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ABSTRACT

Patients with non-muscle invasive bladder cancer (NMIBC) are followed by frequent cystoscopies.
Innovative approaches partly replacing cystoscopy (uncomfortable, expensive, low sensitive procedure) are
demanded. The current study aims to establish a fast, reliable, non-invasive, and inexpensive procedure for
NMIBC patient surveillance. Liquid biopsy is a reliable source of biomarkers for cancer patient monitoring.
Urine is the most suitable biological liquid to search for bladder cancer biomarkers. Cell-free DNA in urine
represents tumor-related mutations for several cancers, including the bladder. We investigated mutations in
FGFR3, TERT promoter, and STAG2 as markers for diagnostics and follow-up in NMIBC. Digital PCR
was used to detect mutations in urine-derived cell-free DNA. The sensitivity and specificity of the markers
in relation to clinical outcomes served as criteria of the assay efficiency. The sensitivity with a single marker
(TERT) reached 87%, with a specificity of 77%. Combining two biomarkers (TERT+FGFR3) increased the
specificity of the assay to 100% with a sensitivity of 72%. Different mutational status of STAG2 can indicate
NMIBC presence or recurrence. Therefore, applying the suggested combination of biomarkers with simple
detection procedures to larger patient cohorts will allow developing procedures for BC detection and
surveillance with optimal sensitivity and specificity. Based on the results of this proof-in-concept study, we
conclude that this simple, fast and inexpensive assay can add diagnostic and prognostic value to
cystoscopy/cytology analysis of NMIBC patients.

© 2020 Victor Romanov. Hosting by Science Repository.

Introduction

Therefore, other, preferentially non-invasive techniques are desirable for
the detection and surveillance of bladder tumors. These techniques must
provide access to reliable biomarkers for BC monitoring. Biological

The combination of urine cytology and cystoscopy is the current gold
standard to monitor bladder cancer (BC) and to detect the recurrence.
The main advantage of urine cytology is that it is non-invasive, cheap,
and easy to perform. The high specificity (>90%) of urine cytology
makes it a very attractive option, but selectivity is relatively low (<30%),
especially for low-grade tumors. The sensitivity of cystoscopy is
approximately 80%; so some tumors escape detection. Cystoscopy is
expensive and uncomfortable for patients and can be damaging. In
addition, it might be subjective and operator dependent [1].

fluids are the best source of such biomarkers [2]. For cancer research,
plasma and other biological fluids were successfully used for the analysis
of such biomarkers [3]. For BC monitoring, urine is the most convenient
and logical source of biomarkers [4]. Proteins, fragments of mMRNA and
genomic DNA are the most valuable of such biomarkers. Fragments of
genomic DNA derived from malignant cells (tDNA) are very promising
biomarkers, and the current study is focused on the use of these
molecules for BC monitoring. Accurate detection of ctDNA (circulating
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tumor DNA) in plasma is challenging because ctDNA concentrations
can be very low. This could greatly impair reliable and valid
measurements of tumor dynamics [5]. Several groups performed the
analysis of plasma and urine as a source of fragments of genomic DNA
derived from BC cells [4, 6-8]. For BC, the urine is the most suitable and
reliable source of ctDNA.

Urinary cfDNA consists of slightly larger fragments than plasma cfDNA
with a broad size distribution peaking between 200 and 300 bp and a
median concentration of 4 ng/uL in BC patients [9, 10]. Urine DNA
presents in two forms: genomic DNA in exfoliated cells (the cell pellet)
and cfDNA in the supernatant/filtrate. Analysis of cfDNA was proved as
a reliable and effective technique for tumor surveillance. Analysis of
cfDNA in the urine of BC patients was shown to be more efficient than
the analysis of DNA from exfoliated cells. It was shown that urinary
cfDNA of BC patients had a higher tumor genomic burden and greater
detection potential as a genomic biomarker (90%) than urinary pellet
DNA (61%) [10]. However, data about the diagnostic implications of
cfDNA in urine for the detection of BC is still sparse [11]. Therefore, for
the current study, we decided to use for cfDNA NMIBC from a patient’s
urine.

