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Abstract 

Background:  The present study sought to identify a panel of DNA markers for noninvasive diagnosis using cell-free 
DNA (cfDNA) from urine supernatant or cellular DNA from urine sediments of hematuria patients. A panel of 48 blad-
der cancer-specific genes was selected. A next-generation sequencing-based assay with a cfDNA barcode-enabled 
single-molecule test was employed. Mutation profiles of blood, urine, and tumor sample from 16 bladder cancer 
patients were compared. Next, urinary cellular DNA and cfDNA were prospectively collected from 125 patients (92 
bladder cancer cases and 33 controls) and analyzed using the 48-gene panel. The individual gene markers and com-
binations of markers were validated according to the pathology results. The mean areas under the receiver operating 
characteristic (ROC) curves (AUCs) obtained with the various modeling approaches were calculated and compared.

Results:  This pilot study of 16 bladder cancer patients demonstrated that gene mutations in urine supernatant and 
sediments had better concordance with cancer tissue as compared with plasma. Logistic analyses suggested two 
powerful combinations of genes for genetic diagnostic modeling: five genes for urine supernatant (TERT, FGFR3, TP53, 
PIK3CA, and KRAS) and seven genes for urine sediments (TERT, FGFR3, TP53, HRAS, PIK3CA, KRAS, and ERBB2). The accu-
racy of the five-gene panel and the seven-gene panel in the validation cohort yielded AUCs of 0.94 [95% confidence 
interval (CI) 0.91–0.97] and 0.91 (95% CI 0.86–0.96), respectively. With the addition of age and gender, the diagnostic 
power of the urine supernatant five-gene model and the urine sediment seven-gene model improved as the revised 
AUCs were 0.9656 (95% CI 0.9368–0.9944) and 0.9587 (95% CI 0.9291–0.9883).

Conclusions:  cfDNA from urine bears great diagnostic potential. A five-gene panel for urine supernatant and a 
seven-gene panel for urine sediments are promising options for identifying bladder cancer in hematuria patients.

Keywords:  Cell-free DNA, Next-generation sequencing, Bladder cancer, Mutation, Hematuria

© The Author(s) 2020. 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://creat​iveco​
mmons​.org/licen​ses/by/4.0/.

Background
Bladder cancer is the 9th most common malignancy and 
the 13th most common cause of cancer death world-
wide [1, 2]. Although hematuria is a hallmark symptom 
of bladder cancer, only 3% to 28% of hematuria cases 
observed in clinical practice are due to bladder cancer [3, 
4]. Cystoscopy is widely accepted as the gold standard for 

detecting bladder cancer. However, it is invasive, costly, 
and unable to achieve 100% accuracy, particularly in 
early-stage tumors.

Recent years, liquid biopsy has gained much attention 
as a non-invasive tool for cancer diagnosis and surveil-
lance using body fluid. Due to its advantage of easy, 
noninvasive sampling, urine has gained the most inter-
est over other body fluids [5]. Urine cytology and other 
urinary tests, such as bladder tumor antigen, nuclear 
matrix protein 22, or fluorescence in situ hybridization 
can serve as a liquid biopsy in urinary disease. None-
theless, none of these markers have been accepted 
for diagnosis in routine practice due to the limited 
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sensitivity and/or specificity at this time. Hence, the 
development of a reliable noninvasive bladder cancer 
testing method as an alternative to cystoscopy remains 
of great value [6].

There are a number of molecules that can be measured 
in urine, including cell-free DNA (cfDNA), cellular DNA, 
different RNA classes (e.g., microRNAs, long noncoding 
RNAs, messenger RNAs), proteins, and exosomes [6–13]. 
Previous studies have demonstrated that DNA biomarkers 
detected in plasma or urine could be used to predict the 
risk of bladder cancer in patients with hematuria [14–17]. 
However, the predictive accuracy is affected by genomic 
complexity, tumor grade, and insufficient genomic DNA. 
cfDNA is present extensively as degraded nucleic acid 
fragments in various body fluids [18–20]. The genetic 
alterations in urinary cfDNA are reflective of those found 
within tumor cells. It has been reported that malignant 
and benign hematuria are associated with different gene 
mutations [21–23]. Moreover, some studies have revealed 
that urinary cfDNA had a higher tumor genome burden 
than that of cellular DNA, which may have an influence 
on diagnosis efficiency. Therefore, comparing the diag-
nostic accuracy of potential biomarker candidates in blad-
der cancer would be very useful [5, 24, 25].

