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ABSTRACT  51 

BACKGROUND. Current methods for the detection and surveillance of bladder cancer (BCa) 52 

are often invasive and/or possess suboptimal sensitivity and specificity, especially in early-stage, 53 

minimal, residual tumors. 54 

METHODS. We developed a novel method for the detection of urine tumor DNA Methylation 55 

at multiple genomic regions by MassARRAY, termed utMeMA. We identified the BCa-specific 56 

methylation markers by combined analyses of Sun Yat-sen Memorial Hospital (SYSMH), 57 

TCGA and GEO cohorts. The BCa diagnostic model was built in a retrospective cohort (n=313) 58 

and validated in a multicenter, prospective cohort (n=175). The performance of this diagnostic 59 

assay was analyzed and compared with urine cytology and FISH. 60 

RESULTS. We first discovered 26 significant methylation markers of BCa in combined 61 

analyses. We build and validate a two-marker-based diagnostic model that discriminated 62 

patients with BCa with high accuracy (86.7%), sensitivity (90.0%) and specificity (83.1%). 63 

Furthermore, utMeMA based assay achieved a great improvement in sensitivity over urine 64 

cytology and FISH, especially in the detection of early-stage (Ta and low grade tumor, 64.5% 65 

vs. 11.8%, 15.8%), minimal (81.0% vs. 14.8%, 37.9%), residual (93.3% vs. 27.3%, 64.3%) and 66 

recurrent (89.5% vs. 31.4%, 52.8%) tumors. The urine diagnostic score (UD-score) from this 67 

assay was better associated with tumor malignancy and burden. 68 

CONCLUSIONS. Urine tumor DNA methylation assessment for early diagnosis, minimal, 69 

residual tumor detection and surveillance in bladder cancer is a rapid, high-throughput, non-70 

invasive and promising approach, which may reduce the burden of cystoscopy and blind second 71 

surgery. 72 

FUNDING. This study was supported by the National Key Research and Development 73 

Program of China (Grant No. 2018YFA0902803, 2017YFC1309002), the National Natural 74 

Science Foundation of China (Grant No. 81825016, 81961128027, 81702523, 81772719, 75 

81772728). 76 

 77 
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Introduction 79 

Bladder cancer (BCa) is the most common malignancy of the urinary system, with an estimated 80 

~549,393 new cases and ~199,922 deaths worldwide each year (1). Approximately 75% of 81 

patients present with non–muscle-invasive (NMIBC) disease, and 70% of these tumors will 82 

recur while 15% will progress in stage and grade (2). Therefore, patients diagnosed with 83 

NMIBC undergo frequent treatment and monitoring, resulting in BCa achieving the highest 84 

lifetime treatment costs per patient among all cancers (3). The current gold standard for the 85 

monitoring of bladder cancer recurrence involves the use of cystoscopy and cytology (4). 86 

Cystoscopy is highly sensitive but is invasive, costly, and often associated with discomfort, 87 

while urine cytology is highly specific but lacks sensitivity (25-35%), especially for low grade 88 

BCa (4-15%) (4-6). The UroVysion fluorescence in situ hybridization (FISH) has a higher 89 

sensitivity of 60-80% and is widely utilized in the routine clinical detection of BCa, but it shows 90 

low sensitivity in low-grade or small tumors (5, 6). In addition, repeated transurethral resection 91 

of bladder tumor (Re-TURBT) is recommended for patients with high grade and T1 tumors (4). 92 

However, we still lack effective means to estimate if the patient has residual tumors. Therefore, 93 

there is an urgent need to develop effective methods for the detection of early stage, minimal, 94 

residual and recurrent tumors, which in turn, may improve disease management. 95 

DNA methylation is a key epigenetic regulator of gene expression that usually causes defective 96 

gene expression (7). Increased methylation of tumor suppressor genes is an early event in many 97 

tumors, and altered DNA methylation patterns could be one of the first detectable neoplastic 98 

changes associated with tumorigenesis (8, 9). Therefore, DNA methylation makers were widely 99 

used in the diagnosis and prognosis of common cancers (10-13). Several studies have also 100 

shown that methylation CpG sites in urine can be promising markers to detect or monitor BCa 101 

(14-16). In a multicenter study, Bladder EpiCheckTM, a commercial application in Europe, used 102 

a panel of 15 methylation markers to monitor recurrence in patients with NMIBC undergoing 103 

surveillance, and its overall sensitivity was 68.2% and specificity was 88.0% (17). Another 104 

multicenter study found that a three-gene methylation classifier showed overall sensitivity of 105 

89.6 % and specificity of 30.5% for monitoring bladder cancer (18). However, the performance 106 

of these assays still needs to be improved and validated in multicenter and large-scale cohorts 107 

in Asia. Hence, these assays have not been completely adopted in routine clinical practice in 108 
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Asia.  109 

In this study, we developed a novel method for the detection of urine tumor DNA (utDNA) 110 

methylation at multiple regions by MassARRAY, termed utMeMA. Importantly, we applied it 111 

to a retrospective cohort and LASSO to build a two-marker-based diagnostic model of BCa, 112 

and performed further validation in a prospective multicenter cohort. Furthermore, we 113 

systematically evaluated the performance of the utMeMA in the diagnoses of early-stage, 114 

minimal, residual and recurrent tumors of BCa, in comparison with routine urine cytology and 115 