Heterogeneity of the disease determines the use of multiple biomarkers
for the analysis [8, 12]. Therefore, for the current study, we selected three
alterations (biomarkers) in 3 genes highly mutated in BC. Accurate
selection and validation of potential biomarkers can help to develop a
clinically valuable assay. Two of the most frequently mutated genes in
bladder cancer with point mutation hotspots are FGFR3 and TERT. Both
have been assessed as biomarkers for detecting bladder cancer in urinary
DNA in separate studies and were combined for NGS —based detection
of mutations. The TERT promoter is mutated in approximately 65% of
bladder tumours regardless of stage and grade and represents the best
single biomarker for bladder cancer with a recent report of 62%
sensitivity at 90% specificity for detecting primary bladder tumours [13].
TERT promoter mutations have previously been described at high
frequencies across stages in BC, but their prognostic value in urine is
unclear [13, 14]. This motivated us to include the TERT promoter
mutation (C228T) in the current study.

About 70% of low-grade NMIBC tumors have an activating point
mutation in the fibroblast growth factor receptor 3 (FGFR3) gene [15].
Patients with the FGFR3 mutation have a good prognosis and could
serve as a significant predictor of intravesical recurrence [16]. Based on
these data, we decided to include the FGFR3 mutation (S5249C) in this
study as a possible biomarker for BC surveillance. STAG2 is one of the
most commonly mutated genes in NMIBC, and the most frequent
mutations are truncation [17]. Although STAG2 mutation and
inactivation is a common event in BC and there are data showing in a
pilot cohort that STAG2-mutant tumors recurred less frequently than
STAG2 wild-type, it is difficult yet to make a final conclusion regarding
the role of STAG2 in BC [17, 18]. Therefore, we decided to include this
marker (as negative) in our panel and further investigate its potential role
as a diagnostic and prognostic marker.

There are multiple approaches to detect rare mutations in DNA samples.

Digital PCR (dPCR) is an innovative PCR technology based on the
dividing of the sample into multiple separate reactions. This allows for
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the determination of exact numbers of mutated copies relative to the wild
type allele with high specificity [8]. However, the necessity to develop
one dPCR assay for each biomarker (mutation) is a limiting factor.
Several groups recently published their data regarding the use of dPCR
for the detection of mutations in urinary cell-free DNA (cfDNA) [8, 19,
20]. The exploring of this technology established a correlation between
the molecular and clinical status of the tumor. In one of these studies, for
example, it was shown that increased levels of FGFR3 and PIK3CA
mutated DNA in urine are indicative of later progression and metastasis
in BC [20].

The major objective of the current proof-of-principle study is to develop
and to evaluate a simple, quantitative, reliable and affordable assay for
monitoring NMIBC status. We want to determine if the addition of a
urine test can help in the early recognition of potential recurrences or
progression in patients during follow-up after resection of NMIBC.

Materials and Methods
| Patients

In total 109 urine samples were collected during consecutive office visits
(usually cystoscopy or cytology was performed) from 34 patients at the
Department of Urology at Stony Brook University Hospital (Stony
Brook, NY, USA) followed for urothelial bladder carcinoma irrespective
of the histological stage (2-3 visits per patient). Urine samples were
collected with intervals of 1-5 months. Informed consent was obtained
from patients to use their specimens for research purposes, as required.
This study complies with the latest version of the Declaration of Helsinki
and general guidelines for good clinical practice. Urine samples from 8
subjects without diagnosed BC were included as controls (1 visit).
Additional demographic and clinical data were collected from hospital
charts of selected patients (Table 1). Recurrence was defined as a
histologically proven tumor. Since primary bladder carcinoma in situ
(CIS) is a rare lesion, patients with primary CIS (5 patients) were
excluded as we did not have sufficient numbers to be able to draw valid
conclusions. With the exception of 8 patients, all patients were disease-
free on the date of urine collection.

11 cfDNA Isolation from Urine

For effective analysis of a biospecimen, it is essential that it contains a
sufficient amount of high-quality tDNA. Among 2 types of urine tDNA
(DNA from exfoliated cells and cell-free DNA) cf DNA better suited for
the chosen analytical technique (digital PCR), possibly because of the
better quality after isolation and good availability in most urine samples
(unpublished observation). Therefore, in the current study, we exploited
dPCR analysis of 3 hot mutations in urine-derived cfDNA.

