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Introduction

Urothelial bladder cancer (UBC) typically presents as 
painless haematuria, demanding prompt investigation 
by cystoscopy and upper tract imaging to ascertain  
diagnosis (1). Non-muscle-invasive bladder cancer (NMIBC, 
stages: Tis/Ta/T1) comprises 75–80% of new UBC 
diagnoses, with muscle-invasive disease (MIBC, stage: T2+) 
comprising the remainder (2). Following initial transurethral 
resection of tumour (TURBT) and adjuvant intravesical 

therapy where indicated, long-term surveillance via serial 
cystoscopy remains an essential mainstay of NMIBC 
management due to the high incidence of recurrence and 
a risk of progression to MIBC (1,3,4). Despite cystoscopy 
being invasive, uncomfortable, expensive and incurring 
morbidity, no alternative is recommended in current clinical  
guidelines (1,5).

Following TURBT, tumour grade, TNM stage and 
other clinico-pathological parameters are used to classify 
disease according to prognosis and to tailor treatment (1),  

Trends in urine biomarker discovery for urothelial bladder cancer: 
DNA, RNA, or protein?

Nada Humayun-Zakaria, Douglas G. Ward, Roland Arnold, Richard T. Bryan

Institute of Cancer and Genomic Sciences, University of Birmingham, Birmingham, UK

Contributions: (I) Conception and design: All authors; (II) Administrative support: All authors; (III) Provision of study materials or patients: All 

authors; (IV) Collection and assembly of data: All authors; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors; (VII) 

Final approval of manuscript: All authors.

Correspondence to: Nada Humayun-Zakaria. Institute of Cancer and Genomic Sciences, University of Birmingham, Edgbaston, Birmingham, B15 

2TT, UK. Email: r.t.bryan@bham.ac.uk. 

Abstract: Urothelial bladder cancer is a complex disease displaying a landscape of heterogenous molecular 
subtypes, mutation profiles and clinical presentations. Diagnosis and surveillance rely on flexible cystoscopy 
which has high accuracy, albeit accompanied by a high-cost burden for healthcare providers and discomfort 
for patients. Advances in “omic” technologies and computational biology have provided insights into the 
molecular pathogenesis of bladder cancer and provided powerful tools to identify markers for disease 
detection, risk stratification, and predicting responses to therapy. To date, numerous attempts have been 
made to discover and validate diagnostic biomarkers that could be deployed as an adjunct to the cystoscopic 
diagnosis and long-term surveillance of bladder cancer. We report a comprehensive literature analysis 
using PubMed to assess the changing trends in investigating DNA, RNA, or proteins as diagnostic urinary 
biomarkers over a period of 5 decades: 1970–2020. A gradual shift has been observed in research away from 
protein biomarkers to nucleic acids including different classes of RNA, and DNA methylation and mutation 
markers. Until 2000, publications involving protein biomarker discovery constituted 87% of the total 
number of research articles with DNA comprising 6% and RNA 7%. Since 2000 the proportion of protein 
biomarker articles has fallen to 40%, and DNA and RNA studies increased to 32% and 28%, respectively. 
Clearly research focus, perhaps driven by technological innovation, has shifted from proteins to nucleic 
acids. We optimistically hypothesise that, following thorough validation, a clinically useful detection test for 
bladder cancer based on a panel of DNA or RNA markers could become reality within 5–10 years. 

Keywords: Urine; biomarker; trends; bladder cancer; DNA; RNA; protein

Submitted Oct 11, 2020. Accepted for publication Apr 23, 2021.

doi: 10.21037/tau-20-1327

View this article at: http://dx.doi.org/10.21037/tau-20-1327

2808

Review Article on Expectant Management in Genitourinary Malignancies (Prostate, Bladder, Kidney)

https://crossmark.crossref.org/dialog/?doi=10.21037/tau-20-1327


2788 Humayun-Zakaria et al. Urinary biomarkers for detection of urothelial bladder cancer

  Transl Androl Urol 2021;10(6):2787-2808 | http://dx.doi.org/10.21037/tau-20-1327© Translational Andrology and Urology. All rights reserved.

