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Abstract

Urothelial bladder cancer (UBC) is heterogeneous at the clinical, pathological, genetic, and epigenetic levels. Exome
sequencing has identified ARID1A as a novel tumor suppressor gene coding for a chromatin remodeling protein that is
mutated in UBC. Here, we assess ARID1A alterations in two series of patients with UBC. In the first tumor series, we analyze
exons 2–20 in 52 primary UBC and find that all mutant tumors belong to the aggressive UBC phenotype (high grade non-
muscle invasive and muscle invasive tumors) (P = 0.05). In a second series (n = 84), we assess ARID1A expression using
immunohistochemistry, a surrogate for mutation analysis, and find that loss of expression increases with higher stage/
grade, it is inversely associated with FGFR3 overexpression (P = 0.03) but it is not correlated with p53 overexpression
(P = 0.30). We also analyzed the expression of cytokeratins in the same set of tumor and find, using unsupervised clustering,
that tumors with ARID1A loss of expression are generally KRT5/6-low. In this patient series, loss of ARID1A expression is also
associated with worse prognosis, likely reflecting the higher prevalence of losses found in tumors of higher stage and grade.
The independent findings in these two sets of patients strongly support the notion that ARID1A inactivation is a key player
in bladder carcinogenesis occurring predominantly in FGFR3 wild type tumors.
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Introduction

Urothelial carcinoma is the most common type of bladder

tumor. Urothelial bladder carcinoma (UBC) constitutes a hetero-

geneous clinical and pathological entity and subjects presenting

with these tumors display a highly variable outcome: approxi-

mately 20% of patients with non-muscle invasive bladder cancer

(NMIBC) are cured after the first resection whereas 60% undergo

multiple lifetime recurrences and 15–20% progress and develop

muscle-invasive bladder cancer (MIBC). This important clinical

event entails cystectomy and poor prognosis: 50% of patients with

MI tumors - either at presentation or during the evolution of the

disease - die from the cancer. Patients with low grade (LG)

NMIBC rarely progress whereas patients with high grade (HG)

NMIBC are at high risk [1]. Pathological grade and stage,

multiplicity, and the presence of carcinoma in situ are important

prognostic factors but there is a need to improve prediction of

progression to identify subjects who might benefit from more

aggressive early treatment [2].

In agreement with the diverse clinical course, genetic analyses of

UBC have revealed a wide heterogeneity [3,4]. Approximately

60–70% of NMIBC harbor FGFR3 activating mutations, mainly in

association with low grade; FGFR3 mutant tumors have a good

prognosis and a low risk of progression to MIBC [5–8]. PIK3CA

mutations occur in approximately 15% of tumors and tend to be

associated with FGFR3 alterations [9]. RAS and FGFR3 mutations

are mutually exclusive, the former occurring in 5–10% of tumors

[10]. FGFR3 wild type tumors include at least two subgroups:

those that are of low grade and stage, display papillary growth

pattern, and an overall good prognosis, and those that are of high

grade and are generally associated with aneuploidy and an

aggressive clinical course. In contrast, Tp53 alterations are

associated with HG-NMIBC and with MIBC [3,4,6]. Based on

current knowledge on the mutation load of human tumors, it is

likely that yet unidentified oncogenes - different from FGFR3,

PIK3CA, and RAS - and tumor suppressors participate in UBC

[11,12]. There is, therefore, a need to identify additional genes

involved in the development of UBC to better understand the

relationship between pathological and genetic classifications, and

to integrate knowledge on genetic and epigenetic changes [13].

We recently identified a truncating ARID1A mutation through

UBC exome sequencing and a manuscript recently described the

occurrence of ARID1A mutations in this tumor [14]. Here, we

report that truncating ARID1A mutations and loss of expression
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display an inverse association with FGFR3 mutations, are

independent of p53 alterations, and are mainly associated with

poor-prognosis UBC.