A 15-50 ml volume of fresh urine was transferred to the laboratory.
Urine was centrifuged at 800 g for 10 min and cell pellet (urine sediment)
was discarded. DNA extraction was carried out in 2-12 h after collection
with two methods: 1. Urine DNA isolation kit (Norgen Biotek, Canada)
was used as described by the manufacturer’s manual. 2. A second
method was based on the published procedure with some modifications
[21]. Briefly, silica particles (silica gel 60N, 250 mg) and poly-Lys (100
mg, powder form) were combined in a tube along with 10 mL of 100
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mM Tris-HCI buffer (pH 7.0) and mixed for 30 min using a vortex
mixer. The particles were washed three times with 10 ml of 100 mM
Tris-HCI. 20 pl of silica particles were incubated with 25-50 ml of urine
supernatant. Beads were washed 3 times with water and DNA was eluted
with 30 pl of elution buffer [21]. Eluted DNA was quantified with
QuantiFluor dsDNA kit (Promega) or by Qubit fluorometric quantitation
(Thermo Fisher Scientific, Carlsbad, CA, USA) according to the
manufacturer's recommendations. Only samples with DNA
concentration higher than 1 ng/ul were used for dPCR.

111 cfDNA Mutation Screening

Digital PCR assays were designed with Thermo Scientific software to
have short amplicons and dual-labeled fluorescent probes with
complementarity to the mutated DNA sequence. FGFR3 probe (S249C)
was available from the premade list for TagMan gPCR and was validated
by us for dPCR, TERT promoter probe (C228T) (the most prevalent
mutation for BC) was specially designed for dPCR and was validated for
use with dPCR by the manufacturer [22]. STAG2 TagMan probe was
synthesized specifically for this study by Thermo Scientific and also was
a subject for dPCR validation.

Digital PCR reaction mixtures contained 7.5 pL Digital PCR Master
Mix, 0.75 pL 20x TagManAssay (primer/probe mix), 6.75 uL diluted
DNA (25 ng) and then loaded into the QuantStudio™ 3D Digital PCR
Chip, with 20000 compartments. Experimental conditions for dPCR
were set based on the recommendations of the developmental team.
Total DNA copies and percentile of mutated copies were quantified
using QantStudio 3D digital PCR machine and related software (Thermo
Fisher Scientific). To ensure experiment quality, samples with total
counts of less than 10,000 were excluded from the analysis.

The linearity and sensitivity of the dPCR assays were evaluated by
spiking increasing amounts of mutated synthetic DNA with related
mutation (0.1%, 1%, 10%) into a background of 30000 wild-type DNA
copies (90 ng human genomic DNA). Based on the data we determined
the lowest detection rate (LOD) of mutations for all 3 genes in urine
cfDNA <1%.

IV Data Analysis

Thresholds for the FGFR3, TERT, and STAG2 (negative) assay were set
as 3%. This decision was made based on the estimated sensitivity and
specificity of the related assay. Sensitivity and Specificity were
calculated based on dPCR data.

Results
| Patient Characteristics and Liquid Biopsy Analysis

In total, 29 patients (Table 1) that underwent trans-urothelial resection
of bladder tumor (TURBT) and diagnosed with NMIBC were involved
in the study. In addition, 9 non-BC subjects were screened for hotspot
mutations for FGFR3 (S249C) and TERT promoter (C228T) in urine
cfDNA. cfDNA from the urine of 15 patients and 9 control subjects were
tested for STAG2 (R216Stop) mutations. Table 1 illustrates
demographic and clinical patient information.

Clin Oncol Res doi:10.31487/j.COR.2020.02.11

Table 1: Clinical characteristics of patients.
BCn21(%) T+n8(%) noBCn9 (%)

Gender

M 12(57) 7(87) 7(77)
F 9(43) 1(13) 2(23)
Smoking

No 11(52) 1(13) 9(100)
Yes 10(48) 7(87) 0
Stage

Ta 13(61) 4(50) 0
T1 8(39) 4(50) 0
T2 0 0 0
PUNLMP 0 0 0
CIS 0 0 0
Grade

LG 7(33) 4(50) 0
HG 14(66) 4(50) 0
Multiplicity

Solitary 4(19) 6(75)

Multiple 2(6) 2(25) 0
Unclear 15(75) 0

BC cases with previously diagnosed, removed, but not recently
confirmed tumors; T+ cases with tumor confirmed within 6 months of
DNA analysis; no BC- control subjects.

