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Abstract

The ability to detect and monitor bladder cancer in noninvasively obtained urine samples is a
major goal. While a number of protein biomarkers have been identified and commercially
developed, none have greatly improved the accuracy of sample evaluation over invasive
cystoscopy. The ongoing development of high-throughput proteomic profiling technologies will
facilitate the identification of molecular signatures that are associated with bladder disease. The
appropriate use of these approaches has the potential to provide efficient biomarkers for the early
detection and monitoring of recurrent bladder cancer. Identification of disease-associated proteins
will also advance our knowledge of tumor biology, which, in turn, will enable development of
targeted therapeutics aimed at reducing morbidity from bladder cancer. In this article, we focus on
the accumulating proteomic signatures of urine in health and disease, and discuss expected future
developments in this field of research.
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Cancer of the urinary bladder is among the five most common malignancies worldwide [1].
Transitional cell carcinomas (TCCs) are the most common urothelial tumors in Western
countries and constitute approximately 95% of all cases [2]. Early detection remains one of
the most urgent issues in bladder cancer research. New urinary bladder cancer cases for
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2009 are estimated to be 70,980, with estimated deaths at 14,330 [101]. When detected
early, the 5-year survival rate is approximately 94%; therefore, timely intervention increases
patient survival rate dramatically. Urothelial tumors can be classified into two groups based
on histopathology and clinical behavior. At presentation, more than 80% of bladder tumors
are non-muscle-invasive papillary tumors (pTa or pT1). The remaining 20% of tumors show
muscle invasion at the time of diagnosis and have a much less favorable prognosis. While
radical surgery is required for invasive bladder tumors, superficial lesions are treated more
conservatively by transurethral resection. However, more than 70% of patients with Ta/T1
lesions confined to the mucosa have recurrence during the first 2 years. If left untreated,
these initially superficial lesions can progress to being muscle invasive [3]. The gold
standard for initial clinical diagnosis and staging of bladder cancer involves cystoscopic
examination of the bladder. Cystoscopy is an unpleasant, invasive procedure that involves
anesthetizing the patient and resection of biopsies for histopathological diagnosis and
staging. The recurrence phenomenon of superficial bladder tumors is what makes bladder
cancer one of the most prevalent cancers worldwide. Patients with superficial tumors are
under continued surveillance by routine cystoscopy examinations of the bladder for the early
detection of new tumor developments. Once bladder tumors are identified and removed,
patients will routinely get surveillance cystoscopy every 3 months for 2 years, then every 6
months for 2 years, then yearly thereafter. Consequently, the development of noninvasive
urinalysis assays using reliable diagnostic markers would be of tremendous benefit to both
patients and healthcare systems.

Urinalysis for bladder cancer detection

Voided urine cytology (VUC) remains the method of choice for the noninvasive detection of
bladder cancer. This method microscopically examines the morphology of the cells of the
bladder lining, which are collected from the urine. The method is subjective and is open to
considerable interobserver variation and, thus, accuracy is a problem, especially for low-
grade and low-stage tumors [4,5]. Furthermore, results are not available rapidly, it is prone
to interobserver variation and it is relatively expensive. Understandably, a good deal of
research has focused on identifying potential urine tumor markers with higher accuracy than
urine cytology. Promising commercially developed diagnostic protein markers for the
urinary detection of bladder cancer include NMP-22 and BTA, and others with potential
have been reported in the literature (Table 1). Unfortunately, these tests suffer from high
false-positive rates and, thus, there is no protein test available to date that can replace urine
cystoscopy or cytology [6-9]. The inadequate power of single markers must partly explain
this. The concept that the presence or absence of one molecular marker will aid diagnostic or
prognostic evaluation has not proved to be the case. To identify informative molecular
signatures of bladder cancer in urine requires high-throughput proteomic profiling and
sophisticated bioinformatics tools for complex data analysis and pattern recognition.
Evolving proteomic techniques, such as TOF mass spectrometry (MS), SDS/ PAGE with
MALDI-MS, and liquid-phase 2D separation techniques, greatly facilitate the detailed and
systematic isolation, identification and characterization of proteins in complex biological
samples. Some cancers are more amenable than others to early diagnosis by biochemical
testing. Urine as a biological sample source has several advantages relative to other
biological fluids. It is accessible in copious amounts through natural micturition and, thus,
enables repeat or temporal sampling. Unlike blood, urinary proteins and peptides are
relatively stable and require only routine processing prior to analyzing or archiving [10,11].
A disadvantage of urine sampling is the wide range of variability in protein concentrations
between individual samples but this can be overcome by normalization to urinary creatinine
or to peptides that are present in the urine irrespective of age, gender and health status [12].
In order to identify biomarkers of disease it is advantageous to have some idea of the normal
proteome in the sample source. Consequently, much effort has been focused on defining a
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normal/healthy urinary proteome. Normal human urine contains up to 150 mg/24 h of
protein. This protein originates both from the ultrafiltration of plasma and from natural
turnover and secretion from the urinary tract itself, represented largely by the urothelium
lining the bladder.

