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Abstract
Background: Non-muscle-invasive bladder cancer (NMIBC) is a high incidence form of bladder cancer (BCa), where
genetic and epigenetic alterations occur frequently. We assessed the performance of associating a FGFR3 mutation
assay and a DNA methylation analysis to improve bladder cancer detection and to predict disease recurrence of
NMIBC patients.
Methods: We used allele specific PCR to determine the FGFR3 mutation status for R248C, S249C, G372C, and Y375C.
We preselected 18 candidate genes reported in the literature as being hypermethylated in cancer and measured
their methylation levels by quantitative multiplex-methylation specific PCR. We selected HS3ST2, SLIT2 and SEPTIN9
as the most discriminative between control and NMIBC patients and we assayed these markers on urine DNA from
a diagnostic study consisting of 167 NMIBC and 105 controls and a follow-up study consisting of 158 NMIBC at
diagnosis time’s and 425 at follow-up time. ROC analysis was performed to evaluate the diagnostic accuracy of
each assay alone and in combination.
Results: For Diagnosis: Using a logistic regression analysis with a model consisting of the 3 markers’ methylation
values, FGFR3 status, age and known smoker status at the diagnosis time we obtained sensitivity/specificity of 97.
6 %/84.8 % and an optimism-corrected AUC of 0.96. With an estimated BCa prevalence of 12.1 % in a hematuria
cohort, this corresponds to a negative predictive value (NPV) of 99.6 %. For Follow-up: Using a logistic regression
with FGFR3 mutation and the CMI at two time points (beginning of the follow-up and current time point), we got
sensitivity/specificity/NPV of 90.3 %/65.1 %/97.0 % and a corrected AUC of 0.84. We also tested a thresholding
algorithm with FGFR3 mutation and the two time points as described above, obtaining sensitivity/specificity/NPV
values of, respectively, 94.5 %/75.9 %/98.5 % and an AUC of 0.82.
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Conclusions: We showed that combined analysis of FGFR3 mutation and DNA methylation markers on urine can
be a useful strategy in diagnosis, surveillance and for risk stratification of patients with NMIBC. These results provide
the basis for a highly accurate noninvasive test for population screening and allowing to decrease the frequency of
cystoscopy, an important feature for both patient quality of life improvement and care cost reduction.
Keywords: Non-muscle-invasive bladder cancer, Urine-based assay, Genetic and Epigenetic DNA biomarkers,
Diagnosis, Surveillance
Abbreviations: ALB, Albumin; AS-PCR, Allele specific-PCR; BCa, Bladder cancer; CIS, Carcinoma in-situ; NMIBC, Nonmuscle invasive bladder cancer; NPV, Negative predictive value; MIBC, Muscle invasive bladder cancer; QMMSP, Quantitative multiplex-methylation specific PCR

Background
Bladder cancer (BCa) ranks among the five most common
malignancies worldwide [1]. In a majority of the cases
(more than 80 %), Bca is non-muscle-invasive bladder cancer (NMIBC) with low-stage (CIS, pTa, pT1) and low or
high-grade [2]. The pTa tumors are associated with a high
rate of recurrence (50–75 %) but a low probability (5 %) of
progression to lamina propria-invasive (pT1) after resection, whereas carcinoma in-situ (CIS) may be the most
common precursor of invasive bladder cancer because it
shows a strong tendency to progress (40–50 %) towards
muscle-invasive bladder cancer (MIBC) [3]. Cystoscopy
and urine cytology are the standard exams for diagnosis
and surveillance of NMIBC. The monitoring of NMIBC
patients consists of cystoscopic evaluations performed periodically, making it the most expensive of all cancers [4].
The sensitivity of cystoscopy is, however, limited to the tumors that can be identified visually, and the sensitivity of
cytology is relatively low in low-stage/low-grade tumors
[5]. Therefore, other methods (e.g. NMP22, BTA test,
ImmunoCyt and Urovysion) have been developed to reduce
the need for cystoscopy with a considerable benefit to both
patients and healthcare systems. These noninvasive molecular tests are not recommended for use in diagnosis and
monitoring of Bca because of their low diagnostic accuracy
[6]. Genetic and epigenetic factors are known to contribute
to the occurrence of BCa [7]. FGFR3 mutations were observed in over 50 % of patients with NMIBC [8] and proposed as a urine prognostic marker for the early diagnosis
and detection of recurrences in low-grade tumors [9, 10].
DNA hypermethylation of the CpG islands located in the
promoter regions of tumor-suppressor genes has been associated with tumor development in many human cancers
[11]. Studies have suggested that measurement of the
methylation level in urine sample can aid to early diagnosis
of BCa [12–14]. Several recent works showed that the detection of FGFR3 mutations in combination with methylation analysis could be a promising method for the sensitive
detection of primary and recurrent NMIBC [15, 16]. The
purpose of this present study is to investigate whether combining methylation measurement of a novel set of DNA

methylation markers (HS3ST2, SEPTIN9 and SLIT2) to
the detection of FGFR3 mutations can lead to the development a sensitive/specific urine test for the initial diagnosis
and the surveillance of low, intermediate, and high-risk
NMIBC.

