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A B S T R A C T

Purpose
Somatic mutations and copy number variation in the ERBB family are frequent in urothelial carci-
noma (UC) and may represent viable therapeutic targets. We studied whether afatinib (an oral,
irreversible inhibitor of the ErbB family) has activity in UC and if specific ERBBmolecular alterations
are associated with clinical response.

Patients and Methods
In this phase II trial, patients with metastatic platinum-refractory UC received afatinib 40 mg/day con-
tinuously until progression or intolerance. The primary end point was 3-month progression-free survival
(PFS3). Prespecified tumor analysis for alterations in EGFR, HER2, ERBB3, and ERBB4was conducted.

Results
The first-stage enrollment goal of 23 patients was met. Patient demographic data included: 78%
male, median age 67 years (range, 36 to 82 years), hemoglobin, 10 g/dL in 17%, livermetastases in
30%, median time from prior chemotherapy of 3.6 months, and Eastern Cooperative Oncology
Group performance status # 1 in 100%. No unexpected toxicities were observed; two patients
required dose reduction for grade 3 fatigue and rash. Overall, five of 23 patients (21.7%) met PFS3
(two partial response, three stable disease). Notably, among the 21 tumors analyzed, five of six
patients (83.3%) with HER2 and/or ERBB3 alterations achieved PFS3 (PFS = 10.3, 7.0, 6.9, 6.3, and
5.0 months, respectively) versus none of 15 patients without alterations (P , .001). Three of four
patients withHER2 amplification and three of three patients with ERBB3 somaticmutations (G284R,
V104M, and R103G) met PFS3. One patient with both HER2 amplification and ERBB3 mutation
never progressed on therapy, but treatment was discontinued after 10.3 months as a result of
depressed ejection fraction. The median time to progression/discontinuation was 6.6 months in
patients with HER2/ERBB3 alterations versus 1.4 months in patients without alterations (P , .001).
Conclusion
Afatinib demonstrated significant activity in patients with platinum-refractory UC with HER2 or
ERBB3 alterations. The potential contribution of ERBB3 to afatinib sensitivity is novel. Afatinib
deserves further investigation in molecularly selected UC.

J Clin Oncol 34:2165-2171. © 2016 by American Society of Clinical Oncology

INTRODUCTION

Urothelial carcinoma (UC) remains the fourth
most common cancer among males and the
eighth leading cause of cancer death in the United
States; 16,000 deaths were expected in 2015.1

Despite the significant prevalence and mortality
of metastatic disease, there has been relatively
little progress in therapeutic strategies for UC in
the last 25 years, although immune checkpoint
blockade has generated notable promise.2 Platinum-
based therapy remains the only standard of care,3

with no approved second-line therapies. There is

therefore significant interest in identifying new
therapies.

The ErbB family, consisting of EGFR, HER2,
ErbB3, and ErbB4, is a class of receptor tyrosine

kinases that has been extensively investigated as
potentially important in the pathogenesis of UC.4-6

Upon ligand binding for EGFR, ErbB3, and ErbB4,

receptor homo- or heterodimerization activates
downstream growth-signaling pathways.7 HER2,

in contrast, has no known ligand and is consti-
tutively active. EGFR overexpression in UC is
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correlated with higher tumor grade and muscle invasiveness,8

tumor recurrence,9,10 and overall survival.10,11 Similarly, HER2 over-
expression in UC is associated with recurrence and metastasis.5,12

Recently, comprehensive molecular analysis demonstrated
that EGFR amplifications (11%), HER2 amplifications (7%), and
ERBB3 somatic mutations (11%) are relatively frequent in UC.13,14

Earlier clinical data on EGFR and HER2 inhibition in UC has been
mixed, with one promising result of erlotinib in the neoadjuvant
setting15 and two negative trials for gefitinib in chemotherapy-
resistant UC.16,17 A phase II trial testing trastuzumab in a com-
bination regimen in HER2-positive UC had a 70% response rate
but higher than expected rates of cardiotoxicity.18 Separately,
patients with chemotherapy-refractory UC whose tumors had 2+
or 3+ expression levels of EGFR or HER2 had prolonged survival
when treated with lapatinib compared with those with 0/1+
expression,19 suggesting a possible role for dual inhibition in
patients with HER2/EGFR overexpression.

