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Abstract

Background: Current non-invasive tests have limited sensitivities and lack capabilities of pre-operative risk stratifica-
tion for bladder cancer (BC) diagnosis. We aimed to develop and validate a urine-based DNA methylation assay as a
clinically feasible test for improving BC detection and enabling pre-operative risk stratifications.

Methods: A urine-based DNA methylation assay was developed and validated by retrospective single-center studies
in patients of suspected BC in Cohort 1 (n=192) and Cohort 2 (n=98), respectively. In addition, a prospective single-
center study in hematuria patient group (Cohort 3, n=174) was used as a second validation of the model.

Results: The assay with a dual-marker detection model showed 88.1% and 91.2% sensitivities, 89.7% and 85.7% spe-
cificities in validation Cohort 2 (patients of suspected BC) and Cohort 3 (patients of hematuria), respectively. Further-
more, this assay showed improved sensitivities over cytology and FISH on detecting low-grade tumor (66.7-77.8% vs.
0.0-22.2%, 0.0-22.2%), Ta tumor (83.3% vs. 22.2-41.2%, 44.4-52.9%) and non-muscle invasive BC (NMIBC) (80.0-89.7%
vs. 51.5-52.0%, 59.4-72.0%) in both cohorts. The assay also had higher accuracies (88.9-95.8%) in diagnosing cases
with concurrent genitourinary disorders as compared to cytology (55.6-70.8%) and FISH (72.2-77.8%). Meanwhile, the
assay with a five-marker stratification model identified high-risk NMIBC and muscle invasive BC with 90.5% sensitivity
and 86.8% specificity in Cohort 2.

Conclusions: The urine-based DNA methylation assay represents a highly sensitive and specific approach for BC
early-stage detection and risk stratification. It has a potential to be used as a routine test to improve diagnosis and
prognosis of BC in clinic.
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Background
Bladder cancer (BC) is the most common malignancy of
the urinary tract and one of the leading causes of cancer

*Correspondence: zhiwei_chen@anchordx.com; huangj8@mail.sysu.edu.cn; death in men [1]. Based on the aggressiveness and treat-
\fintX@maH-SySUveduvcn;JiaﬂbiﬂgfamHS@Smu.edu.cn ment modalities, BC can be categorized as muscle inva-
Weimei Ruan and Xu Chen contributed equally to the work : _ . .

! AnchorDx Medical Co,, Ltd, Unit 502, 3rd Luoxuan Road, International sive BC (MIBC) and non mus‘?le 1nYa51ve BC.(NMIBC.)’
Bio-Island, Guangzhou 510300, China and NMIBC was further classified into low—intermedi-
2 Department of Urology, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen ate-risk NMIBC (LMR-NMIBC), and high-risk NMIBC
University, Guangzhou 510120, China (HR-NMIBC) [2, 3]. Although 70-80% of patients are

Full list of author information is available at the end of the article

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-7852-8097
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13148-021-01073-x&domain=pdf

Ruan et al. Clin Epigenet (2021) 13:91

diagnosed with NMIBC and among those up to 50% are
LMR-NMIBC that show favorable prognosis, patients
diagnosed with HR-NMIBC show increased recurrence
and progression rate and poor survival once progressed
to MIBC [4]. Furthermore, MIBC is aggressive with high
morbidity and high risk of distant metastases [5]. Delayed
diagnosis and treatment of both HR-NMIBC and MIBC
have profound detrimental effects on overall survival [6].

Current gold standard for BC diagnosis remains to be
cystoscopy and biopsy of suspicious lesions [7]. These
costly and invasive procedures of initial diagnosis are
sub-optimal with annually 20,000 cancer cases missed
among moderate-to-high-risk hematuria patients, while
230,000 cases went through unnecessary cystoscopy in
the USA [8]. Meanwhile, regardless the usage of multiple
radiologic imaging, an estimated 10-41% of NMIBC were
under-staged and required repeated transurethral resec-
tion of the bladder tumor (TURBT), possibly attributed
to tumor heterogeneity and failure of detrusor muscle
inclusion [9-11]. The sub-optimal diagnostic modali-
ties and high demands of follow-ups of HR-NMIBC and
MIBC patients, resulted in significant cumulative costs
in BC care [12]. Non-invasive diagnostic tests with high
sensitivities and/or accurate risk stratifications are there-
fore desirable to facilitate efficient diagnostic protocol,
reduce intensive treatments from delayed diagnosis and
mitigate the economic burdens.

Urine cytology as a common non-invasive test showed
a high specificity for high-grade tumors but a poor sensi-
tivity of only 17% for low-grade BC [13]. The US Food and
Drug Administrations (FDA) approved urinary assays
such as NMP22 (Matritech), BTA stat (Polymedco), BTA
TRAK (Polymedco), and UroVysion (Abbott Molecular)
reported non-inferior overall sensitivities (47-76%) and
specificities (53-95%) [14]. Sensitivities for detecting
low-grade and Ta tumors (39-51% and 39-53%) were
still low [15]. ImmunoCyt (Scimedx) showed higher sen-
sitivities on low-grade (74%) and Ta (73%) tumors, but
the assay is of limited use as a clinical routine procedure
due to high interobserver variations and extensive cost
[15, 16]. Additionally, there is no test that are commer-
cially available to identify HR-NMIBC or MIBC patients
pre-surgically.