Materials and Methods

Patients and Tumor Samples
We studied two tumor series. The first, used for ARID1A

sequencing, comprises 52 UBC cases prospectively recruited

between 2009–2011 at Hospital del Mar (Barcelona, Spain) from

which fresh tumor DNA was available. The characteristics of

patients included in this series are summarized in Table 1. Follow-

up for these patients is relatively short. Therefore, we used a

second tumor series (n = 84) to assess ARID1A protein expression

and its association with outcome. Cases from the latter series were

drawn from the Spanish Bladder Cancer/EPICURO Study,

comprising patients with incident UBC recruited from 1997–2001

[15,16]. For all cases, clinical and sociodemographic information

was retrieved from hospital records. Tumor staging and grading

was carried out according to the TNM classification and the

World Health Organization-International Society of Urological

Pathology with the two-tiered 2004 WHO redefinition as

described [7]. Tumors had previously been classified using a

three-tiered system; TaG1 and TaG2 tumors were classified as

low-risk because their outcome was very similar [7]. Expert

pathologists reviewed diagnostic slides from all tumor blocks from

each case to confirm staging/grading and ensure uniformity of

classification criteria. Patients from series 2 were prospectively

followed-up yearly both through hospital records and by telephone

interviews, as described elsewhere [7]. Table 2 summarizes the

characteristics of the patients included in this series. Progression

was defined as the appearance of a MIBC in a patient having

presented with NMIBC or as the development of new tumors in

patients treated for primary MIBC. Median follow-up was 62.6

months (range 1–98). All deaths were recorded but only UBC-

related deaths (n = 14) were considered for survival analysis. Cases

dying from other causes were censored at the time of death for the

analysis. Survival was computed as the period comprised between

diagnosis and death or last control. All patients provided written

informed consent. The Ethics Committee of Institut Municipal

d’Assistència Sanitària (Barcelona) approved the study.

ARID1A and FGFR3 Mutational Analysis
ARID1A mutational analysis was performed in cases from the

first series, essentially as described [17]. Briefly, exons 2–20 were

separately PCR-amplified with AccuPrime Taq DNA polymerase

High Fidelity (Invitrogen) on DNA from bladder cancer cell lines

(RT112, VMCUB-3, MGH-U3, UM-UC-3 and UM-UC-17) and

fresh tumor tissue sections containing .60% neoplastic cells. PCR

amplimers from each sample were equimolarly pooled and

fragmented to a range of 100–300 bp (Covaris S2 shearing

instrument). DNA (40–80 ng/sample) was processed through

successive enzymatic treatments of end-repair, dA-tailing, and

ligation to indexed adapters following the TruSeq DNA sample

preparation recommendations (Illumina). Adapter-ligated libraries

were amplified by limited-cycle PCR for 10 cycles, subsequently

Table 1. Characteristics of the patients from whom fresh
tumor was used for ARID1A sequence analysis.

N (%)

Number 52

Age Mean (SD) 68.7 (11.8)

Gender Male 48 (92.3)

Female 4 (7.7)

Stage/Grade TaG1 12 (23.1)

TaG2 7 (13.52)

TaG3 9 (17.3)

T1G2 6 (11.5)

T1G3 10 (19.2)

.T2 8 (15.4)

Tumor size ,3 cm 10 (19.2)

$3 cm 25 (48.1)

Unknown 17 (32.7)

Multiplicity Single 36 (69.2)

Multiple 12 (23.1)

Unknown 4 (7.7)

Treatment TUR alone 16 (30.8)

TUR+endovesical chemo 1 (1.9)

TUR+BCG 6 (11.5)

Cystectomy 2 (3.8)

TUR+BCG+endov chemo 6 (11.5)

TUR+cystectomy 3 (5.8)

Others 3 (5.8)

Missing 15 (28.8)

doi:10.1371/journal.pone.0062483.t001

Table 2. Characteristics of the patients and tumors included
in series 2 (tissue microarray).

N (%)

Number 84

Age Mean (SD) 66.4 (9.7)

Gender Male 74 (88.1)

Female 10 (11.9)

Stage/Grade TaG1 21 (25.0)

TaG2 18 (21.4)

TaG3 7 (8.3)

T1G3 12 (14.3)

.T2 26 (31.0)

Tumor size ,3 cm 27 (32.1)

$3 cm 17 (20.2)

Unknown 40 (47.7)

Multiplicity Single 47 (56.0)

Multiple 29 (34.5)

Unknown 8 (9.5)

Treatment TUR alone 12 (14.4)

TUR+endovesical chemo 15 (17.6)

TUR+BCG 30 (35.8)

Cystectomy 10 (11.9)

Systemic Chemotherapy 8 (9.6)

Radiotherapy 5 (5.9)

Others 4 (4.8)

doi:10.1371/journal.pone.0062483.t002
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multiplexed and sequenced for 38 cycles on a single read format

(Genome Analyzer IIx with SBS TruSeq v5 reagents, Illumina).

