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Intertumoral heterogeneity among actionable biomarkers including ERBB2, FGFR2 and

EGFR has been observed to occur under therapeutic pressure in advanced gastric

cancer. However, baseline intratumoral heterogeneity at diagnosis is understudied and

may impact clinical outcomes. We sought to explore intratumoral heterogeneity in

primary advanced gastric cancers via DNA sequencing from multi-region endoscopic

sampling at diagnosis. Patients with newly diagnosed advanced gastric adenocarcinoma

underwent endoscopic mapping and pre-determined 8-sector biopsy of the primary

tumor with concurrent plasma cfDNA sampling. Biopsy samples were subjected to

targeted next generation sequencing and plasma cfDNA was analyzed via a 28-gene

cfDNA assay. Expectedly, we observed that the majority of genetic alterations were

shared among multi-sector biopsies within the same gastric primary tumor. However,

all samples contained private subclonal alterations between biopsy sectors, including

actionable alterations in GNAS and STK11. Cell free DNA analyses also exhibited

both shared and non-shared alterations between mutations detected in cfDNA and

tumor tissue biopsies confirming baseline intertumoral heterogeneity. This is the first

dataset to confirm baseline intratumoral heterogeneity and confirms that multi-sector

endoscopic biopsy is feasible and capable of capturing intratumoral heterogeneity among

relevant genomic alterations in gastric cancer. Both multi-sector endoscopic biopsies

and cfDNA analyses are complementary in capturing the diverse mutational landscape

at disease presentation.
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INTRODUCTION

Treatment options for gastric and gastroesophageal junction
(GEJ) cancers have continually evolved with improved
understanding of the diverse molecular landscape stemming
from large scale next generation sequencing efforts (1, 2).
An appreciation of inter-patient tumoral heterogeneity has
necessitated multiple biomarker testing to provide maximal
predictive and prognostic information. Despite limited
data, panel-based sequencing approaches have entered into
clinical practice for gastric cancer allowing for simultaneous
determination of actionable biomarkers including microsatellite
instability (MSI) and expression of HER2 and PD-L1 to guide
approved biologic therapies. However, reliable determination
of tumor biomarker status is hindered by the recognition that
gastric cancer intratumoral heterogeneity exists, consistent with
the theory that cancers should be viewed as macro-evolutionary
clonal populations (3). HER2, since its approval as a validated
biomarker for the monoclonal antibody trastuzumab, is well-
known to exhibit intratumoral heterogeneity, exemplified
by case series reporting differences in positivity rates from
repeated endoscopic sampling (4–6). Large scale comprehensive
molecular analyses from The Cancer Genome Atlas (TCGA)
and Asian Cancer Research Group (ACRG) have yielded other
genomic alterations that can serve as attractive targets for
molecularly targeted therapies (1, 2). However, the study of
intratumoral heterogeneity still remains in its relative infancy,
with analyses of primary tumors and synchronous metastatic
sites providing proof of principle that heterogeneity impacts
targeted therapy outcomes (7–11). Further hindrance to the
study of intratumoral heterogeneity for gastroesophageal cancer
is standard endoscopic biopsies typically have limited sampling
of the primary tumor. With HER2 being the prototypical gastric
cancer biomarker, studies have suggested increasing endoscopic
sampling of ≥4 biopsy fragments can increase the sensitivity
of detecting tumor HER2 overexpression (12). Advent of
next generation sequencing (NGS) has enabled detailed genomic
study of clonal evolution events and development of intratumoral
heterogeneity across multiple malignancies (13–15). As such, we
conducted an initial study implementing systematic multi-spatial
endoscopic sampling of gastroesophageal tumors paired with
downstream NGS in attempts to characterize intratumoral
heterogeneity of oncogenic alterations beyond HER2.

RESULTS

Patients and Multi-Region Biopsy
Feasibility
Eight patients were enrolled to this tissue sampling study
with pre-specified 8 sector mapping and sampling (Figure 1A).
Data from 2 patients were excluded from the analysis since
<4 pieces (of eight biopsied specimens) passed QC. All six
patients presented with metastatic disease at study enrollment
with representative clinicopathologic characteristics (Table 1).
Two patients were missing 1 (Case I) or 3 sector(s) (Case III)
of NGS results due to insufficient tumor DNA purity from a
given biopsy location (white circle in Figure 1B). Overall, we

obtained 44/48 (91.6%) of the intended biopsies supporting the
feasibility of our endoscopic mapping approach. Only a single
inner quadrant biopsy (location 6 in case III) was insufficient
for downstream analysis whereas three outer quadrant biopsies
contained insufficient tumoral DNA for sequencing. Notably,
case III is a young woman with diffuse type signet ring cell
gastric cancer, a subset enriched for the TCGA genomically stable
subtype which may explain lower tumoral cellularity and DNA
content (1).

Inner and Out Region Primary Tumor
Biopsies Demonstrate Intratumoral
Heterogeneity
We sought to compare inner and outer quadrant biopsies to
interrogate intratumoral heterogeneity in the primary tumor
prior to any therapy. As expected, inner and outer quadrant
biopsies demonstrated a majority of shared genomic alterations
(Figure 2A). Overlap was a predominant feature such that
across all identified variant allele frequencies a statistically
significant positive linear correlation was observed between
single-nucleotide variant (SNV) and insertion-deletion (INDEL)
mutations from inner and outer sector biopsies (Figure 2B). This
is consistent with observations from primary-metastasis paired
whole exome analyses in gastroesophageal cancers. Importantly,
all samples also contained some alterations that were private to
either the inner or outer quadrants (Figures 2A–C). Within our
dataset the number of shared alterations within a given case was
significantly lower than the number of non-shared alterations
(p = 0.004). However, the average mutant allele frequency
was significantly higher among shared alterations within a case
vs. the non-shared alterations (p = 0.009). Within a class of
genomic alteration only amplifications (ERBB2, RICTOR, GNAS)
in cases 4–6 were concordant across all multi-region samples
(Figure 2C). Private subclonal SNV and INDELs, including
pathogenic CTNNB1 and PTEN mutations, existed in 6/6 (100%)
of our samples, also consistent with prior multiregion sequencing
in other tumor types (16–21).

