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Abstract

We performed a genome wide analysis of 164 urothelial carcinoma samples and 27 bladder cancer cell lines to identify copy
number changes associated with disease characteristics, and examined the association of amplification events with stage
and grade of disease. Multiplex inversion probe (MIP) analysis, a recently developed genomic technique, was used to study
80 urothelial carcinomas to identify mutations and copy number changes. Selected amplification events were then analyzed
in a validation cohort of 84 bladder cancers by multiplex ligation-dependent probe assay (MLPA). In the MIP analysis, 44
regions of significant copy number change were identified using GISTIC. Nine gene-containing regions of amplification were
selected for validation in the second cohort by MLPA. Amplification events at these 9 genomic regions were found to
correlate strongly with stage, being seen in only 2 of 23 (9%) Ta grade 1 or 1-2 cancers, in contrast to 31 of 61 (51%) Ta
grade 3 and T2 grade 2 cancers, p<<0.001. These observations suggest that analysis of genomic amplification of these 9
regions might help distinguish non-invasive from invasive urothelial carcinoma, although further study is required. Both MIP
and MLPA methods perform well on formalin-fixed paraffin-embedded DNA, enhancing their potential clinical use.
Furthermore several of the amplified genes identified here (ERBB2, MDM2, CCND1) are potential therapeutic targets.
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Introduction provide accurate prediction for individual patients [3]. The
differences in clinical behavior as well as pathologic features
suggest that there are separate oncogenic pathways for non-
muscle-invasive vs. muscle-invasive bladder cancer. The vast

Bladder cancer is the fourth most common cancer among men

in the USA, accounting for 73,510 cases and 14,880 deaths in the

US'in 2011 [1]. Bladder cancer dcvc}ops from the transi.tional cells majority of bladder cancers are urothelial carcinoma, and the
of the mucosal urothelium and is found pathologically and same histologic type of cancer can arise throughout the urinary
clinically to occur in two mostly separate forms [2]. The first form tract including the renal pelvis and ureters.

is a non muscle-invasive tumor (stages 'la, Lis and “)_’ which In patients with muscle-invasive disease, complete removal of
generally has a good prognosis, but is also characterized by the bladder with or without cisplatin-based neoadjuvant chemo-

frequent local recurrences, requiring repeated cystoscopic evalu- therapy is the most commonly employed treatment approach [2].

ations. The second form is a solid, non-papillary tumor (stages T2— Even with radical treatment, approximately 50% of patients
T4) that invades into at least the smooth muscle layer (muscularis develop metastatic discase, and for such patients no curative
propria), and has a high risk for metastasis. Non muscle-invasive treatment exists. Furthermore, no treatment has been shown to
papillary tumors growing in the lumen of the bladder constitute extend survival in patients with progression following platinum-
70-80% of new cases each year, while invasive cases make up the based combination chemotherapy. Thus, novel therapeutic and
remaining 20-30% at initial diagnosis [2]. Although the distinc- preventive approaches are needed for this relatively common and
tion between papillary and invasive disease is often clear on initial lethal disease.

biopsy, the subsequent clinical behavior of each bladder cancer is Genetic studies of bladder cancer have a rich history, including
uncertain, and remains a major problem in clinical management the identification of the first oncogene, HRAS, in a bladder
[3]. A variety of histopathologic markers have been assessed and carcinoma cell line [4]. Subsequently, TP53 mutations were
provide some information on prognosis. However, they do not identified [5], the CDKN2A gene was shown to be a consistent
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target of deletion [6], and mutations were found in both the TSC1
and FGFR3 genes in bladder cancer [7,8], as well as many other
genetic changes. In addition, comparative genomic hybridization
has been used extensively to identify regions of chromosomal gain
and loss in bladder cancer with identification of many consistent
changes of potential importance in tumor development although
the resolution of these technologies was limited [6,9-13].

Here, we report genomic analysis of 164 urothelial carcinoma
samples and 27 bladder cancer cell lines. To assess genomic copy
number changes genome-wide, we performed molecular inversion
probe (MIP) analysis, which works well on formalin-fixed paraffin-
embedded (FFPE) tumor specimens. We identified 44 regions of
copy number change in a discovery cohort of 80 urothelial
carcinoma samples, and then focused on 9 genomic regions
showing significant and relatively common amplification of genes
that may function as ‘driver’ events for urothelial carcinoma
development. We validated these regions in a replication design by
analysis of a set of bladder cancer cell lines, on nearly half of the
original samples, and on a validation cohort of 84 FFPE bladder
cancer samples. We found that genomic copy number changes
were significantly more common in Ta grade 3 and higher stage/
grade tumors than in stage Ta grades 1 and 1-2 tumors. These
observations suggest that analysis of these genomic regions might
be a useful diagnostic tool to determine the invasive potential of
bladder cancer. In addition, the genes in some of these amplified
regions are potential therapeutic targets.

Materials and Methods

Human urothelial carcinoma specimens and cell lines

Urothelial carcinoma specimens that had been formalin fixed
and embedded in paraffin using standard techniques were
obtained from the Pathology archives of the Massachusetts
General Hospital (Table S1). Forty of these samples had portions
that were rapidly frozen at —80°C as well. Written consent was
obtained from each patient for this study on a protocol that was
approved by the hospital’s institutional review board, “Partners
Human Research Committee”. Bladder cancer staging was
performed according to the current AJCC guidelines [14]. Grade
was determined according to the 1973 WHO bladder cancer
guidelines [2].