but there exists significant heterogeneity within these 
‘disease states’ limiting the applicability of existing 
classifiers. Given the complex nature of UBC, this is not 
unexpected; hence, understanding the underlying biology 
of urothelial carcinogenesis could substantially transform 
clinical efficiency and patient management. The molecular 
pathways in bladder cancer, highlighting key pathways 
of hallmark features leading to urothelial transformation 
were described in 2005 in the ‘pre-genomics’ era (6,7), 
and the more aggressive nature of tumours derived from 
the basal layer of the urothelium was first considered 
as early as 2008 (8,9). More recently, DNA and RNA 
sequencing-based analyses have significantly expanded 
and detailed these concepts (10-14), with Kamoun et al. 
outlining a consensus molecular classification of MIBC 
based upon 6 molecular subtypes and associated clinical  
outcomes (15). Hence, ongoing technological developments 
in “omics” with concomitant verification via bioinformatics 
have opened a plethora of possibilities for potential 
biomarkers. A key output of such research would be the 
identification of diagnostic molecular markers measurable 
in urine with high specificity and sensitivity in order to 
streamline UBC diagnosis and NMIBC surveillance, aid 
clinical decision-making, and improve cost-effectiveness. 

Cystoscopy has been considered as the ‘gold standard’ for 
the diagnosis of bladder cancer since its application within 
an outpatient setting in London in 1984 (16). Subsequent 
improvements have been made to the method to assist 
in diagnosis and surveillance viz. blue-light cystoscopy 
(photodynamic diagnosis) and narrow-band imaging  
(17-20). Although highly operator-dependent, the overall 
sensitivity surpasses any other current form of diagnostic 
modality for the detection of UBC with sensitivity estimated 
at 85%, with 87% specificity (21).

Novel biomarker discovery has been fuelled by exhaustive 
research efforts in the last few decades to determine an 
optimal molecular substrate. A number of urine-based tests 
have been approved by the US FDA (e.g., NMP22, NMP22 
BladderChek Test, BTA TRAK, BTA Stat, UroVysion® and 
ImmunoCyt), but none are robust enough to facilitate early 
detection and risk stratification of UBC for routine clinical 
implementation (22). Instead, urinary cytology remains 
the most commonly used adjunct to cystoscopy, with high 
sensitivity to diagnose high-grade disease (sensitivity of 
84%), despite its limitations in identifying low-risk cancer 
(sensitivity 16–48%) (23).

Conceptually, a biomarker would identify targets in 
the DNA, RNA or protein of tumour cells and be able to 

distinguish them from normal cells. As urine is in direct 
contact with the tumour tissue itself, appreciable amounts 
of protein and genomic material can be found within urine, 
either in exfoliated UBC cells or as cell-free constituents. 
Sample collection is inexpensive, painless, and repeatable, 
and so urine is a logical source for biomarker analysis—a 
‘liquid biopsy’, a simple example of which includes voided 
urinary cytopathology (VUC) where cells are directly 
observed microscopically. 

In this current review, we have outlined the changing 
trends over the last five decades in the pursuit of an optimal 
diagnostic urinary biomarker, focusing on the different 
classes of biomolecule that can act as a biomarker substrate 
for UBC- DNA, RNA, protein.

Urine biomarker trends

Searches were performed on Medline and PubMed 
platforms for available literature using the following 
keywords: (“urinary bladder neoplasms”[MeSH Terms] 
OR (“urinary”[All Fields] AND “bladder”[All Fields] 
AND “neoplasms”[All Fields]) OR “urinary bladder 
neoplasms”[All Fields] OR (“bladder”[All Fields] AND 
“cancer”[All Fields]) OR “bladder cancer”[All Fields]) 
OR “urine”[MeSH Subheading] OR “urine”[All Fields] 
OR “urine”[MeSH Terms] OR “urines”[All Fields]) AND 
(“biomarker s”[All Fields] OR “biomarkers”[MeSH Terms] 
OR “biomarkers”[All Fields] OR “biomarker”[All Fields]). 
Articles from January 1970 to January 2020 were included 
with the prerequisites of being in the English language, 
with available abstracts. Review articles, letters, editorials, 
or comments were excluded. Journal articles were included 
if the reported studies were performed on urine. Biomarkers 
were categorized as DNA/genomic, RNA/transcriptomic or 
protein.

Data were collated from articles regarding: the biomarker 
assay type, the technique utilized for analysis, assessment 
utility, and where available—associated sensitivity, 
specificity, positive predictive value and negative predictive 
value.