Methods
Study design

As shown in Fig. 1, patients were consecutively and prospectively recruited over a period of time running from
2008 to 2010 on the basis of presenting with a primary
NMIBC tumor (pTa, pT1, CIS, low or high grade). As described in [17], NMIBC all patients treated by transurethral resection were eligible, but only those who signed an
informed consent were enrolled with a follow-up of 2 years
(last follow-up sample collected in 2012). Tumor statuses
were histologically confirmed and graded/staged according to the TNM guidelines. A patient was considered as
control if the biopsy indicated a benign tissue or, in the
absence of a biopsy, if cystoscopy showed no evidence of
disease (the controls do not belong to the AUVES project
NMIBC cohort). In cases where patients under surveillance were positive for recurrence, they were excluded
from the study to be treated. FGFR3 and methylation assays were carried out independently and as a blind test.
Urine collection and patients’ information

Urine samples were obtained from a collection code-named
AUVES (project reference RECF0998-PHRC 2003) across
all 4 participating urology units of public hospitals located
at Paris. The samples’ collection and use were reviewed and
approved by the Paris Bichat-Claude Bernard hospital ethics
committee (approval number: 2004/15). Each urine was collected from the first miction in the morning and before
cystoscopy performed on the same day.
One hundred eighty one patients with a primary NMBIC
tumor were initially included. We retained 167 of those patients (135 males and 32 females, median age 67 years, range
28–85 years (Fig. 1) as the full set of patients for our study.
For the diagnosis study, the tumor samples came from all
167 of the full set of patients and the control samples came
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Fig. 1 Schematic representation of the study design. For the diagnosis study two series were performed, a Selection set and a Diagnosis set. In
total, 272 urine samples were collected. This set consisted of 167 NMIBC patients and 105 controls. For the surveillance study, we included 158
out of the 167 patients who had urine collected in the diagnostic study, and collected a total of 583 urine samples, so having 158 samples at the
diagnostic time point and 425 at further time points

from 105 other individuals (52 males and 53 females, median age 53 years, range 23–81 years). For the surveillance
study, we included 158 out of the 167 patients who had
urine collected in the diagnostic study (126 males and 32 females, median age 67 years, range 28–84 years), and collected a total of 613 urine samples, so having 158 samples at
the diagnostic time and 455 at further time points of the
follow-up. The demographic and clinico-pathological patient
information is detailed in Tables 1 and 2.
Processing of urine samples for capture and enrichment
of tumor cells

The procedure is detailed in [16]. Briefly, 100 ml of each
urine samples were filtered on a nylon membrane of

11 μm of porosity (Millipore) mounted in the corresponding filter holder (Millipore). Each filter was washed with
cold 1X phosphate-buffered saline (PBS, pH 7.4) and then
removed from the filter holder for DNA isolation. To
avoid saturation, urine sample was passed through the filter under gentle aspiration by positive force.
Urine DNA isolation

DNA was isolated using the QiAmp DNA Mini kit (Qiagen), according to the manufacturer's protocol. The filter
is introduced into a sterile tube in presence of AL lysis
buffer. The DNA solution was incubated in the presence
of proteinase K at 56 °C for at least one 1 h then eluted
in 50 μl of elution buffer. DNA concentration was
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Table 1 Clinical characteristics of the 167 patients with initial
diagnosis of NMIBC

Table 2 Clinical characteristics of the 158 NMIBC patients under
surveillance

Characteristic

Characteristic

Case (n = 167)

Control (n = 105)

Median

67

53

Range

28–85

23–81

Age, yrs.

Recurrence-free (n = 86) Recurrence (n = 72)

Age, yrs.

Sex, no. (%)

Median

67

66

Range

30–84

28–83

Sex, no. (%)

Male

135 (80.8)

52 (49.5)

Male

74 (86.1)

52 (72.2)

Female

32 (19.2)

53 (50.5)

Female

12 (13.9)

20 (27.8)

38 (22.8)

NA

Current smoker

25 (29.1)

12 (16.7)

Smoking History, no. (%)
Current smoker

Smoking History, no. (%)

Former smoker

58 (34.7)

NA

Former smoker

34 (39.5)

22 (30.6)

Non-smoker

67 (40.1)

NA

Non-smoker

26 (30.2)

35 (48.6)

Missing

4 (2.4)

Missing

1 (1.2)

Cytology, no. (%)

Recurrence Rate, no. (%)

Negative/Positive/
Suspicious

123 (73.6)/8 (4.8)/6 (3.6)

Missing

30 (18.0)

105 (100)

pTa/pT1/CIS

126 (75.4)/25 (15.0)/6 (3.6)

NA

Other

10 (6.0)

NA

10/3–24

Follow-up Urine
Analyzed, no.

312

113

Total Urine
Analyzed, no.