Afatinib is a novel, oral, irreversible tyrosine kinase inhibitor
of the ErbB receptor family. Afatinib is approved for treatment of
metastatic non–small-cell lung carcinoma bearing EGFR exon 19
deletions or exon 21 (L858R) substitutions.20 A recent phase III
trial (LUX-H&N 1) of platinum-refractory metastatic squamous-
cell carcinoma of the head and neck also found that afatinib
significantly improved progression-free survival (PFS) compared
with methotrexate.21 Given the frequency and potential impor-
tance of ErbB family alterations in UC, we hypothesized that
afatinib would demonstrate activity in this disease.

PATIENTS AND METHODS

Patients
Between November 2013 and May 2015, adults with a histologic

diagnosis of UC of the bladder, upper tract, or urethra who had progressed
despite receiving prior platinum-based combination chemotherapy in the
perioperative or metastatic setting were enrolled. Patients who had received
perioperative chemotherapy within 1 year were eligible. Inclusion criteria
were age of 18 years or older; presence of measurable, unresectable/metastatic
disease; Eastern Cooperative Oncology Group performance status # 1,
absolute neutrophil count $ 1,000/mL, platelets . 100,000/mL, hemoglobin
$ 8.5 g/dL, total bilirubin # 1.5 3 the institutional normal upper limit,
AST/ALT# 2.53 the normal upper limit, creatinine clearance$ 30 mL/min,
and the ability to provide informed consent. Patients were only eligible if they
had received nomore than one prior systemic therapy in themetastatic setting.
Patients were excluded if they received prior afatinib, were breastfeeding and/or
pregnant, had uncontrolled intercurrent illness, had brain metastases, were
concurrently receiving other investigational agents, had uncontrolled HIV or
HIV currently treated with antiretroviral agents, had interstitial lung disease, or
were unable to take oral medications. ErbB overexpression or alteration were
not required for trial enrollment.

Study Design and Treatment
This was an open-label, single-arm phase II clinical trial in which

patients received continuous therapy with afatinib 40 mg/day until disease
progression or intolerability. Study drug was provided by Boehringer
Ingelheim Pharmaceuticals. All patients were monitored for toxicity by
physical examination, complete blood counts, and serum chemistry analysis
every 2 weeks. Radiologic disease evaluation (computed tomography/
magnetic resonance imaging) was performed every 6 weeks with disease
response (stable disease, partial response, complete response, or progressive
disease) characterized using RECIST version 1.1.

All adverse events from the initiation of treatment to 28 days after the
last administration were graded according to the Common Terminology
Criteria for Adverse Events, version 4.0. The Appendix (online only) details
supportive treatment of frequently occurring adverse events.

Statistical Analyses
The primary end point was 3-month PFS (PFS3) using a Simon two-

stage design. For 85% power at alpha = .10, seven of the first 23 patients
(30%) would need to meet PFS3 for the study to proceed to the second stage,
during which an additional 10 patients would be enrolled. The null
hypothesis was a PFS3 rate of , 30%, which would be considered repre-
sentative of lack of efficacy in the tested population. The alternate hypothesis
was that $ 50% of patients reaching PFS3 would be indicative of activity,
and $ 14 of 33 patients (42%) reaching PFS3 would be considered
promising. To set the null and alternative hypotheses, we calculated the
composite weighted-average PFS3 rate of 14 historical studies that evaluated
second-line therapies in refractory UC. The median PFS of the cohort
was , 3 months, consistent with previously reported median PFS.22 A
random effects model, which took into account the heterogeneity among the
studies, estimated the pooled PFS3 rate of these studies to be 28% (95% CI,
22% to 33%). In contrast, the pooled PFS3 rate among five studies of second-
line agents that reported considerable activity in the refractory setting
(including vinflunine and taxanes) was 45% (95% CI, 38.4% to 51.5%).
The alternative hypothesis of 50% of patients meeting PFS3 as the criterion for
activity was therefore considered sufficient to justify further testing. Secondary
end points were overall response rate, overall survival, and median PFS
estimated by the Kaplan-Meier method.