DNA methylation as one of the most common epi-
genetic regulatory events, has been reported to play a
crucial rule in early tumorigenesis [17]. Due to the rela-
tive consistency and tissue specificity of methylation
profiles between individuals and same type of tumor
cells as compared to somatic mutation, DNA meth-
ylation signatures have been applied as biomarkers for
non-invasive detection of carcinogenesis [18]. We have
previously reported a urine DNA methylation assay by
mass array (utMeMA) for early-stage, minimal, residual
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tumor detection and surveillance [19]. In this study,
we took a previously identified set of DNA methyla-
tion markers and further developed a rapid and high-
throughput urine-based PCR DNA methylation assay
that measured the cancer-specific co-methylation sig-
natures and validated the assay for clinical use of blad-
der cancer early detection and risk stratification.

Results

Bladder cancer marker characterization and binary model
development

A urine-based PCR DNA methylation assay with a
22-marker panel based on our previous study of DNA
methylation markers in BC [19] was developed, and a
two-stage strategy was used to evaluate the perfor-
mance of the assay, in which the markers and models
were identified and finalized in Cohort 1 with 192 urine
samples and subsequently validated by using two dif-
ferent cohorts (Cohorts 2 and 3) of 98 and 174 urine
samples, respectively. The analytical workflow for
marker and model development is illustrated in Fig. 1.
In Cohort 1, an unsupervised hierarchical clustering of
22 markers revealed an overall higher methylation lev-
els in the BC group than in the non-BC groups, with
ACt values reversely representing the co-methylation
levels (Fig. 2a). Single marker analysis and random for-
est modeling were applied to identify the top markers
for BC detection. In single marker analysis, WDRS,
SLC4A10, ARL5C, AC092805.1 and ONECUT?2 showed
relatively high detection sensitivities of 80.2—-82.8% and
VIM, OSTM1, SLC4A10 and NID2 revealed relatively
high specificities of 90.8-98.7% (Fig. 2b). SLC4A10,
ARL5C, AC092805.1 and ONECUT2 achieved rela-
tively high diagnostic accuracy with mean area under
curves (AUC) of 0.852-0.886 (Fig. 2b). SLC4A10,
ARL5C, AC092805.1 and ONECUT?2, selected from
random forest modeling top features, were overlapped
top markers from single marker analysis (Additional
file 1: Figure S1). Several pairs of the top markers
(SLC4A10-ARL5C, SLC4A10-ONECUT2, ARL5C-
ONECUT2 and OSTM1-SLC4A10) had high correla-
tions (Spearman’s correlation coefficient>0.7, Fig. 2c),
suggesting a potential of minimizing the number of
markers for model development. By removal of highly
correlated markers and iterative combination analysis
of the selected top markers, a detection model consist-
ing of 2 markers, ONECUT?2 and VIM was developed.
This model showed 85.4% accuracy, 87.1% sensitivity
and 82.9% specificity with an AUC of 0.898 in Cohort
1 (Fig. 2d, Table 1). The risk probabilities of the BC
groups derived from the model were distinctively
higher than the non-BC groups (Fig. 2e).
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Fig. 1 Schematic workflow of marker characterization, model development and validation for detection and risk stratification of BC

Binary model validation for detection of BC

The dual-marker detection model was further validated
in two cohorts of different patient inclusion criteria
for its potential clinical applications. In Cohort 2 of
suspected BC populations (59 BC cases and 39 Non-
BC cases), methylation levels of the two markers were
higher in the BC group compared to the non-BC group,
and the predicted status of the two groups was highly
consistent with pathology determination of the samples
(Fig. 3a). Consistent with Cohort 1, the model showed
88.8% accuracy, 88.1% sensitivities, 89.7% specificities
and an AUC of 0.921 in this cohort (Fig. 3b, Table 1).
BC risk probabilities of the BC group were significantly
higher than those in the non-BC groups under the
model (Fig. 3c). Additionally, the model was validated
with another prospective cohort (Cohort 3) to evalu-
ate the capability of the assay for ruling out non-BC
patients from excessive cystoscopy in hematuria popu-
lations. Methylation levels of the two markers showed
similar distinguishing capacities of non-BC and BC
groups as compared to Cohorts 1 and 2 (Fig. 3d). The
model also demonstrated a consistently high accuracy
(86.8%), sensitivity (91.2%) and specificity (85.7%) with
an AUC of 0.935 in Cohort 3, with risk probabilities
of the BC group significantly higher than the non-BC
groups (Table 1, Fig. 3e, f). Collectively, these data indi-
cated that the assay of the dual-marker model showed

high sensitivityand strong diagnostic power in the
detection of BC.