In this study, a set of 48 bladder cancer-related genes 
was assessed using next-generation sequencing (NGS) 
and evaluated to elucidate their potential to differenti-
ate malignancy from benign hematuria. The mutations in 
the 48 genes of interest were analyzed in these four types 
of samples: urine supernatant, urinary sediment, plasma, 
and tumor tissue. The aim of this study was to compare the 
diagnostic accuracy of urinary cellular DNA with cfDNA 
for bladder cancer diagnosis in hematuria patients.

Materials and methods
Patients and clinical sample collection
Institutional review board approval was obtained prior to 
study initiation (NCT03066310) and all of the involved 
patients signed informed consent forms. Ninety-two 
patients with bladder cancer and 33 controls were 
enrolled. Urine, plasma, and tumor tissue samples were 
collected from 16 patients (14 men and two women; 
mean age: 67  years, range 51–84  years) with confirmed 
bladder cancer at Xiangya Hospital, The Second Xiangya 
Hospital, Hunan Provincial Tumor Hospital, and Hunan 
Provincial People’s Hospital between January 2017 and 
November 2017. Only urine samples were collected from 
the remaining 76 clinically diagnosed bladder cancer 
patients. Patients and bladder tumor characteristics are 
summarized in Table  1. In this study, 33 cases of non-
tumor bladder disease patients (20 men and 13 women; 
mean age: 54  years, range 21–81  years) with hematuria 
were included as controls. Urine was the only specimen 
collected from the control cases.

Methods
This study consisted of three phases: a pilot study, the 
main study, and the finalization of diagnostic mod-
eling, which are shown circumscribed in grey, blue, and 
red, respectively, in Fig.  1. In the pilot study, a panel of 
selected genes was used to compare and select the opti-
mal biological samples for further examination. Sixteen 
cases with hematuria were included in the pilot study and 
four biological fluids/tissues (i.e., plasma, urine superna-
tant, urine sediment, and cancer tissue) were tested. The 
main study section circumscribed in blue was designed 
to elucidate the concordance of mutations between the 

Table 1  Demographic and clinicopathologic features of the study cohorts

Demographic features Cancer (n = 92) Control (n = 33) p

Average age (range), year 63 (15–89) 54 (21–81) 0.001

Gender

 Male (%) 78 (85%) 20 (61%)

 Female (%) 14 (15%) 13 (39%) 0.008

Pathology Cancer (n = 92) Control (n = 33)

Stage

 pTa (%) 12 (13%)

 pT1 (%) 30 (33%) NA

 pT2 (%) 28 (30%)

 pT3/T4 (%) 22 (24%)

Grade

 Low (%) 34 (37%)

 High (%) 46 (50%) NA

 Unknown (%) 12 (13%)
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biological specimens with cancer tissues, to ascertain the 
gene numbers required in the gene panel optimized for 
the diagnostic model, and to compare the diagnostic per-
formance of urine supernatant and urine sediments. The 
third and final section of the study was designed to final-
ize the diagnostic model.

