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Abstract: Bladder cancer (BC) is the 10th most frequent cancer in the world. The initial diagnosis and
surveillance of BC require a combination of invasive and non-invasive methods, which are costly and
suffer from several limitations. Cystoscopy with urine cytology and histological examination presents
the standard diagnostic approach. Various biomarkers (e.g., proteins, genes, and RNAs) have been
extensively studied in relation to BC. However, the new trend of liquid biopsy slowly proves to be
almost equally effective. Cell-free DNA, non-coding RNA, and other subcellular structures are now
being tested for the best predictive and diagnostic value. In this review, we focused on published gene
mutations, especially in DNA fragments, but also epigenetic modifications, and non-coding RNA
(ncRNA) molecules acquired by liquid biopsy. We performed an online search in PubMed/Medline,
Scopus, and Web of Science databases using the terms “bladder cancer”, in combination with
“markers” or “biomarkers” published until August 2022. If applicable, we set the sensitivity and
specificity threshold to 80%. In the era of precision medicine, the development of complex laboratory
techniques fuels the search and development of more sensitive and specific biomarkers for diagnosis,
follow-up, and screening of BC. Future efforts will be focused on the validation of their sensitivity,
specificity, predictive value, and their utility in everyday clinical practice.

Keywords: bladder cancer; biomarkers; cell-free DNA; DNA methylation; non-coding RNA

1. Introduction

Bladder cancer (BC) is the 10th most common cancer worldwide, with over 573,000 new
cases in 2020 [1]. Cellular origin in the urothelium accounts for more than 90% of all BCs [2].
These lesions range from benign, through small tumors, to aggressive and malignant
neoplasms with lymphatic or vascular invasion, high recurrence rates with poor response
to treatment, and bad prognosis [3–5].

The worldwide estimation of BC incidence for 2020 by The International Agency
for Research on Cancer (IARC) reported that in males, BC is the seventh most frequent
malignancy, while in females the frequency drops over three to four-fold, depending on
the region. In the European Union, the age-standardized incidence rate is 20 for men and
4.6 for women as opposed to estimates from the year 2018, where the age-standardized
incidence stood at 30.9 and 6.5, respectively [6–8]. According to the American Cancer
Society (ACS), in the USA, approximately 90% of BC cases are patients older than 55 years
and the average age at the time of diagnosis is 73 years. Additionally, BC is rated as the
fourth most common malignancy in men, while the risk for women is 3.3-fold lower. The
estimates for BC incidence in 2021 in the USA are 83.730 new cases (men—64.280, women—
19.450) and 17.200 deaths (men—12.260, women—4.940), which points to a slight reduction

Int. J. Mol. Sci. 2022, 23, 13206. https://doi.org/10.3390/ijms232113206 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms232113206
https://doi.org/10.3390/ijms232113206
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-7889-4898
https://orcid.org/0000-0002-5074-9621
https://orcid.org/0000-0002-5487-0875
https://doi.org/10.3390/ijms232113206
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms232113206?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 13206 2 of 15

in new cases in both men and women [9]. This phenomenon has also been observed in
other countries [10–12]. However, discrepancies in worldwide reports of incidence and
mortality are partially caused by different methodologies in data collection and analysis.

Tissue for histological or immunohistochemical examination is obtained by
transurethral resection (TUR) of the papillary lesion or by multiple biopsies in the carci-
noma in situ (Tis) stage. Later, the tumor tissue of individual patients is evaluated using the
EORTC (European Organization for Research and Treatment of Cancer) scoring system for
possible progression and recurrence [13,14]. According to the guidelines by the European
Association of Urology (EAU), at the time of diagnosis, about 25% of patients present with
muscle-invasive bladder cancer (MIBC), while the majority, about 75% of patients present
with non-muscle invasive bladder cancer (NMIBC) [15,16]. These lesions are located in the
mucosa (Ta, Tis) or submucosa (T1). The frequency of NMIBC is higher in younger patients
(under 40) [17]. According to ACS, in the USA, approximately 50% of patients present
with non-invasive or in situ cancers [18]. NMIBC has a one-to-five-year recurrence rate of
15–61% and an up to 17% chance of progression to MIBC within the first five years [19,20].
Additionally, even with combination treatment, the prognosis of patients remains unclear.

Etiopathogenesis of BC is not thoroughly explained, but many researchers consider this
pathology similarly affected by environmental, mechanical, and genetic factors or rather,
predisposition. Since the most common initial complaints of patients are macroscopic
hematuria, dysuria, and symptoms similar, but unrelated to urinary tract infections (UTIs),
researchers concluded that certain risk factors are in a causative relationship with BC [21].
These risk factors associated with BC include tobacco smoking, dietary factors, work-related
exposure to chemicals (irritants, teratogens, mutagens), secondary cancer post-radiotherapy,
chronic or frequent UTIs, or bladder schistosomiasis, and finally—race, gender, and genetic
factors [22–25].

Diagnosing patients with NMIBC in the EU requires a combination of invasive (cys-
toscopy) and non-invasive methods (upper urinary tract imaging, and urine cytology).
However, the management of patients from initial symptoms presentation to final diagnosis
confirmed by tumor histology is a long process, and its speed and quality can positively or
negatively affect patient prognosis. Patients undergoing regular preventive examinations
are questioned on personal and family history, have their urine tested, undergo urinary
cytology, and scheduled cystoscopies [26,27]. Urinary cytology, even if user-dependent is
more sensitive for high-grade (HG) tumors and works best in conjunction with cystoscopy.
On the other hand, patients not regularly examined tend to visit the physician with visible,
often painless hematuria as their primary symptom. Irritative voiding and lower UTI
symptoms are present to a lesser extent, especially present in the Tis stage. Imaging meth-
ods such as CT urography and ultrasonography (USG) are used to detect abnormalities in
the urinary tract [28,29]. Magnetic resonance imaging (MRI) is also gaining interest in BC
diagnostic process [30–32].

Due to the aforementioned limitations in the diagnosis, treatment, and management
of BC patients, there is an urgent, long-standing need for better, more reliable, more precise
examination methods that could provide a better understanding of individual cancer types,
not only in the case of BC. Information about recurrence, progression, and prognosis is vital
for the reliable stratification of patients and the future management of cancer as a whole.
In this search for better predictive factors, various types of biomarkers are being studied
for their association with BC [33,34]. Although, according to the EUA complex approaches
such as the stratification of patients based on molecular classification, are promising but
are not yet suitable for routine application [26,35].

