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Fibroblast growth factor receptor 1 (FGFR1) amplification drives poor prognosis and is an emerging
therapeutic target. We sought to construct a multigene mRNA expression signature to efficiently
identify FGFR1-amplified estrogen receptorepositive (ERþ) breast tumors. Five independent breast
tumor series were analyzed. Genes discriminative for FGFR1 amplification were screened transcriptome-
wide by receiver operating characteristic analyses. The METABRIC series was leveraged to construct/
evaluate four approaches to signature composition. A locked-down signature was validated with 651
ERþ formalin-fixed, paraffin-embedded tissues (the University of British Columbiaetamoxifen cohort).
A NanoString nCounter assay was designed to profile selected genes. For a gold standard, FGFR1
amplification was determined by fluorescent in situ hybridization (FISH). Prognostic effects of FGFR1
amplification were assessed by survival analyses. Eight 8p11-12 genes (ASH2L, BAG4, BRF2, DDHD2,
LSM1, PROSC, RAB11FIP1, and WHSC1L1) together with the a priori selected FGFR1 gene, highly
discriminated FGFR1 amplification (area under the receiver operating characteristic curve �0.82, all
genes and all cohorts). The nine-gene signature Call-FGFR1-amp accurately identified FGFR1 FISH-
amplified ERþ tumors in the University of British Columbiaetamoxifen cohort (specificity, 0.94;
sensitivity, 0.96) and exhibited prognostic effects (disease-specific survival hazard ratio, 1.57; 95% CI,
1.14e2.16; P Z 0.005). Call-FGFR1-amp includes several understudied 8p11-12 amplicon-driven on-
cogenes and accurately identifies FGFR1-amplified ERþ breast tumors. Our study demonstrates an
efficient approach to diagnosing rare amplified therapeutic targets with FISH as a confirmatory assay.
(J Mol Diagn 2017, 19: 147e161; http://dx.doi.org/10.1016/j.jmoldx.2016.09.007)
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Currently, the diagnosis of amplified therapeutic targets in
breast cancer heavily relies on fluorescence in situ hybrid-
ization (FISH), a laborious test requiring visual confirmation
by a pathologist. In the case of human epidermal growth
factor receptor 2 (HER2) gene amplification, immunohis-
tochemistry is frequently used to screen samples for ex-
tremes of HER2 expression, with FISH reserved for cases
that are equivocal.1e4 Immunohistochemistry depends on a
highly specific HER2 monoclonal antibody, but even in this
well-established HER2 amplification diagnosis, immuno-
histochemistry is worrisomely subjective and exhibits
stigative Pathology and the Association for Molecular Pathology. Published by Elsevier Inc. All rights reserved.
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preanalytical variability to the point that some pathologists
recommend HER2 FISH for all cases.5 Herein, we consider
the diagnosis of amplification events affecting an emerging
therapeutic target, fibroblast growth factor receptor 1
(FGFR1). This membrane tyrosine kinase receptor is
amplified in a variety of solid tumors,6e9 including
breast,10e15 lung,16e21 esophageal,22 bladder,23 and ovarian
cancers.24 In breast cancer, FGFR1 is amplified in approx-
imately 10% of estrogen receptorepositive (ERþ) patients,
corresponding to poor prognosis25 and endocrine resis-
tance.26 FGFR1-targeting agents have shown activity,
inhibiting FGFR1 signaling in preclinical studies27e30 with
early signs of activity in clinical trials.25,31e35

The diagnosis of FGFR1 amplification is a greater chal-
lenge than HER2 amplification because a monoclonal anti-
body for formalin-fixed, paraffin-embedded (FFPE)ebased
FGFR1 protein detection has yet to be successfully devel-
oped. FGFR1 amplification incidence is lower than HER2,
further increasing the cost and time for testing, with only 1
in 10 cases producing a positive result. DNA copy number
assays, such as array comparative genomic hybridization
(aCGH) and single-nucleotide polymorphism (SNP), are
more high throughput than FISH and have been widely used
to profile DNA copy number aberrations in the setting of
research studies with high-quality DNA.13,36 However,
DNA extracted from FFPE tissues is partially degraded, and
these techniques have not, to date, become a diagnostic
standard.

Overexpression of FGFR1 at the mRNA level is strongly
correlated with FGFR1 amplification21,26,37 and, thus, pre-
screening for FISH positivity based on FGFR1 mRNA levels
is an approach to consider. However, the 8p11-12 amplicon
is complex, with several peaks of amplification that encom-
pass multiple potential oncogenes.37,38 FGFR1 is usually
coamplified with other genes in this amplicon region, leading
to their correlated mRNA overexpression. To develop a
comprehensive approach to the diagnosis of the FGFR1/
8p11-12 amplicon, we therefore conducted a transcriptome-
wide screening and identified nine 8p11-12 genes (FGFR1,
LSM1, BAG4, ASH2L, BRF2, DDHD2, PROSC, RAB11-
FIP1, and WHSC1L1) whose mRNA expression greatly
distinguished FGFR1-amplified ERþ breast tumors from
nonamplified tumors. We subsequently leveraged a public
data set [Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC)]36 to optimize an integrated
signature for determination of FGFR1 positivity. The favored
signature, Call-FGFR1-amp, for accurate identification of
FGFR1 FISH-positive ERþ breast tumors was preliminarily
confirmed in the setting of Agilent microarray gene expres-
sion data. To complete the clinical translation process, we
developed a custom NanoString nCounter assay (a gold
standard technical platform for gene expression) to specif-
ically profile the target genes and validated the signature
Call-FGFR1-amp in a prospective experiment by assaying a
well-annotated cohort [University of British Columbia
(UBC)etamoxifen (TAM)] with long follow-up.39 Call-
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FGFR1-amp was assessed for diagnostic accuracy against
FGFR1 FISH amplification and for association with survival
outcomes to ensure that it captured the poor outcomes pre-
viously associated with the 8p11 amplicon observed in other
entirely independent breast cancer studies.9,14,26

Materials and Methods

Patients and Specimens

We sought to develop and validate an mRNA gene
expressionebased signature to accurately triage FGFR1
nonamplified samples so that a FISH assay, required for
FGFR1 amplification confirmation, would only be needed
in a much smaller number of cases. ERþ breast cancer
patients from five independent breast tumor series were
used to identify FGFR1-amplification discriminative
genes and to construct and validate the signature referred
to herein as Call-FGFR1-amp. In brief, the discovery
cohort encompassing 64 ERþ breast cancer patients
treated by endocrine therapies from the preoperative
letrozole40 and the American College of Surgeons
Oncology Group (now part of the Alliance for Clinical
Trials in Oncology) Z1031 trials (https://clinicaltrials.gov,
identifier NCT00265759)41 (Figure 1 and Supplemental
Table S1) was used to select genes discriminating
FGFR1 amplification at the mRNA level. The clinical trial
protocols were approved by the Institutional Review
Board at Washington University (St. Louis, MO). Data
from 1508 ERþ breast cancer patients (Figure 2A and
Supplemental Table S2) from the METABRIC study36

were analyzed to confirm the individual discriminative
ability of the selected genes and to develop/evaluate four
informatics approaches to combining the nine genes to
produce a composite signature. Data from the META-
BRIC study were accessed with permission from the
European Genome-Phenome Archive (EGA; http://www.
ebi.ac.uk/ega). A final signature, Call-FGFR1-amp, was
locked down before validation efforts in two independent
studies, the Strategic Partnering to Evaluate Cancer Sig-
natures (SPECS) cohort and the UBC/British Columbia
Cancer Agency (UBC-TAM) cohort. A total of 138 breast
cancer samples from the SPECS cohort were used for
FISH testing, whereas 104 had paired Agilent whole-
genome microarray data, among which 47 were ERþ42

