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INTRODUCTION

Cancers arising from the urothelium, the specialized
epithelial lining of the urinary system, include uro-
thelial carcinoma of the bladder (UCB) and upper
tract urothelial carcinoma (UTUC).1 In the United
States, an estimated 80,000 new UCB cases were
diagnosed in 2019, representing the fourth most
common cancer diagnosis in men and the sixth most
common cancer diagnosis overall.1,2 UTUC is less
common, with approximately 4,000 diagnoses in
2019.2 Prognosis and management of urothelial
carcinoma is largely dictated by the grade (high v low)
and stage (degree of invasion) found on cystoscopic/
ureteroscopic biopsy or resection.3 The vast major-
ity of cases are diagnosed when disease remains
confined to the urinary tract,4-6 yet even localized
disease causes substantial morbidity and bears
significant risk for progression to lethal disease.7

Urine-based biomarkers have long been sought to im-
prove diagnosis, disease monitoring, and treatment
stratification.8-14 Although progress has been made,
cytologic evaluation of the urine and cystoscopic and
ureteroscopic evaluation of the urinary tract remain
the gold standard for diagnosis and monitoring.
However, not only is this invasive, it is also associated
with the highest cost from diagnosis to death among
all cancers in the United States.6,15,16 New oppor-
tunities for urine-based biomarker analysis have
arisen because of better genomic characterization of
urothelial carcinoma and technologic improvements
for sensitive detection of tumor DNA on the basis of
identification of cancer-related mutations and copy
number changes.12,17-19 After initial proof-of-concept
studies established the presence of tumor DNA in
urine from patients with urothelial carcinoma, more
recent studies have evaluated potential clinical ap-
plications in better-defined contexts.11-13,20-22 Many
questions remain to be addressed, but these studies
support the exciting possibility that urine-based
analysis could decrease the need for invasive eval-
uations and aid in treatment selection. Here we
discuss possible applications and barriers to imple-
menting urinary tumor DNA (utDNA) analysis for
patients with UCB and UTUC and translating these
findings to improve clinical care.

CHALLENGES IN UROTHELIAL CARCINOMA DIAGNOSIS
AND CLINICAL MANAGEMENT

Diagnosis

Approximately 80% of patients diagnosed with uro-
thelial cancer undergo evaluation after presenting with
hematuria, either microscopic or gross.4 However,
microscopic hematuria is a common finding in the
general population and is usually transient and
benign.23,24 For example, in a prospective study of
1,930 patients with hematuria, only 12% were di-
agnosed with UCB, and 0.7% were diagnosed with
UTUC. In 61% of cases, no cause for their hematuria
was established.23 Another study evaluated 292 pa-
tients with asymptomatic microscopic hematuria. Only
5.4% of patients were found to have urological malig-
nancies, whereas the majority of patients converted to
a negative urinalysis and remained cancer free, with
a mean follow-up of 13 years.24 Although the diagnostic
yield is low, endoscopic evaluation of hematuria re-
mains necessary because of the lack currently of suf-
ficiently sensitive noninvasive approaches and the
ramifications of missing a diagnosis of malignancy.25

Non–Muscle-Invasive Bladder Cancer

Non–muscle-invasive bladder cancer (NMIBC), extend-
ing no deeper than the subepithelial lamina propria,
accounts for 70% of newly diagnosed UCB.4 NMIBC is
treated with transurethral resection alone or in con-
junction with intravesical therapy (immunotherapy or
chemotherapy). Five-year survival rates are 93.9% for
carcinoma in situ (CIS) or Ta lesions and 84.2% for T1
disease26; however, 50%-70% will recur, and approxi-
mately 10%-45% will progress to muscle-invasive blad-
der cancer (MIBC).4,27 Patients are therefore closely
monitored post-treatment, undergoing cystoscopy and
urine cytology every 3 to 6 months for at least 1 to
2 years, followed by annual cystoscopy and urine
cytology.3 In the United States, the cost of bladder
cancer care from diagnosis to death was reported to be
US$102,700 per patient in 2013, and an overall annual
cost of US$5.25 billion dollars is expected in 2020.15

MIBC

Bladder cancer extending beyond the lamina propria,
termed MIBC, accounts for approximately 25% of
newly diagnosed UCB cases.28 Standard treatment of
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MIBC involves 3 to 6 cycles of neoadjuvant chemotherapy
(NAC) followed by radical cystectomy (RC). However,
5-year survival is still only approximately 50%, and many
patients likely derive no significant benefit from the addition
of chemotherapy.29-31 It is challenging to assess response to
chemotherapy in patients with MIBC in real time because of
the need for cystoscopic evaluation for direct tumor visu-
alization. Early identification of patients not responding to
neoadjuvant chemotherapy might enable them to be im-
mediately directed toward surgical intervention, preventing
unnecessary surgical delay and chemotherapy-related
toxicity.22 Conversely, identification of patients with pro-
found sensitivity to neoadjuvant therapy as assessed by
both pathologic and molecular assays might enable some
patients to be spared the morbidity of subsequent RC.

In carefully selected patients, a trimodality approach of
maximal transurethral resection, chemotherapy, and ra-
diation may lead to similar oncologic outcomes as NAC plus
RC.32,33 Although this treatment strategy spares many
patients from the morbidity of RC, in trials assessing
bladder-sparing approaches, the reported risk of salvage
RC at 10 years was 21%-31%, as some patients still
needed to undergo RC because of recurrent or persistent
disease or functional decline of their bladder.34,35 Bladder-
sparing management of MIBC therefore still necessitates
frequent cystoscopic monitoring for recurrence.6,36 With
a growing number of systemic treatment options that ef-
fectively treat UCB (immune checkpoint inhibitors, anti-
body drug conjugates, and kinase inhibitors), neoadjuvant
and bladder-sparing treatment paradigms are poised to
evolve.31,32,37 Thus, the value of being able to monitor MIBC
treatment responses will likely grow and inform personalized
treatment algorithms on the basis of dynamic monitoring.

