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Upfront molecular testing in patients with advanced gastro-
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ABSTRACT

Introduction: Targeting HER2 has improved outcomes in metastatic GE (mGE) 
cancer. In this study, we aim to explore the feasibility of molecular profiling in patients 
with refractory mGE cancer in routine clinical practice.

Methods: Archival formalin-fixed, paraffin-embedded (FFPE) samples for patients 
with mGE were analyzed with commercially available targeted next generation 
sequencing (NGS) and/or FISH for MET amplification. We also reviewed the patients’ 
medical records for concurrent HER 2 testing.

Results: Tumor samples from 99 patients with mGE cancer were analyzed as 
follows: NGS (N = 56), FISH for MET amplification (N = 65), IHC and/or FISH for 
HER2 (N = 87). Of patients who underwent NGS, 50/56 (89%) had at least one 
actionable molecular alteration. The most notable actionable alterations included cell 
cycle abnormalities (58%), HER2 amplification (30%), PI3KCA mutation (14%), MCL1 
amplification (11%), PTEN loss (9%), CDH1 mutation (2%) and MET amplification 
(5%). Ninety-two percent (12/13) of patients with HER2 amplification by NGS were 
positive for HER2 by IHC and/or FISH. In contrast, only 12/18 (66%) patients positive 
for HER2 by IHC and/or FISH demonstrated HER2 amplification by NGS.

Conclusion: Comprehensive molecular testing is feasible in clinical practice and 
provides a platform for screening patients for molecularly guided clinical trials and 
available targeted therapies.

INTRODUCTION

Gastro-esophageal cancers (GE) represent a 
substantial health care challenge in many parts of the 
world. The incidence of esophageal adenocarcinoma (EC) 
increased markedly in the United States and Western 
countries in recent decades [1–3]. Furthermore, gastric 
cancer is the world’s third leading cause of cancer-related 
mortality in 2012, accounting for greater than 700, 000 
deaths [4]. The poor prognosis of metastatic GE (mGE) 
malignancies and increasing frequency of esophageal 

cancer warrants increased efforts to further understand 
their biology and improve the available treatment 
options. EC develops from intestinal metaplasia of the 
esophageal epithelium, a condition known as Barrett’s 
esophagus. Barrett’s esophagitis develops as a result 
of chronic gastro-esophageal reflux disease (GERD) 
[5]. It has been hypothesized that chronic inflammation 
results in accumulation of molecular alterations that 
are associated with carcinogenesis [6]. In order to 
better understand pathogenesis of GE cancers, a limited 
number of studies have described molecular alterations 
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in specimens obtained from patients with esophageal 
and gastric cancer [6, 7]. The information provided was 
helpful in understanding the genomic landscape and the 
spectrum of molecular alterations in GE cancers, but the 
impact of this information on clinical practice remains 
unclear. It became obvious that it was essential to bring 
the science of molecular biology from the bench to the 
bedside, given its potential benefit in introducing novel 
treatment strategies to the management of patients with 
GE cancer. Immunohistochemistry (IHC) and fluorescent 
in-situ hybridization (FISH) have played an integral 
role in identifying HER2 positive patients. Recently, the 
introduction of next-generation sequencing (NGS) has 
facilitated the characterization of molecular alterations 
and allowed for incorporation of molecular testing into 
routine clinical practice. Additionally, the use of IHC and 
FISH has expanded to identify novel biomarkers such as 
MET amplification. Herein we present our experience 
with using NGS and other molecular testing techniques 
in patients with mGE cancers in clinical practice to 
determine its feasibility and define the spectrum of 
actionable mutations in our population. To our knowledge, 
this is the first published report describing the use of NGS 
and other molecular profiling techniques for the molecular 
characterization of mGE tumors in routine clinical 
practice.

RESULTS

Primary or metastatic tumor samples from 
99  patients with metastatic GE adenocarcinoma were 
tested with NGS and/or FISH for MET amplification. The 
site of the primary tumor was as follows: 49 patients with 
distal esophageal, 34 with GE junction and 16 patients 
with gastric cancer. Fifty-six patients underwent NGS 
(Figure 1A) and 65  patients underwent FISH for MET 
amplification. Twenty-one patients had both tests 
performed. Testing for HER2 (IHC and/or FISH) was 
performed in 87/99 (88%) patients.

