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Abstract

Liquid biopsy has emerged as one of the most promising approaches in precision oncology
by enabling minimally invasive, real-time molecular characterization of tumors. Despite
growing evidence, its clinical utility in urogenital cancers remains insufficiently defined. Dif-
ferences in tumor biology, assay sensitivity and availability of tumor-derived material limit
the assessment of its diagnostic, prognostic and predictive value across individual malignan-
cies. This review summarizes the biological basis of liquid biopsy and evaluates its current
and emerging clinical applications in prostate, bladder, renal cell, testicular, and penile
cancers. Particular emphasis is placed on its potential for molecular tumor characterization,
risk stratification, treatment selection, monitoring of therapeutic response and resistance,
and detection of minimal residual disease. The current evidence indicates that liquid biopsy
provides complementary information to tissue biopsy, particularly by enabling repeated
sampling and longitudinal monitoring of tumor evolution. Its clinical value appears most
relevant when tissue acquisition is challenging or dynamic molecular assessment is required.
However, important limitations include low levels of tumor-derived material in selected
malignancies, methodological heterogeneity, and insufficient prospective validation. Lig-
uid biopsy should currently be considered a complementary rather than a replacement
approach to tissue biopsy. Further technological advances, methodological standardization,
and prospective clinical validation may facilitate its broader integration into clinical practice
and support more precise diagnosis, treatment monitoring, and personalized management
of urogenital cancers.
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1. Introduction

Urogenital cancers, including prostate cancer (PCa), bladder cancer (BCa), and renal
cell carcinoma (RCC), account for a substantial proportion of cancer incidence and mortality
worldwide [1,2]. Despite significant advances in imaging, pathology, and systemic therapies,
clinical management remains challenging because of marked molecular heterogeneity,
disease evolution during treatment, and the emergence of therapy-resistant clones [3-5].
Consequently, precision oncology has increasingly focused on the identification of molecular
biomarkers that enable individualized treatment selection, prognostic stratification, and
longitudinal disease monitoring [3,4].

Although tissue biopsy remains the cornerstone of molecular diagnostics, it provides
only a static snapshot of a biologically dynamic disease [5,6]. Furthermore, tissue sampling
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is invasive and often fails to capture spatial and temporal heterogeneity, particularly in
metastatic settings. These limitations have stimulated growing interest in liquid biopsy,
a minimally invasive approach based on the analysis of tumor-derived material released
into biological fluids, including circulating tumor DNA (ctDNA), circulating cell-free DNA
(cfDNA), circulating tumor cells (CTCs), extracellular vesicles, and circulating microRNAs
(miRNAs) [5-7].

Recent technological advances, particularly in next-generation sequencing (NGS) and
digital droplet PCR (ddPCR), have substantially improved the sensitivity of liquid biopsy
assays, enabling the detection of clinically relevant genomic alterations at very low allele
frequencies [8,9]. As a result, liquid biopsy has emerged as a promising tool for early
cancer detection, treatment monitoring, identification of resistance-associated mutations,
and assessment of minimal residual disease (MRD) [10,11].

Among urogenital malignancies, PCa represents one of the most extensively stud-
ied models for liquid biopsy implementation. Molecular alterations involving androgen
receptor splice variant 7 (AR-V7), breast cancer 1/2 (BRCA1/2), ataxia-telangiectasia mu-
tated (ATM), and phosphatase and tensin homolog (PTEN) have demonstrated significant
clinical value in predicting treatment response, identifying resistance to androgen receptor-
targeted therapies, and guiding the use of poly (ADP-ribose) polymerase (PARP) inhibitors
in advanced disease [12-15]. Similarly, in BCa biomarkers such as fibroblast growth factor
receptor 3 (FGFR3), telomerase reverse transcriptase (TERT) promoter mutations, and tu-
mor protein p53 (TP53) alterations have shown potential utility for non-invasive diagnosis,
surveillance, and recurrence monitoring using plasma- and urine-based assays [5,6].

In RCC, liquid biopsy applications remain more challenging because circulating tu-
mor DNA is frequently present at lower concentrations than in other solid tumors [16].
Nevertheless, increasing evidence supports the relevance of genomic alterations involving
von Hippel-Lindau (VHL), polybromo 1 (PBRM1), BRCA1 associated protein 1 (BAP1),
and SET domain containing 2 (SETD2), which are central drivers of RCC pathogenesis and
may serve as biomarkers for disease characterization and therapeutic stratification [17-19].
Beyond these common malignancies, emerging liquid biopsy approaches are also being in-
vestigated in rare genitourinary tumors, including testicular and penile cancers, where novel
biomarkers such as circulating miR-371a-3p have demonstrated encouraging diagnostic
performance [17,19].

Despite considerable progress, several challenges continue to limit the widespread
clinical implementation of liquid biopsy, including analytical variability, assay standard-
ization, low biomarker abundance in selected tumor types, and the need for prospective
validation studies. Nevertheless, ongoing advances in sequencing technologies and multi-
omics approaches are expected to further expand the role of liquid biopsy in precision
oncology [6,10].

Therefore, this review summarizes the biological basis of liquid biopsy and discusses
the clinical significance of molecular and genetic biomarkers in urogenital cancers. Particular
emphasis is placed on their applications in early detection, treatment monitoring, resistance
mutation profiling, and MRD assessment, as well as on cancer-specific biomarkers in PCa,
BCa, RCC, and selected rare genitourinary malignancies [6,10].

2. Biological Basis of Liquid Biopsy
2.1. Cell-Free DNA

cfDNA refers to extracellular DNA fragments present in biological fluids, predomi-
nantly originating from physiological cell turnover, including apoptosis and necrosis of
normal cells [6]. In cancer patients, a proportion of cfDNA is derived from tumor cells and
is referred to as ctDNA [6,17]. Although total cfDNA levels may increase in association
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with cancer, their interpretation is not tumor-specific, as they can also be influenced by
tissue injury, systemic inflammation, treatment-related toxicity, and other host-related pro-
cesses [20,21]. Therefore, total cfDNA concentration should not be interpreted as a direct
surrogate of tumor burden unless the tumor origin or tumor fraction of the analyzed DNA
is demonstrated.

Analysis of cfDNA encompasses several approaches, including quantification of total
DNA concentration, assessment of fragment size distribution, detection of tumor-specific
genetic alterations, and evaluation of epigenetic signatures such as DNA methylation pat-
terns [17,20,21]. Advances in sequencing technologies have enabled increasingly detailed
characterization of cfDNA, providing information that may complement conventional tissue-
based analyses [20,21].

Recent studies have demonstrated that genome-wide cfDNA fragmentation profiles
differ significantly between cancer patients and healthy individuals, suggesting their poten-
tial utility as non-invasive biomarkers for early cancer detection [17,20]. Similarly, cf DNA
methylation analysis has emerged as a promising approach for cancer detection and risk
stratification, including in early-stage disease and settings characterized by low levels of
tumor-derived DNA [20,21]. ¢fDNA-based approaches are also being investigated as tools
for cancer screening, risk stratification and disease monitoring within precision oncology
frameworks [20,21].

2.2. Circulating Tumor DNA

CtDNA represents fragmented DNA released into the bloodstream by tumor cells
through apoptosis, necrosis, and active secretion mechanisms [17,20]. ctDNA constitutes a
variable fraction of total cfDNA and carries tumor-specific genetic and epigenetic alterations,
including point mutations, copy number variations, chromosomal rearrangements, and
methylation patterns [17,20]. Because ctDNA can provide information on tumor-specific
molecular alterations, it has emerged as an important biomarker in precision oncology,
particularly molecular characterization and longitudinal disease monitoring [17].

