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Background: Detecting pre-clinical bladder cancer (BC) using urinary biomarkers may provide a valuable
opportunity for screening and management. Telomerase reverse transcriptase (TERT) promoter mutations
detectable in urine have emerged as promising BC biomarkers.
Methods: We performed a nested case-control study within the population-based prospective Golestan
Cohort Study (50,045 participants, followed up to 14 years) and assessed TERT promoter mutations in base-
line urine samples from 38 asymptomatic individuals who subsequently developed primary BC and 152
matched controls using a Next-Generation Sequencing-based single-plex assay (UroMuTERT) and droplet
digital PCR assays.
Findings: Results were obtained for 30 cases and 101 controls. TERT promoter mutations were detected in 14
pre-clinical cases (sensitivity 46¢67%) and none of the controls (specificity 100¢00%). At an estimated BC
cumulative incidence of 0¢09% in the cohort, the positive and negative predictive values were 100¢00% and
99¢95% respectively. The mutant allelic fractions decreased with the time interval from urine collection until
BC diagnosis (p = 0¢033) but the mutations were detectable up to 10 years prior to clinical diagnosis.
Interpretation: Our results provide the first evidence from a population-based prospective cohort study of the
potential of urinary TERT promoter mutations as promising non-invasive biomarkers for early detection of
BC. Further studies should validate this finding and assess their clinical utility in other longitudinal cohorts.
Funding: French Cancer League, World Cancer Research Fund International, Cancer Research UK, Tehran Univer-
sity of Medical Sciences, the International Agency for Research on Cancer, and the U.S. National Cancer Institute.
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Research in context

Evidence before this study

The best hope for reducing bladder cancer (BC) mortality and
morbidity remains early detection and subsequent surgical
excision of non-muscle invasive bladder tumours. Despite the
routine use of urine cytology and commercialization of several
FDA-approved urine biomarkers for bladder cancer manage-
ment, these methods do not offer the combined sensitivity and
specificity needed to be clinically useful for bladder cancer
detection, especially for early stage tumours. Telomerase
reverse transcriptase (TERT) promoter mutations are the most
frequent genetic alterations occurring in bladder cancer. They
are equally distributed across different grades and stages of the
disease and are reported to be early events in carcinogenesis.
We and others have previously shown that TERT promoter
mutations are detectable in urinary DNA from the exfoliated
cells of bladder epithelium or in urinary cell-free DNA. We spe-
cifically have shown that TERT promoter mutations detected in
urinary DNA by our simple, single-plex assay (UroMuTERT)
have excellent sensitivity and specificity for the detection of all
forms of urothelial cancer of the bladder, significantly outper-
forming that of urine cytology, especially for the detection of
low-grade and/or early stage urothelial cancers.

The ability to detect these mutations in pre-diagnostic urine
samples has enormous potential as a non-invasive tool for early
detection and potentially cost-effective screening of high-risk
individuals. We searched PubMed with terms “TERT promoter
mutations”, “urine”, “blood”, “liquid biopsy”, “bladder cancer”,
“urothelial cancer” “screening of bladder/urothelial cancer” and
“urinary biomarker” for studies published between January
2006 and December 2018. No study has shown the detectability
of a biomarker years prior diagnosis of bladder cancer in
asymptomatic individuals.

Added value of this study

Building on our promising earlier studies of the non-invasive
UroMuTERT assay, we investigated the potential of urinary TERT
promoter mutations as an early detection biomarker for bladder
cancer in asymptomatic individuals in a case-control study
nested within a longitudinal population-based prospective
cohort of 50,045 Iranian individuals. This is the first study show-
ing that tumour-derived TERT promoter mutations could be
detected in urine samples up to 10 years prior to the primary
diagnosis of bladder cancer and were absent among matched
controls who did not develop any cancer in the 10 years after
sample collection. This pilot study also provides the first evalua-
tion of a urinary biomarker in a population-based prospective
cohort study and the first evidence of the ability of urinary TERT
promoter mutations to detect pre-clinical bladder cancer.