Sanger sequencing was used to verify ARID1A variants identified

in the exome sequencing study. Relevant primers can be found in

Table S1. FGFR3 mutational analysis was performed on cases

from both series as described elsewhere [7,18]; we used the

SnapSHOT assay [19] for selected cases and verified mutations by

Sanger sequencing of PCR products.

Bioinformatics Analysis
Sequence tags from all samples were independently aligned

using Novoalign V2.07.04 (Novocraft, Selangor, Malaysia) versus

the genomic ARID1A sequence (RefSeq NM_139135) as obtained

from UCSC Genome Browser [20] on Human Feb. 2009

(GRCh37/hg19) assembly. Aligned positions were filtered for

high quality and processed with a combination of SAMtools and

custom Perl scripts. The functional effect of the variants was

predicted using SIFT [21].

Gene Expression Analysis of Publicly Available Datasets
Normalized bladder cancer gene expression data were obtained

from NCBI Gene Expression Omnibus (GEO) database for studies

GSE89 [22] and GSE32894 [23]. GEPAS 4.0 (http://www.gepas.

org/) was used to pre-process the data, obtaining the average

values for all probes mapping within a single locus. Three tumor

subgroups were defined according to tumor stage/grade and

known prevalence of genetic alterations: LG-NMIBC (TaG1,

TaG2), HG-NMIBC (TaG3, T1G3), and MIBC ($T2). The

Figure 1. ARID1A mutations and expression in UBC. Panel A. A G.C transversion identified through Solexa resequencing, confirmed by Sanger
sequencing of independent PCR products, leading to a predicted Q2210H substitution in VMCUB-3 cells. Panel B. Western blotting analysis in a panel
of UBC cell lines identifies a subset with undetectable expression, including VMCUB-3. mRNA expression was analyzed by RT-qPCR; results are shown
as values normalized with respect to the housekeeping gene HPRT. Panel C. A C.T mutation in codon 403, leading to a premature stop codon, was
identified in a primary T1G3 tumor. The mutation was absent from matched normal leukocyte DNA. Lack of protein expression in the corresponding
tumor tissue was confirmed using immunohistochemistry. The red arrowhead points to a tumor cell lacking ARID1A staining, whereas the black
arrowhead indicates a positive stromal cell. For comparison, a TaG1 tumor with wild type ARID1A sequence is shown.
doi:10.1371/journal.pone.0062483.g001
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average expression of genes of interest was calculated for each of

these groups and values were normalized with respect to those of

the best prognosis group. An Anova limma analysis was performed

on the pre-processed data using the POMELO online software

(http://pomelo2.bioinfo.cnio.es/); differentially expressed genes

were subsequently identified through a t-test, using an FDR

adjusted P-value ,0.5 as threshold of significance.

Immunohistochemistry (IHC)
Immunohistochemical analyses were performed on tissue

microarrays containing cores representative of the corresponding

tumor, obtained from formalin-fixed paraffin-embedded tissue

blocks from patients included in the second series. The following

antibodies were used: ARID1A (2 mg/mL) (3H2, Abnova),

FGFR3 (8 mg/mL) (B-9/sc-13121, Santa Cruz), p53 (DO-7,

Novocastra), b-CAT (Beta-Catenin-1, Dako, ready-to-use), E-

CAD (1:50) (NCH-38, Dako), P-CAD (1:75) (56, B.D. Transduc-

tion Laboratories), Ki67 (MIB-1, Dako, ready-to-use), KRT5/6

(D5/16B4, Dako, ready-to-use), KRT14 (1:25) (LL002, Novocas-

tra Laboratories), and KRT20 (Ks20.8, Dako, ready-to-use).

Antigen retrieval and IHC were carried out as described elsewhere

[18,24,25]. Immunoreactivity was scored according to intensity

(scale 0–3) and percentage of positive cells (0–100%); IHC score

was calculated as the product of intensity and percentage of

positive cells. Samples were subjected to unsupervised clustering

analysis based on IHC scores using the heatmap.2 function of the

gplots package within the R 2.15.1 statistical environment.