Case V highlights the putative clinical implications of baseline
intratumoral heterogeneity and harbored a non-shared GNAS
amplification detected in only one of the eight sectors of
the primary tumor (Figure 2C). GNAS encodes a G protein
alpha stimulatory subunit and is of interest given activating
mutations have been proposed to mediate resistance to EGFR
inhibitors and activate Wnt/β-catenin signaling pathways in
gastric adenocarcinomas (22, 23).

Cell-Free DNA Confirms Baseline
Intertumoral Heterogeneity in Untreated
Gastric Cancer
We conducted cfDNA sequencing from concordant blood
samples collected from our six cases to investigate how
circulating tumor DNA profiling may reflect intratumoral
and intertumoral heterogeneity. Whole blood (10mL) was
taken immediately prior to planned endoscopy to minimize
confounding cfDNA that may be shed from biopsy sampling. We
focused our analysis to the 20 genes (Supplementary Table 1)
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FIGURE 1 | (A) Schematic overview of the study design. Endoscopic mapping was preplanned for eight sectors of the primary tumor with proximal and distal

orientation. Tumor tissue somatic mutations and copy number variants were determined by targeted next generation sequencing along with cell free DNA analysis.

(B) Endoscopic mapping for multiple biopsy. Eight specimens were obtained from each patient case. Sectors with insufficient purity of tumor DNA for next generation

sequencing are represented by unnumbered circles.

common to both the Archer solid tumor and cfDNA assays
(Figure 3A). Genes included in both tissue and cfDNA
sequencing included multiple known to be important and
potentially actionable in gastric cancer including ERBB2 (10),
CTNNB1 (24), EGFR (22),MET (7), and KRAS (25). In each case
with detectable or available cfDNA we observed cfDNA-detected
alterations not observed in concurrent tissue sequencing,
supporting pre-treatment inter-tumoral heterogeneity.

In terms of number of detectable unique cfDNA alterations
for each case, they ranged from 0 (Case VI) to 12 mutations

(Case III). Interestingly for Case III, whose clinical presentation
was that of multiple bony metastases, 11 of the 12 cfDNA
alterations were non-shared with any of the tissue biopsy results,
and were represented by a collection of frameshift and splice
variant mutations in the p53 gene. The only common alteration
captured in 3 of the 5 analyzable tissue biopsy sectors that
was also detectable in cfDNA was a p53 p.Y126Ter mutation
leading to a truncated gene product. Given the vast majority
of p53 cfDNA mutations occurred proximal to codon 126, this
observation could support these mutations exist in cis or trans
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TABLE 1 | Clinicopathologic characteristics of the gastric cancer study population.

Case # Age at diagnosis Sex Pathology Lauren classification Stage Metastatic sites

Case I 78 M Adenocarcinoma—poorly

differentiated

Diffuse IV Left adrenal, Distant lymph

nodes

Case II 57 M Adenocarcinoma—moderately

differentiated

Intestinal IV Omental seeding

Case III 21 F Signet ring cell adenocarcinoma Diffuse IV Multiple bone metastases

Case IV 60 M Adenocarcinoma—poorly

differentiated

Indeterminate IV Multiple distant lymph nodes

Case V 78 M Adenocarcinoma—poorly

differentiated

Indeterminate IV Multiple distant lymph nodes

Case VI 56 M Adenocarcinoma—moderately

differentiated

Indeterminate IV Multiple distant lymph nodes,

peritoneal carcinomatosis

FIGURE 2 | (A) Venn diagram illustrating overlapping somatic mutations detected in inner vs. outer biopsies. In all six cases more than half of mutations were shared

between inner and outer biopsies. (B) Correlation coefficients of variant allele frequencies (VAFs) between inner and outer biopsies. The plot is representative of VAFs

of identified SNVs and INDELs among the six cases. Mutations falling within amplified genes were not considered in the correlation analysis. The Pearson correlation

coefficient between the variants from inner and outer biopsies on average was 0.81 or more. (C) Genomic landscape of mutations detected among all analyzable

biopsies. In total 48 unique alterations were identified amongst 17 genes with evidence of both shared and non-shared mutations in the differing biopsies of the same

primary tumor.
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FIGURE 3 | (A) Genomic landscape of mutations detectable by both the Archer solid tumor and cfDNA assay. We focused on the 20 genes common to both assays

to analyze mutational heterogeneity from endoscopic multi-sector tissue sampling and cfDNA. Case III represented a case with the greatest number of non-shared

mutations detected in cfDNA but not tumor tissue, while Case VI was representative of a case with no detectable cfDNA alterations. (B) Heat map of detected gene

mutations in Case V. The mutational allele fraction of genes with detectable alterations from the Archer solid tumor panel were standardized and represented as a heat

map. For cfDNA, detection was dichotomously represented, with Blue indicating detection, and Gray indicating no detection. Case V among the six cases was

representative of the greatest number of shared alterations between the solid tumor panel and cfDNA testing.