398

185

Negative/Positive/
Suspicious

67 (77.9)/6 (7.0)/2 (2.3)

50 (69.5)/2 (2.8)/3 (4.1)

Missing

11 (12.8)

17 (23.6)

Cytology, no. (%)

Tumor Grade, no. (%)
Low/High

Time to recurrences, mos.
Median/Range

Tumor Stage, no. (%)

3 (4.1)
72 (45.6)

100 (59.9)/67 (40.1)

NA

Risk Categories, no. (%)
Low/Intermediate/High 40 (24.0)/56 (33.5)/71 (42.5) NA

Tumor Stage, no. (%)
pTa/pT1/CIS

62 (72.1)/14 (16.3)/4 (4.6) 55 (76.4)/11 (15.3)/2 (2.8)

Other

6 (7.0)

4 (5.5)

48 (55.8)/38 (44.2)

47 (65.3)/25 (34.7)

23 (26.7)/25
(29.1)/38 (44.2)

15 (20.8)/28
(38.9)/29 (40.3)

measured using NanoDrop spectrophotometer and
stored at −80 °C until uses.

Tumor Grade, no. (%)

FGFR3 mutation analysis

Risk Categories, no. (%)

Low/High

Detection of 4 hotspot mutations of FGFR3, namely
S249C, Y375C, R248C and G372C, was carried out using
allele specific PCR (AS-PCR) in duplex mode (AS-PCR1,
AS-PCR2). AS-PCR1 and AS-PCR2 detect simultaneously R248C/G372C and S249C/Y375C respectively, as
checked by using the β-globin gene included as an internal amplification control. Cycling conditions and
concentrations of all primers and probes are as described in [16]. PCR products were separated on capillaries in an automatic sequencer (ABI PRISM 3100
Genetic Analyser, Applied Biosystems). GeneScan Analysis Software (Applied Biosystems) was used for data
analysis.
Identification of best candidate epigenetic markers

We performed literature search to identify hypermethylated genes reported as biomarker candidates to distinguish NMIBC patients from healthy individuals. The
search was conducted on the PubMed search engine for
the period of time going from 2000 to 2015 using the

Low/Intermediate/
High

following search key phrase: (“DNA methylation and/or
bladder cancer”) where 499 articles listed. Among these
articles, 66 relevant were identified by the following
inclusion methylation criteria: 1) They had to be original research studies of the relationship between DNA
hypermethylation and bladder cancer; 2) NMIBC cases had
to be diagnosed based on histological biopsy; 3) Control
subjects had to be free of cancer; 4) Candidate hypermethylated genes had to be determined by microarrays
or methylation-specific PCR or quantitative MSP from
tissue and/or urine samples. We thus preselected a
panel of 18 candidate genes including COL1A2, DDR1,
DIRAS3, DNASE1L, EYA4, FASTK, HS3ST2, NPY, NTRK3,
PENK, SEMA3B, SEPTIN5, SEPTIN9, SLIT2, SYNE1,
TGFβ1, TWIST1, and WIF1.
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Bisulfite DNA modification and methylation analysis

DNA (50 ng) was chemically modified by sodium bisulfite treatment at 50 °C in the dark for 16 h with the EZ
DNA Methylation kit (Zymo Research) and eluted in
28 μl of TE buffer (10 mM Tris-HCl (pH 8.0), 1 mM
EDTA). To quantify the methylation levels in urine samples, where the DNA amount is often limiting, we used the
quantitative multiplex methylation-specific PCR (QMMSP) using the TaqMan MBG probes technology (Life
Technologies), a highly sensitive and specific PCR developed previously by our team [18]. QM-MSP, were carried
out in a StepOne Plus Real-Time PCR system (Life Technologies). We used the Universal methylated human DNA
standard (Zymo Research) as a calibrator and positive control and urine DNA as sample. QM-MSP reactions were
performed in duplicate. In each 20 μL reaction, HS3ST2,
SEPTIN9 and SLIT2 methylated markers and Albumin
(ALB) were amplified with a 1x Kapa Fast Probe (Kapa Biosystems), 400 nM primers and 250 nM TaqMan-MGB
probes (Life Technologies). Albumin (ALB) that not containing CpG sites was used for normalizing the DNA
amounts. All primers were designed to have the same annealing temperature (Additional file 1: Table S1). We performed two QM-MSP for co-amplification 6Fam-SEPTIN9
and Vic-ALB (QM-MSP1) and 6Fam-HS3ST2 and VicSLIT2 (QM-MSP2), respectively. The PCR cycling parameters were initial denaturation at 95 °C for 5 min followed by
95 °C for 15 s, 60 °C for 1 min, repeated 48 times. In supplementary data, we showed that QM-MSP gave similar efficiency (range 99.2–101.4 %) as the quantitative singleplexMSP (QS-MSP) allowing to reduce of half the number of
PCR (Additional file 2: Figure S1). The target’s relative level
of methylation (percentage of methylated reference (PMR))
was determined by the “2-ΔΔCt” method were ΔΔCt = (Ct
target - Ct ALB)Control - (Ct target - Ct ALB)Sample.
Assays
Target selection

