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Simple Summary: Bladder cancer (BC) is one of the most frequent cancers in the world and the
urological tumor that presents the highest mortality. The diagnostic and prognostic methods available
at present for BC are expensive and highly invasive for the patient, so the pursue of biomarkers
that may replace those methods has been ongoing for years with limited success. One of these
potential biomarkers is cell-free DNA, which can be found in liquid biopsies such as urine and blood.
The present review summarizes the most recent research findings in the study of cell-free DNA to
diagnose BC and even monitor treatment.

Abstract: Bladder cancer (BC) is among the most frequent cancer types in the world and is the most
lethal urological malignancy. Presently, diagnostic and follow-up methods for BC are expensive
and invasive. Thus, the identification of novel predictive biomarkers for diagnosis, progression,
and prognosis of BC is of paramount importance. To date, several studies have evidenced that
cell-free DNA (cfDNA) found in liquid biopsies such as blood and urine may play a role in the
particular scenario of urologic tumors, and its analysis may improve BC diagnosis report about
cancer progression or even evaluate the effectiveness of a specific treatment or anticipate whether a
treatment would be useful for a specific patient depending on the tumor characteristics. In the present
review, we have summarized the up-to-date studies evaluating the value of ¢fDNA as potential
diagnostic, prognostic, or monitoring biomarker for BC in several biofluids.

Keywords: bladder cancer; blood; cell-free DNA; early diagnosis; liquid biopsy; noninvasive; predic-
tive markers; prognosis; tumor biomarkers; urine

1. Introduction

Bladder cancer (BC) is the 12th most frequent cancer worldwide, ranking 14th regard-
ing mortality from cancer per year [1]. In 2018, the incidence of BC was 549,393 new cases
per year and provoked 199,922 deaths. BC is responsible for 3% of all malignant tumors in
adults and is the most lethal urological malignancy [1,2]. The contribution of BC to trends
in medical expenses is significant as, by the end of the decade, it is expected to account for
>3% of all cancer-related medical costs. In fact, BC is the most expensive cancer to treat,
with the cost of muscle-invasive BC (MIBC) approaching $150,000 per capita [3,4].

From an anatomopathological point of view, the classification of BC is made with two
parameters: grading and staging. There is a clear correlation between the grade and stage
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and the prognosis and outcome of BC patients (Figure 1). Grading indicates the degree of
cellular differentiation of the tumor. It is a measurement of aggressiveness. The grade of
a cancer is usually described using a number system ranging from G1 to G3 (being high-
grade cancers more likely to spread and more poorly differentiated, thus very different
from normal bladder cells) [5].

Stages

NMIBC
Tis: non-invasive

Ta: non-invasive

T1: tumor invades inner lining and
connective tissue

MIBC

T2: tumor invades muscle

T3: tumor invades perivesical fat
and lymph nodes

T4: tumor spreads to lymph nodes
and other organs

Grades
G1: well dlfferent{ated ) higher spreading probability
G2: moderately differentiated worse prognosis
G3: poorly differentiated

Figure 1. Overview of staging and grading of bladder cancer tumor. The figure was created with
BioRender.com. NMIBC: non-muscle-invasive bladder cancer; MIBC: muscle-invasive bladder cancer.

Staging indicates how far a cancer has spread, with the lower-stage cancers being
smaller and with better prognosis regarding treatment outcomes. The most widely used
staging system for BC is known as the TNM system (tumor, lymph nodes, and metastasis).
There are two subdivisions: non-muscle-invasive BC (NMIBC) that can be staged as Tis
(flat tumor or carcinoma in situ, with cancer cells only in the inner layer of the bladder
lining or urothelium), Ta (papillary cancer, only in the inner layer of the bladder lining),
or T1 (when the tumor has started growing into the layer of connective tissue, beneath the
bladder lining), or MIBC, ranging from T2 to T4 (the bigger the number, the bigger the
level of infiltration). N stands for the degree of invasion into nearby lymph nodes, and
ranges from NO to N3. M stands for metastasis, being M0 tumors who have not invaded
other body organs and M1 those who have [5,6].

