










Table S7; Fig. 3A) and expression of 24 of these genes was
associatedwith survival (FDR < 0.2). Although F11R expres-
sion displayed strong association with survival, PVRL4 did

not. We then tested PVRL4 survival association on the
protein level via immunohistochemical staining in the
Spanish cohort and similarly found only a weak survival
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Figure 1. Recurrent copy-number changes. A, the figure shows recurrent copy-number gains and losses in the Spanish (top) andDFCI cohorts (bottom). B and
C, we show hierarchical clustering of the (B) Spanish and (C) DFCI cohort.
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association, confirming that PVRL4 is unlikely the main
driver of 1q23.3 amplification (Supplementary Fig. S14).
Finally, amplificationof 1q23.3wasmost frequent inpeak 1
for the two large cohorts Spanish and TCGA (Fig. 3B).

We then tested whether expression of 1q23.3 genes was
associated with survival in an independent cohort of
patients who developed metastatic urothelial carcinoma
from MSKCC (Table 3) (12). Median survival after recur-
rence in this MSKCC cohort was 4.9 months and data on
follow-up until death were available for all but 1 patient.
Copy-number data were not available for this cohort, but
the PFDN2, PPOX, USP21, and DEDD genes, all located in

the 1q23.3 region of the first peak, showedhighly correlated
patterns of gene expression (pairwise P > 0.62; Supplemen-
tary Fig. S15A). These high correlations of gene expression
were only observed in Spanish and DFCI cohort patients
with 1q23.3 copy-number gain (Supplementary Fig. S16),
implying that those MSKCC samples with correlated over-
expression of all of these genes also had copy-number gain
of the 1q23.3 locus. Overexpression of all four genes was
associated with shorter survival after metastatic recurrence,
but not with survival after cystectomy (Fig. 2; Supplemen-
tary Table S8). This is consistent with the findings from the
Spanish and DFCI cohorts. Expression of MCL1, the FCGR

Table 2. Focal gains

Spanish cohort DFCI cohort

Chromosomes Frequency q value Frequency q value Possible target genesa

1p34.2 14 (14.9%) <0.001 14 (41.2%) 0.006 MYCL1
1q23.3 53 (56.4%) <0.001 18 (52.9%) 0.011 F11R, ARHGAP30, PFDN2, PPOX, USP21, DEDD,

PVRL4
3p25.1 40 (42.6%) <0.001 16 (47.1%) <0.001 PPARG
5p15.33 32 (34%) 0.036 20 (58.8%) 0.066 SDHA, SLC9A3, TERT, TRIP13, PDCD6, SLC12A7,

TPPP, EXOC3, CEP72, AHRR, BRD9, ZDHHC11,
CLPTM1L, NKD2, LOC116349, CCDC127,
PLEKHG4B, SLC6A19, SLC6A18, LOC389257

6p22.3 44 (46.8%) <0.001 13 (38.2%) <0.001 E2F3, SOX4
6p23 30 (31.9%) 0.016 12 (35.3%) 0.024 CD83, CCDC90A, RNF182
7p21.1 35 (37.2%) 0.02 12 (35.3%) <0.001 AHR
8p11.23 63 (67%) <0.001 12 (35.3%) 0.005 ADAM18, HOOK3
8p12 29 (30.9%) <0.001 11 (32.4%) 0.001 FGFR1, WHSC1L1
8q22.3 58 (61.7%) <0.001 21 (61.8%) <0.001 YWHAZ, PABPC1, SNX31
8q24.13 49 (52.1%) 0.008 20 (58.8%) 0.045 MYC
10p14 37 (39.4%) <0.001 15 (44.1%) 0.024 GATA3
11q13.2 30 (31.9%) <0.001 14 (41.2%) <0.001 CCND1
12q15 17 (18.1%) <0.001 11 (32.4%) 0.003 MDM2
17q12 38 (40.4%) <0.001 11 (32.4%) 0.019 ERBB2
18p11.31 31 (33%) 0.026 10 (29.4%) 0.005 TGIF1, MYOM1, DLGAP1, MRCL3, MRLC2, FLJ35776
19q13.2 32 (34%) <0.001 18 (52.9%) 0.002 AKT2, ZNF331

NOTE: The table shows significant (q value <0.25) GISTIC focal gains in the Spanish and DFCI cohorts. Multiple peaks in one
chromosome band were combined and the minimum q value is shown.
aEither known cancer genes (48) within the region or GISTIC predictions.