We first performed a selection series to select the best
methylation targets and to fine-tune our assay, and measured FGFR3 status and methylation percentage of the
18 genes from the preselected panel on urine DNA from
45 of the 167 NMIBC patients and from the 105 controls. Among those 18 candidate genes, we selected the
genes with the following criteria: 1/having at least 1/3 of
the control results available and 2/the controls’ mean
methylation percent is more than 5 %, and, among those
genes, we chose the 3 having the highest specificity for a
sensitivity of at least 90 %, so obtaining HS3ST2, SEPTIN9, and SLIT2.
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Table 3 Sensitivity and Specificity of the single or multiple
methylation markers in the diagnosis of NMIBC
% Sensitivity (Se)

% Specificity (Sp)

HS3ST2

82.0 (137/167)

21.20 (22/105)

SEPTIN9

90.4 (151/167)

67.6 (71/105)

SLIT2

90.4 (151/167)

18.1 (19/105)

HS3ST2 + SEPTIN9

90.4 (151/167)

72.4 (76/105)

HS3ST2 + SLIT2

90.4 (151/167)

34.3 (36/105)

Diagnosis set (n =272)

SEPTIN9 + SLIT2

91.0 (152/167)

71.4 (75/105)

HS3ST2 + SEPTIN9 + SLIT2

90.4 (151/167)

75.2 (79/105)

Note: Performance Se/Sp for either 1/highest Sp with Se > 90 % or 2/highest
Sp if no Se > 90 %

the FGFR3 status on the 167 NMIBC patients. For the
follow-up study, we assayed the same on the follow-up
urine samples. Thirty samples were not assayable because
of too low DNA yield. The remaining 583 were from 158
NMIBC patients, with 158 samples at diagnosis’ time and
425 urine samples at various time points of the follow-up.
Out of the 425 follow-up urine samples had recurrence
and 353 were recurrence-free, defining recurrence as the
return of BCa after treatment and after a period of time
during which the BCa could not be detected.
Multivariate analysis and further analyses
Diagnosis data

We fit a logistic regression on the data set, using a
model with the 3 markers’ methylation values, FGFR3 status, age and known smoker status at the diagnosis time.
Follow-up data. We defined: 1/CMI_0 as the CMI at diagnosis’ time (t = 0) and 2/CMI_t as the CMI at monitoring's
time (time t > 0). We fit a logistic regression on the whole
data set using a model with FGFR3 status, CMI_0 and
CMI_t as defined above. Other models, like including the
3 methylation values separately and/or clinical covariates
in the predictors did not show better results for high sensitivity (>90 %). In both computations, we computed ROC
curve and AUC, and subsequently optimism-corrected
AUC by a bootstrap process with 5000 iterations. We used
the ROCR R package [19] in these computations.
We also tested a thresholding algorithm with the FGFR3
mutation and the sum of the three methylation values at
two time points, the diagnosis time and the current time,
devised after noting a clustering of recurrence samples in
visual inspection in one the corresponding graphs. The
details are in Additional file 3.

Results

Studies

Performance of FGFR3 assay alone, CMI alone and their
combination to detect tumor stage and histological grade

For the diagnosis study, we measured the methylation
percentages of HS3ST2, SEPTIN9, SLIT2 (Table 3) and

Table 4A represents the association of positive FGFR3
mutation, together with the methylation status of HS3ST2,
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Table 4 Comparison of sensitivities of FGFR3 mutations, methylation, and combined markers according to stage and grade
A. Diagnosis study
Markers

Primary tumor (n = 167)
Tumor stage, % (no.)
pTa (n = 126)

Tumor grade, % (no.)
pT1 (n = 25)

CIS (n = 6)

Other (n = 10)

Low (n = 100)

High (n = 67)

16.7 (1)

30.0 (3)

53.0 (53)

23.9 (16)

62.2 (33)

62.5 (10)

FGFR3
All mutations

46.0 (58)

28.0 (7)

S249C

69.0 (40)

42.8 (3)

Y375C

13.8 (8)

28.6 (2)

R248C

10.3 (6)

28.6 (2)

100 (1)

33.3 (1)

17.0 (9)

12.5 (2)

33.3 (1)

11.3 (6)

25.0 (4)

G372C

5.2 (3)

5.7 (3)

S249C/R248C

1.7 (1)

1.9 (1)

S249C/Y375C
Methylation
Combined markers
B. Follow-up study
Markers

33.3 (1)

1.9 (1)

90.5 (114)

100 (25)

100 (6)

90.0 (9)

89.0 (89)

100 (67)

94.4 (119)

100 (25)

100 (6)

90.0 (9)

94.0 (94)

100 (67)

pT1 (n = 11)

CIS (n = 2)

Other (n = 4)

Low (n = 47)

High (n = 25)

50.0 (2)

46.8 (22)

32.0 (8)

54.6 (12)

75.0 (6)

13.7 (3)

25.0 (2)

Recurrence (n = 72)
pTa (n = 55)

FGFR3
All mutations

43.6 (24)

36.4 (4)

S249C

58.3 (14)

100 (4)

Y375C

20.8 (5)

R248C

16.7 (4)

G372C

4.2 (1)

50.0 (1)

22.7 (5)

50.0 (1)

4.5 (1)

4.5 (1)

