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Abstract. Bladder cancer (BCa) is a prevalent malignant 
neoplasm of the urinary tract with high incidence rate, frequent 
recurrence and rapid disease progression. Conventional 
approaches for diagnosing, prognosticating and monitoring 
BCa often rely on invasive procedures such as cystoscopy 
and tissue biopsy, which are associated with high costs and 
low patient compliance for follow‑up. Liquid biopsies have 
advantages, such as being non‑invasive, real‑time, and repro‑
ducible, in obtaining diverse biomarkers derived from cellular, 
molecular, proteomic and genetic signatures in urine or plasma 
samples. Although plasma‑based biomarkers have been clini‑
cally validated, urine provides greater specificity for directly 
assessing biological materials from urological sources. The 
present review summarizes advancements and current limita‑
tions in urinary protein, genetic and epigenetic biomarkers for 
disease progression and treatment response of BC, compares 
performance and application scenarios of urine and blood 
biomarkers and explores how urinary biomarkers may serve as 
an alternative or complementary tool to traditional diagnostic 
methods. The integration of urine‑based or plasma‑based 
biomarkers into existing diagnostic workflows offers promising 
avenues for improving accuracy and efficiency of diagnosis in 
the management of BCa. Notably, the emergence of synthetic 

biomarkers and urine metabolites, combined with artificial 
intelligence or bioinformatic technologies, has promise in the 
screening of potential targets. Continued research and valida‑
tion efforts are needed to translate these findings into routine 
clinical practice, ultimately improving patient outcomes and 
decreasing the burden of BCa.
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1. Introduction

Bladder cancer (BCa) is the most frequently occurring 
neoplasm in the urinary tract, originating from the urothelium. 
It is a widespread malignancy that carries notable morbidity 
and mortality rates. Annually, there are >500,000 new cases 
and more than 200,000 deaths reported worldwide This 
disease primarily affects individuals aged ≥55 years (1,2). 
In general, compared with muscle‑invasive BCa (MIBC), 
non‑MIBC (NMIBC) exhibits more favorable prognosis and 
a decreased propensity for extravesical spread. Low grade 
NMIBC carries a higher risk of recurrence. Specifically, the 
5‑year recurrence rates range from 31 to 78%, while the rates 
of progression are between 1 and 45% (3). A total of 60‑70% 
of patients with NMIBC encounter frequent recurrences 
following transurethral resection of bladder tumor. The high 
recurrence rate can be attributed to incomplete piecemeal 
resection and subsequent tumor re‑implantation (4). In addi‑
tion, patients diagnosed with MIBC at stage T2‑T4 display 
a poor treatment response and prognosis. This is primarily 
due to the tumor susceptibility to rapid growth and distant 
metastasis, which leads to an unfavorable clinical outcome 
and a decreased lifespan of ~15  months  (5). Currently, 
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cystoscopy is the recommended standard procedure for 
diagnosing and continuously monitoring treatment outcomes 
of BCa (6). This is key for patients at a high risk of recur‑
rence or progression, who require regular surveillance (3,7).

Regular follow‑up cystoscopy is crucial for the early 
detection of any new or recurrent tumors, particularly when 
monitoring patients with NMIBC who have recurrence rates 
up to 74.3% (8). Furthermore, high‑risk patients requires more 
frequent cystoscopy, usually scheduled every 3‑4  months 
within the first 2 years of follow‑up (9). However, discomfort 
and potential complications, invasiveness, cost, accessibility 
and the frequency of follow‑up examinations all contribute 
to the complexity of implementing and maintaining regular 
surveillance  (10‑12). While cystoscopy combined with 
biopsy serves an indispensable role in disease monitoring 
and recurrence prevention, the development of emerging 
liquid biopsy‑based biomarkers has decreased reliance on 
cystoscopy. These non‑invasive approaches may revolutionize 
management options for BCa, leading to improved patient 
outcomes and decreased healthcare costs (13). Efforts have 
been made to develop non‑invasive diagnostic tools for urinary 
tract cancer by utilizing urine (14) as urine comes into direct 
contact with urothelial tumor cells and reflects the local tumor 
microenvironment. Analysis of urine composition, including 
cell‑specific characteristics, protein/antigen biomarkers and 
genetic mutations, holds great promise for revolutionizing 
the diagnosis and monitoring of bladder conditions. Urine 
biomarkers with high sensitivity and negative predictive value 
(NPV) may effectively exclude the presence of BCa (15‑17), 
decreasing the need for additional diagnostic tests performed 
in the operating theatre.

As an adjunct measure for detecting BCa, urine cytology 
serves a key role in the objective assessment of cell char‑
acteristics, including morphology, nuclear features and 
cellularity. Urine cytology enables the classification of lesions 
into cyto‑diagnostic categories, including non‑diagnostic 
cases, neoplastic high‑grade urothelial carcinoma (UC), 
atypical urothelial cells, those suspicious for high‑grade 
UC, high‑grade UC, and other malignancies. This clas‑
sification provides valuable insight into the response of 
tumors to therapeutic interventions, such as chemotherapy or 
radiation (18,19). Currently, urine cytology demonstrates high 
specificity (80‑95%) in detecting high‑grade UC. However, its 
sensitivity is inadequate, especially for detecting low‑grade 
UC (overall sensitivity, 4‑31%; well differentiated grade 1, 
12%; moderately differentiated, grade 2, 26%) (20,21). Recent 
research has focused on evaluating the effectiveness of urine 
cytology as a screening method for monitoring low‑risk 
NMIBC (22,23). Among urine cytology tests conducted, only 
a small percentage (2.9%) of patients in all risk groups consis‑
tently show positive results consistent with cystoscopy and 
pathological findings (22,23). Non‑invasive urine cytology and 
urography present >30% variation in sensitivity and specificity, 
depending on the location and grading of the UC. High‑grade 
tumors, including carcinoma in situ, can show a positivity rate 
up to 84%. By contrast, low‑grade tumors exhibit a consider‑
ably lower sensitivity, with a positivity rate of 16% (24,25).

The present review discusses the utilization of urine‑based 
liquid biopsy technology to address concerns regarding 
the high costs and low patient compliance associated with 

follow‑up procedures. It systematically summarizes urinary 
biomarkers, including protein assays, characterization of 
nucleic acids (such as DNA and RNA) and emerging potential 
biomarkers, as well as innovative diagnostic tool (Table I). The 
present reviewed aimed to evaluate advancements in urinary 
biomarkers, with an emphasis on performance variability and 
the ongoing challenges in the diagnosis, prognosis and moni‑
toring of patients with BCa. Additionally, the present review 
compares the efficacy of urine and blood biomarkers in the 
detection of urological tumors, especially in BCa.

2. Non‑invasive approaches

Food and Drug Administration (FDA)‑approved urinary 
biomarkers
Nuclear matrix protein (NMP)22. At present, several 
protein‑based tests, such as NMP22 (MDxHealth), bladder 
tumor antigen (BTA) (Polymedco Inc. Cortlandt Manor, NY, 
USA), UroVysion (Abbott Laboratories) and ImmunoCyt 
(Diagnocure Inc., Québec, Canada), have been approved by 
the United States FDA and are commercially available for 
the diagnosis and surveillance of BCa (26). NMP22, a key 
component of the nuclear mitotic apparatus protein, serves 
a vital role in cellular processes, including DNA replication, 
RNA transcription and gene expression. Understanding of the 
NMP22 regulatory network is key for the proper functioning 
and regulation of cells; disruption in these mechanisms 
can have notable implications for cancer proliferation. The 
concentration of NMP22 in malignant transitional cells is 
80‑fold higher in BCa compared with normal urothelial 
cells (27). The NMP22 test is initially approved for surveil‑
lance of NMIBC in 1996. It utilizes quantitative ELISA for 
detection, which demonstrates a sensitivity of 69% and a 
specificity of 77% (28). In 2020, an additional point‑of‑care 
(POC) test, BladderChek, developed by Matritech Inc., is 
also approved for use (sensitivity, 58%; specificity, 88%) (29). 
The performance of NMP22 assays has been confirmed 
through several meta‑analyses (30,31), demonstrating overall 
sensitivity of 73 and specificity of 79% (sensitivity, 60% and 
specificity, 79% for low‑grade upper tract UC (UTUC); sensi‑
tivity and specificity, both 79% for high‑grade UTUC) (32). 
The expression of proteins is dynamic and can vary based on 
factors including tumor stage and grade, heterogeneity, size 
and presence of infections or inflammation. Existing research 
indicates an association between the sensitivity and specificity 
of NMP22 and tumor aggressiveness (33‑35). Recent studies 
have demonstrated that NMP22 exhibits greater sensitivity, 
NPV and accuracy in detecting recurrence compared with 
cytology (36,37). In low‑grade BCa tumors, the sensitivity 
of NMP22 is 81%, whereas cytology achieves a sensitivity 
of 23%. Combination of NMP22 and cytology demonstrates 
significantly higher sensitivity (91.63% vs. 81.83% vs. 53.96%) 
and NPV (87.59% vs. 77.46% vs. 61.02%) than either NMP22 
or cytology alone (38,39).