UTUC

Diagnosis and treatment of UTUC generally parallels that
for UCB, although there is greater controversy regarding
optimal treatments, largely due to fewer clinical studies
focused on this rare disease entity.38,39 If initial diagnostic
imaging suggests a filling defect in the upper urinary tract,

direct visualization is generally performed via ureteroscopy.
UTUC is more challenging to biopsy endoscopically, par-
ticularly limiting evaluation of stage, and thus more prone to
sampling error.39,40 UTUC treatment may include purely
endoscopic management in carefully selected patients but
often includes complete removal of the affected kidney,
ureter, and a portion of the bladder (nephroureterectomy),
with the role and optimal timing of perioperative chemo-
therapy remaining incompletely defined.41,42 After surgical
management, a risk associated with UTUC diagnosis is the
chance of developing a secondary UCB. In a series of 82
patients diagnosed with UTUC who were treated with cu-
rative intent with nephroureterectomy or segmental distal
ureterectomy, 36 (44%) later developed UCB.41 Thus,
current recommendations are to perform ureteroscopy,
cystoscopy, and upper tract imaging every 3 months for
1 year, then at increasing intervals for several years.36

Sensitive noninvasive methods that reduce the need for
direct tumor visualization could thus greatly decrease the
morbidity of UTUC surveillance.

URINE BIOMARKERS FOR UROTHELIAL CARCINOMA
DETECTION AND MONITORING

Cytology and cystoscopy are the gold standard methods for
the detection and surveillance of bladder cancer.43,44 When
combined, these tests confer high diagnostic sensitivity and
specificity (Table 1).45-47 Nonetheless, they are invasive and
costly, and their sensitivity to detect early disease is less
than optimal.9,47 To overcome the shortcomings of cytology,
several urinary biomarkers have been evaluated. These
urine tests analyze: sediment cells (uCyt+,48 UroVysion,49

UroMark8), proteins (NMP22,50 NMP22 BladderChek,51

BTA TRAK,52 BTA stat,53 UBC test,54 CYFRA 21.155), or
mRNA (CxBladder,56 CxBladder Monitor,57 Xpert Bladder
Cancer Monitor58; Table 1). Generally, these tests have
lower sensitivity than cystoscopy for the detection of high-
grade lesions, and specificity is lower than urine cytology,
explaining their lack of adoption into clinical practice.

One test that may be comparable to the standard-of-
care work-up is the UroMark assay, a targeted bisulfite
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next-generation sequencing (NGS) assay that evaluates
urine sediment. The assay evaluates 150 CpG loci first
identified to have potentially predictive value in a training
set of urine sediment samples from 86 patients with MIBC
and 30 tumor-free controls. In a validation cohort with 167
healthy controls and 107 bladder cancer cases, it per-
formed with 98% sensitivity and 97% specificity. The
UroMark assay is currently under investigation in a large
observational study to assess its performance diagnosing
new and recurrent cases of bladder cancer (Clinical-
Trials.gov identifier: NCT02781428) and is not yet com-
mercially available.59

GENOMICS OF BLADDER CANCER

Genomic Landscapes of MIBC and NMIBC

Several sequencing studies have reported on the inci-
dence of genomic alterations in both NMIBC and MIBC
specimens.17-19,30,60,61 MIBC has been more extensively
evaluated with whole-exome sequencing analysis of. 400
MIBC samples by The Cancer Genome Atlas (TCGA).18 This
revealed that 23 genes were significantly mutated at a rate
. 7% in MIBC cases.18 Consistent with other cancers
strongly linked to smoking, the overall mutational burden in
bladder cancer is high, averaging 12 mutations per meg-
abase in MIBC and high-grade NMIBC.61 The most com-
monly mutated genes in MIBC and NMIBC as reported by

TCGA and the Memorial Sloan Kettering (MSK) studies are
listed in Figure 1.17-19

Many of the significantly mutated genes in MIBC overlap
with those identified in NMIBC, but there are quantitative
differences. For example, TP53 mutations were present in
almost half of the MIBC samples analyzed in TCGA
studies,17,18 but mutations in this gene were only seen in
approximately 20% of the 105NMIBC samples analyzed by
the MSK group.19 On the other hand, FGFR3 mutations
were detected in almost half of NMIBC tumors, compared
to only 16% of MIBCs.18,19 Mutations in PIK3CA and
ARID1A were present at similar rates in both MIBC and
NMIBC patient samples, seen in approximately a quarter of
cases.17,19 In addition to these coding mutations, the TERT
promoter has been shown to be mutated in 60%-85% of
both MIBC and NMIBC cases.62-65 In Appendix A, we
provide a detailed discussion of the genomic landscape
and clonal diversity in UCB. Of particular relevance to
the application of utDNA analysis to UCB, it is notable
that across 32 cancer types, UCBs harbor the second-
highest average number of nonsilent mutations in cancer-
associated consensus genes per sample (approximately
5), with . 95% of samples having a nonsilent mutation
in at least 1 consensus gene.66 Thus, in the vast majori-
ty of cases, targeted evaluation of defined consensus
regions would enable identification of at least 1, and

TABLE 1. Urine-Based Assays Commercially Available for Bladder Cancer Diagnosis and Monitoring
Assay Specimen Target Purpose Sensitivity (%) Specificity (%) FDA Approved

Cytology45-47 Sediment cells — Diagnosis and
monitoring

12-63 98 Yes

Cystoscopy45-47 — — Diagnosis and
monitoring

62-98 43-98 Yes

BTA TRAK52 Protein hCFHrp Diagnosis and
monitoring

57-83 60-92 Yes

BTA stat53 Protein hCFHrp Diagnosis and
monitoring

58 72-95 Yes

CxBladder56 mRNA CDK1, CXCR2, HOXA13, IGFBP5, and MDK Diagnosis 82 85 No

CxBladder Monitor57 mRNA CDK1, CXCR2, HOXA13, IGFBP5, and MDK Monitoring 91 96 (NPV) No