DNA extraction
Urine samples were collected prior to operation/cystos-
copy and stored at 4  °C. Depending on the amount col-
lected, 10–50  mL of urine was centrifuged at 1600g for 
10  min at 4  °C. The resultant urinary supernatant and 
sediment were then aliquoted into new tubes. The sedi-
ment was stored at − 80  °C until assay. A total of 2 mL 
of urinary supernatant underwent additional high-
speed centrifugation for 10 min at 12,000g to ensure the 
removal of any remaining contaminating cells and stored 
at − 80  °C until assay. Plasma samples were stored and 
processed within 72 h after collection. cfDNA from both 
urine and plasma were extracted using the GenMag Cir-
culating Nucleic Acid Kit according to the manufacturer’s 
protocol. Tumor tissue samples were stored in a 1-mL 
EP tube at 80 °C for DNA isolation. Genomic DNA from 

urine sediment and tumor tissue was extracted using 
the DNeasy Blood &Tissue Kit (250; Qiagen, Hilden, 
Germany) according to the manufacturer’s protocol. 
The cfDNA and genomic DNA were quantified using 
Qubit3.0 and stored at − 20 °C. Genomic DNA extracted 
from urine sediment and tumor tissue was digested with 
NEBNext double-stranded DNA fragmentase (M0348) 
into 100- to 500-bp fragments followed by 2 × XP 
bead cleanup. The purified DNA was quantified using 
Qubit3.0.

Selection of bladder cancer marker genes and primer 
design
The Cancer Genome Atlas (TCGA) (IntOGen, Goleta, 
CA, USA), COSMIC, My Cancer Genome, CIViC, and 
PubMed databases were screened for selecting bladder 
cancer-related genes. The 150 top-most frequent bladder 
cancer-related mutations from TCGA, COSMIC, as well 
as bladder cancer-related genes published in My Can-
cer Genome, CIViC, and PubMed were included in our 
study. In total, 48 genes were included and gene-specific 
primers (Additional file  1: Table  S1) were designed for 
NGS.

Fig. 1  Overview of the study plan. This study consisted of three phases: a pilot study, the main study, and the finalization of the diagnostic 
modeling, which are shown circumscribed in grey, blue, and red, respectively
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DNA mutation screening by cfBEST
For detecting low-abundance mutations in cfDNA, we 
developed a robust and versatile NGS-based cfDNA 
allelic molecule-counting system termed the cfDNA bar-
code-enabled single-molecule test (cfBEST). The accu-
racy of cfBEST was found to be comparable to that of 
ddPCR in a previous study [26]. Three procedures were 
included: prelibrary construction, sequence library (seq-
library) construction, and sequencing.

During prelibrary construction, 10 ng cfDNA (or frag-
mented genomic DNA) was incubated with End Repair 
& A-Tailing Enzyme Mix and Buffer at 37 °C for 20 min 
and, then, 72  °C for 20  min. Adapters (Illumina, San 
Diego, CA, USA) harboring a barcode and flanking 30- to 
40-bp sequences for further priming were ligated to the 
A-tailed cfDNA (or fragmented genomic DNA) at 20 °C 
for 15 min with the help of DNA ligase (The adapter ratio 
was 100:1), followed by 0.4 × XP bead cleanup. Preli-
braries were amplified using a thermocycler through 10 
cycles with index primers and 2 × KAPA HiFi Hot Start 
Ready Mix, followed by 1 × XP bead cleanup.

For seq-library construction, three consecutive ampli-
fications with sequence-overlapped nested primers were 
employed as follows: PCR-1 for the enrichment of target 
fragments by using target primers-1 and p7, followed by 
2 × XP bead cleanup and capturing with M-270 Dyna 
beads coated with streptavidin; PCR-2 for the repeated 
enrichment of target fragments, followed by 2 × XP bead 
cleanup; and PCR-3 using two universal primers contain-
ing P5 and P7 sequences, respectively, followed by 2 × XP 
bead cleanup.

For sequencing, the seq-libraries were quantified with 
the ABI Step One™ real-time PCR system (Thermo Fisher 

Scientific, Waltham, MA, USA), and then sequenced 
with Illumina Next-Seq  500 (Illumina, San Diego, CA, 
USA). Reads with 2 × 75-bp pair-end sequences were 
used to calculate mutation and allele ratios. The cfBEST 
was first calibrated using a commercial cfDNA standard 
template Multiplex I cfDNA Reference Standard Set, Cat. 
No. HD780; Horizon, Cambridge, UK) for the evaluation 
of sensitivity and specificity.