Urine samples (109 samples) were collected from all NMIBC patients
during office visits. In 8 instances, tumor presence was confirmed within
6 months of urine collection. Urine samples (9) were collected once from
non-BC patients (control group). The longest follow-up time (after the
first urine collection) was 1.5 years. Cell-free DNA samples were
isolated from urine samples and after measurement of concentration
were used for digital PCR assays with related probes. DNA samples with
concentration of at least 1 ng/pl was sufficient for 3 digital PCR
reactions and 52 urine samples already satisfied this criterion (Figure 1).

Patient n=29+9 no BC
control

urine sample n=109

Sample that not processed
yet n=32

Sample with low DNA
concentration n=14

Patient n=29+9 control

Not successful dPCR

Urine samples used for n=11

dPCR n=63

[ |

One visit test n=19

Follow isits test n=33
before or after TURBT ollow up visits test n

Figure 1: Flow-chart for patients and related urine samples.

For the analysis of mutations in this study, we utilized QuantStudio™
3D Digital PCR.

To analyze sensitivity and specificity of the particular assay we first
showed linearity and sensitivity of this approach for each selected probe
by spiking related mutated DNA in wild type DNA as described in the
Material and Methods. All 3 probes satisfied the demand for linearity in
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these dilution tests (data not shown). The limit of detection was
identified for each probe as the dilution that is statistically different from
the negative control (WT DNA only). The threshold for mutation
presence was set as described in the Materials and methods.

11 Correlation Between Tumor Presence at the Time of Analysis
and Positive Mutation Load in Urine Samples

The tumor was detected by cystoscopy and/or cytology in 8 patients at
no longer than 6 months before DNA analysis. We observed FGFR3

Table 2: Mutational status of DNA from urine samples.

mutations in 5 patients in this group (62.5% sensitivity). Five urine
samples collected at different time points from 21 patients (23%) without
recently confirmed tumors were positive for FGFR3 mutations (Table 2)
(80% specificity).

Only one sample from the control group was positive for FGFR3
mutations (Table 2) (Figure 2A). When several sample collections were
performed, mutation status for tumor—positive patients were determined
at the most recent office visit.

dPCR reaction BC n 21 (%) T+ n 8 (%) No BC n 9 (%)
FGFR3 42 dPCRs

Wild-type 16 (76) 3(38) 8 (88)
Mutated 5 (24) 5 (62) 1(12)
Not determined 0 0 0
TERT promoter 51 dPCRs

Wild-type 11 (65) 1(13) 9 (100)
Mutated 6 (35) 7(87) 0
Not determined 4 0 0
STAG2 25 dPCRs

Wild-type 1 (15) 5 (63) 8 (88)
Mutated 6 (85) 3(37) 1(12)
Not determined 14 0 0
FGFR3m and TERTm 39 dPCRs 4 (23) 4 (50) 0
FGFR3m and STAG2m 23 dPCRs 5 (71) 7(87) 0
STAG2wt and TERTm 24 dPCRs 5 (71) 5 (62) 0
All 3 mutated 22 dPCRs 2 (28) 4 (50) 0
No mutations 22 dPCRs 8 (72) 0 9 (100)

BC-patients with diagnosed BC; T+ -patients with tumor confirmed within 6 months of recent DNA analysis; no BC-control subjects.

TERT promoter was mutated in 7 of 8 cases with detected tumors (87%
sensitivity). TERT mutations were identified in 6 patients without tumor
detectable in 6 months before the most recent dPCR test. TERT
mutations were not detected in the control group (9 subjects). Therefore,
specificity for this test was 77% (Figure 2A). The relatively high
presence of TERT mutation-related false positive (specificity 77%) can
be explained by the possible appearance of secondary tumors that cannot
be detected by cystoscopy and/or cytology at the moment of the DNA
analysis. Although all these samples derived from the patients that were

FGFR3

I |

TERT A

FGFR3+TERT +

—

1
20 40 60 80 100
(%)

o -

currently considered as disease-free, these patients were previously
diagnosed with NMIBC.