CYFRA 21.155 Protein Soluble fragments of cytokeratin 19 Diagnosis 82 80 No

NMP2250 Protein NMPs Monitoring 40 99 Yes

NMP22 BladderChek51 Protein NMPs Diagnosis and
monitoring

68 79 Yes

UBC antigen test54 Protein Soluble fragments of cytokeratin 8 and 18 Diagnosis 64 80 No

uCyt+48 Sediment cells M344M, LDQ10, 19A11 antigens Monitoring 73 66 Yes

UroMark8 Sediment cells Methylation patterns in 150 CpG loci Diagnosis 98 97 No

UroVysion49 Sediment cells chr 3, 7, 17, 9p21 locus Diagnosis and
monitoring

50-92 72-93 Yes

Xpert BC Monitor58 mRNA ABL1, ANXA10, CRH, IGF2, and UPK1B Monitoring 46-84 077-91 No

Adapted from Lodewijk et al46 and Miyake et al.47

Abbreviations: BC, bladder cancer; chr, chromosome; FDA, US Food and Drug Administration; hCFHrp, human complement factor H-related protein;
NMP, nuclear matrix protein; NPV, negative predictive value; UBC, urinary bladder carcinoma.
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typically multiple, mutations for diagnostic and surveil-
lance purposes.

Genomic Predictive Markers

Several somatic mutations with potentially predictive
value in urothelial carcinoma have been described. DNA
damage repair (DDR) gene alterations have been shown
to be associated with improved chemoradiation and
cisplatin-based chemotherapy outcomes in patients with
MIBC.67,68,69a Defects in the nucleotide excision repair gene
ERCC2were themost common DDR gene alteration in both
high-grade NMIBC and MIBC, occurring in approximately
20% of cases.19 ERCC2 mutation correlated strongly with
complete pathologic response after NAC and led to im-
proved overall survival,69b a finding that was validated in
a second cohort of patients.67 Because cisplatin induces
DNA adducts, defective excision repair likely sensitizes
cells to cisplatin-induced cell death by the principle of
synthetic lethality.67,69b Less frequent DDR gene alterations
were identified in ATM, BRCA1, BRCA2, ERCC4, PALB2,
CHECK2, FANCC, RB1, PRKDC, ATRX, and MSH6.19,61,68

Mutations in these genes may also predict MIBC response
to cisplatin-based chemotherapy.68 Furthermore, DDR
gene alterations were associated with higher tumor mu-
tational burden in MIBC and high-grade NMIBC.19,61 These

data suggest that it is important to monitor mutations in
DDR genes, which can serve as predictive biomarkers of
therapeutic response, especially for patients on cisplatin-
based treatment.

In the MSK study of NMIBC, 62 high-grade samples
were examined to identify somatic alterations associated
with recurrence after Bacillus Calmette-Guerin (BCG)
treatment.19 ARID1A mutations were significantly associ-
ated with an increased risk of recurrence after BCG
treatment, a finding that held true after correcting for
multiple comparisons. ARID1A mutations also remained
associated with recurrence within the larger 100-patient
cohort treated with transurethral resection of bladder tumor
(TURBT) with or without adjuvant intravesical therapy.19 In
contrast, ERBB2 and FGFR3 mutations and co-occurring
mutations in TP53 andMDM2 did not confer increased risk
of recurrence after BCG.19 Finally, the authors did not find
an association between mutational burden and recurrence
after BCG.19 Although preliminary, these findings suggest
that ARID1A mutations may serve as a specific biomarker
for high-grade NMIBC resistance to BCG treatment.

Consistent with other disease types, activating mutations in
receptor tyrosine kinases (FGFR3 or ERRB2) appear to
predict responses to kinase inhibitors in metastatic uro-
thelial carcinoma.70,71 An FGFR inhibitor, erdafitinib, has
been approved by the US Food and Drug Administration for
use in patients with locally advanced or metastatic disease,
and is now being tested in recurrent high-risk NMIBC
(ClinicalTrials.gov identifier: NCT04172675).71 Thus, the
detection of certain actionable mutations can guide sys-
temic treatments specifically targeting them.

POTENTIAL CLINICAL APPLICATIONS OF utDNA

Several studies have applied NGS-based liquid biopsy
assays to urinary DNA to evaluate urothelial cancer non-
invasively (assays summarized in Fig 2, with pre-analytic
factors discussed in Appendix B). UroSEEK has been the
most broadly tested and consists of 3 tests, all applied to
urine sediment: SafeSeqS72 for multiplex PCR-based NGS
mutational analysis of 10 genes associated with urothelial
cancer, a separate TERT promoter SafeSeqS assay, and
aneuploidy detection by FastSeqS.73 When applied to 570
patients who were at risk for developing bladder cancer,
UroSEEK achieved a sensitivity of 83% for cancer de-
tection, compared to 43% for cytology.11 Sensitivity in-
creased to 95% when results from both UroSEEK and urine
cytology were combined.11 UroSEEK positivity preceded the
clinical diagnosis of bladder cancer by 2.3 months on
average and by more than a year in 8 cases.11 Similarly,
UroSEEK successfully identified UTUC; in urine collected
before surgery from 56 patients with UTUC, 75% tested
positive by UroSEEK, including 79% of those with non-
invasive tumors. In contrast, urine cytology detected only
10% of UTUC cases.11 On evaluation of tumor tissue in
both the bladder cancer and UTUC cohorts, mutations in
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FIG 1. Significantly mutated genes in bladder cancer. Bar graphs
represent the frequencies of overlapping driver genes mutated in
non–muscle-invasive bladder cancer (NMIBC) and muscle-
invasive bladder cancer (MIBC) at rates . 7% as reported in Ta-
ble S4 of the Memorial Sloan Kettering (MSK) 2017 study19 and
Figure 1 of The Cancer Genome Atlas (TCGA) 2017 study,18 re-
spectively. For the FGFR3 mutational frequency in MIBC, we
summed the single-nucleotide variant/indel rate (14%) with the
fusion rate (2%) as reported in TCGA 2017.18 For TERT promoter
mutations, the data for both MIBC and NMIBC are from the MSK
2017 study,19 as the TERT promoter region was not sequenced by
TCGA.
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genes assessed by UroSEEK were identified in 62%-75% of
cases originally missed by urine testing.11 In a follow-up
study of 527 bladder tumor samples, 92% were found to
have a mutation identified by UroSEEK.11 Thus, the primary
factor leading to a false-negative test result appears to be
the assay’s limit of detection, rather than insufficient ge-
nomic breadth of the UroSEEK panel.