and these subclones exist at a very low proportion within the
primary tumor. The alternative, and more likely conclusion, is
these p53 mutations are representative of circulating tumor DNA
shedding from metastatic clonal populations, though germline

single nucleotide polymorphisms cannot be completely ruled out
by our methods. In Case V we observed the greatest number of
shared alterations between tumor tissue and cfDNA represented
by four gene mutations (PIK3CA p. E545K, MAP2K1 p. K57T,
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CTNNB1 p.G34R, and CTNNB1 p. T41I) (Figure 3B). Also for
Case V, sufficient samples remained to subject four of the eight
biopsied sectors to NGS utilizing an independent gene assay
(Oncomine Comprehensive Assay v3). Interestingly, a missense
mutation in DDR2 (p. E670Q), which was detected at high MAF
(>40%) across nearly every endoscopic biopsy sector, was not
detected in cfDNA. This DDR2 mutation was also validated
with the Oncomine panel at high MAF in the 4 sectors with
sufficient tumor tissue remaining for reanalysis. Furthermore,
we also observed PIK3CA (p. E418K) and EGFR (p. S286R)
alterations that were detected in seven of eight endoscopic
biopsy sectors, albeit at relatively lower MAF (>20 and >5%,
respectively), that were not represented in cfDNA. Validation
utilizing the Oncomine assay confirmed presence of the PIK3CA
(p. E418K) mutation in the four available sectors, though the
EGFR (p.286R) alteration was not detected on reanalysis of
the four regions possibly accounted for by the low MAF of
the latter.

High Frequency of STK11 Alterations
Observed in Combined Tumoral and cfDNA
Analysis
Our dataset also exhibited a high proportion of alterations
in the STK11 tumor suppressor gene, something that was
unexpected. Within the gastric cancer TCGA (n = 393
samples with sequencing and copy-number data) the frequency
of STK11 alterations is 4% (www.cbioportal.org, data not
shown). Although Asians are underrepresented in the TCGA,
which is almost entirely non-metastatic surgical samples,
4/14 STK11-altered samples (29%) are from Asian patients.
Although severely limited by small sample size (n = 6)
we observed at least one STK11 alteration in each tissue
sample (Figure 1C). Larger Asian series from advanced gastric
cancer patients will be needed to examine whether or not
STK11 alteration frequencies differ between Western and
Asian populations.

Inactivating STK11 mutations have recently emerged as a
putative mechanism of resistance to PD-1 inhibitors in non-
small cell lung cancer (NSCLC) (26, 27). A shared STK11
DNA coding position 920 splice variant mutation was detected
in all analyzable sectors for Cases I, II, and VI, while an
STK11 p. Q170P mutation was detected in all eight sectors
for Case IV. Among non-shared STK11 alterations we made
some interesting observations. In Case I, additional missense
mutations for STK11 were detected in only one of seven sectors
(1 each p. AH153PP and p. H154Q) or two of seven sectors
(p. H154P). In Case II we also made a similar observation of
additional STK11missense mutations being detected in only one
of eight sectors (1 each p. Q170P and p. R211L) or three of
eight sectors (p. H154P). Presumably these are representative
of subclonal tumor cell populations with the STK11 splice
variant mutation detected in all sectors representing a truncal
mutation. In Case V we did not observe STK11 mutations being
a shared alteration across multiple biopsy sectors. Of note, there
was the detection of an STK11 missense mutation (p. H154P)
in only one of the inner biopsy sectors. The mutation allele

frequency (MAF) for this alteration was 22.3%, implying this
was a notable subclone spatially localized within one region of
the primary gastroesophageal tumor. Unfortunately, no further
patient sample remained from this biopsy sector to validate the
restricted localization of this specific STK11 subclone. Arguably,
this still represents a potentially clinically relevant mutation that
may have been easily missed with limited endoscopic sampling of
this primary tumor.

DISCUSSION

Here we provide the first multi-region next-generation
sequencing from primary gastric tumors in a cohort of
treatment naïve stage IV patients and confirm baseline spatial
intratumoral and intertumoral heterogeneity with cfDNA. Our
findings support the emerging data that tumoral heterogeneity
represents a barrier to targeted approaches in gastric cancer
(16–21, 24, 28). In addition, the variation of genetic alterations in
differing regions of a primary gastric cancer adds to the literature
of caution needed in informing clinical treatment decisions
from single gene or NGS analyses of small biopsy samples in
which a biomarker may be absent from a biopsy region (29).
The interrogation of circulating tumor DNA more reflective
of the global genomic tumor landscape can overcome some
limitations from tissue sampling assays. Our work, and several
prior reports demonstrate the complementary nature of cfDNA
in identifying subclonal private alterations representing inter-
tumoral heterogeneity (10, 20, 29). The presence of detectable
cfDNA mutations (such as in TP53) not being represented
in tumor supports a role for cfDNA whereas our findings
of genomic alterations (including PIK3CA and EGFR) being
detected robustly in tumor tissue sampling but not represented
in cfDNA fractions cautions against complete abandonment
of tumor tissue sequencing. Multiple orthogonal methods will
complement each other in obtaining the full genomic footprint
associated with a gastric cancer presentation, and other -omic
platforms will provide further data. Judicious implementation
of tissue collection protocols may provide sufficient biologic
and technical replicates to overcome sensitivity and specificity
limitations of NGS assays. The establishment of intratumoral
heterogeneity has generally been attributed to gradual mutations
over time selecting for favorable subclones that may coexist in
the total composition of a growing tumor (30, 31). Other studies
also support a single catastrophic genome-wide mutational
and chromosomal rearrangement event (chromothripsis)
occurring and subsequently driving the outgrowth of a
selectively favorable clone (32–34). The understanding of such
spatial and temporal mechanisms will be integral to novel
therapeutic strategies in advanced gastroesophageal cancer as
there are multiple models of metastatic spread (35). Inevitably
drug resistance develops with current treatment approaches
and identification of new molecular drivers in cfDNA may
represent selection of subclones that were invariably present
within the primary gastric tumor, an observation seen in
kidney cancer and non-small cell lung cancer (16, 17). In fact,
discordance in actionable GEA biomarkers including HER2,
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EGFR, and MET in advanced untreated patients is observed
in nearly 1/3 of patients (24). Under therapeutic pressures,
in particular with “targeted therapies” such as trastuzumab,
emergence of adaptive resistance alterations including EGFR
amplification and CCNE1 amplification has been identified
by cfDNA in advanced GEA (10). As we have focused on
baseline assessment only, our series is not designed to study
clonal selection over time, though this is the focus of other
ongoing work.