Implications of all the available evidence

Our prospective pilot study demonstrates the potential of urinary
TERT promoter mutations as early biomarkers for bladder cancer
and brings them a step further in the validation phases of bio-
marker development for early detection. Both the high specificity
of these biomarkers and their detection up to 10 years before
clinical diagnosis of bladder cancer suggest great potential for
clinical utility for early detection of pre-clinical tumours and pos-
sibly for surveillance of patients for disease recurrence. If the cur-
rent findings are validated in other long-term population-based
prospective cohorts, large prospective randomized controlled tri-
als in high-risk cohorts should be designed to address the health

and cost benefits of TERT promoter mutations screening on the
global bladder cancer burden. As part of the integration of these
biomarkers into BC screening and clinical management, test-posi-
tive individuals could be offered investigation with cystoscopy or
urography for early clinical diagnosis and then triaged to treat-
ment or a surveillance program, as appropriate.

2 M.I. Hosen et al. / EBioMedicine 53 (2020) 102643
1. Introduction

In 2018, approximately 549,000 individuals were diagnosed
with bladder cancer (BC) across the world, and 200,000 died from
this disease. In the USA as well as in Iran, BC is the 4th most com-
mon cancer diagnosed in men [1]. Histologically, BCs can be classi-
fied into urothelial carcinoma (UC), which is the most common
sub-type (around 90%) and other rare non-urothelial tumours [2].
The absence of appropriate and reliable screening methods, the
invasiveness of diagnostic modalities, and high recurrence rates
(50�70%) after the initial treatments make BC one of the most
challenging and expensive cancers to diagnose and treat [2,3].
Therefore, identifying accurate non-invasive biomarkers that can
facilitate early detection and improve post-treatment monitoring
in BC patients might significantly contribute to reducing the mor-
tality, morbidity, and economic burdens of BC worldwide [4,5].
Owing to suboptimal performance and cost-effectiveness consid-
erations, none of the commercially available urine biomarkers to
date are recommended by urological societies for routine BC clini-
cal management or for screening high-risk populations [6�8].

Two hotspot mutations in the promoter region of the Telome-
rase reverse transcriptase gene (TERT), called C228T and C250T,
are frequently found in several tumour types [9], and they are
detected at high frequency (60�85%) in all stages and grades of
UCs [10�13]. These mutations are considered as an early event in
UC tumorigenesis and have been detected in the DNA from urine
samples that were collected both at the time of primary clin-
ical diagnosis of UC and during post-surgical follow-
ups [10,11,14�16]. Recently, we developed a Next Generation
Sequencing (NGS)-based assay (UroMuTERT) for the detection of
low-abundance TERT promoter mutations. We tested it in urine
samples from a case-control study and reached 87¢1% sensitivity
and 94¢7% specificity for detecting primary or recurrent UCs [17].
When restricted to the detection of primary or early UC, our Uro-
MuTERT assay demonstrated comparable performance to that of
the recently developed more complex UroSEEK multiple gene
assay that includes the screening of TERT promoter mutations and
regions of interest in ten other somatically mutated genes (sensi-
tivity of 86¢7% versus 83%; Specificity of 94¢7% versus 93%) [14].

Should these mutations also be detectable in urine at early or
pre-clinical stages of tumour development, they would provide an
unprecedented opportunity for developing a simple, non-invasive
assay for the detection of UCs at any stages and grades, which
therefore could be used for comprehensive screening and early
detection purposes. At this step of the biomarker validation, expert
groups recommend nested case-control study design within pro-
spective cohorts in which samples collected at enrollment within
the targeted population will be tested for the biomarker(s) in
asymptomatic individuals who later developed cancer and those
who did not [18,19].

In this pilot study, we report the detectability of urinary TERT-pro-
moter mutations up to 10 years before BC diagnosis using urine sam-
ples of the Golestan Cohort Study [20] and evaluate their predictive
values as non-invasive early biomarkers.
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2. Materials and methods

2.1. Study design

We designed a case-control study nested within the Golestan Cohort
Study, a population-based prospective cohort study of 50,045 individu-
als, aged 40�75 years, recruited from both urban and rural areas in the
Golestan province of northeast Iran between 2004 and 2008 [20].
Informed consent was obtained from all participants. The study protocol
and the informed consent used for this study were approved by the eth-
ical review committees of Digestive Disease Research Center (DDRC),
International Agency for Research on Cancer (IARC) and the National
Cancer Institute (NCI). Upon enrollment, detailed questionnaires on par-
ticipants’ demographics, lifestyle, diet, and various exposures were com-
pleted, and the participants were actively followed annually for vital
status, incident cancer and cause of death. Blood, urine, hair and nail
samples were collected from all participants at enrollment and stored
for later studies. Demographics of all the cohort participants are sum-
marized in the Supplementary Table 1.

