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Abstract

Background—-Bladder cancer is among the common human malignancies that show a heavy
mutational load and copy number variations of numerous chromosomes, which makes them a
target for diagnostic explorations.

Objective—We aimed to design a multicolor fluorescence in situ hybridization (FISH) test
referred to as the quartet test for the detection of bladder cancer in urine.
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Design, setting, and participants—We performed genome-wide copy number variation
analysis on cohorts from the University of Texas MD Anderson Cancer Center (7= 40) and The
Cancer Genome Atlas (7= 129), and identified the most frequently amplified chromosomal
regions. These data were used to select four of the amplified regions to design a multicolor FISH
test, referred to as the quartet test. Assay validation was performed on urine samples from 98
patients with bladder cancer: 56 with low-grade papillary, 42 with high-grade invasive disease, and
48 benign controls.

Intervention—The quartet test can be used in clinical practice for noninvasive detection of
bladder cancer.

Outcome measurements and statistical analysis—We initially analyzed samples using a
fraction of abnormal cell scores and then by the quantitative score, which included not only the
proportion of cells with abnormal copy numbers, but also the proportion of cells with numbers of
altered copies and degree of amplification. We used receiver operator characteristic (ROC) curves
to identify cutoff values for the scores at which performances of sensitivity and specificity were
maximized.

Results and limitations—The copy number status assessed by probes detected in voided urine
reflected the amplification status of the primary tumor. An ROC curve summarizing the proportion
of assayed cells with any abnormal copy numbers gave specificity of 93.8% and sensitivity of
78.6% using the proportion of cells with abnormal copy numbers. The quantitative score giving
extra weight to cells with multiple simultaneous amplifications provided 95.8% specificity and
76.8% sensitivity. Both percentage of abnormal cells and quantitative scores were highly effective
for assessing the grade of the tumor. The full spectrum of potential clinical applications was not
explored in the current study, and further validation studies are needed.

Conclusions—The quartet test shows promising specificity and sensitivity results, but it requires
validation on a larger multi-institutional cohort of samples.

Patient summary—The quartet test can be used for noninvasive detection of bladder cancer in
voided urine. It can also be used to assess the grade of the tumor and tumor recurrence as well as
post-treatment effects.

Keywords
Fluorescence in situ hybridization; Copy number variation; Bladder tumor

1. Introduction

Malignant cells frequently acquire chromosomal instability, manifested as increased or
decreased copy numbers of entire chromosomes and their segments, referred to as
aneuploidy [1]. Aneuploidy has been proposed to drive tumor development by altering
cellular phenotypes responsible for such fundamental aspects of malignant transformation as
increased cellular proliferation, invasion, and metastasis [2]. Aneuploidy emerges early in
the process of cancer development and can be detected in in situ preneoplastic conditions
such as dysplasia and carcinoma in situ, or even in adjacent microscopically normal tissue
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referred to as field effects [3—7]. Therefore, aneuploidy represents an attractive target for
explorations of novel early diagnostic and preventive strategies [8-10].

Bladder cancer is among the most common human malignancies that show pronounced
features of genomic instability, exhibiting a heavy mutational load and widespread copy
number variations (CNVSs) affecting numerous chromosomes, which makes it an obvious
target for diagnostic explorations [11-13]. Studies from our group and others have shown
that anomalies in genes linked to organelles responsible for segregation of chromosomes and
their regulatory mechanisms, such as Aurora kinase A (AURKA), contribute to the genomic
instability and aggressive behavior of bladder cancer [14]. AURKA copy numbers have also
been used as effective biomarkers for bladder cancer detection in voided urine. AURKA
copy numbers and other multicolor fluorescence in situ hybridization (FISH) tests assessing
chromosomal copy numbers (based predominantly on assays of centromeric probes) in
exfoliated cells of voided urine samples have been used in clinical practice as noninvasive
detection tests for bladder cancer, as has urine cytology [15-19]. They have also been
applied to monitor the recurrence and progression of patients with nonmuscle-invasive
bladder tumors. The sensitivity and specificity of the existing tests are not, however,
sufficiently high to eliminate or even reduce the frequency of the need for invasive
cystoscopy and tissue biopsy to rule out clinically evident bladder cancer [17,20]. The most
popular FISH-based test was designed nearly 2 decades ago and was based on pregenomic
data [21]. It utilizes predominantly centromeric probes and a probe for 9p deletions. Recent
genomic analyses provide comprehensive molecular characterization of bladder cancer and
permit the identification of multiple specific chromosomal loci amplified in bladder cancer,
which may be used as biomarker targets [11,13]. We hypothesized that a test developed with
such biomarkers may offer enhanced diagnostic performance and may be subjected to
improvements by selecting multiple alternative combinations of the diagnostic probes.

