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Urine DNA methylation assay enables early detection
and recurrence monitoring for bladder cancer
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BACKGROUND. Current methods for the detection and surveillance of bladder cancer (BCa) are often invasive and/or possess
suboptimal sensitivity and specificity, especially in early-stage, minimal, and residual tumors.

METHODS. We developed an efficient method, termed utMeMA, for the detection of urine tumor DNA methylation at multiple
genomic regions by MassARRAY. We identified the BCa-specific methylation markers by combined analyses of cohorts from Sun
Yat-sen Memorial Hospital (SYSMH), The Cancer Genome Atlas (TCGA), and the Gene Expression Omnibus (GEQ) database. The
BCa diagnostic model was built in a retrospective cohort (n = 313) and validated in a multicenter, prospective cohort (n = 175). The
performance of this diagnostic assay was analyzed and compared with urine cytology and FISH.

RESULTS. We first discovered 26 significant methylation markers of BCa in combined analyses. We built and validated

a 2-marker-based diagnostic model that discriminated among patients with BCa with high accuracy (86.7%), sensitivity
(90.0%), and specificity (83.1%). Furthermore, the utMeMA-based assay achieved a great improvement in sensitivity over
urine cytology and FISH, especially in the detection of early-stage (stage Ta and low-grade tumor, 64.5% vs. 11.8%, 15.8%),
minimal (81.0% vs. 14.8%, 37.9%), residual (93.3% vs. 27.3%, 64.3%), and recurrent (89.5% vs. 31.4%, 52.8%) tumors. The
urine diagnostic score from this assay was better associated with tumor malignancy and burden.

CONCLUSION. Urine tumor DNA methylation assessment for early diagnosis, minimal, residual tumor detection and
surveillance in BCa is a rapid, high-throughput, noninvasive, and promising approach, which may reduce the burden of
cystoscopy and blind second surgery.

FUNDING. This study was supported by the National Key Research and Development Program of China and the National
Natural Science Foundation of China.

Introduction per patient among all cancers (3). The current gold standard for
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Bladder cancer (BCa) is the most common malignancy of the uri-
nary system, with an estimated roughly 549,393 new cases and
approximately 199,922 deaths worldwide each year (1). Approx-
imately 75% of patients present with non-muscle-invasive dis-
ease (NMIBC), and 70% of these tumors will recur, while 15%
will progress in stage and grade (2). Therefore, patients diag-
nosed with NMIBC undergo frequent treatment and monitoring,
resulting in BCa achieving the highest lifetime treatment cost
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the monitoring of BCa recurrence involves the use of cystoscopy
and cytology (4). Cystoscopy is highly sensitive but is invasive,
costly, and often associated with discomfort, while urine cytol-
ogy is highly specific but lacks sensitivity (25%-35%), especially
for low-grade BCa (4%-15%) (4-6). The UroVysion fluorescence
in situ hybridization (FISH) has a higher sensitivity of 60%-80%
and is widely used in the routine clinical detection of BCa, but
it shows low sensitivity in low-grade or small tumors (5, 6). In
addition, repeated transurethral resection of bladder tumor
(Re-TURBT) is recommended for patients with high-grade and
T1 tumors (4). However, we still lack effective means to estimate
if the patient has residual tumors. Therefore, there is an urgent
need to develop effective methods for the detection of early-
stage, minimal, residual, and recurrent tumors, which in turn,
may improve disease management.
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Figure 1. Workflow indicating study design. SYSMH, Sun Yat-sen Memorial Hospital; TCGA, the Cancer Genome Atlas; BCa, bladder cancer; FDR, false
discovery rate; LASSO, the least absolute shrinkage and selection operator; RF, random forest.

DNA methylation is a key epigenetic regulator of gene expres-
sion that usually causes defective gene expression (7). Increased
methylation of tumor suppressor genes is an early event in many
tumors, and altered DNA methylation patterns could be one of the
first detectable neoplastic changes associated with tumorigene-
sis (8, 9). Therefore, DNA methylation markers were widely used
in the diagnosis and prognosis of common cancers (10-13). Sev-
eral studies have also shown that methylation CpG sites in urine
can be promising markers to detect or monitor BCa (14-16). In a
multicenter study, Bladder EpiCheck, a commercial application
in Europe, used a panel of 15 methylation markers to monitor
recurrence in patients with NMIBC undergoing surveillance, and
its overall sensitivity was 68.2% and specificity was 88.0% (17).
Another multicenter study found that a 3-gene methylation clas-
sifier showed overall sensitivity of 89.6% and specificity of 30.5%
for monitoring BCa (18). However, the performance of these
assays still needs to be improved and validated in multicenter and
large-scale cohorts in Asia. Hence, these assays have not been
completely adopted in routine clinical practice in Asia.

In this study, we developed an efficient method for the detec-
tion of urine tumor DNA (utDNA) methylation at multiple regions
by MassARRAY, termed utMeMA. Importantly, we applied it to a
retrospective cohort and least absolute shrinkage and selection
operator (LASSO) to build a 2-marker-based diagnostic model
of BCa, and performed further validation in a prospective multi-
center cohort. Furthermore, we systematically evaluated the per-
formance of the utMeMA in the diagnoses of early-stage, minimal,
residual, and recurrent tumors of BCa, in comparison with routine
urine cytology and FISH.