Until 1st December 2018, the average duration of follow-up was
10¢2 years and only <1% of the cohort participants had been lost to
follow-up.

2.2. Cancer case ascertainment

When incident cancers or deaths were reported on the annual fol-
low-up, a staff member was sent to the home of the patient or the
deceased to complete a detailed questionnaire. This process was fol-
lowed by sending a team to the appropriate medical centers to gather
copies of all available and relevant medical reports. All information
was then reviewed by 2-3 expert physicians to verify the diagnosis of
cancer or cause of death. Further, cancer cases were blindly matched
to the Golestan Population-based Cancer Registry database to avoid
any possible misclassifications of cancer cases.

Forty participants developed primary urothelial carcinoma of the
bladder, of whom 38 had provided a urine sample at enrollment. The
cases were sub-categorized into muscle-invasive and non-muscle-
invasive BCs, based on their documented stage of disease. For each of
the 38 BC cases, we selected four incidence density matched controls
(total n = 152). The controls were matched for date of birth (same cal-
endar year), sex, date of urine collection (same half calendar year),
and residence (urban/rural). In addition, the controls were selected
to be free from any history of cancer at the last follow-up date.

2.3. Collection, processing and storage of blood and urine samples

The details of the collection and storage of biospecimens have
been previously published [20]. Briefly, in the urban areas, all biologi-
cal samples were immediately processed in the central cohort labora-
tory, while in the rural areas, blood and urine samples were first kept
in refrigerators (+4 °C) and then transferred in cooling boxes to the
central laboratory to be processed within 8h of collection. The blood
samples were centrifuged and blood fractions (plasma, buffy coat,
and red blood cells) were aliquoted in 500 ml straws and stored at
�80 °C, while urine samples were stored at �20 °C. The samples
were then shipped at regular intervals to the International Agency
for Research on Cancer (IARC) and the National Cancer Institute (NCI)
where they were stored at �20°C (blood) and at �80°C (urine).

2.4. DNA isolation and quantification

Because of the preciousness of samples collected in prospective
cohorts, a maximum of 4¢5 ml of frozen urine per subject was granted
for use in the current study. DNA from the whole urine samples
(median volume 2¢9 mL; range 1¢1�4¢5 mL) was isolated using the
QIAamp Circulating Nucleic Acid Kit (Qiagen) with the objective of
collecting cell-free DNA and DNA from exfoliated cells within the
same fraction. DNA from blood leukocytes was isolated using the
Gentra Puregene blood kit (Qiagen). DNA quantification was per-
formed using the Qubit assay (Invitrogen).

2.5. Detection of TERT promoter mutations

To ensure mutation calling accuracy and minimize fall positive
results, we applied a stringent 2-step strategy using two independent
sensitive methods to call TERT promoter mutations in the urinary and
white blood cell DNA (Fig. 1).

2.5.1. UroMuTERT assay and mutation analysis
The single-plex Next-Generation Sequencing assay (UroMuTERT)

was previously developed in our laboratory for the detection of low-
abundance TERT promoter mutations [17]. Briefly, UroMuTERT uti-
lizes a single amplicon of 147 bp that was designed to cover the geno-
mic region of the TERT promoter that contain the 2 ‘hotspot’ C228T
and C250T mutations. The detailed protocol for amplicon-based Ion
Torrent Proton sequencing is provided in the Supplementary data.
Variant calling was performed using our Needlestack algorithm based
on negative binomial regression analysis and specifically designed for
the detection of low-abundance mutations (https://github.com/IARC
bioinfo/needlestack) [21]. A p-value for being a variant (outlier from
the regression) was calculated for each sample and further trans-
formed into q-values to account for multiple hypotheses testing
(Supplementary Figure 1). A threshold of Phred scale q-values
QVAL>20 was validated in the previous case-control study [17] and
also applied in this study (Figure 1).