BTA. The urinary tests for BTA, which include BTA 
stat (Bion Diagnostic Sciences, Inc.) and BTA TRAK (Bard 
Diagnostics), have obtained FDA approval as non‑invasive 
diagnostic approaches (40,41). BTA stat and BTA TRAK are 
single‑step immunochromatographic qualitative assays for 
diagnosis and monitoring of BCa (42). BTA stat test is a rapid 
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test in which a urine sample is applied to a test strip. This 
strip contains specific monoclonal antibodies that bind to the 
targeted antigen if H‑related protein (hCFHrp) is detected (43). 
hCFHrp plays a key role in regulating activity of the alternate 
complement pathway, allowing malignant cells to escape from 
immune surveillance. Complement factor H in the bloodstream 
has the potential to interfere with the precision of BTA tests, 
resulting in the occurrence of false positive outcomes (44). 
This effect is particularly prominent in individuals who have 
benign urological conditions (45). Sensitivity and specificity 
of the BTA test in detecting BCa range from 57 to 83% and 
60 to 92%, respectively (40,46,47). Due to variability in its 
specificity (29‑86%), BTA is not recommended for the initial 
diagnosis of BCa. However, it can be utilized as a component 
of surveillance protocols to monitor changes in antigen levels 
over time, particularly when combined with cystoscopy.

UroVysion assay. UroVysion is a specialized fluorescence 
in situ hybridization (FISH) test to identify three chromo‑
some enumeration probes for chromosomes 3, 7 and 17, as 
well as a single locus‑specific identifier probe for the 9p21 
locus (48,49). The selection of probes exhibit a sensitivity of 
75% in identifying chromosomal aberrations, particularly in 
urothelial tumors (50). Chromosomal instabilities and aneu‑
ploidies frequently occur during progression of tumors, with a 
notable impact on chromosomes 3, 7 and 17 (51). Additionally, 
homozygous deletions in the 9p21 region are commonly 
observed in primary BCa, leading to inactivation of potential 
tumor suppressor genes, such as cyclin dependent kinase 
inhibitor 2 (CDKN2, CDKN2B) and methylthioadenosine 
phosphorylase (52,53). Several studies have investigated the 
effectiveness of UroVysion in detection of UC in comparison 
with urine cytology  (54,55). The sensitivity of UroVysion 
has been reported to vary between 69 and 94%, whereas the 
specificity ranges from 63 to 100% in detecting UC (56). 
However, UroVysion tends to produce more false positive 
results in comparison with cytology. Recent cohort studies 
have highlighted the need of assessing supplementary chromo‑
somal probes due to the considerable variability in sensitivity 
observed in both high‑ (83‑100%) and low‑grade tumors 
(36‑55%) (57‑59).

ImmunoCyt (UCyt+). ImmunoCyt (UCyt+) assay has been 
approved by the FDA since February 2000 as an approved 
supplementary tool for the management of BCa alongside 
urine cytology and cystoscopy  (60). ImmunoCyt test can 
identify specific tumor‑associated antigens in urine based 
on immunofluorescence using monoclonal antibodies M344, 
LDQ10 and 19A211 (61). The sensitivity and specificity of 
ImmunoCyt assay are 50‑100% and 69‑79%, respectively, and 
the positive predictive value (PPV) and NPV are 26‑67% and 
91‑96%, respectively (61,62).

A number of studies have examined the diagnostic 
accuracy of ImmunoCyt and cytology, revealing notable differ‑
ences (55‑58). ImmunoCyt exhibits lower specificity (65.7% 
vs. 90.6%), positive (2.578 vs. 3.862) and negative likelihood 
ratio (0.385 vs. 0.459) and area under the curve (AUC) (0.791 
vs. 0.824) compared with cytology (63). While ImmunoCyt 
demonstrates higher sensitivity (72.5% vs. 56.6%), it may not 
possess the same level of accuracy as cytology in relation to 
other factors such as endogenous and exogenous interference, 
as well as the methods of detection and sample handling. 

On the other hand, several studies confirm that ImmunoCyt 
improves overall performance of cytology, particularly for 
small (<1 cm), superficial and low histological grade (tumor 
in situ, Ta, T1 and T2) tumors (64,65). Cytology tests demon‑
strate sensitivity of 29% and NPV of 88%. When combined 
with ImmunoCyt, these values improve to 84 and 95%, respec‑
tively (65). These results suggest the potential utility of the 
ImmunoCyt test in decreasing the need for frequent follow‑up 
cystoscopies. This test is also suitable for continuous moni‑
toring of low‑risk patients with BCa, thereby allowing early 
detection of disease progression and prompt intervention 
when necessary. ImmunoCyt test plays a key role in predicting 
painless hematuria, surpassing the effectiveness of traditional 
cytology, especially in cases where imaging and cystoscopy 
results are negative (66).

Specific protein biomarkers. A large number of protein‑specific 
biomarkers or molecular signatures are identified using 
proteomic techniques in urine (67), blood serum (68,69) and 
plasma (70,71). Advanced methodologies such as mass spec‑
trometry (MS) and machine learning have notably enhanced 
the ability to identify these biomarkers, particularly in urine 
samples (72‑75). Studies have been performed to determine 
potential prognostic or predictive value of multiple protein 
candidates, including UBC Rapid immunoassay (CK8, CK18) 
(IDL Biotech), CK20, cyclin dependent kinase inhibitor 2A 
(CDKN2A), erb‑B2 receptor tyrosine kinase 2 (ERBB2), 
phosphatase and tensin homolog (PTEN), vascular endo‑
thelial growth factor (VEGF), matrix metallopeptidase 9 
(MMP‑9) and Survivin, to enhance the assessment of disease 
progression and risk of BCa recurrence (75‑81). Similarly, a 
quantitative proteomic approach using isotope tags for relative 
and absolute quantification (iTRAQ) labeling has identified 21 
candidate proteins in urinary samples (82). Of these markers, 
bromodomain testis associated (BRDT), calcyclin binding 
protein (CYBP), glycyl‑tRNA synthetase (GARS) and heparin 
binding growth factor (HDGF) with a high discrimination 
ability in UC patients, have shown substantially elevated 
expression in the UC cohort compared with normal groups. 
The AUC values for the combined panel of these biomarkers 
are 0.962 for distinguishing between UC and normal groups, 
and 0.860 for differentiating between UC and control 
groups (82). Machine learning has been employed to identify 
various protein markers for constructing a BCa diagnostic 
model, which comprises 14 markers found in serum and urine 
supernatants, achieving 86% sensitivity and 82% specificity 
and surpasses FISH in detecting low‑risk BCa (64).