Twenty-four bladder cancer cell lines were obtained from the
stocks of the Translational Urology Research Lab at Massachu-
setts General Hospital, MA. Two other bladder cancer cell lines
were generously provided by Margaret A. Knowles (St James’s
University Hospital, UK) [15], and one was obtained from a
German cancer cell line bank. These 27 bladder cancer cell lines
were maintained in Dulbecco’s Modified Eagle Medium (Cellgro,
Manassas, VA) supplemented with 10% Fetal Bovine Serum and
1% penicillin-streptomycin-amphotericin B (Life Technologies,
Carlsbad, CA), in an incubator at 37°C in 5% CO2. All 27 cell
lines were subject to microsatellite fingerprinting which confirmed
that they were unique.

Anonymized discard normal human blood samples were
obtained from the clinical laboratory at Brigham and Women’s
Hospital on a protocol that was approved by the hospital’s
institutional review board, ‘“Partners Human Research Commit-
tee”. These were used to prepare control normal DNA.

DNA extraction

DNA was extracted from formalin-fixed paraffin embedded
(FFPE) samples using the BiOstic FFPE Tissue DNA isolation Kit
(MO BIO Laboratories, Inc., Carlsbad, CA). DNA was extracted
from blood using the QIAGEN DNeasy Blood and Tissue kit.
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DNA was extracted from cell lines and frozen cancer specimens
using the Puregene DNA Purification kit following the protocol for
1-2 million cultured cells. DNA concentrations were determined
by nanodrop and confirmed by agarose gel electrophoresis.

Molecular Inversion Probe (MIP) Assay

A molecular inversion probe (MIP) assay examining 330,000
single nucleotide polymorphisms (SNPs) and 412 cancer gene
mutations in 46 cancer-related genes (OncoScan) was performed
with the assistance of Affymetrix in Santa Clara, California [16].
The SNPs had an average intermarker distance of 3 kb for the
150,000 genic probes, and 9 kb for the non-genic probes. The 412
cancer gene mutations are listed in Table S2. The raw data from
this analysis (CEL files) has been put in the GEO archive
(GSE44323).

Biostatistical Software Tools

The raw MIP intensity data provided by Affymetrix was loaded
and analyzed using Nexus Copy Number v6.0 (BioDiscovery Inc.,
El Sequendo, CA). Data was normalized using the SNP-FASST2
segmentation algorithm. Normalized probe intensity and allele
ratio data were visualized in Nexus v6.0. The quality of the copy
number data from each sample was assessed by measuring the
Median of Absolute Pairwise Distribution (MAPD). The absolute
pairwise difference (APD) is calculated as the logy value of the ratio
of CN intensity values for each adjacent pair of probes, across the
entire set of 330,000 probes.

Normalized copy number data was then segmented using the
GLAD algorithm available in GenePattern 3.3.3 [17]. Recurrent
copy number alterations were identified using Genomic Identifi-
cation of Significant Targets in Cancer (GISTIC) [18], imple-
mented in both GenePattern 3.3.3 and in Nexus v6.0. GISTIC
identifies regions of the genome that are significantly amplified or
deleted across a set of cancer samples. Each amplification or
deletion event is assigned a G-score that considers the amplitude as
well as the frequency of occurrence among the sample set. False
Discovery Rate g-values are then calculated for each region of
gain or loss. Regions with g-values <0.1 were considered
significant. Genomic coordinates used in the Tables are all from
human build hgl8.

Multiplex Ligation-Dependent Probe Amplification
(MLPA)

MLPA probe sets targeting 16 genes in 9 genomic regions were
designed following methods we have used previously [19] (Table
S4). Individual probe oligonucleotides (size range 45-84 nt) were
synthesized by Integrated Device Technology (IDT, Coralville,
IA). MLPA assays were performed on 100-150 ng genomic DNA
samples using the MRC Holland Salsa MLPA EK5 reagent kit
(MRC Holland, Amsterdam, the Netherlands). MLPA products
were separated by capillary electrophoresis on the ABI 3130, and
light intensity reflecting fluorescence was captured according size
of the fragment, in comparison to Rox 500 size standards. Ten to
24 DNA samples were subject to MLPA analysis in each run. For
analysis of control blood DNA and bladder cancer cell line DNAs,
the blood DNA samples were used as controls for normalization,
as described [19]. Because the amplification patterns of FFPE
DNA by MLPA were different from those seen with blood or cell
line DNA, a different method was used for normalization of FFPE
DNA samples. Within each run, peak heights were initially
normalized using all samples analyzed. Samples with no ampli-
fication were then identified and used as normalization controls for
that particular MLPA run. In practice, several FFPE DNA
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samples for which there was a large amount of DNA were run
repeatedly on different runs and typically served as the controls for
several runs. To determine the reproducibility of the assay,
replicate analyses of samples in different MLPA runs were
compared for each probe value by calculating the coefficient of
variation. The coefficient of variation was calculated as the
standard deviation of a pair of measurements divided by the mean
of those two measurements. A coeflicient of variation of <10%
was considered a robust assay.

Sanger Sequencing

Sanger sequencing was performed on PCR products by
standard methods in the BWH DNA Sequencing Core Facility.
Sequencing traces were viewed and analyzed using FinchTV

v1.4.0.

Statistical methods
The Fisher exact test was used for analysis of categorical data,
and computed in Prism (v4.0a, GraphPad Software, Inc.).

Results

Urothelial carcinoma patient characteristics

One hundred sixty-four urothelial carcinoma specimens pre-
pared in paraffin were used to obtain FFPE DNA for this analysis,
and were divided into two cohorts (Table 1, S1). The discovery
cohort of 80 samples included cystectomy, nephroureterectomy,
and transurethral resection specimens, and had tumor stages
ranging from Ta to T4 (Table 1), but were nearly all T'1 or higher
stage to permit robust detection of mutations associated with
invasive urothelial carcinoma. The validation cohort of 84 samples
were obtained exclusively by transurethral resection, were a
sequential series and consisted of tumor stages Ta—T2 (Table 1).