To control for potential low-allelic fraction amplification artefacts or
sequencing errors, all DNA samples with evidence for a TERT mutation
(QVAL>20) were re-amplified, re-sequenced using independent bar-
coded libraries and analysed with Needlestack algorithm together with
sufficient wild-type samples at the targeted positions to ensure appro-
priate fit of the regression. Only samples with confirmed QVAL>20
were considered as positive after UroMuTERT analysis (Fig. 1).

2.5.2. Validation by ddPCR assay
We developed droplet digital PCR (ddPCR) assays for the two most

common TERT promoter mutations: C228T and C250T as well as the
two other rare ones C228A and CC242-243TT (Supplementary Table 2,
Supplementary data). All samples positive after UroMuTERT analysis
were run in duplicates using 10 ng of urinary DNA. Ten wild-type sam-
ples chosen at random were included as technical controls. Analysis of
the ddPCR data was performed using the QuantaSoftTM Analysis Pro
1.0.596 software from Biorad (Supplementary Figure 2). The threshold
representing the minimum number of positive droplets for calling a
mutation was determined from the Poisson distribution of droplets in
wild type and mutated cell lines and was set at 6 or 5 (Supplementary
data). All laboratory analyses were conducted blindly to the case or
control status of the samples.

2.6. Statistical analysis

Incidence densitymatchingwas performed using Stata statistical soft-
ware. The distributions of the data were tested using the Shapiro�Wilk
test. For normally distributed data, Pearson correlation coefficients and
Student’s t-tests were used, while for the non-normally distributed data,
Spearman's rank correlation coefficients and Wilcoxon rank-sum tests
were used to compare the differences between the continuous variables.
Chi-squared tests were used to compare the dichotomous variables. Sen-
sitivity, specificity and accuracy of the TERT promoter mutations were
calculated and their confidence intervals computed using the Clopper-
Pearson method [22]. The positive predictive values (PPVs) and negative
predictive values (NPVs) were calculated based on an estimated cumula-
tive incidence of BC (0¢09%; see results section) in the Golestan cohort.

https://github.com/IARCbioinfo/needlestack
https://github.com/IARCbioinfo/needlestack


Fig. 1. A schematic presentation of the analytical workflow for the detection of TERT promoter mutations in urinary and white blood cell DNA samples of the bladder cancer cases
and cancer-free controls selected from the Golestan Cohort Study.
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Confidence intervals for the predictive values were defined as the stan-
dard logit confidence intervals and were calculated using the method of
Mercaldo et al. 2007 [23]. All statistical analyses were performed using
Stata statistical software version 14 (Stata Corporation, College Station,
Texas, USA).

3. Results

3.1. Descriptive statistics

Of the initial 38 BC cases and their 152 matched controls, 10 were
excluded due to the lack of measurable DNA in urine samples, 47 due
to low-quality sequencing data after the UroMuTERT assay, and 2
controls due to unrecorded urine samples in the biorepository. The
volume of urine aliquots used for DNA isolation (range: 1¢1 - 4¢5 mL)
did not correlate with the DNA yield (range: 6 ng � 7 mg) (Supple-
mentary Figure 3A). The 47 samples with low-quality sequencing
data had a lower median DNA amount (Median: 15¢1 ng) than the
131 samples with UroMUTERT data (Median: 51¢8 ng) (p = 0¢006)
(Supplementary Figure 3B). No correlation between the quality of
sequencing data and urine volume was observed (Supplementary
Figure 3C). A significant proportion of the urine samples which failed
the UroMuTERT assay (n = 57) were collected during the first years of
enrollment (2004�2005), and hence had the longest storage duration
(Supplementary Table 3).

Finally, 131 participants including 30 cases and 101 matched con-
trols were retained for subsequent mutation analysis. The median
age of participants at baseline was 57.8 years (range: 41.3 - 75.2
years). The median follow-up time from the date of urine collection
until assignment as a case was 7¢3 years (range: 0¢4 � 10¢3 years).
There were no statistically significant differences in the demo-
graphics of the participants between cases and controls (Table 1).