In this review, we focused on published gene mutations, especially in DNA fragments,
but also epigenetic modifications, and non-coding RNA (ncRNA) molecules acquired
by liquid biopsy. Apart from various biochemical markers contained in bodily fluids,
extracellular vesicles (EVs) attract high interest, be it exosomes (30–150 nm) or microvesicles
(100 nm–10 µm) [36]. These vesicles contain nucleic acids, proteins, lipids, and metabolites
or other biomolecules [37,38]. Since EVs are plasmatic membrane structures, they can be
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internalized into cells [39]. One of their most important roles is the transportation of various
RNA molecules and proteins, accompanied by different fragments of nucleic acids and
due to this, they are being studied in the process of carcinogenesis [40,41]. The possibility
to isolate EVs from bodily fluids gave way to examining ncRNAs, DNA fragments, and
more [42]. As liquid biopsy poses the least invasive method, collection of exosome contents
is preferred this way. In further sections, we will address biomarkers, that come from EVs
acquired by liquid biopsy.

We performed an online search in PubMed/Medline, Scopus, and Web of Science using
the terms “bladder cancer”, in combination with DNA, RNA, and epigenetic “markers”
or “biomarkers” published until August 2022. If applicable, we set our sensitivity (SN)
and specificity (SP) threshold to be at least 80%. Panel markers are specified as possible
synergic diagnostic biomarkers, that could enhance each other’s potential in a diagnostic
panel. Complementing SN/SP scores was the area under curve (AUC) score, which was
equally set to 0.80 and more, to ensure high diagnostic potential. As genes and various
RNA molecules are usually not evaluated by SN/SP or AUC, the threshold of inclusion
has been set on a repeated statistical significance reported by researchers. In this review,
we did not focus on commercially approved markers, as they are well-studied and often do
not fit the required SN/SP score, save for the latest Uromonitor-V2 [43]. For illustration
EAU-approved and FDA-approved markers and their pooled SN/SP or AUC scores are
listed in Table 1 [44,45].

Table 1. Commercially approved markers.

Marker Approval Pooled Statistical
Significance Ref.

BTA stat FDA 56–83% SN/64–86% SP [46]
BTA TRAK FDA 62–76% SN/51–98% SP [46]

NMP22—(ELISA) FDA and EAU 71% SN/73% SP [47]
NMP22—(BladderChek Test) FDA and EAU 56% SN/88% SP [48]

Cell Search FDA 35% SN/97% SP [49]
UroVysion FDA and EAU 72% SN/83% SP [50]

uCyt+ FDA 72.5% SN/65.7% SP [51]
Uromonitor EAU 73.5% SN/93.2% SP [52]

2. Cell-Free DNA

Cell-free DNA (cfDNA) obtained from the liquid biopsy is fragmented DNA origi-
nating from deteriorating cancer cells [53]. Evaluation of alterations in DNA structure is
gaining interest in the identification of cancer heterogeneity and patient prognosis. The
method of real-time PCR was used to analyze quantitative changes in gene products [54].
However, nowadays the most frequent method for detecting alteration in cfDNA uti-
lizes whole-genome sequencing, including digital PCR and next-generation sequencing
(NGS) [55]. Sangster et al. proposed a theory of mutually exclusive gene mutations, where
one gene contains a mutation, while the other does not, similarly in reverse [56]. This
way they located two mutually exclusive pairs: KDM6A and KMT2D and also KDM6A
and RB1.

The most common alteration is DNA mutation in genes associated with the pro-
cesses of embryogenesis, proliferation, cell cycle regulation, and apoptosis. Genes with a
substantial amount of research in association with BC are presented in Table 2.
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Table 2. The most promising DNA markers.

Gene Modification Cancer-Associated
Gene Function Statistical Significance Ref.

FGFR3 mutation,
gene overexpression

deregulation of the
cell cycle,

93% SN, 86% SP, AUC
0.96 (overall) [57]

PVRL4 gene overexpression metastasis p < 0.0001 [58]

CCNE1 copy-number
variations

recurrence,
progression p = 0.04 [59]

CDKN2A mutation
deregulation of the

cell cycle,
progression

95.5% SN, 100% SP [60]

TERT mutation telomere
maintenance 80.5% SN, 89.8% SP [61]

PLEKHS1 mutation,
gene overexpression unknown function 84% SN, 96% SP [62]

The fibroblast growth factor receptor 3 gene (FGFR3) encodes for protein containing
an extracellular domain with either 2 or 3 immunoglobulin (Ig)-like domains, a transmem-
brane domain, and a cytoplasmic tyrosine kinase domain that interacts with fibroblast
growth factor and plays an important role in many important cellular processes, including
regulation of proliferation, differentiation, apoptosis, angiogenesis), wound healing, and
embryogenesis [63]. It was demonstrated that ectopic activation of FGFR3 is associated
with several cancers, including multiple myeloma, cervical cancer, and BC [64–66]. In the
case of BC, somatic mutations and gene overexpression are prevalent and may hold value as
prognostic markers and as a tool for patient selection. Alterations affecting FGFR3 signaling
were detected more frequently in the urinary bladder than in any other cancer type. Several
forms of activation were described. The most common mechanism is missense point muta-
tion which shows a strong relation to low-grade (LG) and low-stage cancer [67,68]. It was
also shown that mutant FGFR3 affects the cell cycle regulation and led to changes in cell
junctions and cell adherence to proteins occurring in the urothelial basement membrane
and adjacent connective tissue, and induces alteration in expression of the extracellular
matrix modulators, all functions predicted to provide a selective advantage to cells in the
process of initial stages of cancer development [69]. Another form of FGFR3 activation is
the formation of fusion proteins that can contribute to genomic instability [70]. However,
the frequency of FGFR3-TACC3 fusion genes and their prognostic role are still unknown.
FGFR3 overexpression seems to be a more suitable prognostic marker. Several studies
demonstrated that stage Ta and T1 BC show overexpression of FGFR3 in 70–80% of Ta and
40–70% of T1 tumors [71–73]. More recently it has been shown that FGFR3 overexpression
was also associated with reduced response to Bacillus Calmette-Guerin treatment and the
expression of FGFR3 correlated with NMIBC stage, with more frequent overexpression in
pTa tumors [74]. A recent study utilizing a 6-gene panel comprising 3 mutations (FGFR3,
TERT, and HRAS) and 3 methylation analyses (OTX1, ONECUT2, and TWIST1) resulted in
significant findings in the case of SN/SP/AUC as seen in Table 2, however, HRAS mutation
did not prove significant [57].