Next generation sequencing

The 56 patients who underwent NGS included 
22 patients with distal esophageal cancer (EC), 26 patients 
with cancer of the gastro-esohageal junction (GEJ) and 
8  patients with gastric adenocarcinoma (G). Of those 
patients, 50 (89%) had at least one actionable molecular 
alternation. The median number of molecular alteration 
per patient was 4 (range 1–13). The median number of 
actionable alteration per patient was 1 (E = 1, GEJ = 2; 
G  = 1; range 0–4). TP53 was the most commonly 
observed mutation and was observed in 45/56 (80%) 
patients. The most common actionable alterations 
included (Figure 1B) cell cycle abnormalities (CDKN2A 
mutation, CCNE amplification, CDK 4/6 amplification, 
and CCND amplification) in 32/56 (58%) patients, HER2 

amplification in 17/56 (30%), PI3KCA in 8/56 (14%), 
MCL1 amplification 6/56 (11%), PTEN loss in 5/56 (9%), 
AKT amplification in 3/56 (5%), c-MET amplification in 
3/56 (5%) and HGF amplification in 2/56 (4%) patients. 
Other notable mutations included CDH1 and BRCA2 
mutations, each of which was found in one patient and 
through additional testing were found to be germline 
mutations.

C-MET testing

In the whole cohort, 5/99 (5%) patients were 
positive for MET amplification with 3/56 (5%) cases 
detected by NGS and 3/65 (5%) cases detected by FISH. 
Twenty one patients had both NGS and FISH performed 
and the results showed 100% (21/21) concordance. One 
patient had MET amplification demonstrated by FISH 
and NGS, while 20 patients were MET non-amplified by 
both tests. Of 5 patients with MET amplification, four 
patients were screened for clinical trial participation but 
their condition declined rapidly after MET testing was 
ordered and were unable to receive any further therapy. 
One patient is currently being considered for c-MET 
directed therapy. Of note, NGS demonstrated concurrent 
MET and HER2 amplification in one patient whose cancer 
progressed while receiving treatment on a clinical trial in 
the first line setting and did not receive MET or HER2 
directed therapy.

HER 2 testing

In the whole cohort, 35/99 (35%) patients were 
HER2 positive; 17/56 (30%) cases were detected by 
NGS and IHC and/or FISH were positive in 30/87 (34%) 
patients. Forty-five patients underwent NGS plus IHC 
and/or FISH for HER2 testing. Of those patients, 12/13 
(92%) patients with HER2 amplification by NGS were 
also positive for HER2 by IHC and/or FISH. In contrast, 
only 12/18 (66%) patients were positive for HER2 by IHC 
and/or FISH demonstrated HER2 amplification by NGS. 
Twenty-six patients were negative for HER2 by both NGS 
and IHC/FISH. Overall concordance (Table 1) between 
NGS and IHC/FISH was 84% (38/45). It is worth noting 
that one of the patients had HER2 amplification by NGS 
and was negative for HER2 by FISH performed prior to 
the patient’s referral to our institution. When FISH was 
repeated in our center, it was found to be positive and the 
patient was offered HER2-directed therapy.

DISCUSSION

In order to achieve the goal of personalized 
medicine in mGE cancers, it is important to understand 
the molecular landscape of GE tumors and to develop a 
testing platform that is feasible for use in routine clinical 
practice. Additionally, it is essential to continue to develop 
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novel targeted agents that have favorable clinical activity 
and acceptable toxicity.