Next-generation sequencing data were first used to 
trace the unique molecules of the template to be ana-
lyzed. The unique procedures included the following 
steps: (1) categorization of all of the reads with the same 
sequences with sequencing depth; (2) identification of 
correct barcodes and removal of reads with wrong bar-
codes; (3) identification of primers and deleting reads 
without primer sequences; (4) blasting with the Shuman 
reference genome and deleting reads with any of the fol-
lowing features: one-sided matching, two-sided match-
ing with mapping quality of less than 20, outside the 200 
nucleotides within the target, and wrong nucleotides in 
primer regions; and (5) determining the unique reads in 
a set having four or more reads while the majority sub-
set of the reads are at least three times more than the 

Fig. 2  Average mutation frequencies in 14 bladder cancer biomarker genes in 16 cases in the pilot study. The cumulative frequencies of mutations 
identified in urine supernatant and urine sediments were comparable with those in tumor tissue and significantly higher than those in plasma

Table 2  The kappa values of  supernatant and  sediment 
samples

NaN no mutation was detected in the supernatant or sediment

Group Kappa = 1 NaN Kappa = 0 Kappa (0,1) All

All samples 49 26 19 31 125

Cancer 48 4 9 31 92

Control 1 22 10 0 33
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second-largest subset within the set sharing the same 
barcode. The unique molecules were further treated by 
trimming the two terminal nucleotides decoded with low 
quality by sequencing and barcode-introduced nucleo-
tides. The remaining unique sequences were blasted with 
a reference sequence of the human genome (GRch37) 
to elucidate genetic variants using the program of 
BWA (version 0.7.11-r1034). The bam documents were 
sorted and indexed with sam tools (1.2-66-g44e1a74), 
then locally blasted with Genome Analysis TK (version 
3.1-1-g07a4bf8). The SNP and Indel were called with 
samtools mpile up and annotated with annovar.

The cfBEST was used for data analysis and variant-
calling. The reads with the same starting and ending 
positions and the same barcode reads were referred to 
as unique reads, and the unique reads with less than four 
in depth were filtered out. The average of unique reads 
for each sample are shown in Additional file 1: Table S2 
and Additional file 2: Figure S1 (boxplot). To increase the 
predictive accuracy of the mutation data, inclusion crite-
ria for a reporting mutation had to fulfill two conditions: 
mutation frequency of 0.005 or more and two or more 
unique reads [26].

Testing and fitting the diagnostic model
Three steps were performed for the 125 pairs of urine 
supernatant and sediments examined. An approximate 
ratio of 7:3 of these samples was assigned to training and 

validation groups, respectively. First, the target genes with 
mutations identified in the samples were ordered based 
upon their class-predictive importance using the random 
forest algorithm (R version 3.2.3; R Foundation for Statis-
tical Computing, Vienna, Austria). Second, according to 
the number of target genes, a logistic model was obtained 
using the general linear model (glm) function (R version 
3.2.3): x = a0 + a1 ∗ gene1 + · · · + an ∗ genen and the 
model value x was then calculated. Third, the model value 
x was substituted into the sigmoid function f (x) = 1

1+e−x 
to get a fit value, f(x), for diagnostic purposes. A malig-
nancy is suggested when f(x) > threshold , while the 
benign state is indicated otherwise, if f(x) ≤ threshold.

The top n (n = 1, 2…19, respectively) of positive genes 
from the training group were logistically modeled, and 
the models derived from the training group were applied 
to the validation group. Each variable in the model func-
tion was repeated 100 times to ensure reproducibil-
ity. When a diagnostic model was obtained, it was then 
applied to the real samples in the clinical study.

Statistics
A two-tailed t-test (R version 3.2.3) was employed for the 
analysis of age, number of mutations, and mutation fre-
quencies, with a p-value of less than 0.05 considered to 
be statistically significant. The glm function (R version 
3.2.3) was used for modeling, and the model had to show 
a power of more than 0.95.

