochondrial membrane permeability and inhibits caspase activation [10]. Increased Bcl-2
protein production is associated with decreased tumor-specific survival in T1G3 bladder
carcinomas [28]. When combined with p53, Bcl-2 has been shown to be a good prognostic
tool in predicting outcomes in patients with non-muscle-invasive bladder cancer [29].

Signal transduction alterations
Alterations in diverse pathways that transduce signals from cell surface receptors to the
nucleus for transcription may result in the dysregulation of cellular homeostasis. In the case
of bladder cancer, the Ras–MAPK and JAK–signal transducer and activator of transcription
(STAT) signaling cascades are important signal transduction pathways.

Mutations in the FGF receptor 3 (FGFR3) gene that activate the Ras–MAPK pathway are
common in non-invasive, low-grade papillary urothelial carcinomas [30]. Although Harvey
rat sarcoma viral oncogene homolog gene (HRAS) mutations have been identified in urine
cytologic preparations from low-grade bladder tumors [31], Ras mutations are not as
common in Ta tumors. Our group has recently shown that HRAS is more likely to be
overexpressed in Ta tumors that are not likely to progress, compared with those Ta tumors
that have a higher risk of eventually progressing [32]. VEGF receptor 2 (VEGFR2; KDR/
Flk-1), which mediates cellular responses of VEGF through the MAPK signaling cascade, is
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also overexpressed with increasing disease stage and muscle invasion [33]. Furthermore,
VEGFR2 expression is predictive for nodal metastasis in bladder cancer [34], and also
predicts progression of Ta tumors at first presentation [32].

The JAK family includes a group of tyrosine kinases that are activated by different
cytokines and growth factors and influence various signaling pathways. The activation of
JAK leads to the activation of STATs, which control the transcription of several genes
including the one encoding for Bcl-2 [35]. In combination with other markers, STAT3
overexpression can predict increased risk of recurrence and decreased survival for patients
with bladder cancer [36].

c-Fos and c-Jun function as transactivators downstream of several signal transduction
cascades to control the transcription of genes involved in differentiation, apoptosis and
proliferation. While increased Jun expression has been associated with increasing tumor
stage [37] and poor recurrence-free and overall survival rates in bladder cancer patients [36],
patients with c-Fos expression are more likely to have a higher tumor grade [38].

Alterations in angiogenesis
Several factors contribute to the growth of blood vessels into a tumor, which is responsible
for providing oxygen and nutrients and promoting malignant progression. Microvessel
density, a surrogate marker for angiogenesis [39], has been significantly associated with
bladder cancer outcomes [40]. Besides microvessel density, hypoxia-inducible factors
(HIF-1α and HIF-2α) are important angiogenic molecules as they control a cell’s response to
a hypoxic stress [41]. Overexpression of HIF-1α has been demonstrated in bladder cancer
patients with poor prognosis; its prognostic value is even more significant when combined
with p53 [42,43]. HIF-1α has also been shown to predict recurrence and survival in non-
muscle-invasive tumors [44].

The most crucial molecule in angiogenesis, VEGF, which is induced by HIF, is highly
expressed in patients with non-muscle-invasive bladder cancer who recur early and show a
high rate of progression to an invasive phenotype [45]. Our group recently showed that high
VEGF levels in combination with high VEGFR2 and HRAS expression can predict
progression of Ta tumors at first presentation [32]. Furthermore, metastatic patients and
patients with poor outcome have significantly higher serum VEGF levels than those with
localized disease [46].

p53 has also been shown to have an impact on tumor angiogenesis. p53 upregulates
thrombospondin-1, which functions as an antiangiogenic factor. Thrombospondin-1
expression has been strongly correlated to disease recurrence and overall survival [47].

Combination of molecular alterations
Broader characterization of individually prognostic markers in bladder cancer has paved the
way toward assessing multiple markers in tandem at the protein level in an effort to increase
their prognostic value. Many of these studies have focused on bio-markers that feature in
one or two pathways that are dysregulated in bladder cancer [48].