Results

Discovery of DNA methylation markers to distinguish BCa from nor-
mal tissue. The design and implementation of this study are shown
indetail in Figure 1. To investigate specific DNA methylation mark-
ers in the detection of BCa, we first performed DNA methylation

profiling by high throughput DNA bisulfite targeted sequencing in
11 pairs of BCa and normal adjacent tissue (NAT) from the Sun Yat-
sen Memorial Hospital (SYSMH) cohort. Next, we analyzed DNA
methylation data of 21 pairs of BCa and NATs from The Cancer
Genome Atlas (TCGA) cohort. It is well known that urine is con-
sidered as the best sample to noninvasively diagnose BCa. How-
ever, the leukocytes are common in the urine of urinary diseases
and an interference factor to distinguish malignant and benign
diseases. To eliminate the influence of leukocyte DNA in urine,
we further analyzed DNA methylation profiles of 412 BCa tissues
from TCGA and 656 normal blood samples from a Gene Expres-
sion Omnibus (GEO) data set (GSE40279) (19). Through differ-
ential methylation analysis, 2030 markers in the SYSMH cohort
and 3205 markers in the combined TCGA and GEO cohorts were
markedly changed between BCa and normal tissue (Supplemen-
tal Figure 1). Furthermore, we applied a series of statistical filters
to reduce the number of markers and sought the most important
and specific markers of BCa. Finally, we identified 26 markers that
displayed high and stable methylation in tumors, but remained at
very low levels in normal tissue and leukocytes (Figure 2, A and B,
Supplemental Figure 2). These data suggested that DNA methyla-
tion markers could be used to distinguish BCa.

Development of a novel urine DNA methylation assay for BCa
detection. To detect multiple markers in a fast, cost-effective, and
high throughput way in clinics, we developed an efficient meth-
od called urine tumor DNA methylation MassARRAY (utMeMA)
to diagnose BCa, which allows simultaneous multiplex quantifi-
cation of CpG sites from various genomic regions at a low meth-
ylation frequency with high resolution. To validate whether 26
markers could be used to distinguish BCa from normal tissue, we
performed utMeMA to detect the methylation levels of 21 pairs of
BCa and NATs, and 18 matched urine samples (Figure 2C). There
were 25 markers that showed high methylation levels in can-
cer tissue and urine, but low methylation levels in NATs, except
cgl12350762 (Figure 2D, Supplemental Figure 3). The methyla-
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Figure 2. Discovery of DNA methylation markers to distinguish BCa and normal tissue. (A) Unsupervised hierarchical clustering of 26 methylation markers
differentially methylated between NAT (n = 21) and BCa tumor tissue (n = 412) in the TCGA cohort. (B) Box plot presenting the B-value distribution of cg21472056
among BCa tumor tissue samples (n = 412), NAT (n = 21), and normal blood WBCs (n = 656). A B-value of zero represents no methylation, whereas 1 represents
full methylation. The data are shown as median with the interquartile range. Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s
tests. (C) Unsupervised hierarchical clustering of 26 methylation markers differentially methylated among NAT (n = 21), BCa tumor tissue (n = 21), and matched
urine (n = 18) in the SYSMH cohort. The unavailable value is shown in gray. (D) Box plot presenting the B-value distribution of cg21472056 among BCa tumor
tissue (n = 21), matched urine (n =18), and NAT (n = 21), which was detected by TOF-MS. The data are shown as median with the interquartile range. Statistical
significance was assessed using 1-way ANOVA followed by Dunnett's tests. (E) The Spearman correlation analysis of cg21472056 methylation level between the
tumor tissue and matched urine in 18 patients. Pearson’s y? test was used to analyze statistical significance. **P < 0.01and ***P < 0.001.

tion levels of tissues both in NMIBC and MIBC were higher than
those in NATS, suggesting that these 25 markers may be used for
the detection both of NMIBC and MIBC (Supplemental Figure 4).
Furthermore, correlation analysis showed that 23 of 26 markers
in urine were significantly and positively correlated with matched
cancer tissue, such as ¢g21472506 which had the highest R? of
0.625. Three markers (cgl2350762, cg23180938, cg06782686)
were the exceptions. These findings indicated that urine DNA
methylation could represent cancer tissue methylation levels
using utMeMA, and these 23 markers could be used as diagnostic
markers in BCa (Figure 2E, Supplemental Figure 5).

jei.org  Volume130  Number12  December 2020

Construction and validation of a urine diagnostic model to detect
BCa in 3 cohorts by using 2 markers. To build the diagnostic mod-
el, we enrolled 142 patients diagnosed with BCa, 159 non-cancer
patients with benign diseases of the urinary system, and 12 healthy
participants from the SYSMH cohort. We analyzed the methyla-
tion status of 23 markers by utMeMA, and used LASSO for mark-
er selection and model development. We achieved an excellent
performing model with only 2 CpG markers (cg21472506 and
cgl1437784), which exhibited high AUCs of 0.919 and 0.903,
respectively, in the training and test data sets (Figure 3, A and
B, Table 1, Supplemental Figure 6, A and B). Remarkably, we
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Table 1. Characteristics of the 2 methylation markers and their coefficients in BCa diagnosis

Target ID Reference gene Coefficients
Intersect -0.926
g21472506 0TX1 3.002
g11437784 S0X1-0T 2.635

SE, standard error of coefficients; Z value, Wald Z-statistic value.