The TOGA study [8] has convincingly demonstrated 
that targeting HER2 in patients with gastric and 
GEJ cancers significantly improves survival with an 
acceptable side effect profile. Similarly, a recent report 
suggested that targeting MET-amplified refractory mGE 
cancer is associated with encouraging clinical activity. 
The objective response rate was 62%, which was very 
impressive for a pretreated population [Kwak E.; ASCO 
GI Cancer symposium 2015]. Additionally, several 

promising cell cycle inhibitors are currently under 
development. LEE011, a cyclin-dependent kinase (CDK) 
4/6 inhibitor [Infante JS; ASCO Annual Meeting 2014] is 
under evaluation in a phase II study in patients with CDK 
4/6 pathway activated tumors. Palbociclib, another CDK 
4/6 inhibitor, was granted FDA approval in combination 
with letrozole with patients with estrogen receptor positive 
advanced breast cancer [9]. LY2835219 has also shown 
promising potential in early phase clinical trials [Patnaik 
AR; AACR Annual Meeting 2014; Wade Goldman JG; 
ASCO Annual Meeting 2014]. PI3KCA inhibitors are 

Figure 1A: Distribution of genomic alterations in patients tested with next-generation sequencing. Blue: Non-actionable 
mutations; Orange: Actionable mutations with available investigational agents; Green: Actionable mutation with available FDA approved 
therapy. Figure 1B: Distribution of molecular changes based on site of the tumor. Vertical axis: percentage of tumors that carry mutation 
of interest. Horizontal axis: Notable actionable and non-actionable mutations. E: Esophageal adenocarcinoma; GEJ: Gastroesophageal 
junction cancer; G: Gastric adenocarcinoma

Table 1: Concordance between next generation sequencing (NGS) and immunohistochemistry 
IHC and Fluorescent in situ hybridization for HER 2; N = 45; +ve: positive; -ve: negative
HER 2 testing IHC/FISH +ve IHC/FISH -ve

NGS +ve 12 1

NGS -ve 6 26
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also showing encouraging results. Buparlisib (BKM120) 
was recently evaluated with paclitaxel in advanced breast 
cancer and demonstrated an acceptable safety profile and 
promising preliminary activity (Zambrano CS; ASCO 
Annual Meeting 2014]. It is clear now that the number of 
targeted therapies is increasing and that patients have more 
options for therapies that have promising activity against 
several molecular alterations if this testing is performed.

A number of studies have described molecular 
alterations in gastric and esophageal tumors [6, 7]. The 
data was, however, generated in the research setting. 
While this information was very helpful in understanding 
the genomic landscape in GE cancer, its applicability to 
routine clinical practice was not addressed. In our report, 
we have used CLIA certified assays to better understand 
the frequency of actionable mutations in patients 
undergoing treatment for mGE cancers. Our results 
demonstrated that molecular testing is feasible in clinical 
practice and provide a platform for screening patients 
for molecularly targeted therapies. The most common 
molecular changes such as HER2, cell cycle protein 
dysregulation and PIK3CA can be targeted by several 
standard and promising investigational agents (Figure 2). 
Additionally, NGS can uncover familial mutations such as 
CDH1 and BRCA2 and allow providers to identify patients 

that need further testing for germline mutations. NGS, 
therefore, seems to offer a meaningful clinical benefit and 
is worth including in routine clinical practice.

The distribution of molecular alterations in our 
cohort was consistent with that observed by Dulak 
et al [6] in patients with esophageal cancer. The Cancer 
Genome Atlas Research Network [7] has proposed a 
new molecular classification in gastric cancer dividing it 
into four subtypes: 1) Tumors positive for Epstein-Barr 
virus (EBV) which display recurrent PIK3CA mutations 
among other mutations, 2) microsatellite unstable 
tumors which show elevated mutation rates including 
mutations of genes encoding targetable oncogenic 
signaling proteins, 3) genomically stable tumors which 
are enriched for diffuse histological variant of gastric 
cancer and 4) tumors with chromosomal instability 
which show marked aneuploidy and focal amplification 
of receptor tyrosine kinases. Our cohort validates the new 
molecular classification. A large proportion of patients 
(Figure  1) have chromosomal instability with frequent 
TP53 mutations. A smaller cohort of patients belongs to 
the EBV-positive group with recurrent PI3KCA mutations. 
A third small cohort demonstrated genomically stable 
tumors that carried a CDH1 mutation in one case. As our 
understanding of the genomic changes in mGE cancers 

Figure 2: Proposed algorithm showing the use of molecular testing in clinical practice as a platform to direct patients 
towards relevant clinical trials. Abn: Abnormalities (CDKN2A loss, CCNE amplification, CDK 4/6 amplification and CCND 
amplification); amp: amplification. Italicized numbers repeat clinical trial identification numbers
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increases, we hope that this classification will be translated 
into more specific clinical interventions.