PVRL4 gene (Nectin-4) encodes for a 510-amino acid protein (Nectin cell adhesion
molecule) which contains 1 predicted transmembrane domain, followed by a 139-residue
cytoplasmic sequence. It is expressed in the placenta, trachea, and human skin [75]. Re-
cently it is considered a new prognostic biomarker for several types of cancer. Anti-nectin-4
antibody–drug-conjugate has great potential as a therapeutic agent for metastatic urothe-
lial carcinoma [76]. It was also demonstrated that PVRL4 was also strongly expressed
in NMIBC suggesting the assessment of anti-nectin-4 as a promising biomarker during
the initial stages of the disease. In another experimental study, overexpression of PVRL4
in luminal BC cell lines was found, which correlated with the expression of GATA3 [58].
Current advances in monoclonal antibody treatment allowed for an anti-nectin-4 antibody
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(Enfortumab vedotin) to be approved for BC therapy, as moderate to strong overexpression
of PVRL4 has been observed in 60% of BC patients [77].

Cyclin E gene (CCNE1) encodes for protein which has a pivotal role in cell cycle
progression and differentiation [78]. Moreover, Keyomarsi et al. showed that breast cancers,
and some other solid tumors, display significant quantitative and qualitative alterations in
cyclin E protein production [79]. Rothman et al. demonstrated overexpression of CCNE1 in
HG bladder tumors. There is also preliminary evidence that CCNE1 amplification is associ-
ated with frequent TP53 mutation and aggressive clinical outcomes [80]. A recent study
reported a positive correlation between disease progression and copy-number variations
(CNV) in CCNE1 combined with CDKN2A deletion [59].

Cyclin-dependent kinase inhibitor 2A (CDKN2A) encodes proteins that regulate
two important cell cycle regulators—p53 and RB1. It produces a cyclin-dependent kinase
inhibitor p16(INK4), and p14(ARF), which is essential for binding the p53-stabilizing protein
MDM2 [81]. Several studies provided evidence that CDKN2A mutations are associated with
cancer development. For instance, Chan et al. showed that pathogenic germline variants in
CDKN2A significantly increase the risk of cutaneous melanoma and these alterations are
also occasionally associated with a rare melanoma-astrocytoma syndrome and may lead to
the development of malignant melanomas and neural system tumors, such as astrocytomas
and meningiomas [82]. A large deletion in CDKN2A has been reported in neurofibromas,
giant cell tumors of bone, and multiple primary cancers including sarcomas [83,84]. Loss
of heterozygosity (LOH) in the 9p region belongs to typical processes in the initial stages of
bladder cancer development [85]. Moreover, LOH of CDKN2A in combination with down-
regulation of the p16 is in good correlation with progression in NMIBC [86]. CDKN2A
homozygous deletion is also associated with invasiveness in FGFR3-mutated urothelial
bladder carcinoma [87]. In a recent study, Verma et al. demonstrated that CDKN2A in
combination with CTSV and FOXM1 has great potential to be a promising predictive
marker of BC progression with 95.5% sensitivity and 100% specificity [60].

The telomerase reverse transcriptase gene (TERT) encodes a protein that acts as a
safeguard of genomic integrity and is responsible for telomere maintenance. In cancer,
telomerase activity is elevated and as a result, there is no induction of telomere shortening
which enables cells to overcome replicative senescence and escape apoptosis, which belongs
to crucial steps in cancer development [88]. TERT gene mutations are typical for various
cancers, including melanoma, acute myeloid leukemia, and BC [89–91]. It was shown that
mutations in the TERT promoter region are the most common somatic lesions in BC and
may affect patient survival and disease recurrence through modification by a common
polymorphism [92]. Carrasco et al. assessed the increased presence of TERT mutations
as a potential biomarker of cancer aggressivity and progression [93]. Furthermore, De-
scostes et al. showed that TERT mutations in urine samples might be helpful for the early
detection of recurrence in BC, especially in NMIBC. Overall sensitivity was 80.5% and
specificity 89.8% [61].

Pleckstrin homology domain-containing S1 gene (PLEKHS1) encodes a protein with a
function that still remains unclear. However, there are indications that PLEKHS1 may be
after TERT function and is involved in cancer development. Interaction with the insulin-like
growth factor (IGF) axis has been suggested, as PLEKHS1 was associated with mild blood
glucose elevation, insulin resistance, and obesity [94]. Pignot et al. designed a two-phase
study, where tissue from 154 and 181 bladder tumors was tested for PLEKHS1 mutation
and its mRNA overexpression. Mutations occurred in 25.0% and 33.0% of NMIBC, while
for MIBC it was 32.2% and 37.8%, respectively [95]. Dudley et al. discovered PLEKHS1
mutation in 46% of tested BC subjects [62]. Mutations of PLEKHS1 along with TERT
promoter and GPR126 intron 6 have been found elevated in BC patients [96].
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3. Epigenetic Modifications

Epigenetic modifications include histone modification, DNA methylation, and effects
of ncRNA. Histone modification is not thoroughly studied, but DNA methylation is an
important epigenetic modification, which plays an important role in regulating gene
expression at the transcriptional level [97]. In tumor research, it has been found that the
change in DNA methylation leads to the abnormality of gene structure and function, which
can provide an early warning for tumorigenesis. The list of epigenetically modified genes
is listed in Table 3.

An improved urine DNA methylation panel of three biomarkers (PCDH17, POU4F2,
and PENK) showed SN of 97% and SP of 87% in BC detection [98]. A study by El Az-
zouzi et al., showed a significant association between TWIST1 hypermethylation and BC
recurrence and progression (66.67% and 80%), while hypermethylation of hTERT was
found in 83.34% of recurrent and 80% of progression cases [99]. TWIST1 hypermethylation
combined with SALL3 and CFTR showed an AUC of 0.86 and SN/SP of 90%/40% if
combined with cytology [100]. DMRTA2 was reported as a new DNA methylation marker
to detect BC [101]. Collected by urine-based liquid biopsies, this marker proved the most
sensitive for the T1 and T2 stages. OTX1 along with TWIST1 and ONECUT2 examined
by SNaPshot™ methylation analysis exhibited SN/SP of 97%/83% and AUC 0.92 for BC
prediction in hematuria patients [102]. OTX1 methylation assay combined with FGFR3 and
TERT mutation analysis yielded an SN of 57% for LG-NMIBC recurrence and 83% for pT1
or higher stage recurrences [103]. In a different study, OTX1 hypermethylation was found
in BC cells and linked to poor prognosis (p = 0.0451) [104]. ONECUT2 in a 4-gene DNA
methylation panel constructed by Wu et al. showed a consistent positive predictive value
(PPV) of 100%, negative predictive value (NPV) of 98%, AUC of 0.871, with an SN/SP of
90.5%/73.2% [105]. A different 5-gene DNA methylation panel showed significant results
in the detection and prediction of BC in hematuria patients [106]. A 7-gene panel containing
also TWIST1 and VIM showed similar results with AUC 0.894, while multivariate analysis
proved statistically significant only for HOXA9, ONECUT2, and PCDH17 (p = 0.004, 0.004,
0.02, respectively) [107].