Our current observations would support multi-region
endoscopic sampling with currently available endoscopic
approaches as a feasible method to capture the heterogeneity
of tumor subclones at disease presentation (16, 17). In fact,
there was not additional toxicity with multiregional biopsy
and our yield of 92% for downstream analyses is favorable.
We feel this is clinically important as pre-clinical data
suggests that the degree of baseline spatial heterogeneity
may impact time to both recurrence and innate resistance
(36). With larger sample sizes and longer follow up one
could envision a prognostic role for a “heterogeneity
score” in advanced gastric cancer, perhaps even inclusion
in staging (37).

Our analysis is understandably limited by the small number
of patients included in this study and relatively small number
of genes tested for alterations. However, we note that multiple
prior series examining tumoral heterogeneity have utilized
single patients or very small series (16–21, 38). Consistent
with prior approaches we conducted multi-faceted sampling
from each patient and chose an NGS platform with both
solid tumor and cfDNA analysis capability to minimize SNV,
Indel, and CNV detection variability that may be introduced
with differing sequencing platforms. Although the optimal
gene panel size providing a balance of actionable clinical
information and cost-effectiveness is not known, we feel the
commercially available and validated assays chosen provide
important clinical information. Specifically, both panels included
the established GEA biomarkers ERBB2 (10), CTNNB1 (24),
EGFR (22), MET (7), and KRAS (25) allowing for assessment
of baseline heterogeneity in clinically relevant genes. We
attempted to validate our findings through a separate research
NGS panel, but were limited by the quantity of biopsy
specimens remaining though did observe confirmation of
relevant alterations in one of our cases. We would expect
that larger platforms including whole exome sequencing
(WES) would show a similar pattern of shared and private
alterations, as has been seen in other tumor types. The
clinical utility of WES to refine heterogeneity assessment
remains unknown.

We also are unable to address the question if biopsies
restricted to the visualized surface of the primary tumor may
miss identification of subclonal populations that reside only
deep within the tumor. Complete surgical removal of the
primary gastroesophageal tumor has certainly been shown by
us and others to be feasible in describing gastric cancer spatial
intratumoral heterogeneity from non-metastatic patients (9,
39). Ideally a complete dataset would be composed of multi-
region endoscopic biopsy, cfDNA, and then complete surgical

resection of the primary tumor with no intervening therapy
to alter its genomic landscape. However, surgical removal is
not a standard of care with metastatic disease presentation
as recently reaffirmed by modern randomized trials (40). This
would limit primary tumor heterogeneity studies within this
clinical context which arguably has greater therapeutic need than
the non-metastatic setting. The three dimensional architecture of
intratumoral heterogeneity in gastric cancer still remains poorly
understood, though some recent mathematical models would
argue genetic events leading to favorable evolutionary selection
should not limit the distribution of rapidly growing subclones
to the center of tumors (41). As such pure tumor surface
endoscopic sampling may be sufficient to capture intratumoral
heterogeneity to inform novel investigational treatment strategies
in the clinic. Three-dimensional endoscopic mapping may
provide further refinements in intratumoral heterogeneity but
is not standard and difficult to adapt broadly. However,
our overall approach is consistent with accepted methods to
study heterogeneity.

An interesting observation of unknown significance is
the high rate of STK11 alterations in our pilot study. As
noted previously, this is discrepant with the 4% rate seen
across the TCGA. Notably, our patient cohort is all Korean
advanced gastric cancer, and nearly 30% of the STK11-altered
TCGA samples are from Asian origin. Owing to small sample
size we cannot draw further conclusions, though examining
larger Asian cohorts may be warranted to examine whether
or not STK11 differs between Western and Asian gastric
cancers. In light of the observed differences in outcomes
of Asian and non-Asian populations in some gastric cancer
trials international collaborations are critical. This current
study represents initial forming of an international effort
(the Trans-Pacific Partnership for the Study of Heterogeneity
in Tumors).

In conclusion, we provide pilot evidence that endoscopic
multi-region sampling combined with concurrent
cfDNA is feasible and identifies baseline gastric cancer
intratumoral and intertumoral molecular heterogeneity.
Our results lend credence to prospective study in larger
patient cohorts and incorporation in biomarker-driven
interventional trials.