Assay of dual-marker model features superior sensitivity

to urine cytology and FISH tests

We further compared performance of the assay of dual-
marker model to cytology and FISH tests in the two
validation cohorts for BC detection. The assay exhibited
superior overall diagnostic accuracy (88.8% vs. 61.9%
by cytology and 75.0% by FISH) and sensitivity (88.1%
vs. 57.4% by cytology and 71.7% by FISH), with a simi-
lar specificity (89.7% vs. 88.9% by cytology and 90.9% by
FISH) in Cohort 2 (Fig. 4a). Consistently, the assay out-
performed cytology and FISH tests on diagnostic accu-
racy (86.8% vs. 71.0% and 77.8%) and sensitivity (91.2%
vs. 51.9% and 70.4%) with comparable specificity (85.7%
vs. 85.7% and 83.3%) in Cohort 3 (Fig. 4b). In particular,
the assay showed significantly higher sensitivities than
cytology and FISH for low-grade tumor (66.7-77.8%
vs. 0.0-22.2% and 0.0-22.2%), NMIBC (80.0-89.7% vs.
51.5-52.0% and 59.4-72.0%) and Ta tumor detection
(83.3% vs. 22.2—-41.2% and 44.4-52.9%) in both cohorts
(Fig. 4c, d).

With regard to samples from patients with concur-
rent genitourinary disorder such as urinary tract infec-
tion (UTI), in which excessive granulocytes and massive
bacteriuria in specimen may impair diagnostic capacity
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Fig. 2 Characterization of BC DNA methylation signatures associated
with BC and binary model development in Cohort 1. a Unsupervised
hierarchical clustering of 22 DNA methylation markers; differential
methylation profiles were represented reversely by ACt of each
marker. b Performance features of top individual markers for BC
detection in single marker analysis; AUC, sensitivity and specificity
were expressed as mean with 95% Cl in 2000 bootstrap samplings;
groups of clustering were sorted from unsupervised hierarchical
clustering. ¢ Top marker correlation matrix and unsupervised
hierarchical clustering. d ROC curves of dual-marker detection
model. e Distributions of dual-marker model BC risk probability in
non-BC and BC groups; unpaired t test was used to analyze statistical
significance; ****p <0.0001

[20, 21], the assay showed higher accuracies (88.9% and
95.8%) than cytology (70.4% and 70.8%) and FISH (77.8%
and 75.0%) in Cohorts 2 and 3 (Fig. 4e, f). Comparisons
of samples with UTI and without UTI indicated no sig-
nificant differences on the model risk probabilities in
the two cohorts, in both non-BC and BC groups, further
indicating UTI conditions did not interference with the
DNA methylation assay (Fig. 4g, h). In addition, the assay
specificities in patients diagnosed with UTI, bladder
benign lesions (BBL), benign prostatic hyperplasia (BPH),
urolithiasis and other disorders did not show signifi-
cant differences (Additional file 2: Figure S2). In the BC
cases with concurrent genitourinary disorders including
benign prostatic hyperplasia, atypia and inflammatory
bladder benign lesions, neoplastic lesions and UTI, the
assay also exhibited higher sensitivities (93.3% and 94.4%)
than cytology (66.7% and 55.6%) and FISH (73.3% and
72.2%) in Cohorts 2 and 3 (Fig. 4i, j). These findings indi-
cated that the assay of dual-marker model has superior
capacities in diagnosing cases with concurrent diseases
as compared to cytology and FISH.

Model development and validation for three-class BC risk
stratifications

To gain more insights on BC risk classification, methyla-
tion profiles of the 22 markers in Cohort 1 were explored
for discriminating the following three groups: cases
of non-BC, HR-NMIBC+MIBC and LMR-NMIBC,
respectively. Risk levels of NMIBC were determined
according to AUA definition and NCCN guideline
[9]. The single marker analysis revealed that FEZF2,
OSTM1, SLC4A10, ARL5C, AC092805.1, ONECUT?2,
VIM, ULBP1 and NID2 had relatively high overall
AUCs, average balanced accuracies or overall accura-
cies (Fig. 5a). OSTM1, SLC4A10, ULBP1, AC092805.1,
NID2 and ONECUT?2 also appeared to be top fea-
tures for the three classification in random forest mod-
eling (Additional file 3: Figure S3). With comparison of
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Table 1 Performance features of dual-marker detection model

Tests Sensitivity (%) Specificity (%) Accuracy (%) Prevalence (%) PPV (%) NPV
(%)

Cohort 1 (model development)

Dual marker 87.1 829 854 604 88.6 80.8

Cohort 2 (validation)

Dual marker 88.1 89.7 88.8 60.2 929 833

Cohort 3 (validation 2-in general hematuria population)