It was previously shown that a STAG2 mutation (truncated) is a mark of
low expression of STAG2 and related to better prognosis (less recurrence
rate), as compared to wild type STAG2 [17, 23]. In the current study,
STAG2 mutations were analyzed in 15 patients and in 9 healthy
volunteers. STAG2 mutations were detected in 3 of 8 cases where tumor
was present at the time of DNA analysis or 6 months before (37%).
(Figure 2B).

B O Sensitivity
Il Specificity

STAG2 m+

STAG2 wt+

60 8 100
(%)

o -
8
B
o

Figure 2: Marker performance for tumor presence in patients with primary NMIBC A) FGFR3 and TERT marker performance separately and in combination
for tumor detection; B) STAG2 marker performance for tumor detection (mutated form) or for recurrence (wild type).
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STAG2 mutations were detected in cfDNA samples derived from 6
patients without a recently detected tumor (of 7 analyzed) (85%). One
STAG2 mutation was detected in control group (9 subjects never
diagnosed with BC). Therefore, specificity of this assay for detection
potential tumor was 91 %. STAG2 mutation was detected in 3 of 8 cases
with recently confirmed tumors (Table 2, Figure 2B). It was shown
recently that STAG2 mutation could serve as NMIBC marker, but not as
a marker for recurrence [24]. However, since the role of STAG2 in BC
development is not completely clear yet, it is premature to make a
decision about the relation of STAG2 mutation to the clinical status of
the tumor based on the limited data obtained in this study.

Combining several biomarkers often improve diagnostic and/or
prognostic power [20, 25-27]. Therefore, we analyzed the performance
of assays combinations. TERT promoter assay revealed the best
sensitivity (87%) among 3 probes, and specificity was also high (77%).
(Table 2, Figure 2A). A combination of 2 assays (TETR+FGFR3)
allowed to record improved specificity (100%) but sensitivity at these
conditions was lower than for single probes (72%) (Figure 2). However,
increased specificity allows considering multiple assays as a promising
approach.

Il Predictive Value of Hot Mutations for NMIBC during
Follow-Up

Prediction of recurrence or tumor progression is the major task for the
evaluation of NMIBC after TURBT surgery. In the current study 8 cases
with tumor detected at the time of DNA analysis (<6 months) could be
considered as recurrent. Since in this study all cases were positive for the
tumor presence in 6 months period these cases might be considered as
both tumor positive and recurrent. However, small number of those cases
and not completely defined role of STAG2 in this situation make the
potential role of 3 tested biomarkers in recurrence prediction
preliminary.

Discussion

Results of this small cohort proof-of-concept study demonstrate
diagnostic and monitoring the potential of the FGFR3, TERT promoter
and STAG2 mutations detected by dPCR in cfDNA extracted from urine
supernatant of patients with NMIBC.

Even one marker assay showed that this analysis could increase the
sensitivity of tumor detection or recurrence/progression as compared to
cytology or cystoscopy. To improve the predictive value of all three
tested biomarkers an increased number of samples and observation time
for individual patients is necessary. FGFR3 and TERT promoter
mutations were used previously as urine biomarkers for monitoring BC
separately and in combination [11, 15, 28-30]. An addition of STAG2 as
a predictor for recurrence will substantially increase the analytical
potential of the assay. This was observed even in the small cohort in this
proof of concept study. The specificity of the single assays and their
combinations might be further improved by applying them to a larger
patient population.

Furthermore, the specificity of the urine DNA assays might be higher if
one considers that at the time of the analysis some of the false-positive
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(negative by cystoscopy and/or cytology but positive by mutation
detection) cases can present as a future recurrence. It was already shown
that a false positive urine assay was frequently followed by a later
recurrence [25]. The presence of false-positive samples for these
mutations can be explained by the possible presence of secondary tumors
at the time of analysis. This hypothesis might be confirmed or rejected
after further surveillance of these patients. In addition, case stratification
can further increase assay efficiency and data interpretation [25].

Although the observation time is short (18 months) we already can
conclude, based on our analysis, that the developed assays are suited for
earlier stages of NMIBC patient surveillance and can possibly be
valuable for the prediction of progression to invasive cancer forms or to
recurrence. The major difference of the current assay from previously
suggested procedures is the simplicity and affordability. Analysis of
mutations in cfDNA can be performed in several ways. We selected
dPCR for this study because this approach is inexpensive, quantitative,
special equipment may be purchased for any clinical laboratory, and
requires a very low demand for skills and additional training for
personnel. The average price of the 3 markers assay will be
approximately $60 including labor expenses. Any clinical laboratory that
is equipped for molecular analysis and dPCR will be able to produce and
analyze results within 3-4 h of urine collection.

