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Establishing ERBB2 [human epidermal growth factor receptor 2 (HER2)] amplification status in breast and
gastric carcinomas is essential to treatment selection. Immunohistochemistry (IHC) and fluorescence in situ
hybridization (FISH) constitute the current standard for assessment. With further advancements in genomic
medicine, new clinically relevant biomarkers are rapidly emerging and options for targeted therapy are
increasing in patients with advanced disease, driving the need for comprehensive molecular profiling. Next-
generation sequencing (NGS) is an attractive approach for up-front comprehensive assessment, including
ERBB2 status, but the concordance with traditional methods of HER2 assessment is not well established. The
Memorial Sloan KetteringeIntegrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) assay, a
hybrid capture-based NGS assay interrogating the coding regions of 410 cancer-related genes, was performed
on manually macrodissected unstained sections from formalin-fixed, paraffin-embedded breast (n Z 213)
and gastroesophageal (n Z 39) tumors submitted for clinical mutation profiling. ERBB2 status was assessed
using a custom bioinformatics pipeline, and NGS results were compared to IHC and FISH. NGS ERBB2
amplification calls had an overall concordance of 98.4% (248/252) with the combined IHC/FISH results in
this validation set. Discrepancies occurred in the context of low tumor content and HER2 heterogeneity.
ERBB2 amplification status can be reliably determined by hybridization capture-based NGS methods, allowing
efficient concurrent testing for other potentially actionable genomic alterations, particularly in limited ma-
terial. (J Mol Diagn 2017, 19: 244e254; http://dx.doi.org/10.1016/j.jmoldx.2016.09.010)
Supported in part through the NIH/National Cancer Institute Cancer
Center Support grant P30 CA008748 and the Marie-Josée and Henry R.
Kravis Center for Molecular Oncology.
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Human epidermal growth factor receptor 2 (HER2) is a 185-
kDa transmembrane tyrosine kinase receptor encoded by the
ERBB2 gene (chromosome 17q12) that is a biomarker and
therapeutic target in patients with breast and gastric cancers.
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NGS Assessment of ERBB2 Amplification
Approximately 18% to 25%1e3 of all breast and 15% to
30%4e8 of all gastric or gastroesophageal (GE) cancers are
classified as HER2-positive as a result of ERBB2 gene
amplification and the subsequent overexpression of the
HER2 protein on the surface of tumor cells. Therapies tar-
geting HER2 have been approved for clinical use and
include HER2-directed humanized monoclonal antibodies
(ie, trastuzumab and pertuzumab) and small-molecule
HER2 kinase inhibitors (ie, lapatinib).

In breast cancer, HER2 is both a predictive and prognostic
biomarker. HER2-positive status predicts response to
HER2-targeted therapy, and multiple prospective randomized
trials have shown significant improvement in time to tumor
progression.9e11 HER2-positive breast tumors have been
associated with worse prognosis compared to HER2-negative
tumors.1,12e15 Although the prognostic significance of the
HER2 status in patients with GE adenocarcinoma has been
the subject of multiple studies with varying results,4,16e18

HER2-positive status is associated with response to targeted
therapy in these tumors. Results of the randomized phase 3
Trastuzumab for Gastric Cancer trial demonstrated improved
response and overall survival when trastuzumab was added to
chemotherapy in patients with HER2-positive adenocarci-
noma of the stomach and the esophagogastric junction.5

ERBB2 amplification is a potential therapeutic target in other
solid tumors as well, including cancers of the lung, bladder,
endometrium, ovary, colon, and rectum.19e30 The role of tar-
geted therapy in these malignancies is an area of active study
(National Clinical Trials Registry 02465060 and 02675829).

There are several methods recommended by the American
Society of Clinical Oncology and the College of American
Pathologists for evaluation of HER2 in breast and gastric
cancers. These methods include immunohistochemistry
(IHC), fluorescence in situ hybridization (FISH), and bright
field in situ hybridization (chromogenic in situ hybridization
and silver in situ hybridization).31e33 IHC detects the
expression of the HER2 protein in a tumor, whereas FISH
and chromogenic in situ hybridization/silver in situ hybrid-
ization detect amplification of the ERBB2 gene.