Table 3  The kappa values of each gene among the 125 supernatant and sediment samples

Gene Supernatant 
sensitivity

Supernatant 
specificity

Sediment sensitivity Sediment specificity p-value Kappa

TERT 0.46 1.00 0.48 1.00 0.90 0.86

FGFR3 0.38 0.97 0.37 0.97 1.00 0.82

TP53 0.29 1.00 0.22 0.82 0.13 0.69

PIK3CA 0.26 0.94 0.24 0.97 1.00 0.67

KRAS 0.16 1.00 0.15 1.00 1.00 0.96

CDKN2A 0.10 1.00 0.10 1.00 1.00 1.00

HRAS 0.10 0.97 0.14 1.00 0.60 0.76

AKT1 0.08 1.00 0.08 1.00 1.00 1.00

ERBB2 0.07 1.00 0.07 1.00 1.00 1.00

ACTB 0.04 1.00 0.00 1.00 0.67 0.00

BRAF 0.03 1.00 0.03 1.00 1.00 1.00

KDM6A 0.03 0.97 0.02 1.00 1.00 0.66

EGFR 0.02 1.00 0.00 1.00 0.89 0.00

CTNNB1 0.01 1.00 0.01 1.00 1.00 1.00

FBXW7 0.01 1.00 0.01 1.00 1.00 1.00

PTEN 0.01 1.00 0.01 1.00 1.00 1.00

STAG2 0.01 1.00 0.01 1.00 1.00 − 0.01

CUL1 0.01 1.00 0.00 1.00 1.00 0.00

U2AF1 0.01 0.97 0.00 1.00 1.00 0.00
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Results
Differences in the overlap of gene mutations observed 
in urine supernatant, urine sediments, and plasma 
when compared with bladder cancer tissues
The cumulative mutation rates observed in the four 
types of body fluids/tissue samples from the 16 patients 
with hematuria were compared. As shown in Fig. 2, the 
cumulative mutation rate of DNA isolated from plasma 

was the lowest, while the cumulative mutation rates 
noted in urine supernatant and urine sediments were 
higher and closer to that of the cancer tissue. Similarly, 
the urine samples also showed a higher overlap of muta-
tions relative to the cancer tissue, with the overlap being 
higher than that seen in the plasma samples (Additional 
file  3: Figure S2). The numbers of mutations identified 
that were identical to those seen in the cancer tissue were 

Table 4  Gene mutation detection in urine supernatant and urine sediments

n: The number of samples in which the gene mutation was detected

Supernatant Cancer (n = 92) Control (n = 33) PPV (%) NPV (%)

n Sensitivity (%) n Specificity (%)

TERT 42 46 0 100 100 40

FGFR3 35 38 0 100 100 37

TP53 27 29 0 100 100 34

PIK3CA 24 26 0 100 100 33

KRAS 15 16 0 100 100 30

CDKN2A 9 10 0 100 100 28

HRAS 9 10 0 100 100 28

AKT1 7 8 0 100 100 28

ERBB2 6 7 0 100 100 28

ACTB 4 4 1 97 80 27

BRAF 3 3 1 97 75 26

KDM6A 3 3 1 97 75 26

EGFR 2 2 0 100 100 27

CTNNB1 1 1 2 94 33 25

CUL1 1 1 0 100 100 27

FBXW7 1 1 0 100 100 27

PTEN 1 1 0 100 100 27

STAG2 1 1 0 100 100 27

U2AF1 1 1 1 97 50 26

Sediment Cancer (n = 92) Control (n = 33) PPV (%) NPV (%)

n Sensitivity (%) n Specificity (%)

