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Introduction

Of all patients diagnosed with urothelial carcinoma (UC),
roughly 20% will present with metastatic UC, and
another 20% will progress to metastatic disease over time,
which is nearly uniformly fatal [1]. Although untreated

Abstract

We evaluated primary tumors from two cohorts, Spain (N = 111) and Greece
(N = 102), for patients who were treated with platinum-based chemotherapy.
Patients were tested for HER2 status (IHC score of 3+ or FISH ratio of >2.2)
by immunohistochemistry (IHC), fluorescence in situ hybridization (FISH),
DNA copy number, mRNA expression, and mutation status in patients with
metastatic urothelial carcinoma (UC), and its impact on survival. ERBB2 muta-
tion was determined by hotspot sequencing. mRNA expression was assessed
using NanoString counting. Association of overall survival (OS) and HER2 sta-
tus was assessed by a Cox regression model. NIH-3T3 cells containing HER2
V777L were assessed for growth, invasion, and HER2 kinase activation. In all,
22% of Spanish and 4% of Greek cohorts had 3+ HER2 staining by IHC. FISH
amplification was identified in 20% of Spanish and 4% of Greek cohorts. Kappa
coefficient between FISH and IHC was 0.47. HER2 status was not associated
with OS in univariate (Spanish P = 0.34; Greek P = 0.11) or multivariate
(Spanish P = 0.49; Greek P = 0.12) analysis. HER2-positive tumors expressed
higher levels of HER2 mRNA than HER2-negative tumors (P < 0.001). HER2
mutations (V777L and L755S) were identified in two (2%) patients. In vitro
analysis of V777L results in transformation of NIH-3T3 cells, leading to
increased growth, invasion on soft agar, and HER2 kinase constitutive activa-
tion. In summary, HER2 overexpression or amplification in the primary tumor
did not predict OS in patients with metastatic UC. HER2 positivity rates can
differ between different populations. Further trials in genomically screened
patients are needed to assess HER2-targeted therapies in UC.

UC is frequently chemosensitive, nearly all tumors
become resistant to standard platinum-based combination
therapies. Unfortunately, the treatment of metastatic UC
has not improved significantly in 20 years, in part, due to
the lack of validated therapeutic targets beyond cytotoxic
agents.
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Human epidermal growth factor receptor 2 (HER2)
overexpression (encoded by the ERBB2 gene) has long
been a prognostic marker and predictive tool in the treat-
ment of breast cancer, and more recently in esophagoga-
stric cancer [2, 3]. In breast cancer, overexpression and
ERBB2 DNA amplification are generally closely linked.
For specimens with intermediate HER2 protein expres-
sion, fluorescence in situ hybridization (FISH) identifies
patients which will benefit from HER2-targeted therapies
[4].

In addition to amplification and overexpression, muta-
tions in ERBB2 have been reported in multiple cancer
types, including UC, and are oncogenic in vitro [5-8].
Recently, mutations in the extracellular domain of ERBB2
were found to be present in 40% of micropapillary UC
[9]. Since extracellular domain mutations may confer sen-
sitivity to ERBB2 kinase inhibitors, these findings may
result in new therapeutic opportunities in selected UC
patients [7].

Similar to breast cancer, the mechanisms of UC HER2
overexpression include DNA amplification and/or protein
overexpression. Reports of HER2 overexpression in UC
have demonstrated frequencies of alteration ranging from
6% to 80% [10-18].

Several studies have shown a significantly higher inci-
dence of HER2-positive tumors in advanced disease and
metastases, suggesting HER2 may not only be a biomar-
ker for more aggressive disease but also a potential thera-
peutic target [11, 13]. However, other studies have found
no such association [1, 10, 11, 14-17, 19-21]. Further-
more, the association between HER2 status and overall
survival (OS) in UC remains unclear with published stud-
ies providing conflicting results [22-24].

To address these issues, we undertook an analysis of
HER2 in bladder cancer in patients who developed meta-
static disease, by evaluating immunohistochemical (IHC)
staining for HER2, FISH for ERBB2 on two cohorts of
patients, targeted ERBB2 mutation hotspot sequencing,
mRNA expression by NanoString, and ERBB2 copy num-
ber by array-based comparative genomic hybridization
(aCHG) in primary tumors from one of these cohorts.
For selected hotspot mutations, in vitro evaluation of
their oncogenic potential was undertaken in NIH-3T3
cells.