(Figure 3A and Supplemental Table S3). The UBC-
TAM cohort39 includes 1276 ERþ breast cancer patients
treated by tamoxifen alone, with a median follow-up of
nearly 10 years. FFPE RNA samples were available from
651 cases of this cohort, and these cases were prospec-
tively subjected to FISH testing (Figure 4A and
Supplemental Table S4). Specimen collection for SPECS
and for UBC-TAM was approved by the Washington
University Institutional Review Board and the UBC/
British Columbia Cancer Agency Clinical Research Ethics
Board, respectively.
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Figure 1 Identification of genes discriminating FGFR1 amplification from FGFR1 neutral in the discovery cohort [ie, the preoperative letrozole (POL)-Z1031
cohort]. A: The REMARK diagram shows 25 FGFR1-amplified estrogen receptorepositive (ERþ) tumors were chosen to be compared against 39 FGFR1 neutral
and chromosome 8 diploid ERþ tumors for genes discriminative of FGFR1 amplification. B: Firestorm analysis. The segmented array comparative genomic
hybridization (aCGH) copy number signals from the circular binary segmentation algorithm (in log2 ratio, y axis) were plotted against chromosome 8 genome
locations (x axis). The top panel shows a FGFR1 firestorm amplified tumor example, and the bottom panel shows a FGFR1 neutral and chromosome 8 diploid
tumor example. C: Heat map of the mRNA gene expression levels (in red/green color scheme) of the nine genes (at row). Overexpression of the genes
corresponds well to the FGFR1-amplified cases among the 64 samples (at column), as determined by the firestorm analysis (indicated in the top image bar as
truth: AMP in pink for amplification and NonAMP in blue for nonamplification).

Call-FGFR1-Amp for FGFR1 Amplification
FGFR1 Amplification at the DNA Level

The aCGH method was performed on the discovery cohort for
DNA copy number profiling and the method was described
previously.43 In brief, tumor DNA was extracted from five to
seven FFPE tissue sections (50 mm thick) that contained a
minimum of 70% tumor cellularity, using the QIAamp DNA
Mini Kit (Qiagen, Valencia, CA). Using cell pellets or whole
blood, germline DNA was extracted using the QIAamp DNA
Mini Kit (Qiagen) or QIAamp DNA Blood Mini/Maxi Kit
(Qiagen), according to manufacturer’s instructions. Genomic
DNAs from both a tumor and a common germline reference
The Journal of Molecular Diagnostics - jmd.amjpathol.org
sample were restriction digested (AluI/RsaI), fluorescently
labeled with either a Cy5 dye (tumor) or a Cy3 dye (germline
reference), and column purified using the Bioprime Total
Genomic Labeling System (18097-011; Invitrogen, Carlsbad,
CA). Both tumor and germline reference purified samples were
cohybridized to an Agilent (Santa Clara, CA) Human Genome
244 K CGH array and washed according to Agilent protocols.
Log ratios (tumor to reference) were then extracted for each
array feature using an Agilent scanner and Feature Extraction
software version 9.5.3.1. Circular binary segmentation44,45 was
applied to divide the genome into regions of equal copy
numbers, and whole-genome DNA copy number status was
149
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Figure 2 Validation of individual genes and development/evaluation of multigene signatures in the Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) cohort. A: The REMARK diagram; 1508 estrogen receptorepositive (ERþ) METABRIC samples were used for FGFR1 amplification analyses.
B: Disease-specific survival (DSS) Kaplan-Meier (KM) curves of true FGFR1 amplification status, as determined by single-nucleotide polymorphism (SNP) array copy
number analysis stratified by ER status, demonstrated that FGFR1 amplification is prognostic in ERþ tumors but not in ER- tumors. In parentheses are total number
of events/total number of samples with valid survival and FGFR1 amplification data. The hazard ratios (HRs) with associated 95% CIs and the log-rank test P values
(P) are reported. C: Individual receiver operating characteristic (ROC) curve confirms the discriminative ability of each individual gene for FGFR1 amplification. The
solid black point indicates the optimal cutoff point on each ROC curve. The legend shows area under the ROC curve (AUC), sensitivity, and specificity corre-
sponding to the optimal cutoff. D: Overlaid KM curves for DSS indicate that each of the four composite signatures is prognostic and tracks the true nonamplified
curve well. KM curves of amplification statuses, as determined by each of the four multigene signatures from 10-fold cross-validations (red dashed curves: upper/
lower red curves for nonamplified/amplified patients, respectively), were overlaid by gold standard FGFR1 amplification status, as determined by SNP array copy
number analysis (black solid curves, upper/lower curves for nonamplified/amplified patients, respectively), and amplification status, as determined by both a
signature and the true status (green dotted curves, upper/lower curve for nonamplified cases determined by both/amplified cases determined by both,
respectively). The HRs with associated 95% CIs and the log-rank test P values (P) are reported. The signature Call-FGFR1-amp based on the optimal AUC (optAUC)
algorithm was carried forward locked down for validation. EMP, empirical method; Logistic, logistic regression method; NB, naïve Bayes method.

Luo et al
assessed by CGHcall.46 The amplification status of FGFR1 in
the discovery cohort was determined based on CGHcall results
and by observation of a firestorm peak in the FGFR1 region
using chromosome 8 scatter plots of segmented copy number
signals (Figure 1). Samples were identified as FGFR1 amplified
if any genes within the FGFR1 genomic region exhibited
amplification. Samples exhibiting chromosome 8 diploidy and
FGFR1 neutral copy number status were defined as FGFR1
nonamplified.