SE Zvalue Pvalue
0.0230 -40.2873 0
0.1362 22.0469 1.02E-107
0.0778 33.876 1.53E-251

observed a high consistency between predicted results and patho-
logical diagnosis results in both the training and test data sets
using this model (Figure 3, C and D).

To further assess the performance of the utMeMA-based diag-
nostic model for clinical application, we performed a prospective,
multicenter, blinded study. This independent validation cohort
enrolled 109 patients diagnosed with BCa and 66 controls with
benign diseases from 5 hospitals in China. Similarly, this model
showed good concordance with pathological diagnosis (Figure 3E).
We then assessed a urine diagnostic score (UD score) of the model
for differentiating between BCa and benign diseases. The UD score
was significantly high in cases with BCa, but very low in patients
with benign diseases and healthy people (Figure 3F). Importantly,
this model achieved high sensitivities of 88.1%, 90.2%, and 91.7%
and specificities of 86%, 84%, and 77.3% in the training, test, and
validation data sets, respectively. In addition, the value of accura-
cy, the positive predictive value (PPV) and negative predictive val-
ue (NPV) of this model were almost more than 85% and showed
great performance (Figure 3G). The performance of this model
was better than either ¢g21472506 or cg11437784 (Supplemental
Figure 6, C-D). The utMeMA-based model showed high sensitivi-
tyand strong diagnostic power in the detection of BCa.

The performance of utMeMA to diagnose BCa in comparison with
urine cytology and FISH. We found that the UD score was positive-
ly correlated with advanced grade, stage, number of tumor, and
number of RBCs in urine, but no obvious difference in age, sex,
smoking status, the type of non-cancer disease, and number of
WBCs in urine (Figure 4, A-D, Supplemental Figure 7). From the
integrated analysis of 488 cases in this study, this model showed
an overall sensitivity of 90.0% and specificity of 83.1%. From fur-
ther analysis of the sensitivity and specificity using various clini-
cal characteristics, the sensitivity was markedly higher in patients
with old age, high-grade, and MIBC, but no obvious difference
was observed in sex and smoking status. In addition, the specifici-
ty showed no significant difference in age, sex, and smoking status
(Table 2, Supplemental Figure 8).

Urine cytology and UroVysion FISH were routine methods used
in the detection of BCa (4-6). To compare the performance among
the utMeMA-based model, urine cytology, and FISH, we included
251 patients with BCa for further analysis. The landscape of clinical
characteristics and the diagnostic status of 3 methods is shown in
Figure 4E. Surprisingly, utMeMA detected 5 of 6 patients (83.3%)
with papillary urothelial neoplasm of low malignant potential (PUN-
LMP), but none of these patients were detected by the other 2 meth-
ods (Figure 4F). Furthermore, in patients with low-grade tumors,
the sensitivity of utMeMA was 4-fold higher compared with cytolo-
gy (69.2% vs. 16.0%) and 3-fold higher compared with FISH (69.2%

vs. 22.2%). Remarkably, utMeMA achieved a great improvement in
sensitivity over cytology and FISH in Ta (79.2% vs. 32.7%, 36.2%)
and T1(93.7% vs. 62.3%,72.4%) stage patients (Figure 4G). In addi-
tion, the sensitivity of this model was also superior to cytology and
FISH in high-grade, MIBC, and total patients, respectively (Figure
4, F and G). In the hardest-to-detect low-grade and Ta patients, the
sensitivity of utMeMA was 5-fold higher compared with cytology
(64.5% vs. 11.8%) and 4-fold higher compared with FISH (64.5%
vs. 15.8%). The great advantage of utMeMA was also seen in oth-
er patients with early-stage tumors and single/multiple tumors
(Figure 4, H and I). Although the specificity of cytology and FISH
were higher than utMeMA, the difference was not statistically sig-
nificant (Figure 4]). There were also no obvious differences among
the 4 types of non-cancer diseases (Figure 4K). Similar results were
also found in a multicenter validation cohort (Supplemental Figure
9). Collectively, utMeMA exhibited markedly improved sensitivity
compared with urine cytology and FISH, particularly in patients
with low-grade and early-stage tumors.