The concentration of ctDNA correlates with tumor burden, disease stage and metastatic
dissemination [17,20]. Advanced analytical technologies such as ddPCR and next-
generation sequencing (NGS) allow highly sensitive detection of low-frequency tumor-
specific variants, support the investigation of ctDNA for treatment monitoring, identification
of resistance mutations, and MRD detection [20]. Furthermore, serial ctDNA assessment
may enable real-time monitoring of tumor evolution and may identify molecular relapse
before radiological progression becomes apparent [20].

2.3. Circulating Tumor Cells

CTCs are intact malignant cells that detach from primary tumors or metastatic lesions
and enter the bloodstream. As viable cellular entities, CTCs provide a unique source of
biological material that can be used for phenotypic, genomic, transcriptomic, and functional
analyses, offering insights into tumor evolution and metastatic progression. Their presence
in peripheral blood is considered a key step in the metastatic cascade and has been associ-
ated with poor prognosis and unfavorable clinical outcomes in several solid malignancies,
including PCa and BCa [22,23].

Unlike cell-free biomarkers, CTCs enable direct investigation of living tumor cells,
allowing the assessment of cellular morphology, gene expression profiles, and protein
biomarkers at the single-cell level. Molecular characterization of CTCs can reveal clini-
cally relevant alterations, facilitate the identification of therapeutic targets, and provide
information regarding mechanisms of treatment resistance and disease progression [22].
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Despite their considerable clinical potential, the implementation of CTC-based analyses
remains challenging. CTCs are extremely rare, often occurring at frequencies of only a few
cells per billion blood cells, making their detection and isolation technically demanding.
Furthermore, biological heterogeneity among CTC populations and the lack of standardized
analytical methods continue to limit their widespread integration into routine clinical
practice [22,23].

2.4. Exosomes

Exosomes are nanosized extracellular vesicles, typically ranging from 30 to 150 nm
in diameter, that are secreted by both normal and malignant cells into the extracellular
environment. They contain a diverse molecular cargo, including DNA, RNA, proteins,
lipids, and metabolites, which reflects the biological and molecular characteristics of their
cells of origin. Through the transfer of these bioactive molecules, exosomes mediate inter-
cellular communication and play a crucial role in regulating physiological and pathological
processes [24,25].

In cancer, tumor-derived exosomes actively contribute to multiple aspects of disease
progression, including tumor growth, angiogenesis, immune modulation, invasion, and
metastatic niche formation. By influencing both local and distant cellular environments,
exosomes facilitate the establishment of conditions favorable for tumor dissemination and
therapeutic resistance [24,25].

Compared with ctDNA, exosomal cargo is enclosed within a lipid bilayer membrane,
which protects nucleic acids and proteins from enzymatic degradation and enhances their
stability in biological fluids. This characteristic improves the reliability of biomarker detec-
tion and makes exosomes attractive candidates for liquid biopsy applications. Consequently,
exosome-based analyses are increasingly being investigated for cancer diagnosis, prognostic
assessment, treatment monitoring, and the identification of clinically relevant molecular
alterations [24,25].

2.5. MicroRNAs

MiRNAs are small non-coding RNA molecules, typically 18-25 nucleotides in length,
that regulate gene expression at the post-transcriptional level through the inhibition of mes-
senger RNA (mRNA) translation or promotion of mRNA degradation. As key regulators
of numerous cellular pathways, miRNAs are involved in essential biological processes in-
cluding cell proliferation, differentiation, apoptosis, and immune responses. Dysregulation
of miRNA expression has been implicated in multiple hallmarks of cancer, contributing to
tumor initiation, progression, invasion, metastasis, and therapeutic resistance [26,27].

Circulating miRNAs can be detected in various biological fluids, including plasma,
serum, urine, and saliva, either freely circulating or encapsulated within extracellular
vesicles such as exosomes. Notably, their remarkable stability in biological fluids, despite
the presence of endogenous RNases, is attributed to their association with protein complexes
and vesicular structures that protect them from degradation. This stability, together with
their tissue-specific expression patterns, makes circulating miRNAs attractive candidates
for non-invasive cancer biomarkers [27].

Numerous studies have demonstrated the diagnostic, prognostic, and predictive value
of circulating miRNAs across a variety of malignancies. In genitourinary cancers, specific
miRNA signatures have been associated with disease detection, tumor aggressiveness,
recurrence risk, and treatment response. Recent evidence suggests that exosomal miRNAs
may complement or, in selected clinical settings, even outperform ctDNA for the detection
of recurrence and minimal residual disease, particularly in prostate cancer. Consequently,
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miRNA-based liquid biopsy approaches are increasingly being explored as promising tools
for precision oncology and personalized cancer management [26-28].
A comparison of the origins, key advantages, and analytical limitations of all the

aforementioned liquid biopsy components is provided in Table 1.

Table 1. Characteristics of the main components utilized in liquid biopsy [17,20-23,25,29-33].

Advantages

Main Analytical Limitation

Non-invasive alternative to tissue
biopsies, early detection of transplant
rejection, hypothesis-free screening of
more than 1250 pathogens in a single

test, tissue-of-origin mapping via

methylation deconvolution,
non-random fragmentation patterns
indicating specific
cell-death mechanisms

Lack of standardization, undefined
clinical timing, pre-analytical
vulnerability, biological
confounding factors
Low abundance of target DNA,
biological noise from clonal
hematopoiesis, confounding genomic
data from comorbidities or
inflammation, rapid degradation of
DNA, high risk of environmental
contamination in low-biomass samples,
lack of comprehensive
tissue-reference methylomes

Multi-feature and multi-cancer
detection, high diagnostic accuracy,
biopsy-free longitudinal tracking,
robust sensitivity at low tumor fractions

Lack of standardization, undefined
clinical timing, pre-analytical
vulnerability, biological
confounding factors

Preservation of cell viability and
integrity for downstream single-cell
genomic/proteomic analyses,
high-specificity capture via
antigen—antibody interactions,
label-free isolation leveraging physical
properties (size and deformability) to
ensure purity, integration of sorting
and analysis into compact automated
high-throughput systems

Extreme rarity in peripheral blood,
downregulation of surface markers
during epithelial-to-mesenchymal
transition leading to
immune-evasion/false negatives,
phenotypic and biological
heterogeneity causing variable capture
efficiencies, lack of standardized
isolation and detection methodologies

Lipid bilayer cargo protection, higher
stability than ctDNA/CTCs,
cost-effective enrichment, high
detectability of short fragments,
superior marker specificity, reflects both
tumor and stromal microenvironments

Requires complex and unstandardized
isolation methods, variable purity and
yield, difficulty in distinguishing
specific vesicle subtypes, scarcity of
clinically validated biomarkers

Component Origin
fDNA Phys%ologlcal and
pathological cell turnover
Tumor cell apoptosis,
ctDNA necrosis, and
active secretion
Intact malignant cells
CTCs detached from primary or
metastatic lesions
Nanosized extracellular
Exosomes vesicles secreted by normal
and malignant cells
miRNAs Small non-coding RNAs

(free or encapsulated)

Higher stability and abundance in
biofluids than circulating mRNA,
non-invasive accessibility across
multiple body fluids, natural protection
from enzymatic degradation via vesicle
encapsulation or protein/lipoprotein
binding, capability for direct analysis in
whole serum/plasma without the need
for complex exosome isolation

Vulnerability to confounding
physiological variables, high
susceptibility to platelet contamination
and hemolysis-induced profile
distortion, lack of a universally
validated intrinsic reference control for
normalization, high
platform-dependent analytical
variability, lack of standardized
pre-analytical handling
and extraction protocols

3. Clinical Applications in Precision Oncology

The integration of liquid biopsy into precision oncology has significantly expanded

the possibilities for individualized cancer management. By enabling minimally invasive

and dynamic assessment of tumor-derived biomarkers, liquid biopsy provides clinically

relevant information throughout the entire disease course. Current applications include

https://doi.org/10.3390/genes17111340


https://doi.org/10.3390/genes17111340

Genes 2026, 17, 1340

6 of 31

early cancer detection, treatment monitoring, identification of resistance-associated alter-
ations, and detection of MRD, all of which contribute to more personalized therapeutic
decision-making [5,6,15]. The clinical applications of liquid biopsy in precision oncology
are illustrated in Figure 1.