METHODS

Study Population and Tissue Sampling
Patients with newly diagnosed gastric cancer at SamsungMedical
Center were prospectively identified for tissue sampling under
an IRB approved protocol. Clinicopathologic characteristics
including age, sex, histologic subtype, primary location, and
metastatic pattern were collected from patient charts. All cases
examined were patients with a primary gastric cancer diagnosis
and no history of previous malignancy nor known germline
mutations related to hereditary cancer syndromes. To study
spatial intratumoral heterogeneity, systematic multi-regional
sampling of primary tumors was achieved via preplanned
endoscopic mapping of up to 8 visualized sectors (Figure 1A).
Concordant blood sampling before the day (D-7–D0) of
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endoscopy examination was also obtained to capture circulating
tumor DNA characteristics at the time of endoscopic biopsies.
This study was approved by the Institutional Review Board
of the Samsung Medical Center (Number 2014-04-119), and
all patients provided informed consent. If tumor content
was estimated as more than 40% after pathological review,
tumor DNA and RNA were extracted from freshly obtained
tissues using a QIAampini Kit (Qiagen, Hilden, 389 Germany)
according to the manufacturer’s instructions. In cases with
DNA, we used RNaseA (cat. #19101; Qiagen). We measured
concentrations and 260/280 and 260/230 nm ratios with an
ND1000 spectrophotometer (Nanodrop Technologies, Thermo-
Fisher Scientific, MA, USA) and then further quantified
DNA/RNA using a Qubit fluorometer (Life Technologies,
CA, USA). Details from DNA extraction are presented in
Supplementary Table 1. A patient was excluded from further
analysis if <6 of the pre-planned eight multi-region biopsies met
the QC parameters.

Analysis of Tissue Somatic Mutation
The Archer R© customized VariantPlex R© assay was employed
for targeted NGS detection of CNVs, SNVs, and indels
across 32 genes (Supplementary Table 1). Briefly, DNA
fragmentation, end repair, dA-tailing and adaptor ligation for
library preparation was achieved by following manufacturer
standardized protocol for Illumina (www.archerdx.com, online
Supplemental Information). Target enrichment was achieved
with Anchored Multiplex PCR (AMPTM) using independent
gene-specific primers and molecular barcoded adapters for open-
ended amplification of genomic DNA fragments. VariantPlex
CTL libraries produced were sequenced to a minimum of 1.0M
reads per sample. Somatic variants were identified and annotated
using Archer Analysis 5.0.6 for point mutations, indels and
CNVs, respectively. To obtain reliable and robust mutation
calling, we performed visual inspection of reads and “somatic
variant” filtered the (i) AO ≥ 5. (ii) AF ≥ 0.05. (iii) Consequence
like “coding_sequence_variant,” “feature_elongation,”
“feature_truncation,” “frameshift_variant,” “incomplete_
terminal_codon_variant,” “inframe_deletion,” “inframe_
insertion,” “missense_variant,” “protein_altering_variant,”
“splice_acceptor_variant,” “splice_donor_variant,” “splice_
region_variant,” “start_lost,” “stop_gained,” and “stop_lost.” (iv)
Variant Call is not “.NO CALL” and “homozygous reference”.
The “Somatic CNV” filtered was (i) Amplification fold change
threshold ≥2.5. (ii) Deletion fold change threshold ≤ 0.3333.
(iii) p < 0.01. Germline status was not interrogated. With
patients where sufficient biopsy material remained samples were
submitted for repeat NGS using a validated research panel.
For library preparation, the multiplex PCR-based Ion Torrent
AmpliSeqTM technology (Life Technologies, Thermo Fisher
Scientific) with the OncomineTM Comprehensive Assay v3
(IonTorrent, Thermo Fisher Scientific) was used. This panel
was designed to amplify 2530 DNA amplicons covering 143
cancer-related genes (42). Library preparation was carried
out using the Oncomine AssayTM [comprising the DNA
OncomineTM Focus Assay (Thermo Fisher Scientific) and

RNA OncomineTM Fusions assay (Thermo Fisher Scientific)]
following manufacturer’s instructions using a total of 10 ng
input DNA.

Analysis of cfDNA Somatic Mutation
Ten milliliters of whole blood was taken at the time of
endoscopy (D-7–D0). The commercially available and validated
Archer R© Reveal ctDNATM 28 Kit was utilized for targeted NGS
of circulating cell-free tumor DNA (ccfDNA/cfDNA/ctDNA)
from 28 genes (Supplementary Table 1). Library preparation
followed the established Archer R© Reveal ctDNATM protocol, and
target enrichment was achieved with Anchored Multiplex PCR
(AMPTM), which uses independent gene-specific primers and
molecular barcoded adapters for open-ended amplification of
genomic DNA fragments. Somatic variants were identified and
annotated using Archer Analysis 5.1 for point mutations, indels
and CNVs, respectively. Germline status is not investigated in
this method.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

ETHICS STATEMENT

All participants provided written informed consent, and this
study was approved by the Institutional Review Board of
the Samsung Medical Center. All procedures performed in
studies involving human participants were in accordance
with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical
standards.

AUTHOR CONTRIBUTIONS

JC, JL, KK, SJK, HL: conception and design. JL and HL: provision
of study materials or patients and collection and assembly of
data. JC, JL, KK, SYK, TL, K-MK, STK, and SJK: data analysis
and interpretation. All authors: writing and final approval
of manuscript.