TERT 44 48 0 100 100 41

FGFR3 34 37 1 97 97 36

PIK3CA 22 24 1 97 96 31

TP53 20 22 6 82 77 27

KRAS 14 15 0 100 100 30

HRAS 13 14 0 100 100 29

CDKN2A 9 10 0 100 100 28

AKT1 7 8 0 100 100 28

ERBB2 6 7 0 100 100 28

BRAF 3 3 0 100 100 27

KDM6A 2 2 0 100 100 27

CTNNB1 1 1 0 100 100 27

FBXW7 1 1 0 100 100 27

PTEN 1 1 0 100 100 27

STAG2 1 1 0 100 100 27
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24, 18, and 1, respectively, in the DNA samples isolated 
from urine supernatant, urine sediments, and plasma. In 
addition, there was no significant difference in average 
mutation depth among the four types of samples (Addi-
tional file  2: Figure S1). These data clearly demonstrate 
that urine supernatant and sediments better reflect the 
genetic changes in bladder cancer tissue samples as com-
pared with the plasma and may, hence, be better suited 
for diagnostic purposes.

Urine supernatant and urine sediments for genetic 
diagnostics of bladder cancer in an expanded cohort 
of hematuria samples
The above pilot study compared different body fluids/tis-
sues, considering their diagnostic value in bladder cancer, 

and demonstrated the superiority of urine supernatant 
and sediments. We then recruited an expanded cohort 
of 125 cases (92 bladder cancer cases and 33 controls) 
with hematuria. As compared with in the pilot study of 
16 cases in which positive mutations (i.e., shared with the 
paired cancer tissue) were identified in 14 and 10 genes, 
the number of genes with mutations identified in the 125 
cases were 19 and 15 genes, respectively, in urine super-
natant and urine sediments (Additional file 4: Figure S3). 
The kappa values of the detection rates of supernatant 
and sediment samples with gene variations are shown in 
Table 2. Only 9 of 92 cancer samples had a kappa value of 
0, while 10 of the 33 control samples showed the same, 
which indicated that the consistency of supernatant and 
sediment samples in the cancer group achieved better 

Fig. 3  Heatmap illustrating the distribution of mutation rates identified in the DNA of urine supernatant and urine sediments. In cancer tissue, high 
mutation rates were identified in KDM6A p.Q555X, KRAS pG2A, TP53 p.Q153X, TERT promoter, FGFR3 p.Y375C, and TP53 p.E246K. The Y-axis lists the 
mutation locations and the X-axis shows the identification number of each sample. The mutation rates from low to high are represented by their 
colors from blue (low) to red (high) accordingly
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performance than in the control group. The kappa val-
ues of the detection rates of different genes are shown 
in Table  3, where the ACTB, CUL1, EGFR, and U2AF1 
genes were only detected in a portion of urine superna-
tant samples.

For the 15 genes with mutations shared by both the 
urine supernatant and sediments, genes with relatively 
higher mutation rates in cancer patients nearly over-
lapped in both samples, including genes, such as TERT, 
FGFR3, TP53, PIK3CA, and KRAS (Table 4). As is illus-
trated in Fig. 3, there was a high mutation relevance ratio 
for urine supernatant and urine sediments of the cancer 
samples, while few mutations were identified in the con-
trols. However, mutations PIK3CA p.H1047R and FGFR3 
p.S249C were found at a high frequency among urine 
sediments in the normal sample. As plotted in Fig.  4, 
there were no significant differences in mutations in the 
urine supernatant relative to in the paired urine sedi-
ments (p = 0.201 by t-test).

Diagnostic model based on urine supernatant and urine 
sediments
The genes with positive mutations (i.e., shared with 
the paired cancer tissue) were ranked by employ-
ing random forest analysis using the mutation data 
from urine supernatant and sediments. Logistic mod-
els were developed using the training group and then 

tested in the validation group. The detailed param-
eters used in these analyses are listed in Additional 
file 1: Table S3. These logistic analyses highlighted two 
powerful combinations of genes for genetic diagnos-
tic modeling: five genes for urine supernatant (TERT, 
FGFR3, TP53, PIK3CA, and KRAS) and seven genes for 
urine sediments (TERT, FGFR3, TP53, HRAS, PIK3CA, 
KRAS, and ERBB2). As shown in Fig.  5, all four diag-
nostic parameters in areas under the receiver operat-
ing characteristic (ROC) curves (AUCs) using urine 
supernatant nearly reached their plateaus when the 
combination included five genes, while they definitively 
reached the plateaus when the combination included 
seven genes for the urine sediments.

