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Abstract

Background: We have recently developed a highly accurate urine-based test, named Urodiag®, associating FGFR3
mutation and DNA methylation assays for recurrence surveillance in patients with low-, intermediate-, and high-risk
NMIBC. Previously, the detection of four FGFR3 mutations (G372C, R248C, 5249C and Y375C) required amplification
steps and PCR products were analyzed by capillary electrophoresis (Allele Specific-PCR, AS-PCR), which was
expensive and time-consuming. Here, we present the development a novel ultra-sensitive multiplex PCR assay as
called “Mutated Allele Specific Oligonucleotide-PCR (MASO-PCR)”, generating a cost-effective, simple, fast and
clinically applicable assay for the detection of FGFR3 mutations in voided urine.

Methods: Comparative clinical performances of MASO-PCR and AS-PCR technologies were performed from 263
urine DNA samples (87 FGFR3 mutated and 176 FGFR3 wild-type). In the development of Urodiag® PCR Kit, we
studied the stability and reproducibility of each all-in-one PCR master mix (single reaction mixture including all the
necessary PCR components) for MASO-PCR and QM-MSPCR (Quantitative Multiplex Methylation-Specific PCR to co-
amplify SEPTIN9, HS3ST2 and SLIT2 methylated genes) assays.

Results: Complete concordance (100%) was observed between the MASO-PCR and AS-PCR results. Each PCR
master mix displayed excellent reproducibility and stability after 12 months of storage at — 20 °C, with intra-assay
standard deviations lower than 0.3 Ct and coefficient of variations (CV) lower than 1%. The limit of detection (LoD)
of MASO-PCR was 5% mutant detection in a 95% of wild-type background. The limit of quantification (LoQ) of QM-
MSPCR was 10 pg of bisulfite-converted DNA.
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(painless) and for the healthcare systems (low cost).

methylation markers

Conclusions: We developed and clinically validated the MASO-PCR assay, generating cost-effective, simple, fast and
clinically applicable assay for the detection of FGFR3 mutations in urine. We also designed the Urodiag® PCR Kit,
which includes the MASO-PCR and QM-MSPCR assays. Adapted to routine clinical laboratory (simplicity, accuracy),
the kit will be a great help to urologists for recurrence surveillance in patients at low-, intermediate- and high-risk
NMIBC. Reducing the number of unnecessary cystoscopies, it will have extremely beneficial effects for patients

Keywords: MASO-PCR, NMIBC, Urodiag® PCR kit, Urine-based laboratory test, Surveillance, Mutation and

Background

Nowadays, the Bladder cancer (BCa) remains a serious
public health issue. In 2018, the global incidence of BCa
was estimated at around 550,000 new cases, ranking the
disease as the 7th among cancers [1]. In the primary
BCa diagnosis, the majority (>70%) are non-invasive
bladder cancers (NMIBC), including stages Ta, T1 and
Tis (carcinoma in situ) and nearly 30% with muscle inva-
sive bladder cancer (MIBC) (stages T2 to T4) [2]. The
primary treatment of patients with NMIBC is trans-
urethral resection of bladder tumor. Despite the treat-
ment, more than 70% of them will develop a recurrence
in 2 years (90% in 15 years) and therefore be followed by
periodic cystoscopy and urinary cytology [2]. BCa is the
most expensive of all cancers [3]. Cystoscopy is an un-
comfortable invasive exam and cytology presents a very
low sensitivity to detect NMIBC at low risk [4]. In this
context, the development of reliable and affordable tools
to detect recurrence is a challenge. Genetic and epigen-
etic alterations in DNA have been reported in the devel-
opment and progression of bladder cancer [5]. In the
mutational path, the fibroblast growth factor receptor 3
gene (FGFR3) appears to be the most frequently mutated
gene in BCa. A dozen FGFR3 mutations have been
found in this disease [6, 7], but four of them (G372C,
R248C, S249C, and Y375C) account for >95% cases
[8]. These four mutations were found in the urine
and then proposed as a molecular tool for the diag-
nosis and monitoring of patients with NMIBC at low
risk [9-11]. Likewise, epigenetic modifications, such
as DNA hypermethylation, have been shown to play a
key role in BCa [12-16]. Like Serizawa’s work [17],
we have also shown that detection of FGFR3 muta-
tions combined with DNA methylation analysis could
be is an excellent strategy to develop an accurate
urine-based test in the surveillance of patients treated
for NMIBC [18]. Here, we developed and clinically
validated the MASO-PCR assay for the detection of
FGFR3 mutations in urine. We also presented the de-
sign of the Urodiag PCR Kit, a new urine-based lab
test to monitor NMIBC patients with low-, intermedi-
ate and high-risk.