For the METABRIC study, whole genome copy number
statuses processed from Affymetrix 6.0 human whole
genome SNP array data, as previously described,36 were
downloaded from the EGA (http://www.ebi.ac.uk/ega)
under study accession number EGAS00000000098. To
determine FGFR1 gene DNA amplification status in the
METABRIC cohort, copy number status for the segmented
150
regions in the FGFR1 gene region (chromosome 8, location
38268656-38326352) was extracted. A tumor was defined
to be FGFR1 amplified if any of segmented regions in the
gene region demonstrated amplification because the copy
number data were rigorously segmented and amplification
statuses of segmented regions were called rigorously (see
Supplemental Methods of Curtis et al36) and, moreover, the
amplification rate (approximately 9%) estimated based on
this simple rule in METABRIC is close to published data.
FGFR1 amplification was determined by FISH on both

the SPECS and the UBC-TAM cohorts. FISH on the SPECS
cohort was conducted on tissue sections (5 or 6 mm thick)
after deparaffinization and target retrieval using steam
cooking in citrate buffer for 20 minutes, followed by a 20-
minute cool-down period and a 5-minute wash with distilled
water, then pepsin digestion (37�C, 30 minutes) and a
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 3 Validation of FGFR1 amplification calls by Call-FGFR1-amp in the Strategic Partnering to Evaluate Cancer Signatures (SPECS) cohort. A: The REMARK
diagram; 47 estrogen receptorepositive (ERþ) SPECS samples were analyzed for FGFR1 amplification analyses. B: Kaplan-Meier (KM) curves by true FGFR1
amplification status, as determined by fluorescent in situ hybridization (FISH) for relapse-free survival (RFS), overall survival (OS), and disease-specific survival
(DSS), show prognostic trends. Indicated in the legend are the total number of events/total number of patients corresponding to the amplified and nonamplified
patients in the parenthesis, hazard ratios (HRs), and 95% CIs and log-rank test P values (P). C: Heat map of the nine selected genes (at row) shows concordance
between the genes’ overexpression, the amplification statuses called by Call-FGFR1-amp, and the FGFR1 FISH amplification statuses of the 47 ERþ tumors (at
column), indicated in the top image bar by pred (for Call-FGFR1-amp) and truth (for FISH), respectively. AMP in pink/purple for amplification and NonAMP in blue
for nonamplification. White bars are for cases with nonreadable FISH results. D: Overlaid KM curves exhibit close tracking of Call-FGFR1-amp for FGFR1 FISH,
showing similar prognostic effects. KM curves for RFS, OS, and DSS by FGFR1 amplification based on Call-FGFR1-amp (Call-FGFR1-amp: red dashed curves, upper/
lower red curves corresponding to nonamplified versus amplified patients, as determined by Call-FGFR1-amp, respectively), overlaid with curves by the FISH gold
standard (FGFR1: black solid curves, upper/lower curves corresponding to nonamplified versus amplified patients, as determined by FISH, respectively) and FGFR1
status, as determined by both Call-FGFR1-amp and FISH (FGFR1 and Call-FGFR1-amp: green dotted curves, the upper green dotted curve representing patients who
were FGFR1 FISH amplified and called so by Call-FGFR1-amp versus the lower green dotted curves representing the remaining patients who were called nonamplified
by both or had inconsistent calls between FISH and Call-FGFR1-amp). The HRs with 95% CIs and log-rank test P values (P) were indicated in the legend.

Call-FGFR1-Amp for FGFR1 Amplification
subsequent wash in 2� standard saline citrate. FGFR1
(8p12)/CEN8q FISH probes (Abbott Molecular, Des
Plaines, IL) were codenatured with the tissues at 90�C for
13 minutes and hybridized at 37�C overnight. After hy-
bridization, slides were washed in 50% formamide/1�
standard saline citrate (5 minutes) and 2� standard saline
citrate (5 minutes) at room temperature, air dried, counter-
stained with DAPI (0.5 L/mL), and examined on an
Olympus BX60 fluorescent microscope with appropriate
filters (Olympus, Melville, NY). The number of FGFR1
(red) and chromosome 8 (green) signals per cell was scored
on a minimum of 100 nonoverlapping tumor nuclei by two
technologists blinded to gene expression and patient clinical
data. The average gene copy number and FGFR1/CEP8
ratio was calculated for each sample. A region was
considered amplified if the number of FGFR1 signals was
greater than five relative to the centromeric probe, and a
The Journal of Molecular Diagnostics - jmd.amjpathol.org
tumor sample was defined as amplified when 10% or more
of tumor cells showed such a region amplification. All other
readouts were regarded as FGFR1 nonamplified. FISH on
the UBC-TAM cohort used FFPE tissue sections (4 mm
thick) from tissue microarray blocks that were baked over-
night at 60�C, deparaffinized using xylene (5 minutes each,
�3), and dehydrated in 100% ethanol (10 minutes each,
�2). The slides were then pretreated in 10 mmol/L citric
acid buffer at 80�C for 50 minutes, followed by pepsin
digestion (37�C, 7 to 10 minutes) and dehydration in an
ethanol series (70%, 80%, 100%; 1 minute each). FGFR1
(8p12)/CEN8q FISH probes (Abnova, Taipei, Taiwan) were
codenatured with the tissues at 73�C for 5 minutes and
hybridized at 37�C for 16 to 18 hours. After hybridization,
slides were washed with 2� standard saline citrate/0.3%
NP40 at 73�C for 2 minutes, dehydrated in the ethanol se-
ries, and counterstained with DAPI. The number of FGFR1
151
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Figure 4 Validation of FGFR1 amplification calls by Call-FGFR1-amp in the University of British Columbia (UBC)etamoxifen (TAM) cohort. A: The REMARK
diagram; 651 estrogen receptorepositive (ERþ) UBC-TAM samples were analyzed for FGFR1 amplification analyses. B: Kaplan-Meier (KM) curves by true FGFR1
amplification status, as determined by fluorescent in situ hybridization (FISH), show prognostic effects for disease-specific survival (DSS) and relapse-free
survival (RFS). C: Heat map of the nine selected genes (at row) shows concordance between the genes’ overexpression, the amplification statuses called
by Call-FGFR1-amp, and the FGFR1 FISH amplification statuses of the 651 ERþ tumors (at column), indicated in the top image bar by pred (for Call-FGFR1-amp)
and truth (for FISH), respectively. AMP in pink/purple for amplification and NonAMP in blue for nonamplification. White bars are for cases with nonreadable
FISH results. D: Overlaid KM curves exhibit close tracking of Call-FGFR1-amp for FGFR1 FISH, showing similar prognostic effects. KM curves for DSS and RFS by
FGFR1 amplification based on Call-FGFR1-amp (Call-FGFR1-amp: red dashed curves, upper/lower red curves corresponding to nonamplified versus amplified
patients, as determined by Call-FGFR1-amp, respectively), overlaid with curves by the FISH gold standard (FGFR1: black solid curves, upper/lower curves
corresponding to nonamplified versus amplified patients, as determined by FISH, respectively) and FGFR1 status, as determined by both Call-FGFR1-amp and
FISH (FGFR1 and Call-FGFR1-amp: green dotted curves, the upper green dotted curve representing patients who were FGFR1 FISH amplified and called so by Call-
FGFR1-amp versus the lower green dotted curves representing the remaining patients who were called nonamplified by both or had inconsistent calls between
FISH and Call-FGFR1-amp). The hazard ratios (HRs) with 95% CIs and log-rank test P values (P) were indicated in the legend. QC, quality control.