S249C/R248C
Methylation

89.1 (49)

90.9 (10)

100 (2)

50.0 (2)

85.1 (40)

96.0 (24)

Combined markers

96.4 (53)

100 (11)

100 (2)

50.0 (2)

93.6 (44)

96.0 (24)

SEPTIN9, SLIT2, with low-stage and histological grade for
the initial diagnosis of NMIBC. The relative figures for
FGFR3 mutation alone in stage/grade tumors were in
46.0 % pTa, 28.0 % pT1, 16.7 % CIS, 30.0 % other tumor
stages, 53.0 %/23.9 % low/high-grade. (Other tumors were
characterized by pathologists as being NMIBC tumors but
not classified as pTa, pT1 and CIS). We observe that
S249C is the most relevant mutation in pTa/pT1/low/
high-grade, with 69.0 %/42.8 %/62.2 %/66.7 %. The figures
for the methylation CMI alone: We identified 90.5 % pTa,
100 % pT1, 100 % CIS, 90.0 % other tumor stages, 89.0 %/
100 % low/high-grade. Using the combination of FGFR3
mutation and methylation, we showed an increase of sensitivity in the low- stage pTa up to 94.4 %, and in the lowgrade with 94.0 %. Table 4B shows the same as above for
the surveillance of NMIBC. The relative figures for FGFR3
were in 43.6 % pTa, 36.4 % pT1, 50.0 % in other stages,
46.8 %/32.0 % low-/high-grade tumors. As previously observed for the initial diagnosis of NMIBC, S249C is the
most relevant mutation detected in recurrence. For concerns the methylation CMI alone: we identified 89.1 %
pTa, 90.9 % pT1, 100 % CIS, and 50 % in other stages,
85.1 %/96.0 % low-/high-grade tumors. Using the combination of FGFR3 mutation and methylation, the detection

of recurrence was significantly increased with 96.4 % pTa,
100 % pT1, 100 % CIS, 50.0 % other tumor stages, 93.6 %/
96.0 % low-/high-grade tumors. In summary, we showed a
strong complementarity between FGFR3 assay and methylation assay with sensitivity significantly increased for pTa
low-grade (Table 4A-B).
Multivariate analysis
Diagnosis data

We obtained sensitivity/specificity of 97.6 %/84.8 % and
a AUC of 0.97, which resulted in a corrected AUC of
0.96 (Fig. 2a). With an estimated BCa prevalence of
12.1 % in a hematuria cohort [20], this corresponds to a
NPV of 99.6 %. Follow-up data. We obtained sensitivity/
specificity/NPV of 90.3 %/65.1 %/97.0 % and a corrected
AUC of 0.84 (Fig. 2b).
Accuracy of combined test in the surveillance of patients
at low-, intermediate- or high-risk NMIBC by using our
thresholding algorithm

We obtained sensitivity/specificity/NPV values of, respectively, 94.5 %/75.9 %/98.5 % and an AUC of 0.82 on the
whole surveillance set. For concerns risk stratification: As
shown in Table 2, 158 patients with first NMIBC were
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Area under curve = 0.96
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Fig. 2 a ROC curve of the diagnosis study, using a logistic regression analysis based on presence/absence of FGFR3 mutation and the CMI of
HS3ST2, SEPTIN9, and SLIT2. b ROC curve for the recurrence study, using a logistic regression analysis based on FGFR3 mutation CMI_t and CMI_0

enrolled in the follow-up study and categorized with regard
to the risk of recurrence. The patients’ distribution among
low/intermediate/high-risk group was 24.0 %/33.6 %/
42.4 %. The 72 patients with recurrence were distributed in low/intermediate/high-risk group as 20.8 %/
38.9 %/40.3 %. The 68 correctly predicted recurrences
were distributed in intermediate/high-risk group as 93.3 %/
92.9 %/96.6 %, which again indicates higher propensity of
our test to detect high-risk patients.

Discussion
In this present study, we present a set of markers for a
new noninvasive urine testing affording, to our knowledge, the best accuracy for initial diagnosis, surveillance,
and risk stratification of NMIBC patients. With a high
sensitivity and high NPV, our set of markers is useful for
avoiding biopsies and decreasing the frequency of cystoscopic surveillance, thereby allowing for both patient
quality of life improvement and cost reduction. Andersson
and co-workers showed that the exfoliation of tumor cells
into the urine depends on tumor characteristics such as
size, stage, grade, and that the filtration of urine samples,
as compared to the centrifugation step, increased the diagnostic accuracy of BCa [21]. This observation could be
due to the removal of contaminant leucocytes that are
smaller size than bladder cells, and this size difference
could be exploited to enrich samples for tumor cells. In
order to optimize the accuracy of our combined test, we
chosen to perform the same procedure of urine samples
filtration.
FGFR3 is a transmembrane tyrosine kinase receptor
that binds fibroblast growth factors. Rieger-Christ [22]