Table 1. Stage and grade information for 164 urothelial
carcinoma samples.

Discovery cohort

stage grade # %
Tagl,2 3 4%
Tl g2 3 4%
T1 g3 36 49%
T2 g2 1 1%
T2 g3 6 8%
T3 g3 17 23%
T4 g2 2 3%
T4 g3 12 16%
total 80

Validation cohort

stage grade # %
Ta g1 13 15%
Ta g1-2 10 12%
Ta g3 20 24%
T2 g3 41 49%
total 84

Genomic Amplification in Urothelial Carcinoma

Full clinical and demographic information on these patients and
cancers is given in Table S1.

Molecular Inversion Probe (MIP) genetic mutational
analysis

We used MIP analysis [16], to examine both genomic copy
number and mutation at 412 potential sites in 46 cancer-related
genes (Table S2) on the discovery cohort of 80 urothelial
carcinoma FFPE samples. The wide range of grades and stages
in this cohort were selected by design to permit analysis of the
broad spectrum of urothelial carcinoma. First, we analyzed the
mutations identified by the MIP analysis.

Thirty-two mutations in 7 genes were identified in 28 urothelial
carcinoma samples by Affymetrix criteria (scores=9.0, and <50)
as being probable mutations in the 80 urothelial carcinoma FFPE
samples. To validate these findings, we performed Sanger
sequencing for each mutation-sample pair, and confirmed 20 of
the 28 mutations that were called in the MIP analysis (Table 2). Of
those that failed to validate, the majority had Affymetrix mutation
scores <<10.0 or >25. Twenty of 22 (91%) mutation calls with
scores between 10.0 and 25 validated by Sanger sequencing.

Molecular Inversion Probe (MIP) genomic copy number
variation analysis

We then focused on analysis of the genomic copy number
information provided by the MIP analysis. Seven (9%) urothelial
carcinoma MIP results were excluded from genomic copy number
analysis due to having a MAPD score >1.5, reflecting a high
variance in probe to probe measurement (see Methods for details).
The median MAPD for the remaining 73 samples was 0.50. Nexus
v6.0 (Bio-Discovery) was used to visualize both copy number and
allele ratio information for the 330,000 SNPs across the genome
(Figure S1).

GISTIC [18] was used to identify regions of significant CN gain
or loss in the 73 urothelial carcinoma samples (Figure 1). Forty-
four chromosomal regions showed a statistically significant CN loss
or gain, with g-value <0.1 (Table S3). These 44 chromosomal
regions were compared with a large set of similar CN gain and loss
regions available at the tumorscape web-site for other cancers
(http://www.broadinstitute.org/tumorscape), and also examined
using the Integrated Genome Viewer (IGV, see Methods).
Fourteen regions of gain or loss which did not contain protein-

Table 2. Mutations in the discovery cohort of 80 urothelial
carcinoma samples identified by MIP analysis and validated by
Sanger sequencing.

Gene Nucleotide  Amino acid  #' Stages?
ATM 2572T>C F858L 3 T1, T1, T4
FBXW?7 1393C>T R465C 1 T

FGFR3 1118A>G Y373C 4 T1,T1, T1, T1
HRAS 34G>A G12S 1 T1

KRAS 35G>A G12D 1 T1

PIK3CA 1624G>A E542K 4 T1,T1, T3, T4
TP53 742C>T R248W 1 T1

TP53 853G>A E285K 4 T1, T3, T3, T3
TP53 818G>A R273H 1 T3

Upper, 80 samples in the discovery cohort analyzed by MIP. Bottom, 84 samples
in the validation cohort analyzed by MLPA.
doi:10.1371/journal.pone.0060927.t001
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"Number of different samples with this mutation.
2Stage of the urothelial carcinoma samples with mutation.
doi:10.1371/journal.pone.0060927.t002
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Figure 1. GISTIC plot of genomic regions with CN gain or loss from the MIP analysis on 73 urothelial carcinoma specimens. The 21
autosomes are shown on the y axis, and q values indicating statistical significance from the GISTIC analysis are plotted on the x axis for regions of

copy number gain (red at left) and loss (blue at right).
doi:10.1371/journal.pone.0060927.g001

coding genes were not considered further, reducing the number of
regions to 16 regions of gain and 14 regions of loss.

We then chose to focus on the 16 regions of amplification since
such regions often contain genes that are ‘drivers’ of cancer
development, and may be amenable to specific therapeutic
targeting. Manual review of high resolution copy number and
allele frequency graphs was performed in both Nexus (Figure S2)
and IGV, and nine regions were identified in which there was high
level amplification with at least 3 of the 73 urothelial carcinoma
samples showing a copy number >5 in the region (Table 3). (Note
that these values are not corrected for stromal cell contamination
in these samples, so that there are likely more samples with true
cancer amplification to >5 copies.) For many of these regions, the
amplification target was known from previous studies in bladder
and other cancers. However, the identity of the gene on
chromosome 1q23.3 was not well-defined from previous work,
and for chromosome 6p22.3, there were two candidate genes,
E2F3 and SOX4. Hence we chose to analyze 16 distinct genes
(Table 4) in a replication study to validate the MIP findings, and
examine the possible association of amplification of these regions
with bladder cancer stage and grade.