Luo et al
(red) and chromosome 8 (green) signals per cell was scored on
a minimum of 50 tumor cells from each tissue core by two
experienced cytogeneticists who had no access to gene
expression or patient clinical data. The average FGFR1 gene
copy number and FGFR1/CEP8 ratio was calculated for each
core. A sample was defined as FGFR1 amplified if the FGFR1
copy number was >6, or the FGFR1/CEP8 ratio >2.2.14

mRNA Gene Expression Data

The whole-transcriptome mRNA gene expression levels on
the fresh frozen tumor tissues that contained a minimum of
50% tumor cellularity in the discovery cohort and the
SPECS cohort were each profiled on Agilent Human Gene
Expression 4 � 44 K and 244 K Microarrays. RNA was
extracted from frozen biopsy tumor tissues. Five to seven
152
sections (50 mm thick) of a tumor tissue were homogenized
in Trizol, and total RNA was extracted using the Qiagen
RNA extraction reagents. High-quality total RNA from both
a tumor biopsy and a universal reference sample1 (100 to
500 ng) was used to synthesize cDNA, followed by T7
polymerase in vitro transcription with either a cy5-CTP
(tumor) or cy3-CTP (reference) from Perkin Elmer incor-
porated during in vitro transcription using Agilent’s Low
Input Linear Amplification Kit. Amplified, labeled tumor
and reference cRNA (825 ng) was then cohybridized to an
Agilent 4 � 44 K Whole Human Genome microarray
(G4112F), washed, and dried according to Agilent’s Two-
Color Microarray-Based Gene Expression Analysis proto-
col (version 5.0.1). Processed arrays were then scanned with
an Agilent Microarray Scanner (G2505B), and probe data
were extracted from the scanned image using Agilent’s
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Call-FGFR1-Amp for FGFR1 Amplification
Feature Extraction software version 9.5.3.1. Feature
Extraction data for each patient were preprocessed through
the University of North Carolina Microarray Database
(https://genome.unc.edu, registration required),42,47 where
probes of poor quality, as determined by Feature Extraction
algorithms, were removed under the following conditions:
spot was not found in either channel, spot or background
was a nonuniform outlier, spot or background was a
nonuniform outlier for the population, or the spot was not
positive and significant in either channel. Log2 ratio (tumor/
reference) was then calculated for the probes that passed the
above filters, and Lowess was used for data normalization.48

Spots with a Lowess normalized net (mean) <10 in either
channel were filtered in the final data set. The Agilent
microarray raw files and the normalized gene expression
data of the whole transcriptomes of the discovery cohort
were deposited in the Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo) under the accession number
GSE77626. Supplemental Tables S5 and S6 provide the
gene expression data of the selected genes.

For the METABRIC study, the processed whole genome
gene expression data from the Illumina (San Diego, CA)
Human HT-12 array version 3, as previously described,36

were downloaded from EGA (http://www.ebi.ac.uk/ega)
under study accession number EGAS00000000098.

Total RNA from the FFPE tumor tissues of the UBC-
TAM samples was extracted, as previously described,39 and
the mRNA expression (Supplemental Table S7) of the nine
targeted genes was profiled using the NanoString nCounter
analysis system. A custom capture and reporter CodeSet
(Supplemental Table S7) for the target genes was designed
according to the manufacturer’s guidelines (NanoString
Technologies, Inc., Seattle, WA) using methods previously
described.49 The RNA samples were hybridized with the
code set and processed using the NanoString nCounter
Analysis system, as described in our previously published
studies.47,50 Six positive control genes at six concentrations,
eight negative control genes, and three housekeeping genes
(MRPL19, SF3CA1, and PUM1) were profiled together with
the nine candidate genes. Quality control and preprocessing
of the NanoString nCounter raw counts on the UBC-TAM
cohort samples were performed according to the manufac-
turer’s instruction guide, through the following sequential
processing steps: i) remove samples with a binding density
>2.25 or <0.1; ii) remove samples with three or more
positive control genes having zero counts; iii) calculate a
positive control normalization factor per sample as the mean
summed counts of the six positive control genes across all
samples divided by the summed counts of the six positive
control genes per sample; iv) remove samples with the
positive control normalization factor >3 or <0.3;
v) calculate the mean and SD across negative control genes
per sample and subtract each gene expression value by the
background, defined as mean þ 2 � SD; vi) calculate
the housekeeping genes geometric mean per sample and the
averaged geometric mean across samples, and the
The Journal of Molecular Diagnostics - jmd.amjpathol.org
housekeeper gene normalization factor is calculated as the
averaged geometric mean divided by per-sample geometric
mean; vii) gene expression values per sample, multiply the
sample-specific housekeeper gene normalization factor; viii)
take log2 transformation of the gene expression.

Statistical Analysis

Missing values in gene expression data were imputed using
the R impute package.51 Descriptive statistics (mean, SD for
continuous variables, and count/frequency for categorical
variables) were used to summarize patient characteristics.
Fisher’s exact test was used to assess associations between
categorical patient characteristics. Disease-specific survival
(DSS) was defined as the time interval between the date of
initial diagnosis of breast cancer and the date of death due to
the disease. Overall survival and relapse-free survival (RFS)
were defined as the time interval between the date of initial
diagnosis of breast cancer and the date of any type of death
and relapse of the disease, respectively. Survival analyses
were performed to assess prognostic effects of FGFR1
amplification on survival end points. The Kaplan-Meier
(KM) product limit method was used to estimate empirical
survival probabilities, whereas survival difference was
compared by log-rank test. Cox proportional hazard
regression modeling was used to estimate the hazard ratio
(HR) of FGFR1-amplified cases to nonamplified cases and
the associated 95% CI. The proportional hazard assumption
was examined by plotting and testing the Schoenfeld
residuals.

The FGFR1 amplification status, as determined at the
DNA level (aCGH, SNP array, or FISH), was regarded as
the true gold standard. The FGFR1 amplification status
determined by a signature at the mRNA level was evaluated
against these gold standards. For assessment of the
discriminative ability of an individual gene for FGFR1
amplification, the receiver operating characteristic (ROC)
analyses52 were performed. The area under the ROC curve
(AUC) was estimated using the nonparametric trapezoidal
method with 95% CI by the method of DeLong et al53 to
gauge the discriminative ability across all possible cutoff
points. To make binary FGFR1 amplification calls, an
optimal cut point was adopted as corresponding to the co-
ordinate on an ROC curve with the minimum distance to the
coordinate with a perfect sensitivity and a perfect specificity.
By the optimal cut point, various diagnostic measures can
be derived, including sensitivity, specificity, positive and
negative predictive values, overall accuracy, the ratio of
false positives (FPs) to true positives (TPs), labeled as FP/
TP, the ratio of false negatives (FNs) to true negatives
(TNs), labeled as FN/TN, the Youden index, which does not
consider population prevalence and uses equal weight on
sensitivity and specificity (ie, FPs and FNs were equally
penalized and essentially the summation of sensitivity and
specificity), and the Youden index (labeled as Youden*),
which considers population prevalence and allows different
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penalty/cost on FP and FN.54 Herein, we chose a large
penalty/cost on FN relative to FP as 5:1 because the
objective was to initially screen out FGFR1 nonamplified
tumors such that only the remaining tumors would need to
be confirmed by more labor-intensive FISH assays for
FGFR1 amplification. More detailed definitions on these
diagnostic characteristics are as follows: i) sensitivity was
defined as the proportion of amplified cases as called by a
signature among the true FGFR1-amplified cases; ii) spec-
ificity was defined as the proportion of nonamplified cases
as called by a signature among the true FGFR1 non-
amplified cases; iii) overall accuracy was defined as the
proportion of correctly classified amplified and non-
amplified cases among all cases; iv) positive predictive
value was defined as the proportion of true amplified cases
among those called as amplified by a signature; v) negative
predictive value was defined as the proportion of true
nonamplified cases among those called as nonamplified by
a signature; vi) Youden index was calculated as: sensitivity
þ specificity � 1, essentially the summation of sensitivity
and specificity. Youden index does not incorporate popu-
lation prevalence and uses equal weights on sensitivity
and specificity, in another word, FPs and FNs were
equally penalized; and vii) Youden* was calculated as:

sensitivity� CFP

CFN
� 1� prevalence

prevalence
� ð1� specificityÞ; ð1Þ

with CFP and CFN referring to the cost/penalties for FP and
FN, respectively. Herein, we chose a large penalty on FN
relative to FP (with CFP/CFN Z 1/5) because the objective
was to initially screen out FGFR1 nonamplified patients by
a signature using mRNA gene expression data, whereas the
remaining patients will be subjected to more labor-intensive
FISH for confirmation. In situations of equal CFP and CFN

and a 1:1 case-control study, Youden* reduces to the
Youden index as defined above. FP/TP referred to the ratio
of FPs to TPs (ie, the ratio of total number of true FGFR1
nonamplified cases, which were called amplified by a
signature, to the total number of true FGFR1 amplified
cases, which were called amplified by a signature). FN/TN
referred to the ratio of FNs to TNs (ie, the ratio of total
number of true FGFR1 amplified cases, which were called
nonamplified by a signature, to the total number of true
FGFR1 nonamplified cases, which were called nonamplified
by a signature).

We considered four algorithms to construct a multigene
signature during the development stage: the empirical
method (labeled as EMP), the naïve Bayes method (NB), the
logistic regression method (Logistic), and the optimal AUC
method (optAUC).55

The empirical method (EMP). EMP was essentially a
majority voting algorithm. The optimal cut point of each
candidate gene is the parameter required by the algorithm.
The optimal cut point on each gene was adopted as corre-
sponding to the coordinate on the ROC curve with the
minimum distance to the coordinate with perfect sensitivity
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and perfect specificity. By each of the nine candidate genes,
each new sample was categorized into being FGFR1
amplified or nonamplified by comparing the gene’s
expression level to the corresponding optimal cutoff point of
the gene. A new sample would be finally called FGFR1
amplified if it was classified as so by at least eight of the
nine candidate genes.
The naive Bayes method (NB). The NB method was used

to calculate the probability of FGFR1 amplification given
the gene expression of all of the candidate genes via the
Bayes theorem, where each gene was assumed to be inde-
pendently normally distributed in the true amplified popu-
lation and in the true nonamplified population separately.
The mean and SD of each candidate gene in the true
amplified population and in the true nonamplified popula-
tion were the required parameters and were separately
estimated using the sample mean and SD of the true
amplified cases and true nonamplified cases in the training
cohort. NB has shown great performance for classification
in machine learning despite its simple independence
assumption.56,57 NB estimated the FGFR1 amplification
probability in the range of 0 to 1, whereas a new sample was
called amplified if the estimated probability was �0.5.
The multivariate logistic regression method (Logistic). A

multivariate logistic regression model incorporating the
gene expression of all of the candidate genes was fitted
using the training samples to estimate the regression co-
efficients (the parameters). A linear score was constructed
for a new sample in an independent validation cohort based
on the logistic regression model, with the estimated
regression coefficients and probabilities of amplification
calculated. A new sample was called amplified by Logistic
if its associated probability of amplification was �0.5.
The optimal AUC method (optAUC). The candidate

genes were linearly combined to achieve an optimal AUC.
The linear coefficients were estimated by a nonparametric
search using the R package optAUC (version 1.0)55,58 with
default arguments in the R function optAUC, namely, the
smoothing parameter “l Z 5” and the variables (genes)
were standardized by setting scale Z T. To dichotomize the
resulting linear score, the optimal cut point was adopted as
corresponding to the coordinate on the ROC curve (gener-
ated for the linear score), with the minimum distance to the
coordinate with perfect sensitivity and perfect specificity. A
new sample was called amplified if its linear score was
above the derived optimal cut point. Thus, the linear co-
efficients and the optimal cut point were the required
parameters.
The performance of the four algorithms was evaluated in

the METABRIC cohort via a 10-fold cross-validation (CV)
procedure. For the 10-fold CV, the METABRIC cohort was
randomly divided into 10 subsets of approximately equal
size. At each CV, one subset was held while the algorithms
were implemented on the other nine subsets to estimate
algorithm-specific parameters. The FGFR1 amplification
statuses of the held-out samples were called by each
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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algorithm using the estimated parameters. The performance
at each CV was assessed against the true status of the held-
out samples based on the diagnostic measures described
earlier. According to the averaged performance across all 10
CVs, a locked-down signature, Call-FGFR1-amp, was car-
ried forward to the validation stage. For independent vali-
dation analyses in the SPECS and the UBC-TAM cohorts,
the expression of each candidate gene in a validation cohort
was adjusted to have the same mean and SD as those in the
METABRIC cohort to remove any obvious batch effect.
The sigclust approach59,60 was used to test if a major study-
wise batch effect was removed such that a validation cohort
merged well with the training cohort. A small P value
(usually <0.05) from sigclust indicated the existence of
major study-wise batch effect because the samples from the
validation cohort and the METABRIC cohort could be
regarded as from two different multivariate normal distri-
butions, whereas a large P value indicated all of the samples
were possibly from one multivariate normal distribution and
thus no obvious study-wise batch effect existed. k Co-
efficients were calculated to gauge agreement between
FGFR1 amplification calls by a signature and the gold
standards, and their association was tested by Fisher’s exact
test, whereas the previously described diagnostic charac-
teristics were also calculated. Hierarchical clustering was
used to cluster samples or genes, based on the average
linkage and the dissimilarity metric of one minus Pearson
correlation coefficient. All tests were two sided at a 5%
significance level. All analyses were performed in R 2.15.2
(http://cran.r-project.org).61
Results

Identification of Discriminative Genes for FGFR1
Amplification in the Discovery Cohort

Firestorm analysis (Materials and Methods and Figure 1) of
the aCGH DNA copy number profiles of tumors resulted in
25 FGFR1-amplified and 39 FGFR1 neutral ERþ breast
tumors (Figure 1) from the POL/Z1031 trials. Patient
Table 1 Selection of the Candidate Genes in the Discovery Cohort (PO