Use of ELISA and western blotting has enabled the 
measurement and verification of specific proteins of interest 
in urine samples obtained from patients with BCa (83). In 
one study, researchers analyzed genome‑wide gene and 
protein expression via quantitative PCR (qPCR), western 
blotting and ELISA in 66 patients with BCa and 70 indi‑
viduals without tumors of the urinary system (84). The results 
demonstrated a significant increase in protein expression of 
MMP23B, a member of the MMP family, in both urine and 
plasma compared with tissue biopsies. There is an association 
between the level of urinary MMP23B and risk stratifica‑
tion, suggesting MMP23B could be a potential non‑invasive 
biomarker for diagnosis of BCa (84,85).
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Limitations and variability. Urine protein tests typically show 
greater sensitivity than cytological analysis but lower specificity. 
For example, the BTA assay exhibits a higher sensitivity (67% 
vs. 43%) and a lower specificity (77% vs. 90%) compared with 
urine cytology (86). To date, no single biomarker has replaced 
cystoscopy and urine cytology in clinical practice. These 
urinary tests are limited by lack of specificity and high propor‑
tion of false positive results, with specificity ranging from 50 to 
80% and false‑positive rates between 16.7 and 30.5% (87,88). 
False positives can be caused by conditions such as inflamma‑
tion, kidney and bladder stone disease and hematuria (89). The 
sensitivity of protein‑based biomarkers typically increases with 
the advancement in tumor stage or grade (90). To the best of 
our knowledge, there are few prospective studies investigating 
urine biomarkers in low‑grade NMIBC and small papillary 
lesions and the available cross‑sectional studies appear to 
overestimate the sensitivity of these biomarkers (91,92). In 
addition, the concentration of potential protein biomarkers 
in urine is typically low, and detection can be influenced by 
various factors, including sex, age, hormonal status, diet and 
physical activity (93). Considering the limitations of urinary 
protein‑based markers, it is advisable to analyze these markers 
alongside a panel of biomarkers or in combination with clinical 
tests. An integrated approach is likely to enhance the detection 
rate of BCa and improve effectiveness of screening programs 
for high‑risk populations.

Despite the benefits and potential value of protein markers 
in predicting, diagnosing and determining the prognosis of 
BCa, the field of urinary proteomics faces challenges due 
to lack of standardized protocols for the collection, storage, 
processing and analysis of samples (64). This absence of stan‑
dardization leads to inconsistencies and lack of reproducibility 
in experimental results. Advances in proteomics sequencing 
technology have enhanced the capability to generate compre‑
hensive datasets at the single‑cell level, even with minimal 
sample quantities (72,94). The incorporation of artificial intel‑
ligence (AI) and machine learning into analysis of proteomics 
data is expected to advance the early detection of superficial 
BCa and enhance the precision of diagnosis.

Genomic and epigenetic alternations based on urinary DNA. 
BCa is a common malignant tumor characterized by genomic 
abnormalities that influence tumorigenesis and progression 
through the accumulation of mutational factors (95). In addi‑
tion to protein biomarkers released into urine by tumor cells, 
DNA‑based analysis of genetic material, such as point muta‑
tions, methylation patterns, copy number variation (CNV) 
and microsatellite instability (MSI), as well as the molecular 
characterization and fragmentation of cell‑free DNA (cfDNA), 
reveal an association between genetic/epigenetic signatures 
and high mutational burden and widespread variations 
affecting multiple chromosomes  (15,96). Next‑generation 
sequencing (NGS) and machine learning approaches facilitate 
identification of the most frequently mutated genes and meth‑
ylated regions, as well as the potential mechanisms of action in 
BCa (97). The systematic analysis of big data, in conjunction 
with advancements in bioinformatics technology, enhances 
assessment of the characteristics of driver genes and sequence 
characterizations to establish associations between cancer 
subtype, prognosis, grading, staging and treatment responses. 

Consequently, it provides valuable insights and guidance for 
early diagnosis of BCa, identification of therapeutic targets 
and the monitoring of follow‑up care.

Mutation‑based biomarkers. Driver variants can be 
detected through molecular testing and provide valuable 
information regarding the presence and progression of 
UC. Numerous somatic hotspot mutations can be identi‑
fied utilizing diverse technological platforms, including 
NGS, machine learning, real‑time qPCR and Sanger 
sequencing (98,99). Several commercially available assays, 
such as UroSEEK (Memorial Sloan Kettering Cancer Center), 
XpertBC (Cepheid) and Uromonitor‑V2 (U‑monitor, Porto, 
Portugal), are employed for early detection and prognostic 
monitoring (100‑104). The aforementioned tests are generally 
designed to evaluate combinations of common oncogenes 
and tumor suppressor genes. For example, oncogenes such as 
Ras, ERBB2, MDM2 proto‑oncogene, cyclin D1 (CCND1), 
myelocytomatosis proto‑oncogene (C‑MYC), phosphatidylino‑
sitol‑4,5‑bisphosphate 3‑kinase catalytic subunit α (PIK3CA) 
and epidermal growth factor receptor (EGFR), have been iden‑
tified as potential diagnostic markers for BCa (105). Mutations 
or expression deletions in tumor suppressor genes, such as 
TP53, p21, PTEN, fibroblast growth factor receptor 3 (FGFR3), 
serine/threonine‑protein kinase 15 and fragile histidine triad 
diadenosine triphosphatase (FHIT), have shown promise as 
prognostic markers for BCa disease (106). Mutations in the 
FGFR3 and PIK3CA genes are commonly found in superficial 
papillary bladder tumors. The overall mutation rate of FGFR3 
is 57.50% (23/40), which is significantly higher compared with 
patients with benign bladder disease (107). The activation of 
the PI3K signaling pathway serves a key role in promoting 
the aggressive behavior of tumor with FGFR3 mutation (108). 
Therefore, evaluation of PIK3CA requires the concurrent assess‑
ment of FGFR3 to determine its prognostic value, which holds 
potential as a therapeutic strategy for BCa (109). Furthermore, 
p53 protein expression is prevalent in BCa tissues, with a 
notable association between p53 expression and the grade and 
stage of tumors. The incidence of recurrence is notably higher 
in patients exhibiting positive TP53 gene expression compared 
with those with negative expression (110). Alterations in TP53 
gene expression may influence the evolutionary and progressive 
aspects of BCa (111). Moreover, mutation classifiers including 
TP53, PIK3CA and ataxia telangiectasia mutated, have the 
capability to assess tumor mutational burden. This assessment 
can subsequently guide therapeutic decisions regarding use 
of immune checkpoint inhibitors (ICIs) across different risk 
levels in BCa (112). Telomerase reverse transcriptase (TERT) 
promoter mutations represent the most common genetic altera‑
tions in the urinary system and have been identified in 70‑80% 
of uroepithelial BCa cases. TERT promoter mutations (C228T 
and C250T) occur in 50‑70% and 8‑15% of patients, respec‑
tively (102,113). TERT promoter mutations are demonstrated 
in urinary DNA, present high sensitivity and specificity in 
detecting various types of UC. The overall performance of 
urine supernatant cfDNA shows sensitivity of 80.7% and a 
specificity of 96.6%, with NPV of 92.5% (114).

UroSEEK classifier, which integrates genetic alterations 
from 11 commonly affected genes, exhibits a sensitivity of 
92.7% and a specificity of 90.7% for the diagnosis of UC (115). 
Moreover, it has a high accuracy rate of 91.8% in low‑grade 
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UC (116). Mutations in TERT, FGFR3 and KRAS genes have 
a sensitivity of 93.3% and a specificity of 80% for diagnosing 
BCa (117). A pilot study involving 16 patients with BCa revealed 
that gene mutations detected in both the urine supernatant and 
sediment show a higher concordance with cancerous tissue 
compared with those identified in plasma (118); AUC values 
are 0.94 in urine supernatant (panel, TERT, FGFR3, TP53, 
PIK3CA and KRAS) and 0.91 in urine sediment cohort (panel, 
TERT, FGFR3, TP53, HRAS, PIK3CA, KRAS and ERBB2), 
respectively. The detection of somatic mutations in cfDNA in 
urine holds promise as a diagnostic approach for identifying 
BCa in patients with hematuria (118).