Methods

Patients

Patients from two cohorts were used for this analysis.
One cohort of 111 patients was obtained from biospeci-
men banks from three Spanish hospitals (University Hos-
pital del Mar in Barcelona, Hospital Parc Tauli' in
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Sabadell, and Fundacion Jimenez Diaz in Madrid). Each
patient received platinum-based combination chemother-
apy for metastatic disease. The other cohort of 102 con-
sisted of patients treated on a phase III study of dose-
dense gemcitabine and cisplatin or dose-dense MVAC
(methotrexate/vinblastine/doxorubicin  hydrochloride/cis-
platin) for metastatic UC, as well as some patients treated
with gemcitabine and carboplatin [25]. Formalin-fixed
paraffin-embedded tissue (FFPE) was collected from prior
transurethral resection or cystectomy. All the translational
studies were performed using standard protocols in the
Cytogenetics Laboratory and the Center for Molecular
Oncologic Pathology (CMOP). All cases were collected
under Institutional Review Board (IRB)-approved proto-
cols at the different institutions, de-identified and
approved for use by the Dana-Farber Cancer Institute
IRB.

Tissue preparation

Slides from FFPE tissue blocks were evaluated by two
genitourinary pathologists (D. M. B. and J. A. B.).
Tumor-bearing areas were identified, and 0.6-mm cores
were taken for tissue microarray (TMA) construction and
DNA extraction. Each specimen was represented in tripli-
cate in the TMA.

Immunohistochemistry

Detailed laboratory methods can be found in Data SI.
Tumor samples on TMAs in triplicate were analyzed for
HER2 expression. For all cases, the assessment of HER2
was performed using the 2010 USCO/CAP HER2 guide-
lines as established for breast cancer [26], which has been
previously employed to assess HER2 expression in bladder
cancer [16, 27]. HER2 staining and its categorization
based on localization and intensity is depicted in Fig-
ure 1A. All cases were scored for HER2 IHC status by a
single pathologist (E. S.). For any sample with a score of
less than 3+, status was validated by FISH.

FISH

To assess the genetic status of ERBB2, FISH was per-
formed on FFPE tissue from TMAs. Detailed laboratory
methods can be found in Data S1. Assessments of ratios
below 1.8 were considered negative and ratios more than
2.2 were considered positive for ERBB2 gene amplifica-
tion. Ratios varied between 1.8 and 2.2 were considered
as equivocal. In these cases, 60 additional cells were ana-
lyzed by a second scorer to obtain a conclusive result.
When the average number of chromosome 17 signal
numbers exceeded 2.5 per cell, the case was considered
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Figure 1. (A) HER2 expression in urothelial carcinoma. (a) HER2-positive staining scored as 3+, showing heavy membranous HER2 staining. (b)
Moderate HER2 staining scored as 2+, demonstrating moderate membranous HER2 staining. (c) Weak HER2 staining, which demonstrates weak
membranous staining which is scored as 1+. (d) HER2-negative urothelial cancer, showing no membranous HER2 expression, and scored as 0. (B)
ERBB2 status in urothelial carcinoma. (a) Normal, nonamplified (ratio = 1), (b) polysomic, nonamplified (ratio = 1), (c) amplified (ratio = 3.5), and

(d) amplified (ratio = 5). HER2, human epidermal growth factor receptor 2.

polysomic. Representative examples of HER2 FISH are
shown in Figure 1B.

Copy number analysis

Copy number variation (CNV) was evaluated only in the
Spanish cohort by aCGH. Detailed laboratory methods
can be found in Data SI. CGH Analytics software version
3.4 (Agilent Technologies, Santa Clara, CA, US) was used
to analyze the aCGH data. ERBB2 copy number gain was
determined as specimens with a log base 2 ratio greater
than 0.9.

mRNA analysis

Total RNA was extracted from tumor specimens following
manufacturer’s protocols (Ambion RecoverAll, Life Tech-
nologies, Grand Island, NY). mRNA transcript expression
of HER2 was quantified using color-coded oligonucleo-
tides, synthesized by NanoString Technologies, Seattle,
Wa, US and hybridized to these transcripts. Transcripts
were counted using the automated NanoString nCounter®
system. Counts were normalized with the nSolver Analysis
Software (version 1.0) in which mRNA expression was
compared to internal NanoString Technologies, Seattle,
Wa, US controls, several housekeeping genes (ACTB, GAP-
DH, HPRTI, LDHA, PFKP, PGAMI, STATI, TUBA4A,
VIM), and invariant genes (ANGELI1, DDXI19A, NAGA,
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RPS10, RPS16, RPS24, RPS29) in UC. These invariant
genes were identified by analyzing gene expression vari-
ances in several published datasets [28, 29]. Differential
expression of HER2 status versus wild-type tumors was
calculated with the edgeR package [30].