Reinert et al. analyzed the methylation status of six genes of BC patients vs. healthy
individuals with initial SN/SP of 82–89%/94–100% [108]. However, when recurrence is
taken into consideration SN fell to 88–94% and SP to 43–67%. The methylation status of
the VIM promoter was also studied by Costa et al., where a combination with GDF15 and
TMEFF proved significantly effective to detect BC in tissues and urine, AUC 0.975 [109].
Guo et al. used a 6-gene DNA methylation panel in the examination of urine from hematuria
patients, which resulted in SN/SP of 89%/74% [110]. A recent study on BC patients in the
Moroccan population showed VIM hypermethylation occurred in 67.14% of tumor samples,
while hypermethylation in recurrent and progression cases accounted for 83.34% and 80%,
respectively [99]. A study combining miR-663a with VIM proved effective in discriminating
BC patients from inflammatory cases, with SN/SP of 80%/75% for miR-663a and SN/SP of
87%/86% for VIM [111]. Chen et al. developed a 2 CpG marker comprising cg21472506
(of OTX1) and cg11437784 (of SOX1-OT) panel for BC detection and surveillance that
discriminates BC patients with SN/SP of 90%/83.1%, also showing enhanced sensitivity
(64.5%) for LG NMIBC [112].
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Table 3. The most promising epigenetic markers.

Gene Modification Affected
Variable

Statistical
Significance Ref.

PCDH17,
POU4F2, PENK hypermethylation detection 87% SN/97% SP [98]

TWIST1
hTERT hypermethylation recurrence/

progression
found in 66.67%/80%
found in 83.34%/80% [99]

DMRTA2 hypermethylation detection and
recurrence 82.9% SN/92.5% SP [101]

OTX1 + FGFR3,
TERT

hypermethylation
gene mutation

recurrence/
prognosis

SN
57%—LG-NMIBCSN
83%—T1 and higher

[103]

ONECUT2 +
HOXA9,
PCDH17,
POU4F2

hypermethylation detection/
progression 90.5% SN/73.2% SP [105]

ONECUT 2 +
OSR1, SIM2,

OTX1, MEIS1
hypermethylation detection/

progression
82% SN/82% SP/

0.84 AUC [106]

VIM + GDF15,
TMEFF2 hypermethylation detection

tissue SN/SP—100%
urine

SN/SP—94%/100%
[109]

VIM + CDH1,
SALL3, THBS1,

TMEFF2, GDF15
hypermethylation detection 89% SN/74% SP [110]

VIM
miR-663a hypermethylation BC

discrimination
87% SN/86% SP
80% SN/75% SP [111]

cg21472506 and
cg11437784 methylation level

BC
discrimination

surveillance
90% SN/83.1% SP [112]

4. Non-Coding RNA

ncRNA is a small RNA molecule that does not translate into a protein. The main types
of ncRNAs are transfer and ribosomal RNA (tRNA and rRNA), other types include small
RNA molecules such as microRNA (miRNA or miR), long non-coding RNA (lncRNA), and
circular RNA (circRNA). Many others belong to this group, but for the purpose of this
article, only the mentioned three are included.

Identified in 1993, miRNA is a single-stranded ncRNA molecule with a length of
approximately 22 nucleotides [113]. miRNA is a type of 21–23 nt small RNA, which can
complement mRNA and either silence it or degrade it. Most miRNAs are down-regulated
in BC [114]. As presented in the further examples, seen in Table 4., most miRNA gene
expressions have been found to initiate and promote tumor progression. miRNAs may
serve as potential diagnostic and prognostic indicators [115,116]. In quantitative reverse
transcriptase polymerase chain reaction, microarray can be used as prognostic analysis.

Table 4. The most promising miRNA markers.

Micro RNA Role Expression Target Gene Phenotype

miR-143 Tumor suppressor downregulated Ras All grades
miR-129 Proto-oncogene downregulated SOX4 High grade
miR-222 Proto-oncogene upregulated PUMA -
miR-21 Proto-oncogene upregulated VEGF-C All grades

miR-200 Tumor suppressor downregulated EMT invasive
miR-205-5p - downregulated PTEN, VEGF-A All grades

miR-203 Tumor suppressor downregulated Bcl-w All grades
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miR-143 can suppress cell proliferation and migration as well as promote apopto-
sis in BC by inhibiting PI3K/Akt and MAPK signaling and also inhibiting the growth
cells by targeting COX-2 which is located on chromosome 5q32 [117,118]. High miR-143
expression was associated with poor survival, as miR-129 simultaneously repressed the
tumor suppressor SOX4 and GALNT in BC and the tumor suppressor was downregulated
in BC [119]. miR-222 decreased the tumor suppressor PTEN, which was considered to
enhance angiogenesis, tumor cell proliferation, and activation of metastasis in BC. Higher
expression of miR-222 has been demonstrated in BC than in non-cancerous tissues, giving
miR-222 an important role in BC [120]. Higher levels of miR-200 might prevent NMIBC
recurrence through the silencing of various target genes, this was reported when the
downregulation of miR-200 correlated with metastasis regulation in BC [113]. miR-21 is
expressed in essentially all cells, it functions through the regulation of maspin and VEGF-C,
suggesting a miR-21/maspin/VEGF-C pathway in BC [121]. Compared with LG tumors
(non-muscle invasive), HG tumors (muscle invasive) expressed significantly higher miR-21.
miR-21 is also highly correlated with the disruption of tumor-suppressing p53 pathways.
miR-21 represses the tumor suppressors PTEN deleted on chromosome 10, tropomyosin
1, and PDCD4 [122]. The importance of miR-203 was suggested when it simultaneously
suppressed antiapoptotic factors Bcl-w and Survivin. TaG1 lesions expressed the highest
levels of miR-203a-3p and miR-205-5p, also a decrease in expression levels of miR-203a and
miR205-5p correlated with the degree of invasiveness of BC [123].

A novel class of RNA is a single-stranded circRNA that is stable, with a long half-
life, and can be found in urine [116]. Their role is in the regulation of gene expression
via microRNA inhibition. These novel biomarkers have their relative expression levels
correlated with tumor grade and stage [124]. Best studied circRNAs in association with
BC are listed in Table 5. circRNAs play a pivotal role in the tumorigenesis of BC. In 2016,
Zhong et al. published a report on circRNA expression in BC. Using a circRNA microarray
expressed in BC and found 469 circRNA. We provide in the table some examples of
expressed circRNA in BC [125].