The participants with subsequent BC diagnosis had significantly
higher rates of tobacco and opium consumption compared to their
matched controls (Table 1). Of the 30 analysed BC cases, 9 (30¢0%)
had non-muscle-invasive carcinoma, 16 (53¢3%) had muscle invasive
carcinoma, and the invasiveness into the muscle was unknown for
the remaining 5 (16¢7%) cases (Table 1). The three-year overall



Table 1
Comparison of the baseline characteristics of the bladder cancer cases and the
matched controls.

Baseline
characteristics

Bladder Cancer
Cases (n = 30)
N (%)

Matched Controls
(n = 101)
N (%)

P value

Age (years)a 0¢769
59¢1 (42¢2 � 75¢1) 57¢7 (§ 41¢3 � 75¢2)

Gender 0¢891
�Male 21 (70) 72 (71¢3)
� Female 9 (30) 29 (28¢7)
Ethnicity 0¢322
� Turkman 16 (53¢3) 64 (63¢4)
� Non-Turkman 14 (46¢7) 37 (36¢6)
Residence 0¢237
� Rural 21 (70¢0) 81 (80¢2)
� Urban 9 (30¢0) 20 (19¢8)
Socioeconomic statusb 0¢665
� Low 8 (26¢7) 35 (34¢7)
�Middle 13 (43¢3) 36 (35¢6)
� High 9 (30¢0) 30 (29¢7)
Regular tobacco consumption 0¢039
� Never 13 (43¢3) 65 (64¢4)
� Ever 17 (56¢7) 36 (35¢6)
Regular opium consumption 0¢037
� Never 17 (56¢7) 77 (76¢2)
� Ever 13 (43¢3) 24 (23¢8)
Regular alcohol drinking 0¢181
� Never 26 (86¢7) 95 (94¢1)
� Ever 4 (13¢3) 6 (5¢9)
Time from sample collection until diagnosis of BC (years)a

Bladder cancer categories �
� Non-muscle-
invasive

9 (30¢0) �

�Muscle-invasive 16 (53¢3) �
� Un-known 5 (16¢7)
a Displayed as Median (Range).

N: Number; BC: Bladder Cancer.
b Socioeconomic status was determined using a wealth score that was cre-

ated using multiple correspondence analysis on the ownership of house, vehicle,
and some home appliances.

Table 2
Performance of detecting TERT promotor mutation in the pre-diagnostic urine
samples as an early detection biomarker for bladder cancer.

Statistics Urinary DNA (N = 131) 95% CI

All Pre-diagnostic samples
True Positive (n) 14 �
True Negative (n) 101 �
False positive (n) 0 �
False negative (n) 16 �
Sensitivity (%) 46¢67 28¢34 � 65¢67
Specificity (%) 100¢00 96¢41 � 100¢00
Positive likelihood ratio (%) � �
Negative likelihood ratio (%) 0¢53 0¢38 � 0¢75
Positive predictive value (%)a 100¢00
Negative predictive value (%)a 99¢95 99¢93 � 99¢97
Accuracy (%) 99¢96 99¢94 � 99¢97

< 7 years prior diagnosisb

True Positive (n) 08 �
False Negative (n) 06 �
Sensitivity (%) 57¢14 28¢86 � 82¢34

> 7 years prior diagnosisb

True Positive (n) 06 �
False Negative (n) 10 �
Sensitivity (%) 37¢50 15¢20 � 64¢57

Non-Muscle Invasive Bladder Cancer
True Positive (n) 03 �
False Negative (n) 06 �
Sensitivity (%) 33¢33 7¢49 � 70¢07

Muscle Invasive Bladder Cancer
True Positive (n) 10 �
False Negative (n) 06 �
Sensitivity (%) 62¢50 35¢43 � 84¢80

CI: Confidence Interval.
a Positive and negative predictive values were calculated using the prevalence

of bladder cancer (0¢09%) in the Golestan population based cohort.
b Median time to BC diagnosis.
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survival rate was 40% among cases (66% survival rate for cases diag-
nosed with non-muscle-invasive tumours and 16% for cases with
muscle-invasive carcinomas).