EARLY DETECTION

@& Pre-symptomatic = Detects
o2 tumor cell = 12O early cancer
%

Enables diagnosis of malignancies at earliest stages
for more effective treatment
TREATMENT MONITORING

Real-time series assessment of tumor

° .. \“DN" biomarkers during therapy
- ® ~ Correlates with treatment efficacy
Time potentially preceding radiological changes

Biomarkers in blood

or body fluids / IDENTIFICATION OF RESISTANCE MUTATIONS
such as urine s ) Revels resistance
(ctDNA, cfDNA, exosomes, @. 4 mechanisms

miRNA, CTCs)
Detects emerging resistance-associated
\ alterations without repeated tissue biopsies

N /

/ POST-TREATMENT SURVEILLANCE
MINIMAL RESIDUAL DISEASE
@ Detects microscopic cancer burden
after curative treatment

Identifies residual tumor-drived genetic

K alterations before radiological recurrence /

Figure 1. The clinical applications of liquid biopsy in precision oncology [5,6,15,19].

3.1. Early Detection

One of the most promising applications of liquid biopsy is the early detection of cancer.
Conventional diagnostic methods often fail to identify malignancies at their earliest stages,
when treatment is most effective. The analysis of ctDNA, cfDNA fragmentation patterns,
DNA methylation profiles, exosomal cargo, and circulating miRNAs has demonstrated
considerable potential for detecting tumor-associated molecular alterations before clinical
symptoms become apparent [16].

In urogenital cancers, urine- and plasma-based biomarkers have shown encouraging
results for the early detection of bladder cancer, prostate cancer, and renal cell carcinoma.
In particular, the identification of tumor-specific mutations and epigenetic alterations in
cfDNA and ctDNA may improve diagnostic sensitivity while reducing the need for invasive
procedures [16,17].

3.2. Treatment Monitoring

Liquid biopsy enables real-time monitoring of treatment response through serial
assessment of tumor-derived biomarkers during therapy [5,34]. Changes in ctDNA levels
frequently correlate with treatment efficacy and may precede radiological evidence of
response or progression. Consequently, liquid biopsy offers the possibility of evaluating
therapeutic effectiveness earlier than conventional imaging methods [5].

In patients receiving targeted therapies, hormonal treatment, immunotherapy, or
chemotherapy, dynamic changes in ctDNA concentrations may provide valuable information
regarding tumor burden and disease evolution. Similar applications have been described for
CTC enumeration and exosomal biomarker analysis, further supporting the role of liquid
biopsy in longitudinal patient monitoring [5,21,34].
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3.3. Identification of Resistance Mutations

Acquired resistance remains a major challenge in cancer treatment. Under therapeutic
pressure, tumor cells may accumulate new genomic alterations that promote disease pro-
gression and treatment failure. Liquid biopsy allows repeated molecular profiling during
treatment and facilitates the identification of emerging resistance-associated mutations
without the need for repeated tissue biopsies [6,7].

In PCa, liquid biopsy has been successfully applied to detect alterations associated
with resistance to androgen receptor-targeted therapies, including AR-V7 expression and
mutations affecting DNA damage repair pathways [12,13]. Similarly, genomic alterations
identified through ctDNA analysis may reveal mechanisms of resistance in BCa and RCC,
potentially supporting treatment selection and therapeutic adaptation [12,13,35].

3.4. Minimal Residual Disease

MRD refers to the persistence of microscopic cancer burden following curative-intent
treatment despite the absence of detectable disease on conventional imaging. The detection
of MRD has emerged as one of the most clinically relevant applications of liquid biopsy [15].

Highly sensitive ctDNA assays can identify residual tumor-derived genetic alter-
ations after surgery or systemic therapy, often preceding radiological recurrence by several
months [15]. In BCa, ctDNA and urinary tumor DNA analyses have demonstrated the
ability to predict recurrence following radical cystectomy, highlighting their potential utility
in postoperative surveillance and risk stratification [11]. The clinical implementation of
MRD testing achieved a landmark milestone in May 2026 with the FDA approval of adjuvant
atezolizumab guided by the tumor-informed Signatera CDx companion diagnostic [36].

The incorporation of MRD assessment into clinical decision-making may facilitate
earlier therapeutic intervention, improve patient selection for adjuvant treatment, and con-
tribute to the development of personalized surveillance strategies [15]. While prospective
clinical utility is firmly established in specific urothelial cancer settings, ongoing studies
continue to evaluate its broader integration across precision oncology (discussed in detail
in Section 9).

4. Prostate Cancer

PCa remains one of the leading causes of cancer-related morbidity and mortality
among men worldwide and continues to represent a major clinical challenge despite sub-
stantial advances in diagnostics and systemic therapy. In the United States alone, more
than 313,000 new cases are projected to be diagnosed in 2025 [2]. Its presentation en-
compases both indolent localized tumors and highly aggressive metastatic disease with
propensity for bone involvement, characterized by therapeutic resistance and unfavorable
clinical outcomes [37]. Although conventional clinicopathological parameters, including
prostate-specific antigen (PSA) levels, Gleason Grade Group, and radiographic staging,
remain fundamental for diagnosis and risk stratification, they provide limited insight into
the dynamic molecular alterations that drive disease progression and treatment resistance,
particularly in metastatic castration-resistant prostate cancer (mCRPC) [5].

The development of resistance to androgen deprivation therapy and androgen receptor
signaling inhibitors is accompanied by progressive genomic evolution, clonal selection, and
activation of alternative oncogenic pathways. Consequently, there is increasing demand for
minimally invasive approaches capable of real-time molecular profiling and longitudinal
disease monitoring. Recent advances in molecular profiling technologies have identified
several clinically relevant biomarkers detectable through liquid biopsy platforms in PCa.
Among the most extensively investigated are androgen receptor splice variant 7 (AR-V7),
homologous recombination repair (HRR) gene alterations involving BRCA1, BRCA2, and
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ATM, as well as phosphatase and tensin homolog deleted on chromosome ten (PTEN)
loss associated with dysregulation of the phosphoinositide 3-kinase (PI3K) /AKT signal-
ing pathway [38]. These biomarkers demonstrate substantial predictive, prognostic, and
therapeutic significance and increasingly contribute to treatment stratification, resistance
monitoring, and the implementation of personalized therapeutic strategies in advanced
prostate cancer.

4.1. Phosphatase and Tensin Homolog Deleted on Chromosome Ten

PTEN functions as a central negative regulator of the PI3K/AKT/mTOR pathway,
controlling cellular proliferation, survival, and metabolic adaptation. PTEN deficiency
holds established prognostic significance in prostate cancer [39,40] with loss identified in
approximately 20% of primary tumors and serving as a key driver in castration-resistant
PCa [41].

Regarding liquid biopsy applications, functional PTEN protein can be selectively pack-
aged into exosomes and secreted into the tumor microenvironment [42]. Extracellular
vesicle-mediated delivery of PTEN to deficient cells suppresses PI3K/AKT signaling, reduc-
ing cyclin D1 expression [43], increasing p27 levels and inducing G1 cell cycle arrest [44].
Clinically, PTEN loss serves as a key predictive biomarker guiding patient selection for
AKT inhibitors, such as ipatasertib, although population-specific genetic heterogeneity and
ethnic variations in therapeutic tolerance warrant consideration [44].