With rapid advances in genomic medicine, new molecular
alterations of clinical relevance are emerging, driving the
need for broad comprehensive genotyping. With the advent
of next-generation sequencing methods (NGS), the capa-
bility to concurrently derive copy number alteration (CNA)
data from the same assays used to detect sequence alter-
ations provides a cost- and tissue-efficient alternative to
current single-gene assessment methods. To date, ERBB2
assessment by NGS methods has not been clinically vali-
dated, and the concordance with traditional methods is not
well established.

The current study details our experience in the develop-
ment and validation of an algorithm for assessing ERBB2
amplification status using a hybrid capture-based NGS assay
[Memorial Sloan KetteringeIntegrated Mutation Profiling
of Actionable Cancer Targets assay (MSK-IMPACT)],34

and establishes the concordance with traditional methods.
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Materials and Methods

Case Selection and Standard HER2 Testing

After obtaining institutional review board approval, the
digital records of the Molecular Diagnostics service were
searched for breast and GE specimens submitted for
molecular analysis by the MSK-IMPACT assay,34 as part
of an institutional clinical cancer genomics initiative.35

DNA was extracted from formalin-fixed, paraffin-
embedded (FFPE) tissue after macrodissection, if neces-
sary. Tumor percentages were recorded for each case as an
estimate of tumor purity based on semiquantitative analysis
of the hematoxylin and eosinestained section by a
pathologist. Specimens containing at least 10% tumor were
suitable for analysis. Only cases with concurrent HER2
analysis previously performed by IHC [PATHWAY anti-
HER-2/neu (4B5) (Ventana, Tucson, AZ); HercepTest
(Dako, Carpinteria, CA)] and/or FISH [HER2 IQFISH
pharmDx (Dako); PathVysion HER-2 DNA Probe Kit
(Vysis, Downers Grove, IL)] using a Federal Drug
Administrationeapproved method were included in this
validation study. The IHC and FISH HER2 test results
were reported in accordance with the guideline recom-
mendations for breast cancer31 and gastric malig-
nancies.32,33 IHC and/or FISH results were both used to
classify each tumor as HER2 amplified or nonamplified in
accordance with the standard practice at our institution;
IHC was performed first on all specimens, and only
equivocal cases were reflexed to FISH. If there was a
discordance between the IHC and the NGS result, FISH
was performed when material was available.
The MSK-IMPACT Assay

Details of the MSK-IMPACT assay have been previously
published.34 Briefly, MSK-IMPACT is a comprehensive
molecular profiling assay that involves hybridization capture
and deep sequencing of all exons and selected introns of up
to 410 oncogenes and tumor-suppressor genes, allowing the
detection of point mutations, small and large insertions or
deletions, and rearrangements. In addition to capturing all
coding regions of the genes, the assay also captures >1000
intergenic and intronic single-nucleotide polymorphisms
(tiling probes), interspersed homogenously across the
genome, aiding the accurate assessment of genome-wide
copy number. In total, the probes target approximately 1.2
megabases of the human genome.

Genomic DNA was extracted from FFPE tumor tissue
after manual macrodissection to ensure at least 10% tumor
content. DNA input ranged from 100 to 200 ng, as measured
by fluorometric methods. Matching peripheral blood (EDTA
tube) from each patient was also extracted for use as a
normal control. Sequence libraries were prepared (Kapa
Biosystems, Wilmington, MA) through a series of enzy-
matic steps, including shearing of double-stranded DNA,
245
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Figure 1 A: Square-rootetransformed coverage value of each probe against the GC content of the probe shows the reduced coverage at high end of GC
content (left panel). Loess normalization removes the dependency of coverage across different GC profiles (right panel). B: Example of a normalized log2
transformed fold change of coverage (log-ratio) values across all the captured regions in MSK-IMPACT assay. Circular binary segmentation algorithm is
used to segment the data into discreet data points. Red lines indicate segmented regions determined by circular binary segmentation algorithm.
C: Ordered log-ratio values are clustered on the basis of distance, and the cluster closest to 0 is selected as the null distribution (left panel). All
other clusters are then tested against a model parameterized by the null distribution. Curves represent the distribution of each fit of different clusters
(right panel).
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end repair, A-base addition, ligation of bar-coded sequence
adaptors, and low-cycle PCR amplification. Multiple bar-
coded sequence libraries were pooled and captured using
our custom-designed biotinylated probes (Roche Nim-
bleGen, Madison, WI). Captured DNA fragments were
sequenced on an Illumina HiSeq2500 (Illumina, San Diego,
CA) as 100-bp paired-end reads that were then subjected
to the bioinformatics analysis pipeline. Sequencing reads
were aligned to the human genome (hg19) using Burrows-
Wheeler Aligner software version 0.7.5a (http://arxiv.org/
abs/1303.3997, last accessed October 1, 2013). ABRA36