UroSEEK was also investigated for post-treatment moni-
toring of patients who underwent tumor resection. Urine
samples were collected from 322 patients whose tumors,
based on evaluation of the resected tumor specimen, had
a mutation in at least 1 of the genes (or the TERT promoter)
queried by SafeSeqS.11 In these patients, UroSEEK identified
recurrences with 68% sensitivity and 80% specificity.11

Relapse was detected by UroSEEK on average 7 months
earlier than the clinical diagnosis. Surveillance cytology was
also available for 196 patients, achieving a sensitivity of only
25%.11 Taken together, these results suggest that UroSEEK

has the potential to improve our ability to detect bladder
cancer in both the early diagnostic and recurrence settings.
Although greater sensitivity will be needed to supplant
cystoscopic evaluation, UroSEEK could be useful for de-
veloping risk-adapted protocols that reduce the need for
invasive monitoring.

Dudley et al13 similarly used utDNA analysis to detect
early-stage UCB and monitor post-treatment residual
disease. They developed a hybrid capture-based NGS
assay called Urine Cancer Personalized Profiling by Deep
Sequencing (uCAPP-Seq), which evaluates genomic re-
gions from 460 genes found to be recurrently mutated in
MIBC by TCGA analysis,18 and applied it to urine
supernatant.13 Comparing urine pretreatment samples
from 54 patients with bladder cancer (CIS, pTa-T2) to
samples from 34 healthy volunteers, they detected utDNA
in 83% of cancer cases when blinded to tumor mutational
status, with 97% specificity. Sensitivity of uCAPP-Seq
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improved to 93% with tumor-informed profiling, when the
patient’s mutations were first identified by sequencing
tumor biopsy tissue with the same gene panel and sub-
sequently evaluated by uCAPP-Seq in urine specimens.
They also evaluated a cohort of 64 patients undergoing
surveillance after treatment of localized bladder cancer.
uCAPP-Seq performed significantly better than standard
urine cytology and cystoscopy, detecting 84% of patients
who developed recurrence, whereas the combined sen-
sitivity of cytology and cystoscopy was only 53%.13

Specificity of uCAPP-Seq remained high at 96%-100%,
comparable to urine cytology. Detection of utDNA pre-
ceded clinical disease recurrence in 92% of patients by
a median of 2.7 months, suggesting that uCAPP-Seq is
a sensitive modality capable of robustly detecting UCB
recurrence early.

Across their studies, Dudley et al identified a median of 6
mutations per patient in DNA isolated from urine super-
natant. Concordance of mutations detected in paired tumor
tissue and utDNA from 18 patients was reasonably high,
with 67% of mutations detected in tumor tissue also de-
tected in utDNA.13 Some discordance is to be expected,
given intratumoral heterogeneity not fully captured by tu-
mor biopsy sequencing and decreased probability of
detecting subclonal mutations in cell-free DNA that are
present subclonally at low levels in tumors.74-76

Digital droplet PCR (ddPCR) is another strategy that has
been used for the detection of specific mutations in urine
DNA.20 ddPCR separates DNA molecules into individual oil
droplets with a target of 1 template molecule per droplet.77

PCR reactions are performed within individual droplets and
the extent of amplification is digitized, yielding a binary
result per droplet.77 In this way, ddPCR can be used to
query specific mutations in a targeted fashion. In a retro-
spective pilot study, Birkenkamp-Demtröder et al14 ex-
amined 101 banked NMIBC urine samples from 12
patients who went on to develop recurrent or progressive/
metastatic disease. They used germline and tumor se-
quencing to identify tumor-specific variants and then
generated personalized ddPCR assays to query utDNA in
101 longitudinally collected urine samples. utDNA was
detected in 50% of samples from patients with recurrent
NMIBC and in 96% of samples from patients who de-
veloped MIBC or metastatic UCB. They also detected
higher levels of utDNA in patients who developed pro-
gressive or metastatic disease, an average of 1,282 copies/
mL, versus 31 copies/mL in patients who developed lo-
calized recurrence, suggesting that perhaps utDNA levels
reflect invasive potential.14 Although the study was too
small to delineate sensitivity and specificity, it established
proof of concept for the use of personalized ddPCR assays
to monitor utDNA. Such an approach may provide an al-
ternative means of surveillance for the small proportion of
patients who lack mutations in genes queried by NGS
panel-based assays.

Rather than evaluating for specific mutations, Ge et al12

developed UCdetector to detect urothelial carcinoma
through shallow whole-genome sequencing (sWGS) to
identify copy number alterations in urine supernatant as
well as urine sediment. Their study included urine analysis
from 65 patients who had urothelial carcinoma. Genome-
wide copy number changes in tumor had higher concor-
dance with findings from urine supernatant (cell-free DNA)
compared with sediment. Predicted tumor fractions were
also significantly higher from urine supernatant than from
urine sediment.12 The authors further developed a urine-
based diagnostic classifier through machine learning to
sensitively detect urothelial carcinoma on the basis of
genome-wide copy number alteration features. Internal
cross-validation revealed that the median clinical sensitivity
was 86% and specificity was 95%, suggesting that urinary
cell-free DNA sWGS could form the basis of noninvasive
urothelial cancer detection. Using an independent vali-
dation cohort of 24 patients without tumors and 28 patients
with urothelial carcinoma, UCdetector performed with
a clinical sensitivity of 79% and specificity of 88%. The
authors also performed pre- and post-operative analyses of
urine samples from 7 patients undergoing TURBT.
UCdetector identified disease in all 7 pretreatment samples
and in 2 post-treatment samples.12 Follow-up and sample
size, however, were too limited to ascertain the clinical
significance of the post-operative findings.