3.2. Detection of TERT promoter mutations in pre-diagnostic urine
samples

Fourteen out of 30 cases (46¢67%) tested positive for TERT pro-
moter mutations in pre-diagnostic urinary DNA samples after Uro-
MuTERT analysis [C228T (n = 10), C228A (n = 1), CC242-243TT (n = 1),
and C250T (n = 2)] and were all validated by ddPCR assays. The most
frequent TERT mutations reported in BC (C228T and C250T) were
identified in 12 urine samples (85¢71% of the detected mutations).
None of the controls carried urinary TERT promoter mutations. We
did not observe any correlation between the mutant allelic fractions
(MAF) of TERT promoter mutations detected by either ddPCR or Uro-
MuTERT assays and the urine volume or the urinary DNA concentra-
tion (Supplementary Figure 4). The MAFs detected using the
UroMuTERT and ddPCR assays were highly correlated (r2 = 0¢96),
(Supplementary Figure 5). In contrast to our initial expectations, we
found the median MAF to be high (UroMuTERT MAF 20¢4%; range
0¢7%�73¢3%). To account for a potential rare occurrence of germ-line
or mosaic TERT promoter mutations, as observed in our previous
study [17], we applied the same mutation screening strategy to DNA
isolated from white blood cells (WBCs) of 128 subjects with available
WBCs (30 cases and 98 controls). No TERT promoter mutations were
detected in the WBCs, confirming the somatic origin of the mutations
in the urine samples. The sensitivity and specificity of detecting
somatic TERT promoter mutations in pre-clinical urine samples of
individuals who subsequently developed BC were 46¢67% (95%CI:
28¢34 � 65¢67), and 100¢00% (95%CI: 96¢41 � 100¢00) respectively
(Table 2). Cases were categorized into two groups based on the
median time to BC diagnosis. The sensitivity estimate was higher for
urine samples collected less than 7 years before diagnosis (57¢14%)
than for older samples (37¢50%), but the difference was not signifi-
cant (p = 0¢46) (Table 2). This indicates that urinary TERT promoter
mutations can be detected early in the carcinogenesis process. Con-
sidering that 101 of 152 controls (66¢5%) had conclusive results, we
extrapolated that the size of the Golestan cohort with analysable
TERT promoter mutation tests would be 33,254 participants. In this
sample set, 30 cases had a conclusive test, leading to a cumulative
incidence of 0¢09%. Using this figure as the prevalence, the PPV and
NPV of the biomarkers were 100¢00% and 99¢95% (99¢93%�99¢97%),
respectively (Table 2). Taking into account the confidence intervals of
the sensitivity and specificity, projected PPVs could vary from 0¢70%
to 100¢00% and NPVs from 99¢93% to 99¢97%.

The sensitivity for detecting current or subsequent BC in pre-diag-
nostic urine samples was 33¢33% for non-muscle invasive and 62¢50%
for muscle invasive carcinoma (p = 0¢16) (Table 2). The detailed
results of TERT promoter mutations and other demographic and clini-
cal data of all cases are reported in Supplementary Table 4.

3.3. Relationship between MAFs and time to diagnosis of BC

There was a significant inverse correlation between MAF of TERT
promoter mutations in the pre-diagnostic urine samples and the
time interval from sample collection to BC diagnosis (r =�0¢568,
p = 0¢033) (Fig. 2). The MAF was higher (median: 50¢8%; range: 5¢0%
� 73¢3%) in TERT positive BC cases diagnosed during the first seven
years of urine collection compared to those diagnosed after seven
years of urine collection (median: 5¢2%; range: 0¢7% � 20¢4%),
although the difference did not reach significance (p = 0¢16).



Fig. 2. Association of TERT promoter mutations Mutant Allelic Fractions (MAFs) with the time interval from urine collection until clinical diagnosis of bladder cancer. The MAFs in%
of the mutations detected by the UroMuTERT assay (NGS-based assay) in the 14 urine samples of the asymptomatic subjects from the Golestan Cohort Study are plotted against the
time in years from urine collection to diagnosis of bladder cancer.
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4. Discussion

This pilot case-control study nested within the population-based
prospective Golestan Cohort Study of more than 50 thousand partici-
pants showed that TERT promoter mutations could be detected in pre-
diagnostic urine samples of asymptomatic individuals with 100%
specificity, 46% sensitivity, and 100% projected PPV and 99¢95% pro-
jected NPV, up to ten years before clinical diagnosis of primary BC.