Table 3. Association between 1q23.3 amplification and survival

HR (95% CI)

Model Characteristic Spanish aCGH (n ¼ 94) DFCI MIP (n ¼ 33)

Unadjusted 1q23.3 Amp Yes vs. no 2.4 (1.18–4.86) 5.86 (1.68–20.39)

Adjusted 1q23.3 Amp Yes vs. no 2.96 (1.35–6.48) 5.03 (1.43–17.73)
ECOG PS >1 vs. 0 1.95 (1–3.81) 1.6 (0.73–3.5)
Visceral disease Yes vs. no 2.39 (1.26–4.51) 1.32 (0.62–2.82)

NOTE: The table shows the HRs for 1q23.3 amplification in all cohorts.
Abbreviations: PS, performance status.
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family genes and PBX1, the genes found at the other peaks
identified in 1q21.2 and 1q23.3, was not associated with
OS in the MSKCC cohort (Supplementary Table S9).

Discussion
Through an unbiased genomic screen of DNA copy

number in two distinct cohorts, we have shown that focal
copy-number gain of chromosome 1q23.3 is associated
with poor OS in patients with metastatic urothelial car-

cinoma. Gain of 1q23.3 is one of the most frequent copy-
number alterations in urothelial carcinoma, is most prev-
alent in invasive tumors (21, 22), and is further observed
in multiple other cancer types (24). This work presents
to our knowledge the first attempt in characterizing
this major alteration in detail. We found evidence that
1q23.3 amplification could predict outcome indepen-
dently of previously established prognostic variables,
further strengthening the importance of these results.
The supporting data from the bladder cancer cohort of
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Figure 2. Prognostic utility of 1q23.3 amplification. The figure shows theKaplan–Meier plot for theSpanish cohort (A), theDFCIMIP cohort (B). C, patients of an
independent cohort were stratified by the expression median of the PFDN2 gene, located at the peak of the 1q23.3 amplification.
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Figure 3. Potential drivers of the 1q23.3 amplification. A, the figure displays the wide peak amplification regions in three bladder cancer cohorts (Spanish,
DFCI, and TCGA). Red peak heights visualize the statistical significance (GISTIC q values). The q value provides an estimate of the likelihood of the
observed copy numbers at the corresponding locus in the cohort; the higher the peak, the higher the probability is that this SCNA has a driver role. The DFCI
q values are lower due to the smaller sample size, not due to a lower prevalence of this peak in this cohort. (Continued on the following page.)

Riester et al.

Clin Cancer Res; 20(7) April 1, 2014 Clinical Cancer ResearchOF8

Research. 
on March 24, 2014. © 2014 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst January 31, 2014; DOI: 10.1158/1078-0432.CCR-13-0759 

http://clincancerres.aacrjournals.org/
http://clincancerres.aacrjournals.org/


TCGA identify the same region showing significant copy-
number gains.
The precise underlying target for 1q23.3 amplification

remains unclear, although target prediction (17) in three
cohorts with available aCGH copy-number data (Spanish,
DFCI and TCGA) yielded remarkably consistent results,
identifying three small peak regions in this large, gene-rich
1q23.3 amplicon (Fig. 3). Several candidates were further
identified through expression profiling of the two cohorts
presented in this study (Spanish and DFCI) and of a
clinically characterized MSKCC cohort of patients with
metastatic bladder cancer. These data suggest that candidate
genes associated with this phenotype include PVRL4,
PFDN2, PPOX, USP21, F11R, and DEDD. Further experi-
mental validation is needed to demonstrate an effect of one
or more of these genes in bladder cancer.
In addition to the 1q23.3 findings, this work confirms the

presence of focal copy-number gains of potentially drug-
gable oncogenes inmetastatic urothelial carcinoma. ERBB2
gains are present in a subset of patients, andmay highlight a
patient population for which U.S. Food and Drug Admin-
istration–approved agents such as trastuzumab and lapati-
nib may be evaluated. FGFR1 and Akt are both targets of
ongoing clinical investigation, with agents targeting these
pathways in clinical trials. Similarly,CDKN2Adeletion, and
amplification of CDK4, cyclin D1, and E2F3 are potentially
targetable by novel agents inhibiting CDK4.
There are several limitations to this study. Although the

association of 1q23.3 copy-number gain with poor out-
comes has been shown in unrelated cohorts in this study,
the sample sizes for these validation cohorts were relatively
small, treatments were nonuniform, and the tissue of origin
(primary vs. metastatic) in the DFCI cohort was heteroge-
neous. Larger validation cohorts are necessary for a dem-
onstration of a potential clinical utility of 1q23.3 as a
biomarker. Even then, it is unlikely that this biomarker on
its own will provide sufficient accuracy for the clinic, and
will need to be complemented with other predictors of
outcome in metastatic urothelial carcinoma.
Although the genomic alterations occurring in 1q23.3