We present herein the proof of concept that this fast and simple assay is
effective for detecting bladder tumors that confirmed by other tests
(cystoscopy, cytology). Mutation in cfDNA very tightly matched
somatic mutation in the original tumor. High concordance rates of
mutation allele frequencies in the FFPE tumor tissue with urinary
cfDNA was shown [11]. Another group showed that 80.7% of somatic
mutations detected in tumors were found in cfDNA [31]. In this proof-
of-concept study, we showed that dPCR-based mutation assays using
urine samples represent a cheap and fast monitoring method, although
these data need to be validated with more samples and for longer
observation periods. Further studies with more patients and longer
observation time will help to select the most efficient combinations of
biomarkers.

Author Contributions

Conceptualization, VR, DG, WW, and EF; methodology, VR, DG, EF;
validation, TW, OP, WW and LX; formal analysis EF, VR, resources
DG; data curation, EF, DG, LX and TW; writing-original draft
preparation, VR; writing-review and editing, EF, VR, TW; supervision,
VR.

Acknowledgments

The authors would like to thank Melanie Dale for the incredible help
with urine sample collection and members of Genomic Core Facility for
digital PCR performance.

Funding

None.

Volume 3(2): 5-7



Liquid Biopsy Analysis of FGFR3, TERT Promoter and STAG2 Hotspot Mutations for Disease Surveillance in Bladder Cancer 6

Conflicts of Interest

None.

Abbreviations

cfDNA: cell-free DNA

ctDNA: cell-free tumor DNA

dPCR: digital polymerase chain reaction

FGFR: fibroblast growth factor receptor
NMIBC: non-muscle-invasive bladder cancer
TERT: telomerase reverse transcriptase
TURBT: transurethral resection of bladder tumor
UBC: urothelial bladder cancer

STAG2: Cohesin subunit SA-2

REFERENCES

10.

11.

12.

Dudley JC, Schroers Martin J, Lazzareschi DV, Shi WY, Chen SB et
al. (2019) Detection and surveillance of bladder cancer using urine
tumor DNA.. Cancer Discov 9: 500-509. [Crossref]

Castro Giner F, Gkountela S, Donato C, Alborelli I, Quagliata L et al.
(2018) Cancer Diagnosis Using a Liquid Biopsy: Challenges and
Expectations. Diagnostics (Basel) 8: E31. [Crossref]

Cohen JD, Li L, Wang Y, Thoburn C, Afsari B et al. (2018) Detection
and localization of surgically resectable cancers with a multi-analyte
blood test. Science 359: 926-930. [Crossref]

Wang XS, Zhao MQ, Zhang L, Kong DJ, Ding XZ et al. (2018) Cell-
free DNA in blood and urine as a diagnostic tool for bladder cancer: a
meta-analysis. Am J Trans| Res 10: 1935-1948. [Crossref]

van Ginkel JH, Huibers MMH, van Es RJJ, de Bree R, Willems SM
(2017) Droplet digital PCR for detection and quantification of
circulating tumor DNA in plasma of head and neck cancer patients.
BMC Cancer 17: 428. [Crossref]

Todenhofer T, Struss WJ, Seiler R, Wyatt AW, Black PC (2018) Liquid
Biopsy-Analysis of Circulating Tumor DNA (ctDNA) in Bladder
Cancer. Bladder Cancer 4: 19-29. [Crossref]

Christensen E, Nordentoft I, Vang S, Birkenkamp Demtroder K, Jensen
JB et al. (2018) Optimized targeted sequencing of cell-free plasma
DNA from bladder cancer patients. Sci Rep 8: 1917.