TERT promoter mutations were previously reported in the urinary
DNA from incident and early-stage BC cases, with high specificity
(90%�99%) and good sensitivity (55%�62%) [10,11,14,15]. In a recent
case-control study, we used the single-plex ultrasensitive UroMu-
TERT assay and showed a sensitivity of 86¢7% and a specificity of
94¢7% in detecting primary urothelial cancers of the bladder [17],
indicating that with this very sensitive assay, evaluation of these uri-
nary DNA markers could potentially have clinical utility for detecting
urothelial cancers at the time of clinical diagnosis. In a recent screen-
ing study in clinical settings, Springer et al. evaluated a multigene
panel assay (including C228T and C250T TERT promoter mutations)
for detecting BC 0�18 months prior to clinical diagnosis in high-risk
symptomatic patients, and they reported a sensitivity of 83% and a
specificity of 93% for their panel, while TERT promoter mutations
were detected in 57% of the cases [14]. Although this study docu-
mented promising potential for TERT promoter mutations as early
detection biomarkers of BC, it evaluated only a limited period before
clinical BC diagnosis and it provided no data on the predictive values
of these assays in healthy asymptomatic individuals.

To overcome these limitations, we tested urinary TERT promoter
mutations as early BC detection biomarkers over a longer time period
in a well-defined nested case-control study of initially healthy adults
within the population-based prospective Golestan Cohort Study [20].
To our knowledge, this study represents the first nested case-control
study within a population-based prospective cohort of initially healthy
adults which has assessed the predictive value of non-invasive bio-
markers for early detection of BC years before the clinical diagnosis.
Our pilot study provides the first evidence of the ability of detecting
tumour-derived alterations in the urine of asymptomatic individuals
who subsequently developed BC. We also showed that the detection of
TERT promoter mutations was possible in pre-diagnostic low-volume
urine samples (1¢1�4¢5 mL) that were processed within 8 h from col-
lection and stored for years before molecular analysis, confirming the
feasibility of replicating our findings in other longitudinal cohorts,
where the volume of retrospectively collected urine samples is often
limited. However, we can not exclude the possibility that low urine vol-
ume, long-term storage and pre-analytical processing steps might
affect the detectability of these mutations. While a significant fraction
of urine samples (31%) were excluded from this analysis because of the
absence of measurable DNA or low quality data, we previously showed
in our recent case-control study that prospectively collected urine sam-
ples of sufficient volume (9�44 ml), processed and stored at �80°C
within the 2 h of collection and stored <6 months before DNA isolation
gave 100% TERTmutation results for either urinary cell DNA or cell-free
DNA [17]. This indicates that screening studies with freshly collected
urine samples of sufficient volume might overcome some of the issues
causing failure in the current study. In line with this, Zuiverloon and
colleagues reported in a trial where urine samples from the same
patients were pooled during a 24 h period that the sensitivity of their
urine-based FGFR3mutation assay increased with urine volume [24].

The most striking findings in this study were the detection of
TERT promoter mutations in urine collected up to 10 years before
clinical BC diagnosis and the lack of false positive results in any of
the controls. This suggests a very slow tumorigenic process in at
least some TERT-mutated BCs, which could provide a window of
opportunity for early molecular detection and intervention. It also
indicates that longitudinal studies with insufficient follow-up dura-
tions may not be able to evaluate the true specificity of these
biomarkers, since individuals who are test-positive and have no cur-
rent evidence of BC might still be diagnosed with clinical BC after a
longer follow-up time.

The 100% observed specificity of the TERT mutation biomarkers is
clearly a promising result, but it should be interpreted with caution
as only 101 controls were tested, and individuals with a history of
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any cancer (including those that have been reported to have TERT
promoter C228T or C250T mutations) were excluded from evaluation
as controls [17]. Thus, although the true specificity of these bio-
markers for BC may be very high, and high enough to be clinically
useful for BC screening, the specificity of the biomarkers for BC detec-
tion should further be assessed in a large series of controls unselected
for other cancer diagnosis.