Among BC patients, 70% present NMIBC, formerly known as superficial BC (this term
should no longer be used as it is incorrect), and the remainder present MIBC, known
as invasive BC. In NMIBC patients, 70% present Ta lesions, 20% T1 lesions, and 10%
Tis [7]. These tumors can be treated by endoscopic transurethral resection of the bladder
(TURB), eventually in combination with intravesical instillations. MIBC is a heterogeneous,
aggressive disease, associated with a 5-year survival rate of 60% for patients with localized
disease and <10% for patients with distant metastases, and is characterized by genomic
instability and a high mutation rate [8].

Most BCs are diagnosed after patients experience macroscopic hematuria. Currently,
cytology and cystoscopy are the gold standards for BC detection. Cytology, consisting
in checking urine under a microscope for abnormal cells, is a noninvasive test that can
identify tumor cells shed in urine but presents low sensitivity, especially in low-grade
tumors. Cystoscopy consists in the insertion of a cystoscope, a thin tube-like instrument
with a light and a lens for viewing, through the urethra, to observe the inner wall of the
bladder on a computer monitor. It allows checking for abnormal areas and even to perform
transurethral resection of bladder tumor, which can be used to confirm BC diagnosis by
deep visualization of the bladder and muscle (if possible) and also serves as the first stage
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of treatment. However, cystoscopy is a highly invasive examination that can also cause
pain and other complications [6,9-11].

When those techniques give rise to suspicion of invasive BC or the patient is at high
risk of developing invasive BC, other techniques are used for staging, such as comput-
erized tomography, magnetic resonance imaging or even positron emission tomography
scan [9,10]. The lymph nodes are a common site of metastatic spread in patients with BC;
thus, these techniques are employed for preoperative nodal staging by detecting malignant
lymph nodes based on size. However, normal-sized or minimally enlarged lymph nodes
represent a considerable proportion of malignant lymph nodes in BC patients, which leads
to under staging patients with small nodal metastases. Consequently, the sensitivity of
computerized tomography or magnetic resonance imaging for detecting malignant lymph
nodes in BC is relatively low (31-45%) [12].

Although urine cytology is the easiest noninvasive test that shows a high specificity,
it shows a low sensitivity especially for low-grade BC tumors and a low degree of re-
producibility [13]. To overcome these drawbacks, a large number of Food and Drug
Administration (FDA)-approved urinary tests have been proposed such as Bladder Tumor
Antigen (BTA) stat and BTA TRAK (Polymedco Inc., Cortlandt, NY, USA), NMP22 kit and
NMP22 BladderChek (Alere, Waltham, MA, USA), ImmunoCyt/uCyt+ assay (Scimedx Inc.,
Denville, NJ, USA), and UroVysion (Vysis, Abott Molecular Inc., Chicago, IL, USA) [14].
However, none have been implemented in daily clinical practice to replace cystoscopy as
they fail to diagnose 18-43% of BCs and yield a 12-26% false positive rate [14]. Accordingly,
novel noninvasive markers able to ascertain the absence of tumor would be of utmost
importance for clinicians because the first objective is to avoid unnecessary cystoscopies.

Liquid biopsy refers to the analysis tool that provides the opportunity to detect,
analyze and monitor cancer and other diseases by using biomarkers, which allows a lower
invasiveness than using tissue biopsies. The most commonly analyzed biofluids are plasma,
serum, urine, saliva, breast milk, or cerebrospinal fluid, in which it is possible to evaluate
markers to monitor tumor heterogeneity [15]. Liquid biopsies provide many advantages
over the usage of conventional tissue biopsies: obtaining tissue biopsies requires surgical
intervention and its accessibility could be an issue depending on tumor location and its
heterogeneity, as intra-tumor heterogeneity may lead to unreliable results. Furthermore,
monitoring tumor progression and patient evolution with tumor biopsies is unfeasible,
so minimally invasive procedures are in strong need. Accordingly, liquid biopsy represents
an ideal procedure for such applications, since it may solve all the aforementioned problems:
it is easy to obtain, minimally invasive or even noninvasive, applicable to serial monitoring,
allows the evaluation of tumor progression and it is representative of the whole tumor
tissue, thus circumventing the drawback of tumor heterogeneity [16,17].