2. Patients and methods

2.1. Patients and tissue samples

All human tissues used in this study were collected under protocols reviewed and approved
by the Institutional Review Board of the University of Texas MD Anderson Cancer Center
(MDACC) and collaborating institutions. Informed consent was obtained from all
participants who provided tissue samples and urine for this study. All studies were
performed in accordance with the relevant guidance and regulations. Genome-wide CNVs
were initially assayed in paired fresh frozen bladder tumor and normal peripheral blood
samples from 40 patients, including 14 with low-grade papillary (LGPUC) disease (Ta—T1a)
and 26 with high-grade invasive (HGUC) disease (T1b-higher) tumor samples. The copy
number variants identified in the MDACC cohort were then validated in the initially
published The Cancer Genome Atlas (TCGA) cohort containing 129 samples from high-
grade muscle-invasive conventional urothelial carcinoma (UC) of the bladder [11].
Performance of the probes and their specificity for respective chromosomal loci as well as
standardization of the hybridization procedures were initially tested on normal human
peripheral blood lymphocytes and microscopically normal appearing urothelial cells from
ureters in nephrectomy specimens, as well as on human metaphase chromosomes (Applied
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Genetics Laboratories, Inc., Melbourne, FL, USA) as previously described [15,16]. The
initial testing of standardized mixtures of four FISH probes were performed on paired
samples of touch prints from 53 bladder tumor samples (19 LGPUC and 34 HGUC)
obtained by transurethral resection and voided urine typically collected 2—-3 d before
cystoscopy. Final validation of the quartet test was performed on voided urine samples from
98 cancer patients, including 56 with LGPUC (Ta-T1a) and 42 with HGUC (T1b-higher),
and 48 controls, including 18 healthy controls and 30 patients with various non-neoplastic
disorders. For patients with bladder cancer, the diagnosis was confirmed by cystoscopy and
microscopic examination of the tumor samples. Cancer patients were randomly selected
from the pathology data files for the availability of voided urine and pathological samples.
For the control group of patients with benign urological disorders, bladder cancer was ruled
out by clinical evaluation and standard urological diagnostic work-up. Healthy controls were
clinically asymptomatic volunteer donors of urine samples. The clinical and pathological
data for 146 human individuals used to assess the performance of the quartet test are
summarized in Table 1 and Supplementary Figure 1. All bladder tumor samples and voided
urine from patients with bladder cancer were collected at MDACC (Houston, TX, USA).
Voided urine samples of healthy controls and patients with non-neoplastic disorders were
collected at the University of Texas Southwestern Medical Center (Dallas, TX, USA).

UCs were classified according to the histological tumor grading system of the World Health
Organization and were dichotomized as low- or high-grade tumors [22,23]. The growth
pattern of papillary versus nonpapillary or solid tumors, and the depth of invasion were also
recorded. Levels of invasion were defined according to the tumor—-node—metastasis staging
system. T1 tumors were substaged as T1a or T1b to divide them into superficial (Ta—T1a) or
invasive (T1b and higher), as previously described [15,16]. Tumors from both MDACC and
TCGA datasets included only pure conventional UCs. The bladder cancer variants were not
included in this study.