PLOS ONE | www.plosone.org

Multiplex Ligation-dependent Probe Assay (MLPA) in

bladder cancer cell lines

To replicate these findings, and to generate an assay more easily
applied to routine clinical samples, we generated a set of MLPA
probes for each of the 16 genes in Table 3 (Table S4). The MLPA
assay appeared to work robustly, with the exception of a single
control probe set which was subsequently dropped from consid-
eration, and was applied to a set of control blood DNA samples
and a set of bladder cancer cell lines (Figure S3). Replicate
analyses performed on four blood DNA samples indicated that the
coefficient of variation for copy number determined by MLPA
analysis was a median of 3.64% and a mean of 4.40%, indicating a
relatively low level of variation in this assay. Replicate analyses of
copy number performed on 25 bladder cancer cell ine DNA
preparations indicated that the coefficient of variation was a
median of 6.57% and a mean of 7.77% (two samples could not be
replicated due to insufficient DNA). This is still a relatively low
level of variation, but is higher than blood DNA samples, likely
due to the presence of amplified regions in many of the bladder
cancer cell lines, which diminishes the size of non-amplified
products, increasing the variance in duplicate measurements.
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chr17:34.9-35.2 Mb

1.89E-04
ERBB2

17q12

chr12:67.3-68.3 Mb

MDM2

12q15
3.57E-05

11q13.2
3.01E-08
CCND1

YWHAZ

822.2
2.29E-12
chr8:42.34-42.36 Mb  chr8:101.2-103.1 Mb  chr11:68.6-69.6 Mb

5.28E-02
POLB

8p11.2

chr6:21.6-22.0 Mb

6p22.3
5.26E-14
SOX4
E2F3

3p25.2
3.02E-12
PPARG

chr1:159.1-159.7 Mb  chr3:12.2-12.5 Mb

19233
2.29E-12
TSTD1
PVRL4
NIT1

chr1:39.5-41.0 Mb

1p34.2
6.47E-04
MYCL1

Table 4. Chromosomal regions and genes analyzed by MLPA.

chromosome
q value

chr region
genes

DEDD

UHMK1
DDR2

NUF2

doi:10.1371/journal.pone.0060927.t004
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Eleven of 27 (41%) bladder cancer cell lines analyzed by the
MLPA assay had amplification of one or more of the 16 genes
assayed (Table 5), while the remainder had no amplification
among the tested genes, considering amplification to be 4 or more
copies. Six (22%) cell lines showed amplification of CCND1, while
5 each showed amplification of some or all of the genes on 1q23.3
and of E2F3-SOX4. No cell line had amplification of POLB or
ERBB2. These findings validate the original MIP analysis as 7 of
the 9 genomic regions of amplification seen by MIP analysis were
also seen in these bladder cancer cell lines.

MLPA validation of MIP analysis

To further validate the copy number findings made in the MIP
analysis, we performed MLPA analysis of DNA prepared from
parallel fresh frozen samples from 39 of the cancers analyzed in
the first cohort of 80 FFPE samples. We found that 343 of 351
(98%) of the chromosomal regions analyzed on the paired samples
by the two methods showed concordance in detection of
amplification or lack of amplification, assessed as CN > 4.
Furthermore of the 27 chromosomal regions of amplification
detected by either MIP or MLPA analysis in individual samples,
19 (70%) showed concordance by the two methods of analysis.
Concordant results were seen for amplification in 8 of the 9
genomic regions analyzed for one or more cancers. We suspect
that the lack of concordance seen for some samples may reflect
tumor heterogeneity with significant differences in gene amplifi-
cation events seen in different samples of the same cancer, or
possibly differences in tumor content in the two samples. Overall,
we take these findings as strong validation of the MIP analysis
method.

MLPA analysis of the validation cohort and comparison

with stage

We then performed a replication analysis assessing amplification
of these 9 genomic regions and 16 genes on the validation cohort
of 84 FFPE bladder cancer DNA samples. Furthermore, we
examined the possibility that genomic amplification of these
regions would be associated with stage of disease, and thus might
provide a potential prognostic measure for clinical use. Since most
clinical bladder cancer specimens on which initial treatment
decisions are based are derived from transurethral resection, we
analyzed FFPE samples obtained only by that means, and that
ranged in stage from Ta grade 1 through T2 grade 3.

To demonstrate the reproducibility of the MLPA assay on FFPE
DNA samples, replicate analyses were performed on 26 of the 84
FFPE samples, all of those for which DNA was available. On these
samples the coefficient of variation for replicate analyses had a
median of 5.66% and an average of 6.75%, indicating that the
MLPA assay was reproducible and robust.

Considering amplification to be 4 or more copies, 33 of 84
(39%) samples analyzed showed amplification of one or more
genomic regions (Table 6). Similar to the findings with the bladder
cancer cell lines, CCNDI, the chromosome 1g23.3 region, and
E2F3-SOX4 were the most commonly amplified, seen in 11
(13%), 8 (10%), and 12 (14%) samples, respectively.

The frequency of any amplification event was strongly
correlated with tumor stage and grade (Table 7). Amplification
events were seen in only 2 of 23 (9%) Ta grade 1 or 1-2 cancers.
In contrast, amplifications were seen in 11 of 20 (55%) Ta grade 3
cancers, and in 20 of 41 (49%) T2 grade 2 cancers. Comparison of
the frequency of amplification among these three groups is highly
significant with p =0.0020 and 0.0011, comparing the first group
with each of the second two groups (Fisher’s exact test). SOX4 was
the only individual marker which showed amplification at a
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17q12
ERBB2

12q15
MDM2

11q13.3
CCND!1
10.1

8q22.3
YWHAZ

8p11.2
POLB

6p22.3
SOX4
52
145

6p22.3
E2F3
8.9

3p25.2
PPARG

1923.3
NUF2
7.3

1923.3
DDR2
7.3

1923.3
UHMK1
8.2

1923.3
DEDD
7.3

58

1923.3
NIT1

6.7

57

1923.3
PVRL4
74

6.1

1923.3
TSTD1
6.9

5.7

1p34.2
MYCL1
11.2

Table 5. MLPA analysis of amplification in bladder cancer cell lines.