In the context of cell cycle regulation, the following markers have been examined in
combination to predict bladder cancer outcome: p53, p21, Rb and/or p16 [49,50]. The
undertaken studies suggested that incremental numbers of altered markers was
independently correlated with significantly increased risk for bladder cancer recurrence,
progression and mortality. Other comprehensive reviews have also commented on the
combined prognostic utility of cell cycle regulation markers in bladder cancer [51].
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Recent tissue microarray-based investigations are further facilitating this effort by increasing
the throughput of protein-expression assays on primary bladder tumor tissues. These studies
have demonstrated that interrogation of markers that are important for cell cycle regulation
(p53, Rb, p21, p27 and/or cyclin E1) and apoptosis (Bcl-2, caspase-3, p53 and survivin) can
be successfully accomplished [52–54]. Additional efforts are needed to profile alterations in
crucial molecular determinants across several tumorigenic processes that can yield more
comprehensive panels to predict disease outcome independent of standard clinicopathologic
criteria.

Identification of prognostic marker panels
Even if markers are examined in combination, the true patho-physiology of bladder cancer
may only be deciphered by investigating several pathways simultaneously in a medium- to
high-throughput manner. Such panels may be generated at the epigenetic, genetic,
transcriptomic, proteomic and metabolomic levels. Gene and transcriptome-level profiling
are the most commonly applied approaches in bladder carcinoma patients.

There are two broad methodologies by which prognostic gene panels may be identified in
disease processes: the global approach and the pathway-specific approach. While the global
approach uses the whole coding sequence of the genome (or a significant portion of the
coding sequence of the genome) to find marker panels that can predict bladder cancer
outcome, pathway-specific approaches profile finite numbers of targets in a quantitative
manner across several pathways.

The global approach
The decoding of the human genome has accelerated the research on identifying prognostic
molecular markers for bladder cancer. The global approach interrogates the entire genome
for alterations at the genetic and transcriptomic level in bladder cancer patients.

Routine microarray technology uses a high-throughput strategy to hybridize fluorescently
labeled transcripts that are isolated from biological samples such as tumor specimens from
bladder cancer patients. For this process, the isolated RNA is reverse transcribed to cDNA.
This cDNA is transcribed to cRNA using nucleotides coupled with fluorescent molecules.
The labeled cRNA is hybridized to the DNA microarray slide and the probe intensity is
measured by the level of emitted fluorescence. Several studies have used such platforms to
generate panels that can identify the presence or absence, and stage of disease [55–59].
Other studies have utilized this tool to perform molecular characterization of tumor subtypes
and carcinoma in situ (CIS) [60]. More recent studies have also identified panels that can
distinguish between molecular disease subgroups in terms of patient prognosis [61–64].

While the global approach can interrogate the entire coding sequence by a high-throughput
automated system that promises a high discovery potential and selects panels in a relatively
unbiased fashion, it usually results in a large panel of markers, which might result in some
degree of false discovery. The utility of each panel therefore depends on the balance
between the signature size and the clinical measure that it seeks to address (Figure 1).
Furthermore, high-throughput platforms have some problems with reproducibility and are
far more expensive than the pathway-specific approach.

Rosser et al. applied gene-expression profiling using a cDNA array on exfoliated urothelial
cells from bladder washings [55]. A total of 46 patients with subsequently confirmed
presence or absence of bladder cancer were prospectively investigated. Hierarchical
clustering and supervised learning algorithms were used to classify samples on the basis of
tumor burden. A panel of 319 differently expressed gene probes was associated with bladder
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cancer (p < 0.01). Visualization of protein interaction networks showed that VEGF and
angiotensinogen were decisive markers for bladder cancer cells. Using supervised machine
learning and a cross-validation approach, a 14-gene molecular classifier was built. With
these 14 genes, an overall accuracy of 76% was achieved in distinguishing between patients
with and without bladder cancer.