Biomarker Analyses
The salient exploratory end point for this trial was whether genomic

alterations in EGFR, HER2, ERBB3, and ERBB4, including somatic muta-
tions of all four genes plus copy number analysis of EGFR and HER2, were
associated with PFS3 and/or response. These analyses were conducted using
available archival formalin-fixed, paraffin-embedded sections from surgical
specimens (Appendix Table A1, online only). Before analyses, tissue slides
were stained with hematoxylin and eosin and assessed by a genitourinary
pathologist (T.A.) so that selected sections had$ 60% tumor nuclei, lacked
extensive necrosis, and excluded adjacent normal tissue. Peripheral blood
served as the germlineDNAcontrol in all but one patient. DNAwas extracted
using the QIAamp DNA FFPE Tissue Kit (QIAgen, Valencia, CA). Targeted
next-generation sequencing (NGS) was performed using libraries prepared
with the Ion AmpliSeq Library Kit and Comprehensive Cancer Panel
(ThermoFisher Scientific, Waltham, MA) on the Ion Personal Genome
Machine (ThermoFisher) using 200-bp sequencing chemistry with the Ion
314 Chip. Single-nucleotide variations were called and annotated using
IonReporter software. Only nonsynonymous somatic mutations in EGFR,
HER2, ERBB3, and ERBB4 with read frequency . 10% were selected.
Additional filtering parameters were followed according to previously
published methods.23 All identified mutations were verified as somatic
by comparing tumor and normal DNA sequencing results using Sanger
sequencing on the 3500 Genetic Analyzer system (ThermoFisher).

Available samples were subjected to EGFR and HER2 copy number
analysis using TaqMan Copy Number Assays (ThermoFisher) on the ViiA
7 Real-Time PCR System (Applied Biosystems, Foster City, CA) using
RNase P as the control gene (EGFR: Hs02925916_cn; HER2: Hs00817646_cn).
At least 3.5 copies were considered amplified. Fluorescent in situ hy-
bridization (FISH) was performed using standard methods to confirm
copy number assessment of HER2 and EGFR in select specimens (Abbott,
PathVysion, HER2 DNA Probe Kit). Two independent reviewers (K.L.Y.
and C.A.F.) scored all FISH samples according to the guidelines set by
ASCO for HER2 testing in breast cancer.24

Finally, immunohistochemistry (IHC) staining for HER2 (Hercep-
Test, Dako, Carpinteria, CA), EGFR (clone 31G7, ThermoFisher), and
ERBB3 (C-17, Santa Cruz Biotechnology, Dallas, TX) was performed.
ASCO guidelines were used for HER2 scoring,24 and standards used to
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score EGFR in earlier trials16,19 were adapted for EGFR and ERBB3 scoring
(because there are no accepted guidelines for these proteins), using the
following scale: 0 = no staining, 1+ = weak or focal staining, 2+ =moderate
staining, and 3+ = strong staining. Performers of each analysis were
blinded to clinical outcomes and to the results of concurrent analyses.

RESULTS

Patients
The first-stage enrollment goal of 23 patients was met. Baseline

patient characteristics are summarized in Table 1. Of variables known
to be associated with prognosis in UC,22 four patients (17.3%) had
initial hemoglobin levels , 10 g/dL and seven (30.4%) had liver
metastases. The median time from prior chemotherapy to the ini-
tiation of afatinib22 was 3.6 months (range, 0.2 to 44.3 months).

Adverse Events
The safety profile of afatinib was similar to that in a pre-

vious report,21 and patients who experienced drug toxicity were
successfully managed with supportive care. The most common
treatment-related toxicities of any grade were diarrhea (82.6%),
acneiform rash (78.3%), and fatigue (56.5%; Table 2). Three
patients underwent dose reductions (grade 3 fatigue, grade 3 rash,
grade 2 cardiotoxicity). Afatinib was discontinued for patient 2 as a
result of asymptomatic grade 2 reduction in ejection fraction (an

on-treatment decrease from 46% to 33% after 10.3 months of
treatment was considered possibly related to the drug). There were
no treatment-related deaths.

Treatment Response
Five of 23 patients (21.7%) achieved PFS3, the primary end

point. The study did not meet the criterion of seven or more
patients reaching PFS3 that was necessary to proceed to the second
stage of enrollment. The median PFS for the entire cohort was
1.4 months. The overall response rate was 8.6%. The best overall
responses were partial response observed in two patients (8.7%),
stable disease in seven patients (30.4%), and progressive disease in
14 patients (60.9%). The median overall survival for all patients
was 5.3 months via Kaplan-Meier survival analysis. Two patients
remained alive at the time of submission.

Genomic Alterations as Predictors of Afatinib
Sensitivity

Targeted NGS was performed on 21 available tumor samples.
Overall, the rates of somatic nonsynonymous mutations and copy
number amplifications found in our patient cohort were similar to
previous reporting,13 as summarized in Table 3.