The widespread use of molecular testing will also 
allow us to understand the effect of molecular alterations 
on the biology and behavior of GE tumors. As an example, 
in our cohort, patients with MET amplification progressed 
rapidly on chemotherapy and the condition of 4/5 patients 
deteriorated rapidly before they could receive MET 
directed therapy. This observation is consistent with a 
previous report that suggested that c-MET expression in 
gastric cancer was associated with more advance disease 
at presentation [10]. We, therefore, suggest testing for 
molecular targets early at presentation of the disease to 
better understand the disease biology and to allow for 
introduction of molecularly targeted therapy early in 
the course of treatment. This is particularly beneficial in 
cases where there is a limited window of opportunity for 
targeting molecular aberrations as is in the case of MET 
amplified mGE cancers.

Identifying molecular abnormalities offers the 
potential to direct patients towards treatment with 
novel agents that have activity against their molecular 
abnormalities. This was highlighted in a patient in our 
cohort with refractory esophageal cancer who progressed 
on 5-fluorouracil, platinum, irinotecan and taxane-based 
therapy. He was found to have a FBXW7 mutation and 
was started on everolimus which resulted in disease 
stabilization for > 6 months. Additionally, comprehensive 
molecular testing could identify mechanisms of resistance 
to targeted therapy. Our cohort included a patient with 
concurrent MET and HER2 amplification as well as 
another patient with HER2 amplification and PTEN loss. 
MET amplification [11] and PTEN loss [12] have both 
been described as potential mechanisms of resistance to 
HER2 targeted therapy and therefore knowledge of such 
molecular changes may prove useful in personalization of 
treatment and overcoming such mechanisms of resistance.

A few challenges will need to be addressed as 
molecular testing strategies become more integrated into 
the clinic. Cost effectiveness studies are needed to study 
the economic impact and feasibility of more widespread 
use of molecular testing and targeted therapy in the 
treatment of patients with mGE cancer. Commercial NGS 
testing is costly and occasionally not covered by insurance 
carriers, but we suspect that the cost of testing and targeted 
therapy will decrease with increase competition and 
decrease reagent cost to conduct the assays as they become 
more incorporated in routine clinical practice. Similarly, 
improving the clinical utility of NGS will require 
further research to identify the clinical and biological 
relevance of the mutations detected and to determine 
their predictive value when novel targeted agents are 
used. Studies are therefore ongoing to pinpoint driver 
mutations in GE cancer that can be effectively targeted 
with novel agents [6]. The feasibility of this concept was 
recently demonstrated in a report showing encouraging 