Patel et al22 aimed to interrogate the longitudinal dynamics
of biofluid-derived tumor DNA in patients undergoing
platinum-based NAC for MIBC. They used a combination of
tagged-amplicon sequencing (TAm-Seq) and sWGS to
noninvasively evaluate single-nucleotide variants and copy
number alterations in bladder cancer.17,60,78 They assessed
tumor DNA serially in blood plasma, urine supernatant, and
urine sediment. As part of this analysis, TAm-Seq was
performed just prior to cycle 2 of NAC. Twelve patients who
had single-nucleotide variants detected in their tumor tissue
were included in this analysis. Mutant DNA was detected in
a biofluid sample (either urine sediment, urine supernatant,
or plasma) in 5 of the 6 patients whose disease recurred
and in none of the 6 patients who remained recurrence-
free, resulting in an overall sensitivity and specificity of
83% and 100% to predict recurrence, respectively.22

Mutant DNA detection before cycle 1 of NAC did not
correlate with recurrence. These results suggest that the
detection of mutant DNA from analysis of both plasma and
urinemay be used to monitor treatment response and serve
as an early on-treatment predictive biomarker. The authors
did not, however, report sensitivity or specificity using
utDNA alone (without plasma) or of sWGS.

On serial time point analysis of patients undergoing NAC,
Patel et al22 also noted a trend of decreasing utDNA levels
over time, although there were examples of utDNA mutant
allele fractions rising then falling or remaining persistently
elevated in patients who experienced early recurrence. In
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addition, there was evidence of dynamic tumor evolution
identified by biofluid analysis during NAC in 5 patients,
including the emergence of new clonal driver mutations in
a patient who recurred quickly, suggestive of chemotherapy
resistance.22 Although small and not validated using an
independent cohort, the study’s findings suggest that serial
utDNA analysis could, in the future, help response-adapt
treatment in patients with MIBC receiving NAC.

FUTURE DIRECTIONS

Urothelial carcinoma has a poor prognosis when recurrent
or advanced.3,36,37 Early detection followed by definitive
treatment when disease burden is minimal is critical for
achieving long-term disease-free survival.6,26 It is also im-
portant to be able to monitor patients after treatment to
identify relapse early. In addition, assessment while on
neoadjuvant chemotherapy is important, especially when
bladder-sparing approaches are being considered.22 Al-
though cystoscopy and cytology are gold standard for the
detection and surveillance of bladder cancer, there is
a need for more-sensitive, less-invasive, and less-costly
modalities.15,45 Analysis of utDNA is a noninvasive ap-
proach, with promising results suggesting diagnostic and
surveillance capability. Although most studies testing
utDNA as a surrogate for disease detection and monitoring
have been conducted in small patient cohorts, the results
are encouraging, demonstrating reasonable concordance
between tissue and utDNA genotyping, higher sensitivity
than cytology, and comparable specificity.13,14,20,22

To be validated as a cancer biomarker with clinical utility,
large prospective clinical trials need to be performed to
thoroughly test utDNA analysis for the diagnosis, surveil-
lance, and management of urothelial carcinoma. Un-
doubtedly, the field will continue to refine utDNA detection

assays to further enhance sensitivity and specificity, which
will be needed to supplant cystoscopic monitoring in most
scenarios. Although reducing the need for invasive moni-
toring will be a major priority, the potential for utDNA assays
to improve outcomes should not be overlooked. For ex-
ample, utDNA analysis during NAC might provide new
opportunities for tailoring individualized treatments on the
basis of dynamic molecular profiling. In light of an
expanding armamentarium of agents active against uro-
thelial carcinoma, opportunities are growing for treatment
individualization on the basis of rapid response assess-
ment. It is also notable that utDNA often detects localized
disease before standard clinical approaches, raising the
possibility that it can be used as a surrogate for minimal
residual disease or perhaps persistence of premalignant
cells. Thus, utDNAmight also serve as a capable biomarker
for guiding early treatment escalation to reduce the risk of
recurrence and progression while disease burden is still
minimal.

Summary

• Urothelial cancer standard-of-care diagnosis and sur-
veillance consists of invasive approaches associated with
high costs.

• DNA in urine arising frommalignant cells is referred to as
“urinary tumor DNA” (utDNA).

• utDNA can be detected and quantified using NGS– or
digital droplet PCR–based assays.

• Single-institutional studies have shown that utDNA
analysis can enable early detection of bladder cancer in
the diagnostic and surveillance settings.