4.2. BRCA1/2

BRCA1 and BRCA2 are tumor suppressor genes essential for homologous recombina-
tion repair (HRR) of DNA double-strand breaks, with BRCA2 mediating RAD51-dependent
repair through its C-terminal RAD51-binding domain and BRC repeat motifs [45]. While
BRCA mutations are classically associated with hereditary breast and ovarian cancer syn-
dromes, mounting evidence implicates these alterations in prostate cancer pathogenesis,
where biallelic inactivation of BRCA2, BRCA1, or ATM has been identified in up to 20% of af-
fected individuals, with germline pathogenic HRR alterations reported in roughly 12-13% of
men with metastatic disease [46]. BRCA2 is consistently the most frequently altered gene
within this pathway, and its deficiency is associated with a more aggressive clinical phe-
notype, higher rates of biochemical recurrence, and inferior overall survival compared
with BRCA-wildtype disease [47]. Beyond its prognostic significance, the BRCA status
carries substantial predictive value, identifying patients likely to benefit from PARP inhibitor
therapy [48] and platinum-based chemotherapy [49], which has driven guideline recom-
mendations for universal germline and somatic testing in men with metastatic PCa. Tissue
biopsy remains the diagnostic standard for somatic testing; however, its utility is constrained
by tumor heterogeneity, the predominance of bone metastases requiring DNA-degrading
decalcification protocols, and the frequent use of archival formalin-fixed paraffin-embedded
specimens of variable quality, all of which contribute to appreciable test failure rates [50].
Liquid biopsy has emerged as a minimally invasive complementary strategy that circum-
vents many of these limitations while capturing real-time tumor heterogeneity and clonal
evolution. Studies evaluating plasma-based genomic profiling have demonstrated high
concordance with tissue-based BRCA1/2 detection in advanced disease. For example, Chi
et al. reported that plasma ctDNA profiling reliably identified clinically actionable BRCA1,
BRCA2, and ATM alterations in patients screened for the PROfound trial, highlighting its
utility in selecting candidates for PARP inhibitor therapy [51]. Similarly, Tukachinsky et al.
showed that comprehensive genomic profiling of ctDNA could detect BRCA alterations to-
gether with additional resistance-associated mutations, providing valuable information for
treatment stratification and disease monitoring [52]. However, not all studies have reached
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the same conclusions regarding the diagnostic value of BRCA mutations. Domrazek et al.,
in a meta-analysis of prostate cancer biomarkers, suggested that although BRCA mutations
play an important role in hereditary cancer susceptibility and therapeutic decision-making,
their relatively low prevalence limits their usefulness as stand-alone diagnostic biomark-
ers [53]. Collectively, current evidence indicates that the greatest clinical value of BRCA
assessment in liquid biopsy lies in guiding targeted therapy, monitoring tumor evolution,
and supporting personalized treatment strategies in advanced urogenital malignancies.

4.3. Androgen Receptor Variant 7

Androgen receptor splice variant 7 (AR-V7) is the predominant molecular driver
of resistance to androgen deprivation therapy (ADT) and androgen receptor signaling
inhibitors (ARSIs) in castration-resistant prostate cancer (CRPC) [54]. Lacking the ligand-
binding domain, AR-V7 functions as a constitutively active transcription factor that sustains
androgen-independent AR signaling [54].

Clinically, AR-V7 expression is uncommon in hormone-sensitive prostate cancer but
becomes increasingly prevalent during progression to metastatic CRPC, particularly follow-
ing exposure to ARSIs such as enzalutamide and abiraterone. Detection of AR-V7 in CTCs,
using validated immunocytochemical or RNA-based assays, has consistently been associ-
ated with reduced PSA response rates, shorter progression-free survival (PFS), and inferior
overall survival (OS). In the landmark study by Antonarakis and colleagues, followed by
the prospective validation by Scher et al., nuclear AR-V7 expression in CTCs was established
as a predictive biomarker identifying patients unlikely to benefit from ARSIs but more
likely to respond to taxane chemotherapy, supporting its use for therapeutic stratification in
metastatic CRPC [55]. These findings have been reinforced by meta-analyses confirming
that AR-V7-positive patients experience significantly worse outcomes on ARSIs but derive
greater survival benefit from taxane-based chemotherapy [56]. Recent evidence from the
PRESIDE trial further demonstrated that combining AR-V7 detection with circulating tumor
DNA analysis improves molecular stratification of patients with enzalutamide-resistant
disease [57]. Nevertheless, despite robust evidence supporting its prognostic and predictive
significance, AR-V7 has not yet been incorporated into routine clinical decision-making,
largely owing to the absence of assay standardization and prospective trials demonstrating
clinical utility [57].

4.4. The Ataxia Telangiectasia Mutated

Ataxia telangiectasia mutated (ATM) is a central regulator of the DNA damage re-
sponse, coordinating double-strand break repair and cell cycle checkpoints [58]. Germline
pathogenic ATM variants occur in 0.5-1% of the population, conferring a 4.4-fold increased
lifetime risk of prostate cancer [59].

In prostate cancer, ATM alterations are enriched in aggressive disease, occurring in
approximately 5-8% of CRPC and are more frequent in metastatic and lethal tumors [60].
Large cohort analyses confirm a higher prevalence of germline ATM variants in metastatic
versus non-aggressive tumors [61]. Notably, ATM-mutated tumors exhibit distinct genomic
features and significantly lower PARP inhibitor responsiveness compared with BRCA2-
deficient cancers [62]. PARP inhibitor monotherapy demonstrates limited clinical benefit in
ATM-mutated subgroups. Consequently, serial ctDNA profiling provides a crucial strategy
to monitor emerging resistance and guide alternative biomarker-driven approaches, such
as ATR inhibition [63].
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4.5. Extracellular Vesicles

Extracellular vesicles (EVs) have emerged as a promising liquid biopsy platform in
prostate cancer owing to their ability to protect and transport tumor-derived nucleic acids,
proteins, and metabolites that reflect the molecular landscape of the originating tumor [64].
EV cargo, including PCA3, TMPRSS2:ERG, miR-21, miR-141, miR-375, survivin, and AR-V7
transcripts, has demonstrated diagnostic, prognostic, and predictive value, while EV-derived
DNA exhibits high concordance with tumor tissue, supporting its utility for longitudinal
genomic profiling [65]. Among EV-based assays, the ExoDx Prostate (IntelliScore) is
currently the only clinically validated test, demonstrating approximately 90% sensitivity
and an 89% negative predictive value for clinically significant prostate cancer and earning
incorporation into the NCCN guidelines [66].

Urine and blood are the principal biofluids investigated for EV in PCa, each offering
distinct biological and analytical advantages. Urine is favored because of its close anatomical
relationship with the prostate, non-invasive collection, and enrichment in prostate-derived
EVs, especially following digital rectal examination (DRE), which increases the release of
prostatic secretions into the urinary tract and enhances biomarker sensitivity [65]. Urinary
EVs contain prostate-specific molecules, including PSA, PSMA, PAP, TMPRSS2, and TGM4,
although their analysis is complicated by substantial inter- and intra-individual variability,
uromodulin interference, microbial contamination, and differences in urine concentration
and composition [67]. Blood-derived EVs provide complementary information, partic-
ularly in metastatic disease, where they may capture the molecular landscape of distant
lesions. However, plasma EV analysis is technically challenging because of co-isolation
with abundant lipoproteins, platelets, cell-free DNA, and other circulating particles that can
confound downstream analyses [68,69]. Consequently, pre-analytical variables including
sample collection, anticoagulant selection, processing time, storage conditions, and isolation
methodology have a profound impact on EV yield and composition, underscoring the
need for standardized protocols, such as the updated MISEV2023 guidelines and SPREC
recommendations, to improve reproducibility and facilitate clinical translation [70].