2.2. CNV analysis and design of quartet test

CNV analysis was performed using two-sample [llumina Human 1M-Duo V1 DNA
Analysis BeadChips, which interrogate >1.1 million loci per sample. For CNV analysis,
DNA was extracted from paired fresh frozen bladder tumor and peripheral blood samples
from 40 cancer patients as previously described. Arrays were prepared according to the
Infinium 11 Assay protocol and scanned the same day using an Illumina BeadArray Reader
500G. The microarray data from the MDACC and TCGA cohorts were imported into the
single nucleotide polymorphism genotyping module in the lllumina Genome Studio
software to perform CNV analysis. These analyses identified the most frequently amplified
chromosomal loci; we combined these with their respective gene content to design the
quartet test. In selecting the chromosomal loci to interrogate with FISH probes, we used
both the frequency and the degree of their amplification in bladder cancer as well as their
genomic content in terms of the specific genes and repetitive sequences. In addition, other
published data concerning the CNV analysis were included in the selection of the probes
[24]. Using these factors, probes for the following regions (listed with their respective
fluorescent tags) were selected and provided by Kreatech/Leica (Buffalo Grove, IL, USA):
6p22, E2F3-CDKALL, 525KB, green, PlatinumBright495; 8q22. PABPC1-ZNF706, 480
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KB, gold, PlatinumBright530; 11q13, FGF19-FGF3, dark red, PlatinumBright590; and
20q11.2, MAPREL1, 610KB, blue, PlatinumBright415. The probes were produced from their
respective BAC clones using REPEAT-FREE FISH technology and were labeled with their
respective fluorochromes by the universal linkage system method (http://
www.leicabiosystems.com/ihc-ish-fish/ish-probes-molecular-pathology/kreatech-fish-
probes/repeat-freetm-technology/).

2.3. Tumor samples and urine analyzed by FISH

\oided urine specimens (approximately 200 ml) were collected and prepared for FISH
analysis as previously described [15,16]. In brief, the urine was centrifuged for 15 min at
200g, and the resulting pelleted material containing exfoliated tumor cells was resuspended
in 2 ml of Dulbecco’s modified Eagle medium (Invitrogen, Carlsbad, CA, USA) containing
10% dimethyl sulfoxide and stored at —70°C. For FISH analysis, frozen sediment samples
containing exfoliated cells were defrosted, washed three times in phosphate buffered saline,
and cytospun onto slides. The cytospin preparations were fixed in methanol:acetic acid (3:1),
pretreated in 2x saline sodium citrate (SSC) buffer at 37°C for 30 min, and then dehydrated
in increasing concentrations of ethanol. The slides were heated at 90°C for 5 min to denature
the DNA and then incubated overnight at 37°C with a mixture of the four FISH probes.
After hybridization, the slides were washed with 0.5x SSC with 0.1% sodium dodecyl
sulfate at 65°C, counterstained with 4”,6-diamidino-2-phenylindole (Invitrogen), mounted
with an antifade solution (Roche Diagnostics, Mannheim, Germany), and coverslipped.
Fluorescent signals were counted and photographed using a Leica Fluorescent Microscope
and Image Analysis System (CytoVision DM5500; Leica).

2.4. Data analysis

We scored samples for abnormality in two ways. The first, “abnormal proportion” (AP)
score, is simply the proportion of the cells examined that showed any visible abnormality.
The second, “quantitative score” (QS), includes not only the proportion of cells with
abnormal copy numbers, but also the proportions of cells with numbers of altered copies and
their degree of amplification calculated as follows:

(ncells altered T "'cells > 4 copies) * nprobes altered

Reells

0s=

We used receiver operator characteristic (ROC) curves to identify cutoff values for the scores
at which the joint performances (sensitivity + specificity) were maximized. We also used the
area under the ROC curve (AUC) to assess the performance of the quartet test to detect
bladder cancer. Interval estimates for the AUC values were computed using 1000 bootstrap
simulations. In each simulation, one bootstrap sample was drawn from the group of controls,
another bootstrap sample was drawn from the group of cancer cases, and the AUC for these
two groups was computed. The 1000 values obtained were sorted, and the 25th and 975th
values comprise the interval reported. We used a Wilcoxon-Mann-Whitney rank sum test to
compare the case and control groups. Interval estimates for proportions (sensitivity and
specificity) used the 2.5th and 97.5th percentiles of a beta distribution proportional to the
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likelihood function. In follow-up analyses comparing abnormality scores between cohorts,
statistical significance of the differences between mean values was tested by unpaired two-
sample ftests or Wilcoxon rank sum tests. Comparisons involving three or more groups or
multiple factors were performed using analysis of variance. Linear discrimination was used
to determine the performance of the proportion of the abnormal cells and QS in the
assessment of tumor grades, and leave-one-out cross validation was employed to evaluate
the performance of the classifiers. All statistical tests were two sided. A pvalue <0.05 was
considered statistically significant. Copy number gains were reported as categorical integer
values (roughly log2 scale) by the lllumina Genome Studio software: 0 = diploid; 1 =
amplification; and 2 = marked amplification. Data analysis and calculations were performed
using R Package Software (version 3.3.2).

The overall plan of probe identification, design, and testing is outlined in Figure 1.