In another study, Sanchez-Carbayo et al. compared the expression profiles of early versus
advanced bladder cancers using a cDNA microarray containing 17,842 genes and expressed
sequence tags in 104 patients with a median follow-up of 18 months [56]. Hierarchical
clustering segregated individuals with early-stage (40 patients) from invasive (64 patients)
bladder cancer into two clusters. They were also successful in separating CIS from papillary
superficial lesions within the early-stage tumors. The expression patterns of cytokeratin 20,
neuropilin-2, p21 and p33ING1 were significantly associated with pathologic stage, tumor
grade and altered Rb expression. Furthermore, p33ING1 expression levels were significantly
associated with overall survival. The differentially expressed molecular targets were
validated using immunohistochemistry on tissue microarrays. An analysis of significant
transcripts revealed that genes encoding DEK and CD86 antigen were overexpressed in
early-stage and invasive disease, respectively.

Modlich et al. also used a cDNA platform to investigate potential genes that contribute to
disease progression in bladder cancer [57]. A total of 42 bladder tumors (22 non-muscle-
invasive, 20 muscle-invasive) from 34 patients with adequate oncologic follow-up were
analyzed using a 1185-gene filter-based cDNA array. Using a two-way clustering algorithm
that used different subsets of gene-expression data, the tumors were classified according to
their clinical outcome as non-muscle-invasive, muscle-invasive or metastasizing.
Quantitative PCR (qPCR) was used to validate the array data for nine genes. The array data
were further validated using oligonucleotide micro-arrays with 22,283 human gene
fragments in a subset of three non-muscle-invasive- and six muscle-invasive tumor patients.
Several gene clusters that characterized non-muscle-invasive and muscle-invasive tumors
were identified.

With a 32-gene molecular classifier using a cross-validation approach, Dyrskjøt et al. were
able to classify benign and muscle-invasive tumors from 66 biopsy samples using
Affymetrix (CA, USA) oligonucleotide microarrays [58]. The classifier provided new
predictive information on disease progression in Ta bladder cancers compared with
conventional staging (p < 0.005). To delineate nonrecurring Ta tumors from frequently
recurring cancers, the authors analyzed expression patterns in 31 tumors by applying a
supervised learning classification methodology, with which 75% of samples were read
correctly (p < 0.006). The gene-expression profiles characterizing each stage and subtype
characterized their respective molecular properties, thereby potentially identifying new
therapeutic targets.

A study by Blaveri et al. used expression microarray analysis to investigate 80 bladder
tumors, nine bladder cancer cell lines and three normal bladder tissues [59]. cDNA
microarrays with 10,368 human gene elements were used to analyze the samples.
Unsupervised hierarchical clustering was able to separate the samples into groups of non-
muscle-invasive (Ta and T1) and muscle-invasive (T2–T4) tumors. Supervised classification
showed a 90.5% success rate in separating these two groups, when limited to a subset of 25
genes. The tissues were also separated into transitional versus squamous cell carcinoma
subtypes (89% success rate), and good versus bad prognosis (78% success rate). The stage
classifier was confirmed using data from an independent data set. By immunohistochemistry
on tissue microarrays, the investigators were able to validate the value of cathepsin E and
parathyroid hormone-related protein, biomarkers that were able to distinguish between non-
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muscle-invasive versus muscle-invasive tumors and transitional versus squamous cell
carcinomas, respectively.

Aaboe et al. investigated gene-expression changes that occur during neoplastic
transformation from normal to cancerous urothelium [65]. Using the Affymetrix platform,
the authors reported on differentially expressed genes in Ta tumors compared with normal
bladder urothelium, and on genes that were altered in high-grade tumors. The most
significant expression differences were noticed in genes related to the cytoskeleton (keratin
7 and syndecan 1) and transcription (high mobility group AT-hook 1). In high-grade tumors,
genes related to cell cycle control (CDK4) and transcription (jun d proto-oncogene) were
altered. Keratin 7 overexpression was validated using western blot analysis in tumor tissues
from bladder cancer patients.