seem complex, GISTIC peak 1 appears to be the most
consistently altered region and the alteration most strongly
associated with poor outcomes. This peak harbors the
DEDD, PPOX, USP21, PFDN2, and F11R genes. DEDD
associates with caspase-8 and -10, and plays a role in death
receptor–mediated apoptosis (26). In addition, it may
inhibit Cdk1/cyclin B1 signaling and play a role in cell
growth (27). Overexpression of DEDD has further been
shown to decrease rates of apoptosis in vitro (28). However,
in breast and colon cancer, increased immunohistochem-
ical staining was associated with improved survival, and

breast cancer cell lines with overexpression demonstrated
decreased metastatic potential (29). PPOX, the protopor-
phyrinogen oxidase, is involved in heme biosynthesis, and
its inactivation causes variegate porphyria (30). USP21 is a
ubiquitin-specific protease acting as regulator of centro-
some and microtubule structure and is critical for develop-
ment of radial microtubule formation, and primary cilia
formation (31, 32).USP21 is also amajor deubiquitinase of
histone H2A leading to increased gene transcription (33).
PFDN2 is a nuclear chaperone protein that forms a subunit
of the prefoldin complex, which stabilizes newly synthe-
sized peptides to facilitate appropriate protein folding, and
may be critically important for tubulin folding (34). Anoth-
er study (35) reported that PFND2 overexpression was
strongly associated with disease-specific survival in a cohort
of 181 patients with high-grade bladder cancer with mixed
pathologic stages. F11R, otherwise known as junctional
adhesion molecule A (JAM-A), is involved in the regulation
of tight junction development between epithelial cells.
Downregulation of JAM-A has been associated with
increased invasion, metastasis, poor prognosis, and pro-
gression in certain cancers (36–39), whereas other studies
suggest an inverse relationship between JAM-A expression
and cancer cell invasiveness in vitro (40).

Another gene in within the peak is PVRL4. Intriguingly,
the PVRL4 gene encodes for Nectin-4, a cell adhesion
molecule involved in E-cadherin–based junctions. It is
expressed in embryogenesis as well as in tumors of bladder,
ovarian, breast, and lung cancer (41). Somatic missense
mutations of this gene have been observed in colon, ovar-
ian, and squamous cell lung cancer (42, 43). Although
PVRL4 was not strongly associated with bladder cancer
survival on the mRNA and protein level, suggesting that
PVRL4 is not a primary target of 1q23.3 amplification, copy-
number gains and amplifications increased mRNA levels
significantly (Supplementary Fig. S12). Data from other
cancers suggest that Nectin-4 is associated with poor out-
comes: high levels of this protein have been shown to be
associated with poor survival in breast and lung cancer (44,
45). Inhibition of Nectin-4 expression by RNA interference
results in decreased lung adenocarcinoma growth, and
overexpression results in Rac1 activation which is postulat-
ed to lead to increased cellular invasiveness (44). In vitro
evaluation will be necessary to further characterize the role
of Nectin-4.

The second GISTIC peak contains an immunomodula-
tory gene cluster encoding low-affinity Fc fragment of IgG
receptors (FCGR proteins). These genes also modulate
apoptotic responses and are frequently overexpressed as
result of 1q23 chromosomal alterations in hematologic
malignancies (46). The third GISTIC peak includes the

(Continued.) The GISTIC wide peak regions, defined by the algorithm as regions that likely contain driver genes, are colored in dark red. For the Spanish and
DFCI cohorts, the correlation coefficients of gene expression and copy number are plotted in green. Genes with very low or even anticorrelation are
unlikely driver genesof 1q23.3 amplification. Bluegenenames are knowncancer genes (48). SupplementaryFigureS8provides heatmapsof this region for the
Spanish and DFCI cohort. B, shows the frequency of 1q23.3 amplification in all three cohorts. Peak 1 is marked in black. This plot demonstrates that
the frequency of 1q23.3 amplification (log2 copy-number ratio >0.9) is highest in peak 1.
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PBX1 pre-B-cell leukemia homeobox transcription factor.
Overexpression of PBX1 is associated with reduced metas-
tasis-free survival in estrogen receptor a–positive breast
cancer (47). We tested peaks 2 and 3 for association with
survival and found a weaker relationship than with the first
peak; mRNA expression showed no association with sur-
vival (Supplementary Tables S5–S7 and Supplementary
Figs. S9–S10).

Metastatic urothelial carcinoma remains a fatal disease in
the majority of patients, and identification of novel geno-
mic drivers of this disease may yield new therapeutic
opportunities. On the basis of the results of this analysis,
genes within 1q23.3 may lead to poor outcomes in a subset
of patients with metastatic urothelial carcinoma, and fur-
ther exploration of this chromosomal region is warranted.
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