Importantly, molecular alterations of two specific genes—HER2
and ERBB3—were found to be significantly predictive of afatinib
efficacy. Specifically, five of six patients (83%) with ERBB molecular

Table 1. Baseline Patient Characteristics

All, n = 23 Responders, n = 5 Nonresponders, n = 18
Characteristic No. (%) No. (%) No. (%) P*

Age, years
Median 67 71 66.5 .7
Range 36-82 44-82 36-80

Sex
Female 5 (21.7) 1 (20) 4 (22.2) 1.0
Male 18 (78.2) 4 (80) 14 (77.8)

Primary site
Bladder 16 (69.6) 5 (100) 11 (61.1) .3
Upper tract 6 (26.0) 0 (0) 6 (33.3)
Both 1 (4.3) 0 (0) 1 (5.6)

Histology
UC 18 (78.2) 5 (100.0) 13 (72.2) .6
UC mixed 5 (21.7) 0 (0) 5 (27.8)

ECOG performance status
0 6 (26.0) 0 (0) 6 (33.3) .3
1 17 (73.9) 5 (100) 12 (66.7)

Hemoglobin
,10 g/dL 4 (17.3) 0 (0) 4 (22.2) .5
$ 10 g/dL 19 (82.6) 5 (100) 14 (77.8)

Liver metastases
Yes 7 (30.4) 0 (0) 7 (38.9) .3
No 16 (69.5) 5 (100) 11 (61.1)

Setting of prior platinum-based chemotherapy
Perioperative 3 (13.0) 2 (40.0) 3 (16.7) .1
Metastatic 14 (60.8) 2 (40.0) 12 (66.7)
Both 4 (17.3) 1 (20.0) 3 (16.7)

Median time from prior therapy (months) 6 SD 3.6 6 8.8 4.1 6 1.8 3.4 6 9.9 .7

NOTE. There were no statistically significant differences in any characteristics between patients who met 3-month progression-free survival and those who did not.
Patients were allowed to receive up to one prior systemic therapy in the perioperative (adjuvant or neoadjuvant) and/or metastatic setting. Mixed histologic types include
UC with myxoid stroma and choroid features (n = 1), UC mixed with small cell (50:50; n = 1), predominant UC with focal neuroendocrine differentiation (n = 1), and
predominant UC with some squamous differentiation (n = 2).
Abbreviations: ECOG, Eastern Cooperative Oncology Group; SD, standard deviation; UC, urothelial carcinoma.
*P values derived from Fisher’s exact test for categorical variables and Student’s t test for continuous variables.

www.jco.org © 2016 by American Society of Clinical Oncology 2167

Afatinib in ERBB-Altered Urothelial Carcinoma

http://www.jco.org


alterations consisting of HER2 copy number amplification and/or
ERBB3 somatic mutations achieved PFS3, whereas none of 15 patients
(0%) without alterations reached PFS3 (P , .001, Fisher’s exact test;
Fig 1). The median PFS in the six patients with HER2/ERBB3
alterations was 6.6 months versus 1.4 months in patients without
alterations (Fig 2; P , .001, log-rank test). The findings for each
molecular target are described below in detail.

HER2. Genomic copy number analysis for HER2 amplifi-
cation was performed, results of which are shown in Table 3. To
corroborate identification of truly amplified samples, FISH was
performed on all samples with HER2 amplification by quantitative
polymerase chain reaction (qPCR) as well as select nonamplified
tumors that served as internal controls. The four samples with
$ 3.5 copies of HER2 by qPCR were the only samples to show
amplification by FISH (Table 4). The tumor of patient 4 dem-
onstrated low-level amplification by FISH and no amplification by
qPCR; it was noted to be heterogeneous, with focal areas (com-
prising approximately 40% of nuclei) of HER2 amplification by
FISH. Given that the majority of the tumor was unamplified by
FISH and that qPCR confirmed no amplification, patient 4 was
designated unamplified in the final consensus interpretation. A rep-
resentative FISH image for patient 2, who had the longest PFS and
whose tumor had highmolecular amplification (copy number. 50),
is shown inAppendix Figure A1 (online only). No patients were found
to have HER2 mutations.

ERBB3. NGS and Sanger sequencing confirmation identified
somatic nonsynonymous mutations in ERBB3 in three patients—
patient 1 (exon 7 p.G284R), patient 2 (exon 3 p.R103G), and patient
21 (exon 3 p.V104M)—all of which are in the extracellular domain
of the receptor protein. Importantly, all three patients with ERBB3
somatic mutations met PFS3 (P, .001 v those without mutations).
Whereas p.V104M25-28 (patient 21) and G284R29,30 (patient 1) have
been reported in multiple cancer types (although not in UC), ERBB3
R103G has not been previously described in cancer.