Methylation‑based biomarkers. Several studies have 
provided evidence that BCa transformation is frequently 
accompanied by widespread changes in epigenetic landscape 
including DNA methylation and histone modifications, which 
occur prior to formation of tumors (119,120). A comprehensive 
analysis of the BCa epigenome has revealed epigenetic altera‑
tions in methylation‑specific PCR targeting orthodenticle 
homeobox 1 (OTX1), one cut homeobox 2 (ONECUT2) and 
twist family bHLH transcription factor 1 (TWIST1)  (121). 
AssureMDx (MDxHealth) assay is developed to design a 
panel consisting of mutational statuses (TERT, FGFR3, HRAS) 
and methylation patterns (OTX1, ONECUT2, and TWIST1) 
in urinary exfoliated cells (122). Notably, there are distinct 
differences in DNA methylation patterns between NMIBC and 
MIBC, with DNA hypomethylation being commonly observed 
in low‑grade, non‑invasive uroepithelial tumors  (123). 
Specifically, methylation levels of insulin promoter factor 1 
(IPF1), galanin receptor 1 (GALR1), T‑cell acute lymphocytic 
leukemia 1 (TAL1), proenkephalin (PENK) and tight junction 
protein 2 (TJP2), as determined through bisulfite sequencing, 
are noticeably higher in MIBC compared with NMIBC 
samples  (124). The continued presence of these abnormal 
DNA methylation changes in urine samples following surgical 
excision of the tumor indicates their potential as biomarkers 
assessing the probability of early detection, tumor recurrence 
and treatment efficacy (125). The aforementioned study indi‑
cates the possibility of comprehensively studying the entire 
process of tumor development, including precancerous lesions, 
through the detection of methylation patterns in urinary tumor 
DNA (utDNA) (126). Urinary DNA methylation profiles are 
valuable in effectively stratifying the risk of BCa. The sensi‑
tivity of these profiles for diagnosing high‑grade BCa is 100% 
(95% CI: 82.5‑100%), while for low‑grade BCa, it is 62% (95% 
CI: 51.3‑72.7%) (126,127).

Analysis of DNA methylation pattern can be utilized to 
predict the likelihood of molecular residual disease (MRD). 
Methylation‑based recurrence monitoring models offer an 
advantage over mutation‑based recurrence monitoring by 
providing earlier indications of MRD (128-130). UCseek clas‑
sifier (Beijing Institute of Genomics & Peking University First 
Hospital), which uses methylation and CNV features of urine 
samples to construct methylation models (118). This approach 
shows good performance in accurate non‑invasive diagnosis 
and recurrence monitoring of UC. It demonstrates an accu‑
racy of 91.8% for low‑grade UCs and recurrence monitoring 
accuracy (90.91% vs. 59.09%), which is better than that of 
cystoscopy (118). Compared with other urinary biomarkers, 
Bladder Epicheck (Nucleix Ltd.) provides an advantage 

in ruling out the recurrence of BCa, as its effectiveness is 
uncompromised by previous or ongoing treatments (131). The 
reliability of hematuria screening as an early indicator for 
diagnosing BCa faces challenges due to variations in clinical 
presentation. The incidence of BCa is between 10 and 20% 
in patients presenting with gross hematuria and between 2 
and 5% in individuals with microscopic hematuria (132). The 
assessment of cancer risk in populations with hematuria reveals 
promising outcomes when using UriFind (AnchorDx Medical 
Company, Ltd.), a diagnostic tool that leverages the meth‑
ylation of the dual genes ONECUT2 and vimentin. UriFind 
exhibits a diagnostic sensitivity of 91.2% and a specificity of 
85.7%, underscoring its strong performance (133). Methylation 
genes or combinations, including TERT, FGFR3, TWIST and 
orthodenticle homeobox 1 (OTX1), have been extensively 
investigated but are not yet available for clinical use (134,135). 
Although urine methylation studies in detecting MRD are still 
in the stage of large‑scale clinical observation (36,136,137), 
urine testing may have advantages (such as non‑invasive and 
reproducible procedure, a low protein and cellular content, and 
detection of multiple diseases and cancer type) compared with 
blood testing.

CNV‑based biomarkers. Malignant tumor cells exhibit 
genetic instability and frequently display copy number altera‑
tion (CNA) involving entire chromosomes or segments. CNV 
serves a key role in the tumor progression and metastasis of 
BCa; alternations can result in upregulation of oncogenes or 
the loss of function of tumor suppressor genes, promoting 
uncontrolled cell proliferation and tumor progression (138). 
These genetic abnormalities disrupt normal cellular function 
and enhance the ability to proliferate, invade surrounding 
tissue and metastasize. Studies have revealed that consistent 
CNV features are identified in multiple cells of patients with 
UC (139,140). A total of 57 CNVs have been identified in 
131 cases of high‑grade MIBC. Among these CNVs identified 
by whole genome and RNA sequencing, notable copy number 
deletions are observed in CDKN2A, retinoblastoma inhibi‑
tory gene, phosphodiesterase 4D, FHIT and CREB binding 
protein, while copy number gains are displayed in tyrosine 
3‑monooxygenase/tryptophan 5‑monooxygenase activation 
protein zeta (YWHAZ), peroxisome proliferator activated 
receptor gamma (PPARG), yes‑associated protein 1 (YAP1), 
MYC and E2F transcription factor 3 (E2F3)  (141). This 
analysis offers perspective on mutations and regions of CNV 
across multiple pathways that are frequently dysregulated in 
BCa. Further analysis of exome sequencing data from tumor 
tissue obtained from 120 patients with UC highlighted notable 
disparities in CNV between normal uroepithelial and tumor 
tissue and suggests that the accumulation of mutations may not 
be adequate to drive transformation of normal epithelium into 
malignant tumors (142). Studies have revealed a noteworthy 
association between fibroblast growth factor receptor substrate 
2 CNV and protein expression in BCa, demonstrating unfavor‑
able prognosis characterized by decreased overall survival and 
heightened risk of disease recurrence or progression (143,144). 
A novel diagnostic model, UroCAD (Hongyuan Biotech, Inc.), 
has been developed using an optimized low‑coverage whole 
genome sequencing (WGS) technology. The test demon‑
strates superiority over cytology as a non‑invasive method for 
diagnosis and monitoring of UC, exhibiting notably higher 



INTERNATIONAL JOURNAL OF ONCOLOGY  66:  18,  2025 9

sensitivity (80.4% vs. 33.9%) while maintaining compa‑
rable specificity (94.9% vs. 100.0%) (145). Low‑depth WGS 
has been performed on a cohort of 168 patients diagnosed 
with urological tumors to assess CNA; machine learning 
techniques have been used to develop multidimensional algo‑
rithmic model UC Detector (Beijing Institute of Genomics 
& Peking University First Hospital), designed to identify 50 
distinct CNA features associated with UC (sensitivity, 86.5%; 
specificity, 94.7%) (146).

MSI‑based biomarkers. Microsatellites, also referred 
to as short tandem repeats, are repetitive DNA sequences 
ubiquitously present across the human genome. These 
sequences are characterized by high levels of polymorphic 
variability  (147). MSI phenotype has importance in BCa 
tumorigenesis and development due to its ability to cause the 
insertion and deletion of repetitive sequences (148). There 
have been advancements in analysis of genome‑wide MSI 
status through NGS methods (149). Microsatellite analysis 
(MSA) not only enables identification of valuable biomarker 
targets but also facilitates detection of MSI‑positive cancerous 
lesions for guiding immunotherapy in BCa (150). Studies on a 
cohort of 149 patients with 15 deficient mismatch repair/high 
MSI (MSI‑H) tumors have been performed and the FDA 
has granted approval for utilization of MSI as a pan‑cancer 
biomarker for guiding pembrolizumab treatment (151,152). 
MSI‑H status is associated with a high mutational load, Lynch 
syndrome (LS) and a durable response to ICIs in upper tract 
UC (153). Additionally, MSI typing effectively distinguishes 
patients with different prognoses, with those exhibiting MSI‑H 
having a more favorable prognosis compared to those with low 
microsatellite instability (154).