Methods

Urine collection and capture of exfoliated bladder cells
with a membrane filter

Urine samples (100 ml) were collected (n = 26) from the
first miction in the morning into a clean sterile con-
tainer. Urine samples were pooled and stored at 4 °C for
up to 72 h prior analysis. Each healthy donor gave con-
sent before study participation. One hundred milliliter of
each pooled urine sample were filtered through a single-
use syringe-filter (Filter), presenting a nylon disc filter of
11 pm porosity and 25 mm diameter (Merck-Millipore).
The Filter was rinsed with 5 ml of 1X PBS (pH 7.4).

Urine DNA extraction

Urine DNA isolation has been carried out directly from
bladder cells captured on Filter using the QIAamp DNA
Blood Mini Kit (Qiagen). If the Filter has been stored at
—20°C, it has to be left 5-10 min at RT be before DNA
extraction. The lysis buffer (220 ul 1X PBS, 22 ul Pro-
teinase K and 220 pl AL buffer) were added on the filter
and then passed 3 times through a syringe equipped
with a 21 gauge needle (Terumo) to shear genomic
DNA. The lysate was incubated at 56 °C for 15 min into
a 2ml tube. Subsequent processing was done according
to the DNA purification protocol. All centrifugation
steps were carried out in a benchtop microcentrifuge
(14,000 RPM) at RT. DNA was eluted from the column
into a clean 1.5 ml tube by adding 50 ul of AE buffer to
the column. DNA concentration was determined with
Qubit 4 fluorometer (Invitrogen) and the highly sensitive
Qubit quantification assay. All genomic DNA samples
were diluted or concentrated to obtain a final concen-
tration of 1.25ng/pl. All samples were examined for
DNA (5ng) integrity via PCR amplification of the
GLOBIN gene.

Reproducibility and stability study

We studied the reproducibility of the urine filtration (17
urine samples belonging to Pool 1 to 4). We also studied
the stability of filters, recovered after filtration (9 filters
belonging to Pool 5 to 7), according to temperature and
storage time. This study requires the following steps:
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DNA extraction from filter, DNA quantification and
PCR amplification of the GLOBIN gene.

Bisulfite DNA modification

Thirty nanograms of universal methylated human DNA
standard (Zymo Research) were modified by the EZ
DNA Methylation kit (Zymo Research) according to the
manufacturer’s instructions. All the centrifugation steps
were carried out in a benchtop microcentrifuge (14,000
rpm) at RT. The DNA modification was performed by
incubation steps, at 37 °C for 15 min then at 50°C for
15h30 (overnight), in a thermal cycler. Bisulfite DNA
conversion was eluted from the column tube by adding
10 pl of M-Elution buffer into a clean 1.5 ml

Multiplex real-time PCR

All PCR reactions were performed on the real-time PCR
instrument StepOnePlus™ (Thermo Fischer Scientific).
The PCR cycling parameters were: initial denaturation at
95 °C for 5 min followed by 40 cycles of 15 s at 95°C, 45
s at 60°C. The fluorescence data was acquired at the
end of each cycle.

FGFR3 mutation analysis using mutated allele specific
oligonucleotide-PCR (MASO-PCR)

The MASO-PCR technology (Fig. 1a) was performed to
simultaneously detect four mutations of the FGFR3 gene
(FGFR3mut) with 6Fam-S249C and Vic-Y375C (MASO-
PCR1) and 6Fam-R248C and Vic-G372C (MASO-
PCR2). PCR was conducted with 4pl (5ng) of DNA
template and 16 ul 1X Quantifast Multiplex PCR (Qia-
gen), 500nM of primers (Eurogentec) and 200nM of
TagMan-mgb probes (Thermo Fischer Scientific). The
DNA integrity has been checked by amplification of the
Ned-GLOBIN gene. All primers and probes are listed in
Table 1a

Methylation analysis using quantitative multiplex
methylation specific-PCR (QM-MSPCR)