Mutation status

For each sample, 100 ng of tumor-derived genomic DNA
was subjected to whole genome amplification. Next,
regions containing loci of interest were amplified using
polymerase chain reaction and then mass spectrometric
genotyping using iPLEX: Sequenom, San Diego, Ca, US
chemistries was performed. An automated mutation-call-
ing algorithm was performed to identify candidate muta-
tions. Putative mutations were further filtered by a
manual review and selected for validation using multibase
homogenous Mass-Extend (hME) chemistry. Only muta-
tions found in iPLEX and confirmed by hME were con-
sidered validated mutations. ERBB2 hotspot mutations
sequenced are listed in Table S1.

Soft agar assays

NIH-3T3 cells (ATCC Cell Lines, Middlesex, UK) trans-
fected with pBabe-puro constructs containing mutant
ERBB2 cDNAs were maintained in Dulbecco’s Modifica-
tion of Eagle’s Medium (DMEM) (Cellgro/Mediatech,
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Manassas, Va, US) supplemented with 10% calf serum
(Invitrogen, Life Technologies, Carlsbad, Ca, US). Soft
agar assays were performed as described previously [31].

Statistical analysis

Fisher’s exact tests were used to measure associations
between patient clinical characteristics and HER2 THC or
ERBB2 FISH amplification. Since there is no standard
scoring for HER2 in bladder cancer, we followed the pro-
tocol used for breast cancer: all specimens that scored
either 3+ by IHC or a ratio of greater than or equal to
2.2 by FISH were considered positive. OS was defined as
the time from start of treatment for metastatic disease to
death or last follow-up.

Kaplan—Meier method was used to summarize the
median OS, and Cox proportional hazard models were
used to assess the associations of HER2 positivity and OS.

Results

HER2 status

Table 1 summarizes baseline patient characteristics for all
patients with clinical information (Spanish N = 111;
Greek N = 102). The number of patients with available
HER? status is lower because of tissue fall-off during anti-
gen retrieval and/or hybridization procedures, age-depen-
dent decrease in DNA integrity, or a lack of neoplastic
tissue within the TMA sample. Similarly, aCGH data were
indeterminate for 17 patients in the Spanish cohort, most

Table 1. Patient clinical characteristics and outcomes for any patient
with HER2 or clinical data.

Spanish (N = 111), Greek (N = 102),

N (%) N (%)

Eastern Clinical Oncology Group Performance Status (ECOG PS)

0 40 (36) 57 (56)

1,2 71 (64) 40 (39)

Missing 0 5(5)
Visceral disease

Yes 42 (38) 38 (37)

No 69 (62) 58 (57)

Missing 0 6 (6)
Complete response

Yes 25 (23) 10 (10)

No 81 (73) 87 (85)

Unevaluable 5 (5) 5 (5)
Death

Yes 57 (51) 66 (65)

No 54 (49) 33 (32)

Missing 0(0) 3(3)

HER2, human epidermal growth factor receptor 2.
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Table 2. Frequency of IHC 3+, FISH amplification, and aCGH gain.

Spanish, N (%) Greek, N (%)

FISH

Normal 57 (80) 90 (96)

Amplified 14 (20) 4 (4)
IHC

Negative (scored 0, 1+, 2+) 69 (78) 89 (96)

Positive (scored 3+) 19 (22) 4 (4)
aCGH

Negative 80 (85)

Positive 14 (15)

IHC, immunohistochemistry; FISH, fluorescence in situ hybridization;
aCGH, array-based comparative genomic hybridization.

likely due to inefficient hybridization as a result of frag-
ment and crosslink-dependent decrease in DNA integrity.
ERBB2 amplification by FISH was more frequent in the
Spanish cohort compared to the Greek cohort (14/71 vs.
4/94, P = 0.006; Table 2). Similarly, IHC 3+ was more
common in the Spanish cohort (19/88 vs. 4/93,
P = 0.00058). The concordance rate between FISH and
IHC was relatively low, indicated by a Kappa statistic of
0.47 (Table S2). These results are visualized in Figure 2.