Over the last years, research has been focused on the identification of noninvasive
biomarkers from liquid biopsies. Circulating tumor cells (CTCs), circulating cell-free nucleic
acids (DNA, messenger RNA (mRNA), non-coding RNAs such as microRNAs or long
non-coding RNAs), tumor-educated platelets (TEPs), or extracellular vesicles (EVs) [16,18]
are novel potential biomarkers identified (Figure 2). The term circulating cell-free DNA
(cfDNA) refers to fragmented DNA found in the non-cellular components of liquid biopsies,
with blood and urine being the most studied biofluids [19]. This fragmented DNA is
released after apoptosis and necrosis of both healthy and tumor cells, and it is usually
found as double-stranded fragments [19-22]. Those cfDNA molecules were discovered in
1948 but considered clinically irrelevant until higher levels of cf DNA were evidenced in
cancer patients compared to healthy individuals, as a fraction of that cfDNA is released
by cancer cells, the so-called circulating tumor DNA (ctDNA). This ctDNA has a unique
genetic and epigenetic pattern that mirrors that of the tumor source [21-24], and the load
of this DNA seems to correlate with tumor staging and prognosis [25]. In such conditions
of tissue stress, the amount of cfDNA found in biofluids increases, both as small fragments
and large fragments [26-29]. These are thought to be mainly originated from cell apoptosis
and necrosis, respectively, and partially by other mechanisms such as autophagy or mitotic



Cancers 2021, 13, 1448

40f 15

catastrophe, although additional studies are needed to ascertain their role [26,27,29-31].
In addition, another type of DNA may also be valuable when assessing a disorder with
liquid biopsy. Urinary cfDNA originates either from shedding genitourinary tract cells
into urine or from cfDNA in circulation passing through glomerular filtration. The latter is
also known as transrenal DNA (trDNA) [32] and is originated from cells dying throughout
the body. DNA is released by apoptotic and necrotic cells into plasma. A portion of
these fragments cross the kidney barrier and appear in urine in the form of 150-200 bp
fragments [33,34]. Thus, trDNA has been previously proposed as a source of biomarkers
for diagnosis and disease progression monitoring in cancer [28,35].

Cerebrospinal
fluid

¢ CTCs
* cfDNA
* mRNA

* Non-coding RNAs

Breast * EVs
Ll * TEPs
* Others
Liquid biopsies Main liquid biopsies in BC Type of biomarkers found

Figure 2. Assortment of liquid biopsies and biomarkers found in them. Liquid biopsies comprise
serum, plasma, urine, breast milk, saliva, and cerebrospinal fluid, among others. In BC, the most
used liquid biopsies are serum, plasma, and urine. The biomarkers comprised in these liquid biopsies
are circulating tumor cells (CTCs), cell-free DNA (cfDNA), messenger RNA (mRNA), several types
of non-coding RNAs, extracellular vesicles (EVs), and tumor-educated platelets (TEPs), among
others [16,18]. The figure was created using Krita.

Accordingly, the analysis of cfDNA, or even that of ctDNA and trDNA, in liquid
biopsies reveals as a promising marker for diagnosis, staging, prognosis, monitoring
progression, and response to treatment and even for identifying acquired drug resistance
in cancer patients. Thus, herein we focused on the role of cfDNA as potential biomarker
for BC.

The importance of the role of cfDNA as biomarker in cancer, and specifically in BC, is
reflected in the rising number of annual publications on this issue in the PubMed database
(Figure 3), and that is the reason why we decided to provide an up-to-date view on the
clinical scope of cfDNA analysis in BC.
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Figure 3. Increasing number of annual publications on the role of cfDNA in cancer and in BC in the
PubMed database.