We performed two QM-MSPCR (Fig. 1b) for co-
amplification of 6Fam-SEPTIN9 with Vic-ALBUMIN
(QM-MSPCR1) and 6Fam-HS3ST2 with Vic-SLIT2
(QM-MSPCR?2). All reactions were performed with 4 pl
of bisulfite-converted positive control DNA (100% meth-
ylated) and 16pul of PCR mix containing 1x KAPA
PROBE FAST qPCR Master Mix (KAPA Biosystems),
400 nM primers (Eurogentec) and 250 nM TaqMan-mgb
probes (Thermo Fischer Scientific). ALBUMIN sequence
has been designed without CpG site and used for nor-
malizing the DNA amounts. All primers and probes are
presented in Table 1b.
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Detection of FGFR3 mutations using MASO-PCR in
patients with NMIBC

We selected 263 urine DNA samples, including 176
FGFR3 wild-type (wt) and 87 FGFR3-mutated (mut) pre-
viously validated by AS-PCR, from NMIBC patients
(AUVES cohort, project reference RECF0998-PHRC
2003) [11]. For initial diagnosis the distribution of pa-
tients (n =57) among low (L)/intermediate (I) and, high
(H)-risk NMIBC was 51%/23 and 26%. For follow-up the
distribution of patients (#z=30) among L/I and H-risk
NMIBC was 56%/17 and 27%. The distribution of muta-
tions was: For initial diagnosis (n =107): FGFR3mut (n =
57): S249C (n=31), Y375C (n=14), R248C (n=7),
G372C (n=3) and R248C/S249C (n=2), and FGFR3wt
(n=50). For follow-up (n=156): FGFR3mut (n=30):
$249C (n = 20), Y375C (n = 4), R248C (1 =3), G372C (n =
2) and R248C/S249C (n = 1), and FGFR3wt (n = 126).

MASO-PCR: FGFR3 positive control, primer specificity, and
determination of limit of detection (LoD)

Construction of the control plasmids containing FGFR3
mutations

Positive control plasmids were designed to incorporate
the FGFR3 mutations into pMA-T vector (GeneArt,
ThermoFisher Scientific). Each positive control plasmid
was confirmed by sequencing before use.

— FGFR3mut plasmid n°1 (2571 bp): pMAT vector
(2374 bp) + S249C and Y375C mutations (197 bp)
(Additional file 1: Figure Sla)

— FGFR3mut plasmid n°2 (2560 bp): pMA-T vector
(2374 bp) + R248C and G372C mutations (186 bp)
(Additional file 1: Figure S1b)

Primer pair specificity

We used the same FGFR3 primer pairs (Table 1la) to
amplify FGFR3 mutations with the Fast SYBR Green
PCR master mix (SG-PCR, ThermoFisher Scientific).
PCR reactions (20 ul) were performed, in duplicate onto
two separated runs, with a 1X SG (10 ul), 200nM of
primers and FGFR3mut plasmid (4 pl). The thermal cyc-
ling conditions included an initial denaturation at 95°C
for 3 min followed by 40 cycles: 95°C for 3s and 60°C
for 20s. The melting temperature (Tm) of each ampli-
con was calculated by the StepOnePlus software (Life
Technologies) and also estimated by Howley’s formula:
[67.5 + (0.41* %G-C) - (395/length of amplicon)].

LoD for analysis of FGFR3 mutations

The diploid human genome comprises about 6.10° base
pairs (bp). Plasmids (2.50 ng/pl) were diluted at 2.10° in the
standard human DNA (FGFR3wt, 2.50 ng/pl), leading to a
1:1 ratio (FGEFR3mut/FGFR3wt) and dilutions were used as
FGFR3 positive controls. To determine the LoD, a serial
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Fig. 1 a-b Design of Mutation and Methylation PCR assays. The diagram 2a illustrates the Mutation assay with the position of the primers and
fluorescent probes used for detection of human FGFR3 mutations (G372C, R248C, S249C, and Y375C) by MASO-PCR. The diagram 2b illustrates the
Methylation assay with the position of the primers and fluorescent probes used in quantifying methylation degree of HS3ST2, SEPTINY, and SLIT2
genes by QM-MSPCR. In both assays, the amplification curves are shown as examples, with Cts values above the established threshold as positive

(Case 1) and below the threshold as negative (Case 2)

dilution series of the each FGFR3 positive control was pro-
duced at 50, 10, 5, and 1% with FGFR3wt (1.25 ng/pl). 5 ng
of each dilution were amplified by MASO-PCR with a pre-
defined positive threshold (ARn) at 0.15 for GLOBIN,
$249C, Y375C, G372C and 0.24 for R248C. All dilutions
were amplified and then analyzed in duplicate on the same
plate to PCR in two independent runs.