was used for read realignment around indels, and Genome
Analysis Toolkit37 was used for base quality score recali-
bration. Duplicate reads were marked and not used in the
downstream analyses.
246
Bioinformatics Pipeline to Detect CNAs

The copy number pipeline builds on the existing data
management and analysis systems previously described for
the MSK-IMPACT mutation profiling assay.34 The first step
in the pipeline is to calculate the coverage of each captured
target region (exons and tiling probes). After BAM files are
generated, we calculate coverage using the Genome Anal-
ysis Toolkit Depth of Coverage tool, discarding reads with
mapping quality <20.37 Coverage values are normalized for
the overall coverage of the sample, square root transformed,
and adjusted for the GC content of each target region using
Loess normalization. This normalization removes the
GC content dependency of the coverage values (Figure 1, A
and B). Captured regions with coverage values in the lowest
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 1 Validation Data Set

Type of cancer Total

Procedure Sample type

FNA Biopsy Excision Primary Metastasis

Breast 213 7 125 81 106* 107
Gastroesophageal 39 0 32 7 27 12

*Includes recurrences (n Z 3).
FNA, fine-needle aspiration.

NGS Assessment of ERBB2 Amplification
fifth percentile of coverage in >20% of the normal samples
are excluded from the analysis. These regions usually
correspond to genes with presence of pseudo copies and
have a high rate of false-positive results.

Detection of CNAs requires a diploid normal genome as a
comparator. For this purpose and to eliminate the sample
type-dependent coverage differences, we use a series of
FFPE normal samples captured and sequenced with the
MSK-IMPACT assay. Normalized coverage values from
each region in the tumor sample are divided by the
normalized coverage values from each of the normal con-
trols and are log-transformed. Using the log-ratios between
a tumor and each normal control, we calculate the sum of
square value as a proxy for the level of signal/noise ratio.
The normal with the lowest sum-squared log-ratio value is
chosen as the comparator for further downstream analysis.

Log-ratio values are then further segmented using the
circular binary segmentation algorithm (Figure 1B).38

Segmented values are grouped into clusters with a mini-
mum separation threshold of 0.08 and a minimum cluster
membership of three segments (Figure 1C). Probe regions
with segments belonging to the segment cluster where the
mean log ratio is closest to 0 are used to parameterize a null
distribution. This null distribution is used to generate
P values for each segment, which are then adjusted for false-
discovery rate using the Benjamini-Hochberg procedure.
Genes in a given segment are assigned the log-ratio, and the
adjusted P value of that segment and genes with significant
deviance from this distribution are then identified as CNAs.

The following criteria were used to determine signifi-
cance of whole-gene gain or loss events: fold change
(FC) � 2.0 (amplification), FC � 1.5 but <2 (copy number
gain/borderline amplification), or FC � �2.0 (deletion) with
P < 0.05. Copy number gains are interpreted along with
overall copy number profile and tumor purity. See Results
for further details.

Sensitivity Study

The sensitivity study was performed using three indepen-
dent samples [one FFPE patient sample and two
commercially available cell lines (MDA-MB-361 and
MDA-MB-453, obtained from ATCC, Manassas, VA)] that
showed varying degrees of ERBB2 amplification: markedly
amplified, moderately amplified, and minimally amplified.
Five serial dilutions were prepared (50%, 25%, 12.5%,
6.25%, and 3.13%). The cell lines were authenticated and
cultured, as previously described,39 and cell blocks were
prepared to perform HER2 FISH analysis.