2. Materials and Methods

A systematic search was carried out using the database PubMed between the 5th and
the 27th of November 2020. The search was performed using the terms “cfDNA bladder
cancer” (75 results) and “cell-free DNA bladder cancer” (343 results). When the search was
performed using the equivalent Medical Subject Headings (MeSH) terms (“Urinary Bladder
Neoplasms”[Mesh]) AND “Cell-Free Nucleic Acids”[Mesh], only 40 results were retrieved.
Of these, 17 articles referred to other types of nucleic acids (e.g., RNA, miRNAs, and
IncRNAs) and were invalid for our review. This limited number of articles retrieved may be
caused because not all articles included in PubMed have been indexed with MeSH terms.
Accordingly, we decided to further analyze the comprehensive set of articles rendered
by the search “cfDNA bladder cancer” and “cell-free DNA bladder cancer”. Given that
the search rendered a vast increase on articles in the last 5 years, we limited the search
to this time frame. Thus, a total of 131 eligible articles were found. From these, only
the articles studying c¢fDNA derived from liquid biopsies in BC were further analyzed.
Accordingly, articles studying other biomolecules from liquid biopsies such as miRNA,
extracellular vesicles or DNA contained in those, long non-coding RNAs or CTCs or
articles regarding other cancer types, such as renal or lung cancer, were excluded. Figure 4
shows the flowchart with the selection of the articles reviewed. Forty-two articles were
discarded for not being original work: 36 reviews, four editorials, one commentary, and one
meta-analysis from databases. Another article was discarded for being in Chinese. Other
32 articles were discarded for being unrelated to the reviewed topic. Fourteen additional
articles were discarded for studying biomarker other than ¢fDNA. Five articles were also
discarded for studying cancer types other than bladder. After deep analyzing the remaining
37 studies, three additional articles were inadequate for the purpose of this review for
studying a disease different than cancer, for studying genomic DNA instead of cfDNA
and for analyzing genomic information from a public database, and thus were discarded.
Consequently, the description of the remaining 34 articles is thereafter discussed.
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131 articles identified in
the PubMed database 42 articles discarded for not
being bibliographical work
(36 reviews, 4 editorials, 1
commentand 1 meta-analysis

89 total articles from databases)

1 article discarded for not being
in English

88 total articles

32 articles discarded for being
unrelated to the reviewed topic

56 total articles

14 articles discarded for
studyingbiomarkers other than
cfDNA

42 total articles

5 articles discarded for studying
cancertypes other than bladder

37 total articles

3 articles discarded for being
inadequate for the review

34 articles completely
analysed

Figure 4. Flowchart showing the selection of articles for the systematic review.

Additionally, Table S1 details information about the number of patients enrolled in
each study, the type of liquid biopsy employed for the purpose of each study, the volume
of starting material, the cfDNA isolation method used, the detection method, the genes
studied, and also the clinically relevant findings obtained in each study reviewed.

3. Results and Discussion
3.1. Technical Aspects in the Study of cfDNA from Liquid Biopsies
3.1.1. cfDNA Collection

Several studies have focused on developing special tubes that may keep cfDNA
intact in samples and uncontaminated from cellular DNA that may be released during
centrifugation. For example, to collect whole blood, even though EDTA tubes are the most
commonly used, cell-free DNA blood collection (Streck, La Vista, NE, USA) tubes seem
to be a better option, as they contain a proprietary formaldehyde-free preservative that
stabilizes white blood cells, preventing the release of genomic DNA and allowing isolation
of high quality cfDNA [36]. In case of urine collection, standardized urine collection tubes
were developed to prevent urine cfDNA degradation and to maintain urine cells in their
original form during sample collection, ensuring stabilization of the original proportion and
integrity of urine ¢fDNA, and also minimizing the background noise that may be caused
by urinary cellular DNA releasing [37]. Sample centrifugation is also a matter of discussion
among studies, being a critical step to avoid cellular genomic DNA contamination. Thus,
it is of paramount importance to standardize such pre-analytical conditions as they can
highly affect the results of the experiments [24,38,39].

These observations reveal that additional efforts are needed to stablish the best pre-
analytical conditions for cfDNA studies in BC to avoid discrepancies among different
laboratories and, thus, achieve a precise clinical assessment.
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3.1.2. ¢fDNA Isolation

Presently, no standardized method exists to isolate cfDNA from liquid biopsies.
Table S1 summarizes the different methods for cfDNA isolation used when studying
cfDNA in BC. Some companies have developed kits that enable the isolation of cfDNA
from blood or urine. Although the most used is the QlAamp Circulating Nucleic Acid Kit
(QIAGEN, Hilden, Germany), no consensus exists on the most optimal for it (see Table S1
for more kits used for cfDNA isolation). Furthermore, other techniques like the ion-tagged
oligonucleotides-magnetic ionic liquid (ITO-MIL) technique, which selectively and rapidly
pre-concentrates cfDNA from diluted plasma [40], are under development to isolate cfDNA
from liquid biopsies.

Future studies are needed to ascertain the best isolation method for cfDNA from urine
to obtain reproducible inter-laboratory results.