Dual marker 91.2 85.7 86.8 19.5 60.8 97.6

FISH fluorescence in situ hybridization, NPV negative predictive values, PPV positive predictive values

multiple performance features in iterative combinations
of the selected top markers, a model with VIM, OSTM1,
SLC4A10, AC092805.1 and ONECUT?2 showed an over-
all AUC of 0.881 and accuracy of 78.0% in Cohort 1 and
was validated with consistent AUC of 0.889 and accuracy
of 82.1% in Cohort 2 (Fig. 5b, Table 2). Based on distri-
butions of three-class probabilities from the stratification
model, samples of the three groups were clustered sepa-
rately from each other (Fig. 5¢). Importantly, the model
identified non-BC group with 87.2% sensitivity and 91.1%
specificity and identified HR-NMIBC+ MIBC patients
with 90.5% sensitivity and 86.8% specificity in Cohort 2
(Table 2). While HR-NMIBC + MIBC patients may have
relatively higher tumor contents that can be more eas-
ily detected by urine cytology or FISH, positive rates for
urine cytology and FISH for identifying these patients as
BC positive were 65.0% and 82.1%, respectively (Table 3),
indicating a significant proportion of patients with high-
risk BC were missed by the two tests. As compared to
90.5% of the positive rates of the five-marker model
for identifying these patients as HR-NMIBC+ MIBC,
patients in these groups missed by urine cytology or
FISH tests may have better chance to be identified pre-
clinically by the five-marker model.

Based on the clinical performance of the assay, clini-
cal applications of assay with the detection model and
the stratification model were proposed (Fig. 6). The assay
with the detection model may aid in avoiding exces-
sive cystoscopies in patients with clinical suspect of BC
by an NPV of 97.6% in a general screening clinical set-
ting (Cohort 3), where the prevalence of BC in hematuria
patients was about 20%. On the other hand, in a pri-
mary confirmative diagnostic setting (Cohort 2), where
patients suspected of BC have a BC prevalence of about
60%, the assay of detection model may effectively con-
firm BC patients with a sensitivity of 88.1% and a PPV of
92.9%, for expedited diagnostic planning and interven-
tion planning. Furthermore, within the same clinical set-
ting, the stratification model identified the BC patients
of high risk (HR-NMIBC or MIBC) with a sensitivity of

90.5% and a PPV of 84.8% for expedited diagnostic and
surgical planning.

Discussions

In this study, we developed and validated a urine-based
PCR DNA methylation assay for early detection and pre-
operative risk stratification of BC. The PCR-based DNA
methylation assay interrogated the cancer-specific meth-
ylation patterns consisting of multiple CpG dinucleotides
and thus allowed highly sensitive and specific detection
of cancer-specific methylation events of low frequency
in patient samples of early-stage tumors. Consistent with
our previous study [19], the dual-marker model from the
PCR DNA methylation assay showed a similar overall
accuracy, sensitivity and specificity for BC detection.

Interestingly, though the previously reported dual-
marker model of utMeMA (utMeMA markers corre-
sponding to methylation regions of OTX1 and intergenic
region of Ig_AL138691.1/SOX1 in the 22-marker meth-
ylation panel in this study) in the mass array study was
different from the dual-marker model (ONECUT2 and
VIM) in this study, OTX1 and VIM clustered into one
group and intergenic region of Ig_AL138691.1/SOX1 and
ONECUT?2 clustered into another group in the meth-
ylation profiling (Fig. 2a). The observation indicated the
high correlations of different markers in the same clus-
ters, which may have converged into two signal regula-
tion pathways contributing to BC tumorigenesis. The
same marker clusters identified by both the utMeMA and
the PCR DNA methylation assay highlighted the consist-
encies of the underlined pathways represented by the two
assays.

For the BC detection model validation, we included two
separate cohorts with different patients inclusion criteria
to evaluate the performance of the assay under differ-
ent clinical settings. Patients suspected of BC recruited
in Cohort 2 usually showed abnormalities in urological
imaging in addition to hematuria which required fur-
ther confirmative diagnosis. The assay of dual-marker
model showed 92.9% PPV and 10.3% false-positive rate
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Fig. 3 Validation of the dual-marker detection model. a Differential methylation levels of the dual markers between non-BC and BC groups in
Cohort 2; the methylation levels were represented reversely by ACt of each marker; the predicted status was made by the assay of dual-marker
model. b ROC curves of dual-marker detection model in Cohort 2. ¢ Distributions of dual-marker model BC risk probability between non-BC and BC
groups in Cohort 2; unpaired t test was used to analyze statistical significance; ****p < 0.0001. d Differential methylation levels of the dual markers
between Non-BC and BC groups in Cohort 3; the methylation levels were represented reversely by ACt of each marker; the predicted status was
made by the assay of dual-marker model. e ROC curves of dual-marker detection model in Cohort 3. f Distributions of dual-marker model BC risk
probability between non-BC and BC groups in Cohort 3; unpaired t test was used to analyze statistical significance; ****p < 0.0001

(See figure on next page.)