Survival analysis and association of HER2
status with clinical characteristics

Based on 3+ IHC and/or FISH ratio >2.2, 26 patients for
Spanish and 5 patients for Greek cohorts were HER2-
positive. Due to the differences between the rates of
HER2 positivity, we analyzed the Spanish and Greek
cohorts separately. We assessed the association of HER2
status and OS in both univariate and multivariate analysis
and found no significant associations in either cohort

A
S IHC (22%)
© N/A
n 0,
g FISH (20%) Negative
il Positive
T aCGH (15%)

Spanish (n = 111)

0
IHC (4%) N/A

Negative
Positive

FISH (4%)

HER2 status

Greek (n = 99)

Figure 2. Heatmap of (A) Spanish cohort and (B) Greek cohort.
Visualization of HER2 status based on different methodologies. N/
A =data not available. HER2, human epidermal growth factor
receptor 2.
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Figure 3. MOverall survival by HER2 status for Spanish and Greek cohorts. No difference in overall survival was observed in the two cohorts. For
the Spanish cohort, the hazard ratio was 0.94 (95% Cl = 0.52-1.70, P =0.83) and for the Greek cohort, the hazard ratio was 0.2 (95%
Cl =0.03-1.48, P = 0.11). Multivariable analysis incorporating known prognostic factors showed similar nonsignificant results (Tables S2 and S3).

HER2, human epidermal growth factor receptor 2.

(Fig. 3). We also tested associations between HER2 status
and clinical characteristics and found no significant asso-
ciations between prognostic variables or response and
HER?2 status in either cohort. Detailed result tables can be
found in Tables S3A and S3B.

Mutation hotspot sequencing

ERBB2 mutations were identified at amino acid 755 and
777 in two (2%) patients in the Spanish cohort. These
mutations were L755S and V777L. The specimen contain-
ing mutation L755S was also HER2-positive by IHC and
copy number by aCGH, but HER2-negative by FISH. No
HER2 THC or FISH data for the specimen with mutation
V777L were available.

MRNA expression

HER2-positive tumors had increased levels of HER2
mRNA by NanoString in both the Spanish and Greek

cohorts. The results are visualized in box plots in Fig-
ure 4.

Functional analysis of HER2 V777L

Wild-type and mutant HER2 were ectopically expressed in
murine NTH-3T3 cells and tested for oncogenic activity by
assessing anchorage-independent proliferation in soft agar.
Although HER2 V777L supported soft agar colony forma-
tion, two other mutants reported in the COSMIC data-
base, V777A and V777M, did not (Fig. S1). HER2 C334S,
a highly oncogenic extracellular domain mutant [7], was
used here as a positive control. All HER2 mutants were
expressed to similar levels, with the V777L mutant also
exhibiting an increase in C-terminal phosphorylation (Fig.
S2). These data are consistent with previous reports [32].

Discussion

The impact of HER2 status on prognosis in metastatic
UC has been controversial. To address the impact of

2]
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Figure 4. HER2 status and mRNA expression in Spanish and Greek cohorts.. The NanoString distributions of read counts HER2-positive and
HER2-negative patients are visualized with box plots for both cohorts. HER2, human epidermal growth factor receptor 2.
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HER2 status on survival in patients with metastatic UC,
this study analyzed the primary tumors of two clinically
characterized cohorts of 111 and 102 patients with UC
that would later develop metastases using standard
clinical tests, IHC and FISH. To further explore the path-
way, we performed aCGH, although was only technically
possible in one cohort. Between the two cohorts, we
found that 16% of primary tumors demonstrated either
IHC 3+ or FISH amplification. In addition, the concor-
dance between FISH and IHC results was low, with many
IHC-positive samples being FISH negative (Table S5).
HER2-negative IHC staining demonstrated a high predic-
tive value and specificity for negative ERBB2 gene amplifi-
cation, suggesting that it is a reasonable screening test for
HER2 status in bladder cancer. IHC sensitivity for gene
amplification is quite low (53%). We analyzed each
cohort separately for clinical outcomes, and no significant
associations between HER2 status and clinical outcomes
were observed when controlling for known prognostic
factors. While some clinical characteristics of the two
cohorts were different, investigating both cohorts allows
us to analyze the HER2 status across a large population
of patients with metastatic UC.