Cell Culture and Functional Assays
SW800, 253J, 639V, VMCUB-3, SW1710, SCaBER, and

HEK293 cells were purchased from the American Type Culture

Collection (Rockville, MD, US); RT112 [26] and MGH-U3 [27]

cells were kindly provided by F. Radvanyi (Institut Curie, Paris,

France); UM-UC-6, UM-UC-7, UM-UC-3, and UM-UC-18 were

kindly provided by H. B. Grossman (MD Anderson Cancer

Center, Houston, TX, US) [28]. All cells were regularly tested to

ensure that they were free of Mycoplasma contamination. UBC

cells and HEK-293T cells were cultured under standard condi-

tions. Control non-targeting or ARID1A-targeting lentiviral

particles were produced in HEK-293T cells using Sigma Mission

plasmids following the manufacturer’s instructions. Virus-contain-

ing supernatant was collected 24 h later, filtered, and used to infect

the corresponding UBC cells in the presence of hexadimethrine

bromide polybrene (5 mg/ml) (Sigma); two rounds of infection

were performed with a 24 h time interval. Infected cells were

selected for 48 h in medium containing puromycin (2 mg/ml)

(Sigma). For growth assays, 46103 puromycin-selected cells were

seeded in triplicate in 6-well plates; 4 days later, cells were washed

with PBS, fixed in methanol, and incubated with 0.5% crystal

violet in 25% methanol. Because the interfered cells did not form

compact colonies, counting did not provide an accurate measure-

ment of growth. Crystal violet was eluted in 10% acetic acid and

absorbance was quantified at 590 nm using a biophotometer

(Eppendorf).

Immunoblotting
Cells in log-growth phase were collected 48 h after puromycin

selection and lysed in RIPA buffer (10 mM Tris–HCl, pH7.5,

1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-

deoxycholate, 100 mM NaCl) supplemented with the Complete

protease inhibitor (Sigma) and a phosphatase inhibitor (Sigma)

cocktails. After sonication, proteins (50 mg) were fractionated by

SDS-PAGE using a discontinuous 4% concentrating-6% resolving

gel, transferred to a nitrocellulose membrane, and incubated with

anti-ARID1A monoclonal antibody (M02, clone 3H14, Abnova)

(1:1000 dilution). After washing, anti-mouse or anti-rabbit

horseradish peroxidase-labeled antibodis (Amersham Biosciences)

were added. Rabbit anti-Myosin-IIa (Cell Signaling) served as a

loading control. Reactions were developed using enhanced

chemiluminiscence (Amersham Biosciences).

RT-qPCR
Total RNA was isolated from cells in log-growth phase using the

GenElute Mammalian Total RNA kit (Sigma). Following DNase

treatment (DNAfree, Ambion), RNA was reverse-transcribed

(Taqman Reverse Transcription Reagents kit, Applied Biosystems)

and 20 ng RNA-equivalent were used for RT-qPCR using a

7900H Fast Real Time PCR System (Applied Biosystems). The

following primers were used for ARID1A mRNA analysis:

CCCCTCAATGACCTCCAGTA (forward) and ATCCCT-

GATGTGCTCACTCC (reverse). All reactions were performed

in triplicate, and expression levels were normalized to individual

Table 3. Summary of mutations found in the ARID1A resequencing study.

Sample Stage
Amino acid
substitution Affected ARID1A exon Variant frequency (%)

Esp21 TaG1 N2066D 20 45.5

Esp66 T1G3 Q403* 2 39.7

Esp69 T3G3 S769* 7 38.1

ISBLAC3800 T1G3 C2052* 20 16.2

ISBLAC3803 T1G3 S571L 3 47.8

S614* 4 43.5

ISBLAC5559 T1G3 Q393* 2 50

VMCUB-3 Cell line E1733* 20 18.6

D1738N 20 21.8

Q2210H 20 13.9

L1922L 20 21.5

Non-synonymous mutations found at a frequency $10% that were confirmed by Sanger sequencing are shown here.
*denotes a truncating mutation.
doi:10.1371/journal.pone.0062483.t003
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HPRT values. Statistical analyses. Categorical data were

reported by numbers and percentages. Associations between

ARID1A mutation/loss of expression and the main characteristics

of the patients were assessed using the chi-square test, T test,

ANOVA, Mann-Whitney (MW), or Kruskal-Wallis (KW) as

appropriate. Associations between markers were evaluated using

the chi-square test. Survival data were analysed using Kaplan-

Meier curves and the differences between curves were assessed

with the log-rank test. Statistical significance was considered at

0.05. R Software (version 2.14, available at http://www.r-project.

org/) was used for statistical analysis.