EGFR. No somatic nonsynonymous mutations in EGFR were
detected, consistent with previously reported findings that EGFR
somatic mutations are rare in UC.13,31 Because EGFR qPCR and
FISH copy number results did not correlate well, definitive
amplification status was not assigned (Appendix Table A2, online
only). However, using the results of either assay, there were no
patients meeting PFS3 who demonstrated EGFR amplification as
their sole molecular alteration.

Finally, for ERBB3, HER2, and EGFR, IHC was performed on
the 21 available tumor specimens. We found no correlations
between IHC for any of the three targets and clinical response to
afatinib (Appendix Table A3, online only). For HER2, although
FISH and qPCR copy number results had high concordance, these
genomic assays had weak correlation with IHC results. Repre-
sentative images are shown in Appendix Figure A2 (online only).

DISCUSSION

Despite an overall PFS3 rate below the prespecified cutoff for the
full cohort of this trial, we observed significant and clinically
meaningful activity for afatinib in the predefined subpopulation
of patients with platinum-refractory UC with somatic ERBB family
alterations. The median PFS on afatinib for patients with alterations

Table 2. Treatment-Related Adverse Events

Any Grade Grade 3
Event No. (%) No. (%)

Diarrhea 19 (82.6) 2 (8.7)
Acneiform rash 18 (78.3) 2 (8.7)
Fatigue 13 (56.5) 3 (13.0)
Nausea/vomiting 8 (34.8) 2 (8.7)
Mucositis 7 (30.4) 1 (4.3)
Anorexia 6 (26.0) 0
Anemia 3 (13.0) 0
Acute kidney injury 3 (13.0) 1 (4.3)
Palmar-plantar erythrodysesthesia syndrome 2 (8.7) 1 (4.3)
Chronic kidney disease 1 (4.3) 1 (4.3)
Productive cough 1 (4.3) 1 (4.3)
Pleural effusion 1 (4.3) 1 (4.3)
Depressed left ventricular ejection fraction 1 (4.3) 0

NOTE. Treatment-related adverse events from the initiation of treatment to 28
days after the last administration are listed for all 23 patients. Any event of any
grade that occurred in at least three patients is reported, along with any event
with grade 3 toxicity. There were no grade 4 or grade 5 events. Events of
possible, probable, or definite attribution are shown, and were graded according
to the Common Terminology Criteria for Adverse Events, version 4.0. The single
patient with grade 2 depressed left ventricular ejection fraction (possible attri-
bution) is also included because it resulted in cessation of therapy for this patient.

Table 3. ERBB Family Molecular Analysis

Patient EGFR HER2 ERBB3 ERBB4

1 Not Amp Not Amp p.G284R —

2 Amplified Amplified p.R103G —

3 Not Amp Amplified — —

4 Not Amp Not Amp — —

5 Amplified Not Amp — —

6 Not Amp Not Amp — —

7 Not Amp Not Amp — —

8 Not Amp Not Amp — —

9 Not Amp Not Amp — —

10 NA NA NA NA
11 Amplified Not Amp — —

12 Not Amp Not Amp — —

13 Not Amp Not Amp — —

14 Not Amp Not Amp — —

15 Not Amp Not Amp — —

16 Not Amp Not Amp — —

17 NA NA NA NA
18 Not Amp Not Amp — —

19 Not Amp Amplified — —

20 Amplified Not Amp — —

21 Not Amp Not Amp p.V104M —

22 Amplified Amplified — —

23 Not Amp Not Amp — —

Summary
No. (%) somatic mutation 0 (0) 0 (0) 3 (14.2) 0 (0)
No. (%) amplified 5 (23.8) 4 (19.0) 0 (0) 0 (0)
P* .55 .028 .008 NA

NOTE. All available tumor samples underwent both targeted next-generation
sequencing and copy number analysis by quantitative polymerase chain reaction
for EGFR and HER2. For ERBB3/4, — denotes absence of somatic mutation.
Samples were considered amplified if $ 3.5 copies. Bold type denotes patients
who met the primary end point ($ 3-month progression-free survival).
Abbreviation: Amp, amplified; NA, patient tissue not available for analysis.
*P value denotes the Fisher’s exact value comparing the proportion of res-
ponders and nonresponders who carried the specific alteration, with P , .05
corresponding to statistical significance between the two groups.
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was 6.6 months, which is nearly three-fold longer than historical
median PFS times in this disease setting.22 The median PFS for
vinflunine, the only approved second-line agent in Europe, was
3.0 months,32 and the recently reported median PFS time for
pembrolizumab in its phase Ib trial was 2.2 months.33 In our
study, five of six patients (83.3%) with identified HER2 or

ERBB3 alterations exceeded the primary PFS3 end point of this
study, compared with 0% of patients without these alterations.