Despite these advances, widespread clinical implementation of EV biomarkers remains
limited by methodological heterogeneity, including variability in pre-analytical handling,
isolation techniques, cargo characterization, normalization strategies, and the lack of stan-
dardized multi-center validation, all of which continue to challenge reproducibility and
cross-study comparability [71].

5. Bladder Cancer

BCa is one of the most common cancers of the urinary tract, with transitional cell
carcinoma accounting for many cases [72]. The disease is characterized by clinical and
molecular heterogeneity. It is divided into non-muscle-invasive bladder cancer (NMIBC)
and the more aggressive muscle-invasive bladder cancer (MIBC). About 70-75% of patients
are initially diagnosed with NMIBC, but some tumors progress to an invasive form, which
has a poorer prognosis [73].

BCa has a very high recurrence rate. Recurrence occurs in 50-70% of patients with
NMIBC after transurethral resection of the tumor, requiring long-term monitoring [73].
Cystoscopy is the primary monitoring method, allowing direct assessment of the bladder
mucosa. However, this method is invasive, expensive, and associated with patient discom-
fort. Urine cytology is a supplemental diagnostic tool, which is highly specific but has
limited sensitivity in low grade tumors [74].

Recently liquid biopsy and urinary biomarkers are becoming more and more important.
Bladder cancer is suitable for this type of diagnosis because cancer cells, DNA, RNA, proteins
and exosomes are directly released into the urine. Urine analysis allows the detection of
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molecular changes, such as TERT, FGFR3, and TP53 mutations, as well as monitoring of
treatment response and disease recurrence. The development of NGS technologies increases
the potential of urinary biomarkers as non-invasive tools supporting precision oncology in
bladder cancer [75].

5.1. Fibroblast Growth Factor Receptor 3

FGFR3 is a receptor tyrosine kinase (RTK) regulating cell proliferation, differentia-
tion, migration and survival [76]. Ligand binding activates downstream signaling path-
ways that, when dysregulated, drive bladder carcinogenesis [77]. Activating point mu-
tations (e.g., S249C, Y373C, R248C, G370C) lead to ligand-independent activation of the
receptor [78].

FGFR3 mutations are especially enriched in low-grade papillary non-muscle-invasive
bladder cancer (NMIBC) compared with muscle-invasive tumors [79]. A study by Ascione
etal. [80] described that the FGFR3 mutations can appear in more than half of the patients
with NMIBC, which makes them one of the most important molecular biomarkers of
this group of cancers. Although associated with lower genomic instability and favorable
prognosis, the high recurrence rate of NMIBC underscores their importance as diagnostic
and surveillance biomarkers [80].

Molecular profiling of FGFR3 via liquid biopsy (ctDNA /utDNA NGS) enables non-
invasive monitoring and early detection of emerging resistance, although liquid biopsy
platforms exhibit constrained sensitivity for detecting FGFR3 gene fusions [78]. In contrast
to liquid biopsy approaches, the therascreen FGFR RGQ reverse transcription polymerase
chain reaction (RT-PCR) Kit is an FDA-approved companion diagnostic for the detection
of selected FGFR3 point mutations in exons seven and 10 and FGFR3-TACC3 fusions in
urothelial cancer using RNA extracted from formalin-fixed, paraffin-embedded (FFPE)
tumor tissue [81]. Therefore, the therascreen FGFR RGQ RT-PCR Kit represents a tissue-
based companion diagnostic rather than a liquid biopsy assay [81].

The development of FGFR inhibitors has led to the introduction of new treatment
options for patients with advanced or metastatic bladder cancer with FGFR3 alterations.
Currently, therapies targeted on FGFR are one of the most important development di-
rections in modern uro-oncology, especially in patients who do not respond to standard
chemotherapy or immunotherapy [82]. What is more, there is still the problem of acquired
resistance to FGFR inhibitors, which is a result of secondary receptor mutations, activation
of alternative signaling pathways or tumor heterogeneity [83]. Despite these limitations,
FGFR3 remains one of the best known and most promising molecular targets in BCa [80].

5.2. Telomerase Reverse Transcriptase

Telomerase is important in maintaining telomere length by adding repetitive nucleotide
sequences to the ends of chromosomes. Its’ catalytic subunit is TERT, which has a highly
limited activity in healthy somatic cells. However, TERT reactivation is one of the mecha-
nisms which enables cancer cells to proliferate without restriction and avoid aging. In BCa,
TERT promoter mutations are the most common molecular alterations, appearing in about
60-80% of patients. The most frequently observed hotspot mutations are C228T and C250T,
leading to increased TERT expression and telomerase activation [73].

TERT promoter mutations appear very early in the BCa carcinogenesis. These changes
are present in both low- and high-grade tumors, which suggests that they appear at an early
stage in the development of urothelial carcinoma. Studies by Allora et al. [72] showed a
high frequency of mutations regardless of the stage of the disease, which highlights their
potential diagnostic value even in the early stages of carcinogenesis.
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TERT promoter mutations can be detected in urine samples. Cancer cells and free
tumor DNA are released into the urine, which allows them to be detected using non-invasive
methods such as liquid biopsy. Many studies have showed that TERT mutation analysis in
urine is characterized by high specificity and good sensitivity compared to conventional
urine cytology. Sensitivity for mutation detection in primary bladder cancer cases ranged
from about 52% to 82%, and specificity reached as high as 99% [84]. Moreover, there are
some promising reports suggesting that TERT promoter mutations can be detected in urine
even years before clinical diagnosis of bladder cancer. In a study based on the Golestan
Cohort Study, the presence of mutations was detected up to 10 years before cancer diagnosis,
with very high test specificity [84]. This shows that the TERT mutation testing can be useful
for high-risk groups and in early disease detection [85].

TERT promoter mutation analysis is also useful in monitoring bladder cancer recur-
rence. Due to the high recurrence rate, patients require regular cystoscopic monitoring,
which is an invasive and expensive procedure. Persistence of TERT mutations in urine after
treatment is associated with an increased risk of cancer recurrence. In the study by Descotes
etal. [86], a positive TERT mutation after treatment increased the risk of disease relapse
by more than five-fold. In addition, the mutation was also detected in some patients with
negative cystoscopy results, showing the potential value of this method as an adjunct to
standard monitoring [86].

Currently, TERT promoter mutations are one of the most promising molecular biomark-
ers for BCa [85]. Their high incidence, early occurrence, and the possibility of non-invasive
detection in urine make them an attractive diagnostic and prognostic tool in the context of
precision oncology [84].

5.3.TP53

TP53 mutations represent one of the most common molecular abnormalities in blad-
der cancer (BCa), predominantly enriched in muscle-invasive (MIBC) and high-grade
tumors [35].

Associated with pronounced genomic instability, TP53 alterations induce an aggressive
molecular phenotype linked to increased progression risk, metastasis and adverse clinical
outcomes [35].

Liquid biopsy enables non-invasive detection of TP53 gene mutations in both plasma
ctDNA and urinary DNA (utDNA) [35]. Serial ctDNA profiling facilitates MRD assess-
ment, therapy response monitoring and early relapse identification prior to radiological
evidence. Post-radical cystectomy ctDNA positivity strongly correlates with disease recur-
rence, whereas reduction or elimination of ctDNA during neoadjuvant chemotherapy or
immunotherapy predicts a favorable response. In the study by Lindskrog et al. [35], ctDNA
allowed detection of disease recurrence with a sensitivity of 94% and a specificity of 98%,
and changes in ctDNA levels appeared several months before radiological changes [35].

5.4. RNA Biomarkers

RNA biomarkers include various classes of RNA molecules, such as mRNA, miRNA,
and long non-coding RNA (IncRNA). Unlike genomic changes, RNA biomarkers reflect
the dynamic biological activity of cancer cells, delivering information on proliferation,
invasiveness, angiogenesis, and response to treatment [30]. The ability to detect these
molecules in urine, which is in direct contact with bladder tumors, is important for diagnostic
purposes. This makes urinary RNA analysis an attractive, non-invasive tool [74,87].