Fig. 4 Performance of dual-marker detection model compared to cytology and FISH in Cohorts 2 and 3. a, b Diagnostic accuracy, sensitivity and
specificity of dual-marker model compared to cytology and FISH test in Cohorts 2 (a) and 3 (b), respectively; statistical significance of the three tests
was assessed by x> test; **p <0.01; **p <0.001. ¢, d Detection sensitivity of BC sub-groups by dual-marker model compared to cytology and FISH

in Cohorts 2 (c) and 3 (d), respectively; statistical significance of the three tests was assessed by x> test; *p < 0.05. e, f Accuracy of the dual-marker
detection model compared to FISH and cytology in samples with urinary tract infections in Cohorts 2 and 3, respectively. g, h Distributions of BC
risk probabilities between samples with UTI and without UTI in non-BC and BC patients in Cohorts 2 and 3, respectively; each dot represented

one sample, and gray lines indicated corresponding mean and 95% confident intervals in each group; the dashed line indicated the model cutoff;
unpaired t test was used to analyze statistical significance. i, j Sensitivity of the dual-marker detection model compared to FISH and cytology in BC
sample with concurrent genitourinary disorders in Cohorts 2 and 3, respectively
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at a primary confirmative diagnostic setting (60.6% BC
prevalence, Cohort 2), allowing informative inclusion of
BC patients without causing excessive invasive examina-
tion due to false-positive cases. On the other hand, while

patients suspected of BC required additional examination
from the clinicians or imaging, the assay can be applied in
hematuria populations (Cohort 3) to potentially aid in a
diagnostic work-up decision. Thus, the assay was further
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validated in a second cohort (Cohort 3) in a more general
screening setting with about 20% BC prevalence, which
T is consistent with the reported BC prevalence in hema-
NiD2 4 turia population [22]. The high NPV (97.6%) of the assay
e further implicated a potential application of the assay for
ARLSC clearing patient of low cancer risk from excessive cystos-
seae copy. The potential clinical utility of the assay may need
further evaluation as compared to standard work-ups by

multi-center prospective studies.

a Top performing makers for stratification

osTM1
FEZF2
MARCH11 4

f*i{,ffiii'{'

[ e Y Compared to other reported methylation assays, the

- Balancad accuracyave -+ Overallacouacy - OveralAUC assay performance of detection model of ONECUT2
b emaker statieaton mods and VIM (88.1-91.2% sensitivity and 85.7-89.7% speci-
o | — ficity) was superior than those with NID2 and TWIST1
ﬁ_ﬁ.rf’"” (76.2% sensitivity and 83.3% specificity), BCL2, CDKN2A

= J,_,FT"‘ and NID2 (80.9% sensitivity and 86.4% specificity) and

4 HOXA9, PCDH17, POU4F2 and ONECUT2 (90.5% sen-

i sitivity and 73.2% specificity) [23—25]. Some of the meth-
ylation sites and their adjacent ones of the published
methylation markers, such as NID2 and TWIST1, were
also included in the 22-marker panel. As compared to the
dual-marker model of ONECUT?2 and VIM, the individ-
ual marker (NID2 or TWIST1) or the combined model

Sensitivity
06
1

1

0.4

0.2

s T Conar2 AUG, 08890450539 showed inferior AUCs in cohort 2 (0.921 vs. 0.793, 0.796

W  os os  as oz oo and 0.842) (Additional file 4: Figure S4). Performance of

Spectew NID2 in our methylation assay showed 65.5% sensitiv-

c . Conort! HRNMIBC.MIEG ity and 96.1% specificity in Cohort 1 for detecting BC
o . Cohortt LMA-NMIBG (Fig. 2b), which was consistent with the previous reports
o) Cohort1Non-BC (61.9% sensitivity and 90.9% specificity) [24]. The AUCs
; ) Z:::i ::R"::Zc”'” of NID2 and TWIST1 in cohort 2 were also consistent
aa] o o Conort2 NonBG with the reported AUCs of 0.781 and 0.830 [23]. These
03 o s l—q ‘ observations suggested conceptual and experimental
. —* d V advantages of the dual-marker model in clinical utility

over published methylation markers.

Compared to other non-invasive tests commonly
used in the clinic and those approved by US FDA,
including NMP22, BTA stat, BTA TRAK and UroVy-
sion, the dual-marker assay showed superior sensitivi-
ties in detecting low grade (66.7-77.8% by the assay
versus 0-22.2% by cytology and FISH, 39-51% by
Fig.s Aﬁvejmarkerthree—c\ass stratification mpd(?\forb\addercancer the four US FDA-approved assays and 74% by Immu-
risk stratification. a Performance features of top individual markers for

noCyt) and Ta tumors (83.3% by the assay vs. 22.2—

risk stratification in Cohort 1 from single marker analysis; average of
balanced accuracies of the three groups (where balanced accuracy was 41.2% of cytology, 44.4-52.9% by FISH, 39-51% by

calculated as 4 of sum of sensitivity and specificity of each group), overall the four US FDA-approved assays and 73% by Immu-
AUCs (where AUC referred to area under ROC generated by sensitivity noCyt) [15]. The superior sensitivity of the assay for
and specificity summing up of true positive, false positive, true negative detecting BC may be due to the technical advantages

and false negative of each class based on the micro-average method)
and overall accuracies were expressed as mean with 95% Clin 100 splits
of train-test sampling. b ROC curves of stratification model in Cohorts

of using multiple BC-specific methylation markers,
which may improve the detection threshold in early-