preliminary clinical activity of AMG 337 in patients 
with MET amplified advanced GE cancers [Kwak  E.; 
ASCO GI Cancer symposium 2015]. Additionally, the 
turnaround time of NGS tests remains a challenge [13]. 
In our cohort, results were available approximately 
three to four weeks after ordering NGS. This timeline 
is less than ideal if treatment decisions need to be made 
promptly. In order to improve the utility of NGS and other 
molecular technologies, it will be essential to improve the 
turnaround time to less than two weeks. In our practice, 
we order NGS as part of the initial evaluation of patients 
with GE cancer. This allows for early identification of 
genomic alterations but given the suboptimal turnaround 
time this information often is not used in making first line 
treatment decisions. Furthermore, as chemotherapy can 
induce additional genomic alterations in tumors [14, 15], 
ideally NGS should be tested on recently obtained biopsy 
specimens. We believe again that use of this data will be 
only feasible if the turnaround time of NGS significantly 
improves. The concordance between NGS and IHC/
FISH testing for HER 2 was less than optimal in our 
cohort (84%) although it is important to note that IHC/
FISH and NGS were not systematically conducted on 
the same specimen. Previous studies have demonstrated 
high concordance (> 95%) between NGS and IHC/FISH 
testing for HER2 in breast cancer samples [16]. To our 
knowledge, concordance between NGS and IHC/FISH has 
never been evaluated in GE cancers however, a previous 
study suggested that IHC/FISH and NGS exhibited 
poor concordance for c-MET testing in a large cohort of 
patients with various tumors including GE cancers [17]. 
The suboptimal concordance observed in our cohort may 
be related to tumor heterogeneity or sampling errors, both 
of which are commonly encountered challenges in HER2 
testing in patients with GE cancers [18, 19]. Nevertheless, 
it will be important to further evaluate the concordance 
between NGS andother molecular testing platforms in 
the clinical setting to determine if FISH and IHC testing 
are still needed in patients who undergo NGS. Until 
the concordance of these assays is further clarified, it is 
reasonable to use multiple technologies to evaluate HER2 
and c-MET status in patients with mGE cancer. Finally, 
it is important to also note that alterations such a BRCA 
or CDH1 detected by NGS may represent somatic rather 
than germline mutations. Patients with such mutations 
detected by NGS will require further evaluation to define 
their clinical relevance. Nevertheless, NGS offers the 
potential for using it as a diagnostic tool for analysis of 
genetic mutations such as BRCA [20].

Our knowledge and understanding of the relevance 
of genomic alterations is still in its infancy. As more 
mutations are being identified and novel targeted 
agents are introduced the “actionability” of mutations 
may increase over time. In our report, we categorized 
mutations as actionable if they were linked to a standard 
therapy as in the case of HER 2 mutations or render 
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patients eligible for a molecularly targeted clinical trial. 
As an example, PI3KCA mutations and PTEN loss were 
included as actionable alterations given the availability 
of a trial (NCT 01430572) of pozapanib and everolimus 
in PI3KCA mutation positive/PTEN loss patients as well 
as trials evaluating the role of the PI3KCA inhibitor, 
BKM120 (NCT01297452). MCL1 was also considered 
an actionable mutation since patients were referred to a 
clinical trial (NCT01303341) of riluzole and sorafenib in 
patients with advanced solid tumors and melanoma [21]. 
Similarly, in our institution, patients with alterations in 
CDKN2A, CDK 4/6 or CCND1–3 amplification were 
offered participation in a clinical trial (NCT01037790) 
investigating the benefit of the CDK 4/6 inhibitor LEE011 
in patients with these alterations. It is worth noting that 
the value of these mutations as predictive markers may 
be redefined with further research and clinical trials. 
We believe, however, that NGS will continue to be an 
important tool in analyzing molecular alterations and 
identifying their clinical relevance.

In summary, our report demonstrated that 
comprehensive molecular testing with available NGS 
technologies is feasible and possibly beneficial in clinical 
practice. It provides a platform to direct patients towards 
novel molecularly targeted therapies that have very 
promising potential and to identify potential mechanisms 
of resistance to such therapies.

PATIENTS AND METHODS

We retrospectively reviewed records of 99 patients 
with metastatic mGE adenocarcinoma who underwent 
molecular testing between January 2012 and February 
2015 at the Ohio State University-James Cancer Hospital 
(OSU). All molecular testing was performed in Clinical 
Laboratory Improvement Amendments (CLIA)-certified 
laboratories and included a targeted NGS panel and 
FISH for MET amplification. We also reviewed the 
patients’ medical records for concurrent testing for HER2 
amplification by FISH or HER2 overexpression by IHC. 
The conduct of this study was approved by the Ohio State 
University Medical Center Institutional Review Board.