Our study reveals several important possibilities regarding the
mechanism of afatinib sensitivity in UC. First, despite earlier evidence
suggesting that EGFR alterations may identify patients with UC who
might benefit from EGFR inhibitors, we were unable to demonstrate
that EGFR amplification or protein overexpression identified patients
benefitting from afatinib. This may be in part because the EGFR exon
19 and 21 alterations, for which afatinib is approved in non–small-
cell lung cancer, are absent in UC.34 In contrast, HER2 amplification
and ERBB3 somatic mutation were strongly associated with clinical
response. In fact, the only patient (patient 2) with both HER2 and
ERBB3 alterations had the longest PFS. Patient 2 never progressed on
therapy, but afatinib was discontinued after 10.3 months per proto-
col rules as a result of depressed ejection fraction. This patient shortly
thereafter resumed afatinib (off protocol) for an additional 5.7months
before progressing.

Our data also suggest a potential role for the ErbB3-HER2
interaction in mediating afatinib sensitivity. ErbB3, although
lacking intrinsic tyrosine kinase activity, has notable oncogenic
activity through its potent ability to form heterodimers with HER2,
an interaction that induces activity of the phosphoinositide
3-kinase–protein kinase B signaling pathway.35 In HER2-amplified
breast cancer, for example, the ErbB3-HER2 dimer is critical for
tumor formation and maintenance.36 Clinically, the combination
of docetaxel, trastuzumab (a HER2-targeted antibody), and per-
tuzumab (which blocks the HER2-ErbB3 interaction) significantly
improved PFS in patients with breast cancer compared with
trastuzumab and docetaxel alone.37

Moreover, transphosphorylation of ErbB3 is thought to be a
potential mechanism of resistance to EGFR/HER2 kinase inhibitors by
negative feedback.38-40 In fact, the only patient withHER2 amplification
who did not achieve PFS3 (patient 19, with aHER2 copy number. 50,
progressed at 1.4 months) had the only tumor to stain 3+ for ErbB3
protein expression. Because the three ERBB3 mutations found in our
patients were in the extracellular domain, which is responsible for
ligand binding and receptor dimerization,7 these mutations may
preferentially induce ERBB3-HER2 dimerization, with a phenotype
similar to HER2 amplification. Further investigation with in vitro
functional assays is warranted to conclude whether the ErbB3-HER2
interaction is indeed responsible for mediating sensitivity to afatinib.

The potentially critical role of HER2 amplification in clinical
response is partially consistent with a previous trial that found a high
response rate (70%) in patients with UC with HER2-overexpressing
tumors who were given trastuzumab with chemotherapy.18 How-
ever, the optimal method for identifying HER2 overexpression or
amplification in UC has been controversial. HER2 gene amplifi-
cation does not correlate well with protein overexpression by IHC in
UC,41-44 and there have been conflicting results on which method
may have greater prognostic significance.12,44,45

In earlier clinical trials of ERBB-targeting drugs, IHC has been
more commonly used for patient selection.16,18,19 Our results
indicate that HER2 amplification detected by qPCR or FISH, rather
than protein overexpression detected by IHC, is a more sensitive
predictive biomarker for afatinib in UC, with 75% of patients with
amplification reaching PFS3 comparedwith only 25%of patients with
2+ or 3+ staining. Given that afatinib is a tyrosine kinase inhibitor
(compared with trastuzumab, which is a monoclonal antibody), it is
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perhaps not surprising that specific ERBB genomic amplifications and
mutations, rather than protein overexpression, appear more relevant.

Because this was a single-arm trial, we were not able to con-
clusively determine whether HER2 amplification and/or ERBB3
mutation, rather than being predictive biomarkers, are themselves
simply associated with improved prognosis in this disease. Previous
data, however, argue against this possibility,44 and in fact suggest that
HER2 and ERBB3 alterations are associated withworse prognosis.26,46-48

Tumor specimens analyzed were from the primary site of disease.
Although genomic concordance between primary and metastatic
sites can vary,49-51 it is likely that these are conserved driver alter-
ations that are also present in the metastases.