1 and 2; AUC referred to area under ROC generated by sensitivity and stage BC and the signal stability from enriched urine
specificity summing up of true positive, false positive, true negative genomic DNA. While the NMP22, BTA stat and BTA
and false negative of each class based on the micro-average method; TRAK are protein—based tests in which the targets of

distributions of the three-class probabilities from the stratification model . d dati d1 ific. th
for samples in Cohorts 1 and 2; each sample was depicted by the three Interest are prone to degradation and less specitic, the

coordinates representing the probabilities of the respective non-BC, UroVysion requires fresh urine samples, and results
LMR-NMIBC or HR-NMIBC+MIBC group were affected by the integrity of cells within the urine.
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Table 3 Positive rates of urine cytology and FISH for indentified
HR-NMIBC+ MIBC as BC

Tests Cases with  Positive as Positive Positive
test results HR-NMIBC + as BC rate (%)
MIBC
Five-marker 42 38 - 90.5
model
Cytology 40 - 26 65.0
FISH 39 - 32 82.1

The sensitivity of detecting Ta tumor was also supe-
rior to the reported methylation assays by DLX1 and
ITGA4 (50.0-84.6%) and BCL2, CDKN2A and NID2
(61.1%) [24, 26]. These features may allow for early
BC diagnosis and enable favorable treatment and sur-
veillance modalities. It is noticeable that the propor-
tion of early-stage BC patients (Ta and T1/NMIBC)
in Cohort 3 was higher as compared to Cohorts 1 and
2, implying that standard work-ups for identifying
suspected BC patients may miss some of the patients
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with early-stage tumors. Application of the assay in
a general screening setting may help for identifying
these early-stage patients.

In addition to binary classification of BC and non-BC
patients, the assay with a five-marker three-class risk
stratification model was also developed to classify sus-
pected BC patients as non-BC, LMR-NMIBC or HR-
NMIBC+ MIBC groups before cystoscopy or TURBT.
The desirable sensitivities (90.5%), specificities (86.8%)
and PPV (84.4%) in classifying HR-NMIBC+ MIBC
patients ensured a pre-operative accurate identification
and reduced possible missed diagnosis by urine cytology
or FISH. As compared to current standard work-ups, the
pre-operative risk stratification may provide additional
information and guide diagnostic and surgical planning,
such as inclusion of muscularis propria and random sam-
pling [27].

The dual-marker assay (sensitivities of 88.1-91.2%
and specificities of 85.7-89.7%) also exhibited compa-
rable performance to the methylation assay currently
in the Europe’s study, the Bladder EpiCheck, with
reported sensitivities of 62.5-90% and specificities

Patients with hematuria
~ 20 % BC prevalence

l

Detection
model

(dual-marker)

NPV=97.6% [

, Non-BC
Patients suspected of bladder cancer
(hematuria or/and abnormalities in baldder imaging)
~ 60 % BC prevalence
Detection Stratification
model model
(dual-marker) (five-marker)
PPV=92.9% PPV=84.4%
Expedited Expedited diagnostic
diagnostic planning BC J" L HR-NMIBC or MIBC | and surgical planning

Standard diagnostic
—-j LMR-NMIBC work tme

Non-BC

bladder cancer management

Fig. 6 A schematic overview of proposed clinical applications of detection model or stratification model by the methylation assay for systematic
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of 82.1-90.0% [28]. While the Bladder EpiCheck uti-
lizes a panel of 15 methylation markers, the assay of
dual-marker and five-marker three-class risk stratifi-
cation models can further reduce the cost in a clinical
screening setting. Complementary to the application
of the Bladder EpiCheck in the recurrent surveillance,
our assay, which can screen out non-BC patients from
the general hematuria group and preclinically identify
early or HR-NMIBC and MIBC in initial diagnosis,
may work in association with the Bladder EpiCheck
in BC patients’ follow-up for an integrated diagnostic
management.

In terms of test interference and sample collection,
unlike the urine cytology and FISH, in which the test
accuracy may be affected in patients with concurrent
genitourinary disorders and samples must be freshly
collected and analyzed, the methylation assay showed
higher diagnostic accuracy in these patients as com-
pared to cytology and FISH and was not affected by
UTI. Additionally, with the association of the at-home
urine self-collection device and the stability of urine
samples, the assay may reduce hospital visits of diag-
nostic cystoscopies and urine cytology for patients
and laboratory work with fresh urines for cytology
technicians for the prevention of viral spread in the
COVID-19 era.

Conclusions

The urine-based DNA methylation assay with both the
dual-marker detection model and the five-marker risk
stratification model demonstrated a clinically feasible
test for non-invasive systematic diagnosis of BC.