3.1. CNV analysis and probe design

The purpose of the copy number analysis was to identify the most frequently amplified
(regions scored 1 or 2 in the Genome Studio output) and markedly amplified (regions scored
2) chromosomal regions in order to design a multicolor FISH test. The goal of these
analyses was to select the four best possible probes. The number of probes was restricted to
four because there were four commercially available fluorochromes that permitted their clear
distinction at distinct wavelengths using a specific set of filters under a fluorescent
microscope. Initial analysis of paired bladder tumor and peripheral blood samples from 40
cancer patients, 14 with superficial LGPUC (Ta-T1a) and 26 with invasive HGUC (T1b-
higher) disease, identified the 10 most frequently and the 10 most markedly amplified
chromosomal regions (Fig. 2A, and Supplementary Fig. 2A and 2B). These most frequently
and markedly amplified regions were validated on 129 tumor samples from the original
published TCGA cohort (Fig. 2B and 2C). These two sets of analyses were somewhat
overlapping but not identical. In general, the positions of amplified peaks were virtually
identical in both cohorts, but the relative frequencies of amplification were different. Using
these data, we selected the four chromosomal regions to design the probes for the quartet
test. These regions included amplified chromosomal segments showing distinct frequency
peaks on chromosomes 6, 8, 11, and 20 (Fig. 2D). The specific chromosomal positions, their
target genes, and the labeling fluorochromes included the following: 6p22, E2F3-CDKAL1,
525KB, green, PlatinumBright495; 8922, PABPC1-ZNF706, 480 KB, gold,
PlatinumBright530; 11q13, FGF19-FGF3, dark red, PlatinumBright590; and 20q11.2,
MAPREL1, 610KB, blue, PlatinumBright415 (Supplementary Fig. 3). We initially tested the
specificity of the probes both individually and in mixture, on normal human metaphase cells,
which showed that all FISH probes specifically hybridized to their respective chromosomal
loci (Fig. 3A and 3B). A mixture of the four probes generated the expected diploid eight
signals for their respective fluorescent tags in normal peripheral blood lymphocytes and
urothelial cells (Fig. 3C). Preliminary testing on touch prints from high-grade bladder
carcinoma samples revealed gross aneuploidy with multiple (>2) copy numbers for all
probes in practically all tumor cells (Fig. 3D).
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3.2. Quartet test study in voided urine

Performance of the quartet test was initially analyzed on paired samples of voided urine
typically collected 2-3 d before cystoscopy and tumor tissue from a cohort of 53 patients: 19
patients with LGPUC and 34 patients with HGUC (Fig. 4A-D). In every instance, abnormal
copy number levels were detected in touch print preparations of the tumor tissue and the
corresponding paired voided urine samples from the same patient. Although there were
some discrepancies, in the majority of cases the percentage of cells with abnormal copy
numbers for one or more FISH probes were similar in tumor and urine samples from the
same patient. It was also evident that the proportions of cells with abnormal copy numbers in
both tumor and voided urine samples were significantly higher in HGUC than in LGPUC.

Performance of the quartet test was then evaluated in a blinded fashion in voided urine
samples from 98 patients with bladder tumors and 48 controls (Fig. 5A-D). We only used
samples that contained at least 10 intact cells with measurable, clearly defined fluorescent
signals, but in the majority of cases the number of analyzed cells was =20. A small fraction
of samples could not be analyzed because of an insufficient number of intact cells with
fluorescent signals available for microscopic inspection in cytological preparations of urine
sediments (14.5% of samples in control group and 7.1% of samples in the cancer group).
The initial analysis of the control samples disclosed that the majority of them contained a
small fraction of cells with an increased copy number of individual probes. They typically
involved extra numeral signals in a range of three to four copies restricted to one probe. The
extra numeral copy signals involving two and four probes were present only in two cases of
the control group. The AP value in the control group ranged from 2% to 20% (8.69 + 5.33%)
and strongly correlated with age (= 0.971; Supplementary Fig. 4). It was significantly
higher (p = 0.002) in males (10.8 = 5.6%) when compared with females (6.1 + 3.7%).