Chromosome:
UMuUC1

umucz
UMuC10
UMUC11

6.6

10.3
4.2

umuci7
HT1376
SCABER

9.3

4.9

4.6

4.5

54

5.6

4.6

5.1

5.8
49

5.1

5.1

57

5.6

44

43

4.1

HT1197
5637

4.2

224

1.3

10.0

16.0
4.1

BL13

12.7

4.6 4.6 4.6 43 44

438

44

BL138

Genomic copy number is shown only when values are =4.0. bladder cancer cell lines had no amplification and are not listed above: J82, 639V, MGH-U1, MGH-U3, MGH-U4, MGH-U5, RT4, T24, 253)J, 647V, UMUC15, BL17, UMUC3,

UMUC6, HCV29, 97-1.

doi:10.1371/journal.pone.0060927.t005
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significantly higher rate in Ta grade 3+T2 grade 2 cancers (11 of
61) than in Ta grade 1 or 1-2 cancers (0 of 23, p=0.03).
Examination of the frequency of amplification of these 9 genomic
regions in the discovery cohort of 73 samples analyzed by MIP
assay showed a similar trend, but the results were not statistically
significant due to the small number of Ta tumors in that cohort.
None of 3 Ta grade 1 or 2 samples showed amplification, and 31
(44%) of 70 T1-T4 samples showed amplification of one or more
of the 9 genomic regions. Since the low frequency of copy number
variation in the Ta grade 1 and 1-2 samples might be explained
by presence of normal tissue rather than bladder cancer in those
specimens, we examined them for mutations in FGFR3. Ten of 11
samples examined (4 grade 1 and 7 grade 1-2) had mutations in
FGFR3: 1 had R248C, 8 had $249C, and 1 had Y373C,
consistent with previous studies of early stage bladder cancer

[20,21].

Discussion

In this study, we used an innovative methodology, MIP analysis,
to examine both a set of 412 mutations and to perform copy
number analysis across the genome using 330,000 SNP probes.
The MIP procedure enables analysis of FI'PE DNA, the most
commonly available clinical material. Most mutations identified
here were in the 12 most commonly mutated genes reported by
the Catalogue of Somatic Mutations in Cancer (COSMIC) in
bladder cancer [22]. However, we also identified mutations in two
other genes not reported in COSMIC for bladder cancer, ATM
and FBXW?7. Relatively few mutations in FGFR3 were seen in this
cohort, four Y373C (5%), likely due to the inclusion of only three
Ta samples, two of which arose in the renal pelvis. MIP screening
for mutation and copy number change has recently been reported
for multiple other cancer types [23-27].

We choose to focus on copy number amplifications, and
identified 9 genomic regions of common amplification in an initial
cohort of 80 urothelial carcinoma specimens, of which 73 gave
reliable copy number information by MIP analysis. We then
generated a set of MLPA probes to interrogate those nine regions
in a validation cohort of 84 samples. We demonstrated that the
performance of the MLPA analysis was robust on control blood
DNAs, bladder cancer cell line DNAs, and frozen DNA samples
from a subset (39) of the cancers initially evaluated by MIP analysis
of FFPE DNA. We then performed the MLPA analysis on a
separate validation cohort of 84 bladder cancer FFPE DNA
samples. In the validation cohort, we found that all genomic
regions showed evidence of amplification in two or more samples,
with the highest levels of amplification seen for CCNDI and
MDM?2 (Table 6). The regions with the most frequent amplifica-
tion were chromosome 1q23.3, E2I'3-SOX4, and CCNDI
(Table 6). Amplification was seen significantly more frequently
in advanced stage tumors (Ta grade 3, or higher stage) than in
carly stage tumors (Ta grade 1 or 1-2).

Many previous studies have analyzed genomic copy number
changes in bladder cancer using comparative genomic hybridiza-
tion (CGH) or array CGH [3,9,10,12,13,28-40]. All of the 9
genomic regions with amplification identified in our MIP analysis
that contained genes, were highly statistically significant, and were
identified in multiple samples, had been identified in these
previous studies. However, MYCL] and POLB have been
identified previously in only one or two studies [9-11,13,38,41].
In our validation cohort, we identified MYCL] and POLB
amplification in 3 and 4 samples, respectively. The validation we
performed using MLPA analysis of the original MIP samples, and
the consistency of these findings strongly support both the value of
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Table 7. Summary of MLPA findings in FFPE bladder cancer
samples according to stage.

total # any CN=4.0 %

group 1 Ta grade 1 13 0 0%
Ta grade1-2 10 2 20%
group 2 Ta grade 3 20 1 55%
group 3 T2 grade 3 4 20 49%
total 84 33 39%

Groups 1, 2, and 3 have a statistically significant difference in the frequency of
any amplification event, with p=0.0020 comparing groups 1 and 2, and
p=0.0011 comparing groups 1 and 3. P is not significant comparing group 2
with group 3. Fisher exact test.

doi:10.1371/journal.pone.0060927.t007

MIP analysis as a technology for copy number alteration
detection, and provide further validation for the importance of
these amplification events in bladder cancer development.