and Oers [23] showed an overall frequency of FGFR3
mutations in urine samples for pTa low-grade NMIBC,
ranging 43 % to 62 % and confirmed with our two studies (53.0 % in the primary tumor and 46.8 % in detection
of early recurrence). As it has been demonstrated by
Zuiverloon [24], sensitivity for FGFR3 assay is correlated
with the number of shed low-grade tumor cells. He also
showed that low-grade tumors are less likely to shed
many cells into the urine as their high-grade counterparts because the high-grade tumors have weaker intercellular attachments with in consequence the difficulty
to detect the FGFR3 mutations. As has been shown by
the author, a 24-h collection urines would optimize performance in pTa low-grade tumors and thereby increase
the sensitivity of FGFR3 assay. Consequently, we are
likely to have underestimated the FGFR3 assay sensitivity, performed on a simple urine sample (100 ml). It has
been shown that high-risk tumors, generally, have generally more hypermethylated genes than low-risk groups
[25]. Consistent with all these observations, we showed
the existence of a strong complementarity between detection of FGFR3 mutations and methylation analysis of
HS3ST2, SEPTIN9 and SLIT2 genes and that their complementarity has afforded the best diagnostic accuracy
for low-risk NMIBC. HS3ST2, a heparin sulfate sulfotransferase, is expressed predominantly in brain and may play a
role in the nervous system [26]. Silencing of the HS3ST2
gene by promoter hypermethylation has been observed in
a variety of cancers [27–29], such as BCa [12]. The SEPTIN9 gene encodes a member of the conserved septin
family of GTP-binding protein that function in key processes including vesicle trafficking, apoptosis, cytoskeletal
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remodelling and cell division [30]. SEPTIN9 plays a role in
multiple cancers including ovarian, prostate and breast
cancer as either an oncogene or a tumor suppressor gene
[31]. Hypermethylation of SEPTIN9 has been observed
also in colorectal cancer (CRC) and a commercially available assay for that marker has been developed by the Epigenomics company, affording a sensitivity of 70 % for a
specificity of 81 % [32]. As it has been observed for HS3ST2
methylated gene, we showed its informativeness in NMIBC.
The SLIT gene family is a recently characterized family of
secreted repellents in axon guidance and neuronal migration during the development of the central nervous system
[33]. Several studies have showed that SLIT2, a tumor suppressor gene, is epigenetically silenced by hypermethylation
of the promoter region in many tumors [34–37], and recently in bladder urothelial carcinoma [12]. While the case
for informativeness of the methylation and mutation status
of well-chosen biomarkers is clearly shown by the literature
and our results, we should also mention the considerable
potential that the next-generation sequencing (NGS) is
showing as compared to previous techniques. This has
been highlighted by Ward and colleagues for the detection
of low frequency FGFR3 and TERT mutations in the urine
of BCa patients from a few nanograms of DNA [38].

Conclusions
We showed that our noninvasive urinary test, combining
the use of genetic and epigenetic alterations, is at the same
time highly sensitive and highly specific in diagnosis, surveillance and can improve risk stratification of NMIBC
patients. In the surveillance of NMIBC two directions of
use are possible: (1) with low-risk tumors one could reduce the frequency of follow-up cystoscopies, providing a
major benefit on the patient’s life quality as well as a positive effect on the medical costs, and (2) with intermediate
or high-risk tumors, it could provide earlier detection of
tumor recurrence, resulting in improved patient survival.
Additional files
Additional file 1: Table S1. Oligonucleotides for QM-MSP. (DOC 37 kb)
Additional file 2: Figure S1. Efficiency of QM-MSP. (PPT 242 kb)
Additional file 3: Prediction algorithm. (DOC 324 kb)
Acknowledgements
The authors thank the Assistance Publique-Hôpitaux de Paris (AP-HP) for
providing the samples obtained from a collection code-named AUVES
(project reference RECF0998-PHRC 2003). We also warmly thank Agoranov startup incubator for their help in the implementation of our work.
Funding
This work was partly supported by a grant from Bpifrance (project reference
PIA1 A1407120Q 2014).
Availability of data and materials
The dataset supporting the conclusions of this article is included within the
article and its additional files.

Page 8 of 9

Authors’ contributions
Study design and the development of methodology: JPR, BG and RI. Data
Analysis: RI. JPR carried out experiments. Writing manuscript: JPR and RI. Data
acquisition: BG, JPR, CC, FD, FT, IO, MR, OC, PMA, VP and VR. All authors read
and approved the final manuscript.
Competing interests
JPR, BG and RI are founding members of OncoDiag, a start-up company
based in Paris, France and specialized in the development of noninvasive
tests. Other authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Patients’ informed consent was obtained for all human urine samples utilized in
this study. Approval was obtained by the Paris Bichat-Claude Bernard hospital
ethics committee (approval number: 2004/15).
Author details
1
OncoDiag SAS, Agoranov, Paris, France. 2Departement of Urology,
Saint-Louis Hospital, Paris, France. 3Departement of Urology, Bichat-Claude
Bernard Hospital, Paris, France. 4GRC-05, University Institute of Oncology,
University Paris-6, Paris, France. 5Department of Urology, Pitié Hospital, Paris,
France. 6Department of Urology, Tenon Hospital, Paris, France. 7INSERM,
ECEVE, UMR 1123, CIC-EC 11425, Paris, France. 8University Paris Diderot,
ECEVE, UMR 1123, Sorbonne Paris Cité, Paris, France. 9Department of
Epidemiology and Clinical Research, Bichat-Claude Bernard Hospital, Paris,
France. 10Computational Bioscience Research Center, KAUST University,
Thuwal, Saudi Arabia.
Received: 2 February 2016 Accepted: 25 August 2016