The dependence of cancer cells on oncogenes for prolif-
eration is well known. Whether HER2 is truly oncogenic
in UC is not clear. However, we show that HER2 mRNA
expression was increased in those tumors that were
HER2-positive by IHC and FISH. These findings are simi-
lar to those found in HER2-positive breast cancer [33],
suggesting that in fact the genomic and IHC findings in
UC highlight an oncogenic dependence on the pathway
in selected tumors.

HER2 copy number gains were also assessed by aCGH in
the Spanish cohort as an exploratory analysis, and while
there was significant overlap with the other modalities of
assessing HER2, there were many specimens which were
discordant (Fig. 3). Since aCGH integrates the results of all
cells within a sample, it is not capable of distinguishing het-
erogeneity within a specimen, compared to FISH.

We expected to find similar frequencies of HER2 in
both cohorts due to use of the same methodologies in the
same laboratories and their similar clinical outcomes.
Interestingly, there were significant differences between
the Spanish and Greek cohorts, where 27% and 4% had
HER2 overexpression and/or amplification, respectively.
The large difference observed in these series suggests that
HER2 status varies between populations, and raises the
hypothesis that there is significant etiologic heterogeneity
within bladder cancer that can lead to these differences.
While we cannot rule out that subtle differences in fixa-
tion and storage could contribute to changes in HER2
antigenicity and ERBB2 DNA, it is unlikely that these
would affect DNA and proteins in the same manner.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Recently, Ross and colleagues reported the results of
next-generation sequencing in 35 patients with UC. In
this study, two (6%) patients presented genomic altera-
tions in ERBB2: one patient with gene amplification and
the other with mutation (S310F) [34]. In addition, The
Cancer Genome Atlas Project (TCGA) performed an inte-
grated analysis to characterize molecular alterations in
131 patients with high-grade UC. This study identified
mutations in 32 genes. Mutations or amplifications in
ERRB2 were also identified in 9% of patients [35]. Inter-
estingly, some of these molecular alterations are similar to
those found in the TCGA for breast cancer, suggesting
that these two tumors may share pathways for tumor
progression. Interestingly, a high frequency (40%) of acti-
vating extracellular domain HER2 mutation has been
detected in the infrequently found histological variant of
micropapillary UC.

We identified a low frequency of ERBB2 activating
mutations in patients who developed metastatic UC. Not
using next-generation sequencing might have overlooked
the presence of some mutations. No patient in our series
was described to have the micropapillary histological vari-
ant. Two mutations were identified by hotspot sequenc-
ing, both of which have been documented in other tumor
types. HER2 L755S is a mutation identified in breast, gas-
tric, colon, and lung cancers. In vitro testing indicates
that this mutation confers resistance to lapatinib [32]. In
addition, HER2 V777L has also been documented as an
oncogenic mutation in gastric and breast cancer, and
remains sensitive to lapatinib [32]. Although these molec-
ular alterations have been identified in low frequencies, it
may represent potential therapeutic targets in a specific
subset of patients. In addition, future functional analysis
of those mutations will be important to determine
whether they represent targets for HER2-directed therapy.

While HER2 alterations do not lead to poorer out-
comes in patients with advanced disease in this dataset,
these findings do not exclude the utility of HER2 as a
promising therapeutic target in UC. The presence of acti-
vating mutations in a small number of patients, as well as
evidence of copy number gain and mRNA and protein
overexpression, all suggest the importance of HER2 to the
oncogenic phenotype of a subset of bladder cancers, and
likely represents a therapeutic opportunity in a selected
patients with locally advanced and metastatic UC.

Further work will be needed to ascertain the frequency
of HER?2 alterations in UC metastases and to examine the
extent of HER2 concordance between primary and meta-
static tissue, as there is some evidence that HER2 expres-
sion is increased in UC metastases [36]. The addition of
trastuzumab to cytotoxic chemotherapy in patients with
evidence of HER2 expression was tested in a phase II
study, and showed high levels of activity, although the
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study was designed to test safety and not efficacy [37].
Single agent lapatinib was tested in unselected second line
patients, and did not show significant evidence of anti-
cancer activity [38]. An ongoing randomized phase III
study of maintenance lapatinib in UC patients with HER2
2 to 3+ IHC is ongoing (NCT00949455) and might shed
additional light. Appropriately designed trials enriched for
patients with HER2 alterations are needed to determine
whether HER2-targeted therapies provide benefit.