Methods

Study design

Retrospective single-center cohorts were designed to
develop (Cohort 1) and validate (Cohort 2) the perfor-
mance of a DNA methylation assay. Patients suspected
of having BC (with hematuria and/or primary urologi-
cal imaging abnormalities [29, 30], but with no his-
tory of malignancies) were recruited from June 2017 to
December 2019 sequentially in Sun Yat-Sen Memorial
Hospital. Positive BC cases were confirmed by pathol-
ogy determination of either cystoscopy or surgical
pathology. Non-BC group included patients diagnosed
with urological calculus, urinary tract infections (UTT)
and genitourinary benign lesions, as determined by the
final diagnostic results. Urine samples collected dur-
ing the recruitment period were randomly divided into
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Cohort 1 (=192, 116 BC cases and 76 non-BC con-
trols) and 2 (=98, 59 BC cases and 39 non-BC con-
trols) by a bio-informatician blinded to test results of
the methylation assay and tested for the methylation
assay by researchers who were blinded to the cohort
division and any clinical information of the patients.
In addition, only after the models and the assay cut-
offs were finalized, the clinical outcome information of
Cohort 2 was released for validation analysis. Research-
ers for patient data curation who reviewed and ensured
the data merging and completeness were blinded to
model development and validation analysis. Patient
characteristics are summarized in Additional file 5:
Table S1. Some patients in the two cohorts also under-
went urinary cytology and fluorescence in situ hybridi-
zation (FISH) test as followed by standard of care for
diagnosing BC in China and urologists’ instructions.

In a prospective single-center study for validation of
the assay for BC detection (Cohort 3), patients with gen-
eral hematuria, currently not diagnosed with concurrent
non-genitourinary malignancies and with no history of
genitourinary malignancies were recruited from Decem-
ber 2019 to August 2020 in Sun Yat-Sen Memorial Hos-
pital (=174, 34 BC cases and 140 non-BC controls).
Positive BC cases were confirmed by either cystoscopy
or surgical pathology. Non-BC group included patients
diagnosed with urological calculus, UTI, genitouri-
nary benign lesions and other genitourinary malignan-
cies such as prostate cancer, renal cancer and small cell
neuroendocrine carcinoma as determined by the final
diagnostic results. The patient characteristics are sum-
marized in Additional file 5: Table S2.

Urine sample collection and processing

Urine samples from all patients were collected only once
and prior to cystoscopy or surgery in all the three cohorts
for the methylation assay. A total of 200 ml urine was col-
lected for each patient when 100 ml of the urine was used
for cytology and FISH test if patients were required by
the urologists for these tests. The final diagnostic results
of non-BC patients under the same visit for methylation
assay were used. In total, 100—200 ml of urine from each
patient was collected in a urine collection device, U-do
(AnchorDx, China, Catalog No. U0021) containing the
urine preservatives for the methylation assay. Urine spec-
imens were stored at 2—8 °C within 5 days before pro-
cessing. Cell debris and pellets from the urine specimens
were obtained by centrifugation at 3000 g for 10 min fol-
lowed by a wash of phosphate-buffered saline (PBS) and
immediately stored at — 80 °C before DNA extraction.
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DNA extraction, bisulfite treatment and methylation
analysis

Genomic DNA from cell debris and pellets of the urine
specimens was extracted using the QIAamp DNA Blood
Mini Kit (Qiagen, Germany, Catalog No. 51106) follow-
ing manufacturer’s instruction and quantified by the
Qubit Assay (Thermo Fisher Scientific, USA, Catalog
No. Q32851). Briefly, samples were lysed with Buffer AL
and protease K at 56 °C for 10 min, and DNA from the
lysate was precipitated with ethanol and purified with the
QIAamp Mini spin column by washing with 500 pl Buffer
AW1 and 500 pl Buffer AW?2 subsequently. The column
was centrifuged and DNA was eluted with Buffer AE for
quantification. Samples of genomic DNA of less than
25 ng were excluded from the assay due to insufficient
materials for the assay.

Bisulfite treatment was then carried out on 25 ng of
genomic DNA of each sample with the EZ-96-DNA
Methylation-Direct MagPrep Kit (Zymo Research, USA,
Catalog No. D5044) following instructions for puri-
fied DNA as starting materials. In total, 20 pl DNA was
treated with 130 pl of CT Conversion Reagent in a ther-
mal cycler (Thermo Fisher, USA, Catalog No. 4484073) at
98 °C for 8 min and 64 °C for 3.5 h. The treated DNA was
then purified by 10 ul MagBinding Beads with M-Wash
Buffer. In total, 200 ul of M-Desulfonation Buffer was
added to the beads for an incubation of 15 min at room
temperature (20-30 °C). DNA after desulfonation was
further purified by washing with the M-Wash Buffer
twice and eluted with 20 pl of M-Elution Buffer.