Application of utMeMA to detect minimal tumor in BCa. We
then evaluated the performance of utMeMA in the size of tumors.
The UD score and sensitivity were markedly increased in bigger
tumors (= 3 cm), but were similar in tumors that were small and
middle-sized (Figure 5, A and B). After dividing cases with small
tumors into 2 groups, the UD score and sensitivity of small single
tumors were lower than multiple tumors, which was consistent
with tumor burden (Figure 5, C and D). The utMeMA achieved a
great improvement in sensitivity over cytology and FISH in the
above conditions, especially in small single tumors (81.0% vs.
14.8%, 37.9%) (Figure 5, B and D). The potential utility of this
approach is highlighted by a case that was detected by utMeMA,
but missed by cytology, FISH, MR imaging, and ordinary cystos-
copy. The lesion was very flat and small, and not markedly abnor-
mal in white light, but was later diagnosed as a low-grade and Ta
tumor by fluorescence cystoscopy-guided TURBT (Figure 5E).
Furthermore, a similar situation was observed in 3 other cases and
the smallest tumor detected by utMeMA was 4 mm in diameter.
These data strongly demonstrated the advantage of utMeMA in
the detection of minimally sized tumors.

Application of utMeMA to detect residual tumor and monitor
recurrence in BCa. Re-TURBT is recommended for patients with
high-grade and T1 tumors, but currently, we lack effective meth-
ods to estimate if the patient actually has residual tumors (4, 5).
In our modeling and validation cohorts, 47 patients received
Re-TURBT and the samples were collected before the surgery,
when 15 patients had residual tumor but 32 patients did not. Inter-
estingly, the UD score was significantly increased in patients with
residual tumor compared with those without (Figure 6A). Impor-
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Figure 3. Construction and validation of a urine diagnostic model to detect
BCa in 3 cohorts by using 2 markers. (A and B) ROC curves and the associated
AUCs of the diagnostic prediction model using urine DNA methylation analy-
sis in the training (A) and testing (B) cohorts. (C-E) Unsupervised hierarchical
clustering of 2 methylation markers that were differentially methylated
between the DNA of BCa and non-cancer subjects in the training (C, n =

222), testing (D, n = 91), and independent prospective validation (E, n = 175)
cohorts. Each row represents an individual patient and each columnis a CpG
marker. The real disease status and prediction status by model are shown
ahead. (F) The UD score of healthy participants (n = 12), non-cancer patients
(n = 225), and patients with BCa (n = 251) are shown. The dotted line shows
the cutoff value (0.3564) to distinguish BCa from non-cancer cases. The data
are shown as median with the interquartile range. Statistical significance was
assessed using 1-way ANOVA followed by Dunnett’s tests. (G) The sensitivity,
specificity, accuracy, PPV, and NPV of this model in the training, testing, and
validation cohorts were determined by the cutoff value. ***P < 0.001.

tantly, utMeMA correctly diagnosed 14 of 15 (93.3%) patients
with residual tumor, but cytology and FISH only diagnosed 3 of 11
(27.3%) and 9 of 14 (64.3%) of these patients, respectively (Figure
6, B and C). The specificity of utMeMA was 87.5%, which was sim-
ilar with cytology and FISH (Figure 6C). These amazing findings
suggested that utMeMA could be used to detect residual tumors
and serve as a predictor to select patients for Re-TURBT.

Given the high recurrent rate of patients with NMIBGC, it is
important to develop a noninvasive and sensitive method to mon-
itor recurrence (4). We observed a high consistency of UD score
between first morning urine and random urine, suggesting that
random urine was also suitable for the detection of BCa (Sup-
plemental Figure 10, A and B). Next, we enrolled an additional
81 patients undergoing surveillance from SYSMH and collected
urine samples before undergoing cystoscopy. Subsequently, 38
cases were found to have tumor recurrence and 43 cases did not.
Interestingly, the UD score was markedly higher in patients with
recurrence compared with patients without recurrence, and was
positively correlated with tumor burden (Figure 6D Supplemental
Figure 10, C-F). Importantly, utMeMA accurately detected 34 of
38 (89.5%) patients with recurrence, but cytology and FISH only
detected 11 of 35 (31.4%) and 19 of 26 (52.8%) patients with recur-
rence, respectively (Figure 6, E and F). The specificity of utMeMA
was 81.4%, which had no statistically significant difference from
cytology and FISH (Figure 6F). The follow-up of patients with
positive utMeMA results but no evidence of recurrence is ongo-
ing and they will be reevaluated in a future study. In the subgroup
analysis, utMeMA achieved a great improvement in sensitivity
over cytology and FISH, especially in low-grade (75.0% vs. 12.5%,
25.0%), NMIBC (84.6% vs. 13.0%, 37.5%), and small and single
tumors (75.0% vs. 0%, 33.3%) (Figure 6, G-1, Supplemental Fig-
ure 10G). utMeMA could serve as a noninvasive and highly sensi-
tive approach to monitor the recurrence of BCa.