Next generation sequencing

Available formalin-fixed paraffin-embedded tissue 
(FFPE) from biopsies of primary or metastatic tumor 
sites was sent for targeted NGS at Foundation Medicine 
(Cambridge, MA). The test simultaneously sequences 
the entire coding sequences of 236 cancer-related genes, 
7 introns from 19 genes often rearranged or altered in 
cancer to an average depth of coverage of greater than 
250 times. The methodology of Foundation One NGS 
has been previously described in detail [22–25]. Genomic 
alterations were categorized as “actionable” if they were 
linked to an approved, standardly available, investigational 

therapy or would result in a change in the management of 
the patient.

Fluorescent in-situ hybridization (FISH) for 
MET and HER2 amplification

Amplification of the MET and/or HER2 gene was 
evaluated with FISH on tumor containing 4 micron FFPE 
sections using a combined chromosome 7 centromeric 
probe (CEP7, Abbott Labs) and synthesized MET DNA 
Probe from BAC clone (Roswell Park Cancer Institute) 
that spans the entire MET gene on chromosome 7 
or PathVysion HER2 DNA Probe Kit consisting of 
a chromosome 17 centromeric probe (CEP17) and 
a separate HER2 probe that spans the entire gene. 
Slides/sections were scanned and analyzed using a 
validated semi-automated scanning imaging workstation 
and accompanying imaging analysis software (Bioview). 
Slides/sections were then reviewed manually by a 
pathologist. The classification of tumor to a MET or HER2 
positive [MET/HER2 (+)] or MET/HER2 negative [MET/
HER2 (-)] class is based on the determination of the copy 
numbers of MET/HER2 gene versus CEP7. In a nucleus 
with a normal copy number of the MET gene, two red 
signals will be observed. Abnormal copy number of the 
MET gene is indicated by more than two copies of the red 
probe signal with a ratio of MET/CEP7 > 2.3. An equivocal 
result will have a ratio 1.8–2.2. In contrast, a ratio < 1.8 
will be considered as negative for MET amplification. 
Similarly, a positive result for HER2 gene amplification is 
rendered when the majority of invasive tumor cells meet 
any of the following criteria: 1) HER2/CEP17 ratio > = 2.0 
with an average HER2 copy number > = 4.0 signals per 
cell, 2) HER2/CEP17 ratio > = 2.0 with an average HER2 
copy number < 4.0 signals per cell, or 3) HER2/CEP17 
ratio < 2.0 with an average HER 2 copy number ≥ 6.0 
signals per cell.

HER2 overexpression

HER2 protein expression in gastric and GEJ 
adenocarcinomas was evaluated by IHC on FFPE 
tissues, using clone 4B5 (rabbit monoclonal, Ventana) 
on a Ventana auto-stainer. Membrane staining of tumor 
cells is evaluated and graded as follows: 0 (negative), 
no immunoreactivity (biopsy) or membranous 
immunoreactivity in < 10% of tumor cells (resection); 
1+ (negative) tumor cell cluster (5  cells) with faint 
immunoreactivity regardless of percentage of cells 
stained (biopsy) or faint staining in  >  10% of tumor 
cells but only a portion of the membrane is positive 
(resection); 2+ (equivocal), tumor cell cluster with weak 
to moderate complete, basolateral or lateral membrane 
immunoreactivity regardless of percentage of cells 
(biopsy) or complete, basolateral or lateral membrane 
staining in > 10% of tumor cells (resection); 3+ (positive), 
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tumor cell cluster with strong complete, basolateral or 
lateral membrane staining regardless of percentage of 
cells stained (biopsy) or strong complete, basolateral, or 
lateral membrane staining in > 10% of cells (resection). 
Equivocal (2+) staining triggers reflexive FISH testing.

ACKNOWLEDGMENTS

We thank the Mary W. Blazer Fund for 
Gastroesophageal Cancer Research for making this 
manuscript possible.

FUNDING

This work was partially funded by the Mary W. 
Blazer Fund for Gastroesophageal Cancer Research.

CONFLICTS OF INTEREST

Authors report no relevant conflict of interest.