The strengths of this study include the detailed clinical
information available, the uniform treatment with plati-
num-based combinations (real-world use), the use of rou-
tine clinical tests to measure HER2 alterations (IHC and
FISH), and findings of rare oncogenic mutations in blad-
der cancer. Limitations include the targeted rather than
whole gene sequencing of ERBB2, which may underesti-
mate the frequency of mutations and the relatively small
sample size. In addition, we evaluated a selected group of
patients which portend a poor prognosis and it can influ-
ence the association between HER2 status and survival
outcomes in this population. Finally, we believe that
exploratory analysis regarding clinical outcome or other
clinical parameter will not produce reliable results. So,
these correlations were not performed; thus, these results
are hypothesis generating and require further external vali-
dation.

In summary, the impact of HER2 status on UC prog-
nosis remains controversial. Our data suggest that neither
IHC nor ERBB2 gene amplification in the primary tumor
play a role in prognosis after diagnosis of metastatic dis-
ease. However, the strong association between HER2 sta-
tus and mRNA expression suggests that this pathway is
active in selected cancers, and may yet represents a thera-
peutic target in UC.

Acknowledgments

This work has been supported by P1061513 (Spanish Health
Ministry Grant “Fondo de Investigacion Sanitaria”) and
RTICC 06/0020/19 grants. We thank Fundacid Cellex (Bar-
celona) for a generous donation to the Group of Molecular
Therapeutics and Biomarkers, Hospital del Mar. We also
thank the Tumor Bank of the Department of Pathology of
Hospital del Mar (RD09/0076/0036) and the Xarxa de
Bancs de Tumors sponsored by Pla Director d’Oncologia
de Catalunya (XBTC) for providing tissue samples. Friends
of Dana Farber, Retired Professional Fire Fighters Cancer
Fund and Whole Foods Market Charity Golf Classic for
Bladder Cancer.

Conflict of Interest

None declared.

850

J. Bellmunt et al.

References

1. Bellmunt, J., S. Albiol, C. Suarez, and J. Albanell. 2009.
Optimizing therapeutic strategies in advanced bladder
cancer: update on chemotherapy and the role of targeted
agents. Crit. Rev. Oncol. Hematol. 69:211-222.

2. Bang, Y. J. 2012. Advances in the management of HER2-
positive advanced gastric and gastroesophageal junction
cancer. J. Clin. Gastroenterol. 46:637-648.

3. Murphy, C. G., and P. G. Morris. 2012. Recent advances
in novel targeted therapies for HER2-positive breast
cancer. Anticancer Drugs 23:765-776.

4. Sauter, G., J. Lee, J. M. S. Bartlett, D. J. Slamon, and M. F.
Press. 2009. Guidelines for human epidermal growth factor
receptor 2 testing: biologic and methodologic
considerations. J. Clin. Oncol. 27:1323-1333.

5. Bose, R., S. M. Kavuri, A. C. Searleman, W. Shen, D. Shen,
D. C. Koboldt, et al. 2013. Activating HER2 mutations in
HER2 gene amplification negative breast cancer. Cancer
Discov. 3:224-237.

6. Ding, L., G. Getz, D. A. Wheeler, E. R. Mardis, M. D.
McLellan, K. Cibulskis, et al. 2008. Somatic mutations
affect key pathways in lung adenocarcinoma. Nature
455:1069-1075.

7. Greulich, H., B. Kaplan, P. Mertins, T.-H. Chen, K. E.
Tanaka, C.-H. Yun, et al. 2012. Functional analysis of
receptor tyrosine kinase mutations in lung cancer identifies
oncogenic extracellular domain mutations of ERBB2. Proc.
Natl. Acad. Sci. USA 109:14476-14481.

8. Guo, G., X. Sun, C. Chen, S. Wu, P. Huang, Z. Li, et al.
2013. Whole-genome and whole-exome sequencing of
bladder cancer identifies frequent alterations in genes
involved in sister chromatid cohesion and segregation. Nat.
Genet. 45:1459-1463.

9. Ross, J. S., K. Wang, L. M. Gay, R. N. Al-Rohil, T. Nazeer,
C. E. Sheehan, et al. 2014. A high frequency of activating
extracellular domain ERBB2 (HER2) mutation in
micropapillary urothelial carcinoma. Clin. Cancer Res.
20:68-75.