After identifying the two combinations of genes use-
ful in genetic diagnostic modeling, a serial calculation 
of AUCs for individual and different combinations of 
genes was performed (Additional file  1: Table  S4 and 
Fig.  6). Among the AUCs derived using the 125 urine 
samples, the AUC of a five-gene panel from urine 
supernatant [AUC: 0.94; (95% confidence interval (CI) 
0.91–0.97] (Fig.  6c) and that of a seven-gene panel 
from urine sediments (AUC: 0.91, 95% CI 0.86–0.96) 
(Fig. 6d) performed better than all of the others.

Discussion
This study compares the diagnostic potential of urine 
supernatant, urine sediment, and plasma with tumor 
tissue samples obtained from the same subjects in the 
identification of malignancy in patients presenting with 
hematuria. In total, 48 bladder cancer-related candidate 
genes were analyzed in these four types of specimens. 
The cfDNA mutations identified in the urine super-
natant and sediment were found to be the richest in 
comparison with plasma samples drawn from the same 
cases analyzed. Bioinformatics analysis of the urinary 
DNA mutation information yield diagnostic models 
consisting of five target genes (TERT, FGFR3, TP53, 
PIK3CA, and KRAS) and seven genes (TERT, FGFR3, 
TP53, HRAS, PIK3CA, KRAS, PIK3CA, and KRAS), 
using urine supernatant or urine sediments respec-
tively, for the successful identification of malignancy in 
patients with hematuria.

The number and frequency of mutations among dif-
ferent biological samples, such as plasma, urine super-
natant, and urine sediment, can be variable depending 
on the type and presence of metastasis of bladder can-
cer. Although the cases were limited, the data from the 
study demonstrated that the urine of patients with malig-
nant bladder cancer showed the highest total number of 
mutations, with the normal urine sample exhibiting the 
lowest average number of total mutations. Although the 
total number of mutations is informative, it could not be 

Fig. 4  Boxplot illustrating the frequency of mutations in the urine 
supernatant and sediments from 92 cases. The boxplot shows the 
number of positive mutant genes among 92 tumor patients, whose 
urine supernatant and sediment samples were screened using the 
48-gene panel. The points in the graph represent discrete points that 
were statistically distant from the median. The Y-axis represents the 
number of mutated genes in the sample. A t-test analysis revealed 
that there was no statistically significant difference in the number 
of mutated genes between the urine supernatant and sediments 
obtained from the same subjects (p = 0.201)
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directly used for diagnostics as these totals overlapped 
between patients suffering from malignant bladder can-
cers and the controls.

In the pilot study of 16 cases, FGFR3 ranked the high-
est in terms of cumulative mutation frequency and this 
was subsequently validated in the expanded cohort of 125 
cases; hence, this gene was included in both the five-gene 
and seven-gene diagnostic panels. In the pilot analysis 
comparing mutations from different specimens, the sec-
ond richest source of mutations was observed in the gene 
KDM6A [22]. However, when the cohort was expanded 
to 125 cases, cumulative mutations in KDM6A were no 
longer elevated in bladder cancer samples so this gene 
was not used for construction of the diagnostic panel.

As a driving gene in bladder cancer, TERT mutations 
have been suggested to be useful in the genetic diagno-
sis and monitoring of bladder cancer recurrence [22, 
27, 28]. Overall, TERT mutations can be found in about 
50% of bladder cancers (COSMIC database) and the 
mutation rate could be as high as 70% [28]. In addition 
to its involvement in the development of bladder cancer, 

mutations in the TERT reporter region have been used 
in the screening of other cancer types, such as lung can-
cer [29]. As illustrated in Fig. 3, high rates of the TERT 
promoter-region mutation C228T were observed in the 
tested samples.