There are several diagnostic tests based on the analysis of urinary mRNA expres-
sion. One of them is the Xpert Bladder Cancer Monitor, which analyzes the expression
of five genes associated with BCa (ABL proto-oncogene (ABL1), corticotropin-releasing
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hormone (CRH), insulin-like growth factor 2 (IGF2), uroplakin 1B (UPK1B), and annexin
A10 (ANXA10)). This test is highly sensitive in detecting bladder cancer recurrence, es-
pecially in high-risk tumors [88]. Another example is the Cxbladder test, which uses the
expression of genes associated with neoplastic processes and can support the diagnosis
of patients with hematuria and in monitoring the disease after treatment [30]. Compared
to conventional urine cytology, mRNA tests often have higher sensitivity, especially in
low-grade tumors [88].

MiRNAs are involved in the regulation of numerous biological processes and their
unnormal expression leads to carcinogenesis. There are many MiRNAs with potential diag-
nostic and prognostic significance, including miR-21, miR-145, miR-126, and the miR-200
family. These molecules show high urinary stability, particularly when transported in exo-
somes, which enhances their clinical utility [89]. In turn, IncRNAs, molecules with a length
over 200 nucleotides that do not encode proteins, participate in chromatin remodeling,
transcription regulation, and control of mRNA stability [90]. Abnormal expression of nu-
merous IncRNAs, such as HOX transcript antisense RNA (HOTAIR), metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1), and taurine-upregulated gene 1 (TUG1), is
associated with cancer cell proliferation, invasiveness, and resistance to treatment [91].

Despite their clinical potential, RNA biomarkers still have some limitations. Analytical
results depend on the quality of the urine sample, method of the RNA isolation and on the
used analytical methods. There is also a problem of the lack of complete standardization of
laboratory procedures and the biological heterogeneity of BCa [30,87].

5.5. Protein Biomarkers

The best-known protein markers include nuclear matrix protein 22 (NMP22), bladder
tumor antigen (BTA), and cytokeratin 19 fragment 21-1 (CYFRA21-1) [74]. These markers
are potential tools to help in the diagnosis and monitoring of BCa recurrence [73]. NMP22
reflects increased tumor cell death and release of nuclear matrix proteins into the urine,
while BTA detects complement proteins produced by tumor cells [74]. CYFRA21-1is a
fragment of cytokeratin 19 present in the urine of patients with urothelial cancer. Despite
their high diagnostic sensitivity, their clinical use is still limited, as they can give false
positive results due to urinary tract infections, inflammation or hematuria [74].

6. Renal Cell Carcinoma

Clear cell renal cell carcinoma (ccRCC) is driven by recurrent alterations, including
tumor suppressor genes on the short arm of chromosome 3 (3p). Mutations of VHL,
PBRM1, BAP1, or SETD? in this locus biologically shape the molecular landscape of the
tumor. In effect, these specific genetic alterations subsequently orchestrate disease initiation,
progression, and intratumoral heterogeneity. While tumor biopsy remains the gold standard
for diagnosis and prognosis [92], detecting these drivers in biological fluids is actively
being investigated.

6.1. Von Hippel-Lindau

Pathogenesis of ccRCC is frequently initiated by VHL mutations (80-90% preva-
lence), biologically driving tumor progression via HIF-1a/2x accumulation [92,93]. For
liquid biopsy, circulating tumor DNA (ctDNA) extracted from plasma is the primary
analyte [94,95]. Analytically, droplet digital PCR (ddPCR) is valid and sensitive enough
to detect plasma-derived VHL variants, despite the technical limitation of inherently low
ctDNA shedding in renal tumors [95]. Clinically, VHL detection is utilized for minimal
residual disease (MRD) detection and patient monitoring [94,95]. Its clinical validity lies
in being the genetic hallmark of ccRCC and predicting the response to VEGF-directed
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therapies and HIF-2« inhibitors (belzutifan), providing utility in real-time therapeutic track-
ing [95,96]. Currently, VHL liquid biopsy relies on retrospective data, lacking prospective
validation and formal regulatory approval for routine clinical guidelines.

6.2. Polybromo 1

PBRM1 mutations occur in ~40% of ccRCCs, biologically promoting genomic insta-
bility and enhanced hypoxia responses [97-99]. Utilizing plasma-derived ctDNA, next-
generation sequencing (NGS) panels demonstrate analytical validity by successfully de-
tecting PBRM1 variants, though technical performance is hindered by low ctDNA shed-
ding [100,101]. In the clinical setting, it enables real-time monitoring of clonal evolution
and resistance [100]. Clinically valid as a predictive biomarker, PBRM1 loss correlates with
improved outcomes on anti-PD-1/PD-L1 therapies, offering clinical utility for immunother-
apy stratification [102,103]. However, its application is limited by conflicting retrospective
cohort results and low shedding profiles, meaning it currently lacks prospective validation
and regulatory guideline status.

6.3. Breast Cancer 1 Associated Protein 1

BAP1 mutations characterize an aggressive ccRCC subtype (~15% prevalence) driven
by chromatin dysregulation and associated with poor prognosis [103-106]. Targeted NGS
of plasma ctDNA provides analytical validity for detection, but technical performance
suffers from limited ctDNA concentrations. Clinically, tracking BAP1 monitors high-risk
progression and early recurrence [104]. Its clinical validity is established as a prognostic hall-
mark that predicts high sensitivity to mTOR inhibitors over anti-angiogenic therapies [104],
providing potential clinical utility in guiding treatment for high-risk patients. Like other
ccRCC biomarkers, low ctDNA shedding limits broad application, and testing remains
retrospectively validated without prospective regulatory approval.

6.4. SET Domain Containing 2

SETD?2 inactivation (10-12% of ccRCCs) biologically impairs DNA repair, driving
chromosomal instability and early metastasis. Analyzed via NGS from plasma ctDNA,
establishing robust analytical validity and technical performance is severely limited by the
exceedingly low ctDNA fraction in ccRCC. In clinical settings, it is targeted for monitoring
high-risk disease. Clinically valid, SETD2 loss correlates with advanced stage and poor
treatment response. While showing potential clinical utility for stratifying aggressive
metastatic phenotypes, the extreme limitation of low ctDNA shedding restricts its use to a
retrospectively evaluated biomarker lacking regulatory guidelines [107,108].

7. Testicular Cancer

TCa is the most common solid malignancy in men aged 1544 years, accounting for
1-2% of all male cancers across age groups. Approximately 95% of cases are classified as
testicular germ cell tumors (TGCTs), which are divided into two histological and clinical
subtypes: seminomas and non-seminomas [109]. The incidence of TCa has doubled over
the past four decades. Its development is associated with developmental abnormalities,
particularly cryptorchidism, which increases the risk by approximately fourfold [110,111].

Trans-scrotal ultrasound is the first-line imaging modality in the evaluation of sus-
pected testicular cancer when clinical examination raises concern. In combination with
physical examination, it represents the standard initial diagnostic approach. Further work-
up should include serum tumor markers, including alpha-fetoprotein (AFP), human chori-
onic gonadotropin (HCG), and lactate dehydrogenase (LDH), prior to any intervention,
including orchiectomy [110]. Their clinical utility is limited by relatively low sensitivity at
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initial diagnosis (approximately 50%), false-positive elevations in benign and malignant
conditions, and normal values in early-stage disease as well as in certain histological sub-
types such as teratoma and seminoma [112]. Tissue biopsy is typically avoided due to
the high risk of tumor seeding. Consequently, there is increasing interest in liquid biopsy
approaches as minimally invasive tools for evaluating tumors that are difficult or unsafe to
sample directly [17].