• utDNA has potential as an early on-treatment biomarker
for patients undergoing neoadjuvant chemotherapy.
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20. Christensen E, Birkenkamp-Demtröder K, Nordentoft I, et al: Liquid biopsy analysis of FGFR3 and PIK3CA hotspot mutations for disease surveillance in
bladder cancer. Eur Urol 71:961-969, 2017
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43. Babjuk M, Böhle A, Burger M, et al: EAU guidelines on non-muscle-invasive urothelial carcinoma of the bladder: Update 2016. Eur Urol 71:447-461, 2017

44. Newman AM, Bratman S V., To J, et al: An ultrasensitive method for quantitating circulating tumor DNA with broad patient coverage. Nat Med 20:548-554,
2014

45. Smith ZL, Guzzo TJ: Urinary markers for bladder cancer. F1000Prime Rep 5:21, 2013

46. Lodewijk I, Dueñas M, Rubio C, et al: Liquid biopsy biomarkers in bladder cancer: A current need for patient diagnosis and monitoring. Int J Mol Sci 19:1-34,
2018

47. Miyake M, Owari T, Hori S, et al: Emerging biomarkers for the diagnosis and monitoring of urothelial carcinoma. Res Rep Urol 10:251-261, 2018

48. He H, Han C, Hao L, et al: ImmunoCyt test compared to cytology in the diagnosis of bladder cancer: A meta-analysis. Oncol Lett 12:83-88, 2016

49. Galván AB, SalidoM, Espinet B, et al: A multicolor fluorescence in situ hybridization assay: Amonitoring tool in the surveillance of patients with a history of non-
muscle-invasive urothelial cell carcinoma: A prospective study. Cancer Cytopathol 119:395-403, 2011

50. Mowatt G, Zhu S, Kilonzo M, et al: Systematic review of the clinical effectiveness and cost-effectiveness of photodynamic diagnosis and urine biomarkers
(FISH, ImmunoCyt, NMP22) and cytology for the detection and follow-up of bladder cancer. Heal Technol Assess 14:1-331, iii-iv, 2010
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APPENDIX A

Clonal Origin and Evolution of Bladder Cancer

Understanding the drivers of carcinogenesis in bladder cancer is key
for the development of biomarkers that may enable the detection of
subclinical or early disease.

To this purpose, different genomic analyses have been applied to
identify founding clones in the carcinogenesis process. In 1992,
Sidransky et al (N Engl J Med 326:737-740, 1992) analyzed the
cystectomy specimens from 4 female patients who were diagnosed
with multifocal bladder cancer to assess whether the tumors were
derived from the same precursor cell. Using a combination of DNA gel
electrophoresis and Southern blot, the authors investigated X-chro-
mosome inactivation and allelic losses. Their analysis demonstrated
that although normal bladder mucosa had a polyclonal pattern of
X-inactivation, all analyzed tumors within a patient showedmonoclonal
X-inactivation with the same X-chromosome inactivated. In addition, 3
patients’ tumors were examined for somatic loss of chromosome 9q
alleles, which showed loss of the same 9q allele in each tumor. In
contrast, losses of chromosome 17p and 18q, later events in tumor
progression, did not show clonality between tumors within a patient.
Their findings corroborate the hypothesis that multifocal tumors arise
from a single transformed cell and subsequently evolve to acquire new
genetic alterations.

With advancements in genomic testing,more sophisticated techniques
enabled a better understanding of the molecular changes involved in
bladder carcinogenesis. Majewski et al (Cell Rep 26:2241-2256.e4,
2019) conducted a comprehensive analysis of a cystectomy specimen
from a patient diagnosedwithmultifocal papillary bladder cancer. They
hypothesized that epigenetic and/or genetic changes in histologically
normal-appearing bladder mucosa show evidence of early cancer-
initiating events, referred to as the “field effect”. Applying next-
generation sequencing (NGS) to tumor and surrounding mucosal
DNA, the authors analyzedmutations, copy number variations (CNVs),
and methylation patterns. They identified widespread and uniform
CNVs and methylation changes in normal-appearing mucosa on
a background of highly heterogeneous low-allele fraction mutations,
suggesting that the CNVs and methylation changes represented early
cancer driver events. The authors also identified an inactivating mu-
tation in the ACIN1 gene in normal mucosa, which demonstrated
clonal expansion to invasive carcinoma along with mutations in 21
additional genes. Finally, an activatingmutation in KRASwas identified
as an important driver of progression to high-grade cancer in this
patient. Although restricted to a single patient, these results support
the clonal underpinnings of multifocal bladder carcinoma.

Another important factor to consider is the impact of chemotherapy
driving clonal evolution in urothelial carcinoma (UC). To address this,
Faltas et al (Nat Genet 48:1490-1499, 2016) performed whole-exome
sequencing (WES)-based clonality analysis of 72 UC samples from 32
patients, including 16 matched sets of primary and metastatic UC and
germline samples and 2 rapid autopsy cases. Interestingly, only
28.4% of mutations were shared pre- and post-chemotherapy, and
even mutations in known driver genes, such as PIK3CA, KMT2D
(MLL2), ATM, and TP53, were not consistently shared. Some post-
chemotherapy tumors even developed different mutations in the same
key gene. In an analysis of 21 sets of matched tumors, a pattern of early
branching was observed where an ancestral clone gave rise to multiple
cell populations evolving in parallel. The authors showed a significant
increase in APOBEC signatures in chemotherapy-treated tumors,
suggesting that APOBEC-induced mutagenesis could be contributing
to UC clonal evolution in response to chemotherapy. These results
suggest that UC undergoes extensive clonal evolution in response to
chemotherapy, which could lead to chemotherapy resistance.

Bladder Cancer Genomic Landscape

Non–muscle-invasive bladder cancer genomic landscape.
Pietzak et al19 at Memorial Sloan Kettering (MSK) used the MSK-
IMPACT targeted exome platform to sequence tumor and matched

germline DNA from 105 patients with non–muscle-invasive bladder
cancer (NMIBC). The most commonly identified mutations were in
TERT promoter (73%), FGFR3 (49%), KDM6A (38%), PIK3CA (26%),
STAG2 (23%), AR1D1A (21%), and TP53 (21%; Fig 1). Mutations in
chromatin-modifying genes were highly prevalent, occurring in 69% of
cases, most commonly involving KDM6A (38%) and AR1D1A (21%).
Alterations in KDM6A and ARID1A did not correlate significantly with
grade or stage. Truncating STAG2mutations were associated with low-
grade Ta tumors,19 although the association of STAG2 mutations with
aggressive versus low-grade bladder cancer are conflicting in other
studies (Balbás-Martı́nez C, et al: Nat Genet 45:1464-1469, 2013;
Guo G, et al: Nat Genet 45:1459-1463, 2013; Solomon DA, et al:
Science 333:1039-1043, 2011; Taylor CF, et al: Hum Mol Genet 23:
1964-1974, 2014). The TERT promoter mutation was highly prevalent
across different grades and stages, with a mutation rate of 61% in
low-grade Ta tumors, 88% in high-grade Ta tumors, and 79% in high-
grade T1 tumors.19 FGFR3mutations were associated with lower grade
and stage. Alterations in the tyrosine kinase/phosphatidylinositol3-
kinase (RTK-PIK3) pathway, which includes FGFR3, were overall
present in 79% of NMIBC cases.