Many previous studies have also found that there is a major
difference in genomic events seen in superficial papillary bladder
cancer (Ta), in comparison to more advanced stages of disease.
Non-invasive Ta papillary tumors commonly have activating
mutations in FGFR3 (as seen here), or mutation in one of the RAS
genes (mutually exclusive with FGFR3 mutation), and loss of one
chromosome 9 [41]. However, few other genomic alterations have
been seen by past CGH, array-CGH, or SNP analyses [11,13,41].
Amplification events are generally rare [41], but have recently
been identified at a low level in Ta disease [36]. In contrast, many
genetic events have been identified in muscle-invasive bladder
cancer, including common deletion and mutations in TSCI,
PTEN, RBI, and particularly TP53. In addition, recent studies
have emphasized the common involvement of the PI3K-mTOR
pathway in this disease [15,42], and common mutation in
chromatin remodeling genes in invasive bladder cancer [43].
Further investigation of FBXW?7 in bladder cancer pathogenesis
given its reported involvement in this pathway [44] is of interest.

In aggregate, these observations suggest that a relatively simple
assay for amplification of these 9 genomic regions might provide
useful clinical information. This might be achieved by the MLPA
technique as shown here which can be performed on FFPE tissues.
There are also other efficient approaches that could be used for
this purpose, including digital droplet PCR [45]. However, prior
to clinical use of this analysis, a similar copy number analysis will
need to be performed on a large set of stage 1 bladder cancer
patients in whom there is good follow-up data to assess the
potential prognostic value of this assay.

Most previous genomic studies on bladder cancer have used
fresh frozen tissue obtained by cystectomy. In contrast, FFPE
samples are the common pathologic resource available in routine
clinical practice at the time of critical decision-making. Therefore,
molecular tests that can use FFPE DNA are essential. In our study,
we demonstrated that MIP technology can be used to study
routine FFPE cancer specimens, providing a great deal of
mutational and copy number information. We also demonstrated
that the simpler MLPA technique also works well on FF'PE DNA.

Several of the genes included in our MLPA assay represent
potential druggable targets. CCND1 amplified bladder cancers
may be sensitive to CDK4 inhibitors [46]; ERBB2 amplified
tumors may be sensitive to lapatinib, trastuzumab, or T-DM1
[47]; and MDM2 inhibitors are in current clinical development
[48]. The specific clinical importance of each of these alterations
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in bladder cancer has yet to be determined, but clearly there is
promise. Hence detection of amplification in these genes in
bladder cancer might also lead to targeted therapy.

Supporting Information

Figure S1 Visualization of copy number and allele
specific intensity for 330,000 SNPs using Nexus v6.0. In
each quadrant of this figure there are graphs of the intensity of
signal for each pair of SNP probes (upper), and each allele (lower).
Graphs are shown for four samples: a normal bladder FFPE
sample in the upper left; and three different urothelial cancer
FFPE samples in the other 3 quadrants. Note that the copy
number graph has been normalized such that a y axis value of 0
corresponds to the normal two copies, and other values reflect
either copy number loss (negative) or gain (positive). The allele
fraction graph shows the relative signal intensity for each of the
two alleles, and SNPs for which one allele has no signal have been
screened out. The normal control bladder sample is diploid across
the entire genome, and has a uniform 50% intensity value for all
heterozygous SNPs. The urothelial carcinoma specimens show a
variety of copy number changes and allele ratio distortions. Note
region of major amplification seen on chromosomes 16p, 18p, and
21 in sample 30 at lower left, indicated by red stars.

(TIF)

Figure S2 Amplified genomic regions in wurothelial
carcinoma visualized using Nexus v6.0. In cach quadrant
of this figure, graphs are shown for four different urothelial
carcinoma samples and for three different genomic regions. In
each quadrant, chromosome cytoband is shown at top, followed by
a graph of the total SNP probe intensity, then a graph of the allele
specific SNP probe intensity, and then information about the nt
start and end position of the amplification, the number of SNP
probes in the amplification, and the probe mean and median
signals within the amplification. Each dot represents a different
SNP analyzed.

(TTF)

Figure S3 MLPA analysis on control, bladder cancer cell
line, and wurothelial carcinoma DNA samples. Elution

References

1. Siegel R, Naishadham D, Jemal A (2012) Cancer statistics, 2012. CA
Cancer J Clin 62: 10-29.

2. National Comprehensive Cancer Network I (2012) NCCN Clinical Practice
Guidelines in Oncology for Bladder Cancer.

3. Gocbell PJ, Knowles MA (2010) Bladder cancer or bladder cancers? Genetically
distinct malignant conditions of the urothelium. Urol Oncol 28: 409-428.

4. Parada LF, Tabin CJ, Shih C, Weinberg RA (1982) Human EJ bladder
carcinoma oncogene is homologue of Harvey sarcoma virus ras gene. Nature
297: 474-478.

5. Sidransky D, Von Eschenbach A, Tsai YC, Jones P, Summerhayes I, et al.
(1991) Identification of p53 gene mutations in bladder cancers and urine
samples. Science 252: 706-709.

6. Williamson MP, Elder PA, Shaw ME, Devlin J, Knowles MA (1995) pl6
(CDKN?2) is a major deletion target at 9p21 in bladder cancer. Hum Mol Genet
4: 1569-1577.

7. Hornigold N, Devlin J, Davies AM, Aveyard JS, Habuchi T, et al. (1999)
Mutation of the 9q34 gene TSC1 in sporadic bladder cancer. Oncogene 18:
2657-2661.

8. Cappellen D, De Oliveira C, Ricol D, de Medina S, Bourdin J, et al. (1999)
Frequent activating mutations of FGFR3 in human bladder and cervix
carcinomas. Nat Genet 23: 18-20.