Reproducibility Study

Three amplified samples from the data set were studied over
three different runs for the inter-assay reproducibility study.
The same samples were also studied in triplicate in the same
run for the intra-assay reproducibility study.
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Results

Establishment of Bioinformatics Thresholds for
NGS-Based Assessment of ERBB2 Amplification

The percentage of breast cancers and GE adenocarcinomas
submitted for MSK-IMPACT testing thus far at our institution
is approximately 12% and 3%, respectively. In this validation
study, tumor specimens were included from patients with
breast cancer (n Z 213) and GE adenocarcinoma (n Z 39).
The characteristics of the data set (procedure performed and
sample type) are listed in Table 1. On the basis of the estab-
lished reporting guidelines for HER2 IHC and/or FISH testing,
71 tumors (58 breast and 13GE) were categorized as amplified,
178 tumors (152 breast and 26 GE) were categorized as non-
amplified, and 3 breast tumors were categorized as equivocal.
The three equivocal breast caseswere treated as HER2 negative
clinically and for the purpose of this study were included in the
HER2 nonamplified category. All tumor samples showed
adequate coverage, with an average depth of 727� and 689�
for amplified and nonamplified samples, respectively.

Assuming a tumor purity of 50% with a background of
two copies per cell in normal tissue, six copies of a gene
corresponds to a FC of 2. We used a FC of 2 with adjusted
P < 0.05 as our initial cutoff criteria for calling amplifica-
tion events. However, as shown in Figure 2A, this threshold
failed to identify some true-positive cases. To increase our
sensitivity for ERBB2 CN change when the tumor purity is
<50% or the level of amplification is fairly low, we per-
formed a series of different cutoff criteria and analyzed the
results using a receiver operating characteristics curve
(Figure 2B). By using log2 FC of 1.5 as the cutoff to detect
ERBB2 amplification, we achieved 95% sensitivity and
100% specificity in our sample cohort.

Accuracy of NGS-Based Assessment of ERBB2
Amplification

The concordance between IHC/FISH and the MSK-
IMPACT assay for all samples is summarized in Table 2.
The overall concordance was 98.4% (248/252). The
concordance for the breast and GE samples was 98.1%
(209/213) and 100% (39/39), respectively. Examples of the
CN plot, HER2 IHC, and HER2 FISH for an amplified
breast cancer are displayed in Figure 3.

Four discordant cases (all breast tumors) were amplified
by the combined IHC/FISH algorithm but did not meet
247
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Figure 2 A: The range of fold change values for breast and
gastroesophageal cases, separated according to the HER2 IHC result
(score, 0 or 1, 1 to 2, 2, 2 to 3, and 3) and HER2 FISH result. The solid
vertical line and dashed vertical line represent a fold change of 1.5
and 2.0, respectively. B: Receiver operating characteristics curve for
different threshold values. For lower values of threshold, pipeline calls
everything as amplified (AMP), which are all false positives (x axis); for
higher values of cutoff threshold, our ability to call real events as
amplified decreases. Threshold of 1.5 is the best in terms of sensitivity
and specificity. EQUIV, equivalent; NA, not applicable.
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criteria for amplification by MSK-IMPACT (FC, 1.2 to 1.4).
The characteristics of these samples are listed in Table 3.
The estimated tumor percentages for these samples ranged
from 10% to 60%. Background inflammation ranged from
minimal to marked. One case showed heterogeneity on
FISH, with only 10% of cells showing amplification. The
remaining three samples were IHC equivocal, and FISH
showed relatively low-level amplification.

The amplification threshold criteria set forth by the
validation data set were also applied to an independent set
of consecutive breast (n Z 599) and GE (n Z 130) cancers
submitted for MSK-IMPACT analysis over 1 year to
monitor the performance of the assay across unselected
samples. The overall concordance for the breast and GE
cancers in this independent clinical data set was 99.3%
(595/599) and 93.8% (122/130), respectively
Table 2 Validation Data Set Concordance

IHC/FISH

MSK-IMPACT
assay

Breast Gastroesophageal

Nonamplified Amplified Nonamplified Amplified

155 4 26 0 Nonamplified
0 54 0 13 Amplified

FISH, fluorescence in situ hybridization; IHC, immunohistochemistry;
MSK-IMPACT, Memorial Sloan KetteringeIntegrated Mutation Profiling of
Actionable Cancer Targets.
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(Supplemental Table S1). For the breast cancers, the
concordance was 97.1% (101/104) among cases amplified
by IHC and/or FISH and 99.8% (494/495) among cases
nonamplified by IHC and/or FISH. For the GE cancers, the
concordance was 78.8% (26/33) among cases amplified by
IHC and/or FISH and 99.0% (96/97) among cases non-
amplified by IHC and/or FISH. Of the discordant GE cases,
material was not available for confirmation of the HER2
status by FISH for three cases and the IHC status was not
available for one case.