References
1. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. Cancer J Clin.
2013;63:11–30.
2. Rouprêt M, Babjuk M, Compérat E, Zigeuner R, Sylvester RJ, Burger M, et al.
EAU guidelines on upper urinary tract urothelial cell carcinoma:
2015 update. Eur Urol. 2015;68(5):868–79.
3. Zieger K, Wolf H, Olsen PR, Hojgaard K. Long-term follow-up of noninvasive
bladder tumors (stage Ta): recurrence and progression. BJU Int. 2000;85:
824–8.
4. Botteman MF, Pashos CL, Redaelli A, Laskin B, Hauser R. The health economics
of bladder cancer: a comprehensive review of the published literature.
Pharmacoeconomics. 2003;21:1315–30.
5. Grossman HB, Gomella L, Fradet Y, Morales A, Presti J, Ritenour C, et al.
A phase III, multicenter comparison of hexaminolevulinate fluorescence
cystoscopy and white light cystoscopy for the detection of superficial
papillary lesions in patients with bladder cancer. J Urol. 2007;178:62–7.
6. Schmitz-Dräger BJ, Droller M, Lokeshwar VB, Lotan Y, Hudson M’LA, Van
Rhijn BW, et al. Molecular markers for bladder cancer screening, early
diagnosis, and surveillance: The WHO/ICUD consensus. Urol Int. 2015;94:1–24.
7. Pignot G, Le Goux C, Bieche I. Recent advances in bladder urothelial
carcinogenesis. Bull Cancer. 2015;102(12):1020–35.
8. Billerey C, Chopin D, Aubriot-Lorton MH, Ricol D, Gil Diez de Medina S, Bourdin
J, et al. Frequent FGFR3 mutations in papillary non-invasive bladder (pTa)
tumors. Am J Pathol. 2001;158:1955–9.
9. Zuiverloon TC, van der Aa MNM, van der Kwast T, Steyerberg E, Lingsma HF,
Bangma CH, et al. FGFR3 mutation analysis on voided urine for surveillance
of patients with low grade non-muscle invasive bladder cancer. Clin Cancer
Res. 2010;16:3011–8.
10. Blanca A, Requena MJ, Alvarez J, Cheng L, Montironi R, Raspollini MR, et al.
FGFR3 and Cyclin D3 as urine biomarkers of bladder cancer recurrence.
Biomark Med. 2016;10(3):243–53.
11. Esteller M. Molecular origins of cancer: epigenetics in cancer. NEJM. 2008;
358:1148–59.
12. Reinert T, Modin C, Castano FM, Lamy P, Wojdacz TK, Hansen LL, et al.
Comprehensive genome methylation analysis in bladder cancer:
identification and validation of novel methylated genes and application of
these as urinary tumor markers. Clin Cancer Res. 2011;17:5582–92.