FISH. 116 

 117 

Results 118 

Discovery of DNA methylation markers to distinguish bladder cancer from normal tissue. 119 

The design and implementation of this study are shown in detail in Figure 1. To investigate 120 

specific DNA methylation markers in the detection of BCa, we first performed DNA 121 

methylation profiling by high throughput DNA bisulfite targeted sequencing in 11 pairs of BCa 122 

and normal adjacent tissue (NAT) from the SYSMH cohort. Next, we analyzed DNA 123 

methylation data of 21 pairs of BCa and NATs from The Cancer Genome Atlas (TCGA) cohort. 124 

It is well known that urine is considered as the best sample to non-invasively diagnoses bladder 125 

cancer. However, the leukocytes are common in the urine of urinary diseases and an interference 126 

factor to distinguish malignant and benign diseases. To eliminate the influence of leukocyte 127 

DNA in urine, we further analyzed DNA methylation profile of 412 BCa tissues from TCGA 128 

and 656 normal blood samples from a dataset (GSE40279) (19). Through differential 129 

methylation analysis, 2030 markers in SYSMH cohort and 3205 markers in combined TCGA 130 

and GEO cohorts were markedly changed between BCa and normal tissue (Supplementary 131 

Figure 1). Furthermore, we applied a series of statistical filters to reduce the number of markers 132 

and sought the most important and specific markers of BCa. Finally, we identified 26 markers 133 

that displayed high and stable methylation in tumors, but remained at very low levels in normal 134 

tissue and leukocytes (Figure 2, A-B, Supplementary Figure 2). These data suggested that DNA 135 

methylation markers could be used to distinguish BCa.  136 

 137 

Development of a novel urine DNA methylation assay for bladder cancer detection 138 
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To detect multiple markers in a fast, cost-effective and high throughput way in clinics, we 139 

developed a novel method called urine tumor DNA Methylation MassARRAY (utMeMA) to 140 

diagnose BCa, which allows simultaneous multiplex quantification of CpG sites from various 141 

genomic regions at a low methylation frequency with high resolution. To validate whether 26 142 

markers could be used to distinguish BCa from normal tissue, we perform utMeMA to detect 143 

the methylation levels of 21 pairs of BCa and NATs, and 18 matched urine samples (Figure 2C). 144 

There were 25 markers which showed high methylation levels in cancer tissue and urine, but 145 

showed low methylation levels in NATs, except cg12350762 (Figure 2D, Supplementary Figure 146 

3). The methylation levels of tissues both in NMIBC and MIBC were higher than those in NATs, 147 

suggesting that these 25 markers may be used in detection both of NMIBC and MIBC 148 

(Supplementary Figure 4). Furthermore, correlation analysis shows that 23 out of 26 markers 149 

in urine were significantly and positively correlated with matched cancer tissue, such as 150 

cg21472506 which had the highest R2 of 0.625, except 3 markers (cg12350762, cg23180938, 151 

cg06782686). These findings indicated that urine DNA methylation could represent cancer 152 

tissue methylation levels using utMeMA, and these 23 markers could be used as diagnostic 153 

markers in BCa (Figure 2E, Supplementary Figure 5). 154 

 155 

Construction and validation of urine diagnostic model to detect bladder cancer in three 156 

cohorts by using 2 markers. 157 

To build the diagnostic model, we enrolled 142 patients diagnosed with BCa, 159 non-cancer 158 

patients with benign diseases of the urinary system and 12 healthy participants from the 159 

SYSMH cohort. We analyzed the methylation status of 23 markers by utMeMA, and used the 160 

Least Absolute Shrinkage and Selection Operator (LASSO) for marker selection and model 161 

development. We achieved an excellent performing model which included only two CpG 162 

markers (cg21472506 and cg11437784), which exhibited a high Area Under Curve (AUC) of 163 

0.919 and 0.903 in the training and test dataset, respectively (Figure 3, A-B, Table 1, 164 

Supplementary Figure6, A-B). Remarkably, we observed a high consistency between predicted 165 

results and pathological diagnosis results in both the training and test datasets using this model 166 

(Figure 3, C-D).  167 

To further assess the performance of the utMeMA-based diagnostic model for clinical 168 
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application, we performed a prospective, multicenter, blinded study. This independent 169 

validation cohort enrolled 109 patients diagnosed with BCa and 66 controls with benign 170 

diseases from 5 hospitals in China. Similarly, this model showed good concordance with 171 

pathological diagnosis (Figure 3E). We then assessed a urine diagnostic score (UD-score) of 172 

the model for differentiating between BCa and benign diseases. The UD-score was significantly 173 

high in cases with BCa, but displayed very low levels in patients with benign diseases and 174 

healthy people (Figure 3F). Importantly, this model achieved a high sensitivity of 88.1%, 90.2% 175 

and 91.7%, and specificity of 86%, 84% and 77.3% in the training, test and validation dataset, 176 

respectively. In addition, the value of accuracy, PPV and NPV of this model were almost more 177 

than 85% and showed great performance (Figure 3G). The performance of this model was better 178 

than either cg21472506 or cg11437784 (Supplementary Figure 6, C-D). Taken together, the 179 

utMeMA-based model showed high sensitivity and strong diagnostic power in the detection of 180 