Reproducibility and Analytic Sensitivity of NGS-Based
Assessment of ERBB2 Amplification

Data from the reproducibility studies showed excellent inter-
assay and intra-assay reproducibility, with CVs ranging from
0.007 to 0.07. Results are summarized in Table 4.
Results of the sensitivity study are summarized in

Table 5. One clinical FFPE sample and two cell lines
(MDA-MB-361 and MDA-MB-453) with varying levels of
ERBB2 amplification were used for this analysis. For the
markedly amplified sample with a HER2/chromosome 17
centromere marker (CEP17) ratio of 13.7 by FISH, MSK-
IMPACT showed a corresponding FC of 49.38. Subse-
quent dilutions with the matching nonamplified blood
sample show a sequential linear decrease with detectable
amplification even at the lowest dilution of approximately
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 3 Representative ERBB2 amplified case. A: Each dot represents a probe set, and the values on the y axis show the normalized log2 transformed fold
change of coverage of tumor versus normal. ERBB2 fold change (FC) of 2.95. Additional amplification calls (cytoband, FC): PRDM1 (6q21, 3.0), ROS1 (6q22.1, 3.0),
MYC (8q24.21, 2.8), CCND1 (11q13.3, 2.5), FGF19/4/3 cluster (11q13.3, 2.5), PAK1 (11q13.5, 2.5), and SPOP (17q21.33, 2.5). B: Hematoxylin and eosinestained
section of invasive carcinoma. C: HER2 immunohistochemical-stained slide showing strong and complete membranous staining in the invasive tumor cells
(score, 3). D: HER2 FISH (red signal, HER2; green signal, CEP17). HER2/CEP17 ratio, 5.2; average HER2 CN, 9.9. Original magnification, �200 (B and C).

NGS Assessment of ERBB2 Amplification
3% tumor DNA. The moderately amplified sample with a
HER2/CEP17 ratio of 4.2 by FISH showed unequivocal
amplification down to the 12.5% dilution (FC, 1.61) but
lower than the threshold for calling at the subsequent 6.25%
dilution (FC, 1.33). For the minimally amplified sample,
with a HER2/CEP17 ratio of 2.4 by FISH, the detection
limit was seen at the 50% dilution (FC, 1.61). Although the
FC values for the two cell lines lower than the above stated
levels did not meet criteria for an amplification call, exam-
ination of the CN plots suggested CN gains at lower dilution
levels (Supplemental Figure S1).

Concurrent Detection of Other Somatic Alterations in
the Validation Data Set

The concurrent somatic alterations for the breast and GE
tumors in the validation data set are displayed in Figure 4.
Table 3 Validation Data Set Discordant Cases

Breast sample type Tumor (%) Inflammation HER2 IHC

Bx 50 Minimal 2
Ex 10 Marked 3
Ex 60 Moderate 2 (Focal)

Ex 60 Moderate 2

Bx, biopsy; CEP17, chromosome 17 centromere marker; CN, copy number; Ex,
growth factor receptor 2; IHC, immunohistochemistry.

The Journal of Molecular Diagnostics - jmd.amjpathol.org
The most common alteration observed in both the breast
and GE tumors was in the TP53 gene. Half of the TP53
mutations detected were loss-of-function alterations
(frameshift indels, nonsense mutations, and splicing
mutations). The other most common alterations in breast
tumors were observed in PIK3CA, CDH1, GATA3, and
ESR1. Most PIK3CA mutations encompassed the known
activating mutations H1047R, E545K, and E542K. The
CDH1 mutations consisted primarily of loss-of-function
alterations.