7.1. MlicroRNAs

Most studies in liquid biopsy and molecular and genetic biomarker research in tes-
ticular cancer focus specifically on TGCTs. MiRNAs have shown superior performance
compared with conventional serum tumor markers in diagnosis, monitoring, and relapse
prediction. Their stability in circulation and relatively low detection costs have driven
research into their use in cancer diagnosis and follow-up [113]. Among them, miR-371a-3p
is the most consistently validated biomarker, with diagnostic sensitivity and specificity
exceeding 90% in TGCTs [18]. According to Sequeira et al. (2022), droplet digital PCR-
based quantification of hsa-miR-371a-3p achieved a sensitivity of 94% and specificity of
100% in TGCTs, outperforming classical serum tumor markers (61.5% sensitivity), while
also eliminating the need for preamplification and normalization steps compared with
real-time quantitative PCR [114].

7.2. Cell-Free DNA

Krasic et al. (2022) performed a systematic review of ¢fDNA in TGCTs, showing
higher sensitivity than conventional serum tumor markers but lower performance than
miR-371a-3p, with comparable specificity [115]. c¢fDNA methylation analysis showed
particular promise in detecting teratoma. However, the authors highlighted key translational
challenges, including the low mutational burden of TGCTTs and low circulating cfDNA
levels in plasma, which limit the applicability of NGS-based approaches [115].

8. Penile Cancer

Penile cancer is a rare malignant neoplasm arising from penile tissues. The majority
of cases are squamous cell carcinomas, frequently associated with human papillomavirus
(HPV) infection [116]. Conventional squamous cell carcinoma represents the predominant
histological subtype of invasive penile malignancies, accounting for approximately 95% of
cases. Penile cancer constitutes about 0.5% of all male cancers and nearly 2% of malignancies
of the male genital tract [117].

8.1. Human Papillomavirus DNA

In current clinical practice, no validated biomarkers are routinely used for penile
carcinoma. Although HPV detection has been extensively studied, no established screening
programs incorporating circulating or serological markers in high-risk populations are
currently implemented [118]. Liquid biopsy, particularly circulating tumor HPV DNA
analysis using ddPCR and NGS, has emerged as a highly sensitive and specific minimally
invasive tool for detection, monitoring, MRD assessment, and early recurrence identification
in HPV-related cancers [119]. In HPV-driven malignancies, ctDNA-based approaches show
a high diagnostic performance, with reported sensitivity and specificity reaching 95.6% and
100%, respectively, in oropharyngeal and anal cancers, and strong concordance with the
treatment response [120]. A systematic review and meta-analysis by Elasifer et al. (2023)
confirmed high diagnostic specificity of circulating HPV DNA (0.96 in cervical and 1.0 in
anal cancer) and prognostic value in HPV-associated anogenital cancers, although no penile
cancer studies were identified [121].
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8.2. Circulating Tumor DNA

According to Patel et al. (2025), tumor-informed ctDNA monitoring in penile squa-
mous cell carcinoma and primary urethral cancer showed strong correlation with treat-
ment response, with positive ctDNA associated with disease progression (OR = 36.75;
95%Cl: 4.51-299.52) and negative results indicating disease stability (OR = 0.027; 95%CI:
0.0033-0.222) [122]. Higher ctDNA mutational burden was also significantly associated
with lymph node metastases in penile squamous cell carcinoma, as pN+ patients demon-
strated a greater number of detected variants compared with pN- cases (20.6 vs. 17.0),
while ctDNA concentration alone was not discriminatory [123].

8.3. Circulating Protein and Immune Biomarkers

Mo et al. reported that circulating C-C motif chemokine ligand 20 (CCL20) levels
were significantly elevated in penile carcinoma and showed good diagnostic performance
(sensitivity 72.4%; specificity 93.5%), with association to poorer outcomes [124]. According
to Glombik et al. (2026), soluble immune checkpoint proteins demonstrated limited pre-
dictive value for lymph node metastases due to low sensitivity, although elevated levels of
indoleamine-2,3-dioxygenase (IDO), T-cell immunoglobulin and mucin domain 3 (TIM-3),
cluster of differentiation (CD) 80 and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
reflected systemic immunosuppression in penile cancer patients [125]. A comprehensive
evaluation of liquid biopsy biomarkers in urogenital cancers across biological, technical,
and clinical levels is presented in Table 2.
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Table 2. Comprehensive systematic evaluation of liquid biopsy biomarkers in urogenital cancers across biological, technical, and clinical levels.
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Table 2. Cont.

Guideline/

Cancer  Biomarker Analyte/ Platform Technical Clinical Analytical Clinical Clinical Validation Reeulator Main
Biofluid Performance Setting Validity Validity Utility Status Stagtus y Limitations
High Detection, Limited
Circulatin, diagnostic disease Correlates Explorator sample sizes;
. & ctDNA /viral gnos o Promising with - Y . Research Use b !
Penile = HPV DNA Plasma; specificity monitoring, technical treatment candidate for  Clinical cohort Only (RUO); lacks
Cancer DNA/ctDNA ddPCR/NGS (96-100% in  response . longitudinal ~ studies Y ! prospective
(Plasma) L validity response and ) exploratory R
[118-125] HPV+ tracking in nodal status tracking validation in
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Abbreviations: AR-V7, Androgen receptor splice variant 7; ARSI, Androgen receptor signaling inhibitor; BCa, Bladder cancer; ccRCC, Clear cell renal cell carcinoma;
CTCs, Circulating tumor cells; ctDNA, Circulating tumor DNA; ddPCR, Droplet digital polymerase chain reaction; EV, Extracellular vesicle; FDA, Food and Drug
Administration; mCRPC, Metastatic castration-resistant prostate cancer; NCCN, National Comprehensive Cancer Network; NGS, Next-generation sequencing; NPV,
Negative predictive value; PARP, Poly (ADP-ribose) polymerase; PCa, Prostate cancer; RT-PCR, Reverse transcription polymerase chain reaction; utDNA, Urinary
tumor DNA; VAF, Variant allele frequency.
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9. Discussion

The data for this review were identified through searches of PubMed, Scopus, and
Google Scholar using keywords related to liquid biopsy, ctDNA, CTCs, molecular and
genetic biomarkers, MRD, and urogenital cancers. The search covered publications from
2001 to 2026, with emphasis on recent advances from 2020 to 2026. Inclusion criteria
prioritized clinical trials, cohort studies, systematic reviews, meta-analyses, guidelines,
and consensus statements addressing the diagnostic, prognostic, predictive, and treatment-
monitoring applications of liquid biopsy. Seminal earlier studies were retained where
necessary to provide the foundation for current biomarker research. Studies with insufficient
methodological or clinical detail, inadequate biomarker validation, or publications not in
English were excluded.

Liquid biopsy has become an increasingly important clinical tool for treatment selection,
molecular residual disease detection, and treatment monitoring [87,135]. Compared with
tissue biopsy, it enables minimally invasive, repeated sampling and real-time assessment of
tumor evolution [29,136].

Liquid biopsy profiling has emerged as a leading approach in cancer diagnostics,
providing several advantages over conventional tissue biopsy methods [137]. Because blood
interacts with most tumors, blood-based assays are the most commonly used; however,
other biological fluids, including urine, pleural effusions, mucus, and cerebrospinal fluid,
may also serve as valuable sources of tumor-derived material [19]. Biomarkers obtained
from blood and urine include cfDNA, CTCs, RNA, and exosomes. These approaches
enable non-invasive tumor characterization and molecular profiling, although their clinical
implementation may be challenging due to target dilution, technically demanding isolation
methods, and strict sample handling requirements [137,138].