By analyzing the ROC curve for the AP score (Fig. 6A), we identified the optimal cutoff
score as 0.16. Samples in which >16.4% of the cells examined contained at least one probe
with three or more copies were flagged as likely having bladder cancer. With these criteria,
the AP quartet test was positive for 77/98 samples of patients with bladder cancer,
corresponding to a sensitivity of 78.6% (approximately 95% coverage interval 0.694, 0.855).
The AP quartet test was positive for three of 48 control samples, corresponding to a
specificity of 93.8% (0.831, 0.977). The AUC is 0.902 (95% confidence interval [CI] =
0.855-0.949; p< 0.001; Fig. 6A). Overall, the proportion of cells with abnormal copy
numbers was significantly higher (p < 0.001) in patients with high-grade tumors (61.20

+ 28.46) when compared with patients with low-grade tumors (21.72 £ 14.48) and benign
controls (8.69 £ 5.33; Fig. 6B).

There were striking differences in the degree of amplification among high- and low-grade
tumor patients as well as benign controls. The proportion of cells with a low degree of
amplification (three to four copies for at least one probe) was significantly higher in patients
with high-grade tumors (27.11 + 16.74) when compared with patients with low-grade
tumors (19.32 + 12.91) and benign controls (8.61 £ 5.31). There were striking differences
among the proportions of cells with a high degree of amplification (greater than four copies
for at least one probe) in high-grade tumors (34.02 + 29.48) when compared with low-grade
tumors (2.4 £ 7; Fig. 6C). Urothelial cells in voided urine samples from benign controls had
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virtually no cells with more than four copies for any of the probes. A similar pattern of
changes was observed when the proportions of cells with large numbers of altered probes
were analyzed (Fig. 6D). High-grade tumors were characterized by large populations of cells
that showed increased copy humbers for more than two probes. In fact, on average, >80% of
the cells in these tumors showed alterations of all four probes. These data suggest that a
pattern of amplifications detected by the four probes in exfoliated cells from voided urine
reflects the degree of increased copy numbers in the tested chromosomal loci of bladder
cancer cells. In order to provide a quantitative assessment reflecting the degree of this
change, we designed a weighted QS incorporating the numbers of altered probes seen per
cell as well as binary altered/unaltered calls. With the formula for QS described in the
Patients and methods section, the maximum score is 8. The QS values for patients with high-
grade tumors (3.73 + 2.32) were strikingly higher than those for patients with low-grade
tumors (0.77 £ 0.76) and benign controls (0.14 £ 0.13; Fig. 6E). There was a minimal
overlap of the QS values between high- and low-grade tumors. Examination of the ROC
curve for the QS quartet test shows an optimal cutoff score of 0.41. Using this rule, the QS
quartet test was positive for 75/98 samples of patients with bladder cancer, corresponding to
a sensitivity of 76.5% (approximate 95% coverage interval 0.672, 0.838). The QS quartet
test was positive for two of the 48 control samples, corresponding to a specificity of 95.8%
(0.860, 0.987). The AUC is 0.908 (95% CI = 0.861-0.954; p < 0.001; Fig. 6F). We also
assessed the negative and positive predictive values of the quartet test. The negative
predictive value calculated using AP was 68.2% and that calculated using QS was 66.7%.
The positive predictive value for AP was 96.3% and for QS was 97.4%.

Since both AP and QS values appeared effective in grade assessment, we compared their
performance by AUC and logistic linear regression. The AUC analyses identified 27% and
1.7 cutoff points for the AP and QS values, respectively, as the most optimal for the
assessment of low- and high-grade tumors (Supplementary Fig. 5A and 5B). Both
parameters were equally effective and the overall accuracy of grade assessment was 83.7%.
Both AP and QS values predicted high grade of the tumors with 95% specificity. Correlation
analysis showed that both parameters were closely related to each other and performed in a
similar fashion, thus combining them did not improve the accuracy of the classifier
(Supplementary Fig. 5C).

Finally, we assessed the interobserver variability in which 19 cases from the cancer group
were independently analyzed by four observers who received brief training concerning the
identification of cells in cytological preparations of voided urine and quantitative inspection
of fluorescent signals. The data disclosed some variability among individual observers,
which was typically within a 10% range of the mean value, and the differences among the
individual observers were statistically insignificant (Supplementary Fig. 6A-F).

4. Discussion

The ubiquitous presence of genomic copy number alterations in many human cancers,
including bladder cancer, makes measures of aneuploidy tempting as effective detection
biomarkers [1]. For studies of biomarkers, bladder carcinoma is an ideal disease model
because its development and progression can be monitored using noninvasive and minimally
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invasive techniques. Mucosa of the bladder can be examined, and biopsies can be obtained
via endoscopic procedures. In addition, the morphology and molecular aberrations of
exfoliated urothelial cells as well as secreted products can be scrutinized in urine at no risk
to the patient [25].