Table 5. The most promising circRNA markers.

circRNA miRNA Function Target Gene Expression

ITCH miR-17, miR-224 apoptosis P21, PTEN downregulated
CIRC0068307 MIR147 stemness C-Myc upregulated

NR3C1 miR-27a-3p Inhibit proliferation cyclinD1 downregulated
BCRC-3 miR-182-5p Inhibit invasive P27 downregulated

Circ0058063 miR-145-5p proliferation CDK6 upregulated

The lncRNAs found in urine have been linked to BC, which deserves further investi-
gation to reveal their functional role in tumorigenesis. Most lncRNA roles are as oncogenes
to promote metastasis of BC [118]. The lncRNA 19 is a potential biomarker that is upreg-
ulated in the presence of BC, pointing to a crucial role in BC growth. Its expression is
significantly upregulated in BC tissues compared with adjacent normal control tissues [126].
The lncRNA 19 is the target gene H19 with a sensitivity of 90.5% [127]. Additionally, a
potential biomarker is a lncRNA named urothelial-carcinoma-associated 1 (UCA-1). It
regulates cell cycle distribution via CREB through PI3-K dependent pathway and increases
chemoresistance of BC cells by regulating Wnt signaling [126]. Using a hybridization assay
UCA-1 has a sensitivity of 92.1%. The lncRNA Malat1 has a function to promote cancer cell
proliferation, invasion, and metastasis. Malat1 is an important mediator of TGF-β-induced
EMT with a sensitivity of 95.7% [128].
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5. Conclusions

The current recommendation for BC diagnosis includes patients’ history, family history,
assessment of symptoms (hematuria, irritation, etc.), urine cytology in conjunction with
cystoscopy, and imaging [14]. Even though HG and G3 tumors benefit from high sensitivity
(84%), urinary cytology is unsuitable for the detection of LG or G1 tumors with an SN of
only 16% [129]. Consequently, invasive examination (cystoscopy) is mandatory, in case
of suspicion of BC [14]. Since BC is likely to reoccur, scheduled cystoscopies and other
diagnostic or treatment procedures can be lifelong, which poses a significant socioeconomic
burden for patients and healthcare professionals, placing BC as the most expensive cancer
to treat from diagnosis to death [130]. That is why, the researchers put significant effort to
identify reliable markers in terms of sensitivity, specificity, reproducibility, and, what is very
important simple utilization in everyday practice at an acceptable cost. Thus far, four FDA-
approved markers are used (NMP22, BTA, Urovision, and Immunocyt- in detail in other
review articles), which are collectively the most studied markers to date, however, plagued
by uncertain results and low SN/SP that can be further enhanced only by combining some
of these methods [131,132]. Nevertheless, meta-analysis concludes that these markers
suffer from a high rate of false positive cases by nature of their assay design, and may
yield false-positive results in 12−26% of patients without BC [133]. Furthermore, their
limited SN led up to a missed diagnosis in up to 43% of patients with BC [133]. These data
limit their use in everyday practice and hamper their utility as a single tool for reliable
BC diagnosis.

Recently in cancer research, overexpression of enzymes has been found in various
cancer types [134]. In BC, overexpression of nicotinamide N-methyltransferase (NNMT) in
urine is a novel biomarker studied in association with progression and aggressiveness [135].
A known predictor of poor prognosis, Aurora Kinase A affects NNMT expression [136].
Research on NNMT is currently focused on inhibitors, as therapeutic agents of many
NNMT-related pathways, such as cancer or diabetes [137–139].

Due to the heterogeneity of BC and the requirements of precision medicine, panels
of biomarkers are studied to overcome the aforementioned limitations. Some of them
report impressive SN, SP, and AUC values [140,141]. To our knowledge, this approach
holds the greatest promise but requires further studies, and further validation, especially in
the setting of concurrent infection, or other common conditions in clinical settings which
can yield different results and differentiate cancer patients from patients with different
diagnoses. However, despite the significant effort of researchers, urinary cytology in
combination with cystoscopy remains the gold standard for BC diagnosis. Current trends
for the identification of miRNAs, cfDNAs, and other subcellular structures, single or in
combination (panel) gain interest, and might be the right way to identify novel reliable
biomarkers for BC diagnosis and management which are necessary for patients and health
care professionals.

Author Contributions: Conceptualization, S.H. and S.Z.; methodology, S.H.; validation, L.D., Z.V.N.
and K.B.; formal analysis, S.H.; investigation, S.H. and L.D.; resources, S.Z.; data curation, Z.V.N.
and K.B.; writing—original draft preparation, S.H., Z.V.N. and S.Z.; writing—review and editing, all
authors; visualization, K.B.; supervision, L.D.; project administration, S.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education, Science, Research and Sport of the
Slovak Republic, grant number VEGA 1/0207/16.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2022, 23, 13206 10 of 15

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Kaseb, H.; Aeddula, N.R. Bladder Cancer. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
3. Schrier, B.P.; Hollander, M.P.; van Rhijn, B.W.G.; Kiemeney, L.A.L.M.; Alfred Witjes, J. Prognosis of Muscle-Invasive Bladder

Cancer: Difference between Primary and Progressive Tumours and Implications for Therapy. Eur. Urol. 2004, 45, 292–296.
[CrossRef]

4. Cho, K.S.; Seo, H.K.; Joung, J.Y.; Park, W.S.; Ro, J.Y.; Han, K.S.; Chung, J.; Lee, K.H. Lymphovascular Invasion in Transurethral
Resection Specimens as Predictor of Progression and Metastasis in Patients with Newly Diagnosed T1 Bladder Urothelial Cancer.
J. Urol. 2009, 182, 2625–2631. [CrossRef]

5. Fukumoto, K.; Kikuchi, E.; Mikami, S.; Miyajima, A.; Oya, M. Lymphovascular Invasion Status at Transurethral Resection
of Bladder Tumors May Predict Subsequent Poor Response of T1 Tumors to Bacillus Calmette-Guérin. BMC Urol 2016, 16, 5.
[CrossRef]

6. Chair, R.; Bartoletti, R.; Johansen, T.; Bonkat, G.; Bruyère, F.; Cek, M.; Grabe, M.; Tenke, P.; Wagenlehner, F.; Associates, B.; et al.
European Association of Urology Guidelines—Urological Infections; EAU: Arnhem, The Netherlands, 2016; ISBN 978-94-92671-07-3.