Gene AUC (95% CI) Specificity Sensiti

ASH2L 1 (0.99e1) 1.00 0.92
BAG4 0.99 (0.98e1) 0.97 0.92
BRF2 0.99 (0.98e1) 0.97 0.92
DDHD2 1 (1e1) 1.00 0.96
FGFR1 0.92 (0.85e1) 0.97 0.80
LSM1 1 (1e1) 1.00 0.96
PROSC 0.99 (0.97e1) 0.97 0.92
RAB11FIP1 1.0 (0.99e1) 0.95 0.96
WHSC1L1 1.0 (0.99e1) 1.00 0.92

The eight selected genes were selected based on all listed receiver operating cha
corresponding to the optimal cutoff point (cutoff column), together with the a p
AUC, area under the receiver operating characteristic curve; NPV, negative pre
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characteristics of this discovery cohort were briefly sum-
marized in Supplemental Table S1. A total of 22,962 whole-
transcriptome probes were analyzed by the ROC method to
identify genes discriminative for FGFR1 amplification at the
mRNA level (Supplemental Table S5). From ROC analyses,
eight genes (ASH2L, BAG4, BRF2, DDHD2, LSM1,
PROSC, RAB11FIP1, and WHSC1L1), all located in the
same chromosomal region as FGFR1, were selected because
their diagnostic test measures, including AUC, sensitivity,
specificity, positive predictive value, negative predictive
value, and overall accuracy, corresponding to the optimal
cut points were all >0.9 (Table 1 and Supplemental
Figure S1). The FGFR1 gene itself, with an AUC of 0.92,
a high specificity of 0.97 but a relatively low sensitivity of
0.8, was also selected a priori (Table 1 and Supplemental
Figure S1). All of the nine genes were highly overex-
pressed in the FGFR1-amplified cases in this discovery
cohort (Supplemental Figure S2). The mRNA expression
levels of the selected genes showed high correlation (Pear-
son correlation coefficient range, 0.71 to 0.93)
(Supplemental Figure S3).
Development and Evaluation of Multigene Based
Signatures in the METABRIC Cohort

In the METABRIC study,36 the true FGFR1 amplification
status of tumors was determined by SNP array copy number
analysis (as described in Materials and Methods). FGFR1
was amplified in 138 (approximately 9%) of 1508
ERþ breast patients, significantly higher than in ER- tumors
(approximately 4%, 17 of 440; odds ratio, 2.5; 95%
CI, 1.49e4.48; Fisher’s exact test P Z 0.0002). FGFR1
amplification was associated with noticeably worse DSS
among ERþ (HR, 1.67; 95% CI, 1.23e2.26; log-rank test
P Z 0.0008) (Figure 2B) but not among ER- patients (HR,
0.98; 95% CI, 0.43e2.21; log-rank test P Z 0.96)
(Figure 2B), which was similarly observed for overall sur-
vival (Supplemental Figure S4). Thereafter, we focused on
the 1508 ERþ breast cancer patients in the METABRIC
study for FGFR1 amplification analysis (Figure 2B and
L-Z1031)

vity NPV PPV Accuracy Cutoff

0.95 1.00 0.97 0.74
0.95 0.96 0.95 0.45
0.95 0.96 0.95 0.72
0.98 1.00 0.98 1.19
0.88 0.95 0.91 0.09
0.98 1.00 0.98 1.14
0.95 0.96 0.95 0.50
0.97 0.92 0.95 1.64
0.95 1.00 0.97 0.91

racteristic diagnostic characteristics and overall accuracy (accuracy column)
riori selected FGFR1 gene.
dictive value; POL, preoperative letrozole; PPV, positive predictive value.
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Supplemental Table S2). The nine selected genes were all
highly overexpressed in the FGFR1-amplified tumors
(Supplemental Figure S5) and showed moderate to high
correlation (Pearson correlation coefficient range, 0.49 to
0.87) (Supplemental Figure S6), indicating that expression
of these genes may provide complementary information for
FGFR1 amplification. Consistent with the discovery cohort,
all of the eight selected genes well discriminated between
FGFR1-amplified and FGFR1 copy neutral ERþ tumors,
with AUCs all �0.92 and high sensitivities and specificities
corresponding to the optimal cutoff points, whereas
expression of the FGFR1 gene itself had a comparatively
lower AUC of 0.83 (Figure 2C).

Although each single gene already exhibited a discrimina-
tive ability for FGFR1 amplification, multigene based signa-
tures may render robust results across studies and may
improve FGFR1 amplification calling. We continued to
develop a multigene signature (Call-FGFR1-amp) in consid-
eration of four potential classification algorithms (as described
inMaterials andMethods). The performance of these methods
was evaluated in a 10-fold CV setting (as described in
Materials and Methods) using the METABRIC cohort.
Diagnostic measures from the 10 CVs were averaged for final
evaluation of the algorithms (Table 2). The high specificities
indicated that all of the algorithms performed well in accu-
rately identifying FGFR1 truly copy neutral cases. The sig-
natures by each of the classification algorithms resulted in a
high specificity, a high negative predictive value, and a high
overall accuracy (all >0.96) (Table 2). The EMP method
yielded the highest specificity of 99.4% but at the cost of a
lower sensitivity (70.7%), whereas Logistic performed simi-
larly, with the highest overall accuracy of 97.1%. In contrast,
Table 2 Evaluate the Performance of the Multigene Signature by
Four Algorithms Averaged Across 10-Fold CVs in the METABRIC
Cohort

Measures EMP NB Logistic optAUC

Specificity 0.99 0.97 0.99 0.96
Sensitivity 0.71 0.94 0.79 0.96
NPV 0.97 0.99 0.98 1.00
PPV 0.91 0.74 0.88 0.71
Accuracy 0.97 0.97 0.97 0.96
Youden 0.70 0.91 0.78 0.92
Youden* 0.71 0.94 0.79 0.96
FP/TP 0.11 0.40 0.16 0.44
FN/TN 0.03 0.01 0.02 0.00

As evaluated against FGFR1 amplification by diagnostic measures, all
algorithms perform well; optAUC led to the lowest FN/TN and the highest
sensitivity and NPV.
CV, cross-validation; EMP, empirical method; FN, false negative; FP, false