MIBC genomic landscape. The Cancer Genome Atlas (TCGA)
study is the largest one to date assessing the muscle-invasive bladder
cancer (MIBC) genomic landscape.18 It included analysis of 412MIBC
tumor samples analyzed by WES. Fifty-eight genes were significantly
mutated, and tumor mutational burden correlated with the APOBEC
signature. Furthermore, several canonical signaling pathways were
shown to be altered inMIBC (Fig 1). The authors observed an 89% rate
of inactivation in the p53/cell-cycle pathway in MIBC tumor samples,
with TP53 itself mutated in 48% of cases. Other relatively common
inactivating mutations were seen in RB1 (17%), CDKN1A (11%), and
CDKN2A (7%). TERT promoter mutations were commonly found in
85% of patients with MIBC in a different study performed at the MSK
Cancer Center.19 Of note, TERT promoter mutations were not assessed
by the TCGA study,17,18 because the WES method they applied only
interrogated protein-coding regions. Other important findings in TCGA
consisted of oncogenes that harbored recurrent hotspot mutations
including FGFR3, PIK3CA, and RAS. FGFR3 mutations were present
in 16% of cases and were more common in lower-stage tumors,18

consistent with their greater prevalence in NMIBC.19 PIK3CA muta-
tions were commonly seen in the helical domain and were likely due to
APOBEC-induced mutagenesis.18 ERBB2 mutations were common at
serine 310 (S310) in the extracellular domain (42% of mutated cases),
also likely from APOBEC-induced mutagenesis. PPARG was also al-
tered in MIBC (primarily by amplification) in 17% of cases, and has
been shown to interact with mutated RXRA to further promote uro-
thelial growth (Halstead AM et al, eLife 6:e30862, 2017). Mutually
exclusive alterations were seen between CDKN2A and TP53, CDKN2A
and RB1, CDKN2A and E2F3, TP53 and MDM2, FGFR3 and E2F3,
and FGFR3 and RB1.18 Co-occurring genomic alterations were
commonly seen between TP53 and RB1, TP53 and E2F3, and FGFR3
and CDKN2A. FGFR3 mutations and CDKN2A copy number alter-
ations were found to co-occur in 7% of cases, possibly evidence of
MIBC arising from progression of NMIBC tumors (Rebouissou S, et al:
J Pathol 227:315-324, 2012).

APOBEC mutational signature. The APOBECmutational pattern is
linked to increased activity of APOBEC cytidine deaminases, which
have been shown to induce mutations in several cancer types, in-
cluding MIBC (Roberts SA, et al: Nat Genet 45:970-976, 2013).61 In
MIBC, 2 different variants of the APOBEC signature, APOBEC-a and
APOBEC-b, were described in the TCGA study.18 These 2 APOBEC
signatures accounted for 67% of all detected single-nucleotide vari-
ants and were strongly associated with hypermutation, increased PD-1
expression, and improved overall survival.18,66 APOBEC signatures
were also identified in a study from the Dana Farber Cancer Institute
that conducted targeted exome sequencing in 472 UC specimens
spanning a range of grades and anatomic sites.61 The authors dem-
onstrated that although APOBEC signature mutations were observed
across UC types and grades, they were significantly more frequent in
MIBCs and high-grade NMIBCs and less frequent in high-grade upper
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tract urothelial carcinomas and low-grade NMIBCs. Overall, APOBEC
appears to play an important role in driving mutagenesis in UC, es-
pecially for MIBC and potentially high-grade NMIBC.

APPENDIX B

Pre-analytic Factors in Urinary Tumor DNA Testing

Sources of tumor DNA in the urine. Tumor DNA is found in both
the urine supernatant cell-free DNA (cfDNA) and in the cellular pellet
(urine sediment). cfDNA reaches the urine via direct shedding from
cells in the urogenital tract and from lymphocytes present in the urine
(Fig 2; Botezatu I, et al: Clin Chem 46:1078-1084, 2000; Pan-
agopoulou M, et al: J Cell Physiol 234:14079-14089, 2019; Su YH,
et al: Ann N Y Acad Sci 1022:81-89, 2004; Chang HW, et al: Int J Biol
Markers 22:287-294, 2007; Su YH, et al: J Mol Diagn 6:101-107,
2004). cfDNA can also reach the urine through glomerular filtration of
plasma-derived cfDNA (Botezatu I, et al: Clin Chem 46:1078-1084,
2000). Urinary cfDNA can be divided based on length into low- and
high-molecular-weight DNA: low-molecular-weight DNA ranges from
10 bp to 400 bp, and high-molecular-weight DNA measures at least 1
kbp. There is currently no widely adopted consensus on the use of
urine supernatant versus sediment, although some studies suggest
that the supernatant is enriched for tumor DNA relative to the sediment
fraction (Togneri FS, et al: Eur J Hum Genet 24:1167-1174, 2016).12