Ward DG, Bryan RT (2017) Liquid biopsies for bladder cancer. Transl
Androl Urol 6: 331-335. [Crossref]

Szarvas T, Kovalszky |, Bedi K, Szendroi A, Majoros A et al. (2007)
Deletion analysis of tumor and urinary DNA to detect bladder cancer:
urine supernatant versus urine sediment. Oncol Rep 18: 405-409.
[Crossref]

Togneri FS, Ward DG, Foster JM, Devall AJ, Wojtowicz P et al. (2016)
Genomic complexity of urothelial bladder cancer revealed in urinary
cfDNA. Eur J Hum Genet 24: 1167-1174. [Crossref]

Stasik S, Salomo K, Heberling U, Froehner M, Sommer U et al. (2019)
Evaluation of TERT promoter mutations in urinary cell-free DNA and
sediment DNA for detection of bladder cancer. Clin Biochem 64: 60-
63. [Crossref]

Critelli R, Fasanelli F, Oderda M, Polidoro S, Assumma MB et al.
(2016) Detection of multiple mutations in urinary exfoliated cells from

Clin Oncol Res doi:10.31487/j.COR.2020.02.11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

male bladder cancer patients at diagnosis and during follow-up.
Oncotarget 7: 67435-67448. [Crossref]

Ward DG, Baxter L, Gordon NS, Ott S, Savage RS et al. (2016)
Multiplex PCR and Next Generation Sequencing for the Non-Invasive
Detection of Bladder Cancer. PloS One 11: e0149756. [Crossref]
Allory Y, Beukers W, Sagrera A, Flandez M, Marqués M et al. (2014)
Telomerase reverse transcriptase promoter mutations in bladder cancer:
high frequency across stages, detection in urine, and lack of association
with outcome. Eur Urol 65: 360-366. [Crossref]

Zuiverloon TC,van der Aa MN,van der Kwast TH, Steyerberg
EW, Lingsma HF et al. (2010) Fibroblast growth factor receptor 3
mutation analysis on voided urine for surveillance of patients with low-
grade non-muscle-invasive bladder cancer. Clin Cancer Res 16: 3011-
3018. [Crossref]

Miyake M, Sugano K, Sugino H, Imai K, Matsumoto E et al. (2010)
Fibroblast growth factor receptor 3 mutation in voided urine is a useful
diagnostic marker and significant indicator of tumor recurrence in non-
muscle invasive bladder cancer. Cancer Sci 101: 250-258. [Crossref]
Lelo A, Prip F, Harris BT, Solomon D, Berry DL et al. (2018) STAG2
Is a Biomarker for Prediction of Recurrence and Progression in
Papillary Non-Muscle-Invasive Bladder Cancer. Clin Cancer Res 24:
4145-4153. [Crossref]

Aquila L, Ohm J, Woloszynska Read A (2018) The role of STAG2 in
bladder cancer. Pharmacol Res 131: 143-149. [Crossref]

Hayashi Y, Fujita K, Matsuzaki K, Matsushita M, Kawamura N et al.
(2019) Diagnostic potential of TERT promoter and FGFR3 mutations
in urinary cell-free DNA in upper tract urothelial carcinoma. Cancer
Sci 110: 1771-1779. [Crossref]

Christensen E, Birkenkamp Demtrdder K, Nordentoft I, Hayer S, van
der Keur K et al. (2017) Liquid Biopsy Analysis of FGFR3 and
PIK3CA Hotspot Mutations for Disease Surveillance in Bladder
Cancer. Eur Urol 71: 961-969. [Crossref]

Takano S, Hu Q, Amamoto T, Refinetti P, Mimori K et al. (2017)
Extraction of cell-free DNA from urine, using polylysine-coated silica
particles. Anal Bioanal Chem 409: 4021-4025. [Crossref]

Descotes F, Kara N, Decaussin Petrucci M, Piaton E, Geiguer F et al.
(2017) Non-invasive prediction of recurrence in bladder cancer by
detecting somatic TERT promoter mutations in urine. Br J Cancer 117:
583-587. [Crossref]

Solomon DA, Kim JS, Bondaruk J, Shariat SF, Wang ZF et al. (2013)
Frequent truncating mutations of STAG2 in bladder cancer. Nat Genet
45: 1428-1430. [Crossref]

Zhu F, Zhang Y, Shi L, Wu CL, Chen SQ et al. (2019) Gene mutation
detection of urinary sediment cells for NMIBC early diagnose and
prediction of NMIBC relapse after surgery. Medicine (Baltimore) 98:
€16451. [Crossref]

Beukers W, van der Keur KA, Kandimalla R, VVergouwe Y, Steyerberg
EW et al. (2017) FGFR3, TERT and OTX1 as a Urinary Biomarker
Combination for Surveillance of Patients with Bladder Cancer in a
Large Prospective Multicenter Study. J Urol 197: 1410-1418.
[Crossref]