The long follow-up time in this study allowed for comparisons of
results by the time interval between urine collection and clinical BC
diagnosis. The sensitivity of the TERT mutation assay was higher
(57¢1%) in patients diagnosed within 7 years of urine collection than
in those with a longer urine-to-clinical diagnosis time interval
(37¢5%), and we also observed an inverse correlation between the
TERT mutation load and the time from urine collection to clinical
diagnosis. Altogether, these results suggest more pronounced shed-
ding of mutated tumour cells and mutated cell-free DNA in the urine
of individuals as they get closer to the time of clinical diagnosis,
which could reflect increased tumour size. The association between
urine-based mutation assay sensitivity and increased bladder tumour
size was previously shown [24]. However, because of the limited
number of cases in our study (n = 30), these findings should be vali-
dated in larger series of pre-diagnostic urine samples of individuals
who later developed bladder cancer .

The dearth of longitudinal cohorts with an appropriate duration of
follow-up and high quality biospecimens is a significant concern for
the prospective validation of promising biomarkers, and only a few
studies have assessed the utility of urine BC biomarkers in such pro-
spective studies. The FDA-approved NMP22 and UroVysion bio-
markers were tested in a combined panel in the UroScreen study, a
large BC screening program that included workers who were exposed
to aromatic amines and were followed for two years [25]. Given the
low specificity of NMP22, and the high costs of UroVysion, the com-
bined panel was found unsuitable for implementation in the screen-
ing programs targeting asymptomatic workers [26,27].

The high rates of muscle invasive BC cases and the observed
poor overall survival rates in this study probably suggest a certain
degree of delayed diagnosis [28] and/or an enrichment of primary
muscle invasive carcinoma in the Golestan Cohort Study. There is
growing molecular evidence that muscle invasive and non-muscle
invasive BCs might represent neoplasms with different cell line-
age and genetic features rather than subsequent stages of the
same neoplasm [29]. Regardless of the above, the detectability of
the studied biomarkers years prior to clinical diagnosis of BC
offers a significant window of opportunity for intervention and
highlights the importance of developing simple and non-invasive
screening and early detection methods for reducing the burden of
BC in resource-limited settings. In addition, by design, our study
could not evaluate the proportion of asymptomatic individuals
with tert-positive assays who would have carried clinically diag-
nosable BC at the time of the baseline urine collection. Screening
studies are therefore required to evaluate whether a clinical diag-
nosis can be made through cystoscopy or urography in asymp-
tomatic patients with a positive urinary TERT promoter mutations
assay or whether it indicates undetectable pre-malignant stages
in patients who would benefit from regular urinary TERT pro-
moter mutations screening until clinical detection of early-stages
tumours is possible. Since previous studies have shown the bene-
fit of BC screening in survival improvement [5,30], the clinical
utility of urinary TERT promoter mutations for BC survival should
be assessed in properly designed randomized control trials.

Finally, studies have shown that screening high-risk populations
using urinary biomarkers followed by cystoscopy could be cost-effec-
tive [5,30]. Notably, Lotan et al. indicated that cost-effectiveness
could be reached if BC incidence is >1¢6% in the targeted high-risk
population, tumour marker costs is <$126, and the screening bio-
marker yields a sensitivity >26% and specificity> 54% [4]. Detecting
TERT promoter mutations in urine may therefore be an interesting
candidate for cost-effective screening program where the identifica-
tion of appropriate high-risk populations seems to appear as the
most critical parameter.

The strengths of this pilot study include its prospective design,
nested in a large population-based cohort of asymptomatic adults; its
long follow-up period; and the low cost and rapid throughput of the
biomarker assay. The limitations include the relatively small number
of BC cases and controls evaluated; the fact that 21% of the original
cases and 34% of the original controls had to be excluded from analy-
sis due to lack of measurable DNA in the urine samples or low-quality
DNA sequencing data; and the exclusion of individuals with non-
bladder cancers (some of which might have been TERT promoter
mutation positive) from the control pool.

In conclusion, our results provide evidence from a population-
based prospective cohort study that TERT promoter mutations are
detectable in urine samples up to 10 years prior to BC diagnosis, with
100% specificity and 46¢7% sensitivity. This highlights that urinary
TERT promoter mutations may have the potential to be used as simple
and inexpensive non-invasive biomarkers for early detection of BC.
Further studies should assess the clinical utility of these biomarkers
in other longitudinal cohorts.
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