positive; Logistic, logistic regression; METABRIC, Molecular Taxonomy of
Breast Cancer International Consortium; NB, naïve Bayes method; NPV,
negative predictive value; optAUC, optimal area under the receiver oper-
ating characteristic curve; PPV, positive predictive value; TN, true negative,
TP, true positive; Youden, does not consider population prevalence and
uses equal weight on sensitivity and specificity; Youden*, considers pop-
ulation prevalence and allows different penalty/cost on FP and FN.
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the NB method and the optAUC method showed a high
specificity, the highest sensitivity, and the highest negative
predictive values (99.4% and 99.5%, respectively) under a cost
of slightly more false positives and lower positive predictive
values. NB and optAUC also corresponded to the highest
Youden index, which summarized the sensitivity and speci-
ficity, as well as highest Youden* with incorporation of
FGFR1 amplification rate and a greater penalty on FN than on
FP (FN/FP cost ratio, 5:1). FGFR1 amplification, as deter-
mined by the signature from all of the algorithms, was prog-
nostic of DSS (Figure 2D). The KM curves representing the
nonamplified patients, as determined by the signatures, over-
lapped the true curve of the FGFR1 nonamplified patients. The
survival curves of the FGFR1-amplified patients, as deter-
mined by each algorithm, showed a slight deviation from the
true curve of the FGFR1-amplified patients (Figure 2D). The
final signature, Call-FGFR1-amp, determined by the optAUC
algorithm was carried forward to the next stage for indepen-
dent validation because it resulted in both a high specificity
and a high sensitivity, a smallest FN/TN ratio, and a highest
Youden* when imposing a greater penalty on FN than FP, and
also produced slightly better stratifying KM curves when in
combination with the FGFR1 true status (Figure 2D). All of
the 1508 METABRIC ERþ tumors were used to train the
optimal linear coefficients (Supplemental Table S8) of the nine
genes using the optAUC algorithm by which the resulting
linear score of the nine genes attained an optimal AUC,
whereas for binary amplification calls, the optimal cut point
(Supplemental Table S8) on the ROC curve was derived (as
described in Materials and Methods).

Independent Validation of the Locked-Down Signature

We prospectively evaluated the individual discriminative
ability of each selected gene and, more important, the per-
formance of the optimized and locked-down nine-genee
based signature Call-FGFR1-amp from the optAUC algorithm
in ERþ patients from two additional independent studies (the
SPECS and the UBC-TAM cohorts). As mRNA expression in
these series was generated using different platforms (as
described inMaterials and Methods), the gene expression data
of each validation cohort were separately transformed such
that each gene had the same mean and SD as in the META-
BRIC training cohort. For both validation cohorts, the trans-
formation removed major study batch effects between the
training and a validation cohort, as visualized by the heat
map of the merged data after transformation in contrast to
that before transformation (Supplemental Figure S7 and
Supplemental Figure S8) and as tested by sigclust59 (both
validation cohorts: sigclust P Z 0 before transformation and
P Z 1 after transformation).

The SPECS Cohort
A total of 138 breast tumors from the SPECS study42 were
tested by FISH assay as FGFR1 amplification gold statuses,
yielding an overall FGFR1 amplification rate of 9.92%.
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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A total of 104 patients had available paired FISH and
mRNA gene expression profiled on the Agilent custom 244
K gene expression microarray platform (Figure 3A). Among
the 47 ERþ tumors (Supplemental Table S3 and
Supplemental Table S6), complete agreement was observed
between the readouts by two pathologists. Six (13.95%) of
43 ERþ tumors with a valid FISH readout were amplified.
FGFR1-amplified ERþ tumors exhibited a trend toward
shorter RFS (HR, 2.21; 95% CI, 0.45e10.97; log-rank test
P Z 0.319) (Figure 3B), overall survival (HR, 2.58; 95%
CI, 0.50e13.33; log-rank test P Z 0.242) (Figure 3B), and
DSS (HR, 1.67; 95% CI, 0.19e15.05; log-rank test
P Z 0.642) (Figure 3B), although statistically not signifi-
cant because of few samples. The individual discriminative
performances of the selected genes were consistently
confirmed (AUC range, 0.87 to 0.96) (Supplemental
Figure S9). Call-FGFR1-amp captured all of the six
FGFR1-amplified tumors (sensitivity, 1; and speci-
ficity, 0.95) (Figure 3C and Table 3), and rendered KM
curves closely tracking those by FISH (Figure 3D).

The UBC-TAM Cohort
As a final validation exercise for this study, the NanoString
nCounter platform was used to generate new mRNA
expression data for the nine candidate genes on 651 FFPE
ERþ tumors from the UBC-TAM cohort (Supplemental
Table S4 and Supplemental Table S7). FISH was then
used to diagnose FGFR1 amplification for all these 651
tumor samples; results were readable in 600 patients, among
which 73 (12.17%) were FGFR1 amplified. FGFR1
amplification corresponded to shorter DSS and RFS (HR,
1.87; 95% CI, 1.31e2.65; P Z 0.0004 for DSS; HR, 1.59;
95% CI, 1.13e2.23; P Z 0.007 for RFS) (Figure 4B) in the
ERþ tumors. The individual 8p11-12 amplicon genes were
again validated to be overexpressed in FGFR1-amplified
patients (Supplemental Figure S10) and were highly
discriminative for FGFR1 amplification, with their AUCs
ranging from 0.93 to 0.97 (Supplemental Figure S11);
again, FGFR1 alone had a lower AUC (0.82). The heat map
of the nine genes in the UBC-TAM cohort showed that the
amplification calls from Call-FGFR1-amp corresponded
Table 3 Contingency Table of FGFR1 Amplification Calls as Determined
Cohort

Call-FGFR1-amp Total no.

FISH

Nonamplified

Non-amplified 35 35
Amplified 8 2
Total no. 43 37

Specificity Sensitivity NPV PPV Accura

0.95 1 1 0.75 0.95

Call-FGFR1-amp captures all FGFR1-amplified cases and results in a high sensiti
FISH, fluorescent in situ hybridization; FN, false negative; FP, false positive; NPV

Partnering to Evaluate Cancer Signatures; TN, true negative, TP, true positive; Y
sensitivity and specificity; Youden*, considers population prevalence and allows
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well with the overexpression of these genes, in agreement
with the true FGFR1 amplification status by FISH
(Figure 4C). Call-FGFR1-amp identified 70 of the 73
amplified tumors, yielding a negative predictive value of
99.4%, an overall accuracy of 94.5%, a specificity of 94.3%,
and a sensitivity of 95.9% (Figure 4C and Table 4). The
call-FGFR1-amp amplification calls were again validated as
prognostic for both DSS and RFS (HR, 1.57; 95% CI,
1.14e2.16; P Z 0.005 for DSS; HR, 1.41; 95% CI,
1.05e1.9; P Z 0.023 for RFS) (Figure 4D).
Discussion

Gene expression signatures have been commonly used for
cancer subtyping and for prognostic assays. However, gene
expression profiling is not routinely used as an aide to the
diagnosis of gene amplification, but would be a valuable
approach if cut points and methods for FFPE tissues can be
established. We chose the FGFR1 amplicon to address this
challenge because of promising therapeutic investigations
against this target. Coamplification of multiple genes in the
FGFR1 chromosome region 8p11-8p12 has been previously
reported.37,38,62 Furthermore, mRNA level overexpression of
the genes in the region has been shown to correlate with gene
copy number individually.13,37,38 However, an algorithm for
using this information toward a clinical diagnosis had not
been clearly established. Through a whole-transcriptome
screening, this study identified eight genes that, at the
mRNA expression level, prominently discriminate FGFR1
DNA amplification in ERþ breast tumors. The individual
discriminative abilities of these genes were evident in all
cohorts analyzed in this study. All candidate genes were in
the 8p11-12 region, where FGFR1 resides, and are therefore
potentially interacting oncogenes.37,38,63e65 Some have
transforming properties when overexpressed63,65 (eg, LSM1,
BAG4, WHSC1L1, and DDHD2). BRF2 encodes a RNA
polymerase III transcription initiation factor, and RAB11-
FIP1 is a regulator of RABGTPases, which regulate virtually
all steps of membrane traffic, whereas DDHD2 and
WHSC1L1 may play a role in cell proliferation and
by Call-FGFR1-amp against the FISH Gold Standards in the SPECS