Dyrskjøt et al. analyzed the tumor gene expression profiles of patients with non-muscle-
invasive bladder cancer with and without concurrent CIS and those with muscle-invasive
disease in a cohort of 41 patients using the Affymetrix U133A GeneChip™ platform [60].
Hierarchical clustering separated the non-muscle-invasive tumor samples according to the
presence or absence of CIS. A few gene clusters were identified that had similar expression
profiles across samples with non-muscle-invasive tumors with accompanying CIS and
muscle-invasive disease. However, the authors were unable to identify any relationship
between tumors with surrounding CIS and muscle-invasive disease using hierarchical
clustering. The CIS-related profile was also noticeable in patients with grossly normal
urothelium with surrounding CIS. A supervised learning approach was used to build a 16-
gene molecular CIS classifier that was able to stratify non-muscle-invasive tumor samples
according to the presence or absence of CIS with high accuracy.

For the prediction of clinical outcome, Dyrskjøt et al. performed another study to identify
markers of bladder cancer progression using genome expression-profiling analysis with
59,619 genes and expressed sequence tags [61]. Non-muscle-invasive bladder tumors from
29 patients (13 without and 16 with disease progression) were used. Using a supervised
learning approach, a 45-gene signature of disease progression was determined. The
progression signature showed a significant correlation with clinical outcome in an
independent test set (p < 0.03). The differentially expressed genes involved those that
regulate apoptosis, cell differentiation and the cell cycle.

Another study on genetic changes relevant to bladder cancer progression was conducted on
recurrent papillary tumors by Wild et al. [62]. A total of 67 bladder carcinomas (Ta–T2
tumors) and eight normal bladder specimens were profiled following laser microdissection.
Hierarchical clustering did not show any significant differences between grade I and II
papillary tumors. However, different gene-expression profiles were noticed between
papillary and solid tumors. Progression-associated gene profiles were defined, and finally
cathepsin E expression and a high Ki-67 labeling index of at least 5% were the only factors
that correlated significantly with progression-free survival in patients with Ta tumors.

Kim et al. have recently employed high-throughput expression microarrays and qPCR
validation on 272 bladder cancer specimens to identify prognosis-related gene classifiers
[63]. Microarray analysis was carried out on 165 bladder cancer specimens used as a
training cohort. The gene classifiers were analyzed with presence or absence of muscle
invasion and prognosis. The authors validated selected gene classifiers using qPCR in the
training and validation (107 patients) cohorts. In total, 97 genes related to disease
progression were identified in patients with non-muscle-invasive bladder cancer. The eight-
gene progression-related classifier in patients with non-muscle-invasive bladder cancer was
closely correlated with progression in the validation cohort.
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Sanchez-Carbayo et al. have documented a genetic signature that is characteristic of
aggressive clinical behavior in bladder cancer [64]. A total of 105 bladder tumors were
analyzed using oligonucleotide arrays (33 non-muscle-invasive and 72 muscle-invasive, as
well as 52 normal tissues). Hierarchical clustering stratified normal urothelium, non-muscle-
invasive and muscle-invasive tumors with 82.2% accuracy, and classified bladder cancers on
the basis of clinical outcome. A predictive support vector machine algorithm rendered an
89% success rate for predicting tumor stage between non-muscle-invasive and muscle-
invasive tumors, taking any of the top 250 differentially expressed genes. Accuracies of 82
and 90% were obtained for prediction of overall survival when considering patients with
bladder cancer or only patients with muscle-invasive disease, respectively. A genetic
signature of 174 probes was attributed to patients with nodal metastasized disease and poor
survival. Independent analyses confirmed the association of this profile with the presence of
positive lymph nodes and overall survival.

Takata et al. adopted genome-wide gene-expression profiling to identify predictive
signatures of response to methotrexate, vinblastine, doxorubicin and cisplatin-based
neoadjuvant chemotherapy in bladder cancer [66]. A cDNA microarray interrogating 27,648
genes was used to profile 27 muscle-invasive bladder cancers after they were laser
microdissected; 14 predictive genes that were most differentially expressed between the
responders and nonresponders were validated by qPCR. Using this 14-gene signature, the
authors designed a qPCR-based system for potential clinical use in predicting
chemotherapeutic response.