3.2. Analysis of fDNA as Diagnostic and Prognostic Biomarker for BC

A first matter of debate is the origin of the best source of urine DNA for BC diagnosis.
cfDNA can be studied after cell debris elimination by centrifugation or DNA from this
cellular fraction can also be evaluated. Somatic mutations are reliably detected in both
urinary cell pellet DNA and cfDNA, and it seems to be comparable to those found in
tumor tissue [41]. Additionally, Togneri et al. [42] observed that cfDNA seemed to have
higher analytical sensitivity for detection of clinically actionable genomic aberrations than
cellular DNA. However, in the particular analysis, two abundant point mutations in the
TERT promoter (228C>T/250C>T) seemed to be more abundant in cellular DNA than in
cfDNA [43]. Thus, the advantage of cfDNA analysis for common BC mutations remains
a matter of debate. Hentschel et al. [44] focused on evaluating methylation markers in
different urine fractions (cfDNA, pellet and full void urine) compared to paired tumor
specimens. For most markers studied they evidenced a correlation in all urine fractions,
observing the highest correlation in methylation markers in urine pellet and tissue.

The approach employed for cfDNA study in BC diagnosis, follow-up, prognosis,
and even to aid treatment decision making is also diverse.

3.2.1. Analysis of Genomic Alterations

In BC, there are commonly altered oncogenes and tumor-suppressor genes, being fi-
broblast growth factor receptor 3 (FGFR3), phosphatidylinositol-4,5-bisphosphate 3-kinase,
catalytic subunit alpha (PIK3CA), Erb-B2 receptor tyrosine kinase 2 (ERBB2), and epidermal
growth factor receptor (EGFR) among the most studied [45]. Most studies have focused on
the detection of mutations, copy number variation (CNVs), and insertions and deletions
(INDELs) commonly found in solid tumor samples of BC patients, nicely reviewed by Sanli
et al. [6] and detailed henceforth.

Russo et al. [46] compared the presence of the TERT 228 G>A /T mutation in cfDNA
of urine and tumor specimens by droplet digital PCR (ddPCR). In those BC patients
with the mutation present in tissue samples, the identification in urine ¢fDNA achieved
a sensitivity of 92%. Hayashi et al. [47] analyzed TERT promoter and FGFR3 hotspot
mutations in urinary ¢fDNA (TERT 228C>T, TERT 250C>T, and FGFR3 2495>C) by ddPCR.
In combination with cytology, these mutations achieved a sensitivity of 78.6% and a
specificity of 96.0% in diagnosis and staging of upper tract urothelial carcinoma [47].
In another study, these authors [48] evidenced that the diagnostic sensitivity of this strategy
outperformed that of the combination of cytology and UroVysion, an FDA-approved assay
to aid in BC diagnosis.

Similarly, Christensen et al. [49] screened cfDNA for FGFR3 and PIK3CA hotspot
mutations and concluded that an increased presence of FGFR3 and PIK3CA mutations in
urine and plasma cfDNA are indicative of later progression and metastasis in BC.

Kim et al. [50] selected four candidate genes for BC detection from a tissue microarray:
CDC20, IQGAP3, TOP2A, and UBE2C. Levels of IQGAP3 in urine cfDNA seemed to best
identify BC patients from healthy controls and patients with hematuria. Additionally,



Cancers 2021, 13, 1448

8 of 15

these authors found that the expression of TOP2A in urine cfDNA from BC patients was
significantly higher than in healthy controls and patients with hematuria, and it was also
higher in MIBC than in NMIBC patients [51].

Lee et al. [52] deep-sequenced nine genes frequently mutated in BC (ARID1A, PIK3CA,
FGFR3, HRAS, KMT2D, RB1, TP53, KDM6A, and STAG2) to identify mutations, and
performed shallow whole genome sequencing (sSWGS) to detect CNVs. They evidenced
that the genetic alterations identified were comparable between urinary DNA (both cfDNA
and derived from exosomes) and tumor samples.

Following the idea that detection of mutations, copy number alterations (CNAs), and
even novel fusion genes in BC may offer a great alternative for precision cancer treatment,
Vandekerkhove et al. [53] tried to find genetic alterations in ¢fDNA by using a combination
of whole exome sequencing and targeted sequencing. They analyzed a cohort of patients
with aggressive BC and saw that the distribution of all alterations found was consistent
with previous studies in localized MIBC. Furthermore, a novel FGFR3 gene fusion was
identified in consecutive samples from one patient.