Discussion

Here, we first discovered the BCa-specific methylation markers by
combined analyses of SYSMH, TCGA, and GEO cohorts. Then, we
trained and tested the diagnostic model in the SYSMH cohort of
313 samples, and performed validation in a multicenter, prospec-
tive, independent cohort of 175 samples. This diagnostic model of
BCaincluded only 2 CpG markers (cg21472506 and cg11437784),
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but exhibited an overall sensitivity of 90.0% and a specificity of
83.1%. The CpG site ¢g21472506, located on the 3'-untranslat-
ed region of OTX1, was previously reported as a useful marker
to detect BCa in urine (20, 21). However, cgl1437784, located in
the intron of SOX1-OT, was first discovered as a tumor marker.
The biological function and methylated mechanism of OTX1 and
SOX1-OT remain largely unknown. A previous study used 4 meth-
ylation markers to identify bladder carcinoma with a sensitivity
of 82% and a specificity of 53% (14). Bladder EpiCheck used a
panel of 15 methylation markers to monitor recurrence in patients
with NMIBC undergoing surveillance, and its overall sensitivi-
ty was 67% and specificity was 88% (22, 23). Our study showed
that the overall sensitivity of NMIBC was 85.5% in modeling and
validation cohorts, and it was 84.6% in the additional surveillance
cohort. Our test also showed a higher sensitivity compared with
EpiCheck in the monitoring of recurrence of low-grade (75% vs.
40%) and high-grade (93% vs. 89%) tumors (22, 23). Recent stud-
ies found that somatic mutation or combined DNA mutation and
methylation were also promising markers to detect BCa (20, 21,
24). On the basis of this 2-marker test, it is worth exploring wheth-
er the performance could be improved by adding the detection of
additional DNA mutations in the future.

The common methods to detect DNA methylation are meth-
ylation-specific PCR (MS-PCR) and genome bisulfite sequencing
(14, 21,24). MS-PCR s easy to use and cheap, but it fails to provide
high resolution and specific detection of single CpG sites when
multiple CpG sites are involved. The genome bisulfite sequenc-
ing enables high-throughput detection of large-scale methylation
markers, but it is expensive and time consuming, which limits its
clinical application. Our utMeMA method addresses these issues,
allowing high-resolution and high-throughput quantification of
multiple CpG sites even from samples with a low methylation
frequency. Due to the superior sensitivity of matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS), the methylation level of a single CpG site can be deter-
mined by single nucleotide amplification of the CpG site of inter-
est without any normalization. The enhanced technical advantag-
es therefore effectively improved assay detection sensitivity and
the scale of samples being processed. This approach could ana-
lyze 300 samples at a time and provide clinical reports in 1 to 2
days. Thus, utMeMA is a fast, cost-effective, high-resolution, and
high-throughput method to detect BCa in the clinical setting.

The early-stage, minimal, residual, and recurrent tumors of
BCa were very difficult to diagnose, which was usually missed by
urine cytology and FISH (4, 5). However, this method achieved a
great improvement in sensitivity over cytology and FISH, serving
as a promising solution in these conditions. Importantly, the UD
score positively correlated with the grade, stage, size, and the pres-
ence of residual and recurrent tumors of BCa. These results make
this method attractive for use in clinical decision-making across
a variety of patients and situations, and could in turn reduce the
current burden of repeated cystoscopy and blind Re-TURBT.

However, there are some limitations that need to be empha-
sized. First, the samples analyzed in Re-TURBT and the surveil-
lance cohort were small, so the data need to be validated in a larger
multicenter prospective study. Second, the performance of utMe-
MA in the monitoring of recurrence was a cross-sectional analysis
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Figure 4. The significantly improved sensitivity of utMeMA in the diagnosis of BCa in comparison with urine cytology and FISH. (A-C) The UD score of
patients with BCa in different grade (A), stage (B), and number (C) of tumors (n = 251). Carcinoma in situ (CIS) means all the cases that include CIS (n = 24).
(D) The UD score of patients in 4 types of non-cancer diseases of the urinary system, including benign bladder lesions (BBLs), urolithiasis, benign prostatic
hypertrophy (BPH), and other benign diseases (n = 237). The data are shown as median with the interquartile range. Statistical significance was assessed
using 1-way ANOVA followed by Dunnett's tests (A, B, D) and unpaired t test (2-tailed, C). (E) Distribution of predicted diagnostic status using utMeMA
across patients with BCa (n = 251) with associated tumor stage, grade, cytology, and FISH results. CIS means the cases which are CIS alone (n = 2). (F-I)
The sensitivity of utMeMA in BCa patients with indicated grade (F), stage (G), early-stage (H), and number (1) of tumor, in comparison with urine cytology
and FISH. CIS means all the cases that include CIS (n = 24). () The specificity of utMeMA in patients with non-cancer diseases in comparison with urine
cytology and FISH. (K) The specificity of utMeMA in patients with 4 types of non-cancer diseases. Statistical significance was assessed by y? test (G-L).