BCa. 181 

 182 

The performance of utMeMA to diagnose bladder cancer in comparison with urine 183 

cytology and FISH. 184 

We found that the UD-score was positively correlated with advanced grade, stage, number of 185 

tumor and number of Red Blood Cells (RBC) in urine, but no obvious difference in age, gender, 186 

smoking status, the type of non-cancer disease and number of White Blood Cells (WBC) in 187 

urine (Figure 4, A-D, Supplementary Figure 7). From the integrated analysis of 488 cases in 188 

this study, this model showed an overall sensitivity of 90.0% and specificity of 83.1%. From 189 

further analysis of the sensitivity and specificity using various clinical characteristics, the 190 

sensitivity was significantly higher in patients with old age, high grade and MIBC, but no 191 

obvious difference was observed in gender and smoking status. In addition, the specificity 192 

showed no significant difference in age, gender and smoking status (Table 3, Supplementary 193 

Figure 8).  194 

Urine cytology and UroVysion FISH were routine methods used in the detection of BCa  (4-6). 195 

To compare the performance among the utMeMA-based model, urine cytology and FISH, we 196 

included 251 patients with BCa for further analysis. The landscape of clinical characteristics 197 

and the diagnostic status of three methods was shown in Figure 4E. Surprisingly, utMeMA 198 
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detected 5 out of 6 patients (83.3%) with papillary urothelial neoplasm of low malignant 199 

potential (PUNLMP), but none of these patients were detected by the other two methods (Figure 200 

4F). Furthermore, in patients with low grade tumors, the sensitivity of utMeMA was four-fold 201 

higher compared with cytology (69.2% vs 16.0%) and three-fold higher compared with FISH 202 

(69.2% vs 22.2%). Remarkably, utMeMA achieved a great improvement in sensitivity over 203 

cytology and FISH in Ta (79.2% vs. 32.7%, 36.2%) and T1 (93.7% vs. 62.3%, 72.4%) stage 204 

patients (Figure 4G). In addition, the sensitivity of this model was also superior to cytology and 205 

FISH in high grade, MIBC and total patients, respectively (Figure 4, F-G). In the hardest-to-206 

detect low grade and Ta patients, the sensitivity of utMeMA was five-fold higher compared 207 

with cytology (64.5% vs. 11.8%) and four-fold higher compared with FISH (64.5% vs. 15.8%). 208 

The great advantage of utMeMA was also seen in other patients with early-stage tumors and 209 

single/multiple tumors (Figure 4, H-I). Although the specificity of cytology and FISH were 210 

higher than utMeMA, the difference was not statistically significant (Figure 4J). There were 211 

also no obvious differences among the four types of non-cancer diseases (Figure 4K). Similar 212 

results were also found in multicenter validation cohort (Supplementary Figure 9). Collectively, 213 

utMeMA exhibited significantly improved sensitivity compared with urine cytology and FISH, 214 

particularly in low-grade and early-stage tumor patients. 215 

 216 

Application of utMeMA to detect minimal tumor in bladder cancer. 217 

We then evaluated the performance of utMeMA in the size of tumor. The UD-score and 218 

sensitivity were markedly increased in bigger tumors (≥3cm), but were similar in tumors that 219 

were small and middle-sized (Figure 5, A-B). After dividing cases with small tumors into two 220 

groups, the UD-score and sensitivity of small single tumors were lower than multiple tumors, 221 

which was consistent with tumor burden (Figure 5, C-D). The utMeMA achieved a great 222 

improvement in sensitivity over cytology and FISH in the above conditions, especially in small 223 

single tumors (81.0% vs. 14.8%, 37.9%) (Figure 5B and D). The potential utility of this 224 

approach is highlighted by a case that was detected by utMeMA, but missed by cytology, FISH, 225 

MR imaging and ordinary cystoscopy. The lesion was very flat and small, and not markedly 226 

abnormal in white light, but was later diagnosed as low grade and Ta tumor by fluorescence 227 

cystoscopy-guided TURBT (Figure 5E). Furthermore, a similar situation was observed in three 228 
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other cases and the smallest tumor detected by utMeMA was 4 mm in diameter. These data 229 

strongly demonstrated the advantage of utMeMA in the detection of minimally-sized tumors. 230 

 231 

Application of utMeMA to detect residual tumor and monitor recurrence in bladder 232 

cancer. 233 

Re-TURBT is recommended for patients with high grade and T1 tumors, but currently, we lack 234 

effective methods to estimate if the patient actually has residual tumors (4, 5). In our modeling 235 

and validation cohorts, 47 patients received Re-TURBT and the samples were collected before 236 

the surgery, where 15 patients had residual tumor, but 32 patients did not. Interestingly, the UD-237 

score was significantly increased in patients with residual tumor than those without (Figure 6A). 238 

Importantly, utMeMA correctly diagnosed 14 out of 15 (93.3%) patients with residual tumor, 239 

but cytology and FISH only diagnosed 3 out of 11 (27.3%) and 9 out of 14 (64.3%) of these 240 

patients, respectively (Figure 6, B-C). The specificity of utMeMA was 87.5%, which was 241 

similar with cytology and FISH (Figure 6C). These amazing findings suggested that utMeMA 242 

could be used to detect residual tumors and serve as a predictor to select patient for Re-TURBT. 243 