7. Ljungberg, B.; Albiges, L.; Bedke, J.; Bex, A.; Capitanio, U.; Giles, R.; Hora, M.; Klatte, T.; Lam, T.; Marconi, L.; et al. European
Association of Urology Guidelines on Renal Cell Carcinoma 2021; EAU: Arnhem, The Netherlands, 2021; ISBN 978-94-92671-13-4.

8. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Dyba, T.; Randi, G.; Bettio, M.; Gavin, A.; Visser, O.; Bray, F. Cancer Incidence
and Mortality Patterns in Europe: Estimates for 40 Countries and 25 Major Cancers in 2018. Eur. J. Cancer 2018, 103, 356–387.
[CrossRef] [PubMed]

9. American Cancer Society | Cancer Facts & Statistics. Available online: http://cancerstatisticscenter.cancer.org/ (accessed on
12 September 2022).

10. Burger, M.; Catto, J.W.F.; Dalbagni, G.; Grossman, H.B.; Herr, H.; Karakiewicz, P.; Kassouf, W.; Kiemeney, L.A.; La Vecchia, C.;
Shariat, S.; et al. Epidemiology and Risk Factors of Urothelial Bladder Cancer. Eur. Urol. 2013, 63, 234–241. [CrossRef] [PubMed]

11. Bosetti, C.; Bertuccio, P.; Chatenoud, L.; Negri, E.; La Vecchia, C.; Levi, F. Trends in Mortality From Urologic Cancers in Europe,
1970–2008. Eur. Urol. 2011, 60, 1–15. [CrossRef]

12. Chavan, S.; Bray, F.; Lortet-Tieulent, J.; Goodman, M.; Jemal, A. International Variations in Bladder Cancer Incidence and Mortality.
Eur. Urol. 2014, 66, 59–73. [CrossRef]

13. Cambier, S.; Sylvester, R.J.; Collette, L.; Gontero, P.; Brausi, M.A.; van Andel, G.; Kirkels, W.J.; Silva, F.C.D.; Oosterlinck, W.;
Prescott, S.; et al. EORTC Nomograms and Risk Groups for Predicting Recurrence, Progression, and Disease-Specific and Overall
Survival in Non-Muscle-Invasive Stage Ta-T1 Urothelial Bladder Cancer Patients Treated with 1-3 Years of Maintenance Bacillus
Calmette-Guérin. Eur. Urol. 2016, 69, 60–69. [CrossRef]

14. Babjuk, M.; Burger, M.; Compérat, E.M.; Gontero, P.; Mostafid, A.H.; Palou, J.; van Rhijn, B.W.G.; Rouprêt, M.; Shariat, S.F.;
Sylvester, R.; et al. European Association of Urology Guidelines on Non-Muscle-Invasive Bladder Cancer (TaT1 and Carcinoma
In Situ)—2019 Update. Eur. Urol. 2019, 76, 639–657. [CrossRef]

15. Witjes, J.A.; Bruins, H.M.; Cathomas, R.; Compérat, E.M.; Cowan, N.C.; Gakis, G.; Hernández, V.; Linares Espinós, E.; Lorch, A.;
Neuzillet, Y.; et al. European Association of Urology Guidelines on Muscle-Invasive and Metastatic Bladder Cancer: Summary of
the 2020 Guidelines. Eur. Urol. 2021, 79, 82–104. [CrossRef] [PubMed]

16. Cathomas, R.; Lorch, A.; Bruins, H.M.; Compérat, E.M.; Cowan, N.C.; Efstathiou, J.A.; Fietkau, R.; Gakis, G.; Hernández, V.;
Espinós, E.L.; et al. The 2021 Updated European Association of Urology Guidelines on Metastatic Urothelial Carcinoma. Eur.
Urol. 2022, 81, 95–103. [CrossRef] [PubMed]

17. Compérat, E.; Larré, S.; Roupret, M.; Neuzillet, Y.; Pignot, G.; Quintens, H.; Houéde, N.; Roy, C.; Durand, X.; Varinot, J.; et al.
Clinicopathological Characteristics of Urothelial Bladder Cancer in Patients Less than 40 Years Old. Virchows Arch. 2015, 466,
589–594. [CrossRef] [PubMed]

18. Chang, S.S.; Boorjian, S.A.; Chou, R.; Clark, P.E.; Daneshmand, S.; Konety, B.R.; Pruthi, R.; Quale, D.Z.; Ritch, C.R.; Seigne,
J.D.; et al. Diagnosis and Treatment of Non-Muscle Invasive Bladder Cancer: AUA/SUO Guideline. J. Urol. 2016, 196, 1021–1029.
[CrossRef] [PubMed]

19. Sylvester, R.J.; van der Meijden, A.P.M.; Oosterlinck, W.; Witjes, J.A.; Bouffioux, C.; Denis, L.; Newling, D.W.W.; Kurth, K.
Predicting Recurrence and Progression in Individual Patients with Stage Ta T1 Bladder Cancer Using EORTC Risk Tables: A
Combined Analysis of 2596 Patients from Seven EORTC Trials. Eur. Urol. 2006, 49, 466–477, discussion 475–477. [CrossRef]
[PubMed]

20. Stein, J.P.; Lieskovsky, G.; Cote, R.; Groshen, S.; Feng, A.C.; Boyd, S.; Skinner, E.; Bochner, B.; Thangathurai, D.; Mikhail, M.; et al.
Radical Cystectomy in the Treatment of Invasive Bladder Cancer: Long-Term Results in 1054 Patients. J. Clin. Oncol. 2001, 19,
666–675. [CrossRef]

21. Shephard, E.A.; Stapley, S.; Neal, R.D.; Rose, P.; Walter, F.M.; Hamilton, W.T. Clinical Features of Bladder Cancer in Primary Care.
Br. J. Gen. Pract. 2012, 62, e598–e604. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1016/j.eururo.2003.10.006
http://doi.org/10.1016/j.juro.2009.08.083
http://doi.org/10.1186/s12894-016-0122-1
http://doi.org/10.1016/j.ejca.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30100160
http://cancerstatisticscenter.cancer.org/
http://doi.org/10.1016/j.eururo.2012.07.033
http://www.ncbi.nlm.nih.gov/pubmed/22877502
http://doi.org/10.1016/j.eururo.2011.03.047
http://doi.org/10.1016/j.eururo.2013.10.001
http://doi.org/10.1016/j.eururo.2015.06.045
http://doi.org/10.1016/j.eururo.2019.08.016
http://doi.org/10.1016/j.eururo.2020.03.055
http://www.ncbi.nlm.nih.gov/pubmed/32360052
http://doi.org/10.1016/j.eururo.2021.09.026
http://www.ncbi.nlm.nih.gov/pubmed/34742583
http://doi.org/10.1007/s00428-015-1739-2
http://www.ncbi.nlm.nih.gov/pubmed/25697540
http://doi.org/10.1016/j.juro.2016.06.049
http://www.ncbi.nlm.nih.gov/pubmed/27317986
http://doi.org/10.1016/j.eururo.2005.12.031
http://www.ncbi.nlm.nih.gov/pubmed/16442208
http://doi.org/10.1200/JCO.2001.19.3.666
http://doi.org/10.3399/bjgp12X654560