Roperch et al. BMC Cancer (2016) 16:704

13. Chung W, Bondaruk J, Jelinek J, Lotan Y, Liang S, Czerniak B, et al. Detection
of bladder cancer using novel methylation biomarkers in urine sediments.
CEBP. 2011;20:1483–91.
14. Zuiverloon TC, Beukers W, Van Der Keur KA, Munoz JR, Bangma CH, Lingsma
HF, et al. A methylation assay for the detection of non-muscle-invasive bladder
cancer (NMIBC) recurrences in voided urine. BJU Int. 2012;109:941–8.
15. Serizawa RR, Ralfkiaer U, Steven K, Lam GW, Schmiedel S, Schuz J, et al.
Integrated genetic and epigenetic analysis of bladder cancer reveals an
additive diagnostic value of FGFR3 mutations and hypermethylation events.
Int J Cancer. 2011;129:78–87.
16. Kandimalla R, Masius R, Beukers W, Bangma CH, Omtoft TF, Dyrskjot L, et al.
A 3-plex methylation assay combined with the FGFR3 mutation assay sensitively
detects recurrent bladder cancer in voided urine. Clin Cancer Res. 2013;19:4760–9.
17. Couffignal C, Desgrandchamps F, Mongiat-Artus P, Ravery V, Ouzaid I,
Roupret M, et al. A prospective multicentre study to establish the diagnostic
and prognostic performance of noninvasive FGFR3 mutation in bladder
cancer surveillance. Urology. 2015;86(6):1185–91.
18. Roperch JP, Incitti R, Forbin S, Bard F, Mansour H, Maesli F, et al. Aberrant
methylation of NPY, PENK, and WIF1 as a promising marker for blood-based
diagnosis of colorectal cancer. BMC Cancer. 2013;13:566.
19. Sing T, Sander O, Beerenwinkel L, Lengauer T. ROCR: visualizing classifier
performance in R. Bioinformatics. 2005;20(21):3940–1.
20. Edwards IJ, Dickinson AJ, Natale S, Gosling J, MC Grath S. A prospective
analysis of the diagnostic yield resulting from the attendance of 4020
patients at a protocol-driven haematuria clinic. BJU Int. 2006;2(97):301–5.
21. Andersson E, Steven K, Guldberg P. Size-based enrichment of exfoliated
tumor cells in urine increases the sensitivity for DNA-based detection of
Bladder Cancer. PLoS One. 2014;9:e94023.
22. Rieger-Christ KM, Mourtzinos A, Lee PJ, Zagha RM, Cain J, Silverman M, et al.
Identification of fibroblast growth factor receptor 3 mutations in urine sediment
DNA samples complements cytology in bladder tumor detection. Cancer.
2003;98:737–44.
23. van Oers JM, Lurkin I, van Exsel AJ, Nijsen Y, van Rhijn BW, van der Aa MN,
Zwarthoff EC. A simple and fast method for the simultaneous detection of
nine fibroblast growth factor receptor 3 mutations in bladder cancer and
voided urine. Clin Cancer Res. 2005;11(21):7743–8.
24. Zuiverloon TC, Tjin SS, Busstra M, Bangma CH, Boeve ER, et al. Optimization
of nonmuscle invasive bladder cancer recurrence detection using a urine
based FGFR3 mutation assay. J Urol. 2011;186:707–12.
25. Brait M, Begum S, Carvalho AL, Dasgupta S, Vettore AL, et al. Aberrant
promoter methylation of multiple genes during pathogenesis of bladder
cancer. CEBP. 2008;17(10):2786–94.
26. Lawrence R, Yabe T, Hajmohammadi S, Rhodes J, McNeely M, Liu J, et al.
The principal neuronal gD-type 3-O-sulfotransferases and their products in
central and peripheral nervous system tissues. Matrix Biol. 2007;26:442–55.
27. Miyamoto K, Asada K, Fukutomi T, Okochi E, Yagi Y, Hasegawa T, et al.
Methylation-associated silencing of heparan sulfate D-glucosaminyl 3-Osulfotransferase-2 (3-OST-2) in human breast, colon, lung and pancreatic
cancers. Oncogene. 2003;22:274–80.
28. Tokuyama Y, Takahashi T, Okumura N, Nonaka K, Kawaguchi Y, Kawaguchi K, et
al. Aberrant methylation of heparan sulfate glucosamine 3-Osulfotransferase 2
gene as a biomarker in colorectal cancer. Anticancer Res. 2010;30:4811–8.
29. Jung-Ah H, Yujin K, Seung-Hyun H, Jieun L, Yong Gu C, Ji-Youn H, et al.
Epigenetic Inactivation of Heparan Sulfate (Glucosamine) 3-O-Sulfotransferase
2 in Lung Cancer and Its Role in Tumorigenesis. PLoS One. 2013;11:e8777.
30. Hall PA, Russell SE. The pathobiology of the septin gene family. J Pathol.
2004;204:489–505.
31. Connolly D, Abdesselam I, Verdier-Pinard P, Montagna C. Septin roles in
tumorigenesis. Biol Chem. 2011;392:725–38.
32. Warren JD, Xiong W, Bunker AM, Vaughn CP, Furtado LV, Roberts WL, et al.
Septin 9 methylated DNA is a sensitive and specific blood test for colorectal
cancer. BMC Med. 2011;9:133.
33. Brose K, Bland KS, Wang KH, Arnott D, Henzel W, Goodman CS, et al. Slit
proteins bind Robo receptors and have an evolutionarily conserved role in
repulsive axon guidance. Cell. 1999;96:795–806.
34. Dallol A, Da Silva NF, Viacava P, Minna JD, Bieche I, Maher ER, et al. SLIT2, a human
homologue of the Drosophila SLIT2 gene, has tumor suppressor activity and is
frequently inactivated in lung and breast cancers. Cancer Res. 2002;62:5874–80.
35. Dallol A, Morton D, Maher ER, Latif F. SLIT2 axon guidance molecule is
frequently inactivated in colorectal cancer and suppresses growth of
colorectal carcinoma cells. Cancer Res. 2003;63:1054–8.

Page 9 of 9

36. Narayan G, Goparaju C, Arias-Pulido H, Kaufmann AM, Schneider A, Dürst M,
et al. Promoter hypermethylation-mediated inactivation of multiple SlitRobo pathway genes in cervical cancer progression. Mol Cancer. 2006;5:16.
37. Ma WJ, Zhou Y, Lu D, Dong D, Tian XJ, Wen JX, Zhang J. Reduced
expression of Slit2 in renal cell carcinoma. Med Oncol. 2014;31:768.
38. Ward DG, Baxter L, Gordon NS, Ott S, Savage RS, Beggs AD, et al. Multiplex
PCR and next generation sequencing for the non-invasive detection of
bladder cancer. Plos One. 2016;11(2):e0149756.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