Urinary proteome

The establishment of a normal urinary proteome has evolved hand-in-hand with the
improvement of proteomic techniques, and every new study that includes healthy controls
contributes extra information. Early studies used 2D PAGE techniques [13-16], high-
perfomance liquid chromatography (HPLC)-ESI-mass spectrometry (MS) [17] and LC-MS/
MS [16] to identify over 100 protein components from unfractionated normal urine. In 2003,
Wittke et al. used capillary electrophoresis coupled with ESI-TOF MS to obtain a profile of
the peptides present in the urine of healthy subjects [18]. A ‘normal urine polypeptide
pattern’ consisting of 247 polypeptides was obtained, but no protein identification was
performed; hence, it is unclear how many intact proteins the detected peptides would
collapse into. In 2004, a 2D PAGE survey identified 1400 distinct spots, of which, over 400
peptides and 150 unique proteins were identified [19]. As techniques become more
sensitive, so the number of detected urinary proteins has increased. Using acetone
precipitation and a combination of three separation approaches, a total of 226 urinary
proteins were detected and the majority were identified [20]. Employing a bead-based
concentration and differential elution technique, Castagna et a/. identified 383 gene products
in human urine, substantially adding to the catalog of the urinary proteome at that time [21].
Confirmation of this level of complexity was achieved using the application of a variety of
different sample preparation methods coupled with nano-HPLC-ESI-MS/MS followed by
peptide fragmentation pattern. Tyan et a/. demonstrated that healthy-subject urine samples
contained a total of 2283 peptides, corresponding to 311 unique proteins [22]. The most
recent analyses of the urinary proteome have suggested that there are over 1000 proteins and
as many as 5000 reasonably abundant peptides detectable in urine using highly sensitive
techniques [23]. Combining 1D PAGE and reverse-phase LC coupled to (Orbitrap) MS,
Adachi et al. estimated the number of identified urinary proteins to be 1500 [24]. Compared
with the estimated 5000-10,000 proteins detectable in the serum, and potentially the
majority of the human proteome found in solid tissues, urine is a less complex biological
sample in which to identify specific disease-associated protein biomarkers. These studies
focus primarily on the soluble proteins, but there is another source of protein found in the
urine — those present in exosomes. Normal human urine contains large numbers of
exosomes, which are 40- to 100-nm vesicles that originate from the renal epithelia facing the
urinary space. Exosomes can be isolated from urine by either high-speed centrifugation or
ultrafiltration, and studies on the protein content have been performed [25,26], primarily for
biomarker discovery in renal disease.