REFERENCES

1.	 Edwards BK, Ward E, Kohler BA, Eheman C, Zauber AG, 
Anderson RN, Jemal A, Schymura MJ, Lansdorp-
Vogelaar  I, Seeff LC, van Ballegooijen M, Goede SL, 
Ries  LA. Annual report to the nation on the status of 
cancer, featuring colorectal cancer trends and impact 
of interventions to reduce future rates. Cancer. 2010; 
116:1975–2006. 544.

2.	 Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. 
Global cancer statistics. CA Cancer J Clin. 2011; 61:69–90.

3.	 Siegel R, Desantis C, Virgo K, Stein K, Mariotto A, 
Smith T, Cooper D, Gansler T, Lerro C, Fedewa S, Lin C, 
Leach C, Cannady RS, Cho H, Scoppa S, Hachey M, 
et al. Cancer treatment and survivorship statistics, 2012. 
CA CancerJClin. 2012; 62:220.

4.	 Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, 
Jemal A. Global cancer statistics, 2012. CA Cancer J 
Clin. 2015.

5.	 Wu AH, Wan P, Bernstein L. A multiethnic 
population-based study of smoking, alcohol and body size 
and risk of adenocarcinomas of the stomach and esophagus 
(United States). Cancer Causes Control. 2001; 12:721–732.

6.	 Dulak AM, Stojanov P, Peng S, Lawrence MS, Fox  C, 
Stewart C, Bandla S, Imamura Y, Schumacher  SE, 
Shefler  E, McKenna A, Carter SL, Cibulskis K, 
Sivachenko  A, Saksena G, Voet D, et al. Exome and 
whole-genome sequencing of esophageal adenocarcinoma 
identifies recurrent driver events and mutational complexity. 
NatGenet. 2013; 45:478.

7.	 Comprehensive molecular characterization of gastric adeno-
carcinoma. Nature. 2014; 513:202–209.

8.	 Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, 
Shen L, Sawaki A, Lordick F, Ohtsu A, Omuro Y, Satoh T, 

Aprile G, Kulikov E, Hill J, Lehle M, Ruschoff J, Kang YK. 
Trastuzumab in combination with chemotherapy versus 
chemotherapy alone for treatment of HER2-positive 
advanced gastric or gastro-oesophageal junction cancer 
(ToGA): a phase 3, open-label, randomised controlled trial. 
Lancet. 2010; 376:687–697.

9.	 Finn RS, Crown JP, Lang I, Boer K, Bondarenko IM, 
Kulyk SO, Ettl J, Patel R, Pinter T, Schmidt M, Shparyk Y, 
Thummala AR, Voytko NL, Fowst C, Huang X, Kim ST, 
et al. The cyclin-dependent kinase 4/6 inhibitor palboci-
clib in combination with letrozole versus letrozole alone as 
first-line treatment of oestrogen receptor-positive, HER2-
negative, advanced breast cancer (PALOMA-1/TRIO-18): 
a randomised phase 2 study. The Lancet Oncology. 2015; 
16:25–35.

10.	 Noguchi E, Saito N, Kobayashi M, Kameoka S. Clinical 
significance of hepatocyte growth factor/c-Met expression 
in the assessment of gastric cancer progression. Molecular 
medicine reports. 2015; 11:3423–3431.

11.	 Paulson AK, Linklater ES, Berghuis BD, App CA, 
Oostendorp LD, Paulson JE, Pettinga JE, Melnik MK, 
Vande Woude GF, Graveel CR. MET and ERBB2 are coex-
pressed in ERBB2+ breast cancer and contribute to innate 
resistance. Mol Cancer Res. 2013; 11:1112–1121.

12.	 Zhang X, Park JS, Park KH, Kim KH, Jung M, 
Chung  HC, Rha SY, Kim HS. PTEN Deficiency as a 
Predictive Biomarker of Resistance to HER2-Targeted 
Therapy in Advanced Gastric Cancer. Oncology. 2015; 
88:76–85.

13.	 Hagemann IS, Devarakonda S, Lockwood CM, 
Spencer   DH, Guebert K, Bredemeyer AJ, Al-Kateb  H, 
Nguyen TT, Duncavage EJ, Cottrell CE, Kulkarni S, 
Nagarajan R, Seibert K, Baggstrom M, Waqar SN, 
Pfeifer JD, et al. Clinical next-generation sequencing in 
patients with non-small cell lung cancer. Cancer. 2015; 
121:631–639.