Finally, it is acknowledged that the sample size in this trial is
relatively small, and therefore a small number of patients with
molecular alterations were treated. It is nonetheless striking that we
were able to detect significant outcomes differences with only a
handful of such patients, raising the possibility that these molecular
alterations are indeed highly correlated with afatinib responsive-
ness. Given this, afatinib deserves examination in a larger number
of patients with molecularly altered UC, including evaluation in
those with negative prognostic variables such as liver metastases
and histologic variants, to characterize the range of alterations
that are predictive of benefit. We would then likely proceed to
randomized examination to formally quantify changes in disease
outcomes. An important area of future investigation will also be
improving understanding of mechanisms of resistance; all patients
in our trial eventually had progressive disease, a problem that is
seen across multiple EGFR/HER2 inhibitors.52

Molecular characterization of tumors is becoming increas-
ingly used and more feasible to perform. In the era of personalized
medicine, a nuanced understanding of molecular studies is vital for
identifying patients most likely to benefit from selected therapies.
With this in mind, to our knowledge, this report is the first to show
that afatinib has significant activity in patients with platinum-
refractory UC with somatic ERBB3 andHER2 genomic alterations.
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Appendix

Supportive Treatment Methods
Supportive treatment of frequently occurring adverse events was as follows: loperamide was used for diarrhea; topical

hydrocortisone and/or topical clindamycin for grade 1 rash, with doxycycline and oral diphenhydramine added for grade 2 rash and
oral corticosteroids added at investigator’s discretion; and antiemetics and as-needed intravenous hydration for persistent or
grade$ 2 nausea and vomiting. Routine multigated acquisition scan was performed every 12 weeks to monitor development of left
ventricular (LV) dysfunction, given concern for cardiotoxicity with other HER2-targeting agents.18 The occurrence of grade 2 LV
dysfunction (new resting ejection fraction of 40% to 50% or a 10% to 19% drop from baseline) required therapy cessation for
14 days before repeating multigated acquisition scan and permanent discontinuation of therapy if ejection fraction did not resolve
to grade 1 by that time. Toxicities that required prespecified 10 mg/day incremental dose reductions included presence of grade$ 2
diarrhea persisting for 2 or more consecutive days despite adequate antidiarrheal medication/hydration; grade $ 2 nausea and/or
vomiting persisting for 3 or more consecutive days despite antiemetic treatment and hydration; grade 2 or grade 3 worsening of
renal function measured by serum creatinine or newly developed decrease in glomerular filtration rate of more than 50% from
baseline; and any other drug-related adverse events grade$ 3. Toxicities that required permanent discontinuation of therapy were
grade 4 rash, grade$ 3 interstitial lung disease, grade 4 hepatic impairment, grade$ 3 keratitis, any symptomatic ($ grade 3) LV
dysfunction, and grade 4 worsening of renal function.

Fig A1. HER2 copy number assessment in a patient with robust HER2 ampli-
fication: A representative image of fluorescence in situ hybridization for patient 2 is
shown. Within each nucleus, red color denotes HER2 signal and green color
denotes the centromeric probe (D17Z1) for chromosome 17 used as the control.
HER2/Cep17 ratio 9.6, average HER2/nucleus 28.3.
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Patient 2 Patient 3

Patient 19

A

Patient 4

Patient 4

Patient 2 Patient 11 Patient 12

Patient 14 Patient 20 Patient 21
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Patient 19
Patient 8, urothelial 

carcinoma
Patient 8, small-cell

carcinoma

C

Fig A2. Immunohistochemistry images for ErbB family proteins: Representative images from (A) HER2, (B) EGFR, and (C) ERBB3 are shown, with individual patients
labeled. For HER2 and EGFR, the cases shownwere selected to show the observed range across the cohort, which included samples with completely negative staining to
somewithmarked overexpression. Patient 12, for example, was selected to demonstrate negative EGFR staining. Two images for patient 4 (HER2 staining) are shown side
by side to demonstrate focality of staining. For patient 8, the histology of the tumor was mixed urothelial carcinoma (50%) and small-cell carcinoma (50%). Whereas the
urothelial carcinoma component stained negative for ERBB3, the small-cell carcinoma component stained 2+ to 3+.
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Table A1. Archival Tissue Samples

Patient Tissue Source Time Between Sample Acquisition and Trial Enrollment (years) Source of Germline DNA