According to Botticelli et al. (2026), concordance between tissue and liquid biopsy was
observed in 49% of patients with advanced solid tumors, whereas 35% and 16% of clinically
actionable alterations were detected exclusively in tissue or liquid biopsy, respectively [139].
Patients with concordant findings who received tailored therapy achieved improved out-
comes compared with standard care, including a median overall survival of 11.05 versus
7.7 months (HR = 0.74; 95% CI, 0.51-1.07) and a median progression-free survival of
4.93 versus 2.8 months (HR = 0.55; 95% ClI, 0.40-0.76). The best outcomes were observed in
the combined tissue-plus-liquid biopsy group, with overall survival and progression-free
survival of 11.05 and 4.93 months, respectively, compared with 9.93 and 3.06 months in the
tissue-only group and 4.05 and 2.07 months in the liquid-only group [139].

The strongest evidence for the clinical utility of liquid biopsy has been reported in
BCa and PCa. In BCa, urinary tumor DNA assays achieved sensitivities of 80-94% and
specificities of 85-95%, outperforming urine cytology and enabling tumor detection years
before clinical diagnosis. In upper tract urothelial carcinoma, urinary methylation and
mutation analyses demonstrated sensitivities of approximately 80% and specificities of up
to 95% [135]. Although ctDNA levels in kidney cancer are relatively low, methylation-based
plasma assays and cfMeDIP-Seq approaches have shown promising diagnostic performance,
reaching near-100% sensitivity in preliminary studies. In PCa, urinary RNA-, miRNA-, and
metabolite-based biomarkers achieved sensitivities and specificities ranging from 70% to
95%, while multigene assays such as MyProstateScore2 and utLIFE-PC improved risk
stratification beyond prostate-specific antigen (PSA) testing alone [135].

The clinical utility of liquid biopsy is further supported by recent regulatory advances.
In May 2026, the FDA approved atezolizumab and atezolizumab plus hyaluronidase-tqgjs as
adjuvant therapy for adults with muscle-invasive bladder cancer following cystectomy who
have ctDNA-detected MRD, as determined by an FDA-authorized test [36]. This approval
provides an important example of the transition of ctDNA from a prognostic biomarker to
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a clinically actionable tool for treatment selection. However, it does not constitute a general
endorsement of substituting other ctDNA platforms for this assay or of extrapolating these
findings to other agents or urogenital malignancies [36].

The phase III randomized IMvigor010 trial, which enrolled 809 patients, was piv-
otal in shaping the subsequent development of adjuvant immunotherapy, although it
did not demonstrate a statistically significant improvement in disease-free survival with
atezolizumab compared with observation (19.4 vs. 16.6 months; HR = 0.89; 95% CI,
0.74-1.08) [126]. In a study of 250 ctDNA-positive patients, the median disease-free survival
was 9.9 months with atezolizumab compared with 4.8 months with placebo, supporting the
use of ctDNA-MRD to identify patients most likely to benefit from adjuvant immunother-
apy while avoiding unnecessary treatment in those at lower risk [127]. Median overall
survival was 32.8 months with atezolizumab compared with 21.1 months with the placebo
(HR = 0.59; 95% CI, 0.39-0.90) [140]. In the phase Il TOMBOLA trial, serial tumor-informed
ctDNA monitoring identified molecular relapse in 58% of assessable patients within 2 years
after radical cystectomy, preceding radiographic recurrence by a median of 90 days. Among
ctDNA-positive patients treated with atezolizumab, 60% achieved a complete molecular and
radiographic response, while 1-year recurrence-free survival was 97% in ctDNA-negative
versus 76% in ctDNA-positive patients [141].

In patients with muscle-invasive urothelial carcinoma, ctDNA positivity was associated
with poorer overall survival and identified patients who derived a significant overall survival
benefit from adjuvant atezolizumab compared with the observation (HR = 0.59; 95% (I,
0.42-0.83) [140]. Signatera CDx was also approved as a companion diagnostic to identify
patients with ctDNA-detected MRD after cystectomy who are eligible for adjuvant treatment
with atezolizumab or atezolizumab plus hyaluronidase-tqjs. However, these findings
are specific to the assay, sampling strategy, and treatment regimen and should not be
generalized to all ctDNA assays, urothelial cancer subtypes, or ctDNA-negative patients
without randomized evidence [36]. Moreover, in non-urogenital cancers such as melanoma
and colorectal cancer, ctDNA positivity has also been associated with an increased risk of
relapse and poorer survival, while longitudinal ctDNA monitoring may reflect treatment
response and enable earlier detection of recurrence [128,142].

Tumor-informed ctDNA testing has demonstrated strong prognostic value in patients
with muscle-invasive bladder cancer undergoing radical cystectomy, with detectable ctDNA
associated with significantly shorter disease-free survival during both the postoperative
MRD window (HR = 6.93) and surveillance period (HR = 23.02). Notably, ctDNA de-
tectability before radical cystectomy, during the MRD window, and during surveillance was
independently associated with shorter disease-free survival [129]. The tumor-informed na-
ture of the assay enables highly sensitive and specific detection of patient-specific ctDNA al-
terations, as sequencing is focused on previously identified tumor-derived variants, thereby
reducing the impact of sequencing errors and clonal hematopoiesis. However, this approach
requires adequate tumor tissue for initial genomic profiling and entails a relatively long
turnaround time of approximately 4 weeks for development of the personalized assay [130].

In a prospective cohort of 68 patients after radical cystectomy, serial personalized
ctDNA testing detected all recorded metastatic recurrences during surveillance, with a
reported sensitivity of 100%, specificity of 98%, and a median lead time of 96 days over
radiographic imaging. However, these performance estimates should not be interpreted
as universal measures of accuracy for a single blood draw or across different platforms,
as they were derived from a small, selected cohort and reflect longitudinal testing [131].
Accordingly, postoperative ctDNA should be assessed longitudinally, as serial measurements
may provide greater clinical value than a single time point by capturing molecular relapse
and ctDNA kinetics. In the TOMBOLA trial, ctDNA detection preceded radiographic
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recurrence by a median of approximately 90 days, while the IMvigor(011 trial demonstrated
the prognostic value of sustained postoperative ctDNA negativity and the potential of serial
ctDNA assessment to guide adjuvant treatment decisions [132]. In the updated analysis
of IMvigor010, combining ctDNA assessment at the baseline and approximately 6 weeks
increased the sensitivity for recurrence detection from 57% to 68%, although a proportion
of recurrences remained undetected [141].

Postoperative ctDNA positivity has strong prognostic value in MIBC. In the observation
arm of IMvigor010, baseline ctDNA positivity was associated with significantly poorer
outcomes (HR = 6.3; 95% CI, 4.45-8.92) [14]. Similarly, in a prospective post-cystectomy
cohort, ctDNA positivity during the MRD window was associated with an increased risk
of recurrence (HR = 9.9; 95% CI, 2.6-37). However, these data do not demonstrate that
treatment triggered by the ctDNA result alters the natural history of the disease [134].

Important limitations include tissue availability, insufficient ctDNA shedding, false-
negative and false-positive results, cost, turnaround time, and the burden of serial monitor-
ing. The potential clinical benefit must also be weighed against treatment-related toxicity; in
IMvigor011, grade 3—4 adverse events occurred in 28% of patients receiving atezolizumab
compared with 22% receiving placebo [134].

10. Conclusions

In conclusion, the manuscript highlights the considerable promise of liquid biopsy
technologies for improving the diagnosis, prognosis, and management of urogenital can-
cers. While significant advances have been made, important challenges remain regarding
biomarker standardization, analytical sensitivity, clinical validation, and integration into
routine oncology practice. Future studies incorporating multi-omic approaches, large-scale
prospective cohorts, and machine learning-based predictive models are likely to accelerate
the translation of liquid biopsy platforms into clinically actionable tools. With continued
refinement and validation, these technologies may ultimately support truly personalized dis-
ease monitoring and therapeutic selection across the spectrum of urogenital malignancies.
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