FUNDING

This research was supported by Basic Science
Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of
Education NRF-2016R1A6A3A11932444.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.00225/full#supplementary-material

Frontiers in Oncology | www.frontiersin.org 8 February 2020 | Volume 10 | Article 225

www.archerdx.com
https://www.frontiersin.org/articles/10.3389/fonc.2020.00225/full#supplementary-material
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Chao et al. Gastric Intratumoral Heterogeneity by Endoscopic Sampling

REFERENCES

1. The Cancer Genome Atlas Research Network. Comprehensive molecular

characterization of gastric adenocarcinoma. Nature. (2014) 513:202–9.

doi: 10.1038/nature13480

2. Cristescu R, Lee J, Nebozhyn M, Kim KM, Ting JC, Wong SS, et al. Molecular

analysis of gastric cancer identifies subtypes associated with distinct clinical

outcomes. Nat Med. (2015) 21:449–56. doi: 10.1038/nm.3850

3. Merlo LM, Pepper JW, Reid BJ, Maley CC. Cancer as an evolutionary and

ecological process. Nat Rev Cancer. (2006) 6:924–35. doi: 10.1038/nrc2013

4. Kumarasinghe MP, Morey A, Bilous M, Farshid G, Francis G, Lampe G,

et al. HER2 testing in advanced gastric and gastro-oesophageal cancer:

analysis of an Australia-wide testing program. Pathology. (2017) 49:575–81.

doi: 10.1016/j.pathol.2017.05.009

5. Bartley AN, Washington MK, Colasacco C, Ventura CB, Ismaila N, Benson

AB 3rd, et al. HER2 Testing and clinical decision making in gastroesophageal

adenocarcinoma: guideline from the college of american pathologists,

american society for clinical pathology, and the american society of clinical

oncology. J Clin Oncol. (2017) 35:446–64. doi: 10.1200/JCO.2016.69.4836

6. Cappellesso R, Fassan M, Hanspeter E, Bornschein J, d’Amore ES,

Cuorvo LV, et al. HER2 status in gastroesophageal cancer: a tissue

microarray study of 1040 cases. Hum Pathol. (2015) 46:665–72.

doi: 10.1016/j.humpath.2015.02.007

7. Kwak EL, Ahronian LG, Siravegna G, Mussolin B, Godfrey JT, Clark JW,

et al. Molecular heterogeneity and receptor coamplification drive resistance

to targeted therapy in met-amplified esophagogastric cancer. Cancer Discov.

(2015) 5:1271–81. doi: 10.1158/2159-8290.CD-15-0748

8. Van Cutsem E, Bang YJ, Mansoor W, Petty RD, Chao Y, Cunningham

D, et al. A randomized, open-label study of the efficacy and safety of

AZD4547monotherapy versus paclitaxel for the treatment of advanced gastric

adenocarcinoma with FGFR2 polysomy or gene amplification. Ann Oncol.

(2017) 28:1316–24. doi: 10.1093/annonc/mdx107

9. Pectasides E, Stachler MD, Derks S, Liu Y, Maron S, Islam M,

et al. Genomic heterogeneity as a barrier to precision medicine in

gastroesophageal adenocarcinoma. Cancer Discov. (2018) 8:37–48.

doi: 10.1158/2159-8290.CD-17-0395

10. Kim ST, Banks KC, Pectasides E, Kim SY, Kim K, Lanman RB, et al. Impact

of genomic alterations on lapatinib treatment outcome and cell-free genomic

landscape duringHER2 therapy inHER2+ gastric cancer patients.AnnOncol.

(2018) 29:1037–48. doi: 10.1093/annonc/mdy034

11. Klempner SJ, Chao J. Toward optimizing outcomes in Her2-positive gastric

cancer: timing and genomic context matter. Ann oncol. (2018) 29:801–2.

doi: 10.1093/annonc/mdy066

12. Xu C, Liu Y, Ge X, Jiang D, Zhang Y, Ji Y, et al. Tumor containing

fragment number influences immunohistochemistry positive rate of HER2

in biopsy specimens of gastric cancer. Diagn pathol. (2017) 12:41.

doi: 10.1186/s13000-017-0616-5

13. Fisher R, Horswell S, Rowan A, Salm MP, de Bruin EC, Gulati S,

et al. Development of synchronous VHL syndrome tumors reveals

contingencies and constraints to tumor evolution.Genome Biol. (2014) 15:433.

doi: 10.1186/s13059-014-0433-z

14. de Bruin EC, McGranahan N, Mitter R, Salm M, Wedge DC, Yates L, et al.

Spatial and temporal diversity in genomic instability processes defines lung

cancer evolution. Science. (2014) 346:251–6. doi: 10.1126/science.1253462

15. Cereda M, Gambardella G, Benedetti L, Iannelli F, Patel D, Basso G, et al.

Patients with genetically heterogeneous synchronous colorectal cancer carry

rare damaging germline mutations in immune-related genes. Nat Commun.

(2016) 7:12072. doi: 10.1038/ncomms12072

16. Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder D, et al.

Intratumor heterogeneity and branched evolution revealed by multiregion

sequencing. N Engl J Med. (2012) 366:883–92. doi: 10.1056/NEJMoa1113205

17. Jamal-Hanjani M, Wilson GA, McGranahan N, Birkbak NJ, Watkins TBK,

Veeriah S, et al. Tracking the evolution of non–small-cell lung cancer. N Engl

J Med. (2017) 376:2109–21. doi: 10.1056/NEJMoa1616288

18. Turajlic S, Xu H, Litchfield K, Rowan A, Horswell S, Chambers T, et al.

Deterministic evolutionary trajectories influence primary tumor growth:

tracerx renal. Cell. (2018) 173:595–610.e11. doi: 10.1016/j.cell.2018.03.043

19. Mitchell TJ, Turajlic S, Rowan A, Nicol D, Farmery JHR, O’Brien T, et al.

Timing the landmark events in the evolution of clear cell renal cell cancer:

TRACERx renal. Cell. (2018) 173:611–23.e17. doi: 10.1016/j.cell.2018.02.020

20. Abbosh C, Birkbak NJ, Wilson GA, Jamal-Hanjani M, Constantin T, Salari R,

et al. Phylogenetic ctDNA analysis depicts early-stage lung cancer evolution.