Results

ARID1A Mutations and Expression in Bladder Cancer
We identified a truncating mutation in ARID1A through the

initial analysis of 2 bladder cancer exomes. ARID1A mutations

have been reported to be frequent in ovarian clear cell carcinomas

[17,29] and mutations in genes coding for it and for other

components of chromatin remodeling complexes have recently

been demonstrated in a wide variety of tumors [14,30–33].

Therefore, we expanded the mutational analysis to a larger tumor

panel representative of the UBC spectrum.

Exons 2–20 of ARID1A were analyzed in 5 UBC cell lines and

52 primary tumors. Table S2 and Figure S1 show the average

depth of reads/exon and the individual sample sequencing

breadth and depth, respectively. One cell line (VMCUB-3) and

6 tumors harbored mutations in $10% of the reads per given

nucleotide position, for a total of 11 single nucleotide variants.

There was no relationship between variant allele frequency and

sequencing depth (Figure S2A). Four mutations were detected in

VMCUB-3, one of which was nonsense (E1733*) and 2 were

missense (D1738N and Q2210H) (Figure 1A, Figure S3, Table 3);

in addition, a synonymous substitution was identified (L1922L).

Figure 2. Loss of ARID1A expression is associated with more aggressive UBC. UBC cases were classified in three categories: low grade NMI
(TaG1 and TaG2 tumors), high grade NMI (TaG3 and T1G3 tumors), and MI ($T2 tumors). Panel A. ARID1A immunohistochemical score is significantly
lower in more aggressive, advanced tumors. FGFR3 immunohistochemical score, which is directly associated with FGFR3 mutations, is also
significantly lower in more aggressive tumors. By contrast, p53 score is higher in more aggressive tumors. Panel B. Differential expression of ARID1A,
FGFR3 and TP53 at the mRNA level is observed in two different, independent UBC microarray series: the mRNA levels of all 3 genes are significantly
lower in MIBC. *denotes an FDR adjusted P-value ,0.5.
doi:10.1371/journal.pone.0062483.g002
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ARID1A was not detected by western blotting in these cells

(Figure 1B). Using a panel of UBC lines, we did not find a good

correlation between mRNA and protein expression levels, assessed

by RT-qPCR and western blotting (Figure 1B), respectively.

Six primary tumors harbored 7 mutations predicted to be

damaging (6/52 = 11.5%); 5 of them were nonsense and 2 were

missense (N2066D and S571L) (Table 2). One tumor had 2

mutations, one non-sense and one missense. All the mutations

were confirmed in independent PCR reactions using Sanger

sequencing (Figure 1, Figure S3). The 5 truncating mutations

occurred in tumors that were either high grade NMI-BC or MI-

BC. One missense mutation was found in a TaG1 tumor. Overall,

0/19 non-aggressive and 5/33 aggressive tumors had a truncating

mutation (P = 0.049).

Six additional mutations, predicted to be damaging, were

detected at a frequency (,10%) that precluded confirmation by

Sanger sequencing; 5 of them led to missense substitutions (Figure

S2B).

ARID1A Mutations and FGFR3 and Tp53 Alterations in
UBC: Relationship with Tumor Aggressiveness

We compared the mutational status of ARID1A and FGFR3 in

the 50 tumors for which this information was available: all 5

tumors that had truncating ARID1A mutations had FGFR3 wild

type sequences (p = 0.056, Fisher’s exact test), suggesting that the

two genes are involved in different genetic pathways. To expand

this analysis, we took advantage of the data reported by Gui et al.

[14] which includes mainy MIBC: in their series 13/97 tumors

had a mutation in ARID1A and 9/97 tumors had a mutation in

FGFR3; 1/97 had a mutation in both genes supporting a lack of

association between both genetic alterations in this tumor

subgroup.

ARID1A pathogenic mutations have been reported to be

associated with loss of protein expression [17,31]. We confirmed

these observations in the index tumor reported here (Figure 1C).

To assess the association of ARID1A expression and clinical-

pathological characteristics of tumors, we used an independent

series, for which TMAs were available, including 39 LG-NMIBC,

19 HG-NMIBC, and 26 MIBC. ARID1A expression score was

significantly lower in more aggressive tumors (ANOVA

P = 9.961026; KW P = 361025), in agreement with the observa-

tion that ARID1A mutations are more common in this tumor

subgroup.