QM-MSP: positive control and determination of the limit
of quantification (LoQ)

The LoQ of each gene was determined for QM-MSPCR1
and QM-MSPCR2 by performing a dilution range with
10, 1, 0.1 and 0.01 ng of bisulfite-converted positive con-
trol DNA (100% methylated). The limit of DNA quantity
and amplification efficiency (E) were analysed using a



Roperch and Hennion BMC Medical Genetics (2020) 21:112

Table 1 Primers sequences for MASO-PCR and QOM-MSPCR
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a b
Primers 5’ - 3’ Primers 5°- 3’
MASO-PCR1 QM-MSPCR1
$249C CAGTGGCGGTGGTGGTGAGG (F) ALBUMIN GGGATGGAAAGAATTTTATGTT (F)
CAGGATGGGCCGGTGCGGGC* (R) AAACAAACTAACCCCAAATTCT (R)
6Fam-ATGACGCTCAGGGGC-mgb (P) Vic-AGGGTTTTTATAATTTA-mgb (P)
Y375C ATGTCTTTGCAGCCGAGGAGGAG (F) SEPTIN9 TTTTTTCGTCGTTGTTTTTCGC (F)
ACCCCGTAGCTGAGGATGCCTGCTC* (R) ATCCGAATAATCCCATCCAACTAC (R)
Vic-TCGTCAGCCTCCACC-mgb (P) 6-Fam-ATTATGTCGGATTTCGC-mgb (P)
GLOBIN CCTTTGGGGATCTGTCCACTCCTGA (F) QM-MSPCR2
nggziiéggz(éégggéig$CA{) (l;) HS3ST2 GCGCGGGGTTATTTTAGTCG (F)
e -meb (P) CAAATCGTCGCAACAACACAAA (R)
MASO-PCR2 6Fam-CGTAAAAACGAAAAACAAC-mgb (P)
R248C CAGTGGCGGTGGTGGTGAGG (F) SLIT2 TAGTTTCGTCGGGTATTGGGTTT (F)
ATGGGCCGGTGCGGGGAGCA* (R) TCGCCGACACTAAAAACTTTCTTTAA (R)
6Fam-ATGACGCTCAGGGGC-mgb (P) Vic-AGATATTGCGCGGTTTT-mgb (P)
G372C ATGTCTTTGCAGCCGAGGAGGAG (F) F - forward primer; R - reverse primer; P, TaqMan-mgb probes
AGCTGAGGATGCCTGCATACACACTGCA* (R) CG and C (shown in bold red color) correspond to methylated CpG sites
Vic-TCGTCAGCCTCCACC-mgb (P)
GLOBIN

CCTTTGGGGATCTGTCCACTCCTGA (F)
GTTGTCCAGGTGAGCCAGGCCAT (R)
Ned-TAAAGGCACCGAGCACT-mgb (P)

threshold value (ARn) of 0.10. Each dilution was done in
duplicate on the same PCR plate in two independent runs.

Stability and reproducibility study of all-in-one PCR
master mixes

The all-in-one PCR master mixes were prepared in a sin-
gle reaction mixture including all PCR components for
mutation and methylation assays. We studied the stability
of each all-in-one PCR master mix by MASO-PCR1,2 and
QM-MSPCR1,2 from aliquots that were run in triplicate
and stored at - 20°C for 0, 1, 2, 3, 4, 6, 9 and 12 months.

Results

Reproducible and efficient DNA extraction from bladder
cells captured on a membrane filter

To assess if filtration allows capturing the fraction of blad-
der cells in the sample, DNA was isolated and amplified
using real-time PCR. Urine filtration was reproducibly ob-
tained for 17 pooled urine samples belonging to Pool 1 to
4. In Fig. 2, we have reported the amounts of DNA
(mean =* standard deviation) recovered from each filter (F)
with 132 + 17 ng (Pool 1, n=3), 128 £ 13 ng (Pool 2, n=
3), 187 + 15 ng (Pool 3, n=7) and 185 + 21 ng (Pool 4, n =
4). The integrity of each extracted urinary DNA (10 ng)
was confirmed by amplification of the GLOBIN gene.