A similar approach was chosen by Als et al. to profile primary tumors from 30 patients with
locally advanced or metastatic bladder carcinoma using Affymetrix HU133A GeneChips
[67]. A total of 55 genes were found to be differentially expressed and highly correlated to
survival time after chemotherapy. Two of the protein products from this panel (emmprin and
survivin) were validated by immunohistochemistry on an independent cohort of 124 patients
who received cisplatin-based chemotherapy. Multivariate analysis identified emmprin and
survivin as independent prognostic markers for poor outcome and response to
chemotherapy, along with the presence of visceral metastases.

Interestingly, the data sets used by Takata et al. and Als et al. were also used in a
coexpression extrapolation algorithm to generate multivariate gene-expression models [68].
These models were initially based on in vitro drug sensitivities and microarray analyses of
the NCI-60 cancer cell line panel. The gene-expression models effectively stratified tumor
response and survival in bladder cancer patients treated with neoadjuvant chemotherapy
independent of standard clinicopathologic parameters. The 3-year overall survival for those
with favorable model scores was 81 versus 33% for those with less favorable scores (p =
0.002).

The pathway-specific approach
The data used to select markers for a pathway-specific approach may be generated by high-
throughput techniques from global approaches, low-throughput profiling studies and in vitro
experimentation. The major difference to the global approach is the more hypothesis-driven
strategy. Quantification of gene expression can be performed using multiplexed qPCR,
which represents the current gold standard method of validating expression profiling results
[69].

Besides dealing with concise definitive gene panels that are usually highly reproducible
across laboratories, the pathway-specific approach is also relatively inexpensive, making it
more clinically applicable. However, the restricted number of biomarkers that may be
interrogated limits the discovery potential of this methodology compared with the high-
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throughput approaches. Furthermore, the marker selection may be biased based on prior
studies and the existing knowledge in the field. As described later, several studies have
adopted this approach to profile alterations across several pathways that are commonly
dysregulated in cancer (Figure 2).

We have used this strategy to develop an objective method for detection of nodal metastasis
from the molecular profiles generated from primary bladder tumor tissues using qPCR [34].
This study investigated 60 bladder cancer patients across all disease stages and five control
tissues of normal urothelium. The cohort was divided into training and validation sets
comprising node-positive and -negative cases. Using a genetic programming algorithm on
expression values from a panel of 70 genes across eight broad pathways, classifier rules
were generated that demonstrated an 81% accuracy on the validation set compared with
pathologic nodal status. The rules showed a strong predilection for ICAM1, MAP2K6 and
VEGFR2, resulting in gene-expression motifs that cumulatively suggested an expression
pattern of ICAM1>MAP2K6>VEGFR2 for node-positive patients. Rules generated using
only ICAM1, MAP2K6 and VEGFR2 were robust, with a single rule being 90% accurate
when applied to the validation set.

We have also used this strategy to investigate gene signatures that can predict recurrence
and progression in Ta tumors at first presentation, in order to be able to individualize the
treatment of these patients [32]. This study used a 24-gene panel spanning across relevant
cancer pathways to profile patients initially presenting with Ta grade 2–3 bladder carcinoma
who belonged to one of three groups: no recurrence, recurrence or progression within 5
years of follow-up (16 patients in each group). CCND3 (p = 0.003) and HRAS (p = 0.01)
were predictive for recurrence by univariate analysis. A multivariate model based on
CCND3 expression showed 97% sensitivity and 63% specificity for recurrence. HRAS (p <
0.001), E2F1 (p = 0.017), Survivin (p = 0.038) and VEGFR2 (p = 0.047) were individually
identified to be predictive for progression. A multivariate analysis based on HRAS, VEGFR2
and VEGF identified patients who progressed with 81% sensitivity and 94% specificity.