The construction of biological-sample proteome databases greatly enables the
standardization of data and the accurate comparison of results from multi-institutional
healthy and patient cohorts. A number of databases have been created in order to integrate
human protein data from a diversity of tissues and fluids, and multiple technological
platforms. The Human Proteome Organization (HUPO) was founded in 2001 to organize
data from multiple laboratories and to facilitate scientific collaborations. In 2007, HUPO
initiated the Human Kidney and Urine Proteome Project (HKUPP) in order to better
understand kidney function and disease, but also to establish standard protocols and
guidelines for the proteome analysis of urine [27]. A European initiative (EuroKUP) to
address the standardization of proteomic urinalysis is also under way [28], but guidelines
and dataset access from HKUPP and EuroKUP are awaited. A large-scale effort to map
body fluid proteomes is included in the Max-Planck Unified (MAPU) proteome database.
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MAPU contains several body-fluid proteomes, including plasma, urine and cerebrospinal
fluid, mapped at the institute using MS techniques [29]. By employing high-resolution MS
and stringent validation criteria, false-positive identification rates in MAPU are lower than
1:1000. Thus, MAPU datasets can serve as a reference for biomarker discovery in body
fluids [29]. MAPU contains the peptides identifying each protein, measured masses, scores
and intensities, and is freely available (Table 2). The recently created Sys-BodyFluid
database [30] is an expansion of MAPU data through the curation of related literature and
further annotation, and provides a comprehensive reference database for body fluid and
clinical proteomics research (Table 2).

Proteomic profiling of urine for bladder cancer biomarker discovery

The 2DE of proteins has been the conventional method for biomarker assessment in
urological proteomics [31,32], and investigators have performed a systematic evaluation of
sample preparation methods for such analyses [33]. A group of nuclear matrix proteins,
termed BLCA, were identified using 2D gel electrophoresis (2DGE) in tissue [34], of which,
BLCAL and 4 have been followed up extensively [35] in urinary analysis. Rasmussen et al.
used 2D PAGE and MS protein identification to identify 124 polypeptides in the urine of
patients with squamous cell carcinoma (SCC) of the bladder [36]. Psoriasin, a major protein
in human keratinocytes, was only observed in the urine from SCC patients. In another a
study using 2DGE, Irmak et a/. identified two proteins, orosomucoid (ORM) and zinc a-
glycoprotein (ZAG), which were increased in urine samples of tumor-bearing patients in
comparison with samples from a few healthy volunteers [37]. ZAG, also known as MAC16,
is a protein that causes cachexia in mice and has previously been isolated from urine of
patients with cancer cachexia, so this may be a marker for a subset of advanced cancer
where severe alteration of lipid metabolism and weight loss are evident. The urinary
proteome was explored by Pinero et al. using 2D-DIGE coupled with MS and database
interrogation. 2D-DIGE analysis yielded 12 clearly differentially expressed spots, and
identified regenerating protein-1 (Reg-1) and keratin 10 as being associated with bladder
cancer. Reg-1 is proposed to act as an inhibitor of apoptosis leading to Reg-1-activated
proliferative activity. Reg-1 expression was validated in biopsy material and was found to be
associated with tumor progression and clinical outcome. An immunoassay to detect Reg-1 in
urine was then used to survey 32 patients with and 48 without bladder cancer. The Reg-1
assay enabled the discrimination of patients with bladder cancer and controls [38]. Saito et
al. used a 2D PAGE approach, but focused specifically on proteins of the extracellular
matrix and matrix metalloproteinases (MMP) in urine [39]. Samples were treated with
gelatin-affinity beads and analysis was performed on the enriched proteins by 2D PAGE.
MMP-2, MMP-9, fibronectin (FN) and associated fragments were present in cancer patients
but not in healthy individuals [39]. Investigators have also applied gel-free methodologies to
urine analysis. SELDI-TOF MS technology has been employed to study urine samples from
patients [40,41]. Vlahou et al. compared the proteomic profile of urine samples from healthy
controls and with transitional cell carcinoma of the bladder [42]. Multiple protein changes
were reproducibly detected in the cancer group, including five potential novel biomarkers
and several protein clusters. One of the biomarkers, a-defensin, was subsequently shown to
be present in bladder tumor cells. The combination of the biomarkers and protein clusters
significantly improved the accuracy of patient classification. In a separate cross-validation
study by the same authors [42], a-defensin monitoring was used to detect bladder cancer
with better sensitivity and specificity than commercial bladder tumor antigen stat and the
urinary bladder cancer tests. A promising application of evolving technology to urinary
proteomic profiling is capillary electrophoresis (CE) MS. In CE, analytes are separated with
high resolution based on their migration through a liquid-filled capillary column when
subjected to an electric field. Using online coupling of CE to an ESI-TOF MS, it is possible
to perform analysis of up to 6000 polypeptides in short order [43]. In urinary proteome