Nature. (2017) 545:446–51. doi: 10.1038/nature22364

21. Turajlic S, Xu H, Litchfield K, Rowan A, Chambers T, Lopez JI, et al. Tracking

cancer evolution reveals constrained routes to metastases: TRACERx renal.

Cell. (2018) 173:581–94.e12. doi: 10.1016/j.cell.2018.03.057

22. Maron SB, Alpert L, Kwak HA, Lomnicki S, Chase L, Xu D, et al.

Targeted therapies for targeted populations: anti-EGFR treatment for EGFR-

Amplified gastroesophageal adenocarcinoma. Cancer Discov. (2018) 8:696–

713. doi: 10.1158/2159-8290.CD-17-1260

23. Nomura R, Saito T, Mitomi H, Hidaka Y, Lee SY, Watanabe S, et al. GNAS

mutation as an alternative mechanism of activation of the Wnt/beta-catenin

signaling pathway in gastric adenocarcinoma of the fundic gland type. Hum

pathol. (2014) 45:2488–96. doi: 10.1016/j.humpath.2014.08.016

24. Janjigian YY, Sanchez-Vega F, Jonsson P, Chatila WK, Hechtman JF, Ku GY,

et al. Genetic predictors of response to systemic therapy in esophagogastric

cancer. Cancer Discov. (2017) 8:49–58. doi: 10.1158/2159-8290

25. Wong GS, Zhou J, Liu JB, Wu Z, Xu X, Li T, et al. Targeting wild-type

KRAS-amplified gastroesophageal cancer through combined MEK and SHP2

inhibition. Nat Med. (2018) 24:968–77. doi: 10.1038/s41591-018-0022-x

26. Koyama S, Akbay EA, Li YY, Aref AR, Skoulidis F, Herter-Sprie

GS, et al. STK11/LKB1 Deficiency promotes neutrophil recruitment

and proinflammatory cytokine production to suppress T-cell activity

in the lung tumor microenvironment. Cancer Res. (2016) 76:999–1008.

doi: 10.1158/0008-5472.CAN-15-1439

27. Rizvi H, Sanchez-Vega F, La K, Chatila W, Jonsson P, Halpenny D, et al.

Molecular determinants of response to anti-programmed cell death (PD)-1

and anti-programmed death-ligand 1 (PD-L1) blockade in patients with non-

small-cell lung cancer profiled with targeted next-generation sequencing. J

Clin Oncol. (2018) 36:633–41. doi: 10.1200/JCO.2017.75.3384

28. Lee J, Kim ST, Kim K, Lee H, Kozarewa I, Mortimer PG, et al. Tumor

genomic profiling guides metastatic gastric cancer patients to targeted

treatment: The VIKTORY umbrella trial. Cancer Discov. (2019) 9:1388–405.

doi: 10.1158/2159-8290.CD-19-0442

29. Kim ST, Cristescu R, Bass AJ, Kim KM, Odegaard JI, Kim K, et al.

Comprehensive molecular characterization of clinical responses to PD-

1 inhibition in metastatic gastric cancer. Nat Med. (2018) 24:1449–58.

doi: 10.1038/s41591-018-0101-z

30. Bozic I, Antal T, Ohtsuki H, Carter H, Kim D, Chen S, et al. Accumulation of

driver and passenger mutations during tumor progression. Proc Natl Acad Sci

USA. (2010) 107:18545–50. doi: 10.1073/pnas.1010978107

31. Greaves M, Maley CC. Clonal evolution in cancer.Nature. (2012) 481:306–13.

doi: 10.1038/nature10762

32. Stephens PJ, Greenman CD, Fu B, Yang F, Bignell GR, Mudie LJ, et al. Massive

genomic rearrangement acquired in a single catastrophic event during cancer

development. Cell. (2011) 144:27–40. doi: 10.1016/j.cell.2010.11.055

33. Rausch T, Jones DT, Zapatka M, Stutz AM, Zichner T, Weischenfeldt J,

et al. Genome sequencing of pediatric medulloblastoma links catastrophic

DNA rearrangements with TP53 mutations. Cell. (2012) 148:59–71.

doi: 10.1016/j.cell.2011.12.013

34. Molenaar JJ, Koster J, Zwijnenburg DA, van Sluis P, Valentijn LJ, van der Ploeg

I, et al. Sequencing of neuroblastoma identifies chromothripsis and defects in

neuritogenesis genes. Nature. (2012) 483:589–93. doi: 10.1038/nature10910

35. Hunter KW, Amin R, Deasy S, Ha N-H, Wakefield L. Genetic insights into

the morass of metastatic heterogeneity. Nat Rev Cancer. (2018) 18:211–223.

doi: 10.1038/nrc.2017.126

36. Gallaher JA, Enriquez-Navas PM, Luddy KA, Gatenby RA, Anderson ARA.

Spatial heterogeneity and evolutionary dynamics modulate time to recurrence

in continuous and adaptive cancer therapies. Cancer Res. (2018) 78:2127–39.

doi: 10.1158/0008-5472.CAN-17-2649

37. Yang M, Forbes ME, Bitting RL, O’Neill SS, Chou PC, Topaloglu U,

et al. Incorporating blood-based liquid biopsy information into cancer

staging: time for a TNMB system? Ann Oncol. (2018) 29:311–23.