An approach has been developed for detection of MSI 
using amplicon‑based NGS technology instead of tissue 
biopsy. This approach involves mapping plasma circulating 
tumor DNA (ctDNA) fragments to the genome (155). Similarly, 
other groups have examined the association between MSI and 
clinicopathological features of bladder or renal cell carcinoma, 
which can be determined by detecting MSI in urine and iden‑
tifying targeted loss of heterozygosity (LOH) deletions during 
tumor cell transformation (156,157). MSA can be an effec‑
tive tool for BCa stratification and evaluate the likelihood of 
recurrence. This technique demonstrates a notable sensitivity 
in detecting both low‑ and high‑grade lesions. Specifically, 
it exhibits sensitivities of 67, 86 and 93% for G1, G2 and G3 
lesions, respectively (157). Another study has explored use of 
MSA assay for detecting recurrent transitional cell carcinoma 
of the bladder in 21 patients; MSA assay is able to detect 
recurrence 4‑6 months earlier than cystoscopy  (158). The 
sensitivity of MSA in detecting BCa tends to improve with the 
stage and grade, while the accuracy of results can be affected 
by complications such as inflammation. Combination of LOH 
analysis with other BCa diagnostic methods, such as cytology 
or FISH, has demonstrated enhanced accuracy compared with 
single assays (159). Integrating LOH and cytological analysis 
of urine samples, in conjunction with cystoscopy, offers a 
novel paradigm for monitoring recurrence in urinary tract 
malignancies. Several clinical trials have confirmed that MSA 
exhibits greater sensitivity than cytology in detecting and 
predicting recurrent BCa (160,161). The sensitivity of MSA 
ranges from 75 to 96%, whereas cytology shows a sensitivity 

range of 13‑50% (162). Moreover, MSA has high diagnostic 
performance, with an accuracy rate of 83.3% and specificity 
of 100%, particularly in patients with superficial disease or 
low‑grade tumors (163). The performance is notably superior 
to other diagnostic tests, such as cytology and BTA tests and 
UBC tests (148,164).

cfDNA status and fragmentation patterns. Concentration 
of cfDNA in patients is significantly higher compared with 
that found in a healthy population, particularly in individuals 
with advanced and progressing disease stages (165). Patients 
with liver cancer show the highest concentration of cfDNA 
(46.0±35.6 ng/ml), while those with lung cancer exhibit the 
lowest concentration (5.23±6.4 ng/ml). The concentrations 
of cfDNA are significantly correlated with both the type and 
stage of cancer (166). This makes urinary cfDNA (ucfDNA) 
an ideal candidate for investigation of urological malignan‑
cies, such as BCa and kidney cancer (167). Further studies 
have demonstrated that the specific molecular characteristics, 
particularly concentration and integrity of ucfDNA, may 
serve as potent discriminators differentiating patients with 
BCa from healthy controls (168,169). DNA originating from 
normal apoptotic cells is typically highly fragmented, which 
distinguishes it from the DNA of necrotic cancer cells, which 
maintains structural integrity. The integrity of ucfDNA is 
>40‑fold higher in patients diagnosed with BCa than healthy 
controls  (170). Investigations have been conducted into 
variations in concentration of ucfDNA in relation to BCa and 
specific benign urological conditions (171,172). The total quan‑
tity of ucfDNA exhibits a notable discrepancy between pTa 
group (~40,000 ng for 25 BCa patients) and pT1‑pT4 (around 
360,000 ng for 40 BCa patients) (165). These findings suggest 
that ucfDNA could potentially serve as a promising biomarker 
for distinguishing stages of BCa. In addition, patients with 
BCa display ucfDNA concentrations >250 ng/ml. By contrast, 
<40% of healthy individuals with negative cystoscopy results 
show ucfDNA concentration levels >250 ng/ml  (173). The 
levels of ucfDNA may vary depending on number and size 
of tumors, grade, stage, presence of urinary tract infection 
and leukocyturia. ucfDNA demonstrates limited sensitivity 
in detection of poorly staged and graded BCa, such as those 
in patients with pTa; therefore, there is a continuing need for 
the development of standard methods for quantification and 
amplification (174).

Distribution of ucfDNA fragments does not occur at 
random, but rather demonstrates a patterned organization. 
Cells undergoing apoptosis predominantly release ucfDNA 
that is highly fragmented (185‑200 bp). The size distribu‑
tion of ucfDNA fragments exhibits prominent peaks within 
the 40‑120 bp spectrum, with a mode value of 81 bp (175). 
Each peak is regularly spaced by 10 bp intervals, suggesting 
a possible transient defense against total degradation (176). 
ucfDNA fragments exhibit distinct characteristics compared 
with those in plasma, including increased degradation and 
decreased length  (175). Despite the high fragmentation 
observed in ucfDNA, it remains uncertain whether the profile 
of these fragments accurately mirrors the inherent genomic 
architecture. Owing to potential interference from cfDNA of 
non‑tumor origin, which may be released into the urine from 
the systemic circulation, the concentration of ctDNA in urine 
becomes diluted, resulting in reduced levels of detectable 
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ctDNA. Long degradation periods may lead to an abundance 
of short fragments of ucfDNA. ucfDNA fragments >250 bp 
in length correspond to the sequences of three specific onco‑
genes: c‑Myc, human epidermal growth factor receptor 2 and 
brain enriched myelin associated protein 1 (177). These onco‑
genes are frequently amplified in various stages of BCa, which 
include premalignant conditions, primary invasive high‑grade 
and metastatic BCa (178). Therefore, to enhance the capacity 
and precision of BCa detection using this non‑invasive marker, 
further exploration is warranted to comprehend the precise 
mechanism and origin of ucfDNA fragments. Evaluation of 
the relationship between ucfDNA content and tumors, particu‑
larly through analysis of the ratio between longer and shorter 
DNA fragments in conjunction with the concentration at a 
specific fragment size may hold potential as an effective tool 
for BCa diagnosis.

Fragmentation pattern of ucfDNA faces several challenges, 
including a notable proportion of false positives and a detection 
efficacy inferior to that of its blood‑based counterparts (179). 
Urine exhibits higher activity levels of DNA enzymes 
compared with blood, thus elevating the probability of cfDNA 
degradation (180,181). Secondly, the abundance of microor‑
ganisms interferes with chemical and physical properties of 
urine samples, as well as the accuracy of test results (182). 
Thirdly, enzymatic activities of both deoxyribonuclease I 
and II demonstrate higher values in urine than in blood (183). 
This leads to a decreased half‑life of the ucfDNA samples, 
ranging from 2.6 to 5.1 h. Consequently, the ucfDNA exhibits 
a heightened susceptibility to degradation and extensive 
fragmentation. These factors impede the extensive applica‑
tion of ucfDNA in BCa detection. At present, morning urine 
samples are preferred due to advantages including its higher 
concentration, reduced external interference, decreased risk of 
contamination, and minimized variation in urine composition 
for urine‑based liquid biopsies (184). To maintain the integ‑
rity and stability of ucfDNA at room temperature, EDTA is 
used (176,180). EDTA serves a pivotal role in preventing the 
degradation of ucfDNA, thereby enhancing the likelihood of 
accurate testing outcomes. Additionally, there is a lack of stan‑
dardized methodologies for both the preservation and analysis 
of ucfDNA samples.