In recent years, efforts have been made to develop specific gene panels to help diagnose
BC out of c¢fDNA. Whole genome or exome sequencing seem to be the best options,
since most existing alterations can be identified. However, it is also very expensive and
sometimes the small amount of cfDNA isolated from liquid biopsies hamper this approach.
Thus, specific gene panels are being developed to diagnose BC, evaluate the prognosis, the
efficacy of a specific treatment, etc. Several gene panels are based on previously reported
genomic alterations in the literature or in databases like the Catalogue of Somatic Mutations
in Cancer (COSMIC) database, a global resource for information on somatic mutations
in human cancer [54]. For instance, Christensen et al. [55] designed a 51-gene panel for
deep targeted sequencing of plasma cfDNA by identifying frequently mutated genes in
BC, validated by ddPCR.

Using the FDA-approved Guardant 360® panel designed to sequence 73 genes in all
solid cancers, Agarwal et al. [56] evidenced that the genomic profile of metastatic urothelial
carcinoma was similar in cfDNA and tissue specimens. Additionally, they observed that
the frequency of genomic alterations was similar in lower tract and upper tract metastatic
urothelial carcinoma. Grivas et al. [57] evidenced that the genomic alterations in blood of
advanced urothelial carcinoma patients were similar to those found in tissue, and also that
alterations in BRCA1 and RAF1 have negative prognostic value, which may open the novel
therapeutic approaches by targeting these alterations.

Ward et al. [41], by using a combination of publicly available data and in-house exome
sequencing, designed a 23-gene panel which contains the most frequent somatic mutations.
Those mutations were reliably detected in both urinary ¢fDNA and cellular DNA, and
comparable to those present in tumor tissue.

Ou et al. [58] studied the mutational status of cfDNA from both urine and plasma
using a 48-gene panel to help diagnose BC. They concluded that gene mutations in urine
(both cfDNA and cellular DNA) had better concordance with cancer tissue than plasma
cfDNA. As a consequence, they designed two gene panels, one for cfDNA with five genes
and the other one for cellular DNA with seven genes, for BC diagnosis.

All the aforementioned studies evidence that the analysis of genomic alterations
in cfDNA for BC diagnosis and prognosis might represent a clinical valuable tool once
standardized that may reduce or even avoid the use of detrimental diagnostic techniques
for the patients.

3.2.2. Analysis of Gene Expression

An additional strategy explored to diagnose BC is the quantification of specific gene
ratios in cfDNA. Brisuda et al. [59] analyzed the expression level of GAPDH in urine
c¢fDNA and found a significant increase in BC patients compared to controls. Further-
more, Xu et al. [60] enhanced this approach by evaluating the ratio of expression of
one up-regulated gene and seven downregulated genes. After validating their results
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in an independent cohort of patients, they concluded that the ratios IQGAP3/BMP4 and
IQGAP3/FAM107A were both significantly increased in urine cfDNA from BC patients
compare to patients with hematuria. Next, they evidenced that the ratio IQGAP3/BMP4
in urine cfDNA from NMIBC patients was associated with worse recurrence-free and
progression-free survival [61].

As previously mentioned, ctDNA is a very small part of all fDNA available, which
may complicate ctDNA detection. In addition, cfDNA levels increase over time and in
several clinical situations. Accordingly, Henriksen et al. [62] demonstrated that after any
kind of trauma, cfDNA concentration increases in urine, but not ctDNA. This trauma-
induced DNA can risk some postsurgical treatment decisions, so they monitored this
trauma-induced changes in cfDNA concentration for up to 6 weeks after cancer surgery
and measured both short (peak size: ~166 bp, probably non-ctDNA released from apoptosis)
and long (smear size: > 1 kb, probably ctDNA released from necrosis). The levels of the
short cfDNA fragment studied highly increased in week 1 and gradually decreased in
weeks 2-4 before reaching preoperative level in week 5. In contrast, the levels of the
long fragment studied hardly changed, being briefly higher in week 2 but similar to
preoperative levels in all other weeks. They also performed this study in colorectal cancer
and the levels of the short fragment were not as high as in BC. This would indicate that
invasive procedures such as cystectomy may imply a severe trauma and thus may influence
cfDNA levels [62].

Additionally, Vandekerkhove et al. [53] observed an increase in ¢fDNA yields but not
in ctDNA levels in BC patients receiving chemotherapy, which highlights the importance
of timing in the collection of liquid biopsies.