doi: 10.1093/annonc/mdx766

Frontiers in Oncology | www.frontiersin.org 9 February 2020 | Volume 10 | Article 225

https://doi.org/10.1038/nature13480
https://doi.org/10.1038/nm.3850
https://doi.org/10.1038/nrc2013
https://doi.org/10.1016/j.pathol.2017.05.009
https://doi.org/10.1200/JCO.2016.69.4836
https://doi.org/10.1016/j.humpath.2015.02.007
https://doi.org/10.1158/2159-8290.CD-15-0748
https://doi.org/10.1093/annonc/mdx107
https://doi.org/10.1158/2159-8290.CD-17-0395
https://doi.org/10.1093/annonc/mdy034
https://doi.org/10.1093/annonc/mdy066
https://doi.org/10.1186/s13000-017-0616-5
https://doi.org/10.1186/s13059-014-0433-z
https://doi.org/10.1126/science.1253462
https://doi.org/10.1038/ncomms12072
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1056/NEJMoa1616288
https://doi.org/10.1016/j.cell.2018.03.043
https://doi.org/10.1016/j.cell.2018.02.020
https://doi.org/10.1038/nature22364
https://doi.org/10.1016/j.cell.2018.03.057
https://doi.org/10.1158/2159-8290.CD-17-1260
https://doi.org/10.1016/j.humpath.2014.08.016
https://doi.org/10.1158/2159-8290
https://doi.org/10.1038/s41591-018-0022-x
https://doi.org/10.1158/0008-5472.CAN-15-1439
https://doi.org/10.1200/JCO.2017.75.3384
https://doi.org/10.1158/2159-8290.CD-19-0442
https://doi.org/10.1038/s41591-018-0101-z
https://doi.org/10.1073/pnas.1010978107
https://doi.org/10.1038/nature10762
https://doi.org/10.1016/j.cell.2010.11.055
https://doi.org/10.1016/j.cell.2011.12.013
https://doi.org/10.1038/nature10910
https://doi.org/10.1038/nrc.2017.126
https://doi.org/10.1158/0008-5472.CAN-17-2649
https://doi.org/10.1093/annonc/mdx766
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Chao et al. Gastric Intratumoral Heterogeneity by Endoscopic Sampling

38. Goyal L, Saha SK, Liu LY, Siravegna G, Leshchiner I, Ahronian

LG, et al. Polyclonal secondary FGFR2 mutations drive acquired

resistance to FGFR inhibition in patients with FGFR2 fusion-positive

cholangiocarcinoma.Cancer Discov. (2017) 7:252–63. doi: 10.1158/1538-7445.

AM2017-4114

39. Chao J, Bedell V, Li MS, Chu P, Yuan YC, Klempner SJ, et al. 691PInter-

patient and intra-tumoral heterogeneity of oncogenic copy number alterations

(CNAs) in gastric and gastroesophageal junction (GEJ) adenocarcinomas.

Ann Oncol. (2017) 28(Suppl5):75. doi: 10.1093/annonc/mdx369.075

40. Fujitani K, Yang HK, Mizusawa J, Kim YW, Terashima M, Han SU,

et al. Gastrectomy plus chemotherapy versus chemotherapy alone for

advanced gastric cancer with a single non-curable factor (REGATTA):

a phase 3, randomised controlled trial. Lancet Oncol. (2016) 17:309–18.

doi: 10.1016/S1470-2045(15)00553-7

41. Waclaw B, Bozic I, Pittman ME, Hruban RH, Vogelstein B, Nowak

MA. A spatial model predicts that dispersal and cell turnover limit

intratumour heterogeneity. Nature. (2015) 525:261–4. doi: 10.1038/nature

14971

42. Dehghani M, Rosenblatt KP, Li L, Rakhade M, Amato RJ. Validation and

clinical applications of a comprehensive next generation sequencing system

for molecular characterization of solid cancer tissues. Front Mol Biosci. (2019)

6:82. doi: 10.3389/fmolb.2019.00082

Conflict of Interest: SJK has served as consultant/advisor for Eli Lilly, Astellas,

Foundation Medicine Inc., Pieris, Bristol Myers Squibb, Boston Biomedical

and Merck. SJK has stock/equity in TP Therapeutics. JC has served as

consultant/advisor for Eli Lilly, Merck, Boston Biomedical, and receives research

funding (institutional) fromMerck.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2020 Chao, Lee, Kim, Kang, Lee, Kim, Kim, Klempner and Lee. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Oncology | www.frontiersin.org 10 February 2020 | Volume 10 | Article 225

https://doi.org/10.1158/1538-7445.AM2017-4114
https://doi.org/10.1093/annonc/mdx369.075
https://doi.org/10.1016/S1470-2045(15)00553-7
https://doi.org/10.1038/nature14971
https://doi.org/10.3389/fmolb.2019.00082
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	A Pilot Study of Baseline Spatial Genomic Heterogeneity in Primary Gastric Cancers Using Multi-Region Endoscopic Sampling
	Introduction
	Results
	Patients and Multi-Region Biopsy Feasibility
	Inner and Out Region Primary Tumor Biopsies Demonstrate Intratumoral Heterogeneity
	Cell-Free DNA Confirms Baseline Intertumoral Heterogeneity in Untreated Gastric Cancer
	High Frequency of STK11 Alterations Observed in Combined Tumoral and cfDNA Analysis

	Discussion
	Methods
	Study Population and Tissue Sampling
	Analysis of Tissue Somatic Mutation
	Analysis of cfDNA Somatic Mutation

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