Immunohistochemistry was used as a surrogate to assess the

status of two of the main genes involved in UBC: FGFR3 activating

mutations are generally associated with FGFR3 mRNA and

protein overexpression [34] and Tp53 inactivation is generally

Figure 3. Relationship between ARID1A and cell differentiation markers, as detected using immunohistochemistry in tumor tissue
microarrays. UBC cases were classified in three categories: LG-NMIBC (TaG1 and TaG2 tumors), HG-NMIBC (TaG3 and T1G3 tumors), and MI ($T2
tumors). Non-hierarchical clustering of IHC scores for ARID1A, FGFR3, KRT5/6, KRT14, and KRT20 was performed. IHC scores are shown in a green-red
color code. Color bars below the dendogram include information about tumor stage and grade (tones of blue) and FGFR3 mutational status (grey/
black) when known. White squares indicate that information for that parameter is not available.
doi:10.1371/journal.pone.0062483.g003
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associated with p53 nuclear overexpression [18,35,36]. As

expected, FGFR3 immunohistochemical scores were significantly

associated with FGFR3 mutations (ANOVA P = 361025, KW

P = 361024) and were higher in the low grade NMIBC than in the

more aggressive tumor groups of high grade NMIBC and MIBC

(ANOVA P = 0.038, KW P = 0.026). In contrast, p53 nuclear

overexpression was increasingly higher with increasing tumor

stage/grade, reflecting protein accumulation associated with Tp53

mutations (ANOVA P = 0.05, KW P = 0.32). ARID1A scores were

significantly correlated with FGFR3 expression scores (Spearman

correlation P = 0.03) but not with p53 scores (p = 0.30) (Figure 2A).

To determine whether ARID1A and FGFR3 are differentially

expressed in the three UBC subgroups at the RNA level, we

analyzed two independent public UBC expression datasets and

confirmed that both ARID1A and FGFR3 mRNA expression levels

are significantly lower in MI-UBC, in agreement with the fact that

FGFR3 mutations are associated with FGFR3 mRNA overexpres-

sion and are less frequent in aggressive tumors (Figure 2B).

Similarly, TP53 mRNA expression levels were significantly lower

in MIBC, possibly as a result of gene losses.

ARID1A Expression and Cell Differentiation Markers
We compared expression of ARID1A and a set of urothelial

differentiation markers [37] using IHC and performed unsuper-

vised clustering of the samples (Figure 3 and Figure S4). This

analysis confirmed that tumors expressing low levels of ARID1A

generally exhibited low levels of FGFR3. Tumors showing low

Figure 4. Loss of ARID1A expression is associated with more aggressive UBC and with patient outcome. ARID1A expression was
assessed by IHC on tissue microarrays. Patients (n = 84) were followed-up as indicated in Methods and classified as having ‘‘recurred’’, ‘‘progressed’’,
or being free of disease. Patients with high ARID1A-expresssing tumors display a lower risk of recurrence and a higher risk of progression indicating a
more aggressive clinical course.
doi:10.1371/journal.pone.0062483.g004

Figure 5. Effects of ARID1A knockdown in UBC cell lines. Panel A. ARID1A was knocked-down using three different shRNAs in the RT112 and
VMCUB-3 cells. The knock-down was efficient at both the protein and mRNA levels. The bars represent the relative quantification of ARID1A mRNA
levels taking non-targeting shRNA interfered cells as controls. Panel B. The quantification colony formation is shown, with error intervals of results
from triplicate experiments denoting SEM. In RT112 cells, ARID1A knockdown was associated with reduced colony formation. By contrast, no major
effects were observed in VMCUB-3 cells harboring an ARID1A mutation. Representative morphological changes in cells interfered with control shNT
(scrambled shRNA) and with one of the shRNAs targeting ARID1A are shown.
doi:10.1371/journal.pone.0062483.g005
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levels of ARID1A also tended to display low expression of KRT5/

6 and KRT20 (Figure 3).

ARID1A Expression in Tumors and Patient Outcome
Kaplan-Meier analysis showed that patients with tumors

showing low ARID1A expression (IHC score,180) showed a

significantly lower rate of tumor recurrence (P = 0.011) but had a

higher rate of tumor progression (P = 0.112), further indicating

that loss of ARID1A expression is associated with more aggressive

tumors (Figure 4).