The database search identified 1929 articles. Two 
additional searches were created using the following: “urine 
biomarker DNA” and “urine biomarker RNA”, resulting 
in 301 and 224 results, respectively. 843 articles were 
reviewed (Figure 1) that reported either DNA, RNA or 
protein biomarkers (Figure 2A), with a breakdown of classes 
of RNA or DNA marker and their discovery observed over  
5 decades (Figure 2B).
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Proteins

Early protein biomarker research studies were limited 
to antibody-based measurements of one, or a small 
number of, biomarker candidates e.g., Carcinoembryonic 
antigen (CEA) (24),  t issue plasminogen activator  
(TPA) (25), fibronectin (26). The advent of “proteomics” 
(2D-electrophoresis in the 1970s and protein identification 
by mass spectrometry in the 1980s) enabled biomarker 
discovery via comparison of the protein composition of 
cell lines and tumour and non-tumour tissues and urine 

e.g., (27,28). Since 2000 there have been enormous 
improvements in the speed, accuracy and sensitivity of mass 
spectrometers and the combination of two-dimensional 
fractionation of tryptic peptides with mass spectrometry 
(or “shotgun proteomics”) has enabled more in-depth 
proteomic analysis allowing, for example, identification and 
quantitation of >1,500 proteins in human urine (29,30). 
In the last decade targeted peptide mass spectrometry 
(“MRM”) and multi-plex immunoassay platforms have 
enabled the measurement of panels of protein biomarker 
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Figure 1 PRISMA flow diagram detailing the studies retrieved from database search, screened, and included for review. 

Year DNA

RNA expression
Protein

N
o 

of
 s

tu
di

es
pe

r 
ye

ar

25

20

15

10

5

2020
2010

2000
1990

1980 1980       1990       2000        2010       2020

Protein

mRNA

miRNA

IncRNA

I circRNA

DNA mutation

DNA microsatellite

DNA methylation

DNA aneuploidy, CNV

cfDNA

Year

Type
DNA
Protein
RNA expression

A B

Figure 2 Detailed breakdown of publications according to molecular subtype per decade. (A) Number of studies per year that investigated 
DNA, RNA expression or protein as urinary biomarker. A gradual increase in trends of DNA and RNA biomarker discovery is observed 
with a shallow decline in protein studies. (B) Illustration above shows a breakdown of studies investigating different molecular substrates to 
identify diagnostic and prognostic urine biomarkers for bladder cancer. mRNA, messenger RNA; miRNA, microRNA; lncRNA, long non-
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candidates derived from transcriptomic and proteomic 
analyses (31). 

From the 1970s to 2000s, 208 studies evaluated the utility 
of urinary proteins as biomarkers. We found 25 studies 
investigating the potential use of urinary CEA as an adjunct 
to cystoscopy or as a stand-alone diagnostic biomarker 
(24,32-55). Twelve studies investigated survivin, a protein 
which inhibits apoptosis allowing tumour cell survival  
(56-68). Fragments of cellular cytoskeletal proteins 
cytokeratins 8, 18, 19 and 20 (69) have also been found 
in urine of UBC patients, leading to the development 
of Urothelial Bladder Carcinoma- antigen assay (UBC) 
(66,70-79) and Cyfra21.1 (80-91). Vascular endothelial 
growth fac tor  (VEGF)  has  been inves t igated  in  
10 studies (59,64,86,92-98). Several proteins have been 
commercialised as bladder cancer detection tests (Figure 3)  
although only NMP22 and BTA measured as soluble 
proteins in urine, and immunocyte which measures 
mucins and a glycoform of CEA on exfoliated cells have 
gained FDA approval. NMP22 and BTA can be measured 
quantitatively using Enzyme linked immunosorbent assay 
(ELISAs) or qualitative point-of-care tests, validated in 117, 

97 and 43 studies, respectively.
Combining protein biomarkers into multi-analyte tests 

has largely failed to increase sensitivity and specificity 
although it remains possible that tumour specific variants 
of proteins (e.g., novel splice variants or glycoforms) could 
offer improved performance. Though a large proportion of 
bladder cancer biomarker discovery research has focused 
on proteins, developments in genomics, epigenetics and 
transcriptomics have shifted the research towards nucleic 
acid biomarkers (discussed below). This is evident in the 
continued decline in the protein biomarker studies reported 
in the last decade. 

DNA and genomics

Game changing technological developments such as 
polymerase chain reaction (PCR) in the 1970s, microarrays 
in the 1980s and massively parallel sequencing (next 
generation sequencing or NGS) in the 2000s have 
facilitated biomarker research, characterization of cellular 
and molecular pathways, and provided targets for novel 
therapeutics and drug discovery (10,11). The concept of 

Figure 3 Evolution of US FDA-approved (NMP22 ELISA, NMP22BladderChek, BTAstat, BTA TRAK, Immunocyt/uCyt+, UroVysion) 
and other commercially available biomarkers with their sensitivity and specificity (99-110). This figure has been designed using resources 
from Freepik.com. 
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“liquid biopsy” fostered the analysis of DNA in plasma 
and urine, in studies involving methylation, mutation, and 
copy number variations (CNV) (111). Due to the molecular 
heterogeneity of UBC, multiplexed genomic profiling of 
DNA is likely to prove more useful than individual markers.