Fragment size selection. Fragment size selection of urinary cfDNA
may not be necessary for bladder cancer urinary tumor DNA (utDNA)
detection.13,64 Dudley et al13 found similar variant allele fractions of
mutant DNA in both long (. 500 bp) and short (, 500 bp) urinary
cfDNA fragments. Similar findings were demonstrated by Russo et al64

on the basis of detecting TERT promoter mutations. After using bead
fractionation to separate DNA fragments from 8 patient cfDNA samples
on the basis of size, it was found that the TERTmutant allele frequency
detected by digital droplet polymerase chain reaction was similar for
both long and short DNA fragments per sample.64

Specimen collection. Although inter- and intra-donor variations in
the quantity and quality of urinary cfDNA is inevitable (Johnson DJ,
et al: J Forensic Sci 52:110-113, 2007), consideration of several
factors can increase productive recovery. Amounts of cfDNA in a urine
specimen depend on the volume of urine collected and the timing of
collection. At our institution, we typically aim to collect up to 90 mL of
urine, the size of most standard urinalysis cups. Urinary cfDNA
concentrations, and unwanted particulate matter, tend to increase the
longer urine remains inside the bladder (Brisuda A, et al: Urol Int 96:
25-31, 2016). As such, first void morning samples usually contain
higher amounts of DNA. However, these samples also harbor a higher
content of debris and impurities; to decrease urinary debris con-
taminating cfDNA, the second urine void of the morning is preferred
(Brisuda A, et al: Urol Int 96:25-31, 2016). Alternatively, urine samples
can be collected at the time of cystoscopy or other urologic procedures,
such as catheterization for intravesical therapy administration, which
allows for more flexibility and convenience (Schmitz-Dräger C, et al:
Urol Oncol 34:452-459, 2016). DNA concentrations have also been

shown to vary during urination, with the highest concentration being at
the beginning of the voiding process (Johnson DJ, et al: J Forensic Sci
52:110-113, 2007). Nonetheless, the first portion of voided urine may
be contaminated by blood or urethral cellular debris; thus, midstream
urine is a reasonable alternative, despite lower DNA concentrations
(Vorsters A, et al: Eur J Clin Microbiol Infect Dis 33:2005-2014, 2014).
Because patients with bladder cancer sometimes require the use of
percutaneous nephrostomy tubes for medical reasons, attention
should be paid to avoid evaluating urine from these sources, because it
may have bypassed contact with the tumor. Interestingly, sex differ-
ences have been reported regarding DNA content in the urine. Female
urine yields 3 to 4 times higher DNA concentrations than male urine,
which may be related to genitourinary anatomic differences leading
to differences in epithelial cell–derived DNA levels (Johnson DJ, et al:
J Forensic Sci 52:110-113, 2007; Vu NT, et al: Forensic Sci Int
102:23-34, 1999).

Human urine is susceptible to nuclease activity, and for this reason
cfDNA can be heterogeneous with respect to size and composition
(Bryzgunova OE, et al: Ann N Y Acad Sci 1075:334-340, 2006). In an
attempt to improve nucleic acid stability, freezing urine shortly after
collection has been suggested (Ng HH, et al: Forensic Sci Int 287:36-
39, 2018). However, this approach is not practical in the clinical
setting, so other ways to stabilize urinary nucleic acids have been
studied. Streck Laboratories and Norgen developed proprietary liquid
reagents that stabilize cfDNA in urine specimens (Benhamou S, et al:
BMC Cancer 16:837, 2016). The former reported that their reagent
stabilizes DNA in urine samples at room temperature for 7 days.
Another urine DNA preservation method that has been used is the
addition of EDTA to urine samples before storage (Melkonyan HS, et al:
Ann N Y Acad Sci 1137:73-81, 2008).13 Dudley et al found that when
EDTA was added to urine samples to 0.5 mM, urinary cfDNA remained
stable at 4°C for up to 1 week.13

Methods of urinary cfDNA isolation. Methods of urinary cfDNA
isolation can vary in their volume capacity, total cfDNA yield, and the
size distribution of isolated DNA fragments (Streleckiene G, et al:
Biotechniques 64:225-230, 2018). Column-based kits that have been
used for cfDNA isolation from urine of patients with bladder cancer
include the Qiagen Circulating Nucleic Acid Kit (Brisuda A, et al: Urol
Int 96:25-31, 2016), QIAquick Gel Extraction Kit (Kim YH, et al:
Investig Clin Urol 57:106-112, 2016), QIAamp DNA Mini Kit (Zancan
M, et al: Int J Biol Markers 3:147-155, 2009), and QIAamp Viral RNA
Mini Kit.63 These kits are generally volume-limited to 5 mL of urine
supernatant, usually too low for utDNA analysis. Methods specifically
catered to isolating cfDNA from urine for subsequent utDNA analysis
can accommodate much larger volumes. For example, Dudley et al
used a resin-based isolation method to isolate cfDNA from a median
urine volume of 50mL.13 Analysis of cfDNA fragment size from isolated
urine samples revealed a distribution of low-molecular-weight DNA
(, 500 bp), including ultra-short DNA (, 100 bp), and high-molecular-
weight DNA (1-10 kbp). Magnetic bead–based DNA isolation ap-
proaches such as the MagMAX Cell-Free DNA Isolation Kit have also
been used successfully to extract urinary cfDNA before utDNA analysis
(Lee DH, et al: Sci Rep 8:14707, 2018).

Urinary Tumor DNA in Bladder Cancer

JCO Precision Oncology 817


	Emerging Roles of Urine
	INTRODUCTION
	CHALLENGES IN UROTHELIAL CARCINOMA DIAGNOSIS AND CLINICAL MANAGEMENT
	Diagnosis
	Non–Muscle
	MIBC
	UTUC

	URINE BIOMARKERS FOR UROTHELIAL CARCINOMA DETECTION AND MONITORING
	GENOMICS OF BLADDER CANCER
	Genomic Landscapes of MIBC and NMIBC
	Genomic Predictive Markers

	POTENTIAL CLINICAL APPLICATIONS OF utDNA
	FUTURE DIRECTIONS
	Summary

	REFERENCES
	Appendix A
	Appendix B