Given the high recurrent rate of NMIBC patients, it is important to develop a non-invasive and 244 

sensitive method to monitor recurrence (4). We observed a high consistency of UD-score 245 

between first morning urine and random urine, suggesting that random urine was also suitable 246 

for the detection of BCa (Supplementary Figure S10A-B). Next, we enrolled an additional 81 247 

patients undergoing surveillance from SYSMH and collected urine samples before undergoing 248 

cystoscopy. Subsequently, 38 cases were found to have tumor recurrence and 43 cases did not. 249 

Interestingly, the UD-score was markedly higher in patients with recurrence compared with 250 

patients without recurrence, and was positively correlated with tumor burden (Figure 6D 251 

Supplementary Figure S10C-F). Importantly, utMeMA accurately detected 34 out of 38 (89.5%) 252 

patients with recurrence, but cytology and FISH only detected 11 out of 35 (31.4%) and 19 out 253 

of 26 (52.8%) patients with recurrence, respectively (Figure 6, E-F). The specificity of utMeMA 254 

was 81.4%, which had no statistically significant difference from cytology and FISH (Figure 255 

6F). The follow-up of patients with positive utMeMA results but no evidence of recurrence is 256 

ongoing and they will be re-evaluated in a future study. In the subgroup analysis, utMeMA 257 

achieved a great improvement in sensitivity over cytology and FISH, especially in low grade 258 
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(75.0% vs. 12.5%, 25.0%), NMIBC (84.6% vs. 13.0%, 37.5%), small and single tumors (75.0% 259 

vs. 0%, 33.3%, Figure 6, G-I, Supplementary Figure 10G). Taken together, utMeMA could 260 

serve as a non-invasive and highly sensitive approach to monitor the recurrence of BCa. 261 

 262 

Discussion  263 

Here, we first discovered the BCa-specific methylation markers by combined analyses of 264 

SYSMH, TCGA and GEO cohorts. Then, we trained and tested the diagnostic model in the 265 

SYSMH cohort of 313 samples, and performed validation in a multicenter, prospective, 266 

independent cohort of 175 samples. This diagnostic model of BCa included only two CpG 267 

markers (cg21472506 and cg11437784), but exhibited an overall sensitivity of 90.0% and 268 

specificity of 83.1%. The CpG site cg21472506 located on the 3’-untranslated region of OTX1, 269 

was previously reported as a useful marker to detect BCa in urine (20, 21). However, 270 

cg11437784 located in the intron of SOX1-OT, was first discovered as a tumor marker. 271 

However, the biological function and methylated mechanism of OTX1 and SOX1-OT remain 272 

largely unknown. A previous study used 4 methylation markers to identify bladder carcinoma 273 

with a sensitivity of 82% and a specificity of 53% (14). Bladder EpiCheckTM used a panel of 274 

15 methylation markers to monitor recurrence in patients with NMIBC undergoing surveillance, 275 

and its overall sensitivity was 67% and specificity was 88% (22, 23). Our study showed that 276 

the overall sensitivity of NMIBC was 85.5% in modeling and validation cohorts, and was 84.6% 277 

in the additional surveillance cohort. Our test also showed a higher sensitivity compared with 278 

EpiCheckTM in the monitoring of recurrence of low grade (75% vs 40%) and high grade (93% 279 

vs 89%) tumors (22, 23). Recent studies found that somatic mutation or combined DNA 280 

mutation and methylation were also promising markers to detect BCa  (20, 21, 24). On the basis 281 

of this two-marker test, it is worth exploring whether the performance could be improved by 282 

adding the detection of additional DNA mutations in the future. 283 

The common methods to detect DNA methylation are methylation-specific PCR (MS-PCR) and 284 

genome bisulfite sequencing (14, 21, 24). MS-PCR is easy-to-use and cheap, but it fails to 285 

provide high-resolution and specific detection of single CpG sites, when multiple CpG sites are 286 

involved. The genome bisulfite sequencing enables high-throughput detection of large-scale 287 

methylation markers, but it is expensive and time consuming, which limits its clinical 288 
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application. To address these, we developed urine tumor DNA Methylation MassARRAY 289 

(utMeMA). Our method allows high-resolution and high-throughput quantification of multiple 290 

CpG sites, even from samples with a low methylation frequency. Due to the superior sensitivity 291 

of Matrix-Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-292 

TOF-MS), the methylation level of a single CpG site can be determined by single nucleotide 293 

amplification of CpG site of interest without any normalization. The enhanced technical 294 

advantages therefore effectively improved assay detection sensitivity and the scale of samples 295 

being processed. This approach could analyze 300 samples at a time and provide clinical reports 296 

in 1 to 2 days. Thus, utMeMA is a fast, cost-effective, high-resolution and high-throughput 297 

method to detect BCa in the clinical setting.  298 

The early-stage, minimal, residual and recurrent tumors of BCa were very difficult to diagnose, 299 

which was usually missed by urine cytology and FISH (4, 5). However, this method achieved 300 

a great improvement in sensitivity over cytology and FISH, serving as a promising solution in 301 

these conditions. Importantly, the UD-score positively correlated with the grade, stage, size, 302 

and the presence of residual and recurrent tumors of BCa. These results make this method 303 

attractive for use in clinical decision making across a variety of patients and situations, and 304 

could in turn reduce the current burden of repeated cystoscopy and blind Re-TURBT. 305 