Other promising RNA‑biomarkers. MicroRNAs (miRNAs 
or miRs), a class of small RNA molecule, are character‑
ized by their non‑coding nature and size, typically ranging 
from 18 to 25 bp. Aberrantly expressed microRNAs serve 
as both oncogenes and tumor suppressors in different types 
of malignant tumor  (185). These miRNAs regulate malig‑
nant biological properties of tumors, including progression 
and metastasis of urinary tumors. Levels of miRNA 15a, 
miRNA‑200a (miR‑200a) and miRNA‑210‑3p (miR‑210‑3p) 
in the urine of patients with renal cell carcinoma (RCC) are 
increased following surgical intervention (186). This is associ‑
ated with tumor size and suggests the potential utility of these 
miRNAs as molecular markers for prognostic assessment 
and therapeutic monitoring of RCC. The downregulation of 
miR‑29b‑3p and miR‑31 expression is associated with clinico‑
pathological features and survival prognosis of patients with 
BCa (187,188). In addition, miRNA‑10b (miR‑10b) is detected 
in urine at an early stage of BCa, suggesting its potential for 
early screening and diagnosis. It exhibits a specificity of 91.1% 

and sensitivity of 80.9%, which is higher than that of urine 
cytology (specificity, 85%; sensitivity, 75%) (189). A panel 
comprising miR‑141, miR‑34b, miR‑10b and miR‑103 exhibits 
enhanced diagnostic efficacy for BCa, achieving sensitivity of 
75% and a specificity of 63.5% compared to the detection of 
individual miRNA (190). To evaluate the predictive potential 
of miRNAs found in urine, a study has been performed to 
identify differentially expressed miRNAs in bladder tumors 
through transcriptome sequencing; miRNA‑145 (miR‑145) 
and miRNA‑182 (miR‑182) demonstrate superior diagnostic 
performance compared with traditional methods such as urine 
cytology (sensitivity, 44%; specificity, 85%) and cystoscope 
(sensitivity, 85‑90%), achieving sensitivity of 93% and a 
specificity of 86% (191). Despite these findings, the diagnostic 
efficacy of individual or various combinations of miRNAs has 
yet to be fully elucidated.

The role of circulating mRNAs, including mRNA, 
circular RNA (circRNA) and non‑coding RNA as markers 
in BCa has garnered considerable interest  (192‑194). The 
urinary biomarker urothelial cancer associated 1 (UCA1), a 
BCa‑specific long non‑coding RNA (lncRNA), is associated 
with malignant characteristics of bladder tumors (195) and 
serves a crucial role in facilitating progression of BCa through 
the regulation of glutamine‑driven tricarboxylic acid cycle 
anaplerosis (196). Meta‑analysis indicates that UCA1 exhibits 
a sensitivity of 84% and a specificity of 87% for detection 
of BCa (197). Transcriptomic data derived from 700 patient 
samples treated with ICIs corroborates that a machine learning 
approach using network‑guided biomarkers enhances predic‑
tion of overall survival in patients with BCa undergoing ICI 
therapy (198). Urinary exosomes serve as abundant sources 
of lncRNAs such as prostate cancer associated transcript 1 
(PCAT‑1), anti‑ribosome protein intergenic lncRNA (ANRIL), 
muskelin 1‑antisense RNA (MKLN1‑AS), tumor associated 
lipid metabolism 1 (TALAM1) and titin‑antisense 1 (TTN‑AS1) 
that exhibit notable enrichment and high expression in patients 
with BCa compared to healthy controls (199). Studies report 
sensitivity ranging from 43 to 96% and specificity between 
48 and 90% (200,201). Additionally, the integrated AUC is 
0.87, indicating a strong overall diagnostic performance for 
BCa. lncRNAs display the highest overall sensitivity, with 
integrated sensitivity value of 78%. Conversely, miRNAs 
demonstrate the highest overall specificity, achieving an inte‑
grated specificity value of 81% (202,203). lncRNAs such as 
lymph node metastasis‑associated transcript 2 (LNMAT2) and 
brain cytoplasmic RNA 1 (BCYRN1) are important factors 
in lymph node (LN) metastasis of BCa and are associated 
with a poor prognosis (204,205). Furthermore, long intergenic 
non‑protein coding RNA 958 promotes LN metastasis, prolif‑
eration, lymphatic vessel formation, distant metastasis and 
invasion in BCa (206).

Urinary exosome‑specific markers, including mRNA kelch 
domain containing 7B, caspase 14 (CASP14), protease serine1 
(PRSS1) and lncRNAs MIR205 host gene (MIR205HG) and 
growth arrest specific 5 (GAS5), have been found to be asso‑
ciated with BCa stage, grade and degree of hematuria (207). 
A model based on the combination of these markers shows 
sensitivity of 88.5% and a specificity of 83.3% for diagnosing 
BCa at early stage (207). To date, the commercially available 
mRNA‑based urine tests for BCa are CxBladder (Pacific Edge 
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Ltd.) and Xpert BC (Cepheid, Sunnyvale, CA, USA) tests (208). 
CxBladder uses reverse transcription‑qPCR to detect expres‑
sion levels of several urinary targets, including insulin like 
growth factor binding protein 5, homeobox A13 (HOXA13), 
midkine (MDK), cyclin dependent kinase 1 (CDK1) and C‑X‑C 
motif chemokine receptor 2 (CXCR2). This approach is suit‑
able for excluding low‑risk BCa with hematuria, diagnosing 
the urinary tract‑related disease and monitoring treatment 
progress. The sensitivity of the CxBladder test is up to 82% 
in patients with hematuria  (209). XpertBC targets mRNA 
signatures such as acute basophil leukemia 1, corticotropin 
releasing hormone (CRH), insulin like growth factor 2 (IGF2), 
uroplakin 1B (UPK1B) and annexin A10 (ANXA10). It offers 
simplicity, speed and automated detection, with sensitivity of 
around 80% (210). Studies have demonstrated that circRNAs 
are key regulators in BCa and prostate and renal cancers, 
exerting their effects on proliferation, metastasis, apoptosis, 
metabolism and drug resistance  (211,212). By modulating 
expression of miRNAs and associated proteins, circRNAs 
contribute to the complex molecular landscape of cancers. 
For example, circ102336, circ0008399 and circ0058063 have 
been found to exert effects on drug resistance through the 
regulation of miRNAs expression and associated proteins. 
Specifically, the sensitivity of cisplatin‑resistant BCa cells 
to cisplatin is enhanced by modulating the expression levels 
and stability of circRNAs, either through promotion or inhibi‑
tion (194,213). In addition, circRNA lysine demethylase 4C, 
circRNA itchy E3 ubiquitin protein ligase (circITCH) and 
circRNA activin A receptor type 2A (circACVR2A) enhance 
BCa invasion and metastasis via the miRNA‑200bc‑3p 
(miR‑200bc‑3p)/zinc finger e‑box binding homeobox 1 (ZEB1), 
miRNA‑17 (miR‑17)/miRNA‑224 (miR‑224) and miRNA‑626 
(miR‑626)/EYA transcriptional coactivator and phosphatase 
4 (EYA4) axes (214‑216). circRNAs have a distinct advantage 
in discovery of novel clinical diagnostic biomarkers due to 
their increased stability compared with linear RNAs. Unlike 
linear RNAs, circRNAs are resistant to nuclease degradation, 
rendering them more resilient (217). A multi‑omics analysis 
incorporated mRNA, miRNA, lncRNA and methylation data, 
utilizing an innovative clustering approach using 10 distinct 
machine learning methods to develop risk prediction models 
and identify potential biomarkers; these biomarkers could 
enhance prognosis and inform immunotherapy strategies for 
MIBC (218).

Challenges in clinical translation. Urological tumors are 
characterized by a large number of genetic variants in urine, 
making urine promising as a carrier of genetic material such as 
DNA (cfDNA and exosome DNA) as well as RNAs (Fig. 1). In 
recent years, there has been a growing focus on investigating 
patterns of point mutations, methylation changes, fragmenta‑
tion and structural variants (219,220). The aforementioned 
studies support the hypothesis that novel genome type analysis 
can be used not only as a diagnostic tool, but also for predicting 
the likelihood of recurrence or progression following treat‑
ment in clinical practice. European Association of Urology 
and FDA‑approved methods, such as NMP22, UroVysion, 
FGFR3, and microsatellite assays in comparison to cystoscopy 
and cytology, demonstrate higher sensitivity but lower speci‑
ficity, particularly in cases of low‑grade, early or recurrent 

BCa (221). For example, FISH test does not fully meet clinical 
standards and it has value in specific scenarios including the 
initial diagnosis of patients experiencing hematuria, recurrence 
monitoring following treatment and assessment of patients 
with atypical cellular abnormalities (222). The specificity of 
most biomarkers is <90%, with some <80%. The PPV of these 
markers is attributed to their specificity and prevalence. While 
most markers exhibit sensitivity ranging from 80 to 90% for 
high‑grade disease, the failure to detect 10‑20% of high‑grade 
tumors is considered unacceptable.