DNA: copy number changes and microsatellite instability

Loss of chromosome 9p, 9q and 17 (112,113) are common 
early events in bladder cancer and a large fraction of the 
entire genome undergoes copy number changes in high-
grade disease (114-116). These phenomena are utilised 
by several commercially available bladder cancer tests; 
UroVysion uses fluorescence in situ hybridization (FISH) 
to detect aneuploidy for chromosomes 3, 7, 17, and loss 
of 9p21 in exfoliated cells (117-122) and BCA-1 uses array 
comparative genomic hybridisation to analyse genome 
wide copy number changes (109,123,124) (Figure 3). More 
recently, microarrays and next generation sequencing have 
been used to study copy number changes in urine cell-free 
and pellet DNA (116,125-127). In the 1990s microsatellite 
instability markers were widely researched for diagnosis but 
this has now ceased (128,129). 

DNA: mutations

Tumour DNA from urine can be extracted following 
centrifugation (cell pellet DNA, cpDNA) or as fragmented 
cell-free DNA (cfDNA) in the supernatant (130,131); both 
forms are admixed with a large background of normal 
DNA. However, using highly sensitive analytical approaches 
such as digital droplet PCR (ddPCR) and next-generation 
sequencing (NGS), it is possible to detect cancer-associated 
mutations at very low levels in urine. 

Two distinct pathways have been recognized that 
encourage the development of NMIBC or MIBC, by 
activation of MAPK-PIK3 pathway or disruption of cell 
cycle regulators (132,133). 11 studies have found mutations 
in FGFR3, RAS, PIK3CA to translate phenotypically to 
NMIBC (99,134-144), whereas more aggressive MIBC 
states are generally characterized by mutations in TP53, 
CDKN2A, MLL and ERBB2 (n=6 studies) (12,145-150).  
11 studies were found on TERT promoter mutation; which 
has been observed in the early stages of tumour development 
occurring in 74% of incident and recurrent cases, and is also 
independently related to poor survival outcomes reflecting 
their potential usage as prognostic markers (151-155). 
The analyses of multiple DNA mutations (19 studies) have 

provided better overall sensitivity and specificity for the 
detection of NMIBC by use of next generation sequencing 
(99,115,135,141-145,149,156-159).

DNA: methylation

DNA methylation status can be readily assessed in 
bisulphite converted cpDNA and cfDNA through 
quantitative methylation specific PCR (QMSP-PCR), 
pyrosequencing, NGS and/or ddPCR (Table 1). We found 
54 studies that investigated methylation markers in urine for 
UBC detection. An assay based on 15 methylation markers 
has been commercialised (Epicheck) and another using a 
combination of 3 DNA methylation (OTX1, ONECUT2, 
TWIST1) and 3 mutation markers (HRAS, FGFR3, TERT)- 
Assure MDx functional biomarker (Figure 3).

RNA and transcriptomics

Expression profiling with microarrays studies and more 
recently RNA sequencing has identified numerous 
overexpressed transcripts in bladder cancer. Most of this 
work focused on protein coding messenger (m)RNAs 
although additional classes of RNA [micro(mi)RNA, 
long non-coding (lnc)RNA and circular (circ)RNA] have 
come to the fore recently (described below). We found  
61 urine mRNA biomarker studies, mostly using RT-
qPCR to measure specific gene products. The commercially 
available Cx bladder test analyses a panel of 5 genes that are 
overexpressed in bladder cancer by RT-qPCR.

miRNA

Micro RNAs are short non-coding RNAs that impose post-
translational effects by binding onto the 3’ untranslated 
region (UTR) of their target mRNA, to regulate gene 
expression. miRNA-altered gene expression has been found 
to initiate and promote tumour progression, making them 
potential diagnostic and prognostic indicators. MiRNAs 
are stable and detectable in body fluids, including urine 
(201,202). With the aid of computational biological 
methods, identification and stratification of miRNA 
transcripts can be scrutinized for expression levels. 
Subsequent analysis can be validated using quantitative 
reverse transcriptase polymerase chain reaction (qRT-PCR), 
ddPCR, microarray, pyrosequencing or NGS. Since their 
discovery (203), multiple studies have been carried out to 
research this entity in urine (Table 2).
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lncRNA

LncRNAs are long RNA molecules that do not encode 
proteins. They may serve as regulators of gene expression 
and recent high throughput profiling studies have shown 
dysregulation of lncRNAs to promote oncogenesis. 
lncRNAs found in urine have been associated with UBC 
(Table 3) which merits further exploration to uncover their 
functional roles in tumorigenesis. Urothelial-carcinoma-
associated 1 (UCA-1) lncRNA is a potential biomarker that 
is upregulated in the presence of UBC in proportion to the 
grade of disease (226,233).