Int. J. Mol. Sci. 2022, 23, 13206 11 of 15

22. Cumberbatch, M.G.K.; Jubber, I.; Black, P.C.; Esperto, F.; Figueroa, J.D.; Kamat, A.M.; Kiemeney, L.; Lotan, Y.; Pang, K.; Silverman,
D.T.; et al. Epidemiology of Bladder Cancer: A Systematic Review and Contemporary Update of Risk Factors in 2018. Eur. Urol.
2018, 74, 784–795. [CrossRef]

23. Farling, K.B. Bladder Cancer: Risk Factors, Diagnosis, and Management. Nurse Pract. 2017, 42, 26–33. [CrossRef]
24. Zelefsky, M.J.; Housman, D.M.; Pei, X.; Alicikus, Z.; Magsanoc, J.M.; Dauer, L.T.; St Germain, J.; Yamada, Y.; Kollmeier, M.; Cox,

B.; et al. Incidence of Secondary Cancer Development after High-Dose Intensity-Modulated Radiotherapy and Image-Guided
Brachytherapy for the Treatment of Localized Prostate Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2012, 83, 953–959. [CrossRef]

25. Kim, W.-J.; Quan, C. Genetic and Epigenetic Aspects of Bladder Cancer. J. Cell Biochem. 2005, 95, 24–33. [CrossRef] [PubMed]
26. Jiang, Q.; Han, T.; Ren, H.; Aziz, A.U.R.; Li, N.; Zhang, H.; Zhang, Z.; Liu, B. Bladder Cancer Hunting: A Microfluidic Paper-Based

Analytical Device. Electrophoresis 2020, 41, 1509–1516. [CrossRef] [PubMed]
27. Karaoglu, I.; van der Heijden, A.G.; Witjes, J.A. The Role of Urine Markers, White Light Cystoscopy and Fluorescence Cystoscopy

in Recurrence, Progression and Follow-up of Non-Muscle Invasive Bladder Cancer. World J. Urol. 2014, 32, 651–659. [CrossRef]
[PubMed]

28. Hilton, S.; Jones, L.P. Recent Advances in Imaging Cancer of the Kidney and Urinary Tract. Surg. Oncol. Clin. N. Am. 2014, 23,
863–910. [CrossRef] [PubMed]

29. Trinh, T.W.; Glazer, D.I.; Sadow, C.A.; Sahni, V.A.; Geller, N.L.; Silverman, S.G. Bladder Cancer Diagnosis with CT Urography:
Test Characteristics and Reasons for False-Positive and False-Negative Results. Abdom. Radiol. 2018, 43, 663–671. [CrossRef]

30. Giannarini, G.; Petralia, G.; Thoeny, H.C. Potential and Limitations of Diffusion-Weighted Magnetic Resonance Imaging in
Kidney, Prostate, and Bladder Cancer Including Pelvic Lymph Node Staging: A Critical Analysis of the Literature. Eur. Urol.
2012, 61, 326–340. [CrossRef]

31. Panebianco, V.; Narumi, Y.; Altun, E.; Bochner, B.H.; Efstathiou, J.A.; Hafeez, S.; Huddart, R.; Kennish, S.; Lerner, S.; Montironi,
R.; et al. Multiparametric Magnetic Resonance Imaging for Bladder Cancer: Development of VI-RADS (Vesical Imaging-Reporting
And Data System). Eur. Urol. 2018, 74, 294–306. [CrossRef]

32. Pecoraro, M.; Takeuchi, M.; Vargas, H.A.; Muglia, V.F.; Cipollari, S.; Catalano, C.; Panebianco, V. Overview of VI-RADS in Bladder
Cancer. AJR Am. J. Roentgenol. 2020, 214, 1259–1268. [CrossRef]

33. Kaufman, D.S.; Shipley, W.U.; Feldman, A.S. Bladder Cancer. Lancet 2009, 374, 239–249. [CrossRef]
34. Tilki, D.; Burger, M.; Dalbagni, G.; Grossman, H.B.; Hakenberg, O.W.; Palou, J.; Reich, O.; Rouprêt, M.; Shariat, S.F.; Zlotta, A.R.

Urine Markers for Detection and Surveillance of Non-Muscle-Invasive Bladder Cancer. Eur. Urol. 2011, 60, 484–492. [CrossRef]
35. Dyrskjøt, L.; Reinert, T.; Algaba, F.; Christensen, E.; Nieboer, D.; Hermann, G.G.; Mogensen, K.; Beukers, W.; Marquez, M.;

Segersten, U.; et al. Prognostic Impact of a 12-Gene Progression Score in Non-Muscle-Invasive Bladder Cancer: A Prospective
Multicentre Validation Study. Eur. Urol. 2017, 72, 461–469. [CrossRef] [PubMed]

36. Georgantzoglou, N.; Pergaris, A.; Masaoutis, C.; Theocharis, S. Extracellular Vesicles as Biomarkers Carriers in Bladder Cancer:
Diagnosis, Surveillance, and Treatment. Int. J. Mol. Sci. 2021, 22, 2744. [CrossRef] [PubMed]

37. Zhou, B.; Xu, K.; Zheng, X.; Chen, T.; Wang, J.; Song, Y.; Shao, Y.; Zheng, S. Application of Exosomes as Liquid Biopsy in Clinical
Diagnosis. Signal Transduct. Target. Ther. 2020, 5, 144. [CrossRef] [PubMed]

38. Yu, D.; Li, Y.; Wang, M.; Gu, J.; Xu, W.; Cai, H.; Fang, X.; Zhang, X. Exosomes as a New Frontier of Cancer Liquid Biopsy. Mol.
Cancer 2022, 21, 56. [CrossRef] [PubMed]

39. Lin, F.; Yin, H.-B.; Li, X.-Y.; Zhu, G.-M.; He, W.-Y.; Gou, X. Bladder Cancer Cell-secreted Exosomal MiR-21 Activates the PI3K/AKT
Pathway in Macrophages to Promote Cancer Progression. Int. J. Oncol. 2020, 56, 151–164. [CrossRef]

40. Liu, Q. The Emerging Roles of Exosomal Long Non-Coding RNAs in Bladder Cancer. J. Cell Mol. Med. 2022, 26, 966–976.
[CrossRef]