Expert Rev Proteomics. Author manuscript; available in PMC 2012 August 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goodison et al.

Page 5

analysis, the high thermodynamic stability of urinary peptides ensures that CE separation at
low pH, which is required for CE-MS coupling, is feasible [44]. Theodorescu et al. used this
technology to identify urinary biomarkers for bladder cancer in a training set composed of
46 patients with urothelial carcinoma and 33 healthy volunteers [11]. These were further
refined using CE MS spectra of another cohort of urine samples from healthy volunteers and
patients with malignant and nonmalignant genitourinary diseases. Using this two-step
approach, a diagnostic biomarker signature of 22 urinary peptides was established. In a
validation study, this signature enabled the correct classification of all urothelial carcinoma
patients in a testset containing 31 urothelial carcinoma patients and 138 nonmalignant
genitourinary disease patients [11]. A prominent polypeptide from the diagnostic pattern for
urothelial carcinoma was identified as fibrinopeptide A, a known biomarker of ovarian
cancer and gastric cancer.

Urinary glycoproteomics

An efficient strategy to profile complex biological samples is to extract or enrich samples
for subproteomes, for example, membrane proteins, glycoproteins or phosphoproteins. The
reduction of complexity and the concomitant removal of interfering macro-abundant
proteins enables a more accurate analysis of a subset of the total proteome. In our own
ongoing work, we have focused on the analysis of these proteome subsets in cancer cell
lines and clinical samples using novel strategies [45-48]. We have recently investigated the
feasibility of profiling a glycoprotein component of the naturally micturated urinary
proteome, and applied optimized analyses to compare the profile of a panel of urine samples
obtained from patients with bladder cancer and nonmalignant bladder conditions. We
utilized the ability of an immobilized a-mannose-binding lectin — Con A — to enrich N-
linked glycoproteins from human urine. The enriched glycoproteins were then digested with
trypsin and analyzed with nano-LC-MS/MS (Figure 1). A total of 186 distinct N-linked
glycoproteins were identified with high confidence by multiple analysis of as little as 10 ml
of naturally micturated urine. The majority of identified proteins were either secreted or
membranous proteins, and a subset of proteins was identified that was commonly excreted
in urine from bladder cancer patients. The combinatorial approach of Con A-affinity
chromatography and nano-LC-MS/MS provides high sensitivity and, with relatively
moderate labor demands, can greatly facilitate the identification of potential biomarkers of
bladder cancer from non-invasively obtained human urine. The most discriminatory single
protein was a-1B-glycoprotein (A1BG-human), a glycoprotein that has recently been
implicated as a serum biomarker for other cancers [49,50]. This protein was detected in all
Con A-captured fractions of bladder cancer patients’ samples, but was not found to occur in
nontumor-bearing patients urine in this study. These studies are ongoing, and will follow a
translational path of investigation that will aim to achieve application of the findings in the
clinical arena. Once the discovery phase is complete, we will monitor the expression of the
best candidate markers in a validation phase. This will include a larger cohort of patients
with a typical presentation profile of a broad range of urological conditions. It is optimal to
conduct the validation phase with a technique that is likely to have utility in the
implementation phase, such as a laboratory or bedside assay format. The validation phase
will determine the optimal biomarker panel through determination of sensitivity, specificity
and overall assay accuracy. Unfortunately, many studies do not include enough patients in
the discovery or validation phases and so, many promising biomarkers either remain to be
validated or subsequently ultimately fail to show clinical utility.