However, there are some limitations that need to be emphasized. First, the samples analyzed in 306 

Re-TURBT and surveillance cohort were small, so the data needs to be validated in a larger 307 

multicenter prospective study. Second, the performance of utMeMA in the monitoring of 308 

recurrence was a cross-sectional analysis and the long-term follow-up data is currently 309 

unavailable. Thus, we were unable to correlate false-positives with later recurrence. 310 

In conclusion, we have developed a novel utMeMA, two-marker-based test for the fast and non-311 

invasive detection of bladder cancer. Our approach achieved a great improvement in sensitivity 312 

over urine cytology and FISH, especially in the detection of early-stage, minimal, residual and 313 

recurrent tumors. Therefore, it is adopted in the optional clinical detection of BCa by more than 314 

10 hospitals in China. A large-scale, multicenter and prospective clinical trial (NCT04314245) 315 

is ongoing to validate its clinical applicability in China. 316 

 317 

Materials and methods 318 
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Study design and participants 319 

In discovery stage, we identified the BCa-specific methylation markers by combined analyses 320 

of Sun Yat-sen University (SYSMH), TCGA and GEO cohorts (19, 25). There were 32 paired 321 

bladder cancer and normal adjacent tissue, and 18 matched urine samples from patients who 322 

underwent surgery at SYSMH between June 2016 and May 2017. The human methylation 450 323 

K array data and clinical characteristics of 412 bladder cancer tissue and 21 matched normal 324 

tissue samples were obtained from TCGA. The methylation profiles of 656 blood leukocyte 325 

samples of healthy control individuals were obtained from a dataset (GSE40279).  326 

In the retrospective, single center cohort (Modeling cohort), we enrolled 142 patients with 327 

urothelial carcinoma of the bladder (UCB), 12 healthy participants and 159 non-cancer controls 328 

from SYSMH between June 2017 and May 2019. In the multicenter, prospective, blinded cohort 329 

(Validation cohort), we enrolled 109 patients with UCB and 66 non-cancer controls from 5 330 

hospitals in China, between August 2019 and December 2019. The multicenter Validation 331 

cohort was collected from the SYSMH (n=70), Zhujiang Hospital (n=23) and Nanfang Hospital 332 

(n=22), Southern Medical University in Guangzhou, Tongji Hospital of Huazhong University 333 

of Science and Technology in Wuhan (n=39), and the Affiliated Hospital/Clinical Medical 334 

College of Chengdu University in Chengdu (n=21), China. Urine samples were collected from 335 

each hospital with written informed consent obtained from all patients. The non-cancer controls 336 

were diagnosed with benign urological diseases including benign bladder lesions (BBL), 337 

urolithiasis, benign prostatic hypertrophy (BPH) and other benign diseases of the urinary 338 

system. 339 

In surveillance cohort, we enrolled 38 tumor recurrent patients and 43 no recurrent patients 340 

from SYSMH. The samples with pathological diagnoses were reviewed by 2 independent 341 

pathologists. Flow of participants enrollment of these three cohorts are summarized in 342 

Supplementary Figure 11 to S13. The demographics and clinical characteristics of the 343 

participants are summarized in tables 2 and S1 to S3, respectively. 344 

 345 

Sample Processing 346 

Genomic DNA extraction from freshly frozen normal or cancer tissue was performed with 347 

DNeasy Blood & Tissue Kit (Qiagen, Germany, Cat# 69506) according to the manufacturer’s 348 
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recommendations. Roughly 0.5 mg of tissue was used to obtain 5 µg of genomic DNA on 349 

average, which was stored at -80°C. 350 

Voided urine (approximately 50~100 mL) was collected prior to surgery or cystoscopy, and 351 

immediately processed within an hour. The urine samples were centrifuged at 3,000 g for 10 352 

min. The cell pellets were washed with 10 mL of PBS twice and spun down for 10 min at 3,000 353 

g. Then, cells were re-suspended in 1 mL of PBS and transferred to an Eppendorf vial and 354 

centrifuged for another 5 min. The washed cell pellets were stored at -80°C. The DNA from 355 

urine cell pellet were isolated using the Quick-DNA Urine Kit (Zymo Research, United States, 356 

Cat# D3061) according the manufacturer’s instructions. 95% of the urine samples yielded more 357 

than 100 ng of DNA, which was required amount to perform all assays. 358 

 359 

AnchorIRIS TM targeted methylation sequencing 360 

To discover differential methylation profiling of BCa, a targeted methylation sequencing of 361 

100,000 CpG site was performed by using the AnchorIRISTM technologies as previously 362 

described (26). Detailed information was shown in Supplementary Methods. The raw sequence 363 

data reported in this study have been deposited in the Genome Sequence Archive in BIG Data 364 

Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences, under GSA 365 

accession numbers CRA002787, which are publicly accessible at http://bigd.big.ac.cn/gsa. 366 

 367 

Methylation analysis by MALDI-TOF-MS 368 

Instead of using the typical EpiTYPER DNA methylation analysis technology which was 369 

limited to detect only one genomic region with a relatively large target fragment, we have 370 

adopted the SNP genotyping MassARRAY system to detect the methylation of multiple CpG 371 

sites from different genomic regions. By applying the bisulfite-converted target sequences on 372 

the Assay Design Suite software (Agena Bioscience), the amplification and extension primers 373 

for simultaneous multi-target methylation detections were designed and experimentally verified. 374 