Cheng et al. [63] evidenced that MIBC patients had a higher proportion of long urine
cfDNA fragments, as well as longer ¢fDNA fragments originating from ctDNA.

Finally, Casadio et al. [64,65] evaluated the integrity of urine ¢fDNA for early BC
diagnosis. To that aim, they quantified long cfDNA fragments (>250 bp) of four oncogene
regions known to increase its copy number in solid tumors in BC patients and healthy
controls. The cfDNA integrity was reported to have high sensitivity (73%) and specificity
(84%) in detecting BC in symptomatic patients.

In contrast to the study of genomic alterations, the analysis of gene expression in
cfDNA for BC assessment still remains controversial. Disagreements arise among studies
regarding the usefulness of assessing cfDNA or ctDNA, thus further studies are needed to
clarify their applicability.

3.2.3. Analysis of cfDNA Using Novel Technologies

In view of the fact that the amount of cfDNA found in liquid biopsies may be in-
sufficient for multiplex genetic analyses, some efforts have been made in order to find a
reliable method for the analysis of cfDNA. Soave et al. [66] evaluated whether multiplex
ligation-dependent probe amplification (MLPA) was a good method to characterize CNVs
in plasma and serum cfDNA. They tested different commercial kits for cfDNA isolation
and checked whether MLPA worked in all of them. They concluded that MLPA was only
suitable for cfDNA isolated from serum using the PME free-circulating DNA Extraction kit
(PME kit, Analytik Jena, Jena, Germany).

Cheng et al. [63] studied methylation and CNAs after performing sWGS bisulfite
sequencing and they were able to detect BC with a sensitivity of 93.5% (84.2% for low-grade
NMIBC) and a specificity of 95.8%, and reflected stage and tumor size.

Ge et al. [67] developed a CNAs profile detector called UCdetector based on the results
obtained with sSWGS of urine ¢fDNA in different cancers, not only BC, but also kidney and
prostate cancer. They also concluded that cfDNA analysis is more sensitive than that of
urine cellular DNA.

Zhao et al. [68] developed a novel cell-free single-molecule unique primer extension
resequencing (cf-SUPER) technology which detects cfDNA point mutations in urine sam-
ples to diagnose and stage BC. They selected 22 genes from the literature and the COSMIC
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database strongly associated with BC and designed the analysis of 740 hotspot mutations.
They found that the cf-SUPER method can accurately detect mutations with allele frequen-
cies as low as 0.01% and using as low as 1 ng DNA. The mutations were detected in urine
cfDNA and tissue with a consistency of 82.76%, and the diagnostic consistency was 89.66%.
Next, they evaluated the technology in a larger cohort of BC patients from the COSMIC
database, and those mutations could be identified in more than 80% patients.

As mentioned, BC patients have a higher amount of cfDNA in blood and urine than
healthy individuals. Detecting this increase over time by a simple method could represent a
valuable diagnostic tool for BC. Accordingly, do Nascimento Alves et al. [69] compared the
concentration of cfDNA isolated from blood and urine sediment that was collected during
the course of BC treatment by Z-scan, a technique that can measure the nonlinear optical
properties of liquid biopsies with more sensitivity than other optical techniques such as
spectroscopy and fluorescence. Unlike spectrophotometry, Z-scan identified differences
in ¢fDNA concentrations from blood and urine of BC patients and controls, as well as
differences over time.

While more conventional techniques such as the analysis of genomic alterations or
gene expression from urine cfDNA seem to gain importance in BC assessment, novel
technologies are under development to overcome potential drawbacks of these techniques.
Nonetheless, their applicability will depend on external validation studies and on the use
of widely available equipment.