9. Kallioniemi A, Kallioniemi OP, Citro G, Sauter G, DeVries S, et al. (1995)
Identification of gains and losses of DNA sequences in primary bladder cancer
by comparative genomic hybridization. Genes Chromosomes Cancer 12: 213~
219.

. Voorter C, Joos S, Bringuier PP, Vallinga M, Poddighe P, et al. (1995) Detection
of chromosomal imbalances in transitional cell carcinoma of the bladder by
comparative genomic hybridization. Am J Pathol 146: 1341-1354.

PLOS ONE | www.plosone.org

10

Genomic Amplification in Urothelial Carcinoma

intensity curves are shown for MLPA products analyzed on the
ABI 3130. Y axis is light intensity in arbitrary units, reflecting
fluorescence; X axis is the size of the DNA fragment being eluted
from the capillary. Boxed labels indicate the gene or genomic locus
for each elution peak. Note the relatively even size of all probe
peaks in the control sample. Note that there is selective increase in
the relative signals for the SOX4 and E2F3 probes in the bladder
cancer cell line sample. Note that other regions of relative increase
are seen in the lower two urothelial carcinoma samples, E2F3 and
POLB, respectively.

(TTF)

Table S1 List of all wurothelial carcinoma samples
analyzed.

(XLS)

Table S2 List of all mutations assessed in the MIP
analysis.

(XLSX)

Table S3 Chromosomal regions identified by GISTIC
analysis of MIP data with significant CN gains or losses,
with ¢<0.1. The chromosomal region, CN change, q value, and
G-score (GISTIC) are shown for each region.

(XLS)

Table S4 MLPA probe sequences used in this study.
(XLSX)

Acknowledgments

We thank Yuker Wang of Affymetrix for assistance with interpretation of
the MIP analysis results, and Soheil Shams for assistance with use of Nexus
software.

Author Contributions

Conceived and designed the experiments: CW DJK. Performed the
experiments: YC QD SL YG. Analyzed the data: YC CW JR MR DJK.
Contributed reagents/materials/analysis tools: CW JR MR WSM. Wrote
the paper: YC CW JR MR WSM DJK.

. Richter J, Jiang F, Gorog JP, Sartorius G, Egenter C, et al. (1997) Marked
genetic differences between stage pTa and stage pT1 papillary bladder cancer
detected by comparative genomic hybridization. Cancer Res 57: 2860-2864.

. Simon R, Burger H, Brinkschmidt C, Bocker W, Hertle L, et al. (1998)
Chromosomal aberrations associated with invasion in papillary superficial
bladder cancer. J Pathol 185: 345-351.

. Blaveri E, Brewer JL, Roydasgupta R, Fridlyand J, DeVries S, et al. (2005)
Bladder cancer stage and outcome by array-based comparative genomic
hybridization. Clin Cancer Res 11: 7012-7022.

. Edge SB, Byrd DR, Compton CC, Fritz AG, Greene FL, et al. (2010) AJCC
Cancer Staging Manual: Springer.

15. Platt FM, Hurst CD, Taylor CF, Gregory WM, Harnden P, et al. (2009)
Spectrum of phosphatidylinositol 3-kinase pathway gene alterations in bladder
cancer. Clin Cancer Res 15: 6008-6017.

. Wang Y, Carlton VE, Karlin-Neumann G, Sapolsky R, Zhang L, et al. (2009)
High quality copy number and genotype data from FFPE samples using
Molecular Inversion Probe (MIP) microarrays. BMC Med Genomics 2: 8.

. Reich M, Liefeld T, Gould J, Lerner J, Tamayo P, et al. (2006) GenePattern 2.0.
Nat Genet 38: 500-501.

. Beroukhim R, Getz G, Nghiemphu L, Barretina J, Hsueh T, et al. (2007)
Assessing the significance of chromosomal aberrations in cancer: methodology
and application to glioma. Proc Natl Acad Sci U S A 104: 20007-20012.

. Kozlowski P, Roberts P, Dabora S, Franz D, Bissler ], et al. (2007) Identification

of 54 large deletions/duplications in TSC1 and TSC2 using MLPA, and

genotype-phenotype correlations. Hum Genet 121: 389-400.

van Rhijn BW, van der Kwast TH, Vis AN, Kirkels W], Boeve ER, et al. (2004)

FGFR3 and P53 characterize alternative genetic pathways in the pathogenesis of

urothelial cell carcinoma. Cancer Res 64: 1911-1914.

20.

April 2013 | Volume 8 | Issue 4 | 60927



21.

28.

29.

30.

31.

32.

Bakkar AA, Wallerand H, Radvanyi F, Lahaye JB, Pissard S, et al. (2003)
FGIFR3 and TP53 gene mutations define two distinct pathways in urothelial cell
carcinoma of the bladder. Cancer Res 63: 8108-8112.

. Forbes SA, Tang G, Bindal N, Bamford S, Dawson E, et al. (2010) COSMIC

(the Catalogue of Somatic Mutations in Cancer): a resource to investigate
acquired mutations in human cancer. Nucleic Acids Res 38: D652-657.

. Lee HW, Seol HJ, Choi YL, Ju H]J, Joo KM, et al. (2012) Genomic copy number

alterations associated with the early brain metastasis of non-small cell lung
cancer. Int J Oncol 41: 2013-20.

. Hasselblatt M, Isken S, Linge A, Eikmeier K, Jeibmann A, et al. (2013) High-

resolution genomic analysis suggests the absence of recurrent genomic
alterations other than SMARCBI aberrations in atypical teratoid/rhabdoid
tumors. Genes Chrom Cancer 52: 185-90.