P value kAmplified

0 4.59E-06 0.83
6
6

cy Youden Youden* FP/TP FN/TN

0.95 1 0.33 0

vity, specificity, NPV, and overall accuracy.
, negative predictive value; PPV, positive predictive value; SPECS, Strategic
ouden, does not consider population prevalence and uses equal weight on
different penalty/cost on FP and FN.
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Table 4 Contingency Table of FGFR1 Amplification Calls as Determined by Call-FGFR1-Amp against the FISH Gold Standards in the UBC-TAM
Cohort

Call-FGFR1-amp Total N

FISH

P value kNonamplified Amplified

Nonamplified 500 497 3 4.11E-63 0.78
Amplified 100 30 70
Total N 600 527 73

Specificity Sensitivity NPV PPV Accuracy Youden Youden* FP/TP FN/TN

0.94 0.96 0.99 0.7 0.95 0.9 0.96 0.43 0.01

Call-FGFR1-amp captures almost all of the FGFR1-amplified cases and results in a high sensitivity, specificity, NPV, and overall accuracy (Materials and
Methods provides definitions of the diagnostic measures).
FISH, fluorescent in situ hybridization; FN, false negative; FP, false positive; NPV, negative predictive value; PPV, positive predictive value; TN, true

negative, TP, true positive; UBC-TAM, University of British Columbiaetamoxifen; Youden, does not consider population prevalence and uses equal weight on
sensitivity and specificity; Youden*, considers population prevalence and allows different penalty/cost on FP and FN.
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survival.36,37 Interestingly, the a priori selected FGFR1 gene
consistently shows inferior performance in calling FGFR1
amplification in comparison to the other eight selected genes.
The 8p11-12 region is a complex region, and the underlying
amplification structure is yet to be defined. Recent studies
discovered multiple new putative oncogenes in this region,
suggesting that FGFR1 may not be the sole driver gene or
even FGFR1 may not be the driver at all.36,37 Even if these
speculations were true, it might still be useful to measure
FGFR1 amplification because being a kinase and a trans-
membrane protein, FGFR1 can be targeted with either kinase
inhibitors or antibodies.37

The use of multiple genes in Call-FGFR1-amp has the
potential to be more robust considering that the signal from
one or more genes may be lost because of mRNA degrada-
tion. In addition, even if there are no technical issues, the best
single discriminative gene may not be consistent from cohort
to cohort. Indeed, in our analyses of the patient cohorts,
multiple gene-based classifiers were never inferior to any
single gene in any aspect of the diagnostic test measures.
From performance averaged across CVs in the METABRIC
cohort, the four multigene based signatures had their own
strength and weakness. Overall, optAUC and NB consistently
provided the best sensitivity (ie, least FN) and also a high
specificity, thus the highest Youden index, Youden*, and
negative predictive value, whereas the EMP and Logistic
method showed slightly better specificity but much worse
sensitivity. We carried forward the locked-down Call-
FGFR1-amp signature based on the optAUC algorithm to be
independently validated in two independent cohorts. In both
validation cohorts, Call-FGFR1-amp identified almost all
FGFR1 FISH-amplified tumors. Moreover, Call-FGFR1-
amp exhibited similar prognostic effects to the DNA-based
methods (FISH or SNP chip). Therefore, Call-FGFR1-amp
could be used to triage cases, as determined to be non-
amplified with only positive samples requiring testing by
FISH to identify false positives from true positives.

We have used microarray gene expression data for dis-
covery. Toward clinical diagnosis, it is critical to analyti-
cally validate candidate genes and signatures using a proper
158
technical platform. More important, we have demonstrated
the applicability of the signature to FFPE samples in the
UBC-TAM study using the NanoString nCounter digital
system, which is a gold standard analytical platform for
gene expression and can be used as the analytical technical
platform for future diagnostic test development. Data
transformation was necessary herein to apply Call-FGFR1-
amp trained in METABRIC to each independent validation
cohort profiled on a different platform to remove systematic
study/batch effects. However, the chosen informatics
approach can be readily applied to diagnose a new sample
that has been profiled using the same CodeSet as for the
UBC-TAM samples on the NanoString nCounter system,
after manufacturer-recommended normalization procedures
through built-in negative control, positive control, and
housekeeping genes. In this sense, a single sample predictor,
where the FGFR1 amplification status of each new patient is
determined one at a time separately, can be easily imple-
mented. Yet, the diagnostic accuracy of Call-FGFR1-amp
in the clinical diagnosis setting requires further evaluation.
FGFR1 amplification is prognostic of patient survival in

ERþ tumors but not ER- tumors,14 also confirmed by our
analyses (Figure 2B and Figure 4B). Thus, we focused on
ERþ breast tumors for the diagnosis of FGFR1 amplifica-
tion in this study. However, FGFR1 amplification is also
present in ER- tumors and so the question arises as to
whether Call-FGFR1-amp will be as accurate in this setting.
Box plots of the selected genes individually in the
METABRIC ER- patients indicated that the candidate genes
selected using ERþ tumors were also overexpressed in
FGFR1-amplified ER- tumors (Supplemental Figure S12).
ROC analyses showed that DDHD2, LSM1, WHSC11L1,
and BAG4 were still highly discriminative of FGFR1
amplification among ER- tumors, although the other genes
were less discriminative than in ERþ tumors (Supplemental
Figure S13). Tentative application of the locked-down Call-
FGFR1-amp signature, trained using the METABRIC
ERþ patients, showed that all FGFR1-amplified ER- tumors
in METABRIC were identified but with more FPs (sensi-
tivity, 1; specificity, 0.884) (Supplemental Table S9),
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underlining the importance of FISH confirmation. Call-
FGFR1-amp might therefore be applicable to screen for
FGFR1-amplified ER- tumors, but additional development
and optimization would be required. FGFR1 amplification
also occurs frequently in several other cancers, including
lung cancer, kidney cancer, prostate cancer, and leukemia,
so the testing approach has the potential for more wide-
spread applications, as does the concept that gene expres-
sion measurements from the amplified region (readily
detected on FFPE tissue blocks by NanoString technology)
can reduce the need for FISH testing.

In summary, FGFR1 amplification has been associated
with poor prognosis in ERþ breast tumors. We demonstrate
the use of an efficient prescreening signature (Call-FGFR1-
amp) based on the mRNA gene expression of a set of
regionally amplified genes to reduce the need for laborious
FISH tests. Ultimately, the validation of Call-FGFR1-amp
requires the analysis of a trial where the efficacy of an
FGFR1 inhibitor has been investigated.
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