*P < 0.05, **P < 0.01, ***P < 0.001.

and the long-term follow-up data are currently unavailable. Thus,
we were unable to correlate false-positives with later recurrence.
In conclusion, we have developed an efficient utMeMA 2-marker-
based test for the fast and noninvasive detection of BCa. Our approach
achieved a great improvement in sensitivity over urine cytology and
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FISH, especially in the detection of early-stage, minimal, residual, and
recurrent tumors. Therefore, it was adopted in the optional clinical
detection of BCa by more than 10 hospitals in China. A large-scale,
multicenter, and prospective clinical trial (NCT04314245) is ongoing
to validate its clinical applicability in China.
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Table 2. The sensitivity and specificity of utMeMA by different clinical characteristics

Clinical characteristics utMeMA-positive Bladder cancer Sensitivity (95% Cl) utMeMA-negative Non-cancer disease  Specificity (95% Cl)
Overall 226 251 90.0% (88.4%-91.6%) 197 237 83.1% (81.6%-84.6%)
Age

<60 60 72 83.3% (79.8%-86.8%) 19 140 85.0% (82.6%-874%)

>60 166 179 92.7% (91.5%-93.9%) 78 97 80.4% (77.1%-83.7%)
Sex

Male 186 207 89.9% (88.6%-91.2%) 137 160 85.6% (83.9%-87.3%)

Female 40 44 90.9% (88.7%-93.1%) 60 77 77.9% (76.3%-79.5%)
Grade

PUNLMP 5 6 83.3% (76.8%-89.8%) 0 0 NA

LG 27 39 69.2% (65.5%-72.9%) 0 0 NA

HG 194 206 94.2% (93.2%-95.2%) 0 0 NA
Stage

NMIBC 136 159 85.5% (84.0%-87.0%) 0 0 NA

MIBC 90 92 97.8% (97.4%-98.2%) 0 0 NA
Smoking history

Never smoked 141 162 87.0% (86.1%-87.9%) 129 157 82.2% (80.5%-83.9%)

Smoker 67 A 94.4% (93.1%-95.7%) 39 47 83.0% (80.1%-85.9%)
Methods Sample processing. Genomic DNA extraction from freshly frozen

Study design and participants. In discovery stage, we identified the
BCa-specific methylation markers by combined analyses of the SYS-
MH, TCGA, and GEO cohorts (19, 25). There were 32 paired BCa and
NAT samples, and 18 matched urine samples from patients who under-
went surgery at SYSMH between June 2016 and May 2017. The human
methylation 450 K array data and clinical characteristics of 412 BCa tis-
sue and 21 matched normal tissue samples were obtained from TCGA.
The methylation profiles of 656 blood leukocyte samples of healthy
control individuals were obtained from a GEO data set (GSE40279).

In the retrospective, single-center cohort (modeling cohort), we
enrolled 142 patients with urothelial carcinoma of the bladder (UCB),
12 healthy participants, and 159 non-cancer controls from SYSMH
between June 2017 and May 2019. In the multicenter, prospective,
blinded cohort (validation cohort), we enrolled 109 patients with UCB
and 66 non-cancer controls from 5 hospitals in China between August
2019 and December 2019. The multicenter validation cohort was col-
lected from the SYSMH (1 =70), Zhujiang Hospital, Southern Medical
University (n = 23) and Nanfang Hospital, Southern Medical Univer-
sity (n = 22) in Guangzhou, Tongji Hospital of Huazhong University
of Science and Technology in Wuhan (n = 39), and the Affiliated Hos-
pital/Clinical Medical College of Chengdu University in Chengdu (n
= 21), China. Urine samples were collected from each hospital with
written informed consent obtained from all patients. The non-cancer
controls were diagnosed with benign urological diseases including
benign bladder lesions (BBLs), urolithiasis, benign prostatic hypertro-
phy (BPH), and other benign diseases of the urinary system.

In the surveillance cohort, we enrolled 38 patients with tumor
recurrence and 43 patients without recurrence from SYSMH. The
samples with pathological diagnoses were reviewed by 2 independent
pathologists. Flow of participant enrollment of these 3 cohorts is sum-
marized in Supplemental Figures 11-13. The demographics and clini-
cal characteristics of the participants are summarized in Table 3 and
Supplemental Tables 1-3, respectively.

normal or cancer tissue was performed with the DNeasy Blood & Tis-
sue Kit (Qiagen, catalog 69506) according to the manufacturer’s rec-
ommendations. Roughly 0.5 mg of tissue was used to obtain 5 pg of
genomic DNA on average, which was stored at -80°C.

Voided urine (approximately 50-100 mL) was collected before
surgery or cystoscopy, and immediately processed within an hour. The
urine samples were centrifuged at 3000g for 10 minutes. The cell pel-
lets were washed with 10 mL PBS twice and spun down for 10 minutes
at 3000g. Then, cells were resuspended in 1 mL PBS, transferred to
an Eppendorf'vial, and centrifuged for another 5 minutes. The washed
cell pellets were stored at -80°C. The DNA from urine cell pellets was
isolated using the Quick-DNA Urine Kit (Zymo Research, catalog
D3061) according to the manufacturer’s instructions. Ninety-five per-
cent of the urine samples yielded more than 100 ng DNA, which was
the required amount to perform all assays.