1 Cystectomy 1.8 Peripheral blood
2 TURBT 0.4* Peripheral blood
3 Cystectomy 0.1 Peripheral blood
4 Cystectomy 2.4 Peripheral blood
5 Cystectomy 0.5 Peripheral blood
6 Cystectomy 4.9 Peripheral blood
7 Nephroureterectomy 0.8 Adjacent normal tissue
8 Cystectomy 1.3 Peripheral blood
9 Cystectomy 0.8 Peripheral blood

10 NA NA NA
11 TURBT 1.5 Peripheral blood
12 Nephroureterectomy 9.2 Peripheral blood
13 Nephroureterectomy 1.4 Peripheral blood
14 Cystectomy 1.3 Peripheral blood
15 TURBT 6.1 Peripheral blood
16 Cystectomy 1.8 Peripheral blood
17 NA NA NA
18 Cystectomy 1.5 Peripheral blood
19 Cystectomy 0.3 Peripheral blood
20 Nephroureterectomy 1.6 Peripheral blood
21 Cystectomy 0.6 Peripheral blood
22 Cystectomy 1.8 Peripheral blood
23 Nephroureterectomy 0.4 Peripheral blood

NOTE. For each patient, the archival tissue used for molecular analysis was collected at time of surgical resection or biopsy and stored as formalin-fixed, paraffin-
embedded sections at the University of Chicago surgical biobank. Surgery during which the tissue was originally acquired is listed for each patient, along with age of each
sample and source of germline DNA used as normal control. Age was calculated from date of surgical procedure to first day afatinib was received.
Abbreviations: NA, not available; TURBT, transurethral resection of bladder tumor.
*For this patient, the only tissue available was obtained from a transurethral resection of bladder tumor performed for alleviation of transfusion-dependent hematuria
4.5 months after the patient started afatinib. This patient’s cystectomy was performed at an outside hospital, resulting in the tissue being unavailable. This represents
the only on-treatment sample used.

Table A2. EGFR Genomic Copy Number Analysis

qPCR FISH

Patient Copies Interpretation Ratio EGFR/Nuc Interpretation

1 2.6 Not Amp 1.0 3.5 Not Amp
2 5.6 Amp 1.2 3.4 Not Amp
3 2.7 Not Amp 1.1 3.2 Not Amp
5 3.8 Amp 1.0 4.2 Equivocal
9 3.1 Not Amp 1.0 3.1 Not Amp
11 3.7 Amp 1.0 2.0 Not Amp
20 4.3 Amp 1.0 4.2 Equivocal
21 0.8 Not Amp 1.0 2.1 Not Amp
22 5.3 Amp 1.0 5.7 Equivocal

NOTE. Results of EGFR qPCR copy number analysis and FISH for nine samples
are shown. All available tumor samples underwent qPCR analysis; amplified
samples and several negative controls were selected for FISH reflex testing. At
least 3.5 copies by qPCR was considered amplified; FISH was scored inde-
pendently according to HER2 ASCO guidelines in the absence of EGFR-specific
guidelines.24 No final consensus interpretation was assigned. For FISH, “ratio”
denotes ratio of EGFR/centromeric chromosome 17 signals per nucleus, and
“EGFR/nuc” denotes number of Her2 signals per nucleus.
Abbreviations: Amp, amplified; FISH, fluorescence in situ hybridization; Nuc,
nucleus; qPCR, quantitative polymerase chain reaction.
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Table A3. Immunohistochemistry for HER2, EGFR, and ERBB3

Patient HER2 EGFR ERBB3

1 0 3+ 0
2 3+ 3+ 0
3 0 3+ 0
4 2+ 2+ 0
5 0 3+ 0
6 0 3+ 0
7 0 1+ 1+
8 0 2+ 0/2+*
9 0 3+ 1+

10 NA NA NA
11 0 1+ 0
12 0 0 0
13 NA NA 0
14 0 2+ 0
15 NA NA 2+
16 0 1+ 0
17 NA NA NA
18 0 3+ 1+
19 2+ 2+ 2+ to 3+
20 0 3+ 0
21 0 1+ 0
22 2+ 3+ 0
23 0 3+ 0

NOTE. All available tumor samples underwent immunohistochemistry for
HER2, EGFR, and ERBB3. ASCO guidelines for HER2 testing in breast cancer24

were used to scoreHER2. EGFR and ERBB3were scored according to adaptions
of scoring guidelines used in previous studies.16,19 NA indicates the patient
tumor was not available for immunohistochemistry. Bold type indicates the
patient met 3-month progression-free survival.
*Tumor wasmixed urothelial carcinoma and small-cell carcinoma; the small-cell
carcinoma component stained 2+, and the urothelial carcinoma component was
negative.
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