Functional Analysis of ARID1A in Cultured UBC
To assess the role of ARID1A in UBC, we knocked it down in

cultured UBC lines. Six of 12 UBC lines analyzed lacked ARID1A

expression, including VMCUB-3 (Figure 1B).

RT112 cells express high levels of active wild type FGFR3, lack

ARID1A mutations, are wild type for Tp53 [38], and show features

reminiscent of low grade NMIBC. Upon lentiviral knockdown, a

significant 50% reduction in cell growth was observed and cells

displayed a flatter morphology (Figure 5). These effects were

consistently observed with 3 different shRNAs in 3 independent

experiments. Similar results were obtained in 253J cells, which also

express ARID1A by western blotting (Figure S5). By contrast,

knockdown with the same lentiviruses in VMCUB-3 - lacking

ARID1A expression and with mutant Tp53 - had no consistent

effects on colony formation (Figure 5). The strong inhibition of cell

viability upon ARID1A knockdown did not allow performing

additional functional studies such as cell migration or invasion.

Discussion

Proteins involved in chromatin remodeling and histone post-

translational modifications are emerging as powerful tumor

suppressors inactivated in a wide variety of human cancers [32].

The list of tumor types in which ARID1A mutations have been

identified keeps expanding [39–41] and increasing evidence

indicates that epigenetic silencing can also contribute to its

functional inactivation [42,43].

In this work we focused on the analysis of ARID1A mutations

and loss of expression and placed them in the context of current

knowledge of UBC molecular pathogenesis. By analyzing a broad

range of tumors, representative of UBC diversity, we find that

ARID1A alterations generally occur in FGFR3 wild type, poor-

prognosis bladder tumors. We find that 11.5% of all UBC harbor

ARID1A pathogenic mutations, most of them truncating, and that

multiple gene mutations can be found in some of the tumors/cell

lines, supporting biallelic inactivation or intratumoral heterogene-

ity, as has been reported in other tumor types [44]. Because the

study of Gui et al. [14] focused almost exclusively on MIBC, the

relationship between ARID1A and FGFR3 mutations could not be

assessed fully in that series. The more representative basis of the

samples analyzed here, both at the mutational and protein

expression levels, has allowed us to identify an inverse association

between ARID1A and FGFR3 mutations and the predominance of

ARID1A mutations in more aggressive tumors. Interestingly, both

the study of Gui et al. and a more recent report [45] indicate that

ARID1A mutations contribute mainly to a subset of poor-prognosis

TP53 wild type tumors, suggesting that the effects of both genes

converge functionally. In the last year, several reports in other

tumor types have analyzed whether ARID1A alterations are

restricted to selected genetic pathways in specific tumor types: in

gastric cancer, ARID1A mutations are also associated with TP53

wild type tumors [46] and in ovarian clear-cell carcinoma ARID1A

alterations are reported to be an early event associated with

PIK3CA mutations [47,48].

The mechanisms through which chromatin remodelers con-

tribute to neoplastic transformation are not fully understood

[32,33,49]. However, there is evidence supporting a role in the

regulation of cell proliferation and differentiation. For example,

ARID1A has been shown to regulate the expression of genes

within the c-Myc programme and BRG1, another protein of the

SWI/SNF complex, antagonizes Myc activity and favors cell

differentiation through binding to the promoter of its targets [50].

We therefore analyzed whether ARID1A loss of expression is

associated with epithelial differentiation markers in UBC that have

- in turn -been related to the genetic pathways involved in this

tumor [23]. Using a TMA containing samples covering the full

spectrum of the disease, we found that the cluster of ARID1A-

negative tumors exhibits low expression levels of FGFR3 and cases

with low ARID1A expression were generally KRT5/6 and

KRT20-negative. Larger patient series are required to confirm

these findings and fully understand their biological and clinical

significance. The observation that the ARID1A-negative group is

similar to the genomically unstable tumor subgroup of Sjödahl

[23] suggests that ARID1A might contribute to the maintenance

of genomic stability, possibly through its role in chromatin

remodeling. It is also tempting to speculate that alterations in

ARID1A, and possibly in genes coding for other chromatin

remodelers or histone modifiers, might contribute to the multiple

regional epigenetic silencing phenotype reported to occur in

FGFR3-wild type UBC [51]. The association of ARID1A loss of

expression with patient prognosis reported here may be secondary

to the higher prevalence of alterations in tumors of more advanced

stage and higher grade or to genomic instability, among others. To

address these issues will require both functional studies and the

analysis of larger patient series.