circRNA

An emerging novel class of RNAs are circular RNAs 
(circRNA). These are single-stranded RNAs that are 
covalently linked through backsplicing events to form 
a closed continuous loop. They are stable, immune to 
degradation by RNAases, and can be found in urine 
(Table 3) (234). Emerging evidence indicates their 
role in regulating gene expression by “sponging”  
miRNAs (235). Recent studies profiling circRNA in tumour 
tissue (236), demonstrate that their relative expression levels 
are indicative of tumour grade and stage (231,237), and 
involvement in urothelial carcinogenesis (238), providing 
insights into a fascinating new genre of biomarkers.

Conclusion and future prospects

Over the course of 5 decades, technological advances have 
transformed biomarker discovery from immunoassays 
for single protein biomarkers through to whole genome 
sequencing and accessing new classes of modifications 
and biomolecules. Challenges remain to detect even the 
slightest amount of tumour DNA from large amount 
of background normal DNA. Whereas the prospects of 
available urinary biomarkers are generally promising, an 
element of bias in regard to sample selection still exists i.e., 
performance evaluation of the test relies on the prevalence 
of underlying disease in specific cohorts. There may also 
be resistance from medical practitioners to change practice 
until biomarker tests match or exceed the performance of 
cystoscopy (even though cystoscopy itself is imperfect). 

Additionally, bladder cancer research itself faces 
significant bias in terms of funding opportunities. It has 
been reported that in 2017/18, £4.5 million were spent 
on bladder cancer by Cancer Research UK, compared to 

£22.1 million for prostate cancer and £7.3 million for renal 
cancer (239). Many biomarkers exist with the potential 
to transform bladder cancer detection and even provide 
personalized medicine, but due to poor research funding 
and lack of level I evidence, uptake into clinical practice is 
hesitant.

Large-scale multicentre prospective clinical trials 
are required to validate the performance of promising 
biomarkers that have demonstrated potential clinical utility: 
sensitivities and specificities to match or exceed cystoscopy, 
the capability to be multiplexed with high throughput, 
and accompanied by limited impact on resources (22). 
Given the funding challenges across all of bladder cancer 
research, such studies have not yet been undertaken. Hence, 
the current generation of highly promising biomarkers 
remain ‘on the bench’, both physically and metaphorically. 
Notwithstanding, a role of cystoscopy will be ever present 
for the diagnosis of other conditions of the lower urinary 
tract.

As we enter the 2020s, further diagnostic biomarker 
classes are emerging. For example, the profiling of 
the urinary bladder microbiome to investigate causal 
relationships with UBC. In other cancer settings, the 
microbiome possesses mutagenic properties that can initiate 
tumorigenesis by way of chronic insult, such as in the case 
of Helicobacter pylori infection and gastric cancer (240). 
Recent studies have reported an abundance of Acinetobacter 
spp. from patients with HR-NMIBC (241-243). The 
preliminary studies suggest that there is potential in 
investigating the urinary microbiome for early screening of 
UBC, but much remains to be discovered.

Likewise, extracellular vesicles (EV)—small spherical 
membrane vesicles secreted by all cells, cargo nucleic 
acids or proteins, and are the responsible machinery for 
intercellular communication (244). They are especially 
important in cell-cell signalling, extracellular-matrix (ECM) 
remodelling, and distant spread/ metastasis when secreted 
by cancer cells as exosomes (245). Exosomes act as vehicles 
for the transport of mRNA, miRNA, lncRNA, tumour 
DNA and protein to build and nurture tumour micro-
environment (TME) for development and progression of 
cancer. EVs have been isolated from urine supernatant 
through ultracentrifugation and characterized by  
MS (246), nanoparticle tracking (247), immunoaffinity-
capture, microfluidic-filtration (248). Whichever method 
is utilized, the challenge is to obtain sufficient quantity 
of undiluted EV for analysis, hence there is no consensus 
on one set technique. EVs have gained attention in the 
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) second-half (2015–2020) of the last decade and following 

a standardized technique for analysis, they could be 
revolutionary for the forthcoming era.

And so, having demonstrated the evolution of research 
into the biomolecule substrates for urinary diagnostic 
biomarkers from the 1970s to date, from proteins to DNA/
RNA, the field continues to expand. Notwithstanding, 
clinically relevant and acceptable sensitivities and specificities 
at affordable costs from the current generation of diagnostic 
urinary biomarkers are very much within reach.
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