3.3. Analysis of fDNA as Monitoring Biomarker for BC Treatment

ctDNA sequencing may also be used to monitor BC patients and seems to be a good
option to detect treatment efficacy. Birkenkamp-Demtroder et al. [70] used three different
methods to identify genomic variants in plasma, urine, and matching tumor tissue: WGS,
whole exome sequencing, and mate-pair sequencing, and monitored the somatic variants
by ddPCR. The analysis of genomic variants in ctDNA from the liquid biopsies was then
used to create personalized assays for the patients to monitor their clinical outcomes.
Even though they used a small cohort of patients, their study suggested that ctDNA can be
detected in plasma and urine, even in patients with NMIBC, with high levels of ctDNA
being detectable in patients with progressive disease, compared with low levels in samples
from patients with recurrent disease especially in urine samples, which may indicate that
ctDNA reflects how invasive the tumor may be rather than just its presence in the bladder
and thus, ctDNA can be a useful tool for disease surveillance [70]. Two years later, the same
group demonstrated early detection of metastatic relapse as well as indications of treatment
response using plasma ctDNA analysis. When comparing ctDNA levels in patients before,
during, and after treatment, a decrease was observed. They also observed that detection of
ctDNA after cystectomy was associated with metastatic disease [71]. Following this study,
Christensen et al. [72] concluded that ctDNA analysis can identify patients with metastatic
relapse after cystectomy with a 100% sensitivity and 98% specificity, and its dynamics
during chemotherapy was associated with disease recurrence. Furthermore, pathologic
downstaging was associated with the presence of some mutations.

Cisplatin-based chemotherapy has been used for decades as therapy for metastatic
urothelial carcinoma patients. Nonetheless, alternative therapies are under development
for those who may not benefit from chemotherapy. Some studies have analyzed the role or
checkpoint inhibitors, which block PD-1 or its ligand PD-L1, although some patients cannot
benefit from these therapies due to immune exclusion. Most of these patient’s tumors
have mutations in FGFR3, so drug development for this target may be of great help [73].
Accordingly, Raja et al. [74] used Guardant 360® to test whether alterations in cfDNA may
predict survival in BC patients treated with an anti-PD-L1 (Durvalumab). This emerging
immunotherapy blocks this ligand “s response, thus preventing unregulated destructive
inflammation [6]. They discovered that ctDNA variant allele frequencies reduction in time
was related to a reduction in tumor volume, longer progression-free and overall survival,
and may be a predictor of long-term benefit from immunotherapy in BC [74].
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As previously mentioned, FGFR3 is a good target for drug development. Infigratinib
(BGJ398) is a potent and selective FGFR1-3 inhibitor with significant activity in patients with
advanced or metastatic urothelial carcinoma bearing FGFR3 alterations. This treatment is
currently in phase 2 of clinical trials. Bearing in mind that FGFR3 is more frequently altered
in upper tract urothelial carcinoma compared to urothelial carcinoma of the bladder [75],
Pal et al. [73,76] evaluated the pattern of response to therapy of patients with these tumor
types. As expected, they evidenced a greater proportion of genomic alterations in patients
with upper tract urothelial carcinoma, including higher frequencies of FGFR3-TACC3
fusions and FGFR3 248R>C mutations and a lower frequency of FGFR3 2495>C mutations,
and also a greater response to treatment in these patients. This fact supported the start of a
phase 3 trial for Infigratinib [73,76].

In summary, although additional studies are needed to validate the abovementioned
approaches, the assessment of urine ctDNA in BC patients to monitor BC treatment may
become a suitable method in the near future.

4. Conclusions

The analysis of liquid biopsies has recently arisen as a magnificent option for dis-
ease diagnosis, follow-up, prognosis, and even for treatment decision-making in clinical
practice benefitting from its low invasiveness. In the particular scenario of BC, cfDNA
represents one of the most informative biomarkers. Its applications have been thoroughly
reviewed herein.

In overview, the majority of the studies regarding cfDNA and BC have focused on
comparing genomic alterations (somatic mutations, CNVs, INDELS, gene fusions, degree
of methylation, etc.) found in tissue from BC patients in the past with those found in
liquid biopsies. Presently, there is an urgent need for proving beyond a doubt that liquid
biopsies represent a good substitute for tissue biopsies. To that aim tissue biomarkers have
been explored in urine ¢fDNA and cellular DNA and in blood, either by sequencing the
whole genome, exomes, using panels exploring specific candidate genes, analyzing gene
expression, etc. All in all, the final goal pursued is to clearly distinguish BC patients from
healthy controls, and even stage BC patients. An additional future goal of cfDNA analysis
in liquid biopsies is to monitor and tailor BC therapies and also to evaluate resistance
to treatments.

Nevertheless, additional efforts are needed to establish a standardised method to
sample collection, preprocessing liquid biopsies, cfDNA isolation from different liquid
biopsies, and the selection of the most informative technique for its study. This clearly
evidences that additional research in this field is needed before implementing the analysis of
cfDNA from liquid biopsies in BC management as either complementing current diagnostic
methods or even substituting them in the near future.
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