Another pathway-based profiling effort tried to identify molecular alterations associated
with bladder cancer progression across all disease stages, which could potentially
supplement TNM staging in predicting clinical outcome [36]. The expression levels of 69
genes involved in different cancer pathways were evaluated on bladder specimens from 58
bladder cancer patients. Expression levels of the same genes were also computed on normal
urothelium tissues that were used as controls. By univariate analysis, six genes were found
to be associated with time to recurrence and ten genes were associated with overall survival.
Recursive partitioning analysis identified three genes that significantly predict recurrence,
and three for overall survival. Based on the hypothesis that the most biologically relevant
genes would predict both outcome measures, four genes (JUN, MAP2K6, STAT3 and
ICAM1) were chosen for the final panel. A favorable versus unfavorable profile using this
panel showed differences in 5-year recurrence and overall survival probabilities of 41 versus
88%, and 61 versus 5%, respectively (both p < 0.001). The prognostic potential of the four-
gene panel was confirmed on an independent external data set (disease-specific survival; p =
0.039).

Conclusion
Molecular alterations across several tumorigenic pathways that are characteristically
associated with bladder cancer have been broadly investigated by several groups. Advances
in gene and protein expression-profiling technologies are now permitting the discovery of
new biomarkers that can predict patient outcome and therapeutic response. However, the
increasing wealth of literature in this field suggests that several pathways and molecules that
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can determine the clinical outcome have yet to be identified. Both global and pathway-
specific approaches have their advantages and disadvantages, and can potentially be used in
tandem to identify and validate new signatures of clinical importance.

Expert commentary
The current management of bladder cancer includes early detection, conservative-to-radical
resection, close follow-up to monitor for progression, and accommodating lifestyle changes
following surgery. Current indicators of prognosis include clinicopathologic staging criteria
with limited objective parameters. While several individually prognostic molecules have
been identified, there is a general lack of consensus on which markers can be employed in
the clinical setting. The current trend is to move towards multiplexing marker assays in an
effort to enhance their prognostic utility while better delineating the biologic course of
disease progression. Initial results of these multimarker investigations have been
encouraging. However, problems with reproducibility and variations between platforms
remain, leading to limited overlap among panels that have been identified through various
studies. Given that tumorigenesis is a multistep process involving dysregulation in multiple
pathways, a concerted effort, possibly involving systems biology-based approaches, are
needed to examine sequential molecular aberrations that eventually lead to the malignant
phenotype, and contribute to disease progression and poor outcome.

Five-year view
Future management of bladder cancer will employ consensus marker panels that will be able
to accurately predict prognosis and therapeutic response. However, in the short term,
investigators have to overcome the impediments of profiling small cohorts and generating
large panels of markers that have an admixture of immensely and negligibly informative
molecules. While global profiling approaches have huge potential for the discovery of novel
biomarkers, the issues regarding lack of reproducibility are disconcerting. Pathway-based
approaches may not primarily be discovery tools, but can be leveraged toward hypothesis-
driven investigations to generate and validate marker panels that are concise enough for
clinical implementation. The ultimate aim with both approaches is to generate marker panels
that have clinical utility while also providing biologic insight into the disease process.
Retrospective single-/multi-institutional cohorts and prospective trials can then be used to
validate such existing and novel marker panels for clinical implementation. Focused and
validated panels can serve a dual purpose: predicting the outcome of individual patients
based on their tumor’s molecular make-up and identifying potential targets for novel
therapeutics, thereby eventually personalizing patient management.
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Figure 1. Subjective evaluation of the clinical utility of marker panels identified in different
bladder cancer expression-profiling studies
Studies have been identified by the last name of the first author and corresponding reference
number on the horizontal axis. The major marker panel identified in each study has been
classified by its primary clinical output (diagnostic/prognostic/therapeutic; purple circles
corresponding to the shaded blue regions labeled on the left) and feature size (triangles
corresponding to right vertical axis). Both metrics in combination influence the potential
clinical utility of each signature.
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Figure 2. Examples of pathway-specific markers investigated in bladder cancer
Mitra et al. [34,36] and Birkhahn et al. [32] have profiled genes across several broad
pathways commonly deregulated in cancer on primary bladder tumors to develop molecular
panels for detection of adverse events. The primary effector pathways of tumorigenesis
include apoptosis, cell cycle, gene regulation, cell growth regulation and antioxidation.
There is considerable overlap of markers among the first three pathways. pathways include
signal transduction, angiogenesis and invasion.
Modified with permission from [34].
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