10. Caner, V., N. S. Turk, F. Duzcan, N. L. S. Tufan, E. C.
Kelten, S. Zencir, et al. 2008. No strong association
between HER-2/neu protein overexpression and gene
amplification in high-grade invasive urothelial carcinomas.
Pathol. Oncol. Res. 14:261-266.

11. Fleischmann, A., D. Rotzer, R. Seiler, U. E. Studer, and G.
N. Thalmann. 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.

12. Gandour-Edwards, R., P. N. Lara Jr., A. K. Folkins, J. M.
LaSalle, L. Beckett, Y. Li, et al. 2002. Does HER2/neu
expression provide prognostic information in patients
with advanced urothelial carcinoma? Cancer 95:
1009-1015.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.


http://www.ncbi.nlm.nih.gov/nuccore/NCT00949455

J. Bellmunt et al.

13. Grivas, P. D., M. Day, and M. Hussain. 2011. Urothelial
carcinomas: a focus on human epidermal receptors
signaling. Am. J. Transl. Res. 3:362.

14. Laé, M., J. Couturier, S. Oudard, F. Radvanyi, P.
Beuzeboc, and A. Vieillefond. 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.

15. Marin, A., E. Arranz, A. Sanchez, P. Aunon, and M.
Baron. 2010. Role of anti-Her-2 therapy in bladder
carcinoma. J. Cancer Res. Clin. Oncol. 136:1915-1920.

16. Olsson, H., I. M. Fyhr, P. Hultman, and S. Jahnson. 2012.
HER?2 status in primary stage T1 urothelial cell carcinoma
of the urinary bladder. Scand. J. Urol. Nephrol.
46:102-107.

17. Wester, K., A. Sjostrom, M. D. L. Torre, J. Carlsson, and
P. U. MalmstrAm. 2002. HER-2-a possible target for
therapy of metastatic urinary bladder carcinoma. Acta
Oncol. 41:282-288.

18. Iyer, G., H. Al-Ahmadie, N. Schultz, A. J. Hanrahan, I
Ostrovnaya, A. V. Balar, et al. 2013. Prevalence and co-
occurrence of actionable genomic alterations in high-grade
bladder cancer. J. Clin. Oncol. 31:3133-3140.

19. Coogan, C. L., C. R. Estrada, S. Kapur, and K. J. Bloom.
2004. HER-2/neu protein overexpression and gene
amplification in human transitional cell carcinoma of the
bladder. Urology 63:786—790.

20. Latif, Z., A. D. Watters, I. Dunn, K. Grigor, M. A.
Underwood, and J. M. S. Bartlett. 2004. HER2/neu gene
amplification and protein overexpression in G3 pT2
transitional cell carcinoma of the bladder: a role for anti-
HER2 therapy? Eur. J. Cancer 40:56-63.

21. Simonetti, S., R. Russo, G. Ciancia, V. Altieri, G. De Rosa,
and L. Insabato. 2009. Role of polysomy 17 in transitional
cell carcinoma of the bladder: immunohistochemical study
of HER2/neu expression and fish analysis of c-erbB-2 gene
and chromosome 17. Int. J. Surg. Pathol. 17:198-205.

22. Allgayer, H., R. Babic, K. U. Gruetzner, A. Tarabichi, F.
W. Schildberg, and M. M. Heiss. 2000. c-erbB-2 is of
independent prognostic relevance in gastric cancer and is
associated with the expression of tumor-associated
protease systems. J. Clin. Oncol. 18:2201-2209.

23. Ross, J. S., and B. McKenna. 2001. The HER-2/neu
oncogene in tumors of the gastrointestinal tract. Cancer
Invest. 19:554-568.

24. Shinohara, H., S. Morita, M. Kawai, A. Miyamoto, T.
Sonoda, I. Pastan, et al. 2002. Expression of HER2 in
human gastric cancer cells directly correlates with
antitumor activity of a recombinant disulfide-stabilized
anti-HER2 immunotoxin. J. Surg. Res. 102:169-177.

25. Bamias, A., A. Karadimou, S. Lampaki, G. Aravantinos,

I. Xanthakis, C. Papandreou, et al. 2011. Prospective,
randomized phase III study comparing two intensified

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

HER2 in Urothelial Carcinomas

regimens (methotrexate/vinblastine/doxorubicin
hydrochloride/cisplatin [MVAC] versus gemcitabine/
cisplatin) in patients with inoperable or recurrent
urothelial cancer. J. Clin. Oncol. 29:4510.