AnchorIRIS targeted methylation sequencing. To discover differen-
tial methylation profiling of BCa, a targeted methylation sequencing
of 100,000 CpG sites was performed by using the AnchorIRIS tech-
nologies as previously described (26). Detailed information is shown
in Supplemental Methods. The raw sequence data reported in this
study have been deposited in the Genome Sequence Archive in the
Beijing Institute of Genomics (BIG) Data Center, Chinese Academy of
Sciences, under GSA accession number CRA002787, and are publicly
accessible at http://bigd.big.ac.cn/gsa.

Methylation analysis by MALDI-TOF-MS. Instead of using the typical
EpiTYPER DNA methylation analysis technology which was limited to
detect only one genomic region with a relatively large target fragment,
we have adopted the SNP genotyping MassARRAY system to detect the
methylation of multiple CpG sites from different genomic regions. By
applying the bisulfite-converted target sequences on the Assay Design
Suite software (Agena Bioscience), the amplification and extension prim-
ers for simultaneous multitarget methylation detections were designed
and experimentally verified. Genomic DNA (100 ng) from each sample
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Figure 5. Application of utMeMA to detect minimal BCa tumor. (A and B) The UD score and sensitivity of utMeMA in patients with different BCa tumor
sizes, in comparison with urine cytology and FISH. Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s tests (A) and y? test
(B). (C and D) The UD score and sensitivity of utMeMA in patients with BCa with single or multiple small tumors, in comparison with urine cytology and
FISH. Statistical significance was assessed using unpaired t test (2-tailed, C) and y? test (D). The data are shown as median with the interquartile range (A
and C). (E) Example of a patient with minimal tumor detected by utMeMA, but missed by cytology, FISH, MR imaging, and ordinary cystoscopy, who was
later diagnosed by fluorescence cystoscopy. The pathology of the tumor was Ta and low grade. *P < 0.05, **P < 0.01. The magnifications of the images in
fluorescence cystoscopy, urine cytology, FISH and pathology were x10, x600, x3000, x400, respectively.

was treated with sodium bisulfite with the EZ DNA Methylation-Light-
ning Kits (Zymo Research, catalog D5030). A subsequent quantitative
analysis of DNA methylation of selected methylation markers was car-
ried out by the Agena MassARRAY platform with the iPLEX Pro reagent
kit (Agena Bioscience, catalog 10217) according to the manufacturer’s
instructions. All specific primers used in the utMeMA assay are listed in
Supplemental Table 4. See Supplemental Methods for further details.
Identification of methylation markers discriminating between BCa
and normal tissue. To identify putative markers, we first compared the
methylation data derived from paired BCa and normal urothelium
samples from the SYSMH cohort (n = 11) and TCGA cohort (n = 21).
Then, we compared the methylation data derived from 412 BCa tissue
samples from the TCGA cohort and 656 healthy blood samples from a
previous study (19). Group-wise (cancer vs. normal) moderated ¢ test
was used for the initial screening of markers from the above-men-
tioned data. Furthermore, we applied additional filters to increase the
stringency of the screening to reduce potential false positives, includ-
ing group-wise SE less than 0.1, mean B-value difference greater than
0.2, FDR less than 0.01 (450 K data) or less than 0.05 (targeted meth-
ylation sequencing data), mean B-value in normal or WBCs less than
0.17, mean B-value in cancer greater than 0.3.
Volume 130 Number 12

jci.org December 2020

Construction and validation of a urine diagnostic model to detect BCa.
In the modeling cohort, 313 cases were randomly subdivided into training
(222 cases) and test (91 cases) sets, respectively, and samples were strati-
fied against age, sex, smoking status, and pathological classes. The training
and test sets were used for model building and the selection of CpG mark-
ers, and the 175 cases in the validation set were for independent testing of
the selected model. We used LASSO to build the model and selected the
best markers simultaneously by shrinking some coefficients to zero, which
was equivalent to removing these markers from the model. The hyperpa-
rameter lambda in LASSO, which controlled the level of regularization,
was selected from out-of-fold performance on 50 repetitions of 5-fold
cross-validation analysis of the training data, and the metric for model
selection was based on AUC scores in the cross-validation phase. The final
model built from the whole training data set was used for testing and vali-
dation. The performance of the model was evaluated by AUC. UD scores
were calculated based on the LASSO model as determined in the training
data set. The formula for calculating the UD score is logistic (-0.926 +
3.002x OTX1+2.635x SOX1-OT), and the coefficients and intercepts and
their statistical significances are listed in Table 1. The cutoff value (0.3564)
on the UD score was determined by the method of Youden’s index on the
model ROC, which maximizes the sum of sensitivities and specificities.
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Figure 6. Application of utMeMA to detect residual tumor and monitor the recurrence of BCa. (A) The distribution of UD score in BCa patients with or
without residual tumors (n = 47). Statistical significance was assessed using unpaired t test (2-tailed). The data are shown as median with the interquartile
range. (B) The landscape of pathological characters and detection results in re-TURBT cohort, including 15 cases with residual tumor and 32 cases without
tumor. (C) The sensitivity and specificity of utMeMA in the detection of residual tumor, in comparison with urine cytology and FISH (n = 47). (D) The distri-
bution of UD score in patients with BCa with or without recurrent tumor. The data are shown as median with the interquartile range. Statistical significance
was assessed using unpaired t test (2-tailed). (E) The landscape of pathological characteristics and detection results in surveillance cohort, including 38
cases with tumor recurrence and 43 cases without recurrence (n = 81). (F) The sensitivity and specificity of utMeMA in detection of recurrent tumor, in com-
parison with urine cytology and FISH (n = 81). (G-1) The sensitivity of utMeMA in patients with recurrent BCa with indicated grade (G), stage (H), and size (1)
of tumor, in comparison with urine cytology and FISH (n = 38). Statistical significance was assessed using y? test (C, F, G-1). *P < 0.05, **P < 0.01.