Effects of filter storage conditions

Concentration and recovery rate of the genomic DNA
(Pools 5 to 7) according to filter storage conditions were
summarized in Table 2. Filters of groups B (5days at

room temperature, RT) and C (5days at - 20°C) were
compared to filters belonging to group A (0 day of stor-
age). No significant differences were found among A and
C, but there is a significant difference between A and B.
Indeed, the DNA yields of groups A, B and C were
100%, 54 +13% (mean + standard deviation) and 112 +
23%, respectively. We have successfully verified the in-
tegrity of each isolated DNA by amplifying a segment of
the GLOBIN gene. The amount of DNA obtained under
all these conditions was greater than 40 ng, correspond-
ing to the amount required to perform the test. In this
study, we showed that the filter could be stored for 5
days at RT and, if a long-term storage is required
until DNA extraction, optimal conditions are obtained
at - 20°C.

Validation of primer pairs for the detection of FGFR3
mutations by MASO-PCR

The melting curves for G372C, R248C, S249C, and
Y375C mutations by SG-PCR are represented in add-
itional file (Figure S2). The temperature of melting (Tm)
for each amplicon was 83.81+0.01°C for G372C,
86.80 + 0.02 °C for R248C, 87.54 + 0.01 °C for $249C and
84.85 £ 0.02 °C for Y375C. By applying, the Howley’s for-
mula, we obtained equivalent Tm as compared with
those given by the melting curves, with 83.87°C for
G372C (63.7% G-C, 72 bases), 86.85°C for R248C
(71.8% G-C, 78 bases), 87.57 °C for S249C (73.2% G-C,
82 bases) and 84.77 °C for Y375C (65.5% G-C, 79 bases),
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F1 3.98 183 F1 342 157
F2 4.39 202 F2 4.39 202
F3 4.42 203 F3 4.38 201
F4 4.20 193 F4 393 181
F5 3.56 164
Fé 3.89 179
F7 3.76 173

Fig. 2 DNA integrity assessed by PCR amplification of GLOBIN gene. DNA concentrations were determined by fluorometry. The GLOBIN gene was
amplified with an amount of urine DNA comprised between 10 and 18 ng (4 ul of DNA sample) from each Filter (F). Amplification curves are
shown from Pool 1 to Pool 4, respectively

Table 2 Relationship between filter storage conditions, concentration and amount of urine DNA

Storage filters Groups Conc.,ng/nl  Amount,ng Yield, %
Pool 5 0 day A 4.81 221 100
(n=3) 5 days at RT B 2.06 95 43

5 days at -20°C C 5.83 268 121
Pool 6 0 day A 5.52 254 100
(n=3) 5 days at RT B 2.85 131 52

5 days at -20°C C 7.15 329 129
Pool 7 0 day A 1.63 75 100
(n=3) 5 days at RT B 1.10 51 68

5 days at -20°C C 1.40 64 85
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respectively. These two methods allowed us to validate
the specificity of each primer pair.

Sensitive detection of FGFR3 mutations by MASO-PCR

The limit of detection (LoD) of the Mutation assay with
5ng was set at 5% of mutant sequences in a background
of 95% normal DNA (Fig. 3a-b). This means that in the
presence of a DNA sample containing less than 5% mu-
tant (~ 15 copies), the MASO-PCR would be unable to
detect the 4 mutations of the FGFR3 gene (G372C,
R248C, S249C, and Y375C). The positive reactions
(amplification curves) were carried out in duplicate onto
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two separate runs with a very good reproducibility. Cts
were obtained with cut-off values (ARn) of 0.15 for
GLOBIN, G372C, S249C, Y375C and 0.24 for R248C
(Fig. 3c-d).

MASO-PCR accurately predicts recurrence of patients with
NMIBC

By applying these threshold values, we clinically vali-
dated the MASO-PCR technology from 263 urine DNA
samples (87 FGFR3 mutated and 176 FGFR3 wild-type).
A complete concordance (100%) was observed between
the MASO-PCR as compared with AS-PCR results.