3. Urine and blood biomarkers

The discovery of fetal genetic data in the urine of pregnant 
patients was the first empirical evidence corroborating the 
ability of cfDNA to traverse the glomerulus, subsequently 
becoming a constituent of ucfDNA (223,224). Urine ctDNA 
can be derived from two primary sources. Firstly, ctDNA 
is filtered through the glomeruli, facilitating transfer from 
the bloodstream into the urine. Secondly, ctDNA detected 
in urine can originate from tumor cells directly shed by the 
urinary tract system  (225). Studies have shown that both 
urine supernatants and sediments exhibit a notably higher 
cumulative mutation rate compared with DNA extracted from 
plasma (181,226,227). The aforementioned findings suggest 
consistency in the mutational data conveyed by utDNA and 
ctDNA within ucfDNA. There are notable molecular and 
genetic differences in ucfDNA that is derived from patients 
with BCa, which reflect the genomic content of tumor cells. 
Ability to detect genomic characterization in both blood 
(serum and plasma) and urine (sediment and supernatant) 
indicates that liquid biopsy‑based biomarkers have potential 
for diagnosing and monitoring disease conditions, including 
chronic disease and tumors (228).

Urine may be a superior source of markers compared with 
blood (229). Patients with NMIBC exhibit a notable eleva‑
tion in the concentration of cfDNA in both urine and blood 
samples. However, blood samples have greater efficacy in 
indicating disease recurrence and metastatic tumors compared 
with urine samples in patients who have undergone radical 
cystectomy  (230). Certain miRNAs such as miRNA‑451a 
(miR‑451a) and miRNA‑486‑5p (miR‑486‑5p) are upregulated 
in extracellular vesicles derived from urine samples in indi‑
viduals with BCa, while their expression remains unchanged 
in plasma samples (231). The aforementioned findings indicate 
that a notable proportion of circulating miRNA is either 
retained by the kidneys through unidentified mechanisms or 
degraded in urine. To the best of our knowledge, the explo‑
ration of protein markers in the blood of patients with BCa 
has received less attention than urine‑based studies  (232). 
Conversely, markers associated with DNA/RNA‑based 
biomarkers are more frequently investigated in clinical trials. 
This may be attributed to the challenges in enriching and 
analyzing proteins (233,234). However, the use of targeting 
strategies for MS holds promise in enhancing detection of 
protein markers in blood samples.

Total cfDNA concentration in urine of patients with 
cancer patients is higher compared with both the general 
population and patients diagnosed with benign urological 
conditions (171). This increase is particularly prominent in 
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patients with advanced or progressive disease recurrence. 
Studies on UC show that mutations detected in urine samples 
are associated with those found in both plasma and tissue 
samples (235,236). A total of 168 somatic mutations have 
been identified in 25 cases of UC using targeted sequencing, 
with approximately half of the mutations are identified in 
both the urine supernatant and precipitates, whereas 2% of 
mutations identified in the tumor are observed in the plasma 
samples  (237). Another study reports high concordance 
between urine cfDNA and tissue DNA detection in patients 
with UC with a sensitivity of 86.7% and a specificity of 
99.3% (238). Consequently, it is advisable to prioritize urine 
samples over plasma samples for higher detection rates in 
patients with these conditions. Similar findings are observed 
in PCa; methylation levels of glutathione s‑transferase pi 1, 
ras association domain family member 2 (RASSF2), histone 
cluster 1 H4 family member K (HIST1H4K) and transcrip‑
tion factor AP‑2 epsilon (TFAP2E) are detected in both 
urine and plasma samples. The aforementioned urinary 
methylation biomarkers with AUC ranging from 0.82 to 
0.94, exhibit higher sensitivity to PCa compared with plasma 
DNA (AUC, 0.30‑0.53)  (239). Evidence contrary to the 
aforementioned results suggests that plasma DNA is more 
sensitive to PCa than urine testing (240), whereas additional 
findings propose there is no obvious difference (241). The 

sample size and criteria for enrollment may not be sufficient 
to demonstrate differences in performance between urine 
and blood samples. Differences in the number and perfor‑
mance of urine and blood biomarkers suggest that not all 
ctDNA found in both sample types originates from the same 
tumor. It is more likely that plasma ctDNA originates from 
a metastatic lesion, while changes in uDNA may indicate a 
primary lesion in a urological tumor (242). Due to homeo‑
static mechanisms, changes in blood are rapidly eliminated, 
only resulting in substantial modifications at the point of 
decompensation. Overall, the performance of biomarkers 
in urine and blood tests may be influenced by histological 
grade, advanced pathological stage, presence of carcinoma 
in situ, surgical procedure, marker types, individual differ‑
ences in background signal and identification of cancer 
characteristics (243). Blood and urine markers may serve 
as both complementary and independent assays, offering 
distinct advantages and disadvantages depending on clinical 
application scenario (Table II).

4. Discussion

BCa imaging techniques such as ultrasound, computed tomog‑
raphy (CT) and magnetic resonance imaging (MRI), along 
with urine cytology, have emerged as non‑invasive alternatives 

Figure 1. Biomarkers in the urinary tract system. Biomarkers in liquid biopsies occur primarily in urine and blood samples. Urinary biomarkers such as 
ctDNA, cfRNAs (mRNA, circRNA and non‑coding RNA), proteins, exosomes and urinary exfoliated cells have potential for the diagnosis, prognosis and 
treatment of BCa. In addition, CTCs are released from the primary tumor and enter the circulatory system, partially facilitating metastasis. BCa, bladder 
cancer; cfDNA, cell‑free DNA; ctDNA, circulating tumor DNA; CTC, circulating tumor cell; cfRNA, circulating free RNA; miRNA, microRNA; lncRNA, 
long non‑coding RNA; circRNA, circular RNA.
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Table II. Differences between urinary and blood biomarkers in BCa.

Aspect	 Urine	 Blood

Biological 	 Unstable; more precise reflection of early biomarker	 More stable; early biomarker changes may be
characteristics	 changes in vivo; higher levels of specific biomarkers	 removed; low impact of microorganisms
	 (such as small molecules); easily detected; may	
	 contain non‑specific biomarkers
Collection 	 Closer contact with bladder tumor; higher concentrations	 Contact with most tumors; specialized
	 of specific biomarkers; easy to collect; low invasiveness	 operation; limited quantity; commonly used for
	 of collection; high volume; suitable for continuous high	 routine testing
	 sampling at home; patient acceptance	
Tumor signals	 DNA (genetic, epigenetic); cfDNA; tumor cells shed	 DNA (genetic, epigenetic); plasma/serum
	 from the urinary tract (≥1 kb); ctDNA (10‑250 bp), low	 cfDNA (150‑200 bp); cfDNA (133‑160 bp);
	 content; exfoliated cells; sediments; large variations in	 low ratio of ctDNA to cfDNA; susceptible to
	 protein composition, abundance, stored for a long time;	 dilution by DNA from non‑tumor sources; CTC;
	 cfRNA (mRNA, miRNA, lncRNA); extracellular vesicles	 cfRNA (mRNA, miRNA, lncRNA); proteins or
	 (e.g., exosomes) 	 peptide metabolites undergo metabolic
		  processes in the bloodstream at varying rates;
		  rate of metabolism influences the duration for 
		  which these metabolites remain present in the
		  circulatory system
Advantages	 ctDNA may have more genetic and epigenetic changes;	 ctDNA of plasma/serum samples can be stored
	 cytology is suitable for high‑grade tumor detection;	 for a longer period; higher available
	 sensitivity >90%; urine (sediment cell, mRNA, protein)	 concentrations; CTC biomarkers with high
	 is used in most current commercial BCa diagnostic and	 specificity; predict earlier relapse or metastasis
	 monitoring kits, with higher sensitivity and PPV;	 following primary treatment; well‑validated,
	 DNA/RNA and protein may have higher performance	 reproducible technologies; more stable
	 due to BCa associated organs; well‑validated,	
	 reproducible technologies; non‑invasive and applications	
	 for early detection and longitudinal monitoring	
Limitations	 High levels of nuclease in urine and cfDNA is easily	 DNA/RNA contamination background of blood
	 degraded; interference of genomic DNA affects cfDNA	 cell in plasma in genitourinary tract; low volume
	 concentration; contamination with high levels of	 of CTCs in peripheral blood; detection may not
	 pathogenic microorganisms affects the accuracy;	 be accurate for initial screening; ctDNA source
	 instability and low abundance of cfRNA	 does not fully reflect the biology of the primary
		  tumor or BCa metastasis; amount of ctDNA 
		  detected in plasma is small or may not perform 
		  as well; human‑derived proteins are complex
		  and challenging to analyze and detect;
		  heterogeneity and number of exosomes may
		  result in false negatives or positives
Sensitivity/	 Some biomarkers may be more sensitive for early	 Superior for MIBC follow‑up and metastatic
specificity	 detection of BCa; available biomarkers for low‑risk BCA	 tumors; low detection rate of early BCa;
	 are relatively inadequate, have low specificity and are	 specificity and sensitivity require further
	 more accurate at initial diagnosis than at follow‑up;	 improvement; exosomes and cfRNA lack
	 sensitivity and specificity are insufficient for clinical use;	 standardized isolation methods and reproducible
	 limited availability of specific markers; specific	 and practical application in the clinic
	 biomarkers with high sensitivity or specificity;	
	 non‑invasive BCa assays have false positive rates;	
	 FDA/CE‑approved methods show low specificity and	
	 limited clinical utility; apply to standardize the detection	
	 of urinary tract cancers and to expand application to	
	 diseases such as diabetes, kidney disease, bladder	
	 infections	