The most common CNAs detected in the validation
cohort for breast tumors were amplifications of CCND1,
CDK12, the FGF19/4/3 cluster, PAK1, FGFR1, and RARA.
All RARA and CDK12 amplifications in both the breast and
GE tumors were observed in cases with concurrent ERBB2
amplification. Most FGF19/3/4, CCND1, and PAK1 CNAs
had a tendency of mutual exclusivity, with ERBB2
HER2 FISH
HER2/CEP17 (HER2 CN, CEP17 CN) ERBB2 fold change (range)

2.0 (5.0, 2.4) 1.4 (1.38 to 1.97)
2.3 (4.7, 2.05) 1.2 (�1.04 to 1.35)
Heterogeneous 1.4 (1.34 to 1.72)
10%: 3.2 (6.8, 2.1)
90%: 1.5 (3.0, 2.0)
2.9 (4.9, 1.7) 1.2 (�1.02 to 1.33)

excision; FISH, fluorescence in situ hybridization; HER2, human epidermal
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Table 4 Inter-Assay and Intra-Assay (Precision) Reproducibility
Study for ERBB2 Amplification Detection

Sample

Inter-Assay Intra-Assay

Run 1 FC Run 2 FC Run 3a FC Run 3b FC Run 3c FC

1 7.02 7.10 6.95 6.93 6.69
2 2.80 2.93 2.84 2.84 2.84
3 2.33 2.33 2.36 2.36 2.08

FC, fold change.

Ross et al
alterations in breast tumors; however, in this validation data
set, there were no statistically significant patterns.

Discussion

Amplification/overexpression of the ERBB2/HER2 onco-
gene is an important biomarker for breast and gastric
malignancies. Because of the potential targetability, it is also
gaining importance in other cancers, such as lung, bladder,
endometrium, ovary, colon, and rectum.19e30 As additional
biomarkers of clinical significance continue to emerge for
solid tumors, the applicability and sustainability of single-
gene assessment is increasingly questionable, particularly
for limited biopsy material. Although FISH and IHC are
broadly used across clinical laboratories as robust methods
for the assessment of ERBB2 status and are incorporated in
current clinical guidelines, newer NGS methods provide a
highly suitable and cost-effective solution for addressing the
evolving needs of comprehensive genotyping. In the current
study, we show that ERBB2 status can be reliably deter-
mined using our laboratory-developed hybridization
capture-based assay. We developed and validated an algo-
rithm for assessing CNAs in clinical samples routinely
Table 5 Sensitivity Study for ERBB2 Amplification Detection

Sample Dilution (%)
ERBB2
fold change Result

FFPE
(HER2/CEP17, 13.7)

100 49.38 AMP called
50 14.44 AMP called
25 6.90 AMP called
12.50 3.73 AMP called
6.25 2.34 AMP called
3.13 1.56 AMP called

MDA-MB-361
(HER2/CEP17, 4.2)

100 5.66 AMP called
50 3.32 AMP called
25 2.16 AMP called
12.50 1.61 AMP called
6.25 1.33 AMP not called

MDA-MB-453
(HER2/CEP17, 2.4)

100 2.31 AMP called
50 1.61 AMP called
25 1.3 AMP not called
12.50 1.15 AMP not called
6.25 1.0 AMP not called

AMP, amplification; CEP17, chromosome 17 centromere marker; FFPE,
formalin-fixed, paraffin-embedded; HER2, human epidermal growth factor
receptor 2.
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submitted for mutation profiling by MSK-IMPACT and
critically compared the ERBB2 results with corresponding
IHC and FISH studies.
Using 10% as the threshold for tumor content, our NGS

assay had an overall concordance of 98.4% (248/252) in the
validation data set and 98.4% (717/729) in the clinical data
set compared to the combined IHC/FISH method. In the
validation data set, the NGS method proved superior to IHC
alone, allowing more accurate classification in equivocal
categories (scores 1 to 2, 2, and 2 to 3) in 42 of 45 cases
(93.3%). Only three cases characterized as equivocal by
IHC and amplified by FISH were not resolved by the NGS
assay: one with focal amplification in only 10% of the cells
and two with low-level amplification by FISH. Although
these cases did not meet the established threshold for
amplification by the NGS method, review of the CN plots
revealed low CN gains, with some probe sets reaching
thresholds above a FC of 1.5 (Table 3), suggesting focal
amplification that could prompt the further assessment of
ERBB2 status by FISH.
We systematically examined the factors that influence CN