Noel N, Couteau J, Maillet G, Gobet F, D'Aloisio F et al. (2015) TP53
and FGFR3 Gene Mutation Assessment in Urine: Pilot Study for
Bladder Cancer Diagnosis. Anticancer Res 35: 4915-4921. [Crossref]
Zuiverloon TC, Beukers W, van der Keur KA, Nieuweboer AJ, Reinert
T et al. (2013) Combinations of urinary biomarkers for surveillance of

Volume 3(2): 6-7


https://www.ncbi.nlm.nih.gov/pubmed/30578357
https://www.ncbi.nlm.nih.gov/pubmed/29747380
https://www.ncbi.nlm.nih.gov/pubmed/29348365
https://www.ncbi.nlm.nih.gov/pubmed/30093933
https://www.ncbi.nlm.nih.gov/pubmed/28629339
https://www.ncbi.nlm.nih.gov/pubmed/29430504
https://www.ncbi.nlm.nih.gov/pubmed/28540249
https://www.ncbi.nlm.nih.gov/pubmed/17611663
https://www.ncbi.nlm.nih.gov/pubmed/26757983
https://www.ncbi.nlm.nih.gov/pubmed/30528938
https://www.ncbi.nlm.nih.gov/pubmed/27611947
https://www.ncbi.nlm.nih.gov/pubmed/26901314
https://www.ncbi.nlm.nih.gov/pubmed/24018021
https://www.ncbi.nlm.nih.gov/pubmed/20404005
https://www.ncbi.nlm.nih.gov/pubmed/19843069
https://www.ncbi.nlm.nih.gov/pubmed/29954776
https://www.ncbi.nlm.nih.gov/pubmed/29501732
https://www.ncbi.nlm.nih.gov/pubmed/30887605
https://www.ncbi.nlm.nih.gov/pubmed/28069289
https://www.ncbi.nlm.nih.gov/pubmed/28424857
https://www.ncbi.nlm.nih.gov/pubmed/28683471
https://www.ncbi.nlm.nih.gov/pubmed/24121789
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6709296/
https://www.ncbi.nlm.nih.gov/pubmed/28049011
https://www.ncbi.nlm.nih.gov/pubmed/26254388

Liquid Biopsy Analysis of FGFR3, TERT Promoter and STAG2 Hotspot Mutations for Disease Surveillance in Bladder Cancer 7

28.

29.

patients with incident nonmuscle invasive bladder cancer: the European
FP7 UROMOL project. J Urol 189: 1945-1951. [Crossref]

Kinde I, Munari E, Faraj SF, Hruban RH, Schoenberg M et al. (2013)
TERT promoter mutations occur early in urothelial neoplasia and are
biomarkers of early disease and disease recurrence in urine. Cancer Res
73:7162-7167. [Crossref]

Rachakonda PS, Hosen I, de Verdier PJ, Fallah M, Heidenreich B et al.
(2013) TERT promoter mutations in bladder cancer affect patient
survival and disease recurrence through modification by a common
polymorphism. Proc Natl Acad Sci U S A 110: 17426-17431. [Crossref]

Clin Oncol Res doi:10.31487/j.COR.2020.02.11

30.

3L

Wang K, Liu T, Liu C, Meng Y, Yuan X et al. (2015) TERT promoter
mutations and TERT mRNA but not FGFR3 mutations are urinary
biomarkers in Han Chinese patients with urothelial bladder cancer.
Oncologist 20: 263-269. [Crossref]

Ward DG, Gordon NS, Boucher RH, Pirrie SJ, Baxter L et al. (2019)
Targeted deep sequencing of urothelial bladder cancers and associated
urinary DNA: a 23-gene panel with utility for non-invasive diagnosis
and risk stratification. BJU Int 124: 532-544. [Crossref]

Volume 3(2): 7-7


https://www.ncbi.nlm.nih.gov/pubmed/23201384
https://www.ncbi.nlm.nih.gov/pubmed/24121487
https://www.ncbi.nlm.nih.gov/pubmed/24101484
https://www.ncbi.nlm.nih.gov/pubmed/25657201
https://www.ncbi.nlm.nih.gov/pubmed/31077629