The methylation of bisulfite-treated DNA was analyzed
by a 22-marker BC DNA methylation panel designed
based on our previous study of DNA methylation mark-
ers in BC [19] (Additional file 5: Table S3) (AnchorDx,
China, Catalog No. UME043) on the QuantStudio 3 Real-
Time PCR System (Thermo Fisher, USA). EpiTect PCR
Control DNA Set (Qiagen, Germany, Catalog No. 59695)
was served as positive and negative controls. Briefly,
the 22-marker targeted pre-amplification of methylated
regions was carried out on 15 pl of the bisulfite-treated
DNA using 25 pl of the Meth-Pre-Amp Master Mix
(AnchorDx, China, Catalog No. UME043-01) and 10 pl of
Meth-Pre-Amp 22-Marker BC Panel (AnchorDx, China,
Catalog No. UME043-02) in the kit in a thermal cycler
(Thermo Fisher, USA, Catalog No. 4484073) at 98 °C for
30 s, 20 cycles at 98 °C for 15 s, 60 °C for 15 s and 72 °C
for 15 s, and 72 °C for 5 min. The amplified products were
further quantified by multiplex quantitative PCR using
the Meth-Quant Master Mix (AnchorDx, China, Cata-
log No. UME043-03) and the 22-marker BC Detect Panel
(AnchorDx, China, Catalog No. UME043-04). Briefly,
1 ul of the amplified products was used in a reaction for
quantifying two or three targets of interest with 7 pl of
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Meth-Quant Master Mix and 2 ul of the 22-marker BC
Detect Panel. The reactions were carried out in a real-
time PCR system at 95 °C for 5 min, 40 cycles at 95 °C
for 15 s and 62 °C for 40 s, with fluorescent signals col-
lected at the annealing/extension step (62 °C for 40 s).
Representative amplification curves of selected regions
of interest and region of internal control in a randomly
selected case, positive control, negative control and no
template control (NTC) are shown in Additional file 6:
Figure S5.

Data and statistical analysis

Co-methylation levels of a genomic region of inter-
est were expressed by ACt (cycle threshold), where
ACt=Mean Ct (region of interest)—Mean Ct (region
of internal control). The methylated bisulfite-converted
DNA fragments of regions of interest were amplified by
the assay, while a DNA fragment of ATCB in the absence
of methylation sites was amplified as a control for total
bisulfite-converted DNA measurement. The ACT values
were inversely correlated with the percentages of meth-
ylated molecules among total bisulfite-converted DNA
molecules. ACts of 35 were applied for target regions
with undetermined Ct values. R packages of Complex-
Heatmap, Ape and Corrplot were used for unsupervised
hierarchical clustering and correlation analysis. Perfor-
mance of individual and combinations of markers were
analyzed using R pROC package with 2000 bootstraps.
The sensitivities and specificities were calculated for
individual markers with each bootstrap when the cut-
offs were set as maximum values of the Youden’s index.
The original 4-group categories by urinary cytology were
combined into two groups, with suspicious and positive
cases considered as positive and atypical and negative
cases considered as negative [31]. Random forest-based
analysis and logistic regression-based model construc-
tions were conducted using Python Sklearn packages.
For binary classification, logistic regression was modeled
based on the ACt values of individual markers as com-
pared to the patients’ diagnostic results. For three-class
classification, logistic regression based on a one-vs.-rest
strategy was used to build binary classifiers for each class
to determine the likelihoods of a sample belonging to a
specific class, and the highest score among the three
probabilities for the three classes determined the classifi-
cation of the sample.
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Additional file 1: Figure S1. Feature importance of the 22 markers in
random forest modeling in Cohort 1 for BC detection; random forest
modeling was performed in 100 splits of train-test sampling in the cohorts
and contributions of each markers on each of the models were scored as
feature importance; the importance of each marker for classifying BC and
non-BC cases was expressed as mean with range in 100 splits of train-test
sampling.

Additional file 2: Figure S2. Specificities of the assay of dual-marker
model in patients with different disorder conditions in cohorts 2 and
3. Statistical significance was assessed by x° test; NS, no statistical
significance.

Additional file 3: Figure S3. Feature importance of the 22 markers in ran-
dom forest modeling in Cohort 1 for risk stratification of BC; random forest
modeling was performed in 100 splits of train-test sampling in the cohorts
and contributions of each markers on each of the models were scored as
feature importance; the importance of each marker for classifying non-BC,
LMR-NMIBC and HR-NMIBC+MIBC cases was expressed as mean with
range in 100 splits of sampling.

Additional file 4: Figure S4. ROC curves of NID2, TWIST1 and model of
combinations of NID2 and TWIST1 for detection of BC in cohort 2. BBL,
bladder benign lesions; BPH, benign prostatic hyperplasia; UTI, urinary
tract infections.

Additional file 5. Supplementary information.

Additional file 6: Figure S5. Amplification curves of selected markers
and internal controls in the methylation assay. Amplification signals were
expressed as ARn, where Rn was the target fluorescent signal normal-
ized to the signal of the passive reference dye and ARn was the Rn value
minus that of the instrument baseline signal. A, Amplification curves of a
methylated bisulfite-converted DNA fragment of ONECUT2 in a randomly
selected case (blue lines), positive control (orange lines), negative control
(green lines) and NTC control (gray line); B, amplification curves of a meth-
ylated bisulfite-converted DNA fragment of VIM in a randomly selected
case (blue lines), positive control (orange lines), negative control (green
lines) and NTC control (gray line); C, amplification curves of a DNA frag-
ment of ATCB as a control for the measurement of total bisulfite-treated
methylated and unmethylated DNA molecules in a randomly selected
case (blue lines), positive control (orange lines), negative control (green
lines) and NTC control (gray line).
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