results using NGS, including tumor purity, region coverage,
heterogeneity, and level of amplification. Special attention
was devoted to the assessment of tumor content. Not sur-
prisingly, CN gain detection is heavily influenced by tumor
content, with the highest impact in cases of low or borderline
amplification. Cell line dilution studies allowed us to esti-
mate the minimum tumor content necessary to detect ERBB2
amplification in the context of low or borderline level
amplification. Using a cell line with moderate amplification
(MDA-MB-361, HER2/CEP17 ratio, 4.2), the NGS method
could confidently detect amplification down to the 12.5%
dilution level (approximately 12.5% tumor DNA). With the
low amplification cell line (MDA-MB-453, HER2/CEP17
ratio, 2.4), the established threshold for amplification is only
met at the 50% dilution. Similar to our findings in the ac-
curacy study, even at levels in which the FC threshold for
amplification is not met, the CN plot still suggests CN gains
at the 6.25% and 25% dilution levels for the moderate and
low amplification cell lines, respectively (Supplemental
Figure S1). Thus, for cases with CN gain in conjunction
with a low tumor content, confirmation of the HER2 status
by an alternate method would be recommended. An impor-
tant caveat for low-level amplification calls is the require-
ment of a relatively clean/flat background on the CN plot.
Samples with poor quality or low DNA content can yield
noisy CN plots, limiting accurate assessment.
For GE tumors in particular, the assessment of the ERBB2

status by NGS can be limited by the high prevalence of
intratumoral heterogeneity.40,41 This degree of heterogene-
ity can be observed in IHC and FISH, with only focal or
scattered areas of overexpression or amplification, respec-
tively. In combination with the small size of the biopsy
specimens often received for primary tumors and a back-
ground of inflammation, which can be marked, the overall
concordance with standard methods of assessment, such as
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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IHC and/or FISH, may be lower (Supplemental Table S1)
and lead to false-negative results. This limitation is a
reflection of the inherent nature of these tumors. In addition,
sometimes there is the real-world limitation of only scant
material remaining for molecular testing that may not be
representative of the originally sampled tumor. In cases with
discrepant results, reflex testing by FISH would be recom-
mended on the same specimen if material remains or on an
alternate tumor block.

Morphologic assessment before initiating testing is
essential to achieve success in any molecular assay, not only
for the assessment of tumor content but to ensure that the
appropriate area of tumor is selected for testing. For breast
carcinoma in particular, a potential pitfall of NGS assays
can occur if areas of invasive carcinoma containing exten-
sive in situ carcinoma are selected, leading to possible false-
negative or false-positive results. HER2 overexpression/
amplification is seen more frequently in ductal carcinoma in
situ, particularly high-grade ductal carcinoma in situ (up to
60%),42,43 compared to invasive carcinoma (18% to 25%).
Avoiding areas with extensive ductal carcinoma in situ is
therefore important to prevent false-positive results. An
example of a case of invasive carcinoma with extensive
ductal carcinoma in situ and the subsequent metastatic
tumor submitted for NGS analysis is illustrated in
Supplemental Figure S2.

Assessment of tumor content is critical for the accurate
interpretation of molecular results. The estimation of tumor
percentages based purely on review of hematoxylin and
eosinestained slides can be highly inaccurate because of
many factors.44 An added advantage of broad NGS testing
is the ability to more precisely estimate tumor purity on the
basis of mutant allele fractions, allowing more confident
recommendations for additional testing in cases with low
tumor content.
The Journal of Molecular Diagnostics - jmd.amjpathol.org
In addition to tumor purity and tumor heterogeneity, there
are technical factors that affect the CN calls. Adequate
coverage of targeted exons is crucial and if the coverage of a
region is much lower than the overall coverage of the
sample, the variability of the FC values can increase sub-
stantially. During analysis, we remove regions where the
coverage is in the lowest fifth percentile in 20% of the
normals tested in a given pool. This reduces the number of
regions with variable coverage and reduces false-positive
FC values that could otherwise affect the normal distribution
of FC values.

GC content of the captured targets is also an important
factor to consider. Although GC content for a given region
does not change across samples, the degree to which GC
content affects capture efficiency changes on the basis of the
starting DNA quality. This variability, unless corrected for,
becomes an important factor when the null distribution of
the FC values is used for model parametrization. Failure to
correct for the GC contentebased coverage variability can
result in false-positive or false-negative results.