a c
50 % 50 %
: i GLOBIN :
e ~Z B¢
X Y375C
G372C  Roasc
$249¢C
10 % 10 %
GLOBIN S
0 . B —
Y375C GLOBIN
5249¢C i
,/
5% 5%
GLOBIN _ T GLOBIN e
s — o3 —
“Garac
e R248C
1% 1%
GLOBIN R GLOBIN
s o s i s 2
2 o R248C
/s = - G372¢
’ ’ Cy‘;le ; : ) ; Cytle ’ )
b d
Mean Ct£SD of replicates Mean Ct£SD of replicates
$249C Y375C G372C R248C
50% 30.35+0.12 30.72+0.16 50% 30.05+0.09 30.79%0.11
10% 33.05+0.12 34.14+0.24 10% 3247+0.21 33.44+0.25
5% 3449+0.11 35.08+0.08 5% 34.02+0.09 35.22+0.15
1% ND ND 1% ND ND
Results are shown as mean Ct obtained from duplicates in two independent runs
Ct: Cycle threshold; SD: Standard deviation; ND: not detectable
Fig. 3 LoD for the Mutation assay. DNA from FGFR3 mutant plasmids was diluted into the wild-type DNA (standard human DNA). The proportion
of mutant DNA was 50, 10, 5, and 1%, respectively. The representative amplification curves (a, ¢) and mean Ct values (b, d) are shown in the
detection of the FGFR3 S249C/Y375C (a, b) and R248C/G372C (c, d) mutations by MASO-PCR
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Sensitivity was defined as the ability of the MASO-
PCR assay to detect FGFR3 mutations (+) and specifi-
city as the ability of assay to identify the absence of
FGFR3 mutations (-) in primary NMIBC tumor (diag-
nosis) as well as recurrence (follow-up). We success-
fully demonstrated the capacity of the MASO-PCR
assay for detecting at least 15 copies of FGFR3 mu-
tant alleles in 5ng of wild type DNA with a sensitiv-
ity and specificity of 100% in urine of patients with
low-, intermediate- and high-risk. All data are shown

in Table 3.

Page 8 of 12

Sensitive quantification of DNA methylation by QM-
MSPCR

QM-MSPCR was used to amplify ALBUMIN/SEPTIN9
(QM-MSPCR1) and HS3ST2/SLIT2 (QM-MSPCR2) du-
plexes with titration of bisulfite-converted positive con-
trol DNA (100% methylated) at various concentrations
(10, 1, 0.1, 0.01 ng/well). At each dilution, the cycle
threshold (Ct) was determined with bisulfite-converted
positive control DNA (100% methylated). The Cts were
analysed by using threshold value (ARn) of 0.10. Both
calibration curves gave a slope of about - 3.32, which

Table 3 Ultra-sensitive MASO-PCR method for surveillance of NMIBC patients

FGFR3 Stages NMIBC AS-PCR  MASO-PCR
mutations risk groups
Diagnosis S249C Ta (n=11) L + +
(n=107) (n=31) Ta (n=13) I + +
Ta (n=4) H + +
T1 (n=3) H + +
Y375C Ta (n=10) L + +
(n=14) T1 (n=4) H + +
f ii_]g | r24sc Ta (n=4) L + ¥
n (n="7) T1 (n=2) H + +
Tis (n=1) H + +
G372C Ta (n=3) L + +
(n=3)
S249C/R248C | Ta(n=1) L + +
(n=2) Tl (n=1) H + +
FGFR3 - | Na Na Na - -
(n=50)
Follow-up S249C Ta (n=19) L + +
(n=156) (n=20) Ta (n=15) I + +
Ta (n=3) H + +
T1 (n=3) H + +
Y375C Ta (n=3) L + +
FGFR3 + (n=4) Tl (n=1) H + +
(n=30) R248C Ta (n=2) L + +
(n=3) Tl (n=1) H + +
G372C Ta (n=2) L + +
(n=2)
S249C/R248C | T1 (n=1) L + +
(n=1)
FGFR3 - | Na Na Na - -
(n=126)
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corresponds to PCR efficiency (E) close to 100%. More
precisely, the slope values were - 3.31, -3.34, —3.29,
and - 3.30 for ALBUMIN (E =100.5%), SEPTIN9 (E =
99.2%), HS3ST2 (E =101.4%). and SLIT2 (E =100.8%),
respectively. These results reflect very high amplification
efficiency. We determined that the limit of quantification
(LoQ) of each target gene could be detected with 10 pg
of DNA. In addition, the high value of the correlation
coefficient (greater than 0.99) indicates that an almost
perfect linearity is obtained over the entire range. Data
are represented in Fig. 4a for QM-MSPCR1 and Fig. 4b
for QM-MSPCR2.

High stability and reproducibility of “all-in-one” PCR
master mixes

The all-in-one PCR master mixes allow using solutions
containing all the necessary reagents for PCR amplifica-
tion of DNA. In Table 3, Ct values of each target gene
are indicated in function of storage time of the MASO-
PCR and QM-MSPCR solutions. We have successfully
verified the reproducibility and stability of each all-in-
one solution after 12 months of storage at — 20 °C, show-
ing intra-assay standard deviations lower than 0.3 Ct
and coefficient of variations (CV) lower than 1%
(Table 4).