The majority of reported proteomic urine profile studies have used large amounts of sample
material. Hundreds of milliliters of urine are typically used for gel-based analysis, and the
pooling of samples from different individuals are typically observed in the published gel
analysis of normal urine proteome studies in order to increase the amount of proteins [51].
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By pooling samples, one is likely to lose the individual information of the intrinsic
components present in urine from a single patient at a given time. Thus, a reliable and
accurate profiling technique employing a small amount of urine is essential for investigating
urinary proteomes and for marker identification in minimal samples. In order to improve
efficiency and to make the glycoprotein-enrichment strategy applicable to minimal sample
material, we have recently developed a nano-scale chelating Con A monolithic capillary
prepared using glycidyl methacrylate-co-ethylene dimethacrylate as polymeric support [52].
Con A was immobilized on Cu(ll)-charged iminodiacetic acid (IDA) regenerable sor-bents
by forming a IDA:Cu(ll):Con A sandwich affinity structure that has high column capacity,
as well as stability. When compared with conventional Con A lectin chromatography, the
monolithic capillary enabled the more reproducible detection of over double the number of
unique N-glycoproteins in human urine samples. Utility for analysis of minimal biological
samples was confirmed by the successful elucidation of glycoprotein profiles in mouse urine
samples at the microliter scale [52]. We are currently employing the improved efficiency of
the nanoscale monolithic capillary in large-scale urinary proteomic studies of bladder
cancer, where available materials are often limited. Recent studies, such as those described
earlier, are already highlighting the advances in proteomics technologies towards high mass
accuracy and resolution. Novel MS-based methodologies, new bioinformatics tools and
innovative strategies will lead to a comprehensive understanding of the urinary proteome in
health and disease. As long as ongoing findings are collated in established and curated
publicly available databases, the future for the discovery and validation of urinary
biomarkers of multiple diseases is encouraging.

Expert commentary

Only proteomic profiling enables the evaluation of global changes in gene expression that
result from both transcriptional and post-transcriptional processing of mMRNA and translation
and post-translation modifications. Although genomics may be more amenable to
comprehensive surveys at this point, since phenotypic changes can only manifest themselves
through altered protein expression, and it is clearly preferable to profile this component
whenever possible. Moreover, the ability to identify protein factors involved in the
progression of disease will most readily lead to the development of biomarkers that have
clinical utility.

Optimal diagnostic and/or prognostic assays will likely comprise panels of biomarkers.
Single markers may not provide high specificity and sensitivity but when the markers are
analyzed in concert, they may prove to have clinical utility for clinical assessment. Such
multimarker panels could enable the early detection of bladder cancer through screening of
high-risk populations, define molecular characteristics with staging [53], and facilitate
noninvasive surveillance regimens for the important monitoring of disease recurrence and
prognosis [54], which will aid treatment decisions by possibly tailoring strategies to
individual patients [55,56]. It is worth noting that cystoscopy by itself is not 100% sensitive,
although it is considered the gold standard, so even protein biomarkers that can confirm or
improve cystoscopic evaluations have clinical value. It may be fair to say that the majority
of disease-associated proteomic (and genomic) profiling studies to date have attempted to
develop genetic marker-based prognostic systems that might replace the existing clinical
criteria, rather than incorporating the valuable clinical information contained in established
clinical markers. A more promising strategy may be to combine both clinical- and genetic-
marker information that may be complementary. To address this, we have recently
developed computational algorithms that can efficiently parse high-dimensional data with
associated clinical information. Through the combination of both molecular and clinical
markers, the application of these algorithms to breast and prostate cancer-profile data has
identified “hybrid signatures’ that perform significantly better than the molecular signature,
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or clinical criteria alone in the prediction of disease recurrence [57-59]. Ongoing
computational developments that enable interstudy comparison and the incorporation of
distinct forms of data, including proteomic, genomic and clinical data, will provide
platforms for the refinement of cancer-related molecular signatures and lead to more
accurate prognostic systems, which may facilitate personalized patient evaluation and
treatment decisions. These integrated analyses also have the potential to highlight pivotal
genes and pathways that are likely part of the biological driving force of metastasis.