100 ng of genomic DNA from each sample were treated with sodium bisulfite with the EZ DNA 375 

Methylation-Lightning Kits (Zymo Research, United States, Cat# D5030). A subsequent 376 

quantitative analysis of DNA methylation of selected methylation markers was carried out by 377 

the Agena MassARRAY platform with the iPLEX Pro reagent kit (Agena Bioscience, United 378 
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States, Cat# 10217) according to the manufacturer’s instructions. All specific primers used in 379 

the utMeMA assay are listed in Supplementary Table S4. See Supplementary Methods for 380 

further details. 381 

 382 

Identification of methylation markers discriminating between bladder cancer and normal 383 

tissue. 384 

To identify putative markers, we first compared the methylation data derived from BCa tissue 385 

and normal urothelium from the SYSMH cohort and TCGA cohort, including 11 and 21 paired 386 

BCa and NAT samples. Then, we compared the methylation data derived from 412 BCa tissue 387 

samples from TCGA and 656 healthy blood from a previous study (19). Group-wise (cancer vs 388 

normal) moderated t-test was used for the initial screening of markers from the above data. 389 

Furthermore, we applied additional filters to increase the stringency of the screening to reduce 390 

potential false positives, including group-wise SE < 0.1, mean β-value difference > 0.2, FDR < 391 

0.01 (450K data) or < 0.05 (targeted methylation sequencing data), mean beta-value in normal 392 

or WBC < 0.17, mean beta-value in cancer > 0.3. 393 

 394 

Construction and validation of urine diagnostic model to detect bladder cancer 395 

In the modeling cohort, 313 cases were randomly subdivided into training (222 cases) and test 396 

(91 cases) sets, respectively, and samples were stratified against age, gender, smoking status 397 

and pathological classes. The train and test sets were used for model building and the selection 398 

of CpG markers, and the 175 cases in the validation set was for independent testing of the 399 

selected model. We used LASSO to build the model and select the best markers simultaneously 400 

by “shrinking” some coefficients to zero, which was equivalent to removing these markers from 401 

the model. The hyper-parameter lambda in LASSO, which controlled the level of regularization, 402 

was selected from out-of-fold performance on 50 repetitions of 5-fold cross-validation analysis 403 

of the training data, and the metric for model selection was based on AUC scores in the cross-404 

validation phase, and the final model built from the whole train dataset was used for testing and 405 

validation. The performance of the model was evaluated by AUC. UD-score is calculated based 406 

on the LASSO model as determined in the training data set, and the formula for UD-score is 407 

logistic (-0.926 + 3.002 × OTX1 + 2.635 × SOX1-OT), and the coefficients and intercept and 408 
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their statistical significance are listed in Table 1. The cutoff value (0.3564) on UD-score was 409 

determined by the method of Youden’s index on the model ROC, which maximize the sum of 410 

sensitivities and specificities.  411 

 412 

Statistical analysis 413 

LASSO was fitted to build the UD-score, and the ROC curve was adopted to assess the 414 

performance of the UD-score–based model. The beta-value and UD-score distribution between 415 

clinical categories were presented as boxplots with median and the interquartile range marks. 416 

Differences between two groups were analyzed with the unpaired/paired Student’s t-test (two-417 

tailed tests), and one-way ANOVA followed by Dunnett’s multiple comparisons tests when 418 

more than two groups were compared. The sensitivity, specificity, accuracy, positive predictive 419 

value (PPV), and negative predictive value (NPV) of utMeMA, cytology and FISH in detecting 420 

BCa were obtained by comparison to pathology and presented as univariate values in bar graph. 421 

The positive and negative of utMeMA were determined by the cutoff value (0.3564), while 422 

positive and negative of cytology and FISH were determined by the clinical report. Pearson’s 423 

χ2 test was used to analyze the clinical variables on sensitivity and specificity. Spearman’s 424 

correlation analysis was performed to determine the correlation between two variables. All 425 

hypothesis testing was two-sided with a P value < 0.05 considered to be statistically significant. 426 

All statistical analyses and data visualizations were carried out in R (3.6.0) with R packages 427 

and Prism 8 (GraphPad Software). 428 

 429 

Study approval  430 

This study was conducted in compliance with the principles of the 1975 Declaration of Helsinki 431 

and was approved by the Ethics Committees of the Sun Yat-sen Memorial Hospital, Sun Yat-432 
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representatives prior to their participation in the study. 434 
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Table 1. Characteristics of the two methylation markers and their coefficients in BCa diagnosis.  
Target ID Ref Gene Coefficients SE Z value P value 

Intersect  -0.926 0.0230 -40.2873 0 

cg21472506 OTX1 3.002 0.1362 22.0469 1.02E-107 

cg11437784 SOX1-OT 2.635 0.0778 33.876 1.53E-251 
 

  

SE: standard errors of coefficients; z value: Wald z-statistic value. 550 

551 
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Table 2. Clinical summary of modeling cohort and validation cohort 552 

  Modeling cohort 

Single center (SYSMH) 

Validation cohort 

Multicenter (5 hospitals) 