FISH has already been shown to be an effective technique for the detection of urinary tract
malignancies, as it is capable of identifying individual abnormal cells against a background
of heterogeneous normal cell populations [17,19,26]. The multicolor FISH test introduced
here, the quartet test, comprises four distinct chromosomal probes aimed at the specific
amplified chromosomal regions of 6p22, 8922, 11913, and 20g11.2. These regions were
selected by genome-wide CNV analysis of the MDA and TCGA cohorts. The data from
these two cohorts were overlapping but not identical. As the TCGA cohort is restricted to
high-grade muscle-invasive bladder cancer, it is not ideal to validate the chromosomal
amplicons involved in the full spectrum of bladder cancers. In order to address this issue, we
included in the selection process the data from Chekaluk et al [24], who analyzed genome-
wide CNVs of both invasive and superficial papillary subsets of bladder cancers, which
contain three of the four amplified regions identified in the MDA and TCGA cohorts. Most
importantly, it included an amplicon on chromosome 11q13. Test results were analyzed
using either AP or QS. The AP quartet test detected bladder cancer with 93.8% specificity
and 78.6% sensitivity. The QS quartet test provides additional information concerning tumor
grade, and was helpful in identifying patients with high- and low-grade bladder cancer. The
QS quartet test detected bladder cancer with 95.8% specificity and 76.85% sensitivity.

Interestingly, a large proportion of individuals in the control group had a small proportion of
exfoliated cells in urine, which exhibited an abnormal copy number. These abnormalities
were typically restricted to one probe in the range of three to four copies. The AP value
showed a strong correlation with patient age, and males had a statistically significantly
higher proportion of cells in their voided urine with abnormal copy numbers when compared
with females. The smoking status of the control group was unknown and could not be
analyzed. These data open an interesting opportunity for future studies to explore the options
of screening tests in selected target groups, such as smokers or workers with industry
exposure, to evaluate future FISH tests as screening tools.

Many technologies, including measures of various genetic, epigenetic, and protein
aberrations, have been applied to detect bladder cancer [25]. They range from quantifications
of single molecular targets such as genes and their respective encoded proteins through
summaries derived from genomic approaches analyzing the profiles of alterations seen with
various platforms. Urine cytology using microscopic inspection of exfoliated urothelial cells
is a conventional noninvasive technique for the detection of bladder cancer. It has both high
specificity and high sensitivity for high-grade UC, but it is suboptimal for the detection of
low-grade papillary bladder cancer [17-19]. Among the FISH-based technologies,
UroVysion, which utilizes centromeric probes for three chromosomes and a 9p probe for its
deletion, is the most popular and widely used test. In general, it performs in the 70-80%
range for both specificity and sensitivity [18,19,26]. It can also be used to predict recurrence
of bladder cancer and is therefore used in surveillance [26]. The single gene AURKA FISH
test that we developed performs in the same 80% range of specificity and sensitivity [15,16].
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Methylation markers have emerged as a new set of diagnostic tools and are typically used in
panels that perform in similar ranges to those from UroVysion [27,28]. Proteomic profiling
has evolved from initial surface-enhanced laser desorption/ionization—-based technologies to
high-resolution mass spectrophotometry, and reports increasing specificities and sensitivities
over the last decade from initially 60% to recently in upper 80% range [27-29]. Our own
proteomic biomarker studies yielded sensitivity and specificity of 80% and 100%,
respectively [30]. The most recent reports utilizing methylation markers and mutational
analysis combining multiplex polymerase chain reaction and next-generation sequencing
report high specificity and sensitivity of >90% [31,32].

The quartet test introduced here shows very promising specificity and sensitivity results, but
it requires validation in a larger multi-institutional cohort of samples. The high specificity
(>90%) is very promising, but the sensitivity (slightly below 80%) requires improvement.
Similarly, the test shows satisfactory positive predictive value of >95%, but the negative
predictive value of <70% limits its current application as a cancer exclusion test. The fact
that the quartet test was designed based on a genome-wide copy number analysis suggests an
opportunity for improvement by replacing the weakest performing probes with alternative
probes targeting other chromosomal regions of amplification. Manual reading of FISH
preparation is time consuming, requires trained personnel, and is subjected to interobserver
variability. Our analysis of interobserver variability identified some differences in scoring of
individual samples, which were statistically not significant. Both the efficiency of the test
and its objective scoring can be improved further by automated high-throughput, computer-
based image analysis [33-35]. In addition, similar to other diagnostic tests utilizing
cytology, FISH, and DNA methylation markers, diagnostic efficiency of the quartet test may
be improved in future studies by combining it with antibody-based sorting and cell filtration
[36-38].