The sample type used for DNA extraction can be another
important factor for detecting CNAs. FFPE-derived DNA-
based sequencing data can produce false-positive results
because of the highly degraded nature of the DNA mole-
cules when the comparator is blood-derived DNA. We
found that using an FFPE normal for comparison reduces
the false-positive calls. Using a series of FFPE normals as
candidates for best comparator increases the sensitivity of
the calls by reducing the background noise dependent on the
different qualities of FFPE-derived DNA.

Another important consideration of HER2 testing by
NGS methods alone and up front is the turnaround time.
Comprehensive NGS assays, which provide accurate
assessment of CN, are not rapid assays and turnaround time
is at least 10 working days. Although longer than the
251

http://jmd.amjpathol.org


Ross et al
expected turnaround time for IHC or FISH alone, the overall
time can be comparable to that expected for IHC and FISH
if they are sequentially performed, taking into account the
time allocated for recuts and transport if material is being
sent out for testing. NGS testing is often requested on small
samples, particularly aspirates of metastatic lesions, with
material that is not suitable for extensive testing by multiple
platforms. NGS in these cases would allow full compre-
hensive assessment up front and minimize the risk of tissue
exhaustion because of multiple sections cut for IHC and
FISH and refacing of the FFPE tissue block. In our expe-
rience, requests for HER2 IHC/FISH testing are increasingly
being followed by requests for comprehensive genomic
testing to assess for other potential targetable genomic
alterations.

NGS also overcomes some of the limitations of IHC
and FISH, including the need for stringent fixation
methods/times, variation among different antibody sen-
sitivities and specificities, interobserver and intraobserver
variabilities, and especially aneusomy of CEP17. On the
basis of the American Society of Clinical Oncology/
College of American Pathologists guidelines, ERBB2
amplification is defined relative to CEP17 when using
dual-probe FISH assays.31e33 ERBB2 amplification status
in GE tumors relies solely on the HER2/CEP17 ratio,
whereas breast tumors take into account both the HER2/
CEP17 ratio and HER2 CN. With NGS assays, one can
derive reference CN information from across the genome
rather than relying on a single locus, such as CEP17, to
calculate a ratio. ERBB2 can be assessed in relation to
other genes on chromosome 17 and, thus, the focality of
the ERBB2 amplicon can be appreciated at the genomic
level. In the absence of cytogenetic analysis, the number
of CEP17 signals observed by ISH has been used as a
surrogate for chromosome 17 CN. Using the definition of
>3 CEP17 copies per cell for polysomy, the reported
prevalence rates in breast tumors range between 3% and
46%.45 There are several reasons for variation in the
CEP17 CN during FISH analysis, including section
thickness, cell division, and chromosomal instability, and
true polysomy is actually rare. In breast tumors, there is
no clear relationship of polysomy 17 to HER2 protein
status or benefit from HER2-targeted therapy at this
time.45,46 Loss or gain of the pericentromeric region of
chromosome 17 is more commonly observed and can
result in alterations in the HER2/CEP17 ratio and false-
positive or false-negative results. With NGS assays, not
only can information of simultaneous CNAs be assessed
but also prognostic information and an overall better un-
derstanding of the molecular mechanisms.47e49

In conclusion, we find that the ERBB2 status can be
reliably determined by NGS methods and allows the con-
current testing for other potentially actionable genomic
alterations. Given our findings in this validation study, we
propose that up-front assessment by an NGS method is a
suitable solution in cases where both ERBB2 status and
252
comprehensive molecular profiling is sought. This approach
is particularly useful for cases with limited material up front,
where sequential testing by IHC, reflex FISH, and further
mutation analysis would lead to tissue exhaustion before
completion of all necessary testing. Samples with low tumor
content, heterogeneity, and low level of amplification may
result in false-negative results, or low-level copy number
gains, prompting reflex testing by FISH in a minority of
cases to confirm the ERBB2 status. Although the use of
NGS technology across laboratories continues to increase,
intrinsic differences among platforms, assay design, and
data analysis highlight the need for future updates of the
HER2 guidelines to incorporate criteria for NGS-based
assessment of ERBB2 status.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.jmoldx.2016.09.010.
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