To address whether ARID1A plays a role in the control of cell

proliferation and differentiation, we knocked it down in UBC lines

expressing the protein. Surprisingly, we found that, upon efficient

protein down-regulation, cells showed reduced viability and colony

formation capacity that hampered further analysis of other

phenotypic properties. This effect is at odds with its role as a

tumor suppressor. There is a paucity of information regarding the

mechanisms through which ARID1A loss-of-function acts in

cancer cells and there are conflicting reports regarding the effects

of its inactivation: in ovarian cancer, a moderate knockdown was

associated with increased proliferation [52]. By contrast, in

pancreatic cancer - where ARID1A mutations and loss of

expression are also common [53] - in vitro knockdown led to

divergent effects depending on the cell type used, including

reduced cell proliferation [54] as shown here for RT112 cells.

Context-specific effects or dose-related differences may account for

these discrepancies. In mice, inactivation of one Arid1a allele is

embryonic lethal, supporting that cells can be exquisitively

sensitive to changes in protein dose [55]. Further work is required

to assess the mechanisms through which ARID1A inactivation

favors tumor progression, to determine how it modulates the

effects of oncogenes or tumor suppressors, and whether different

mutations have distinct biological effects.

We conclude that ARID1A mutations and loss of expression play

an important role in UBC development and are associated with a

more aggressive pathway of genetic progression.
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Supporting Information

Figure S1 Resequencing data metrics. Panel A. Average

sequencing breadth of reads per exon for each sample. Panel B.

Average sequencing depth of reads per exon for each sample.

(TIF)

Figure S2 Mutation occurrence and frequency. Panel A.

SNV frequency plotted against sequencing depth. Panel B. SIFT

predictions for mutations comparing findings occurring for

variants called at high vs. low frequency (threshold at 10%).

(TIF)

Figure S3 Sanger sequencing verification of all muta-
tions detected in the resequencing study. All mutations

detected at a frequency .10% were verified in both tumors and

VMCUB-3 cells. The wild type sequence in normal leukocyte

DNA is also shown for selected cases.

(TIF)

Figure S4 Relationship between ARID1A levels and
those of other well-established UBC markers. UBC cases

were classified in three categories: low grade NMI (TaG1 and

TaG2 tumors), high grade NMI (TaG3 and T1G3 tumors), and

MI (.T2 tumors). Nonhierarchical clustering of IHC scores for

ARID1A, FGFR3, KRT5/6, KRT14, KRT20, b-CAT, Ki67,

ECAD, and P-CAD was performed. IHC scores are shown using a

green-red color code. Color bars under the dendogram include

information about prognosis (pistachio/bourbon), tumor stage and

grade (tones of blue), and FGFR3 mutational status (grey/black)

when known. White squares indicate that information for that

parameter is not available.

(TIF)

Figure S5 Effects of ARID1A knockdown in the 253J
UBC cells. Panel A. ARID1A was knocked-down using three

different shRNAs in the 253J cells. The knock-down was efficient

at both the protein and mRNA levels. The bars represent the

relative quantification of ARID1A mRNA levels taking non-

targeting shRNA interfered cells as controls. Panel B. The

quantification colony formation is shown, with error intervals of

results from triplicate experiments denoting SEM. ARID1A

knockdown was associated with reduced colony formation.

Representative morphology changes in the cultured cells interfered

for shNT (scrambled shRNA) and one of the shRNAs targeting

ARID1A are shown.

(TIF)

Table S1 List of primers used for ARID1A resequencing
and Sanger sequencing.

(TIF)

Table S2 Summary of reads per exon in the ARID1A
resequencing study. Exon starting and ending positions are

shown, along with the exon length in base pairs and the average

sequencing depth.

(TIF)
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4. Luis NM, López-Knowles E, Real FX (2007) Molecular biology of bladder

cancer. Clin Transl Oncol 9: 5–12.

5. 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.

6. Bakkar AA, Wallerand H, Radvanyi F, Lahaye JB, Pissard S, et al. (2003)

FGFR3 and TP53 gene mutations define two distinct pathways in urothelial cell

carcinoma of the bladder. Cancer Res 63: 8108–8112.
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