The available data should be considered as preliminary, and the full spectrum of potential
clinical applications is not explored in the current report, representing a major limitation of
this study. Further validation studies may include assessment of recurrence, response to
treatment, as well as diagnostic efficiency for specific pathogenetic and clinical subsets of
bladder cancer.

5. Conclusions

In conclusion, we described the development and preliminary performance of a novel
multicolor FISH test, referred to as the quartet test, which includes four specific
chromosomal probes. It can improve the detection of bladder cancer as well as the
management of patients with already diagnosed disease by decreasing the number of
invasive cytoscopic surveillance procedures required.
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Refer to Web version on PubMed Central for supplementary material.
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Take Home Message

We have developed a multicolored fluorescence in situ hybridization probe test
comprising four probes aimed at the loci 6p22, 8g22, 11913, and 20g11.2, which detects
bladder cancer in voided urine with approximately 95% specificity and nearly 80%
sensitivity.
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Genome-wide CNV analysis
(MDA and TCGA cohorts n=169)

{

Identification of top ten most frequently and
most significantly amplified chromosomal
regions

|

Selection of 4 probes and testing their
chromosomal specificity

v

Preliminary testing on paired samples of
tumor tissue and voided urine from
the same patient

v

Validation on the cohort of voided urine

samples from patients with bladder cancer
and benign controls (n=146)

Fig. 1.

Overall plan for the development and testing of the quartet test.
CNV = copy number variation; MDA = MD Anderson; TCGA = The Cancer Genome Atlas.
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Fig. 2.

Copy number analysis of bladder cancer cohorts. (A) Circos diagram summarizing CNV
analysis of bladder cancer tumor samples from the MDACC cohort (/7= 40). (B) Top 10
most frequently amplified chromosomal regions validated in the TCGA cohort (7= 126).
(C) Top 10 most significantly amplified chromosomal regions validated in the TCGA cohort.
(D) Frequency histograms of amplifications of four chromosomes selected to design the
FISH probes for the quartet test.
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CNV = copy number variation; FISH = fluorescence in situ hybridization; MDACC = MD
Anderson Cancer Center; TCGA = The Cancer Genome Atlas.
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A

6p22 E2F3
|

!

CENT

R

1113 FGF3 CENT

Chr 6 Chr 8

}

8922 YWHAZ CENT
1

Chr 11 Chr 20

2]

20q11 MAPRE13 CENT

Fig. 3.
Testing of specificity for chromosomal FISH probes selected to design the quartet test. (A)

Dual color FISH with centromeric and respective chromosomal probes 6p22 E2F3, 8922
YWHAZ, 11913 FGF3, and 20g11 MAPRE13. (B) Hybridization signals for a mixture of
four probes (6p22, E2F3, green, PlatinumBright495; 8922, YWHAZ, gold,
PlatinumBright530; 1113, FGF3, dark red, PlatinumBright590; and 20911, MAPRE13,
blue, PlatinumBright415) showing the hybridization signals on their respective human
metaphase chromosomes. (C) Hybridization signals obtained with a mixture of the four
probes listed above (the quartet test) in normal human urothelial cells. (D) Hybridization
signals obtained with a mixture of four probes comprising the quartet test in a cell from a
touch print prepared from a tumor tissue of high-grade bladder cancer.

FISH = fluorescence in situ hybridization.
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Fig. 4.