Five-year view

Despite the high complexity of components in urine, the urinary proteome is highly
amenable to clinical research owing to the broad availability of the samples, the noninvasive
nature of collection and the possibility of repeat sampling. A survey of the research literature
reveals the promise of proteomics in unraveling the molecular complexities associated with
bladder cancer. If the continued rapid evolution of high-throughput proteomic technologies
approaches the coverage currently achieved in the genomics field, proteomics will no doubt
be at the core of studies into the pathology of human disease. The application of evolving
bioinformatics and integrative systems biology will optimize the use of the data that are
accumulating in publicly available databases, through initiatives by HUPO and others. The
combination of data from multiple sources offers the best chance for identifying biomarkers
for early detection, diagnosis and prognosis, and to reveal the most promising therapeutic
targets.
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Key issues

The proteomic profiling of body fluids will identify biomarkers with potential
clinical utility in noninvasive assays. Bladder cancer detection using urine
sampling is an excellent example.

The reduced complexity achieved by the analysis of subclasses of the urinary
proteome (glycoproteome, phoshoproteome) may accelerate the comprehensive
profiling of the urinary proteome in health and disease.

The continued evolution of proteomic methods and concomitant reduction in
costs will enable the accumulation of large amounts of data associated with
human disease. The integration of proteomic data with multiple sources of
global profiles will provide better information for the modeling of disease.
Publicly available, curated databases are essential for this effort.

It is expected that compound molecular signatures, rather than single
biomarkers, will achieve the required sensitivity and specificity for bladder
cancer detection. Multi-institutional initiatives to validate these multimarker
panels will be needed to take proteomic profile data to clinical utility.

Proteomics technology development is also required to facilitate the transition of
biomarkers to clinical laboratory tests. Protein and antibody array strategies that
enable simultaneous analysis of multiple markers have great promise in this
context.
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Figure 1. Strategy for the analysis of the urinary glycoproteome
Redrawn with permission from [45].
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Protein-based urine tests for bladder cancer detection.
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Test Molecule detected Detection Ref.

Bladder tumor antigen Complement factor H-related 1 ELISA [9]

Urinary bladder cancer test Fragments of cytokeratins 8 and 18 ELISA [8,60]

CYFRA21.1 Fragments of cytokeratin 19 ELISA [61]

ImmunoCyt Mucin-like antigen and high-molecular-weight Fluorescent monoclonal antibodies  [62,63]
glycosylated form of carcinoembryonic antigen

NMP22 Member of the nuclear matrix family of proteins ELISA [64-67]

Hyaluronic acid and Hyaluronic acid and its degrading enzyme hyaluronidase ELISA-like test [68]

hyaluronidase

Soluble Fas Soluble forms of Fas (TNF receptor superfamily, member ELISA [69,70]
6) generated by alternative splicing

BLCA-4 Member of the nuclear matrix family of proteins Indirect immunoassay or ELISA [71,72]
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Table 2

Proteome database resources that include urinary data.

Database URL Ref.

Human Proteome Organization www.hupo.org [102]
www.hupo.org/research/urine

Human Kidney and Urine Proteome Project  www.hkupp.org [27]

European Kidney and Urine Proteomics Www.eurokup.org [28]

Max-Planck Unified Proteome Database WwWw.mapuproteome.com [29]
http://141.61.102.16/urine

Human Protein Atlas www.proteinatlas.org [73]

Sys-BodyFluid www.biosino.org/bodyfluid [30]

International Protein Index www.ebi.ac.uk/IP1 [74]
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