Hammond, M. E., D. F. Hayes, and A. C. Wolff. 2011.
Clinical notice for American Society of Clinical Oncology
—College of American Pathologists guideline
recommendations on ER/PgR and HER?2 testing in breast
cancer. J. Clin. Oncol. 29:e458.

Gunia, S., S. Koch, O. W. Hakenberg, M. May, C. Kakies,
and A. Erbersdobler. 2011. Different HER2 protein
expression profiles aid in the histologic differential
diagnosis between urothelial carcinoma in situ (CIS) and
non-CIS conditions (dysplasia and reactive atypia) of the
urinary bladder mucosa. Am. J. Clin. Pathol. 136:881-888.
Sanchez-Carbayo, M., N. D. Socci, J. Lozano, F. Saint, and
C. Cordon-Cardo. 2006. Defining molecular profiles of
poor outcome in patients with invasive bladder cancer
using oligonucleotide microarrays. J. Clin. Oncol.
24:778-789.

Wun-Jae, K., K. Eun-Jung, K. Seon-Kyu, K. Yong-June, H.
Yun-Sok, J. Pildu, et al. 2013. Predictive value of
progression-related gene classifier in primary non-muscle
invasive bladder cancer. Mol. Cancer. 9:3.

Robinson, M. D., D. J. McCarthy, and G. K. Smyth. 2010.
edgeR: a bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics
26:139-140.

Greulich, H., T.-H. Chen, W. Feng, P. A. Janne, J. V.
Alvarez, M. Zappaterra, et al. 2005. Oncogenic
transformation by inhibitor-sensitive and-resistant EGFR
mutants. PLoS Med. 2:e313.

Kancha, R. K., N. von Bubnoff, N. Bartosch, C. Peschel, R.
A. Engh, and J. Duyster. 2011. Differential sensitivity of
ERBB2 kinase domain mutations towards lapatinib. PLoS
One 6:€26760.

Cancer Genome Atlas Network. Comprehensive molecular
portraits of human breast tumours. 2012. Nature
490:61-70.

Ross, J. S., K. Wang, R. N. Al-Rohil, T. Nazeer, C. E.
Sheehan, G. A. Otto, et al. 2014. Advanced urothelial
carcinoma: next-generation sequencing reveals diverse
genomic alterations and targets of therapy. Mod. Pathol.
27:271-280.

Cancer Genome Atlas Research Network. 2014.
Comprehensive molecular characterization of urothelial
bladder carcinoma. Nature 507:315-322.

Gardmark, T., M. Carringer, E. Beckman, and P.-U.
Malmstrom. 2005. Randomized phase IT marker lesion
study evaluating effect of scheduling on response to
intravesical gemcitabine in recurrent stage Ta urothelial
cell carcinoma of the bladder. Urology 66:527-530.
Hussain, M. H. A., G. R. MacVicar, D. P. Petrylak, R. L.
Dunn, U. Vaishampayan, P. N. Lara, et al. 2007.

851



HER2 in Urothelial Carcinomas

Trastuzumab, paclitaxel, carboplatin, and gemcitabine in
advanced human epidermal growth factor receptor-2/neu-
positive urothelial carcinoma: results of a multicenter
phase II National Cancer Institute trial. J. Clin. Oncol.
25:2218-2224.

38. Wulfing, C., J. P. Machiels, D. J. Richel, M. O. Grimm, U.
Treiber, M. R. De Groot, et al. 2009. A single-arm,
multicenter, open-label phase 2 study of lapatinib as the
second-line treatment of patients with locally advanced or
metastatic transitional cell carcinoma. Cancer
115:2881-2890.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

852

J. Bellmunt et al.

Figure S1. NIH-3T3 soft agar assay. HER2 V777L leads
to growth in soft agar compared to other V777 muta-
tions. HER2 C334S was used as a positive control and the
kinase-inactive mutant D845A was used as a negative
control.

Figure S2. NIH-3T3 ERBB2 western blot. HER2 V777L is
associated with increased C-terminal phosphorylation.
Table S1. ERBB2 mutation hotspots.

Table S2. Concordance between FISH and IHC.

Table S3. Association between HER2 status and OS from
metastatic disease for (A) Spanish cohort and (B) Greek
cohort.

Table S4. Association of HER2 status with prognostic
variables and treatment response.

Table S5. Concordance THC status versus FISH status.
Data S1. Supplementary Methods
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