  BCa Non_BCa Normal BCa Non_BCa 

Parameter n=142 n=159 n=12 n=109 n=66 

Gender           

Female 26(18.3%) 56(35.2%) 3(25.0%) 18(16.5%) 18(27.3%) 

Male 116(81.7%) 103(64.8%) 9(75.0%) 91(83.5%) 48(72.7%） 

Age (years)           

<60 43(30.3%) 88(55.3%) 9(75.0%) 29(26.6%) 43(65.2%) 

≥60 99(69.7%) 71(44.7%) 3(25.0%) 80(73.4%) 23(34.8%) 

Tumor Stage           

Ta 35(24.6%)     42(38.5%)   

T1 57(40.2%)     22(20.2%)   

T2 27(19.0%)     16(14.7%)   

T3 17(12.0%)     26(23.9%)   

T4 5(3.5%)     2(1.8%)   

CIS alone 1(0.7%)     1(0.9%)   

Any CIS 14(9.8%)     10(9.2%)   

Histologic grade           

PUNLMP* 0(0%)     6(5.5%)   

Low grade 15(10.6%)     24(22.0%)   

High grade 127(89.4%)     79(72.5%)   

Number of tumors           

Single tumor 66(46.5%)     78(71.6%)   

Multiple tumors 76(53.5%)     31(28.4%)   

Size of tumor           

≤1.5cm 33(23.2%)     32(29.3%)   

1.5-3cm 45(31.7%)     27(24.8%)   

≥3cm 64(45.1%)     50(45.9%)   

Smoking           

Yes 37(26.1%) 39(24.5%) 0(0%) 34(31.2%) 8(12.1%) 

No 105(73.9%) 119(74.9%) 12(100%) 57(52.3%) 38(57.6%) 

NA 0(0%) 1(0.6%) 0(0%) 18(16.5%) 20(30.3%) 

Urine Fish           

Positive 83(58.4%) 6(3.8%) 0(0%) 53(48.6%) 1(1.5%) 

Negative 23(16.2%） 28(17.6%) 0(0%) 39(35.8%) 23(34.8%) 

NA 36(25.4%) 125(78.6%) 12(100%) 17(15.6%) 42(63.7%) 

Urine cytology           

Positive 64(45.1%) 1(0.6%) 0(0%) 38(34.9%) 2(3.0%) 

Negative 22(15.5%) 21(13.2%) 0(0%) 52(47.7%) 21(31.8%) 

NA 56(39.4%) 137(86.2%) 12(100%) 19(17.4%) 43(65.2%) 

Number of cases is shown for categorical variables with percentage in parentheses. CIS, carcinoma in 553 

situ. *PUNLMP, papillary urothelial neoplasm of low malignant potential. NA = Not Available.  554 

  555 
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Table 3.The sensitivity and specificity of utMeMA by different clinical characteristics. 556 

Clinical  

Characters 

utMeMA  

Positive 

Bladder  

Cancer 

Sensitivity 

(95%CI) 

utMeMA  

Negative 

Non-

Cancer  

Disease 

Specifivity 

(95%CI) 

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%) 119 140 85.0% (82.6%-87.4%) 

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

Gender 
      

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 71 94.4% (93.1%-95.7%) 39 47 83.0% (80.1%-85.9%) 

 557 

  558 
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Figure legends 559 

 560 

Figure 1. Workflow indicating study design. SYSMH, Sun Yat-sen Memorial Hospital; 561 

TCGA, the Cancer Genome Atlas; BCa, bladder cancer; FDR, false discovery rate; LASSO, 562 

the least absolute shrinkage and selection operator; RF, random forest. 563 

  564 
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 565 

Figure 2. Discovery of DNA methylation markers to distinguish bladder cancer and 566 

normal tissue. 567 

(A) Unsupervised hierarchical clustering of 26 methylation markers differentially methylated 568 

between normal adjacent tissue (NAT, n=21) and BCa tumor tissue (n=412) in the TCGA cohort. 569 

(B) Boxplot presenting the beta value distribution of cg21472056 among BCa tumor tissue (412 570 

samples), NAT (n=21) and normal blood WBC cell (n=656). Beta-value of 0 represents no 571 

methylation, whereas 1 represents full methylation. The data were presented as median with 572 

the interquartile range. Statistical significance was assessed using 1-way ANOVA followed by 573 

Dunnett’s tests. (C) Unsupervised hierarchical clustering of 26 methylation markers 574 

differentially methylated among NAT (n=21), BCa tumor tissue (n=21) and matched urine 575 

(n=18) in the SYSMH cohort. The unavailable value is shown in gray. (D) Boxplot presenting 576 

the beta value distribution of cg21472056 among BCa tumor tissue (n=21), matched urine 577 

(n=18) and NAT (n=21) which was detected by TOF-MS. The data were presented as median 578 

with the interquartile range. Statistical significance was assessed using 1-way ANOVA followed 579 
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by Dunnett’s tests. (E) The spearman correlation analysis of cg21472056 methylation level 580 

between the tumor tissue and matched urine in 18 patients. NAT, normal adjacent tissue. 581 

Pearson’s χ2 test was used to analyze statistical significance. **P < 0.01 and ***P < 0.001. 582 

  583 
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 584 

Figure 3. Construction and validation of urine diagnostic model to detect bladder cancer 585 

in three cohorts by using 2 markers. 586 

(A-B) ROC curves and the associated AUCs of the diagnostic prediction model using urine 587 