https://www.spandidos-publications.com/10.3892/ijo.2025.5724
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to cystoscopy. However, there are limitations associated with 
these procedures. For example, ultrasound exhibits relatively 
low sensitivity and specificity, while CT and MRI have 
limited capability in detecting small and flat lesions (244,245). 
Similarly, urine cytology exhibits a high specificity but is 
accompanied by a low sensitivity in its diagnostic capabilities. 
Furthermore, low‑grade malignant BCa often presents a high 
leakage rate, which can contribute to false positive results 
in patients experiencing severe hematuria and urinary tract 
infection (22). With technological advancements, liquid biopsy 
utilizing urine is anticipated to emerge as a dependable, precise 
and non‑intrusive biomarker for diagnosis and monitoring of 
BCa, offering improved personalized diagnosis and treatment 
alternatives for patients.

Over the past decade, research has primarily focused on 
development of non‑invasive biomarkers for BCa derived 
from urine. These biomarkers originate from both urine 
supernatants and sediment, and include tumor exfoliated 
cells, genetic material (DNA and RNA), proteins, extracel‑
lular vesicles/exosomes, as well as novel available markers 
currently being researched (Fig. 2) (246). Diagnostic tests 
NMP22, BTA, ImmunoCyt, and UroVysion are used as 
adjuncts to cystoscopy because they offer greater sensitivity 
than urine cytology. However, these tests frequently lack of 
specificity and are susceptible to false positive results, partic‑
ularly in the context of benign urological conditions (83). 
High‑throughput NGS technology has enhanced the identi‑
fication of urinary biomarkers originating from cancer cells. 
Consequently, assays such as Cxbladder, XpertBC, UriFind, 
and Uromonitor have been developed  (208,247). This 
multi‑target approach has improved detection sensitivity and 
dynamic monitoring of tumor progression or recurrence; 
however, the scope of these assays remains inadequate to 
address the vast genomic heterogeneity of NMIBC. The 
accuracy of clinical diagnosis and surveillance is affected by 
potential genomic differences between primary and residual 
lesions, as well as by false positives for somatic mutations 
in cfDNA present in normal and benign patient cells. While 
biomarker tests show promise, they should be used in combi‑
nation with cystoscopy and imaging.

Patients diagnosed with high‑risk NMIBC are advised 
to undergo cystoscopy every 3  months and Bacillus 
Calmette‑Guérin (BCG) is the standard initial treatment. 
Despite the stringent surveillance protocol, ~50% of patients 
experience recurrence, which results in a more unfavorable 
prognosis (248). The implementation of biomarker testing 

alongside cystoscopy may support a decrease in the frequency 
of surveillance cycles for cystoscopy. Urinary biomarkers 
have potential as a diagnostic tool to rule out patients with 
hematuria, enhance the diagnostic capabilities of cystoscopy 
for patients with positive results, monitor post‑treatment and 
assess the risk of postoperative recurrence or progression 
following initial intravesical therapy, such as BCG. These 
assessments guide the necessity for a second line of treat‑
ment or radical surgery. However, the current role of urinary 
biomarkers is limited and requires additional support from 
prospective trials. The diagnostic accuracy is influenced by 
the acceptable threshold for a positive result and various 
sample processing methods. Further research is needed to 
standardize sample collection (whole urine, supernatant, 
pellet or extracellular vesicles) and processing protocols 
(centrifugation techniques and selection of reference genes), 
as well as validation of biomarker performance in clinical 
practice.

The advent of high‑throughput technologies, such 
as NGS and MS, has accelerated the discovery of 
biomarkers  (74,249,250). Use of these methodologies is 
crucial in screening and identifying potential biomarkers 
by employing large dataset analyses and machine learning 
algorithms. These biomarkers, when coupled with bioinfor‑
matics and AI (machine and deep learning) techniques, have 
been effectively validated for the screening of potential drug 
targets (251). Likewise, bioinformatic analytical approaches 
are key tools for the detection of highly sensitive and 
disease‑specific biomarkers, facilitating early diagnosis and 
treatment of BCa (252).

In conclusion, liquid biopsy using urine holds promise in 
BCa. Future research is expected to explore new biomarkers 
and targets, using urine as a carrier and employing AI 
techniques for marker analysis and data processing. For 
example, application of molecular optical probes is intended 
to produce synthetic biomarkers. This process involves 
the interaction of these probes with disease biomarkers 
to produce artificial urinary biomarkers. These artificial 
urine biomarker probes (AUBPs) are designed to address 
limitations associated with the diagnostic performance of 
endogenous markers. The development of AUBPs has the 
potential to broaden the spectrum of biomarkers and diseases 
detectable through urinalysis  (253,254), facilitate signal 
amplification and enable cost‑effective follow‑up moni‑
toring. In conjunction with the advancement of smart toilets, 
development of portable urine biomarkers could potentially 

Table II. Continued.

Aspect	 Urine	 Blood

Clinical trials	 Diagnosis, surveillance and prognosis; surveillance in	 Diagnosis, surveillance and prognosis; establish
	 adjunct to cystoscopy; require further validation and	 performance for clinical application
	 research for clinical practice	

BCa, bladder cancer; cfDNA, cell‑free DNA; ctDNA, circulating tumor DNA; CTC, circulating tumor cell; miRNA, microRNA; lncRNA, long 
non‑coding RNA; cfRNA, circulating free RNA; FDA, Food and Drug Administration; CE, Conformity with European; MIBC, muscle‑invasive 
bladder cancer.
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become a pivotal aspect of future BCa monitoring and 
treatment. A portable analytical system employing biosen‑
sors for real‑time monitoring of urine has been developed, 
offering both user‑friendly operation and suitability for 
home testing; this system exhibits a diagnostic sensitivity 
of 100% and specificity of 92% (255). Synthetic biomarker 
and urine metabolite analysis have the capability to facili‑
tate non‑invasive disease detection and monitoring in urine, 
offering high sensitivity and ability to conduct multiplexing 
testing  (256,257). The integration of multidisciplinary 
approaches to diagnostic and follow‑up protocols, as well as 
clinical risk stratification, emphasizes the potential role of 
these technologies for early detection, accurate staging and 
targeted therapy for BCa.
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