. Jahromi MS, Putnam AR, Druzgal C, Wright J, Spraker-Perlman H, et al.

(2012) Molecular inversion probe analysis detects novel copy number alterations
in Ewing sarcoma. Cancer Genet 205: 391-404.

. Johnson CE, Gorringe KL, Thompson ER, Opeskin K, Boyle SE, et al. (2012)

Identification of copy number alterations associated with the progression of
DCIS to invasive ductal carcinoma. Breast Cancer Res Treat 133: 889-98.

. Thompson PA, Brewster AM, Kim-Anh D, Baladandayuthapani V, Broom BM,

et al. (2011) Selective genomic copy number imbalances and probability of
recurrence in early-stage breast cancer. PLoS One 6: 23543,

Cheng L, Zhang S, MacLennan GT, Williamson SR, Lopez-Beltran A, et al.
(2011) Bladder cancer: translating molecular genetic insights into clinical
practice. Hum Pathol 42: 455-481.

Feber A, Clark J, Goodwin G, Dodson AR, Smith PH, et al. (2004)
Amplification and overexpression of E2F3 in human bladder cancer. Oncogene
23: 1627-1630.

Fleischmann A, Rotzer D, Seiler R, Studer UE, Thalmann GN (2011) Her2
amplification is significantly more frequent in lymph node metastases from
urothelial bladder cancer than in the primary tumours. Eur Urol 60: 350-357.
Hurst CD, Tomlinson DC, Williams SV, Platt FM, Knowles MA (2008)
Inactivation of the Rb pathway and overexpression of both isoforms of E2F3 are
obligate events in bladder tumours with 6p22 amplification. Oncogene 27:
2716-27217.

Kompier LC, Lurkin I, van der Aa MN, van Rhijn BW, van der Kwast TH, et
al. (2010) FGFR3, HRAS, KRAS, NRAS and PIK3CA mutations in bladder
cancer and their potential as biomarkers for surveillance and therapy. PLoS One
5: el3821.

Lae M, Couturier J, Oudard S, Radvanyi F, Beuzeboc P, et al. (2010) Assessing
HER2 gene amplification as a potential target for therapy in invasive urothelial
bladder cancer with a standardized methodology: results in 1005 patients. Ann
Oncol 21: 815-819.

PLOS ONE | www.plosone.org

1

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

Genomic Amplification in Urothelial Carcinoma

Lopez-Beltran A, Ordonez JL, Otero AP, Blanca A, Sevillano V, et al. (2010)
Cyclin D3 gene amplification in bladder carcinoma in situ. Virchows Arch 457:
555-561.

. Mhawech-Fauceglia P, Cheney RT, Schwaller J (2006) Genetic alterations in

urothelial bladder carcinoma: an updated review. Cancer 106: 1205-1216.
Nord H, Segersten U, Sandgren J, Wester K, Busch C, et al. (2010) Focal
amplifications are associated with high grade and recurrences in stage Ta
bladder carcinoma. Int J Cancer 126: 1390-1402.

Prat E, del Rey J, Ponsa I, Nadal M, Camps J, et al. (2010) Comparative
genomic hybridization analysis reveals new different subgroups in early-stage
bladder tumors. Urology 75: 347-355.

Richter J, Beffa L, Wagner U, Schraml P, Gasser TC, et al. (1998) Patterns of
chromosomal imbalances in advanced urinary bladder cancer detected by
comparative genomic hybridization. Am J Pathol 153: 1615-1621.
Veerakumarasivam A, Scott HE, Chin SF, Warren A, Wallard MJ, et al. (2008)
High-resolution array-based comparative genomic hybridization of bladder
cancers identifies mouse double minute 4 (MDM4) as an amplification target
exclusive of MDM2 and TP53. Clin Cancer Res 14: 2527-2534.

Obermann EC, Junker K, Stoehr R, Dietmaier W, Zaak D, et al. (2003)
Frequent genetic alterations in flat urothelial hyperplasias and concomitant
papillary bladder cancer as detected by CGH, LOH, and FISH analyses. ] Pathol
199: 50-57.

Knowles MA (2008) Bladder cancer subtypes defined by genomic alterations.
Scand J Urol Nephrol Suppl: 116-130.

Sjodahl G, Lauss M, Gudjonsson S, Liedberg F, Hallden C, et al. (2011) A
systematic study of gene mutations in urothelial carcinoma; inactivating
mutations in TSC2 and PIK3R1. PLoS One 6: e18583.

Gui Y, Guo G, Huang Y, Hu X, Tang A, et al. (2011) Frequent mutations of
chromatin remodeling genes in transitional cell carcinoma of the bladder. Nat
Genet 43: 875-878.

Mao JH, Kim IJ, Wu D, Climent J, Kang HC, et al. (2008) FBXW?7 targets
mTOR for degradation and cooperates with PTEN in tumor suppression.
Science 321: 1499-1502.

. Hindson BJ, Ness KD, Masquelier DA, Belgrader P, Heredia NJ, et al. (2011)

High-throughput droplet digital PCR system for absolute quantitation of DNA
copy number. Anal Chem 83: 8604-8610.

Kim JK, Diehl JA (2009) Nuclear cyclin D1: an oncogenic driver in human
cancer. J Cell Physiol 220: 292-296.

Baselga J, Swain SM (2009) Novel anticancer targets: revisiting ERBB2 and
discovering ERBB3. Nat Rev Cancer 9: 463-475.

Yuan Y, Liao YM, Hsuch CT, Mirshahidi HR (2011) Novel targeted
therapeutics: inhibitors of MDM2, ALK and PARP. J Hematol Oncol 4: 16.

April 2013 | Volume 8 | Issue 4 | 60927