DNA methylation analysis in the training (A) and testing (B) cohorts. (C-E) Unsupervised 588 

hierarchical clustering of two methylation markers which were differentially methylated 589 

between the DNA of bladder cancer and non-cancer subjects in the training (C, n=222), testing 590 
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(D, n=91) and independent prospective validation (E, n=175) cohorts. Each row represents an 591 

individual patient, and each column is a CpG marker. The real disease status and prediction 592 

status by model were shown ahead. (F) The urine diagnostic score (UD-Score) of normal 593 

participants (n=12), non-cancer (n=225) and bladder cancer (n=251) patients were shown. The 594 

dotted line showed the cutoff value (0.3564) to distinguish bladder cancer from non-cancer 595 

cases. The data were presented as median with the interquartile range. Statistical significance 596 

was assessed using 1-way ANOVA followed by Dunnett’s tests. (G) The sensitivity, specificity, 597 

accuracy, positive predictive value (PPV) and negative predictive value (NPV) of this model in 598 

the training, testing and validation cohorts were determined by the cutoff value. ROC, 599 

Receiver operating characteristic; AUC, area under the curve. ***P < 0.001 and NS represents 600 

no significance. 601 

  602 



27 

 

 603 

Figure 4. The significantly improved sensitivity of utMeMA in the diagnosis of bladder 604 

cancer in comparison with urine cytology and FISH 605 

(A-C) The UD-Score of BCa patients in different grade (A), stage (B) and number (C) of tumors 606 

(n=251). CIS means all the cases which includes CIS (n=24). (D) The UD-Score of patients in 607 

four types of non-cancer diseases of the urinary system, including benign bladder lesions (BBL), 608 

urolithiasis, benign prostatic hypertrophy (BPH) and other benign diseases (n=237). The data 609 

were presented as median with the interquartile range. Statistical significance was assessed 610 

using 1-way ANOVA followed by Dunnett’s tests (A, B, D) and unpaired t test (two-tailed, C). 611 

(E) Distribution of predicted diagnostic status using utMeMA across patients with bladder 612 

cancer (n=251) with associated tumor stage, grade, cytology and FISH results. CIS means the 613 

cases which is CIS alone (n=2). (F-I) The sensitivity of utMeMA in BCa patients with indicated 614 

grade (F), stage (G), early-stage (H) and number (I) of tumor, in comparison with urine cytology 615 
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and FISH. CIS means all the cases which includes CIS (n=24). (J) The specificity of utMeMA 616 

in patients with non-cancer diseases in comparison with urine cytology and FISH. (K) The 617 

specificity of utMeMA in patients with four types of non-cancer diseases. Statistical 618 

significance was assessed by χ2 test (G-L). *P < 0.05, ** P < 0.01 and NS represents No 619 

significance. 620 

  621 
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 622 

Figure 5. Application of utMeMA to detect minimal tumor of bladder cancer. 623 

(A-B) The UD-Score and sensitivity of utMeMA in BCa patients with different tumor sizes, in 624 

comparison with urine cytology and FISH. Statistical significance was assessed using 1-way 625 

ANOVA followed by Dunnett’s tests (A) and χ2 test (B). (C-D) The UD-Score and sensitivity 626 

of utMeMA in BCa patients with single or multiple small tumors, in comparison with urine 627 

cytology and FISH. Statistical significance was assessed using unpaired t test (two-tailed, C) 628 

and χ2 test (D). The data were presented as median with the interquartile range (A and C). (E) 629 

Example of a patient with minimal tumor detected by utMeMA, but missed by cytology, FISH, 630 

MR imaging and ordinary cystoscopy, who was later diagnosed by fluorescence cystoscopy. 631 

The pathology of the tumor was Ta and low grade. *P < 0.05, **P < 0.01 and NS represents No 632 

significance. 633 

  634 



30 

 

 635 

Figure 6. Application of utMeMA to detect residual tumor, and monitor the recurrence of 636 

bladder cancer. 637 

 (A) The distribution of UD-Score in BCa patients with or without residual tumors (n=47). 638 

Statistical significance was assessed using unpaired t test (two-tailed). The data were presented 639 

as median with the interquartile range. (B) The landscape of pathological characters and 640 

detection results in re-TURBT cohort, including 15 cases with residual tumor and 32 cases 641 

without tumor. (C) The sensitivity and specificity of utMeMA in the detection of residual tumor, 642 

in comparison with urine cytology and FISH (n=47). (D) The distribution of UD-Score in BCa 643 

patients with or without recurrent tumor. The data were presented as median with the 644 

interquartile range. Statistical significance was assessed using unpaired t test (two-tailed). (E) 645 

The landscape of pathological characteristics and detection results in surveillance cohort, 646 

including 38 cases with tumor recurrence and 43 cases without recurrence (n=81). (F) The 647 

sensitivity and specificity of utMeMA in detection of recurrent tumor, in comparison with urine 648 

cytology and FISH (n=81). (G-I) The sensitivity of utMeMA in patients with recurrent BCa 649 

with indicated grade (G), stage (H), and size (I) of tumor, in comparison with urine cytology 650 

and FISH (n=38). Statistical significance was assessed using χ2 test (C, F, G-I). *P < 0.05, **P 651 
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< 0.01 and NS represents No significance. 652 