Quantitative assessment of abnormal cells in pairs of tumor tissue and voided urine of the
same patients in low- and high-grade urothelial carcinoma by the quartet test. (A)
Representative FISH images of low-grade papillary urothelial carcinoma. Upper row shows
representative images of tissue samples. Lower row shows representative images of paired
voided urine samples of the same patient. (B) Quantitative assessment of the percentage of
cells with abnormal copy numbers in paired samples of low-grade papillary urothelial
carcinoma and voided urine of the same patient. (C) Representative FISH images of high-
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grade urothelial carcinoma. Upper row shows representative images of tissue samples.
Lower row shows representative images of paired voided urine samples of the same patient.
(D) Quantitative assessment of the percentage of cells with abnormal copy numbers in
paired samples of high-grade urothelial carcinoma and voided urine of the same patient.
Ab% = percentage of cells with abnormal copy number; FISH = fluorescence in situ
hybridization.
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Quantitative assessment of cells with abnormal copy numbers by the quartet test in voided
urine samples (/7= 146). (A) Percentage of cells with abnormal copy numbers in individual
samples of 48 benign controls dichotomized into groups with low levels of amplification
(three to four copies for at least one probe) and high levels of amplification (more than four
copies for at least one probe). (B) Percentage of cells with abnormal copy numbers in
individual samples of 48 controls separated into four groups according to the numbers of
probes with abnormal copy numbers. (C) Percentage of cells with abnormal copy numbers in
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individual samples of 98 voided urines from patients with bladder cancer dichotomized into
groups with low levels of amplification (three to four copies for at least one probe) and high
levels of amplification (more than four copies for at least one probe). (D) Percentage of cells
with abnormal copy numbers in individual samples of 98 voided urines from patients with
bladder cancer separated into four groups according to the number of probes with abnormal
copy numbers.

HGUC = high-grade urothelial carcinoma; LGPUC = low-grade papillary urothelial
carcinoma.? T1a tumors.
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Detection of bladder cancer in voided urine by the quartet test (/7= 146). (A) Receiver
operating characteristic curve (ROC) based on the proportion of cells with abnormal copy
numbers for the set consisting of 98 urine samples from patients with bladder cancer and 48
urine samples from control individuals (18 healthy controls and 30 with benign non-
neoplastic disorders of the urinary tract). The quartet test for the detection of bladder cancer
showed an area under the ROC curve (AUC) of 0.902 (95% confidence interval [CI] =
0.854-0.949). (B) Box plot analysis of mean percentage of abnormal cells in benign control
samples and two groups of bladder cancer dichotomized into a superficial low-grade
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papillary carcinoma (LGPUC, Ta-T1a) and high-grade invasive carcinoma (HGUC, T1b-
higher). (C) Average proportion of cells in voided urine showing three to four or more than
four copies for at least one probe in benign controls (LGPUC [Ta-T1a] and HGUC [T1b-
higher] groups of samples). (D) Average proportion of cells with increased copy numbers of
one to four probes in benign controls (LGPUC [Ta-T1a] and HGUC [T1b-higher] groups of
samples). (E) Box plot analysis of the QS values in benign controls (LGPUC [Ta-T1a] and
HGUC [T1b-higher] groups of samples). (F) ROC based on the QS values for the set
consisting of 98 urine samples from patients with bladder cancer and 48 urine samples from
control individuals (18 healthy controls and 30 with benign non-neoplastic disorders of the
urinary tract). The QS values of the quartet test for the detection of bladder cancer showed
an AUC of 0.908 and CI = 0.861-0.954.

HGUC = high-grade urothelial carcinoma; LGPUC = low-grade papillary urothelial
carcinoma; QS = quantitative score.
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Summary of clinical and pathological data of human individuals used to assess the performance of the quartet

test (7= 146)

Table 1

Number Gender
Urine samples of samples | F M Mean age + STDEV
Control samples 48 22 | 26 60.70 + 11.12
Healthy individuals 18 9 9 59.17 + 10.14
Benign disorders 30 13 | 17 61.62 +11.74
Hematuria 2 2 0 44.34 +3.51
Elevated PSA 0 2 74.08 + 8.66
Hyperlipidemia/hypercholesterolemia 7 1 6 66.52 £ 9.35
Kidney stone 1 0 1 55.31
Renal failure 1 0 1 67.96
Stricture of ureter 1 0 1 46.39
Neurogenic bladder 3 3 0 50.35 £ 7.95
Others 13 7 6 65.96 + 9.24
Tumor samples 98 23| 75 66.00 + 12.56
LGPUC (Ta-T1a) 56 16 | 40 64.48 + 12.57
HGUC (T1b-higher) 42 7 35 68.01 + 12.41
Total 146 45 | 101 64.26 + 12.32

F = female; HGUC = high-grade urothelial carcinoma; LGPUC = low-grade papillary urothelial carcinoma; M = male; PSA = prostate-specific

antigen; STDEV = standard deviation.
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