Statistics. LASSO was fitted to build the UD score, and the ROC
curve was adopted to assess the performance of the UD score-based
model. The B-value and UD score distribution between clinical cate-
gories were presented as box plots with median and the interquartile
range marks. Differences between 2 groups were analyzed with the
unpaired/paired Student’s ¢ test (2-tailed tests), and 1-way ANOVA
followed by Dunnett’s multiple comparisons tests when more than 2
groups were compared. The sensitivity, specificity, accuracy, PPV, and
NPV of utMeMA, cytology, and FISH in detecting BCa were obtained
by comparison to pathology and are presented as univariate values in
the figures. The positive and negative values for utMeMA were deter-
mined by the cutoff value (0.3564), while positive and negative values
for cytology and FISH were determined by the clinical report. Pear-
son’s x* test was used to analyze the clinical variables on sensitivity and
specificity. Spearman’s correlation analysis was performed to deter-
mine the correlation between 2 variables. All hypothesis testing was

2-sided with a P value less than 0.05 considered statistically signifi-
cant. All statistical analyses and data visualizations were carried out in
R (3.6.0) with R packages and Prism 8 (GraphPad Software).

Study approval. This study was conducted in compliance with the
principles of the 1975 Declaration of Helsinki and was approved by the
Ethics Committees of the Sun Yat-sen Memorial Hospital, Sun Yat-sen
University. Written informed consent was obtained from all patients
or their legal representatives before their participation in the study.
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Table 3. Clinical summary of modeling cohort and validation cohort

Modeling cohort, single center (SYSMH)

BCa Non-BCa

Parameter n=142 n=159
Sex

Female 26 (18.3%) 56 (35.2%)

Male 116 (81.7%) 103 (64.8%)
Age, years

<60 43 (30.3%) 88 (55.3%)

>60 99 (69.7%) 71(44.7%)
Tumor stage

Ta 35 (24.6%)

T 57 (40.2%)

12 27 (19.0%)

73 17 (12.0%)

T4 5(3.5%)

(IS alone 1(0.7%)

Any CIS 14 (9.8%)
Histologic grade

PUNLMP 0 (0%)

Low-grade 15 (10.6%)

High-grade 127 (89.4%)
Number of tumors

Single tumor 66 (46.5%)

Multiple tumors 76 (53.5%)
Size of tumor

<15cm 33 (23.2%)

1.5-3cm 45 (31.7%)

>3cm 64 (45.1%)
Smoking

Yes 37 (26.1%) 39 (24.5%)

No 105 (73.9%) 119 (74.9%)

NA 0(0%) 1(0.6%)
Urine FISH

Positive 83 (58.4%) 6 (3.8%)

Negative 23 (16.2%) 28 (17.6%)

NA 36 (25.4%) 125 (78.6%)
Urine cytology

Positive 64 (45.1%) 1(0.6%)

Negative 22 (15.5%) 21(13.2%)

NA 56 (39.4%) 137 (86.2%)

Validation cohort, multicenter (5 hospitals)

Normal BCa Non-BCa
n=1 n=109 n=66
3(25.0%) 18 (16.5%) 18 (27.3%)
9(75.0%) 91(83.5%) 48 (72.7%)
9 (75.0%) 29 (26.6%) 43 (65.2%)
3(25.0%) 80 (73.4%) 23 (34.8%)
42 (38.5%)

22 (20.2%)

16 (14.7%)

26 (23.9%)

2(1.8%)

1(0.9%)

10 (9.2%)

6 (5.5%)

24 (22.0%)

79 (72.5%)

78 (71.6%)

31(28.4%)

32(29.3%)

27 (24.8%)

50 (45.9%)

0(0%) 34 (31.2%) 8 (12.1%)
12 (100%) 57 (52.3%) 38 (57.6%)

0 (0%) 18 (16.5%) 20 (30.3%)
0 (0%) 53 (48.6%) 1(1.5%)
0 (0%) 39 (35.8%) 23 (34.8%)
12 (100%) 17 (15.6%) 42 (63.7%)
0(0%) 38 (34.9%) 2(3.0%)
0(0%) 52 (47.7%) 21(31.8%)
12 (100%) 19 (17.4%) 43 (65.2%)

Number of cases is shown for categorical variables with percentage in parentheses. CIS, carcinoma in situ; PUNLMP, papillary urothelial neoplasm of low

malignant potential.

and approved the final manuscript. The order of the co-first authors
was assigned based on the relative contributions of the individuals.
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