41. EL Andaloussi, S.; Mäger, I.; Breakefield, X.O.; Wood, M.J.A. Extracellular Vesicles: Biology and Emerging Therapeutic Opportu-
nities. Nat. Rev. Drug Discov. 2013, 12, 347–357. [CrossRef]

42. Geng, H.; Zhou, Q.; Guo, W.; Lu, L.; Bi, L.; Wang, Y.; Min, J.; Yu, D.; Liang, Z. Exosomes in Bladder Cancer: Novel Biomarkers and
Targets. J. Zhejiang Univ. Sci. B 2021, 22, 341–347. [CrossRef]

43. Sieverink, C.A.; Batista, R.P.M.; Prazeres, H.J.M.; Vinagre, J.; Sampaio, C.; Leão, R.R.; Máximo, V.; Witjes, J.A.; Soares, P. Clinical
Validation of a Urine Test (Uromonitor-V2®) for the Surveillance of Non-Muscle-Invasive Bladder Cancer Patients. Diagnostics
2020, 10, 745. [CrossRef]

44. Batista, R.; Vinagre, N.; Meireles, S.; Vinagre, J.; Prazeres, H.; Leão, R.; Máximo, V.; Soares, P. Biomarkers for Bladder Cancer
Diagnosis and Surveillance: A Comprehensive Review. Diagnostics 2020, 10, 39. [CrossRef]

45. Laukhtina, E.; Shim, S.R.; Mori, K.; D‘Andrea, D.; Soria, F.; Rajwa, P.; Mostafaei, H.; Compérat, E.; Cimadamore, A.; Moschini,
M.; et al. Diagnostic Accuracy of Novel Urinary Biomarker Tests in Non–Muscle-Invasive Bladder Cancer: A Systematic Review
and Network Meta-Analysis. Eur. Urol. Oncol. 2021, 4, 927–942. [CrossRef] [PubMed]

46. Sugeeta, S.S.; Sharma, A.; Ng, K.; Nayak, A.; Vasdev, N. Biomarkers in Bladder Cancer Surveillance. Front. Surg 2021, 8, 735868.
[CrossRef] [PubMed]

47. van Rhijn, B.W.G.; van der Poel, H.G.; van der Kwast, T.H. Urine Markers for Bladder Cancer Surveillance: A Systematic Review.
Eur. Urol. 2005, 47, 736–748. [CrossRef] [PubMed]

48. Wang, Z.; Que, H.; Suo, C.; Han, Z.; Tao, J.; Huang, Z.; Ju, X.; Tan, R.; Gu, M. Evaluation of the NMP22 BladderChek Test for
Detecting Bladder Cancer: A Systematic Review and Meta-Analysis. Oncotarget 2017, 8, 100648–100656. [CrossRef]

http://doi.org/10.1016/j.eururo.2018.09.001
http://doi.org/10.1097/01.NPR.0000512251.61454.5c
http://doi.org/10.1016/j.ijrobp.2011.08.034
http://doi.org/10.1002/jcb.20412
http://www.ncbi.nlm.nih.gov/pubmed/15759278
http://doi.org/10.1002/elps.202000080
http://www.ncbi.nlm.nih.gov/pubmed/32530061
http://doi.org/10.1007/s00345-013-1035-1
http://www.ncbi.nlm.nih.gov/pubmed/24166285
http://doi.org/10.1016/j.soc.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25246053
http://doi.org/10.1007/s00261-017-1249-6
http://doi.org/10.1016/j.eururo.2011.09.019
http://doi.org/10.1016/j.eururo.2018.04.029
http://doi.org/10.2214/AJR.20.22763
http://doi.org/10.1016/S0140-6736(09)60491-8
http://doi.org/10.1016/j.eururo.2011.05.053
http://doi.org/10.1016/j.eururo.2017.05.040
http://www.ncbi.nlm.nih.gov/pubmed/28583312
http://doi.org/10.3390/ijms22052744
http://www.ncbi.nlm.nih.gov/pubmed/33803085
http://doi.org/10.1038/s41392-020-00258-9
http://www.ncbi.nlm.nih.gov/pubmed/32747657
http://doi.org/10.1186/s12943-022-01509-9
http://www.ncbi.nlm.nih.gov/pubmed/35180868
http://doi.org/10.3892/ijo.2019.4933
http://doi.org/10.1111/jcmm.17152
http://doi.org/10.1038/nrd3978
http://doi.org/10.1631/jzus.B2000711
http://doi.org/10.3390/diagnostics10100745
http://doi.org/10.3390/diagnostics10010039
http://doi.org/10.1016/j.euo.2021.10.003
http://www.ncbi.nlm.nih.gov/pubmed/34753702
http://doi.org/10.3389/fsurg.2021.735868
http://www.ncbi.nlm.nih.gov/pubmed/34651010
http://doi.org/10.1016/j.eururo.2005.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15925067
http://doi.org/10.18632/oncotarget.22065


Int. J. Mol. Sci. 2022, 23, 13206 12 of 15

49. Zhang, Z.; Fan, W.; Deng, Q.; Tang, S.; Wang, P.; Xu, P.; Wang, J.; Yu, M. The Prognostic and Diagnostic Value of Circulating
Tumor Cells in Bladder Cancer and Upper Tract Urothelial Carcinoma: A Meta-Analysis of 30 Published Studies. Oncotarget 2017,
8, 59527–59538. [CrossRef]

50. Hajdinjak, T. UroVysion FISH Test for Detecting Urothelial Cancers: Meta-Analysis of Diagnostic Accuracy and Comparison with
Urinary Cytology Testing. Urol. Oncol. 2008, 26, 646–651. [CrossRef]

51. He, H.; Han, C.; Hao, L.; Zang, G. ImmunoCyt Test Compared to Cytology in the Diagnosis of Bladder Cancer: A Meta-Analysis.
Oncol. Lett. 2016, 12, 83–88. [CrossRef]

52. Batista, R.; Vinagre, J.; Prazeres, H.; Sampaio, C.; Peralta, P.; Conceição, P.; Sismeiro, A.; Leão, R.; Gomes, A.; Furriel, F.; et al.
Validation of a Novel, Sensitive, and Specific Urine-Based Test for Recurrence Surveillance of Patients With Non-Muscle-Invasive
Bladder Cancer in a Comprehensive Multicenter Study. Front. Genet. 2019, 10, 1237. [CrossRef]

53. Yeo, J.C.; Lim, C.T. Potential of Circulating Biomarkers in Liquid Biopsy Diagnostics. Biotechniques 2018, 65, 187–189. [CrossRef]
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