Design of Urodiag” PCR kit
The Urodiag PCR Kit is an in vitro diagnostic test
intended for the qualitative detection of FGFR3 somatic
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mutations (G372C, R248C, S249C, Y375C) and the
quantification of three DNA methylation markers
(HS3ST2, SEPTINY, SLIT2) by stable multiplex PCR in
urine of NMIBC patients. The PCR kit is composed of 8
tubes (4 for the Mutation assay, 3 for the Methylation
assay and 1 tube with sterile water) (Table 5). Each tube
contains all the components (PCR mastermix, primers
and probes) necessary to carry out Mutation and Methy-
lation assays.

Discussion

Due to the high recurrence rate of bladder cancer,
NMIBC tumors require a active surveillance: periodic
cystoscopy with urine cytology remains the reference
examination, making it the most expensive of all cancers
[19]. Cystoscopy is an uncomfortable invasive exam and
cytology presents a good sensitivity for detecting high-
risk NMIBC but a very poor sensitivity for low-risk [20].
Urine is an ideal biological source for recovering bladder
cells and mainly exfoliated tumor cells [21]. Previous
work has shown that filtration of urine samples, using a
syringe filter with a suitable pore size, increases the diag-
nostic accuracy of BCa while removing contaminant (e.g.
blood cells) [21, 22]. In order to optimize the accuracy
of our test, the filtration of urine samples was carried
out by a disposable syringe filter device. Currently, urine
tests are available for primary diagnosis and follow-up of
patients with NMIBC such as ADXBLADDER test ($52
per test), Bladder Epicheck test (not yet marketed),

a b
QM-MSPCR 1 (run in duplicate) QM-MSPCR 2 (run in duplicate)
0 0 o
s ALBUMIN 5 HS3ST?
30 »/ 50 /
[ [
0 325 © 325
300 / 300
SEPTINEY SLIT2
75 275
a0t A]‘L'AZQ t]:JI Q‘M a“ 0‘2 1‘ 2‘ ]‘“5’ m‘ PO 1] 100 O\?I!Jl \]\%!]2 0\‘71 0;]2 0‘! l3l2 ‘ 2 3:5 ‘l] 20 :;J It‘I
Quantity Quantity
ALBUMIN SEPTINY HS3ST2 SLIT2
Slope -3.30 -3.32 Slope -3.37 -3.28
R? 0.998 0.997 R2 0.992 0.995
Efficiency, %  99.8 100.6 Efficiency, %  101.1 99.6
Fig. 4 LoQ for the Methylation assay. The limit of quantification (LoQ) for the QM-MSPCR1 (a) and QM-MSPCR2 (b) was determined by carrying
out a series of dilutions with bisulfite converted DNA quantities of 10, 1, 0.1 and 0.01 ng
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Table 4 High performance of PCR Master mix all-in-one
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PCR Target Mean Ct values (run in triplicate) Overall
master mix Mean Ct SD CV%
MO M1 M2 M4 M6 M9 M12
MASO- S249C 31.56  31.66 31.51 3157 31.60 31.70 31.43 31.58 0.09 0.28
PCRI1 Y375C 31.64 31.69 31.60 31.57 3158 31.63 3142 3159 0.08 025
GLOBIN 29.81 2998 29.89 29.51 29.79 29.72 2988 29.80 0.15 0.50
MASO- R248C 29.58 29.70 29.59 29.79 29.81 2999 30.03 29.78 0.18 0.60
PCR2 G372C 29.74 29.87 29.80 29.86 29.84 30.02 30.04 29.88 0.11 0.37
GLOBIN 30.08 30.31 30.18 29.81 29.84 2991 30.07 30.03 0.18 0.60
QM-MSP1 ALBUMIN  27.84 2792 2788 27.87 2779 2759 2724 2776 0.19 0.68
SEPTINY 26.94 2699 2692 2690 27.04 2786 2678 27.00 0.09 033
QM-MSP2 HS3S8T2 27.73 2779 27.84 2773 2785 27.88 2799 27.82 0.13 047
SLIT? 28.25 2830 2831 2823 2823 29.03 2822 2834 0.11 0.39

bladder tumor associated antigen (BTA, $40 per test),
ImmunoCyt ($200 per test), nuclear matrix protein 22
(NMP22, $25 per test), UroVysion ($800 per test), Xpert
BC Monitor ($165 per test) [23—30]. Due to their lack of
specificity or sensitivity, these tests are not widely used
in routine laboratory. Prior studies have reported that
some mutations of FGFR3 gene are mainly found in
NMIBC (~60%) versus MIBC (~20%) [31, 32]. In
NMIBC, the four most relevant mutations are found in