The present study narrowed the 48 candidate genes 
down to five genes or seven genes in our diagnostic mod-
els for identifying malignancy in subjects with hematu-
ria. Considering the 12 false negatives (Additional file 1: 
Table S5) identified in this analysis, more biomarkers are 
still required for further screening as the 12 false nega-
tives could still not be correctly diagnosed even when 
using the entire panel of 48 genes. Another possible 
explanation for the false negatives might be variations in 
genes involved in carcinogenesis in different subpopu-
lations of patients from whom the data were obtained. 
Furthermore, the integration of more cancer-related bio-
markers may increase the sensitivities and specificities 
in the genetic diagnosis of bladder cancer. The combina-
tion of mutation analysis and methylation assays could 
substantially increase the power in the genetic diagnosis 

Fig. 5  Averaged diagnostic parameters of the logistic models for the genetic diagnosis of bladder cancer. For urine supernatant, all parameters of 
the models are satisfactory when gene combinations having three, four, and five genes (TERT, FGFR3, TP53, PIK3CA, and KRAS) were used. In contrast, 
the models using urine sediments require the combination of seven (TERT, FGFR3, TP53, HRAS, PIK3CA, KRAS, and ERBB2) or more genes to attain 
satisfactory predictive potential. The X-axis represents the number of genes factored into the model. The Y-axis plots diagnostic potential, with 1.0 
representing perfect disease discrimination
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of bladder cancer as well [30]. In a study with 31 cases, 
24 reported an AUC of 0.96 (95% CI 0.92–0.99) with a 
sensitivity of 93% and specificity of 86% when the muta-
tion analysis covered FGFR3, TERT, and HRAS as well 
as when the methylation assay covered the OTX1, ONE-
CUT2, and TWIST1 genes [14]. Additionally, RNAs in 
the urine may also serve as cancer biomarkers [9, 11, 31]. 
These epigenetic and RNA biomarkers should be evalu-
ated in future research with larger sample sizes.

Clinical information, including subject age and gender, 
was integrated into the diagnostic models developed using 
the urine supernatant and sediments. We have tested the 
possible impact of adding age and gender in improving 
the diagnostic power of our model based on the genetic 

information. As shown in Additional file 5: Figure S4, the 
AUC of 0.94 (95% CI 0.91–0.97) associated with the five-
gene model using urine supernatant improved slightly to 
0.97 (95% CI 0.94–0.99) when demographic information 
was added. With the addition of age and gender, the diag-
nostic power of the urine sediment seven-gene model 
improved, showing an AUC of 0.96 (95% CI 0.93–0.99). 
No significant differences were found between staging, 
gender, and age when we tested the model performance 
with different staging data, different genders, and differ-
ent ages (Additional file 1: Tables S6–S8). Additionally, the 
five-gene model of urine supernatant showed no signifi-
cant differences in comparison with the urine sediment 
seven-gene model (Additional file 1: Table S9).

Fig. 6  Diagnostic models based on mutations of a single gene or gene combination found in all 125 urine supernatant or urine sediment samples 
for discriminating cancer from controls. a Individual AUCs based on the five genes TERT, FGFR3, TP53, PIK3CA, and KRAS assayed in urine supernatant; 
b individual AUCs based on the seven genes TERT, FGFR3, TP53, HRAS, PIK3CA, KRAS, and ERBB2 assayed in urine sediments; c, d AUCs of the 
five-gene and seven-gene combinations using urine supernatant and sediments, respectively
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Conclusions
In conclusion, the diagnostic value of urine genetic anal-
ysis in precision medicine of bladder cancer has great 
clinical potential. The high sensitivity of the diagnostic 
model obtained from the bioinformatic analysis may help 
reduce or avoid the use of cystoscopy examination for 
those who present with hematuria. Regardless of the false 
negatives, the high sensitivity and specificity of the urine 
five-gene and seven-gene models for identifying malig-
nant hematuria may also have great potential for surveil-
lance screening for bladder cancer in patients without 
hematuria in addition to practical application in hematu-
ria patients.
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