14.	 Lee SC, Xu X, Lim YW, Iau P, Sukri N, Lim SE, 
Yap HL, Yeo WL, Tan P, Tan SH, McLeod H, Goh BC. 
Chemotherapy-induced tumor gene expression changes in 
human breast cancers. Pharmacogenetics and genomics. 
2009; 19:181–192.

15.	 Tan SH, Lee SC. Clinical implications of chemotherapy-
induced tumor gene expression in human breast cancers. 
Expert opinion on drug metabolism & toxicology. 2010; 
6:283–306.

16.	 Frampton GM, Fichtenholtz A, Otto GA, Wang K, 
Downing SR, He J, Schnall-Levin M, White J, Sanford EM, 
An P, Sun J, Juhn F, Brennan K, Iwanik K, Maillet A, 
Buell  J, et  al. Development and validation of a clinical 
cancer genomic profiling test based on massively parallel 
DNA sequencing. Nat Biotechnol. 2013; 31:1023–1031.

17.	 Arguello DF R, Xiu J, Mills S, Bender R, Gatalica Z, 
Basu G, Paul L. 2013; Distribution of cMET by IHC, FISH, 
and next generation sequencing in cancer-a large cohort 
analysis.



Oncotarget22213www.impactjournals.com/oncotarget

18.	 Ruschoff J, Hanna W, Bilous M, Hofmann M, Osamura RY, 
Penault-Llorca F, van de Vijver M, Viale G. HER2 testing 
in gastric cancer: a practical approach. Mod Pathol. 2012; 
25:637–650.

19.	 Warneke VS, Behrens H-M, Böger C, Becker T, 
Lordick F, Ebert MPA, Röcken C. Her2/neu testing in gas-
tric cancer: evaluating the risk of sampling errors. Annals 
of Oncology. 2012.

20.	 Feliubadalo L, Lopez-Doriga A, Castellsague E, del Valle J, 
Menendez M, Tornero E, Montes E, Cuesta R, Gomez C, 
Campos O, Pineda M, Gonzalez S, Moreno V, Brunet J, 
Blanco I, Serra E, et al. Next-generation sequencing 
meets genetic diagnostics: development of a comprehen-
sive workflow for the analysis of BRCA1 and BRCA2 
genes. European journal of human genetics : EJHG. 2013; 
21:864–870.

21.	 Lee HJ, Wall BA, Wangari-Talbot J, Shin SS, Rosenberg S, 
Chan JL, Namkoong J, Goydos JS, Chen S. Glutamatergic 
pathway targeting in melanoma: single-agent and combi-
natorial therapies. Clin Cancer Res. 2011; 17:7080–7092.

22.	 Gnirke A, Melnikov A, Maguire J, Rogov P, LeProust EM, 
Brockman W, Fennell T, Giannoukos G, Fisher S, Russ C, 
Gabriel S, Jaffe DB, Lander ES, Nusbaum C. Solution 
hybrid selection with ultra-long oligonucleotides for mas-
sively parallel targeted sequencing. Nat Biotechnol. 2009; 
27:182–189.

23.	 Dahl F, Stenberg J, Fredriksson S, Welch K, Zhang M, 
Nilsson M, Bicknell D, Bodmer WF, Davis RW, Ji H. 
Multigene amplification and massively parallel sequencing 
for cancer mutation discovery. Proc Natl Acad Sci U S A. 
2007; 104:9387–9392.

24.	 Porreca GJ, Zhang K, Li JB, Xie B, Austin D, Vassallo SL, 
LeProust EM, Peck BJ, Emig CJ, Dahl F, Gao Y, 
Church GM, Shendure J. Multiplex amplification of large 
sets of human exons. Nature methods. 2007; 4:931–936.

25.	 Foundation Medicine I. Foundation One Technical 
Information and Test Overview.