Table 5 Components of the Urodiag® PCR Kit

exons 7 and 10 with S249C and R248C in exon 7, and
Y375C and G372C in exon 10 [33, 34]. Zuiverloon and
colleagues described that these four mutations can be
detected in urine and used to develop a non-invasive test
for the diagnosis and monitoring of patients with low-
risk NMIBC [34]. Furthermore, it has been shown that
high-risk tumors have generally more hypermethylated
genes than low-risk tumors [35]. Consistently with all
these observations, we were able to propose a panel of

) 17);,"",",1"‘ Assay Cap color | Tube Description
OncoDiag 1 PCR mastermix to detect S249C,
nnovative solutions for concer diagnostics Y375C mutations and GLOB[N *gene
2 PCR mastermix to detect S249C,
Urodi ® Y375C mutations and GLOBIN gene
ML O ‘Q? = Mutation Blue
i 3 DNA positive control to detect S249C,
Y375C and GLOBIN gene
4 DNA positive control to detect R248C,
G372C and GLOBIN gene
A PCR mastermix to detect ALBUMIN*
and SEPTIN9
. B PCR mastermix to detect HS3S72 and
Methylation | Red SLIT?
C DNA positive control = human
methylated DNA standard
White H,0 Dilution of samples
(water) | Negative template control (NTC)
* GLOBIN and ALBUMIN are used as internal positive control DNA
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genetic (FGFR3 mutations) and epigenetic (hypermethy-
lation of the HS3ST2, SEPTIN9 and SLIT2) urinary
markers which, due to their strong complementarity,
given a very high clinical accuracy for the monitoring in
NMIBC Patients with a low, intermediate and high risk
of recurrence [18]. In comparison with the tests above
mentioned, our combined test gives the best clinical per-
formances: sensitivity/specificity/NPV respectively equal
to or greater than 95%/76%/99% [18]. During the present
study, we designed the Urodiag kit so that it contains all
the components of the PCR for its use in clinical rou-
tine. To increase the diagnostic accuracy of BCa, we
showed the feasibility of enriching the exfoliated bladder
cells with a unique syringe filter to replace traditional
centrifugation. We showed that this device was able to
isolate DNA with reproducibility, high purity and suffi-
cient quantity for subsequent MASO-PCR and QM-
MSPCR amplification. We have developed and clinically
validated the MASO-PCR to detect four mutations of
FGEFR3 gene (G372C, R248C, S249C and Y375C) with
outstanding accuracy with 100% sensitivity/specificity,
equivalent to the results that can be obtained using
capillary electrophoresis for DNA analysis (AS-PCR).
Consequently, the mutation and methylation assays can
be carried out on the same real time quantitative PCR
machine, facilitating the implementation of the Urodiag
Kit in laboratories. To simplify the PCR workflow, we
prepared the all in one master mixes, solutions contain-
ing all the necessary reagents for MASO-PCR and QM-
MSPCR PCR, with two main advantages: reduction of
pipetting errors and time saving.

Conclusions

We showed that the Mutation assay (MASO-PCR) and
Methylation assay (QM-MSPCR) could be simultan-
eously performed on the same real time quantitative
PCR machine, facilitating the implementation of the
Urodiag PCR Kit in laboratories. It has been designed as
a urine-based laboratory test that provides a simple, fast,
reliable and low-cost (~ $100 per test) method for diag-
nosis and individualized surveillance for patients with
low-, intermediate- and high-risk NMIBC. Leading to a
significantly reduction of repetitive cystoscopies, it pre-
sents major benefits for the quality of life of the patients
during their follow-up, the work of the urologists and in
terms of cost reduction for health care systems.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512881-020-01050-w.

Additional file 1: Figure S1. Construction of mutated FGFR3 plasmids

Additional file 2: Figure S2. Melting curve PCR analysis for the FGFR3
mutations

Page 11 of 12

Abbreviations

BCa: Bladder cancer; Ct: Cycle threshold; CV: Coefficient of variation; MASO-
PCR: Mutated Allele Specific Oligonucleotide-PCR; LoD: Limit of detection;
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